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Cross-borehole ERT imaging was tested to quantify the average velocity and transport parameters of tracer
plumes in saturated porous media. Seven tracer tests were performed at different flow rates and monitored by
either a vertical or horizontal dipole-dipole ERT sequence. These sequences were tested to reconstruct the
shape and temporally follow the spread of the tracer plumes through a background regularization procedure.
Data sets were inverted with the same inversion parameters and 2D model sections of resistivity ratios were
converted to tracer concentrations. Both array types provided an accurate estimation of the average pore velocity
vz. The total massMtot recovered was always overestimated by the horizontal dipole-dipole and underestimated
by the vertical dipole-dipole. The vertical dipole-dipole was however reliable to quantify the longitudinal
dispersivity λz, while the horizontal dipole-dipole returned better estimation for the transverse component λx.
λ andMtot were mainly influenced by the 2D distribution of the cumulated electrical sensitivity and the Shadow
Effects induced by the third dimension. The size reduction of the edge of the plumewas also related to the inabil-
ity of the inversion process to reconstruct sharp resistivity contrasts at the interface. Smoothing was
counterbalanced by a non-realistic rise of the ERT concentrations around the centre of mass returning
overpredicted total masses. A sensitivity analysis on the cementation factorm and the porosity ϕ demonstrated
that a change in one of these parameters by 8% involved non negligible variations by 30 and 40% of the dispersion
coefficients and mass recovery.

© 2017 Published by Elsevier B.V.
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1. Introduction

The understanding of contaminant fate in groundwater environments
is of high interest for supply andmanagement ofwater resources in urban
areas. Contaminant releases infiltrate through the soil to cross the vadose
zone and reach the water table where they spread following the particu-
lar flow directions and hydrodynamic conditions of groundwater bodies.
Localisation andmonitoring of contaminants is the first important step to
remediation procedures (Meyer et al., 1994; Herrera and Pinder, 2005).
However, accurate information are usually constrained by the lack of
density of sampling locations which are representative of the vicinity of
the boreholes but do not render of local heterogeneities and preferential
flow directions of the plumes (Kim and Lee, 2007).

Electrical resistivity Tomography (ERT) is a non-destructive geo-
physicalmethod allowing to scan in 1D to 3D, from surface or downhole
measurements, the subsurface to provide valuable information about
electrical properties of soils and aquifers. Borehole ERT imagingwas ini-
tially used for hydrogeological investigations to obtain complementary
ris-Sud, Orsay F-91405, France.
).
information about groundwater flow and heterogeneities from tracer
test injections (Bevc and Morrison, 1991; Slater et al., 1997) or to
monitor remediation procedures (Daily and Ramirez, 1995; Labrecque
et al., 1996b). However, the integrative character of the method do
not allow to recover sharp conductive interfaces (Loke and Barker,
1996), which coupled to the non-uniqueness of the inverse modelling
solution limits the interpretation to qualitative estimations (Binley
et al., 1996; Ramirez et al., 2005; Wilkinson et al., 2010). During the
last decades, research studies focused on testing the abilities of ERT to
quantify contaminant or solute transport parameters. Time-lapse inver-
sion procedures based on simultaneous, differenced or background
regularization were developed to characterize the temporal resistivity
variations attributed to tracer resistivity changes through petrophysical
relationships (Daily et al., 1995; Day-Lewis et al., 2002; Hayley et al.,
2011; Perri et al., 2012). Numerical and field tests demonstrated that
cross-borehole measurements were the most appropriate to reconstruct
the contours of tracer plumes (Bing and Greenhalgh, 2000; Chambers
et al., 2007; Oldenborger et al., 2007a, 2007b). These previous studies
showed that the type of array and the sequence of measurements greatly
influenced the shape and intensity of the resistivity contrasts attributed to
tracer temporal spreads (Rucker, 2014; Bellmunt et al., 2016). Laboratory
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Fig. 1. Schematic view of the 2D laboratory experiments. Dots on both sides represent the
two vertical lines of electrodes. The white circle represents the tracer injection point
localised at X = 4.25 cm, Y = 0.5 cm and Z = −25.5 cm.

Table 1
Fluid and flow properties for 2D laboratory experiments 1 to 7.

Exp. Array type Resident fluid Dyed tracer

Cr
[g/L]

σr

[μS/cm]
Qpump

[mL/min]
vpump

[cm/min]
Ct
[g/L]

σt

[μS/cm]
Volt
[mL]

1 Horizontal 0.3 630 0.75 0.25 0.75 1583 11
2 Horizontal 0.3 630 1.5 0.5 0.75 1583 11
3 Horizontal 0.3 630 3.0 1.0 0.75 1583 11
4 Vertical 0.3 638 0.75 0.25 0.75 1583 11
5 Vertical 0.3 638 1.5 0.5 0.75 1583 11
6 Vertical 0.3 638 3.0 1.0 0.75 1583 11
7 Vertical 0.3 638 2.0 0.65 0.75 1583 11
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experiments were also performed on soil columns to evaluate the
potential of ERT imaging to quantify solute transport from tracer con-
ductivity breakthrough curves (Binley et al., 1996; Slater et al., 2002).
The inversion processes, and particularly the smoothness constrained
methods, generally overestimated the extent of contaminant plumes
and underpredicted the actual concentrations present in groundwater
(Oldenborger et al., 2007b). More controlled experimental procedures
were developed to quantify transport parameters of tracers from
3D–ERT acquisitions (Singha and Gorelick, 2006; Koestel et al., 2008).
Complementary works also tested the response of ERT imaging on
transport parameters for high and low flow regimes (Koestel et al.,
2009a), or soil types to quantify lateral mixing (Koestel et al., 2009b),
or aimed to characterize preferential flows in heterogeneous media
(Garré et al., 2010; Meyerhoff et al., 2014; Wehrer and Slater, 2015).
They highlighted that the use of petrophysical relationships such as
Archie's law introduced supplementary errors, leading to wrong esti-
mates of the total mass and dispersivities extracted from
the breakthrough curves. These experimental studies provided great
information on the possibilities and drawbacks of ERT imaging to quan-
tify solute transport parameters. Though, uncertainties remained due to
the shape and spatial distribution of tracers plumes coupled to small
scale structural heterogeneities. This usually leads to inaccuracies in
quantifying the sensitivity of transport properties by ERT imaging.

The objective of this study was to determine the main parameters
influencing the quantification of solute transport from cross-borehole
ERT imaging under controlled 2D flow conditions. First, experiments
were developed in 2D small scale porousmedia tomonitor the propaga-
tion of tracer plumes by a high-resolution camera while cross-borehole
ERT measurements were performed.We chose to focus the tests on the
response of two standard measurement sequences to confirm the reli-
ability of ERT to recover average pore velocities, dispersion parameters
and total masses of the injected tracers. The methodology applied to
evaluate these transport parameters from ERT measurements is then
described. We finally provide a short discussion about the main uncer-
tainties inferred by the measurement protocols, the inversion strategy
and the petrophysical parameters influencing the recovery of the tracer
transport parameters.

2. Experimental procedures

2.1. 2D experimental design

The experimental design was developed to optimize the 2D charac-
teristics of the hydrodynamic properties and the ERT acquisitions. The
testswere performed in a transparent plexiglass container of dimension
27.5 cmhigh× 8.5 cm long× 1 cm thick, to favor longitudinal and trans-
verse hydrodynamic conditions while the transport properties were
negligible in the third dimension (Fig. 1). In the bottom, the inlet was
covered with a permeable 350 μm nylon screen mesh to ensure water
flowwhile preventing loss of fine material particles from the container.
The container was incrementally filled with glass beads ranging from
400 to 500 μm in diameter with an average value dp = 420 μm small
enough to avoid flow channelling on the walls (Charette et al., 2007).
A particular packing procedure was followed before each experiment
to minimize structural arrangements. Once fully packed, the top outlet
was sealed with 3 injectors connected to a syringe pump to impose a
constant vertical water flow. The porosity was estimated before each
test by weight difference of the container between dried and full
water saturation of the bead pack. The average porosity was estimated
to ϕ = 0.36 ± 0.01 for a total pore volume PV = 84.2 mL. The perme-
ability and the hydraulic conductivity estimated using Kozeny-Carman
relation (Guyon et al., 2001) were respectively k = 1.8 × 10−10 m2

and Kw = 1.1 × 10−3 m/s. The container was then placed between a
light panel and a high-resolution video camera (400 × 1002 pixels).
Two vertical lines of 21 of stainless brass electrodes with a minimum
spacing of 1 cm were screwed on both sides of the container to create
a 2D ERT acquisition plane centred in the 3rd dimension of themedium.
The first and last electrodes of each line were respectively located
3.75 cm from the inlet and outlet to reduce horizontal boundary effects
(Fig. 1).
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2.2. Experimental procedure

A total of 7 experimentswere performed at 3 differentflow rates and
2 types ERT acquisition sequences (Table 1). Before each experiment,
the pore space was initially saturated with CO2 to favor dissolution of
entrapped air during the establishment of water saturation. Water
saturation was established by dipping the bottom of the container into
Fig. 2.Measurement sequences for the selected quadripoles in vertical (a) and horizontal (b) dip
Fréchet derivatives for a 2D homogeneous synthetic half-space. With C1C2 the current elect
potentials, and spacing Sp1 = 1 cm, Sp2 = 2 cm, Sp20 = 20 cm.
a tank filled with the resident fluid made of demineralised water
containing Cr=0.3 g/L of NaCl (Fig. 1). The fluid was vertically pumped
at a slow flow rate Q=0.25 mL/min to ensure full saturation. The pump
was then stopped and a first picture was taken while a sequence of ERT
measurements ρa

t0 was acquired at t= 0. The flow was re-established at
constant Q pump (Table 1) while 11 mL of a dyed tracer were punctually
injected from the centre of the bead pack, 2 cm above the inlet at
ole-dipole and associated sensitivity distributions for a single quadripole calculated by the
rode pair, P1P2 the potential electrodes, I [A] the injected current, ΔV [V] the measured
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Fig. 4. Longitudinal and transverse tracer breakthrough curves extracted from experiment 1 and adjusted by Eq. (14). CERT and CVIDEO are horizontally averaged for 3.75 b xp b 5.25 and
vertically around zp ± 0.5 cm.
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0.75 mL/min. The injection lasted for 14.5 min to ensure longitudinal and
transverse extension of the plumeover the characteristic length of the po-
rous medium in the third dimension (i.e 1 cm). The tracer contained
0.75 g/L of NaCl and 0.05 g/L of methyl blue (Table 1). During the exper-
iments, pictures were acquired every 30 s and ERT sequences were
repeated until the dyed tracer plume crossed the full height of the bead
pack. For each picture acquired by the video camera, the relative tracer
concentrations in each pixel were obtained from a polynomial adjust-
ment of the light absorption:

CVIDEO x; zð Þ ¼ b1A x; zð Þ þ b2A
2 x; zð Þ þ b3A

3 x; zð Þ
b1A0 x; zð Þ þ b2A0

2 x; zð Þ þ b3A0
3 x; zð Þ

ð1Þ

with A(x,z) the light absorbance at time t for the pixel of coordinates (x,z),
A0(x,z) the absorbancemeasured at t=0, before the injection of the blue
Fig. 3. 2D model sections of bulk resistivity ρb obtained from inversion of regularised data ρan
t f

concentration fields obtained from the video analysis. CVIDEO were renormalised to vary on the
dye and b1=0.186, b2=0.0087, b3=0.108were calibration parameters.
Factors b1, b2 and b3 were determined by plotting the averaged light
absorbance of the porous media saturated by a fluid containing a
known amount of dye as a function of its concentration.

2.3. ERT measurement configuration

The choice of the ERTmeasurement sequence is an important step to
accurately retrieve the resistivity contrasts attributed to the temporal
spread of the tracer plume. Previous studies developed sensitivity
analysis strategies based on local and global optimization approaches
to select the most appropriate sequences (Furman et al., 2004, 2007).
Cross-borehole configurations present better signal to noise ratios and
the highest sensitivities in-between boreholes (Bing and Greenhalgh,
2000; Wilkinson et al., 2008). Similarly to Bellmunt et al. (2016), the
or experiment 2 with a L2-norm applied to the data misfit. Grey level maps show the dye
same range of the ERT concentrations CERT.



Fig. 5.Vertical average velocities vz in a) obtained from linearfitting of the vertical position
of the centre of mass of the plume zp= vz. t (Eq. (14)) as function of time. In b) associated
retardation factors Rf estimated from the ratio vpump/vz for experiments 1 to 7. L1 and L2
refer to the type of norm applied to the data misfit vector (Eq. (6)).
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best strategy would require for each time step to select the quadripoles
showing the highest sensitivities in the area of the centre mass of the
plume. However, in field conditions this procedure assumes to obtain
detailed and reliable prior information on the shape and temporal prop-
agation of the tracer. We considered here that no prior information
were available in terms of acquisition strategy and chose to test the
reliability of two standard sequences of horizontal (experiments 1 to
3) and vertical (experiments 4 to 7) cross-borehole arrays covering
thewhole domain in the 2D plane of the electrode lines. These two con-
figurations were previously successfully used to localize and monitor
the shape and expansion of the tracer resistivity contrasts due to saline
tracer migration between boreholes (Oldenborger et al., 2007a, 2007b).
In the vertical configuration, the current was injected in one borehole
and the measurements were acquired symmetrically with the same
spacing on the other side (Fig. 2a). For the horizontal sequence, the
current was injected through the medium while potential differences
ΔV were measured consecutively with an increasing spacing up to the
top, then C1C2 moved up by 1 cm and a new set of ΔV were acquired
above the current electrodes (Fig. 2b). For a single quadripole in a ho-
mogeneous half-space, both arrays present the same range of absolute
sensitivity with high values in the centre part of porous medium
where the tracer plumes were localised. However, the vertical dipole-
dipole presents horizontal distribution of the sensitivity while horizon-
tal dipole-dipole sensitivity contrasts are distributed vertically. Then the
number of electrodes and theminimumspacing (Sp1=1 cm)were cho-
sen in respect of the dimensions of the container and the distance be-
tween boreholes to cover the entire area of the medium and maximize
the 2D electrical sensitivity in the centre part. For both arrays, a sequence
of 210 measurements was acquired on each time step, in the flow direc-
tion from the bottom to the top of the bead pack. Data acquisition was
automated using a Syscal Pro connected to the electrodes through amul-
tiplexer, for eachmeasurement a constant voltage Vab=12Vwasmain-
tained for 250ms between the current pair of electrodes and prior to the
current injection a self-potential measurement was performed and re-
moved from the electrical potential. This led to the complete acquisition
of the 210 measurements in 6 min considered as the total length of a
time-step. This temporal resolution was necessary to minimize motion
blur and temporal aliasing due to the spread of the tracer plume,
affecting the quantification of the transport parameters and total mass
recovery (Rucker, 2014). The sequence was repeated until the tracer
plume fully crossed the outlet on top of the porous medium.

Reciprocal error measurements were collected during background
acquisition to estimate data quality. Each measurement was repeated
4 times returning standard deviations lower than 1% for all the
background measurements performed in vertical dipole-dipole
(experiments 4 to 7 in Table 1) and 205 measurements of the hori-
zontal dipole-dipole sequence (experiments 1 to 3). The 5 remaining
quadripoles, with the largest electrode spacing between the current
and electrode pairs, presented standard deviations varying from 2 to
5%. During the experiments each measurement was also repeated 4
times, standard deviations increased over time steps but these were
not significant as it remained under 4% for all quadripoles except
the 5 measurements previously cited which increased up to 70%.
These measurements were particularly noise sensitive due to their
low electrical sensitivity. They were included in the inverse modelling
procedure with a low weight in the data weighting matrix Wd

(Eq. (6)).

3. Data treatment and inversion procedure

3.1. Background regularization to tracer concentrations

The edges of the container strongly enhanced the values of
measured apparent resistivities, screening themodelled temporal resis-
tivity variations attributed to dispersion and transport of the tracers. To
overcome these boundary effects a background regularization of the
measured apparent resistivities ρat , was performed for each time step
(Daily et al., 1995; Nimmer et al., 2008):

ρa
t
n ¼ ρt

a

ρt0
a

ð2Þ

where ρan
t [Ω·m] is the normalised apparent resistivity for a quadripole

configuration at time t and ρat0 [Ω·m] is the corresponding background
measurement acquired at t = 0 before the injection.

Inversion of the regularised data sets, ρant , produced 2D discretised
model sections of bulk resistivities ρb in each pixel of coordinates (x,z)
(Fig. 3). They can be linked to the local fluid conductivity σf(x,z) [S/m]
through the formation factor (Archie, 1942):

σ f x; zð Þ
σb x; zð Þ ¼

ϕ−m

Sen
ð3Þ

whereσb(x,z)=1/ρb(x,z) is the localmodelled bulk conductivity in [S/m],
the porosity ϕ = 0.36 and the water saturation Se = 1 were constant.
The saturation index n did not have any influence since the medium
was fully water saturated. The cementation factor m = 1.3 was chosen
from previous studies performed with glass beads on similar ranges of
porosity (Archie, 1942).

Eq. (3) was then constant over the course of the experiment and the
temporal changes of σb(x,z) were only attributed to local variations in
NaCl concentrations (Fig. 3). In these conditions, the ERT resident
concentration CERT(x,z) [mg/L] in tracer for each cell of the models is
given by (Binley et al., 1996; Koestel et al., 2008):

CERT x; zð Þ−Cr

Ct−Cr
¼ σ f x; zð Þ−σ r

σ t−σ r
ð4Þ

CERT x; zð Þ ¼ σb x; zð Þϕ−m−σ r

σ t−σ r
Ct−Crð Þ þ Cr ð5Þ

where σr and σt [S/m] are respectively the initial conductivity of the
resident fluid and the saline tracer (Table 1).The glass bead surface
conductivity was not considered in Eq. (3) because of the low Dukhin
number, ε = 0.08, showing that the surface conductivity was negligible
compared to resident fluid conductivity (Revil and Glover, 1998; Leroy
et al., 2008). Although the laboratory experiments were well constrained
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through the establishment of ϕ and Se, uncertainties remained in the
value ofm.

3.2. Inversion procedure

Data sets of ρant (Eq. (2)) were inverted with Res2Dinv (Loke, 2004)
considering 3D current flow but 2D distribution of the resistivity
contrasts. The inversion procedure is based on the Gauss-Newton
method applied to a smoothness-constrained least-square inversion
(Labrecque et al., 1996a). Models were iteratively optimized by finite-
element recalculation of the electrical potential fields through
the Poisson's equation. The estimation of the parameter vector mk for
iteration k was calculated according to the method described in Loke
and Barker (1996) by minimizing the objective function φ:

φ mkþ1
� �

¼ Wd d−h mk
� �h iT

d−h mk
� �h i����

����
n

þ α mk−m0
� �T

:Wp mk−m0
� �����

����
n

ð6Þ
Fig. 6. Vertical relative velocity vz as function of Z estimated from each temporal concentration
vertical dipole-dipole in b) and d). Filled circles represent the corresponding video analysis an
where h(mk) is the modelled data vector from model parameters at
iteration k, m0 is the vector of reference model parameters taken as
the average value of the data set d. Wd and Wp are the data weighting
and regularization matrices, n is the norm applied to each vector and
α the damping factor controlling the step of the variation parameter
vector Δmk:

Δmk ¼ JT J þ αWp

h i−1
JTWd d−h mk

� �� �
−αWp mk−m0

� �h i
ð7Þ

where J is the Jacobian matrix of the partial derivatives. The sensitivity
of the norms and inversion parameters (Eqs. (6) & (7)) as well as the
choice of the grid mesh size greatly influences the estimated dispersion
parameters (Lekmine et al., 2012). The 2D grid dimension was
8.5 × 30 cm containing a total of 1026 cells (19 × 54) with a squared
mesh size of 0.5 cm. The mesh was vertically refined to 0.25 cm on
both vertical sides in contact with the electrodes to reduce artefacts
due to sharp resistivity changes. Coarser and refiner meshes were also
tested but the 19 × 54 grid was the best compromise to minimize
over smoothing of the tracer plume contours, reduce modelling
curve fitted with Eq. (14) for data acquired in horizontal dipole-dipole in a) and c), and
d vertical dashed lines show the pump velocity vpump.



Fig. 7. Longitudinal (a) and transverse (b) dispersion coefficients estimated from ERT and
video imaging as function of the Péclet number. Results are compared to the theoretical
curve for longitudinal dispersion from Bachmat (1968). Coefficients are averages of the
values obtained at each time step by adjusting the data with Eq. (14).
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artefacts in areas less constrained by the data and ensure full recovery
the longitudinal and transverse spatial breakthrough curves for the 7
experiments (Fig. 4). Neumann's boundary conditions were imposed
on borehole edges while Dirichlet's conditions were applied to the bot-
tom inlet and top outlet. We chose to test the robustness of the inver-
sion by running the modelling procedure twice, with a L1 (n = 1) and
L2 (n = 2) norms applied to the data misfit of the objective function. A
L1 norm was always maintained on the parameter misfit with an initial
damping factor α=0.1 and a final value of 0.001. The logarithms of the
normalised apparent resistivities were inverted, a maximum number of
7 iterations was chosen with recalculation of the Jacobian matrix J, and
the reference model m0 was the model produced at iteration 1.

3.3. Quantification of transport parameters and total mass

The physical processes that control theflux of the tracer are advection,
hydrodynamic dispersion and adsorption on the particles. Adsorption
was here fast, reversible and the mass of tracer absorbed varied linearly
with the concentration. Transport was thus described by the following
advection-diffusion equation:

Rf
∂C
∂t

¼ Dz
∂2C
∂z2

−vz
∂C
∂z

þ Dx
∂2C
∂x2

ð8Þ

whereRf [−] is the retardation factor,Dz andDx [m2/s] are the longitudinal
and transverse dispersion coefficients, vz [m/s] is the vertical average pore
velocity and C [kg/m3] represents the CERT or CVIDEO tracer concentration.
The dispersion coefficients are here the sum of mechanical mixing and
molecular diffusion such as:

Dx;z ¼ λx;z:vz þ Dm ð9Þ

where Dm [m2/s] is the molecular diffusion coefficient, λx and λz [m] are
respectively the horizontal and vertical dispersivities. Eq. (9) becomes di-
mensionless by dividing by Dm:

Dx;z

Dm
¼ λx;z

dp
Peþ 1 ð10Þ

where the Péclet number Pe=vz.dp/Dm is the ratio of the tracer advection
rate to its diffusion rate over the particle size. Longitudinal and transverse
transport parameterswere quantified from fitting CERT and CVIDEO concen-
trations passing through the centre ofmass of the tracer plume (Eqs. (1)&
(5)) horizontally and vertically with a one dimensional volume-averaged
solution. For our initial and boundary conditions, where t0 = 14.5 min is
the duration of the tracer injection:

C z;0ð Þ ¼ 0 ð11Þ

−Dz

vz

∂C
∂z

þ C
����
z¼0

¼ Ct 0 b t b t0
0 t N t0

�
ð12Þ

∂C
∂z

∞; tð Þ ¼ 0 ð13Þ

The solution of the advection-diffusion along the vertical axis is (Van
Genuchten and Alves, 1982):

C z; tð Þ ¼ Ct : A z; tð Þ 0 b t b t0
Ct : A z; tð Þ−Ct : A z; t0ð Þ t N t0

�
ð14Þ
with

A z; tð Þ ¼ 1
2
erfc

Rf :z−vz:t

2 Dz:Rf :t
� �1=2

" #
þ v2z :t

πDz:Rf

	 
1=2

exp −
Rf :z−vz:t
� �2

4Dz:Rf :t

" #

−
1
2

1þ vz:z
Dz

þ v2z :t
Dz:Rf

	 

exp

vz:z
Dz

	 

erfc

Rf :zþ vz:t

2 Dz:Rf :t
� �1=2

" #
:

ð15Þ

The solution in the horizontal direction C(x,t) was obtained by
setting vz = 0 in Eq. (14).

For each time step vertical and horizontal breakthrough curves pass-
ing through the centre of mass of the plume (xp, zp) were respectively
averaged horizontally over 3.75 b xp b 5.25 cm and vertically over
0.5 cm on both sides of zp, and then adjusted by Eq. (14). Example of
concentration curves and their adjustments by the analytical solution
are shown in Fig. 4.

The total mass recovery Mtot was estimated for each time step by
integrating CERT and CVIDEO over the 400 × 1002 pixels of the images
and the 1026 cells of the 2D discretised models (Oldenborger et al.,
2007b; Koestel et al., 2009a):

Mtot ¼ ϕ∑Ncell
i¼1 CiVi ð16Þ
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where Vi [m3] is the total volume of the cell i determined from the full
thickness of the bead pack. The relative concentrations CVIDEO were
renormalised on the NaCl concentration ranges to be compared to CERT
in Fig. 9 andMtot in Fig. 11. The use of the 2.5D forwardmodelling strat-
egy described in part 3.2 may contribute to create modelling artefacts
and prevent to retrieve the actual resistivity contrasts when 3D struc-
tures such as boreholes or 3D tracer plumes are present (Nimmer
et al., 2008). This could have an influence on the total mass recovered
Mtot, howeverwe assumed that these effectswere negligible for the par-
ticular experimental conditions of this study,where the2D tracer plume
was localised in the plane between both electrode vertical lines. Then
the mass attributed to each image cell of the model was calculated
under the assumption that the tracer mass distribution was homoge-
neous in the third dimension.
Fig. 8. Variation of the longitudinal λz and transverse dispersivities λx as function of the dista
represent the vertical dipole-dipole sequences. ERT values presented here were obtained from
4. Results

4.1. Electrical recovery of the plume contours

Fig. 3 presents the 2D inversion results of the regularised data for 8
selected time-steps of experiment 2 for measurements acquired with
the horizontal dipole-dipole sequence (Table 1). Models were selected
at the 5th and the 6th iteration for which the RMS was b2%. Each resis-
tivity sectionwas compared to the corresponding renormalised 2D con-
centrations of the dyed-tracer obtained by the video analysis. At t =
11 min, the punctual injection of the tracer was still occuring at
Z = −24.5 cm with a bulk resistivity ratio ρb = 0.4 expressing a local
resistivity depletion by 60% compared to the backgroundmeasurements.
From top to Z = −19 cm, models show constant and homogeneous
nce z. Diamonds are values obtained with the horizontal dipole-dipole and empty circles
an inversion constrained with a L2-norm applied to the data.
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values of ρb close to unity expressing no variations in the pore fluid con-
ductivities compared to the initial background. From t = 29 min, the
shape of the tracer plume started to be fully recovered with ρb varying
from 0 in the centre of mass to 1 at the interface with the resident
fluid. The temporal evolution of the resistivity contours agree with the
video analysis demonstrating the upward motion of the tracer plume
until t= 57 min. At this stage the video reveals that the plume had not
reached the outlet while the model shows around 80% of resistivity
changes from top to Z=−13 cm. After the plume crossed the full height
of the porousmediumat t=68min, no resistivity contrasts attributed to
possible residual concentrations of tracer were noticeable by the ERT at
the scale of the model discretisation, assuming a return to full saturation
by the resident fluid.

A general comparison with the video analysis highlights that the
inversion contributed to smooth the resistivity contrasts particularly
at the interfacewith the residentfluid. This smoothing effects prevented
the full recovery of the shape of the plume by providing diffuse con-
tours. Furthermore, at the centre of mass of the plume ρb was close to
0 only when the plume reached the centre part of the medium and
then increased again toward theoutlet. The data background regulariza-
tion suppressed the constant resistive backgroundnoisemainly inferred
by the boundary effects. Nevertheless, the resistivity contrasts attributed
to the shape of the tracer plume were perturbed in the lower and upper
Fig. 9. Comparison of the reconstructed 2D concentration contours of the tracer plume from ho
parts of the medium. The RMS errors were inferior to 2% for the whole
time series but inversion results were only reliable when the plume
was located in the centre part of the bead pack. Reasons involving
these inaccuracies will be discussed later on.
4.2. Quantification of the tracer vertical velocity

The vertical average velocities estimated from the adjustment of the
temporal displacement of the centre ofmass zp are shown in Fig. 5a. ERT
measurementswere sensitive to the average pore velocities imposed by
the pump vpump, but horizontal and vertical sequences as well as the
type of norm (L1 and L2) do not present noticeable differences in vz
estimation. For both arrays vz was always found lower than vpump by
20%, while values obtained from the video analysis exhibited the same
trend but average vz were lower than vpump by 30 to 40%. The relative
local velocities estimated from Eq. (14) for each time step followed
the same trend as the video analysis in areas where the shape of the
tracer plume was fully recovered by the inversion procedure (Fig. 6).
However, some points clearly differed from the general trend like at
Z = −13 cm of experiment 4 where vz increased by 50%. Such local
variations were related to measurement errors and convergence prob-
lems in the inversion procedure of the corresponding time serie.
rizontal (a) and vertical (b) dipole dipole at t= 68min for a L2-norm applied to the data.
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The agreement between the two methods shows that the underesti-
mations of the vertical velocity were not related to the ERT procedure
but due to physical phenomena. Quantification of these differences was
expressed through the retardation factor Rf = vpump/vz in Fig. 5b. For
ERT we found an average Rf = 1.14 slightly decreasing with the pore ve-
locity imposed by the pump. Retardation of the dye shows the same trend
butwith a slightly higher retardation factor Rf=1.24. These results agree
with previous studies (Peters et al., 1996) reporting values of Rf=1.1 for
NaCl with similar flow conditions in unconsolidated sands. The leading
processes to explain this retardation difference between the ERT and
the video analysis could not be confirmed at the pore volume scale
investigated. However, an alternative saturation experiment of the tracer
conducted in a fully dried bead pack with a permeability lower by one
Fig. 10. Electrical sensitivity calculated from the sum of the squared Jacobian matrix JTJ (Eq. (7)
measurements acquired in horizontal (a) and vertical (b) dipole-dipole respectively for experi
order of magnitude revealed that the dye saturation front progressed
slower than the water saturation front (Lekmine et al., 2012). Then the
higher values of the retardation factor estimated from the video analysis
compared to the ERT could be explained by the different physico-
chemical properties between NACl and the dye. The dissolved methyl
blue is a large molecule of triarylmethane isomers having a particular
affinity with the charged surface. In these conditions the retardation
may be attributed to adsorption on the specific surface of the non-
treated glass beads used for our 7 experiments (Table 1). Furthermore,
the alternative experiment performed by Lekmine et al. (2012) highlight-
ed that due to its relatively highmolecule size, compared to Na+ and Cl−,
the propagation of themethyl blue in the flowdirection is slown down in
areas with smaller permeabilities.
) for each model cell at the last iteration of the inversion models established from the 210
ments 1 and 4 at t = 68 min.
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4.3. Dispersion parameters

The experiments described in Table 1 were performed under differ-
ent flow rates and repeated for each array in order to test the reliability
of the ERT to quantify the mixing processes of the tracer. Longitudinal
(Dz) and transverse (Dx) dispersion coefficients were quantified by
fitting video and ERT concentrations (Fig. 4) with the analytical solution
provided in Eq. (14). Fig. 7a presents the normalised longitudinal dis-
persion coefficients Dz/Dm for experiments 1 to 7 deduced from ERT
and their corresponding video analysis as function of the Péclet number.
Dispersion coefficients varied from 8 to 200 showing that mechanical
dispersion was dominant in respect of molecular diffusion. Results
from the seven video analysis are close to the theoretical curve extracted
from Bachmat (1968) withDz/Dm linearly increasing from 18 to 100. The
4 experiments monitored with the vertical dipole-dipole provided
longitudinal dispersion coefficients in agreement with the video analysis
and the theoretical curve. However, values estimated from horizontal
dipole-dipole measurements overpredicted the dispersion coefficient
by at least a factor two. These observations are confirmed by the vertical
distribution of the longitudinal dispersivity (Fig. 8). Video analysis for ex-
periments 1 and 4, performed under the same experimental conditions,
were constant during the tracer propagation and both returned identical
average values of λz = 0.04 cm for −10 b Z b −19 cm (Fig. 8a). The
estimation inferred by the vertical dipole-dipole was in the same range
with λz = 0.043 cm whilst the average deduced from the horizontal
dipole-dipole was almost 3 times higher with λz = 0.11 cm. Results
Fig. 11. Total mass of tracer recovered from integration of the 2D CERT and CVIDEO concentrations
tracer plume was recovered by the 2D ERT inversion and video analysis. Experiments 1 to 3 we
vertical dipole-dipole sequence.
from experiments conducted with a higher flow rate Q = 1.5 mL/min
(Fig. 8c), present the same behaviour in the same range of dispersivity.

Experiments monitored with the horizontal dipole-dipole sequence
demonstrated that this array was more reliable to evaluate the
transverse dispersivity (Fig. 7b). Transverse dispersion coefficients
Dx/Dm also varied linearly with the Péclet number on a range of
4 b Dx/Dm b 300. But only the horizontal dipole-dipole sequence
inverted with an L2-norm applied to the data was able to return values
close to the dispersion coefficient found with the video analysis.
Conversely, the vertical dipole-dipole overestimated the dispersion
coefficient by a factor between 2 and 10. The vertical distribution of λx
also confirmed that the horizontal dipole-dipole was more suitable
but still slightly overestimates the video analysis (Fig. 8b and d).

These differences between both arrays in the quantification of the
longitudinal and transverse dispersion are highlighted in Fig. 9. The 2D
concentration fields obtained from the video and the ERT at t =
68 min are compared for experiments 1 and 4 (Table 1). Although the
horizontal dipole-dipole sequence mostly retrieved the shape of the
plume, CERT contours were strongly smoothed, particularly in the flow
direction which contributed to an overestimation of Dz/Dm (Fig. 9a).
The vertical dipole-dipole sequence provided less smoothed vertical con-
centration contours (Fig. 9b) which in turn give values of Dz/Dm close to
those found by the video (Fig. 7a). However, this array did not correctly
restore the horizontal shape of the plume. The concentration in the vicin-
ity of the centre ofmass of the plume, CERT=0.35mg/L, was twice lower
than the injected concentration (0.75 mg/L) also recovered by video.
(Eq. (16)) for experiments 1 to 6. For each time series presented here the full shape of the
re performedwith the horizontal dipole-dipole sequence and experiments 4 to 6 with the



Fig. 12. Influence of the cementation factor and porosity (Eq. (3)) on the estimation of the
total mass of tracer recovered by ERT in a), and the longitudinal dispersion coefficient
Dz/Dm in b) for experiment 1 at t = 68 min. 0% correspond to the initial set of
parametersm = 1.3 and ϕ = 0.36.
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The distribution of the cumulated 2D electrical sensitivity for the
two inverted time series (Fig. 10) demonstrated that the horizontal
dipole-dipole had higher values in the centre part of the medium and
was particularly sensitive to the presence and the shape of the plume
while the vertical dipole-dipole was horizontally insensitive, returning
overestimated transverse dispersion coefficients. Both sequences pre-
sented high sensitivity values for cells close to the boreholes while
they varied from low to negligible near the inlet and outlet. These
lower local sensitivities highlighted the lack of local measurements
with small and intermediate spacings in areas not covered by elec-
trodes, providing a weak response when the tracer was nearby the
inlet and outlet. This limited the reliable recovery of the tracer resistivity
contrasts only in the centre part of the mediummeanwhile the inverse
modelling was not able to reconstruct the shape of the tracer close to
the inlet and outlet (Fig. 3).

4.4. Total mass recovery

The total mass of tracer recovered for each experiment was estimat-
ed by integrating the entire ERT concentrations CERT of each two-
dimensional section and the renormalised video concentrations CVIDEO
(Eq. (16)). The total volume of tracer injected, Vtot = 11 mL, was iden-
tical for all experiments corresponding to a total mass Mtot = 8.5 mg.
The mass estimated by the video analysis was very close to the total
mass of tracer injected showing steady values increasing slightly from
8 to 9.5 mg over the investigated duration of experiments 1 to 6
(Fig. 11). These temporal rises represented 17% of the total mass recov-
ered over the time andmainly affected experiments 1 and 2. Results ob-
tained from ERT concentrations showed that measurements performed
with the horizontal dipole-dipole sequence always overestimated the
total mass of tracer by 35, 39 and 22% respectively for experiments 1
to 3 (Fig. 11). On the contrary, the dipole-dipole vertical sequence
underestimated the mass on average by−42, −36 and −46% respec-
tively for experiments 4 to 6.

Oldenborger et al. (2007a) showed from field experiments that for
both array types ERT imaging consistently underpredicted tracer mass
recovery and that the vertical dipole-dipole provided better estimates.
Here results were correlated to the observations previously made
from Fig. 9 underestimating the ERT concentrations in the centre of
mass of the plume by nearly 50% for the vertical dipole-dipole while
the horizontal dipole-dipole overestimated CERT in the centre of mass
of the plume and at the interface with the resident fluid. This demon-
strated that for both sequences the distribution of the cumulated sensi-
tivity in presence of the tracer plume greatly influenced the inverted
resistivity ratios (Fig. 3) and the consecutive total mass recovered. In-
version of the horizontal dipole-dipole sequence favoured longitudinal
smoothing of the resistivity contrast at the interface and produced unre-
alistic low resistivity at the centre of mass, returning concentrations
over themaximal tracer concentration Ct=0.75 g/L. Then the recovered
mass of tracer integrated on the full sections were also overestimated
compared to the video analysis (Fig. 11a to c). This behaviourwas some-
what expected due to the inability of the least-square smoothness
constrained method to recover sharp conductivity contrasts, enhanced
by the mesh discretization and the geometry of the medium. On the
contrary, the vertical measurement sequence was significantly less
sensitive to the presence of the tracer plume (Fig. 10b), returning
underestimated Mtot for experiments 4 to 6 (Fig. 11d to f).

4.5. Influence of the petrophysical parameters

For most of the experiments, the total mass discrepancies between
ERT and the video analysis remained within the error bars (Fig. 11)
also taking into account uncertainties related to the formation factor
(Eq. (3)). The disadvantage of using a petrophysical relationship
to link the modelled bulk resistivities ρb to the ERT concentrations
introduced more uncertainties in the quantification of the dispersion
coefficients and the total mass recovered. In our experimental condi-
tions, errors inferred by the formation factorwereminimized compared
to other laboratory (Wehrer and Slater, 2015) or field studies (Singha
and Gorelick, 2005) since the tests were here performed in homoge-
neous bead packs, fully water saturated (Se = 1) and with well-
known conductivities of the background resident fluid and tracer
(Table 1).

Fig. 12 illustrates the sensitivity of the total mass recovered and the
longitudinal dispersion coefficientDz/Dm for experiment 1 at t=68min
in regards to variation of the cementation factor m and the porosity ϕ.
Their sensitivity to m and ϕ was tested successively by changing, for
instance, the value of m between −25 and +25% from the initial set
(m = 1.3, ϕ = 0.36) while ϕ was kept constant. The initial values pro-
vided an ERT estimation of Mtot = 11.5 mg which was 35% higher
than the actual mass injected (Fig. 11). The longitudinal dispersion co-
efficient was also overestimated in respect of the video analysis and
the theoretical curve of Bachmat (1968) with Dz/Dm = 22 (Fig. 7a).
The recovery of the actual mass Mtot = 8.5 mg required to decrease m
by −10% or raise ϕ by +11% returning values of m = 1.2 or ϕ =
0.41. Similarly, adjustment of Dz/Dm with the video analysis required
to lower m by −15% or increase ϕ by +15% returning m = 1.1 or
ϕ = 0.41. This value of the porosity was not realistic since it was
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experimentally quantified to 0.36 ± 0.01. However, the cementation
factor initially chosen from the literature Archie (1942), returned here
m = 1.1 and 1.2 which were also in agreement with values reported
by Friedman (2005) for glass bead packs in the same porosity ranges.
These results highlighted that small errors of these empirical parame-
ters can also contribute to non-negligible wrong estimates in the quan-
tification of solute transport parameters and the total mass recovery.
Hence, for our simplified conditions a variation ofm or ϕ by 8% implies
30% and 40% changes in Dz/Dm and Mtot respectively.

5. Discussion and conclusions

This work intended to evaluate the reliability of time lapse cross-
borehole ERT measurements to quantify the 2D transport parameters
and the total mass recovery of saline tracers in porous media. It also
provided an insight of the uncertainties inferred by the array types,
the sequences of selected quadripoles in relation to the tracer plume
geometry as well as the influence of the structural parameters used to
calibrate the petrophysical relationships. A 2D functional experimental
design was developed from bead packs in which the spread of dyed
tracers was monitored by ERT imaging and video analysis. For these
particular experimental conditions, the horizontal and vertical dipole-
dipole sequences were both sensitive to the vertical pore velocity and
captured the retardation inferred by the tracer absorption on the parti-
cles. The totalmass of tracer recoveredwas always overestimated by the
horizontal dipole-dipole and underestimated by the vertical dipole-
dipole. The vertical dipole-dipole was reliable to quantify the longitudi-
nal dispersion, while the horizontal dipole-dipole returned better
estimation for the transverse dispersion. Differences were influenced
by the smoothing character of the least-square inversion method.
Also, the cumulated 2D sensitivity sections in relation to the distribution
of plume's fluid conductivity demonstrated that in such laboratory con-
ditions the reliability of the results were also constrained by the geom-
etry and dimensions of the experiment. Here the experimental design
was constrained to 2D hydrodynamic conditions where the 2D tracer
plumes were assumed to spread in the ERT image plane. In these condi-
tions the 2.5 forward modelling strategy of the regularised time series
(Eq. (2)) allowed to retrieve the shape and resistivity changes attributed
the tracer propagation. However, for such important resistivity con-
trasts between the tracer and the medium even slight deviation from
the image plane may result in false resistivity changes as seen in the
centre of mass of the tracer at t = 46 min (Fig. 3). Although the errors
incurred might be small, they constitute supplementary additive errors
in the quantification of the dispersion parameters (Fig. 7) and the total
mass of tracer recovered Mtot. Shadow effects (Nimmer et al., 2008)
must be then consider with the 2D sensitivity sections and the uncer-
tainties on the petrophysical parameters to explain the differences
with the video analysis in the Mtot recovery (Fig. 11).

These outcomes demonstrated that in field situations ERT cross-
borehole investigations must be performed in 3 dimensions to avoid
misleading interpretations about the size, shape and location of solutes
and contaminant plumes in groundwater. However, upscaling to 3D
field conditions also requires the establishment of prior information to
accurately quantify the mass and transport parameters. Our results
highlighted that appropriate estimation of the dispersion parameters
would be significantly improved from prior knowledge of the shape,
location and physico-chemical properties of the tracer or contaminant
involved. This is a first step to optimize the choice of the sequence of
time-lapse ERT measurements and its updates for each time series
(Bellmunt et al., 2016). Furthermore, even for our simplified experimen-
tal conditions wrong characterisation of some petrophysical parameters
can lead to non-negligible errors inmass and transport processes estima-
tion. In field conditions any relevant prior information about the type
and distribution of heterogeneities, such as fracture networks and
permeability changes, must be considered since preferential flows or
flow bypassing may occur in particular directions, where the ERT
measurement sequence shows low cumulated sensitivities. This would
help to better calibrate the chosen petrophysical relationships linking
the bulk to the local fluid resistivities.
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