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Hydrogeophysics is increasingly used to understand groundwater flow and contaminant
transport, essential basis for groundwater resources forecast, management, and
remediation. It has proven its ability to improve the characterization of the hydraulic
conductivity (K) when used along with hydrogeological knowledge. Geophysical tools
and methods provide high density information of the spatial distribution of physical
properties in the ground at relatively low costs and in a non-destructive manner. Amongst
them, the Electrical Resistivity Tomography (ERT) has been widely used for its high
spatial coverage and for the strong theoretical links between electrical resistivity (p)
and key hydrogeological parameters, such as K. Historically, ERT data processing
was based on isotropic hypothesis. However, the unconsolidated aquifers in Canada
reveal in most cases a strong anisotropic behavior for K both with in situ or laboratory
measurements. Recently, electrical anisotropy has been considered model-wise, but it
is seldom considered as an interpretation tool or in the characterization process of the
anisotropy of K. In order to evaluate the potential of ERT to assess the anisotropy of
electrical resistivity, we developed a forward and inverse modeling code. These codes
have been validated and tested on a realistic synthetic case reproducing the behavior of
a real aquifer extensively characterized, the site of Saint-Lambert-de-Lauzon in Quebec
(Canada). On this site, innovative in situ hydraulic tomography has revealed a strong
anisotropy, with up to three orders of magnitude between horizontal and vertical K
components. In order to confirm the link between in situ K- and p-anisotropies, an
ERT survey has been performed, using the same wells as for the hydraulic tomography.
The inversion confirms a strong link between K- and p-anisotropies. It demonstrates the
suitability of the anisotropic ERT approach coupled with well measurements to provide
better estimates of K and its anisotropy at the scale of a site.

Keywords: hydrogeophysics, anisotropy, electrical resistivity tomography, hydraulic conductivity, modeling,
groundwater
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1. INTRODUCTION

Understanding groundwater flow and contaminant transport in
the subsurface for water management and aquifer remediation
generally requires a good knowledge of the spatial distribution
of hydraulic properties within the aquifers. The hydraulic
conductivity (K) is a key parameter to assess as it affects both
the direction and velocity of flow and contaminant in aquifers.
K can also vary over several orders of magnitude within a
same geological unit, which highlights the importance of having
accurate high-resolution and high-coverage estimates to reduce
errors in groundwater flow and mass transport (de Marsily
et al, 2005) and improve groundwater management. While
several methods have shown their potential to estimate K at
different scales (Butler, 2005), few have been focused on the
characterization of its anisotropy that can greatly affect the
outcomes of different hydrogeological in situ problems, such as
groundwater recharge (e.g., Hart et al., 2006) well capture zone
(e.g., Barry et al,, 2009), and spreading of contaminant plumes
(e.g., Falta et al., 2005).

Indeed, K-anisotropy can be obtained from laboratory
permeameters on sediment or rock samples collected in the
field (Wenzel and Fishel, 1942). However, the difficulties in
the experimental procedures related to sample collection and
manipulation may restrict reliable estimations of K-anisotropy
for certain kinds of materials. Moreover, permeameter estimates
may require an up-scaling to field conditions to be representative.
In order to overcome this burdens, several authors have proposed
different hydraulic tests in wells to estimate K-anisotropy, such as
the dipole-flow test using in one well (Kabala, 1993; Zlotnik and
Ledder, 1996; Xiang and Kabala, 1997; Zlotnik and Zurbuchen,
1998; Huvilshgj et al., 2000; Sutton et al., 2000; Zlotnik et al.,
2001) or two wells (Goltz et al., 2008), the single-well vertical
interference test (Burns Jr et al., 1969; Hirasaki et al., 1974;
Onur et al., 2002; Sheng, 2009; Paradis and Lefebvre, 2013), and
hydraulic tomography (Paradis et al., 2015a, 2016a,b).

While previous hydraulic tests were shown to provide
invaluable estimates of K-anisotropy in real field conditions,
these methods are time consuming to operate and can thus only
provide very local information. In this study, we propose using
geophysical data to complement hydraulic tests as geophysical
methods can provide broad pictures of the subsurface in a
considerably shorter amount of time than hydraulic methods.
Electrical methods, in particular direct current (DC) methods,
are frequently used to infer porosity and K (Archie, 1942; Lesmes
and Friedman, 2005). However, only a few studies have been
done to study the anisotropy of the resistivity of unconsolidated
sediments. Anisotropy of electrical conductivity (p) is a well-
known phenomenon (Maillet, 1947) but its accurate in situ
estimation has only been studied recently (Greenhalgh et al.,
2010; Kenkel and Kemna, 2016; Gernez et al., 2018). Moreover,
there is a theoretical equivalence between K-anisotropy and p-
anisotropy in unconsolidated sediments were the electric current
flows in the conductive saturated pores (Hubbard and Rubin,
2005). Recently, laboratory investigations have demonstrated
strong similarities between p- and K-anisotropies on core
samples (Adams et al., 2016). In addition, recent field works have
shown that taking into account p-anisotropy in DC surveys leads

to more accurate estimations of both p values and structures
(Peksen and Yas, 2018), and have shown reasonable estimates
of hydraulic anisotropy in slightly anisotropic aquifer systems
(Yeboah-Forson and Whitman, 2014).

The objective of this paper is to demonstrate the ability of
DC methods to quantify p-anisotropy and to illustrate how
it compares with K-anisotropy in a real case study. After
introducing the study area (section 2) and presenting theoretical
considerations related to p-anisotropy (section 3), we provide
methodological insights, through a synthetic case, related to
DC data acquisition to ascertain the presence of p-anisotropy
(section 4). Then, the methodology is applied for a real case
study known to be highly heterogeneous, and p-anisotropy
estimated through anisotropic inversion is compared to K-
anisotropy obtained with hydraulic tests at the study site to
strengthen the reliability of the proposed approach (section
5). This study exposes the capacity of DC surveys to improve
hydrogeological characterization.

2. STUDY AREA AND EVIDENCES OF
ANISOTROPIC CONDITIONS

The study area is located in Saint-Lambert-de-Lauzon (SLdL), 30
km south of Quebec City, Canada (Figure 1). The SLdL study
area is a 12 km? sub-watershed surrounding a decommissioned
sanitary landfill site in an unconfined granular aquifer. The
surficial sediments composing the aquifer consists primarily of
Late Quaternary sandy and silty sediments that were deposited
in the receding Champlain Sea, which was an arm of the Atlantic
Ocean that invaded the St-Lawrence Valley at the time of the last
deglaciation (Bolduc, 2003). Deposition of the Saint-Lambert site
was controlled mainly by longshore currents that redeposited in
littoral and sublittoral settings that supplied the Chaudiere River
paleodelta. This geological depositional environment leads thus
to sediment size ranging from fine sand to very fine silt with poor
to very poor grain-size sorting. Furthermore, this environment
shows minor proportions of clay (generally <20%). Clay in major
proportions (>50%) is only present below the cross-section
studied. The resulting superposition of finely layered sand and silt
sediments create very heterogeneous distribution of sediments at
centimetric to decametric scales along with more gradual lateral
transitions in these littoral and sublittoral sediments as a result of
changing energy levels along the Champlain Sea shorelines. The
depth of the granular aquifer varies in depth between 0 and 22 m,
the water table is generally within 2 m from the surface (Paradis
etal., 2014; Tremblay et al., 2014).

This site has been extensively characterized by previous
studies using different techniques, such as Ground Penetrating
Radar (GPR) and resistivity surveys, Cone Penetrometer Test—
Soil Moisture Resistivity soundings (CPT/SMR ), hydraulic tests
in wells and logging (Paradis et al, 2014; Tremblay et al,
2014). These data allowed to obtain valuable information on
the structure of the aquifer system (aquifer and aquitard layers)
including information on its heterogeneity. Particularly, several
observations suggest that the heterogeneous nature of the
sediments at a fine scale may induce anisotropy at larger scale
posing challenges to the interpretation of flow and transport
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FIGURE 1 | Saint-Lambert-de-Lauzon (SLdL) study area. It is located (A) in Québec, Canada, (B) 30 km south of Québec City between to the Chaudiére and
Beaurivage rivers. (C) Geology and characterization details of the study area. (D) Anisotropic hydraulic and electrical tomography site corresponding to the “W” on (C).
ERT acquisition is done using an IRIS Syscal Pro system. Nine and Eight electrodes are, respectively, immersed in P17 and P21. Seventeen electrodes are planted
between P17 and P21. P17 and P21 are separated by 8 m, electrodes separation is 1 m inside the wells and 0.5 m at the surface. Adapted from Paradis et al. (2015b).

Frontiers in Environmental Science | www.frontiersin.org

June 2019 | Volume 7 | Article 67


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Gernez et al.

Comparison of K and p Anisotropies From Inversion

processes in this environment. Anisotropy can be due to the
microscopic scale organization of the minerals (micro or intrinsic
anisotropy, e.g., crystals ordered structure or oblong grains) or,
as is the case here, to the macroscopic structural elements of
the ground (macro or extrinsic anisotropy, e.g., fractures or
alternating heterogeneous beds). First, the comparison of 59
vertical hydraulic conductivity (Ky) estimates made on 15 cm
undisturbed sediment samples with a laboratory permeameter
to horizontal hydraulic conductivity (Kg) values obtained from
high-resolution multi-level slug tests on similar intervals reveals
a strong K-anisotropy even at this small scale. K-anisotropy (or
the ratio of Ky on Ky, Ky/Ky) was indeed up to two orders
of magnitude (Paradis and Lefebvre, 2013). Then, numerical
inversion of vertical interference slug tests and hydraulic
tomography experiments indicate that K-anisotropy should be
considered to match hydraulic responses measured in wells
(Paradis and Lefebvre, 2013; Paradis et al., 2016a). For a 60 cm
vertical resolution of the numerical grid, Ky/Ky values ranged
from near isotropy (1) to more than 100. Moreover, comparison
of high-resolution cone-based p measurements (SMR probe)
with collocated estimates of the p computed with surface-based
surveys (ERT) revealed a bias between the two data sets (Ruggeri
et al., 2014). For instance, the magnitudes of the SMR probe
data are generally higher than those of the ERT surveys. This
suggests that given the SMR probe sense essentially the horizontal
component of p due to the configuration of its electrodes (spaced
vertically by 9 cm), lower p values from ERT surveys are the
results of the influence of the p-anisotropy induced by the
heterogeneous nature of the sediments (section 3.2.2). Finally,
those evidences motivate the need to develop a geophysical
approach able to handle this anisotropy to provide insights about
K-anisotropy in order to better characterize aquifer systems for
groundwater flow and contaminant transport studies.

3. ELECTRICAL RESISTIVITY ANISOTROPY

3.1. Theoretical Considerations and

Definitions

Electrical anisotropy refers to the directional dependence
of electrical conductivity or resistivity which results in the
directional dependence of the measured potential fields. This
means that the current can preferentially flow in certain
directions compared to others. Ohm’ law establishes the
relationship between an injected electric current in the ground
and the induced potential field (Dey and Morrison, 1979). In
order to take into account the 2D electrical anisotropy, the scalar
conductivity ¢ in Ohm’s law is replaced by the conductivity

tensor _<:7 = [”é’ UOV] (or its inverse, the resistivity tensor
p = o 1), with o and oy being the conductivity values in

the horizontal and vertical directions, respectively (Greenhalgh
et al., 2009). Anisotropic Poisson’s equation has the following
expression in the 2.5D case, i.e., 2-D resistivity structure (plane
invariance) and 3-D current flow (Zhou et al., 2009):

V.- (6V) + kjoHJ; = —éﬁ(r(x, 2) — r5(x5, 25)) (1)

where ¢ is the potential in the frequential domain, ky is the
wavenumber, r(x,z) are the coordinates in the computational
domain or on its boundaries, I is the current source intensity
located at rg(xs, z5) and § is the Dirac function. The coefficient
of anisotropy is defined as A = Jog/ov = pv/pu > L
anisotropy increases as A departs from the value of 1 (A =
1 corresponds to isotropy). In this study, we will consider an
H/V anisotropy. More complex geometries are handleable by the
numerical modeling tool we developed to this end (AIM4RES),
but they will not be investigated in this study.

3.2. Diagnosis of Electrical Anisotropy

The next sections aim at demonstrating the effects of electrical
anisotropy on the interpretation of ERT data using isotropic
ERT inversion. We take advantage of three particular effects to
propose an electrical diagnosis to detect anisotropy on measured
electric potentials. These effects are observable without the need
for a complete characterization study, both in terms of field and
numerical resources.

3.2.1. Importance of Data Acquisition Protocols

The measured electric potential field is linked to the amount
of electric current passing through the different heterogeneous
part of the ground. Hence, in the case of surface ERT
measurements, a thin conductive anisotropic layer and a thicker
less conductive isotropic layer can produce the same electric
potential differences (equivalence principle, Maillet, 1947). In
other words, it is impossible to distinguish between isotropic
layer response from anisotropic layer response using surface
ERT data. Consequently, isotropic ERT inversion (Loke, 2001;
Bouchedda, 2010) of surface anisotropic data always converge
to an equivalent resistivity model which is not representative
of the true electrical state of the ground, leading to erroneous
resistivity model of the earth. To overcome this problem,
anisotropic ERT acquisition and inversion should be used.
To address the data directionnality problem, we unavoidably
need borehole electrodes along with surface electrodes. In
that way, anisotropic ERT inversion requires an optimization
of the acquisition protocol, in order to converge toward the
true solution.

Nevertheless, in presence of anisotropy, isotropic inversion of
ERT directional data leads to unrealistic solutions. It is explained
by the fact that there is no physical isotropic solution fitting
both surface and inhole data. To demonstrate this effect, two
data experiments were simulated using only surface electrodes
in the first one and both borehole and surface electrodes in the
second one. The resistivity model consists of two horizontally
anisotropic layers (Figure 2A). The first layer has a thickness h =
4 m with py = 100 Q.m and py = 400 2.m. The second layer is
a semi-infinite space with py = 10 Q.m and py = 40 Q.m. For
the whole section, the anisotropy coefficient A is 2.

The first experiment was performed using only surface
Wenner array data. We assumed the convergence is reached as
the RMSE values are very low (0.0026%), but the inverted model
(Figure 2B.1) is not consistent with the true resistivity model
(Figure 2A) neither in terms of amplitude of the resistivity nor
in terms of geology. According to the theory, the resistivity of
the upper layer appears to be +/100 - 400 = 200 2.m and the
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FIGURE 2 | (A) Synthetic model, constituted of an anisotropic layer over an anisotropic semi-infinite space. Upper layer: py = 100 .m and py = 400 Q.m.
Semi-infinite space: py = 10 Q.m and p, = 40 Q.m. 1 = 2 for the whole model. Electrodes (white dots) are located at the surface and in-hole borehole at x = 14m.
In yellow is shown an example of surface-borehole measure angle (D). (B) (section 3.2.1) Isotropic inversions of potentials acquired using (B.1) only surface electrodes
and (B.2) surface and borehole electrodes (borehole at x = 14 m). (C) (section 3.2.2) Comparison between logged (pjog, blue curve) and inverted (pjny, red curves)
resistivities: (C.1) isotropically inverted resistivity. (C.2) py from inversion vs. Plog- (C.3) py from inversion vs. Plog (borehole at x = 20 m). The logged resistivity is the
direct resistivity measurement at x = 20 m, therefore the blue curve is the same for all (C.1-3) graphs. (D) (section 3.2.3) Relative error behavior as a function of the
measure angle 6. The points are the error values, their color represents the associated dipole-dipole distance. Orange area represents a positive error, blue area
represents a negative error. (D.1) Relative error from an isotropic inversion of data acquired on an anisotropic model, displaying a sigmoid shape. (D.2) Relative error
from an anisotropic inversion of data acquired on an anisotropic model, relative error is close to zero and is not angle dependant (borehole at x = 25 m).

resistivity of the semi-infinite space appears to be +/10-40 =  solutions. Furthermore, the final misfit between measured data
20 .m. In addition, the thickness of the upper layer appears to  and predicted data is high (RMSE = 22.1%) for isotropic
beA-h=8m. inversion in comparison to anisotropic inversion (0.002%),

In addition to the previous Wenner surface array, a dipole-  showing that directional data are unable to fit an isotropic

dipole array in the borehole and a mixed surface-borehole  solution. This can be used as an evidence of electrical anisotropy.
array were added to the acquisition protocol in the second

experiment. The isotropic ERT inversion result of these data 3,22, Effect of Anisotropy on ERT Measurements
sets are presented in the Figure 2B.2. It can be clearly seen that  In the case of horizontally anisotropic  resistivity
isotropic inversion of directional ERT data leads to unrealistic =~ model, it has been pointed out by Maillet (1947) and
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Keller and Frischknecht (1966) that the measurements made
in the horizontal direction are equal to geometric mean of
horizontal and vertical resistivity components, while the
measurements made in the vertical direction are equal to
the horizontal resistivity components. This is the paradox
of electrical resistivity anisotropy: measurements along
vertical profiles in the case of layered anisotropic model are
sensitive to horizontal component as shown in our synthetic
model example. For formal demonstration please see Liiling
(2013). Indeed, electrical resistivity logs can be used as in
situ measurements of the horizontal resistivity py that can
be introduced as a constraint in the inversion system or
employed in combination of surface ERT data to diagnose
the anisotropy.

In our case, the electrical resistivity logging was measured
using a CPT-SMR instrument which does not require a well
installation, simplifying its implementation. The probe is 5 cm
thick and 9 cm long. Note that the small probe diameter and the
small electrodes separation make the hole effect negligible and
the measured resistivity is only sensitive to ppy.

In order to demonstrate the effectiveness of resistivity well logs
as anisotropy diagnosis tool, let us compare well logs resistivities
and estimated resistivities from isotropic ERT inversion of
surface data obtained on an anisotropic resistivity models. When
isotropic ground is considered, both resistivities are expected to
be similar. For horizontally anisotropic ground (as in SLdL), well
log resistivities are equal to horizontal resistivity components
whereas isotropic ERT inversion returns an equivalent resistivity
model which combines both horizontal and vertical resistivity
components (equivalence and paradox effects). In other words,
the difference between the two resistivities can be very important
depending on the value of anisotropy coeflicient. Consequently,
any difference between the two resistivities is an indication of the
presence of anisotropy.

To illustrate the anisotropy diagnosis using synthetic model
let consider the previous two layered anisotropic model
(Figure 2A). Figure 2C.1 shows the comparison between the
electrical resistivity logging (blue curve, e.g., obtained with a
CPT-SMR logging at x = 14 m) and the corresponding resistivity
(red curve) estimated using the isotropic ERT inversion of
surface data. Both curves depart from each other, indicating the
presence of anisotropy. Figures 2C.2,C.3 show the comparison
between the same electrical resistivity logging and collocated
horizontal and vertical resistivities obtained from anisotropic
ERT inversion of surface and borehole data. As logged resistivity
is carried along a vertical profile, it is only sensitive to
the horizontal resistivity component of the ground and thus
departs from the estimated vertical resistivity of anisotropic
medium which confirms the validity of our methodological
approach to quantify the anisotropy. Please see references for
more details.

3.2.3. Relative Error vs. Array Angle

To assess the effect of anisotropy on data misfit error of isotropic
ERT inversion, we consider the same two layered synthetic model
as in sections 3.2.1 and 3.2.2. The data acquisition is simulated
using only surface-borehole data. The current electrodes are

located in wells and the potential electrodes are located at
the surface. Array configuration were made using 50 surface
electrodes and 15 boreholes electrodes. Electrode spacing is 1 m.
Centers of each bipole describe a skew line with the horizontal,
forming an angle 6 (Figure 2A). The simulated potential data
(¢true) are isotropically inverted. The data misfit relative error
is computed as the normalized difference between the potential
data calculated using the inverted model (¢,,.) and the simulated
potential data (¢gye):

Peale = Pirue

% 100 )
¢true

Figure 2D displays scatter plots of data misfit relative error as
function of array angle 6 for isotropic and anisotropic ERT
inversion. For angles between 0 and 45°, the relative errors are
mostly negative, meaning that ¢, are underestimated (blue
area in Figure 2D.1). The errors become positive for angles
between 45 and 90° (orange area in Figure 2D.1). This sigmoid
error shape is expected when an isotropic inversion is used to
invert ERT data of horizontally anisotropic media. The horizontal
resistivity component pp is lower than the vertical resistivity
component py. At low acquisition angles, current flow is mainly
driven by pp, and isotropic inversion underestimate the apparent
resistivity values. Conversely, current flow is mainly driven by py
at high angles and isotropic inversion overestimate the apparent
resistivity values. The underestimations (blue area at low angles)
compensate overall the overestimations (orange area at high
angles). The sigmoid shape arises for any borehole dipole depth.
For a given angle value, the more space is integrated—i.e.,
the deeper the borehole dipole-, they higher the local relative
error (as represented by the colored points in Figure 2D.1). The
total mean error of the measures is —2%. The same relative
error computation is made with anisotropically inverted data. It
shows an error close to zero (—2.75%) and independent of array
angles (Figure 2D.2). A sigmoid relative error shape between
true data and calculated data resulting from isotropic ERT
inversion is then a strong indication of anisotropy existence in
the ground.

The points addressed by section 3.2 give various ways to
detect electrical anisotropy by analyzing ERT data. It can
be difficult to gather information from multiple sources on
the field: lack of outcrops, incapacity of drilling numerous
wells (e.g., as needed for hydraulic tomography), or even total
absence of well. We propose this preliminary methodological
qualitative study to ascertain the presence of electrical anisotropy,
and then a fortiori to ascertain the presence of hydraulic
anisotropy. A full quantitative anisotropic study, in terms
of data acquisition and processing, represents more time,
resources and costs than a common isotropic study. Nevertheless,
processes comprehension and interpretations suffer greatly
from the lack of trustful data, and anisotropy consideration
might be unavoidable to produce better forecasts, reducing
the uncertainties and then the risks on the investigation or
engineering works.
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The next sections methodologically demonstrate the ability
of anisotropic ERT campaigns to quantify the electrical and
hydraulic ground anisotropies.

4. ANISOTROPIC ELECTRICAL
RESISTIVITY INVERSION FOR A
SYNTHETIC CASE

Before starting the real case study, a synthetic electrical model is
created on the basis of hydraulic tomography results. Forward
modeling is performed on this model to generate synthetic
electric potentials to simulate data acquisition in the field. After
that, anisotropic ERT inversion is used to reconstruct py and
py fields. The comparison between anisotropically inverted
fields and the original synthetic model will allow to assess the
robustness of the proposed approach to estimate p-anisotropy.
The section describes the synthetic model (section 4.1), the
optimal data acquisition protocol for anisotropic characterization
of the subsurface (section 4.2), and the details of the forward
and inverse modeling procedures (section 4.3) along with the
performances of inversion (section 4.4).

4.1. Synthetic Model

The synthetic model used in this numerical experiment mimics
the K fields model obtained from the hydraulic tomography
experiment measured between wells P21 and P17 (see Figure 1
for location) by Paradis et al. (2016a). The two wells are
separated by 8 m and the aquifer thickness is 9 m, which
corresponds to the approximate length of the wells. The K
fields were directly transformed in o values by increasing
K by a factor 10°, which were inverted to obtain p values,
to make it realistic of earth materials at the site (values
between 102 and 10> Q.m, Figure 3). This transformation leads
to log(py) € [1.30;2.52]log(2.m) (Figure 3A), log(py) €
[2.44; 4.60]log(2.m) (Figure 3B), and log(pv/pr) € [1;3]
(Figures 3C,D), which could be qualified as a moderate
anisotropic field. For the synthetic simulation, 34 electrodes
(black dots in Figure 3) were placed around the synthetic model:
every 1 m inside the wells and every 0.5 m at the surface.

4.2. Optimal Data Acquisition Protocol

As in the isotropic case presented in section 3, it is crucial to adapt
the data acquisition protocol given that electrode configurations
are not necessarily sensitive to the same subsurface features.
Different electrodes configurations do not have the same
sensitivity to anisotropy (Wiese et al., 2009; Greenhalgh et al.,
2010; Kenkel and Kemna, 2016). In particular, Bing and
Greenhalgh (2000) have detailed the use of cross-hole ERT. Thus,
configurations not sensitive to anisotropy should be avoided
as using them will lead the inversion toward an isotropic
(hence wrong) inverted solution. Using the synthetic model
previously described (Figure 3), nine quadrupoles configurations
were tested (Figure 4) to assess their ability to detect anisotropy
(Figure 5). Those quadrupoles use different combinations of
electrodes placed in wells and at the soil surface. The following
arrays were tested:

A I B I
og(pH) log(€2.m) °9(PV) |og(g,ng
—o-oe- 1 0 4.
2 4
N
g 3
25
8
; ]
0 5
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log(py, /p,)) log([-) Anisotropy distribution
2 200
Py 2y
E4 B
N
6 1 ++ 100
8
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0 5 0 1 2 3
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FIGURE 3 | Electrical resistivity synthetic model based on real case hydraulic
study results from Paradis et al. (2016a). The horizontal (A) and vertical (B)
resistivities py and py, are the components of the anisotropic resistivity tensor
5. The anisotropy (C) shows locally up to three orders of magnitude. Black
dots represent the electrodes locations. The distribution of anisotropy is
represented on the histogram (D).
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e Two inline borehole protocols with the four electrodes in the
left (IB1) or right (IB2) borehole,

e One surface protocol with the four electrodes at the surface (S),

e Two cross-hole protocols with the current electrodes in the
same (XH1) or separated (XH2) boreholes,

e Two surface-borehole protocols using left (SB1, SB2) or
right (SB3, SB4) borehole, with both current electrodes (or
indifferently potential electrodes) in the borehole, the other
two electrodes at the surface (SB1 or SB3) or with one current
electrode and one potential electrode in the borehole, and one
current electrode and one potential electrode at the surface
(SB2 or SB4).

For each of these quadrupoles, the sensitivity of the electric
potentials to py and py was analyzed using values of the Jacobian
matrix, which is the matrix of the potential derivatives according
to the resistivity values of the model (Greenhalgh et al., 2009).

As each quadrupole have a distinct sensitivity pattern, several
observations can be made from Figure 5. First, inline borehole
(IB1, 1B2) and surface (S) configurations show larger sensitivities
close to the location of the electrodes, which limit the area of
investigation of the surveys performed with those quadrupoles.
On the other hand, crosshole (XH1, XH2) and surface-borehole
(SB1, SB2, SB3, SB4) quadrupoles are sensitive to much larger
areas. However, the magnitude of the sensitivities is larger for
S, SB1, and SB3 quadrupoles, which can better resolve py and
py in the associated sensitive areas using those configurations.
Then, the sensitivity patterns for symmetric configurations (IB1
and IB2, SB1 and SB3, SB2 and SB4) show similar behavior
despite the electrodes being located in different materials due to
the heterogeneous nature of the synthetic model. The contrast
in p material seems thus to have less impact on sensitivities
than the electrode configuration itself. Also, sensitivity patterns
for py and py are different. This means that a quadrupole can
be more influenced by one component of /5 than by the other.
Quadrupoles configuration should be thus chosen accordingly to
avoid bias in the measurements.

Given the previous observations, the S, IB1, IB2, XHI,
XH2, SBI, and SB3 quadrupoles were then found the most
informative and useful for an anisotropic inversion. IB1, IB2,
XH1, XH2, SBI, and SB3 quadrupoles were chosen because
they appear to be more sensitive to the central region of the
investigated section, far from the surface and the wells. They
provide information on the whole section. The S quadrupoles,
even not significantly sensitive in depth, have been considered
because they provide constraints for the model. This further
constraints are particularly important since the surficial cells are
not well-constrained by borehole electrode configurations and
have an important effect on the inversion. Amongst the chosen
subprotocols, electrode configurations might be sensitive to the
same parts of the characterized section, incorporate redundancy.
This redundancy is to be avoided in order to ease convergence of
an inverted solution.

4.3. Forward and Inverse Modeling
In this section, the forward- and inverse-modeling (Dey and
Morrison, 1979) adapted for anisotropic conditions (Gernez

et al, 2018) is used to compute both forward and inverse
modeling of ERT data on a numerical grid made of 8,970 squared
cells of 25 x 25 cm. The forward modeling on the synthetic
model used a protocol made of 755 quadrupoles chosen to be
sensitive to the anisotropy (IB1[73], IB2[63], S[39], XH2[220],
SB1[118], SB3[242]). The synthetic potentials are transformed on
equivalent apparent resistivities o4y and were then inverted to
reconstruct pg and py fields. For this reason, XH1 has not been
considered since most of its apparent resistivities were negative.
To reduce the risk of the model to converge toward a local
minimum, homogeneous and anisotropic p values were also used
to initialize the inverted model (Inpy = 4.75InQ.m, InA =
6.2146). A weak first-order Tikhonov constraint («) on the
vertical direction was used (ay/ag = 0.5) in order to promote
horizontal structures (which is consistent which geological
information and GPR data). This horizontal smoothing is used
to favor a layered inverted model. Conversely, a ratio departing
too much from 1 will show horizontal artifacts. By rule of thumb,
we choose 0.1 < ay/ag < 1. Refining is done by trial and error.
A regularized iterative Gauss-Newton method was used to tackle
the non-linear inverse problem.

4.4. Inversion Performances

The Figure 6C presents a histogram of the relative error between
synthetic and inverted potential values after convergence of the
model at the seventh iteration. With most of the relative error
centered on zero and an overall low RMSE of 1.7%, the inversion
is considered to fit almost perfectly the synthetic potentials.

Moreover, the Figure 6A (right) shows p fields resulting
from the inversion. While the p fields are smoother than the
synthetic model [Figure 3, 6A (left)], the main features of the
subsurface are reproduced, such as alternations of low and high
p layers and overall range of p variations. Also, the analysis
of the frequency distributions of synthetic and inverted p-
anisotropy reveals similarities with quasi-normal distributions
(Figures 3D, 6B). Examination of rho profiles along the depth
(Figure 6D) illustrates more specifically the good agreement
between synthetic and inverted fast alternations between low and
high values of rho-anisotropy: both the trends and magnitudes
of the synthetic and inverted profiles are well-reproduced.
Finally, inverted py matches well the logged rho (Figure 6E),
in agreement with the paradox of electrical resistivity anisotropy
detailed in section 3.2.2..

Given the above model performances, we have shown that
anisotropic inverse modeling is able to reconstruct p fields,
particularly p-anisotropy, even for a very challenging aquifer
with moderate heterogeneity and anisotropy.

5. FIELD CASE STUDY: COMPARISON
BETWEEN ELECTRICAL AND HYDRAULIC
ANISOTROPIES

Through the synthetic study presented in section 4.1, we
demonstrated the ability of our methodology to characterize
an electrically anisotropic environment using an adapted ERT
survey (acquisition and inversion), without further external
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FIGURE 6 | Synthetic study anisotropic inversion results displaying logarithmic inverted resistivities. Unless otherwise stated, pyy and py, represent the components of
the inverted resistivity ppjn, and pyjny . (A) True and inverted resistivity models (wells at x = 0 m and x = 8 m). (B) Histograms of the true and inverted anisotropy
distributions. (C) Histogram of the relative error between measured and inverted papp. (D) Comparison between true (blue curves) and inverted (red curves)
anisotropies. To compensate the resolution difference, the inverted anisotropy is averaged on the 2.5 m around the wells and in the center of the modeled section. (E)
Comparison between the logged (pgpr, blue curves), and the inverted horizontal (o, red curves) and vertical (py/, yellow curves) resistivities (corresponding to the left
and right resistivities section). Notice the similarities between pgpp and py.
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FIGURE 7 | Real case study isotropic inversion results displaying logarithmic inverted resistivities. (A) Inverted results from the apparent resistivities acquired between
P17 (x = 0 m) and P21 (x = 8 m) on the tomography site (Figure 1). (B) Comparison between the logged (ps)r, blue curves) and the inverted isotropic (o, red

information. In this section, we want to verify with in situ
measurements the possibility to characterize K-anisotropy from
ERT anisotropic inversion.

The wells used for ERT were installed by direct-push
technique in order to minimize skin effects around wells during
testing (Paradis et al., 2011). Conventional well installation
procedures indeed require the use of sand-pack to fulfill the
space between the drilling hole and the screen, which may
hinder the electrical response of the natural formation behind
it. Direct-push well installation procedure allows the screen to
be in direct contact with the aquifer with minimal disturbances
to the surrounding sediments. The screen of the wells is open
to the entire thickness of the aquifer allowing for multi-level
hydrogeological and geophysical surveys. The screens ensure
the free flow of water with slotted openings of 2.5 mm spaced
vertically at every centimeter and covering over half of the
circumference of the screens. The wells are also made of
electrical insulator material (PVC) to ensure the integrity of
electrical measurements.

The ERT setup is displayed in Figure 1. It consists of 17 inhole
electrodes (9 in P17 and 8 in P21) and 17 surface electrodes
located around the plane formed by P17 and P21 wells. P17 and
P21 are separated by 8 m, electrodes separation is 1 m inside the
wells and 0.5 m at the surface. Using this configuration, 18,936
electric potentials were measured with an IRIS Syscal Pro system.
In addition, high resolution horizontal resistivity log data are
available, acquired along P17 and P21 with the CPT-SMR probe.
The SMR probe measures the resistivity using two ring electrodes
9 cm apart at a 1 kHz frequency to reduce polarization effects
(Shinn et al., 1998; Paradis et al., 2015b). The log is 10.41 m
deep at P17 and 9.96 m deep at P21, and py is measured over
a5 cm interval.

Before getting to the inversion, a quality control was done
on the data using the reciprocal data. Interchanging the two
electrodes inside a pair (current or potential) should only alter the

sign of the measured potential data. Alternatively, interchanging
the two pairs (current with electrodes) should provide the same
measured potential data by principle of reciprocity (Slater et al.,
2000). During our survey, 5369 data has been acquired to that
end. Amongst them, 89.6% of these data show a difference of
<15%, and that 84.5% show a difference of <5%. These values
show an overall good quality data set. From the whole data set, we
can extract the data used for the inversion (section 5.2). Inverse
modeling is computed on a numerical grid made of 8,970 squared
cells of 25 x 25 cm, similarly to the synthetic case (section 4).

5.1. Anisotropy Diagnosis of Real Case
Study ERT Data

In section 3.2 two different approaches were presented to
assess the electrical anisotropy by analyzing ERT data. In the
following, anisotropy diagnosis of real case study ERT data is
studied by performing isotropic ERT inversion. After removing
negative p,pp data and poor quality data, 12,933 resistance data
measurements were considered for the inversion. The isotropic
ERT inversion converges after 10 iterations with an acceptable
RMSE of 8.3%. Nevertheless, numerous erratic structures that
do not correspond to the known geology of the site (section
2) appear on the isotropic resistivity image (piso, Figure 7A).
More precisely, few small resistivity structures are close to the
electrodes, where the inverted section is usually better resolved
as shown in Figure 2B.2.

When pjs, is compared to the logged p in P17 and P21 wells
(Figure 7B), pis, shows very high frequency variations on both
wells, and its values do not correspond to p values. As we have
shown before (section 3 and Figure 3C), this is due to anisotropy.
We then established the presence of anisotropy using a very
fast approach in comparison to hydrogeological experiments.
In fact, ERT data are carried out in less than a few hours,
whereas several weeks are needed for anisotropic hydrogeological
tomography data acquisition. Therefore, electrical anisotropy
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inverted horizontal (o4, red curves) and vertical (py/, yellow curves) resistivities (corresponding to the P17 and P21 resistivities).
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diagnosis approaches can be used as an assisting tool to help
taking hydraulic decisions.

5.2. Anisotropic Inversion of Anisotropic

ERT Data

As for the synthetic case, XH1, SB2, and SB4 arrays are
not considered. The used protocol is made of 975 measures
(IB1[75], 1B2[64], S[38], XH2[436], SB1[186], SB3[176]), based
on the result obtained in the synthetic study. Homogeneous and
anisotropic p values were used to initialize the inverted model
with an initial py value corresponding to the median of the
measured apparent resistivities and an initial anisotropy value
of A = 10. The convergence is reached after 6 iterations, after
which misfit or RMSE slightly decrease, but do not improve
significantly anymore. At this point, the inverted model starts
integrating the noise held in the data, so further iterations
are ignored. The relative error between the measured and the
computed pgpp from the inverted model is shown in Figure 8B.
The histogram displays a slight bias of 4.3% in the relative
error and a standard deviation of 10.83%. Unlike the synthetic
case study, detailed information of the ground structure is
unavailable, making hard the building of an optimized protocol.
The chosen protocol was inspired from the synthetic case study
since the latter was based on the hydraulic characterization of
the ground. The residual error can be explained by the difficulty
it met to reconcile its different sensitivities, whose preliminary
examination is not achievable. Nevertheless, the final error (9.3%)
combined with the relative error are considered low in a noisy
real case study context.

The inverted sections are shown in Figure 8A. Both py
and py sections show subhorizontal structures, as expected
from our geological and hydrogeological knowledge of SLAL.
The comparison between K (blue curve in Figure 8C) and p
(red curve Figure 8C) anisotropies show strong similarities in
their patterns and their amplitudes. It indicates the ability of
anisotropic ERT inversion to characterize K-anisotropy. Finally,
CPT-SMR resistivity is compared to anisotropic ERT inversion
results (Figure 8D). Similarly to the synthetic case, the graphs
display the collocated logged (psmr, blue curve), horizontal
(o, red curve) and vertical (py, yellow curve) resistivities
on wells P17 and P21. On the contrary to isotropic ERT
inversion, horizontal resistivities at P17 and P21 are smooth
which is consistent with CPT-SMR resistivities. However, there
is a gap between the two curves. More precisely, horizontal
resistivities are several times higher than CPT-SMR resistivities.
This difference is due to the fully-screened wells effect on ERT
data. CPT-SMR data measurement is carried out by direct-
push before fully-screened well installation. Its coupling is very
good, the electrodes being in direct contact with the undisturbed
investigated underground. In the ERT case, acquisition is done
using electrodes immersed into water in the screened well. Due
to this aqueous environment, a part of the current is channelized
along the well and affects the inverted model. The use of
packers could prevent this channeling. Unfortunately, we were
not able to implement this experiment during the campaign
acquisition. Moreover, to our knowledge, the borehole effect

has been studied in the isotropic case when the electrodes are
mounted on the electrically insulated borehole casing (Doetsch
et al., 2010; Wagner et al,, 2015; Lee et al., 2016). This effect is
important only for large resistivity contrasts between the rock
formation and borehole fluid and for large borehole diameters
(Doetsch et al.,, 2010). Furthermore, sensitivity is very high
close to the electrode. Impact of close objects or structures
are important (Binley and Kemna, 2005). According to us,
because the ERT method is very sensitive to the resistivity
variations close to the electrodes, the screened borehole casing
impacts the resistivity model. In our opinion, borehole effect
in our case is substantially handled by anisotropic inversion
because hydraulic tomography shows approximately the same
anisotropy variations as electrical resistivity tomography. On
the contrary, isotropic inversion shows a lot of artifacts around
the boreholes.

If Figures 8C,D show the comparison between various linked
parameters, a direct proportionality relation between p and
K anisotropies is hard to achieve. The sensitivities of the
geophysical and hydraulic methods are not the same. Moreover,
both anisotropy sections are inverted sections, coming from two
different inversions (in terms of grid size, regularization, etc.).
To obtain a direct proportionality relation between p and K
anisotropies, or even directly between p and K values, further
investigations are needed to that goes beyond the framework
of this work (use of packers to prevent current channeling, use
3-D finite elements code to more efficiently remove the well
effects, etc.).

6. CONCLUSIONS

Hydraulic anisotropy has a major influence on the groundwater
flow and mass transport. Its consideration is essential when it
exists. Through this study, we pointed out: 1. the ability of
isotropic ERT modeling to assess the presence of p-anisotropy,
2. the ability of anisotropic ERT modeling to quantify p-
anisotropy and 3. the strong relationship existing between
K- and p-anisotropies through an in situ survey. To achieve
this work, we developed a new methodology based on an
innovative anisotropic ERT modeling tool. To overcome the
equivalence problem, electrodes were placed inside a fully
screened borehole along with surface electrodes. Anisotropic
ERT inversion is then carried out to estimate the p-anisotropic
model. The latter suggest a strong link with the collocated
K-anisotropic characterization: even though the setup used
does not allow a direct proportionality relation, the proposed
geophysical method is able to provide proxy of the in-situ
hydraulic anisotropy.

In this study, we have shown that the anisotropic electrical
resistivity surveys are helpful for anisotropic hydrogeologic
parameters characterization, which paves the way for
large scale hydrogeophysical characterization campaigns,
even in challenging anisotropic environments. Integrated
hydrogeophysical studies can therefore be powerful approaches
in the understanding processes in order to produce more
reliable forecasts.
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