o
Y

N2
?//

1

?=|—

UNIVERSITAT e
BARCELONA

Avencos en I'adquisicio i interpretacié
de dades geoeléctriques

Fabian Bellmunt Traver

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacio de les segiients condicions d'Us: La difusio
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Diposit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual Uunicament per a usos privats emmarcats en activitats
d’investigacié i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusié i posada a disposicié
des d'un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacio de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual unicamente para usos
privados enmarcados en actividades de investigacion y docencia. No se autoriza su reproduccion con finalidades de lucro
ni su difusién y puesta a disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza
la presentacion de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta
reserva de derechos afecta tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacion o cita de
partes de la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or
citation of parts of the thesis it's obliged to indicate the name of the author.




ut de re

@ -------- *\/ oeomodelq — GGAC

9 Universitat de Barcelona

EXES

Grup d'Exploracié Electromagnética | Sismica
Goomodels - Universitat de Barcelona

Grup d’Exploracié Electromagnetica i Sismica
Institut de Recerca Geomodels
Departament de Geodinamica i Geofisica
Facultat de Geologia. Universitat de Barcelona

Grup de Geodinamica i Analisi de Conques

Avencos en ’adquisicid i interpretacio

de dades geoeléctriques

Memoria presentada per Fabian Bellmunt Traver per a optar al titol de Doctor dins del
programa de doctorat de Ciencies de la Terra de la Universitat de Barcelona. Aquesta
memoria ha estat realitzada baix la direcci6 del Dr. Alejandro Marcuello Pascual (Universitat

de Barcelona).

Fabian Bellmunt Traver
Barcelona, Setembre 2015

Dr. Alejandro Marcuello Pascual
Director y tutor de la tesi



Annex

A continuacié s’adjunten les tres publicacions originals que conformen aquesta tesi 1 que

s’han introduit a la presentacio:

75






Publicacio 1

Bellmunt, F., Marcuello, A, (2011). Method to obtain standard pseudosections from

pseudo pole-dipole arrays. Journal of Applied Geophysics, 75, 419-430.






Journal of Applied Geophysics 75 (2011) 419-430

Journal of Applied Geophysics

journal homepage: www.elsevier.com/locate/jappgeo

Contents lists available at SciVerse ScienceDirect

Method to obtain standard pseudosections from pseudo pole-dipole arrays

Fabian Bellmunt *, Alex Marcuello

Geodynamics and Basin research Group, Dept. of Geodynamics and Geophysics, BKC, University of Barcelona, Marti Franqueés, s/n, 08028 - Barcelona, Spain

ARTICLE INFO

ABSTRACT

Article history:

Received 6 November 2010
Accepted 26 July 2011

Available online 27 August 2011

Keywords:

Electrical resistivity tomography
Multichannel acquisition
Resistivity

Dataset optimization

Pseudo pole-dipole array

This study deals with electrical resistivity tomography data and it is addressed at obtaining, from linear com-
binations of data, other datasets not directly measured. The method presented here allows performing the
fieldwork systematically, without deciding the type of the more suitable common electrode array (e.g.
Wenner, Wenner-Schlumberger, dipole-dipole or multiple-gradient) until or even after the interpretation
time. The electrode configuration used by this method is denoted as pseudo pole-dipole array, because it
is based on the standard pole-dipole one, but avoiding the disadvantage of locating the remote electrode
far away from the profile (to “infinity”). The pseudo pole-dipole datasets can be acquired with common
equipment using standard pole-dipole recording sequences. Once the desired datasets have been calculated,
they can be inverted using standard interpretation software. The procedure used allows a data quality control
to be introduced that is similar to the one based on normal and reciprocal measurements. To assess the
method we considered noise-contaminated model responses as well as field data. It has been applied to
build dipole-dipole and Wenner-Schlumberger datasets. Results show the suitability of both, the proposed

method and the quality control.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

When conducting resistivity investigations (in connection with
geology, engineering or other fields), a common occurring dilemma
in the electrical resistivity tomography (ERT) is the selection of the
electrode configuration that would respond best to the geoelectrical
structure. The choice is usually made by considering one's own expe-
rience and a reasonable acquisition time. The characteristics of each
electrode array, in terms of depth of investigation, sensitivity to
horizontal or vertical variations and signal strength are well known
(e.g. Loke, 2001, 2004). Numerical forward modelling has become
an efficient tool for these types of study, showing how markedly
different anomaly signatures are obtained using different electrode
configurations for the same model (Dahlin and Zhou, 2004). Some-
times a mixed array, where apparent resistivity pseudosection is
built using different datasets, appears to offer a more detailed image
of the subsurface (Athanasiou et al., 2007; Candansayar, 2008; Zhou
et al., 2002). In areas with basic or no geological information, it
would be desirable to acquire a profile with different electrode con-
figurations, but this could present problems due to acquisition time
constraints rather than technical considerations.

Xu and Noel (1993) stated that it is possible to obtain datasets for
any electrode configuration from linear combination of a non-unique
complete dataset. They affirmed that the pole-pole configuration

* Corresponding author.
E-mail addresses: fbellmunt@ub.edu (F. Bellmunt), alex.marcuello@ub.edu
(A. Marcuello).

0926-9851/% - see front matter © 2011 Elsevier B.V. All rights reserved.
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provided the best choice for simple and straightforward transforma-
tions. However, Beard and Tripp (1995) stated that even modest levels
of noise the transformations may be considerably distorted and signifi-
cant information can be lost using the pole-pole array in this manner.
For this reason, it is commonly used for numerical forward modelling.

Three-electrode configurations have also been presented as a
choice to compute other datasets, e.g. dipole-dipole or Schlumberger
datasets (Candansayar and Basokur, 2001; Coggon, 1973; Karous and
Pernu, 1985). However, the two- and three-electrode configurations
are limited by the electrode at infinity, which is not always possible
(e.g. in urban areas or rugged terrains).

The method proposed here uses a four-electrode configuration
and lies in the tri-potential method (Carpenter, 1955; Carpenter and
Habberjam, 1956), whereby the relations between three Wenner
resistances (alpha, beta and gamma) are derived.

Taking into account that the Wenner, the Wenner-Schlumberger,
the dipole-dipole and recently the multiple-gradient (Dahlin and
Zhou, 2006) configurations are commonly used, the method pre-
sented here was designed to obtain these datasets, which can be
further inverted using standard interpretation software.

The estimation of ERT data errors is a key aspect for the assessment of
the proposed method. Usually, two (complementary) perspectives can
be considered: repeatability and normal and reciprocal measurements.
The first one consists of acquiring repeated measurements at the same
electrode position to obtain statistical parameters, like standard devia-
tion, to give an estimate error. This process often underestimates the
true noise level, even in datasets collected several days apart (LaBrecque
et al.,, 1996), and data outliers may result from highly stable repeated
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Fig. 1. Sketch of the additive property of the electric potential for a generic four-electrode
configuration. A-B and M-N are the current and potential electrodes respectively, and V
corresponds to the electric potential difference.

data (e.g. due to capacitive coupling effects). Therefore, a low standard
deviation does not guarantee good quality data (Zhou and Dahlin,
2003). The second perspective, normal and reciprocal measurements,
considers that receiver and transmitter are interchanged to obtain two
independent measurements at the same point (Parasnis, 1988). The
error is then taken as the difference between both measurements. This
scheme can detect problems that may not be observed from repeatability
checking, such as bad grounding of electrodes. Therefore, it will offer a
better data quality control; however, it has the inconvenience of increas-
ing the measuring time.

This paper aims to achieve two objectives: 1) to present a simple
method to calculate datasets that are not directly measured (e.g.
Wenner-Schlumberger and dipole-dipole) from a proposed configura-
tion (pseudo pole-dipole array, pPD) and 2) to establish a data quality
control, comparable to the normal and reciprocal measurements, with-
out increasing the measuring time.

(a) Standard pole-dipole dataset acquisition

MN

B (infinite) +— 1

a

(b) Proposed dataset acquisition in forward mode (pPD-B)
B(fixed) A M N

ma na Ta

(c) Proposed dataset acquisition in reverse mode (pPD-a)

B (fixed) A
M N
L 1 1 1 u | 1 A 4
a na
ma

Fig. 2. Sketch of the electrode configurations to acquire the standard pole-dipole dataset
(a), and the proposed dataset in forward (b) and reverse (c) modes. A-B and M-N are the
current and potential electrodes respectively, “a” is the electrode spacing, “n” is the level of
depth, and “m” is a A-B distance factor.

2. Procedure and pseudo pole-dipole (pPD) Array

To obtain datasets not directly measured from pseudo pole-dipole
(pPD) array, relations between datasets have to be known. Relations be-
tween the measured and calculated datasets are based on the tri-potential
method, on the reciprocity theorem (Carpenter, 1955; Habberjam, 1967;
Parasnis, 1988; Van Nostrand and Cook, 1966), and on the additive prop-
erties of the electric potential (see Fig. 1), which has been normalized by
the injected current. Because this normalized potential has units of
electrical resistance, we prefer the notation of “transfer resistance”. The
apparent resistivity can be easily obtained by multiplying the transfer
resistance and the geometrical factor K, which only depends on electrode
location. If the geometric factor is assumed error-free, the relative error of
both apparent resistivity and transfer resistance coincides.

The array proposed in this work is similar to the standard pole-
dipole array, but locating the remote electrode (denoted B in this
paper) in a closer position to the profile. As the standard pole-dipole
array, it consists of two deployments, the forward (pPD-B) and the
reverse (pPD-a) ones. A comparison between these deployments is
shown in Fig. 2 (note that measured potentials are positive for
pPD-p, but negative for pPD-a). They can be implemented easily in
common instrumentation, since recording sequences are equivalent
to the pole-dipole one, but locating the electrode B near profile.

Next, we present the transformations from pPD datasets to dipole-
dipole and Wenner-Schlumberger ones.

B (fixed) Al M1 NI
l L] =
L A 4 1 1 1 1 1
B (fixed) A2 M2 N2
RZ
L I A 4 1 L 1 1
Reciprocityltheorem
M1 NI Bl Al
| R,
L 1 1 1 1 1 A4 v
M2 N2 B2 A2
| | RZ
L | 1 1 1 1 Y v
Additivelpmperty
M N B A
L 1 L 1 1 A 4 h 4
Reciprocityltheorem
B A M N s
[] w-n
a na

Fig. 3. Steps to obtain the dipole-dipole transfer resistances from the proposed dataset
resistances. The reciprocity theorem and the additive property of electric potential are
used. “a” is the electrode spacing and “n” is the level of depth.



F. Bellmunt, A. Marcuello / Journal of Applied Geophysics 75 (2011) 419-430 421

2.1. Dipole-dipole dataset construction

Fig. 3 shows relations between the pPD transfer resistances and
the dipole-dipole ones. Each dipole-dipole transfer resistance can
be calculated independently from forward and reverse deployments
(pPD-p and pPD-a). Note that the reciprocity theorem is applied.
Ry—R; = RE M
where R; and R; are the measured pPD transfer resistances (in forward
or reverse mode), and R¥ is the calculated dipole-dipole transfer
resistance.

The transfer resistances R, and R; correspond to levels n and n +1
respectively in the pPD pseudosection, and R4 corresponds to level n
in the dipole-dipole pseudosection. Therefore, n+1 levels are
required in the pPD pseudosection to reproduce up to n levels in
the dipole-dipole one.

2.2. Wenner-Schlumberger dataset construction

To build the Wenner-Schlumberger dataset, both pPD-a and
pPD-p> deployments are needed. Fig. 4 shows relations between the
pPD-a and pPD-P transfer resistances and the Wenner-Schlumberger
one. Notice that both deployments have the electrode B in the same
position (see Fig. 2). Once the reciprocity theorem is applied, relation-
ships between pPD-c, pPD-3 and Wenner-Schlumberger datasets are
much clearer.

Ry—Ry =R (2)

Because R, is negative and Ry is positive, R™®

Eq. (2) can also be expressed as

is negative, therefore

Ry |+ [Rg| = R (3)

where R, and R are the pPD-a and pPD-f transfer resistance respec-

tively, and RS is the calculated Wenner-Schlumberger one.
M1 N1 Bl Al
| R,
|} 1 1 A 4 A 4 1 ]
M2 N2
B2 A2
R,
] 1 | 1 A A |
Additivelproperty
M N
B A
Reciprocityltheorem
B A
M N i
[T e
L Y 1 1 L 1 Y
} na = na ’

Fig. 4. Steps to obtain the Wenner-Schlumberger transfer resistances from the pro-
posed dataset resistances. The reciprocity theorem and the additive property of electric
potential are used. “a” is the electrode spacing and “n” is the level of depth.

Table 1
Number of injections for a 64-electrode dipole-dipole array as a function of the number of
levels (N) and the number of channels (c).

N\c 1 4 16 32 64
15 810 220 61 61 61
30 1395 376 106 61 61
45 1755 468 135 90 61
61 1891 496 148 90 61

Expressions relating pPD datasets with other common datasets
(Wenner or multiple-gradient arrays) can be obtained by a similar
procedure.

The proposed array presents two other features that need to be
considered, and they are related to the acquisition time and the size
of recorded signals. Both features are discussed below.

2.3. Acquisition time

Taking into account that pole-dipole and dipole-dipole datasets
are comparable in number of data, the following expression can be
assumed to estimate their measuring time, t:

t=i(sT+r) (4)

where i is the number of current injections (in monochannel systems,
this corresponds to the number of data), s is the average of cycles per
measurement or stack, T is the time length cycle, and r is a constant,
which accounts the time used to control and to record the data, and
it is associated to the system hardware.

The multichannel system works on reducing the number of injec-
tions (i). This number of injections depends on the array type, the
number of channels (c), electrodes (e) and levels in the pseudosec-
tion (N). The dipole-dipole array is one of the most efficient arrays
with multichannel acquisition, and an expression for their number
of injections (and by extension for the pPD array) is:

i:IM{(e—3)—%c(IM—1)} (5)

where Iy, is the maximum number of injections required for a single
current dipole. It is calculated from expression Iy, =int[(N—1)/c| +
1, where int(x) gives the integer part of x (see Appendix A for details).

As a representation of recording time, the number of injections need-
ed to reach 15, 30, 45 and 61 levels, with a 64-electrode dipole-dipole
array and instruments with 1, 4, 16, 32 and 64 channels, is shown in
Table 1. There it can be seen that from a given number of data, there is
no time reduction when increasing the number of channels.

Regarding the acquisition time, multichannel systems are highly
suitable for dipole-dipole and pPD arrays, still suitable for Wenner-
Schlumberger arrays (but less efficient than the dipole-dipole one),
and not suitable for the Wenner array. Although the method requires

Table 2
Expressions of the inverse of the geometric factor (K~') for different electrode arrays.

Electrode array Inverse of th geometric factor (K~ 1!)

Wenner-Schlumberger = [_n(nll)}
pole-dipole ra [‘n(nlﬂﬂ
dipole-dipole % {m}

pseudo pole-dipole, pPD-ot ﬁ [m + W}

1 1 1
2ma [n(n+l) (m+n)(m+n+l)}

pseudo pole-dipole, pPD-3
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Fig. 5. Model M2 and error-free model responses. (a) Model M2, (b) dipole-dipole apparent resistivity pseudosection and (c) Wenner-Schlumberger apparent resistivity

pseudosection.

both forward and reverse pPD deployments to be carried out, the
acquisition time is not an important matter if such multichannel
instruments are used.

2.4. Size of the recorded signal

The way to compare signals of different arrays is to use the geo-
metric factor K, whose inverse (K1) describes a normalized poten-
tial distribution in a homogeneous halfspace. Table 2 summarises
different expressions of K™ '. Note that the sign of the geometric
factor is referred to the configurations presented in Figs. 2, 3 and 4.
Their development shows that the signal size for the pPD deployments
is lower than or equal to the Wenner-Schlumberger one, and higher
than or equal to the dipole-dipole one. It can be noticed that proposed
configurations combine characteristics, in terms of signal-size, of pole-
dipole, dipole-dipole, gradient and Wenner-Schlumberger arrays.

In summary, it can be seen that pPD-3 deployment behaves essential-
ly like a dipole-dipole array when current electrodes are nearby (small m
values, see Fig. 2b), but like a pole-dipole array when current electrodes
are far away from each other (large m values). The pPD-oc deployment
(Fig. 2c) is essentially a gradient array, but it behaves like a Wenner-

Schlumberger array when the potential dipole is centred between the
current electrodes, and like a pole-dipole array when the potential dipole
is close to any of the current electrodes and m is large.

100%
90% . .
80%
70% x
60% x .
50% + .

40% .

30%

20%
10% .
0%

.+

Noise Level

* +2%

4%

x 8%

= 16%

Amount of data (%)

0.1 0.15
Threshold Values

0 0.05 0.2 0.25

Fig. 6. Graph showing the amount of data that pass the proposed quality control
through various threshold values. Noise levels of 2, 4, 8 and 16% have been taken
into account.
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3. Application

The proposed method allows dipole-dipole and Wenner-
Schlumberger pseudosections to be obtained from two proposed data-
sets (pPD-3 and pPD-a), using Eqs. (1) and (3). We have considered
that the far electrode B is in-line, at a distance to the first electrode
equal to the electrode spacing. We have called it pseudo pole-dipole
array (pPD) because it is a four-electrode configuration. The values of
m (Fig. 2b and c) will range from 1 to N — 2 for pPD-( array, and from

(@)

0

50 100 150

Depth levels
[ T T N T T T W |

423

N to 1 for the pPD-c. This allows the far location of the remote electrode
to be avoided, which minimizes ambient (or geologic) noise sources
and provides practical advantages.

Akey question is the strategy used to assess the method, because the
comparison between the directly measured dataset and the one com-
puted from the pPD datasets can be useless if all datasets are affected
by experimental errors. Thus, if there are discrepancies between data-
sets, the reason may lie not only in the method to be assessed, but
also in data errors or static shift effects.

Calculated dipole-dipole pseudosection (M1)
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Calculated dipole-dipole pseudosection (M2)
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Fig. 7. Results obtained from Case 1 over dipole-dipole contaminated responses using a pseudosection representation. Calculated dipole-dipole apparent resistivity pseudosection
from Eq. (1) for the model M1 (a) and M2 (c). Dipole-dipole pseudosections, (b) and (d), where the data that do not pass the proposed quality control have been coloured grey.
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In this section, two scenarios are considered to take into account the
abovementioned question. In the first one, model responses are con-
taminated by an additive noise to simulate the effect of experimental
errors. This process enables the quality control to be introduced,
which is possible to check because the (error-free) responses are
known. In the second one, this quality control is applied to field datasets.

The synthetic datasets are built from the responses of two models,
M1 and M2. The model M1 is a homogeneous halfspace of resistivity
50 Om. The model M2 consists of a 1 m-thick upper layer of resistivity
150 Om that overburdens a vertical contact between regions of resis-
tivities100 Qm and 400 Qm, and various embedded square structures
of resistivities 50 Qm and 400 Qm (Fig. 5). Dipole-dipole, Wenner-

(a) Calculated Wenner-Schlumberger pseudosection (M1) .
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0

© ] E
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—_—
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Calculated Wenner-Schlumberger pseudosection (M2)
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Fig. 8. Results obtained from Case 1 over Wenner-Schlumberger contaminated responses using a pseudosection representation. Calculated Wenner-Schlumberger apparent resis-
tivity pseudosections from Eq. (2) for model M1 (a) and M2 (b). Wenner-Schlumberger pseudosections, (b) and (d), where data that do not pass the proposed quality control have

been coloured grey.
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Schlumberger and both pPD datasets, with 72 electrodes and an
electrode spacing of 5 m, are computed from the two models. Model
responses have been obtained using the code R2 (Binley, 2007).

When the Eqgs. (1) and (2) are applied to error-free responses the
relative differences between the calculated and the error-free responses
are less than 104,

The model responses are contaminated by adding a noise, AR,
given by:

AR=R6+ (6)

where R is the error-free model response, and 6 and y are random num-
bers. 6 follows a normal distribution with zero mean and standard devi-
ation o, and y a uniform distribution in the interval [—¢, +¢]. These
two random numbers (8, y) simulate the relative accuracy (8) of the
field data, and the instrumental resolution (y). Values of 0.01, 0.02,
0.04, 0.08 for 0, and 10> V/A for ¢ have been considered.

3.1. Data Quality Control

The strategy followed to design the quality control (QC) has the
advantage of having two independent pPD datasets, and of the fact
that the dipole-dipole dataset can be computed from either of pPD
deployments (pPD-a and pDP-3 ones). Therefore, the QC can be

(a) Measured dipole-dipole pseudosection
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o
o
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Depth levels
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established by comparing the two calculated dipole-dipole datasets.
Because the pPD-a and the pDP-(3 are independent datasets, the QC
can be considered equivalent to comparing normal and reciprocal
measurements.

If the arithmetic mean between individually calculated dipole-di-
pole values is considered, <R%> (= 0.5[R4?+ R{]), the QC can be set
according to the relative difference between this mean and the calculat-
ed value (R4 or R3). This relative difference, , is calculated as

‘<Rdd>—RZd‘ ]<Rdd>—Rgﬁ] ‘Rid—Réd
- - - RI 1 Rgd

Rdd Rdd (7)

When the relative difference, computed by Eq. (7), is below an
established threshold value, the pPD values used to compute R and
R pass the QC.

The number of data that accomplish the QC depends on the noise
and the established threshold value. In Fig. 6, this effect is explored
considering the pPD-3 deployment on the model M2. The noise
level in the contaminated responses is mainly controlled by the rela-
tive accuracy and described by two standard deviations. The number
of data that pass the QC through different threshold values and noise
levels is plotted. For a threshold value equal to noise, the number of
data that pass the QC is of 50%. From our own experience, a threshold
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value of 0.1 has been taken, which ensures a reasonable number of
reliable data (75% to 90%) for a noise level between 2% and 4%, that
would be realistic for field data (Fig. 6). For the pPD-a dataset, the
behaviour is equivalent.

Although the presented QC is based on the dipole-dipole dataset
comparison, the pPD values that passed QC can also be used to obtain
other datasets (e.g., the Wenner-Schlumberger one).

In summary, the method consists of four steps: 1- Computation of
the dipole-dipole datasets from the two independent deployments,
pPD-a and pPD-P. 2- Calculation of the relative differences between
these two calculated datasets using Eq. (7). 3- Application of the quality
control (QC) by setting a threshold value. The pPD values which relative
differences, between computed dipole-dipole values, are below the
threshold value are taken as reliable data. 4- Computation of the dataset
of interest from the pPD data that have passed the QC.

4. Results
4.1. Case 1
In this case, contaminated model responses, from models M1 and

M2, are used to test the application of the method. The results from
contaminated dipole-dipole datasets are shown in Fig. 7. The dots
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in the pseudosections (a) and (c) indicate the dipole-dipole data cal-
culated from the pPD data that passed the QC. The solid line confines
the areas without computed values, because they are associated
with data that do not pass the QC. In the pseudosections (b) and
(d) all dipole-dipole data (dots) are presented, and the areas of
the suspicious data are coloured grey. The QC has selected the 91%
of the calculated dipole-dipole dataset.

Fig. 8 shows the calculated Wenner-Schlumberger datasets in the
same way as Fig. 7. In this case, the QC has selected 90% of data as reliable.

4.2. Case 2

To test the practical implementation of the proposed method, a field-
work was carried out at two different geological contexts: Castellbisbal
and La Puebla de Roda test sites. Measurements were made using
SYSCAL-Pro equipment (Iris Instruments, France) with a multichannel
acquisition system. The profiles were acquired with the standard dipole—
dipole and Wenner-Schlumberger, as well as the proposed pPD-a and
pPd-P configurations.

4.2.1. Test site 1
The field test was carried out on an actual fluvial system. The test
site was located in the riverbed of the lower Llobregat valley, in the
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Fig. 10. Results obtained from Castellbisbal test site (Case 2) over Wenner-Schlumberger

field datasets using a pseudosection representation. Measured (a) and calculated (b) Wenner-

Schlumberger apparent resistivity from Eq. (2). Wenner-Schlumberger pseudosection where data that do not pass the proposed quality control have been coloured grey (c).
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NW of Barcelona city, near Castellbisbal (Barcelona, Spain). Surface
sediments are composed mainly of gravels and sands deposited in a
fluvial system. All datasets were acquired along a 48-electrode profile
with an electrode spacing of 5 m (total length 235 m).

Fig. 9 shows the directly measured dipole-dipole pseudosection and
the one obtained following the proposed method. As in Case 1, the solid
line in pseudosection (b) confines the areas without computed values,
because they are associated to data that do not pass the QC. In pseudosec-
tion (c), all dipole-dipole data (dots) are presented, and the areas of the
suspicious data are coloured grey. The results show that only the 11% of
the calculated dipole-dipole data are not considered. Most of the
doubtful data are located at the deepest levels of the pseudosection,
which could be associated with a low signal-to-noise ratio.

Fig. 10 shows the measured and the calculated Wenner-
Schlumberger datasets. The result shows that 12% of data are marked
as doubtful, which is similar to the case of dipole-dipole.

Figs. 9 and 10 illustrate that the directly measured and the calculated
pseudosections present a good fit.

4.2.2. Test site 2

This field test was carried out on the lower Eocene deltaic complexes
of Roda Sandstone, near La Puebla de Roda (Huesca, Spain). These
sediments are part of an ancient delta system (Lopez-Blanco et al.,
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2003). The Roda Sandstone comprises an ensemble of essentially terrig-
enous deposits bounded by two prominent shallow-marine carbonate
units. All configurations were recorded in a line with 72 electrodes
and an electrode spacing of 0.5 m to attain an image of higher resolution
over the prograding sandy delta front. Apparent resistivity pseudosec-
tions, with the directly measured and the calculated datasets, are pre-
sented in Figs. 11 (dipole-dipole pseudosections) and 12 (Wenner-
Schlumberger pseudosections).

Results from La Pobla de Roda site show that only 2% of calculated
dipole-dipole and Wenner-Schlumberger data are identified as
doubtful. As in Test site 1, a very good fit between directly measured
and calculated pseudosections is also shown.

5. Discussion and conclusions

The above results show that the calculated Wenner-Schlumberger
pseudosections have a number of doubtful data similar to or greater
than the calculated dipole-dipole ones. The reason is that the QC is
based on dipole-dipole datasets comparison, which can be too restric-
tive to build the Wenner-Schlumberger dataset. The direct comparison
between noise-free Wenner-Schlumberger model response (M2) and
the one calculated from pPD data, without any QC, reveals that only
1% of calculated data presents relative differences higher than the
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Fig. 11. Results obtained from La Puebla de Roda test site (Case 2) over dipole-dipole field datasets using a pseudosection representation. Measured (a) and calculated (b) dipole-
dipole apparent resistivity from Eq. (1). Dipole-dipole pseudosection where data that do not pass the proposed quality control have been coloured grey (c).



428 F. Bellmunt, A. Marcuello / Journal of Applied Geophysics 75 (2011) 419-430

a Measured Wenner-Schlumberger pseudosection
( ) gerp Distance (m)
0 5 10 15 20 25 30 35
0 g
o ] N
2 59 -
2 ] L
e - L
.% ] L
3 10 7 B
15 L.

_—
O
S

o
o

10 15

o

Depth levels

-
wn

Calculated Wenner-Schlumberger pseudosection

Distance (m)
20 25 30 35

100 139 193 268

372 518 719 1000

Apparent resistivity (ohm.m)

()

Distance (m)

Depth levels

I S T AT N T W B B

LN B R B B B B N B

Fig. 12. Results obtained from La Puebla de Roda test site (Case 2) over Wenner-Schlumberger field datasets using a pseudosection representation. Measured (a) and calculated
(b) Wenner-Schlumberger apparent resistivity from Eq. (2). Wenner-Schlumberger pseudosection where data that do not pass the proposed quality control have been coloured grey (c).

noise added (Fig. 13). Therefore, the computation of the Wenner-
Schlumberger dataset seems to be less sensitive to the noise than
the dipole-dipole one. This pattern is also valid for field data. This
behaviour can be understood using an error propagation scheme:
the calculation of Wenner-Schlumberger datasets involves an addi-
tion. Consequently when R, and Rg values are similar in Eq. (3), the
resultant R"® is of the same order of magnitude, and its relative
error is similar to the one of the pPD data. This is not necessarily
true in the dipole-dipole datasets calculation, because the Eq. (1)
involves a subtraction, and R values can be much smaller than the
pPD values, thus amplifying its relative error.

As a strategy for the Wenner-Schlumberger case, we propose
using the QC only to identify the data that can be doubtful, and let
the interpreter decide whether this data is reliable or not according
to their own experience.

The results prove the applicability of the method to fieldwork
datasets, and the validity of the introduced QC. In summary, the
main features of the proposed method are:

O The pPD datasets can be transformed into other datasets in a
straightforward way.

O The decision about the type of dataset to be used for interpretation
can be delayed until (or even after) the interpretation time. Other

datasets (not directly measured) can be obtained long after their
acquisition if they are needed in further interpretations.

O The acquisition time of pPD sequences can be greatly reduced with
a multichannel system, because this sequence is highly suitable for
such instruments. The proposed configurations avoid the far loca-
tion of the remote electrode, which is a great advantage to practi-
cal purposes.

O A data quality control based on the comparison between two inde-
pendently calculated dipole-dipole datasets, similar to the normal
and reciprocal measurements, is well established.

This method has been tested satisfactorily to reproduce dipole-
dipole and Wenner-Schlumberger datasets, but it can be applied com-
puting other datasets following the same scheme, e.g. the Wenner and
the gradient arrays.
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Appendix A

In this appendix, a discussion about the number of injections
required for multichannel instruments is presented for a dipole-dipole
array, although the results may be equivalent to the pole-pole and
pole—dipole arrays.

For a simple current injection, multichannel instruments allow
recording as many simultaneous potential readings as the instrument
has channels. This can help to reduce the acquisition time, which is pro-
portional to the number of current injections in the array, as shown in
Eq. (4).

The number of data of the pseudosection depends on the number
of involved electrodes (e), and the number of desired levels (N). The
maximum number of data of dipole-dipole pseudosection is

1
Ny =5 (e—3)(e—2)

(A1)

In Fig. A1, the data distribution of the full pseudosection for a dipole-
dipole with e-electrode array is shown. Crosses (x) correspond to data.

e-3

e-3-c

e-3-2¢
e-3-(lu-1)c number of injections

e-3+

+e3c+
+e-3-2¢ +
+e-3-(lu-2)c+
+e-3-(lu-1)c

Fig. A1l. Assignation point of data (x) in a dipole-dipole pseudosection. White lines
connect points recorded simultaneously. Data points are grouped in bands of c levels.
N is the number of levels; c is the number of channels, and Iy, is the number of bands.

White lines represent data simultaneously measured for an injection
with a multichannel system of ¢ channels. The amount of injections
will depend on e, N and c; its computation is based on the pseudosection
of Fig. A1, where several bands can be also seen. Each (grey) band
contains c levels except the one at the bottom that can contain less.
The number of bands is denoted by Iy, , which can be calculated by
the expression

Iy = int<N—;]) +1

where int(x) corresponds to the integer part of x. I;, also represents
the maximum number of injections to reach the level N.

Each band involves a different number of injections, as can be
seen in Fig. A1. The band on the top requires e — 3 injections, but
the following ones going down in the pseudosection need c injec-
tions lesser than the previous one. For the general case, the number
of injections can be computed as

(A2)

i=(e—3)+ (e—3—c)+ (e—3—2¢) +... + (e=3—kc) + ...
+ (e=3—[Ily—1]o)

This expression can be arranged in the following way to prove formula

(5)

i= ) (e=3—kc)=

k=0 "
=Iy(e—3)—c kg k (A3)
=Iy(e=3)—5c{ly(y—1)}
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In the case of a monochannel instrument (c =1) the formula (A3)
becomes

i= %N(Ze—S—N), (A4)

and if all the levels of the pseudosection are taken (N =e — 3) in [A4],
we obtain

—

i=5(e=3)(e=2) =N,

which coincides with the formula (A1).

References

Athanasiou, E.N., Tsourlos, P.I, Papazachos, C.B., Tsokas, G.N., 2007. Combined weighted
inversion of electrical resistivity data arising from different array types. Journal of
Applied Geophysics 62, 124-140.

Beard, L.P., Tripp, A.C., 1995. Investigating the resolution of IP arrays using inverse theory.
Geophysics 60 (5), 1326-1341.

Binley, A., 2007. R2: 2-D inversion of resistivity data. Summary. Available from http://
www.es.lancs.ac.uk/people/amb/Freeware/R2/R2_summary.htm (verified 17.06.10)
Lancaster University, Lancaster, UK.

Candansayar, M.E., 2008. Two-dimensional individual and joint inversion of three- and
four-electrode array dc resistivity data. Journal of Geophysics and Engineering 5,
290-300.

Candansayar, M.E., Basokur, A.T., 2001. Detecting small-scale targets by the 2D inver-
sion of two-sided three-electrode data: application to an archaeological survey.
Geophysical Prospecting 49, 13-25.

Carpenter, EW., 1955. Some notes concerning the Wenner configuration. Geophysical
Prospecting 3, 388-402.

Carpenter, E.W., Habberjam, G.M., 1956. A tri-potential method of resistivity prospect-
ing. Geophysics 21, 455-4609.

Coggon, J.H., 1973. A comparison of IP electrode arrays. Geophysics 38 (4), 737-761.

Dahlin, T., Zhou, B., 2004. A numerical comparison of 2D resistivity imaging with 10
electrode arrays. Geophysical Prospecting 52, 379-398.

Dahlin, T., Zhou, B., 2006. Multiple-gradient array measurements for multichannel 2D
resistivity imaging. Near Surface Geophysics 113-123.

Habberjam, G.M., 1967. Short note: On the application of the reciprocity theorem in
resistivity prospecting. Geophysics 32, 918.

Karous, M., Pernu, T.K., 1985. Combined sounding-profiling resistivity measurements
with the three-electrode arrays. Geophysical Prospecting 33, 447-459.

LaBrecque, J.D., Miletto, M., Daily, W., Ramirez, A., Owen, E., 1996. The effects of noise
on Occam's inversion of resistivity tomography data. Geophysics 61 (2), 538-548.

Loke, M.H., 2001. Electrical imaging survey for environmental and engineering studies.
A practical guide to 2d and 3d survey. [On line]Available at http://www.terrajp.co.
jp/lokenote.pdf2001(read of August 2010).

Loke, M.H., 2004. Tutorial: 2-D y 3-D electrical imaging surveys. [On line[Available at
http://www.geoelectrical.com/coursenotes.zip2004(read of August 2010).

Lopez-Blanco, M., Marzo, M., Muiioz, J.A., 2003. Low amplitude, synsedimentary folding
of a deltaic complex: Roda Sandstone (lower Eocene) South-Pyrenean Foreland
Basin. Basin Research 15, 73-95.

Parasnis, D.S., 1988. Reciprocity theorems in geoelectric and geoelectromagnetic work.
Geoexploration 25, 177-198.

Van Nostrand, R.G., Cook, K.L., 1966. Interpretation of resistivity data: USGS. Prof. Pap.
499.

Xu, B., Noel, M., 1993. On the completeness of datasets with multielectrode systems for
electrical resistivity survey. Geophysical Prospecting 41, 791-801.

Zhou, B., Dahlin, T., 2003. Properties and effects of measurements errors on 2D resistivity
imaging surveying. Near Surface Geophysics 105-117.

Zhou, W., Beck, B.F., Adams, A.L., 2002. Effective electrode array in mapping karst hazards
in electrical resistivity tomography. Environmental Geology 42, 922-928.


http://www.es.lancs.ac.uk/people/amb/Freeware/R2/R2_summary.htm
http://www.es.lancs.ac.uk/people/amb/Freeware/R2/R2_summary.htm
http://www.terrajp.co.jp/lokenote.pdf
http://www.terrajp.co.jp/lokenote.pdf
http://www.geoelectrical.com/coursenotes.zip

Publicacio 2

Bellmunt F., Marcuello A., Ledo J., Queralt P., Falgas E., Benjumea B., Velasco V.,
Vazquez-Sufi¢ E., 2012. Time-lapse cross-hole electrical resistivity tomography

monitoring effects of an urban tunnel. Journal of Applied Geophysics 87, 60—70.






Journal of Applied Geophysics 87 (2012) 60-70

journal homepage: www.elsevier.com/locate/jappgeo

Contents lists available at SciVerse ScienceDirect

Journal of Applied Geophysics

Time-lapse cross-hole electrical resistivity tomography monitoring effects of an

urban tunnel

F. Bellmunt **, A. Marcuello ?, J. Ledo ?, P. Queralt ?, E. Falgas ¢, B. Benjumea °,

V. Velasco “9, E. Vazquez-Sufié ©

2 Geomodels, Departament de Geodinamica i Geofisica, Barcelona Knowledge Campus (BKC), Universitat de Barcelona, Marti i Franqués s/n, 08028 Barcelona, Spain

b Institut Geologic de Catalunya, IGC, Balmes, 209-211, 08006 Barcelona, Spain

¢ Departamento de Geociencias, Instituto de Diagndstico Ambiental y Estudios del Agua (IDAEA-CSIC), Jordi Girona, 18, 08034 Barcelona, Spain
d GHS, Departamento de Ingenieria Geotécnica y Geociencias, Universitat Politécnica de Catalunya, BarcelonaTech, Jordi Girona 1-3 Edificio D-2, 08034 Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 11 April 2012

Accepted 5 September 2012
Available online 14 September 2012

Keywords:

Electrical resistivity tomography (ERT)
Cross-hole apparent resistivity pseudosection
Tunnel boring machine

Experimental electrodes

Tunnel construction in urban areas has recently become a topic of interest and has increased the use of tunnel
boring machines. Monitoring subsurface effects due to tunnel building in urban areas with conventional sur-
face geophysical techniques is not an easy task because of space constraints. Taking advantage of the con-
struction of a new metro line in Barcelona (Spain), a geoelectrical experiment, which included borehole
logging and time-lapse cross-hole measurements using permanent electrode deployments, was designed
to characterise and to study the subsurface effects of the tunnel drilling in a test site.

We present a case study in which the differences between time-lapse cross-hole resistivity measurements ac-
quired before, during and after the tunnel drilling below the test site have been calculated using three differ-
ent procedures: a constrained time-lapse inversion, a model subtraction and an inversion of the normalised
data ratio. The three procedures have provided satisfactory images of the resistivity changes and tunnel ge-
ometry, but resistivity changes for the tunnel void were lower than predicted by modelling. This behaviour
has been explained by considering a conductive zone around the tunnel.

Further, an apparent resistivity pseudosection for the cross-hole data, equivalent to the case of the equatorial

dipole-dipole on the surface, is introduced.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The new L9 line under construction in the Barcelona Metro net-
work will link Barcelona International Airport and El Prat de Llobregat
with the towns of Badalona and Santa Coloma de Gramenet through
Barcelona. This construction project allowed the development of a
case study to monitor the subsurface effects of tunnel drilling with a
tunnel boring machine (TBM) in an urban area by integrating geolog-
ical, hydrological and geophysical information. The present study is
part of this project and involved applying geophysical methodologies
to monitor the subsurface effects of the drilling process.

Tunnelling in urban areas with a TBM requires detailed geological
knowledge of the materials that the tunnel goes through to adapt the
TBM to local conditions and complete control of their effects on the
subsoil in some areas (special buildings, hospitals, etc.). Before the
tunnel drilling occurs, subsurface research is usually based on me-
chanical borehole data and soil tests, which improves the subsurface
knowledge but only provides data in a single location. Geophysical
surveys can help to extend this information and to obtain a better

* Corresponding author.
E-mail address: fbellmunt@ub.edu (F. Bellmunt).

0926-9851/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jappgeo.2012.09.003

understanding of the affected subsurface volume to guide engineers,
if required, in problematic areas.

Electrical resistivity tomography (ERT) with down-hole electrodes-
single-hole ERT (SHERT) or cross-hole ERT (CHERT)-is widely used in
engineering projects. Denis et al. (2002) proposed the re-use of bore-
holes previously drilled for geotechnical investigations for automatic
monitoring of drillings with a TBM. Deucester et al. (2006) used 2D
cross-hole resistivity tomography to design proper remedial actions
below foundations. Gibert et al. (2006) used electrical tomography to
monitor an excavation-damaged zone with rings of electrodes inside
the tunnel. Chambers et al. (2007) used surface and cross-hole 3D elec-
trical resistivity tomography for mineshaft imaging and Ha et al. (2010)
used electrical resistivity techniques to detect weak and fracture zones
during underground construction.

Compared with static surveys, geophysical time-lapse measure-
ments also detail the dynamic changes in the subsurface properties,
which can in turn provide insight into ongoing subsurface processes.
In a particular sense, time-lapse CHERT enables the rate to be deter-
mined at which a particular process (e.g., controlled tracer injection)
is occurring and the volume of the subsurface region affected to be de-
fined (Barker and Moore, 1998; Cassiani et al., 2005; Miller et al., 2008;
Oldenborger et al., 2007).
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The main goal of this case study is to use time-lapse CHERT mea-
surements (acquired before, during and after the drilling) between
two boreholes to identify subsurface changes caused by the tunnel
drilling in an urban area. Moreover, borehole geophysical logs (natu-
ral gamma) were recorded to obtain better knowledge of the geology.

2. Test site geological and geophysical settings

To apply and develop geological, geophysical and hydrogeological
methodologies over the future line L9 in the Barcelona Metro net-
work, a test site was chosen in the Sant Cosme district, El Prat de
Llobregat (Barcelona) (Fig. 1). This town is located on the right
bank of the Llobregat River delta. Buildings and the infrastructure lay-
out at the test site make it very difficult to design optimum geome-
tries to work with surface geophysical techniques.

Geologically, the Llobregat delta is located between the Garraf and
Collserola-Montnegre horst and the Barcelona half-graben. It is a de-
pression controlled by faults and filled with pliocene and quaternary
deposits. From a sedimentological point of view, the delta consists of
two detrital complexes, the Lower Detrital Complex of Pleistocene age
and the Upper Detrital Complex or Holocene delta (Marqués, 1984;
Simo et al., 2005). The Holocene delta reaches a thickness of 60 m and
lies over the Pleistocene paleochannel system, the thickness of which
varies between 80 m and 15 m, thinning towards the NW.

The metro tunnel shaft was intended to pass through the Holo-
cene delta complex at a depth of approximately 19 m with a tunnel
diameter of 9.4 m. Therefore, two mechanical boreholes (named
PA1 and PA2) were drilled to a depth of 30 m symmetrically to the
tunnel trace (15 m apart from each other) to obtain detailed informa-
tion about the geology and so that they could be used as piezometers
(Fig. 2). The water table was located at a depth of 4 m. The borehole
description identifies three main units, limited by stratigraphic

discontinuities, different associated lithofacies (Lth.) and the superfi-
cial anthropic materials. The main units are described below.

Delta plain, DP: composed mostly of brownish-grey clays interbedded
with fine-very fine sands, Lth. A.

Delta front, DF: characterised by a set of sediments that range from
fine silty sands to coarse sands with some gravel layers, alternating
with silty fine sand (Lth. B to H). They correspond to beach deposits
and river channels. From a hydrogeological point of view, this is the
shallow aquifer.

Prodelta, Pd: consists mainly of clayey silts and fine sands, Lth. L. To-
wards the bottom, the unit becomes sandier (fine-sands). From a
hydrogeological point of view, this unit would represent the aquitard.

The test site geophysical characterisation consisted of natural
gamma (NG) logs acquired with a dual induction probe with a natural
gamma ray sensor (Robertson Geologging Ltd.) sampled every 0.01 m
at a logging speed of 3 m/min into each borehole. See Fig. 3 for a de-
tailed description of each lithofacies and the NG logs. The geological
description and NG logs are correlated: low NG values correlate
with a low clay content and vice versa. The NG logs proved to be use-
ful, especially in the test site characterisation, where the Lth. H (PA2),
defined as medium-to-coarse sands and medium gravels from the
borehole description (borehole core recovery was approximately
20%) seems to be clayey.

During the experiment, the water resistivity was also measured in
the boreholes and its value remained at 1900 4 100 pS/cm.

3. Experimental design
Home-made experimental electrodes and specific cables were

produced for the CHERT measurements to monitor the tunnel drilling
effects below the test site. As electrodes, stainless steel rectangular

Fig. 1. Location of the test site (Sant Cosme district) in El Prat de Llobregat town (Barcelona, Spain).
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meshes (0.1 mx0.3 m) were directly fastened outside the PVC pipe
during the piezometer installation, which avoided the borehole/
borehole-fluid effects (Doetsch et al., 2010; Nimmer et al., 2008).
Plastic-sheathed cables were attached outside the pipe and were
connected to a Syscal Pro resistivity meter (Iris Instruments) by a
standard connector (Fig. 4).

Due to the presence of anthropogenic materials up to a depth of
5 m and the position of the water table at a depth of 4 m, the first
electrode was placed at a depth of 5 m. The PVC pipe was centred
in each borehole and the small annular space between the pipe and
borehole walls, consisting of poorly consolidated materials, provided
us good electrode-ground contact. However, care had to be taken to
prevent damage to the cables and electrode displacement during
the installation of the PVC pipe.

Because of the small borehole annular space, the number of elec-
trodes and the spacing chosen (24 electrodes evenly spaced 1 m
from each other in each borehole) involved a trade-off between reso-
lution and the desired borehole length to be monitored (see Fig. 5).
The aspect ratio, or relation between the borehole separation and
the total length of the instrumented borehole, should be no more
than 0.75, ideally 0.5, to achieve better results in CHERT measure-
ments (LaBrecque et al., 1996). In our case, CHERT measurements
were acquired with an aspect ratio of 0.67 between the boreholes
PA1 and PA2.

Before starting any geophysical measurement, subsoil conditions
were allowed to stabilise for three weeks after the electrode installation.
LaBrecque et al. (1996) observed that permanently installed electrodes
were electrically noisier when first installed but that they improved
over time. Later, conductivity logs with a dual induction probe were
recorded in each borehole to supply the actual depth of each electrode
because the stainless steel meshes used as electrodes created strong
anomalies in the conductivity logs (not shown here). Due to the pie-
zometer tubes included in the boreholes, which decrease in diameter

in the slotted zones, the borehole geophysical logging did not reach
the maximum possible depth. The conductivity log confirmed the spac-
ing between electrodes because the electrodes were fixed to the casing
prior to deployment into the boreholes. However, the electrode depths
were corrected accordingly to avoid electrode mislocation effects on re-
sistivity (Oldenborger et al., 2005; Wilkinson et al., 2008).

4. Monitoring the drilling effects on the test site

Monitoring the drilling effects consisted of time-lapse CHERT
measurements acquired with the 48 electrodes installed into PA1
and PA2. The bipole-bipole (AM-BN) configuration (Zhou and
Greenlangh, 1997, 2000) was the deployment used in this study.

Before the TBM passed through the test site, time-lapse CHERT
datasets were acquired several days apart to identify possible anom-
alies correlated with the acquisition procedure, equipment or bad
electrode contacts. Repeatability has also allowed us to calculate the
background dataset and to estimate a data error of 1%.

The schedule of time-lapse CHERT measurements is presented in
Table 1. The CHERT data acquisition was limited by the access to the
test site.

4.1. Apparent resistivity pseudosection for CHERT data

The representation of the apparent resistivity is not a simple task
with CHERT data because it involves more than two parameters
(e.g., depth, level, orientation, etc.). In this paper, to have a rough
image of the subsoil electrical structure, an apparent resistivity
pseudosection equivalent to the case of the equatorial dipole-dipole
on the surface has been built considering only data in which the cur-
rent and potential electrodes A and M are at the same depth as the
current and potential electrodes B and N, respectively. This

M Buildings

® Piezometer

Fig. 2. Map of the test site showing the location of boreholes PA1 and PA2 and the tunnel trace. The tunnel goes from W to E.
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results are presented in cps (counts per second).

pseudosection only accounts for 12% of the recorded data for each
dataset (Fig. 6).

Fig. 6A shows the apparent resistivity pseudosection when the
TMB was drilling far from the test site (19th of March). A
three-layer distribution can be observed: a resistive layer from
5.5 m down to 15.0 m (region a), a more conductive middle layer be-
tween 15 and 24 m (region b) and a more resistive layer at the bot-
tom (region c). Fig. 6B and C corresponds to the apparent resistivity
pseudosections on the 21st of March and the 16th of April, during
and after the drilling underneath the test site, respectively. Fig. 6B
shows a more conductive middle layer, which correlates to the effect
of the TBM passing through it. Fig. 6C reveals a similar apparent resis-
tivity distribution to that shown in Fig. 6A, but regions (b), (d) and (f)
become more resistive, which points to the presence of the tunnel
void.

4.2. Resistivity changes from time-lapse CHERT

The individual inversion of each time-lapse CHERT dataset has
provided resistivity models in which the tunnel void and resistivity
changes cannot be clearly identified. Therefore, three inversion pro-
cedures have been used to highlight them: a constrained time-lapse
inversion (Loke, 2001), a model subtraction and an inversion of the
normalised data ratio (Daily and Owen, 1991; Daily et al., 1992;
Slater et al., 2000).

From our own experience, resistivity changes below 5% will not be
considered in the model interpretation. This is consistent with the
reported values of water resistivity during the experiment, which
may produce subsoil resistivity variations up to +5% according to
Archie's law (Archie, 1942).

The reference model used for all three procedures (see Fig. 7) has
been obtained after the inversion of the background dataset. The

CHERT data do not seem to be able to identify each lithofacies within
the main geological units. To make the location of the resistivity
changes easily recognisable, we have established three zones (see
Fig. 7) that may undergo changes in the resistivity: Zone 1 (between
5 mand 15 m), Zone 2 (between 15 m and 24 m) and Zone 3 (below
24 m).

4.2.1. Constrained time-lapse inversion

This procedure consists of using the first data set as a reference
model to constrain the inversion of the later datasets. The robust
smoothness constraint method has been used and the RMS obtained
ranges from 0.9% to 1.9%. Resistivity changes are expressed in per-
centage by expression (1):

Np = (m) x 100 1)
Po

where p; is the resistivity of the model at time i and py is the resistiv-
ity in the reference model. Positive values indicate that the model is
becoming more resistive than the reference model, while negative
values indicate a decrease in resistivity.

The images of the resistivity changes are presented in Fig. 8 (A to
D). Fig. 8A shows that the resistivity values decreased by approxi-
mately 70% in the central part of Zone 2 while the TBM was drilling
underneath the test site (21st of March at 14:52). At the same time,
the resistivity increased by approximately 5%-10% in Zone 1 and in
the left part of Zone 2. The resistivity variations tend to be accentuat-
ed during the drilling process through the test site, reaching values of
80% for a decrease in resistivity in the central portion of Zone 2 and of
10%-20% for an increase in resistivity in Zone 1 and Zone 3. The resis-
tivity also increases by approximately 5%-10% near the electrodes in
Zone 2 (Fig. 8B). Once the TBM left the test site (2nd and 16th of
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Fig. 4. Pictures of the piezometer equipment showing: (A) the installation of the meshes used as electrodes and cables, (B) and (C) the connexion with the resistivity meter and the
external cables of the borehole and (D) and (E) details of the home-made meshes and connector.

April), the resistivity increased up to 70%-80% in central Zone 2
(Fig. 8C and D). Note that the resistivity increases by approximately
5%-10% around the tunnel void, especially above it (Fig. 8C and D).
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Fig. 5. Sketch of piezometers PA1 and PA2 with electrode locations and the water table.
The tunnel section is also included.

4.2.2. Model subtraction

This procedure consists of calculating the resistivity changes after
the individual inversion of each time-lapse dataset. The resistivity
changes are expressed as percentage according to expression (1).

In this method, the application of the same inversion scheme to all
the time-lapse datasets is required to make the comparison reliable.
Among the different methods, the robust inversion method (Loke,
1999) was used because it shows a good resolution when sharp
boundaries with strong resistivity contrast are involved. The RMS
obtained in each individual inversion ranges from 0.7% to 1.2%. The
resistivity changes obtained from the model subtraction method are
presented in Fig. 9 (A to D).

During the tunnel drilling through the test site (21st of March at
14:52), the resistivity values decreased by approximately 75% in

Table 1
Schedule of geophysical measurements.
Date/time Drilling conditions Type of geophysical
measurement
14/02/08 Piezometers equipped
08/03/08 Geophysical borehole

logging (dual induction
probe)
12-13-14-19-20/ CHERT-testing

03/08

21/03/08 14:52h  TBM is passing through the =~ CHERT
test site

21/03/08 19:53 h TBM is passing through the CHERT
test site

02/04/08 12:17 h  Tunnel drilled CHERT

16/04/08 11:49 h CHERT

CHERT: cross-hole electrical resistivity tomography. TBM: tunnel boring machine.
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and in which dipoles are on both top and bottom resistive layers.

central Zone 2 and increased by approximately 10%-20% in Zone 1
and on the left side of Zone 2 (Fig. 9A). These resistivity variations sig-
nificantly increased over time, reaching a decrease in resistivity of
90% in central Zone 2 and increases of 20%-40% in Zones 1, 2 and 3
(Fig. 9B). Once the TBM left the test site (2nd of April and 16th of
April), the resistivity increased up to 170% in central Zone 2 (Fig. 9C
and D). Notice the high resistivity variations of approximately 10%-
30% at the bottom of Zone 3, especially after the drilling.

4.2.3. Inverting the data ratio or normalisation
This procedure consists of inverting normalised datasets obtained
by the following expression:

¢
R =R, (,’:—0) @

where R is the normalised datum, Ry is the background resistance
value, R} is the resistance value at time i and Ry, is the theoretical resis-
tance value for an arbitrary homogeneous resistivity distribution
(e.g., 10 Q-m). Note that Eq. (2) can work with apparent resistivity
values and resistance values.

The inversion of a normalised dataset produces an image of resis-
tivity changes relative to the homogeneous model. Therefore, subtle
subsurface changes can be imaged using this approach (Daily et al.,
2004). The robust inversion method was used and the RMS was in
the range from 0.7% to 1.0%.

The changes in resistivity are presented as a percentage change in
Fig. 10 (A to D). When the TBM was drilling through the test site (21st
of March at 14:52), the resistivity decreased by approximately 80% in
central Zone 2, but the resistivity increased by approximately 10%-
20% in Zone 1 and by approximately 5%-10% on the left side of
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dots correspond to topography and vertical dots to the electrode position.
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Zone 2 (Fig. 10A). The resistivity changes increased over time,
reaching values of 90% in central Zone 2 for the resistivity decrease
and values for the resistivity increase of 20%-40% in Zone 1 and of
10%-20% in Zone 3 (Fig. 10B). Once the TBM left the test site (2nd
of April and 16th of April), the resistivity increased up to 100% in cen-
tral Zone 2. Moreover, the resistivity increases by approximately 10%-
20% around the tunnel void (Fig. 10C and D).

5. Interpretation and discussion

In this study, all inversion procedures were consistent and showed
a large decrease in resistivity in the central part of Zone 2 when the

TBM was drilling through the test site (21st of March), whereas an in-
crease in resistivity was detected at the same location once the TBM
moved away from the test site (2nd of April and 16th of April).
These variations are related to the presence of the TBM and to the
tunnel void. Therefore, the tunnel section diameter can be satisfacto-
rily estimated from the resistivity variation in the central portion of
Zone 2. However, the resistivity changes for the tunnel void were
lower than predicted by modelling. The maximum increase in resis-
tivity at the tunnel depth was 80% caused by the robust smoothness
constrained inversion, of 170% from the model subtraction procedure
and 100% from the data ratio inversion procedure. This aspect will be
discussed below.
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To study this effect, we have simulated the tunnel void under the
test site conditions and have calculated the resistivity variations using
the three procedures mentioned above. The responses were non-
distinguishable for a resistivity void contrast higher than 300 times
that of the surroundings. In this case, we have taken a value of
10,000 Q-m for the tunnel resistivity. The resistivity variations related
to the presence of the tunnel void are significantly higher than the
ones calculated from field datasets. For this reason, following Suzuki
etal. (2004), a conductive zone of 3 Q-m and a thickness of 1 m around
a tunnel void has been simulated. In this case, the calculated resistivity
changes are similar to the ones calculated from field datasets (see

Fig. 11), suggesting the need for this conductive zone around the tunnel
void, whose origin is not clear when drilling soft soils. This zone could
have been produced by changes in the physical properties or the
water content of the materials around the tunnel void, such as an in-
creasing of the porosity in the materials surrounding the tunnel due
to relaxation of the subsoil after drilling or an effect due to the injection
of viscous fluids around the shield simultaneous with the advancement
of the TBM.

The other relevant resistivity changes identified by comparing the
resultant images obtained by each inversion procedure are presented
and discussed below. First, the resistivity increased in almost all zones
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of the models during the tunnel drilling through the test site using the
three procedures, but it was slightly higher in the case of the ratio
procedure and much higher in the case of model subtraction. Second,
high resistivity variations near the electrodes were detected in the
model subtraction images, although the ones obtained from the
other two procedures are almost free of them.

The variations in resistivity seem to be more scattered in the
model subtraction images. Notice that slight differences in the indi-
vidual data fitting of each dataset can result in different resistivity
values in the resulting models. Therefore, the resistivity variations
near the electrodes and in the bottom of Zone 3 can be associated
with undesired effects due to the individual inversion of each dataset.

6. Conclusions

We have shown that CHERT can be used as a “quasi-real time” tool
to detect possible anomalous situations in drilling contexts with TBM
in urban areas. In addition, permanently installed electrodes facilitate
long-term monitoring of subsurface structures, such as tunnels, to
monitor possible unexpected damage. We consider the CHERT meth-
od with the experimental electrodes and cables to be a rapid and
cost-effective tool for monitoring the subsoil effects due to engineer-
ing subsurface processes in urban areas. We have also shown that
geophysical logs can help to better characterise the geology of the
test site.
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We found that it was of utmost importance to acquire repeated
datasets before starting any process at the test site to obtain a back-
ground dataset and to estimate the data error.

The comparison of the three procedures, along with the use of
modelling, has been quite helpful in identifying the most relevant
changes and artefacts and in justifying the low resistivity values
through the presence of a conductive zone around the tunnel. Further
studies would be needed to interpret this conductive zone around the
tunnel in soft soils and the resistivity changes observed during tunnel
drilling in Zones 1 and 3.

The apparent resistivity pseudosection for cross-hole data, equiv-
alent to the case of the equatorial dipole-dipole on the surface, ex-
hibits the main features of the resistivity variations along time lapse
sequences.

Acknowledgements

This project was supported by the Spanish Ministry of Science
and Innovation and EU FEDER funds under contract projects
HEROS (CGL2007-66748), PIERCO2 (CGL2009-07604) and MEPONE
(BIA2010-20244), by the Spanish Ministry of Industry (programme
PROFIT 2007-2009) under project GEO-3D, and by the Ibero-American
Science and Technology for Development Programme (CYTED), Project
P711RT0278. We also thank the two anonymous reviewers for their
helpful comments.

References

Archie, G.E., 1942. The electrical resistivity log as an aid in determining some reservoir
characteristics. Petroleum Transactions of AIME 146, 54-62.

Barker, R, Moore, ], 1998. The application of time-lapse electrical tomography in
groundwater studies. The Leading Edge 17, 1454-1458.

Cassiani, G., Bruno, V., Villa, A,, Fusi, N., Binley, A.M., 2005. A saline trace test monitored
via time-lapse surface electrical resistivity tomography. Journal of Applied Geo-
physics 59 (3), 244-259.

Chambers, J.E., Wilkinson, P.B., Weller, A.L., Meldrum, P.I, Ogilvy, R.D., Caunt, S., 2007.
Mineshaft imaging using surface and crosshole 3D electrical resistivity tomography: a
case history from the East Pennine Coalfield, UK. Journal of Applied Geophysics 62,
324-337.

Daily, W., Owen, E., 1991. Cross-borehole resistivity tomography. Geophysics 56,
1228-1235.

Daily, W., Ramirez, A., LaBrecque, D., Nitao, J., 1992. Electrical resistivity tomography of
vadose water movement. Water Resources Research 28 (5), 1429-1442.

Daily, W., Ramirez, A, Binley, A.M., LaBrecque, D., 2004. Electrical resistance tomography.
The Leading Edge 23 (5), 438-442.

Denis, A., Marache, A., Obellianne, T., Breysse, D., 2002. Electrical resistivity borehole
measurements: an application to an urban tunnel site. Journal of Applied Geophysics
50,319-331.

Deucester, ]., Delgranche, L., Kaufmann, 0., 2006. 2D cross-borehole resistivity tomog-
raphies below foundations as a tool to design proper remedial actions in covered
karst. Journal of Applied Geophysics 60, 68-86.

Doetsch, J.A.,, Coscia, I, Greenhalgh, S., Linde, N., Green, A, Giinter, T., 2010. The
borehole-fluid effects in electrical resistivity imaging. Geophys. 75 (4), F107-F114.

Gibert, D., Nicollin, F., Kergosien, B., Bossart, P., Nussbaum, C., Grislin-Mouézy, A., Conil,
F., Hoteit, N., 2006. Electrical tomography monitoring of the excavation damaged
zone of the Gallery 04 in the Mont Terri rock laboratory: field experiments,
modelling and relationship with structural geology. Applied Clay Science 33,
21-34.

Ha, H.S,, Kim, D.S., Park, 1., 2010. Application of electrical resistivity techniques to de-
tect weak and fracture zones during underground construction. Environmental
Earth Sciences 60, 723-731.

LaBrecque, D.J., Ramirez, A.L, Daily, W.D., Binley, A.M., Schima, S.A., 1996. ERT monitoring
of environmental remediation processes. Measurement Science and Technology 7,
375-383.

Loke, M.H., 1999. Time-lapse resistivity imaging inversion. Proceedings of the 5th
Meet. Environ. Eng. Geophys. Soc. Eur. Sect., Em1. [On line]. Available at http://
geoelectrical.com/timeabs.pdf, read of March 2011.

Loke, M.H., 2001. Constrained time lapse resistivity imaging inversion. The Environ-
mental and Engineering Geophysical Society SAGEEP 2001 Symposium Program,
March 2001, Denver, 34.

Marqués, M.A., 1984. Les formacions Quaternaries del Delta del Llobregat. Ed. Inst.
Estud. Catalans, Barcelona.

Miller, C.R., Routh, P.S., Brosten, T.R., McNamara, J.P., 2008. Application of time-lapse
ERT imaging to watershed characterization. Geophys. 73 (3), 7-17.


http://geoelectrical.com/timeabs.pdf
http://geoelectrical.com/timeabs.pdf

70 F. Bellmunt et al. / Journal of Applied Geophysics 87 (2012) 60-70

Nimmer, R.E., Osiensky, ].L., Binley, A.M., Williams, B.C., 2008. Three-dimensional ef-
fects causing artifacts in two-dimensional, cross-borehole, electrical imaging. Jour-
nal of Hydrology 359, 59-70.

Oldenborger, G.A., Routh, P.S., Knol, M.D., 2005. Sensitivity of electrical resistivity to-
mography data to electrode position errors. Geophysical Journal International
163, 1-9.

Oldenborger, G.A., Knoll, M.D., Routh, P.S., LaBrecque, D.J., 2007. Time-lapse ERT mon-
itoring of an injection/withdrawal experiment in a shallow unconfined aquifer.
Geophys. 72 (4), 177-187.

Simé, J.A., Gamez, D., Salvany, ].M., Vazquez-Suiié, E., Carrera, ]., Barnolas, A., Alcala, FJ.,
2005. Arquitectura de facies de los deltas cuaternarios del rio Llobregat, Barcelona,
Espaiia. Geogaceta 38, 171-174.

Slater, L.D., Binley, A.M., Daily, W., Johnson, R., 2000. Cross-hole electrical imaging of a
controlled saline tracer injection. Journal of Applied Geophysics 44, 85-102.

Suzuki, K., Nakata, E., Minami, M., Hibino, E., Tani, T., Sakakibara, ]., Yamada, N., 2004.
Estimation of the zone of excavation disturbance around tunnels, using resistivity
and acoustic tomography. Exploration Geophysics 35, 62-69.

Wilkinson, P.B., Chambers, J.E., Lelliott, M., Wealthall, G.P., Ogilvy, R.D., 2008. Extreme
sensitivity of crosshole electrical resistivity tomography measurements to geomet-
ric errors. Geophysical Journal International 173, 49-62.

Zhou, B., Greenlangh, S.A,, 1997. A synthetic study on cross-hole resistivity imaging
with different electrode arrays. Exploration Geophysics 28, 1-5.

Zhou, B., Greenlangh, S.A., 2000. Cross-hole resistivity tomography using different elec-
trode configurations. Geophysical Prospecting 48, 887-912.






Publicacio 3

Bellmunt F., Marcuello A., Ledo J., Queralt P., 2015. Capability of cross-hole electrical
configurations for monitoring rapid plume migration experiments. Actualment en

revisio en la revista Journal of Applied Geophysics.






Elsevier Editorial System(tm) for Journal of Applied Geophysics
Manuscript Draft

Manuscript Number: APPGEO4049

Title: Capability of cross-hole electrical configurations for monitoring rapid plume migration
experiments

Article Type: Regular

Keywords: cross-hole electrical resistivity tomography, resistivity imaging, dataset optimization.
Corresponding Author: Mr. Fabian Bellmunt,

Corresponding Author's Institution: University of Barcelona. BKC

First Author: Fabian Bellmunt

Order of Authors: Fabian Bellmunt; Alex Marcuello; Ledo Juanjo; Queralt Pilar

Abstract: Cross-hole electrical resistivity tomography is a useful tool in geotechnical, hydrogeological
or fluid/gas plume migration studies. It allows to better characterizing deep subsurface structures and
monitoring the involved processes. However, due to the large amount of possible four-electrode
combinations between boreholes, the choice of the most efficient ones for rapid plume migration
experiments (real-time monitoring) becomes a challenge. In this work, we present a numerical
simulation to assess the capabilities and constraints of the most common cross-hole configurations for
real-time monitoring. Four-electrode configurations, sensitivity, dependence on the body location and
amount of data were taken into account. The experimental results showed that a prior knowledge
about configurations capability can be used to greatly reduce amount of data stepwise, in order to
adjust the acquisition time to the length of the dynamic process to be monitored, maintaining the
maximum potential resolution of each configuration.



Research Highlights

We evaluate the cross-hole resistivity configurations for real-time monitoring.
The anomaly detection and symmetry on the sensitivity pattern is analysed.
An easy way to reduce acquisition time and amount of data for monitoring is presented.

This data reduction preserves the configurations capability and resolution.



*Manuscript
Click here to download Manuscript: bellmunt.docx Click here to view linked References

1 Capability of cross-hole electrical configurations for monitoring rapid

2 plume migration experiments

3 F.Bellmunt’, A. Marcuelld, J. Ledd and P. Querdit
4 ' Geomodels - Departament de Geodinamica i Geofi@eacelona Knowledge Campus (BKC).
5  Universitat de Barcelona. Marti i Franqués s/n,28®arcelona, Spain.

6  Corresponding author e-mdiellmunt@ub.edu

8 ABSTRACT

9 Cross-hole electrical resistivity tomography is seful tool in geotechnical, hydrogeological or
10 fluid/gas plume migration studies. It allows to teetcharacterizing deep subsurface structures and
11  monitoring the involved processes. However, dughi large amount of possible four-electrode
12 combinations between boreholes, the choice of tbet rafficient ones for rapid plume migration
13 experiments (real-time monitoring) becomes a chghe In this work, we present a numerical
14  simulation to assess the capabilities and conssraiinthe most common cross-hole configurations for
15 real-time monitoring. Four-electrode configuratipssnsitivity, dependence on the body location and
16  amount of data were taken into account. The expriab results showed that a prior knowledge about
17  configurations capability can be used to greattiuce amount of data stepwise, in order to adjuest th
18  acquisition time to the length of the dynamic psséo be monitored, maintaining the maximum
19  potential resolution of each configuration.
20
21  Keywords:. cross-hole electrical resistivity tomography jstgity imaging, dataset optimization.

22


http://ees.elsevier.com/appgeo/download.aspx?id=193255&guid=8dd940d9-bff3-4e1c-ac65-17389f0fd221&scheme=1
http://ees.elsevier.com/appgeo/viewRCResults.aspx?pdf=1&docID=4803&rev=0&fileID=193255&msid={5A5D28EE-E35A-46AF-A3E9-89EE69448949}

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

1. INTRODUCTION

Cross-hole electrical resistivity tomography (CHBRdonsists of acquiring electrical resistivity
measurements between two or more boreholes andimiaggng the resistivity distribution between
them. Since electrodes are down in boreholes, CHERWs imaging deeper areas and helps to

improve resolution at depth.

Monitoring time-lapse evolution of fluids or gasupies injected in boreholes (Barker and Moore,
1998; Slater et al., 2000; Kiessling et al., 20d@grey and Petersen, 2011; Carrigan et al., 201.3) o
urban tunnel drillings (Denis et al., 2002; Gibetrtal., 2006; Chambers et al., 2007; Bellmunt gt al
2012) using CHERT is becoming common because ddithple and quick data acquisition. However,
when rapid migration processes are going to be tm@u, the acquisition time becomes critical
because it has to be adjusted to the length ofdylmamic process. Significant resistivity changes
during data acquisition could lead to low resolntimages and low convergence of data (Wilkinson et
al., 2010). The acquisition time is directly rethtto the amount of data and the multichannel
acquisition efficiency (Bellmunt and Marcuello, 201 As a general rule, increasing the amount of
data will increase resolution, but the improvemieagins to level off at large amount of data. The
dataset that includes all the standard and nomatdn(non-reciprocal) measurements, named
comprehensive dataset (Stummer et al.,, 2004) wittain the maximum resolution. However, the

huge amount of data makes it of unrealistic apptioa

The recent researches in electrical resistivitydgraphy are focused on searching limited electrode
combinations that are comparable in quality todbmeprehensive dataset by developing optimization
algorithms. In these algorithms, the cumulativesgenity (Furman et al., 2004; Hennig and Weller,
2005) or the model resolution (Stummer et al., 208ikinson et al., 2006) improvement is evaluated
while groups of combinations of the comprehensiztaskt are sequentially added to a small base one.
Nyquist et al. (2007) compared the optimized aoh$tummer et al. (2004) and the standard dipole-
dipole array and they conclude that the first oravigles better resolution mainly at depth. But they
noticed that the optimized dataset required thimmes the standard dipole-dipole acquisition time.
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Wilkinson et al. (2012) constrained the optimizataigorithms to choose what they call near-optimal

configurations but well suited for multichannel aisitions.

At present, the optimization algorithms are notuded in the commercial software for resistivityada
inversion. Therefore, most researchers still usetthditional CHERT configurations. The extended
use of the traditional configurations has allowedearchers to establish their main characteristics
(Yang and Ward, 1985; Bing and Greenhalgh, 199802Wilkinson et al., 2008). As a general rule
in electrical resistivity tomography, the smallbe tdipoles length, the larger the influence on déta
the immediately surrounding boreholes, and, thgelathe dipoles length, the larger the influence on
data of the central area of the panel betweemtiwhied boreholes. However, larger dipoles are more
affected by lateral effects from heterogeneitiesated outside the panel between the involved
boreholes, which can produce shadow effects imgbeltant inversion models (Nimmer et al., 2008).
Tsourlos et al. (2011) detected this shadow effentsingle borehole-to-surface ERT experiments,
and conclude that they are the consequence ofigihesgmmetrical sensitivity pattern of the in-hole
configurations (all the electrodes in the same o). They proposed a modified inversion scheme
based on a weighted factor to avoid the shadowymmeetric effects of the in-hole configurations.
But, they pointed out the difficulty of defining asbjective threshold of asymmetry to use in an
automatic way and of removing completely the adisfdrom configurations with highly symmetrical

sensitivity pattern.

This work proposes an organized way to select thst mdequate electrode combinations for rapid
CHERT monitoring (acquisition protocol) in order teduce: 1) the amount of data and acquisition
time while maintaining the maximum potential behefieach configuration and 2) the shadow effects
inherent to configurations with highly symmetricsénsitivity pattern. The abilities of the most

common CHERT configurations are evaluated and coedpasing 2D numerical models to reduce

uncertain on the acquisition protocol using eagtfigaration or a mixed one.

1. DATA ANALYSISPROCEDURE
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Here, we present the methodology followed to amalye CHERT configurations ability to plume
migration monitoring. Figure 1 can help to bettederstand the meaning of the next expressions,

although it will be explained later. The preserpeacedure consists of three steps:

The first step consists of calculating the relativesistivity variation produced using each
configuration by considering the addition of a sésity anomaly in a homogeneous half-space. This
resistivity variation is related to the anomalyeiion capability and it is calculated by the fallng

expression:

PHM

where AD: Anomaly Detection value (in absolute @luwy,,: resistivity value obtained using a
homogeneous eartp: resistivity value obtained including a resistvédnomaly in the homogeneous
earth. Both resistivity values are calculated usiregsame electrode combination. Similar expression

to evaluate the anomaly effect can be found intkéli et al. (1979).

The second step consists of calculating the reatiifference between two resistivity values
calculated for the same electrode combination de, considering an anomaly located in the panel
between two involved boreholes and the other oritd, thhe anomaly located outside the panel. The
difference between the two responses is relatethdosymmetry on the sensitivity pattern. If no
resistivity differences between the two responsesiatected, it will imply low capacity to resoltre
plume migration direction (highly symmetrical sdivily pattern), and the interpretation will be

uncertain. In this work, this difference is caldathby the expression:

z(pin_poff) (2)
Pin + Posf

I10S = max

where I0S: In-panel/Off-panel Sensitivity value falute value)p;,,: resistivity value obtained using
4
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a resistivity anomaly into the panel between tweoived boreholesp,s: resistivity value obtained

using the same resistivity anomaly as before atkxl outside the panel.

The third step consists of selecting the top rditent-electrode combinations of each configuration
using the first and second steps results, whictisléa reduce the amount of data and the symmetric
artefacts. As a general rule, the criterion usdd ishoice the electrode combinations with the éggh
AD and 10S. The acquisition time, desired resolutamd signal-to-noise ratio have to be considered

to make a proper election.

2. APPLICATION
In order to evaluate the CHERT configurations &pilsteps 1 and 2 of the data analysis procedure)
we designed a 2D numerical experiment simulatingliane migration process. Following, we

describe the plume migration model and the CHERTtedde configurations used.

2.1. Plume migration model

The plume migration model (Figure 1) was desigreeddt knowledge about the AD, but especially
about the 10S of the CHERT configurations. It cstssiof three in-line boreholes, 10 m apart and
20 m in depth, located in a 100 ohm-m homogeneaifsspace. 21 electrodes (1 m-spaced) were
placed into each borehole. The plume migration ggeavas simulated using three square bodies of
side length twice the electrode distance and ceértrehree different positions of constant depths 1
and 5 m from BH2, named stages A, B and C, resmdgti Two resistivity contrasts

(RC=ppiumd Phait spacd, €Mulating a salineRE=0.1) and a gasf=10) plumes, were considered.

The two panels between the three boreholes in &duhave been grey coloured to differentiate
between the cross-hole measurements acquired tisen®@H1 and BH2 (Panel 1) and the ones
acquired using BH2 and BH3 (Panel 2). The AD (dfemvas evaluated comparing panel 1 resistivity
responses with and without the imbedded anomadiesdch migration model stage and the 10S (step
2) was evaluated comparing the panel 1 and pamesigtivity responses for each migration model

5
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stage. In all the cases the comparison is madeyalusing the same electrode combination. Note that
using the two panels in step 2, two opposite divestfor the plume migration are simulated: inward
the panel 1 (measuring between boreholes BH1 and) Bind outward the panel 2 (measuring
between boreholes BH2 and BH3). As commented beforelifferences between panel 1 and panel 2

responses can lead to obtain resistivity imagesoértain interpretation.

Injection

Panel 1 Panel 2

Lo e [aY
4—

BH1 BH2 BH3

Figure 1. Model and stages used to simulate a ploniggation experiment. Small vertical black squares
represent the electrode location into boreholes,BBH2 and BHS3; black arrow and grey squares (nafe#
and C) simulate the plume migration at stages AnB C, respectively. Panel 1 (light grey colounegresents
the cross-hole measurements acquired between BHBHR and panel 2 (dark grey coloured), the crags-h

measurements acquired between BH2 and BH3.

2.2. CHERT configurations

In this work, we use the term "dipole", instead‘lofpole”, to designate the CHERT configurations
because of their extensive use in the surface garaiions notation, but we add the prefix CH (cross
hole). This experiment is focused on the CH digbfmle arrays (CH AM-BN and CH AB-MN), and
the CH pole-tripole (CH AMN-B/A-BMN) array (Bing @nGreenhalgh, 2000; Goes and Meekes,
2004), which are summarized in Figure 2. Capitdéts designate the electrodes (A and B represent
the current electrodes and, M and N, the poteatiak) and their position into the boreholes (i.gl-A

BN means that the A and M electrodes are locateténborehole and the B and N, in the other one).
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CH DIPOLE-DIPOLE POLE-TRIPOLE CH DIPOLE-DIPOLE
AM-BN AMN-B/A-BMN AB-MN
I Al TA ° °|B
Alel-—1F = —
AM o|B — AM AM T I
| | | T T
—+—M|e! AM T Mle] — —|H - - —* Ble l
t i o|M——
MN MN !
SRS | I N PV MN
N |e!
o| N
BH1 BH2 BH1 BH2 BH1 BH2

Figure 2. Electrode distribution scheme for the @pble-dipole arrays (CH AM-BN and CH AB-MN) andeth
CH pole-tripole array with the MN dipole in the twapreholes (CH AMN-B/A-BMN). Capital letters and
red/blue points designate the electrode name aidghbsition into the boreholes (A and B repregbatcurrent
electrodes and, M and N, the potential ones); AMirtigal distance between the current and the patent

electrodes; MN: vertical distance between the fgakealectrodes.

The configurations responses to the model (stages@) presented in Figure 1 were calculated using
the commercial Earthimager 2D software (AGI, Adweth&Geosciences, Inc.) with a lateral extended
four-element mesh. The CH dipole-dipole AM-BN respes were calculated moving up and down the
electrodes but maintaining the distance betweerelétrodes A and M always equal to the B and N
electrodes distance, which resulted in a datasets740 combinations, 2870 per panel using the
resistivity model presented in Figure 1. The CHotBpdipole AB-MN responses were calculated
using the current electrodes (A and B) distancegdrequal to the potential electrodes (M and N) one
obtaining 5740 combinations (2870 per panel). Arel@H pole-tripole (AMN-B/A-BMN) responses
were calculated moving up and down the electrodéslvays maintaining the electrodes A and B at
the same depth, which resulted in 3080 combinat{d640 per panel). The AM and MN distances
used do not include all the possible four-electrodmbinations for each configuration, but they are

considered the most representative distances ébr @anfiguration.

3. RESULTS
Following, we present the results obtained by applyhe proposed methodology to the CH dipole-

dipole (AM-BN, AB-MN) and the CH pole-tripole arrayusing the migration model presented in
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Figure 1 and considering two resistivity contraBs;0.1 andRc=10. The magnitudes of AD and 10S

for each configuration were calculated versus diffie AM and MN distances.

3.1. Resigtivity contrast Rc=0.1
The results of applying the presented methodologiitee plume bodies of resistivity 10 ohm-m in a

100 ohm-m half-space are presented below.

3.1.1. Anomaly detection value, AD
Figure 3 shows the AD results for each configuratiersus different AM and MN distances. The
maximum AD is obtained for the CH dipole-dipole AN and CH pole-tripole arrays at all the three

stages of the migration model.

The AD presents a quite similar behaviour for &l tthree configurations used (Figure 3). As
expected, the higher AD is obtained at stage AuUffeigl), because of the plume is closer to the
boreholes. When the plume moves from stage A gesta the AD decreases and larger AM distances
are needed to detect the plume. Once the maximlme V& reached, the AD decreases and tends to
level off. This decrease is rapidly accentuated rwhiee AM distance becomes higher than the

boreholes distance. However, each configuratiosgmis a slightly different AD pattern (Figure 3).
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Figure 3. Anomaly detection valuAD, calculated for the CH dipole-dipole (AM-BN and ABN) and the CH
pole-tripole arrays at the three stages (A, B afdiCthe migration experiment using a resistivintast
Rc=0.1. Maximum absolute relative resistivity vanati(Y-axis) versus AM (X-axis) and MN (coloured d«)

distances. Dashed line indicates a 10% of redigtiviange as guidance only.

For the CH AM-BN array, the maximum AD obtained wiquation (1) at stages A, B and C were
28%, 8% and 6%, respectively. As the MN distanceeases, a secondary AD peak is exhibit when

the AM distance becomes similar to the boreholesadce (10 m). This secondary peak becomes
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higher than the primary one at stage B of the ntiigmanodel.

For the CH pole-tripole array (AMN-B/A-BMN), the miamum AD obtained at stages A, B and C

were 82%, 17% and 7%, respectively. Once the maximalues are reached, this configuration
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presents a flat area of maximum AD before startindecrease. The AD decreases as the MN distance

increases.

The CH AB-MN array exhibits extremely high valudggher than 100%) for all the three model
stages when the AM value becomes similar to thehmdes distance. For AM distances lower than
six, out of the interval of extremely high valuéd) is of about 80%, 25% and 20% for stages A, B

and C respectively. As the MN distance increasesAD decreases.

3.1.2. In-pand/off-pand sensitivity value, |OS
Figure 4 shows the 10S results for each configamatiersus different AM and MN distances. The
maximum 10S usindgrc=0.1 is obtained for the CH dipole-dipole AB-MN atite CH pole-tripole

arrays at all the stages of the migration model.

The 10S presents a similar behaviour than the ABsdthe higher values are obtained at stage A and
as the plume moves from stage A to C, the 10S dsee Once the maximum IOS is reached, it
rapidly decreases. However, the maximum I0S is ydvedotained using AM=10-12 for all the studied

configurations and stages of the migration model.

For the CH AM-BN array, the maximum IOS obtainedtaiges A, B and C were 20%, 8% and 6%,

respectively. As the MN values increase, the |Q%aases.

For the CH pole-tripole array, the maximum |1OS oi#d at stages A, B and C were 70%, 10% and

9%, respectively. In this case, as the MN valuegcsiase, the 10S decreases.

The CH AB-MN array presents the highest I0S, butresmely high values are detected for AM

distances similar to the boreholes distance. AdvtRevalues increase, the I0S decreases.

10
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3.2. Resigtivity contrast Rc=10
The procedure application results obtained usingnpl bodies of 100 ohm-m in a 1000 ohm m

half-space, are presented below.
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3.2.1. Anomaly detection value, AD

Figure 5 shows the main results obtained for theusMgRc=10. The curves obtained usiRg=0.1

andRc=10 (Figure 3 and 5) show that the AD follows aimbehaviour in front different resistivity

contrasts, but with slightly different values. lengral, the AD obtained usifg=10 is slightly lower
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than the one reached usiRg=0.1. Therefore, the results obtained usiker10 will be explained

mainly focused on the differences observed fronptiegious resistivity contrast.

For the CH AM-BN array, the maximum AD obtainedttges A, B and C were 16%, 9% and 8%,
respectively. In this case, as the MN distance®ase, the secondary AD peak becomes higher than

the primary one at all the stages of the migratmdel.

For the CH pole-tripole array, the maximum AD ob& at stages A, B and C were 82%, 14% and
7%, respectively. In this case, the maximum AD getwdlevel off, but much slowly than it does using

Rc=0.1 (compare Figure 3 and 5).

The CH AB-MN array exhibits the same extremely higtiues as the ones obtained usiRog0.1.

However, for small AM distances the AD increasestdathan using a conductive anomaly (compare

Figure 3 and 5).
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Figure 5. Anomaly detection value, AD, calculated the CH dipole-dipold AM-BN and AB-MN) and the
CH pole-tripole arrays at the three stages (A, B @) of the plume migration experiment using astegty
contrastRc=10. Maximum absolute relative resistivity variatipfraxis) versus AM (X-axis) and MN (coloured

lines) distances using panel 1. Dashed line indgcat10% of resistivity change as guidance only.

3.2.2. In-pand/off-pand sengitivity value, |OS
Figure 6 shows the main results for the IOS ustogl0. As the AD does, the I0S follows a similar
behaviour for different resistivity contrasts. Téfere, the results obtained usifg=10 will be

explained based on the differences observed frempitbvious resistivity contrast results.

For the CH AM-BN array, the maximum |OS obtainedtaiges A, B and C were 27%, 11% and 9%,
respectively, which are slightly higher than theesmeached usinBc=0.1 (compare Figure 3 and
Figure 6). As the MN value increases, the maxim@8 Increases.
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For the CH pole-tripole array, the maximum IOS olad at stages A, B and C were 56%, 12% and
7%, respectively. In this case, the values obtaimdgRc=10 are only higher than the ones reached
usingRc=0.1 at the stage B (compare Figure 4 and Figudé B)e migration model. As the MN value

increases, the 10S decreases.

The CH AB-MN array presents the highest 10S buteawely high values at AM distances similar to

the boreholes distance. As the MN value increabedOS decreases.

STAGE A STAGEB STAGE C
2 03 03 — 03
] MN DISTANGES
g ® MN=0
© / MN=1
> =
2 02 02 02 —| & MN=3
= / i MN=5
DIPOLE-DIPOLE 2 17\ o  wne7
CONFIGURATION £ / ‘
AM-BN & /. \ ;
s 01 - y e\ 04 — 0.1
c # S
g V4 et s TR —
ac:; / - 22 P & | P
£ 0 i 0 = 0 ¥
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
AM DISTANCE AM DISTANCE AM DISTANCE
2]
g 1 03 0.3 T
¢
| = Y MN=1
E 08 MN=2
> 0.2 0.2 9— M=o
POLE-TRIPOLE 3 06 . MN=4
CONFIGURATION 2 ® NS
AMN-B/A-BMN 5 o4
o 0. P 6
== 0.1 i - s = SN
[ =Y o
= T,
3— 02 /?/ > -
2 :
5 7 Yoy /
£ 0 z : | 0 —f / 0
0 4 8 12 16 20 0 4 8 |12 16 20 0 4 8 12 16 20
AM DISTANCE AM DISTANCE AM DISTANCE
@ 1 1
o 1 i
& | | 1 MN DISTANCES
% 08 f | 1 0.8 [ I 1 0.8 | ® MN=1
; / [ 1 [ | \ MN=3
£ it \ | / | f ® MN=5
ppoLEDIPOLE = 0P | i 08 ‘ 06 — MN=7
CONFIGURATION 2 / \ } ‘ TR\ ®  mN=o
AB-MN / \
@ 04 / i 0.4 0.4
2 v \
© kg J
g 0.2 . \, 0.2 0.2
5 . R >
0
= ‘ 0 o ‘
0 4 8 12 16 20 0 4 8 12 16 20
AM DISTANCE AM DISTANCE o 4.8 d2. 160 20

AM DISTANCE
Figure 6. In-panel/off-panel sensitivity value, IQ&lculated using the CH dipole-dipdlAM-BN and AB-
MN) and the CH pole-tripole arrays for all the thresges (A, B and C) of the plume migration experitrad

a resistivity contrastRc=10. Maximum relative resistivity variation (Y-axiwersus AM (X-axis) and MN
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(coloured lines) distances using panel 1 and panetsponses. Dashed line indicates a 10% of nagysti

difference as guidance only.

3.3. Organized selection of the combinations

Once the configurations with the best capabilises detected, the selection of the most suitable
combinations can be made in an organized way flerahalysis data results. Taking into account the
similar AD and I0S behaviour observed using eaahfigaration for different resistivity contrasts
(Figures 3 to 6), the organized selection of thmlwoations is carried out in the same way regasdles
of the resistivity contrast to be resolved. Thelysia results present the CH dipole-dipole AB-MN
and the CH pole-tripole arrays as the best chd@esigration monitoring using CHERT. In order to
reduce amount of data for rapid migration monitgriwhere the acquisition time is a critical aspect,
the CH dipole-dipole AM-BN array, which shows threwkst AD and IOS, will not be taken into

account.

Figures 3 to 6 show that the AD and the 10S patteme repeated using different MN distances for
each configuration. Therefore, the amount of datatwe reduced by choosing only one MN distance
per configuration. As a general rule, the electroal®binations that correspond to MN values with the
highest AD and 10S will offer the maximum potentiakolution for monitoring. The number of AM
distances has to be chosen in order to cover thteateegion of the panel (stage C) and to obtiain t

maximum benefit of the 10S.

Configurations with different (or complementary)nsitivity pattern contributes differently to the
model resolution (Bing and Greenhalgh, 1997), tloeeca mixed organized dataset can be the best
choice. The final organized dataset is made by @oimdp the CH pole-tripole array, taking only the
combinations with MN=1 and AM=1-14 (350 combinasgrer panel), and the CH dipole-dipole AB-
MN one with MN=3 and AM=015 (168 data per panelhpeTreason for this choice using the CH
dipole-dipole AB-MN array will be treated in thesdussion section. The mixed organized dataset

results in 518 combinations per panel using mad€&igure 1.
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4. DATA INVERSION

We carried out the inversion of the mixed organidataset using the migration model presented in
Figure 1 and two resistivity contrasR;=0.1 andRc=10. In order to establish the maximum potential
model resolution that can be achieved using eackthefpresented configurations, we made the
inversion of the CH pole-tripole dataset with 15##a per panel and CH dipole-dipole AB-MN one

with 1750 data per panel, either individually orammixed one (3290 data per panel). The inversion
models are presented in Figure F8<0.1) and Figure 11Rc=10). Each inversion included panel 1

and panel 2 responses.

The inversion of the datasets was carried out uisgcommercial Res2dinvx64 software (Geotomo
software) with the robust inversion method. To dateithe effect of experimental errors, we added

noise using the following expression (Bellmunt &farcuello, 2011):

AR= RO+ y

whereR is the error-free model response, ah@nd y are random numbers. follows a normal
distribution with zero mean and standard deviatigrandy a uniform distribution in the interval4;
+£]. These two random numbers, (y) simulate the relative accuracy)(and the instrumental
resolution £). A values of 0.015 forgand 10" V/A for ewere considered. These values would

correspond to a maximum error of 3%, which we adersacceptable for CHERT acquisitions.

As can be seen in Figure 1Rc€0.1), the CH dipole-dipole AB-MN and the CH polgble inversion
models are not able to fully resolve the migratexperiment presented here. Although the plume
body is located inside the panel 1, the CH polgste inversion model shows an artefact on panel 2 i
a “symmetric” location (Nimmer et al., 2008; Tsamglet al., 2011). The CH dipole-dipole AB-MN
inversion model presents much more artefacts theanQH pole-tripole one, but they are mainly

distributed along boreholes. The inversion modéhioied joining them in a mixed dataset, reaches the
16
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maximum resolution and it is able to recover afl thodel stages of the migration model. Figure 10
shows that the inversion models obtained usingntiheed organized dataset are able to track the

plume as well as the complete mixed one.

The inversion models obtained using a resistivibntast, Rc=10, show less artefacts than the
obtained usindRc=0.1, but the plume resistivity value is worst nemed (Figure 11). In this case,
individual and mixed inversions using the CH palpédle and the CH dipole-dipole AB-MN datasets
are able to resolve the migration model, but th&imam resolution is achieved, as before, using the
mixed one. The mixed organized dataset is abledolve all the stages of the migration model, but

the anomaly resistivity value at stage C is wagsbrvered than using the complete mixed one.
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Figure 7. Inversion models obtained using (from timottom) the CH pole-tripole (3080 data), the diplole-
dipole AB-MN (3500 data), the complete mixed (CHeptripole and CH dipole-dipole AB-MN with 6580 dat
and the mixed organized (1036 data) datasets dhtbe stages (A, B and C) of the migration moRekistivity
contrastRc=0.1. Root mean square (rms) =1.2%. Small verticatkbkquares represent the electrode location

into boreholes (BH1, BH2 and BH3). Each inversiocluded panel 1 and panel 2 responses.
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Figure 8. Inversion models obtained using (from timottom) the CH pole-tripole (3080 data), the diplole-
dipole AB-MN (3500 data), the complete mixed (CHeptripole and CH dipole-dipole AB-MN with 6580 @t
and the mixed organized (1036 data) datasets ahtbe stages (A, B and C) of the migration experitrusing
a resistivity contrasRc=10. Root mean square (rms)=1.2%. Small verticalkbtapiares represent the electrode

location into boreholes (BH1 and BH2). Each inv@nsincluded panel 1 and panel 2 responses.

5. DISCUSSION
In this section we will discuss firstly the behavimbserved for the AD using the CH dipole-dipole

arrays and secondly the symmetric artefacts ttiettafthe inversion models usiRg=0.1.
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The AD graphs in Figures 3 and 5 show that the Qidle-dipole AM-BN array exhibits a secondary
AD peak and the CH dipole-dipole AB-MN array shogdremely high AD for all the three model
stages. These maximums could be related to thériel@otential drop while changing the AM and
MN distances (Wilkinson et al., 2008). Usually, tleometric factor is used as a representativeeof th
inverse of the electric potential for a homogenebak-space (using a 1 ohm-m resistivity and an
intensity of 1 A) and high geometric factor valuepresent low potential readings and inversely. The
Figure 9 shows the general behaviour of the gedorfeictor for the CH dipole-dipole arrays: AM-BN
and AB-MN. Note the AM distance can be positivenegative using the CH dipole-dipole AB-MN
array (Figure 3). As can be seen in Figure 9A,hesMN distance increases, the geometric factor
value for the CH dipole-dipole AM-BN array becommsre upright at lower AM distances, and
finally there is a sign change. This means thatetiea sharply drop in the electric potentialhatse

AM and MN distances. This explains why, as the Mbtahce increases, the secondary AD peak
becomes higher. In this situation, low variationghe model response calculation can be in a high
resistivity variation. The Figure 9B shows that @i dipole-dipole AB-MN geometric factor values
rise highly when the AM distance increases. As tegfthis is related with a sharply drop in the
electric potential, but in this case, the lower ki distances, the higher the geometric factor eslu
(or the lower the potential difference). In ordemtaintain a trade-off between the AD and the dglect
potential value using any of these two configuraijothe AM-BN combinations with MN>7 and

AM>10 and the AB-MN combinations with MN=1-2 and A5 should be avoided.
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Figure 9. Geometric factor behaviour obtained usheg CH dipole-dipole arrays. A) CH AM-BN and B) CH

AB-MN with different AM and MN distances.
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The CH pole-tripole inversion models at the staBesnd C of the migration experiment show
“symmetric” artefacts usingc=0.1 (Figure 7). The CH dipole-dipole AM-BN invawai models (not
shown here) exhibit the same artefact at the séages This symmetric artefact is related to thy hi
symmetry on the sensitivity pattern (Tsourlos et 2011) along with to an insufficient angular
coverage. The CH pole-tripole and the CH AM-BN gsrahow 10S<10%, which means they have
highly symmetric sensitivity patterns. The highlee symmetry on the sensitivity pattern, the higher
the uncertain on the migration interpretation, higher angular coverage is needed to resolve tiee tr
anomaly location. Increasing amount of data by rgidixtra angular measurements (combinations
with different AM distances), makes the value oé thrtefact slightly decreases, but they do not

removes it at all, either using individual or mix@atasets.

4. CONCLUSIONS

The analysis of the AD and 10S allow finding a wawff between the required resolution and the
available acquisition time (amount of data) for lHttme monitoring. Understanding how each
configuration works becomes a key aspect to beessfal in monitoring short and quick dynamical
processes, where the amount of data needs to alygreduced to adequate to the experiment length.
The AD and 10S analysis has been applied to afspeuigration model (using specific body lengths,
resistivity contrasts and aspect ratio betweenhmes distance and depth) and configurations, tbut i

can be applied to other resistivity models andtedele combinations in a straightforward way.

The results highlight the benefit of joining varsoconfigurations because of their different sevisjti
pattern: a lower angular coverage and a lower amotimata are needed to resolve a migration
experiment. High symmetric sensitivity pattern igating aspect to migration monitoring. Therefpre
and considering that most of the CHERT configursgtibave a quite similar sensitivity pattern, the
CH dipole-dipole AB-MN becomes necessary to restee migration model presented here and to
remove the symmetric artefact. As can be seenisnvibrk, the singularity acquisition problems can

be avoided to use this configuration in monitoring.
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The similar 10S patterns observed for all the theeefigurations highlights the need for using AM

lengths similar to the boreholes distance in clads-monitoring experiments.

The addition of more than one MN distance in thenesalataset will help to improve resolution.
However, before increasing amount of data by addiagous MN distances, consider joining
configurations with complementary sensitivity patge This provides better spatial resolution withou
greatly increasing the amount of data. In this werknixed organized dataset, which can be acquired
in less than 10 minutes (1036 data) in a ten-semelbus channels resistivity-meter, has been able to
resolve the migration model presented here witlloeitpresence of symmetric artefacts. This allows

acquiring multi-panel or 3D data in a time-effeetivay.
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FIGURE CAPTIONS

Figure 1. Model and stages used to simulate a ploniggation experiment. Small vertical black squares
represent the electrode location into boreholes,B3H2 and BH3; black arrow and grey squares (nafe#
and C) simulate the plume migration at stages AnB C, respectively. Panel 1 (light grey colounegyresents
the cross-hole measurements acquired between BHBHR and panel 2 (dark grey coloured), the cragds-h

measurements acquired between BH2 and BH3.

Figure 2. Electrode distribution scheme for the @pble-dipole arrays (CH AM-BN and CH AB-MN) andeth
CH pole-tripole array with the MN dipole in the twaoreholes (CH AMN-B/A-BMN). Capital letters and
red/blue points designate the electrode name aidghbsition into the boreholes (A and B repregbhatcurrent
electrodes and, M and N, the potential ones); AMtigal distance between the current and the patent

electrodes; MN: vertical distance between the fgatkealectrodes.

Figure 3. Anomaly detection valuAD, calculated for the CH dipole-dipole (AM-BN and ABN) and the CH
pole-tripole arrays at the three stages (A, B apdiCthe migration experiment using a resistivigntrast
Rc=0.1. Maximum absolute relative resistivity vanati(Y-axis) versus AM (X-axis) and MN (coloured d«)

distances. Dashed line indicates a 10% of redigtiviange as guidance only.

Figure 4. In-panel/off-panel sensitivity value, IO&lculated using the CH dipole-dipolaNI-BN and AB-
MN) andthe CH pole-tripole arrays for all the three stag®, B and C) of the plume migration experimend an

a resistivity contrasRe=0.1. Maximum absolute relative resistivity diffecen(Y-axis) versus AM (X-axis) and

MN (coloured lines) distances. Dashed line indisatd 0% of resistivity difference as guidance only.

Figure 5. Anomaly detection value, AD, calculated the CH dipole-dipol AM-BN and AB-MN) and the
CH pole-tripole arrays at the three stages (A, B @) of the plume migration experiment using astegty
contrastRc=10. Maximum absolute relative resistivity variatipfraxis) versus AM (X-axis) and MN (coloured

lines) distances using panel 1. Dashed line indgcat10% of resistivity change as guidance only.
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Figure 6. In-panel/off-panel sensitivity value, IQ&lculated using the CH dipole-dipdl&M-BN and AB-
MN) and the CH pole-tripole arrays for all the thresges (A, B and C) of the plume migration experitragrd
a resistivity contrastRc=10. Maximum relative resistivity variation (Y-axizersus AM (X-axis) and MN
(coloured lines) distances using panel 1 and pa@nedsponses. Dashed line indicates a 10% of nasjsti

difference as guidance only.

Figure 7. Inversion models obtained using (from timottom) the CH pole-tripole (3080 data), the diplole-
dipole AB-MN (3500 data), the complete mixed (CHeptripole and CH dipole-dipole AB-MN with 6580 @t
and the mixed organized (1036 data) datasets dhtbe stages (A, B and C) of the migration moRekistivity
contrastRc=0.1. Root mean square (rms) =1.2%. Small verticatkbkquares represent the electrode location

into boreholes (BH1, BH2 and BH3). Each inversiociuded panel 1 and panel 2 responses.

Figure 8. Inversion models obtained using (from timottom) the CH pole-tripole (3080 data), the diplole-
dipole AB-MN (3500 data), the complete mixed (CHeptripole and CH dipole-dipole AB-MN with 6580 @dat
and the mixed organized (1036 data) datasets ahtbe stages (A, B and C) of the migration experitrusing
a resistivity contrasRc=10. Root mean square (rms)=1.2%. Small verticalkotapares represent the electrode

location into boreholes (BH1 and BH2). Each inv@nsncluded panel 1 and panel 2 responses.

Figure 9. Geometric factor behaviour obtained usivgCH dipole-dipole arrays. A) CH AM-BN and B) CH

AB-MN with different AM and MN distances.
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