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ABSTRACT

Cross-hole electrical resistivity tomography is seful tool in geotechnical, hydrogeological or
fluid/gas plume migration studies. It allows to teetcharacterizing deep subsurface structures and
monitoring the involved processes. However, dudh® large amount of possible four-electrode
combinations between boreholes, the choice of tbet rafficient ones for rapid plume migration
experiments (real-time monitoring) becomes a chghe In this work, a numerical simulation to
assess the capabilities and constraints of the pwstmon cross-hole configurations for real-time
monitoring is presented. Four-electrode configoraj sensitivity, dependence on the body location
and amount of data were taken into account. Thiysinaf the anomaly detection and the symmetry
on the sensitivity pattern of the cross-hole camfigions allowed significantly reducing amount of
data, in order to adjust acquisition time to thagth of the dynamic process to be monitored,
maintaining the maximum potential resolution of keamonfiguration. The obtained results also

highlighted the benefit of using configurationsiwitomplementary sensitivity pattern.

Keywords: cross-hole electrical resistivity tomography jseegity imaging, dataset optimization.
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1. INTRODUCTION

Cross-hole electrical resistivity tomography (CHBRdonsists of acquiring electrical resistivity
measurements between two or more boreholes andisiaggng 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 gasuples injected in boreholes (Barker and Moore,
1998; Slater et al., 2000; Kiessling et al., 20dagrey and Petersen, 2011; Carrigan et al., 2043) o
urban tunnel drillings (Denis et al., 2002; Gibeital., 2006; Chambers et al., 2007; Bellmunt et al
2012) using CHERT is becoming common because ddithple and quick data acquisition. However,
when rapid migration processes are going to be tm@d, the acquisition time becomes critical
because it has to be adjusted to the length ofdymamic process. Significant resistivity changes
during data acquisition can lead to low resoluiimages and low convergence of data (Wilkinson et
al., 2010). The acquisition time is directly rethteo 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 improvemieegins to level off at large amount of data. The
dataset that includes all the standard and nordatdn(non-reciprocal) measurements, named
comprehensive dataset (Stummer et al., 2004), owititain the maximum resolution. However, the

huge amount of data makes it of unrealistic appboa

The recent researches in electrical resistivityagraphy are focused on searching limited electrode
combinations, comparable in quality to the compnshe dataset, by developing optimization
algorithms. In these algorithms, the cumulativesgesity (Furman et al., 2004; Hennig and Weller,
2005) or the model resolution (Stummer et al., 208lkinson et al., 2006; Loke et al., 2014a)
improvement is evaluated while groups of combinatiof the comprehensive dataset are sequentially
added to a small base one. Nyquist et al. (200)pemed the optimized array of Stummer et al.
(2004) and the standard dipole-dipole array ang #@nclude that the first one provides better
resolution mainly at depth. But they noticed thia¢ tptimized dataset required three times the
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standard dipole-dipole acquisition time. Wilkinsat al. (2012) constrained the optimization
algorithms to choose what they call near-optimatfigurations but well suited for multichannel

acquisitions.

At present, the optimization algorithms are notuded in the commercial software for resistivityala
inversion. Therefore, most researchers still ugettaditional CHERT configurations. The extended
use of these configurations has allowed researdbegstablish their main characteristics (Yang and
Ward, 1985; Bing and Greenhalgh, 1997, 2000; Wd&met al., 2008). As a general rule in electrical
resistivity tomography, the smaller the distanceveen the active electrodes of each borehole, the
larger the influence on data of the immediately@unding boreholes, and the larger this distariee, t
larger the influence on data of the central areth@fpanel between the involved boreholes. However,
larger distances are more affected by lateral efféeterogeneities located outside the panel leetwe
the involved boreholes, which can produce shaddectsf in the resultant inversion models (Nimmer
et al., 2008). Tsourlos et al. (2011) detected shiadow effects on single borehole-to-surface ERT
experiments and concluded they were consequente dfigh symmetric sensitivity pattern of the in-
hole configurations (with all the electrodes in #ane borehole). They proposed a modified inversion
scheme based on a weighted factor, to avoid theloshaor symmetric effects of the in-hole
configurations. But, they pointed out the diffigutif defining an objective threshold of asymmety t

use in an automatic way and of removing thesesatifcompletely.

These inversion artifacts could be removed using thodel stacking technique proposed by
Leontarakis and Apostolopoulos (2012), which cdesim stacking different configurations inversion
models to remove the particular artifacts from eeaghfiguration. They proved the efficiency of this
technique from laboratory studies. However, theuagton of various configurations could involve

too much time for monitoring studies.

This work proposes an organized way to select tbet radequate electrode combinations for rapid
CHERT monitoring (acquisition protocol) in order teduce: 1) the amount of data and acquisition
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time, but maintaining the maximum potential benefieach configuration, and 2) the shadow effects
inherent to configurations with highly symmetriaisgivity pattern. The abilities of the most common
CHERT configurations are evaluated and comparethgu2D numerical models, to reduce the

uncertain on the acquisition protocol using eaatfigaration, or a mixed one.

2. DATA ANALYSISPROCEDURE
Following, we present the proposed methodology rtalyee the CHERT configurations ability to
plume migration monitoring. Figure 1 can help tottére understand the meaning of the next

expressions, although it will be explained latdre procedure consists of three steps:

The first step consists in calculating the relatamparent resistivity 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 anomalyedgion capability and it is calculated by the fallng
expression:

Pa — PHM

PHM

(1)

AD = max

where AD: Anomaly Detection value (in absolute |y, resistivity value obtained using a
homogeneous eartlp,,: apparent resistivity value obtained includingesistivity anomaly in the
homogeneous earth. Both resistivity values areutatled using the same electrode combination.

Similar expressions to evaluate the anomaly effantbe found in Militzer et al. (1979).

The second step consists in calculating the reatifference between two apparent resistivity value
calculated for the same electrode combination hatvalue considering an anomaly located inside the
panel between the two involved boreholes and theraine, with the same anomaly located outside
the panel. The difference between the two respoisseslated to the symmetry on the sensitivity
pattern. If no apparent resistivity differencesamsn the two responses are detected, it will ingaly

capacity to resolve the plume migration directibiglily symmetrical sensitivity pattern). Therefore,
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the model interpretation could be uncertain. Is thork, this difference is calculated by the foliog

expression:

2(Paiy = Pagyss)
10S = max din aoff‘ (2)

pain +paoff

where 10S: In-panel/Off-panel Sensitivity value galute value);p,,,: apparent resistivity value

obtained using a resistivity anomaly inside thegbéetween two involved boreholqzi;off: apparent

resistivity value obtained using the same resistianomaly as before but located outside the panel.

The third step consists in selecting the top rditenl-electrode combinations of each configuration
using the first and second steps results. As argende, the proposed criterion is to choose dhby

electrode combinations with the highest AD and I®@Bich will lead to reduce the amount of data and
the symmetric artifacts. However, to make a pragection, acquisition time, desired resolution and

signal-to-noise ratio have to be considered.

3. APPLICATION
In order to evaluate the CHERT configurations apiid plume migration monitoring (steps 1 and 2 of
the data analysis procedure), a 2D numerical exyasi was designed. Following, we describe the

resistivity model and the CHERT configurations used

3.1. Dynamic resistivity model

The dynamic model presented here (Figure 1) wagmed to get knowledge about the AD, and
specially the 10S, of the CHERT configurations dgrdifferent stages of a plume migration process.
It consists of three in-line boreholes, 10 m apaxt 20 m in depth, located in a 100 ohm-m
homogeneous half-space. 21 electrodes (1 m-spaead)placed into each borehole. The plume was
simulated using three square bodies of side letvgtte the electrode distance and centered at three

different positions of constant depth: 1, 3 and §e@m BH2, named stages A, B and C, respectively.
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Two resistivity contrasts (Replumephalf space), emulating a saline (Rc=0.1) and a(Bas10)

plumes, were considered.

Injection

Panel 1 Panel 2

c e [a

44—

BH1

o)
-
N

BH3

Figure 1. Dynamic model and stages used to simuldferent positions of a plume in a migration pees.
Small vertical black squares represent the eleetlocktion into boreholes BH1, BH2 and BH3; blanloa and
grey squares (named A, B and C) simulate the pldineetion and position at stages A, B and C, retpely.
Panel 1 (light grey colored) represents the crads-lmeasurements acquired between BH1 and BH2, and

panel 2 (dark grey colored), the cross-hole measemnts acquired between BH2 and BH3.

The two panels between the three involved borehole§igure 1 have been grey colored to
differentiate between the cross-hole measuremenjsired using BH1-BH2 electrodes (Panel 1) and
the ones acquired using BH2-BH3 electrodes (Pandliie AD (step 1) was evaluated comparing two
panel 1 responses, one with and one without thedioded anomaly (plume), for each model stage.
The I0S (step 2) was evaluated comparing paneldl pamel 2 responses for each model stage.
Comparisons were always carried out using the sapwrode combination. Note that using the two
panels in step 2, two opposite directions for theng migration were considered: inward the panel 1
(if boreholes BH1 and BH2 are used) and outwardpteel 2 (if boreholes BH2 and BH3 are used).
As commented before, configurations with no differes between panel 1 and panel 2 responses at

each stage can lead to obtain resistivity imagesioértain interpretation.
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3.2. CHERT configurations

In this work, we use the term "dipole", insteadlopole”, to designate the CHERT configurations
because of their extensive use in the surface gonafiions notation, but we add the prefix CH (cross
hole). This experiment was focused on the CH didgdele (CH AM-BN and CH AB-MN) and the
CH pole-tripole (CH AMN-B/A-BMN) arrays (Bing andr€enhalgh, 2000; Goes and Meekes, 2004).
Capital letters designate the electrodes (A ané@esent the current electrodes and, M and N, the
potential ones) and their position into the borebdi.e. AM-BN means that the A and M electrodes
are located in one borehole and the B and N, irother one). Geometry and sensitivity pattern$ef t

configurations used are summarized in Figure 2Fagdre 3, respectively.

CH DIPOLE-DIPOLE POLE-TRIPOLE CH DIPOLE-DIPOLE
AM-BN AMN-B/A-BMN AB-MN
Al Al *|B——
| | I
AM B-—
J N A[JI AM Nl" "
M AM —r Mls] - - H - -* Bl
1 l i o|M——
'“l" MN
-'— 4L — —|*|IN MN
nl
o|N
BH1 BH2 BH1  BH2 BH1  BH2

Figure 2. Electrode distribution schemes for the djjpble-dipole arrays (CH AM-BN and CH AB-MN) anldet
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 aidghsition into the boreholes (A and B repredkatcurrent
electrodes and, M and N, the potential ones); AMrtival distance between the current and the piatent

electrodes; MN: vertical distance between the patkalectrodes.
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CH dipole-dipole CH tripole-pole/ pole-tripole CH dipole-dipole
AM-BN AMN-B [ A-BMN AB-MN

off-panel [ In-panel [ off-panel

BH1 BH2

Normalized Sensitivity

-0.10 -0.08 -0.06 -0.04 -0.02 0.02 0.04 0.06 0.08 0.10

Figure 3. Sensitivity patterns for the CH dipoleale (CH AM-BN and CH AB-MN) and the CH pole-trigol
(CH AMN-B). The letters A and B represent the caotrelectrodes and, M and N, the potential onesach

configuration, sensitivity was normalized by itsximaum value.

The configurations responses to the model presemtéjure 1 (stages A to C) were calculated using
the commercial Earthimager 2D software (AGI, Adwthéeosciences, Inc.) with a lateral extended
four-element mesh. The CH dipole-dipole AM-BN resges were calculated moving up and down the
electrodes but maintaining the distance betweerldwrodes A and M always equal to the B and N
electrodes distance, which resulted in a datagéig4d combinations, 2870 per panel (see Figure 1).
The CH dipole-dipole AB-MN responses were calculaising all the possible distances between the
electrodes but using the current electrodes (ABdistance always equal to the potential electsode
(M and N) one, resulting in 5740 combinations (2%&0 panel). The CH pole-tripole (AMN-B/A-
BMN) responses were calculated using all the pésgiistances between the current and potential
dipoles but maintaining the electrodes A and Bhatdame depth and using five MN distances, which
resulted in 3080 combinations (1540 per panel)c#&s be seen, the AM and MN distances used do
not include all the possible four-electrode combores for each configuration, however they are

considered the most representative combinationsgon configuration.

4. RESULTS

Following, we present the results obtained by apglyhe proposed methodology to the CH dipole-
dipole (AM-BN, AB-MN) and the CH pole-tripole arrayusing the dynamic model presented in
Figure 1 and considering two resistivity contraB®s;0.1 andRc=10. The magnitudes of AD and 10S

for each configuration were calculated versus diffie AM and MN distances (Figure 2).
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4.1. Resistivity contrast Rc=0.1

The results of applying the presented methodologittee plume bodies of resistivity 10 ohm-min a

100 ohm-m half-space are presented below.

4.1.1. Anomaly detection value, AD

Figure 4 shows the AD results for each configuratersus different AM and MN distances. The

maximum AD is obtained for the CH dipole-dipole ABN and CH pole-tripole arrays at all the three

stages of the dynamic model.
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Figure 4. 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 apdfChe dynamic model using a resistivity contrBst0.1.

Maximum absolute relative resistivity variation @%is) versus AM (X-axis) and MN (colored lines)tdisces.

Dashed line indicates a 10% of resistivity changgw@dance only.
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The AD presents a quite similar behavior for al three configurations used (Figure 4). As expected
the higher AD is obtained at stage A (Figure 1xduse of the plume is closer to the boreholes. When
the plume moves from stage A to stage C, the ADeadses and larger AM distances are needed to
detect the plume. Once the maximum value is readhedAD decreases and tends to level off. This
decrease is rapidly accentuated when the AM distdmecomes higher than the boreholes distance.

However, each configuration presents a slightlfedént AD pattern (Figure 4):

For the CH AM-BN array, the maximums AD obtaineduation 1) at stages A, B and C are 28%, 8%
and 6%, respectively. In this case, a secondaryplBk is exhibit for AM distances similar to the
boreholes distance (10 m) as the MN distance iseeal his secondary peak becomes higher than the

primary one at the stage B of the dynamic model.

For the CH pole-tripole array (AMN-B/A-BMN), the mianums AD obtained at stages A, B and C
are 82%, 17% and 7%, respectively. Once the maximatnes are reached, this configuration
presents a flat area of maximum AD before statiindecrease. The AD decreases as the MN distance

increases.

The CH AB-MN array exhibits extremely high valudsgher than 100%) for all the three model
stages for AM values similar to the boreholes dista For AM distances lower than six, out of the
interval of extremely high values, maximums AD tges A, B and C are of about 80%, 25% and

20%, respectively. As the MN distance increasesAh decreases.

4.1.2. In-pandl/off-panel sensitivity value, 10S
Figure 5 shows the IOS results for each configomatiersus different AM and MN distances. The
maximum 10S usindrc=0.1 is obtained for the CH dipole-dipole AB-MN atiee CH pole-tripole

arrays at all the stages of the dynamic model.

10



10

11

12

13

14

The IOS and the AD present a similar behavior:Highest values are obtained at stage A, and as the
plume moves from stage A to C, the I0S decreasese @he maximum IOS is reached, it rapidly
decreases. However, the maximum 10S is always mddaiising AM=10-12 for all the studied

configurations and stages of the model.

For the CH AM-BN array, the maximums I0S obtainétha stages A, B and C are 20%, 8% and 6%,

respectively. As the MN values increase, the |IQ$aases.

For the CH pole-tripole array, the maximum IOS oi®d at the stages A, B and C are 70%, 10% and

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

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

distances similar to the boreholes distance. AdMNevalues increase, the IOS decreases.

11



STAGE A STAGEB STAGE C

0.1
0.2 01 MN DISTANCES
H N —@®— MN=0
o 0.075 - N 0075 — MN=1
Euz _-; - ;\': - —®— MN=3
u P VAR —— —— MN=5
o= 0.1 0.05 - Ve 0.05 - ® — MN=7
o < o ..r"' DR
o E Fale a L=
V] 2, /
5 0025 - e e
L ,‘\‘ -8 o 5 o ek f
O LT | Ol e L
w
o] 0.1
w : : MN DISTANCES
oz g = o
gk S 2 —@—— MN=1
Fax > 0.075 . MN=2
ha = — & MN=3
Blg = —— —— MN=4
Lz B 0.05 ® MN=5
I c
o @
»
2 0.025
Q
g
5 0
IS
| ‘ 15 1
o / 0.9 — 0.9 |
4 | ‘ 0.8 — 0.8
3% 0.7 0.7
oo | 06 06—
a 7
o< 05— 05
2 N 04— 0.4
9 i 0.3 0.3
; 02-a
e 01 =5 R N
= e o] e I
12 16 20 ¢ 4 8 12 18 20

AM Distance
Figure 5. In-panel/off-panel sensitivity value (ID&lculated using the CH dipole-dipolaNI-BN and AB-
MN) andthe CH pole-tripole arrays for all the three s, B and C) of the dynamic model and a resistivi

contrast,Rc=0.1. Maximum absolute relative apparent resistidifference (Y-axis) versus AM (X-axis) and

MN (colored lines) distances. Dashed line indicatd9% of resistivity difference as guidance only.

4.2. Resistivity contrast Rc=10
The procedure application results, obtained usilugne bodies of 1000 ohm-m in a 100 ohm m

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

Figure 6 shows the main results obtained for theusgRc=10. The curves obtained usiRg=0.1
andRc=10 (Figure 4 and 6) show that the AD follows aikimbehavior in front of different resistivity

contrasts but with slightly different values. Inngeal, the AD obtained usirige=10 is slightly lower

12
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than the one reached usiRg=0.1. Therefore, the results obtained usiRerl0 will be explained

mainly focused on the differences observed fronptie@ious resistivity contrast.

For the CH AM-BN array, the maximums AD obtainedtges A, B and C are 16%, 9% and 8%,
respectively. In this case, as the MN distancexage, the secondary AD peak becomes higher than

the primary one at all the stages of the dynamideho

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

Rc=0.1 (compare Figure 4 and 6).

The CH AB-MN array exhibits the same extremely higitues as the ones obtained usiog0.1.

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

Figure 4 and 6).
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Figure 6. 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, & @pof the dynamic model using a resistivity castfRc=10.
Maximum absolute relative apparent resistivity &aoin (Y-axis) versus AM (X-axis) and MN (coloreidds)

distances using panel 1. Dashed line indicate/adiresistivity change as guidance only.

4.2.2. In-pandl/off-panel sensitivity value, 10S
Figure 7 shows the main results for the I0S uftogl0. As the AD does, the 10S follows a similar
behavior for different resistivity contrasts. THere, the results obtained usirige=10 will be

explained based on the differences observed fremitivious resistivity contrast results.

For the CH AM-BN array, the maximums IOS obtainédh& stages A, B and C are 27%, 11% and
9%, respectively, which are slightly higher thaa tines reached usiig=0.1 (compare Figure 5 and

Figure 7). As the MN value increases, the maxim@8 Increases.
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For the CH pole-tripole array, the maximum IOS oi#d at the stages A, B and C are 56%, 12% and

7%, respectively. In this case, the values obtausdgRc=10 are only higher than the ones reached

usingRc=0.1 at the stage B of the dynamic model (compé&yeré 5 and Figure 7). As the MN value

increases, the I0S decreases.

The CH AB-MN array presents the highest I0S, butegrely high values at AM distances similar to

the boreholes distance. As the MN value increabedOS decreases.
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Figure 7. In-panel/off-panel sensitivity value (I0&lculated using the CH dipole-dipdldM-BN and AB-

MN) and the CH pole-tripole arrays for all the thresges (A, B and C) of the dynamic model and a tigitis

contrastRc=10. Maximum relative apparent resistivity variatir-axis) versus AM (X-axis) and MN (colored

lines) distances using panel 1 and panel 2 respoleshed line indicates a 10% of resistivity défece as

guidance only.
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4.3 Organized selection of the combinations

Once the configurations with the best capabilifiewve been detected, the selection of the most
suitable combinations can be made in an organized fsom the analysis data results. Taking into
account the similar AD and 10S behavior observadgusach configuration for different resistivity
contrasts (Figures 4 to 7), the organized selecifaihe combinations is carried out in the same way
regardless of the resistivity contrast to be remmIvihe analysis results present the CH dipolelelipo
AB-MN and the CH pole-tripole arrays as the besio#s to migration monitoring using CHERT. In
order to reduce amount of data for rapid migratimanitoring, where the acquisition time is a critica
aspect, the CH dipole-dipole AM-BN array, which sisothe lowest AD and 10S, will not be taken

into account.

Figures 4 to 7 show that the AD and the 10S padteme repeated using different MN distances for
each configuration. Therefore, the amount of datalme reduced by choosing only one MN distance
per configuration. As a general rule, the electrogimbinations 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 thieateegion of the panel (stage C) and to obta t

maximum benefit of the 10S.

Configurations with different (or complementary)nsiivity patterns contribute differently to the
model resolution (Bing and Greenhalgh, 1997). Tloees a mixed organized dataset will be the best
choice. The final organized dataset was made byboong the CH pole-tripole array, taking only the
combinations with MN=1 and AM=1-14 (350 combinasqrer panel), and the CH dipole-dipole AB-
MN one with MN=3 and AM=0+5 (168 data per panelheTreason for this choice, using the CH
dipole-dipole AB-MN array, will be treated in thésdussion section. This mixed organized dataset

resulted in 518 combinations per panel (Figure 1).
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5. DATA INVERSION

We carried out the inversion of the mixed organized dataset using the dynamic model presented in
Figure 1 and two resistivity contrasRg=0.1 andRc=10. In order to establish the maximum potential
model resolution that can be achieved using the top rated configurations, we made the inversion of the
CH pole-tripole dataset with 1540 data per panel and the CH dipole-dipole AB-MN one with 1750
data per panel, either individually or in a mixed one (3290 data per panel). The CH AM-BN inversion
models are also presented for comparison. The inversion models are presented in FRgaeld (

and Figure 9Rc=10). Each inversion model included panel 1 and panel 2 responses.

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

noise using the following expression (Bellmunt and Marcuello, 2011):

AR=R§+X

where R is the error-free model response, ah@nd y are random numberg. follows a normal
distribution with zero mean and standard deviatigrandy a uniform distribution in the intervald;
+£]. These two random numbers, () simulate the relative accuracy)(and the instrumental

resolution £). A values of 0.015 fooand 10* V/A for were considered.

As can be seen in Figure BcE0.1), the CH dipole-dipole (AM-BN and AB-MN) and the CH pole-
tripole inversion models are not able to fully resolve the dynamic experiment presented here. Although
the plume body is located inside the panel 1, the CH AM-BN and the CH pole-tripole inversion
models show an artifact on panel 2 in a “symmetric” location (Nimmer et al., 2008; Tsourlos et al.,
2011). The CH AB-MN inversion models present much more artifacts than the previous ones, but they
are mainly distributed along boreholes. The inversion models obtained joining them in a mixed dataset

reach the maximum resolution and are able to recover all the stages of the dynamic model. The
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inversion models obtained using the organized datase able to track the plume as well as the

complete mixed one.

The inversion models obtained using a resistiviiytast Re=10, show less artifacts than the obtained
usingRc=0.1, but the plume resistivity value is worst nem@d (Figure 9). In this case, individual and
mixed inversions using the CH pole-tripole and @id dipole-dipole AB-MN datasets are able to
resolve the dynamic model, but the maximum resmiuis achieved using the mixed one. The
organized dataset is able to resolve all the stafi¢lse dynamic model, but the anomaly resistivity

value at the stage C is worst recovered than ubmgomplete mixed one.
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Figure 8. Inversion models obtained using (from timfpottom): the CH dipole-dipole AM-BN (5740 dat#)e
CH pole-tripole (3080 data), the CH dipole-dipol8-MN (3500 data), the complete mixed (CH pole-thgpo
and CH dipole-dipole AB-MN with 6580 data) and tirganized (1036 data) datasets at the three sfAg&s
and C) of the dynamic model. Resistivity conti@st0.1. Root mean square (rms) =1.2%. Small verbtadk
squares represent the electrode location into lotes{BH1, BH2 and BH3). Each inversion includedegdal

and panel 2 responses.
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Figure 9. Inversion models obtained using (from timfpottom): the CH dipole-dipole AM-BN (5740 dat#)e

CH pole-tripole (3080 data), the CH dipole-dipol&-MN (3500 data), the complete mixed (CH pole-thgpo
and CH dipole-dipole AB-MN with 6580 data) and tirganized (1036 data) datasets at the three sfaAg&s
and C) of the dynamic model using a resistivity tcast Rc=10. Root mean square (rms)=1.2%. Small vertical
black squares represent the electrode locationbateholes (BH1 and BH2). Each inversion includedegh 1

and panel 2 responses.
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6. DISCUSSION
In this section we will discuss firstly the behavabserved for the AD using the CH dipole-dipole

arrays and secondly the symmetric artifacts tHattd the inversion models usiRg=0.1.

The AD graphs in Figures 4 and 7 show that the GHBN array exhibits a secondary AD peak and
the CH AB-MN array shows extremely high AD for #ike three model stages. These maximums are
related to an electric potential drop for those Akt MN distances. Usually, the geometric factor is
used as a representative of the inverse of therielpotential for a homogeneous half-space (uaiig
ohm-m resistivity and an intensity of 1 A). Highogeetric factor values represent low potential

readings, and inversely.

The Figure 10 shows the general behavior of thengéac factor for the CH dipole-dipole arrays. As
can be seen in Figure 10A, as the MN distance &se® the geometric factor value for the
CH AM-BN array becomes more upright at lower AMtdizes, and finally there is a sign change.
The Figure 10B shows that the CH AB-MN geometrittda values rise highly when the AM distance
increases. But in this case, the lower the MN dists, the higher the geometric factor values (er th
lower the potential difference). In both cases,rdq@d geometric factor increase means that treeee i
sharply drop in the electric potential at those AMI MN distances. In such a situation, measurements
become highly sensitive, i.e. low resistivity véioas, due to errors in the model responses cdionla

or in the measured data, can be in high resistilitgnges. This explains why as the MN distance
increases, the secondary AD peak becomes hightheirCH AM-BN array, and the existence of

extremely high AD and 10S values in the CH AB-MNag.

Therefore, in order to maintain a trade-off betwé#®n AD and the electric potential level using the
CH AB-MN array in the final organized dataset, e AB-MN measurements with MN=1-2 and
AM>15 were avoided. Note that the AM distance canplositive or negative using the CH AB-MN

array (Figure 2).
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Wilkinson et al. (2008) observed that the higheriateons in apparent resistivity due to inaccurate
electrode location (geometric factor errors) welbbgamed in such potential drop situations, and they
developed the concept of geometric sensitivity émave this unstable data. From the apparent
resistivity expressiofo, = kR) we extend this unstable behavior, or error angalifon, in potential
drop situations to measured data. Therefore, teepteundesired errors due to inaccurate electrode
location k) and dataR) errors, the AM and MN distances where the geamédctor increases, or

decreases, in a sharply way would be avoided.
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Figure 10. Geometric factor behavior obtained usihng CH dipole-dipole arrays: A) CH AM-BN and

B) CH AB-MN, with different AM and MN distances.

The CH AM-BN and CH pole-tripole inversion model®ow “symmetric” artifacts, usingc=0.1, at

the stages B and C of the dynamic model (Figure'Bg symmetric artifacts are related to the high
symmetry on the sensitivity pattern (Tsourlos ef 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, aigher angular coverage needed to resolve the true
anomaly location. Increasing amount of data by rgldixtra angular measurements (combinations
with different AM or MN distances in each borehatedkes the artifact slightly lower, but they do not

remove it at all, either using individual or mixddtasets.
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The inversion results highlight the benefit of gsithe CH AB-MN to resolve the dynamic model
presented here. Loke et al. (2014a) observed Heatrdsolution of their optimized configurations
decreased if the configurations with both curremti{oth potential) electrodes in the same borehole
were excluded. As can be seen in this work, andoke et al. (2014b), the singularity acquisition

problems using this configuration can be removed.

7. CONCLUSIONS

The analysis of the AD and IOS allows finding ad&aff between the required resolution and the
available acquisition time (amount of data) for lHtBme monitoring. Understanding how each
configuration works becomes a key aspect to beessfal in monitoring short and quick dynamic
processes, where the amount of data needs to a#ygreduced to adequate to the experiment length.
The AD and I0S analysis has been applied to a Bpeginamic model (using specific body lengths,
resistivity contrasts and aspect ratio) and coméigions, but it can be applied to different resisi

models and electrode combinations in a straightiodwvay.

The results highlight the benefit of joining varsoconfigurations because of their different sevisgti
patterns: a lower angular coverage and a lower amolidata are needed to resolve a migration
experiment. Considering most of the CHERT confitjores have a quite similar sensitivity pattern,
the CH AB-MN becomes necessary to resolve the dimamdel presented here and to remove the
symmetric artifacts. As can be seen in this wdrlk, dingularity acquisition problems can be avoided

to use this configuration in monitoring.

The similar 10S patterns observed for all the threefigurations highlight the need for using AM

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

The addition of more than one MN distance in theesdataset helps to improve resolution. However,
before increasing amount of data by adding varidd distances, consider joining configurations
with complementary sensitivity patterns. This pdmsd better spatial resolution without greatly
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increasing the amount of data. In this work, a mhigeganized dataset, which can be acquired in less
than 10 minutes (1036 data) in a ten-simultanebasiels resistivity-meter, has been able to resolve
the dynamic model presented here without the poesehsymmetric artifacts. This allows acquiring

multi-panel or 3D data in a time-effective way.
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FIGURE CAPTIONS

Figure 1. Dynamic model and stages used to simuldferent positions of a plume in a migration pees.
Small vertical black squares represent the eleettocktion into boreholes BH1, BH2 and BH3; blaolow and
grey squares (named A, B and C) simulate the pldineetion and position at stages A, B and C, retpely.
Panel 1 (light grey colored) represents the crade-measurements acquired between BH1 and BH2panel

2 (dark grey colored), the cross-hole measurensagsired between BH2 and BH3.

Figure 2. Electrode distribution schemes for the djpble-dipole arrays (CH AM-BN and CH AB-MN) anldet
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 repregkatcurrent
electrodes and, M and N, the potential ones); AMitigal distance between the current and the patent

electrodes; MN: vertical distance between the patkalectrodes.

Figure 3. Sensitivity patterns for the CH dipolpale (CH AM-BN and CH AB-MN) and the CH pole-trigol
(CH AMN-B). The letters A and B represent the caotrelectrodes and, M and N, the potential onesach

configuration, sensitivity was normalized by itsximaum value.

Figure 4. Anomaly detection value (AD) calculated the CH dipole-dipole (AM-BN and AB-MN) and theHC
pole-tripole arrays at the three stages (A, B ah@fChe dynamic model using a resistivity contrRst=0.1.
Maximum absolute relative resistivity variation @xis) versus AM (X-axis) and MN (colored lines)tdisces.

Dashed line indicates a 10% of resistivity changigw@dance only.
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Figure 5. In-panel/off-panel sensitivity value (IO&lculated using the CH dipole-dipole (AM-BN aAf-
MN) and the CH pole-tripole arrays for all the thitages (A, B and C) of the dynamic model andsistreity
contrast, Rc=0.1. Maximum absolute relative apparesistivity difference (Y-axis) versus AM (X-axisnd

MN (colored lines) distances. Dashed line indicatd9% of resistivity difference as guidance only.

Figure 6. Anomaly detection value (AD) calculated the CH dipole-dipole (AM-BN and AB-MN) and theHC
pole-tripole arrays at the three stages (A, B aha@fGhe dynamic model using a resistivity contrd®t=10.
Maximum absolute relative apparent resistivity atoin (Y-axis) versus AM (X-axis) and MN (coloreidds)

distances using panel 1. Dashed line indicate9/adfresistivity change as guidance only.

Figure 7. In-panel/off-panel sensitivity value (IO&lculated using the CH dipole-dipole (AM-BN aA#-
MN) and the CH pole-tripole arrays for all the thitages (A, B and C) of the dynamic model andsitreity
contrast, Rc=10. Maximum relative apparent restgtivariation (Y-axis) versus AM (X-axis) and MNdlored
lines) distances using panel 1 and panel 2 respoleshed line indicates a 10% of resistivity défece as

guidance only.

Figure 8. Inversion models obtained using (from tmfpottom): the CH dipole-dipole AM-BN (5740 dat#)e
CH pole-tripole (3080 data), the CH dipole-dipol8-MN (3500 data), the complete mixed (CH pole-thgpo
and CH dipole-dipole AB-MN with 6580 data) and tirganized (1036 data) datasets at the three sfaAg&s
and C) of the dynamic model. Resistivity contrast®1. Root mean square (rms) =1.2%. Small verbzdk
squares represent the electrode location into lbtese{BH1, BH2 and BH3). Each inversion includethgdal

and panel 2 responses.

Figure 9. Inversion models obtained using (from tmfrottom): the CH dipole-dipole AM-BN (5740 dat#)e
CH pole-tripole (3080 data), the CH dipole-dipol8-MN (3500 data), the complete mixed (CH pole-thgpo
and CH dipole-dipole AB-MN with 6580 data) and tirganized (1036 data) datasets at the three sfAg&s
and C) of the dynamic model using a resistivitytcast Rc=10. Root mean square (rms)=1.2%. Smaficedr
black squares represent the electrode locationbiateholes (BH1 and BH2). Each inversion includedgb 1

and panel 2 responses.
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1 Figure 10. Geometric factor behavior obtained usiveg CH dipole-dipole arrays: A) CH AM-BN and B) CH

2 AB-MN, with different AM and MN distances.
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