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Abstract

In this research, we investigated the applicability of methods that estimate the 3D resistivity structure using 2D resistivity
survey data to numerical and field experiments. When the resistivity structure is in 3D and does not match the assumption
of 2D inversion, the resistivity distribution derived from 2D inversion can result in artifacts. However, 2D inversion using
2D resistivity survey data can estimate the depth of the target body with orthogonal survey lines after estimating the length
of the target body with parallel survey lines. Moreover, 2D difference inversions from multiple 2D resistivity survey data
could estimate the vertical and horizontal water flow and help in 3D modeling of nonuniform sequential recharging. When
3D inversion of 2D resistivity survey data is conducted, parallel lines are useful to highlight areas of particular interest where
further detailed work with an intersecting line should be carried out. The 3D inversion of 2D resistivity survey data is more
suitable than 2D inversion to describe the 3D phenomena associated with groundwater recharge. This method can be applied
to monitor relatively fast infiltration in the vadose zone. Moreover, 3D simulations of the groundwater flow and 2D
resistivity survey can estimate high hydraulic conductivity locations. Although these methods use 2D resistivity survey data,
3D information of the subsurface can be estimated considering proper line arrangement, estimation order, or a combination

of simulations.
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1. Introduction

1.1 Motivation for this thesis

Whenever a large earthquake occurs, soil structure is damaged.
The damage results in the formation of a high hydraulic
conductivity zone in the soil. The high hydraulic conductivity zone
of soil often leads to problems such as leakage of water from a
reservoir or a paddy field, and slope failures after heavy rain.
Although it is important to properly evaluate the infiltration,
identifying of such high hydraulic conductivity locations is difficult.
Tensiometers and time-domain reflectometry (TDR) moisture
meters are often used to assess infiltration (Faybishenko, 2000;
Huisman et al., 2002). Although these techniques are effective for
measuring the amount of soil water, the measurements refer to
discrete points and the soil structure is disturbed. By contrast,
geophysical methods such as electrical resistivity survey can

provide spatial geological information non-invasively. The
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resistivity survey is an effective tool with which to ascertain
water flow in the vadose zone, because electrical resistivity
is strongly affected by the level of water saturation in the soil.
Several methods have been applied to determine the water
flow in soil by monitoring the resistivity change that is
associated with variation in water saturation or water salinity
(Daily et al., 1992; Binley et al., 1996; Park, 1998; Binley et
al., 2002; Oldenborger et al., 2007; Amidu and Dunbar,
2007; Koestel et al., 2008; Nimmo et al., 2009; Batlle-
Aguilar, 2009; Suzuki et al., 2010; Coscia et al., 2011;
Takakura et al., 2013; Suzuki et al., 2015).

The soil water flow at a field scale is three-dimensional
(3D) because of the heterogeneous hydraulic conductivity of
the soil.

a 3D distribution of resistivity is required. To monitor soil

For a detailed understanding of the soil water flow,

water infiltration, 3D resistivity survey is conducted
(Oldenborger et al., 2007; Koestel et al., 2008; Coscia et al.,
2011). For rapid water flow, the measurement time and the
number of data should be small. To reduce the measurement
time and produce a 3D distribution of resistivity, a 3D
inversion method using two-dimensional (2D) resistivity
survey data is applied (Jackson et al., 2001; Sugimoto et al.,
2004; Gharibi and Bentley, 2005; Inoue et al., 2016). Since
the 2D resistivity survey is more frequently used than the 3D
resistivity survey, an estimation of 3D resistivity structure
using 2D resistivity survey data can reduce the cost and
improve the results on the field.

1.2 Research aim and objectives

This research investigates methods that estimate the 3D
resistivity structure using 2D resistivity survey data. First, we
propose a method to estimate resistivity structure using 2D
inversion of 2D resistivity survey data. The 2D inversion
require less time than the 3D inversion and 2D inversion is
efficient to promptly estimate damage zones. When the
resistivity structure is in 3D and does not match the
assumption of the 2D inversion, the resistivity distribution
derived from 2D inversion often provides artifacts. However,
by considering the characteristics of resistivity distribution of
2D inversion with different line arrangements, 2D inversion
of 2D resistivity survey data may interpret the results that
include artifacts. Moreover, when the location of infiltration
is unknown in the leaked paddy field, a 3D resistivity
structure is useful to estimate the location. When the survey
line is properly arranged, the semi 3D structure of resistivity
can be estimated, because the 2D resistivity survey data
include 3D information of the resistivity structure. Next, we
propose a method to use 3D inversion of 2D resistivity data.

A 3D inversion provides more precise information than 2D

inversion, although 3D inversion requires more time than 2D
inversion. When a 3D inversion of the 2D resistivity survey
data is conducted, the arrangement of the survey line for 2D
resistivity survey is also important. This effective
arrangement has to be investigated. Moreover, when the
water content varies with time, the distribution derived from
3D inversion of the 2D resistivity survey data includes data
at different measurement times. The interpretation of the
results based on the characteristics of inversion results is
needed. Finally, we propose a method that uses 3D
simulation data of soil water flow and 2D resistivity survey
data to estimate locations of infiltration. Since the water flow
in soil is governed by infiltration phenomena, considering
the water flow simulation may improve the results, because
the constraint from water flow is added to the resistivity
structure. Therefore, the main objectives of this research are
as follows:

1. To propose a method using 2D inversion of 2D resistivity
survey data for efficiently detecting of crack ranges.

2. To examine a semi 3D resistivity monitoring method using
the 2D resistivity survey data of four traverse survey lines
in a groundwater recharge experiment.

3. To propose effective electrode configurations and line
layouts commonly used in 2D resistivity surveys to 3D
inversion.

4. To examine a 3D resistivity monitoring for an artificial
groundwater recharge experiment using 3D inversion of
2D resistivity data.

5. To propose a method that uses the 3D simulation data of
soil water flow and 2D resistivity survey data during a
groundwater recharge experiment to estimate high
hydraulic conductivity locations.

1.3 Structure of the thesis

This thesis is comprised of seven chapters.

In Chapter 2, we propose a method which uses two survey
lines of orthogonal and parallel to the crack to efficiently
detect the range of cracks. In the numerical experiment, the
pattern of resistivity changes with different crack length or
depth using orthogonal and parallel survey lines to the crack
is investigated. By using numerical experiment results, the
crack range is estimated for a field experiment (Inoue et al.,
2014).

Chapter 3 examines a semi 3D resistivity monitoring
method using 2D resistivity survey data of four traverse
survey lines at a groundwater recharge experiment site. The
resistivity change ratio distributions are derived using 2D
difference inversion to make 3D soil water flows easily
visible (Inoue et al., 2008).
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In Chapter effective  electrode

configurations and line arrangement of 2D resistivity surveys

4, we propose
for 3D inversion. We also conduct field experiments in a
loam area including a backfilled pit. Finally, we apply these
electrode configurations and line arrangements to the
investigation of geological structure near the Nojima Fault in
Awaji Island (Inoue et al., 2017b).

Chapter 5 examines the applicability of 2D resistivity
survey data for 3D inversion to monitoring water flow in the
vadose zone. Distributions of the resistivity change ratio are
verified by the volumetric water content observed in
boreholes in the test site. Furthermore, other 3D resistivity
change ratio distributions are recovered from a 1-hr. time-
shifted dataset to investigate the time dependency of
measurements (Inoue et al., 2017a).

In Chapter 6, we propose a method that uses 3D
simulation data of soil water flow and 2D resistivity survey
data during a groundwater recharge experiment to estimate
high hydraulic conductivity locations. First, we show the
difficulty in estimating the infiltration path from the
inversion of the 2D resistivity survey data. Next, proposed
method is described in detail. Finally, to evaluate this method,
numerical and field experiments are conducted (Inoue et al.,
2017c¢).

Finally, summary and conclusions of this study and
comments on future works are given in Chapter 7.

2. Simplified methods for detecting ground damage using
2D resistivity surveys

This research investigates methods that estimate damaged
zones using 2D resistivity survey data. In this and the next
chapters, we propose methods to estimate the resistivity
structure using 2D inversion of 2D resistivity survey data.
Because less time is required for 2D inversion of the survey
data than that for 3D inversion, 2D inversion is efficient to
promptly estimate the damaged zones.

When the resistivity structure is in 3D and does not match
the assumption of 2D inversion, the resistivity distribution
derived from 2D inversion can provide artifacts. However,
when we consider the characteristics of the resistivity change
derived from 2D inversion with different line arrangements,
2D inversion of 2D resistivity survey data can interpret the
results that includes the artifacts.

This chapter describes a method using 2D inversion of 2D
resistivity survey data to efficiently detect the range of cracks
that could result from a large earthquake. In this method, we
use two survey lines, one orthogonal and one parallel to the
crack, before and after injecting of lime water into the crack.

In the numerical experiment, characteristics of resistivity

distributions with different crack length or depth are
investigated using survey lines orthogonal and parallel to the
crack. By using these results, the crack range is estimated
during field experiments.

2.1 Introduction

A large earthquake can damage an agricultural reservoir
by causing cracks in the embankments (Morii and Teradate,
2006; Hori et al., 2012; Masukawa et al., 2012). Cracks often
can extend to the bottom of the embankment (Mohri et al.,
2008). This type of damage can cause many secondary risks
in rural areas such as flooding after the earthquake event. To
reduce these risks, a prompt estimate of the damage to a
reservoir is needed after the earthquake. In general, when a
soil structure is damaged by a crack, lime water or methylene
blue solution is injected into the crack and the damaged zone
is observed by excavating the embankment (Hori etal., 2012;
Masukawa et al., 2012). Although this method reliably
estimates the crack range, the estimate is only carried out
after the excavation. The reconstruction planning, therefore,
cannot occur before the excavation. It is also difficult to
excavate the embankment when the reservoir is filled with
water. In this case, a geophysical method that non-invasively
images the geological conditions from the surface may be
used to estimate the crack range. An electrical resistivity
survey, which is one of the geophysical methods, can
repeatedly measure resistivity and calculate resistivity
change. Injecting of a lime water into the crack increases the
water content in infiltrated zones and decreases the porosity,
because the crack is filled with the lime water, and decreases
a resistivity in the pore waters. Because these factors
decrease the resistivity of the water in and around the crack,
the infiltrated range of lime water can be estimated.

A crack induced by an earthquake usually exhibits a planar
shape that extends in a direction parallel to a dam’s axis (Hori
et al., 2012). A 2D resistivity survey line orthogonal to the
planar-shaped crack almost matches with the assumption of
2D resistivity survey. However, the length of the crack is
limited and the crack is a 3D structure. Therefore, a 3D
resistivity survey would appear to be the best way to assess
damages. On the other hand, a 3D resistivity survey increases
the amount of measuring equipment and the time required to
take the measurement, and it is difficult to promptly conduct.
Although a 2D resistivity survey is easier to conduct than the
3D resistivity survey, artifacts can appear at incorrect places
in the inverted cross section when the target is a 3D structure
(Sasaki, 1993; Batlle-Aguilar et al., 2009). This means that a
2D resistivity survey can include the information around the
survey line and can represent the 3D geological structure
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(Inoue et al., 2008), because the electrical current flows
three-dimensionally and the derived resistivity is affected by
the anomaly, which is at a distance from the survey line. The
2D resistivity surveys have been conducted to estimate the
extent of soil cracks (Samouelian et al., 2003) and to estimate
the extent of slope weakness (Suryo et al., 2011). Nakazato
et al. (2012) estimated damaged zones using a 2D resistivity
survey by injecting sanitary water into the cracks on earth
dams produced by a large earthquake. However, there are
few investigations that study the influence of artifacts from
2D resistivity surveys on estimating the extent of cracks. If
the influence of artifacts can be estimated, then the 2D
resistivity survey also can produce information to estimate
the 3D geological structure.

The purpose of this chapter is to propose a method to
estimate the range of the crack with the injecting of lime
water and conducting 2D resistivity surveys. We use two
survey lines, one orthogonal and one parallel to a crack. We
investigate the pattern of resistivity change indicated by
different crack lengths or depths using survey lines that are
both orthogonal and parallel to the crack. By using the
numerical experiment results, the crack range is estimated in

a field experiment.

2.2 Methods
2.2.1 Flow of the proposed method

Figure 1 illustrates the conceptual model and shows the
crack and the survey lines. In this thesis, the horizontal

1. 2D resistivity survey with parallel and
orthogonal lines
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distance of the crack is called “length,” the vertical distance
of the crack is called “depth,” and the width of the crack is
called “width.” Although a survey line is usually placed in a
direction that is orthogonal to the crack, a 2D resistivity
survey often cannot precisely estimate the depth (Batlle-
Aguilar et al., 2009). The estimation error depends on the
crack length. Also, the estimation error along the direction of
the crack length using the survey line parallel to a crack may
be small. Therefore, it is more efficient to estimate a crack
depth after its length is estimated. Figure 2 illustrates a flow
of the proposed method. First, two survey lines are placed
parallel and orthogonal to the crack, as drawn in Fig.1, and
initial electrical responses are measured. After the injection
of lime water into the crack, the electrical response is
measured using the two survey lines. The change in
resistivity is calculated from the measurement data of each

survey line. The length of the crack is estimated from the

*
*

*
*. width
Parallel survey line ’0‘ i

EEEEEEEEEEEEER
Orthogonal survey line

length

Fig.1 Conceptual model of the crack and the survey lines.

4. Inversion of resistivity distribution from parallel and
orthogonal lines
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2. Injection of lime water into the 5. Calculation of normalized apparent
resistivity data
crack L
| v
-
3. 2D resistivity survey with parallel and 6. Inversion of resistivity from parallel and
orthogonal lines i orthogonal lines
.
A
[ 7. Resistivity change ratio ]
v
[ 8. Estimation of crack length from parallel survey line J
[ 9. Estimation of crack depth from orthogonal survey line ]

Fig.2 Flow of the proposed method illustrating the steps.
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change in resistivity along the parallel survey line and the
depth of the crack is estimated from the change in resistivity
along the orthogonal survey line. The reason we use a change
in resistivity is described in subsection 2.2.2 and the effects
of measuring a change in resistivity are described in Section
2.4.

2.2.2 Theoretical background of resistivity survey

Measurements of soil resistivity can indicate the condition
of'the soil. Archie (1942) developed an empirical formula for
the effective resistivity of a formation that takes into account
porosity, ¢, pore water saturation, Sy, and water resistivity,
Pw!

p=adp S "p, 1)
where p; is the bulk resistivity of the formation, and a, m and
n are constants. In the injection of lime water, the water
saturation, porosity and water resistivity are expected to
change. These factors decrease the resistivity.

Electrical potentials can be calculated from a resistivity
model using a finite element method (FEM). We assume a
3D resistivity model p (x, y, z) in a Cartesian system of
coordinates (x, y, z) with the origin at the air-earth interface
and z is positive downwards. The current source / is located
at (xo, 0, zo). The governing equation for the electrical
potential V (x, y, z) is

e vrer)

=—I15(x—x0) 8 (y—y,) 8 (z—2z) Q)
where § is the Dirac’s delta function. When model responses
(apparent resistivity) are calculated from Equation (2), model
parameters (resistivity) are updated to match the modelled
responses to observed data (apparent resistivity). Let F be the
forward mapping operator defined by Equation (3), the
observed data vector d is then given by

d=F(p) (€)
where p is the model parameter vector. The direct current
resistivity inverse problem can be written in matrix form as

Ad=ANp (€))
where Ad is the vector of differences between the observed
data and modelled responses, A4 is the Jacobian matrix and
Ap is the correction vector to be added to the initial model
parameters of p,. Because the inverse problem is generally
ill-posed, some constraints may be imposed on Ap. Then the
objective function to be minimized is expressed as

U= ||Ad — AAp|? + o?l|CApIP? @)
where o is the degree of constrain and C is the matrix
providing the constraint. Minimizing U in Equation (5)
produces a system of linear equations in the normal equation
form:

[A™A + a2 C"C|Ap = A"Ad (6)
The vector Ap is added to the initial vector p, to obtain the
updated parameters. In this chapter, C is the Laplacian filter
(Lytle and Dines, 1980) and o is chosen such that

AIC=-2InU+2I @)
is minimized (Sugimoto, 1987), where AIC is the Akaike’s
Information Criterion (Akaike, 1974), and / is the number of
independently adjusted parameters.

To estimate a resistivity change, we generally obtain two
resistivity  distributions from apparent resistivity data
observed before and after the change, and then calculate the
resistivity change ratio (RCR) between the two distributions.
However, this approach may not give an accurate resistivity
change due to the different noise levels at each measurement
and the different convergence levels at each inversion. To
reduce these influences, LaBrecque and Yang (2001)
presented the difference inversion and Daily et al. (2004)
described ratio inversion. Sasaki et al. (1985) proposed a
method to obtain a resistivity change by directly inverting a
change ratio of apparent resistivity data using a linearized
model, which describes the relationship between changes in
earth resistivity and apparent resistivity. Sugimoto (1995)
improved this method by considering the non-linearity of the
resistivity change. Sugimoto (1995) used normalized
apparent resistivity data d;°to evaluate RCR:

obs

nor dai cal .
da,i :d‘ db,[ (121,"‘,N) (8)

obs
b, i

where d% and d " are the apparent resistivity values

observed before and after the change, respectively, dbc_a,-l is
the apparent resistivity calculated for the initial model p,

and N is the number of observation data. Let G be the
inversion operator represented by Equation (5), the initial
model parameter p, is then derived from the apparent

resistivity data observed before the change di™™ by
P,=G(ds™) ©

Then the RCR after the change is expressed as

nor

p L] _pb, ; .
ra,,:%xloo (%) (=1,++,M) (10)
, J
with
P =G (d) (11)

where 7, ; is the RCR, M is the number of unknown

parameters, py  is the parameter before the change, and pa“j.r

is the parameter derived from normalised apparent resistivity
data d,". The resistivity inversion may be highly stabilised by
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restricting the updating direction of the model parameters. In
this process, we hypothesize that the resistivity after the
injection of lime water will be lower than the initial resistivity,
because the resistivity is expected to decrease as lime water
infiltrates the crack. As the crack becomes saturated, the
porosity decreases as the lime water fills the crack, and pore-
water resistivity increases with low-resistivity lime water
infiltration.

2.2.3 Two-dimensional resistivity survey

A resistivity survey induces electrical current between two
electrodes and measures electrical potential between two
other electrodes. Because the electrical potential is
influenced by the resistivity structure of the ground, the
resistivity of the geological structure is derived by changing
the pair of the current and potential electrodes. Figure 3 (a)
illustrates the 3D resistivity survey (Sasaki, 1994), where
electrodes are arranged on the surface and the current and
potential electrodes are positioned along not only one line,
but also different lines. Although the 3D resistivity survey
can obtain a large amount of 3D data, it is costly to place the
survey lines, and obtaining data is time consuming. On the
other hand, the 2D resistivity survey, as shown in Fig.3 (b),
can reduce the time or cost, because the electrodes are placed
only along the line and a 2D inversion is conducted on the
assumption that the resistivity is constant in a direction
orthogonal to the analyzed cross section. However, when the
resistivity structure of the target is not in 2D, artifacts
(resistivity anomalies) often appear in the cross section
(Sasaki, 1993). In these cases, a 3D inversion of 2D
resistivity survey data is conducted (Nakazato et al., 2009).
However, it is time consuming to create a 3D inversion
model and to calculate the electrical potential. The estimate
from the 2D inversion can produce a result faster than the 3D
inversion.

When the electrical potential is calculated from FEM, a
2D inversion (Coggon, 1971) reduces the calculation time.
However, a 2D inversion often produces artifacts of
resistivity, even if the structure of the crack is almost two
dimensional and the survey line is orthogonal to the crack.
The reason for this is because the crack length is limited and
it does not meet the assumption of 2D inversion. On the other
hand, the estimated crack depth depends on the degree of 2D
of the crack and the degree corresponds to the crack length.
Therefore, it is efficient to estimate the crack depth after
estimating the crack length. The proposed method aims to
simply estimate the range of the crack using 2D resistivity
inversion. In this method, two survey lines, one parallel and
one orthogonal to the crack as shown in Fig.1, are used and
the range of the crack is estimated from each 2D resistivity

survey.

2.3 Numerical experiment
2.3.1 Method

We conducted a numerical experiment to investigate the
applicability of this method to models with different depths
and lengths. Figure 4 illustrates a FEM mesh and resistivity
model. Tetrahedron elements are FEM meshes, and
hexahedron grids are inversion resistivity. The smallest size
of a tetrahedron element is a quarter of the size of the smallest
interval of electrodes. The FEM mesh is divided more
roughly according to the distance from an electrode using the
Delaunay triangulation (Sugimoto and Hishiya, 1993). The
number of elements and nodes are 730,947 and 119,283,
respectively. The grid size of the hexahedron is the smallest
interval of electrodes within the survey lines and the number
of'the grid is 21 x 28 x 15 = 8,820. The ground model before
the injection of limewater is a half-space resistivity
distribution of 100 Qm, and the ground models after the
injection are 16 resistivity models that have a 10 Qm
conductive body in the homogeneous resistivity. The
conductive bodies in each model have a plate with a width of

Potential electrodes

S
SN

(b) 2D resistivity survey.

Current electrodes

(a) 3D resistivity survey.

Fig.3 Comparison between 3D and 2D resistivity surveys.

e

Orthogonal line

Homogeneous half-space model
(100 Qm)

Injected lime water model
(10 Qm)

Fig.4 FEM mesh incorporating the resistivity model in the numerical

experiment (after injection of lime water).
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Table 1 Configuration of each resistivity profiles in the numerical
experiment.

Number of electrodes 43
Interval of electrodes 2m
Length of survey line 84 m
Number of measurements 495
Array modified pole-pole array

1 meter (m). They have four depths of 3, 6, 12 and 24 m, and
four lengths of 4, 8, 12 and 24 m. The conductive body
extending down under the parallel survey line in Fig.4 is the
model of injecting lime water. Since the width which a
resistivity survey can detect depends on the smallest interval
of'the electrodes, a thin anomaly is difficult to detect because
the interval of the electrodes is limited. However, because
the lime water infiltrates around the crack, the width of the
conductive body is set to be half of the smallest interval of
the electrodes.

Synthetic observation data for the numerical experiment
was obtained using a 3D FEM with survey lines that were
both parallel and orthogonal to the crack. A Dirichlet
boundary condition was applied to the current electrodes,

V= (12)
a Neumann boundary condition was applied to the surface,
where the flux of electrical current is zero,
oV
5 0 (13)
and a mixed boundary condition was applied to the other
boundary (Dey and Morrison, 1979), where the electrical
current is a portion of V,

oV cosy
—F V=0 (14)
on r

where r is distance from the electrical current’s point source

to the boundary point, and y is the angle between the
distance 7 and the outward normal vector 7.

Table 1 shows the synthetic observation data in the
numerical experiment. The parallel survey line was placed at
a distance of 2 m from the crack, which was the smallest
interval of electrodes. The synthetic observation data was
calculated using a 3D FEM and inversion program
entitled ”E-Tomo 3D” (Sugimoto and Inoue, 1998). The
electrode arrangement was a modified pole-pole array in
which remote electrodes were placed at the end of each
survey line.

The change in resistivity were obtained from a resistivity

distribution derived from a 2D inversion of the synthetic data.

The number of measurements and the number of unknown
parameters are 495 and 1,456, respectively. A 2D inversion
program entitled ”E-Tomo ver. 4.1” (Sugimoto et al., 1995)
was used for the 2D inversion.

2.3.2 Results

Figure 5 illustrates resistivity changes from the survey
line that is parallel to the crack. The decreased resistivity
zone spreads in the direction of the crack length. The
horizontal range of a resistivity change of more than —5%
corresponds to the crack length. Figure 6 plots the estimated

Resistivity change (%)
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(a) Crack depth of 12 m and crack length of 8 m.
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(b) Crack depth of 12 m and crack length of 24 m.

Fig.5 Cross sections of resistivity change (parallel to the crack).
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Fig.6 Estimated and actual length of crack along survey line that

is parallel to the crack.
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and actual length of the crack by the survey line that is
parallel to the crack. The estimated length corresponds to the
actual length, although some estimated length is longer than
the actual one. These results indicate that the parallel survey
line can detect the infiltrated range along the direction of the
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Fig.7 Cross sections of resistivity change
(orthogonal to the crack).
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is orthogonal to the crack.
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crack length. However, the resistivity change does not reach
the bottom of the crack in Fig.5. It is difficult to estimate the
depth of the crack from the survey line that is parallel to the
crack.

Figure 7 illustrates resistivity changes from the survey
line that is orthogonal to the crack. The resistivity decreases
around the crack and the decreased zone is deeper as the
crack deepens. Figure 8 plots the estimated and actual depth
of the crack by the survey line that is orthogonal to the crack.
The estimated depth is less than the actual depth as the crack
depth becomes longer with the crack length. However, when
the crack depth is less than half of the crack length, the
estimated depths correspond to the actual depths. This
relation indicates that an orthogonal survey line can estimate
the infiltrated range on the vertical direction when the crack
length is sufficiently longer than the crack depth. This
relation also indicates that when the resistivity structure
becomes more two dimensional, it matches with the
assumption of 2D inversion.

In Fig.8, the estimated depth of the model with 24 m
length and 3 m depth is the same as the model with 24 m
length and 6 m depth. This means that the accuracy is low
for the model with 24 m length and 3 m depth. Figure 9
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Fig.9 Cross sections of resistivity change (orthogonal to the crack).
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Table 2 Properties of cracks produced for field experiment.

Vertical vertical inclining
Length (cm) 60 30 60, 120
Depth (cm) 25,50 25,50 40
Width (cm) 1.5 1.5 1.5
Way to produce iron plate continuous wall ~ continuous wall
Survey line orthogonal orthogonal parallel

compares the results of these models. The resistivity changes
of the model with 3 m depth in Fig.9 (a) is smaller than that
of the model with 6 m depth in Fig.9 (b), and the zone where
the resistivity decreased drastically is around 3 m depth. In
this study, the threshold for estimation of the crack depth is
—5%, and these factors caused the result shown in Fig.8. In
future studies, the threshold for estimation of crack depth
should be investigated.

2.4 Field experiment
2.4.1 Method

To investigate the applicability of this method to a crack
in soil, a field experiment was conducted. The site was in an
experimental field at the Institute for rural engineering, part
of the National Agriculture and Food Research Organization.
The geology of subsurface was homogeneous. An iron plate
of 1.5 cm width and 60 cm length was buried at different
depth and then pulled up to produce cracks of 25 and 50 cm
depth. Electrodes of 1.5 cm diameter was also buried straight
into soil and then pulled up to produce vertical cracks of 30
cm length, and 25 and 50 cm depth, and the electrodes was
buried diagonally into soil and then pulled up to produce
diagonal cracks of 60 and 120 cm length (vertical:horizontal
=40 cm:30 cm). Table 2 identifies the properties of these
cracks produced for the field experiment, and the injected
lime water was 1 Qm (water:lime =2 :1) (Inoue et al., 2010).

Before and after the injection of the lime water, 2D
resistivity surveys were conducted on the survey line that
was orthogonal to the vertical cracks and on the survey line
that was parallel to the diagonal crack, which were inclined
apart from the survey line. The reason we used the parallel
survey line only for the diagonal crack was to investigate the
applicability of this method to severe conditions, because the
farther the survey line is from the crack, the more difficult it
is to obtain the information. The parallel survey line was
placed at the distance of 10 cm from the crack, which was
the smallest interval between electrodes. The electrodes were
stainless steel nails of 2 mm diameter and 5 cm length. The
electrode arrangement was a modified pole-pole array. A
entitled  “Profiler-4”,
manufactured by OYO Corporation, was used for the

resistivity — survey  equipment

measurement.

The 2D resistivity distribution was derived from the 2D
inversion of resistivity survey data. Figure 10 (a) illustrates
the FEM mesh used to calculate electrical potentials. The
Dirichlet boundary condition shown in Equation (12) was
used at the current electrodes, the Neumann boundary
condition show in Equation (13) was used at surface, and the
mixed boundary condition shown in Equation (14) was used
for the other boundary. Figure 10(b) illustrates the resistivity
grid derived in the inversion. The numbers of measurements
and unknown parameters were 312 and 1,567, respectively.
E-Tomo ver. 4.1 was used for the inversion of resistivity. In
each case, number of the iterations was 10, and the residuals
were less than 4%.

2.4.2 Results

Figure 11 illustrates the change in resistivity derived from
the survey line that was parallel to the crack. The vertically
decreased resistivity zone reached less than 30 cm depth in
Fig.11 (b) although the depth of the crack was 40 cm. The
horizontally decreased resistivity zone reached the same
range with the actual crack length, although some resistivity
changes were beyond the actual crack length. Figure 11

C t
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(a) FEM mesh.
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(b) Inversion resistivity grids.

Fig.10 FEM mesh and inversion resistivity grid.
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shows the results of the inclined crack, which was located
away from the survey line. Although the inclined crack is
more difficult to detect than the vertical crack, the results of
the survey line that was parallel to the crack can estimate the
crack length. At a real disaster site, although it may be
difficult to observe the spreading of a crack from the surface,
lime water injected to the limited crack could infiltrate along
the direction of the crack length. To estimate the direction of
crack length from the surface, a survey line that is parallel to
the crack would be effective.

Figures 12 and 13 show the resistivity distribution and the
resistivity change using the survey line that is orthogonal to
the crack. Figure 12 presents the resistivity derived from the
orthogonal survey line to the crack with a length of 60 cm.
Figures 12 (a) and (b) illustrate the resistivity of the cracks
at 25 and 50 cm depth before the injection of lime water. The
resistivity near the surface is more than 1,000 Qm around the
crack. Because the porosity of the crack is high, the
resistivity of the crack is also high. The high resistivity zone
does not reach the bottom of the actual crack depth, although
the result depends on the crack depth.

Figures 12 (¢) and (d) illustrate the resistivity after the
injection of the lime water. The high resistivity zone of
1,000 Qm near the surface seen in Figs.12 (a) and (b)
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Fig.11 Cross sections of resistivity change for the survey line that was parallel

to the crack (inclined crack, vertical:horizontal = 40 cm:30 cm).
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disappears. This may indicate that a low-resistivity zone
spread down to 80 cm depth. However, it is difficult to
estimate the crack depth from these results. Although a low-
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(d) After injection (crack depth of 50 cm).
Fig.12 Cross sections of resistivity along the survey line that was orthogonal to

the crack (crack length of 60 cm).
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resistivity zone was calculated under the crack in Figs.12 (a)
and (c), no low-resistivity zone was calculated in Fig.12 (b),
which may indicate a difference in the degree of compaction

when the crack was backfilled. Because resistivity varies

Depth (cm)

¢ Resistivity change (%)

07 ——— =7 RNV —
0(): - h V ’! g : 5
- ] \\ o ,/4/ 15
40 . / 25
601 ) e 33
1 ™ Actual -45
801 N . —  crack depth 55
1 . _ _ Estimated 65
1007 | = Crack locatloh\\ crack depth s
1200 -85
-95

0 50 100 150 200 250

Distance (cm)

(a) Crack length of 60 cm and crack depth of 25 cm.

Resistivity change (%)

07] ~ = [/ ——— '/,/ 5

2071 ™ -15

E 4] ™~ / e 25

5 - L e 35

£ qoff--- S . b
O \

A N Actual -55

807 N orack depth 65

. Stimat 75

1007 | == Crack locatl&l\ crack depth o

20— 1 W 95

0 50 100 150 200 250

Distance (cm)

(b) Crack length of 60 cm and crack depth of 50 cm.

¢ Resistivity change (%)

) ¥
5
2 -X ------------ / -15
=0 / -25
£ 35

L 4
= 4] / 45
2 ] Actual 55
] 0] crack depth 65
67| === Crack location —_ Estimat 75
1 crack depth 85
0 ——— T 95
0 50 100 150 200 250

Distance (cm)

(c) Crack length ot 30 cm and crack depth of 25 cm.

¢ Resistivity change (%)
-5
-15
= TN 25
E)/ -35
P -45
S Actual 55
=) | — Ecgacktdgpth 65

o . stimatex

67 Crack locatio crack depth ;g

| | -
O | DL UL N R IR DL RN N RN L N O NN DL L NI NN R RN BN L BN RN | _95

] 50 100 150 200 250

Distance (cm)
(d) Crack length of 30 cm and crack depth of 50 cm.

Fig.13 Cross sections of resistivity change along the survey line that was

orthogonal to the crack.

from many factors, it is difficult to judge the ground
conditions only on the basis of the resistivity cross sections.

Figure 13 shows the changes in resistivity derived from
the survey line that is orthogonal to the crack after the
injection of lime water. Figures 13 (a) and (b) illustrate the
resistivity changes from Figs.12 (c¢) and (d) against the
resistivity from Figs.12 (a) and (b) with the crack depth of
60 cm. The resistivity around the crack decreased and the
vertical change in resistivity corresponded to the crack depth.
These results indicate that resistivity change distribution is
more effective than the resistivity distributions to estimate
the crack depth. Figures 13 (¢) and (d) show the result at half
the crack length of 30 cm. Although the resistivity around the
crack decreased, the resistivity in Fig.13 (d) decreased down
to shallower range than the actual depth. As shown in Figs.13
(a), (b) and (¢), when the crack length is longer than the crack
depth, the resistivity change reaches the crack depth.
However, as shown in Fig.13 (d), when the crack length is
shorter than the crack depth, the range of the resistivity
change is a shallower than the actual crack depth. Attention
must be paid to the fact that the crack depth can be
underestimated when the crack depth is longer than the crack
length.

Figure 14 shows a cross section excavated orthogonally
to the crack after the field experiment. Although the buried
depths of the iron plate were 30 and 60 cm, lime water was
filled to depths of 25 and 50 cm and the maximum width was
1.5 cm. There is a possibility that the decreased resistivity
zones spread beyond the crack filled with the lime, because
the lime water can infiltrate through the porosity of the soil.
Apparent resistivities were measured along the cross section
in a direction that was orthogonal to the crack shown in
Fig.15. A Wenner array with a 1-cm interval of electrodes
was used to measure the apparent resistivity, because a
Wenner array produces the average resistivity around the
electrodes and the apparent resistivity is almost the resistivity
of'the excavated wall when the interval of electrodes is small.
Table 3 shows the apparent resistivity. Although the zones
filled with the lime indicate low resistivity, the zones located
10 cm from the crack indicate high resistivity. However, the
location filled with lime of No.3 indicated high resistivity,
which may be because the crack is narrow. Therefore, in this
experiment, the only zone filled with lime indicated low
resistivity.

2.5 Conclusions
This chapter described a method to simply estimate the

range of crack induced by an earthquake. This method

involves injection of lime water into the crack, and deriving
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(a) Crack depth of 25 cm.

(b) Crack depth of 50 cm.

Fig.14 Cracks and injected lime water along the cross section.
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Fig.15 Measurement points for apparent resistivity along the cross
section.

Table 3 Apparent resistivity measured along the cross section.

No. Apparent resistivity (QQm)

1 6.02
6.39
34.02
3.25
99.70
95.10
114.30
107.65

o N N W» b~ WN

resistivity change from 2D resistivity surveys conducted

before and after the injection. The crack depth is then

estimated according to the crack length. The applicability of
the method to numerical and field experiments was
investigated and the following findings were demonstrated.

1. The numerical experiment indicated that the survey line
that was parallel to the crack produces a resistivity change
whose horizontal range corresponds to the crack length.
The survey line parallel to the crack can estimate the range
of the lime water injected in the direction of the crack
length. In actual disaster sites, although it is difficult to
detect the crack from the surface, injection of limewater
even from a limited location can estimate the range on the
direction of the crack length.

2. In the survey line orthogonal to the crack, the correlation
between the estimated and actual depths decrease when
the crack depth is larger than the crack length. When the
crack depth is smaller than the crack length, a correlation
exists between the estimated crack depth and the range of
lime water injected in the direction of the crack depth.

3. The field experiment showed that by using the survey line
parallel to the crack, the horizontal range of resistivity
change corresponds to the crack length filled with lime.
By using the survey line orthogonal to the crack, the
vertical range of resistivity change corresponds to the
crack depth filled with lime in case when the crack depth
is less than half of the crack length.

4. The lime water may possibly infiltrate around the crack.
However, in this experiment, all zones except the crack
zone filled with lime indicate high resistivity.

Thus, we can estimate the range infiltrated with lime water
using 2D inversion of 2D resistivity survey data by c
onsidering the characteristics of resistivity distribution of 2D
inversion with different line arrangements. However, it is

difficult to detect the crack under the water table where the
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Additional
considerations are needed when the survey line crosses the

injected lime water does not infiltrate.

crack diagonally or the crack width is less than 0.1 times the
electrode interval. This chapter showed results for crack
widths of 0.1 — 0.5 times the electrode interval. In this
experiment, artificial cracks of simple structure were used to
investigate basic property of the proposed method. In actual
disaster sites, however, the crack shape and the ground
condition around the crack vary. Moreover, the injected
liquid can infiltr ate around the crack and the resistivity
may change temporally. Therefore, various possibilities of
cracks must be investigated in the disaster site and a method
needs to be developed to monitor the time-lapse resistivity
change in future.

3.Semi 3D resistivity monitoring of groundwater
recharge using 2D difference inversions

In the preceding chapter, we described a method to
estimate the extent of the crack in soil, where the crack can
be observed from the surface. However, in paddy fields that
exhibit water leakage, locations of infiltration cannot be
observed from the surface and the location has to be
estimated. Although 2D inversion can provide artifacts, the
2D resistivity survey data include 3D information of the
resistivity structure. When the survey line is properly
arranged, the semi 3D structure of resistivity can be
estimated.

This chapter describes a method to monitor semi 3D water
flow using 2D inversions of 2D resistivity survey data with
four traverse survey lines at a groundwater recharge
experimental site. The resistivity change ratio distributions
are derived from 2D difference inversion to make 3D soil

water flows easily visible.

3.1 Introduction

Many methods have been applied to estimate changes in
soil water or groundwater. These methods include time-lapse
resistivity surveys, i.e., an extension of 1D resistivity surveys
(Takakura, 1991; Ushijima, 1997), comparisons of 2D
apparent resistivity (Inoue, 1988; Takeuchi and Nagae, 1990;
Wada at el.,1995; Suga, 2004), and comparisons of 2D
inverted resistivity (Sasaki et al., 1985; Sugimoto, 1995,
Suzuki, 1997; Suzuki et al., 2002; Nakazato et al., 2003;
Inoue et al., 2006). For time-lapse inversion, Sugimoto
(1995, 2002) demonstrated that artifacts arise from data
noise and the different convergences at each iteration. He
proposed a difference inversion method to reduce their
impact. Nakazato et al. (2003) applied the difference

inversion to 2D resistivity survey data using multi-channel
resistivity survey equipment. They were able to image hourly
soil water flow in an unsaturated gravel layer. However, they
demonstrated the limitations of 2D inversion when
estimating a 3D groundwater flow from a point source.
Resistivity monitoring using a 3D resistivity survey is a best
approach to the estimation of 3D phenomena. However, 3D
resistivity surveys require the large amount of measuring
equipment, extend the time needed for one cycle of
measurement, and reduce the time resolution. Although
Nakazato et al. (2003) used two orthogonal survey lines, four
traverse survey lines are expected to be effective in the
estimation of 3D ground water flow. If the characteristics of
resistivity derived from the multi survey lines can be
estimated, we can reduce the limitations of 2D inversion for
the estimation of the 3D phenomenon.

The goal of this chapter is to develop a method to estimate
a semi 3D water flow using 2D inversion of 2D resistivity
survey data with multi survey lines to reduce the
measurement and calculation costs. We conduct 2D
resistivity surveys of four traverse survey lines at a
groundwater recharge experiment site on a pyroclastic
Plateau. Changes in resistivity before and during the recharge
were derived from the 2D difference inversion. A semi 3D
representation of groundwater recharge including vertical
and horizontal water flows is created.

3.2 Methods
3.2.1 Site description

A recharge experiment and 2D resistivity surveys were
conducted on a pyroclastic plateau. The survey area is test
site of the Kagoshima Prefectural Institute for Agricultural
Development, Osumi Branch. Figure 16 illustrates the
location of the survey area and geological map. The site is
located on Kasanohara Plateau, between Kimotsuki and
Kushira rivers at the center of Osumi Peninsula in
Kagoshima prefecture (Fig.16). The Kasanohara Plateau is
composed of the Ito pyroclastic flow deposits erupted by the
Aira caldera some 26,000 - 29,000 years ago (Machida and
Arai, 2003). Figure 17 illustrates the survey area. Four
intersecting survey lines, A, B, C and D, two recharge areas,
RA1 and RA2, and four boreholes, B1, B2, B3 and B4, were
set up at the experiment site. The surface of the site had an
elevation of 100 m, a slight northwest-to-southeast incline,
and gradient of 1/63. Four boreholes were drilled to a depth
of 10 m, with a diameter of 66 mm. Figure 18 shows the logs
of the four boreholes. In each borehole, the loam layer, the
secondary Shirasu layer (lacustrine or marine sediments of
pyroclastic origin), and the Shirasu layer (pyroclastic) were
observed in order of depth. The boundaries of the subsoil
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layers were expected to have the same incline as that at the
surface.

Nakazato et al. (2003) estimated the horizontal water flow
using 2D resistivity survey with two orthogonal survey lines.
However, their results demonstrated the limitation of using

2D inversion to estimate a 3D groundwater flow from a point
source that is 2 m in diameter and 3 m in depth. In the current
experiment, the recharge areas RA1 and RA2 were set as the
infiltrated zone under the recharge area was almost 2D
structure for survey line B. For estimation of 3D soil water

Tokyo

500km

Mvp : Non-alkaline pyroclastic flow
sr : Sedimentary rocks

S AR, R s T 0 0

Fig.16 Location of the survey area and geological map (Geological Survey of Japan, AIST (ed.), 2014).
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Fig.17 Survey area where the groundwater recharge experiment was
conducted. Four lines A, B, C and D (black dots), four boreholes B1,
B2, B3 and B4 (white dot), and two recharge areas RA1 (12 m x 13 m)
and RA2 (12 m x 10 m) were set up in the area. Symbols P1 and P2

indicate the roads in the survey area.
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Fig.18 Logs of boreholes B1, B2, B3 and B4 shown in Fig.17. The
loam layer, the secondary Shirasu layer (lacustrine or marine sediments
of pyroclastic origin), and the Shirasu layer (pyroclastic) were observed
in order of depth.
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Fig.19 Temperature (°C), rainfall (mm/h) and hours of sunlight (h) observed near the survey area from November 5 to November 12, 2005 (Kanoya

Magnetic Observatory).

flow, the traverse survey lines A, C and D were set to take
account of the terrain and geology at the site.

Near the survey area, Inoue et al. (2004) estimated
saturated hydraulic conductivity at 5.5 x 107 — 3.1 x 107
my/s in the loam layer, 1.3 — 1.7 x 1073 m/s in the secondary
Shirasu layer and 1.3 x 10 m/s in the Shirasu layer. The
loam layer usually has much lower hydraulic conductivity
than that of the other layers. The groundwater level was
estimated to be deeper than 10 m, because groundwater was
not observed in any borehole in the test site before the
recharge experiment. Thus, the depth of the unsaturated zone
was considered to be more than 10 m. In the loam layer, it
was confirmed that some clastic dikes of sands penetrate
from the lower secondary Shirasu (Naruo and Kobayashi,
2002). Kubota et al. (2005) considered the dikes of sand to
function as bypass that discharges soil water from the loam
layer to the secondary Shirasu layer only when heavy rain
occurs.

Figure 19 shows the temperature, rainfall and hours of
sunlight observed at the Kanoya Magnetic Observatory near
the survey area during the experiment, from November 5 to
November 12, 2005. Total rainfall of 55 mm and 45 mm on
November 6 and 11, 2005, but no rain during the recharge
experiment was recorded. The highest temperature was 23°C
and the lowest 7°C.

3.2.2 Ground water recharge experiment

The recharge water was supplied from the centres of the
recharge area RA1 (12 m x 13 m) and RA2 (12 m x 10 m)
shown in Fig.17. The recharge areas were surrounded by
plastic plates buried 0.3 m in depth. Water was supplied to
each recharge area at the rate of 16.0 m*/h, and its electrical
conductivity was 8.9 mS/m (119 Qm). The duration of the
recharge was 56 hr., from 13:00 on November 8 to 21:00 on
November 10, 2005.

3.2.3 Tow-dimensional resistivity survey

To decide of the specifications of the 2D resistivity survey,
the spatial and time resolutions were considered. Since the
loam layer and the secondary Shirasu layer had a depth of 2—
4 m, the interval of the electrodes for estimation of the
resistivity change in the layers was set to 1 m. A dipole-
dipole array was used to achieve high resolution (Takakura,
1999) and to allow a multi-channel resistivity survey to be
efficiently conducted. The measuring time for each survey
line was set at 1 hr. as shown in Table 4. The electrodes were
stainless and had a length of 0.5 m and diameter of 0.01m.

Dipole-dipole resistivity surveys continued from 7:00 on
November 8 to 12:00 on November 11, 2005, along the four
lines shown in Fig.17. Each line had 48 electrodes which
were arranged at an interval of 1 m. To reduce the total time
of measurements, only 2D resistivity surveys were
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conducted. Dipole spacings (a-spacings) were 1, 2, 3 and 4
m, and the maximum separations (n) were 8, 4, 4 and 8§,
respectively. A total of 698 data were collected along each
line. The measurement time for one line was about 1 hr. and
4 hr. were required to complete a measurement cycle from
line A to line D.

A Profiler-4 system, manufactured by OYO Corporation,
was used for the resistivity measurements. It has four
channels for measuring voltages. There are many resistivity
measurement systems (Blome et al., 2011; Zhe et al., 2007;
Imamura, 2007) that can acquire data much faster than the
Profiler-4. However, as the saturated hydraulic conductivity
in the study site is less than 3.1 x 107 m/s, it takes 4 hr. to
move soil water by only 0.45 m. Therefore, 4 hr. for one
cycle was considered to be fast enough, because the distance
0f 0.45 m is less than the electrode spacing of 1 m.

3.2.4 Difference inversion

Resistivity distributions were derived from the 2D
inversions of the 2D resistivity survey data. E-Tomo 2D
ver.4.1 (Sugimoto et al., 1995) was used for the inversions.
Figure 20 presents a schematic view of the mesh for FEM
modelling, and the inversion grid. The model space was
divided more roughly according to the distance from an
electrode using the Delaunay triangulation (Sugimoto and
Hishiya, 1993). The cell of the inversion grid in the
horizontal direction is 2 m inside the survey site. The cell size
also increased gradually in the vertical direction and outside
the survey site. The Dirichlet boundary condition shown in

47 m

235m

v

FATTEBIZERRMT 55295 (PR30 4E3 A)

Table 4 The conditions of an 2D resistivity survey.

one line content

Number of electrodes 48
Length of the survey 47m
Electrode spacing 1, 2, 3, 4m

1-8, 1-4, 1-4, 1-8
Number of data 698

Electrode separation index
Electrode arrays dipole-dipole array
Measurement times 1 hr.

Interval time of measurement 4 hr.

Equation (12) was used at the current electrodes, the
Neumann boundary condition show in Equation (13) was
used at surface, and the mixed boundary condition shown in
Equation (14) was used for the other boundary. Time-lapse
RCR distributions during the recharge experiment was
estimated using the method described in chapter 2, in which
the distribution before the change was used as the initial state
and the normalized apparent resistivity was inverted rather
than the measured apparent resistivity itself. The resistivity
after the recharge experiment started was maintained lower
than the initial resistivity, based on the hypothesis that the
resistivity was expected to decrease as the saturation level
increased with water infiltrating. The constraint matrix
shown in Equation (5) was the unit matrix, and the average
apparent resistivity was used as the initial model for
inversions along each survey line.

Line B

<
Except surface:

IV eosty g
on r

317m

v

Fig.20 FEM mesh and inversion grid along line B.
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3.2.5 Volumetric water content measurement

Changes in 0 in the vadose zone during recharge were
detected using a neutron moisture meter comprising a probe
and a display. In the experiment, 6 was measured periodically
at borehole B1 in recharge area RA1 as shown in Fig.21. The
probe measured the number of thermal neutrons discharge at
different depths in the borehole. As the number of thermal
neutrons reflects the volumetric water content, the
volumetric water content can be derived from the neutron
count. The measurement range was 0.3 m from the probe,
and the measurement volume was averaged. The
measurement at each depth was taken for approximately ten
seconds. The calibration curve of Ishida et al. (2005) was
used.

From the surface to 3 m depth, 6 was almost constant at
around 50% and little change occurred during the entire
period. By contrast, at 4 — 7 m depths, 6 was 20 —25% before
the experiment, 40 — 45% during the experiment, and 25 —
30% at the end of the experiment. Furthermore, 0 at than 7

m was 30 — 40% before the experiment, increased by depths

Volumetric water content (%)
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Fig.21 Volumetric water content (%) observed in borehole B1 before, during
(3, 28 and 53 hr. passed), and after (61, 65 and 92 hr. passed) the recharge

experiment.

greater 5% during the experiment, and remained almost
constant after the experiment. In particular, the period during
which 6 increased at 4 — 7 m depths correspond to the period
of recharging.

3.3 Field experiment
3.3.1 The water filled range in the recharge area

Figure 22 illustrates the range that was filled with water
after recharge experiment started. The gray region with a
solid border is the range that was filled in the early stages of
the recharge test, while the shaded region with a dotted
border is the range that was filled by the end of the test. In
this early stage, after the start of recharging, water did not
spread in all recharge area and spread mostly near line A in
RA2 and near the west corner in RA1, because the recharge
area surfaces were not flat. The volume of water supplied in
1 hr. could raise the water height to more than 10 cm, if no
infiltration occurs in the recharge areas. However, water did
not cover the major parts of the recharge areas. This means
that a large amount of water infiltrated the loam layer quickly.
In a later stage, however, most parts of the recharge areas
were covered with recharge water. After the end of
recharging, the supplied water fully infiltrated into the loam
layer within lhr. This indicates that fast infiltration zones
exist in the loam layer.

3.3.2 Resistivity distribution before the start of recharging
Figure 23 shows the resistivity distribution before
recharging. The residuals of inversion at each survey line

Line B Line D
@ [
RAI RA2 o) HHE

@[]

uﬁr]i
3

H
o]

Line A

Line C

il

Fig.22 The range that was filled with water. (a) The gray colored region

with a solid line border is the range that was filled with water at the early
stage of the recharge test. (b) The shaded region with a dotted border is
the range that was filled with water at the end of the recharge test. (c) The
white colored region is the range that was not filled with water during the

recharge test.
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Fig.23 Inverted resistivity distribution before the recharge test. (a) Panel diagram with 4 lines. (b) Cross section along survey line B.

came close to convergence within six iterations. The residual
values of 5.6, 6.6, 6.5 and 5.2 were recorded at survey lines
A, B, C and D, respectively as plotted in Fig.24. The
distributions at each survey line demonstrated a layered
structure, and with a resistivity of 50-200 Qm at depths less
than 3 m, 500-800 Qm at depths between 3 and 7 m, and
200500 Qm at depths greater than 7 m. The resistivity
distribution along survey line B in Fig.23 (b) corresponded
to the geological structure, which were assumed the loam
layer, the secondary Shirasu layer, and the Shirasu layer.

3.3.3 Resistivity change distribution after recharge

Figure 25 compares the resistivity change ratio after the
recharge experiment began. Although the results for all four
survey lines are shown together, the measurement times of
the lines were not the same but had a delay of less than 3 hr.
The inversion residuals converged to values less than 6%
within six iterations.

Figure 26 shows the maximum resistivity change ratios
and residuals levels of the inversions in the inverted
resistivity sections along the survey lines at each time.
Although the maximum resistivity change ratio along survey
line C at 3 to 4 hr. after the start of recharging was less than
the level of the residual, the other maximum resistivity
change ratios were sufficiently large to indicate the resistivity
change.

Along survey line B after the recharge started, the
resistivity decreased at a depth of 4 m under the recharge area
in Fig.25 (a). This decrease zone spread horizontally in
Figs.25 (b) and (c) and shrank after the recharge terminated
in Figs.25 (c¢) and (d). At the other survey lines, the resistivity
change was similar to that at survey line B, although the
changes at the intersections did not always correspond to

each other.
3.4 Discussions

The resistivity distribution derived from survey line B
before the recharge began corresponded to the geological
structure observed at the boreholes being layered. The
resistivity distributions from survey lines A, C and D also
showed a layered structure in Fig.23 (a). This suggests that
the geology of the site was layered structure and almost
uniform horizontally.

The panel diagram of the resistivity changes from the four
survey lines after the recharge experiment started in Fig.25
correspond to the changes in volumetric water content at
different depths observed in borehole B1 as shown in Fig.21.
These results suggested that the change in resistivity resulted

14 C ] Surveyline A
ot A“ 2 Survey line B
gﬂk. \\ /\  Survey lineC
107 D\ X Survey line D
g
;\? 6 [ é ....... e — O —— O——- -
S 4
8
=2
2
\
0 1 2 3 4 5 6

Number of iteration
Fig.24 Residual levels at each iterations of the resistivity inversion before the
recharge test started. A — D: Residual levels of the inversions of survey lines

A-D.
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from the recharge water changing the saturation level of the
soil and reflected the water flow though the soil. The cross
section along survey line B did not show resistivity changes
at depths less than 4 m in Fig.25. This is because the change
in volumetric water content was relatively small in the loam
layer, as shown in Fig.21. The resistivity changes in the
secondary Shirasu appeared earlier than the time estimated
from the saturated hydraulic conductivity of the loam layer
measured near the site, which was 5.5 x 107-3.1 x 10 m/s
(Inoue et al., 2004). This suggests that water infiltrated the
loam layer more quickly than expected. Factors that
encourage the infiltration include macro pores produced by
plant root traces, or cracking by other causes.

The decreased resistivity zone that appeared beneath the

Line D

Line A

(a)1-4hr

Line B

-
-
() 57-60 hr. o

(1 —4 hr. before the recharge stopped)

recharge area after the recharge began and spread
horizontally corresponded to the zone of high resistivity as
shown in Fig.23. The recharging of soil water increased the
volumetric water content mainly in the secondary Shirasu
layer. This is because the hydraulic conductivity of the
Shirasu layer was lower than that of the secondary Shirasu
layer. As described by Kubota et al. (2007), this reduced
vertical infiltration into the Shirasu layer, by slowing the
recharge velocity, so that soil water spread horizontally.
Inoue et al. (2004) reported the hydraulic conductivity of the
Shirasu layer and the secondary Shirasu layer to be 1.3 x 107
m/s and 1.7 x 1073-1.3 x 10~*m/s, respectively, in agreement
with these results.

Figure 27 shows the resistivity change along survey lines

Line D

Line A

(d) 65 - 68 hr.
(9 — 12 hr. before the recharge stopped)

-30 -25 -20 -15 -10 -5 0

Resistivity change ratio (%)

Fig.25 Distribution of the resistivity change ratio. (a) From 1 to 4 hr. after the recharge test started. (b) From 5 to 8 hr. after the recharge test started. (c) From
57 to 60 hr. after the recharge test started (From 1 to 4 hr. before the recharge test stopped). (d) From 65 to 68 hr. after the recharge test started (From 9 to 12
hr. after the recharge test stopped).
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A, B and D from Fig.25 (b). In Fig.27 (a), resistivity
decreased at a depth of 5 m beneath recharge area RA2 along
survey line A, although no decrease was found beneath area
RA1. This difference is because water did not cover the
entire recharge area in the early stages as shown in Fig.22.
The surface range that was filled with water in recharge area
RA2 spread near survey line A, whereas the surface range
that was filled with water in recharge area RA1 spread near
the west corner. The different changes in resistivity reflect
the difference in these water-filled ranges. Moreover, at a
depth of 5 m, the center of resistivity changed at the cross
section along survey line D in Fig.27 (c) is more near to
survey line A than that along survey line B in Fig.27 (b). This
indicates the nonuniformity of the surface range that was
filled with water. These results confirm that 2D resistivity
survey can be used to model a semi 3D nonuniform surface
range sequentially filled with water. However, the resistivity
changes failed to correspond at the intersection of survey
lines A and D, despite the almost same measurement time at
each survey line. This demonstrates the difficulty of
estimating a spatially continuous 3D distribution.

3.5 Conclusions
In this chapter, we described the 3D estimation of soil
water flow based on resistivity changes derived from a 2D

difference inversion using four traversal survey lines in a
recharge experiment on the Shirasu Plateau. The conclusions
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are as follows.

1. Before the recharge experiment started, the resistivity
distribution along boreholes reflected the geological
structure. When the resistivity distributions from the
other survey lines were added, the geology of the site was
estimated to have a layered structure.

2. The change in resistivity matched the change in saturation
level recorded in the recharge experiment. The 2D
difference inversion could be used to estimate a semi 3D
sequential soil water flow.

3. Preferential flows were assumed in the loam layer, because
no change in volumetric water content was detected by
the neutron moisture meter or from resistivity changes in
the difference inversion.

4. After recharging began, a zone of decreased resistivity
spread in the secondary Shirasu layer. This suggested that
the soil water infiltrated vertically and then spread
horizontally along this layer.

5. In the early stage of recharging, nonuniform infiltration
may have occurred, because the surface range that was
filled with water did not spread across the entire
recharging area. The resistivity changes at the cross
sections of the survey lines reflect this nonuniform filling.
This confirms that 2D difference inversions from 2D

can be wused to detect

nonuniformities in the range that was filled with water.

resistivity survey lines

Our results suggest that 2D difference inversions from 2D

resistivity survey data of four traversal survey lines can be

O T /- .‘ oA, ’ "A“:}‘K‘ﬁé- gél’q

40 50 60 70

Elapsed time (hr.)

Fig.26 The maximum levels for the resistivity change ratios and residuals levels of the inversions in the inversed resistivity sections along the survey line for

each time. CA — CD: Maximums levels of the resistivity change rations along lines A — D. RA — RD: Residual levels of the inversions of lines A —D.
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used to estimate vertical and horizontal water flow and
to three-dimensionally model nonuniform sequential
recharging. This method can be used to monitor the
infiltration of large amounts of water during heavy rainfall
or filling water in a paddy field. However, the resistivity
changes at the intersections of each survey line do not
always correspond to each other, because the inversions at

RAI1 Line B

each survey line assume a 2D resistivity structure.
Therefore, problems remain in the estimation of spatial
recharging. Although this chapter showed that 3D
infiltration could be estimated using 2D inversion from 2D
resistivity survey data, 3D difference inversion is still
needed to more precisely estimate the sequential 3D
resistivity change.
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Fig.27 Distribution of the resistivity change ratio at (a) 5 hr., (b) 6 hr. and (c) 8 hr. after the recharge test started.
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4. Line arrangement of 2D resistivity surveys for 3D
inversion

In the preceding two chapters, we described the methods
to use 2D inversion of 2D resistivity data. Although 3D
inversion requires more time than 2D inversion, 3D
inversion provide more precise information than 2D
inversion. In this chapter and next chapter, we propose
methods to use 3D inversion of 2D resistivity data.

When a 3D inversion of the 2D resistivity survey data is
conducted, the arrangement of the survey line for 2D
resistivity survey is also important. This effective
arrangement has to be investigated.

This chapter describes numerical experiments to
investigate the applicability of electrode configurations and
line layouts commonly used for 2D resistivity surveys from
3D inversion. We propose effective electrode configurations
and line arrangements of 2D resistivity surveys for 3D
inversion. We also conduct field experiments in a loam area
including a backfilled pit. Finally, we apply these electrode
configurations and line arrangements to the investigation of
geological structure near the Nojima Fault in Awaji Island.

4.1 Introduction

When electrodes are arranged on lines on the surface, 3D
inversion of resistivity data obtained from 3D resistivity
survey is the most accurate way to reconstruct a 3D
resistivity distribution. In the 3D resistivity survey, the
current and potential electrodes are positioned along not only
one line, but also different lines. Since a 3D model involves
many unknown parameters to be determined and requires a
large amount of data for reliable inversion, the resulting high
cost often makes this approach impractical. In general, 2D
inversion is carried out to interpret resistivity data obtained
from 2D measurements, where the current and potential
electrodes are positioned on one line. However, when the
resistivity structure is 3D, 2D inversion may produce
artifacts. To address these issues, 3D terrain corrections for
2D measurements have been conducted (Holcombe and
Jiracek, 1984; Imamura and Fukuoka, 2004; Nakazato et al.,
2006), and 3D inversion of resistivity data gathered from 2D
measurements has been conducted (Jackson et al., 2001;
Sugimoto et al., 2004; Gharibi and Bentley, 2005; Inoue et
al., 2016). Sugimoto et al. (2004) and Nakazato et al. (2004)
showed that 3D inversion is more accurate than 2D
inversion, even if the same data are used. Sasaki et al. (2005)
determined a 3D resistivity structure of the ground via 3D
inversion of 2D resistivity data measured along three parallel

lines.

It is important to select effective electrode configurations
and line arrangements. Gharibi and Bentley (2005)
suggested that parallel survey lines should be separated by
two electrode spacings, if near surface resolution is
important, and should be separated by four electrode
spacings, if it is not important or if orthogonal lines are used.
Moreover, they demonstrated that the dipole-dipole array
produces a more accurate subsurface image than the Wenner
array and that parallel lines can be more efficient than
orthogonal lines, if the number of electrodes and lines are
same with the other line. Sugimoto et al. (2004) examined
sensitivity based on a pole-pole array and showed that a line
interval less than ten electrode spacings is enough to
efficiently obtain an overall resistivity distribution. Also,
they demonstrated that adding a few current sources could
significantly improve the result.

The criteria for selecting an electrode configuration and
line arrangement in 2D resistivity surveys depends on the
properties of the target and the aim of the survey. The
parallel-line arrangement is expected to be efficient to obtain
an overall resistivity distribution, while the orthogonal-line
arrangement is expected to give a more reliable resistivity
distribution near the line intersections. It is useful for
improving an inversion result to add other lines after a 2D
resistivity survey has been completed. Therefore, the
characteristics of the electrode configuration and line
arrangement in 2D resistivity surveys should be examined
for an efficient survey and reliable data analysis.

This chapter describes numerical and field experiments
with orthogonal and parallel lines and three different arrays.
We show characteristics of the electrode configuration and
line arrangement and a contour map of root-mean-squares
(RMYS) errors between resistivities given in the model and
reconstructed from the inversion. Then we propose effective
electrode configurations and line arrangements for 2D
resistivity surveys that will undergo 3D inversion. We also
conduct field experiments in a loam area including a
backfilled pit.
configurations and line arrangements to the investigation of

Finally, we apply these electrode

geological structure near the Nojima Fault in Awaji Island.

4.2 Numerical experiment
4.2.1 Materials and methods

Figure 28 illustrates the resistivity model used in the
numerical experiment. A single 10 Qm conductive body is
located with its top at a depth of 2 m in a homogeneous 100
Qm half-space. The body is a cube with a 4 m side. Sixteen
alternative locations of the body are considered in the
experiment and are shown as black squares in Fig.28. We
examine two types of line arrangements, orthogonal and
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parallel, which have two or four lines as shown in Fig.29.
The parallel-line arrangement is expected to be useful for
obtaining an overall resistivity distribution, because the
entire survey area is effectively covered by the lines in
Figs.29 (a) and 29 (c). In contrast, the orthogonal-line
arrangement is efficient for successfully producing an
accurate resistivity distribution near the intersecting point of
lines in Figs.29 (b) and 29 (d). We also consider three kinds
of electrode configurations: dipole-dipole, pole-pole, and
both dipole-dipole and pole-pole array. Table 5 is the
specifications of electrode configurations. The number of

ﬁ
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Fig.28 (a) x-y, (b) y-z and (c) x-z planes showing a resistivity model. The 16
locations of a conductive 10 Qm body (black) in a homogeneous 100 Qm
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Fig.29 Survey lines on the surface: (a) two parallel, (b) two orthogonal, (c)

four parallel and (d) four orthogonal lines.

Table S Specifications of survey lines.

Electrode configuration dipole-dipole pole-pole
Number of electrodes 41

Electrode spacing 1m

Line length 40 m

Number of data 620 295

electrodes per line is 41 and the electrode spacing is 1 m. The
number of data is 620 and 295 for the dipole-dipole and pole-
pole arrays, respectively. Dipole spacings (a-spacings) are 1
m, 2 m and 4 m, and the maximum separation is set to 8.

Resistivity data were generated for each line arrangement
in a 2D resistivity survey using FEM, E-Tomo 3D (Sugimoto
et al., 1998). This FEM with tetrahedral elements was used
for the 3D forward modeling for the 3D model shown in
Figs.28 and 29. The model space was divided more roughly
according to the distance from an electrode using the
Delaunay triangulation. Table 6 is the specifications of the
forward modeling. Because this chapter aims to examine the
characteristics of electrode configurations and line
arrangements, no noise was added to the synthetic data.

For this chapter, we conducted 3D inversion of 2D
resistivity data. Table 6 also shows the specifications for the
3D inversion. Unknown parameters (resistivities) were
assigned to the grid shown in Figs.28 and 29. The size of the
inversion grid is 2 m x 2 m x 2 m inside an area of 40 m x
40 m x 10 m and gradually increased outside the area. E-
Tomo 3D (Sugimoto et al., 1998) is used for the forward
modeling and inversion. The inversion scheme is based on a
nonlinear least-squares method with an initial-value
constraint expressed in Section 2. In this chapter, C'is the unit
matrix and a is chosen such that

ABIC = N log (2nc?) — log | «>C"C | + log | A"4 + aC'C

+N+2 (15)
is minimized (Sugimoto, 1988), where ABIC is Akaike's
Bayesian Information Criterion (Akaike, 1978), N is the
number of observed data and

o= {lld ~ F(p+ap) [ +elicapl?} 16)

The initial model was assumed to be an average value of
apparent resistivities, and partial derivatives with respect to
model parameters were calculated at each iteration.

4.2.2 Numerical results

Figures 30 and 31 compares resistivity planes at a depth
of 4 m derived from 3D inversion of 2D resistivity survey
data. When using two parallel lines as shown in Figs.30 (a)

— 30 (c), an image of the conductive body can be recognized
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Table 6 Specification of 3D forward and inverse modeling.

Arrangement of survey lines orthogonal parallel
Number of survey lines 2 4 2 4
Number of FEM nodes 30,174 50,268 32,735 56,307
Number of FEM elements 178,828 299,813 193,666 334,547
Modeling region 450%450x500 m
Inversion region 116x116x50 m
Number of inversion blocks 7,935
as a low-resistivity zone, although an artifact appears on the 4.3 Field experiment

opposite side of the line. In the case of using two orthogonal
lines as shown in Figs.30 (d) — 30 (f), a low-resistivity zone
is not obvious, if the conductor is located outside a square
area formed by connecting the four end points of the lines.
However, if the target body is located near the intersecting
point of the lines, a low-resistivity zone appears at the exact
location of the target body. The artifact is reduced by
increasing the number of lines as shown in Fig.31. The low-
resistivity zone appears lower in value and narrower in size
in the dipole-dipole array than in the pole-pole array. When
both dipole-dipole and pole-pole data are used as shown in
Figs.30 (c), 30 (f), 31 (¢) and 31 (), the low-resistivity zone
is best identified. To evaluate the performance of the line
arrangement, RMS error between resistivities given in the

model and reconstructed from the inversion is calculated as

Rmdl mv 2
RMS——Z( = )

where R™ (Qm) is the resistivity assigned to the model,

17)

R™ (Qm) is the resistivity reconstructed from the inversion,
and M is the number of unknown parameters.

The RMS error for each model is plotted at the location of
the conductive body at a depth of 4 m. After gathering all
RMS errors for the 16 models, a contour map is drawn as
seen in Fig.32. Note that these illustrations show only the
first quadrant of the contour map. Using the parallel-line
arrangement as shown in Figs.32 (a), (b), (¢), (g), (h) and (i),
the RMS error increases as the distance from a line increases.
Using the orthogonal-line arrangement as shown in Figs.32
(d), (e), (D, (j), (k) and (1), the RMS error outside an area
formed by connecting the end points of lines is high, whereas
it is low inside the area and lowest beneath the intersection
of lines. In general, the RMS error is lower when four lines
are used in Figs.32 (g) —32 (I) compared to when two lines
are used in Figs.32 (a) — 32 (f). Similarly, the RMS error is
lower when both arrays are used in Figs.32 (c), (f), (i) and (I)
compared to when a single array type is selected.

A resistivity survey was conducted in an experimental
field at the Institute for rural engineering, part of the National
Agriculture and Food Research Organization. In the test field,
a 2-m-deep pit with a size of 2 m x 0.5 m was dug in a loam
area and backfilled with soil six months before the survey.
Four lines were set in the field using an electrode spacing of
0.5 m and each line had 20 electrodes. Resistivity data were
collected through a 3D survey with the pole-pole array and a
2D survey with the dipole-dipole array. For the 3D pole-pole
survey, the number of data was 3,160, and the measurement
time was about 3 hr. In the case of the 2D dipole-dipole
survey, it took about 1 hr. to obtain 808 data. Resistivity data
of'a 2D survey with the pole-pole array were sampled from
the 3D pole-pole data. A McOHM Profiler-4 and Scanner 64
were used for the measurements. In 3D inversion, the grid
size was 0.5 m inside the survey region and gradually
increased outside the region.

Figure 33 shows a 3D resistivity distribution derived from
3D inversion of full data collected through both 3D pole-pole
The backfilled pit is
successfully imaged as low resistivities, while the other areas

and 2D dipole-dipole surveys.

are generally recovered as high resistivities as shown in
Fig.33 (a). The low-resistivity zone occurs in the center of
the survey area with a slight shift to the x direction from the
intersection of lines B and D.

Figure 34 compares inverted resistivity planes at a depth
of 1.5 m. When using only three parallel lines of A, B and C,
a low-resistivity zone appears at the center of the survey area
in Figs.34 (a) — 34 (c). The resistivity contrast is generally
higher in the dipole-dipole array than in the pole-pole array.
In the pole-pole array, the high-resistivity zone appears wider
than in the dipole-dipole array. When using both arrays, the
resistivity contrast is higher and the high-resistivity zone is
more extensive than using a single array. When the
orthogonal-line data (line D) is added in 3D inversion, the
central low-resistivity zone appears at a position shifted
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(d) dipole-dipole array with orthogonal line.
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Fig.30 A resistivity slice at depth of 4 m reconstructed from 3D inversion of synthetic data obtained along two parallel lines (a, b and ¢) and two orthogonal

lines (d, e and f). The square black box shows the location of the conductive body in the half-space.
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Fig.31 A resistivity slice at depth of 4 m reconstructed from 3D inversion of synthetic data obtained along four parallel lines (a, b and ¢) and four orthogonal

lines (d, e and f). The square black box shows the location of the conductive body in the half-space.
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slightly to the x direction that coincides well with the actual
location of the backfilled pit in Figs.34(d) - 34(f). The
reconstructed resistivities near the intersections of lines C
and D, and lines A and D are higher than those in the parallel-
line arrangement.

4.4 Field application
4.4.1 Method

To access the applicability of the approach described
above to a field, a resistivity survey was conducted in the
Nojima Fault area in Awaji Island. Figure 35 illustrates the
study site, the geology of which is a gravel quarry located to
the south of Origaya Pond in Awaji City. The general
geological strike in this area is N-S, and weathered granite,
lignite-containing mudstone of the Iwaya Formation of the
Kobe Group, and conglomerate of the Osaka Group are
distributed from east to west. The horizontal width of the
Iwaya Formation is from 10 to 15 m on the south bank of
Origaya Pond. An earthquake fault lies at the boundary of the
Iwaya Formation and the Osaka Group, and the Iwaya
Formation and weathered granite are in contact at the fault.
The fault plane is N2°W, 65°E, there is right-lateral fault
displacement of 25 cm, and the upheaval is 5 cm on the east
side (Awata and Mizuno, 1998).

The survey area was approximately 100 m square,
including the earthquake fault running from north to south.
Figure 36 illustrates the survey area. Six survey lines
labelled A to F laid out with an electrode spacing of 2 m and
each line had 48 electrodes. The boundary of the Iwaya

20 50 100 200 (Qm)

(b) Cross sections along line B and D and the 1.5-m-deep plane.

Fig.33 Resistivity plane at a depth of 1.5 m and cross sections along lines B and D reconstructed from 3D inversion of synthetic data gathered using 3D and

2D data obtained from the pole-pole and dipole-dipole arrays.
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Fig.34 Resistivity plane at a depth of 1. 5 m with (a, b and c) three parallel lines and (d, e and f) four lines including an orthogonal line.
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Formation and weathered granite was observed at (1 m, 36
m), shown by a dashed line, in Fig.36 (Nakazato et al., 2005).
A McOHM Profiler-4 and Scanner 64 were used for
resistivity measurements. After two survey lines were
connected to the instrument, 2D resistivity data were
collected automatically, measuring four channels
simultaneously for each source. In the pole-pole array, the
source and receiver remote electrodes were placed at points
C2 (1 m, 60 m) and P2 (9 m, —42 m), respectively.

Since the remote electrodes were not separated enough as
the pole-pole array, we calculated an apparent resistivity of
the pole-pole array as a general 4-clectrode array. For the
dipole-dipole array, the number of data for each line was 788,
and the measurement time was about 1 hr. In the case of the
pole-pole array, it took about 1.5 hr. to obtain 1,128 data. The

FEM mesh consists of 473,609 elements and 78,769 nodes

(a) Three-dimensional view.
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Fig.36 Six lines laid on the survey area. Symbols C2 at (1 m, 60 m)
and P2 at (9 m, —42 m) represent the source and receiver remote
electrodes for the pole-pole array. Symbols Os, Iw, and Gr represent
the Osaka Group, the Iwaya Formation, and weathered granite,
respectively. Thick line segments indicate faults (Awata and Mizuno,

1998). The dotted line shows the boundary of the Iwaya Formation
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Fig.37 (a) Three-dimensional view and (b) surface view of the FEM mesh used to generate synthetic data.
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as shown in Fig.37. The inversion region ranges were x =
—80 to 60 m, y =—70 to 70 m, and z = 0 (surface) to 50 m,
the cell size was 4 m inside the survey area, so the inversion
volume included 7,840 (28 x 28 x 10) unknown parameters.

4.4.2 Field results

Figure 38 shows resistivity distributions at depths of 10
and 20 m determined by 3D inversion of dipole-dipole data
measured along the six lines. A low-resistivity (40 Qm or
less) belt with a width of about 15 m is distributed from north
to south in the central part of the survey area. This low-
resistivity belt corresponds well to the Iwaya Formation,
because the boundary of granite and the Iwaya Formation
was observed at (1 m, 36 m). The high-resistivity zone on the
east side coincides with the area of granite, while the high-
resistivity zone on the west side represents the Osaka group.
Suzuki et al. 1996 carried out another 3D resistivity survey
with electrodes arranged in a lattice with an interval of 5 m
(154 electrodes and 11,781 data points) in investigating the
Nojima Fault in Ogura in Awaji City, 700 m west of the
present study site, and the orientation of the fault was
determined three-dimensionally. The results of our study
meet well with Suzuki et al. (1996).

As an example of using less data, Fig.39 (a) illustrates a
resistivity distribution at a depth of 10 m determined from
3D inversion of dipole-dipole data observed along two lines
A and E that intersect at the center of the study area. In the
resistivity distribution derived from the two lines, the
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(a) At depth of 10 m. (b) At depth of 20 m.

continuity of the low-resistivity belt at the center and the
overall resistivity contrast are slightly less when compared to
those derived from the six lines as shown in Fig.38 (a).
Figure 39 (b) illustrates the results of 3D analyses based on
both pole-pole and dipole-dipole data. From this illustration,
we can find the low-resistivity belt, and this indicates that
adding different array data is useful to improve the resistivity
image.

4.5 Discussions

In the numerical experiment, the dipole-dipole array
produces a clear image of the low-resistivity body in Figs.30
(a), 30 (d), 31 (a) and 31 (d), while the pole-pole array yields
a broader image of the body in Figs.30 (b), 30 (e), 31 (b) and
31 (e). When the data from both arrays are used, the most
reliable image of the low-resistivity zone is obtained as
shown in Figs.30 (c), 30 (f), 31 (c) and 31 (). After survey
lines have been installed by planting electrodes, using of
several arrays is efficient, because fast measuring equipment
has been developed and the effort of measurements is
relatively smaller than that of setting survey lines.

The numerical experiment shows that a low-resistivity
zone can be recovered nearly at the target location when
using the parallel-line arrangement as shown in Figs.30 (a)
—30 (c) and 31 (a) — 31 (¢), although a low-resistivity artifact
may occur on the opposite side of the line to the target. The
resistivity reconstructed is constrained with only one line

Fig.38 Resistivity distributions at depths of (a) 10 m and (b) 20 m reconstructed from 3D inversion of field data gathered using six dipole-dipole arrays.
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when the line interval is wide. Moreover, a 3D sensitivity
distribution exhibits axial symmetry with respect to the
survey line (Sasaki, 1994). Therefore, a conductive body off
the line in one side produces a low-resistivity artifact at a
position equal to the offset distance in the other side.

If the conductive body is located outside an area formed by
connecting the line ends, its image is not clear when using
the orthogonal-line arrangement. On the other hand, a low-
resistivity zone can be recognized near the intersecting point
of lines, although an artifact may also occur on the opposite
side of the line. This means that sensitivity is very low in the
outside area, while it is high near the intersecting point, and
the resistivity is constrained by the two lines. Uncertainty in
recovering the low-resistivity zone may be reduced by
increasing the number of lines, because the distance of the
conductive body from a line then becomes relatively less and
sensitivity increases.

The parallel-line arrangement is more useful to identify the
location of a target body than the orthogonal-line
arrangement, if the target is located at some distance from
the intersection of lines. The orthogonal-line arrangement
has its maximum sensitivity at the intersection. Thus, it may
be effective to conduct a resistivity survey in two stages. An
initial survey with parallel lines reveals the presence of a
survey target that is subsequently explored using an
intersecting line. It is useful for improving an inversion result
by adding other lines to obtain additional data after the initial
resistivity survey has been completed. Both data gathered
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before and after adding the new lines would be combined for
3D inversion. The additional lines could be set only for an
area including the survey target so saving time and money.

In the field experiment, the approximate location of the
backfilled pit can be identified as a low-resistivity zone by
using parallel lines. However, the backfill pit is located
actually at a position slightly shifted to the x direction from
the intersection of lines B and D as shown in Fig.33 (a). The
reconstructed resistivity contrast is higher when the dipole-
dipole array is used compared to when the pole-pole array is
selected. The pole-pole array is useful as it detects the high-
resistivity zone more broadly than the dipole-dipole array.
Using both pole-pole and dipole-dipole arrays, the resistivity
contrast is higher than that using a single array, and high-
resistivity zones appear more extensively. When orthogonal
lines are added, the low-resistivity zone occurs at the location
shifted to the direction of line D from the intersection of lines
B and D, and coincides with the exact location of the backfill
pit. Furthermore, the high-resistivity zones recovered near
the other intersections of lines A and D, and C and D are also
clearer in the orthogonal-line arrangement than in the
parallel-line arrangement. These features correspond to the
results of the numerical experiment.

The 3D inversion of 2D survey data for the field
application in the Nojima Fault area provides a resistivity
distribution similar to the geological structure in the survey
site. Even when the resistivity distribution is derived from
only two orthogonal lines, a low-resistivity belt can be
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(b) dipole-dipole and pole-pole arrays.

Fig.39 Resistivity distributions at depths of 10 m reconstructed from 3D inversion of field data gathered using (a) two dipole-dipole arrays and (b) two pole-

pole and dipole-dipole arrays.



32 BRI TE RS B LA EEEM 2% CP304E3 )

recognized. Since the area in which the resistivity
distribution is successfully recovered has low RMS errors as
shown in Figs.32 (d) and 32 (f), the inversion result can be
interpreted easily by reference to the contour map of RMS
errors shown in Fig.32. Three-dimensional inversion of 2D
resistivity data may also be useful in investigating an area
where the survey lines have not arranged with specific
reference to the subsurface geology. The reconstructed
resistivity structure can be improved by adding survey lines
and measuring supplementary data in an area in which there
are insufficient data (Sugimoto et al., 2004) and by
conducting orthogonal-line measurements (Sasaki et al.,
2005). Collecting data using different electrode arrays that
have different sensitivities is also an effective approach that
can reduce a total amount of fieldwork required.

4.6 Conclusions

We investigated different electrode configurations and line
arrangements for 3D inversion of 2D resistivity survey data.
We conducted numerical experiments for three kinds of
electrode configurations and two types of line arrangements
for 16 models of a conductive body in a homogeneous half-
space.

The dipole-dipole array produced a clearer image of the
low-resistivity body, while the pole-pole array yielded a
broader image of the body. Using the parallel-line
arrangement, a low-resistivity zone appeared near the
conductive body and the RMS error between resistivities
given in the model and reconstructed from the inversion was
low. Using the orthogonal-line arrangement, the low-
resistivity zone appeared to more accurately locate the target
body beneath the line intersections. In the orthogonal-line
arrangement, the RMS error was minimized inside the area
formed by connecting the ends of lines. In this regard, it may
be desirable to take place a resistivity survey in two stages.
A first round of the resistivity survey with parallel lines may
highlight areas of particular interest where further detailed
work with an intersecting line to be carried out. The field
experiment showed that, by using a resistivity survey with
parallel lines, a low-resistivity zone appeared near the
backfilled pit. The orthogonal lines were useful to improve
an image of the backfill pit. These features corresponded to
the results of the numerical experiment. Finally, resistivity
surveys were performed near the Nojima Fault in Awaji
Island to examine the effectiveness of the approach proposed
in this chapter. The 3D inversion of 2D survey data provided
a resistivity distribution similar to the geology in the field.
Although the resistivity distribution was derived using only
two orthogonal lines, the direction of the low-resistivity belt

can be recognized. Collecting data from different electrode
arrays that had different sensitivities was shown to be an
effective approach.

The criteria for selecting an electrode configuration and
line arrangement in 2D resistivity surveys for 3D inversion
depends on the properties of the target and the aim of the
survey. It may be desirable to take place a resistivity survey
in two stages as described above by considering the
characteristics of the electrode configuration and line
arrangement in 2D resistivity surveys. However, this chapter
showed results for the survey lines that are parallel or
orthogonal to the anomaly. Additional considerations are
needed when the survey lines are diagonal to the direction of
the anomaly.

5. Three-dimensional monitoring of groundwater using
3D inversion

In the preceding chapter, we described -effective
arrangements of 2D resistivity survey for 3D inversion.
When the water content varies with time, the distribution
derived from 3D inversion of the 2D resistivity survey data
includes data at different measurement times. The
interpretation of the results based on the characteristics of
inversion results is needed.

This chapter describes the applicability of 2D resistivity
survey data for 3D inversion to monitoring of soil-water flow
in the vadose zone. Distributions of the resistivity change
ratio are verified by the volumetric water content observed
in a borehole in the test site. Furthermore, other 3D resistivity
change ratio distributions are recovered from a 1-hr. time-
shifted dataset to investigate the time dependency of
measurements.

5.1 Introduction

Soil water flow on a field scale is in 3D because of the
heterogeneous hydraulic conductivity of soil. Therefore, for
a detailed understanding of soil water flow, a 3D distribution
of resistivity is required. A cross-hole resistivity survey with
electrodes placed along boreholes (Daily et al., 1992; Binley
etal., 2002; Slater et al., 2002; Daily et al., 2004; Singha and
Gorelick, 2005; Oldenborger et al., 2007; Coscia et al., 2011),
or a resistivity survey with electrodes around a soil column
in the laboratory (Binley et al., 1996; Chambers et al., 2004;
Koestel et al., 2008; Garre et al., 2011) provides detailed
information, because the electrodes are placed close to the
unknown resistivity structure. However, such a resistivity
survey is of limited application in an actual field environment,
because the electrodes must be placed underground, so
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boreholes must be drilled. Thus, 3D resistivity survey with
surface electrodes has often been applied to monitoring
infiltration of soil water (Sasaki, 1994; Park, 1998; Bentley
and Gharibi, 2004; Jackson et al., 2001; Sugimoto et al.,
2004; Gharibi and Bentley, 2005).

The images of water flow in layers of high hydraulic
conductivity, derived from 3D resistivity inversion, may be
distorted if the water content varies during the actual
measurement process. To deal with this uncertainty, Day-
Lewis et al. (2003) adopted a method to account for the time
taken to acquire ground penetrating radar (GPR) difference-
attenuation data, and Kim et al. (2009) and Karaoulis et al.
(2011) regularized the time lapse data to account for the data
acquisition time. A quick survey is also effective, because the
accuracy of the 3D image is highly dependent on
measurement time. Since 2D resistivity survey collects
resistivity data along a line, it can save measurement time
compared with 3D resistivity survey. Soil water flow may be
estimated from several 2D inversions of resistivity data as
shown in Chapter 3 (Inoue et al., 2008). However, 2D
resistivity survey may provide a less accurate image than 3D
resistivity survey for 3D targets (Batlle-Aguilar et al., 2009;
Bentley and Gharibi, 2004). Thus, 3D inversion of 2D
resistivity survey data is frequently conducted to investigate
a site with 3D geology (Jackson et al., 2001; Sugimoto et al.,
2004; Gharibi and Bentley, 2005). When the water content
varies with time, the distribution derived from 3D inversion
of the 2D resistivity survey data includes data at different
measurement times. The interpretation of the results based
on the characteristics of inversion results is needed.

This chapter investigates the applicability of 2D resistivity
survey data for 3D inversion to monitoring of soil-water flow
in the vadose zone. To this end, a groundwater recharge
experiment is conducted in a pyroclastic plateau in
Kagoshima, Japan, and the resistivity data is continuously
measured along four intersecting lines, each from 2D
resistivity survey during the recharge experiment. In this
chapter, distributions of the RCR are derived from 2D and
3D inversions of the 2D resistivity survey data. These RCR
distributions are verified by the volumetric water content
observed in a borehole in the test site. Furthermore, other 3D
RCR distributions are recovered from a 1-hr. time-shifted

dataset to investigate the time dependency of measurements.
5.2 Resistivity survey
Chapter 3 described time-efficient multiple 2D resistivity

artificial

experiment in a pyroclastic plateau in Kagoshima. Dipole-

surveys during an groundwater recharge

dipole resistivity surveys were continuously performed

Table 7 Modelling and inversion specifications.

3D 2D
FEM modeling region 450 x 450 x | 517 x234m
500 m
Number of FEM nodes 39,716 1,587
Number of FEM elements 235,173 2,998
Inversion region 116 x 116 x | 107 x 49 m
50m
Number of unknown parameter 7,935 495

during the recharge experiment along the four lines shown in
Fig.17. This chapter estimates the time-lapse 3D resistivity
change distributions during the recharge experiment shown
in Chapter 3. In resistivity surveys, electrical currents are
introduced into the soil through a pair of electrodes and
induced potential differences are measured with other pairs
of electrodes. If all electrodes are confined to a single line, a
2D profile image can be obtained. A 3D image of the
subsurface can be obtained from 3D resistivity surveys,
where the current and potential electrodes may be positioned
not only along one line but also along different lines.
Although the 3D resistivity survey is helpful for gathering
3D information, the increase in data acquired results in an
increase in measurement time. On the other hand, data
collection along several lines distributed over the survey
area from 2D resistivity survey, where the current and
potential electrodes are positioned on one line in each case,
can save measurement time. In this chapter, 2D resistivity
survey data measured along four intersecting survey lines are
used, because a relatively fast water flow is expected in the
pyroclastic plateau.

Resistivity distributions are derived from the 2D and 3D
inversions of the 2D survey data. E-Tomo 2D (Sugimoto et
al., 1995) and E-Tomo 3D (Sugimoto and Inoue, 1998) are
used for the inversions. Figure 40 presents a schematic view
of the mesh for FEM modelling, and the inversion grid. The
forward and inverse modelling specifications are listed in
Table 7. The FEM mesh is generated in such a way that the
density of the nodes is higher near the electrodes and
gradually decreases away from the electrodes (Sugimoto and
Hishiya, 1993) as shown in Figs.40 (a) and (c). The cell of
the inversion grid in the horizontal direction is 3 m inside the
survey site and 6 to 24 m outside. The cell size is also
increased gradually in the vertical direction as shown in
Figs.40 (b) and (d). Time-lapse RCR distributions during the
recharge experiment are estimated using the method
described above, in which the distribution before the change
is used as the initial state and the normalised apparent
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resistivity is inverted rather than the measured apparent
resistivity itself. Each 3D RCR distribution is derived by
inverting each dataset composed of the four lines A to D.

5.3 Results

To calculate the RCR distribution during the recharge
experiment, the initial distributions of resistivity were
derived from both 2D and 3D inversion of 2D resistivity
survey data obtained before the experiment as shown in
Fig.41. The inversion processes were quite stable, and
residual errors between the observed and predicted data were
reduced to 7.5% in 3D and 6.6% in 2D inversions and
changed insignificantly after ten and six iterations,
respectively. The 2D and 3D inversions provides similar
resistivity images in Fig.41. The reconstructed images show
an almost 1D layered structure. A low-resistivity layer from

450 m

FATTEBIZERRMT 55295 (PR30 4E3 A)

the surface to 4 m depth, which corresponds to the loam layer,
whereas a high-resistivity layer at 4 — 7 m depths corresponds
to the secondary Shirasu layer shown in Fig.18.

Figure 42 illustrates time-lapse RCR distributions
obtained from the 3D inversion of the 2D survey data
collected in the recharge experiment. The inversion almost
converged within ten iterations and the residual error for each
stage was reduced to less than 6.2%. Since it take 1hr. to
collect the resistivity data for each survey line, each RCR
distribution is regarded as a 4 hr. averaged image. A clear
decrease in resistivity was observed at depth of 4 m in the
recharge area 0 — 4 hr. after the recharge experiment started,
while little resistivity change occurred in the surface layer
shallower than 4 m in Fig.42 (a). The region with decreased
resistivity extended horizontally in the secondary Shirasu
layer at relatively early times during the recharge experiment

450 m
A
500 m
v
(a) 3D FEM mesh. Electrodes: o v=v (b) 3D inversion grid.
Surface: _\— =0
oK
Except surface: 8_V + ﬂ[/ =0
N on r
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235m 49m
v
< > < >
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(c) 2D FEM mesh along line B.

(d) 2D inversion grid along line B.

Fig.40 Schematic views of the 3D FEM mesh (a) and the inversion grid (b), and 2D FEM mesh (¢) and inversion grid (d) along line B.
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in Fig.42 (b), then penetrated the underlying the Shirasu
layer in Fig.42 (c), and finally, shrank after the water supply
ended in Fig.42 (d).

Figure 43 compares the RCR distributions along survey
line B derived from the 2D and 3D inversions of the 2D
survey data gathered 52 — 56 hr. after the recharge started (0
— 4 hr. befor e the recharge terminated). The RCR profile
reconstructed from the 3D inversion in Fig.43 (a) presents a
decreased resistivity zone of less than —50% at depths of 5 —
9 m near borehole B1. The maximum change in resistivity
occurs at 7 m, and the resistivity gradually increases with
depth in a deeper zone. By contrast, the RCR profile obtained
from 2D inversion in Fig.43 (b) presents a decreased
resistivity zone of less than —50% at depth of 5 — 11 m, and
the maximum resistivity change appears at depth of 5 m.
Figure 43 (c) shows that 6 mainly increases in a narrow zone
at depth of from 3 m to 7 m, and its maximum appears at
depth of 5.5 m. The decreased resistivity zone recovered
from the 3D inversion matches well with the zone showing
a significant change in 8 observed in borehole B1, compared

Line D

Line C

(a) 2D inversion.

Line D Line A

Resistivity (Qm)

(b) 3D iriversion.
- .
0 100 200 300 400 500 600 700 800
Resistivity change ratio (%)
Fig.41 Resistivity distributions derived from (a) 2D and (b) 3D
inversions of electrical resistivity data measured before the recharge

experiment.

Line

Line

(b)4 -8 hr.
Line

(c) 52— 56 hr. (0 — 4 hr. before the termination of the recharge).

Line

(d) 68 — 72 hr. (12 — 16 hr. after the termination of the recharge).

-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0
Resistivity change ratio (%)
Fig.42 Resistivity change ratio distributions. (a) 0 — 4 hr., (b) 4 — 8 hr., (¢)
52 —56 hr. and (d) 68 — 72 hr. after the recharge experiment started.
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with the zone indicated by the 2D inversion result, whereas
the depth of the maximum change in 6 appears to coincide
better results with the 2D than that with the 3D.

Figure 44 compares the RCR profiles derived from the 2D
and 3D inversions near borehole B1 and the change rate in
volumetric water content observed in borehole B1. The RCR
near borehole B1 increases at depths of greater than 4 m after
recharge starts and decreases after recharge terminates in
Figs.44 (a) and 44 (b). The RCR starts to increase rapidly in
the profile of 0 — 4 hr. from 3D and 1 — 2 hr. from 2D,
although the change rate in volumetric water content varies
only a little even after 5 hr. in Fig.44 (c). The slight change
in the volumetric water content suggests that fast infiltration
did not occur near borehole B1. This is partly in agreement
with the observation that recharge water spreads to the
opposite side of line B at an early stage as shown in Fig.22 .
On the other hand, the RCR increase in the early stages may
reflect the change in volumetric water content not beneath
line B but beneath the west area of recharge area RAI,
because the recharge water spread only to the west side of
recharge area RA1 and preferential infiltration would be
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expected there at an early stage. The RCR at depths of 7— 10
m in 2D in Fig.44 (b) is around —50%, and almost constant
over time. This observation coincides with the change in
volumetric water content in Fig.44 (c) rather than with the
observations provided by the 3D inversion in Fig.44 (a).
Figure 45 illustrates RCR contour lines along line B after
the re charge experiment started. The zone of decreased
resistivity expands with time and spreads horizontally during
recharge, and reaches farthest away from borehole B1 at a
depth of 7 m. Figure 46 shows the distances of the RCR
contour lines from borehole B1 at a depth of 7 m along line
B. From the variation in the volumes of the decreased
resistivity zone with time, we can estimate the velocity of
groundwater flow. The rate of expanding of the decreased
resistivity volumes 20 — 54 hr. after the recharge started are
estimated to be at 2.93 x 10° m/s (10%), 2.87 x 107® m/s
(20%), 2.63 x 107° m/s (30%), 1.51 x 107° m/s (40%) and
1.10 x 107® m/s (50%). Unsaturated hydraulic conductivity
is generally lower than saturated hydraulic conductivity, and
these values are one order of magnitude lower than the
saturated hydraulic conductivity of 1.3—1.7 x 107> m/s in the

Change ratio of volumetric water content (%)
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0 T T |
1 —O- -2D inversion
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3 === Volumetric water content
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11
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15

-60
Resistivity change ratio (%)

-80

(c) Resistivity change ratio and change ratio of volumetric

water content near borehole B1.

Fig.43 Resistivity change ratio sections along line B derived from (a) 3D and (b) 2D inversions of normalized resistivity data and (c) the change ratio of
volumetric water content at bore hole B1 and resistivity change ratio near borehole B1 derived from 2D and 3D inversions of normalized resistivity data
gathered 52 — 56 hr. after the recharge started (0 — 4 hr. before the recharge terminated). The change ratio of volumetric water content was observed 53 hr.

after recharge started and was compared with the volumetric water content before the recharge experiment.
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secondary Shirasu layer.

Figure 47 shows variations with time of volumes
surrounded by an equi-RCR surface. The volume expands
during the recharge experiment and shrinks after recharge

37

termination. The volume expansion matches well with the
increase in the total amount of recharged water, and thus
reflects an increase in the saturation level in soil. The volume
shrinkage responds to the termination of recharge, and thus

Resistivity change ratio (%)

Resistivity change ratio (%)

Volumetric water content change ratio (%)
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(a) 3D inversion near borehole B1. (b) 2D inversion near borehole B1. (¢) Volumetric water content observed at B1.

Fig.44 Profiles of the RCR and the volumetric water content change ratio. (a) 3D RCR near borehole B1, (b) 2D RCR. near barehole Bl. and (¢) volumetric water

content at borehole B1.
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Fig.45 RCR contour lines along line B derived from 3D inversion of resistivity data collected (a) 1 —4 hr., (b) 5 — 8 hr., (¢) 57 — 60 hr. and (d) 65 — 68 hr. after the

recharge experiment started.
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Fig.46 Distances of the RCR contour lines in Fig.45 from borehole B1 at 7 m depth (positive to the right).

reflects a gradual migration of water away from the site.
RCR
distributions are illustrated in Fig.48. In the early stage of the

The time-lapse volumes derived from the

experiment, —30% RCR appeared beneath the recharge areas
RA1 and RA2 in Fig.48 (a) and extended from near the west
corner of recharge area RA1 to near line A in recharge area
RA2. This volume increased during the recharge experiment,
and —40% RCR appeared 20 hr. after the recharge
experiment started in Figs.48 (b) and (c). Then, the volume
in Fig48 (d) diminished with time after the recharge

experiment was completed.

6 4———— Recharging —p

e Cumulative water

5 —a—-30%
—a—-40%
2 4 ——-50%

3

Volume (x10m’)

Time (hr.)
Fig.47 Cumulative water supplied (thick line) and variations in volumes

of RCR of —30% (rectangles), —40% (triangles), and —50% (circles) in

the recharge experiment.

5.4 Discussions

In this chapter, resistivity and RCR distributions were
obtained in an artificial groundwater recharge experiment to
monitor groundwater flow in a pyroclastic plateau. The
geological setting in the experiment site was deduced from
the resistivity distribution inverted from resistivity survey
data that were obtained before the recharge experiment. The
resistivity distribution showed an almost 1D layered
structure shown in Fig.41 and corresponded well with the log
of the four boreholes along line B shown in Fig.18. Such a
layered structure may be recovered successfully even with
the 2D inversion method.

In the recharge experiment, soil resistivity changed with
time because of the changes in the saturation level in the
vadose zone. The zone where resistivity decreased
significantly was derived from the 3D inversion shown in
Fig.43 (a), and appeared much narrower than that from the
2D inversion shown in Fig.43 (b). This observation
coincides well with the change in 6 observed in borehole B1
shown in Fig.43 (c). Newman et al. (2003) showed that 3D
inversion tends to focus on anomalies. Batlle-Aguilar et al.
(2009) reported that a 3D inversion method is more suitable
to describe infiltration under an infiltrometer disc. However,
the depth of the maximum resistivity change was 5 m
according to the 2D results and matches well with that of the
maximum change in 6 observed in borehole B1, where 0 was
maximum at a depth of 5.5 m shown in Fig.44 (c).

Since groundwater flow may cause environmental
problems such as leakage from paddy fields or slope failure,
an estimate of water flow velocity is very important for the
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assessment of the problem. However, the estimate of the
water flow velocity is difficult, because the water flow
velocity also depends on pressure heads and water content,
which are difficult to measure in the field. In this chapter, the
velocities of expansion of the decreased-resistivity volumes
were estimated in the secondary Shirasu layer as shown in
Fig.46.

The change in the RCR volume over time can be used to
generate a 3D image of the recharged water spreading in the
vadose zone as shown in Fig.48. This feature is useful for
visualizing the recharge process in the vadose zone. To detect
a preferential flow in the ground, one or more of direct
sampling methods (Ritsema and Dekker, 2000), tensiometry,
TDR (Huisman et al., 2002), or GPR (al Hagrey and Miiller,
2000; Huisman et al., 2001; Garambois et al., 2002) are often
utilized. Since 3D inversion of resistivity data can give 3D
geological information non-invasively, it can be used to

conduct a feasibility study before a quantitative investigation.

Since one cycle of 2D resistivity survey data was collected
in order from lines A to D and required 1 hr. for each line, the
resultant RCR distribution for lines A to D contains some
variation in resistivity over the total 4 hr. interval. When
multiple-line survey data are used for inversion, the data
acquisition time should be considered. Many approaches
have been suggested previously to take account for data
acquisition time (Day-Lewis et al., 2003; Kim et al., 2009,
2011; Karaoulis et al., 2011).

In this chapter, we examined four 3D RCR distributions
derived from 2D survey data measured after 3 — 7 hr., 4 — 8
hr., 5—9 hr. and 6 — 10 hr. We can see that the volume of
—30% RCR close to line D is larger in Fig.49 (b) than in
Fig.49 (a), whereas those close to the other lines are almost
the same between the two figures. This is because the image
close to line D in Fig.49 (b) is mainly reconstructed from
data acquired 4 hr. later than the data in Fig.49 (a), whereas
the images close to the other lines are recovered from the
same data. Similarly, the volume close to line B is larger in
Fig.49 (d) than in Fig.49(c). Thus, the time-lapse RCR
images display the water spreading in the vadose zone.
Furthermore, the RCR distribution in Fig.49 (d) has the same
heterogeneous tendency as that in Fig.49 (b), although the
west side was measured after the east side. These results
indicate that the heterogeneous RCR distribution mainly
reflects a non-uniform water flow in the soil shown in Fig.22
rather than the difference in measurement times.

Little resistivity change was observed in the first layer
shallower than 4 m. This suggests that little change occurred
in the saturation level at that depth range, although a high
volume of water was supplied through the recharge areas. By
contrast, the zone of decreased resistivity spread horizontally

Line B Line C

(b) 20— 24 .

Line D .
ne Line A

Line B Line C

(c) 52— 56 hr. (0 — 4 hr. before the termination of the recharge).

(d) 60 — 64 hr. (8 — 12 hr. after the termination of the recharge).

-55 -50 -45 —-40 -35 -30 -25 -20 -15 -10 -5
Resistivity change ratio (%)

Fig.48 Change in the volume of resistivity change ratio derived from 3D
inversion of resistivity data measured (a) 4 — 8 hr., (b) 20 — 24 hr., (c) 52
— 56 hr. and (d) 60 — 64 hr. after the recharge experiment started.
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during the recharge experiment in a layer beneath the first
layer, which had been observed to be a high-resistivity zone
before the experiment in Fig.41. Consequently, we can
conclude that a clear image of infiltration in the secondary
Shirasu layer (3 — 7 m depth) is obtained from the RCR
distribution. It should take at least 24 hr. for soil water to
migrate 3 m in the loam layer with its low hydraulic
conductivity, whereas the resistivity of the secondary Shirasu
layer starts to change less than 4 hr. after recharging starts as
shown in Fig.42 (a). This implies that a faster flow than that

(@)D (3-4hr), A@4-5hr),B (5-6hr),
and C (6-7hr.)

(©)B(5—6hr),C (6-7hr),D(7-8hr),
and A (8—9 hr.)

-55 50 45 —40

expected from the measured hydraulic conductivity has
occurred in the loam layer. It may be preferential infiltration,
as observed in the recharge areas during the recharge
experiment. This preferential flow may cause little change in
the saturation level of the loam layer.

5.5 Conclusions

In this chapter, the distribution of resistivity changes was
derived from 3D inversion of resistivity data collected in an

(d)C (6-7hr),D(7-8hr), A(8—9hr)
and B (9—10hr.)

-35 =30 25 20 -I5 -10 =5

Resistivity change ratio (%)

Fig.49 Change in the volume of resistivity change ratio derived from 3D inversion of resistivity data collected (a) 3 — 7 hr., (b) 4 — 8 hr,, (¢) 59 hr.,, and

(d) 6 — 10 hr. after the recharge experiment started.
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artificial recharge experiment. To save measurement time,
2D resistivity surveys were conducted, which required about
1 hr. per line. The 3D inversion results clearly showed a
heterogeneous resistivity distribution in the vadose zone and
changes in the saturation level, especially in the secondary
Shirasu layer, during the recharge experiment. The 3D
inversion of the 2D survey data was more suitable than the
2D inversion to describe the 3D phenomena associated with
groundwater recharge. These results indicate that this
method can be applied to monitoring of relatively fast
infiltration in the vadose zone. However, the infiltration flow
in the loam layer was hardly detected, because little change
occurred in the resistivity. This indicates that little change
occurred in the saturation level. This method may be useful
when the target layer has low saturation before the recharge
experiment. Further investigations using other indicators
such as changes in water resistivity are required to
understand the groundwater flow in the loam layer.

6. Estimation of high hydraulic conductivity locations
through 3D simulation of water flow in soil and
resistivity survey

In the preceding chapters, we described the method to
estimate damaged zones using resistivity distributions from
2D and 3D inversions of 2D resistivity survey data. Since the
infiltration is governed by infiltration phenomena,
considering the water flow simulation may improve the
results, because the constraint is added to the resistivity
structure.

This chapter describes a method that uses 3D simulation
data of soil water flow and 2D resistivity survey data during
a groundwater recharge experiment to estimate high
hydraulic conductivity locations. First, we show the
difficulty in estimating the infiltration path from the
inversion of the 2D resistivity survey data. Next, proposed
method is described in detail. Finally, numerical and field

experiments are conducted to evaluate this method.

6.1 Introduction

The high hydraulic conductivity zone of soil often leads to
problems such as leakage of water from a reservoir or a
paddy field and slope failures after heavy rain. It is difficult
to estimate such high hydraulic conductivity locations.
Although a change in resistivity using 3D inversion of 2D
resistivity survey data before and after infiltration provides a
3D image of the water flow, the high hydraulic conductivity
zone cannot be obtained because of the inherent limitation of

the observation data, i.e., number of measurements, time

represented and measuring sensitivity. However, a method
that uses data from resistivity surveys and seepage analyses
would be effective because a resistivity change is caused by
the water flow in soil and the water flow is governed by the
seepage phenomenon. Estimation methods of water flow
model are developed, which compares the water content
converted from inversion of resistivity survey data with
water content simulated from hydraulic models (Farzamian
et al., 2015a; 2015b; Li et al., 2015). Although this method
provides not only the image of the water flow but also the
properties of the hydraulic conductivity, the resistivity
obtained from inversion remains uncertain because of
spatially varying resolution. Thus, comparing of water
content values converted from resistivity with those from
water flow simulations includes a 3D inversion uncertainty.
However, according to the coupled approach, the observed
apparent resistivity data are directly used for determining the
hydrological properties (Looms et al., 2008; Huisman et al.,
2010; Takeshita et al., 1995). In this method, water content
simulated from water flow analysis is converted to a
resistivity model, and then apparent resistivity data are
created by the simulated survey. The simulated apparent
resistivity data are compared with the field observations to
estimate the hydraulic properties. This method can reduce
the spatial uncertainty of the 3D invasion, because the
resistivity model is constrained by the seepage analysis data.
One dimensional hydraulic properties were inverted from 1D
water flow simulations (Looms et al., 2008), and 2D
hydraulic properties were inverted from Bayesian and multi-
criteria inversion (Huisman et al., 2010) or from neural
networks (Takeshita et al., 1995). However, few studies
investigated 3D hydraulic properties using 3D water flow
simulation and 3D resistivity survey data, because
reconstruction of the 3D conditions is complex, and there are
many unknown parameters. Since the resistivity obtained
from inversion can provide an approximate image of
infiltration, making certain assumptions in terms of
infiltration can reduce the unknown parameters.

This chapter proposes a simple method to estimate high
hydraulic conductivity locations in the shallow soil layer,
which causes many hydraulic problems in the field. This
method assumes that fast infiltration occurred in the first
layer and compares observed field resistivity data with 3D
simulated apparent resistivity data based on the volumetric
water content, which are obtained from possible 3D water
flow models. First, we introduce a survey data, which were
obtained through a resistivity monitoring of groundwater
recharge experiment, and show the difficulty in estimating
the infiltration path from the inversion of the 2D resistivity
survey data. Next, proposed method is described in detail.
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Finally, numerical and field experiments are conducted to
evaluate this method.
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Fig.50 Isosurfaces of resistivity change derived from 3D inversion of
2D resistivity data measured 0 — 4 hr. after the recharge experiment
started displaying surfaces of constant data value in three dimensions.
The transparency level of the isosurfaces is set to 50% to display inner
isosurfaces that are obscured by ouater isosurfaces. Figures with x-y,
z-x and y-z axis are views from z, y and x directions, respectively. Open

circles show electrodes.

6.2 Methods

Chapter 3 described time-efficient multiple 2D resistivity
surveys during an artificial recharge of groundwater in a
pyroclastic plateau in Kagoshima Prefecture. Dipole—dipole
resistivity surveys were continuously performed during the
recharge along the four lines shown in Fig.17. Chapter 5
estimated the time-lapse 3D resistivity change distributions
during the recharge experiment. Figure 50 shows the
distribution of resistivity change derived from 3D inversion
with 2D resistivity survey data 0 — 4 hr. after the recharge
started. The 3D inversion showed a resistivity change in the
secondary Shirasu layer during the early stage. The results
revealed that a flow in the loam layer was faster than that
expected from the saturated hydraulic conductivity measured
near the site. This tendency of the resistivity change zone as
shown in Fig.50 matched with that of the filling water zone
as shown in Fig.22. However, the resistivity changes showed
a donut-like shape around the resistivity survey lines, and the
maximum changes were not under the filling water zones.
The location of the maximum change in resistivity was
below the survey lines B and D. From these results, the
location of the preferential infiltration was unclear. To
identify the infiltration location more precisely and reduce
the above problems, where the resistivity change indicates a
donut-like shape and does not correspond to the location of
infiltration area, this chapter introduces a new methodology
proposed in the next section to combine the resistivity data
and 3D seepage analysis.

1. Field hydraulic conductivity distribution T > 3. Possible hydraulic conductivity models
e ;
' 4. Inversion !
[ 2. Groundwater flow event ] ! 6. Groundwater flow simulations ]
; I
i 7. Converting water content to resistivity
3. Resistivity surveys ~ fromooommooooes ' 8. Resistivity survey simulations
[ 9. Comparing obtained data in field and simulated data from some possible models ]
[ 10. Estimation of high hydraulic conductivity zones. ]

Fig.51 Flow to estimate high hydraulic conductivity zones.
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6.2.1 Flow to estimate the location of infiltration

Figure 51 shows the flow to estimate high hydraulic
conductivity zones from groundwater-recharge experimental
data. There
distribution in a field. During a groundwater flow event,

is an unknown hydraulic conductivity

resistivity surveys are conducted. A resistivity changes are
derived from 3D inversion of 2D resistivity survey data and
some possible hydraulic conductivity models are assumed.
Distributions of volumetric water content are simulated by
saturated-unsaturated seepage analysis and are converted to
resistivity models. Resistivity survey simulations are
conducted with the resistivity models and an optimum model
is estimated comparing obtained data in field and simulated

data from the possible models.

6.2.2 Analysis of saturated-unsaturated seepage

Using FEM, volumetric water content can be calculated
with a hydraulic conductivity model. The partial differential
equation governing the behavior of the pressure head is
described (Nishigaki, 2001) by

0 5 v 80\ Oy
e )l (se 3

B=(0: unsaturated region, 1 : saturated region)
where the subscripts i and ; are space direction indicates 1, 2
and 3, the Einstein summation convention is used, K* is the
saturated hydraulic conductivity (m/s), K; is the relative
hydraulic conductivity (m/s), v is the pressure head (m), ¢ is
time (s), ¢ is the source (m%/s), Ss is the storage-coefficient
and 0 is volumetric water content. In this study, AC-
UNSAF3D (Nishigaki, 2001) is used to calculate the water
head pressure and volumetric water content.

6.2.3 Converting volumetric water content to resistivity
Archie (1942) developed an empirical formula for the
effective resistivity of a formation rock, which considers
porosity, ¢, water saturation of pores, S,, and water
resistivity, p_ , as shown in Equation (1). If ¢, p_, the
constants, temperature and geological settings remain
constant, resistivity change is occurred by water saturation
change. In the recharge experiment, the change in the water
saturation is the main factor of resistivity change since
resistivities almost never change because of other factors. In
the survey site, soil temperature is expected to not change at
a depth of 1 m deeper. Since saturation and volumetric water

content express a direct proportion using equation:

0

S=— 19
5 (19)

resistivity change may be converted from volumetric water

content change calculated using the seepage analysis. In this

study, the resistivity decrease is converted from the
volumetric water content increase using equation:

Ps .~ P

Smax Smin
el - 60 psmin
pst - pSO B 60 % emax - emin (20)
emin
where Py, is bulk resistivity at time ¢ during the recharge

experiment, psois the initial bulk resistivity before recharge
experiment, 0, is volumetric water content at time ¢, 0, is
the initial volumetric water content, 0,,,, and 0, are the
maximum and minimum volumetric water content measured
near the field (Nakano et al., 1981), respectively, and Py
and Py, Are the resistivities derived from 3D inversion
before the recharge started shown in Fig.41 (b) and when the
recharge stopped shown in Fig48 (c),
Although

proportional, the maximum change in resistivity is assumed

respectively.
resistivity and water saturation are not
to correspond to the maximum change in volumetric water
content for simplicity of converting. The decreased
resistivity is added to the initial resistivity, which is derived
from the resistivity survey data before the recharge shown in
Fig.41 (b).

6.2.4 Resistivity survey simulation and inversion

The electric potentials can be calculated for the resistivity
model using FEM. The partial differential equation
governing the behavior of the electric potential is described
by Poisson’s equation (2). In the inversion of resistivity, the
model parameters are updated to fit the calculated data to the
observation. In general, a resistivity change is estimated from
two resistivity distributions using apparent resistivity data
obtained before and after the resistivity change. However,
this approach may not identify a resistivity change accurately
due to the different noise levels at each measurement and the
different convergence levels at each inversion. To reduce
these influences, LaBrecque and Yang (2001) presented
difference inversion and Daily et al. (2004) described ratio
inversion. In this study, to estimate a resistivity change,
normalized apparent resistivity data (Sugimoto, 1995; Inoue
et al, 2016) are used for the inversion. E-Tomo 3D
(Sugimoto, 1995) is used to simulate the observed apparent
resistivity data and to conduct the 3D inversion of resistivity.

6.2.5 Comparison between observed and simulated
resistivity data

The observed apparent resistivity data are compared with
the simulated apparent resistivity data from resistivity
models that are converted from the volumetric water content
simulated for possible hydraulic models. Let j be number of
the possible models, the total error E; between observed
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data and simulated one for possible hydraulic model & (k=
1,---, ) is calculated by

N dl-ObS _ disim 2
ErZ(w) (k=1,---)) (21)

=1
where d°™ is the observed apparent resistivity data, d™is
simulated apparent resistivity data and N is the number of
observations in the apparent resistivity data.

6.3 Results

In the resistivity survey during the recharge experiment,
the high hydraulic conductivity zones were expected to be
located in a recharge area, but their location was difficult to
be estimated solely from the 3D inversion of the 2D
resistivity survey data. In this study, a numerical experiment

and a field application are conducted for the survey site.

6.3.1 Experiment of groundwater flow and resistivity
survey simulation

In the numerical experiment, a field model that has a high
hydraulic conductivity zone in a recharge area at first layer is
considered assuming the survey site. Figure 52 shows a
numerical model of seepage analysis. According to the
survey site as described in chapter 5, three layers have
different hydraulic conductivity, and Layer 1, 2 and 3
correspond to the loam layer, the secondary Shirasu layer,
the Shirasu layer, respectively. Two recharge areas (RA1 and
RA2) were configured, and RA1 was divided into nine
columns (3 x 3) and RA2 was divided into six columns (3 x
2). Since high hydraulic conductive zones were expected in
the survey site, one high hydraulic conductivity zone in layer
1 was located in each recharge area and the hydraulic
conductivity in this zone was set to ten times higher than the
hydraulic conductivity of layer 1. All nodes were set to —10
m of the total hydraulic head at the initial conditions, because
the groundwater level was estimated to be deeper than 10 m
at the survey site. The boundary condition included an
impermeable boundary, and the surface nodes in the
recharge area were set to the pressure head of 0.3 m during
the recharge, because the recharge areas were surrounded by
plastic plates buried 0.3 m in depth and the water level was
less than 0.1 m. The water characteristic curve, which is the
relationship between the unsaturated hydraulic conductivity
and the water pressure head with the volumetric water
content used in the seepage analysis, are shown in Fig. 53,
and the relationship were based on the unsaturated flow
examination conducted near the survey area (Nakano et al.,
1981). The smallest mesh size is 3 m in the horizontal
direction and 1 m in the vertical direction. The mesh size is

Table 8 The conditions of an 2D resistivity survey.

Number of electrodes 48

Electrode spacing Im

Line length 47m

Number of data 698

Electrode configuration dipole-dipole array
Measuring time 1 hr.

same with the grid size of resistivity inversion with the
purpose of easily converting water content to resistivity,
although this mesh size might be not enough for a water flow
simulation.

In Fig.52, white dotted lines show four resistivity survey
lines. Resistivity models were converted from the volumetric
water content models simulated by seepage analysis before
and after the recharge started, and simulations of 2D
resistivity surveys were conducted for the resistivity models.
Table 8 shows the conditions of an 2D resistivity survey.
Resistivity change was derived from the 3D inversion of the

four 2D survey line data.

Line B Line D

Line A ..

Line

y

I

-50 (m)
M Layer 1
Layer 2

M Layer 3 e

M High hydraulic
conductivity
- 50 (m)

Fig.52 Projection view of FEM mesh for seepage analysis and resistivity
survey lines. White dotted lines show four resistivity 2D resistivity survey
lines. The smallest mesh size is 3 m in the horizontal direction and 1 m in
the vertical direction. This mesh size is same with grid size of inversion
of resistivity and it is easy to convert water content to resistivity. All nodes
are initially set at —10 m of the hydraulic total head. Surface nodes in the
recharge areas have the pressure head at 0.3 m during the recharge
experiment. The surface of the site is inclined slightly from north-west to

south-east.
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Figure 54 shows distribution of water pressure heads
simulated with the numerical field model 1 to 4 hr. after the
recharge experiment started in Fig.52. The water pressure
head increased primarily in the high hydraulic conductivity
zones, and the increased zone spread vertically and
horizontally. The volumetric water content can be converted
from the water pressure head by water characteristic curve in
Fig.53.

Figure 55 shows distribution of resistivity changes 4 hr.
after the recharge started in the numerical field model.
Figure 55 (a) shows the change in resistivity converted from
the volumetric water content 4 hr. after the recharge started
in Fig.54 (d), against the values before the recharge started.
The resistivity changes at layer 2 are higher than those at
layer 1, because water characteristic curves of each layer are
different, and the increases in volumetric water content at
layer 2 are higher than layer 1, although the water pressures
are almost same at layers 1 and 2 as shown in Fig.54 (d).
Figure 55 (b) shows the change in resistivity inverted from

—O— Layer 1 Pressure

—/— Layer 3 Pressure

— O - Layer 2 Hydraulic conductivity
-++Q--+ High hydraulic conductivity

the resistivity survey data simulated for the water content 0
— 4 hr. after the recharge started in Figs.54 (a) — (d), against
the values before the recharge started. Figure 56 shows
resistivity changes 4 hr. after the recharge started in a model
of no high hydraulic conductivity zone in layer 1. Figures 55
(a) and 56 (a) present true changes in resistivity and Fig.55
(b) and 56 (b) present changes in resistivity from 3D
inversions. In Fig.55 (b), the resistivity decreased near the
high hydraulic conductivity zones and resistivity change of
—10% was observed at a depth of 3 m deeper, although, in
Fig.56 (b), resistivity change is less than —3%, and there is
no change below the survey line B. FigureS5 (b) also shows
a donut-like shape of resistivity change around the resistivity
survey line, and the maximum resistivity change in Fig.55
(b) is not in the location where water content has maximum
change in Fig.55 (a). The location of the maximum change
in resistivity is below the survey line.

Figure 57 compares high hydraulic conductivity models.
Figure 57 (a) is the field model shown in Fig.52, and Figs.57

—{1— Layer 2 Pressure
— O = Layer 1 Hydraulic conductivity
— /x = Layer 3 Hydraulic conductivity
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Fig.53 Relationship between the unsaturated hydraulic conductivity and the water pressure head against the volumetric water content used in the seepage

analysis. The relation is based on the unsaturated flow examination conducted near the survey area (Nakano et al., 1981) and high hydraulic conductivity

in layer 1 is assumed to be ten times higher than the hydraulic conductivity of the layer 1.
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(b) and (c) are other field models. Figure 57 (d) is the
location number in recharge areas, and the location £ is the
high hydraulic conductivity location at possible model & (k=
1, -+-,15). Possible model 1 has a hydraulic conductivity zone
at location 1, possible models 2 — 15 have a hydraulic
conductivity zone at location 2 — 15, respectively. Field
models 1, 2 and 3 shown in Figs.57(a), (b) and (c¢) have two
hydraulic conductivity zones at locations 6 and 14, 2 and 10,
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and 13 and 4, respectively. Figure 58 shows total errors
between the observed apparent resistivity data from the field
models and the simulated apparent resistivity data from 15
possible models. The contour level at location 1 in Fig.58 (a)
indicates the total errors between the observed data in the
field model 1 and the simulated data in possible model 1. The
contour levels at locations 2 — 15 indicate the errors between

the field model 1 and possible models 2 — 15,

» 47(m)

c
5
o
o8]
O

Line D

000000000
o

MODOOOCC

g

DOO000000

8
QOOOUTCOX A OO, u.xx.t.x.\'}-?{.\(’\( MOOO00000D0000C
ine A E zé
oocoooddReL: x:Fa\n MOOOOCO0000 ‘\Mu DOOOOO000000
8 8 y
g g
: | La
u 0 L5 <
47 (m) 47 (m)
-’D‘ 5 (R . X‘(XJ('{A]\&LULKK.K.‘U
-1.0
-1.5
20
Sal0 (m)
- (b) 2 hr. after.
Pressure head (m)
470m) . .
3 R Line B “1 Line D
g 8
C o Ra

QOCOO000000L <'{

Line C

\K O00C 1'&'%"\'3\'1"{

POCCOOO00OL ;;y,x-.«.-.«. MOOOODOC
=
}4
=
<
Q
2
2
s
&
<
<
g
|

(d) 4 hr. after.

Fig.54 Isosurfaces of pressure head at (a) 1 hr., (b) 2 hr,, (¢) 3 hr. and (d) 4 hr. after the recharge started. displaying surfaces of constant data value in three
dimensions. The transparency level of the isosurfaces is set to 50% to display inner isosurfaces that are obscured by outer isosurfaces. Figures with x-y, z-x

and y-z axis are views from z, y and x directions, respectively. Open circles show electrodes.
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respectively. The minimum error zones in RA1 and RA2 are
the locations 2 and 10, respectively. Figures 58 (b) and (c)
plot total errors for the other field models. The minimum
error zones in RA1 and RA2 correspond to the zones of high
hydraulic conductivity. These results indicate that this
method has sufficient sensitivity to seek the location of high
hydraulic conductivity zone.

LineB LineD

47 (m)

(d) Location number.

(c) Field model 3.

Fig.57 High hydraulic conductivity models. (a), (b) and (c) are numerical
field models and (d) is the location number in recharge areas and the
location of the high hydraulic conductivity zone at each possible model.
Possible model 1 has a hydraulic conductivity zone at location 1, possible
models 2 — 15 have a hydraulic conductivity zone at location 2 — 15,
respectively. Field models 1, 2 and 3 have two hydraulic conductivity

zones at locations 6 and 14, 2 and 10, and 13 and 4, respectively.
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6.3.2 Application to the field data of groundwater flow
and resistivity survey

The above method was applied to the field data of
groundwater recharge experiment described in Chapters 3
and 5. Figure 59 shows the total errors between the observed
data in the field and the simulated data in the 15 possible
models shown in Fig.57 (d). In RA1, the total errors of the
possible models 1, 2, 6 and 7 are lower than other models
and the error in the possible model 2 is minimized. In RA2,
the total error of the possible model 10 is minimized. The
locations of minimum models coincide with the surface
range filled with water 1 hr. after the recharge experiment
started in RA1 and RA2 as shown in Fig.22, whereas the
locations of large total errors coincide with the no filling
water zone.

6.4 Discussions

In the numerical experiment, the resistivity decreased near
the high hydraulic conductivity zones, and a resistivity
change of —10% was observed at a depth of 3 m deeper in
Fig.55 (b), although, in the model of no high hydraulic
conductivity zone, the resistivity change was less than —3%,
and there is no change below the survey line B in Fig.56 (b).
These results indicate that the resistivity change derived from
3D inversion with four 2D resistivity survey data can reveal
the existence and the approximate location of infiltration.
However, the resistivity change exhibited a donut-like shape
around the resistivity survey line, and the maximum change
was not in the location where water content exhibited its
maximum change. The location of the maximum change in
resistivity was below the survey line. This reveals difficulty
in estimating the precise location of infiltration from 3D
inversion with 2D resistivity survey data. The reason is that
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Fig.58 Total errors of observed resistivity data in (a) field model 1 in Figure 6.8 (a), (b) field model 2 in Figure 6.8 (b) and (c) field model 3 in Figure 6.8 (c)

against resistivity data of 15 possible models shown in Figure 6.8 (d).
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there is low constraint for inversion. More information is
needed such as 3D resistivity survey data or water flow data.
The reason of the donut-like shape around the resistivity
survey line is that a 3D sensitivity distribution exhibits axial
symmetry with respect to the survey line (Sasaki, 1994). A
conductive body off the line in one side produces a low-
resistivity artefact at a position equal to the offset distance in
the other side as shown in Chapter 4.

By comparing the observed data from field models with
the simulated data from the possible high hydraulic
conductivity models, the high hydraulic conductivity
location from minimum error models corresponded to the
high hydraulic conductivity location from the field models.
This result supports that the use of the total errors between
the observed data and the simulated data from some possible
high hydraulic conductivity model is feasible for identifying
the location of the high hydraulic conductivity zone, whereas
the resistivity change derived from the 3D inversion using
2D resistivity survey data cannot reveal the location.

In the field experiment, resistivity changes greater than
—10% were observed at a depth of 3 m deeper in Fig.50,
although in the model of no high hydraulic conductivity
zone, resistivity changes more than —3% were not observed,
and there is no change below the survey line B in Fig.56 (b).
The resistivity change under the survey line D in Fig.56 (b)
may be caused by the resistivity change of —4% in the surface
of RA2 shown in Fig.56 (a). If the resistivity change of the
surface in RA2 is high, the resistivity change below the
survey line D can be high. However, there is no resistivity
change under the survey line B in Fig.56 (b), although
resistivity changes were observed under the survey line B in
Fig.50. This result indicates that resistivity changed in the
secondary Shirasu layer and there was a high hydraulic
conductivity zone in the loam layer. The zone of resistivity
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Fig.59 Total errors of the observed data in the field against 15 possible

models.

change matched with that of the filling water shown in
Fig.22 and the 3D inversion with 2D resistivity survey data
revealed a trend of preferential flows. However, as described
before, it is difficult to identify the location of high hydraulic
conductivity zone using the resistivity change derived from
3D inversion with 2D resistivity survey data.

The total errors were estimated between the observed data
in the field and the simulated data in the 15 possible models.
The locations of the high hydraulic conductivity zones with
the minimum error model coincided with the surface zones
filled with water 1 hr. after the recharge experiment started
in RA1 and RA2, whereas the large total errors models
coincided with the no filling water zone. This indicates that
the total errors between the observed and the simulated data
for some possible high hydraulic conductivity models can
indicate the infiltration location.

In this study, hydraulic conductivity was assigned
homogeneously in a layer, although it varied due to the
heterogeneous geological conditions. It also requires a
relationship between the hydraulic conductivity and the
water pressure head with the volumetric water content.
Direct inversion of hydraulic properties (Looms et al., 2008;
Huisman et al., 2010; Takeshita et al., 1995) is a more
objective way, however reconstructing the 3D conditions is
complex, and there are many unknown parameters such as
the shapes of water characteristic curve or its spatial
varieties. Since infiltrations were expected from the 3D
inversion of 2D resistivity data in this study, many conditions
were assumed. Only one high hydraulic conductivity zone in
a recharge area was expected at the first layer. If there are
many high hydraulic conductivity zones in a first layer or the
high hydraulic conductivity zone is narrow, the estimated
location becomes unclear. In addition, the depth and the
intensity of high hydraulic conductivity cannot be estimated
with this method. It is also difficult to apply this method to a
field, where there is no change in the water content, because
there is no change in resistivity.

We aimed to estimate the location of infiltration, when
infiltration is expected and the location is unclear. When an
earthquake occurs, there are cracks under the paddy field and
failures of filling water. This method can be applied to such
cases for the effective repair of paddy fields.

6.5 Conclusions

To identify high hydraulic conductivity locations from the
surface, a method to select hydraulic conductivity models
was applied to both numerical and field experiments by
comparing observed 2D resistivity survey data in field and
simulated resistivity survey data for the volumetric water
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content simulated from possible hydraulic conductivity
models. In the numerical experiment, the 3D inversion of 2D
resistivity surveys indicated the preferential flow and an
approximate tendency of preferential flow zone. However,
the infiltration locations were unclear. By assuming that high
hydraulic conductivity zones exist in the first layer, the
location of high hydraulic conductivity zone from minimum
error model comparing with the 15 possible models of a high
hydraulic conductivity zone corresponded to the high
hydraulic conductivity location of the field model.

In the field experiment, resistivity surveys were conducted
during groundwater recharge experiment in a pyroclastic
plateau. The resistivity surveys provided image of the
preferential flow. The high hydraulic conductivity location
of the model that gave minimum errors corresponded to the
zone of filling water, whereas that of the model that produced
large errors corresponded to the zone of no filling water.
These results suggest that estimation of high hydraulic
conductivity location using simulation of groundwater flow
and resistivity surveys is possible.

Although it is difficult to estimate the precise location of
infiltration via 3D inversion using 2D resistivity survey data,
the proposed method could estimate high hydraulic
conductivity locations. However, there were many
assumptions. For example, it was assumed that fast
infiltration occurred in the loam layer and the zone of high
hydraulic conductivity is ten times larger than the loam layer
zone. Inversion of hydraulic conductivity should be carried
out in a more objective manner and further investigation is
needed.

7. Summary

7.1 Research summary

In this research, we investigated the applicability of
methods that estimate the 3D resistivity structure using 2D
resistivity survey data to numerical and field experiments.
The results in the preceding chapters will be summarized
once again.

In Chapter 2, we proposed a method using 2D resistivity
surveys to efficiently detect the range of cracks. In the
numerical experiment, the horizontal range estimated by the
survey line parallel to the crack was found to be almost equal
to the actual crack length. The vertical range estimated by the
survey line orthogonal to the crack had low correlation with
the depth when the depth was larger than the length.
However, high correlation was observed when the depth was
smaller than half of the length. In the field experiments, the
horizontal range estimated by the survey line parallel to the

crack detected the crack length. The vertical range of cracks,
estimated by the survey line orthogonal to the cracks,
detected the crack depth when the depth was smaller than the
length. The results indicate the possibility in detecting the
range of cracks by estimating the crack length based on
parallel survey lines and the crack depth based on orthogonal
survey lines and the results of the crack length.

Chapter 3 presented a semi 3D resistivity monitoring
method using 2D resistivity surveys of four traverse survey
lines at a groundwater recharge experiment site. The
resistivity distributions before the recharge test reflected the
geological column at the boreholes and it was assumed that
the geology of this site had a layer structure. During the
recharge, resistivity changes reflected changes in volumetric
water content at the boreholes. This shows that 2D difference
inversions can be used to image soil water flows. Decreased
resistivity zones spread along the secondary Shirasu layer
and it was assumed that the soil water spread horizontally
along the secondary Shirasu layer. The volumetric water
content using a neutron moisture meter and the resistivity
derived from the 2D inversion did not change in the loam
layer. This may indicate the occurrence of partial flows in the
loam layer. Each survey line gave a non-uniform distribution
for the resistivity change ratio that reflected the fact there was
no uniform filling of water in the recharge area. These results
indicate that multi-line 2D resistivity surveys make it
possible to easily monitor semi 3D flows of soil water.

In Chapter 4, we proposed effective electrode
configurations and line layouts commonly used for 2D
resistivity surveys for 3D inversion. The results of the
numerical experiment revealed that the parallel-line
arrangement was effective in identifying an approximate
location of the conductive body. The orthogonal-line
arrangement was optimal for identifying the target body near
the intersecting point of lines. As a result, parallel lines were
useful to highlight areas of particular interest where further
detailed work with an intersecting line to be carried out. In
the field experiment, 2D resistivity data were measured on a
loam layer with a backfilled pit. The reconstructed resistivity
image derived from parallel-line data showed a low-
resistivity portion near the backfilled pit. When an
orthogonal line was added to the parallel lines, the newly
estimated location of the backfilled pit coincided well with
the actual location. As a field application, we collected
several 2D resistivity data sets in the Nojima Fault area in
Awaji Island. The 3D inversion of these data sets provided a
resistivity distribution corresponded to the geological
structure. In particular, the Nojima Fault was imaged as a
western boundary of a low-resistivity belt from only two
orthogonal lines.
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Chapter 5 presented the applicability of 3D inversion of
2D resistivity survey data to monitoring of soil-water flow in
the vadose zone. The 3D inversion results clearly showed a
heterogeneous resistivity distribution in the vadose zone and
changes in the saturation level, especially in the secondary
Shirasu layer, during the recharge experiment. The 3D
inversion of the 2D resistivity survey data was more suitable
than the 2D inversion to describe the 3D phenomena
associated with groundwater recharge. These results
indicated that this method can be applied to monitoring of
relatively fast infiltration in the vadose zone. However, the
infiltration flow in the loam layer was hardly detected,
because little change occurred in the resistivity. This
suggested that little change occurred in the saturation level.
This method may be useful when the target layer has low
saturation before the Further

investigations using other indicators such as changes in water

recharge experiment.

resistivity are required to understand the groundwater flow
in the loam layer.

In Chapter 6, we proposed a method that uses 3D
simulation data of soil water flow and 2D resistivity survey
data during a groundwater recharge experiment to estimate
high hydraulic conductivity locations. In the numerical
experiment, 3D inversion of the resistivity survey provided
an image of the preferential flow, although the infiltration
locations were unclear. The high hydraulic conductivity
location of the possible model that provided the minimum
errors corresponded to the high hydraulic conductivity
location of the field model. In the field experiment, an 2D
resistivity survey was conducted during groundwater
recharge experiment in a pyroclastic plateau. The 3D
inversion of the 2D resistivity survey provided an image of
the preferential flow. By comparing the field resistivity
survey data with the simulated resistivity survey data, the
high hydraulic conductivity location of the possible model
that provides the minimum error corresponded to filling
water range, whereas that of the possible model that gives the
maximum errors corresponds to no filling water range. These
results indicate that estimating high hydraulic conductivity
locations using 3D simulations of the groundwater flow and
2D resistivity survey is possible.

7.2 Conclusions

When the resistivity structure is in 3D and does not match
the assumption of 2D inversion, the resistivity distribution
derived from 2D inversion can result in artifacts. However,
2D inversion using 2D resistivity survey data can estimate
the depth of the target body with orthogonal survey lines
after estimating the length of the target body with parallel

survey lines. Moreover, 2D difference inversions from
multiple 2D resistivity survey data could estimate the vertical
and horizontal water flow and help in 3D modeling of
nonuniform sequential recharging. When 3D inversion of 2D
resistivity survey data is conducted, parallel lines are useful
to highlight areas of particular interest where further detailed
work with an intersecting line should be carried out. The 3D
inversion of 2D resistivity survey data is more suitable than
2D inversion to describe the 3D phenomena associated with
groundwater recharge. This method can be applied to
monitor relatively fast infiltration in the vadose zone.
Moreover, 3D simulations of the groundwater flow and 2D
resistivity survey can estimate high hydraulic conductivity
locations. Although these methods use 2D resistivity survey
data, 3D information of the subsurface can be estimated
considering proper line arrangement, estimation order, or a
combination of simulations.

7.3 Future works

The infiltration flow in the loam layer is barely detected,
because the change in resistivity is small. It is difficult to
estimate the condition under the water table or in a layer
where the change in volumetric water content is small.
Resistivity monitoring using a conductive liquid should be
investigated. Although 3D simulations of the groundwater
flow and 2D resistivity survey could estimate high hydraulic
conductivity locations, there were many assumptions. For
example, it was assumed that fast infiltration occurred in the
loam layer and the zone of high hydraulic conductivity is ten
times larger than the loam layer zone. Inversion of hydraulic
conductivity should be carried out in a more objective
manner and further investigation is needed.
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