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Abstract

Three-dimensional geoelectrical surveys are widely used to map the subsurface in areas with
complex geology. Field survey methods using the offset pole-dipole and dipole-dipole arrays
have been proposed to map large areas efficiently. However, it has been found that negative
apparent resistivity values are sometimes encountered in areas with large resistivity contrasts,
particularly when large offsets between the current electrodes and potential dipoles are used.
The vectorarray configurationthat makes two measurements of the electric field ateach station
with two potential dipoles at right angles avoids this problem. The combined potential
measured at the two dipoles is independent of the orientation the current electrodes to the
receiver station. The amplitude of the vector apparent resistivity value is always positive. A
commonly used configuration isto lay outthe currentand potential electrodes alongalternating
parallel lines. We examine the use of different offsets between the current electrodes and
potential dipoles to improve the survey spatial resolution. A new inversion method using both
theamplitude and direction of the vectorarray potentials is describedto improve the resolution.
Results from the inversion of a synthetic model data setand a field survey over a deep-seated

landslide are shown.
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Introduction

3-D geoelectrical surveys are widely used to map the subsurface in areas with complex
geology (White etal. 2001; Loke etal. 2013). New field survey techniques, such as the offset
pole-dipole and dipole-dipole arrays with the current and potential electrodes arranged in
alternating parallel lines, were designed to map large areas efficiently (Collins and White
2007). Some surveys use potential lines at a larger offset from the current lines to increase the
survey depth but it sometimes results in array configurations with very low potential signals.
In some cases, negative apparent resistivity values are obtained, particularly when there are
large resistivity contrasts (Lee et al. 2014). Different situations where negative apparent
resistivity values can occur are discussed in Wilkinson et al. (2008), Jung (2009), Jung et al.
(2009) and Deidda et al. (2011). The logarithms of the apparent resistivity and the model
resistivity are commonly used as the data and model parameters in inversion routines due to
the large range of values that can occur in a data set (Johansen 1977), but it cannot be used if
negative apparent resistivity values are present.

The vector array configuration was proposed by Zonge (1994) for carrying carry out
surveys over large areas rapidly. At each receiver station, three potential electrodes that
measure the electric field in two perpendicular directions are used. Similar tensor array
configurations using perpendicular current dipoles have also been used (Risk et al. 1970;
Doicin 1976; Keller and Furgerson 1977; Bibby and Risk 1992). New field survey instruments
have made it practical to use such array configurations for detailed surveys (Truffert et al.
2019). Conventional inversion techniques thattreatthe two measurements as separate apparent
resistivity data points cannot be used as some of them might have very high (or even infinite)
geometric factors and be very sensitive to noise. In this paper, we propose a new method that
combines the measurements into amplitude and direction components that are used as the data
parameters in the inversion scheme. In the following section, we give a brief overview of the
smoothness-constrained least-squares optimisation method and the use of vector arrays in
modern surveys. This is followed by a description of the proposed inversion scheme that uses
the amplitude and direction components derived from the vector array data set. Finally, we
discuss the results using data sets from a synthetic model and a field survey over a deep -seated

landslide.



Method

Least-squares inversion method
In the inversion of geoelectrical data, we seek to find a subsurface resistivity model so
that the calculated apparent resistivity values match the measured values subject to constraints

imposed on the model. A nonlinear optimisation method is usually used to find the minimum

of an objective function ®(r) such as that given below.
(1) = 0y(r)+ 7 (r) (1)
r is a vector with the model resistivity values. @, is a measure of the difference between the

measured and calculated apparent resistivity values, while @ is a measure of the model

roughness (Oldenburgand Li1994; Farquharsonand Oldenburg 1998). Ais the dampingfactor
(Farquharson and Oldenburg 1998; Loke et al. 2013) that gives the relative weight given to
reduce the model roughness compared to the data misfit.

The smoothness-constrained least-squares optimisation method is widely used in 2-D
and 3-D resistivity and IP data inversion (Loke et al. 2013). The method usually converges
rapidly to an acceptable solution. It has been used for inversion of data sets with several
hundred thousand data points and model parameters using commonly available and
inexpensive PCs (Loke et al. 2020). The following equation is used in an iterative manner to
refine an initial model (frequently ahomogeneous model) to determine the change in the model

parameters (Ar) that will reduce the data misfit (g).

TR, +A,WTR, W/Ar, =3TR g, -, W'R, W(r, , T, ) )

The Jacobian matrix J contains the sensitivities of the (logarithm of) apparent resistivities with
respect to the (logarithm of) the model resistivity values r. rp, is a reference model, while W is
the roughness filter that minimises the change in the resistivity value across neighbouring
model cells. The above equation is solved to determine the change in the model parameters
(Arj) thatwill reduce the data misfit gj. rj-1 is the model from the previous iteration. Rq and
Rm are weighting matricesused by the L1-norm inversion method (Farquharsonand Oldenburg
1998) applied to the data misfitand model roughness. The data misfit g contains the difference

between the logarithm of the measured and calculated apparent resistivity values.



Vector arrays and transformation of data values

Figure lashowsa schematic diagram foratypical offsetpole-dipolesurvey layout (White
et al. 2001) with the current and potential electrodes arranged in alternating lines. This layout
was designed for resistivity and IP surveys used to map mineral deposits at depths of up to
several hundred metres. Large electrode spacings of 50 to 200 metres are commonly used
covering survey areas of several square kilometres. Measurements are usually made between
the current and potential electrodes in adjacent lines (a single offset measurement). In an effort
to increase the depth of investigation with a limited number of lines, some surveys attempt to
use potential lines at a larger offset from the current lines. This sometimes results in array
configurations with very low potential signals, and in some cases even with negative apparent
resistivity values, particularly when there are large resistivity contrasts (Lee et al. 2014). The
logarithm of the apparent resistivity is frequently used as the data parameter in inversion
schemes as it reduces the data values from a logarithmic to a linear range. It was shown by
Johansen (1977) that using the logarithm of the apparent resistivity and model resistivity
improved the convergence of the inversion method. However, it is not possible to use the
logarithm for the data parameter if negative apparent resistivity values are present (Jackson et
al. 2001). In such cases, it is necessary to use the apparent resistivity values as the data
parameter. As they have a much larger range than the logarithms, a weighting scheme has to
be used to avoid asituation where excessive weight is given to reducing the data misfit for data
points with large apparent resistivity values. In some field surveys, a situation may arise where
the current electrode is located exactly in between the potential electrodes (Figure 1b). This
results in an array configuration with an infinite geometric factor where the apparent resistivity
value is undefined.

Figure 1c shows a possible layout using the vector array configuration (Loke etal. 2019;
Truffertetal. 2019). In many surveys, the second current electrode (C2) is at a fixed location
that is sufficiently far away so that its effect on the measured potential is small and can be
neglected. Instead of two potential electrodes, each receiver station has three electrodes, with
a common positive P1 electrode and two negative P2 electrodes. Ideally, the P1-P2, and P1-
P2y, dipoles are perpendicular to each other. At each receiver station two resistance values are
measured (r, and r,) associated with the potential dipoles P1-P2, and P1-P2,, (Figure 2). The
values of the individual resistance components vary with the orientation of the potential dipoles
with respect to the current electrode (Figure 2). However, it avoids a situation where a
resistance value of zero is measured at both dipoles. For example, in Figure 2a, the current

electrode C1 is almost at the middle point of the P1-P2, potential dipole. This will result in a



very small resistance value as measured by this dipole. In comparison, the P1-P2, is almost

colinear with the C1 electrode, so the measured resistance value will be much larger. Figure 2b

showsasituation where asmall resistance value will be measured atthe P1-P2, potential dipole

but a larger value at the P1-P2,, dipole. Regardless of the orientation of the current electrode

with respect to the dipoles, at least one of the dipoles will have a non-zero resistance value.
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Figure 1. (a) Schematic diagram of electrodes layout for the offset pole-dipole survey. (b) An
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Figure 3 shows a schematic diagram of a vector array measurement with two resistance
components. Ideally the angle y between the two arms (P1-P2, and P1-P2;) of the vector array
potential electrodes should be 90 degrees. However, in many field surveys it usually varies
between 80 to 100 degrees. The two vectors (raand rp) can be combined into a single vector

rc (Figure 3a) as follows:

r. =[r,sin(a) +r,sin(B)].i +[r, cos(e) + 1, cos(S)]j
where i and j are unitvectors in the x and y directions. The amplitude of the combined vector
is then given by

I, = [(ra sin(a) + 1, sin(B)f +(r, cos(a) +, (:05([3))2]0'5 = [rj +1r2+2r,r cos(f —a)]°‘5 :
which can be simplified to

= [ra2 +r2 4201 cos(y)]o'5 : (3)
To convert the resistance amplitude r. to an apparent resistivity value, we derive the equation
for the corresponding geometric factor term. For a homogeneous half-space with resistivity p,
the relationship between the measured resistance and the geometric factor can be written as
follows:

r,=pk, r=pk, .
ka and ky, are reciprocals of the geometric factors associated with the two components of the

vector array. Substituting the relationships into equation (3), we get:

pk = [(,o.ka Y +(pk,) +20k, pk, cos(y)]o's, which leads to

K, = [k2 +k2 + 2k k, cos(»)|** , 4)
with k¢ being the reciprocal of the geometric factor for the amplitude resistance component r..
The apparent resistivity amplitude value (pc) can then be calculated by the following equation:
p. =Kr,, where K=1/Kk, . (5)
Using the amplitude of the vector potentials avoids the problem of very high geometric factors
and noisy data when a potential dipole is almost on an equipotential line. The geometric factor
for the amplitude is always smaller than (or at most equal to) the smallest geometric factor of
the individual components. To verify equations (3) and (5) are correct, calculations were

carried out for a homogeneous half-space where the apparent resistivity value should be the
same as the model resistivity.



The least-squares equation (2) includes the Jacobian matrix J that contains the partial
derivative of the logarithm of the apparent resistivity with respectto the logarithm of the model
resistivity. The partial derivative of the resistance amplitude r. can be calculated from the

partial derivatives of the individual components using the following relationship.
(6)

_L+ncos(y) o, L cos(y) or,

or,
r op; I, op;

p; c
pj Is the resistivity of the jth model cell. The partial derivatives of the individual components

raand rp are calculated using the adjoint-equation method (McGillivray and Oldenburg 1990).
In the vector array layout (Figure 1c), a number of potential measurements are made using the
same currentelectrode. A fastmethodto calculate the partial derivatives with the finite -element
method is described in Loke et al. (2020). Using the amplitude component alone has the
advantage that inversion algorithms designed for processing apparent resistivity data from
conventional arrays can be easily adapted for vector array data (Loke et al. 2019). The average
of the amplitude apparent resistivity values is used to set the initial homogenous model for the
smoothness-constrained least-squares method if there is no prior information about the
subsurface resistivity. However, using the amplitude component alone does not make full use

of the data available.
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A single vector array measurement has two independent readings, r, and rp. Thus, the
transformed measurement should also have two values, the amplitude and a direction
component. If the x-axis in Figure 3a is used as reference direction, the direction of the
combined resistance valuesis the angle 6. So, theoretically the direction can be used as a second
data parameter for the inversion. However, one disadvantage of using the angle as a data
parameteristhatit is nota continuousvariable. Forexample, the configurationshownin Figure
3b gives a combined vector with a small positive angle 6 with respect to the x-axis. A small
shiftin the position of the C1 electrode will resultin a negative value forthe r, componentsuch
that the r. vector is now below the x-axis. If the convention that angles have a range of 0 to 2n
is used, the angle (measured in the anti-clockwise direction from the x-axis) in Figure 3c will
now be 27-0. This results in a discontinuity in the angle value for a small change in the ry
component. The least-squares method makes use of the Jacobianmatrix thatcontains the partial
derivative of the data parameter with respect to the model resistivity value, so ideally the data
parameter should be acontinuous variable. In array configurations with large geometric factors,
a change in the model resistivity near the electrodes can cause the calculated resistance value
to change from positive to negative. For the vector array, this would cause a corresponding
change in the direction component from 6 to 27-6. In this paper, a data parameter that contains
the angle information as a continuous variable is used. We use the ratio of the first (r,)
resistance component to the amplitude resistance value as follows:

d.=r/r, . (7)
In the ideal setup with the two potential dipoles at right angles, this is equals to the cosine of
the angle 0 between the combined vector r, and the r, component (Figure 3b). The partial
derivative of this parameter with respect to the model cell resistivity p; is given below:

o, _1fen, ron o
op; r.|op; r.op;|

The direction component d. has values ranging from -1 and +1, or a maximum range of
2. The range of values for the logarithm of the apparent resistivity values is dependent on the
data set. If both the amplitude and direction components are used in the data parameter vector,

then the data misfit term in equation (1) can be written as
Dy (r) = g, (1) + Wy (r) | )
with @, and @, being the data misfit terms for the amplitude and direction data components,

and w being the relative weight given to the direction component. The ranges of the two

componentsare used to setthe relative weight w. For example, if the apparentresistivity values



vary from 1to 100, the range of the logarithm of the resistivity valuesis 4.6. The weight is then
set at 2.3 (i.e. 4.6/2.0) so that the contributions of both components to the data misfit term are
approximately the same.

An alternative inversion method was proposed by Jackson (2001) that uses the electric
field as the data parameter instead of the apparent resistivity. An approximation of the electric
field is calculated from the potential difference measured by the potential dipole divided by the
dipole length. This approximation is usually considered sufficiently accurate if the dipole
length is less than one-fifth the distance of the current electrode to the nearest potential
electrode (Keller and Frischknecht 1966). In some field data sets (Loke et al. 2019), the
distance between the current and potential electrodes is less than the potential dipole length for
some of the data points. Thus, using the approximation for calculating the electric field is not
sufficiently accurate for these data points. The vector array approach does not have this
limitation as the resistance values are used.

Results
In this section we show results of tests conducted with a synthetic resistivity model and a field

data set acquired over a deep-seated landslide.

Synthetic data set

Figure 4a shows the arrangement of the electrodes used to generate the synthetic data set
The test model used has six rectangular blocks embedded in a 50 2.m background medium
(Figure 4b). The pole-dipole array is used where the second current electrode is assumed to be
sufficiently far from the survey grid so that it’s effect can be neglected. The current electrodes
are located along seven lines in the x-direction, while the potential electrodes triplets are
arranged along four lines between the current lines. In generating the test data set, we put a
restriction that the distance of a current electrode from the P1 electrode in the array used does
not exceed 20 times the potential dipole length (1 m in this example) to ensure that potential
signal is not too low. For the first data set, we use arrays where the vector potential triplets are
located next to the current line. For example, the current electrodes located along y equals to 4
m use the potential triplets at y equals to 2.25-3.32and 5.25-6.25m. This generates a vector
array data set with 2870 measurements. The second data set includes measurements with the
potential dipoles up to two potential lines away that gives a data set with 5138 data points.

Similarly, the third data set includes the potential triplets up to four potential lines away from



the current electrode giving a data set with 7842 data points. The final data set uses the offset
pole-dipole array (with the potential dipoles aligned in the x-direction) with a single potential
line offset. The data set has 2870 measurements but two data points with negative apparent
resistivity values were removed. Increasing the offset of the potential lines significantly
increases the number of data points with negative apparent resistivity values. Thus, the offset
pole-dipole with only a single offset is used. Gaussian random noise with an amplitude of 1
mQ was added to the resistance values. This resulted in an average error of about 1.2% in the
apparent resistivity values for the offset pole-dipole and vector arrays with single and double
offsets (with differences of less than 0.05%). The vector array data set with quadruple offset

has a slightly higher noise level of 1.4%, probably because it has more data points with longer

offsets.
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Figure 4. Synthetic data set model and survey configuration. (a) Arrangement of the current
electrodes and potential triplets. (b) 3-D view of the synthetic test model. The background

medium with resistivity of 50 Q.m is transparent.

In the inversion of the data sets, the L1-norm was used for both the data misfit and model
roughness (Farquharson and Oldenburg1998). The data misfitwas calculated usingthe average
of the absolute difference between the logarithms of the measured and calculated apparent
resistivity values. Since the true model resistivity values are known for the synthetic model,
the difference between the true and inverse model resistivity values can be used to assess the

accuracy of results using the following equation.
9, =[Z|5(J')I}/m,where 0(j) =100[r,(j)—r.(D}/r (1) 7)
1

m is the number of model cells. r; is the true model resistivity, while ry, is the inverse model
resistivity. The model resolution Mr (Menke 1984; Day-Lewis et al. 2005) for the different

data sets is also calculated using the following equation.

Mg = [‘]iTRdJi +)‘iWTRmWT1[‘]iTRd‘Ji] (8)



The diagonal elements of the Mr matrix give the resolution values of the model cells. The

resolution values are limited to between 0.0 (for no resolution) and 1.0 (for perfect resolution).

To reduce the resolution information into a single number, we calculate average of the

resolution values. The results from the inversion of the different data sets with the data misfit,

model misfit and average resolution values are summarised in Table 1.

Table 1. Results from the inversion of different data sets for the synthetic model.

Data set Number of | Data misfit | Average % Average
data points (%) model misfit resolution
Offset pole-dipole, single 2868 1.21 3.12 0.0765
offset
Vector array, single offset 2870 1.21 2.89 0.0726
(amplitude)
Vector array, double offset 5138 1.24 2.20 0.0847
(amplitude)
Vector array, quadruple offset 7842 1.42 2.39 0.0897
(amplitude)
Vector array, single offset 5740 1.20 2.57 0.0797
(amplitude, direction)
Vector array, double offset 10276 1.23 2.07 0.0915
(amplitude, direction)
Vector array, double offset 15684 1.42 2.24 0.0968

(amplitude, direction)

The inverse models obtained for the offset pole-dipole and vector arrays (where only the

amplitude component is used) are shown in Figure 5. The inverse model used has 9 layers and

a total of 5832 cells. Only the top eight layers are shown as the last layer does not show

significant variations in the resistivity values. The results obtained with the offset pole -dipole

and the vector array with a single offset are fairly similar. The vector array inverse model has

a lower model misfit but the offset pole-dipole model has a higher average resolution. The

shape of the anomalies in the offset pole-dipole array model are slightly elongated in the y-

direction as the potential dipoles are always aligned in the x-direction which causes a slight

directional bias in the data. Increasing the maximum offset allowed for the vector array to two




potential lines results in a significantly lower model misfit and higher average resolution value

(Table 1) compared to the data set with a single offset.
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Figure 5. Inverse models for the (a) offset pole-dipole, (b) vector array with single offset of the
potential electrodes, (c) vector array with double offset, (d) vector array with quadruple offset
data sets. Only the amplitude component is used for the vector array data sets. The actual

positions of the blocks are shown by black outlines.



The larger high resistivity block in layers 2 and 3, aswell as the large low resistivity block
in layers 4 to 6, are significantly better resolved in the double offset vector array inverse model
(Figure 5¢) compared to the single offset model (Figure 5b). Increasing the maximum offset
allowed to four potential lines does not seem to improve the results. The average model
resolution is slightly higher compared to the double offset data set (Table 1), but the data and
model misfits are also slightly higher. This is probably because the benefit of having more data
points is negated by the increase in the data noise level due to the arrays with larger distances

between the current and potential electrodes.

(a) Vector array, offset 1 (amplitude, direction). Data misfit = 1.20%
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The results obtained when both the vector array amplitude and direction components are
used in the data set are shown in Figure 6 and listed in the lower half of Table 1. The model
for the single offset vector array data set has a significantly lower model misfit and higher
average resolution compared to the model where only the amplitude component was used.
Similar improvements are observed with the double and quadruple offsets vector array data
sets. The bestinverse modelisagain obtained by the double offsetvectorarray data setin terms
of the model misfit (Table 1). This result could be used in planning field surveys where a large
area needs to be mapped by a limited number of potential receivers. A roll-along procedure
could be used by laying out two potential lines at a time since taking readings with more than
two offset lines at a time does not seems to significantly improve the results.

Figure 7 shows the model resolution sections for the different model layers as the number
of offsets is increased and the addition of the direction component to the data set. The model
resolution decreases exponentially with depth. There are lateral variations due to changes in
the model resistivity, such as the higher resolution values at the deeper low resistivity block in
layers 4 to 6. Increasing the offset from 1 to 2 results in a significant increase in the resolution
values, particularly in layers 3 to 5 (Figures 7a and 7b). Addingthe direction component causes

an additional increase in the resolution values (Figures 7c).

Field data set

This survey was conducted by IRIS Instruments and EOST (France) in the French
Pyrénées, at the recently reactivated Viella landslide (Gance et al. 2021). General information
on landslides in the Pyrénées region and geology of the area can be found in Bernardie et al.
(2021) and Batailles and Lespine (2019). The Viella slope is composed of a complex mixture
of sedimentary material associating torrential deposits, moraine deposits (from the Bastan ice
glacier), colluvium, screes and weathered blocks of shales from previous historical rockfalls
triggered from the overhanging cliff. The few boreholes drilled (up to 71 m in depth) did not
reach the bedrock. The interpretationof several 2-D ERT profiles carried outin the area showed
a very heterogeneous geology in the subsurface, from 0 to - 40 m. The resistivities of the media
vary from 20 to 3000 Q.m, depending strongly on the water content but also on the proportion
of shale blocksand sandy-gravel matrix. The survey was conducted to propose a representative
3-D model of the entire slope from the surface to a depth of 250 m in order to identify large-
scale structures controlling the mechanics of the landslide, and to characterize the properties of

the water reservoir that was not possible from the shallow high-resolution ERT.



A satellite map of the survey areaisshown in Figure 8a, while Figure 9 shows the survey layout
with the positions of the electrodes. The main survey areais on the western half where most of
the electrodes are located. There is a prominent gap in the area covered by the electrodes at the
location of the Viella village. Two locations were used for the remote second currentelectrode.
The finite element mesh was extended to include the remote electrodes so their effects could
be accurately calculated. The distances of the remote electrodes are not sufficiently far such
that their effects can be neglected.

(a) Vector array, offset 1 (amplitude). Average resolution = 0.0726
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Figure 7. Model resolution sections for vector array data sets with (a) single offset of the
potential electrodes and use of amplitude component only, (b) double offset with amplitude

component only, (c) double offset with amplitude and direction components.
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Figure 8. (a) Satellite map of centre of the survey area with the town of Viella. The blue line
indicates the area covered by the survey electrodes. (b) Accumulation of rockfall debris above

the deep low resistivity anomaly corresponding to the Viella landslide.

If the data is processed as conventional 4-electrodes arrays, it gave a number of negative
apparent resistivity values with geometric factors ranging from 90 to 1.9 billion m. Thus, itis
not possible to use logarithm of the apparent resistivity values as the data parameter. The
absolute values of the apparent resistivity values range from to about5 to 90,000 Q.m, or a
ratio of about 18,000 between the highest and lowest values. The resistance values range from
0.0004 t0 3.0 Q (ratio of 75,000). The least-squaresmethodattempts to minimise the difference
between the calculated and measured data values. It gives a greater weight to the data values
with the larger amplitudes if the apparent resistivity or resistance is used as the data parameter.
This effect can be reduced by constructing a data weighting matrix, Rq in equation (2), so that
differentdatapointsare given approximately equal weights. The resulting inverse model would
then be partly dependent on the choice of the data weighting matrix. When converted to vector
amplitude values, the apparent resistivity values have a much smaller range of 9 to 2430 Q.m,
or 2.2 to 7.8 (ratio of 3.5) whenthe logarithm is used. The direction values have fixed limits of
-1.0 to 1.0. The vector amplitude and direction values have a much smaller range than the
original resistance or apparent resistivity values.

The inverse models obtained using the amplitude component only, and with also the
direction component included, are shown in Figure 10. We use the approach by Haber et al.
(2007) where the inversion process starts with a large damping factor which is slowly reduced
after each iteration. This results in a more stable inversion algorithm. The output from the
inversion algorithm using a slow cooling damping sequence is a series of inverse models each
with its own data misfit and model roughness. The L-curve method (Farquharson and
Oldenburg 2004) was then used as a post-inversion tool to select the model with the optimum
balance between the data misfitand model roughness. Figure 11ashows a plot of the model



roughness versus the data misfit from the inversion of the data set using the amplitude only. As
the damping factor is reduced, the data misfit is reduced while the model roughness increases.
Figure 11b shows a plot of the curvature of the L-curve that has a maximum for the inverse
model with a data misfit of 10.2% which is selected as the model shown in Figure 10a. The
same method is used to selectthe optimum inverse model (with a data misfit of 9.1%) using
the amplitude and direction data.

The high resistivity zones of above 300 Q.m (in Figures 10a and 10b) correspond to
known limestone formations. There is an interesting low resistivity feature in the bottom five
layers of the models towards the left section of the survey area that might indicate a fracture
zone with higher water content that could act as a landslide reservoir and trigger. The region
with the conductive anomaly is overlain by a dejection cone of reworked materials created by
rockfalls from an overhanging scarp (Figure 8b). The cone of rockfalls material appears as a
high resistivity band above the conductive anomaly (Figure 12). The low resistivity feature is
more prominent in the inverse model that also uses the direction component. This is due to the
improvement in the model resolution when the direction component is included in the data set.

Drilling has been planned to identify the nature of the low resistivity zone.
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Figure 9. Plot showing the electrodes positions and topography in the survey area. The two

fixed remote electrodes are marked by red squares on the Eastern part of the plot.
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Figure 10. Inverse models obtained of the Viella landslide obtained (a) using amplitude
component only (data misfit 10.2%), (b) including direction component (data misfit 9.1%).
Only the Eastern part of the inverse model in the vicinity of the survey electrodes is shown.
The model section between the edge of the survey areaand the remote electrodes shows almost

homogeneous resistivity values. The data set has 11115 vector array measurements.
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Figure 11. (a) L-curve showing change of model roughness versus the data misfit for inverse
model obtained using different damping factors for the Viella data set. The damping factor
values are shown next to the points on the curve. (b) Change of curvature of the L-curve with

the data misfit.
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Figure 12. 3-D plot of Viella landslide inverse model (amplitude plus direction data) showing
areas with resistivity of less than 50 .m and greater than 300 Q.m. The electrodes are marked
by small dark circles.

Discussion

Tests with a synthetic model and a field data set show that converting the vector array
measurements into amplitude and direction components has been successful in inverting the
data sets. Not surprisingly, including the direction component in the data set improved the
resolution of the inverse model compared to using the amplitude component alone. The
optimum inverse model that balances the data misfit with the model roughness can be

determined by using a post inversion L-curve procedure.



The ratio of the first resistance component (r,) to the amplitude resistance value (r¢) was
used for the direction component. The amplitude component r. has contributions from both the
raand rp components. Thus, the direction parameter d. has information from both components,
although it is possible that slightly more weight is given to the r, componentas it occurs in
both the numerator and denominator of d.=r./r.. One possible alternative is to use the ratio of
the components, such as ry/ ry, if rp has a larger amplitude (and similarly ry/ ry if ro has a larger
amplitude to avoid instability) for each data point. Another possibility is to use (ry/r¢) for the
direction component for data points where ry has a larger amplitude. These refinements of the
inversion algorithm are being investigated.

The tensor array (Risk et al. 1970; Zonge 1994) uses a similar configuration with two
perpendicular potential dipoles but also with two perpendicular current dipoles. The data from
each tensor measurement can be separated into two vector array measurements and the data set
processed using the vector array inversion algorithm. Bibby (1977, 1986) proposed the use of
the ‘apparent resistivity tensor’. Several invariant parameters were derived from the apparent
resistivity tensor in an attempt to identify boundaries and other subsurface parameters from
field measurements. Bibby (1986) demonstrated the use of the tensor invariant parameters
using simple models such as a horizontally layered medium, vertical contact and a
hemispherical sink. The simple models were used due to limited computational resources
available atthat time. However, they have limited applications for field data sets collected over
more complex structures. However, the ‘apparent resistivity tensor’ concept could be an
interesting alternative to the amplitude and direction parameters in the least-squares inversion
algorithm fortensorarray surveysusingmodern numerical techniquesand computing facilities.

This is an area that requires further research.

Conclusion

The use of both the amplitude and direction components of the vector array
measurements improves the model spatial resolution compared to using the amplitude
componentonly. It makes full use of the information available in the data set. Transforming
the measured resistance values into the amplitude and direction components makes them less
sensitive to noise. The post-inversion L curve method using a slow cooling sequence for the
damping factor is a stable inversion algorithm. The optimum inverse model that balances a low
data misfit while minimising artifacts due to noise can be estimated by using a post-inversion

L-curve procedure.



Tests currently carried out with IP data sets (Loke et al. 2019) show a similar
improvement in the resolution of the IP inverse model when the direction componentis also
used. A homogenous initial model (using the average of the amplitude apparent resistivity
values) is currently used for the inversion algorithm. We are also studying whether the use of
a non-homogeneous initial model calculated using the Born approximation method (Li and
Oldenburg 1992) will improve the convergence of the least-squares inversion method.
Research is also being carried out on the use of the resistance or electric field values directly
as the data parameter for the inverse algorithm, particularly for arrays such as the offset pole-
dipole and dipole-dipole arrays where it is not possible to convert the measurements into

amplitude and direction values.
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