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Abstract. Conventional analysis of spectral induced polarization (SIP) data consists of measuring impedances over
a range of frequencies, followed by spectral analysis to estimate spectral parameters. For the quantitative and accurate
estimation of subsurface SIP parameter distribution, however, a sophisticated and stable inversion technique is required.
In this study, we have developed a two-step inversion approach to obtain the two-dimensional distribution of SIP parameters.
In the first inversion step, all the SIP data measured over a range of frequencies are simultaneously inverted, adopting cross
regularisation of model complex resistivities at each frequency. The cross regularisation makes it possible to enhance the
noise characteristics of the inversion by imposing a strong assumption, that complex resistivities should show similar
characteristics over a range of frequencies. In numerical experiments, we could verify that our inversion approach
successfully reduced inversion artefacts. As a second step, we have also developed an inversion algorithm to obtain
SIP parameters based on the Cole-Cole medel, in which frequency-dependent complex resistivities from the first step are
inverted to obtain a two-dimensional distribution of SIP parameters. In numerical tests, the SIP parameter images showed
a fairly good match with the exact model, which suggests that SIP imaging can provide a very useful subsurface image to
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complement resistivity.

Key words: Cole—Cole model, complex resistivity, cross regularisation, inversion, SIP, SIP parameter.

Introduction

The Induced Polarization (IP) method is a geophysical method
that has been primarily used for mineral exploration (Pelton
et al., 1978; Fink et al., 1990). Recently, the IP method has been
revisited as a promising tool in environmental and engineering
applications owing to advances in the instrumentation and
modelling or inversion capabilities (Kemna et al., 2000), and
some case histories of successful environmental applications
can be found in the literature (Weller and Borner, 1996; Vanhala
et al., 1992; Borner et al., 1993). Much attention has been given
to the spectral IP (SIP) or complex resistivity method, where
impedance data are collected over many frequencies, typically
in the mHz—kHz range.

Electrical conduction (charge transport) and polarization
(charge separation) are fundamental physical properties of
subsurface material. A rock or soil can be considered as a
three-component system, consisting of grains, pores (which
might be fluid-filled), and the corresponding interfaces. The
electrical bulk properties of the system depend on both
the individual properties of these constituents and their
geometrical arrangement. Complex resistivity can describe
physical parameters of both conduction and polarization
phenomena at frequencies less than 10kHz. As a frequency-
dependent complex number with both magnitude and phase,
complex resistivity fully describes the electrical response of a
rock or soil to electrical excitation.

Applications of the complex resistivity method are
mainly confined to mineral exploration. Recently, there has
been growing interest in deriving information about the
hydraulic properties of subsurface environments. Olhoeft (1985)
performed a frequency-domain analysis to obtain [P parameters
from multi-frequency data, and Yuval and Oldenburg (1997)
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developed a process to estimate Cole—Cole parameters from
time-domain [P data. A regularised SIP inversion method for
multi-frequency IP data, based on the Cole—Cole model, has
also been developed (Routh et al., 1998; Loke et al., 2006). Yang
and Kim (2004) introduced a technique for Cole—Cole parameter
estimation from inverted complex resistivities. SIP parameters,
as well as complex resistivity, are also used to discriminate
subsurface characteristics.

These authors introduced various methods to obtain the
distribution of SIP parameters from multi-frequency IP data.
These methods can be categorised into two types. In the
first approach, SIP parameters are directly obtained by the
inversion of SIP data, while inverted complex resistivities of
the subsurface are used to calculate the spectral parameters in
the second approach. The first approach, the direct method,
has an advantage in that we can apply many sophisticated
constraints or regularisations to obtain geologically meaningful
SIP parameters although it is not easy to change the dispersion
model. On the other hand, the second approach, the indirect
method, provides more flexibility in the choice of dispersion
model than first approach, because SIP parameter estimation
relies on the choice of an appropriate dispersion model such
as the Cole—Cole model. This indirect method, however, can
produce more inversion noise or artefacts because regularisation
or constraints are not directly applied to the SIP parameter
distribution.

In this study, we choose the indirect approach, to have
a flexible method for estimation of the SIP parameters.
To overcome the noise sensitivity and constraints problems, we
develop a new multi-frequency inversion algorithm adopting
cross regularisation, which imposes a strong constraint that
the inverted complex resistivity distribution should have a
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very similar structure over the measurement frequencies. After
that we introduce an SIP estimation technique by which SIP
parameters are calculated from the inverted complex resistivity
results. The inversion and estimation procedure is presented and
demonstrated with a synthetic example.

Inversion of multi-frequency IP data

In this study, we developed an inversion algorithm for multi-
frequency IP data. Since the inversion of multi-frequency IP
data is basically a development of the conventional method
using single-frequency data, we describe the basic theory and
procedures used in the modelling and inversion of single
frequency data first. This basic inversion algorithm is well
documented by Kemna et al. (2004) and only a brief description
is provided in this paper to facilitate the explanation of multi-
frequency inversion algorithm. For forward modelling, a 2.5-
dimensional DC resistivity modelling algorithm was modified
to cover the general case of complex resistivity.

If the region of interest is assumed to have a two-dimensional
complex conductivity distribution o*(x, y, w) (* denotes
a complex variable), and electromagnetic induction effects
are negligible at the low measurement frequency (typically
<10 or 100 Hz, depending on measurement environment), the
governing equation is Poisson’s Equation which after Fourier
transformation becomes

3 * 8¢* 8 * a¢* 2, % *
P (a (w) o ) + 7 (0 (w) %2 ) —klo*(w)p
= —15(x)s(2) )

where k, is the Fourier transformation variable corresponding
to the assumed strike direction y, ¢*(w) is complex potential in
the Fourier domain at the given frequency w and / is the injected
current. In this study, equation (1) is solved numerically by the
Finite Element Method (FEM) and after applying appropriate
boundary conditions, we arrive at the following system equation
to solve for the unknown complex potential:

Ax=b )

where A is a global FEM stiffness matrix, and is a complex
symmetric and banded matrix, x is a complex potential vector to
be calculated, and b is a source vector. This system equation is
solved by a numerical library algorithm for complex symmetric
matrices.

The solution from equation (2) is inverse Fourier transformed
to get complex potential, and geometric factors for a given
electrode configuration are multiplied to obtain complex
impedance. In this study, we use nine spatial frequencies,
sampled linearly in the logarithmic space from 0.0025 to
0.64. Note here that the modelling procedure described above
is exactly the same as ordinary DC forward modelling,
except that the conductivity and calculated potential are
complex variables, and complex algebra was implemented in
the DC resistivity modelling code to get the IP response.
In inverse modelling, we use the least-squares method with
smoothness constraints.

For single-frequency IP inversion, model vector m* and the
data vector d* are defined as

mi=Incl(w) (j=1K, M) (4a)

d¥ =Inz*

i i,obs

(w) (i=1,K,N) (4b)

where M is the number of parameters, N is the number of IP
measurements, and Z; , (w) denotes the observed impedance at

i,0bs

the given frequency. To overcome the inherent non-uniqueness of
the inverse problem, a standard smoothness-constrained method
(deGroot-Hedlin and Constable, 1990) is used. The objective
function to be minimised is composed of the complex L,-norm of
data misfit and model roughness, with the terms being balanced
by means of a Lagrange multiplier A:

o(m*) = [|d* — £*(m)|* + AW, Am”||* (&)

where f* is the operator for forward modelling and W,, is a
matrix evaluating the first-order roughness of Am*. We use
Active Constraint Balancing (ACB) (Yi et al., 2003) to enhance
the resolving power of the inversion. In the ACB method, the
distribution of Lagrangian multipliers is calculated based on
resolution analysis, using parameter resolution and spread
functions. The amplitude or absolute value of the spread
function is used to evaluate the resolving power in this
study, because all the quantities in equation (5) are complex
variables except the Lagrangian multiplier. Note here that
data weighting is not used, but ACB is implemented instead
in this study, which is the only difference from Kemna’s
approach (2004).

Minimisation of the objective function results in the following
complex normal equations.

(J*HJ* + iW;W;)Am* — J*H[d* _ f*(m)*] (6)

Equation (6) is solved for the model update vector, Am*(w).
Herein, superscripts H and T denote Hermitian and transpose
matrices respectively, and J* is the complex Jacobian matrix
evaluated for the current model m* according to

B (w)  07(@) 3Z; (w)
T ami(w)  ZHw) 30} (w)

J

Ji(@) M
In this study, the complex Jacobian matrix is calculated using
the adjoint equation approach.

For the inversion of multi-frequency data, we need an
advanced inversion technique because each single-frequency
observation set making up the multi-frequency dataset is
decoupled from each other. Although the single-frequency
datasets can be related to each other through a theoretical
dispersion model, such as the Cole—Cole model, each single-
frequency dataset is an independent dataset in itself. Routh et al.
(1998) and Loke et al. (2006) introduced inversion algorithms
in which Cole—Cole parameters are directly parameterised in
the inversion. The disadvantage of the direct approach is that
it requires that the dispersion model be given a priori. When
the Cole—Cole model is not adequate for the description of
spectral IP response, the entire inversion procedure must be
repeated from scratch assuming a different dispersion model.
Their approaches do not provide this kind of flexibility in the
choice of dispersion model.

Since we choose the indirect method for the estimation of
spectral parameter, we can use a more flexible method to estimate
spectral parameters. A new strategy, however, is needed to invert
all the multi-frequency IP data at once, because we should
obtain a complex resistivity distribution in the subsurface for
each frequency at the same time. Usually in the spectral IP
survey, we use several frequencies to compile multi-frequency
data. Each IP observation at a single frequency in the multi-
frequency dataset is independent of each other in terms of the
inversion if some further assumption is not provided. The most
important strategy we assume in this study is that the subsurface
complex resistivity distribution for each frequency will not
show significant differences. To incorporate this strategy into
the inversion algorithm, we propose to use cross regularisation,



62 Exploration Geophysics

J.-S. Son, J.-H. Kim, and M.-J. Yi

which maximises the structural similarity of the inverted sections
for each frequency. The objective function for multi-frequency
inversion can be written as

N, Ny
o(m) =Y [ld; — L m)I’ + Y4,

i=1
i+1

* * * (]2
W, Am P+ 8 D Am; — Am’|

j=i-1

®)

where N; is the number of frequencies used in inversion.
In this equation, the first term is the sum of misfits of IP
data for individual frequencies, while the second one is the
sum of regularisation used in this inversion. The second term
consists of two parts, the first of which is the smoothness
constraint, while the final term is another constraint added to
minimise the difference between the model update vectors for
the adjacent frequencies. If the single-frequency data in the
multi-frequency dataset is sorted by frequency, the data and
corresponding inverted results will show maximum similarity
with the adjacent values. By using this regularisation in the
inversion, we can effectively suppress random noise in the data
because the regularisation emphasises the common structure and
reduces erroneous artefacts in the inverted sections. Our strategy
seems to be very reasonable because inverted results from each
frequency dataset may not be very different from each other in
the real world.

Minimising the new multi-frequency objective function in
equation (8) results in a set of normal equations having the
general form
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The diagonal terms of equation (9) are identical to the
individual normal equations for each single-frequency inversion.
By setting 8 to zero, the above equation becomes the compact
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Fig. 1. Simple subsurface model to test the multi-frequency inversion

algorithm. The model has two isolated bodies with different characteristics,
polarizable and resistive. A total of five sets of IP data are calculated with
different noise levels, 30, 10, 5, 2, and 2% respectively. A dipole—dipole
array is used with dipole spacing of 5m.
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Fig. 2. Comparison of resistivity sections from multi-frequency IP inversion. (a) The inverted resistivity sections obtained by the independent
inversion of datasets having different noise levels. (b) The results where all the IP datasets were simultaneously inverted using the cross regularisation
scheme. The noise levels are 30, 10, 5, 2, and 2% respectively, from the top section down. Artefacts shown in the highest noise case (at the top) were
effectively reduced by the cross regularisation scheme. The corresponding phase sections are shown in Figure 3.
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representation of all individual single frequency IP inversions
described in equation (6). Off-diagonal terms come from
the cross regularisation, and the choice of another Lagrange
multiplier 8 is an important issue in this inversion algorithm.
We selected 0.5 as a value for B after a trial of various different
values. This value of B is half of the diagonal element of
smoothness constraint operator W,,, which has the value of one.
The sum of individual misfits for the single-frequency inversion
is used as a misfit function in the multi-frequency inversion.
In our trial inversion for the synthetic dataset, five iterations
were enough for convergence of the inversion. All the results
provided in this paper were found after five iterations.

Estimation of SIP parameters

SIP parameters are extracted from the inverted complex
resistivities, estimated as a function of frequency, by fitting
them to a pre-selected dispersion model. We use a modified
Levenberg—Marquardt algorithm. The spectral parameters are
estimated by minimising the squared differences between the
inverted and estimated complex resistivities for the entire
frequency range. Although any kind of dispersion model can be
selected in this algorithm, we select the simple and well known
Cole—Cole model to test the estimation algorithm.

In the Cole-Cole model, the complex resistivity at the
frequency wy, is given by

1
plwy) = py; (1 - n; (1 - m)) (4
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where p,; is the DC resistivity, n; is the chargeability, t;
the time constant and c¢; is the relaxation constant in the
discretised subsurface. The effects of changes in different
Cole—Cole parameters on the measured value are quite different.
The changes in the time and relaxation constant have much
smaller effects on the measured potential values compared to the
resistivity and chargeability. This makes it possible to estimate
the resistivity and chargeability more accurately compared to the
time and relaxation constants (Loke et al., 2006). They introduce
a multi-step inversion strategy to overcome the difficulty in
estimating the time and relaxation constants in their approach.
In this study, however we did not apply such multi-step strategy
because our most important concern is to have more flexibility
in the selection of a dispersion model.

Results and discussions

Figure 1 shows the simple subsurface model to test the new
multi-frequency SIP inversion algorithm. Two anomalous blocks
with different material properties are embedded in a homogenous
and slightly polarizable background. One block exhibits a phase
anomaly and the other shows a resistivity anomaly only. In this
model, anomalous blocks are more polarizable or resistive than
background. Spectral characteristics of the subsurface are not
considered in this model because the main concern of this
example is to test the new multi-frequency inversion method.
Instead of using multi-frequency databased on the spectral
characteristics or dispersion model, we prepared five synthetic
IP datasets contaminated with different noise levels. The noise
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Fig. 3. Comparison of phase sections from the multi-frequency IP inversion. (a) The inverted phase sections obtained by the independent inversion
of datasets having different noise levels. (b) The results where all the IP datasets were simultaneously inverted using the cross regularisation scheme.
The noise levels are 30, 10, 5, 2, and 2% respectively, from the top section down. Artefacts shown in the highest noise case (at the top) were effectively
reduced by the cross regularisation scheme. Corresponding resistivity sections are shown in Figure 2.
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Fig. 4. Simple subsurface model to test the spectral parameter estimation
algorithm. A conductive and polarizable anomaly is embedded in a non-
polarizable homogeneous background. The Cole—Cole parameters are: DC
resistivity is 10  m, chargeability is 0.3, while time constant and relaxation
constant are 0.1 s and 0.25 respectively. The size of block is 15 m x 7m, and
the number of frequencies is nine, evenly distributed in the frequency range
0f 0.01 to 100 Hz. A dipole—dipole array is used with dipole spacing of 5 m.

levels of each dataset are 30, 10, 5, 2, and 2% respectively.
A dipole—dipole array layout, with dipole spacing of 5m was
used in this study. These datasets were inverted simultaneously
by the new multi-frequency inversion algorithm to examine
its performance.

Figure 2 shows the resistivity sections from the inversion
of the five synthetic datasets with different noise levels. Panels
shown on the left are the results without cross regularisation,
while the right side shows the results when cross regularisation
is used in the inversion. As expected from the noise level,
we can see many artefacts in the inverted section for the data
contaminated by 30% noise. These artefacts are also shown in
the inverted sections for lower noise contents of 10%, 5% (second
and third data from the top) although the magnitude is reduced.
When cross regularisation is applied, on the other hand, artefacts
are greatly suppressed in all five inverted images although
some artefacts still remain in the image with the highest noise
content. In this example, inversion with cross regularisation
provides smoother results than independent inversion. However,
the boundaries of anomalous blocks are smoothed and resistivity
estimates are lower than for individually inverted models because
of higher regularisation in the inversion.

Figure 3 shows the inverted phase sections corresponding to
Figure 2. We can see very similar behaviour to that observed in

Table 1. Modelling parameters used for the model shown in Figure 4.
Dataset no. 1 2 3 4 5 6 7 8 9
Frequency [Hz] 0.01 0.032 0.1 0.32 1.0 3.2 10 32 100
Noise level [%] 5 20 5 2 30 5 10 2 S
Resistivity [2m] 9.37 9.20 9.02 8.81 8.60 8.37 8.15 7.95 7.77
—21.58 —2557 —29.29 3249 3460 3538 3467 —32.56 —2945

Phase [mrad]
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Fig. 5. [Inverted resistivity sections obtained by the multi-frequency IP inversion of synthetic IP data for the model shown in Figure 4. Each figure

shows the resistivity images for the frequencies of 0.01, 0.1, 1, 10, and 100 Hz from the top, respectively. Corresponding phase sections are shown in
Figure 6. Left figures (a) show the results inverted without cross regularisation and right figures (b) shows the results with cross regularisation.
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the resistivity sections. Artefacts can be seen in the individually
inverted sections, while they are effectively removed in the
inverted phase sections when cross regularisation is used
in the inversion. The boundaries of anomalous blocks are
more smoothed and phase value estimates are lower than for
individually inverted models as in Figure 2. Although there is
some loss in spatial resolution compared to the individually
inverted results, inversion artefacts are greatly reduced by
adopting cross regularisation in this example. This fact suggests
that our regularisation scheme is very effective in suppressing
the effect of noise, even when some erroneous data is included
in the series of multi-frequency IP data. Our new regularisation
emphasises the similar or common structure in the inverted
section whether it is a real structure or not. Thus, it would
be highly possible to emphasise noisy structure if coherent
noise were present in the multi-frequency IP data. Care should
therefore be taken in applying this cross regularisation to real
field data.

Figure 4 shows the synthetic subsurface model used to
test the SIP parameter estimation algorithm developed in this
study. The model has only a 15 x 7 m anomalous block, located
from 2.6 to 9.6m depth in a non-polarizable homogeneous
half-space medium. The Cole—Cole parameters of anomalous
body were: the DC resistivity is 10 Qm, the chargeability is
0.3, the time constant is 0.1s, and the relaxation constant
is 0.25, respectively. The number of frequencies was set to
nine, and chosen in the frequency range from 0.01 to 100 Hz
to give a linear distribution in logarithm scale. For the nine
frequencies, synthetic IP data were modelled with the complex
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resistivity values calculated from the given spectral parameters.
These nine IP datasets constitute the multi-frequency IP data,
and our multi-frequency IP inversion algorithm was applied to
obtain subsurface complex resistivity distributions. The multi-
frequency IP data were contaminated with the different level of
random noise in the range from 2 to 30%. Modelling parameters,
such as noise level, frequency, resistivity, and phase of the
anomalous body, are summarised in the Table 1. A dipole—dipole
electrode array with dipole spacing Sm was also used in this
synthetic test.

Figures 5 and 6 show the inverted complex resistivities in
terms of the amplitude (resistivity) and phase sections for the
synthetic multi-frequency IP dataset, respectively. Individually
inverted complex resistivities are also shown in the left side
of each figure for the purpose of comparison. Images for five
frequencies of 0.01, 0.1, 1, 10, and 100 Hz are shown in these
figures. Since the variation of resistivity with frequency is
very small (7.768 to 9.366 2 m), noticeable differences are not
seen in the each inverted resistivity sections in Figure 5. Due
to the different noise levels, different artefact behaviours are
also shown in the resistivity sections inverted individually. The
anomalous body, however, is clearly imaged in all of these
sections. Comparing the two results inverted with and without
cross regularisation, the amplitude of artefacts is effectively
reduced with cross regularisation, but artefacts caused by noise
are still slightly evident in the data with greatest noise, the 1 Hz
dataset. Due to cross regularisation in the inversion, all five
sections show very similar resistivity structure. In the inverted
phase sections (Figure 6), the anomalous body was also clearly
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Fig. 6. Inverted phase sections obtained by the multi-frequency IP inversion of synthetic IP data for the model shown in Figure 4. Each figure shows
the phase images for the frequencies 0 0.01, 0.1, 1, 10, and 100 Hz from the top, respectively. Corresponding resistivity sections are shown in Figure 5.
(a) The results inverted without cross regularisation and right figures (b) The results with cross regularisation. Note that the phase polarity is reversed

in this plot for display.
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Fig. 7. Images of SIP parameters obtained by the inversion of the complex resistivities shown in Figures 5 and 6 (amplitude and phase of complex
resistivity). (a) The DC resistivity and (b) chargeability obtained from the individually inverted complex resistivities. (c) The DC resistivity and the
(d) chargeability from the complex resistivities inverted with cross regularisation.

imaged. Comparing the phase section inverted with and without
cross regularisation, the effect of artefacts is also reduced by
cross regularisation, but slight artefacts remain in the section
with highest noise content. Compared to the resistivity section
in Figure 5, the phase value of anomalous body shows somewhat
larger variation with frequency. The phase value ranges from
21.578 t0 35.270 mrad in the anomalous region. Due to this larger
variation in phase, the differences are easier to observe than in
the case of resistivity images. Although there are some variations
in the phase values with frequency, all the phase sections show
very similar images owing to cross regularisation, as in the case
of resistivity section in Figure 5.

As the second step in obtaining spectral parameters, we
applied the spectral parameter estimation algorithm to the
inverted set of nine complex resistivity sections shown in
Figures 5 and 6 (amplitude and phase of complex resistivity are
shown in these figures). Figure 7 shows the spatial distribution
of estimated DC resistivity and chargeability calculated from the
inverted complex resistivities. For the purpose of comparison,
the spatial distribution calculated from the individually inverted
complex resistivities are also shown in the figure. Before
applying the estimation algorithm to the inverted complex
resistivities of each inversion block, we need to decide whether
the inversion block possesses spectral properties or not. The
inverted complex resistivity can have small phase values
even though the spectral property is not present in the true
model. This phase noise hinders the correct estimation of
spectral parameters, especially the time and relaxation constants.
To obtain reasonable estimates of spectral parameters, the
maximum allowable absolute phase value was set to 3 mrad and
only blocks having average phase greater than this threshold
were chosen for the estimation of spectral parameters. Since
our estimation algorithm used in this study is not optimised for
the calculation of the relaxation and time constant, only the DC
resistivity and chargeability images are shown. In Figure 7, the
anomalous body is clearly imaged in both the DC resistivity
and chargeability sections, and their values are very close to
the exact values in Figure 4. Comparing the results which are
inverted with and without cross regularisation, the distribution
of DC resistivity shows very similar structures. If a block does
not have spectral properties, we use the average value of inverted
resistivities as its DC resistivity, which may cause the two
distributions of DC resistivity to look similar. The selection of
block which does has spectral properties makes the distribution
of chargeability looks uniform because only the blocks with
spectral properties are used for the inversion of spectral
parameters. It may also be another factor, that the fluctuations of

complex resistivity are smoothed during the inversion of spectral
parameters. However, the chargeability distribution obtained
from the inverted results with cross regularisation is smoother
than those from the individually inverted results. Although the
images of relaxation and time constant are not smooth enough
to display as a section, the anomalous block also shows a very
good match with the exact spectral parameters.

To evaluate the accuracy of the spectral estimation results,
the values of the Cole—Cole parameters of the inverse block in
the anomalous body obtained in the estimation are summarised
in Table 2. All the parameters are slightly overestimated
except the time constant but are very close to the original
values, which suggest that our two-step inversion algorithm
to obtain SIP parameters is a very accurate and reasonable
approach. Comparing the results estimated from the complex
resistivities inverted with and without cross regularisation, the
spectral parameters obtained from the data inverted with cross
regularisation are closer than those from the data inverted
individually.

Figure 8 shows the input complex resistivity and that
calculated from the estimated spectral parameters in Table 2. The
complex resistivities were compared by plotting the resistivity
and phase in the figure, and the estimated resistivity and phase
shows a very good match with the input complex resistivity.
The resistivities and phases inverted with cross regularisation
have smaller fluctuations than the individually inverted results.
As we notice in the figure, the resistivities are overestimated
compared with the original values, but the trend with frequency
is very similar to the original value. In the phase curve
with frequency (Figure 8b), the shape of the curve is more
complex than for resistivity. The individually inverted phase
value shows larger fluctuations than that inverted with cross
regularisation. Although the phase curve does not exactly match
the original, its variation shows very similar behaviour. Minima
of curvature obtained from the inverted complex resistivities
with cross regularisation coincide with the input values, but in

Table 2. Comparison of estimated and exact spectral parameters of
the centred anomalous block.

Estimated value Estimated Original
(individually value (cross (exact)
inverted) regularised) value
DC resistivity 11.921 12.051 10.00
Chargeability 0.34115 0.30754 0.30
Time constant 0.08200 0.08029 0.10
Relaxation constant 0.22619 0.26223 0.25
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Fig. 8. Comparison of input complex resistivity and the complex resistivity calculated for the estimated speciral parameters in Table 2. (a) The

amplitude of complex resistivity. (b) The phase.

the individually inverted case the minima are moved to higher
frequencies. We also notice that the variation of resistivity and
phase is quite small. In the frequency range used in this model,
the resistivity shows a maximum variation of 2 Qm, while the
phase varies by 14mrad. For the accurate estimation of SIP
parameters, we should have very accurate complex resistivities
for each frequency. Therefore, accurate IP data acquisition
followed by multi-frequency inversion with fewer artefacts is
crucial to the good estimation of spectral parameters.

Conclusions

In this study, we developed a multi-frequency IP inversion
algorithm adopting the cross regularisation method. Cross
regularisation was applied to minimise the difference between
model update vectors at adjacent frequencies. By numerical
experiments, we could show that our new inversion method
could effectively reduce the inversion artefacts and provide more
accurate and reasonable results than those obtained without cross
regularisation. This cross regularisation in the multi-frequency
inversion algorithm makes up for weak points in the indirect
approach for the estimation of spectral parameters in this study.

We have also developed an estimation algorithm for spectral
parameters from inverted complex resistivity, based on the
modified Levenberg—Marquardt method. The Cole~Cole model
was used as a dispersion model in this estimation algorithm.
In this method, we first decide whether each inversion block has
spectral characteristics or not to avoid erroneous calculation.
Inversion blocks having average absolute phase values larger
than 3mrad are selected for the estimation of Cole—Cole
parameters. Since our estimation is done by an indirect approach,
the distribution of spectral parameters obtained, especially of
the time and relaxation constants, is not smooth enough to be
interpreted directly. The estimated values of spectral parameters
for the anomalous block do show a good match with the true
model. Even though our estimation algorithm is not optimised
and does not consider the low sensitivity of time and relaxation
constants in the Cole—Cole dispersion model, very reasonable
SIP parameters, close to original values, could be obtained,
which validates our two-step approach to obtain SIP parameters.

Therefore, we can say that the two-step multi-frequency IP
inversion technique developed in this study can be used to obtain
the spectral parameters, and that the SIP method will provide
valuable information on the subsurface physical properties
other than resistivity, for use in the field of engineering and
environmental problems.
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