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Summary

This paper develops a novel method of 3D inversion of
induced polarization (IP) survey data, based on a
generalized effective-medium model of the IP effect
(GEMTIP). The electrical parameters of the new effective-
conductivity model are determined by the intrinsic
petrophysical and geometrical characteristics of composite
media, such as the mineralization and/or fluid content of
rocks and the matrix composition, porosity, anisotropy, and
polarizability of formations. The GEMTIP model of
multiphase conductive media provides a quantitative tool
for evaluation of the type of mineralization, and the volume
content of different minerals using EM data. The developed
method takes into account the nonlinear nature of both
electromagnetic induction and IP phenomena and inverts
the EM data in the parameters of the GEMTIP model. The
goal of the inversion is to determine the electrical
conductivity and the intrinsic chargeability distributions, as
well as the other parameters of the relaxation model
simultaneously. The recovered parameters of the relaxation
model can be used for the discrimination of different rocks,
and in this way may provide an ability to distinguish
between uneconomic mineral deposits and zones of
economic mineralization using geophysical remote sensing
technology.

Introduction

One of the major problems of mineral exploration is the
ability to reliably distinguish between uneconomic mineral
deposits and economic mineralization. While the mining
industry uses many geophysical methods to locate mineral
deposits, until recently there was no reliable technology for
mineral resources identification and characterization. A
promising approach to solving this problem is based on
examining the spectral induced polarization (IP) effects in
electromagnetic data.

The quantitative interpretation of IP data in a complex 3D
environment is a very challenging problem. The most
widely used approach to solving this problem, which is
considered the industry standard, was developed by the
University of British Columbia’s Geophysical Inversion
Facility (UBC-GIF). This approach is based on an
assumption that the chargeability is relatively small and the
IP data can be expressed as a linear functional of the
intrinsic chargeability (Li and Oldenburg, 1994, 2000). The
corresponding linear inverse problem is then solved to
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obtain the chargeability model under an assumption that the
data are not affected by EM coupling. The main limitation
of this linearized approach is that it ignores the nonlinear
effects which are significant in IP phenomena. Also, it is
impossible to use a linearized approach if we need to
recover not just the chargeability, but other parameters of
the conductivity relaxation model.

Indeed, a comprehensive analysis of IP phenomena has to
be based on models with frequency dependent complex
conductivity distribution. One of the most popular models
is the Cole-Cole relaxation model (Cole and Cole, 1941).
This model was introduced for studying the IP effect in the
pioneering papers of Pelton (1977) and Pelton et al. (19783,
b). The parameters of the conductivity relaxation model can
be used for discrimination of the different types of rock
formations, which is an important goal in mineral and
petroleum exploration (Zonge and Wynn, 1975). Until
recently, the Cole-Cole model parameters have been
determined mostly in the physical lab by direct analysis of
the rock samples. However, Yoshioka and Zhdanov (2005)
and Xu and Zhdanov (2015) developed the methods of
determining a 3D distribution of the four parameters of the
Cole-Cole model based on field IP data.

It was demonstrated in Zhdanov (2008) that a GEMTIP
model, based on a rigorous physical-mathematical
description of heterogeneous conductive media using
effective-medium theory, provides a more accurate
representation of the IP phenomenon than the Cole-Cole
model, while GEMTIP is equivalent to the Cole-Cole
model for a simple case of spherical inclusions. The new
GEMTIP model of multiphase conductive media provides a
quantitative tool for evaluation of the type of
mineralization, and the volume content of different
minerals using EM data.

In this paper, we introduce a novel method of 3D inversion
of the IP data based on the GEMTIP conductivity
relaxation model. The developed method takes into account
the nonlinear nature of both electromagnetic induction and
IP phenomena and inverts the EM data in the parameters of
the GEMTIP model. The goal of the inversion is to
determine the electrical conductivity and the intrinsic
chargeability distributions, as well as the other parameters
of the relaxation model simultaneously. The recovered
parameters of the relaxation model can be used for the
discrimination of different rocks, and in this way may
provide an ability to distinguish between uneconomic
mineral deposits and zones of economic mineralization
using geophysical remote sensing technology.
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The solution of this problem requires development of
effective numerical methods for both EM forward
modeling and inversion in inhomogeneous media. We use
the integral equation (IE) method for forward modeling and
the re-weighted regularized conjugate gradient (RRCG)
method for the inversion, which have proved to be effective
techniques in geophysical applications (Zhdanov, 2009).
We applied the developed novel method of 3D inversion of
the IP data for the comprehensive interpretation of
geophysical survey data collected in Mongolia for
exploration of a mineral deposit.

GEMTIP resistivity relaxation model

In a general case, the effective conductivity of rocks is not
necessarily a constant and real number, but is complex and
may vary with frequency. A general approach to
constructing the conductivity relaxation model is based on
the rock physics and description of the medium as a
composite heterogeneous multiphase formation (Zhdanov,
2008). It was shown in the cited paper that, in a general
case, the effective conductivity of rocks is not necessarily a
constant and real number, but is complex and may vary
with frequency. In the current paper, for simplicity, we
consider a special case of GEMTIP model describing the
frequency dependent complex conductivity for a two-phase

model with elliptical inclusions:

1
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where p, is the DC conductivity (S/m); w is the angular
frequency (rad/sec), 7 is the time constant; and C is the
relaxation parameter. The coefficients y, and s, (a =
x,y,z) are the structural coefficients defined by
geometrical characteristics of the ellipsoidal inclusions
used to approximate the grains

Regularized inversion for the GEMTIP model
parameters

In the case of the IP effect, the conductivity becomes a
complex and frequency dependent function, o = g(w),
which increases significantly the number of unknown
parameters of the inversion. We can reduce this number by
approximating the conductivity relaxation model using, for
example, a GEMTIP model (1).
Our problem can now be written in the classic form of the
operator equation:
d= A(Uf(n;T: C) - Ub) = AG(m)/ (2)

where A; is GEMTIP forward modeling operator, and m is
a vector of the GEMTIP model parameters [o,7,, C].
The inversion is based on minimization of the Tikhonov
parametric functional, P*(m), with the corresponding
stabilizer S(m) (Tikhonov and Arsenin, 1977):

P%(m) = ||[Wy(Ag(m) — d)|If, + aS(m), (3)
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where W, is the data weighting matrix, and a is a
regularization parameter. There are several choices for the
stabilizer (Zhdanov, 2002, 2015). In the current project, for
simplicity, we use the minimum norm stabilizer (Syy),
which is equal to the square L, norm of the difference
between the current model m and an appropriate a priori
model m,,:

2
Sy (m) = [ W (m — mgy, )|
where W,,, is the weighting matrix of the model parameters.

We use the regularized conjugate gradient (RCG) method
to find the minimum of the parametric functional P* .

Case study for the copper deposit in Mongolia

In 2015, multiple geophysical surveys, which include IP,
and magnetic surveys, were carried out in Mongolia. The
main objective of this survey was to determine the
alteration and mineralization zones.

In order to conduct a comprehensive interpretation of the IP
survey data, the petrophysical and mineralogical analyses
of rock samples (drill cores) collected in the survey area
were also deployed. The following workflow was
established for the comprehensive interpretation, in order to
build 3D geology/lithology models and to outline the target
mineralized zones:

1) 3D inversions of IP data: to produce 3D models
of the electrical properties (GEMTIP) model
parameters;

2) Petrophysical and mineralogical analyses of rock
samples: to determine the relationship between
geology/lithology and electrical properties;

3) Interpretation of the obtained results: to generate
the images of the target mineralized zones (on
deposit scale).

3D inversion of IP data

We have inverted the IP data (time-domain IP data with
pole-dipole and gradient electrode arrays) in 3D for the
GEMTIP model parameters, DC resistivity, chargeability,
time constant, and relaxation parameter. Figure 1 shows the
IP survey lines with locations of drill holes in the survey
area. In this figure, the black rectangle outlines the area
where we show the 3D geoelectrical model recovered from
the 3D inversion of IP data (a part of the inversion domain;
the area with higher potential of the mineralization,
estimated from the drilling results).
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Figure 1 IP survey lines (pole-dipole and gradient arrays) in the
survey area. The black rectangle shows the area with higher
potential of mineralization, estimated from drilling results.

Figures 2 through 5 show the 3D distributions of resistivity,
chargeability, time constant, and relaxation parameter,
recovered from 3D inversion of pole-dipole IP data. Note
that the 3D models recovered from the gradient IP data are
very similar to the ones recovered from the pole-dipole IP
data.
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Figure 2 A 3D view of the 3D DC resistivity model recovered from
3D inversion of pole-dipole IP data.
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Figure 3 A 3D view of the 3D chargeability model recovered from
3D inversion of pole-dipole IP data.
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Figure 4 A 3D view of the 3D time constant model recovered from
3D inversion of pole-dipole IP data.
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Figure 5 A 3D view of the 3D relaxation parameter model
recovered from 3D inversion of pole-dipole IP data.

Interpretation of the target mineralized zones

We have interpreted the target mineralization zones by
using geoelectrical models recovered from 3D inversion of
the IP data, petrophysical and mineralogical analyses of the
rock samples, and assay data analysis of the drill cores.

We have determined the parameters of the filters for the 3D
geoelectrical models, i.e., ranges of electrical properties of
the rocks (resistivity, chargeability, time constant, and
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relaxation parameter), by taking into account the results of
petrophysical and mineralogical analyses, and the result of
assay data analysis for a total of 6 rock samples with a
relatively high grade of Cu (> 0.1 %).

Figure 6 shows the 3D cross plots between chargeability,
time constant, and relaxation parameter, obtained from
GEMTIP analysis of the rock samples. In this figure, the
volume shown in red is assumed to represent the ranges of
the electrical properties for the mineralized rock.
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Figure 6 A 3D cross plot between the chargeability, time constant,
and relaxation parameter. The target mineralized zones can be
specified using the range of red volume.

Figure 7 shows a 3D view of the interpreted target
mineralized zones. In this figure, the color of the body
corresponds to the chargeability value recovered from the
3D inversion of the IP data (hot color — high chargeability;
cold color — low chargeability). Figure 8 shows an example
of the vertical cross-section of the interpreted target
mineralized zones along a line including a drill. One can
clearly see good correlations between the interpreted bodies
and known mineralization. This opens a possibility to
estimate the target mineralized zones by using a rigorous
3D inversion of the IP data interpreted with petrophysical
and mineralogical analyses of rock samples, and assay data
analysis.
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Figure 7 A 3D view of the interpreted target mineralized zones.

© 2016 SEG
SEG International Exposition and 86th Annual Meeting

SRR
E'Hség

Figure 8 A vertical cross-section of the 3D interpreted target
mineralized zones along a section including a drill (CHDH-005).
The color shows the chargeability (hot color — high chargeability).

Conclusions

We have developed a novel method of 3D inversion of the
IP data based on the GEMTIP conductivity relaxation
model. The developed method takes into account the
nonlinear nature of both the electromagnetic induction and
the IP phenomena and inverts the EM data into the
parameters of the GEMTIP model. The method was
validated by synthetic data inversions of both frequency
and time domain IP data for the GEMTIP model
parameters. We have applied the developed method to the
3D inversion of the IP data acquired in Mongolia.

We have also established a workflow for comprehensive
interpretation of IP survey data by integrating our
developed rigorous 3D inversion technique with the results
of petrophysical and mineralogical analysis of rock
samples, and with the results of assay data analysis. It was
demonstrated that our interpretation workflow can estimate
the target mineralized zones appropriately, and this opens a
possibility to estimate the target mineralized zones
remotely.
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