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Abstract

The research during the first two years of the project was focused
on developing the foundations of a new geophysical technique for min-
eral exploration and mineral discrimination, based on electromagnetic
(EM) methods. The developed new technique is based on examining
the spectral induced polarization effects in electromagnetic data using
effective-medium theory and advanced methods of 3-D modeling and
inversion.
The analysis of IP phenomena is usually based on models with fre-

quency dependent complex conductivity distribution. In this project,
we have developed a rigorous physical/mathematical model of heteroge-
neous conductive media based on the effective-medium approach. The
new generalized effective-medium theory of IP effect (GEMTIP) pro-
vides a unified mathematical method to study heterogeneity, multi-phase
structure, and polarizability of rocks. The geoelectrical parameters of
a new composite conductivity model are determined by the intrinsic
petrophysical and geometrical characteristics of composite media: min-
eralization and/or fluid content of rocks, matrix composition, porosity,
anisotropy, and polarizability of formations. The new GEMTIP model
of multi-phase conductive media provides a quantitative tool for evalu-
ation of the type of mineralization, and the volume content of different
minerals using electromagnetic data.
We have developed a 3-D EM-IP modeling algorithm using the inte-

gral equation (IE) method. Our IE forward modeling software is based
on the contraction IE method, which improves the convergence rate of
the iterative solvers. This code can handle various types of sources and
receivers to compute the effect of a complex resistivity model. We have
demonstrated that the generalized effective-medium theory of induced
polarization (GEMTIP) in combination with the IE forward modeling
method can be used for rock-scale forward modeling from grain-scale
parameters. The numerical modeling study clearly demonstrates how
the various complex resistivity models manifest differently in the ob-
served EM data. These modeling studies lay a background for future
development of the IP inversion method, directed at determining the
electrical conductivity and the intrinsic chargeability distributions, as
well as the other parameters of the relaxation model simultaneously.
The new technology introduced in this project can be used for the dis-
crimination between uneconomic mineral deposits and the location of
zones of economic mineralization and geothermal resources.
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1. INTRODUCTION

This project was undertaken using multipartner collaboration between the Uni-
versity of Utah, four major mining companies, Kennecott Exploration Com-
pany located in Utah, USA; BHP Billiton World Exploration Inc. with offices
in the USA, Canada, and Australia; Placer Dome Inc. with offices in Canada
and the USA, Phelps Dodge Mining Company with offices in the USA and
overseas, and Zonge Engineering and Research Organization, Inc. located in
Tucson, Arizona, an equipment manufacturer and service provider to the min-
ing industry.
The mineral industry needs a reliable method to distinguish between un-

economic mineral deposits and economic mineralization. The main goal of
this project is to develop a new geophysical technique for subsurface mater-
ial characterization, mineral exploration and mineral discrimination, based on
electromagnetic (EM) methods. The developed new technique detects induced
polarization (IP) effects in electromagnetic data and uses surface geophysical
observations to determine the parameters of the conductivity relaxation model.
These parameters are ultimately used for the discrimination of different types
of rock formation.
It is a further object of this project to develop a new theoretical model

and a method for quantitative interpretation of IP data in a complex 3-D
environment. An important part of our project includes development of a
new generalized effective medium theory of the IP effect (GEMTIP), which
treats in a unified way different complex models of the multiphase composite
models of the rocks. These new models and method can be used for examining
the IP effect in complex rock formations with different mineral structures and
electrical properties.
The new technology introduced in this project, can be used for interpreta-

tion of the ground, borehole, and airborne EM data. The recovered parameters
of the relaxation model are used for the discrimination of different rocks, and
in this way provide an ability to distinguish between uneconomic mineral de-
posits and zones of economic mineralization using geophysical remote sensing
technology.
The idea that IP effect may be used to separate the responses of economic

polarized targets from other anomalies was introduced in the pioneering papers
by Zonge and Wynn, 1975, and Pelton et al., 1978. However, until recently this
idea had very limited practical applications because of the difficulties in recov-
ering the induced polarization parameters from the observed electromagnetic
(EM) data, especially in the case of 3-D interpretation required for efficient
exploration of the mining targets, and because of the absence of the adequate
composite conductivity models of the rock formations.
The analysis of IP phenomena is usually based on models with frequency
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dependent complex conductivity distribution. One of the most popular is the
Cole-Cole relaxation model and its different modifications (Cole and Cole,
1941). 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 exploration. Until recently, these parameters have been deter-
mined mostly in the physical lab by direct analysis of the rock samples. In this
project we develop and investigate a new geophysical technique for determin-
ing the 3-D distribution of the same parameters of rock formations in the field
from geophysical observations.
We have developed a new composite geoelectrical model of rock formations

based on the effective medium theory (EMT), which generates a conductiv-
ity relaxation model with the parameters directly related by analytical expres-
sions to the physical characteristics of microstructure of the rocks and minerals
(microgeometry and conductivity parameters). A new composite geoelectrical
model provides more realistic representation of the complex rock formations
than conventional unimodal conductivity models. It allows us to model the re-
lationships between the physical characteristics of different types of rocks and
minerals (e.g. conductivities, grain sizes, porosity, anisotropy, and polarizabil-
ity) and the parameters of the relaxation model.
Effective-medium approximation for composite media has been discussed

in many publications. The general formalism of the EMT was developed by
Stroud (1975). The advances of physical effective-medium theories (e.g.. Norris
et al., 1985; Shwartz, 1994; Kolundzija and Djordjevic, 2002 ) make it possi-
ble to develop a rigorous mathematical model of multi-phase heterogeneous
conductive media excited by a transient EM field. The EMT was successfully
applied to studying macroscopically isotropic and anisotropic models of rock
formations in electrical geophysics (Mendelson and Cohen, 1982; Sen et al.,
1981; Sheng, 1991; etc.). However, the existing form of EMT does not allow
including the polarizability effect in the general model of heterogeneous rocks.
In this project we have developed a new generalized effective-medium theory

of IP effect (GEMTIP) which takes into account the formation polarizability,
as well. The general character of the proposed theory makes it possible to
apply the developed results to study the rocks typical for mineralization zones
and hydrocarbon reservoirs. This new generalized effective-medium theory of
the IP effect (GEMTIP) allows us to develop a unified physical-mathematical
model which can be used for examining the EM field propagation in complex
rock formations with different mineral structures and electrical properties.
We demonstrate in the project that the goal of the EM geophysical survey

is to determine the electrical conductivity and the intrinsic chargeability distri-
butions as well as the other parameters of the relaxation model simultaneously.
The recovered parameters of the relaxation model can be used for the discrim-
ination of different rocks, and in this way will provide the ability to distinguish
between uneconomic mineral deposits and zones of economic mineralization
using geophysical remote sensing technology.
The solution of this problem requires development of effective numerical
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methods for EM forward modeling and inversion in inhomogeneous media.
During the first two years of the project, we have developed an appropri-
ate numerical method for modeling the EM field in complex 3-D geoelectrical
structures formed by inhomogeneous polarizable formations. Our method is
based on the integral equation (IE) approach to numerical modeling, which
provides the most accurate technique for EM field computer simulation.
In summary, during the first two research years of the project, our efforts

were focused on developing the new generalized effective-medium theory of in-
duced polarization (GEMTIP) and constructing an effective numerical method
for fast and accurate modeling of the IP effect for different complex 3-D geo-
electrical structures. This final technical report contains a description of the
results of our study.
Professors Michael S. Zhdanov and Erich U. Petersen, as well as the fol-

lowing graduate students and postdoctoral fellows contributed to this research
projects: Abraham Emond (M. S.), Seong Kon Lee (postdoc.), Takumi Ueda
(Ph. D.), and Ken Yoshioka (postdoc.).
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2. EXECUTIVE SUMMARY

In this report we summarize all work performed during the first two years
of the project. Our research was focused on developing the foundations of a
new geophysical technique for mineral exploration and mineral discrimination,
based on electromagnetic methods. The developed new technique is based
on examining the spectral induced polarization effects in electromagnetic data
using modern distributed acquisition systems and advanced methods of 3-D
inversion.
Mineral exploration needs a reliable method to distinguish between uneco-

nomic mineral deposits and economic mineralization. Our technology consists
of a new geophysical technique for subsurface material characterization, min-
eral exploration and discrimination which is based on a new composite geo-
electrical model of rock formations generating a conductivity relaxation model
with the parameters directly related by analytical expressions to the physical
characteristics of the microstructure of the rocks and minerals (micro geometry
and conductivity parameters). The new technique introduced in this project
detects induced polarization effects in electromagnetic data and uses remote
geophysical observations to determine the parameters of the conductivity re-
laxation model. These parameters are ultimately used for the discrimination
of different rocks.
The solution of this problem requires development of effective numerical

methods for EM forward modeling in 3-D inhomogeneous media. During the
first two years of the project we have developed a prototype 3-D IP modeling
algorithm using the integral equation (IE) method. Our IE forward modeling
software is based on the contraction IE method, which improves the conver-
gence rate of the iterative solvers. This software can handle various types of
sources and receivers to compute the effect of a complex resistivity model. We
have tested the working version of the software for computer simulation of the
IP data for several models of typical mineral deposits.
We have developed a generalized effective medium theory of the induced

polarization (IP) effect and electromagnetic (EM) field propagation in heteroge-
nous polarizable media (GEMTIP). This new theory allows us to incorporate
in the physical-mathematical model of the rock such rock-scale parameters as
mineralization and/or fluid content, matrix composition, porosity, anisotropy,
and the polarizability of the formations. Thus, GEMTIP in combination with
the IE forward modeling method can be used for rock-scale forward modeling
from grain-scale parameters.
As an illustration of the developed theory and methods, we have conducted

deposit-scale modeling for a porphyry copper system in the southwestern U.
S. This model is characterized by potentially strong EM coupling as well as
IP effects. We have also simulated an EM-IP survey above a Kambalda-style,
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nickel sulfide deposit located beneath a complicated regolith horizon. The
numerical modeling study lays a background for future development of the
EM-IP inversion method, directed at determining the electrical conductivity
and the intrinsic chargeability distributions, as well as the other parameters of
the relaxation model simultaneously.
The main conclusion of this research is that induced polarization effects in

electromagnetic data can be effectively used for remote measuring the complex
frequency dependent electrical conductivity of the rocks. An important result
of this project includes a new generalized effective-medium theory of the IP
effect (GEMTIP), which treats in a unified way different complex models of the
multiphase composite models of the rocks. These new model and method can
be used for examining the IP effect in complex rock formations with different
mineral structures and electrical properties.
The new technology introduced in this project can be applied for interpreta-

tion of the ground, borehole, and airborne EM data. The recovered parameters
of the relaxation model are used for the discrimination of different rocks, and
in this way provide an ability to distinguish between uneconomic mineral de-
posits and zones of economic mineralization using geophysical remote sensing
technology.
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3. THEORY

The electromagnetic data observed in geophysical experiments, in general, re-
flect two phenomena: 1) electromagnetic induction (EMI) in the earth, and 2)
induced polarization (IP) effect related to the relaxation of polarized charges in
rock formations (Zonge and Wynn, 1975). The IP effect is caused by the com-
plex physical-chemical polarization process that accompanies current flow in
the earth. These reactions take place in a heterogeneous medium representing
the rock formations in the areas of mineralization.

It is well known that the effective conductivity of rocks is not necessarily
a constant and real number but may vary with frequency and be complex.
There are several explanations for these properties of effective conductivity.
Most often they are explained by the physical-chemical polarization effects of
mineralized particles of the rock material, and/or by the electrokinetic effects
in the poroses of reservoirs (Wait, 1959; Marshall and Madden, 1959; Luo and
Zhang, 1998). This phenomenon is usually explained as a surface polarization
of the mineralized particles, which occurs under the influence of the external
electromagnetic field. It is manifested by accumulating electric charges on the
surface of different grains forming the rock.

The development of the IP method can be traced back to the 1950s, when
both mining and petroleum companies were actively looking into the applica-
tion of this method to mineral exploration. The physical-mathematical prin-
ciples of the IP effect were originally formulated in pioneering works by Wait
(1959) and Sheinman (1969). However, this method did not find wide appli-
cation in US industry until after the work of Zonge and his associates at the
Zonge Engineering and Research Organization (Zonge and Wynn, 1975) and
Pelton et al. (1978) at the University of Utah. Significant contribution to the
development of the IP method was made, also, by Wait (1959, 1982), and by
the research team at Kennecott in 1965-1977 (Nelson, 1997). The IP method
has found wide application in mining exploration. A number of successful ap-
plications in hydrocarbon exploration were reported by Russian geophysicists
(e.g. Komarov, 1980; Zonge, 1983; Kamenetsky, 1997; Davydycheva et al.,
2004) as well.

The IP phenomenon is usually associated with charging and discharging
effects in the ground in the process of current injecting. This phenomenon is
usually explained as membrane polarization, which occurs when a pore space
narrows to within several boundary layers of thickness, or as electrode polar-
ization, which occurs when a pore space is blocked by metallic particles. We
will demonstrate below, however, that the same phenomenon can be mathe-
matically explained by the new generalized effective-medium theory of the IP
effect developed as a result of this project.
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3.1 Generalized effective-medium theory of the
complex resistivity of multi-phase heteroge-
neous rocks

Effective-medium approximation for composite media has been discussed in
many publications. The general formalism of the effective-medium theory
(EMT) was introduced by Stroud (1975). The advances of physical effective-
medium theories (e.g.. Norris et al., 1985; Shwartz, 1994; Kolundzija and
Djordjevic, 2002 ) make it possible to develop a rigorous mathematical model
of multi-phase heterogeneous conductive media excited by a transient EM field.
The EMT was successfully applied to studying macroscopically isotropic and
anisotropic models of rock formations in electrical geophysics (Mendelson and
Cohen, 1982; Sen et al., 1981; Sheng, 1991; Kazatchenko et al., 2004; etc.).
However, the existing form of EMT does not allow including the polarizability
effect in the general model of heterogeneous rocks.
It is well known, however, that the effective conductivity of rocks is not

necessarily a constant and real number but may vary with frequency and
be complex (Shuev and Johnson, 1973). There are several explanations for
these properties of effective conductivity. Most often they are explained by the
physical-chemical polarization effects of mineralized particles of the rock mate-
rial, and/or by the electrokinetic effects in the poroses of reservoirs (Wait, 1959;
Marshall and Madden, 1959; Luo and Zhang, 1998). Thus, the polarizability is
caused by the complex electrochemical reactions that accompany current flow
in the earth. These reactions take place in a heterogeneous medium represent-
ing the rock formations in the areas of mineralization. Under the influence
of the external electromagnetic field, a surface polarization of the mineralized
particles and the surface of the moisture-porous space occurs. It is manifested
by accumulating electric charges on the surface of different grains forming the
rock. This effect is very significant in the case of metal-electrolyte interface
(Bockrih and Reddy, 1973). However, a similar effect is observed in the case of
the interface between electrolyte and typical rock-forming minerals like silicate,
carbonate, and others (Komarov, 1980).
It is demonstrated in this report that EMT formalism can be used in the

theory of formation polarizability, as well. The general character of the pro-
posed model makes it possible to apply the developed results to study the rocks
typical for mineralization zones and hydrocarbon reservoirs. This new theory
allows us to develop a unified physical-mathematical model which can be used
for examining the EM effects in complex rock formations with different mineral
structures and electrical properties. It takes into account the mineralization
and/or fluid content of the rocks, the matrix composition, porosity, anisotropy,
and polarizability of the formations. This approach allows us to provide a
link between the volume content of different minerals and/or the hydrocarbon
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Figure 3-1 A typical example of a multi-phase model of the rock composed of a
set of different types of randomly oriented grains.

saturation and the observed EM field data (Zhdanov, 2005).

3.1.1 Principles of the effective-medium approach

We represent a complex heterogeneous rock formation as a composite model
formed by a homogeneous host medium of a volume V with a (complex) con-
ductivity tensor σ0 (r) (where r is an observation point) filled with grains of
arbitrary shape and conductivity. A typical example of a multi-phase model
of the rock is shown in Figure 3-1.
In the present problem, the rock is composed of a set of N different types

of grains, the lth grain type having (complex) tensor conductivity σl. The
grains of the lth type have a volume fraction fl in the medium and a particular
shape and orientation. Therefore, the total conductivity tensor of the model,
σ (r) , has the following distribution for volume fraction fl and volume fraction
f0 = 1− N

l=1 fl , respectively:

σ (r) =

⎧⎪⎪⎨⎪⎪⎩
σ0 for volume fraction f0 = 1− N

l=1 fl

σl for volume fraction fl .
(3.1)

The polarizability effect is usually associated with surface polarization of
the coatings of the grains. This surface polarization can be related to elec-
trochemical charge transfer between the grains and a host medium. (Wong,
1979; Wong and Strangway, 1981; Klein et al., 1984). The surface polarization
is manifested by accumulating electric charges on the surface of the grain. A
double layer of charges is created on the grain’s surface, which results in the
voltage drop at this surface (Wait, 1982). It has been shown experimentally
that for relatively small external electric fields used in electrical exploration,
the voltage drop, ∆u, is linear proportional to the normal current flow at the

GENERALIZED EFFECTIVE-MEDIUM THEORY OF THE COMPLEX RESISTIVITY
OF MULTI-PHASE HETEROGENEOUS ROCKS 17



surface of the particle, jn = (n · j). That is, at the surface of the grain we have

∆u = k (n · j) , (3.2)

where n is a unit vector of the outer normal to the grain’s surface, and k is a sur-
face polarizability factor, which, in general, is a complex frequency dependent
function. This function is usually treated as the interface impedance which
characterizes the boundary between the corresponding grain and surrounding
host medium and describes the interfacial or membrane polarization. This ef-
fect is the most profound in the case of metal-electrolyte interface, and it was
intensively studied in electrochemistry (Bockrih and Reddy, 1973; Madden and
Marshall, 1959). However, a similar effect was found in other heterogeneous
systems typical for rock formations, as well (e.g., Dukhin, 1971).
Following the standard logic of the EMT, we substitute a homogeneous

effective medium with the conductivity tensor σe for the original heterogeneous
composite model and subject it to a constant electric field, Eb, equal to the
average electric field in the original model:

Eb = E = V −1
V
E (r) dv. (3.3)

The effective conductivity is defined from the condition that the current density
distribution je in an effective medium is equal to the average current density
distribution in the original model:

je = σe ·Eb = σe · E = σ ·E . (3.4)

In order to find the effective conductivity tensor σe, we represent the given
inhomogeneous composite model as a superposition of a homogeneous infinite
background medium with the conductivity tensor σb and the anomalous con-
ductivity ∆σ (r) :

σ (r) = σb +∆σ (r) . (3.5)

Note that this representation is not unique. There exist different methods of
selecting the appropriate background conductivity σb, which we will discuss
below.
From (3.5) and (3.4), we have:

σe ·Eb = σb ·Eb + ∆σ ·E . (3.6)

Thus, we can see that the effective conductivity tensor, σe, can be found from
equation (3.6), if one determines the average excess electric current ∆σ ·E . The
last problem can be solved using the integral form of Maxwell’s equations.
Following the ideas of the QL approximation (Zhdanov, 2002), we can rep-

resent the electric field as:

E (r ) = I+ λ (r ) ·Eb, (3.7)
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where λ (r ) is the electrical reflectivity coefficient, and:

∆σ (r ) ·E (r ) =m (r ) ·Eb, (3.8)

where m (r ) is the material property tensor (which is similar to the suscepti-
bility tensor in the theory of the EM field propagation in dielectrics):

m (r ) = ∆σ (r ) · I+ λ (r ) . (3.9)

Note that the exact representation (3.8) always exists because the corre-
sponding material property tensor can always be found for any given fields
E (r ) and Eb (Zhdanov, 2002).
Let us substitute (3.8) into (3.4), taking into account (3.5):

je = σe ·Eb = σ ·E = (σb +∆σ) ·E =

σb · E + ∆σ ·E = σb ·Eb + m ·Eb.
From the last formula we see that:

σe = σb + m . (3.10)

Thus, in order to determine the effective conductivity of the composite polar-
ized medium, we have to find the average value of the material property tensor,
m .

3.1.2 Integral representations for the EM field in heterogenous polarizable media

One can represent the electric fieldE (r) generated in a homogeneous anisotropic
background medium by the currents induced within the anomalous conductiv-
ity ∆σ (r) using an integral form of the Maxwell’s equations:

E (r) = Eb +
V
Gb (r | r ) · [∆σ (r ) ·E (r )] dv , (3.11)

where V is the volume occupied by all inhomogeneities, and Gb (r | r ) is a
Green’s tensor for the homogeneous anisotropic full space.
In order to simplify the further discussion, we assume that the background

model is represented by the isotropic homogeneous full space: σb = Iσb. In this
case the Green’s tensor can be represented in the form of a dyadic function:

Gb (r | r ) = ∇∇ gb (r | r ) , (3.12)

where:
gb (r | r ) = 1

4πσb |r− r | . (3.13)
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We assume, however, that in addition to electrical heterogeneity, the medium
is characterized by polarizability effects which are manifested by the surface
polarization of the grains. Mathematically, the surface polarization effect can
be included in the general system of Maxwell’s equations by adding the fol-
lowing boundary conditions on the surfaces Sl of the grains (Luo and Zhang,
1998):

n× E+ (r )−E− (r )
Sl
= − [n×∇∆u (r )]Sl , (3.14)

where E+ designates the boundary value of electric field E (r) when the ob-
servation point tends to the boundary Sl of the lth grain from the inside of
the grains, and E− if this point tends to the boundary from the outside of the
grains.
Therefore, the electric field due to the surface polarization effect Ep (r) can

be represented as an electric field of a specified discontinuity (3.14) (Zhdanov,
1988, p. 250):

Ep (r) = −∇×
S
gb (r | r )σb n (r ) · E+ (r )−E− (r )

S
ds , (3.15)

where S stands for the superposition of all surfaces Sl of the entire ensemble

of grains, S =
N∪
l=1
Sl, and vector n (r ) is directed outside the grains.

The last integral can be written in an equivalent form as a field generated
by the double layers coinciding with the grains’ surfaces with a dipole electric
charge moment densityMS = ∆un (Zhdanov, 1988, p. 144):

Ep (r) =∇
S
∇ gb (r | r )σb · n (r )∆uds . (3.16)

According to (3.2), we assume that the voltage drop at the surface of the
grain is proportional to the normal current:

∆u = k (n (r ) · j (r )) = k (n (r ) · σ (r ) ·E (r )) , (3.17)

where current j (r ) is taken for the internal side of the grain’s surface.
Therefore, expression (3.15) becomes:

Ep (r) =∇
S
∇ gb (r | r )σb · n (r )∆uds =

S
Gb (r | r ) · n (r ) kσb (n (r ) · σ (r ) ·E (r )) ds . (3.18)

The total electric field caused by the effects of both the electromagnetic induc-
tion and induced polarization is equal to:

E (r) = Eb +
V
Gb (r | r ) · [∆σ (r ) ·E (r )] dv +

S
Gb (r | r ) · n (r ) kσb (n (r ) · σ (r ) ·E (r )) ds . (3.19)
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Substituting expression (3.8) into formula (3.19), we can write:

E (r) = Eb +
V
Gb (r | r ) · m (r ) ·Eb dv +

S
Gb (r | r ) · n (r ) n (r ) · ξ (r ) · m (r ) ·Eb ds , (3.20)

where ξ (r ) is equal to:

ξ (r ) = kσbσ (r ) · (∆σ (r ))−1 . (3.21)

We can represent the integrals in equation (3.20) as a sum of the integrals
over the volumes and surfaces of all grains:

E (r) = Eb +
l

El (r) , (3.22)

where:
El (r) =

Vl
Gb (r | r ) · m (r ) ·Eb dv +

Sl
Gb (r | r ) · n (r ) n (r ) · ξ (r ) · m (r ) ·Eb ds . (3.23)

As usual, we restrict our discussion to the low frequency approximation
(quasi-static model of the field), where al/wl << 1; al is a characteristic size of
a grain of the lth type, and wl is a wavelength in that grain. In this case, we
can use a QL approximation for the integrals over Vl and Sl and assume that
the material property tensor is constant in Vl up to its boundary Sl :

m (r ) =ml, , r ∈ Vl. (3.24)

Note, however, that in the case of spherical or elliptical grains the mate-
rial property tensor is always constant within the spherical and/or elliptical
inclusions.
Consider now the integrals over one grain only:

El (r) =
Vl
Gb (r | r ) dv ·ml ·Eb+

Sl
Gb (r | r ) · n (r )n (r ) ds · ξl ·ml ·Eb, (3.25)

where:
ξ (r ) = ξl = const, r ∈ Vl.

We introduce the volume, Γl, and surface, Λl, depolarization tensors as
follows:

Γl =
Vl
Gb (r | r ) dv , (3.26)

and:
Λl =

Sl
Gb (r | r ) · n (r )n (r ) ds . (3.27)
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For example, for a spherical grain of a radius al, we have (see Appendix):

Γl = − 1

3σb
I, Λl = − 2

3σbal
I. (3.28)

Substituting (3.26) and (3.27) back into (3.25), we obtain:

El (r) = Γl ·ml ·Eb + Γl · pl ·ml ·Eb = Γl · ql ·Eb, (3.29)

where a surface polarizability tensor p and a volume polarizability tensor q are
equal to:

p (r ) = Γ−1l ·Λl · ξ (r ) , pl = p (r ) , r ∈ Vl, (3.30)

and
q (r ) = I+ p (r ) ·m (r ) , ql = q (r ) , r ∈ Vl. (3.31)

Then formula (3.29) becomes:

El (r) =
Vl
Gb (r | r ) dv · ql ·Eb. (3.32)

Substituting expression (3.32) back into (3.22), we find:

E (r) = Eb +
l Vl

Gb (r | r ) · q (r ) dv ·Eb =

Eb +
V
Gb (r | r ) · q (r ) dv ·Eb. (3.33)

The last formula shows that the surface polarization effect introduced by for-
mula (3.18) can be represented by the equivalent volume polarization effect
and combined with the electromagnetic induction phenomenon in one integral
expression.

3.1.3 Effective conductivity of the heterogeneous polarizable medium

In this section we will derive a constructive approach for determining the ef-
fective conductivity of the heterogeneous polarizable medium. We have estab-
lished above that, in order to solve this problem, we have to find the average
value of the material property tensor, m . The last function can be found
based on the integral representation (3.33).
Multiplying both sides of (3.33) by ∆σ (r) , we have:

m (r) ·Eb = ∆σ (r) ·Eb +∆σ (r) ·
V
Gb (r | r ) · q (r ) dv ·Eb. (3.34)

Our goal is to find the material property tensor m. According to equa-
tion (3.31), this tensor is related to the volume polarizability tensor q by the
following formula:

m = I+ p
−1
q. (3.35)
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Therefore, in order to findm, we need to determine tensor q first. Multiplying
both sides of (3.34) by I+ p , we finally arrive at the equation for q :

q (r) = ∆σp (r) +∆σp (r) ·
V
Gb (r | r ) · q (r ) dv , (3.36)

where ∆σp (r) is a “polarized” anomalous conductivity:

∆σp (r) = I+ p (r) ·∆σ (r) . (3.37)

The volume integral in equation (3.36) can be represented as a sum of two
integrals: over the volume of one grain, Vl, and over the remaining volume
(V − Vl) :

V
Gb (r | r ) · q (r ) dv =

V−Vl
Gb (r | r ) · q (r ) dv +

Vl
Gb (r | r ) · q (r ) dv . (3.38)

We approximate the integral over (V − Vl) by replacing q (r ) by its average
in V, and we calculate the integral over Vl, taking into account property (3.24):
q (r ) = ql = const. As a result, we obtain:

V
Gb (r | r ) · q (r ) dv ≈

V−Vl
Gb (r | r ) dv · q +

Vl
Gb (r | r ) dv · ql. (3.39)

According to the Gauss theorem, the volume depolarization tensor Γl is equal
to:

Γl = ∇
Vl
∇ gb (r | r ) dv = ∇

Sl
gb (r | r )n (r ) ds . (3.40)

We can calculate the external integral in the limit of the infinitely large
volume V in a similar way, using the Gauss theorem for the external domain
(V − Vl) :

V−Vl
Gb (r | r ) dv = −Γl. (3.41)

Substituting equations (3.40) and (3.41) into (3.39), we have:

V
Gb (r | r ) · q (r ) dv ≈ −Γl · q + Γl · ql. (3.42)

The last result reduces equation (3.36) to:

q (r) = ∆σp (r) +∆σp (r) · Γl · [ql − q ] . (3.43)

Assuming in the last formula that r ∈Vl, we find:

ql = ∆σpl +∆σpl · Γl · [ql − q ] . (3.44)
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Solving equation (3.36), we determine the volume polarizability tensor, ql, for
every grain:

ql = I−∆σpl · Γl
−1 ·∆σpl · I− Γl · q . (3.45)

Taking an average value of both sides of (3.45), and solving the resulting
equation for q , we finally find:

q = I−∆σp · Γ −1 −1
I−∆σp · Γ −1 ·∆σp . (3.46)

According to equation (3.31), the average value of the material property
tensor is:

m = I+ p
−1
q . (3.47)

Substituting (3.47) into (3.10), we finally have:

σe = σb + I+ p
−1
q =

σb + I+ p0
−1
q0f0 +

N

l=1

I+ pl
−1
qlfl. (3.48)

Formula (3.10) allows us to calculate the effective conductivity for any
multi-phase polarized composite medium. This formula can be treated as an
IP analog of the “average-t-matrix approximation” (ATA) of the theory of
electronic propagation in disordered binary alloys (Soven, 1967).

3.1.4 Self-consistent approximation for effective conductivity

Note that the simplest choice for the average value of the volume polarizability
tensor q is:

q = 0, (3.49)

because in this case from (3.45) we have:

ql = I−∆σpl · Γl
−1 ·∆σpl , (3.50)

and
q = I−∆σp · Γ −1 ·∆σp =

I−∆σp0 · Γ0
−1
f0 +

N

l=1

I−∆σpl · Γl
−1
fl = 0. (3.51)

Equation (3.51) can be treated as a loose IP analog of the self-consistency
condition of the conventional effective medium theory (Stroud, 1975). Detailed
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analysis shows that for a composite medium without IP effect, equation (3.51)
leads to the Bruggeman method of the effective conductivity determination
(Choi, 1999).
Substituting (3.50) into (3.35), we find:

ml = I+ pl
−1
I−∆σpl · Γl

−1 · I+ pl ·∆σl. (3.52)

In this case, expression (3.10) for the effective conductivity of the polarized
inhomogeneous medium takes the form:

σe = σb + I+ p0
−1
I−∆σp0 · Γ0

−1 · I+ p0 ·∆σ0f0+
N

l=1

I+ pl
−1
I−∆σpl · Γl

−1 · I+ pl ·∆σlfl.

In particular, if we select the background conductivity to be equal to the
host medium conductivity,

σb = σ0,

then:

σe = σ0 +
N

l=1

I+ pl
−1
I−∆σpl · Γl

−1 · I+ pl ·∆σlfl, (3.53)

because ∆σ0 = 0.
Note that, for heterogeneous media without polarizability, formula (3.53)

corresponds to theMaxwell-Garnett theory of the composite geoelectrical medium
(Choi, 1999).
The last formula provides a general solution of the effective conductivity

problem for an arbitrary multi-phase composite polarized medium. This for-
mula allows us to find the effective conductivity for inclusions with arbitrary
shape and electrical properties. That is why the new composite geoelectri-
cal model of the IP effect may be used to construct the effective conductivity
for realistic rock formations typical for mineralization zones and/or petroleum
reservoirs.

3.1.5 Effective resistivity of the isotropic medium filled with isotropic grains of
arbitrary shape: anisotropy effect

We consider first a composite model with isotropic grains of arbitrary shape.
In this case all conductivities become scalar functions:

σ0 = Iσ0, ∆σl = I∆σl, ∆σ
p
l = I+ pl ∆σl

and, according to formula (3.30):
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Figure 3-2 An example of electrically anisotropic media: a multi-phase model of
the rock is composed of a set of ellipsoidal grains oriented in one direction .

pl = ξlΓ
−1
l ·Λl, (3.54)

where ξl is equal to:
ξl = klσ0σl (∆σl)

−1 . (3.55)

Therefore, we can write:

σe = σb + I+ p
−1
q =

σe = Iσ0 +
N

l=1

I+ pl
−1
I− I+ pl ∆σlΓl

−1
I+ pl ∆σlfl. (3.56)

It can be demonstrated that, if the grains have nonisometric shape (e.g.,
ellipsoidal shape) but random orientation (see Figure 3-1), averaging of the
tensor terms in expression (3.56) will result in scalarization. Therefore, the
effective medium conductivity will become a scalar function. However, if all
the grains are oriented in one specific direction as shown in Figure 3-2, the
effective conductivity of this medium will become anisotropic. Thus, the ef-
fective conductivity may be a tensor in spite of the fact that the background
medium and all the grains are electrically isotropic.

3.1.6 Fundamental IP model: effective resistivity of an isotropic multi-phase het-
erogeneous medium filled with spherical inclusions

It was demonstrated in the pioneer work of Pelton (1977), that the Cole-Cole
relaxation model (Cole and Cole, 1941) can represent well the typical complex
conductivity of polarized rock formations. In the framework of this model, the
complex resistivity, ρ (ω) , is described by the following well known expression:

ρ(ω) = ρ 1− η 1− 1

1 + (iωτ)C
, (3.57)
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Figure 3-3 Examples of typical complex resistivity curves with the Cole-Cole
model parameters. The upper panel shows the real part of the complex resistivity,
while the bottom panel presents the imaginary part.

where ρ is the DC resistivity [Ohm-m]; ω is the angular frequency [rad/sec];
τ is the time parameter; η is the intrinsic chargeability (Seigel, 1959); and
C is the relaxation parameter. The dimensionless intrinsic chargeability, η,
characterizes the intensity of the IP effect.
Figure 3-3 presents examples of typical complex resistivity curves with the

Cole-Cole model parameters defined according to the following table:

Table 1

Model 1 Model 2

ρ1 = 2 Ohm-m, ρ2 = 2 Ohm-m,

η1 = 0.5, η2 = 0.5,

τ 1 = 0.4, τ 2 = 0.04,

C1 = 0.8, C2 = 0.3.
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One can see a significant difference between the solid and dashed curves in
this plot, which corresponds to the different Cole-Cole models with different
parameters.
Note also that the Cole-Cole curve gives us just one possible example of the

relaxation model. There are several other models discussed in the geophysical
literature (see, for example, Kamenetsky, 1997). One of the important practi-
cal questions is the relationship between the Cole-Cole model parameters and
the petrophysical characteristics of mineralized rocks. There were several pub-
lications specifically dedicated to the solution of this problem. However, most
of the published results provide just a qualitative indication of the correlation
between the Cole-Cole parameters and specific mineralization characteristics
of the rocks, such as mineral grain sizes and physical properties.
One of the reasons for electrical conductivity relaxation in rocks is the het-

erogeneity of formations containing microscopic inclusions of different minerals.
In the pioneered work byWait (1982, p.77), a simplified model of the composite
medium as a loading of spherical conducting particles in a resistive background
was introduced. The effective conductivity for this model was determined based
on the equations of the static electric field. This model provided a foundation
for the phenomenological theory of induced electrical polarization.
In this section we will show that Wait’s model appears as a special case of

the GEMTIP model, developed in this paper. We consider, as an example, an
isotropic multi-phase composite model, with all model parameters described
by the scalar functions. A composite model is formed by a homogeneous host
medium of a volume V with a conductivity σ0 filled with grains of spherical
shape. We assume also that we have a set of N different types of grains, the lth
grain type having radius al, conductivity σl, and surface polarizability kl. In
this model, both the volume and the surface depolarization tensors are constant
scalar tensors equal to:

Γl = ΓlI = −I 1
3σb

I, Λl = ΛlI = − 2

3σbal
I. (3.58)

The corresponding tensor formulas for conductivities, tensorsm and q, can
be substituted by the scalar equations. For example, equation (3.45) for q
takes the form:

ql = [1−∆σplΓl]
−1∆σpl [1− Γl q ] , (3.59)

and equation (3.35) for m becomes:

ml = [1 + pl]
−1 ql =

[1− (1 + pl)∆σlΓl]
−1∆σl [1− Γl q ] , (3.60)

where, according to (3.30) and (3.21):

pl = 2kla
−1
l σbσl (∆σl)

−1 . (3.61)
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Formula (3.46) for q is simplified, as well:

q = [1− (1 + pl)∆σlΓl]
−1 −1

[1− (1 + pl)∆σlΓl]
−1 (1 + pl)∆σlΓl .

(3.62)
In the framework of the self-consistent theory, the effective conductivity

will be given by a scalar form of expression (3.52):

ml = [1− (1 + pl)∆σlΓl]
−1∆σl. (3.63)

Substituting formula (3.63) into (3.10), we obtain the following scalar formula
for the effective conductivity of the polarized inhomogeneous medium:

σe = σb + [1− (1 + pl)∆σlΓl]
−1∆σl =

σb + [1− (1 + p0)∆σ0Γ0]
−1∆σ0f0 +

N

l=1

[1− (1 + pl)∆σlΓl]
−1∆σlfl. (3.64)

In particular, assuming σb = σ0 and, therefore, ∆σ0 = 0, we write:

σe = σ0 +
N

l=1

[1− (1 + pl)∆σlΓl]
−1∆σlfl. (3.65)

Substituting expression (3.58) for the volume depolarization tensor and equa-
tion (3.63) for pl, we finally find:

σe = σ0 1 + 3
N

l=1

fl
σl − σ0

2σ0 + σl + 2kla
−1
l σ0σl

.

Multiplying the numerator and denominator by ρlρ0, (where ρ0 = 1/σ0, ρl =
1/σl), we obtain an equivalent expression for the effective resistivity of the
composite polarized medium:

ρe = ρ0 1 + 3
N

l=1

fl
ρ0 − ρl

2ρl + ρ0 + 2kla
−1
l

−1
. (3.66)

It is well-known from the experimental data that the surface polarizabil-
ity factor is a complex function of frequency. Let us represent the surface
polarizability of the lth grain as:

kl = bl (iωτ l)
−Cl , (3.67)

where:
bl = al (2ρl + ρ0) /2.

Therefore:
kl =

al
2
(2ρl + ρ0) (iωτ l)

−Cl (3.68)
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Thus, after some algebra, we have:

ρe = ρ0 1 +
N

l=1

flMl 1− 1

1 + (iωτ l)
Cl

−1
, (3.69)

where:
Ml = 3

ρ0 − ρl
2ρl + ρ0

. (3.70)

Note that, in the case of the metallic particles, one can assume that ρl/ρ0 1,
and we have:

Ml ≈ 3. (3.71)

Following Wait (1982), we adopt the model:

kl = αl (iω)
−Cl , (3.72)

which fits the experimental data, where αl are some empirical surface polariz-
ability coefficients, measured in the units [αl] = (Ohm×m2) / secCl.
Therefore from (3.72) and (3.68), we obtain:

τ l =
al
2αl

(2ρl + ρ0)
1/Cl

. (3.73)

Formula (3.69) provides a general analytical expression for the effective
conductivity of the multi-phase heterogeneous polarized medium, typical for
mineralization zones.
In the case of a two-phase composite model, we have a homogeneous host

medium of a volume V with a (complex) resistivity ρ0 and spherical inclusions
with the resistivity ρ1. Formula (3.66) is simplified:

ρe = ρ0 1 + f1M1 1− 1

1 + (iωτ 1)
C1

−1
. (3.74)

After some algebra, we arrive at the conventional Cole-Cole formula for the
effective resistivity:

ρe = ρ0 1− η 1− 1

1 + (iωτ)C
, (3.75)

where:

η =
3f1 (ρ0 − ρ1)

2ρ1 + ρ0 + 3f1 (ρ0 − ρ1)
, (3.76)

and

τ =
a1
2α1

(2ρ1 + ρ0 + 3f1 (ρ0 − ρ1))
1/C

. (3.77)

Note that in formula (3.75) we use the same notations as in the original
Cole-Cole formula (3.57).
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Finally, let us assume that ρ1/ρ0 1, which is typical for metallic particles,
for example. Than we have:

η =
3f1

1 + 3f1
. (3.78)

In particular, if the volume fraction of the metallic particles is very small, we
obtain:

η ≈ 3f1. (3.79)

3.2 Development of the 3-DEM-IP forwardmod-
eling system

Traditionally, electromagnetic (EM) modeling has been based on geoelectrical
models of geological targets (e.g., ore deposits), which are characterized by
some bulk conductivity distribution described by a real function of the spatial
coordinates. It is also usually assumed that the conductivity is time and/or
frequency independent. However, the actual conductivity of geological forma-
tions is defined by the complex microscopic and macroscopic heterogeneous
structures of minerals and rocks with different petrophysical properties. This
intrinsic complexity of the internal structure of the rocks may result in complex
values of the bulk conductivity. Moreover, this complexity may give rise to fre-
quency and/or time dependence of the rock’s conductivity, which is manifested
through IP effects.
In this research project we have developed an approach to constructing a

new generation of EM modeling software which takes into account the true
complexity of the rocks. Our approach is based on the rock physics descrip-
tion of the medium as a composite heterogeneous multiphase formation. We
have developed a generalized effective-medium theory of induced polarization
(GEMTIP) to generate effective conductivity models of an ore deposit. Our
new formulation of a geoelectrical model takes into account the mineraliza-
tion and/or fluid content of the rocks and the matrix composition, porosity,
anisotropy, and polarizability of the formations. This approach allows us to
provide a link between the volume content of the different minerals and the
observed EM field data, which is an important goal of this project.
For modeling an IP response in the frequency domain, i.e., spectral IP mod-

eling, we need to solve the Maxwell’s equations for the complex conductivity
model. Using this modeling method, we can investigate the effect of different
complex conductivity relaxation models, including the Cole-Cole model and a
composite GEMTIPmodel, and we can obtain the EM responses for the various
types of transmitting sources including the current bipoles used in conventional
IP surveys.
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During the first two years of the project we have developed a prototype of
3-D IP modeling algorithm using the integral equation (IE) method. Our IE
forward modeling code INTEM3DIP is based on the contraction IE method,
which improves the convergence rate of the iterative solvers (Hursán and Zh-
danov, 2002). This code can handle various types of sources and receivers
to compute the effect of the complex resistivity model. In addition, the pre-
processing and postprocessing routines are developed to obtain conventional
IP responses as well. We have tested the working version of the INTEM3DIP
code for computer simulation of the IP data for several models including the
southwest US porphyry model and the Kambalda-style nickel sulfide deposit
in Australia. The results of this modeling study are presented below.

3.2.1 Formulation of the integral equation (IE) method

We consider, first, the basic integral equations of 3-D EM forward modeling,
written for the total electric E and magnetic H fields:

E (r ) =
D
GE (r | r) · [∆σ (r)E (r)] dv +Eb (r )

= GE [∆σ (r)E (r)] +Eb (r ) , (3.80)

H (r ) =
D
GH (r | r) · [∆σ (r)E (r)] dv +Hb (r )

= GH [∆σ (r)E (r)] +Hb (r ) , (3.81)

whereGE (rj | r) andGH (rj | r) are the electric and magnetic Green’s tensors
defined for an unbounded conductive medium with the complex background
conductivity σb; GE and GH are corresponding Green’s linear operators; and
Eb, Hb are the background electric and magnetic fields; domain D corresponds
to the volume with the complex anomalous conductivity distribution σ (r) =
σb +∆σ (r) , r ∈ D.
Equation (3.80) written for the points r located inside domain D, r ∈ D,

gives us an integral equation with respect to electric field E (r) . The main
problem is to solve this integral equation.
The conventional approach to discretization of the integral equation (3.80)

is based on dividing domain D into N elementary cells, Dn, formed by some

rectangular grid in the domain D =
N∪
n=1

Dn, and assuming that ∆σ (r) has
the constant value ∆σn within a cell. Note that the coefficients ∆σn can be
represented as the components of a vector σ of the order N :

σ = [∆σ1,∆σ2, ...,∆σN ]
T ,

where superscript “T” denotes transposition.
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We also assume that each cell Dn is so small that the electric field is ap-
proximately constant within the cell, E (r) ≈ E (rn) , where rn is a center point
of rectangular cell Dn. Under this condition, equation (3.80) takes the form:

E (rp) =
N

n=1 Dn
GE (rp | r) dv ·∆σnE (rn)+E

b (rp) , p = 1, 2, ...N. (3.82)

Thus, inside the anomalous domain D, the discrete analog of equation (3.80)
can be written as (Zhdanov, 2002):

eD = GDσeD+e
b
D, (3.83)

where σ is a (3N × 3N) diagonal matrix of anomalous conductivities:

σ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∆σ1 · · · 0 0 · · · 0 0 · · · 0
...

0 · · · ∆σN 0 · · · 0 0 · · · 0
0 · · · 0 ∆σ1 · · · 0 0 · · · 0

...
0 · · · 0 0 · · · ∆σN 0 · · · 0
0 · · · 0 0 · · · 0 ∆σ1 · · · 0

...
0 · · · 0 0 · · · 0 0 · · · ∆σN

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (3.84)

eD and ebD are the vectors of the total and background electric fields formed
by the x, y and z components of these fields at the centers of the cells Dn of
the anomalous domain D:

eD = [E
1
x, E

2
x, ...E

N
x , E

1
y , E

2
y , ...E

N
y , E

1
z , E

2
z , ...E

N
z ]
T ,

ebD = [E
b,1
x , E

b,2
x , ...E

b,N
x , Eb,1y , E

b,2
y , ...E

b,N
y , Eb,1z , E

b,2
z , ...E

b,N
z ]T .

These vectors have the order 3N .
The 3N×3N matrixGD is formed by the volume integrals over the elemen-

tary cells Dn of the components of the corresponding electric Green’s tensor
GE, acting inside domain D :

GD =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

G11xx · · · G1Nxx G11xy · · · G1Nxy G11xz · · · G1Nxz
...

GN1xx · · · GNNxx GN1xy · · · GNNxy GN1xz · · · GNNxz
G11yx · · · G1Nyx G11yy · · · G1Nyy G11yz · · · G1Nyz

...
GN1yx · · · GNNyx GN1yy · · · GNNyy GN1yz · · · GNNyz
G11zx · · · G1Nzx G11zy · · · G1Nzy G11zz · · · G1Nzz

...
GN1zx · · · GNNzx GN1zy · · · GNNzy GN1zz · · · GNNzz

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (3.85)
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where:

Gpnαβ =
Dn
GEαβ (rp | r) dv, α,β = x, y, z; p, n = 1, 2, ...N.

Thus, forward EM modeling based on the IE method is reduced to the
solution of the matrix equation (3.83) in the unknown vector eD of the electric
field components inside domain D. The equation is a 3N × 3N linear system,

AeD = e
b
D, (3.86)

where
A = I−GDσ. (3.87)

MatrixA is a 3N×3N dense matrix. One can use different types of iterative
methods, discussed in Zhdanov (2002), for the solution of this problem.

3.2.2 3-D EM forward modeling based on the contraction integral equation method

It was demonstrated in Zhdanov (2002) that one can apply a special linear
transformation to the Green’s operator to obtain a new modified Green’s oper-
ator, Gm

E , with norm less than one. As a result, the original integral equation
(3.80) can be converted into a contraction operator-based equation:

aEa + bEb = Gm
E b(Ea +Eb) , (3.88)

where:
a =

2σb +∆σ

2
√
σb

, b =
∆σ

2
√
σb
, (3.89)

and operatorGm
E (x) is defined as a linear transformation of the original electric

Green’s operator:
Gm
E (x) =

√
σbGE (2

√
σbx) + x. (3.90)

Using the original Green’s operator given by expression (3.80) and taking
into account formula (3.90), one can rewrite equation (3.88) as follows:

√
σba

−1E−√σbGE ∆σa−1E =
√
σbE

b. (3.91)

This is the basic equation of the CIE method of EM modeling.
The contraction integral equation (3.91) can be treated as the precondi-

tioned conventional integral equation (3.86) (Zhdanov, 2002; Hursan and Zh-
danov, 2002). Indeed, in discrete form, equation (3.91) can be written as:

M1 I−GDσ M2eD =M1e
b
D, (3.92)

whereM1 is the left preconditioner, andM2 is the right preconditioner, and

eD =M
−1
2 eD. (3.93)

34 THEORY



The preconditioners M1 and M2 are the 3N × 3N diagonal matrices, similar
to matrix (3.84):

M1 = diag σb1, σb2, ..., σbN , σb1, σb2..., σbN , σb1, σb2..., σbN ,

M2 = diag a−11 , a
−1
2 , ..., a

−1
N , a

−1
1 , a

−1
2 , ..., a

−1
N , a

−1
1 , a

−1
2 , ..., a

−1
N , (3.94)

where, according to (3.89):

ai =
2σbi +∆σi
2
√
σbi

, i = 1, 2, ..., N.

Finally, we can write equation (3.92) in the form:

f = Lm, (3.95)

where:
L =M1 I−GDσ M2, f =M1e

b
D, and m =eD. (3.96)

3.2.3 The generalized minimal residual method

We use the complex generalized minimal residual method (CGMRM) to solve
the linear system of equations (3.95). The preconditioning speeds up the solu-
tion of IE (3.86) significantly.
Let us consider a general linear operator equation:

f = Lm, (3.97)

where f ,m ∈M, and L is a linear continuous operator in M. We assume also
that M is a complex Hilbert space.
The general iterative solution of equation (3.97) can be expressed by the

formula:
mn+1 =mn +∆mn =mn − knrn, n = 0, 1, 2, ... (3.98)

where m0 is some initial approximation, ∆mn is an iteration step:

∆mn = −knrn, (3.99)

rn is a residual on the n-th step,

rn = Lmn − f , (3.100)

and kn is an iteration coefficient. Note that the residual on the (n+ 1)-th step,
rn+1, is related to rn by the formula:

rn+1 = Lmn+1 − f =Lmn − knLrn − f = rn − knLrn. (3.101)
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An obvious choice for the iteration coefficient kn is to minimize the norm of
the residual rn+1 :

rn+1
2 = rn − knLrn 2 = Φ2 (kn) = min . (3.102)

An expression for the value of kn that minimizes rn+1
2 has the form (Zh-

danov, 2002):

kn =
(rn, Lrn)

(Lrn, Lrn)
. (3.103)

An effective method to accelerate the convergence of the MRM algorithm
is based on the Krylov-subspace, which is the finite dimensional subspace Ks

of the Hilbert space M , spanned by the vectors rn, Lrn, L2rn, .......Lq−1rn:

Ks = span rn, Lrn, L
2rn, .......L

q−1rn .

The CGMRM method is based on introducing an orthogonal basis
Lg

(n)
1 , Lg

(n)
2 , ........, Lg

(n)
s in the subspace Ks spanned by the vectors

{Lrn, L2rn, .......Lqrn} and finding the coefficients knl as projections of the
residual rn on the vectors from this basis (Zhdanov, 2002). The algorithm
of the CGMRM can be summarized as follows:

rn = Lmn − f , g
(n)
1 = rn, rn+1,(1) = rn−kn1Lg(n)1 , (a)

rn+1,(p) = rn+1,(p−1) − knpLg(n)p , (b)

g(n)p = rn+1,(p−1) − p−1
l=1 β

(n)
pl g

(n)
l , p = 2, 3, ...s, (c)

β
(n)
pl = Lrn+1,(p−1), Lg

(n)
l / Lg

(n)
l

2
, knp = rn, Lg

(n)
p / Lg(n)p

2
, (d)

mn+1 =mn − s
l=1 knlg

(n)
l , n = 1, 2, 3, ......... (e)

(3.104)
The iterative process (3.104) is terminated when the misfit reaches the given

level ε0 :
rN

2 ≤ ε0.

The main advantage of the CGMRM method is that there exists a conver-
gence theorem for this iterative method. It states that the generalized minimal
residual method, based on the recursive formulae (3.104), converges to the so-
lution of the linear operator equation (3.97) for any initial approximation m0,
if L is an absolutely positively determined (APD) linear continuous operator,
acting in a complex Hilbert space M (Zhdanov, 2002).
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4. EXPERIMENTAL

4.1 Kambalda-style nickel sulfide deposit

In order to illustrate the capability of the developed forward method and soft-
ware, we have computer simulated the EM-IP response for a model of the
Kambalda-style nickel sulfide deposit in Australia. In tropical and arid ter-
rains such as Australia and southern Africa, the differential weathering char-
acteristics of the near-surface rock units comprising the regolith often result in
large lateral changes in the overburden conductivity. In the general exploration
model, the regolith is highly conductive and overlays the resistive host rock and
conductive target. To the explorer trying to use EM methods, this inhomo-
geneous regolith creates “false” anomalies due to conductive sedimentary and
weathered units, and the extensive blanket of salt lake sediments in certain
areas effectively masks the EM response from the target (e.g., McCracken et
al., 1986). All these factors point towards the associated analysis of EM-IP
responses being an extremely challenging problem.
To demonstrate the effectiveness of our modeling software, we simulated

an IP survey above a stratiform komatiitic peridiotite-hosted (Type 1A), or
Kambalda-style, nickel sulfide deposit located beneath a complicated regolith
horizon. As described by Stone and Masterman (1998), Kambalda-style ore-
bodies occur at, or close to, the basal contact between the lowermost komatiite
flow (ultramafic) and footwall metabasalts (mafic). The NiS ore is comprised
of basal massive, matrix and disseminated sulfide ores within which the nickel
grade decreases upward. Strike lengths of the orebodies vary between 50 m
and 350 m for mineralized widths of 5 m to 20 m.
As discussed in detail by Trench and Williams (1994), potentially all geo-

physical techniques have application for the direct exploration of nickel sulfide
(NiS) deposits. For EMmethods, Kambalda-style models have been the subject
of previous 3-D EM forward modeling studies such as Stolz et al. (1995) and
Zhdanov et al. (2000). However, there are specific limitations on EM methods
for the practical exploration of Kambalda-style NiS exploration in Australia
and these are imposed by the following factors (Trench and Williams, 1994):
a) the generally small size of the deposits (0.5 to 3.0 Mt);
b) the extreme depth of weathering in the regolith; and
c) the abundance of anomalous responses from noneconomic targets.
We base the petrophysical characteristics of the Kambalda-style model on

those electrical parameters described by Trench and Williams (1994). The
surficial alluvial layer of the regolith is 12.5 m thick and has a conductivity
of 0.05 S/m. This overlies a weathered basalt layer of 40 m thickness and a
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Figure 4-1 Cartoon of the cross-section of the Kambalda NiS deposit after Trench
and Williams (1994).

conductivity of 0.01 S/m. This regolith overlies a resistive basalt host rock of
0.001 S/m. Differential weathering of the ultramafic host of the NiS miner-
alization in the regolith is extended at depth into the basalt host rock. This
weathered ultramafic has a conductivity of 0.05 S/m. The NiS ore, with a con-
ductivity of 1 S/m, and an unweathered ultramafic mineralization host with
a conductivity of 0.01 S/m, extend at depth and with steep dip beneath the
weathered ultramafic host. The NiS ore and ultramafic host have a 700 m
strike length in the x direction. Figure 4-1 is a cartoon of the cross-section of
the Kambalda deposit from Trench and Williams (1994). Figure 4-2 presents
a resistivity cross-section of the Kambalda-style model studied in this paper
along the profile y = 0 m.

We have designed various models based on a single initial model of the
Kambalda deposit, presented in Figure 4-2, to test the usability of the software
and to catalog the modeling results. Four separate forward modeling runs using
INTEM3DIP were executed based on varying parameters of the ore body and
background resistivities. All models show a horizontal 3-layered background
with varying thicknesses but fixed resistivities and IP phases of [20, 100, 1000]
Ohm-m and [5, 10, 5] mrad respectively. The overlying weathered ultramafic
and adjacent ultramafic bodies were each given resistivities and IP phases of
[20, 100] Ohm-m and [5, 20] mrad. Similar EM properties of the ore body are
[10] Ohm-m and [100] mrad.

The forward modeling results are presented as apparent resistivity/phase
pseudosections below.
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Figure 4-2 Cross-section of the total resistivity along the y = 0 m profile for the
Kambalda-style NiS ore body used for forward modeling the FEM response.

4.1.1 Trench-Williams Model 1 (TWM1)

The initial model TWM1 was created from Figure 4-2, where the slanting of
the ore body was represented by hexagons shifted with increasing depth. The
vertical and longitudinal dimensions of the ore body were 250 m and 600 m
respectively with a thickness of 200 m. Model TWM1 is the basis model for
the modeling surveys. The latter models show increased ore deposit geometries
to analyze output effects.
A 3-D view of this model is shown in Figure 4-3, while Figure 4-4 presents

the pseudosections of apparent resistivity and phase for this model. These
pseudosections provide a very complex image of the deposit, which is difficult
to interpret without using an appropriate inversion method. Nevertheless, we
can clearly see both the anomalous resistivity and IP effects in these sections.

4.1.2 Trench-Williams Model 2 (TWM2)

Model TWM2 is a manipulated version of TWM1 where the dx, dy, dz dis-
cretization has been increased to 50 m instead of 25 m and the layer thicknesses
have been increased (Figure 4-5). These changes were made to facilitate com-
putation “run time” and to slightly increase the depth of the ore body. The
vertical and longitudinal dimensions of the ore body were 250 m and 600 m
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Figure 4-3 A 3-D view of Trench-Williams Model 1 (TWM1).

respectively with a thickness of 250 m.

The pseudosections (Figure 4-6) are very similar to those for model TWM1,
but with softer contrasts from the edge effects, particularly in the apparent
resistivity plot.

4.1.3 Trench-Williams Model 3 (TWM3)

Model TWM3 has extended the ore deposit length from TWM2 by 100 m in
both positive and negative y-directions (Figure 4-7). The upper two back-
ground layer thicknesses have also been doubled to 50 m and 100 m. The
vertical and longitudinal dimensions of the ore body were 250 m and 800 m
respectively with a thickness of 250 m.

As the model size has been increased, it has become easier to facilitate
computation as well as 3D visualization.

The pseudosection plots are reappearing in similar patterns, though, with
introduced heterogeneities, particularly in the apparent resistivity plots (Figure
4-8). Note also that the edge effects are decreasing with larger geometries.
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Figure 4-4 Pseudosections of apparent resistivity and phase for Trench-Williams
Model 1.
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Figure 4-5 A 3-D view of Trench-Williams Model 2 (TWM2).

4.1.4 Trench-Williams Model 4 (TWM4)

Finally, model TWM4 was created with an interest in analyzing effects from
an over-exaggerated model in depth (Figure 4-9). Though this model does not
hold with the geometric parameters as set for in the original model, it was
created with the intent of comparing these results with those of the smaller,
more correct, models. The vertical and longitudinal thicknesses of the ore body
were 500 m and 1000 m respectively with a thickness of 250 m.

The depth of the lowermost layer in the ore deposit is at 650m. Computa-
tional ”run time” was greatest for this particular model.

Figure 4-10 presents the corresponding pseudosection plots, computed for
model TWM4. They show similar results as before, only here, the larger in-
crease in apparent phase (as shown in blue) provided indication that the geome-
try of the ore deposit was resistively favored to one side. Model TWM1 showed
this same phenomenon, but with a smaller phase contrast.
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Figure 4-6 Pseudosections of apparent resistivity and phase for Trench-Williams
Model 2.
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Figure 4-7 A 3-D view of Trench-Williams Model 3 (TWM3).

Figure 4-8 Pseudosections of apparent resistivity and phase for Trench-Williams
Model 3.
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Figure 4-9 A 3-D view of Trench-Williams Model 4 (TWM4).

Figure 4-10 Pseudosections of apparent resistivity and phase for Trench-Williams
Model 4.
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4.2 Southwest U.S. porphyry model

4.2.1 Overview of forward modeling tools based on the Generalized Effective
Medium Theory of the IP effect (GEMTIP)

The development of the Generalized Effective-Medium Theory of the IP effect
expands the forward modeling capability of EM methods. This new method
allows the spectral behavior of rock conductivity to be predicted based on its
composition at the grain-scale. The first step is to construct a simplified model
of the rock similar to the example in Figure 3-1. This example has two minerals
contained in a matrix. Upon simplification of the rock sample a geologic as-
sessment is conducted for grain types, grain radii, grain eccentricity (ellipsoidal
case), and volume percent. Grain conductivity, the surface polarizability coef-
ficient, and the relaxation coefficient must be established by lab measurements
for each phase of interest. The effective resistivity of the polarized inhomoge-
neous medium composed of a matrix with l types of spherical grains is given
by equation (4.1):

ρef = ρ0 1 +
N

l=1

flMl 1− 1

1 + (iωτ l)
Cl

−1
, (4.1)

where:

M l = 3
ρ0 − ρl
2ρl + ρ0

and τ l =
al
2α0

(2ρl + ρ0)
1/Cl

. (4.2)

The additional capabilities of GEMTIP allow for more accurate forward mod-
eling and could open the door to better mineral discrimination in future.
Two new tools have been developed to use GEMTIP. The first is a stand-

alone code to predict the spectral response of a given rock sample. The second
tool is the incorporation of GEMTIP as an option for the forwardmodeling code
INTEM3DIP. Four conductivity options are available for use in INTEM3DIP:
direct current (DC), conductivity and phase (constant IP across all frequen-
cies), Cole Cole, and GEMTIP models.

4.2.2 Application of GEMTIP to the southwest U.S. porphyry model

We have applied GEMTIP to conduct forwardmodeling of porphyry ore deposit
rocks. Porphyry systems are important geologic targets for mineral exploration.
Copper, gold, and molybdenum are among the important minerals extracted
from these deposits. Many porphyry systems remain to be discovered and
quantified. For this reason the development of a simplified porphyry model
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Figure 4-11 A schematic illustration of the creation of a porphyry deposit (after
Sillitoe, 1973).

was accomplished for future tests of detectability, the effects of nearby geologic
structures, and optimal survey design.
For modeling purposes a simplified porphyry model was constructed based

on known geologic information (Titley, 1982, and Pierce and Bolm, 1995).
An idealized porphyry copper system is shown in Figure 4-11. Circulating
hydrothermal fluids help concentrate economic minerals in the alteration zone
surrounding the intrusion. Further concentration of minerals can occur from
weathering forming the leached cap and enriched zone. Figure 4-12 shows a
resistivity/IP model of a “typical” porphyry copper system in the southwestern
U. S. (J. Inman, pers. commun.). This model is characterized by potentially
strong EM coupling as well as IP effects. The simplified porphyry model, shown
in Figure 4-13, incorporates the classic zones seen in many porphyry deposits
including supergene zones: leached cap, enriched zone and the unweathered
zones: pyrite shell, chalcopyrite (ore zone), and barren core of the intrusion. A
normal fault was also included near the deposit. With a better understanding
of the deposit-scale of a porphyry system the rock-scale is investigated.

This model is characterized by potentially strong EM coupling as well as
IP effects. We performed various modeling experiments to get an insight into
the IP responses for this model. We have used the electrical bipole sources
in modeling to simulate the conventional IP responses, but, in principle, the
INTEM3DIP software makes it possible to investigate the effects of complex
resistivity using various types of sources.
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Figure 4-12 Southwest US copper porphyry geophysical model (provided by Joe
Inman from Kennecott). It contains basic scale information, geologic units, and
geoelectrical properties. Additionally it shows a normal fault on the left side.

Figure 4-13 A simplified porphyry deposit model. This model incorporates the
classic zones of a porphyry deposit and a normal fault.
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4.2.3 Rock-scale modeling of porphyry system rocks

Rock-scale modeling is conducted for two porphyry deposit rocks. A compar-
ison of GEMTIP results to Ostrander and Zonge’s (1978) empirical data for
pyrite and chalcopyrite bearing synthetic rocks is conducted as well. Geologic
interpretations of a handful rocks from deposits worldwide were made for this
purpose. For their composition two rocks were chosen to be modeled: Bingham
chalcopyrite ore and Silver Bell pyrite/chalcopyrite ore. Figure 4-14 shows the
disseminated nature of the chalcopyrite grains in a quartz monzonite (QMP)
matrix for the Bingham chalcopyrite ore. Disseminated pyrite and chalcopy-
rite can be clearly seen in the Silver Bell ore in Figure 4-15. The disseminated
grains are treated as spheres for the purpose of modeling. A detailed listing of
parameters used for forward modeling of the Bingham and Silver Bell ore is pro-
vided in Table 2. The behavior of effective resistivity computed by GEMTIP
over a broad range of frequencies for the two ores is shown in Figure 4-16. The
lower frequency and greater magnitude of the pyrite containing Silver Bell IP
response is consistent with the literature (Pelton et al., 1978) although it is
known that sulfide type is not the only parameter affecting the IP response
(Ostrander and Zonge, 1978).

Table 2
variable Bingham Silver Bell
ρQMP 200 Ohm-m 200 Ohm-m
fchalcopyrite 5 7.5
fpyrite - 7.5
ω 10−2 to 106 10−2 to 106

Cchalcopyrite 0.5 0.5
Cpyrite - 0.5
ρchalcopyrite 0.004 Ohm-m 0.004 Ohm-m
ρpyrite - 0.3 Ohm-m
achalcopyrite 0.5 mm 0.5 mm
apyrite - 0.5 mm
τ chalcopyrite .0035 s .0055 s
τ pyrite - .03
ηchalcopyrite 0.15 s 0.225 s
ηpyrite - .224

A comparison has been made of GEMTIP conductivity models with the
results of Ostrander and Zonge’s 1978 experimental study of chalcopyrite and
pyrite bearing synthetic rocks with known matrix resistivities. For Ostrander
and Zonge’s study rocks bearing either pyrite or chalcopyrite at specific grain
sizes were constructed using a cement (matrix) of known resistivity. After the
construction of each rock, the frequency of the peak IP response was measured.
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Results from this study are plotted as the solid squares and solid triangles in
Figure 4-17. The grey shading is used to indicate the range of grain sizes for
each measurement of maximum IP response, for example the pyrite synthetic
rock plotted at 2.5 mm contains pyrite grains from 2 mm to 3 mm. After a
quick experimentation with the values of the surface polarizability coefficient
and relaxation coefficient for each mineral type a good correlation between
GEMTIP and Ostrander and Zonge (1978) was established (see Figure 4-17).
Table 3 gives a detailed overview of modeling parameters used to produce
Figure 4-17. These results demonstrate very good correlation between the
theoretical GEMTIP curves and experimental data. Note that, application of
our knowledge gained on the rock scale will be important for forward modeling
and inversion on the deposit scale.

Table 3

Variables GEMTIP model Ostrander and Zonge, 1978
ρ0 (Ohm-m) 300 Ohm-m (300± 75) Ohm-m
fchalcopyrite 5 -
fpyrite 7.5 -
ω (Hz) 10−2 to 106 Hz -
Cchalcopyrite 0.5 -
Cpyrite 0.75 -
ρchalcopyrite (Ohm-m) 0.004 Ohm-m -
ρpyrite (Ohm-m) 0.3 Ohm-m -
achalcopyrite (mm) 0.2 - 3 mm 0.2 - 3 mm
apyrite (mm) 0.2 - 3 mm 0.2 - 3 mm
τ chalcopyrite (second) 0.001 - 0.28 s -
τ pyrite (second) 0.02 - 0.87 s -
ηchalcopyrite 0.15 -
ηpyrite 0.15 -

4.2.4 Deposit-scale modeling of a porphyry system

After an investigation of the rock-scale, deposit-scale modeling of a porphyry
system is accomplished as well. The developed IE forward modeling code
INTEM3DIP is used to conduct the forward modeling. A new interface to
allow modeling of geometrically complex geologic systems was developed for
the INTEM3DIP forwardmodeling code. This interface allows the 3Dmodeling
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Figure 4-14 Bingham chalcopyrite ore. A core sample of approximately five
percent chalcopyrite (yellow mineral) is shown on the left. To better illustrate the
disseminated sulfides two one-centimeter crops are shown on the right. This rock
would be located in the chalcopyrite zone in the simplified porphyry model.
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Figure 4-15 Silver Bell ore. This sample contains approximately 7.5 percent
chalcopyrite (yellow gold-colored mineral) and 7.5 percent pyrite (pale gold-
colored mineral). To better illustrate the disseminated sulfides two one-centimeter
crops are shown on the right. This rock would be located between the chalcopyrite
and pyrite zones in the simplified porphyry model.
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Figure 4-16 Spectral response of Bingham and Silver Bell ores from GEMTIP.
Effective resistivity is plotted as a function of frequency for each rock sample.

Figure 4-17 Comparison of GEMTIP to empirical data. The results from
Ostrander and Zonge (1978) are plotted as filled symbols. The grey shading
indicates the range of disseminated sulfide grain size used for each measurement.
Results from GEMTIP are plotted using the solid line and open symbols.
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of a simplified porphyry model with a nearby fault shown in Figure 4-18. The
new interface allows for easy geometric and geoelectric changes to the fault,
porphyry deposit, and layered earth background for the study of the effect of
these parameters on EM data. The anomalous domain is automatically filled
using simple geometric tests. Additionally the discretization is easily changed
to allow for more accurate modeling with large discretizations.

A forward modeling was conducted to determine the detectability of the
model depicted in Figure 4-18. Table 4 contains a summary of the parameters
used to conduct this modeling. The parameters closely follow the SW porphyry
model shown in Figure 4-13. The 2000 cell model took approximately 1 hour
to run on a standard PC. The clear apparent resistivity anomaly in Figure
4-19 shows the conductive overburden does not hide the 150 meter deep, 80
meter thick, highly conductive enriched zone. The nearby fault produces a
slight apparent resistivity anomaly in the left of Figure 4-19. Interestingly and
fortunately it does not produce a significant phase anomaly as shown by Figure
4-20. This has important implications for exploration where a DC resistivity
anomaly may mask an ore body making the phase response important to the
interpretation, indicating the importance of understanding the IP effect of the
ore body and surrounding geology.

Table 4

survey type 2-D 200 m dipole dipole
survey length 5000 m
Tx Rx pairs 351
frequencies 0.125, 0.5, 1, 4, 8, and 16 Hz
conductivity model complex (kcomp = 1)
Anomalous Body 2000 cells
IBC Body 2000 cells
PC Time 1 hour
PC Type 1.4 GHz Athlon, 1 GB RAM
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Figure 4-18 MATLAB porphyry forward model. The above diagram depicts the
anomalous domain, the location of the survey line, the layered earth background,
and the inhomogeneous background for a forward modeling run performed in
MATLAB using INTEM3DIP. The enriched zone is 80 meters thick and 150
meters deep.

Figure 4-19 Apparent resistivity pseudosection for 1 Hz data. A conductivity
anomaly surrounds the ore body in the center. Influence of the fault is seen in the
right side of the psuedosection where the apparent resistivity is higher and creates
asymmetry in the response produced by the ore body.
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Figure 4-20 Apparent phase pseudosection for 1 Hz data. A phase anomaly due
to the ore body is located the center. Influence of the fault is not seen in the
phase data as it does not have a strong IP response.
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5. RESULTS AND DISCUSSION

During the first two years of the project we have completed the work on Task
1 of PHASE I: construction and analysis of the reliable physical and math-
ematical models of the IP effect, based on the effective-medium theory. We
have developed a new generalized effective-medium theory of multi-phase con-
ductive polarizable media, which provides a quantitative tool for evaluation of
the type of mineralization, using the conductivity relaxation model parameters.
The geoelectrical parameters of this model are determined by the intrinsic phys-
ical and geometrical characteristics of the composite medium: the conductivity
contrast between the different phases of the medium and the size and volume
of the inclusions (e.g. conductivities and mineral grain or porous sizes). The
effective complex conductivity curves produced by this new model may serve
as a basis for determining the intrinsic characteristic of the polarizable rock
formation from the observed electrical data. These parameters are ultimately
used for the discrimination of different rocks, and in this way provide an abil-
ity to distinguish between uneconomic mineral deposits and zones of economic
mineralization using geophysical remote sensing technology.
We have also completed the work on Task 2 of PHASE I: development of

the 3-D EM-IP forward modeling system. We have developed a prototype 3-
D EM-IP modeling algorithm and software, based on the contraction integral
equation method and generalized minimal residual technique, which improves
the convergence rate of the iterative solvers. This software can handle various
types of sources and receivers to compute the effect of the complex resistivity
model. The development of GEMTIP allows the inclusion of rock-scale parame-
ters such as mineralization and/or fluid content, matrix composition, porosity,
anisotropy, and the polarizability of the formations in forward modeling. The
3-D EM-IP forward modeling system includes several conductivity models that
may be incorporated: DC, complex resistivity, Cole Cole, and GEMTIP. This
allows for more accurate forward modeling of the complex mining targets. We
have tested the working version of this code, INTEM3DIP, for computer sim-
ulation of the IP data for several models of typical mineral deposits, including
a model of a Kambalda-style, nickel sulfide deposit, and a resistivity/IP model
of a typical porphyry copper system in the southwestern U. S.
The numerical modeling study helps us to build a foundation for future

development of EM-IP modeling and inversion methods, directed at determin-
ing simultaneously the electrical conductivity and the intrinsic chargeability
distributions, as well as the other parameters of the relaxation model.
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6. CONCLUSIONS

The key accomplishments of the first two research years of the project are as
follows:
1. A rigorous physical/mathematical theory and model of a multi-phase

polarized conductive medium based on the effective-medium approach is de-
veloped.
2. The new generalized effective-medium theory of the IP effect (GEMTIP)

provides a quantitative tool for evaluation of the type of mineralization, using
the conductivity relaxation model parameters.
3. The geoelectrical parameters of the GEMTIP model are determined by

the intrinsic physical and geometrical characteristics of the composite medium:
the conductivity contrast between the different phases of the medium, the
size and the shape of the inclusions, their alignment, and the surface electric
polarizability.
4. A new software package for 3-D EM-IP forward modeling has been

developed.
5. This new software is able to generate a theoretical EM-IP response for

complex 3-D geoelectrical models of mining targets. It can handle various types
of sources and receivers to compute the effect of a complex resistivity model.
6. The GEMTIP theory and corresponding forward modeling software are

tested for computer simulation of the EM-IP data for several models including
a Kambalda-style nickel sulfide deposit and a southwest U.S. porphyry deposit.
7. The numerical modeling study lays a background for future development

of the EM-IP inversion method, directed at determining simultaneously the
electrical conductivity and the intrinsic chargeability distributions, as well as
the other parameters of the relaxation model.
9. A patent application has been filed by the University of Utah: ”Geo-

physical technique for mineral exploration and discrimination based on elec-
tromagnetic methods and associated systems.”
10. The research papers are in preparation based on the results obtained

in the framework of this project.
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