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Abstract 

The quantitative interpretation of induced polarization (IP) data in a complex three-dimensional (3D) environment is a very 
challenging problem . The analysis of IP phenomena is usually based on models with frequency dependent conductivity distri­
butions . In this paper, we develop a technique for 3D nonlinear inversion of IP data based on the Cole-Cole relaxation model. 
Our method takes into account, though in an approximate way, the nonlinearity of electromagnetic induction and IP phenom ena, 
and inverts the observed data for the Cole-Cole model paramet ers. The solution of the 3D IP inverse problem is based on 
both smooth and focusing regularized inversion , which helps to generate more reliable images of the subsurface structures. The 
method is tested on synthetic models with anomalous conductivity and intrinsic chargeability, and is also applied to a practical 
3D IP survey. We demon strate that both the electrical conductivity and the chargeability distributions, as well as the other pa­
rameters of the Cole-Cole model , can be recovered from the observed IP data simultaneously. The recovered parameters of the 
Cole-Cole model can be used for the discrimination of the different types of minerali zation , which is an important goal in mineral 
exploration. 
© 2004 Published by Elsevier B.V. 
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1. Introduction 

The electromagnetic data observed in geophysical 

surveys, in general case, reflect two phenomena: (I) 
electromagnetic induction (EMI) in the earth , and (2) 

IP effects related to the relaxation of polarized charges 
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in rock formations . The EMI effect can be simulated by 

the solution of electromagnetic (EM) field equations in 

the geoelectrical model characterized by frequency in­

dependent conductivity. The analysis of IP phenomena 

is usually based on models with frequency dependent 

conductivity distribution . One of the most popular is 
the Cole-Cole relaxation model (Cole and Cole, 1941) 

analyzed in the pioneering work of Pelton ( 1977). This 

model has been used in a number of more recent publi­

cations for the interpretation of IP data (see, for exam­

ple, Yuval and Oldenburg, 1997; Routh and Oldenburg, 
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1998). The parameters of the conductivity rela xation 
model can be used for discrimination of the d iffere nt 
types of rock form ations, which is an important goa l in 
mineral explorat ion. 

The quant itat ive interpretatio n of IP da ta in a com­
plex three-d imensional (3D) enviro nment is a very 
challenging prob lem because it is complicated by 
coupling with the electromagnetic induction effec ts. 
Thi s problem was co nsidered in the paper by Li and 
Oldenburg (2000), where the auth ors present ed an al­
gorithm based upon a linearized expression for the IP 
resp onse. However, lineari zed inversion ignores those 
nonlinear effec ts, which are significant in IP phenom­
ena. It is difficult to use a lineari zed approach to recover 
Cole-Cole model parameter s. 

In this paper, we develop a technique for three­
dim ensional nonl inear inversion of IP data based on 
the Cole- Cole relaxat ion model. Our method takes into 
acco unt, though in an approximate way, the nonl inear 
nature of both elec tro mag netic induction and IP phe­
nomena, and inverts the data for the Cole-Cole model 
parameters. These parameters may be used to sepa­
rate the responses from the different types of miner­
aliza tion. In their pioneeri ng paper, Zonge and Wynn 
( 1975) wro te that " the only elec trica l method which 
shows promi se of providing discrim inatory ca pabili­
ties is the low- frequ ency complex resisti vity spec tra 
technique." Almos t thirty years later, we should say 
that this statement is still co rrec t. However, in spite of 
increased numb er of publ icat ions for interpretation of 
IP data, we still do not have an appropriate tool for the 
reliable 3D inversion of spec tral IP data with respec t to 
the relax ation model parameters. 

Another goa l of this paper is to develop a technique 
for nonl inear inversion of IP data, which can be ap­
plied to mult i-transmitter data sets. The main d ifficulty 
with multi-transmitter data inversion is that , in princi­
ple, this observa tion system requires significantly more 
time for modeling and inversion of the observed data 
than, for example, a fixed transmitter sys tem. Recentl y, 
Zhd anov and Tartaras (2002) developed a new tech­
nique, which allows for the model ing and inversion of 
mult i-transmitter data sim ultaneously for all transmit­
ter positions. This technique is based on the so-ca lled 
localized quasi-linear (LQL) approx imation. In this pa­
per we use the local ized quasi-linear (LQL) method for 
3D inversion of IP data in the frequ ency domain . We 
apply the integra l equation (IE) method for 3D forward 

modeling (Xiong, 1992) of a sy nthetic data set, and the 
LQL approximation method for 3D inversion. The so­
lut ion of the 3D IP inverse problem is based on both 
smooth and focusing regular ized inversio n (Zhdanov, 
2002), which helps ge nera te more relia ble image s of 
the subs urface struct ures . The method is tested on sy n­
thetic models with anoma lous co nduct ivity and intrin­
sic chargeability. We demonstrate that both the elec tri­
cal conductivity and the chargeabi lity distributio ns, as 
well as the other parameters of the Cole-Cole model 
can be recovered from the observed IP data simulta­
neously. The recovered parameters of the Cole-Cole 
model can be used for the discrimination of the di f­
ferent rock . The meth od was also appli ed to practical 
3D IP survey data, co llected by Rio Tinto Min ing and 
Exploration. 

2. Forward modeling of induced polarization 
based on the LQL approximation and the 
Cole-Cole model 

The quas i-linea r (QL) approx ima tion is based on an 
ass umption that the ano malous elec tric field E" inside 
the inhomoge neous domain is linearly proporti onal to 
the background field Eb through the electrica l reflec­
tivity tensor 5. (Zhdanov and Fang, 1996a, 1996b): 

Ea(r) ~ 5.(r) E b( r ) (I) 

Subst ituting formul a (1) into the known integral rep­
resent at ions for the anomalous ele ctric and magnetic 
fields, Ea, Ha (Hohmann, 1975 ; Weidelt, 1975), we 
obtain the QL approximations EQL(r) and H QL for the 
anomalou s elec tric and magnetic fields in the frequency 
domain: 

EQL(r) = fDG ECrj lr )t. a (r)(I + 5.(r» Eb( r) dv 

= G E(t. a (I + 5.(r» Eb( r» (2) 

HQL(rj ) = fDG H(rj lr )t.a (r)(I + 5.(r» Eb(r) d v 

= G H(t. a (I + 5.(r» Eb( r» (3) 

where G E(rj lr ) and GH(rj lr ) are the elec tric and 
magnetic Green's tensors defined for an unbound ed 
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conductive medium with the background conductivity 
U b ; D denotes a domain with the anomalous conductiv­
ity distribution Ao; GE and GH are the corresponding 
Green's linear operators. 

Note that the electrical refl ectivity tensor 5-, in the 
general case, depends on the illuminating background 
field Eb. In the case of the localized quasi-linear (LQL) 
approximation (Zhdanov and Tartaras, 2002), we as­
sume that the electrical reflectivity tensor 5-L is source 
independent. The expressions (2) and (3) with the lo­
calized 5-L are called the localized quasi-linear (LQL) 
approximations. 

Note that in the LQL approximation one can choose 
different types of reflectivity tensors. For example, we 
can introduce a scalar reflectivity coefficient. In this 
case, we have j,L = ALi (Zhdanov and Tartaras, 2002), 
and: 

E 3 (r) ~ AL(r)Eb(r ) (4) 

Substituting formula (4) into Eqs. (2) and (3) , we 
obtain the scalar LQL approximations ELQL and HLQL 
for the anomalous fields. 

We can use the LQL approximation for 3D model­
ing of both electromagnet ic induction and IP effects in 
inhomogeneous structures. In this case, formulae (2) 
and (3) should be modified to take into account the 
IP effect. The main modification involves the expres­
sion for the anomalous conductivity, So, which should 
be substituted now by complex value, ~a . In order to 
take into account IP effect, one should assume that the 
conductivity within the anomalous domain, Ub + ~a , 

becomes complex and frequency dependent: 

I 
(5) Ub + ~a = u( w) = p(w) 

We consider that the complex resistivity, p(w), is de­
scribed by the well known Cole- Cole relaxation model 
(Cole and Cole, 1941), given by: 

(6) p(w) = p (I- I) (I - I+ ( ~w rf ) ) 

where p is the de resistivity (Sl m); w the angular fre­
quency (rad/s); r the time constant (s); 17 the intrinsic 
chargeability (Seigel, 1959); C the relaxation parame­
ter. The dimensionless intrinsic chargeability, 17, which 
varies from 0 to I, characterizes the intensity of the IP 
effect. 

In this case, the anomalous conductivity, ~a , is ex­
pressed as 

~a = u(w) - Ub 

=U(I- I7 (I- I ))-l_Ub (7)
1+ (iwr)c 

where u = 1/p. 
Substituting Eq. (7) into formula (2), we obtain the 

corresponding LQL approximations for the IP anoma­
lous electric field 

ELQL(rj ) = GE ( ~a (1 + AL(r » Eb(r » (8) 

where r j is an observation point, and r is a point within 
domain D. 

3. Inversion based on the LQL approximation 
and the Cole-Cole model 

Following Zhdanov and Fang (1999) and Zhdanov 
and Tartaras (2002), we introduce a new function, 

m(r ) = ~a( r)(I + AL(r» (9) 

which we call a modified material property parameter 
and is frequency dependent. Eqs. (2) and (3) now take 
the form: 

ELQLi(rj ) = GE(m(r)Ef (r» ( 10) 

H LQLi(rj ) = GH(m(r)Ef (r» ( I I) 

where i is the index of the corresponding transmitter, 
assuming that we have the multi-transmitter survey.We 
assume now that the anomalous parts of the electric 
Er(r j ), and/or magnetic H r(r j ), fi elds are measured in 
the number of observation points, r j- Using the LQL 
approximation for the observed fi elds, d, we arrive at 
the following equation: 

di (r j ) = Gd(m(r)Ef (r» (12) 

which is linear with respect to the material property 
parameter m(r ). In equation (12), d, represents either 
the electric E, or magnetic H field, generated by the 
transmitter with the index i , and Gd denotes the Greens 
operator GE or GH correspondingly. Note that, in the 
framework of this formulation, we assume that the 
background conductivity is known. In pract ice it can be 
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determined from additional geophysical information, 
or by averaging the results of de resistivity soundings 
over the area of investigation. 

Eq. (12) is called a material property equation. We 
numerically solve this linear equation using the re­
weighted regularized conjugate (RRCG) method de­
scribed in Zhdanov (2002). This method employs both 
the smooth and focusing regularized inversion, which 
helps to generate more reliable images of the subsur­
face structures (Zhdanov, 2002). 

Substituting formulae (9) and (4) into (10), and by 
taking an average of each side of Eq. (10) over all trans­
mitter indices, we fi nd: 

- b - b
AL(r)E (r) = GE(m(r)E (r)) (13) 

where 

I N 
Eb(r) = N L Ey(r) (14) 

i = 1 

Note that, in the original paper on the LQL approx­
imation by Zhdanov and Tartaras (2002), they omit­
ted an average background field Eb in the expression 
for AL. The corresponding simplified formula for AL 
provided an accurate enough approximation for air­
borne data because the transmitter was located above 
the ground, and they observed only inductive excita­
tion of the geoelectrical structures. In an IP survey, the 
sources (electric dipoles) are located on the ground. In 
this case we are dealing with the galvanic excitation, 
which we found requires a more accurate formula for 
computing AL. After solving equation (12), we deter­
mine AL, (r) from formula (13). Knowing AL(r ) and 
mer) , we can find ~a (r) (r) from Eq. (9). 

Note that Eq. (9) holds for any frequency, because 
the electrical reflectivity coefficient and the material 
property parameter are the functions of frequency as 
well: AL =AL(r, «i), m =mer, w) . We assume also that in 
formula (7), the parameters a =a( r), 17 = l7(r), r =t (r), 
and C= C(r) vary within the anomalous domain: 

~a(r , w) = a (r)(1 - l7(r) 

( 
)) -1I x I - - ab (15) 

I + (iwr(r)C(r) 

Therefore, the parameters o'(r), l7(r), r (r), and C(r) 
of the complex conductivity ~a( r, w) can be found by 

using the least square method of solving Eq. (9) at each 
point r inside the area of inversion: 

Ilm( r , w)-~a( r , w)(I+ALCr , w))IIL2(w)= min (16) 

The de resistivity per) is then determined as the in­
verse of the dc conductivity: per) = I/a (r ). 

Note in the conclusion of this section that, in spite of 
the fact that the LQL approximation reduces the inverse 
problem to the linear equation (12), it still takes into 
account the nonlinear effects in EM data. This can be 
seen from Eq. (9) for material property parameter. It 
depends on the product of the anomalous conductivity 
~a , and the reflectivity coefficient AL, while AL itself is 
a function of the anomalous conductivity ~a , as well. 
This is why the LQL method actually provides for a 
nonlinear inversion of IP data. 

4. Numerical modeling results 

We generated the synthetic EM data for the typi­
cal geoelectrical models of the conductive or resistive 
targets within a homogeneous background. 

The electromagnetic fi eld in the models is generated 
by electric dipole transmitters with a length of a = 50 m 
(galvanic EM field excitation) and is measured by elec­
tric dipole receivers of the same length. The transmit­
ters and receivers are positioned along a set of profiles. 
For each transmitter position, we have up to six re­
ceivers located at the distances of na from the end of the 
dipole transmitter, where n =I , 2, . . ., 6, respectively. 
Altogether we have 13 transmitters in each profil e of 
600 m length. For the transmitters located at the right 
hand side of the profile, the number of the correspond­
ing receivers is reduced respectively, as shown in Fig. I 
(top panel), so that for the transmitter number 11 , we 
have just one receiver. 

The transmitters and the receivers are located along 
thirteen profil es, A, B, C, . .. , M, deployed in the y­
direction with 50 m separation(Fig. I , bottom panel). 
The dots denote the centers of the transmitter and re­
ceiver dipoles, respectively. The total number of re­
ceivel's is 169. 

Model I consists of two cubic conductive and re­
sistive bodies in a 100 Q m homogeneous background 
(Fig. 2). The IP parameters of the conductive body de­
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Fig . I. Sketch of a typical electrica l dipole- dipo le IP survey. For eac h transmitter position we have up to six rece ivers located at the dis tance s 
of no from the end of the bipole transm itter, where n = 1, 2, .. ., 6, respectively (top panel). The transmitters and the receivers are located along 
thirtee n profiles , A, 13, C, . . ., M, dep loyed in the y-direction with 50 m separation (bottom panel). The dots denote the centers of the transmitter 
and receiver dipole s, respectively. The tota l num ber of receive rs is 143. 

fined by the Cole-Cole relaxation model are as follows: The synthetic EM data for this model were generated 
using the integral equation forward modeling code SY­

p = 10S"2m SEM (Xiong, 1992). We used seven frequencies: 0.5, 
r = 0.01 s I, 2, 4, 8, 16, and 32 Hz. The real and imaginary parts 

( 17) 
of the synthetic observed data were contaminated by '1 =0.5 
2% Gaussian noise and inverted using focusing regu­

C = 0.8 
larized LQL inversion. The parameters r =0.0 I sand 

while the parameters of the resistive body are: C=0.8 of the Cole-Cole model were fixed, and the in­
version was run for the de resistivity and the intrinsic 

p = 1000S"2m chargeability. 
r = 0.0 1s The area of inversion was subdivided into 1352 

( 18) cubic cells (13 x 13 x 8 in the .r, y, and z-directions, '1 =0.5 
respectively), with the size of each cubic cell 50 m. 

C = 0.8 Figs. 3 and 4 present the cross-sections of the recon­

The top of the bodies are located at a depth of 100 m. structed resistivity and chargeabi lity along the lines 

The cubic body sides have a length of 150 m. passing over two bodies (perpendicular to the obser­
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Fig. 3. The resistivity distribut ion obtained by inversion of the IP data for model I. The vertica l cross sections are perpendicular to the 
observational profiles. The so lid lines outline the true position of the bodies. 
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Fig. 4. The chargeability dist ribution obtained by inversion of the IP data for model J. The vert ical cross sections are perpendi cular to the 
observational profiles. The solid lines outline the true position of the bodies. 

vational profiles). One can see that the focusing reg­
ularized inversion produces a good image of both the 
conductivity and chargeability distributions. 

Model2 represents the conductive dipping dike with 
the upper part conta ining the anomalous chargeability, 
in a 100 Q m homogeneous background (Fig. 5). The 
chargeability of the upper part of the dike is defined by 
the Cole-Cole model with the following parameters: 

p = IOQm 

r =O,Ol s 

1] = 0.5 

c= 0.8 

(19) 

The lower part of the dike has a conductiv ity of 
10 Q m but produces no IP Geff ect, The geometry of 
the observation system is the same as in modell, 
and the EM fi eld inthis model is generated using the 
same electric dipoles, as in model I. The synthetic 
data for this model were also computed using the inte­
gral equation forward modeling code SYSEM (Xiong, 
1992). The data were contaminated by 2% Gaussian 

noise and inverted using focusing regularized LQL 
inversion. We use the same grid for inversion as for 
model I . 

Figs. 6 and 7 present the results of the inversion for 
model 2. The bold black lines in these figures outline 
the location of the dipping dike with the IP effect, while 
the thin black lines outline the conductive part without 
an IP effect. We can see the location of the conductive 
target outlined by the bold and thin black lines in the 
images of resistivity, and the location of the chargeabil­
ityoutlined only by the bold black lines in the images of 
chargeability. The resistivity and intrinsic chargeabil­
ity are recovered quite correctly for this complicated 
model. 

In order to check the accuracy of the LQL approx­
imation in modeling and inversion of the IP data, we 
computed the theoretical response for the model of the 
dike obtained by LQL inversion using the rigorous IE 
forward modeling code SYSEM (Xiong, 1992). Fig. 8 
presents a comparison between the observed and pre­
dicted data along three profiles passing over the dike. 
We show in this figure the real part of the observed 
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Fig. 5. Model 2 ofa co nductive dipping dike with the upper part containi ng the anomalous chargeabi lity in a 100Q m homogeneous background . 

electric field at a frequency of 4 Hz in the rece ivers lo­ orders of magnitude smaller than the rea l parts and do 
cated at the distances of na from the end of the dipole not effect the inversion result. One can see in Fig. 8 
transmitter, respectively, where 11=3, 5, and a =50 m. that the obse rved and predic ted data computed using 
We present the co mparison for the real par t only, be­ the rigorous forwa rd mode ling code are very close to 
cause the imaginary parts of the e lectric field are two eac h other. The misfit between two data sets increases 
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Fig . 6. The resisti vity distribution obtained by inversion of the IP data for mode l 2. Each panel shows the vertical cross sections of the resulting 
resistivity model along the observational profiles. The bold black lines in these images outline the location of the dipping dike with the IP effect, 
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slightly at the left part of the profile , where the top of the 
dik e app ears more close to the surface of obse rva tio ns. 

Mo de l 3 has a simi lar geo me trica l structure as model 
1 (Fig. 2). However, it represent s two co nductive bodies 
in a 100 Q m hom ogeneous background with the same 
res istivi ty and cha rgeability, but with the different val­
ues of the time parameter r and of the relaxa tion pa ­
ram eter C. The Co le-Co le mod el parameters for eac h 
bod y are defined accord ing to the followin g tabl es: 

Body I 

p=2Q m 

17 = 0.5 

r = OAs 

C = 0.8 

Body 2 
p =2Q m 

17 = 0 .5
 

r = 0.04 s
 

C = 0.3
 

E·100 
~·200 
N ·300 

(20) 
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o 

y( m) 

x (m) 

Th e top of the cubic bodies are located at a depth of 
100 m. The cubic body sides have a length of 150 m. 

The synthetic EM data for this model were ge n­
erated using integral eq uation forward model ing code 
SYSEM (Xiong, 1992) . In thi s case, we used ten fre­
quencies: 0. 125,0.25,0.5, 1, 2, 4 , 8, 16, 32 and 64 Hz. 
The sy nthetic observed data were co ntaminated by 2% 
Ga uss ian noise and inverted using focus ing regul arized 
LQL inversion . 

Fig. 9 presents the resul t of the inversion for the de 
resistivity, the cross sec tions of the reco nstructed re­
sistivi ty. Fig. 10 shows the recovered charge-abi lity. 
The d istribution of the time param eter, r , is shown 
in Fig. 1J, while Fig . 12 present s the distribution of 
the rela xation parameter C. One can see that the in­
versio n produ ces good images of the resistivity and 
chargea bility distr ibutions, and of the time and the re­
laxation parameters of the Cole-Cole model. These 
par ameters may be used for the d iscrimin at ion of the 
di fferent types o f minerali zation , which is an impor­
tant goa l in mineral exploration (Zo nge and Wynn , 
1975). 
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oi 0.5 
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Fig . 9. The resist ivity distrib ution obtained by inversion of the IP data for mode l 3. The vertical cross sections are perpendic ular to the 
observational profiles. The so lid lines outline the true pos ition of the bodies. 
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Fig. 10. The chargeabi lity distribution obtai ned by inversionof the IP data for model 3. The vertica l cross sec tions are perpendicu lar to the 

observationa l profi les . The sol id lines outline the true pos ition of the bodies . 
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Fig. 11. The time parameter r distribution obtai ned by inversion of the IP data for mode l 3. The so lid lines out line the true position o f the bodies. 
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Fig. 12. The relaxation parameter C distribut ion obtained by inversion of the IP data for model 3. The solid lines o utline the true position of the 

bod ies. 
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Fig. 13. Th ree-dimensional sketch of an area of the inversion and the distribution of the survey lines. The blac k dots on the surface denote the 
centers of the transmitter and rece iver dipoles, respectively. The size of the area is 1050 m x 1650 ITI x 265 .5 m divided by 7 x 22 x 7 ce lls (in 
the x, y, and z-direcrions, respectively). 
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Fig. 14. The vertical cross sect ions along the observational profiles of the 3D resistivity model computed by LQL IP inversion of the practica l 

IP data. 

5. Interpretation of the practical 3D IP data 
collected by Rio Tinto Mining and Exploration 

We have app lied our inversion method to real IP 
data, provided by Rio Tinto Mining and Explora tion. 
We ana lyze three observational profiles. The IP data 
were co llected by the dipole-di pole array with the 
length of the transmitter and receiver dipoles a =75 m. 
For each transmitter pos ition we have up to seve n re­

-100 

-200 

0 ­

X 104 

y (m ) 

c ha ia~ ~ity 

. 0.05 

o 

x (m) 

ceivers located at the distan ces of na from the end of the 
dipole transmitter, where n = I , 2, . . ., 7, respect ively. 
Each profile has 22 rece ivers and 14 transmitters. The 
IP da ta were measured at one frequency, 0.125 Hz, by 
the an in-house Zonge sys tem. Th e de apparent resis­
tivity was a lso recorded . 

Fig. 13 shows the area of the inversio n and the 
distribution of the survey lines. The black dots on 
the surface denote the centers of the transmitter and 

1.14 

X 104 

Fig. 15. The vert ical cross sectio ns along the observa tional profiles of the 3D charge-ability mode l com puted by LQL IP inversion of the practical 
IP data . The relaxation constant C is equal to 0.8. 
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Fig, 16. The vertical cross sections along the observational profiles of the 3D charge-ability model computed by LQL IP inversionoft he practical 
IP data, The relaxation constant C is equal to 0.5. 

receiver dipoles, respectively. The size of the area is 
1050 m x 1650 m x 265.5 m divided into 7 x 22 x 7 
cells (in the x, y, and z-directions, respectively). First, 
we applied a standard one-dimensional inversion 
routine to determine the background resistivity of 
the model. As a result, we constructed the layered 
background resistivity model with the following resis­
tivity sequence (from the top to the bottom): 75, 70, 
115, 150, 240, and 260 Q m, and with the following 
thicknesses of the layers: 80, 110,150, 190, and 
225m. 

Note that in this practical case, the data were avail­
able only for two frequencies: one is the frequency at 
0.125Hz, for which the IP data were collected, and 
the other is zero frequency at the de limit. There­
fore, we may use only two parameters for the inver­
sion: the resistivity, o, and the intrinsic chargeability, 11 . 
Figs. 14 and 15 present the inversion results obtained 
for the following fixed parameters of the Cole-Cole 
model: T =I sand C =0.8. Several other parameters 
were used as well, and an example of inversion for 
C= 0.5 is shown below. However, the selected param­
eters provide the best fitting of the observed data. 

Fig. 14 presents the vertical cross sections along 
the observational profiles of the re sistivity determined 
by the inversion, and Fig. 15 shows the inversion re­
sult for the chargeability distribution. We can see the 
spatial images of both the resistivity and chargeabil­

ity anomalies. We can observe in these images several 
resistivity anomalies, while there is only one distin­
guished chargeability anomaly. This result gives us an 
additional important knowledge about the chargeabil­
ity distribution, which may benefit the geol ogical in­
terpretation. 

For comparison, we run the inversion with a differ­
ent relaxation parameter, C=0.5. The resulting charge­
ability distribution is shown in Fig. 16. One can see 
that the geometry of the chargeability anomaly is sim­
ilar to the one shown in Fig. 15 and there is practically 
the same pattern in the anomalous chargeability dis­
tribution. Note that in the case of the multi-frequency 
IP observations, our technique will be able to recover 
the additional parameters of the Cole-Cole model, as 
it was shown in the model study. Unfortunately, how­
ever, such multi-frequency data was not available for 
this specific survey. 

6. Conclusion 

In this paper, we have developed a new technique for 
3D simultaneous inversion of electromagnetic data for 
both electrical conductivity and intrinsic chargeability. 
This technique is based on the localized quasi-linear 
(LQL) approximation, which reduces dramatically the 
computations required for multi-source IP survey mod­
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e1ing and inversion. In contrast to traditional 20 and 
3D IP inversion, developed in previous publications 
(Yuval and Oldenburg, 1997; Routh and Oldenburg, 
1998; Li and Oldenburg, 2000), this new method takes 
into account, though only in an approximate way, the 
nonlinearity of electromagnetic induction and induced 
polarization, and allows for the determination of the 
Cole- Cole model parameters. 

The method incorporates both smooth regularized 
inversion, which generates a smooth image of the in­
verted conductivity and chargeability, and a focusing 
regularized inversion, producing a more focused im­
age of the geoelectrical target. The application of the 
method to synthetic data demonstrates its ability to re­
cover theconductivity and chargeability of resistive and 
conductive rock formations, as well as the time and re­
laxation parameters of the corresponding Cole-Cole 
model. 

We have also applied our method to practical IP 
data collected by Rio Tinto Mining and Exploration 
for mineral exploration. The result helps to reveal 
a significant chargeability anomaly in the geological 
cross-section, which is different from the conductivity 
anomalies. 
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