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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



34 K. Yoshioka. M.S. Zhdanov / Physics of the Earth and Planetary Interiors 150 (2005) 29-43 

r 
E 
:5 

1 
~ 150 m ----'> Host rock
 

.. b d 100 Ohm­Resistive 0 y Cond uctive body 
1000 Ohm-m, "10 = 0.50, 10 Ohm-m, 110 = 0.50, 
t = 0.01 s, C = 0.80 r =0.01 s, C =0.80 

Fig. 2. Model I of two rectangular condu ctive and resistive bodies in a 100 11m homogeneous background. 
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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, 
while the thin black lines outline the conductive part without the IP effect. 



37 K. Yoshioka. M.S. Zhdanov I Physics of the Earth and Planetary Interiors 150 (2005) 29-43 

oo 
· 100·100 "'~, , " \X,

~fW4 ' ; ::" 4·200:[,200 "'''''c' ' i, , ' -"4'£''>(~ . ' 

·300 
.400 1 -'-_ 

·400 LI .20""" --::0­

N·300 

....,=0 - ":"2=-=070­
II 

·200 0 200 ·200 0 200 
y (m) (x=50 m) Y(m) (x=50 m) Y(m) (x=50 m) 

'10~b' 1( Blmn' '" ¥ N 
.2 00 ]MM,"' ' ,,'" 

,; ':"V ' . 

·300 
I _...._... _.4001 .... . ·400 

·200 0 200 ·200 0 200 ·200 0 200 
Y(m) (x=50 m) y (m) (x=50 m) Y (m) (x=50 m) 

·1 00 01

:[.200
 

N .300i 
.400 L_. .
 

·200 0 200
 
Y(m) (x=50 m) 

Fig . 7. The chargeability distribut ion obtained by invers ion of the lP data for model 2. Each panel shows the vertical cross sections of the 
result ing chargeab ility model along the obse rvational profiles. The bold black lines in these images outline the location of the dippin g dike with 
the IP effec t, while the thin black lines outline the conductive part without the lP effect. 
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Fig. 8. Plots of a real Pall of the observed electric field at a frequency of 4Hz along three profiles passing ove r the conductive dike. The plots are 
drawn for the rece ivers located at the distance of na from the end of the bipole transmitter, respectively, where II = 3, 5. and a = 50 m. The solid 
lines present the observed data for II = 3, while the das hed lines show the observed data for 11= 5. The stars and circles present the theoretical 
predicted data co mputed by the rigoro us IE forward modeling code for the mode l of the dike, obtained by LQL inversion. 
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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) 

(2 1) 

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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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
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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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