Jour. Korean Inst. Mining Geol.
Vol.21, No.1, p. 107-113, 1988

Two-Dimensional Inversion for Dipole-Dipole Resistivity Data

Hee Joon Kim* and Younghwa Kim**

Abstract : We present a precedure for interpreting dipole-dipole apparent resistivity data. The

procedure is constructed by combining a forward two-dimensional finite element modeling

and an inverse technique with Householder’s transformation. In the interpretation, subsurface

structure is divided into some blocks with constant resistivities. Qur inversion technique is

tested on synthetic and field data. We found that geologic constraint is required for

successful interpretation.
INTRODUCTION

In regions such as sedimentary basins where
the lateral variation of structure is slow, good
regional interpretation can be made by fitting
layered one dimensional (1D) earth models.
However, in many cases, such as mineral and
geothermal explorations, 1D models are not ap-
plicable. A more general interpretation assumes
that regional resistivity varies little in one
direction, the “strike” direction. This is the
two-dimensional (2D) problem.

With the development of numerical methods
and large computers, trial-and-error forward
modeling has been used extensively to interpret
data in term of complex 2D earth models. The
trial-and-error method, however, is difficult and
time consuming, and gives little information
about model resolution. To make interpretation
easier and more objective, a non-linear 2D in-
version technique is needed to determine the
subsurface structure.

Solutions for the inverse problem in the elec-
trical resistivity method was firstly found by
Pelton et al. (1978), but their method needs too
many constraints. The three-dimensional (3D)
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resistivity inversion using alpha center de-
veloped by Petrick et al. (1981) may determine
the positions of conductivity inhomogeneities,
but it cannot determine their sizes or conducti-
vities. More general 2D inversion methods were
developed by Sasaki (1981), Smith and Vozoff
(1984), and Tripp et al (1984). Main differences
among their methods are forward modeling
techniques employed. Sasaki (1981) used the
finited element method, Smith and Vozoff
(1984) used the finite difference method, and
Tripp et al. (1984) used the transmission-sur-
face analogy method.

In this paper, 2D inversion method for inter-
preting dipole-dipole resistivity data is made by
combining finite element forward modeling
technique (Kim, 1986) and inverse technique
with Householder’s transformation (Kim, 1985).
The 2D inversion method is tested on synthetic
and field data. The field date used in this paper
was collected in the Yangsan fault area (Kim,
1987). Influences' of initial guess, number of
data points, number of blocks with constant
resistivities, and gelogic information on the in-
version method are discussed in this paper.

NUMERICAL FORMULATION
Forward Problem
The forward problem consists of producing a
set of model apparent resistivity data as would
be found by given electrode arrays on a line in
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the x direction(perpendicular to “strike”) on the
surface of a halfspace. In this paper, finite
element method (Kim, 1986) is used to evaluate
the potential in the (x,z)-plane from the general-
ized Poisson’s equation

~V (022 $ (g2 =58 () 8 (v.) 8
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where ¢ is the conductivity, ¢ the potential,
P the charge density specified at a point by
the Dirac delta function &, and (xys.2s) the
coordinates of the point source. The first term
in (1) contains ¢ (x,z) instead of ¢ (x,y,z) be-
cause it is assumed that there is no change in
conductivity in the y direction (2D assumption).

The solution is carried out for a set of A
values in Fourier space and an inverse Fourier
transform is employed to return $ (x,y,z) from a
set of Fourier transformed potential ¢ (x, A, z).
In the Fourier space, (1) becomes, for each
value of A,
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where Q, the steady-state current density in A
space, is related to current J injected at a point
(xs:25) by

Q=J/284),

where AA is a small area about the injection
point.

Under an appropriate boundary condition, (2)
can be solved numerically by the finite element
method. In this process, the set of simultaneous
equations for all modes may be expressed in
matrix form

[C]-[$]1=IS], 3)

where [C] is the bounded matrix whose terms
depend on the 2D conductivity structure and on
the transform variable A, [#] is the vector of
transformed potential, and [S] is the vector of
source current in the transformed domain. An
inverse Fourier transformation returns ¢ from
¢, and an apparent resistivity £, can be calcu-

lated by

P, =GAd/],

where G is the geometric factor dependent on
the array used, and & ¢ is the potential differ-
ence between two electrodes.

Partial Derivative

In the inversion process described later, par-
tial derivatives of ©, with respect to model
conductivity should be evaluated. In practice,
the 2D conductivity structure is divided into
some blocks with a constant conductivity. For
a set of apparent resistivities, partial deriva-
tives with respect to the set of block conducti-
vities, [@ £,/ dg], are calculated from [ ¢
/00 B]~

Partial differentiation of (3) yields

aC 24
[aGB] [%]Hc][a%]:o,
so that
o ¢ 2C 1.~
5=z (4)

This equation is exactly analogous to (3). Thus
the same procedure used to solve (3) for [;] is
available to solve (4) for [d ¢ /3 o 5]. Inverse
Fourier transformation of 9 $/0 g g yields o
$/0 o from which 8 £,/9 05 is calculated.

Inverse Problem

The inverse problem is solved by using the
procedure described by Kim (1986). For com-
pleteness, a brief summary of the procedure is
given in this section.

Since apparent resistivity ©, and block resis-
tivity Pp (model parameter) are positive
values, a logarithmic transformation of them is
useful in the inversion (Rijo et al., 1977). After
transforming to logarithmic apparent resistivi-

ties F and logarithmic parameters P, an

approximate linear expression relating in F and
P is

AF=AAP+R (5)

where AF and AP are the vectors of the

e
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changes in F and P, respectively, R the re-
sidual vector, and A the Jacobian matrix of
derivatives with respect to parameters :

af;
~om (6)
where Pg is the initial guess. A stable least-s
quares solution may be obtained from an equa-
tion (Marquardt, 1963)

a;; Py,

(ATA+Vv)AP=ATAF, )

where I is the identity matrix and v? is a
certain positive value.

In order to use the Householder’s transforma-
tion, we must return to the obsevation equation
(5). The least-squares problem equivalent to (6)
can be written as

[S1-[ler ol

This equation is solved by Householder’s trans-
forming [A,vI], and it is known that its solu-
tion is usually stable numerically (Kim, 1986).

A procedure which carefully selects an
appropriate value for v? at each interation in
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the inversion process is called ridge regression
method (Marquardt, 1963). In this papef,
however, we fix v to a constant value through-
out the inversion process. Some merits of the
constant v* can be found in Sasaki (1984).

PRACTICAL INVERSION

Synthetic Data

In determining the behavior of a particular
inversion algorithm, it is important to apply the
algorithm to synthetic data corresponding to a
model with known parmeters. The 2D earth
model considered in this paper is shown in Fig.
1. The 2D earth consists of a vertical contact
of two regions of 40 and 100 Q *m, and a
small conductive body of 10 Q *m which is
imbedded in the region of 100 Q - m. Fig. 2
shows apparent resistivity pseudosection for a
dipole-dipole array perpendicular to the strike
of the 2D earth. The synthetic data is made by
adding 5% random Gaussian noise to the appa-
rent resistivities computed by the finite element
method with 80x 16 meshs.
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Fig. 1 2D earth model.
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Fig. 2 Dipole-dipole apparent resistivity pseudosection. Units are in £ * m.

Contour interval is 20 m.
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Using the synthetic data, inversion tests are
made for four cases. A 2D earth with 30 blocks
shown in Fig. 3 is used for the cases 1 and 2.
In the case 1, full data set with 93 apparent
resistivities, which are obtained for electrodes 1
to 21 and for dipole spacings (n) 1 to 6, are
used in the resistivity inversion. In the case 2,
reduced data set with 60 apparent resistivities,
which are computed for eledtrodes 3 to 19 and

n=1 to 5, are used. A 2D earth with 35 blocks
shown in Fig. 4 is used for the case 3. Some
geologic informations may be useful for a bet-
ter inversion analysis. Fig. 5 shows a 2D earth
with 30 blocks used for the case 4, and the
position of the vertical contact shown in Fig. 1
is reflected in determining the positions and
sizes of blocks.
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Fig. 3 2D earth model with 30 blocks.
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Fig. 4 2D earth model with 35 blocks.
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Fig. 5 2D earth model with 30 blocks. The
in the block structure.

Table 1 lists results of inversion test after 10
iterations for the case 1, 2, 3 and 4. In all of
the inversion tests, the Marquardt number v? is
fixed to 0.0l. Fig. 6 shows convergences of
root-mean-square (RMS) residual error for each
case. After 5 or 6 iterations each RMS residual

position of vertical contact is reflected

error reaches to a convergence. The RMS
errors for the cases 3 and 4 drop below the
added noise level of 5% after more than 4
iterations, whereas those for the cases 1 and 2

are higher than the noise level even after 10
iterations.

PR
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Table 1 Results of 2D resistivity inversion for four cases. BR : block resistivity (Q-m),
ESD : estimated standard deviation(%), and RMSE . RMS error,

Case 1 Case 2 Case 3 Case 4

No. BR ESD BR ESD BR ESD BR ESD
1 39 6 33 23 39 3 40 4
2 33 10 32 17 34 6 39 6
3 49 12 50 15 44 8 38 10
4 78 14 85 18 46 8 31 7
5 247 49 126 38 89 15 33 7
6 77 6 68 6 137 11 80 6
7 86 8 72 7 89 6 106 6
8 70 7 69 9 88 5 100 5
9 75 7 100 16 90 5 87 5
10 102 11 149 25 101 6 118 7
11 1,091 216 936 237 107 6 154 10
12 103 6 196 64 125 9 100 3
13 54 19 54 47 176 18 43 10
14 34 11 35 14 101 3 39 14
15 23 9 21 10 49 1 46 10
16 20 13 22 15 35 8 45 9
17 282 18 290 24 46 9 156 12
18 88 12 112 13 23 9 90 7
19 116 14 120 17 46 6 97 7
20 163 14 113 19 122 9 166 10
21 78 9 69 22 123 10 82 6
22 42 15 30 34 m 10 63 7
23 40 15 95 1,000 98 10 40 12
24 32 15 32 21 113 8 37 13
25 93 24 136 47 82 7 38 10
26 45 16 29 25 65 11 63 10
27 33 17 40 24 41 9 31 9
28 306 39 1,632 1,000 33 10 173 12
29 85 14 17 291 42 13 95 7
30 42 25 29 61 135 13 66 19
31 25 1

32 63 13

33 148 14

34 9% 9

35 48 17

RMSE=_.0721 0738 0405 0460

\ Noise level
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Fig. 6 Convergences of RMS residual

errors for the four cases.

The main reason why sufficient convergences
below the noise level are not achieved for the
cases 1 and 2 is that the block structure shown
in Fig. 3 is not suitable for representing the 2D
earth shown in Fig. 1. By reducing the sizes of
blocks in the vicinity of the vertical contact
and the small body, we get a better result as in
the case 3. Reflecting the known position of
vertical contact to a block structure yields a
good result as in the case 4. Estimated standard
deviations (ESD) generally increase with a de-
crase of data to be analyzed as shown in Table
1 (compare the case 1 and 21 the case 2). Since
the electrodes 1, 2, 20 and are lost in the case
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2, the ESD in blocks 23, 28 and 29 are particu-
larly high.

Field Data
Fig. 7 shows a pseudosectional view of appa-
rent resistivities collected in the Yangsan fault
ares (Kim, 1987). These data were produced by
dipole-dipole survey with two dipole lengths of

30m and 90m. The survey line cuts across the
Yangsan fault in between stations 9 and 10. In
the pseudosection, larger values are observed in
the western side and smaller values in the east-
ern side. Unfortunately, insufficient amount of

data were provided on account of the heavy
traffic condition and the limited range of elec-

trode spacings.

1 6 11 S0m 16

t } t } f } } } } } } } e
(?w ==310m) 678 572 499 365 38 371 203 130 M2 417 362 367 BO

2 M5 478 560 427 3% 599 153 429 94 S5 384 283

3 999 1064 1063 578 210 126 257 196 283 23 402

4 989 85 30 158 47.0
n=1(a=90m) 1357 950 610 237 763 237 170 152 - 170 373 {ohm-m)

Fig. 7 Dipole-dipole apparent resistivity pseudosection measured in the Yangsan area (Kim,

1987). Dipole length and dipole spacing are shown by a and n, respectively
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Fig. 8 Resistivity model section with 16 block is inverted by the field data shown in Fig. 7.

Fig. 8 shows a final resistivity model section
with 16 blocks inverted by the field data. The
model section was obtained after 5 iterations,
and RMS error is 38%. The large RMS error
seems to be due to near-surface in-
homogeneities and 3D effects. The extremely
high resistivity of 77988 Q * m may be caused
by a matching of severely contrastive resistiv-
ity distribution between both sides of the fault.
Fig. 8 yields the following features. The west-
ern rigion of the fault reveals larger resistivi-
ties than in the eastern region. And the subsur-
face resistivities increase with depth in the
western side of the fault. The fault seems to
incline to the west with depth considering that

the sharp resistivity boundary can be recog-
nized just below the station 9 in the model
section, whereas the surface trace of the fault is
confirmed in between stations 9 and 10 as was
illustrated by Kim (1987).

CONCLUDING REMARKS

The 2D inversion method described in this
paper can be a useful tool in interpreting the
result of dipole-dipole resistivity survey. With
simple modifications it can treat other arrays.
The main limitations of the method are that the
geometry of model section must be specified in
advance and that it is difficult to determine

-
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whether model misfit is due to 3D effects or to
underparameterization in the 2D model. Geolo-
gic information is available in support of the
data to be inverted, particularly in the choice
of initial model and the constraint of inversion.
Information on the relative reliability of data
points will also help to prevent false conclu-
sion being drawn from coherent error.
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