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ABSTRACT

   There is low resistivity contrast between reservoir zone and
host formation in geothermal fields, especially in areas where
the technique of water injection is being carried out. Therefore,
in low contrast area, permittivity can be one of the important
reservoir indicators besides resistivity. In this study, one EM
tomography method of reconstructing the resistivity and
permittivity from electromagnetic well logging data was
proposed. It was used to derive the distributions of resistivity
and permittivity in nearby area around the borehole. The
inversion procedures were carried out in two steps: first the low
frequency EM well logging data was used to determine the
resistivity, then it was regarded as the initial value, and the
permittivity and resistivity were reconstructed from high
frequency EM well logging data. The forward modeling at each
inversion iteration was fulfilled by the numerical approximation
of finite element method (FEM). Results of different anomalous
bodies show that well logging data is only sensitive to nearby
area around the borehole, the resolution of parameters is better
in vertical direction than that in horizontal direction though it is
also related to the distance between transmitter and receiver.
Numerical simulation also suggests that as the frequency
increases, the sensitive range becomes small. From our results,
it can be said that the method proposed in our study can
simultaneously reconstruct permittivity and resistivity from
multi-frequency EM well logging data, and it may be a valuable
means of  evaluating low resistivity contrast reservoir in
geothermal fields as well as in oil fields.

1.  INTRODUCTION

  Although imaging results of cross-well electromagnetic data
have been widely investigated and applied in study of
subsurface geological structure, rock porosity, fluid saturation
and fracture evaluation, the inversion of well logging data, with
higher vertical resolution, has not been studied so much up to
now. Furthermore, little has been done on the problem of
simultaneous reconstruction of resistivity and permittivity
profile in a well logging environment. In practice, EM well
logging is carried out almost in every borehole, therefore it is
important to develop an effective method of EM well logging
inversion. On the other hand, there are areas with low resistivity
contrast between reservoir zone and host formation in
geothermal fields, especially in areas where the technique of
water injection is carried out. The permittivity of water is much
bigger than that of host rock commonly present in subsurface
formations. Therefore, in low contrast areas, permittivity can be
one of the important  reservoir indicators besides resistivity.
 In this study, an EM tomography method for deducing the
resistivity and permittivity from EM well logging data was
developed. It was used to obtain the distribution of resistivity

and permittivity in nearby area around the borehole. In the
inversion process, the regularized least-squares inversion
scheme is used to solve the ill-posed problem. The inversion
procedure was carried out in two stages.  First the induction
logging data was used to determine the resistivity distribution,
then it was used as an initial model, and the permittivity and
resistivity were inverted simultaneously from high frequency
EM well logging data. In simulation, a vertically oriented
magnetic dipole is used as a source, and the medium in the
calculated area is assumed to be azimuthally symmetric about
the dipole source axis. The forward modeling at each inversion
iteration was accomplished by FEM.
 Several kinds of profiles were simulated and inverted with the
method. Inversion results for different anomalous bodies show
that well logging data is only sensitive to nearby area around
the borehole, the resolution of parameters is better in vertical
direction than that in horizontal direction, though it is also
related to the distance between transmitter and receiver.
Numerical simulation also suggests that as the frequency
increases, the sensitive range becomes small.

2. RESPONSE OF EM WELL LOGGING

   With respect to EM well logging, here we limit our discussion
to induction log and the electromagnetic propagation well
logging. Figure 1 shows the schematic concept of our single
borehole tomography system.
   For induction log, we only write out the response of the probe
with one transmitter and one receiver. In order to calculate the
apparent conductivity, the electromotive force induced in
receiver must be derived from electromagnetic field. The
electromotive force in the receiver can be calculated through
two ways, one is from electric field ÖE , another is from the

vertical magnetic field in Z direction. If we denote
electromotive force as Ψ ,  following formulae can be derived
when the radius of the transmitter and receiver coils is very
small:
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where Rρ  is the radius of the receiver coil, 
RN is the turns of

the receiver coil.
By using electromotive force Ψ , apparent conductivity can be
derived using the following equations
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where, radian frequency fπω 2= , R
a is the apparent

conductivity of the resistive signal, X
a is the apparent

conductivity of reactive signal, Tρ and Rρ are radius of the
transmitter and receiver coils respectively, 

TN and
RN are the

turns of the transmitter and receiver coils respectively, L is the
spacing between the transmitter and receiver, f is the

frequency of the transmitter current, I is the intensity of the
transmitter current, µ is the magnetic permeability of the

medium.
   Regarding to the dielectric logging tool, we consider the three
probe coils, one transmitter and two receivers. And the
responses are amplitude attenuation and phase difference
between the two receivers. If the electromotive forces in two
receivers are

1Ψ  and 2Ψ ,then amplitude attenuation and phase

difference can be written
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where A is amplitude attenuation and ∆Φ is phase difference.
    From above discussion, we can see that, the output signal of
both the induction well log and the EPT well log are related to
electromotive force in receiver, that is related to magnetic field
component in vertical direction. So we only need to deal with
how to obtain zH .

3. CALCULATION OF ELECTRIC AND MAGNETIC
    FIELDS BY FEM

   In this study we assumed the well logging environment to be
a symmetric cylindrical geometry shown in Figure 2. Under the
assumption of axis-symmetry, the electric field of the dipole
transmitter has only one tangential component 

φE and is

governed by the following equation
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The magnetic field of the vertical component 
zH and can be

calculated from φE
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where fπ=  radian frequency, f the frequency, 0ε the

permittivity of the free space, r  the relative permittivity of the

medium,  the conductivity of the medium and  the magnetic
permeability of the medium.
   For computational efficiency and accuracy, we separate the
total field into two parts, that is primary field pE and scattering

field sE , and is given by

    
sp EEE +=φ

                  (9)

Correspondingly, the total vertical magnetic field 
zH can also

be separated into two parts, primary magnetic field p
zH and

secondary magnetic field s
zH as follows:
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In this study, we assume that the primary field is excited by the
magnetic dipole in a homogeneous whole space having the
parameters of the environment where the transmitter resides
(either that of the borehole mud or a bed medium when there is
no borehole). So we only need to consider the computation of
the scattering field by FEM. The scattering field is the
difference between the total field and the primary field. From
equation (9) we have
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The variational integral of the differential equation (11) is

∫∫ 





−





∂
∂

+





∂
∂

=
s

s
s

ss Ek
z

E
rE

rr
EJ 22

22

)(
1

)(

       }rdrdzEEkk ps)(2 2
0

2 −−           (12)

Based on the variational principle, the solution sE to the

differential equation is the function that makes the variational
integral )( sEJ stationary.

4. THE REGULARIZED LEAST-SQUARES
    INVERSION SCHEME

   Because the observed well logging data set is always not
equal to the number of the unknown parameters, the inversion
process is non-unique, unstable and ill-posed, and the
available estimation is only possible in least-squares sense
with regularization (Tikhonov and Arsenin,1977).
Regularization excludes solutions that are too rough by
imposing a roughness constraint on the data fit.
Reconstruction is smoothed at the expense of an increase in
the fitting error. Let the data be denoted generically by the
vector D, and the model by the parameter vector m , to carry
out forward modeling to generate theoretical responses and
also to solve the inverse problem. We divide our model into N
rectangular cells and assume that the conductivity is constant
within each cell. Our inverse problem is solved by finding the
vector { }Nmmmm LL21 ,= , which adequately reproduces

the observed data { }o
M

ooo DDDD LL21 ,=  with an acceptable
RMS (root of mean squares) misfit. If it is expressed in
mathematical form, our inverse procedure is to minimize the
following function and to get a smooth reconstruction of
model parameters

22
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where oD is observed data set, cD is calculated data set, m is
model parameter set, DW and mW  are data weighting and
parameter weighting matrix respectively, and µ is the

Lagrangian multiplier which controls the degree of the
smoothness, corresponding to the minimum error through the
interpolation of all the residual errors. In order to enhance the
stability of the inversion and get a meaningful result, we
further used the bound constraints by solving equation (13)
subject to the condition:
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          UmL ≤≤                     (14)
where L andU are lower and upper bounds of the parameter
vector m  respectively.
  Because the information of horizontal resolution is contained
in the large offset measurements, at a specific frequency, the
data of the large offset are several orders of magnitude smaller
than that of the small offset data. If we directly use the raw
data in inversion, the imaging process has difficulty to recover
the lateral position of the anomalous bodies. In this study, we
solve this problem by weighting each source-receiver
combination equally, and normalize the complex field data by
its amplitude. Performing this operation prior to inversion
process numerically removes the attenuating effects of the
background medium and provides better horizontal resolution
of the scattering bodies.

5. SENSITIVITY OF VERTICAL MAGNETIC
FIELD TO RESISTIVITY AND PERMITTIVITY

   From the response equations of induction and EPT well
logging, we can see that all the responses are directly related
to vertical component of magnetic field. For the ease of
discussion, in the following context we only deal with
sensitivities of the vertical magnetic field to resistivity and
permittivity.  In this study, we use the same equation adopted
in the method of Ward and Hohmann (1988). For the
perturbed medium, the total vertical magnetic field 2zH

measured in the receiver borehole some distance from the
source can be expressed as

   drdzGEkkHH Hz
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εεµω ik r −= , 1zH and 2zH  are vertical

magnetic fields before and after the medium is perturbed,

2φE  total electric field after the medium is perturbed and

1HzG is adjoint Green’s function, 2
2k and 2

1k are complex

wavenumbers of the medium before and after it is perturbed,
D is the area of the perturbation block.

 The response change caused by the perturbation can be
expressed as:

    ∫∫ ×∆+∆=∆
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where 1φE is the total electric field before the medium is

perturbed. When the block and perturbation are small,
2k∆ can be regarded as constant in domain D , and also

φφ EE ∆>1 , so we can use the first order Born approximation

and obtain
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From equation(17), we can get the sensitivity of response

zH to resistivity and permittivity at wave number 2
1k :
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In equation (18) and (19), the electric field 1φE  can be

calculated by FEM, while the whole space Green’s
function 1HzG has to be calculated for every block D , and is

computational intensive. In fact, 1HzG is the magnetic field at

receiver point when the dipole sources are put at the nodes
within D  block, based on the principle of reciprocity, it is
equal to the weighted sum of the fields at the nodes within

D  block when the dipole source is at receiver location. Usually
the number of receiver stations is less than that of inversion
blocks, so sensitivities can be calculated efficiently by using the
principle of reciprocity.
  In this study, we calculated 1HzG through the total electric field

caused by point source at receiver by following equation:
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where, REφ is the total electric field in block location when the

dipole source is located at receiver point.

6.  NUMERICAL RESULTS

  Numerical results of several kinds of models were obtained
to verify the effectiveness of our forward code and inversion
method. First we compare our forward results with the
published results that were derived from analytical or
numerical methods of typical models, then several models
were reconstructed by our inversion method.

6.1.  Validation of The Forward Code

   Figures 3(a) and (b) show the comparison of FEM apparent
conductivity of the two-coil induction probe in four-layer
model with no borehole effect, and the analytic solution. We
can see that FEM results agree well with that of the analytic
solution.

Figures 4(a) and (b) show amplitude attenuation and phase
difference of the three-coil dielectric well logging probe
calculated by FEM and that obtained by Chew et al(1984)
using numerical mode matching method (NMM). The
operating frequency is MHz25  and the spaces of 1RT − and

2RT −  are 25 and 50 inches respectively.

6.2.  Reconstruction Results

   Figure 5 shows the model to be simulated and the
reconstructed profile. The model consists of two 2.0 2.0× m
square bodies located 0.5 m from the borehole and 2 m
separated in vertical direction, the resistivity of the bodies is

m10Ω  and the resistivity of the host rock is, 10 times that of
the body, Ùm100 . With 40 transmitter positions, 80
measurements spaced at 0.5 m in the interval of 20 m depth.
Therefore the data set to be inverted  is 80 measurements. The
whole calculation area was divided into 100100×  cells, and
the inversion area is limited to the central part of the whole
calculation area (represented with black border in Figure 5a )
and divided into 1923× blocks, the block size is

mm  5.0 0.5 × , the operating frequency is kHz02 , the
imaging result was in the right part of this figure. We can see
that the anomalous body was well resolved.

    In order to test the resolution in horizontal direction, two-
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block model similar to that in Figure 5, except that the
distance from borehole is 1.5 m, was simulated. Figure 6
shows the model and the inversion result. We can see that
though the two bodies were distinguished well, the right
boundary and the intermediate part of the anomalous body
were not as good as that in Figure 5.

   Figure 7 presents similar model to that in Figure 6, with the
anomalous bodies spaced 4.0 m in vertical direction and 2.0 m
from the borehole in horizontal direction.  Their
reconstruction is shown in the right part. We can see that
though the two anomalous bodies were reconstructed in the
correct position, their sizes and boundaries were not so clear
as that in Figure 6.

   Figure 8 indicates a similar model to that in Figure 5, with the
anomalous bodies aligned in horizontal direction, with 2.0 m
separation.  Their reconstruction is presented in the right part.
From this result, we can only obtain one big anomalous body
with blur boundary.

   Figure 9 presents similar model to that in Figure 5, with the
host rock m10Ω , anomalous bodies are Ùm100 , in order to
test the adaptability to low host resistivity. The good
reconstruction is shown in the right part.  We can see that
while the anomalous body was well resolved, its size is
smaller than that of the model, because of the background
attenuation.

   Figure 10 indicates a model of one vertical fracture in
homogeneous medium and its inversion result. We can see
that the low resistivity fracture was well resolved.

   Figure 11 shows the model similar to that in Figure 5, with
the resistivity and relative permittivity of the bodies
are m10Ω and 35 respectively, the resistivity and relative
permittivity of the host rock are Ùm100  and 5. The inversion
result in Figure 5b used as an initial model to simultaneously
resolve resistivity and permittivity, the working frequency
is MHz02 . The inversion block size is mm  5.0 0.5 × , the
reconstruction of permittivity profile was shown in the right
part of this figure. We can see that though the permittivty
anomaly was resolved, its size and boundary were not so
accurate as that of the resistivity result.

   Figure 12 indicates similar model to that of Figure 9, with the
relative permittivity of the anomalous bodies 5, that of the
host rock is 50. The reconstructed permittivity profile
discerned the anomaly but was not very clear.

   From Figures 11b and 12b, we can see that, though not as
good as resistivity image, the reconstructed permittivity
profile gives the correct location and reasonable boundary of
the anomalous body .

7.  CONCLUSION

   In this study, it is shown that the regularized least-squares
inversion method using the FEM can effectively reconstruct
resistivity and permittivity profiles from electromagnetic well

logging data in the nearby area around the borehole.
Numerical simulations indicate that induction logging data
can provide good resistivity distribution profiles, while the
high frequency electromagnetic well logging measurements
can give permittivity and resistivity profiles simultaneously.
From our inversion results, it can be said that EM well
logging data inversion may be valuable means of evaluating
low resistivity contrast and fracture reservoirs. Test results
also suggest that the area distant from the source and receiver
well presents low resolution of resistivity and permittivity
images. While in the nearby area around the borehole,
parameter images can be obtained with high resolution. Our
future study will be on the use of multi-frequency and multi-
component measurements to enhance the inversion stability,
and on the use of non-reflection absorbing boundary condition
to reduce the mesh size and increase the computational
efficiency.
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