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(16). These formulae are based on the low frequency
asymptotics of field components (1)—(6). There-
fore, these apparent conductivities provide only an
approximate estimate for the real conductivities of
anisotropic media. In order to obtain more accurate
parameter estimates for the medium, we can use a
simple inversion scheme based on the exact expres-
sion of the induction tensor components. We discuss
this technique in the next section.

REGULARIZED NEWTON METHOD FOR
INTERPRETATION OF TIWL DATA

In this section, we develop a technique for cal-
culating the tensor induction well logging apparent
conductivities using the rigorous solutions for the
homogeneous anisotropic media (1)—-(6). Our tech-
nique is based on inversion of the tensor induction
log data for the parameters of the equivalent homo-
geneous anisotropic media using a regularized New-
ton method. We will illustrate this method for an ar-
bitrary induction array orientation. The expressions
for the magnetic field components in homogeneous
anisotropic media in the instrument coordinate sys-
tem can be obtained from the corresponding formu-
lae (1)—(6), developed in the medium coordinate sys-
tem, by application of the rotational transformation
(11).

The algorithm of the regularized Newton method
is described by Zhdanov (1993). If n is the iteration
index

ra = A(m,) - d, =

Ly =1"(m,) = F,tn +vn(m—m,,), (22)
Hy, = FL Fpo, + 1], (23)

may; =m, — B 1 (24)

where A is a nonlinear operator of the forward mod-
eling described by formulae (1)—(6) and (12); d is a
vector of observed data, m,, is a vector of model pa-
rameters (horizontal and vertical conductivities, o,
and o,, and the dip angle «) on the n—th iteration,
Mgy, is the a priori model, r is a residual vector of
the difference between the predicted, A(m,), and
observed data; Fy,, is a Frechet derivative matrix;
Hl = (F;‘nnFm")'1 is a quasi Hessian matrix; 12°
is the regularized direction of a Newton method on
the n—th iteration (Zhdanov, 1993).

The regularization parameter v is updated on
each iteration according to a progression of numbers

Vg = Voqk; k= 0,1,2,....,m; (25)

where coefficient ¢ determines the rate of decreasing
v : 0 < ¢ < 1. The first iteration of the Newton
method is run with » = 0. The initial value of the
regularization parameter, v, is determined after the
first iteration, m,, as the ratio
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For any number v}, we calculate the misfit

|| A (m,,) —d ||2. The optimal value of the param-
eter v is the number vy, for which we have satisfied
the misfit condition,

H A (mr/ko) —-d “2: ‘5a (26)

where ¢ is the level of noise in the observed data.
There are three unknown model parameters; i.e.,
the dip angle a and the horizontal and vertical
conductivities, o5, and o,. Therefore, the Frechet
derivative matrix can be calculated directly by tak-
ing derivatives of expressions (1)-(6) and (12), with
respect to unknown parameters. The matrix is
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In the Newton algorithm the calculations start
with an initial guess, which is usually set equal to
the a priori model, my = my,,, and then update it
on each iteration according to (24). The method is
fast and usually converges after 4-to—6 iterations.

The correct choice of the initial guess is vital for
the Newton method. If the algorithm starts with
the initial guesses, that are “far” from the true solu-
tion, the Newton method may not converge. Fortu-
nately, in our case, we select a starting model that
is often very close to the true solutions. The initial
model parameters are based on the low frequency
apparent conductivities, o), and o0, , and appar-
ent anisotropy coefficient )\2, introduced above by
expressions (13), (16), and (14).

The regularized Newton routine solves for three
parameters at each TIWL observation point. These
parameters are the horizontal and vertical conduc-
tivities, and the dip angle.

NUMERICAL EXAMPLES

In the model study, we examined the basic prin-
ciples of the TTWL method using numerical simula-



tion. We considered the simplest case of a layered
model of rock formation without a borehole and in-
vaded zones. The tensor induction tool has three
mutually orthogonal transmitters and three mutu-
ally orthogonal receivers, with the “vertical” trans-
mitter and receiver oriented along the deviated bore-
hole. The distance between the transmitter’s po-
sition and the receiver’s position was 1.0 m. The
calculations were performed for a tool moving along
a borehole, sampled every 0.25 m. The operating
frequency was 20 kHz.

The synthetic data were computed using a library
of 3-D Green’s tensors in layered anisotropic forma-
tions (Cheryauka and Zhdanov, 2001a). The forward
response for a layered model can be calculated using
Green’s functions. After computing the Green’s ten-
sor components, the magnetic fields may be found as

~

H-= iw,uoé‘ﬂ, (28)

where G¥ is the Green’s tensor for a layered model
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The response of the layered anisotropic model was
calculated in the model coordinate system. The re-
sult then was transformed from the model frame to
the instrument frame, using a rotation matrix.

Two-layer model with a dip angle We as-
sume that tensor induction logging is conducted by a
tool coaxial with a borehole. We calculate the model
responses (induction tensor components) for the dif-
ferent positions of the tool along the borehole. Using
these responses as the synthetic data, we compute
the low frequency (09, and 09,) apparent conduc-
tivities according to formulae (13) and (16) as an
initial model. Then more accurate estimations of
the apparent conductivities, op, and oy, Were com-
puted using the Newton inversion, as described in
the previous section. The results were plotted as
apparent resistivity curves, p%,, p5., Pha, and pya,
versus depth for a different dip angle «, equal to 0,
30, 60, and 85 degrees, respectively (Figures 1-4).
Each of the Figures (1-4) has four panels. The
first panel on the left shows the parameters of the
two layer model. The second two panels present the
apparent resistivity curves versus depth. The last
panel displays the apparent anisotropy coefficient
values versus depth. The solid lines show the true
parameters of the model. The apparent resistivities
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and anisotropy coefficient, p9 ., p,, and X9, ob-
tained by the low frequency asymptotics, are shown
by the dotted lines. The circles represent the in-
verted apparent resistivities and anisotropy coeffi-
cient, pha; pva, and Ag.

The data were contaminated by 3% random Gaus-
sian noise at each observation point. One can see
that the low frequency asymptotics overestimates
the vertical resistivities and the anisotropy coeffi-
cient for dip angle values below 45 degrees. At «
equal to 60 degrees, the apparent parameters are
surprisingly close to the true model. At the larger
dip angle (a = 85 degrees) the low frequency asymp-
totics underestimate the vertical resistivities and the
anisotropy coefficient. At the same time, the appar-
ent parameters inverted by use of the regularized
Newton method are very close to the true parame-
ters of the model for any dip angle (the curves shown
by circles in Figures 1-4).

Note that in this model, with the conventional in-
duction tool, we can obtain only one apparent con-
ductivity, which reflects the integrated effect of both
vertical and horizontal conductivities.

The boundary cannot be seen by using only the
apparent resistivity expression for pg, (Figure 1).
But the vertical apparent resistivity clearly responds
to the position of the boundary. The p,, curve
changes sharply when the tool reaches the bound-
ary. This model provides a simple illustration of an
important additional power of tensor induction well
logging in anisotropic formation in comparison with
the traditional induction logging tool.

Three-layer model with a dip angle In
the next set of numerical simulations, we consider
a model of a three-layer formation. Figure 5 shows
the model on the left panel. This model is a very
good example of a practical situation where conven-
tional induction logging can miss a geological struc-
ture. The layer thickness is 5m. There is no hor-
izontal conductivity variation in this model, while
the vertical conductivity of the second layer is dif-
ferent from the top and bottom layers. On the sec-
ond panel from the left, representing the horizontal
apparent resistivities, we cannot see any indication
of the second layer. However, it is possible to deter-
mine the layer boundaries by using vertical resistiv-
ity information (the third panel from the left). The
last panel displays the anisotropy coefficient values
versus depth.

The synthetic data simulated for this model were
contaminated by 3% random Gaussian noise. The
solid lines show the true parameters of the model.
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The apparent resistivities and anisotropy coefficient,
P05 Poas and A2, obtained by low frequency asymp-
totics, are shown by the dotted lines. The circles
represent the inverted apparent resistivities pha, pva,
and anisotropy coefficient, \,, computed using the
regularized Newton method. Figure 5 presents the
TIWL data interpretation results for a case of a ver-
tical well (the dip angle a is equal to 0). Figures 6-8
show similar results for the different dip angles 30,
60, and 85 degrees, respectively. One can observe the
same regularity in these plots as in Figures 1-4. The
low frequency asymptotics overestimates the verti-
cal resistivities and the anisotropy coefficient for dip
angle values below 45 degrees, and underestimates
these parameters for a dip angle above 60 degrees.
The inversion of TIWL data, based on the Newton
method, provides practically correct reconstruction
of the true parameters of the model within the entire
range of dip angles (the curves shown by circles in
Figures 5-8).

Multi-layer models of anisotropic for-
mations with a dip angle We considered
three multi-layered models of anisotropic forma-
tions, based on the well known benchmark mod-
els: Anderson and Barber (1999) model, “Okla-
homa” model, and “Chirp” model. The first one
is a modified model, considered by Anderson and
Barber (1999, p.135, Figure 3). The horizontal re-
sistivity profile of our model is the same as in An-
derson and Barber (1999). It is shown by the solid
line in the left panel of Figure 9. We introduced the
anisotropic layers in this model with the vertical re-
sistivity shown by the solid lines in the right panel
of Figure 9. We simulated the synthetic data for
this model using a library of 3-D Green’s tensors in
the layered anisotropic formations (Cheryauka and
Zhdanov, 2001a). The data were contaminated by
3% random Gaussian noise. Figure 9 presents the
TIWL data interpretation results for the case of a
vertical well (the dip angle « is equal to 0). Fig-
ure 10 presents similar results for the dip angle of
30 degrees. The solid lines show the true param-
eters of the model. The apparent resistivities and
anisotropy coefficient, p,, p%,, and X2, obtained
by the low frequency asymptotics, are shown by the
dotted lines. The circles represent the inverted ap-
parent resistivities ppq, Pva, and anisotropy coeffi-
cient, A,, computed using the Newton method.
The second multi-layered model is the “Ok-
lahoma” model (Barber et al., 1999). In our
anisotropic model we use the same horizontal resis-
tivity as in the original ”Oklahoma” model (solid

line in the left panel of Figure 11) but we also add
some anisotropy to the model by assigning various
vertical resistivities (solid line in the right panel of
Figure 11). The computer simulated data for this
model with 3% random noise added were processed
using the TIWL interpretation technique outlined
above. The results of interpretation for the dip an-
gles of 0 and of 30 degrees are presented in Figure 11
and 12. One can see that we can reconstruct well the
horizontal resistivity distribution, while the vertical
resistivity is mostly underestimated in this case.

The third model is the “Chirp” model (Fang and
Wang, 2000), represented by a solid line in the left
panel of Figure 13 (the horizontal resistivity profile).
We modified this model, adding a profile of vertical
resistivity (right panel in Figure 13). The results of
the synthetic TIWL data interpretation for different
dip angles are shown in Figures 13-14. Once again
the apparent resistivities describe well the horizontal
resistivity, but recover the vertical resistivity much
less successfully. These results show that, in the
case of complicated geoelectrical models, the simple
interpretation tool based on the apparent resistivity
model cannot well resolve the different anisotropic
layers. In this case one should use more advanced
technology based on multilayered inversion. Some
elements of this development are discussed in the
paper by Cheryauka and Zhdanov (2001b).

CONCLUSIONS

In this paper we examined the basic principles of
tensor induction well logging (TIWL) in the devi-
ated borehole in anisotropic layered formations. We
introduced a simple technique of TIWL data inter-
pretation based on calculating the components of
the apparent conductivity tensor (“horizontal” and
“vertical” apparent conductivity). In the case of low
frequency asymptotics, we can use the analytical ex-
pressions for apparent conductivity (or resistivity)
tensor calculations. In the higher frequency range,
one can use a regularized Newton method to gen-
erate the corresponding apparent conductivities (or
resistivities) of the anisotropic media.

We analyzed the responses of synthetic tensor in-
duction logs in the deviated borehole through two—,
three—, and multi-layer anisotropic formations in
vertical and deviated wells using numerical simula-
tion. Our results demonstrate that the tensor in-
strument is sensitive to anisotropic parameters of
geological formations. These cannot be detected in
a general case by conventional induction logging.



At the same time, we found that the simple in-
terpretation tool based on the apparent resistivity
model cannot well resolve the different anisotropic
layers in the case of the complicated geoelectrical
models. There is a need to develop a more advanced
technology for TIWL data interpretation based on
multilayered inversion.

ACKNOWLEDGMENTS

The authors acknowledge the support of the Uni-
versity of Utah Consortium for Electromagnetic
Modeling and Inversion (CEMI), which includes
AGIP, Baker Atlas Logging Services, BHP Minerals,
ExxonMobil Upstream Research Company, INCO
Exploration, International Energy Services, Japan
National Oil Corporation, MINDECO, Naval Re-
search Laboratory, Rio Tinto-Kennecott, Sumitomo
Metal Mining Co., and 3JTech Corporation.

REFERENCES

Anderson, B. and T. D. Barber, 1999, Deconvolu
tion and boosting parameters for obsolete Schlum-
berger induction tools: The Log Analyst, 40, No
2 (March-April), 133-137.

Barber, T. D., Broussard, T., Minerbo, G. N. Sijer-
cic, Z. and D. Murgatroyd, 1999, Interpretation
of multiarray induction logs in invaded formations
at high relative dip angles: The Log Analyst, 40,
No 3 ( May-June), 202 - 217.

Fang, S., and T. Wang, 2000, Accurate Born simu-
lation of induction response using an optimal
background: SEG 2000 Expanded Abstracts, Cal-
gary, 1806-1809.

Cheryauka, A. and M. S. Zhdanov, 2001a, Electro-
magnetic tensor Green’s functions in transverse
isotropic layered media: IEEE Transactions on
Geoscience and Remote Sensing, in submission.

Cheryauka, A. and M. S. Zhdanov, 2001b, Focusing
inversion of tensor induction logging data in a de-
viated well in layered anisotropic formations:
Petrophysics, in submission.

Zhdanov, M. S., 1993, Tutorial: Regularization in
inversion theory; Colorado School of Mines,
Golden, Colorado, CWP-136,47pp.

Zhdanov, M. S., Kennedy, D., and E. Peksen, 2001,
Foundations of tensor induction well logging:
Petrophysics, in press.

SPWLA 42" Annual Logging Symposium, June 17-20, 2001

ABOUT THE AUTHORS

Michael S. Zhdanov joined the University of
Utah as a full professor in 1993. He has been Di-
rector of the Consortium for Electromagnetic Mod-
eling and Inversion since 1995. He received a Ph.D.
in 1970 from Moscow State University. He spent
more than twenty years as a professor at the Moscow
Academy of Oil and Gas, and as the head of the
Department of Deep Electromagnetic Study and as
Deputy Director of IZMIRAN, and later as Direc-
tor of the Geoelectromagnetic Research Institute of
the United Institute of Physics of the Earth, Russian
Academy of Science, Moscow, Russia, before moving
to the University of Utah. In 1990 he was awarded
an Honorary Diploma of Gauss Professorship by the
Gottingen Academy of Sciences, Germany. In 1991
he was elected Full Member of the Russian Academy
of Natural Sciences. He became Honorary Professor
of the China National Center of Geological Explo-
ration Technology in 1997.

W. David Kennedy See biography in Petro-
physics, volume 42, no 2, 2001.

Arvidas B. Cheryauka received his M.Sc. in
Geophysics from the Novosibirsk State University,
Russia in 1986 and a Ph.D in Geophysics from In-
stitute for Geophysics, Siberian Branch of Russian
Academy of Sciences in 1989. From 1995-1998 he
worked as a consultant for LOOCH Geophysical En-
gineering and Baker Atlas companies. During 1998-
1999, Arvidas was a visiting scientist with Tohoku
University in Sendai, Japan. Since 1999 he has been
working as a research scientist with Consortium for
Electromagnetic Modeling and Inversion, University
of Utah on the development of new array technolo-
gies for subsurface and well-logging sensing.

Ertan Peksen is a PhD student at the Consor-
tium for Electromagnetic Modeling and Inversion,
the University of Utah. He graduated in 1993 (BS)
from the University of Ankara, in geophysics. He
received his Master of Science degree in geophysics
from the Department of Geology and Geophysics,
the University of Utah, in 1999. His research inter-
est is modeling and inversion of tensor induction well
logging in anisotropic media.



SPWLA 42" Annual Logging Symposium, June 17-20, 2001

Model Regularized N thod ( Noisy data 3 %)
0 T
1=20 kHz
T-R=1m
Az=0.25m
a =0 degrees i
5
10/Pm = 1Q-m
’E pv: =1Q-m
£
a
@ |pp=19-m
T 15[ =50-m -‘
20r r r 0
. Pra + P
0 Pra o Pva
- Model ~ Model
I ¥
25 ) )
10 10
Ppal@-m) P, (@-m)

Figure 1: The first panel on the left shows a two-layer anisotropic model with resistivities pp; = 1Qm,
pp1 = 10m, ppa = 10m, and pye = 5Qm. The second and third panels present the apparent resistivity curves
versus depth. The last panel displays the apparent anisotropy coefficient values. Data are contaminated by

3 % random noise. The dip angle is 0°.
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Figure 2: The first panel on the left shows a two-layer anisotropic model with resistivities pn; = 1Qm,
py1 = 10m, pp2 = 1Qm, and p,2 = 5Qm. The second and third panels present the apparent resistivity curves
versus depth. The last panel displays the apparent anisotropy coefficient values. Data are contaminated by

3 % random noise. The dip angle is 30°.
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Figure 3: The first panel on the left shows a two-layer anisotropic model with resistivities pp1 = 1Qm,
pu1 = 10m, ppe = 10m, and p,2 = 5Qm. The second and third panels present the apparent resistivity curves
versus depth. The last panel displays the apparent anisotropy coefficient values. Data are contaminated by

3 % random noise. The dip angle is 60°.
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Figure 4: The first panel on the left shows a two-layer anisotropic model with resistivity pp1 = 1Qm,
po1 = 1Qm, ppa = 10m, and py2 = 5Qm. The second and third panels present the apparent resistivity curves
versus depth. The last panel displays the apparent anisotropy coefficient values. Data are contaminated by
3 % random noise. The dip angle is 85°.
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Figure 5: The first panel on the left shows a three-layer anisotropic model. The thickness of the pay zone
is 5m with the resistivities ppz = 1Qm, and p,2 = 5Qm. The second and third panels present the apparent
resistivity curves versus depth. The last panel displays the apparent anisotropy coefficient values. Data are
contaminated by 3 % random noise. The dip angle is 0°.
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Figure 6: The first panel on the left shows a three-layer anisotropic model. The thickness of the pay zone
is 5m with the resistivities pp2 = 1Qm, and py2 = 5Qm. The second and third panels present the apparent
resistivity curves versus depth. The last panel displays the apparent anisotropy coefficient values. Data are
contaminated by 3 % random noise. The dip angle is 30°.
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Figure 7: The first panel on the left shows a three-layer anisotropic model. The thickness of the pay zone
is 5m with the resistivities pps = 1Qm, and py2 = 50m. The second and third panels present the apparent
resistivity curves versus depth. The last panel displays the apparent anisotropy coefficient values. Data are
contaminated by 3 % random noise. The dip angle is 60°.
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Figure 8: The first panel on the left shows a three-layer anisotropic model. The thickness of the pay zone
is 5m with the resistivities ppz = 1Qm, and py2 = 5Qm. The second and third panels present the apparent
resistivity curves versus depth. The last panel displays the apparent anisotropy coefficient values. Data are
contaminated by 3 % random noise. The dip angle is 85°.
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Figure 9: Multi-layer model of anisotropic formation. The left panel shows the apparent horizontal resis-
tivities versus depth, and the right one illustrates the apparent vertical resistivities versus depth. Data are

contaminated by 3 % random noise. The dip angle is 0°.
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Figure 10: Multi-layer model of anisotropic formation. The left panel shows the apparent horizontal
resistivities versus depth, and the right one illustrates the apparent vertical resistivities versus depth. Data
are contaminated by 3 % random noise. The dip angle is 30°.
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Figure 11: Multi-layer model of anisotropic formation (Oklahoma-like model). The left panel shows the
apparent horizontal resistivities versus depth, and the right one illustrates the apparent vertical resistivities

versus depth. Data are contaminated by 3 % random noise. The dip angle is 0°.
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Figure 12: Multi-layer model of anisotropic formation (Oklahoma-like model). The left panel shows the
apparent horizontal resistivities versus depth, and the right one illustrates the apparent vertical resistivities
versus depth. Data are contaminated by 3 % random noise. The dip angle is 30°.
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Figure 13: Multi-layer model of anisotropic formation (Chirp-like model). The left panel shows the apparent
horizontal resistivities versus depth, and the right one illustrates the apparent vertical resistivities versus
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Figure 14: Multi-layer model of anisotropic formation (Chirp-like model). The left panel shows the apparent
horizontal resistivities versus depth, and the right one illustrates the apparent vertical resistivities versus
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