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ABSTRACT 

In this paper we develop and analyze a new tech
nique for interpretation of the tensor induction well 
logging (TIWL) data. This met hod, which we call 
sharp boundary inversion , is based on using specially 
selected stabilizing functionals, which minimize the 
area where st rong model parameter variations and 
discontinuity occur. Th e method recovers the sharp 
boundary between different anisotropic geoelectrical 
layers and reconstructs both the horizontal and ver
tical resistivity profiles. The developed algorithm 
was tested by interpreting the synthet ic TIWL data 
collected with a typical tensor indu ction tool in a 
deviated well in the layered anisot ropic formations. 

INTRODUCTION 

The horizontally layered formation with an isotropy 
in elect ric conductivity properties is an important in
terpretation model for evaluat ing oil and gas bearing 
reservoirs (Moran and Gianzero, 1979; Yin , 2000). 
Indu ction well logging in anisot ropic formations has 
recently become an area of act ive research and indu s
trial development . A number of papers discussing a 
multi- component indu ction logging tool were pub 
lished during the last several years (Kriegshauser et 
al. 2000a,b; Zhdanov et al. , 2001a,b). At the same 
time , even the interpretation of data, collected by 
the conventional indu ction devices in stratified for
mations and deviated wells, is a complicat ed task 
due to exist ing limitations in the observation sys
tems and data processing techniques (Gupta et al. , 
1998, 1999; Barber et al. , 1999; Kriegshauser et al., 
2000b). One of the prob lems of the layered model 
inversion is related to the fact , that the majority 
of existing inversion algorit hms tends to pro duce 
a smoot h distribution of the electric conducti vity, 
while the real layered formations are characterized 
by the sharp resistivity cont rasts between the dif
ferent layers. The efficient algorithms for blocking 
resistivities in well-logging interpretation have been 
proposed in Chouinard and Paulson (1988) and Qian 
and Zhong (1999). Th ey have simplified th e delin
eation of formation 's interfaces and significantly re
duced the data processing expenses by grouping the 
thin beds of close propert ies. 

In this paper we develop and analyze a new tech
nique for interp reta tion of the tensor indu ction well 
logging (TIWL) data in a horizontally layered forma
tion . The goal of int erp retation is to find the layer 's 

interfaces and conductivities. However, the solution
 
of this problem meets a lot of difficulties even for the
 
case of conventional indu ction logging in an isotropic
 
layered formation. The problem is that the tradi

tional inversion methods use the smooth models of
 
conductivity distribut ion along the borehole to pro

vide a stable and reliable solution . However, in the
 
layered formation the condu ct ivity changes sharply
 
when we cross the layer 's boundaries. In th is case a
 
smooth mode l does not repr esent well the real phys

ical propert ies of th e medium. Cheryauka and Zh

danov (2001b) proposed to lise in the inversion of
 
the induction logging data a new approach of fo

cusing inversion developed by Portniaguine and Zh

danov (1999) for gravity data interpretation. Th is
 
approach, which we call sharp boundary inversion,
 
is based on using specially selected stabilizing func

tionals, which minimize the area where strong model
 
paramet er variations and discontinuity occur. In
 
the current paper we present the principles and pre

liminary modeling results for inversion of tensor in

duction well-logging data in the layered anisotropic
 
formations based on focusing stabilizing functionals
 
and the re-weighted regularized conjugate gradient
 
method (Zhdanov, 2002).
 

FORMULATI ON OF T HE INVERSE
 
PROBLEM
 pp 

The inverse problem is formulated for TIWL data 
collected in a deviat ed bor ehole within a planar 
stratified medium with elect rical anisot ropy in each 
layer. We assume that a model of the horizontally 
layered medium is characterized in the coordinate 
syst em {x, y, z} by I-D piecewise-constant distribu
tion of the conduct ivity along the z direction. Each 
layer has t ransverse isotropic conductivity defined 
by a conduct ivity tensor ai(z) 

ai« o 
( 

oo ) , (1)a i«Ui = ~ 
o (Tv i 

and the corresponding piecewise const ant an isotropy 
coefficient 

Ai = ((J'h;/(J'vi) 1/2 , i= l, .., N. (2) 

Th e positions of the layer 'S boundaries are given by 
equat ions 

z = Zi , i = I, ..,N- 1. (3) 
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Th e ideal tensor induction well logging tool de
tects th ree components of the magnetic field due to 
each of three transmitters for a total of nine signals, 
which form the induction tensor: 

Hz 
z ' 
' Hx'Y' x' ']HZ

H' = H;: H~: if;: ,
[ 

H z ' HY' H Z' 
z ' Z ' z' 

where {x' , y', z' } is the instrument coordin ate sys
tem with the z'- axes coinciding with the too l and 
borehole lines, and the y- and y'- axes being mutu
ally parallel as proposed in Zhdanov et al. (2001a)j 
the superscripts indicate the transmitter compo
nents and subscripts represent the receiver compo
nents. 

In the framework of a 1-D interpretati on model we 
ignore the borehole and invasion zone effects (Gupt a 
et al., 1998, 1999; Bar ber et al., 1999), assuming that 
these effects can be excluded by multi-frequency ob
servations. We also assume that we know the dip 
angle a between the vertical z -axes of the medium 
coordinate syste m (perpendicular to t he layer inter
faces) and the zl-axes of the instrument coordinate 
system (the borehole t rajectory), and the rotation 
position of th e tensor too l in the z ' y' - plane of the in
strument coordinate system with respect to th e axis 
xy of the medium coordinate system, characterized 
by the relative bearin g angle (3. Actually, th is infor
mation can be obtained from the tenso r induction 
tool data itself (Zhdanov et al., 2001a,b, Peksen and 
Zhdanov, 2002), but in this study we assume that 
a is known and (3 = 0 (the y and y' axes coincide, 
i.e. th ere is no rotation in t he x' y' - plane). In the 
inst rument coordinate system introduced above, the 
tool measu res the following four components of the 
induction tens or, 

H Y' H Z' x' }{H
X ' 

y" .x" %', H zl 

Following th e conventional practice in well
logging inversion, we represent a layered formation 
as a set of sample layers with a given small thickness 
f:i.h (see, for example, Barber et al., 1999). Thus, we 
reduce the inverse problem to determining the resis
t ivit ies of the sample layers only. 

The TIWL inverse problem can be formulated as 
the solut ion of t he operator equation 

d = A(m) , (4) 

where the data vector d is formed by the tensor com
x' y' z '.,, 1ponents Hz" Hy " H;" Hz' observed by the TIWL 

tool in the deviated well, the vector m of the model 
parameter distributions consists of the logari th ms 
of the horizontal and vert ical conductivit ies, (In Uhi 

and In Uvi , i= l, .. , M) of the sample layers forming 
a 1-D geoelectrical inverse model , 

m = [Inuhl' Inuvl , ln uIi2,ln uv2 , ..., In uhM' In UvM ] 

where M is th e number of th e sample layers. The 
induction logging inverse prob lem consists in finding 
a distribut ion of the model parameters m which cor
respon ds to the observed discret e set of the tensor 
induction data d . 

SHARP BOUNDARY INVERSION 
METHOD 

The solution of t his prob lem, as for the most geo
physical inverse problems, is a non-unique and ill
posed. Following the basic prin ciples of the regu
larization theory (Tikhonov and Arsenin, 1977; Zh
danov, 2002), we solve t his ill-posed inverse prob
lem by minimization of the corresponding paramet
ric functional: 

P C> (m ) = ¢>(m)+ v s(m ) = min, (5) 

where ¢>(m) is the misfit , s(m) is the stabilizing 
function al, and v is a regularization parameter . 

We specify the misfit functional as 

¢>(m)= llwd(Am- d))II:.' (6) 

where Wd is the data weighting matrix. 
Following the general met hod of sharp bound

ary inversion (Portniaguine and Zhdanov, 1999; Zh
danov, 2002), we select the minimum grad ient sup
port stabilizing functional , which minimizes the area 
where the variat ions of the vertical and horizontal 
conductivities occur : 

2 

lV'ml , (7)
s(m) = sMGs(m ) = II(lV'mI2+ e2)1/2 £ 2 

11 

where e is a small number introduced to exclude a 
singularity at zero gradient . This functional is de
signed to increase the resolution of the blocky model 
st ructures. 

In numeri cal calculations we represent the model 
parameter function m by a vector m formed by the 

2 
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logarithms of the horizontal and vertical condu ctivi Zhdanov, 1984; Cheryauka and Zhdanov, 2001a). 
ties of the layers {lneTh ,i' lneTv,i}' j=l , ..., M . We in The to roidal mode , TM , contains only t angenti al 

troduce also th e (2M x 2M) matrix Lof the verti cal components of electromagnetic field with respect to 
th e layer interfaces. The poloidal mode, TE, congradi ent operator with only two non-zero diagonals
 
tains not only tangential components but a vertical
 

1 0 o (perpendicular to the layer interfaces) component as
 
o	 well. Compu ting th e vertical magn etic field respon se 

L = ~1 : in the medium coordinate syst em from the tensor in
[ 1 duction data, we separat e a poloidal portion of the ~ ]o	 0 -1 signal, which depends on the distribution of th e hor

izontal conductivit ies of the layers only. So, in the 
We modify th e expression (7) for discrete model pa first stage of the inversion procedure we restore the 
rameters and, following Zhdanov (2002), represent horizontal condu ctiviti es of the layers. As an ini
a stabilizing functional in the form of the pseudo t ial guess we use th e appa rent condu ctivi ties, which 
quadratic functional: are computed by fitting th e observed signal with the 

th eoretical response from th e unbounded homoge
neous space of an optimal resistivity (Zhdanov et 

SM Gs (m) = II (Lm)T W; 2(Lm) II ' (8) aI., 2001b). We minimize th e parametric functional 
L. (M ) 

P" in (5) with the focusing stabilizer (8) using th e 
where sup erscrip t "T" means the transposition. The re-weighted conjugate gradient method (Zhdanov , 
matrix multiplication Lm describ es the finite differ 2002) until the misfit functional becomes less than 
ence derivation of the vector m of the discrete model th e noise level. 
parameters. The variable weighting matrix We for The resultant horizontal conduct ivity distribution 
th e SMGS functional , according to Zhdanov, 2002, is may serve as an initial guess in the second stage of
 
given by the formula inversion, namely, for the vertical conductivity in


version. However, we can chose the apparent verti

_ ~ ~ 1 / 2 cal condu ctivity as the initial vertical conductivity
 

2	 2We = diag[l\7mI2 + e jl / 2 = [diag2 (Lm) + e 1] distribution, as well. We apply the same iterative 
(9) solver to determine th e vertical conduct ivity cross-

where symbol diag [Lm] denotes a diagonal matrix section, keeping th e fixed values of the horizontal 
. . conductivities of th e layers. In this stage we use th e 

With the diagonal elements formed by the compo- th ti t f th H '" (th 1 . t I 
~. . syn e IC vee or 0 e respon se '" e iorizon a 

nents of th e vector Lm, e IS a small numb er mtro- t i fi ld f the hori tal mazneti d' I. magne IC e rom ie ionzon a magne ,IC lPO e ppduced to exclude a singularity in expression (8), and . th di di t t) C the i . 
~ m e me rum coor ina e sys em lor e mversion, 
I is identity matri~. .. . . because this component contains the toroidal mode 

We solve the minimization probl em (5) usmg the of the field which is sensitive to th e vertical conduc
re-weighted regularized conjugate gradient method tivity. The'compon ent H; in th e medium coordinate 
(Zhdanov ,2002).	 system can be computed from the observed tensor 

X l y ' z ' X'· •compon ents H"" , Hyl , Hzl , Hzl m the instrument 
INVERSION OF THE SYNTHETIC TIWL coordinate system by applying the corr esponding ro
DATA tation matrix (Zhdanov, et aI., 2001a). 

In practical application of the developed inversion We presen t severa l examples of inverting the re
method, we apply the inversion first to find the 1 sponses of a ten sor induction tool in the models of 
D horizontal conductivity model, and after that, we the layered TI formations. The configuration of an 
invert for the vertical conductivity model. This ap elementary tensor induction tool is shown in Figure 
proach can be justified based on the following con 1. The transmitter receiver separation is 1.0 m. The 
sideration. The tri-axial electromagnetic induction moments of all tool magnetic dipoles are equal to 1 
well-logging instrument measur es all components of Am2 , and th e operational frequency is 20 kHz . The 
th e induction tensor (Zhdanov et al., 200la) . These dip angle of the borehole is equal to 30 degrees with 
measurements allow us, in prin ciple, to separate the respect to the vertical axes. For inversion , we repre
toroidal (TM) and poloidal (TE) modes of the EM sent each model as a set of the sample layers with a 
field generated in the 1-D model (Berdichevsky and given small thickness tJ.h = 40 cm. 

3 
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The first example represents a simple two layered 
anisotropic model 1 (Figures 2 and 3). The rela
tive deviation angle between a borehole and the axis 
of symmetry of the transverse isotropic medium is 
equal to 30 degrees. This angle may be determined 
from the TIWL dat a using low frequ ency asyrnp
toties (Zhdanov et aI., 2001a), th erefore, we assume 
that the relative deviation angle is known. The left 
frame in Figur e 2 shows the true horizontal resistiv
ity of model 1 (the solid line) and th e initial guess 
based on the low frequency apparent resistivity cal
culation (the dotted-solid line). The synthetic mea
sured data have been calculated using th e GT3D 
software (Cheryauka and Zhdanov , 2001a) and con
taminated by 3% white noise. The right frame in 
th e same figure demonstrates the data observed and 
predicted by inversion ("+" and "-" symbo ls show 
the real and imaginary parts of observed data H; , 
respectively, while the "." and "-" symbols show th e 
real and imaginary parts of th e predict ed data H;) . 
The field in air is subt racted from in-phase parts of 
the signals. The final inversion result for the hori
zontal resist ivity is shown by the circles in the left 
panel of Figure 2. We use th e obt ained distribution 
of the horizontal resistivities as a st art ing model for 
th e vertical resistivity inversion (Figure 3, the left 
frame). Th e resulting model of the vertical resistiv 
ity distribution is shown in Figure 3, left panel, by 
the circles. The right panel in this figure demon
st ra tes how well the predicted data fit the observed 
data H; . We can see in these figures that the true 
resistivity profiles are recovered quite well with the 
sharp boundary inversion. 

In t he next Figures 4 and 5, we present th e inver
sion results for a three-layered transverse anisotropic 
model 2. We choose the following parameters of t he 
model: horizontal resistivi ty of the layers is equal to 
3, 20, and 8 Ohm-m , while the vertical resistivity 
is of 6, 100, and 16 Ohm-m, respectively. We use 
the same notations for the different curves plotted 
in these figures, as in Figures 2 and 3. We observe 
again a good recovery of the true model resist ivity 
profiles from the TIWL data. 

In the next model test we analyze the Baker At
las benchmark model (BA model , Yu et al., 2001). 
The authors of the cited paper invert ed the synthetic 
multicomponent induction data generated for this 
model by Schon et al., 1999. The model compr ises 
a sequence of the anisotropic layers with the differ
ent horizontal and vertical resistivities. We slightly 
modified this model to construct a formation consist
ing of seven sections with a thickness of two meters 

each. We use the following parameters of the model: 
horizontal resistivities of the layers - 1, 1.85,2.59, 

7.64, 20.00, 124.90, and 37.60 Ohm-m; 
vertical resistivities - 2, 6.75, 8.67, 9.00, 31.25, 

195.50, and 166.5 Ohm-m . 
We represent this formation as a set of the sam

ple layers with a given small thickness b.h = 25 em. 
The synthetic tensor indu ction well logging (TIWL) 
data have been computed for the anisot ropic BA 
model using the GT3D software developed by CEMI 
(Cheryauka and Zhdanov, 2001a). Th ese data were 
processed using the inversion scheme outlined above. 
Figures 6 and 7 present the results of TIWL dat a in
terpretation for th e anisotropic BA model. The re
sults obt ained with the focusing inversion algorithm 
show good restoration of th e blocky resistivity pro
files in anisotropic formations. The horizontal resis
tivity images match precisely the piecewise geome
try and electric properties of the layered structure. 
Th e images of vertical resistivity cross-section are 
slightl y contaminated by the jumps that happened 
in the viciniti es of th e high-contrast layer bound
aries. Note t hat the distortions are stronger at the 
ends of th e induct ion log, and much smaller in the 
middle of the log. 

As th e final example we consider the, so-called, 
Oklahoma benchmark model (Barber et al. 1999), 
which is widely used for testing modeling codes in 
well-logging (Figure 8 the left frame) . Th e original 
isotropic Oklahoma model consist s of 27 high resis
t ivity contrast layers with varying thicknesses from 
0.3 m up to infinity (the unbounded ha lf-space). We 
extend this model to anisotropic one, with the hor
izontal resistivities equal to the resistivities of the 
original Oklahoma model, and with the different ver
tical resistivities in 13 of 27 layers . The relative devi
ation angle between a borehole and the axis of sym
metry of t he transverse isotropic medium is equal 
to 30 degrees. The synthetic tensor induction well 
logging (TIWL) data have been computed for th e 
anisotropic Oklahoma model using the GT3D soft
ware. Thes e data were contaminated by 3% white 
noise and pro cessed using the same inversion scheme 
outlined above. 

Figures 8-10 present the results of TIWL data 
interpretation for th e anisotropic Oklahom a model. 
The left frame in Figure 8 shows the true horizontal 
resist ivity model (the solid line) and the initi al guess 
based on th e apparent resistivity calculation (the 
dotted line). The thickness of the sample layer is 0.5 
m . The right frame in the same Figure demonstrates 
the measured (the solid and dotted lines for quadra

4 
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ture and in-phase components, respectively) and th e 
pred icted (the circle markers) data for M zHz tool 
configuration (the H:: induction tensor component). 
The field in air is subt racted from in-phase parts 
of the signals. Figure 9 shows the final result of 
sharp boundary inversion for the horizontal resist iv
ity (the dotted line) and the corresponding measured 
and predicted data. We use the obtained distribu
t ion of th e hor izontal resist ivit ies as a starting model 
for the vertical resistivi ty inversion, and observe the 
horizontal magnetic field from .the horizontal mag
netic dipole (the H;: induction tensor component) 
shown in Figure 10 (the right frame) . The result
ing model of the vertical resistivity distribution is 
shown in Figure 10 (th e left panel). The results ob
tained with the sharp boundary inversion algori thm 
show good restoration of the blocky resistivity pro
files in anisotropic formations. The horizontal resis
t ivity images match precisely the piecewise geometry 
and electric prop erties of the layered structure . Th e 
images of verti cal resistivi ty cross-section are slightly 
contaminated by the jumps happened in the vicini
ties of the high-contr ast layer boundari es. These 
distortions can be decreased by app lying a penaliza
t ion of th e anisotropy coefficient function to keep it 
within a range of [1 - 3], typical for real anisotropic 
formations. 

CONCLUSIONS 

We developed a method of TIWL da ta interp re
tation in the layered anisotropic formation. The 
method is based on regularized focusing inversion 
with the minimum gradient support stabilizer. This 
method recovers the sharp boundary between t he 
different anisotropic geoelectrical layers and recon
structs both the horizontal and vertical resist ivit ies 
profiles. We use the low frequency asymptotic for
mulae for the apparent horizontal and vertical resis
tivities of the tool as the initial model for inversion , 
which ensures the rap id convergence of t he method. 
T he developed algorithm was tested on the syn
th etic TIWL data collected by a typical mult icom
ponent induction tool in the vertical and deviated 
wells in the layered anisotropic formations , includ
ing anisotropic Baker Atlas benchmark model and 
anisotropic Oklahoma model. The modeling results 
illustrate the practical effectiveness of this technique. 
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F igure 1: Tensor induction instrument with three mutually orthogonal transmit ters and a tri ple of mutually 
orthogonal receivers locat ed at a distance of 1 m from the tr ansmitters. 
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Figure 2: A two layered anisot rop ic model 1 with a deviated borehole (a = 30°) . The solid line in t he 
left panel represents a true model of t he horizontal resist ivity. The circles display t he inversion result . The 
dotted-solid line describes the initial approximation. In the right pa nel we present the real and imag inary 
parts of the observed and predicted data H;. 
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Figure 4: A three layered anisot ropic model 2 with a deviated borehole (a = 30°). T he solid line in the 
left panel represents a true model of t he hori zontal resist ivity. T he circles display the inversion result . T he 
dot ted-solid line describ es the initial approxima tion. In the right panel we present the real and imaginary 
parts of the observed and predicted data H; . 
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Figure 8: The horizont al resistivity inversion in the Oklahoma model: th e left frame shows the true model 
(the solid line) and th e apparent resistivity model (the initial guess, the dotted line); the right frame presents 
the real and imaginary parts of the measured synthetic data (the dotted and solid lines) and calculated 
response (the circle markers) . The vertical magnetic field from the vert ical magnetic dipole (M z Hz ) is 
analyzed. 
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Figure 9: The horizontal resistivi ty inversion in the Oklahoma model: the left frame shows the t rue model 
(the solid line) and the final horizontal resist ivity model (the dotted line); the right frame presents the real 
and imaginary parts of the measured synthetic data (the dotted and solid lines) and predicted response (the 
circle markers). The vertical magnetic field from the vertical magnetic dipole (MzHz) is considered . 
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Figure 10: The vertical resistivity inversion in th e Oklahoma model: the left frame shows the tr ue anisotropy 
coefficient model (the solid line) and the final anisot ropy coefficient model (the dot ted line); t he right frame 
presents th e real and imaginary par ts of the measured synthetic data (the dot ted and solid lines) and 
predicted respon se (t he circle markers) . The horizontal magnetic field from the horizontal magnetic dipole 
(M xH x) is considered. 
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