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ABSTRACT

This paper describes a numerical study examining the
effects of petrophysical, environmental, and geometrical
parameters on multi-component electromagnetic (EM)
induction logging measurements. Coaxial and coplanar
measurements enable the estimation of resistivities par-
allel and perpendicular to reservoir layers. However,
borehole, geometrical, environmental and petrophysical
effects can significantly bias these measurements. Un-
derstanding such biasing effects will aid in the inter-
pretation of induction measurements and subsequently
provide a more accurate and reliable formation evalua-
tion via inversion.

We perform numerical simulations of multi-component
induction logging measurements with a 3D finite-
difference modeling code. A suite of models is consid-
ered, including a layered reservoir with varyiable condi-
tions such as borehole dip angle, invasion, and electrical
anisotropy. Analysis is carried further to examine the
sensitivity of the multi-component measurements to the
extent of the invasion zone in a deviated well and in
the presence of shoulder-bed anisotropy. Finally, we
examine the response due to non-uniform invasion,
generated from mud-filtrate invasion in a horizontal
well.

Simulations show that shoulder-bed effects across sand
layers become substantial in the presence of shoulder-
bed anisotropy, even at low values of dip angle. Mea-
surements centered about sand layers exhibit sensitivity
to the depth of mud-filtrate invasion. In particular,
coplanar measurements exhibit different responses for
symmetric and non-symmetric invasion fronts, indicat-
ing the potential ability of multi-component tools to
detect non-uniform invasion. In addition, shoulder-bed
anisotropy has a considerable effect on these sensitivi-
ties, to significantly alter the assessment of invasion in
terms of resistivity, depth, and front shape.

INTRODUCTION

Presence of macroscopic electrical anisotropy, such as
that resulting from thinly laminated sand-shale and

sand-sand sequences, can substantially affect conven-
tional borehole induction measurements, thereby caus-
ing an erroneous evaluation of hydrocarbon saturation.
The addition of non-symmetric and non-uniform mud-
filtrate invasion resulting from highly deviated and hori-
zontal wells presents an additional degree of complexity
that is hard to differentiate from other petrophysical
and environmental effects. Multi-component induction
tools are now commercially available that provide addi-
tional measurements necessary to accurately character-
ize anisotropic near-wellbore formation properties.

Much has been reported on the use of coaxial array
induction measurements in complex borehole environ-
ments (Alpak et al., 2003, Anderson et al., 1999, 1997,
and Barber et al., 1995). However, relatively scant
information is available discussing environmental and
petrophysical effects on multi-component EM borehole
measurements. Tompkins et al. (2004) analyzed bore-
hole and invasion effects on multi-component induction
measurements in a vertical well. Wang and Fang (2001)
investigated multi-component responses in a deviated
well, and Wang et al. (2003) examined the effects of
borehole properties (mud conductivities and eccentric-
ity) and invasion within an infinitely thick layer.

This paper examines a range of petrophysical, envi-
ronmental, and geometrical parameters for their effects
on multi-component induction measurements acquired
in highly-deviated and horizontal wells. Special em-
phasis is given to the presence of electrical anisotropy
in the conductive shale layers shouldering a resistive,
hydrocarbon-bearing sand, and its subsequent influence
on measurements across the sand layer under varying
parameters, including dip angle, layer thickness, and
invasion. A suite of simulations is performed for vari-
ations of the model shown in Figure 1 to examine the
relative effects of borehole, shoulder-bed anisotropy,
and invasion on the different components (H .., H,.,
and H,,). Subsequently, we perform a systematic study
of the sensitivity of multi-component induction mea-
surements to radial lengths of invasion at various dip
angles, in the presence of shoulder-bed anisotropy. In
addition to parametric models, we examine models
generated directly from the simulation of mud-filtrate
invasion. This provides us with accurate representation
of non-symmetric and non-uniform invasion as a result
of well deviation, permeability anisotropy, capillary
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pressure, gravity segregation, and high/low permeable
layer interfaces. Our objective is to quantify the relative
sensitivity of multi-component measurements to the
various geometrical and petrophysical parameters in an
effort to evaluate their ability to distinguish the various
effects and thereby obtain an accurate and reliable
characterization of formation properties.

The sensitivity analysis is performed with a finite-
difference code (Hou et al., 2006) written with a
coupled vector-scalar potential formulation. This code
performs accurate simulations of multi-component bore-
hole induction measurements in 3D inhomogeneous,
anisotropic media over a wide range of frequencies.
Extensive benchmarking of the code indicates that the
accuracy of the simulations presented in this paper is
no worse that 2%.

METHODOLOGY

Borehole EM induction logging measurements are sim-
ulated across a complex reservoir model with permeable
and impermeable layers. Figure 1 shows the resistiv-
ity model considered for the numerical simulations; it
consists of a sequence of reservoir layers — ranging
from conductive brine-bearing to resistive hydrocarbon-
bearing — shouldered by conductive shale layers. This
model was adapted from an actual borehole logging
situation of a dipping well in the deepwater Gulf of
Mexico penetrating Tertiary unconsolidated turbidite
sediments. It includes a wide range of variations of
conductivity/resistivity contrasts. We simulate the mea-
surements assuming a tool that consists of collocated
multi-component magnetic receivers located 1.8, 0.7,
and 0.4 m below a single collocated multi-component
magnetic transmitter operating at 25, 50, and 100 kHz
(Figure 2).

-
Lishale  R,=1Qm,R,=10 Q:m Borehole \7/
ok i
L2 sand R=80 Q'm
X
2r R,=50m ]
L3 shale R,=1Q'm, R =10 Q:-m
_
S
AN i
=
°a L4 sand R=10 Q'm
(o) x
O 6r b
L5 shale Ro=2Qm R =1Qm,R=10Qm
81" 16 sand x R=0.3 Qm 1
L7 shale Ryo=0:5 m Rp=1Q'm,R,=10 O'm

10+ 1

Fig. 1: Layered resistivity model with borehole and
invasion. Diameters of the borehole and invasion are
21.59 cm and 30.48 cm, respectively. The borehole
resistivity is 0.4 ohm-m, with the borehole dip angle
located in the x-z Cartesian plane.

The numerical simulations algorithm overlays an opti-
mized grid onto a parameterized model domain and as-
signs averaged tensor conductivities to each cell. A non-
uniform Cartesian grid is constructed around the tool,
with a minimum grid size of 0.05 m near the transmitter
and the receivers. Grid steps progressively increase
outward from transmitter/receiver locations with incre-
mental steps as described by Davydycheva et al. (2003),
to the outer boundary located 1-2 skin depths away
for the lowest frequency of interest. A homogeneous
zero Dirichlet boundary condition is enforced at the
outer grid nodes. The formation model shown in Figure
1 is superimposed onto the grid using the standard
conductivity averaging approach described by Moskow
et al. (1999). In the simulation examples, the simulation
grid consists of 28x28x92 cells in the z, y, and z
directions, respectively. Figure 2 shows the distribution
of grid nodes in the z-z Cartesian plane superimposed
to one of the layers included in Figure 1, dipping at an
angle of 8. The same figure shows the relative location
of the transmitter and receivers. We shift the grid from
one measurement point to another as the location of the
tool is progressively moved along the borehole axis to
reproduce a standard logging operation.

Simulated magnetic fields are denoted as H,, =
Re(Hpq) + Im(Hpy), Where Re(Hpq) and Im(Hpg)
are the real (in-phase) and imaginary (quadrature) parts
of the magnetic field, respectively, the first subscript
p indicates the moment orientation of the magnetic
transmitter, and the second subscript ¢ indicates the
orientation of the magnetic receiver. In this paper, we
only examine magnetic fields pertaining to the maxi-
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Fig. 2: Subset of the 28x28x 92 finite-difference grid
used for the numerical simulations. Overlain on the grid
are the borehole and the first layer, with invasion, and
dipping at 6. To the right of the grid is a depiction of
the tool configuration, roughly to scale and vertically
aligned with the grid.



SPWLA 47" Annual Logging Symposium, June 4-7, 2006

mum coupled components of the type H ,, for the sim-
ulation examples. Moreover, for the models considered,
the formation response is predominantly contained in
the quadrature component; therefore, the simulations
presented here show only results for the quadrature
component.

NUMERICAL RESULTS

Shoulder-bed effects — Simulations of the model
(Figure 1) with no borehole and no invasion (1D) are
performed for various dip angles with the shoulder-beds
being either isotropic or anisotropic. Figures 3, 4, and
5 show quadrature field responses for H .., H,., and
H,,, respectively, at a frequency of 25 kHz and for a
receiver offset of 1.8 m. Similarly, Figures 6, 7 and 8
show quadrature field responses for a receiver offset of
0.4 m.

Simulations indicate that the effect of shoulder-bed
anisotropy on the measurements is more pronounced
for the conductive (0.3 ohm-m) reservoir layer, versus
a smaller, almost negligible effect, accross the resis-
tive (80 ohm-m) layer. These results reflect the model
with the reservoir layers having both different resis-
tivities and thicknesses, adding ambiguity as to which
parameter, the resistivity or the thickness, influences
the shoulder-bed anisotropy effect accross the reservoir
layer. To shed further light to this problem, we repeated
the simulations, where, for each simulation, the reser-
voir layers were assigned the same resistivity, 80, 10,
or 0.3 ohm-m. The ensuing simulations show that, for
the given model, the resistivity, and not the thickness
of the layer plays a significant role on the effect that
shoulder-bed anisotropy has on measurements acquired
across the reservoir layer.

The characteristic “horns” in the coplanar measurements
are caused by the accumulation of electrical charge
at bed boundaries. This charge buildup is associated
with the current flowing normal to the layer boundary.
With increasing dip angle, the H,.-induced current
flows increasingly parallel to the bed boundary and,
conversely, the H.-current flow becomes increasingly
normal. As a result, the horns observed in the H,,
response decrease with increasing dip angle. At the
same time, development of horns occurs in the H,,
response. The horns for H,, remain because the ori-
entation of the induced current loop with respect to the
layer boundary does not change with dip angle. Also,
the anisotropy effect shifts H,, toward positive for all
of the dip angles. On the other hand, H,, is shifted
toward positive for the dip angles of 0° to 45° and
shifted toward negative for the larger dip angles of 60°
and 80°.

A subsequent suite of simulations for the main model
(Figure 1) incorporates the borehole in conjunction with

invasion and shoulder-bed anisotropy — and combina-
tions thereof. We perform these simulations over a range
of dip angles. Results for a well dip angle of 80° and a
frequency of 25 kHz are shown in Figures 9, 10, and 11,
for a 1.8 m receiver offset and in Figures 12, 13, and
14 for a 0.4 m offset. These plots show responses for a
layered model and borehole, with and without invasion,
and with and without anisotropy in the shoulder-beds.
The associated 1D layered simulations are included to
emphasize the influence of the borehole on the shoulder-
bed and invasion responses. Results indicate that the
relative effect of the shoulder-bed anisotropy versus
the invasion response can vary, depending on the dip
angle and component configuration (ie., H .., Hy,, or
Hy,). In most cases, shoulder-bed anisotropy has a
larger effect across the reservoir layer than invasion. In
addition, the effect of the borehole can be significant,
compared to the invasion response, and can also de-
pend on the tool component, dip angle, and borehole-
formation conductivity contrast.

Invasion effects — We examine the sensitivities of the
different components (H ., H., and H,,) to invasion
in a deviated well environment. Wang et al. (2003)
described invasion effects in an infinitely thick layer
(whole-space) with the principal components of the
electrical anisotropy aligned with the tool components,
producing a diagonal conductivity tensor. Here, the
shoulder-bed effects are included, and because of the
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Fig. 3: Hzz quadrature field response for the model
shown in Figure 1 with no borehole and no invasion
(1D simulation). Receiver offset is 1.8 m, and the
measurement profiles vary in dip angle ¢, measured
fromthe normal direction to the layers. The panel shows
simulations for the model with isotropic (solid lines) and
anisotropic (dashed lines) shoulder-beds.
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Fig. 4: Hxx quadrature field response for the model
shown in Figure 1 with no borehole and no invasion
(1D simulation). Receiver offset is 1.8 m, and the
measurement profiles vary in dip angle 6, measured
from the normal direction to the layers. The panel shows
simulations for the model with isotropic (solid lines) and
anisotropic (dashed lines) shoulder-beds.
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Fig. 5: Hyy quadrature field response for the model
shown in Figure 1 with no borehole and no invasion
(1D simulation). Receiver offset is 1.8 m, and the
measurement profiles vary in dip angle 6, measured
from the normal direction to the layers. The panel shows
simulations for the model with isotropic (solid lines) and
anisotropic (dashed lines) shoulder-beds.
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Fig. 6: Hzz quadrature field response for the model
shown in Figure 1 with no borehole and no invasion
(1D simulation). Receiver offset is 0.4 m, and the
measurement profiles vary in dip angle 6, measured
fromthe normal direction to the layers. The panel shows
simulations for the model with isotropic (solid lines) and
anisotropic (dashed lines) shoulder-beds.
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Fig. 7: Hxx quadrature field response for the model
shown in Figure 1 with no borehole and no invasion
(1D simulation). Receiver offset is 0.4 m, and the
measurement profiles vary in dip angle 6, measured
fromthe normal direction to the layers. The panel shows
simulations for the model with isotropic (solid lines) and
anisotropic (dashed lines) shoulder-beds.
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Fig. 8: Hyy quadrature field response for the model
shown in Figure 1 with no borehole and no invasion
(1D simulation). Receiver offset is 0.4 m, and the
measurement profiles vary in dip angle 6, measured
fromthe normal direction to the layers. The panel shows
simulations for the model with isotropic (solid lines) and
anisotropic (dashed lines) shoulder-beds.
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Fig. 9: Hzz quadrature field response for variants of the
model shown in Figure 1. Receiver offset is 1.8 m, and
the measurement profiles are at a dip angle 6 of 80°,
measured from the normal direction to the layers.
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Fig. 10: Hxx quadrature field response for variants of
the model shown in Figure 1. Receiver offset is 1.8 m,
and the measurement profiles are at a dip angle 6 of
80°, measured from the normal direction to the layers.
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Fig. 11: Hyy quadrature field response for variants of
the model shown in Figure 1. Receiver offset is 1.8 m,
and the measurement profiles are at a dip angle 6 of
80°, measured from the normal direction to the layers.
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deviation of the well with respect to the layers, the
conductivity tensor is no longer diagonal.

To better quantify the invasion response and the sub-
sequent effect of shoulder-bed anisotropy, we perform
simulations for increasing radial lengths of invasion.
The tool (1.8 m offset) source-receiver midpoint is cen-
tered in the second reservoir layer (10 ohm-m, Figure 1),
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Fig. 12: Hzz quadrature field response for variants of
the model shown in Figure 1. Receiver offset is 0.4 m,
and the measurement profiles are at a dip angle 6 of
80°, measured from the normal direction to the layers.
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Fig. 13: Hxx quadrature field response for variants of
the model shown in Figure 1. Receiver offset is 0.4 m,
and the measurement profiles are at a dip angle 6 of
80°, measured from the normal direction to the layers.

but with the layer thickness decreased to 0.9 m to better
illustrate the effect of neighboring layers. Responses
are calculated for increasing values of radial length of
invasion for the model with isotropic and anisotropic
shoulder-beds.

Figure 15 shows H . results and Figure 16 shows H .,
and H,, results, at a frequency of 25 kHz, for 30°, 60°,
and 80° dip angles. A linear shift toward positive (or de-
crease in response) is observed in H . at radial lengths
of invasion out to a point of inflection, beyond which
the deviation between the two responses increases,
and the anisotropic response begins to asymptote. This
distance at which the inflection in the H,, component
occurs decreases with increasing dip angle. The H,
and H,, responses can differ greatly from each other
depending on the dip angle and presence of shoulder-
bed anisotropy. The effect of shoulder-bed anisotropy
alters the radial sensitivity in a nonlinear fashion and
causes the responses to reach their asymptotic value at
a shorter radial invasion length, indicating a decreased
radial extent of the sensitivity. Under isotropic shoulder-
bed conditions, the relative shapes of the H,, and
H,, responses can differ significantly, depending on
dip angle. However, in the presence of shoulder-bed
anisotropy, the shapes of the H,, and H,, responses
tend to parallel each other, with the exception that the
inflection point occurs at a shorter distance for H,,
depending on the dip angle.

Responses at a frequency of 100 kHz, shown in Figure
17, of H,, and H,, for 30°, 60°, and 80° dip angles,
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Fig. 14: Hyy quadrature field response for variants of
the model shown in Figure 1. Receiver offset is 0.4 m,
and the measurement profiles are at a dip angle 6 of
80°, measured from the normal direction to the layers.
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exhibit different sensitivities to the invasion, indicating
additional, unique information born by the frequency
behavior of these components.

Horizontal well — We examine the multi-component
induction response in a horizontal well environment.
Alpak et al. (2003) studied the sensitivity of a coaxial ar-
ray induction tool to numerically simulated mud-filtrate
invasion from a horizontal well. Their simulations for
the case of 25% porosity and a permeability anisotropy
of kn/k, = 1, 3, 5, and 10 are considered here. We
extend Alpak et al.’s (2003) model to include presence
of electrical anisotropy, borehole eccentricity, and a
resistive, oil-based mud.

A 2D distribution of electrical conductivity is calculated
from water saturation and salt concentration distribu-
tions described by Alpak et al. (2003), using Archie’s
equation (Archie, 1942),

o= (1/a)owd™Sy, 1)

where o, o, ¢, and S,, denote the formation conduc-
tivity, brine conductivity, porosity, and brine saturation,
respectively, and the terms a, m, and n are empirical
constants. The brine conductivity is calculated with the
equation (Zhang et al., 1999)

3647.5) 82

-1
2
C0.955 1.8T+39} IO

where C,, is the simulated salt water concentration
and T is the formation temperature in [°C]. Figure 18
shows a subset of the calculated conductivity distribu-
tions for the different cases of permeability anisotropy.
This scalar conductivity grid is mapped, using bilinear
interpolation, to a 44 x 44 xy-grid with an outer bound-
ary similar to that used in the previous EM logging
simulations. The zy-planar conductivities are copied in
the z-direction of the grid, generating a 3D mesh to
accomodate the 3D EM finite-difference modeling code.

Ow = [(0.0123 +

Multi-component induction responses are calculated for
multiple receiver offsets, ranging from 0.4 mto 1.8 m, at
a frequency of 100 kHz. These responses are converted
to apparent conductivity via

Oapp = Kpp - Imag (Hpp) , 3)

where K is a calibration constant relating the ana-
lytical whole-space response of a magnetic dipole to
a whole-space conductivity of 0.28 (S/m), which is
the background formation conductivity associated with
simulations of mud-filtrate invasion.

Figure 19 shows H. ., H,,, and H,, responses for the
models shown in Figure 18. Field responses are included
for a whole-space, to reference the true formation con-
ductivity, and for a well with no invasion to reference
the borehole effect. For all models, invasion responses
are destinguishable from those with no invasion. With
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Fig. 15: Hzz quadrature field response versus radial
length of invasion for the 3D model shown in Figure
1, with and without electrical anisotropy in the shale
layers. Receiver offset is 1.8 m and the tool is centered
in the 10 ohm-m layer having a thickness of 0.9 m. The
well dip angleis (a) 30°, (b) 60°, and (c) 80°.
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Fig. 16: Hxx and Hyy quadrature field response versus
radial length of invasion for the 3D model shown in
Figure 1, with and without electrical anisotropy in the
shale layers. Receiver offset is 1.8 m and the tool is
centered in the 10 ohm-m layer having a thickness of
0.9 m. The well dip angle is (a) 30°, (b) 60°, and (c)
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Fig. 17: Hxx and Hyy quadrature field response versus
radial length of invasion for the 3D model shown in
Figure 1, with and without electrical anisotropy in the
shale layers. Receiver offset is 1.8 m and the tool is
centered in the 10 ohm-m layer having a thickness of
0.9 m. The well dip angle is (a) 30°, (b) 60°, and (c)
80°. The transmitter frequency is 100 kHz
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exception of the k,/k, = 1 case, the H,, and Hy,
invasion responses differ negligibly among the cases.
The H,, responses, however, are distinguishable from
the different models.

The analysis is extended for the k,/k, = 10 case
to include the effect of electrical anisotropy, borehole
eccentricity, and resistive, oil-based mud. Anisotropic
conductivities are assigned to individual cells, where
the vertical conductivity, o,,, is reduced with respect
to the horizontal conductivities, o, and o, (which
represent the interpolated scalar conductivity). Borehole
eccentricity is simulated by shifting the tool, or the xzy-
grid center, downward in the y-direction by 5 cm —
approximately half-way to the borehole wall.

Figure 20 shows results for these simulation cases
that include electrical anisotropy and borehole eccen-
tricity. The effect of anisotropy uniformly shifts the
H.. and H,, responses to a decreased and increased
apparent conductivity, respectively. By contrast, the
H,, response change is nonlinear, with the apparent
conductivity increasing with increasing receiver offset.
In all components, the eccentricity uniformly shifts the
responses, with a more pronounced shift occuring in
the H,, component, causing a decrease in apparent
conductivity for H ., and an increase for H,, and H,,.

Anisotropy and eccentricy effects are repeated for the
borehole conductivity decreased to 0.001 (S/m) to sim-
ulate presence of oil-based mud. Although the con-
ductivity distributions outside the borehole (in Figure
18) do not represent the invasion of an oil-based mud,
we nevertheless wish to examine the difference in
response between conductive and resistive boreholes
(muds) for a given formation conductivity distribution.

(@) ki /ky =1 (b) kn/k, = 3

hn

(d) Ah/k =10

Y(m)

Y(m)

01 02 03 04 05 06 07 08 09 1
Conductivity (S/m)

Fig. 18: Conductivity distributions calculated from hor-
izontal mud-filtrate simulations described by Alpak et
al. (2003). Panels (a), (b), (c), and (d) show cases for
permeability anisotropy with k;,/k, = 1, 3, 5, and 10,
respectively.

The relative effect of anisotropy on the H,, and H,,
responses is similar to that for the conductive mud, in
that H,, is uniformly shifted and H,, increases with
receiver offset. By contrast, the H,,, change is no longer
parallel, but decreases with increasing receiver offset.
The eccentricity effect is a smaller shift, compared to
the conductive mud case, with the shift in H,, being
negligible, and the shift in H,, being in the opposite
direction (a decrease in conductivity).

DISCUSSION

This study is a preamble to inversion. It is difficult
to intuitively comprehend the intricate information in-
cluded in multi-component induction measurements,
however, an understanding of the nature and sensitiv-
ities of these measurements to various petrophysical,
environmental, and geometrical effects may be incorpo-
rated into inversion algorithms. For instance, subsets of
the measurements having greater sensitivity to specific
effects/features may be used in a data adaptive inversion
scheme. Furthermore, a rudimentary assessment of the
formation properties, such as layer orientation, may be
interpreted from the raw measurements and used in a
starting model (inital guess) of an iterative inversion
process.

CONCLUSIONS

Shoulder-bed anisotropy has a measurable effect on
induction logging responses across a sand layer. Both
borehole dip angle and conductivity of the sand layer
determine the relative contribution of this effect on
the measurements, causing possible non-uniqueness in
distinguishing true formation properties.

For the radial length of invasion considered in the model
(Figure 1), the shoulder-bed anisotropy effect is, in
most of the cases presented, much more pronounced
than the invasion response. Consequently, it is important
to accurately account for shoulder-bed anisotropy to
correctly estimate the invasion characteristics.

The sensitivity of the induction tool to radial length
of invasion is also affected by shoulder-bed anisotropy.
For isotropic shoulder beds, the various EM measure-
ment components exhibit distinguishable sensitivities
with respect to each other, indicating their ability to
determine the shape of the invasion front. We note,
however, that the shapes of these responses can be
very sensitive to dip angle. Consequently, an accurate
measure of the dip angle between the borehole and the
layer is vital to correctly assess presence and shape of
invasion. However, shoulder-bed anisotropy causes the
sensitivity responses to reach their asymptotic value at a
shorter invasion length, thereby indicating a decrease in
the radial length of sensitivity. Furthermore, the relative
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Fig. 21: Smulations of apparent conductivity versus
receiver offset for the conductivity distribution in Figure
18d (kn/k, = 10), but with the borehole conductivity
decreased to 0.001 (Sm) to represent an oil-based mud.
The panels show (a) 0., obtained from H ., (b) 0.,
obtained from H,,, and (c) oy, obtained from H,,.
The panels include simulations for cases with electrical
anisotropy and well eccentriciy. For each case, the
response for a borehole and no invasion is included for
reference. Also included is the result for a background
whole-space. The tool frequency is 25 kHz.

shapes of the H,, and H,, responses become similar,
suggesting that the ability to estimate the invasion front
from these components is impaired.

Simulations for the case of a horizontal well indicate
that mud-filtrate invasion entails unique responses in the
H,,. component, demonstrating the sensitivity of muti-
component induction measurements to the shape and
spatial extent of the invasion front. Presence of electrical
anisotropy causes a uniform shift in the apparent con-
ductivities estimated from H,, and H,,. By contrast,
the conductivity estimated from H,, has a distinguish-
able nature, in that it increases with increasing receiver
offset. This feature could be used to quantify presence
of electrical anisotropy in a horizontal well environment.
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