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Abstract

This paper performs an analysis of the borehole effects
in coaxial and coplanar electromagnetic logs within lami-
nated formation models with isotropic and anisotropic shale
laminae. This study compares results from a 3D Vector
Finite Element program (with borehole) and a 1D-Analytic
code (no borehole). The results reproduce some well-
known characteristics of these logs. In comparison with the
coaxial configuration, the coplanar logs show a stronger
horning effect in front of the bed boundaries; a stronger
skin effect to the conductivity media; and a more prominent
oscillation in the laminated formation. In addition, feature
changes (curves with angular or smooth shapes) occur on
the coaxial and coplanar responses as the dipping angle
varies. We conclude that the coplanar responses are more
sensitive to the anisotropy and the borehole effects than the
coaxial responses although they have opposite behaviors
with respect to the dipping angle, i.e., for small angles
where the coaxial is least sensitive to these effects, the
coplanar is most sensitive, and for large dip angles where
the coaxial is most sensitive, the coplanar is least sensitive.

Introduction

The deepwater turbidite reservoirs from Campos Basin
comprise one of the most important petroleum accumu-
lations offshore Brazil. These reservoirs can be very
complex and heterogeneous, ranging from massive thick
sands to highly laminated sand/shale sequences. A lami-
nated reservoir consists of thin layers alternating between
conductive water-bearing shales and resistive oil-bearing
sands (Gomes et al., 2002), as illustrated in Figure 1.

Thinly laminated reservoirs are described by a typical
effective electrical anisotropy because the single layers
cannot be individually resolved by the resistivity induction
tools. The horizontal conductivity, σh, parallel to the
layers is more strongly controlled by the shale, while the
vertical conductivity, σv, perpendicular to the layers, is
dominated by the resistive hydrocarbon sand zones. This
type of anisotropy is usually referred to as structural or
macroscopic anisotropy.

From the beginning of this century, the need for more infor-
mation from Interbedded sand-shale turbidite sequences
prompted the development of the triaxial or multicompo-
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Figure 1: Laminated sand/shale sequence and illustration
of the transmitters and receivers of the coaxial and copla-
nar coil configurations.

nent wireline induction tool, with nine coupling compo-
nents, that have been successfully used to determine
formation anisotropy and bedding dip angle (Kriegshäuser
et al., 2000). Currently, besides being the main location
tool of finely laminated reservoirs, triaxial sources and
sensors are also applied in many situations of asymmetric
geometry, such as locating dissolution cavities (vugs) and
fractured zones in the vicinity of the wells, monitoring
invasion fronts in horizontal wells, among others.

The simplest multicomponent triaxial induction tool con-
sists of three mutually orthogonal coil transmitters and
receivers. Figure 1 illustrates two of the nine possible
transmitter-receiver combinations: the coaxial configura-
tion, where the dipole moment of the source and the
receiver are aligned with the borehole axis, and a coplanar
configuration with the dipole moment of the source normal
to the axis in the (x,z) plane. The borehole diameter is D.

Transversely isotropic (TI) homogeneous media have the
same resistivity in every direction in the bedding plane,
but a different resistivity normal to it. TI anisotropy is
a reasonable assumption based on normal depositional
processes. For TI media with a vertical axis of symmetry
(TIV), Kaufman and Ytskovich (2017) show that, in the low
frequency range, the anisotropy ratio λ 2 is

λ
2 =

σh

σv
≈ Im{Hzz}/H(0)

zz

Im{Hxx}/H(0)
xx

, ω → 0, or
L
δ
� 1, (1)

where σh and σv are the horizontal and vertical conductiv-
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ities, L is the transmitter-receiver offset, H(0)
zz = mz/(2πL3)

and H(0)
xx = mx/(4πL3) are the coaxial and coplanar direct

mutual coil coupling, respectively, and δ is the plane
wave skin depth. Anderson et al. (2008) show that this
anisotropy index is a useful measurement because it alerts
the log analyst to look for potential laminated pay-reservoir.

Complex apparent conductivities may be calculated from
the coaxial σ cx

a and coplanar σ
cp
a coil configurations, as-

suming an infinite homogeneous isotropic medium (Zhang
et al., 2012):

σ
cx
a = σ

cx
R + iσ cx

X = i
4πL
ωµ

Hzz, (2)

σ
cp
a = σ

cp
R + iσ cp

X = i
8πL
ωµ

Hxx. (3)

The real parts σ cx
R and σ

cp
R are named quadrature or

resistive components and the imaginary parts σ cx
X and σ

cp
X

are the inphase or reactive components.

The coaxial and coplanar mutual coupling signals
(H(o)

zz ,H(o)
xx ) are part of the imaginary parts of the conduc-

tivities and are several orders of magnitude greater than
the formation signals. Actual field tools usually contain
additional "bucking" coils to cancel these large mutual
coupling signals. However, since it is straightforward to
calculate analytically and remove them computationally
(Anderson et al. 2002) we do not model bucking coils. The
imaginary parts of the apparent conductivity without direct
coupling are denoted by σ cx

XF and σ
cp
XF .

The effective horizontal (σh) and vertical (σv) conductivities
of a sand-shale (σsd and σsh) thinly laminated formation,
when their laminae thicknesses are less than the tool’s
vertical resolution, are obtained by weighted arithmetic and
harmonic means, respectively:

σh = σsdVsd +σshVsh, (4)

σv =

(
Vsd

σsd
+

Vsh

σsh

)−1
, (5)

where the weights Vsd and Vsh = 1−Vsd are the volume frac-
tions of each material, that can be obtained, for example,
by spectroscopy probe (Anderson et al., 2008).

Equation 4 explains the strong dependence of σh to the
water-bearing shale laminae (high conductivity) and the
poor sensitivity to the oil-bearing sand laminae (low con-
ductivity).

Thus, sand laminae conductivity can be estimated from the
horizontal (coaxial signal) and vertical (coplanar signal) ap-
parent conductivities and applied in the classical Waxman
and Smits (1968) model to estimate the water saturation in
oil-bearing shaly sand reservoirs.

Originally, this method (Eqs. 4 and 5) assumed sand and
shale laminae were isotropic. Lab measurements and field
test results of the triaxial induction tool, however, show that
shale formations often have anisotropic conductivity (λ 2 = 1
to 8), originating from their micro-bedding structure with di-
mensions bellow measurement resolution. Thus, in shales
this type of anisotropy is a function of the compaction
(clay porosity). This is usually referred to as intrinsic or
microscopic anisotropy, and it is usually weaker than the
structural anisotropy of laminated formations. Clavaud

et al. (2005) show that intrinsic shale anisotropy plays an
important role in the estimation of conductivities in finely
laminated sand-shale reservoirs.

According to Moinfar et al. (2010) the borehole and the
invasion zone effects on multi-component induction mea-
surements can be significant, mainly in water-base muds.
These effects may give rise to electrical pseudo-anisotropy
in isotropic reservoirs. Therefore, a quantitative assess-
ment of the influence of the borehole on well logging
data may contribute with important information to help in
interpretation.

To study the effect of the borehole we have implemented
a 3D Vector Finite Element program to simulate electro-
magnetic well logs in anisotropic formations. Using this
program, we simulate well log data from vertical, as well
as inclined wells using both coaxial and coplanar coil
configurations.

Here we present the results of a comparative analysis
of the TI-anisotropy level on the coaxial and coplanar
responses in one-dimensional (no borehole) and three-
dimensional laminated sand-shale models, with isotropic
and anisotropic laminae, traversed by a borehole filled with
a conductive water-based mud.

Theory and method

The layered 1D problem is formulated using the mathe-
matical tools described by Kaufman and Ytskovich (2017),
generalized to multi-layered TIV media. The solutions
are written as integrals of the Hankel transform, which
are evaluated numerically using the Quadrature With Ex-
trapolation (QWE) method as presented by Key (2012).
The basic difference between the solutions that we have
implemented (Carvalho et al., 2010) for the 1D isotropic
and 1D anisotropic problems is the manner of recursively
computing the transmission and reflection coefficients on
the interfaces. For the isotropic case, explicit analytic
expressions are written for these coefficients using recur-
rence relations, whereas in the anisotropic problem all
coefficients are determined by the solution of a system of
linear equations whose size is proportional to the number
of layers in the model.

The 3D problem is solved with an implementation of the
Vector Finite Element method, using a secondary magnetic
field formulation and following the steps presented by Jin
(2015). The dipole sources are in an infinite homogeneous
isotropic space with the same conductivity as the drilling
mud that simulates the environment inside the borehole.
This choice for the primary medium means that the sec-
ondary media occupy all the space outside the borehole,
so that the primary electric field from the sources needs
to be calculated in a great number of points in the mesh.
However it presents two important advantages: it will easily
allow the simulation of different geometries for the borehole
in future work and it results in the primary electric field
(Ward and Hohmann, 1987, p. 176) being calculated using
an extremely simple formula, with minimum computational
effort.

The problem is formulated to solve directly for the sec-
ondary magnetic field, which obviates the need to calculate
numerical derivatives.

The system of linear equations generated by the Vector
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Finite Element method needs to be solved twice (once for
each dipole) for every tool position in the profile, with the
same complex sparse coefficient matrix. We chose to use
a direct parallel solver, because a direct approach allows
the factoring of the coefficient matrix only once, solving the
multiple systems every time with only a phase of forward
and backward susbtitutions. This means that the problem
is highly demanding in terms of computer memory, but can
be solved in shorter times than with an iterative solution.

The profiles presented here will be in straight boreholes
positioned in the (x,z) plane, and only the coaxial and
coplanar configurations will be simulated. Using the coordi-
nate system illustrated in Figure 1, in both 1D and 3D cases
the observed fields for the coaxial (Hz′z′ ) and coplanar
(Hx′x′ ) coil configurations with source dipole moments mx′ =
mz′ = m are the combination of four signals: the vertical (Hzz
and Hxz) and horizontal (Hzx and Hxx) components from
the vertical (VMD) and horizontal (HMD) dipole sources.
These are the ones needed to simulate the responses at
any dip angle θ measured in relation to the vertical z-axis:

Hz′z′ = m
[
Hxx sin2

θ +(Hxz +Hzx)sinθ cosθ +Hzz cos2
θ

]
(6)

Hx′x′ = m
[
Hxx cos2

θ − (Hxz +Hzx)sinθ cosθ +Hzz sin2
θ

]
(7)

The sensitivity of the coaxial (Hz′z′ ) and coplanar (Hx′x′ )
signals to anisotropy is complementary: for small dip
angles where the coaxial is least sensitive to anisotropy, the
coplanar is most sensitive, and for large dip angles where
the coaxial is most sensitive, the coplanar is least sensitive.

Results

In our simulations, the tool transmitters are magnetic point
dipoles operating at 20 kHz and the source-receiver offset
is L = 1.0 m. The borehole diameter is represented by D
and the dip angle is θ .

According to Anderson et al. (1992) a laminated anisotropy
level close to λ 2 = 2 is a typical contrast for actual logging.
Thus, in Figures 3 to 4, we have modeled a laminated
formation containing resistive sands (σsd = 0.2 S/m) al-
ternating with conductive isotropic shales (σsh = 1.0 S/m).
The sand-shale laminae thicknesses are equal (Vsd =Vsh =
50%) and value 0.5 m. Thus, applying equations 4 and
5 the equivalent horizontal and vertical conductivities and
anisotropy ratio from an equivalent anisotropic bed are

σh = 0.6 S/m, σv =
1
3

S/m, λ
2
b =

σh

σv
= 1.8. (8)

Figure 2 shows a validation exercise with a comparison of
the 3D and 1D logs for the laminated formation with the
values as in Equation 8) in a dipping (60◦) well. In this case,
to simulate the measurements in the 3D code, the borehole
diameter is assumed exceedingly small (6 cm diameter)
and the mud conductivity equal to the geometric mean
of the two laminae conductivities: σmud =

√
σshσsd = 1/

√
5

S/m. In these conditions, it is expected that the borehole
effects are small and the 1D and 3D solutions are similar.

The results show an excellent agreement between the 1D
and 3D solutions within the laminated formation, except
for a slight departure from the curves below and above
the laminated formation where the conductivity contrast

between the mud and formation is greatest. This small
effect appears on the resistive logs, mainly on the coplanar
signal, because of its well-known (Anderson et al., 2002)
strongest skin effect (signal level attenuation and phase
shift caused by the mud conductivity).

The resistive coplanar log is also more sensitive to the
conductivity variations in the laminae and show a more
prominent oscillation than the coaxial log. In addition,
the expected coplanar “horns” are observed in both 1D
and 3D results. These horns have been shown by Régis
et al. (2020) to be associated with the discontinuous current
density field parallel to the interfaces between layers, rather
than with surface charge build-up from the continuous
current across the interface, as was universally accepted
since the early 1990s. They are unavoidable features of the
coplanar profiles and are slightly smoothed by the influence
of the well, a difference hard to notice for this thin well, but
more pronounced in regular wider wells, as shown in the
next example.

This result indicates a good validation between 1D and 3D
responses, i.e., less than 1% difference within the lami-
nated formation, that gives us confidence in the accuracy
for more complicated geometries.

Figure 3 shows the 3D and 1D results for the same
laminated formation as in the validation example, but now
traversed vertically by a borehole with a 20 cm diameter,
filled with a water based 3 S/m mud and without invasion
zones. The goal here is to evaluate the percentage
difference of the borehole effect on the 3D coaxial and
coplanar signals in relation to those of the no-borehole 1D
responses. For this, we calculate the Root Mean Square
(RMS) in the middle of the laminated formation, from -2.0
m to 2.0 m, i.e., away from the boundaries to the adjacent
infinite half-spaces above and below.

Firstly, notice within the laminated formation a feature
change on these resistive vertical responses (angular to
smooth shape) due to the cancellation or disappearance of
the horns in the laminae interfaces. In addition, there is a
curve reversal with respect to the model for both coaxial
and coplanar resistive logs which seems to arise from
purely geometrical effects of the relative positions of the
transmitter and the receiver within the laminae (Carvalho
et al., 2018).

Comparing with an equivalent anisotropic bed with con-
ductivities calculated using Eqs. 4 and 5 (σh = 0.6 S/m,
σv = 1/3 S/m), note that within the laminated formation the
resistive coaxial signal oscillates close to σh whereas the
resistive coplanar signal oscillates near σv.

Again, the borehole effect is much more pronounced on
the resistive signals than on the deeper reactive signals
for both coil arrays although this effect is stronger in the
coaxial reactive signal (7.6%) than on the coplanar reactive
signal (0.7%). As for the resistive signals, the borehole
effect has the opposite behavior, i.e., the coaxial resistive
signal increases (6.9%) whereas the coplanar resistive
signal decreases strongly (25.4%) due to the accentuated
skin effect in this conductive mud.

Figure 4 shows the coaxial and coplanar deviated logs at
60◦ in the same laminated model of the Figure 3. This
dipping angle increases the borehole effect on the coaxial
reactive (7.6% to 8.5%) and resistive (6.9% to 8.7%)
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signals, as compared to the vertical logs shown in Figure 3.
However, reductions are observed on the coplanar reactive
(0.7% to 0.02%) and resistive (25.4% to 15.6%) signals.

Figure 5 shows the 1D and 3D coaxial and coplanar
responses for a laminated formation analogous to the
previous examples, but now the model has anisotropic
shale (λ 2

sh = 2) with horizontal and vertical conductivities
σ sh

h = 1.0 S/m and σ sh
v = 0.5 S/m. Thus, there is no vertical

conductivity contrast in this formation anisotropic model.

According to Clavaud et al. (2005) replacing σ sh
h for σ sh

in Equation 4 and σ sh
v for σ sh in Equation 5 we obtain the

anisotropic ratio (λ 2
b = 2.1) from the equivalent anisotropic

bed to this laminated formation with anisotropic shale
laminae.

Firstly, notice within the laminated formation a new an-
gular feature of the coaxial resistive responses due to
the anisotropic shale laminae, whereas the coplanar re-
sponses have the same angular shape as seen in Figure 3.
The differences between 3D and 1D data due to the bore-
hole effect on the coaxial reactive and resistive logs are
9.9% and 9.3%, respectively, while on the coplanar reactive
and resistive logs are 0.02% and 15.4%, respectively.

The sensitivity of the coaxial and coplanar responses to
the anisotropy and the borehole is opposite, i.e., for small
dip angles where the coaxial is least sensitive to these
effects, the coplanar is most sensitive, and for large dip
angles where the coaxial is most sensitive, the coplanar is
least sensitive. The main physical cause of these coaxial
and coplanar opposite behaviors is the same: the weight of
the horizontal magnetic component of the horizontal dipole
(Hxx) contribution on the coaxial and coplanar dipping
logs, since this is the only one of the four magnetic field
component that has anisotropy sensitivity and strongest
skin effect in the Equations 6 and 7.

Conclusion

The comparative study presented here investigates the
influence of the borehole environment in the responses
of coplanar and coaxial electromagnetic well logs in lam-
inated formations, using 1D analytical solutions to simulate
the logs without the borehole and a 3D vector finite element
program to model the responses in the same formations
with the presence of a borehole.

The results from the show that the coplanar responses are
more sensitive to the anisotropy and the borehole effects
than the coaxial responses although they have opposite
behaviors with respect to the dipping angle, i.e., for small
dip angles where the coaxial is least sensitive to these
effects, the coplanar is most sensitive, and for large dip
angles where the coaxial is most sensitive, the coplanar is
least sensitive.
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Figure 2: Validation test. Simulation of logs from a dipping well. 3D results generated with a thin borehole with a 6 cm diameter
and mud conductivity equal to the geometric mean of the two conductivities in the model.
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Figure 3: Comparison between logs without (1D) and with (3D) the influence of a borehole in a vertical well in an isotropic
shale/sand laminated formation.
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Figure 4: Comparison between logs without (1D) and with (3D) the influence of a borehole in a dipping well in an isotropic
shale/sand laminated formation.
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Figure 5: Comparison between logs without (1D) and with (3D) the influence of a borehole in a dipping well in a model composed
of a sequence of isotropic sand laminae in an anisotropic shale host.
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