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ABSTRACT. This paper studies the borehole effect in the triaxial induction logs within sand-shale lami-
nated models with isotropic and anisotropic shale laminae with transverse isotropy. This study compares
results from a 3D Vector Finite Element program (with borehole) and a 1D-Analytic code (no borehole). In
comparison with the coaxial configuration, the vertical coplanar logs show a stronger horning effect in front
of the laminated pack boundaries; a more intense skin effect to the conductivity media; and a more promi-
nent oscillation within the laminated formation. In addition, feature changes (angular or smooth shapes)
occur on the coaxial and coplanar responses as the dipping angle varies. The sensitivities of the logs to
the anisotropy and borehole are opposite, i.e., for small angles where the coaxial is least sensitive, the
coplanar is most sensitive, and for large angles where the coaxial is most sensitive, the coplanar is least
sensitive. The main physical cause of these opposite behaviors to the anisotropy and borehole effect is
the same: the weight of the horizontal magnetic component of the horizontal dipole contribution on the
coaxial and coplanar dipping logs since it is the only one of the four magnetic field components that has
anisotropy sensitivity and strongest skin effect.

Keywords: borehole effects, triaxial induction tool, laminated sand-shale formations, electrical anisotropy,
anisotropic shale host.
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INTRODUCTION

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

Thinly laminated reservoirs are described by a typical effective electrical anisotropy because the sin-
gle layers cannot be individually resolved by the resistivity induction tools. The horizontal conductivity, oy,
parallel to the layers is more strongly controlled by the shale, whereas the vertical conductivity, o,, per-
pendicular 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 information from interbedded sand-shale turbidite
sequences prompted the development of the triaxial or multicomponent wireline induction tool, with nine
coupling components, that have been successfully used to determine formation anisotropy and bedding
dip angle (Kriegshauser 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) in carbonates and fractured zones in the vicinity of the wells, and
monitoring invasion fronts in horizontal wells (Omeragic et al., 2015).

Over the past ten years, new configurations have appeared that use real-time transmission of the nine
components to allow inversion methods to determine both resistivity and anisotropy, as well as the dip
angle and azimuth of the formation. For example, an electromagnetic azimuthal resistivity logging while
drilling (EM-LWD) tool (Clegg et al., 2021), and a higher frequency Electromagnetic Look-Ahead (EMLA)
tool (Bittar et al., 2021), have been used to enable proactive geosteering and reservoir mapping, investi-

gating several meters away from the borehole and ahead of the drill-bit.
The simplest multicomponent triaxial induction tool consists of three mutually orthogonal coil transmitters
and receivers. Figure 1 illustrates two of the nine possible transmitter-receiver combinations in a borehole
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2 BOREHOLE EFFECTS IN INDUCTION LOGS

Shale: high o

Figure 1. Laminated sand-shale sequence and illustration of the transmitters and receivers of the coaxial
and coplanar coil configurations.

with diameter D: the coaxial configuration, where the dipole moment of the source and the receiver are
aligned with the tool axis, and a coplanar configuration with the dipole moment of the source normal to the

axis in the (z, z) plane.

The profiles presented here will be in straight boreholes positioned in the (z, z) plane, and only the
coaxial (2’ direction) and coplanar (z’ direction) configurations will be simulated. Using the coordinate
system illustrated in figure 1, in both 1D and 3D cases the observed magnetic fields at the receiver coils
for the coaxial (H,/,/) and coplanar (H,,/) configurations with source dipole moments m, = m, = m
are the combination of four signals: the vertical (H,, and H,.) and horizontal (H,, and H,,) components
from the vertical (VMD) and horizontal (HMD) dipole sources. These are the ones needed to simulate the

responses at any dip angle # measured in relation to the vertical z-axis:

H,, =m [Hm sin?@ + (H,, + H.,)sinfcosf + H.. cos> 9} , (1)

Hyw =m [Hm cos> 0 — (H,, + H.,)sinfcosf + H,, sin’ 9] ) (2)

The sensitivities of the coaxial (H../) and coplanar (H ) dipping logs to the anisotropy and borehole
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effect are 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 cause of these opposite behaviors is the relative weight of the contribution of the
horizontal magnetic component of the horizontal dipole (H,.) to the coaxial (sin? §) and coplanar (cos? )
responses (equations 1 and 2), since that is the only one of the four magnetic field components that has
anisotropy sensitivity (Kaufman and Ytskovich, 2017) and also the one that is subject to the strongest skin

effect (Anderson et al., 2002).

Transversely isotropic (Tl) homogeneous media have the same resistivity in every direction in the bed-
ding plane, but a different resistivity normal to it. Tl anisotropy is a reasonable assumption based on
normal depositional processes. For a Tl medium with a vertical axis of symmetry (TIV), Kaufman and

Ytskovich (2017) show that, in the low frequency range, the anisotropy ratio A\? is

0
Th Im {HZZ}/HZ(Z) —0, or L <1 (3)
0o Im{H,y} /HY' ’ ’

A=
5

where o}, and o, are the horizontal and vertical conductivities, L is the transmitter-receiver offset, H§2> =
m./(2rL3) and HY = m,/(4xL3) are the free space direct mutual coil coupling for the coaxial and
coplanar arrays, respectively, with source dipole moments m, and m,, and ¢ is the largest plane wave
skin depth in the medium. 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 o5* and coplanar o3’ coil configu-

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

. ArnL

ol =0 +ick = z—wu H,,, (4)
) 8L

oF = 0%9 +ioY = ZTMHW. 5)

where ¢ = v/—1,w = 2xf is the angular frequency, f is the linear frequency, and p is the magnetic
permeability.
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Following Moran and Kunz (1962), in analogy to the usage in AC circuit theory, the real parts %’ and
af{p are named quadrature or resistive components and the imaginary parts ¢$¥ and 0¥ are the inphase
or reactive components of the coaxial and coplanar complex apparent conductivities, respectively.

The coaxial and coplanar mutual coupling signals (Hg) and HQE?C)) are part of the imaginary components
of the complex conductivities and are several orders of magnitude greater than the formation signals. Ac-
tual field tools usually contain additional “bucking” coils to cancel these large mutual coupling signals.
However, since it is straightforward to calculate them analytically and remove them computationally (An-
derson et al., 2002) we do not model bucking coils. The imaginary parts of the apparent conductivity after
subtraction of the direct coupling are denoted by 0§*. and o ..

The effective horizontal (0,) and vertical (o,) conductivities of a sand-shale (o4 and o) thinly lami-

nated formation, when their laminae thicknesses are less than the tool’s vertical resolution, are obtained

by weighted arithmetic and harmonic means, respectively:

op = 05aVsd + Osh Vsh, (6)
Via . Van\ '

av=< L h) , (7)
Osd Osh

where the weights V;, and V,; = 1 — V;;, are the volume fractions of each material, with V;, obtained, for
example, by spectroscopy probe (Anderson et al., 2008).

Equation 6 explains the strong dependence of o, on the shale laminae (high conductivity) and its poor
sensitivity to the oil-bearing sand laminae (low conductivity).

Thus, sand laminae conductivity in vertical wells can be estimated from the horizontal (coaxial signal)
and vertical (coplanar signal) apparent 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 (Eqgs. 6 and 7) assumed sand and shale laminae were isotropic. Laboratory
measurements and field test results of the triaxial induction tool, however, showed that shale formations
often exhibit conductivity anisotropy (\> = 1 to 8), originating from their micro-bedding structure with

dimensions well bellow measurement resolution. Thus, in shales this type of anisotropy is a function of

Braz. J. Geophys. 40, 3, 2022



CARVALHO P.R.ET AL.5

the compaction (clay porosity). This is usually referred to as intrinsic or microscopic anisotropy, and it is
usually weaker than the structural anisotropy in laminated formations. Clavaud et al. (2005) show that
intrinsic shale anisotropy plays an important role in the inversion of ¢, and ¢}, data and, consequently, in
the water saturation estimation of the finely laminated sand-shale reservoirs.

According to Moinfar et al. (2010) the borehole and the invasion zone effects on multi-component triax-
ial induction measurements can be significant, mainly in water-base m uds. These effects may give rise
to electrical pseudo-anisotropy in isotropic reservoirs with asymmetric invasion zones. Therefore, a quan-
titative assessment of the influence of the b orehole on well logging d ata m ay c ontribute with important
information to help in the borehole effect corrections and hence to improve the log interpretation.

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

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

mud.

THEORY AND ANALYSIS METHOD

The layered 1D problem is formulated using the mathematical tools described by Kaufman and Ytskovich
(2017), generalized by us to multi-layered TIV media. The solutions are written as integrals of the Han-
kel transform, which are evaluated numerically using the Quadrature With Extrapolation (QWE) method as
presented by Key (2012). The basic difference between this solution and the one for the 1D isotropic prob-
lem that we had previously implemented (Carvalho et al., 2010) is the manner of recursively computing the
transmission and reflection coefficients on the in terfaces. For the isotropic case, explicit analytic expres-
sions are written for these coefficients allowing the use of recurrence relations, whereas in the anisotropic
problem all coefficients are numerically determined by the solution of a system of linear equations whose
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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 sec-
ondary magnetic field formulation and following the steps presented by Jin (2015). In this solution, the
total field is written as the sum of two parts: the primary field, which is the one generated by the source in
a background (“primary”) medium for which there is an analytical or semi-analytical solution, and the sec-
ondary field, defined as the difference between the total and primary fields. Among other advantages, this
separation avoids the difficulties of representing the point dipole sources in the discretized medium.

In our approach, the dipole sources are in an infinite unlimited homogeneous isotropic medium with the
same conductivity as the drilling mud that simulates the environment inside the borehole. This choice for
the primary medium means that the secondary media occupy all the space outside the borehole, so that the
primary electric field 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 being calculated using an extremely simple formula, with
minimum computational effort. For example, assuming a magnetic dipole in the = direction and located at
the origin of the reference system, the expression for the electric field at coordinates (z, y, z) is (Ward and

Hohmann, 1987, p. 176)

LW UMy

E pe—
A2

(ikr + 1)e =" (Euy — yuz) , (8)
r r

where k = /—iwp(o + iwe) is the (frequency domain) wave number, e is the electrical permittivity, » =

V2 4+ y? + 22, and u, and u, are unit vectors.

The problem is formulated to solve directly for the secondary magnetic field, which obviates the need to

calculate numerical derivatives.

The system of linear equations generated by the Vector Finite Element method needs to be solved twice
(once for each dipole) for every tool position in the profile, in all cases with the same c omplex sparse
coefficient m atrix. We chose to use the direct parallel solver PARDISO (Schenk etal.,2001) because a
direct approach allows the factoring of the coefficient matrix only once, solving the multiple systems with
only a phase of forward and backward substitutions each time. This means that the problem can be solved
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Figure 2. lllustration of the 3D tetrahedral mesh generated with Tetgen. Left: central horizontal slice
showing the cylindrical shape of the mesh’s outer boundary. Right: vertical slice showing the central well
and invasion zones.

in shorter times than with an iterative solution. The software package PARDISO is implemented with an
efficient memory management that stores only the non-zero elements of the matrix in every step of the
factorization, which allows working with systems that would be simply impossible to fit in memory if the full
matrix needed to be stored.

The 3D tetrahedral meshes were generated using the Tetgen software (Si, 2015). The mesh’s outer
boundaries are built following the cylindrical geometry of the well and invasion zones, as illustrated in
figure 2. The radius from the well axis to the outer boundary of the mesh must be big enough to allow the
application of homogeneous boundary conditions in the secondary magnetic field. T he o ptimum radius
depends on the frequency and range of resistivities in the model. In all results presented here a distance

of 20 m from the dipole source was used.

RESULTS AND DISCUSSIONS

In our simulations, the tool transmitters are magnetic point dipoles operating at 20 kHz and the source-
receiver offsetis L = 1.0 m.

According to Anderson et al. (1992) a laminated anisotropy level close to A2 = 2 is a typical contrast
for actual logging situations in laminated reservoirs. Therefore, in figures 3 to 5, the results are froma
laminated formation containing low conductivity sands (osq = 0.2 S/m) alternating with high conductivity
isotropic shales (o5, = 1.0 S/m). Thicknesses of the sand and shale layers are equal and value 0.5 m
(Vsa = Vsn, = 50%). Thus, applying equations 6 and 7, the horizontal and vertical conductivities and the
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anisotropy ratio from an equivalent anisotropic bed are

1
on=06Sm, o,= S X = ? —1.8. (9)

Figure 3 shows a validation test with a comparison of the 3D and 1D logs for the laminated formation
with the values listed in equation 9 in a dipping (60°) well. In this case, to simulate the measurements in
the 3D code, the borehole diameter is made exceedingly small (D = 6 cm) and the mud conductivity is
equal to the geometric mean of the two laminae conductivities: o, = /04,054 = 1/v/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 for-
mation, except for a slight departure from the curves below and above the laminae package, where the
conductivity contrast between the mud and the formation is greatest. This small effect appears on the re-
sistive 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 more sensitive to the laminae and shows a more prominent oscillation
than the coaxial log. In addition, the so-called “polarization” horns are embedded in both coaxial and
coplanar 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 very small diameter well, but more pronounced in
regular wider wells, as shown in the next example.

These benchmarking results indicate a good validation between 1D and 3D responses, i.e., less than or
equal to 1.8% difference inside the laminated formation. This gives us confidence in the accuracy for more
complicated geometries.

A quantitative assessment of the influence of the borehole on well logging data may contribute with

important information to help in interpretation. So, the goal going forward is to evaluate the percentage
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COAXIAL Dipping Logs: 0 = 60° COPLANAR Dipping Logs: ¢ = 60°
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Figure 3. Validation test. Simulation of logs from a dipping well at 60°. 3D results generated with a very thin
borehole with a 6 cm diameter and mud conductivity equal to the geometric mean of the two conductivities
in the model.

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 compare the root mean square (RMS) of the signals in the middle
of the laminated package in the depth range from -2.0 m to 2.0 m, i.e., away from the boundaries to the
adjacent infinite shoulder beds above and below.

Figure 4 shows the 3D and 1D results for the same laminated formation as in the validation example,
but now traversed vertically by a more realistic borehole with a 20 cm diameter, without invasion zones
and filled with a water based 3 S/m mud.

First, notice within the laminated package a feature change on the resistive responses from the angu-
lar shape in figure 3 (dipping logs) to smooth shape in figure 4 (vertical logs). In the coaxial log, the curve
becomes smooth because there is no contribution from any component in the transverse magnetic prop-
agation mode with respect to the z direction (TM,) in the signal composition of the vertical component of
the vertical dipole source. In the case of the coplanar log, the “horns” in the laminae interfaces, due to the

TM, mode influence (Régis et al., 2020) are smoothed out by the mutual canceling effectimposed by the

multiple interface responses acting simultaneously. In addition, there is a curve reversal with respect to
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COAXIAL Vertical Logs: 6 = 0° COPLANAR Vertical Logs: 6 = 0°
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Figure 4. Comparison between 1D and 3D logs, respectively without and with the influence of a borehole
in a vertical well in an isotropic shale-sand laminated formation.

the model for both coaxial and coplanar resistive logs which stems 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 conductivities calculated by equations 6 and 7, note
that within the laminated formation the resistive coaxial signal oscillates closer to the horizontal o5, = 0.6

S/m, whereas the resistive coplanar signal oscillates closer to the vertical o, = 1/3 S/m.

A much more pronounced borehole effect is observed on the resistive signals than on the deeper reac-
tive signals for both coil arrays although this effect is visually greater 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 op-
posite behavior, i.e., the coaxial resistive signal increases (6.9%) whereas the coplanar resistive signal

strongly reduces (-25.5%) due to the accentuated skin effect in this conductive mud.

Figure 5 shows the coaxial and coplanar deviated logs at 60° in the same laminated model as in figure
4. This dipping angle increases the borehole effect on the coaxial reactive (7.6% to 8.5%) and resistive
(6.9% to 8.7%) signals, as compared to the vertical logs shown in figure 4. However, significant reductions

are observed on the coplanar reactive (-0.7% to -0.02%) and resistive (-25.4% to -15.6%) signals.
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Figure 5. Comparison between 1D and 3D logs, respectively without and with the influence of a borehole
in a dipping well at 60° in an isotropic shale-sand laminated formation.

The next examples show the 1D and 3D coaxial and coplanar vertical (figure 6) and dipping (figure 7)
logs for a laminated formation analogous to the previous examples, but now the model has an anisotropic

shale host (A2, = 2) with horizontal o§" = 1.0 S/m and vertical 5" = 0.5 S/m conductivities.

According to Clavaud et al. (2005) replacing o5" for o*" in equation 6 and o3 for o in equation 7 we
obtain the anisotropic ratio from the equivalent anisotropic bed to this laminated formation with anisotropic
shale laminae. Thus, the horizontal and vertical conductivities and the anisotropy ratio from an equivalent

anisotropic bed to this new model are: o, = 0.6 S/m, o, = 2/7 S/m, /\g = op /oy = 2.1. Therefore, due

to the anisotropic shale laminae the anisotropy ratio is 17.7% greater than that of the previous isotropic

laminae model (\? = 1.8).

In the vertical logs of figure 6 the coaxial signals are identical to those seen in figure 4, in which the shale
laminae are isotropic. The percentage differences between 3D and 1D data on the coaxial reactive and
resistive responses are exactly 7.6% and 6.9%, i.e., they are the same as in the isotropic case, because the
coaxial vertical logs are insensitive to the vertical conductivity of the anisotropic shale laminae. However,
these differences on the coplanar reactive and resistive data are -0.6% and -29.4%, respectively, whereas
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Figure 6. Comparison between 1D and 3D logs, respectively without and with the influence of a borehole
in a vertical well in a model composed of a sequence of isotropic sand laminae in an anisotropic shale
host.
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Figure 7. Comparison between 1D and 3D logs, respectively without and with the influence of a borehole
in a dipping well at 60° in a model composed of a sequence of isotropic sand laminae in an anisotropic
shale host.

in the purely isotropic case (figure 4) they are -0.7% and -25.5%, respectively, due to the sensitivity of the

coplanar configuration to the anisotropy of the shale laminae.
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Now, in the dipping logs of figure 7, notice a new angular feature in the coaxial resistive responses due
to the anisotropy of the shale laminae, whereas the coplanar responses have the same angular shape
as seen in figure 5 for isotropic shale | aminae. Again, the dipping angle increases the borehole effect on
the coaxial reactive (7.6% to 9.9%) and resistive (6.9% to 9.3%) signals, as compared to the vertical logs
shown in figure 6 . However, strong reductions are observed on the coplanar reactive (-0.7% to -0.02%)
and resistive (-25.5% to -15.4%) signals.

Note that these percentage variations due to the borehole effect on the coplanar signals are practically
the same as those of the isotropic shale laminae model (figure 5) w hereas o nt he c oaxial signals the
borehole effect increases significantly on b oth the reactive (8.5% 10 9.9%) and resistive (8.7% t0 9.3%)

components.

CONCLUSION

The modeling results obtained in this comparative study reproduce some well-known characteristics of
the coplanar logs with relation to coaxial logs as, for example, a greatest horning effect in front of the
interfaces, a strongest skin effect to the conductivity media, and a most prominent oscillation due to the
laminae. In addition, the results show that the coplanar responses are more sensitive to the anisotropy and
the borehole effects than the coaxial responses and that 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.

The main physical cause of these coaxial and coplanar opposite behaviors to the anisotropy and bore-
hole effect is the same: the weight of the horizontal magnetic component of the horizontal dipole (TM,
mode contribution) on the coaxial and coplanar dipping logs, since this is the only one of the four mag-
netic field components that is sensitive to the anisotropy, and it is also the one subject to the strongest skin

effect.
Although our 3D modeling code is able to simulate models with formation invasion zones, the study of the
influence of the well on the data was performed only in models without invasion, because the comparison
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with 1D responses would not be possible otherwise. Therefore, this comparative analysis is extensive to
data generated by the newer multicomponent configurations used in many EM-LWD tools, since they are

obtained prior to the development of significant invasion zones.

As we were able to verify, the borehole exerts significant influence on the measured vertical and hor-
izontal conductivities and hence on the estimated apparent anisotropy of the formation, especially when
using conductive water-based muds. Thus, a quantitative assessment of this influence, as presented here,
may be an important information to help the borehole effect corrections and consequently to improve the

log interpretation.
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