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Abstract

Subsurface energy resources are often found in three-dimensional and non-spatially
continuous rock formations that exhibit electrical anisotropy. Deep-sensing tri-axial
borehole electromagnetic measurements are currently being used to detect three-
dimensional fluid-bearing subsurface formations, but borehole environmental, geomet-
rical and instrument-design factors, together with measurement noise, constrain their
practical range of detection and spatial resolution. By understanding the interplay of the
above factors on the detectability and sensitivity of borehole deep electromagnetic mea-
surements, one can potentially quantify the uncertainty of both target spatial location
(relative to the well trajectory) and electrical resistivity contrast, thereby improv-
ing the certainty of three-dimensional well navigation in real time. We implement a
finite-volume method to numerically solve Maxwell’s equations for three-dimensional
electrically anisotropic heterogeneous rock formations in the calculation of magnetic
fields measured with deep-sensing tri-axial borehole electromagnetic instruments. The
calculated magnetic fields at measurement locations are described as the per cent differ-
ence between measurements acquired in rock formations with and without conductive
or resistive three-dimensional targets. We quantify the maximum radial distance of
detection from the well trajectory and the spatial sensitivity of a commercially avail-
able deep-sensing electromagnetic instrument with respect to environmental factors
and measurement acquisition parameters by assuming that the borehole electromag-
netic instrument can reliably detect offset three-dimensional targets if the corresponding
per cent measurement difference exceeds the threshold for measurement noise. Results
indicate that commercially available tri-axial deep-sensing borehole electromagnetic
instruments can achieve maximum detection distances between a quarter of and a full
transmitter—receiver spacing. In addition, we show that radial detection distances vary
from 0.3 to 2 skin depths depending on the geological environment, that is, target con-
ductivity contrast with respect to the embedding background, electrical anisotropy of
the background formation and targets and measurement acquisition parameters, that is,

frequency and transmitter—receiver spacings. The above findings are not only important
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INTRODUCTION

In challenging subsurface geological environments, such as
electrically conductive shale formations surrounding discon-
nected sandstone bodies (target), three-dimensional (3D) well
geosteering is often used to adjust the well trajectory in real
time based on the interpretation of electromagnetic (EM)
fields excited and measured by antennas mounted on the
drill string. The measured EM fields chiefly originate from
electrical currents induced in rocks around the well trajectory.

Deep-sensing borehole tri-axial EM measurements were
commercialized in the last 10 years to extend the ranges of
radial and azimuthal sensitivity and resolution in the detec-
tion of electrically conductive rocks around the well trajectory
(Clegg et al., 2019; Sinha et al., 2022; Thiel & Omer-
agic, 2020). They are interpreted as multi-dimensional spatial
images of electrical resistivity via sophisticated and central
processing unit intensive inversion techniques. Inversion-
based interpretation results are often subject to great uncer-
tainty due to non-uniqueness which can cause incorrect
geological interpretations (i.e., incorrect target location, elec-
trical resistivity, and shape) and sub-optimal geosteering
decisions. One of the key sources of uncertainty in inversion-
based interpretation results is the limited spatial resolution
due to the inherent diffusive nature of borehole EM induction
measurements (Antonsen et al., 2022).

The maximum distance of detection of borehole EM induc-
tion instruments is determined by the distance at which
the measured magnetic field is approximately equal to the
measurement noise within a specific borehole or geologi-
cal environment. Additionally, the magnetic field excited in
one-dimensional (1D) geological media is governed by EM
measurement acquisition properties, perturbations of forma-
tion conductivity and the fraction of the probing distance
with respect to skin depth (Ellis & Singer, 2007). The for-
mula for skin depth can be found in Equation (A.10). For
the case of a magnetic dipole source in the presence of 1D
conducting media, it can be shown that (under ideal condi-
tions) the maximum depth of detection of secondary magnetic
fields can far exceed the skin depth. However, realistic geo-
logical environments are neither ideal nor one dimensional,
whereby the range of detectability is typically much shorter
than 1 skin depth. A number of geological environmental
conditions limit the radial range of detectability of borehole
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for instrument design and measurement-acquisition planning but also for the effective

implementation of real-time inversion-based measurement interpretation procedures.
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EM instruments, including the electrical properties of tar-
get and embedding background formations (e.g., electrical
anisotropy and resistivity contrast) as well as measurement
acquisition parameters. In order to obtain reliable geolog-
ical interpretations of the measurements and make robust
geosteering decisions, it is imperative to quantify both the
spatial resolution of the borehole EM instrument and its
range of detectability with respect to specific limiting param-
eters.

Several authors have attempted to ascertain the detectable
range of EM instruments, but none have considered the
radial range of detectability of a tri-axial borehole EM
instrument across 3D geological environments exhibiting
electrical anisotropy. Spies (1989) solved 1D fields and
related the depth of investigation of the EM sounding tool
to the geological and measurement acquisition parameters
by calculating the highest frequency at which a homoge-
neous layer beneath a uniform layer would be detectable.
Huang (2005) described the factors affecting the depth
of detection for a small EM measuring instrument with
short transmitter—receiver spacings. Rabinovich et al. (2012)
defined the reliable depth of detection of an EM borehole
instrument by mapping the sensitivity function (solving the
sensitivity of the measured signal to local variations of elec-
trical conductivity in the spatial region between transmitters
and receivers) for different EM instrument configurations.
Rabinovich et al. (2012)’s model included a very large back-
ground resistivity, whereby the skin effect was negligible.
The same authors did not consider anisotropic background
formations in their analysis. Puzyrev et al. (2018) stud-
ied the sensitivity of EM borehole instruments to resistive
and conductive targets located away from the wellbore
in heterogeneous formations via 3D numerical modelling
and inversion. Their 3D models, however, did not con-
sider the electrical anisotropy of both embedded targets and
background formations.

Our study focuses on determining (a) the maximum radial
distance of detection away from the well trajectory and
(b) the spatial sensitivity to 3D subsurface targets for a
commercially available tri-axial deep-sensing borehole EM
instrument operating in spatially complex formations with
respect to (a) measurement acquisition parameters, (b) dis-
tance between the well trajectory and the targets and (c)
embedding geological environment.
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FIGURE 1

Schematic of the deep-sensing triaxial borehole EM logging instrument assumed in this paper, which is adapted from a commercial

tool. The transmitter—receiver spacings are a = 7.6, b = 15.24 and ¢ = 30.5 m. The transmitter and receivers have three tilted antenna coils.

FIGURE 2 Case 3.1: Four electrically isotropic 3D targets of equal size, two resistive (100 ohm-m) and two conductive (1 ohm-m) are

embedded in an isotropic nearly homogeneous formation with the resistivity of 4-6 ohm-m. The target radial distance (d) with respect to the well

trajectory is fixed at 4.66 m in case 3.1, while the target’s strike angle is f = 11° and 79°. Target’s strike angle is # = 45° for different experiments.

To that end, we construct several synthetic examples and
solve the corresponding coupled 3D scalar—vector potential
equations in the frequency domain to calculate magnetic fields
across 3D heterogeneous and anisotropic formations, which
include target bodies with high conductivity/resistivity con-
trasts. Simulation results allow us to generalize the spatial
sensitivity range of borehole EM instruments as a function
of skin depth and transmitter—receiver spacing.

Our study is based on a variety of fundamental 3D target
conditions and the corresponding simulations of deep-sensing
borehole measurements. Results from these numerical sim-
ulations and their consequences concerning distance of
investigation and sensitivity should be regarded as a pre-
cursor of formal inversion studies, where non-uniqueness
and regularization (spatial smoothing) of results become
relevant.

The remainder of this paper is organized as follows:
We introduce our method to solve EM equations across
complex 3D formations in the second section. The third sec-
tion describes the 3D synthetic examples constructed for
our study and the corresponding numerical simulations of
measurements acquired with a commercial borehole instru-
ment. The description is centred on the per cent measurement
differences due to the presence of 3D conductive and resis-
tive targets offset from the well trajectory. We discuss the
computational efficiency of our numerical methods in the
fourth section. The last section summarizes the salient con-
clusions stemming from our work concerning the sensitivity
and definition of 3D targets with deep-sensing borehole EM
measurements.

METHOD

We solve Maxwell’s equations numerically scalar—vector
potential formulation for three-dimensional (3D) heteroge-
neous, electrically anisotropic media (Hou et al., 2006).
The partial differential equations are given in Appendix A.l
(Equations A.1 and A.2); their solution is achieved with a
finite-volume discretization method using Yee’s staggered
grid (Yee, 1966).

Grid design and node spacing affect the convergence, sta-
bility and accuracy of the numerical simulations. We employ
a non-uniform Cartesian grid surrounding both the transmit-
ter and receivers. We design the grid size locally by estimating
an initial skin depth (hence electromagnetic [EM] instrument
sensitivity) for a homogeneous medium at each measurement
position. Where sensitivity is highest, grid cells are smallest,
for example, in the neighbourhood of transmitters/receivers (a
minimum spacing of 0.025 m) with the highest sensitivity, and
they expand exponentially as the distance from the transmitter
and receiver increases. This expansion follows a stepwise pat-
tern as outlined by Davydycheva et al. (2003). The grid moves
with the EM instrument along the well trajectory and across
the formation model, and its stepwise increase continues until
it reaches the outer boundary situated at a distance of 1-2 skin
depths away from the lowest frequency of significance (Hou
et al., 2006).

The linear system of equations from finite-volume dis-
cretization is asymmetric and complex-valued; we solve
it iteratively using the complex biconjugate gradient algo-
rithm. To accelerate its iterative rate of convergence, we
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FIGURE 3 Case 3.1, effect of 3D target orientation on the measured magnetic field. (a) Coupled components (X X,YY, ZZ) of AH and

H y and (b) harmonic resistivity and harmonic anisotropy. The grey zone indicates the measurement noise.

precondition the linear system before attempting its solution.
As in Hou et al. (2006), we use the symmetric successive
over-relaxation preconditioning strategy, which exhibits faster
convergence rates than Jacobi preconditioning.

Because 3D computation is central processing unit (CPU)
time intensive, we improve its speed by effective paralleliza-
tion on CPU clusters available on the Stampede2 Linux cluster
at UT Austin’s Texas Advanced Computing Center (TACC).

To that end, we use TACC’s SKX compute nodes with a CPU
clock rate of 2.1 GHz. We ran a message passing interface
across a cluster of processes; each process handles a num-
ber of logging points, computes their computational domain
and stores their results (computed magnetic/electric field and
voltage).

The deep-sensing triaxial borehole EM logging instrument
assumed in this study is inspired by a commercially available
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FIGURE 4

Case 3.1, two resistive (100 ohm-m) and two conductive (1 ohm-m) 3D targets are embedded in an isotropic nearly homogeneous

formation and located around the well trajectory. For each case, there are four 3D targets of equal size, which are moving away from the well

trajectory such that the target’s radial distance from the well trajectory progressively increases.

tool which consists of one transmitter coil behind the drill
bit and three arrays of receivers located behind the transmit-
ter (Ezioba & Denichou, 2014). Figure 1 is a schematic of
the EM instrument, which is mounted along a logging-while-
drilling borehole assembly operating at five frequencies: 2, 6,
12, 24, and 48 kHz, where its configuration allows for vari-
able transmitter—receiver spacings of 7.6, 15.24 and 30.5 m
(25, 50 and 100 ft).

We calculated the amplitude of the magnetic field as the
percentage difference between simulation results obtained
for formations with and without high-contrast resistive and
conductive 3D targets. Additionally, we assumed that the
borehole EM instrument can reliably detect targets if the
measurement percentage difference exceeds the threshold
for measurement noise, which is assumed zero-mean 2%
Gaussian. The transmitter and receivers have three tilted
antenna coils in X, Y and Z directions, and the mea-
sured magnetic fields are represented by a tensor of nine
components: with coupled (Hyy, Hyy, H,,) and cross-
coupled components (Hyy, Hyy, Hyz, Hzyx, Hyy,
H ,y), and its associated conductivity tensor is defined in
Appendix A.2 (Equations A.3-A.9). Numerical results are
described by plotting coupled components, shown as per-
centage differences and indicated with AHy y, AHyy and
%H 47 The percentage differences are defined as AHy =

—

H—” %x 100, where K indicates XX, YY and ZZ, H,
b
is the magnetic field in formation with embedded tar-

gets, and H, is the background field. Likewise, we plot
the cross-coupled components XY or YX of the mag-
netic field, which is indicated by Hyy; note that in our
cases in the third section all Z-related cross-coupled com-
ponents (Hy,, Hyy, Hy,, H;y) are null. The first
subscript of all tensor components denotes the transmitter,
and the second subscript denotes the receiver. In addi-
tion to a nine-component tensor of the magnetic field
amplitude, we plot two other types of standard measure-
ments: the harmonic anisotropy [A(Hyy/Hyy)] and the
harmonic resistivity [-2A(H,,/(Hyyx + Hyy))]. These
measurements are industry standard for inversion-based
interpretation, and each one of them is sensitive to differ-
ent geometrical properties of the subsurface conductivity
such as layer boundaries, anisotropy and resistivity (Davy-
dycheva et al., 2020; Seydoux et al., 2014). The mea-
surements are taken at the middle of the midpoint of
the transmitter—receiver spacing, and after post-processing
they are transferred to the position of the transmitter for
plotting.

We verified the accuracy of numerical simulations obtained
with our 3D finite-volume solver by comparing them to
results obtained with a one-dimensional (1D) (i.e., case of
transverse-isotropic horizontal layers) semi-analytical algo-
rithm developed by Shahriari et al. (2018). Appendix B
describes the comparison of 3D and 1D results. Figure B.2
illustrates that there was a difference of less than 1% between
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FIGURE 5 Case 3.2: EM measurement sensitivity for 3D targets embedded in our background formation: (a) AH y y, (b) AHyy, (c) AH,,

and (d) | H yy|. Targets are located at varying radial distances d with respect to the well trajectory, with a fixed strike angle, § = 45°, while

measurements are acquired at different frequencies.

the two results for calculated magnetic fields across a variety
of three-layer horizontally homogeneous formations.

In the following sections, we describe the numerically
simulated measurements obtained for several relevant syn-
thetic examples.

SYNTHETIC EXAMPLES AND
NUMERICAL RESULTS

We quantify the maximum radial distance of detection away
from the well trajectory and the spatial sensitivity of a
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FIGURE 7 Harmonic resistivity measurement at 24 kHz with a

transmitter—receiver spacing of 15.24 m. The grey zone indicates the
measurement noise.

commercially available deep-sensing electromagnetic (EM)
instrument with respect to

* the orientation and distance of the three-dimensional (3D)
target bodies relative to the well trajectory,

* the measurement acquisition parameters (i.e., frequency
and transmitter—receiver spacing),

* the electrical conductivity and anisotropy of the back-
ground formation and

* the electrical conductivity and anisotropy of 3D target
bodies embedded within the background formation.

Five synthetic cases are considered in the study. Figures 2,
4, 8, 10, and 12 show target geometries and locations, well
trajectory positions relative to targets and background for-
mation details for each synthetic example. In all examples,

(a)

3Q:m

2Q-m

3Q-m

(b)
30Q:m

20Q-m

I I

30Q-m

FIGURE 8 Case 3.3: Two resistive (100 ohm-m) and two
conductive (1 ohm-m) 3D targets embedded in isotropic nearly

homogeneous background formations with (a) low and (b) high
resistivities.

the background formation has several layers with a thickness
of 3.05 m. The layers have small-scale variations of resis-
tivity. The background formation is azimuthally symmetric
around the axis of the well trajectory and embedded four target
cuboid bodies: two targets are resistive, and two are conduc-
tive. The well trajectory is located at the vertical centre of
the middle layer of the background formation and is hori-
zontal along the x-axis of the formation coordinate and the
four targets with high resistivity contrast with respect to the
embedding formation are located around the well trajectory in
the yz plane. In our approach, the rationale behind selecting
a horizontal well trajectory is rooted in practical considera-
tions. The navigation of high-angle and horizontal wells is
a recurring theme in spatially complex rocks and is crucial
when the aim is to enhance spatial contact with hydrocarbon-
bearing formations to improve production. Furthermore, the
selection of high-angle and horizontal wells gains greater
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FIGURE 10 Case 3.4: Isotropic 3D targets embedded in
electrically anisotropic formations with an anisotropy factor of AF =3
for the top and bottom layers and AF = 4 for the middle layer. The
thickness of the layers is 3.05 m.
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significance in situations where anisotropy and the pres-
ence of an embedding one-dimensional medium substantially
influence the detection capabilities of deep borehole EM mea-
surements.

In all examples, four targets are embedded: two resistive
and two conductive. Each target is 9.15 m (30 ft) along
x, 3.05 m (10 ft) along y and 3.05 m (10 ft) along z in
the formation coordinate system. Dimension and size for
the latter targets were selected based on numerical accu-
racy. These small targets can represent sandstone injectites
overlying shale (Bradaric et al., 2022). Even though the
shape of the target does affect measurement sensitivity, espe-
cially when located near EM transmitters and/or receivers,
our studies indicate that the selected shapes are adequate
to quantify measurement sensitivity and target detectability
in the mid- to far-regions of detection away from the well
trajectory.

The computational domain is divided into Ny X Ny X
N, rectangular cells in the X, Y and Z directions in
the well trajectory coordinate system. There are approx-
imately 800,000 to 1 million grid cells included in
the numerical simulations. The smallest grid-cell volume

3 around the transmitters/receivers, and

is about 15 cm
their volume will increase exponentially as they move
away from transmitters/receivers. The well trajectory is
divided into 144 logging positions, spaced at 0.46 m
(1.5 ft), intervals and are distributed over 48 cores of UT
Austin’s Texas Advanced Computing Center’s SKX compute
nodes.

Each synthetic example includes several variables for

consideration:

* Case 3.1: strike angle relative to the well trajectory (f =
arctan(y/z)) of the 3D target;

* Case 3.2: radial distance of the 3D target from the well tra-
jectory (d), operating frequency of EM instrument (f) and
transmitter—receiver spacing (4);

* Case 3.3: radial distance of the 3D target from the well
trajectory (d) and background formation resistivity (p =
1/o);

* Case 3.4: radial distance of the 3D target from the well
trajectory (d) and background formation anisotropy factor
(AF; 0p,/0,);

* Case 3.5: embedded target AF (6,,/0,).

The strike angle of the 3D target with respect to the hori-
zontal well trajectory is variable only in case 3.1, while it is
fixed at 45° in all other examples. For all examples except
for case 3.2, the tool operating frequency is 24 kHz and
transmitter—receiver spacing is 7.62 m (25 ft). Likewise, for
all examples, measurement noise is assumed zero-mean 2%
Gaussian.
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FIGURE 11 Case 3.4: Effect of formation anisotropy on measurement sensitivity. Solid curves identify electrically isotropic background

formations, while dashed curves identify anisotropic background formations shown in Figure 10, and g = 45° for all cases. (a) coupled (X X, Y'Y,

Z Z) components of AH and H yy, (b) harmonic resistivity and harmonic anisotropy. The grey zone indicates the measurement noise.

Target with variable strike angle with respect to
the well trajectory

Here, we quantify the impact of target orientation on borehole
EM measurement sensitivity. Figure 2 shows the conductive

and resistive 3D targets around the well trajectory, with a
radial distance of d. The targets are embedded in an isotropic
nearly homogeneous background formation with the resis-
tivity of 4-6 ohm-m. Conductive and resistive targets are
grouped at two different points on the x-axis. The resistive
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AF=1,p= 6Q:m

FIGURE 12 Case 3.5: Electrically anisotropic 3D targets
embedded in an isotropic formation with a resistivity of 6 ohm-m
(bottom and top layers) and 4 ohm-m (middle layer). Horizontal and
vertical resistivities for resistive targets (p, and p,) are (i) 50 and

100 ohm-m and (ii) 10 and 100 ohm-m, while for conductive targets p,,
and p, are (i) 0.5 and 1 ohm-m and (ii) 0.1 and 1 ohm-m, whereby the
corresponding target AF are (i) 2 and (ii) 10. The target radial distance
from the well trajectory is 4.3 m.

targets are between x =66.75 m and x =75.9 m, and con-
ductive targets are between x =121.6 m and x = 130.75 m.
The 3D targets are placed at two different strike angles with
respect to the horizontal well trajectory: f = 79° (corre-
sponding to y = +4.57 m and z = +0.91 m and f = 11°
(corresponding to y = +£0.91 m and z = +4.57 m). The radial
distance from the well trajectory in this example is d =4.66 m,
which is approximately equivalent to 0.65 skin depths in the
background medium.

Figure 3a shows that AHyy and AHyy exhibit signif-
icantly different behaviour with respect to the two values
of f, whereas AH,, and Hyy do not. Furthermore, all
components of the EM measurements detect the conductive
target with good sensitivity except for AHyy at § = 11° and
AHyy at f =79° . Additionally, Figure 3b shows that § does
not affect the sensitivity of either harmonic anisotropy or har-
monic resistivity measurements. A final observation is that
EM measurements have twice the sensitivity to conductive
targets than to resistive ones. Due to slightly inhomogeneous
background formation, the curve of AH y y at f = 11° differs
slightly from the curve of AH |, at f = 79° as well as the two
curves of AH ;.

Variable radial distance with respect to the well
trajectory

In this example, four configurations are shown; each of which
has four embedded targets that get further away from the well
trajectory. Comparing this example to case 3.1, f is 45°, d
has four variations and the distance between resistive and
conductive targets is 45 m.

Here, we estimate the radial distance from the well trajec-
tory up to which the borehole EM instrument can detect 3D
targets with measurable sensitivity. The targets in this exam-
ple are diagonally located on the yz plane at steps of 1.52 m
(5 ft) in both the y and z axes. The resistive target hori-
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zontal locations are from x = 75 m to x =84.14 m, and the
conductive targets are from x = 121.3 m to x = 130.45 m
(see Figure 4). The four targets are embedded in an isotropic
nearly homogeneous background formation with a resistiv-
ity of 4—6 ohm-m. We compare the coupled components of
AH, H yy and the two measurement combinations (harmonic
anisotropy and harmonic resistivity) with respect to distances
from the well trajectory at different tool operating frequencies
and transmitter—receiver spacings.

Effect of instrument operating frequency

Figures 5 and 6 describe how tool operating frequency
affects EM instrument sensitivity. If the embedded conduc-
tive targets are at greater distances than d = 4.3 m and the
resistive ones at greater distances than d = 2.1 m, the sen-
sitivity of measurements at 12 kHz is below the assumed
measurement noise (2%). At distances beyond these radial
distances, the targets cannot be reliably detected. Moreover,
the EM borehole instrument can detect both conductive and
resistive targets at a frequency of 24 kHz at a radial dis-
tance of less than 6.5 m from the well trajectory. At 48 kHz,
the EM borehole instrument can detect conductive targets at
radial distances of less than d = 6.5 m, while resistive tar-
gets at less than d = 8.6 m. Therefore, measurements acquired
with low-frequency instruments are more sensitive to con-
ductive targets, while high-frequency measurements exhibit
better sensitivity for resistive targets; however, Figures 5 and
6 also indicate that high-frequency measurements are subject
to increasing dampening or a higher attenuation rate.

Effect of transmitter—receiver spacing

In this example, we increase the spacing between the trans-
mitter and receiver to 15.24 m (approximately 2 skin depths)
at a frequency of 24 kHz. Figure 7 indicates that the EM
instrument can detect both conductive and resistive targets at
a radial distance of less than 7.62 m from the well trajectory,
equivalent to 1 skin depth or half of the transmitter—receiver
spacing. In addition, as the distance between the transmitter
and receiver increases from 7.62 to 15.24 m, measurement
sensitivity becomes approximately four times greater in the
case of targets located at the radial distance of 4.3 m (blue
line). Figure 7 also shows that the sensitivity of measurements
acquired at the radial distance of more than 8.6 m exceeds the
threshold for measurement noise (2%).

Variable resistivity of the embedding formation

Here we examine the effect of background formation resis-
tivity on the detectability range and sensitivity of the deep-
sensing borehole EM instrument. We construct two cases
(Figure 8) with (a) low resistivity (2-3 ohm-m) and (b)
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FIGURE 13 Case 3.5: Measurement sensitivity as a function of the electrical anisotropy of the embedded 3D target. The plots compare the
measurement sensitivity of anisotropy effects with respect to isotropic targets embedded in an isotropic formation. Target distances from the well
trajectory are 3.05 m in the y direction and 3.05 m in the z direction; equivalent to d= 4.3 m and f = 45°. (a) Coupled and cross-coupled
components. (b) Harmonic resistivity. The grey zone indicates the measurement noise.
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FIGURE 14 Comparison of EM measurement sensitivity in
formations with embedded (a) resistive targets and (b) conductive
targets. Measurement sensitivity in the vertical axis corresponds to
percentage differences of harmonic resistivity measurements, for all the
models described in Section 3. The x-axis describes the horizontal
distance between the measurement position along the well trajectory
and the targets, while the y-axis is the radial distance normalized to skin
depth, transmitter—receiver spacing and conductivity contrast between
background formation and embedded targets.

high resistivity (20-30 ohm-m) of the background forma-
tion; the associated measurements are shown in Figure 9.
The thickness of the layers is 3.05 m. The well trajectory
is located in the vertical centre of that middle layer. At d <
4.3 m, the measurement sensitivity is twice as high for the
case of resistive targets (100 ohm-m) in conductive environ-
ments (i.e., 2-3 ohm-m) compared to resistive environments
(i.e., 20-30 ohm-m). Similarly, the conductive target (1 ohm-
m) in case b is detected with better sensitivity due to the larger
resistivity contrast. Additionally, the decay of the electromag-
netic field over distance is less pronounced within the higher
resistivity background, which likely plays a role in enhancing
sensitivity within this resistive context.
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FIGURE 15 Measurement sensitivity described in the form of a

scatter plot versus (a) target radial distance to skin depth and (b) target
horizontal distance as well as radial distance to skin depth.

Background formations exhibiting electrical
anisotropy

Thinly laminated sandstones or shale sequences behave
macroscopically as electrically anisotropic formations, withd-
ifferent parallel- and perpendicular-to-bedding plane resistiv-
ities. Electrical anisotropy affects the equivalent conductivity
tensor of the medium (see Appendix A.2), especially in
inclined or horizontal boreholes or bedding in the strike
direction, impacting skin depth (Jahani & Jacob, 2015),
attenuation rate, hence, the maximum detection distance
of the EM measuring instrument (Anderson et al., 2001;
Carcione, 2011).
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X
FIGURE B.1 Synthetic formation model composed of three

homogeneous layers of varying resistivity together with an inclined
well trajectory. The thickness of the middle layer is 10 m. The
formation coordinate system is xyz, and the well trajectory coordinate
systemis XY Z.

In Figure 10, high-resistivity contrast targets, with respect
to the background, are embedded in an electrically anisotropic
background formation with an anisotropy factor of 3 and
4. Figure 11 compares the sensitivity of borehole EM
measurements acquired in electrically isotropic background
formations (red), with background resistivity of 4—6 ohm-m,
to those of anisotropic formations (blue) for two different tar-
get locations with respect to the well trajectory: d = 4.3 m
and d = 8.6 m. Electrical anisotropy of the background
formation strongly influences measurement sensitivity and
attenuation rate; the anisotropic factor affects the conductiv-
ity tensor, thereby changing the contrast between the target
and the background thus the sensitivity of the measure-
ments. Measurement sensitivity increases for resistive targets
as the degree of anisotropy of the embedding formation
increases, whereas it decreases for conductive targets as the
degree of anisotropy increases. Furthermore, Figure 11 shows
that measurement sensitivity to conductive targets embed-
ded in anisotropic formations decreases rapidly. Therefore,
the maximum radial length of detection for conductive tar-
gets decreases compared to that for resistive targets when
increasing the electrical anisotropy factor; this behaviour
is in agreement with the sensitivity analysis reported by
Alumbaugh and Lu (2001).

Electrically anisotropic targets

In Figure 12, several electrically anisotropic targets are
embedded in an isotropic homogeneous background
formation. Because conductivity tensors are a combination
of horizontal and vertical conductivity (Appendix A.2),
the target’s electrical anisotropy will affect its equivalent
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conductivity, its contrast with the formation, the induced
current and the magnetic field attenuation. An example of
the influence of target anisotropy on measurement sensitivity
is shown in Figure 13: as the anisotropy factor increases
from 2 to 10, the XX and YY components of AH and Hyy
increase by about four times for conductive targets at the
radial distance of 4.3 m with respect to the well trajectory.
Nevertheless, at this radial distance, AH,, decreases due
to the large ZZ element in the conductivity tensor. The same
figures also indicate that target anisotropy factors have a
minor impact on the sensitivity to the resistive targets.

General observations

Figure 14 describes the EM measurement sensitivity for all
synthetic examples considered in this paper with (a) embed-
ded resistive targets and (b) embedded conductive targets.
Measurement sensitivity is plotted as percentage differences
of harmonic resistivity measurements (vertical axis (z)) ver-
sus radial distance from the wellbore to skin depth and
transmitter—receiver spacing %g as well as to conductivity
contrast between background formation and embedded targets
Ao (y-axis) and horizontal distance between the target and the
well trajectory (x-axis)). Red dots in Figure 14a,b indicate that
measurement sensitivity is above measurement noise (2%),
while blue dots designate conditions when measurement sen-
sitivity is below measurement noise. EM measurements for
the case of resistive targets have a maximum sensitivity of
4%, whereas the corresponding measurements for conductive
targets have a sensitivity of 2-20%. Therefore, EM measure-
ments acquired in the presence of conductive targets have
higher sensitivity, but shorter distance of detection than for
the case of resistive targets. Additionally, EM measurements
are plotted as scatter colour dots versus radial and horizontal
distances in Figure 15a,b . The latter figures indicate that mea-
surement sensitivity is below measurement noise (2%) when
the radial distance to skin depth exceeds 2.

COMPUTATIONAL EFFICIENCY

By making use of parallel central processing unit (CPU)
calculations, we showed that for 144 logging positions dis-
tributed over 48 cores on a UT Austin’s Texas Advanced
Computing Center SKX compute node, with a CPU clock rate
of 2.1 GHz, the run time for each logging point and each fre-
quency is slightly less than 20 minutes and around 2000 MB
of memory usage. When the number of logging points exceeds
the number of CPU cores, total run-time increases linearly as
the number of grid cells, transmitters—receivers and frequen-
cies increase. Numerical simulations reported in this paper
computed one logging point in series, with no immediate
opportunity for CPU parallelization; however, matrix decom-
position and the use of graphics processing unit threads for
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semi-analytical algorithms for the synthetic model shown in Figure B.1. The EM instrument is configured at transmitter—receiver spacing of 7.62 m

(25 ft) and the operating frequency is 12 kHz.
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each element of the matrix could be used to further accelerate
the computations.

CONCLUSIONS

Making use of the finite-volume method and parallel central
processing unit computing, we numerically solved three-
dimensional (3D) coupled scalar-potential equations in 3D
geological environments, including spatially heterogeneous
and electrically anisotropic 3D targets and embedding for-
mations. We assumed zero-mean, 2% Gaussian measure-
ment noise to quantify the spatial limits of sensitivity
and detectability of a commercially available deep-sensing
electromagnetic (EM) measuring instrument equipped with
tri-axial transmitters and receivers with respect to (a) target
orientation and distance from the well trajectory, (b) fre-
quency of measurement acquisition and (c) conductivity and
electrical anisotropy of both formation and 3D targets.

We observed that EM measurement resolution and tar-
get detectability are not affected by the orientation of 3D
targets relative to the well trajectory when the radial dis-
tance between targets and well trajectory remains unchanged,
but it will affect measurement polarity (sign), which can be
used to determine target strike angle. On the other hand,
the target’s radial distance from the well trajectory and its
electrical resistivity contrast with respect to its embedding
formation, electrical anisotropy and measurement acquisi-
tion parameters influence both EM detectability range and
measurement sensitivity.

Our study underscores the method’s limitations, which
were accentuated by our deliberate selection of smaller target
bodies with inherently lower measurement resolutions when
contrasted with larger targets. In our examples, the range of
detectability of EM measuring instruments is shorter than 2
skin depths or shorter than the distance between transmitters
and receivers. With a transmitter—receiver spacing of 7.62 m
and a frequency of 12 kHz, borehole EM instruments can
acquire measurements with a sensitivity of 2% when embed-
ded conductive targets are located at radial distances of 4.3 m
(0.6 6) from the well trajectory. This frequency and radial dis-
tance, however, give rise to sensitivity below the measurement
noise for resistive targets.

At a frequency of 24 kHz and a radial distance of 4.3 m
(0.6 6), measurement sensitivity to conductive targets is 4%
and 2% to resistive targets. Moreover, at 24 kHz, the radial
length of detectability increases to 6.4 m (0.9 6)) with a
measurement sensitivity of 2.5% for conductive targets and
2% for resistive targets. Likewise, at a frequency of 48 kHz
and a radial distance of 8.5 m (1.7 §)), measurement sen-
sitivity is approximately 2% for resistive targets and below
2% for conductive targets. Our work indicates that the lower
frequency EM measuring instrument (12 and 24 kHz) is
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capable of detecting and defining conductive targets at rel-
atively long radial distances from the well trajectory, whereas
the higher frequency instrument (48 kHz) can detect and
define resistive targets at relatively long radial distances.
Due to their relatively short skin depth, the detectability
range of both conductive and resistive targets decreases with
increasing frequency.

Our synthetic examples indicate that detecting the spatial
location of 3D geological targets at a given radial dis-
tance is possible when the conductivity contrast between the
target and embedding background formation increases. More-
over, the conductivity tensor is influenced by the electrical
anisotropy present in both the 3D target and the background
formation. This, in turn, impacts the conductivity contrast
between the target and the surrounding embedded background
formation. Consequently, the magnetic field, detectability
range and sensitivity of the EM measuring instrument are all
affected. In our synthetic examples, measurement sensitivity
increases for resistive targets from 2% to 4% as the degree
of anisotropy of the embedding formation increases from one
to four, while it decreases for conductive targets from 5%
to 3% as the degree of anisotropy increases. Therefore, the
maximum radial length of detection for conductive targets
decreases compared to that for resistive targets when increas-
ing the electrical anisotropy factor. Our synthetic examples
indicate that increasing the anisotropic factor of background
formations from 1 to 4 affects only measurement sensitiv-
ity but not the radial length of detectability. Additionally, we
found that measurement sensitivity increases up to four times
(from 5% to 20%) when the electrical anisotropy ratio of a
conductive target increases by five times while the embedding
formation remains isotropic.

Using the above factors as the basis for quantifying the
ranges of detectability and definition of 3D offset targets
by EM measuring instruments enables the assessment of
the uncertainty of both target spatial location (relative to
the well trajectory) and electrical resistivity contrast, thereby
enhancing the accuracy of both geological interpretation and
real-time 3D well geosteering. In addition, estimating the
radial detectability range of borehole EM measurements has
an immediate application in the design of adaptive numerical
grids for 3D inversion procedures, as determining the optimal
size and number of grid cells can translate into great savings
in computational time: parallel computations and optimal grid
design enable 3D stochastic inversion for real-time reservoir
mapping and geosteering.
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3D TARGET DETECTABILITY OF LOGGING

APPENDIX A: REFERENCE FORMULAS

Electromagnetic fields
The partial differential equations governing the coupled
scalar-vector potentials are given by

V2A — iwpy6A — uyo - VV = —pyiweE, (A.1)
and
ioV - (6A)+V - (6.VV) =V - iweE, (A.2)

where A is a vector potential that satisfies the Coulomb gauge,
V is the total electric scalar potential and g = 47 x 1077
(H/m). Three components of the vector potential are sampled
on Yee’s staggered grid and are located at the centre of the
edges of the cell, whereas the scalar potential V is sampled on
a standard grid at the corner of the cell. The above formulation
assumes that the EM fields are excited in a general anisotropic
medium, whose electrical conductivity (inverse of resistivity)
is an arbitrary tensor ¢ = o(Xx, y, z), and € is dielectric permit-
tivity (LaBrecque, 1999). w is the angular frequency (27 f),
where f is the linear operating frequency of the EM instru-
ment. Conductivity o is required on cell edges because that is
where the electric field is discretized. It is calculated as aver-
aged conductivities of all neighbouring cells and is defined as
a symmetric 3-by-3 tensor (Hou et al., 2006).

The conductivity tensor

Following Anderson et al. (2001), the uni-axial conductiv-
ity tensor with principal axes having strike ¢ and dip 6 with
respect to bed boundaries is given by

Oxx ©Oxy ©Oxz
oyx Oyy Oyz|- (A.3)
O0zx ©Ozy ©Ozz

with
oxx =0y +(c,—o0p) sin’ 0 cos® b, (A4)
oyy = (6, — 6,)sin® 0 sin ¢ cos ¢, (A.5)
oy = (0, —0p)sinf cos 0 cos ¢, (A.6)
oyy =0y, + (6, — 0),) sin” 0 sin” ¢, (A7)
oyz = (6, — 0},)sinf cos O sin ¢, (A.8)
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6,7 =0,—(0,—0,)sin> 6, (A.9)

where X, Y and Z are well trajectory coordinate systems, 0 is
the z-axis rotation from the formation coordinate to the well
trajectory coordinate system, ¢ is the y-axis rotation from the
formation coordinate to the well trajectory coordinate sys-
tem and o}, and o, are the conductivity in the horizontal and
vertical directions, respectively.

Skin depth formula

Skin depth depends on the properties of the conductor, that
is, its size, resistivity, magnetic permeability as well as the
frequency of the signal. To calculate skin depth, we used the

following formula:
5=,/—2—,
WU H,

where 6 is skin depth, p is the effective resistivity of con-
ductive formations, @ is the angular frequency (2zf) of
the electromagnetic instrument, p is the permeability of
free space and u, is the relative magnetic permeability of
the conductor.

(A.10)

APPENDIX B: VERIFICATION
To verify the accuracy and reliability of our three-dimensional
(3D) finite-volume solver (Hou et al., 2006), we constructed
a synthetic formation with three homogeneous layers (see
Figure B.1) and compared the corresponding results to those
obtained with a semi-analytical one-dimensional (1D) solver
(Pardo & Torres-Verdin, 2015) and (Shahriari et al., 2018).
Electromagnetic measurements were calculated assuming an
inclined well trajectory across the 1D formation. The mea-
surements are taken at the middle of the midpoint of the
transmitter—receiver spacing, and after post-processing they
are transferred to the position of the transmitter for plotting.
Figure B.2 compares the 3D finite-volume results to those
obtained with the 1D semi-analytical algorithm. For all cou-
pled (XX, YY and ZZ) and cross-coupled magnetic field
components, both for real and imaginary parts, there is less
than a 1% difference between 1D and 3D results. Cross-
coupled components of magnetic fields with Y are zero;
hence, they are not included in the comparison.

95UB017 SUOLUIOD dA1IE.10) 3{cedl|dde aup Ag peusenob ake sapie VO ‘8sn JO Sa|nJ Joj Akeuqi8UIIUO A8]IA UO (SUONIPUOD-PUR-SWLBIAL0D" A 1M ARe.d [Bul UO//STY) SUORIPUOD pUe SIS | 8L 88S *[202/TT/EZ] Uo ARiqITauljuo AB[IM '9.1U8D YoIeasay UeiBomION - 80J0N AQ TSPET 8.vZ-G9ET/TTTT OT/I0P/W0d A3 1M Alelq1jeuluo//Sdny ol pepeojumoq ‘0 ‘8/#2S9ET



