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ABSTRACT

This paper introduces a new method for the fast inversion of borehole resistivity measure-
ments acquired in multiple wells using logging-while-drilling (LWD) instruments. There are
two key novel contributions. First, we approximate general three-dimensional (3D) trans-
versely isotropic (TI) formations with a sequence of several “stitched” one-dimensional (1D)
planarly layered TI sections. This allows us to approximate the solution of rather complex
3D formations using only 1.5D simulations. Second, the developed method supports the
simultaneous inversion of measurements acquired in different neighboring wells and /or with

different logging instruments.

Numerical experiments performed with realistic 3D synthetic formations confirm the

flexibility of the method and the reliability of inversion products. The method yields rel-



ative errors below 5% on the model space, and it enables the interpretation of resistivity
measurements acquired in multiple wells (e.g., an exploratory, an offset, and a geosteering
well) and with any combination of co-axial and/or tri-axial commercial logging measure-
ments acquired with known antennae configurations. Numerical results also indicate that
thinly-bedded resistive formations are very sensitive to the presence of noise on the mea-
surements and/or to possible errors on bed boundary locations, while conductive layers are

only weakly sensitive to those effects.



INTRODUCTION

We focus our work on the real-time interpretation of LWD resistivity measurements acquired
for well geosteering (Zhou (2015); Dupuis and Denichou (2015); Bittar and Aki (2015)). In
high-angle /horizontal wells, discrepancies between apparent and actual resistivities are often
large due to the presence of “horns” and other abnormal readings associated with complex
geometrical features. For those cases, numerical inversion methods are needed for precise
quantitative estimation of the subsurface resistivity distribution, enabling the identification

and assessment of hydrocarbon-bearing formations.

In well geosteering, interpretation of resistivity measurements has to be performed in
real-time. Typically, over 95% of the inversion time is spent in the forward modeling
(Druskin et al. (1999); Newman and Alumbaugh (2002); Davydycheva et al. (2003); Avdeev
et al. (2002); Nam et al. (2008, 2010)), either to compute the solution and/or its derivatives
with respect to the model parameters. Thus, the use of efficient forward solvers becomes
critical in order to invert LWD resistivity measurements in real time. In this context, general
3D simulation methods are prohibitively expensive from the point of view of computational

complexity.

In order to substantially diminish the required simulation and inversion time, several
numerical approaches based on various dimensionality reduction techniques have been pro-
posed over the last twenty years (see, for example, Merchant et al. (1996), and Anderson
(2001)). Some of them are still used today by most oil companies. More recently, Ijasan et al.
(2014) introduced a layer-based inversion workflow to estimate layer-by-layer petrophysical
properties. Dyatlov et al. (2015) developed a method for simulation of LWD measurements

in 2D formations based on the boundary integral equations and the Fourier transform,



which reduces the problem to a series of 1D integral equations. He et al. (2015) presented

a new analytic method to compute the response of tri-axial tools in layered formations.

Our starting point is the simulation and inversion method developed in Pardo and
Torres-Verdin (2015), which decomposes an original 2D formation (Figure la) as a se-
quence of stitched 1D TI models, where both borehole and mandrel effects are assumed to
be negligible (see Figure 1b). Subsequently, we select a different 1D model for each logging
position, as described in figures 1c and 1d. These 1D models can be rapidly simulated using
existing semi-analytical 1.5D solutions, which are described in Kong (1972). More recent
derivations of semi-analytical 1.5D solutions can be found in Lgseth and Ursin (2007); Zhong
et al. (2008), and He et al. (2015). The resulting approach enables the efficient simulation
and inversion of LWD resistivity measurements acquired with a co-axial and/or tri-axial
directional resistivity commercial tool in a single well under the assumption of a 2D TI
Earth model with fixed bed boundaries. Most numerical decisions (including the selection
of the regularization parameter, weights, stopping criteria, and inversion variable) are au-
tomatically determined by the method, thereby relaxing the required numerical expertise
of the user. The proposed inversion method is implemented as a FORTRANO90 library, and
its highly modular structure enables to combine it with other existing simulators and/or

modules that may be needed for particular geophysical applications.

[Figure 1 about here.]

In this work, we extend the inversion method proposed in Pardo and Torres-Verdin
(2015) to approach more general 3D formations that approximate more accurately realis-
tic subsurface models. In particular, the resulting software enables simulations of models

containing various geological faulting structures in the zz or yz planes, and/or some other



complex geometrical structures.

A second key contribution of our work is the extension of the inversion library developed
in Pardo and Torres-Verdin (2015) to the case of multiple wells and/or logging instruments.
In this manner, we are able to jointly invert borehole measurements acquired in several wells
and/or with different tools. Such a combination of measurements is often available during
actual field operations, as it is nowadays customary to drill exploratory and offset vertical
wells where co-axial measurements are acquired, followed by one or various geosteering
wells where directional tri-axial measurements are recorded. To perform the inversion,
we construct a quadratic cost function that incorporates the weighted contributions of all

measurements.

A geometrical model of the subsurface is assumed to be pre-determined, either from
nuclear logging measurements or from some other possibly available (prior) information. In
either case, we assume that the given bed boundary positions are correct, and we restrict
the study only to those situations. Nonetheless, we perform a preliminary numerical study
about the sensitivity of inverted measurements to small and/or moderate errors on the bed

boundary locations.

To illustrate the performance of the proposed method, we consider two synthetic ex-
amples. In both of them, we include three wells, namely: (a) an exploratory (pilot) well
and (b) an offset vertical well, which are employed as initial reference of the subsurface
formation resistivity properties and also to facilitate the ulterior interpretation of measure-
ments acquired with other wells, and (c) a geosteering high-angle (Zhou (2015)) well that
is intended to maximize the posterior fluid production from the reservoir. The developed

inversion method starts by using information from pilot/offset-well logs where a simple 1D



model is often sufficient to interpret the measurements. Then, to successfully interpret re-
sistivity measurements acquired in a geosteering high-angle well, a formation model must
be constructed to account for the geologic complexity encountered along the well path. In
the first synthetic example, we consider a hydrocarbon-bearing formation with inclined de-
positional layers and a geological fault that shifts the oil-water contact (OWC) location.
In the second example, we include two geological faults along the zz and yz planes. In
both cases, the use of 3D geological models and measurements acquired at multiple wells is

essential for reliable estimation of subsurface properties.

Due to our lack of fast 3D simulators, in this work we generate measurements employing
1.5D numerical simulations. While it is obvious that there are some discrepancies between
3D and 1.5D results, we claim that these differences should be local, given that the consid-
ered LWD measurements are only sensitive to the geological model in the proximity of the
receivers. To numerically illustrate this point, we have compared 2.5D against 1.5D simu-
lation results for a subsurface model that includes a geological fault. Accordingly, we show
that discrepancies due to presence of the geological fault only arise over a small segment of
the well, and they do not propagate over the entire well. Furthermore, we show that our
1.5D-based inversion method accurately estimates the input resistivity values when using

synthetic 2.5D measurements.

The remainder of this paper is organized as follows: First, we describe the numerical
simulation method for the forward problem using a semi-analytical solution. Next, we detail
the main components of the inversion method. Results from synthetic examples illustrate
the salient features of our inversion algorithm, along with its main limitations. Finally,
we emphasize the most preeminent conclusions concerning best practices for the real-time

interpretation of borehole resistivity measurements.



FORWARD METHOD

3D Subsurface Models

When a geological formation is described in terms of one or several surfaces, each surface is
approximated with a grid of rectangles in the xy-plane, as depicted in Figure 2. This grid
does not need to follow a tensor product structure (Figure 2). Such a feature facilitates the
user interaction and construction of 3D models. Each rectangular element of the grid is
interpreted as a section of the 3D formation, where materials are assumed to be described
in terms of a 1D TI model with a given dip and azimuth. Thus, the original 3D model is
described as a sequence of stitched 1D TI models, where both borehole and mandrel effects

are assumed negligible (see Figure 1b).

[Figure 2 about here.]

The above representation enables the approximation of rather complex 3D geological
structures which may include several geological faults in the zz and/or yz planes. When
complex geometrical features are not aligned with the Cartesian coordinates, it is also
possible to consider a grid of triangles (rather than rectangles), but this slightly increases

the implementation complexity.

1.5D Semi-Analytical Solution

For each logging position, we first identify the corresponding 1D model (see figures lc,
and 1d) by performing a simple search algorithm in the given non-conforming grid of
rectangular elements. Then, following Kong (1972), we perform a Hankel transform in

the horizontal plane, which reduces the original partial differential wave equation into a



Helmholtz-type ordinary differential equation (ODE) for each Hankel mode. The resulting
ODEs can be easily solved analytically by expressing the solution over each layer as a lin-
ear combination of the two existing fundamental solutions, and finding their coefficients by
imposing the continuity of (a) the solution and (b) its flux across different material inter-
faces. The resulting coeflicients enforcing proper interface conditions among neighboring
layers can be interpreted as transmission and reflection coefficients; recursive formulas exist
to compute them efficiently (see, e.g., Kong (1972)). The 3D magnetic field is computed
by numerically evaluating the inverse Hankel transform of the above spectral 1D analyt-
ical solution by invoking an efficient integration scheme (in our case, we follow Anderson

(1982)).

To further increase the speed of computations, we group logging positions within a
given section of the model according to their azimuth and dip. Those positions exhibiting
the same or very similar dip and azimuth (typically, below 0.1 degrees discrepancy) are
classified within the same group. Then, for each group, we store most of the information
needed to compute the transmission and reflection coefficients corresponding to its first
logging position for all Hankel modes. These data can be re-utilized when estimating the

magnetic fields associated with the remaining logging positions included within the same

group.

Raw Data vs. Postprocessed Data

With conventional LWD instruments, some components of the magnetic field H are further
post-processed to obtain the so-called “apparent resistivities”. The main ideas used to

perform this operation are delineated in the works of Bonner et al. (1995) and Clark et al.



(1988). First, we compute at two different receivers RX; and RX, the z-component of
the magnetic field excited by a z-oriented dipole. We denote these quantities as H ZB;X1 and

HEX2 respectively. RX is always the receiver closest to the transmitter. Then, we have:

1 H,ZR;Xl =1 |H£X1 . h HRXl — ph HRX2
og e = log | =) 4 {ph(HEX) — ph(HEX?)), (1)
sz ‘sz ’ N~
Phase difference
Attenuation

where ph designates the phase of a complex number.

[Figure 3 about here.]

Finally, for the case of a homogeneous formation, we can compute numerically the relation
between the above numbers (attenuation and phase difference) with the formation resistiv-
ity, as described in Figure 3. The result of applying this transformation to non-homogeneous

formations is called “apparent resistivity”.

The developed inversion method supports measurements given either in terms of at-
tenuation and phase differences, or apparent resistivities. The use of the former types of
measurements provides the best inversion results in high-angle wells because the trans-
formation from raw data to apparent resistivities is not always surjective, leading to the
presence of “horns” on the log. For certain directional components, this transformation is
neither injective nor surjective. In these cases, we simply use raw data expressed in terms of
attenuation and phase differences. Additionally, the proposed method can invert measure-
ments acquired in one or multiple wells, with co-axial and/or tri-axial directional resistivity
instruments. This may include any number of “invalid” measurements within the logs due
to the presence of noise and/or other causes that have prevented acquisition of reliable
measurements at those logging positions. When selected by the user, the inversion can be

restricted to a particular transmitter-receiver combination and/or frequency of operation.



INVERSION METHOD

The inversion method requires as input one or various apparent resistivity logs, a description
of the logging instrument, the wells trajectories, the measurements acquired per logging po-
sition, and a description of the 3D geological model in terms of sections and bed boundaries.
It delivers: (a) a layer-by-layer resistivity distribution that minimizes the misfit between
the measurements and their numerical simulations, and (b) the corresponding uncertainty
bars (also called trust regions) expressing the linearized degree of uncertainty of inversion

results.

The main objective of the inverse method is to minimize a quadratic cost functional
composed of data misfit and regularization additive terms. For that purpose, we employ a
Gauss-Newton method where derivatives are computed using a finite-difference scheme, as
described in Pardo and Torres-Verdin (2015). Critical to the performance of this algorithm

is the adequate construction of the cost functional. In our case:

e The data misfit is expressed in terms of a weighted [?-norm of the logs of the resis-
tivities (denoted as [2)), where the weights are inversely proportional to the recorded
measurements so that all measurements provide a comparable contribution to the cost

functional.

e The regularization (stabilization) term is based on the results of the previous iteration.
While this decision significantly complicates the mathematical analysis of the method
(because the cost functional is not fixed throughout the iterations), it has been shown
in a plethora of works to provide adequate results in multiple geophysical problems
(see, e.g., Pardo and Torres-Verdin (2015)). In our case, the regularization term

consists of a weighted L2-norm (denoted as L?2)) of the difference between the current
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model and that obtained in the previous iteration, thereby preventing large variations

in the model from iteration to iteration.

e The regularization (stabilization) parameter used to adjust the relative contribution
of the regularization term is also iteration dependent. It is computed based on the
analysis of a singular value decomposition of the system of normal equations and the

so-called L-curve method (see Hansen (1999)) .

e The measurements input to the inversion are also iteration dependent. In our case, we
start with those measurements acquired in neighboring vertical wells. A fast inversion
of those measurements provides initial values of resistivities for our 3D model. Then,
we progressively include additional geosteering measurements as data to further guide
the inversion. Similarly, the number of layers that form part of the minimization pro-
cedure is also iteration dependent. At each iteration, target layers are selected based
on the available measurements, thereby avoiding inversion of resistivity values corre-
sponding to layers which are located far away from any available measurement. The
user prescribes which measurements and unknowns are considered at each iteration

of the inversion procedure.

In mathematical terms, the cost functional corresponding to a fixed set of measurements
m, a set of simulated measurements h(c), regularization parameter A and regularization

prior oy can be expressed as:
Cuw(0) =[l h(o) =m [ +A |l o — a0 |72, (2)

whose Gauss-Newton iterations can be described as:

Re(J,h(oW) —m)ip + AT, 0% = a9) 15 5
RG(J, J)l2w + )‘(I7 I)L%) ’ ( )

S+ = i) _
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where J is the Jacobian matrix and [ is the identity matrix. In our case, we consider the

following Gauss-Newton iterations:

Re(J, h(c®) — m(i))la + AO(1,00) — U(ifl))L%ﬂ

(1) _ ) _
7 ’ Re(J, )2, + ANO(I,1) 12

(4)

Mathematically, our method consists of a sequence of single Gauss-Newton iterations, where
the cost functional corresponding to the ¢i—th iteration depends upon the results obtained

at the previous iteration. Thus, our cost functional at the i-th iteration is defined as:

Ciy(o) =Il h(@) = m® [ 42D [ o — oD |2, . (5)

NUMERICAL RESULTS

In this section, we first validate and verify our inversion library via a 2.5D synthetic ex-
ample. The procedure illustrates how 1.5D inversion based methods can be employed to
invert higher-dimensional LWD measurements. Next, we introduce two realistic synthetic
3D models corresponding to different geological formations and include the presence of ge-
ological faults. These models are used to describe the main features and limitations of our
proposed 1.5D inversion library. We also analyze the sensitivity of results with respect to

anisotropy and bed-boundary perturbations.

Validation and Verification

Figure 4 describes an 80-degree deviated well crossing 2D subsurface model that includes a
geological fault. Simulation results obtained with a 2.5D finite-element software are com-
pared to those delivered by our proposed “stitched” sequence of 1D models in Figure 5a.
Results indicate that our 1.5D solution method is properly approximating the 2.5D simu-

lated measurements everywhere except in the proximity of the geological fault, where 2D
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effects cannot be completely reproduced via 1.5D simulations. Nonetheless, those higher-
dimensional effects are local, as expected in LWD resistivity measurements. Furthermore,
Figure 5b shows that “our stitched” 1.5D approximation can be successfully employed to
invert 2.5D measurements for the example under consideration, where estimated resistivities

closely approximate original values.

[Figure 4 about here.]

[Figure 5 about here.]

Model 1

In our first synthetic model, we consider three wells, namely, (a) an exploratory (vertical)
well, (b) an offset (vertical) well, and (c) a geosteering (high-angle) well. Figure 6 includes
three different views of our synthetic 3D model formation along with the three well trajec-
tories. Figure 6a focuses on the exploratory well; the offset well is described in Figure 6b,
while the geosteering well trajectory is displayed in Figure 6¢. In the geosteering well, the
dip angle is between 82 and 91 degrees with respect to the vertical direction. In this exam-
ple, the two vertical wells are used to obtain an initial estimate of layer resistivities, while
the geosteering well is invoked to extrapolate such initial model to the areas surrounding
the geosteering well trajectory. The geological model includes layers of various thicknesses
and resistivity contrasts. The thicknesses of the thinnest and thickest layers are 0.38 m,
and 1.52 m, respectively, while the formation resistivity ranges from 0.5 Q-m to 150 Q-m.
This synthetic example is intended to appraise the effectiveness of the inversion algorithm

with a realistic geological formation and multiple wells.
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[Figure 6 about here.]

Figure 7 displays the corresponding inversion results. Specifically, Figure 7a describes
the results obtained from the inversion of only the measurements acquired in the exploratory
well (Figure 6a). In this case, we observe an accurate estimation of actual resistivities
corresponding to the layers that are navigated by the exploratory well. We subsequently
incorporate into the inversion measurements corresponding to the offset well, leading to the
results shown in Figure 7b. Next, we consider all the available measurements (including
those acquired along the geosteering well) to perform the final inversion. The corresponding
results are described in Figure 7c. Inverted resistivities match the actual ones. While
this example contains two vertical and one high-angle well, the inversion algorithm can
be executed with any number of vertical (even zero) and/or high-angle wells. From the
mathematical point of view, the inclusion of additional measurements into the inversion
process is achieved by simply incorporating new data points with their own weights into

the iteration-dependent cost functional.

[Figure 7 about here.]

When adding a 5% Gaussian noise to the measurements, the corresponding trust regions
(often expressed in terms of error bars) described in Figure 8 indicate that measurements
acquired across thinly bedded resistive layers are very sensitive to measurement noise in
comparison to those acquired across conductive layers, whose inverted resistivities are almost

insensitive to the aforementioned noise level.

[Figure 8 about here.]
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In the above numerical experiments, we have assumed that bed boundary locations cor-
respond exactly to those employed when simulating the measurements. However, estimated
bed boundary locations may be inaccurate. In what follows, we quantify the sensitivity
of inverted results to different errors on bed boundary locations. Specifically, Figure 9
describes the inverted resistivities when all bed boundary locations are misplaced by si-
multaneously shifting all of them in one direction by 0.0254 m (1 in.), 0.0508 m (2 in.),
and 0.116 m (4 in.), respectively. We observe a progressive deterioration of inverted re-
sults as errors on bed-boundary locations increase, especially across thinly bedded resistive
layers. Nonetheless, inverted results across most layers are still good approximations of ac-
tual resistivity values. Figure 9 shows that several apparently thinly bedded layers exhibit
relatively small error bars. However, they may actually correspond to thick beds because
the thicknesses shown in the figure only describe the logging length of the well trajectory
across that particular layer. Thus, uncertainty of these resistivity values may be low due to

measurements recorded on other wells and/or along other sections of the well trajectory.

[Figure 9 about here.]

Finally, we analyze the case of transversely isotropic (TT) rocks. Figure 10a describes the
inversion results obtained with measurements acquired in the exploratory well. Horizontal
resistivities are properly estimated, whereas vertical resistivities cannot be estimated due to
the insensitivity of the measurements acquired in a vertical well to anisotropy, as expected.
Similar results are observed along the offset well (see Figure 10b). However, when measure-
ments acquired in the geosteering well (Figure 10c) are incorporated into the inversion, the

corresponding results properly estimate both horizontal and vertical resistivities.

[Figure 10 about here.]
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Model I1

In our second synthetic model, we again consider an exploratory (vertical) well, an offset
(vertical) well, and a geosteering (high-angle) well. Figure 11 describes the model forma-
tion with several geological faults. In all wells, we assume a commercial LWD instrument
equipped with two transmitters, two receivers, and one frequency of operation. Logging

measurements are acquired every half a foot along well trajectories.

[Figure 11 about here.]

As in our previous example, the developed library first inverts the measurements ac-
quired in the exploratory well, followed by those acquired in the offset well and the geosteer-
ing well. Figure 12 shows that inverted results coincide with actual (original) values, thereby

verifying the robustness and stability of the proposed inversion algorithm.

[Figure 12 about here.]

We now quantify the sensitive of inversion results to possible miss-alignments of bed
boundary locations. Figure 13 describes the inverted resistivities when all bed boundary
locations are misplaced by 0.0254 m (1 in.), 0.0508 m (2 in.), and 0.116 m (4 in.), respec-
tively. As in the previous example, the greatest errors are observed across thinly bedded

resistive layers when bed boundary locations are significantly misplaced.

[Figure 13 about here.]

For the case of transversely isotropic (TI) formations, Figure 14 shows the corresponding

inverted resistivity values. Again, vertical resistivities can only be estimated from measure-
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ments acquired in the geosteering well because co-axial measurements acquired in vertical

wells are insensitive to the vertical resistivity.

[Figure 14 about here.]

CONCLUSIONS

We advocate the use of inversion methods for the accurate and reliable interpretation of
resistivity measurements acquired in highly deviated wells, which otherwise often exhibit ab-
normal apparent resistivities that may lead to incorrect assessments of subsurface electrical
properties. The proposed inversion library employs a semi-automatic method to interpret
borehole resistivity measurements, and allows great flexibility in terms of the 3D formation
models that can be considered, and number and types of wells and logging instruments that
we can be used as input. Moreover, since the inversion library relies on fast semi-analytical
1.5D simulations, it only takes in average one hour to invert an 800 m well trajectory section

over a laptop equipped with a four core CPU operating at 2.3 GHz.

The inversion algorithm assumes fixed bed boundary locations and estimates local layer-
by-layer resistivities using a gradient-based inversion algorithm, starting with a subset of the
measurements (typically those acquired in vertical wells) to establish an initial subsurface
resistivity model. These measurements are subsequently complemented with those acquired
in high-angle wells to estimate the remaining layer-by-layer resistivities as well as vertical
resistivities in the case of TI formations. In that way, we obtain a map of the Earths
subsurface resistivity on the proximity of all wells that can be extrapolated or combined

with other measurements in order to asses the entire reservoir.

We illustrated the main features of the inversion library with two complex 3D syn-
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thetic models that contained several geological faults together with measurements acquired
in three different neighboring wells. Numerical results confirmed that resistive layers are
more sensitive than conductive layers to moderate misplacements of bed boundary locations
and/or noise in the measurements, as expected from the physics of the measurements. The
sensitivity of inversion results to larger misplacements of the bed boundary locations will

be addressed in a forthcoming publication.

Future work will incorporate into the inversion library the possibility of automatically
adjusting bed boundary locations based on tri-axial directional resistivity measurements.
For that purpose, we will implement an efficient method for computation of 1D derivatives
with respect to bed boundary locations. We shall also work on complementing 1.5D sim-
ulations with 2.5D ones in local areas where high-dimensionality Earth models cannot be
accurately simulated via 1.5D modeling, which is expected to increase the confidence on
the inverted results. Additionally, we will further study the proposed inversion method by

using field data.
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(a) Original 2D model (b) Simplified piecewise 1D model

(c) 1D model for Section 1 (d) 1D model for Section 2

Figure 1: Sketch of: (a) an original 2D geometrical/geological model, (b) a simplified piece-
wise 1D model used for inversion, and the (c) first and (d) second 1D geological models in the
sequence of “stitched” 1D models associated with different logging positions (represented
with a black point).
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Figure 2: A non-uniform Cartesian grid of rectangles for a given surface.

26



25 —2 MHz
_5 1.5+
T
>
C
£1.0/
<

0.57 L —

0.01 1 100

Resistivity (Q - m)

Figure 3: Relationship between the resistivity of the formation and the attenuation in a
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Figure 4: A 2D model formation with a geological fault. The well trajectory with a dip
angle of 80 degrees is described with the red dashed line.
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Figure 5: Results corresponding to the borehole condition described in Figure 4. (a)
Comparison of numerical results obtained with the sequence of ”stitched” 1.5D models
against those obtained with a 2.5D simulator expressed in terms of attenuation and phase
differences. (b) Inversion results delivered by our proposed 1.5D library when simulating
input measurements with 2.5D finite-element software. Red lines identify actual resistivities,
while black dashed lines describe estimated resistivities.
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Figure 6: Description of geological Model I and three well trajectories. The model includes
an oil-bearing formation (red color) limited by a water-bearing rock (blue). The oil-water
contact interface is vertically shifted due to an existing geological fault. (a) View of the
subsurface model from the proximity of the exploratory vertical well, (b) view of the sub-
surface model from the proximity of the offset vertical well, and (c) view of the geological
model and the trajectory of the geosteering well.
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Figure 7: Model I: Inversion results corresponding to the 3D formation model and well
trajectories described in Figure 6. Red lines identify actual resistivities, while black dashed
lines correspond to estimated resistivities. (a) Inversion results obtained with measurements
acquired in the exploratory well. (b) Inversion results obtained after incorporating the
measurements acquired in the offset well. (c) Inversion results obtained after incorporating
the measurements acquired in the geosteering well.
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Figure 8: Trust region (indicated by the blue lines) of inversion results obtained for mea-
surements acquired in the geosteering well that navigated through the 3D formation model

described in Figure 6.
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Model I: Inversion results (black dashed lines) obtained from geosteering-well

measurements acquired in the formation described in Figure 6 when bed boundary positions
are misplaced by (a) 0.0254 m, (b) 0.0508 m, and (c) 0.116 m, respectively.
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Figure 10: Model I: Inversion results obtained for the 3D TI formation and well trajectories
described in Figure 6. Red lines identify actual resistivities, while black lines correspond
to estimated resistivities. Dashed and continuous lines identify vertical and horizontal re-
sistivities, respectively. (a) Inversion results obtained with measurements acquired in the
exploratory well. (b) Inversion results obtained after incorporating the measurements ac-
quired in the offset well. (c) Inversion results obtained after incorporating the measurements
acquired in the geosteering well.
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Figure 11: Description of geological Model II and three well trajectories. The model
describes a continuous oil-bearing formation (red color) that is vertically shifted due to the
presence of two geological faults aligned along an xz and a yz plane, respectively. (a) View
of the subsurface model along with the three well trajectories, (b) view of the formation
in the proximity of the geological fault along the zz plane, and (c) view of the subsurface
model in the proximity of the geological fault along the yz plane.
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Figure 12: Model II: Inversion results obtained for the 3D formation model and well
trajectories described in Figure 11. Red lines identify actual resistivities, while black dashed
lines correspond to estimated resistivities. (a) Inversion results obtained from measurements
acquired in the exploratory well. (b) Inversion results obtained after incorporating the
measurements acquired in the offset well. (c) Inversion results obtained after incorporating
the measurements acquired in the geosteering well.
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respectively.
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Figure 14: Model II: Inversion results obtained for the 3D TI formation model and well
trajectories described in Figure 11. Red lines identify actual resistivities, while black lines
correspond to estimated resistivities. Dashed and continuous lines identify vertical and hori-
zontal resistivities, respectively. (a) Inversion results obtained with measurements acquired
in the exploratory well. (b) Inversion results obtained after incorporating the measure-
ments acquired in the offset well. (c) Inversion results obtained after incorporating the
measurements acquired in the geosteering well.
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