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Abstract

We present a 3D numerical modelling analysis evaluating the deployment of a bore-
hole electromagnetic measurement tool to detect and image a stimulated zone at the
Utah Frontier Observatory for Research in Geothermal Energy geothermal site. As the
depth to the geothermal reservoir is several kilometres and the size of the stimulated
zone is limited to several 100 m, surface-based controlled-source electromagnetic mea-
surements lack the sensitivity for detecting changes in electrical resistivity caused by
the stimulation. To overcome the limitation, the study evaluates the feasibility of using
a three-component borehole magnetic receiver system at the Frontier Observatory for
Research in Geothermal Energy site. To provide sufficient currents inside and around
the enhanced geothermal reservoir, we use an injection well as an energized casing
source. To efficiently simulate energizing the injection well in a realistic 3D resistiv-
ity model, we introduce a novel modelling workflow that leverages the strengths of
both 3D cylindrical-mesh-based electromagnetic modelling code and 3D tetrahedral-
mesh-based electromagnetic modelling code. The former is particularly well-suited for
modelling hollow cylindrical objects like casings, whereas the latter excels at represent-
ing more complex 3D geological structures. In this workflow, our initial step involves
computing current densities along a vertical steel-cased well using a 3D cylindrical
electromagnetic modelling code. Subsequently, we distribute a series of equivalent cur-
rent sources along the well’s trajectory within a complex 3D resistivity model. We then
discretize this model using a tetrahedral mesh and simulate the borehole electromag-
netic responses excited by the casing source using a 3D finite-element electromagnetic
code. This multi-step approach enables us to simulate 3D casing source electromag-
netic responses within a complex 3D resistivity model, without the need for explicit
discretization of the well using an excessive number of fine cells. We discuss the appli-
cability and limitations of this proposed workflow within an electromagnetic modelling

scenario where an energized well is deviated, such as at the Frontier Observatory for
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Research in Geothermal Energy site. Using the workflow, we demonstrate that the com-
bined use of the energized casing source and the borehole electromagnetic receiver
system offer measurable magnetic field amplitudes and sensitivity to the deep local-
ized stimulated zone. The measurements can also distinguish between parallel-fracture
anisotropic reservoirs and isotropic cases, providing valuable insights into the frac-
ture system of the stimulated zone. Besides the magnetic field measurements, vertical
electric field measurements in the open well sections are also highly sensitive to the
stimulated zone and can be used as additional data for detecting and imaging the target.
We can also acquire additional multiple-source data by grounding the surface elec-
trode at various locations and repeating borehole electromagnetic measurements. This
approach can increase the number of monitoring data by several factors, providing
a more comprehensive dataset for analysing the deep-localized stimulated zone. The
numerical analysis indicates that it is feasible to use the combination of the energized

casing and downhole electromagnetic measurements in monitoring localized stimulated

zone at large depths.

KEYWORDS

INTRODUCTION

Enhanced geothermal systems (EGSs) are engineered reser-
voirs fractured to extract heat energy from low-permeability
geothermal resources (Blackwell et al., 2006; Kneafsey et al.,
2018). The concept behind EGS is relatively straightforward.
The process involves drilling an injection well into hot rock
having low permeability. Water is then injected into the reser-
voir, creating hydraulically fractured zones throughout the
heat reservoir. This hydraulic stimulation enhances the per-
meability of the reservoir and enables the water to circulate
through the fractured zones for heat exchange. A production
well is then drilled into the fractured zones. Hot water and
steam are extracted from the well for power generation. EGS is
an important renewable energy technology being investigated
for application in the Western United States and many other
areas around the world (Breede et al., 2013; Dobson et al.,
2020; Lu, 2018; Tester et al., 2006).

Monitoring the distribution of fractures and fluid saturation
inside EGS over time is crucial for the efficient develop-
ment and operations of geothermal systems (Kneafsey et al.,
2018; Kolditz et al., 2012). By monitoring these and other
parameters, engineers can identify areas of the reservoir that
are underperforming and make adjustments to the injec-
tion and production rates, increasing the overall efficiency
and long-term sustainability of geothermal energy produc-
tion. Geophysical methods play a critical role in achieving
these objectives. For instance, the microseismic method is
capable of identifying the locations of microseismic events
related to hydraulic fractures and outlining P- and S-wave

borehole geophysics, electromagnetics, modelling

velocity structures (Dyer et al., 2008; Lellouch et al., 2020;
Oye et al., 2012). The Vp/Vy ratio obtained from these mea-
surements can be utilized to map fluids and steam-saturated
areas within the stimulated zone (Boitnott & Kirkpatrick,
1997; Gritto & Jarpe, 2014; Gritto et al., 2022; Lin & Wu,
2018; Moos & Zoback, 1983). However, microseismic-based
mapping highly depends on initial velocity models, intro-
ducing uncertainties due to our limited understanding of
these models. Microseismic events are often too small to
be reliably recorded, resulting in uncertainties (Johnston &
Shrallow, 2011). More importantly, the event locations do not
necessarily indicate active fluid pathways (Hoversten et al.,
2015), which is also a key consideration for efficient EGS
operations.

In contrast, electromagnetic (EM) methods can be directly
sensitive to electrical resistivity contrasts between low-
resistivity water-saturated areas and high-resistivity imper-
meable host rocks, complementing microseismic methods in
EGS sites and reducing uncertainty. For example, the mag-
netotelluric (MT) method has been a primary EM tool for
locating potential geothermal structures at depth and has also
been applied to monitor fluid flow at geothermal reservoir
scale (Lindsey et al., 2016; Muifioz, 2014; Newman et al.,
2008; Peacock et al., 2012, 2013, 2020, 2022; Wannamaker
et al., 2004). In contrast, borehole-based EM methods have
been used to detect fluid flow in the vicinity of wells at
higher resolution and higher sensitivity (Borner et al., 2015;
Castillo-Reyes et al., 2021; Cuevas, 2019; Wilt et al., 2002).

The US Department of Energy’s (DOE) Utah Frontier
Observatory for Research in Geothermal Energy (FORGE) is
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FIGURE 1 (a)Location map of the Frontier Observatory for Research in Geothermal Energy (FORGE) site in central Utah. (b) A

cross-sectional view of the geology around the FORGE site (Wannamaker et al., 2020).

a field laboratory (Figure 1a) located in south-central Utah
(Moore et al., 2019, 2020). The primary objective of the Utah
FORGE laboratory is to provide a controlled environment for
testing and developing new technologies that can monitor,
characterize, create and sustain EGS. The area has been the
focus of numerous geoscientific studies since the 1970s for
geothermal development, specifically at the nearby Roosevelt
Hot Springs. In 2017, a vertical scientific well (58-32) was
drilled and tested to a depth of 2290 m at the FORGE site to
provide additional characterization of the reservoir rocks.

As a participant in the Utah FORGE research programme,
Lawrence Berkeley National Laboratory (LBNL) has been
contracted to collect controlled-source EM data that will be
used to characterize the stimulated geothermal reservoir. We
note that the expected stimulated zone is highly localized (a

few 100 m wide) at a depth of several kilometres. Given the
depth to the reservoir coupled with the limited size of the
simulated zone and expected increase in fracture porosity of
only 1% (Finnila & Podgorney, 2020; Xing et al., 2022), it
would be difficult or impossible for surface-based EM mea-
surements to provide sufficient sensitivity to detect changes
caused by the stimulation. Note that this has been verified by
our initial numerical modelling studies that for space reasons
have not been included here, as well as repeat MT measure-
ments made before and after a test stimulation. To attempt
to enhance the sensitivity, we will deploy a three-component
borehole magnetic receiver system called vertical EM profil-
ing (VEMP) system (Miura et al., 1996; Wilt et al., 1997) in
observation wells. We provide a detailed description of the
recently refurbished VEMP system later in this paper.
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As shown in Figure 1b, the target zone for the numerical
simulation is electrically resistive granitoid bedrock. The
bedrock is in turn overlain by a 500-1400 m thick cover
of low-resistivity layers. These geological conditions limit
a conventional surface-based loop or dipole source to pro-
vide sufficient EM field that can penetrate down to the
stimulated zone. To overcome this challenge, we plan to
electrically energize the steel casings (Marsala et al., 2014)
of the injection/production well, which provides for much
larger source currents and stronger signals in the basement
complex than can be achieved by a surface source. In this
paper, we present a numerical feasibility study of a novel
EM field measurement that combines the use of the VEMP
system and energized casing sources for characterizing the
deep-localized stimulated zone.

In general, it is numerically challenging to sim-
ulate/discretize a hollow steel-cased well in a 3D
reservoir-scale or regional-scale EM earth model. For
example, the 3D discretization of a steel-cased well in the
rectangular coordinate system requires using a large number
of fine elements/cells because a typical steel well casing is
only millimetres to centimetres thick, whereas, at the same
time, it is more than a million times more conductive than
surrounding geology. The number of elements required for
discretizing such a model with a well casing exponentially
increases as the well length increases, making 3D EM
modelling using the true casing dimensions intractable even
on a large-scale parallel computer (Commer et al., 2015; Um
et al., 2015). On the other hand, 3D cylindrical-mesh-based
EM modelling codes (Heagy & Oldenburg, 2019) excel at
accurately discretizing a hollow vertical cased well using
a relatively small number of cells. However, the challenge
arises when dealing with a complex 3D resistivity model,
which cannot be reasonably discretized within the cylindrical
coordinate system. Furthermore, when a well is deviated
such as the injection/production wells at the Utah FORGE
site, the high conductivity casing no longer aligns with the
cylindrical coordinate system.

To address these challenges, we propose a 3D EM mod-
elling workflow capable of simulating the energization of a
vertical steel-cased well at a fraction of the computational cost
required for explicit discretization. Instead of developing an
entirely new modelling tool for casing source EM simulations,
we adopt a synergistic approach by utilizing two existing 3D
EM modelling codes: the 3D SimPEG code (Heagy & Old-
enburg, 2019) and the 3D finite-element EM code (Um et al.,
2020). By integrating the strengths of each code, we leverage
their advantages for tackling casing EM modelling challenges.
Once we demonstrate the accuracy and efficiency of the
proposed workflow for a vertical well, we discuss its appli-
cability and limitations when dealing with a deviated cased
well, which we are interested in energizing at the FORGE
site.
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In this paper, we present and discuss simulations and the
potential deployment of the VEMP tool at the Utah FORGE
site. when an injection/production well serves as an EM
source. The objective of this paper is twofold. First, we intro-
duce an EM modelling workflow designed for efficiently
simulating the energization of steel-cased wells in a general
3D model and expand its application to a deviated well. Sec-
ond, we provide a numerical modelling study of the proposed
EM data acquisition scenario at the FORGE site. We hope that
this study can serve as a useful guide for future research on the
combined use of borehole EM receivers and energized casing
source for geothermal characterization and other geophysical
monitoring applications.

The rest of this paper is organized as follows. First, we
introduce the newly refurbished VEMP system. To conduct
a realistic feasibility study, we derive a 3D background resis-
tivity model from an MT inversion at the FORGE site. Next,
we determine the size and of the stimulated zone from 3D
discrete fracture network modelling analysis as well as micro-
earthquake hypocentre locations that we determined from a
test stimulation conducted in April of 2022. The resistivity
of the stimulated zone is then estimated using an equivalent
medium theory approach suggested by Berryman and Hover-
sten (2013). Next, we present a 3D modelling workflow that
converts a deviated energized well to a set of small electric
dipole sources. Finally, using the modelling workflow and the
3D resistivity models, we simulate and evaluate the VEMP
measurement configuration with an energized casing source
for mapping the stimulated zone.

VERTICAL ELECTROMAGNETIC
PROFILING SYSTEM

The vertical electromagnetic profiling (VEMP) system
(Figure 2) was developed by ElectroMagnetic Instruments Inc
(EMI) instruments in 1995 with funding from the Geother-
mal Energy Research and Development (GERD) of Japan.
The system was designed for subsurface imaging, primar-
ily for high-temperature borehole deployment in geothermal
wells and mineral exploration (Alumbaugh et al., 2023; Miura
et al., 1996; Wilt et al., 1997). The original system operated
with separate stations that log independently but are linked
by high-accuracy clocks. The transmitter typically injects a
1-30 Ampere current into either a surface electric bipole or
loop antenna using frequencies ranging from 1 to 128 Hz. This
current is logged synchronously with the borehole receiver
signals using an inductive current monitor.

The VEMP receiver includes a borehole 3-component
inductive sensor and a fluxgate magnetic orientation sensor.
The axial sensor is 1.5 m long, with a 1 cm core made of
magnetically permeable mu-metal. It is wrapped with tens
of thousands of turns of wire and connected to a downhole
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FIGURE 2

(a) The vertical electromagnetic profiling system
(VEMP) surface to borehole field system. (b) The schematic of the
VEMP borehole receiver. (c) Testing the deployment of the VEMP
system at Richmond Field Station in Richmond, California, USA in

2023. The lower white section of the tool houses the sensors, whereas
the upper metallic section contains the vacuum dewar containing the
electronics.

amplifier in a magnetic feedback configuration. It has excel-
lent sensitivity ranging from 1 to 300 Hz. The horizontal
magnetic components are measured using an array of trans-
verse orthogonal sensor coils connected in series with parallel
feedback windings. These coils provide high sensitivity and
temperature stability in a small package. The noise floors for
the vertical and horizontal magnetic field sensors are 104
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and 10713 T, respectively. As shown in Figure 2, the origi-
nal design of the VEMP system was for surface-to-borehole
configuration. However, due to the depth and size of the
anticipated stimulated zone and electrical conductivity struc-
tures at the Frontier Observatory for Research in Geothermal
Energy (FORGE) site mentioned earlier, we plan to use the
VEMP system along with an energized casing source.

The VEMP system can tolerate temperatures up to 260°C.
Its internal preamplifiers, power supply and digital electronics
are placed inside a custom vacuum dewar designed to provide
the tool with 18 h of operation in a high-temperature borehole
environment. With its high-sensitivity three-component mag-
netic sensor, the VEMP system is well-suited for detecting
fractures. The VEMP system has maximum sensitivity at low
frequencies between 1 and 300 Hz, allowing for large source-
receiver separations. It can operate in open hole or within steel
well casing though operation in steel casing requires the data
to be corrected for the casing effects (Gao et al., 2008; Wu &
Habashy, 1994).

BUILDING 3D ELECTRICAL RESISTIVITY
MODELS WITH AND WITHOUT
STIMULATED RESERVOIR ZONES

The baseline resistivity model is derived from the 3D magne-
totelluric (MT) inversion results of Wannamaker et al. (2020).
This involved the inversion of 122 processed MT sites that
were collected over Utah FORGE site and the surrounding
area. The inversion was accomplished via a finite-element
(FE) code (Kordy et al., 2016) that employs deformed hex-
ahedral meshes in order to properly account for the rugged
basin and range topography (Figure 1). In contrast, the
controlled-source EM numerical modelling algorithms (Um
et al., 2020) chosen for this study involve the use of structured
rectangular or unstructured tetrahedral elements. To adapt
the existing model to needs in this study, we have mapped
and interpolated 3D results of Wannamaker et al. (2020) from
deformed hexahedral meshes to regular rectangular meshes.
This resulted in the models shown in Figure 3 where the
rectangular mesh consists of 80 cells in both the horizontal
directions, and 240 cells in the downwards direction. In the
central part of the mesh where the borehole EM fields are
to be evaluated, model cell sizes in the horizontal directions
are 50 m and start at 10 m in the downward direction at the
surface to better account for topography and slowly increase
to 50 m at depth. Figure 4 illustrates the coordinate system
of the FORGE resistivity model and provides additional
information on elements such as injection and observation
wells employed in this modelling study.

In order to calculate the resistivity of a hypothetical stim-
ulated zone generated by fracturing the granitic basement
rock, we used the effective medium theory algorithm devel-
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FIGURE 3 The 3D electrical resistivity model derived from the

3D magnetotelluric (MT) inversion at the Frontier Observatory for
Research in Geothermal Energy (FORGE) site (Wannamaker et al.,
2020).

oped by Berryman and Hoversten (2013). This computational
approach requires a set of input parameters, including geomet-
ric characteristics of the fractures (e.g. radius and thickness),
their volume fraction in each of the x, y and z directions and
the electrical conductivity of the pore fluid within the frac-
tures. The algorithm assumes that the fractures consist of a
series of penny-shaped cracks filled with electrically conduc-
tive fluid that are embedded in an otherwise homogenous
medium. For the Utah FORGE site, we assumed this back-
ground medium to be that of the granitoid with a resistivity
of 3000 Q m. The radius of the cracks and their thickness was
set to 10 m and 2 mm, respectively, aligning with the distribu-
tion used for the discrete fracture network (DFN) modelling
at the FORGE site (Finnila & Podgorney, 2020). The water
that will be employed during the stimulation to generate the
enhanced geothermal system (EGS) is treated water, and it
is assumed to possess a salinity level of 400 ppm. A mea-
sured temperature at the depth of the stimulated zone was
218°C. Combining these parameters yields a water resistiv-
ity of 2 Q m (Schlumberger, 2005). Once these parameters
are provided, the algorithm iteratively computes anisotropic
electrical conductivities using a depolarization tensor formu-
lation. For a comprehensive description of the algorithm,
readers are directed to the reference mentioned above.

As mentioned above, the effective medium algorithm
allows a user to orient cracks in the space. Note that for
describing the fracture orientation here, we employ a local
coordinate system highlighted in red, as depicted in Figure 5.
In the first case (fracture model 1), we assume that all frac-
tures are filled with the electrically conductive fluid and are
oriented only perpendicular to the x-axis (i.e. the y—z plane).
This yields an electrically anisotropic reservoir with a resistiv-
ity in the x direction of 2970 Q m, and in the y and z directions,
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the computed resistivity is 190 Q m. The second case (fracture
model 2) is based on the statistics (Table 1) for four different
sets of fractures that were derived from the DFN modelling
(Finnila & Podgorney, 2020), in which 28% of the fracture
have an orientation in the x—y plane, 32% in the x—z plane and
40% in the y—z plane. Using these statistics yielded a more
isotropic resistivity with values of 302 Q m in the x direction,
270 Q m in the y direction and 256 Q m in the z direction.
We create two different reservoir models using these different
sets of fracture-zone resistivities in order to determine if there
will be sufficient sensitivity within the EM measurements to
whether the stimulated reservoir is isotropic or anisotropic. To
better understand the changes that occur during stimulation,
we present two cross-sectional views of the electrical resistiv-
ity models before and after stimulation along profiles A—A’
and B-B’ which are marked on a location map in Figure 4. As
mentioned earlier, the baseline model (Figure 5a) is derived
from the MT inversion model (Wannamaker et al., 2020).
Then, the model is used to fill a volume with the reservoir
dimensions given above to represent a model after stimulation
(Figure 5b).

ELECTROMAGNETIC MODELLING OF
ENERGIZED STEEL-CASED WELL

As previously mentioned, a major numerical challenge in this
feasibility study is to simulate the EM effects of an energized
steel-cased well in the 3D FORGE model, where the lower
part of the injection well which we want to energize is devi-
ated as shown in Figures 1b and 5. Note that this geometry
does not fit within a cylindrical coordinate system that we
will be using to simulate current conduction in a steel well
casing. Directly discretizing this source well geometry in the
3D rectangular coordinate system requires an extremely large
number of fine elements, which often exceeds the capabilities
of mesh generation software and/or available computational
resources.

To tackle this numerical challenge, we propose a modelling
workflow that first approximates the EM effects of an ener-
gized steel-cased well when the well is vertical. Then, we
discuss the applicability and limitations of the workflow to
a deviated well. The workflow consists of four steps. First, we
construct a layered Earth model whose resistivity structure is
consistent with resistivity that exists along the trajectory of
a vertical well (Step 1). Accordingly, we need to have a 3D
resistivity model of the area of interest which, in this case,
is the resistivity model shown in Figure 5a. Resistivity log-
ging data can also be utilized here to create a more detailed
layered model along the well bore. However, in many cases,
logging data do not extend all the way from the surface to the
bottom of the well but are collected only for a small section
of the well. Accordingly, a large portion of the layer Earth

85UB0 17 SUOWWID aA 81D 3ot |dde au Ag peusenof a1e ssjoie YO 8sn Jo 9| Joy Aeid 1 8uluO A8|1/MW UO (SUOIPUOD-pUe-SWISIW0" A3 |IM Ale.d 1 Ul uo//SAny) SUORIPUOD pue swis 1 8y 89S *[Z0z/80/80] U0 ARiq178ulluO AB|IM * g U IIEN ASjediied S0UBIME TRILLIOJIED JO AlUN - WiN UeAT AQ 6/GET 8/rZ-GOET/TTTT OT/I0P/WO0S A3 | Im Ale.q 1 pul|uo//Sdny Wwouy pepeojumod ‘0 ‘8.¥2S9ET



EUROPEAN

. . .f
BOREHOLE EM FOR FRACTURE MAPPING AT FORGE Geophysu:al Pr g EAGE S,

ENGINEERS

(a) Y axis X axis Section B-B’

1 naow 3000 28300

3
§
Section - g
A~ ol X axis

-~

© Seismic Wels
16A(78)-32 Trajectory

1) SUORIPUOD PUE SWLS L 84} 89S *[17202/80/80] U0 AR1q18UIIUO AB|IM * G [eUOIIRN ABRstiad S0UsIMe TRILIOJIED JO AlUN - WIN UeAT AQ 6/SET 82¥2-GOET/TTTT OT/I0P/W00" A8 M AReiqjoul |UO//SdNY W) papeojuMOQ ‘0 ‘8LyZSIET

feiqipul

Ao

FIGURE 4 (a) The Utah Frontier Observatory for Research in Geothermal Energy (FORGE) map (https://utahforge.com/) showing the
injection well 16A(78)-32 and other observation wells. The red broken lines indicate a coordinate system with the centre set at the wellhead of the
injection well. The trajectory of the deviated part of the injection well is indicated by the magenta line. (b) Map view of the site shows that the three
different surface return electrode positions are used in this paper. A downhole electrode is connected to the inside of well 16A(78)-32 at either 500 or
1000 m in depth as illustrated in Figure 5. Yellow lines denote accessible roads.

TABLE 1 Statistics for four-sets of fractures used for the discrete fracture network (DFN) modelling at the Frontier Observatory for Research
in Geothermal Energy (FORGE) site (personal communication with Finnila).

Orientation Intensity
Set description Mean trend/plunge (degree) Mean strike/dip (degree) P;, (1/m) (%)
South striking moderately dipping west 88.5/46 178.5/44 0.42 36.1
East striking steeply dipping south 1.5/13.5 91.5/76.5 0.35 30.1
North striking steeply dipping east 260/17 350/73 0.20 17.2
SSW striking vertical 131/5 221/85 0.19 16.6
1.15 100.0

BSUBO 1T SUOWLWIOD dA 1D 3|ceat|dde ayy Ag pausenoB ate sajoie YO ‘asn Jo 3| Joy Akeiqiaulju AS|im uo


https://utahforge.com/

Geophysical Prospe&@fg

Section A-A’ Log10(Resistivity (Ohm-m)
4
0 35
0.5 3
= 1 ] 25
3 pproximate trace of }
c 15 well 16A(78)-32 2
g i 4
2 '
a 2 15
2.5 1
3 0.5
3.5 0

Distance (km)

Section A-A’

Distance (km)

FIGURE 5§

(a)

Log10(Resistivity (Ohm-m)

EUROPEAN
ASSOCIATION OF

UM ET AL.

GEOSCIENTISTS &
ENGINEERS

Section B-B’ Log10(Resistivity (Ohm-m)

0 1 2 3 4
Distance (km)

Section B-B’ Log10(Resistivity (Ohm-m)

Distance (km)

(b)

Cross-sectional views of the 3D electrical resistivity (a) before and (b) after stimulation along Sections A—A’ and B-B’ shown in

Figure 4a. The red axes shown in (b) represent a local coordinate system utilized to describe the fracture geometry and orientation. The white vertical

broken lines denote the intersection of the Sections A—A’ and B-B’. Note that the fracture zones are anisotropic. However, for the sake of

straightforward visualization, the resistivity of the fracture zone above is set to 256 Q m, the resistivity of fracture model 2 in the z direction.

model still needs to be estimated from either geology or EM
inversion models.

Next, we simulate electrically energizing the vertical well
using a 3D EM modelling code supporting the cylindrical
coordinate system (Step 2). This simulation can be done at
low computational costs (e.g. less than an hour on a high-end
workstation computer available in 2023) because the vertical
well naturally fits within the cylindrical coordinate system
and does not require an excessively large number of fine
cells/elements. After these simulations, we extract the verti-
cal electric current density along the outer surface of the well
(Step 3). Previous researchers (Cuevas, 2014; Kohnke et al.,
2018; Tang et al., 2015) have shown that the variation of the
current density along the well can approximated by a series
of equivalent dipole sources. This set of equivalent dipoles
is then mapped along the trajectory of the well in the 3D
earth model (Step 4), which, in this case, is discretized using
tetrahedral meshes. Unlike cylindrical meshes, the tetrahedral

meshes are better suited for discretizing complex resistivity
structures.

Here, we make the simplifying assumption that the well has
a uniform single casing thickness from top to bottom. Addi-
tionally, we assume a uniform current density across the cross-
sectional area of the casing at each depth within the well,
allowing us to compute the total casing current at any given
depth by multiplying the cross-sectional area of the well with
the current density on the outer surface of the well. It is impor-
tant to note that this assumption of uniform casing current
distribution does not hold when the casings are nested, lead-
ing to variations in current distribution across the cross section
(Beskardes etal., 2021). In this scenario, it becomes necessary
to model the well-completion design and compute the casing
current at a specific depth by performing an integration of the
current density over the entire cross-sectional area.

To implement this workflow, we have not developed new
numerical modelling codes. Instead, we use widely used and
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proven EM modelling codes that are available to us. Later,
we describe how the numerical modelling codes are used for
the workflow. We simulate an energized verticalized steel-
cased well using 3D SimPEG codes (Heagy & Oldenburg,
2019). SimPEG is an open-source Python package for simula-
tion and gradient-based parameter estimation in geophysical
applications. Although most 3D EM geophysical modelling
algorithms use the 3D Cartesian coordinate system, Sim-
PEG also supports a cylindrical coordinate system and can
discretize a vertical well accurately without excessive mesh
refinement. In this paper, we assume a uniform single cas-
ing structure for ease of modelling, but the 3D SimPEG code
can also discretize a nested casing model if a well-completion
design is available.

To verify the accuracy of the casing current density calcu-
lated by the SImPEG code, we first compare casing current
solutions between the SIimPEG and a method of moments
(MoM) solution (Tang et al., 2015). The goal of this step
is to ensure the quality of the computational mesh for Sim-
PEG’s casing model through this comparative analysis. To
create the mesh, we employ SimPEG’s default casing mesh
generator. For details, readers are referred to Heagy and Old-
enburg (2019). Note that the current version of the MOM code
supports only the top-casing source configuration, where one
electrode is connected to a wellhead and the other is grounded
at a certain distance from the well. In addition, the MoM
code is limited to a vertical well and homogeneous half-space
model. Therefore, we compare the casing current density
vectors along a vertical well, computed by both MoM and
SimPEG with the top-casing source configuration, across var-
ious background resistivity values extracted from the layered
model employed by the SimPEG model.

For example, Figure 6a shows the casing current density
calculated using the MoM and SimPEG codes. In this spe-
cific scenario, a steel-cased well is 1 km deep, and the source
electrode is connected to the top of the well casing (electrical
conductivity: 10° S/m; outer radius: 0.1 m, thickness: 0.02 m).
The return electrode is located 2 km away from the wellhead.
The source is operating at 1 Hz, and the earth resistivity model
is a 100 Q m homogeneous half-space. The well is discretized
into 200 cells in both MoM and SimPEG model. As demon-
strated in Figure 6, the casing current plots from both methods
show good agreement with each other. We also note that it
is worth mentioning that the modelling labour and computa-
tional costs associated with MoM and SimPEG solutions are
not substantial. Both modelling tools enable users to quickly
construct a casing EM model, and the MoM and SimPEG
solution processes can be completed in just a few minutes and
a few tens of minutes, respectively, when using a high-end
workstation computer.

Until now, we have shown that sufficiently accurate cas-
ing currents can be derived from the SIimPEG casing model.
Now, we examine whether these extracted casing currents can

Geophysical Prospecting

EUROPEAN

ASSOCIATION OF
GEOSCIENTISTS &

ENGINEERS

effectively replace the steel-cased well in a 3D earth model.
The goal of this examination is to construct high-quality 3D
mesh based on rectangular coordinates, capable of accom-
modating the set of casing current densities and producing
casing EM responses at borehole receivers. To do this, we
compare the 3D borehole EM responses between the true cas-
ing source (i.e. SimPEG solutions) and the equivalent current
density sources. We utilize a 3D FE EM modelling code (Um
et al., 2020), which discretizes the model using unstructured
tetrahedral meshes, aligns tetrahedral edges along the trajec-
tory of the energized casing well, distributes the equivalent
sources along the trajectory and computes EM solutions. For
details on the algorithm and mesh design, readers are referred
to Um et al. (2020). Figure 6b displays the comparison of
the EM fields from the two solutions for an observation well
located 500 m away from the energized casing, showing a
good agreement between the two.

The idea of replacing an energized cased well with a set
of small equivalent current sources is not entirely new. The
approach has been previously examined, and its limitations
have also been discussed (Cuevas, 2014; Kohnke et al., 2018;
Orujov et al., 2022; Tang et al., 2015). For instance, although
the distribution of casing currents is strongly governed by the
immediate surroundings, it can also be impacted by the sur-
rounding 3D geology, introducing some level of uncertainty
in the equivalent current source approach. We consider this
limitation important, when 3D targets like fracture zones or
injected fluid plumes are in proximity to the source well. Nev-
ertheless, the suggested workflow offers a practical solution to
this casing modelling challenge. The workflow combines the
advantages of recent advancements in casing EM modelling
algorithms and offers a more versatile approach to cased well
EM modelling. For example, by utilizing the 3D cylindrical
EM code, we can simulate more detailed casing properties
and geometry (e.g. different EM properties for each casing
segment, nested casing structures and others) and extract the
resulting casing currents. By mapping the casing current den-
sities into a 3D tetrahedral-based EM model, we can simulate
EM casing source responses to a 3D resistivity earth model
discretized in the rectangular coordinate system.

To this point, we have demonstrated that casing current
densities can be extracted from the SimPEG’s cylindrical
mesh-based model and can be employed to accurately com-
pute casing source responses within a 3D FE mesh-based
model in the rectangular coordinate system. It is worth noting
that the workflow has been applied to a vertical well rather
than a deviated well, such as an injection well at the FORGE
site (as shown in Figure 5). Accordingly, it is natural to ask
whether this workflow can be applied to a deviated well. In
this modelling scenario, we construct a layered model whose
resistivity structure is consistent with resistivity along the tra-
jectory of the deviated injection well 16A(78)-32 in the 3D
FORGE MT model. Figure 7 shows the electrical resistivity
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FIGURE 6 (a) Comparisons between the current density vectors (complex quantities) calculated along the source well using the 3D SimPEG

and method of moment (MoM) method. The x-axis represents the source well depth. (b) Comparisons between borehole electromagnetic (EM)

responses in an observation well, calculated using true casing geometry (SimPEG) and equivalent sources (3D finite-element [FE] solutions). The

x-axis represents a receiver position in the observation well. The middle column displays the relative differences between the plots shown in the left

column. The steel-cased source well is 1 km deep, and the source electrode is connected to the top of the well casing (conductivity: 10° S/m; outer

radius: 0.1 m, thickness: 0.02 m), and the return electrode is located 2 km away from the wellhead. The source is operating at 1 Hz, and the Earth

model is a 100 Q m homogeneous half-space.
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FIGURE 7 The electrical resistivity structures along the injection

well extracted from the magnetotelluric (MT) model (Figure 3). Note
that the x-axis does not represent true vertical depth but rather the
measured depth along the trajectory of the well.

structures along this injection well, as extracted from the MT
model. Next, we insert a vertical steel-cased well, whose depth
is the same as the measured length (3349 m) of the deviated
well, into the layered model. Third, we simulate energizing

the verticalized well using the 3D SimPEG code. Finally, the
casing current densities are extracted from the SimPEG model
and distributed along the true trajectory of the deviated well
in the 3D earth model. Figure 8 figuratively summarizes the
process of mapping the current density vectors from a vertical
well to the actual deviated well trajectory.

A key question here is whether or not the casing current
distribution derived from a verticalized steel-cased well can
represent the casing current distribution for a corresponding
deviated well. In general, the current distribution derived from
a verticalized well might not always closely resemble that
of its true deviated well counterpart because of the differing
impact that a return electrode grounded on the surface has on
casing currents in vertical versus deviated wells.

To the best of the authors’ knowledge, there is currently
no analytical algorithm available to calculate the casing cur-
rent distribution along a deviated L-shape well (Figure 5)
energized by a downhole electrode. Directly applying the
3D FE algorithm for discretizing and simulating the entire
3 km length of the deviated L-shape well is also computation-
ally intractable. Therefore, there are no modelling methods
available to directly compare the casing current distribution
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FIGURE 8 Mapping casing current density vectors from (a) a vertical well to (b) a deviated well. The red arrows indicate current density

vectors, and the arrow thickness represents magnitude. For visualization purposes, (a) shows only eight dipoles, but in reality, the casing current is

discretized using a number of small electric dipoles of varying amplitude and phase.

between the true deviated well and its verticalized counter-
part. Alternatively, to provide a proof-of-concept verification
of the proposed approach, we employ a hierarchical mod-
elling method (Weiss, 2017) that can approximate the casing
current distribution along the deviated well. The modelling
approach represents the hollow steel-cased well by assign-
ing casing conductivity values to the volumeless edges of the
trajectory of the well, avoiding the need for excessive vol-
ume discretization using fine cells. Subsequently, we compare
the hierarchical modelling solutions with the casing currents
along a verticalized well calculated using 3D SimPEG in the

cylindrical coordinate system. The comparison in Appendix
1 shows good agreement between the two solutions, indicat-
ing that the verticalization of a deviated well can serve as a
practical first-order approximation tool.

In the context of the FORGE site, several factors lead us
to further conclude that the above workflow will be effec-
tive for this site: (1) A highly conductive steel-cased well is
embedded into a highly resistive granitoid bedrock, (2) the
shallow area where the well is vertical is covered with con-
ductive sediments, (3) the downhole electrode is positioned
at a substantial depth (i.e. 1 km) beneath the surface, and (4)
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a return electrode on the surface is grounded sufficiently dis-
tant (i.e. 1.4 km) from the well. Accordingly, it is reasonable
to assume that the primary factor governing the casing current
distribution and how slowly the current ‘leaks’ off of the cas-
ing into the formation is the resistivity contrast between the
casing and the background geological formation rather than
the position of the return electrode or other acquisition factors.
In this context, it is logical to infer that the current distribu-
tion along a vertical well can represent the current distribution
for the actual deviated well as long as the correct formation
resistivity is used along the well. Although we acknowledge
that our proposed workflow may not encompass all the details
associated with the FORGE site, we think that it can serve as
a valuable first-order approximation for assessing the sensi-
tivity of the combined use of the energized casing source and
the VEMP system to detecting changes at depth that are gen-
erated by EGS stimulation processes that are planned for the
FORGE site. Thus, in the following sections, we focus on the
FORGE EGS reservoir modelling scenarios.

SENSITIVITY OF BOREHOLE
ELECTROMAGNETIC MEASUREMENTS
TO STIMULATED ZONE

We evaluated three different casing source configurations for
this study. The first configuration known as the top-casing
source configuration (Marsala et al., 2014) employs a surface
electric source. In this setup, one electrode energizes a well-
head, and the other is placed at some distance from the well.
The second configuration is the downhole source configura-
tion (Marsala et al., 2014) in which one electrode is directly
connected to the casing within the well at depth, whereas
the other electrode is placed on the surface. The third source
configuration (Cuevas, 2014, 2019) uses a finite-long vertical
electric dipole source inside the cased well. Through numer-
ical modelling studies, we found that the top-casing source
configuration is relatively less effective at the FORGE site
because of the thick conductive overburden through which
much of the currents injected at the wellhead leaks off from
the well before reaching the target depth. In comparison, the
downhole source configuration can deliver more currents to
the target depth and illuminate a deeper target at the expense
of a well-intervention procedure. The third configuration also
provided some sensitivity but its EM field amplitudes were
much smaller compared to those in the other two configura-
tions. Therefore, this paper focuses on the downhole source
configuration.

We examine the sensitivity of the VEMP system to the frac-
ture models as a function of the downhole source depth. First,
we compare three-component magnetic field and vertical
electric field measurements with and without the stimulated
zone when a downhole electrode is connected to the inside
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of the cased injection well at two different depths: 500 and
1000 m. For simplicity, we assume that the diameter and thick-
ness of the casing are uniform from the top to the bottom
rather than considering a complexly nested cased well. The
outer diameter and thickness of the casing are set to 0.2 and
0.02 m, respectively. We also assume that the electrical con-
ductivity of the steel-cased well remains constant and is set to
5 x 109 S/m. The return electrode is grounded 1.4 km away
from the wellhead of the injection well at (0, 1.4 and O km) as
shown in Figure 4b.

We assume that the casing’s relative magnetic permeability
is equal to one. However, it is important to note that car-
bon steel casing, which is commonly used in the oil, gas and
geothermal fields, typically has a relative magnetic perme-
ability that ranges from 50 to 200 (Gao et al., 2008). At 50 Hz,
the effects of the magnetic permeability of energized steel cas-
ing on borehole EM measurements cannot be ignored, and it
must be taken into account during modelling and data inter-
pretation. Incorporating the effects into 3D EM modelling and
inversion in a computationally practical manner is an ongo-
ing research topic that goes beyond the scope of this paper.
Although this paper focuses on the sensitivity of borehole EM
responses to fractures excited by an energized casing source,
we briefly demonstrate the effects of casing’s magnetic per-
meability on borehole EM data and discuss potential methods
for accounting for the effects in Appendix 2.

To assess the sensitivity of the combined use of the ener-
gized casing source and the VEMP system, we set two
conditions: First, the proposed EM acquisition configuration
should provide at least a 10% amplitude anomaly between
modelling data calculated with and without the stimulated
zone. Second, the field amplitudes should be sufficiently
larger than the known sensor noise levels of the VEMP sys-
tem (i.e. 1074 T for vertical magnetic fields and 10713 T
for the horizontal magnetic fields). We simulated the EM
responses at multiple frequencies ranging from 1 to 100 Hz
and here present those at 50 Hz where observed fields suffi-
ciently meet both the amplitude and anomaly conditions. We
used amplitude anomalies to gauge sensitivity in this numer-
ical study. The primary objectives are to demonstrate that the
signal surpasses the noise and that an amplitude change is
also significant enough to exceed the noise level. However,
in practical data and inversion processes, we will utilize both
amplitude and phase data (or real and imaginary data).

The VEMP system is deployed in observation wells 58-
32 and 78B-32 (Figure 4). The VEMP system can measure
magnetic fields in open or steel-cased well sections, though
measurements made in the steel casing will be attenuated (Wu
& Habashy, 1994). We place the VEMP system in the cased
section of the wells (i.e. from 1500 to 2300 m in depth for well
58-32 and from 1700 to 2600 m for well 78B-32). At these
depths, the diameter of well 78B-32 is large enough to accom-
modate the VEMP system; we have recently determined that
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FIGURE 11 Comparison of casing current distribution along the

well when employing two different depths of downhole electrodes. The
x-axis represents the measured depth along the trajectory of the well.
Casing current values are computed as averages over 5-m intervals
along the length of the cased well. The casing source is represented
using 670 dipoles within the 3D model.

the casing of well 58-32 is the same diameter as that of the
VEMP tool (5”) suggesting that we will not be able to deploy
VEMP in this well.

In order to provide a comprehensive analysis, we also sim-
ulate vertical electric field measurements. In practice, the
electric fields can be measured using a vertical electric dipole,
which is electronically simpler compared to a sophisticated
coil-based borehole magnetic field sensor. However, it is
important to note that electric fields can only be measured
in the open well section, whereas the magnetic fields can be
measured in both open and cased well sections. Due to the lim-
itation, the electric fields are computed at two depths below
the casing shoe of well 58-32 which has 33 m of open hole at
the bottom of the well, and a range of positions over 300 m at
the bottom of well 78B-32.

Figure 9 shows the borehole EM measurements at the two
observation wells when the downhole electrode is connected
to the inside of the injection well at z = 500 m. To take into
account the attenuating effects of steel casing on VEMP mea-
surements, we multiplied the magnetic field solutions by a
complex casing attenuation coefficient as presented in Wu and
Habashy (1994). Although the electric fields are measured in
the open well, it is important to note that the presence of the
steel-cased well above the electric dipole receiver may intro-
duce distortions in the electric field measurements. On the
other hand, we expect that the injection and observation wells,
other steel-cased wells and steel infrastructure may minimally
interact with each other because they are substantially isolated
from each other. However, the extent and magnitude of these
influences have not been addressed in this study and remain a
subject for future research.

Regarding the EM field amplitudes shown in Figure 9,
notice that they are several orders of magnitude larger than
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the noise levels discussed earlier. This is despite setting the
source current amplitude to 1 A, and attenuating the magnetic
fields measured in casing by the aforementioned casing coef-
ficients. We expect field amplitudes to be significantly higher
in practice as we anticipate transmitting between 5 and 20 A
into the casing source. Thus, we conclude that borehole EM
fields will be large enough to be measured.

The horizontal magnetic fields (i.e. the first and second
columns of Figure 9) indicate that they can not only detect
the stimulated zones but can also distinguish between the
electrically anisotropic reservoir (fracture model 1) and the
isotropic case (fracture model 2). The vertical electric field
measurements are also highly sensitive to both the presence
and anisotropic nature of the stimulated zone. This suggests
that, along with VEMP measurements, vertical electric field
measurements can serve as additional constraints for detecting
and imaging the reservoir. As the downhole electrode position
is moved from z = 500 to 1000 m, the amplitudes and sensi-
tivity of the borehole EM measurements (Figure 10) increase
further. For example, the horizontal magnetic field measure-
ments (Figure 10i,j) provide up to 100% amplitude anomaly
between the background and fracture models.

Figure 11 compares casing current distribution along the
well, specifically examining the effects of deploying a down-
hole electrode at two depths: z = 500 m and z = 1000 m.
The results clearly demonstrate that positioning the electrode
at the deeper location significantly enhances the casing cur-
rent amplitude by several factors, thereby improving signal
strength and sensitivity of the measurement to the stimulated
zone.

Next, we examine the impact of the surface electrode’s
location on the borehole EM measurements by moving it from
(0, 1400 and 0 m) to (1400, 0 and 0 m) with the downhole
electrode connected to the well at z = 500 m. Note that this
moves the return electrode from a position roughly perpen-
dicular to the trajectory of the deviated portion of the well,
to a position that is laterally close to overlying the energized
well casing. Figure 12 shows the borehole EM measurements
in this configuration. Compared to Figure 9 where the surface
electrode is grounded at (0, 1400 and O m), Figure 12 shows
an overall decrease in sensitivity to the stimulated zones. For
example, only one horizontal magnetic field component (i.e.
B, Figure 12i) is sufficiently sensitive to the stimulated zone
in this configuration. Furthermore, the sensitivity of the ver-
tical electric field measurements (Figure 121) is substantially
reduced. The reduced sensitivity is due to the fact that with the
surface electrode grounded near the observation well, the pri-
mary fields from the surface current source effectively mask
the secondary fields from the stimulated zones. However, as
the downhole electrode is moved downward from z = 500 m
(Figure 12) to 1000 m (Figure 13), the energized injection
well provides more current in and around the stimulated zone,
overcoming the masking effects and improving the overall

85UB0 17 SUOWWID aA 81D 3ot |dde au Ag peusenof a1e ssjoie YO 8sn Jo 9| Joy Aeid 1 8uluO A8|1/MW UO (SUOIPUOD-pUe-SWISIW0" A3 |IM Ale.d 1 Ul uo//SAny) SUORIPUOD pue swis 1 8y 89S *[Z0z/80/80] U0 ARiq178ulluO AB|IM * g U IIEN ASjediied S0UBIME TRILLIOJIED JO AlUN - WiN UeAT AQ 6/GET 8/rZ-GOET/TTTT OT/I0P/WO0S A3 | Im Ale.q 1 pul|uo//Sdny Wwouy pepeojumod ‘0 ‘8.¥2S9ET



13652478, 0, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1111/1365-2478.13579 by Evan Um - Univ of CaliforniaLawrence Berkeley National Lab , Wiley Online Library on [08/08/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

UM ET AL.

‘(W QOGS PUE () Q) J& SuIsed 2y} JO APISUT ) 0} PAJOAUUOD ST IPOIIII[D A[OYUMOP ) PUE ‘(U] () PUB () ‘4" [)
Je popunois SI 9po)ode doejans Y], ‘panofd are (UWNod YIINo}) SPIAL) OLIIJ[A [BONIIA Y} pue (UWNOd PIIY) 03 Is11f) SPIALY onouew ay} Jo sjuouodwod a1y T, *([3—1] M01 pIry)) seouaIayip apmiduwe
QATyR[aI J19Y) pue ([Y—9] Mo puodas) aseyd oY) ‘uone[nwins 19)je pue 210§oq zH (S 8 ([p—.] mox 3s11y) sjuowainseaw apmrpdwe (JAF) onousdewondld pajenwis ut uostedwo) 71 AANODIA

(w) ydeg (w) ydeg (w) ydeqg (w) ydeg
0062 008Z 00/ 009Z 00SZ 00¥Z 00€Z 00ZZ 0092 00¥Z 00ZZ 000Z 008L 009L 0O¥L 009Z 00¥Z 00ZZ 000Z 008L 009L O0OVL 0092 00¥Z 00ZZ 0002 008L 009 00Vl
romesr el L S T 0 : 0 0 0
0s S W S S
o o o o
= oL = ol = ol =
0oL & g g g
g s 8 T o 8
o [} o o
ost 2 2 - 2
2 0z 0z 0z
~ =~ Z 19powW ainjoe)} ‘ZE-BRL IOM @+ = -
= 00z | [9POW QINJORY ‘ZE-FBL IOM - M-+
w m. sc T 19pow aimoey) ‘Ze-8S oM —8— se s
SEx | [9pOwW aInjoey) ‘ZE-8S IOM —i—
EGE 0se ot ot ot
g3% z3()) 2g () Aa (D xg ()
Zc¢g
%87
L (w) ydeg (w) ydeg (w) ydeqg (w) ydeg
006Z 008Z 00/ 009Z 00SZ 00¥Z 00EZ 0022 009z 00¥Z 00ZZ 000Z 008L 009 00Vl 009Z 00¥Z 00ZZ 000Z 008L 009L O0OVL 009Z 00¥Z 00ZZ 000Z 008L 009L 00Vl
09 0z R 0
s » 08 5 W 5 4 . . >
o o o o
2 2 09 2 ; 0 5
3 00L g P i) 5 = 5
= =z = o o
@ @ 08 @ 7 @
00l @ 0zl o [ 0oL @
a a ———— a a
o o ozL @ osL &
% s = 0oL = = =
2 oyl
oe 08l
o0 z3 () zg (6) Aa () xg (9)
) (w) pdag (w) pdeg (w) pdeqg (w) ydag
o't 006 008C 004 009C 00SZ 00¥C 00€C 0022 009¢ 00¥C 002C 000C 008k 009 OO0V 009 00¥C 002C 000C 008k 009L OOVL 009 00vZ 002C 000C 008L 009L OOVL
; u-0 -0k -0t
a T 19POW ainoey ‘ZE-GBL IOM - B+
Q. 6-0b | [9POW QINJORY) ‘ZE-FBL IOM - -+«
) - = punoiBYoeq ‘ZE-G8L M+ O = =
o I a0t 3 Z 1opow aimjoe) ‘Ze-85 lom —a— | 1 01-0F 8 o0t B
1 m auu | [9POW aInjoey) ‘ZE-8S M —— % %
P mb_, qﬂ_w W punoibyoeq ‘Ze-85 IIOM —O— W W
’ oy = = =
0L @ 0o @ o @
[(-] 2 6 o 6 o 6 oy
oo e i = = 5 =
- ) El g 3 d
'Y ;-0
> g-0b g-0b g-0b
£
o z3(p) 2g (9) fg (a) xgd (e)
(=1
&
-



13652478, 0, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1111/1365-2478.13579 by Evan Um - Univ of CaliforniaLawrence Berkeley National Lab , Wiley Online Library on [08/08/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

GEOSCIENTISTS &

ENGINEERS

ASSOCIATION OF

‘(U [ pue () g) 38 SuIseO ) JO APISUL Y} O} PAJOAUUOD ST PO A[OYUMOP 2} Pue ‘(UK () pue ( “4'[)
Je popunois SI o) d9ejIns Y, ‘pano[d are (UWnjod YIInoy) SPIAT) JLIIJ[A [BONIdA Y} pue (UWN]OD PIIY) 03 IsI1f) SPIAL} onouTew ay) Jo sjuauodwod Iy [, *([[-1] Mol pary3) SeouaIyIp opmijdwe
QATyR[aI J19Y) pue ([y—9] Mo puodas) aseyd oy ‘uone[nwins 19)je pue 210§q zH (S 18 ([p—.] mo13s11y) sjuowainseaw apmrpdwe (JAF) onousewonod[d pajenwis ut uostedwo) €1 AANODIA

—
Q
<
=

(w) ydeg (w) ywdeg (w) ydeg (w) ydeg
0062 008Z 00.Z 0092 00SZ 00vZ O00€Z 00ZZ 009z 00¥Z 00ZZ 000Z 008L 009L OOVl 0092 00¥z 00ZZ 000Z 008L 009L 0OY) 009z 00¥Z 002 000Z 008L 009 00Vl
0 0 e O 0
P f
(o * O*®
hke 4 S 0z 0z
] S S
Fy i o o o o
% m_ < o F g oy o
by ! g o g o3 g
bn By B 09 & 3 3 09 B
4 e 2 2 2 R
b — gL = T 19pow aimoey) ‘Ze-a8L oM - 8- L= =
o 08 | 19POW BIMORY) ‘ZE-TBL IOM - -+ 08
A T [9pow ainjoey) ‘Ze-gS I —8—
e | [9pow aInjoey) ‘Z¢-8S IOM ——ip—
p 001 (174 0c 0oL
0 z3()) za () Aa () xg ()
m (w) ydeg (w) ydeg (w) ydeqg (w) ydeg
o 0062 008Z 00/Z 0092 00SZ 00vZ O00€Z 00ZZ 009z 00¥Z 00ZZ 000Z 008L 009L OOVl 0092 00¥Z 00ZZ 000Z 008L 009L 0OVl 009z 00vZ 002Z 000Z 008L 009L O00VL
e 08 0z 0
(&) s » 0oL > > >
st =3 g g s g
5.4 2 09 2 2
s 0 el e )
> 3 0z 3 3 3
= 0oL & 2 8 @ 2
=) g ~ = oo 2
o & orl & 001 & &
«Q Q «Q «Q
T 3 3 oz 8 3
(G) . ost S 09 e e 05t &
'6 ovl
Q 08l
z3(y) zg (6) Aa () xg (9)
m
m (w) ydag (w) pdeg (w) wdeqg (w) ydag
o 0062 0082 00/Z 009C¢ 00SZ 00¥C 00€C 0022 009¢ 00¥Z 002 000C 008L 009L O00¥L 009 00¥C 002C 000C 008k 009L OOVL 009 00¥C 002C 000C 008L 009L OOVL
- oL oL oL
- s 5 s
M T 19pow aimoey) ‘Ze-ggL oM@+ 8-
0L | [9POW AINORY ‘ZE-ABL IOM - #-+++
m 60 m z punoiByoeq ‘ZE-88L M - O-- z =
& o o0l B Z 1opow aimjoey} ‘Ze-8S M —8— ({ .0} © o0t
A 2 o | 19POW QINJORY) ‘ZE-GS M —M— e s
AMn o ] PunoiBYORq ‘ZE-85 IOM —O— o o]
o & 5 5
s [ = = =
3 g / s0b & g0l B e0b B
U N Q o (=%
U S / 3 3 4
b g 10
£ g-0b g-0b g-0b
4
o z3 (p) zg (9) Ag (q) xg (e)
59
=
&)
m
_
o
2
o
m



13652478, 0, Downloaded from https:/onlinelibrary.wiley.com/doi/10.1111/1365-2478.13579 by Evan Um - Univ of CaliforniaLawrence Berkeley National Lab , Wiley Online Library on [08/08/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

UM ET AL.

(W | pue () ‘0) 38 SUISED Y} JO SPISUI J} 0] PIAJOAUUOI ST IPOII[A A[OYUMOP ) PuR (UK () PUe ( ‘4" [—)
Je popunois SI 9po)oOJ[e ddejans Y, ‘penofd are (Uwnjod YIInoy) SpIOL) OLIIJ[ [BONIdA Y} pue (UWN]Od PIIY) 03 IsI1f) SPIALY onouTew ay Jo sjusuodwod a1y [, *([[-1] MO0I pary)) SOoUIYIp spmrjdwe
QATIRTRI J19Y) pue ([Y—9] Mo puooas) aseyd oy ‘uone[nwins I9)je pue 210§q zH (S 18 ([p—t] Mmo1 3s11)) sjuswainseaw apmrpdwe (JAF) oneudewonds(d pajenwis ut uostredwo) 1 AANODIA

(w) pdeqg (w) ydeg (w) pdeg (w) pdeqg
0062 008C 00/C 009C 00SZ 00¥Z 00€C 0022 009 00vZ 002 000 008L 009 OOVL 009¢ 00¥Z 0022 000 008L 009 O0VI 009 00vZ 0022 0002 008L 0091 OO0V
0 0 e Sl 0

= 0
2 w reiliiy s j
'w @ ™3 *
sy oy g 0 oL oL w ! p
Saar® o o) ) g ! o
i 00 3 0z 3 0z 3 ¢ g
il g & g g i oor S
* . o [} o : [}
e ost @ v% og ® og ® : o
i P 2 S : 2 * S
] ! i = = 47 opow aimoey Ze-G8L IOM - @-|| = : osL =
Pl A t i 00z oy | [9POW QInjoe ‘ZE-AYL IOM - #---- | OF §
b & i i 5 | Ziepow aimoey ‘Ze-8S IO —B— *
SEg . i H | [9POW @INjoey) ‘ZE-8S IOM —— -
EEZ . La 0sz 0s = 05 00z
g% z3 (1) zg (%) Aa () xg ()
Zc¢g
%87
S (w) ydeg (w) ydeg (w) ydeg (w) ydeqg
E 0062 008Z 00.Z 0092 00SZ 00¥Z O0EZ 00ZT 009 00¥Z 00ZZ 000Z 008L 009L 00Vl 009Z 00z 00ZZ 000Z 008L 009L 0OVl 009 00vZ 00ZZ 000Z 008L 009L 0O¥L
ovi - 0
Q . ”
0s » > > >
A & 0sk & g s §
E o 3 0oL 2 2
jo) o o o
oot & 0oL 8 8 oo 8
Q o [~ o
& & & &
3 ou B 0st'3 3
st S < 2 st
08l 00z
z3 () 2g (6) Aa () xg (3)
(w) ydeqg (w) ydeqg (w) pdeg (w) ydeqg
006Z 008Z 00/ 009Z 00SZ 00¥YZ O0EZ 00ZT 0092 00¥Z 00ZZ 000Z 008L 009L 00Vl o 009Z 00¥Z 00ZZ 000Z 008L 0094 0OVL o 009Z 00¥Z 00ZZ 000Z 008L 009L 0O¥L o
b T 19pow ainjoey) ‘Ze-g8L IPM -3+ B L3
oL | [9POW BINORY) ‘ZE-GBL M - -+
6" m punosbyoeq ‘Ze-8L IPM - O
o oL M Z 19pow aimjoey} ‘Ze-8S M —8— | o M ol M
aQ o0t g | 1opow ainjoey} ‘Ze-gS lom —#— | O+ @ 0T g
3 3 PuNoJBYOEq ‘Z6-85 IIM —O— 3 3
2 5 &5 5
g-0b W = - =
50 @ 50 @ 0L @
N o Q o
3 3 = 3
us 401
g0 -0 -0t

z3 (p) zg (9) Aa (q) xg (e)




BOREHOLE EM FOR FRACTURE MAPPING AT FORGE

sensitivity to the stimulated zone. Nevertheless, these results
(Figure 13) are much less effective in comparison to those
(Figure 10) where the surface electrode is grounded away
from both the injection and observation wells.

Last, we examine the borehole EM measurements when
the surface electrode is grounded at (—1400, 0 and O m),
another surface position sufficiently distant away from both
the injection and observation wells. Figure 14 shows the
resulting borehole EM measurements, which exhibit suffi-
ciently large EM amplitudes and sensitivity to the stimulated
zone, similar in amplitude but different in character from
those obtained when the surface electrode is grounded at (0,
1400 and 0 m) in Figure 10. The resulting differences without
much loss in sensitivity indicate that we can obtain additional
data by grounding the surface electrode at various locations
and repeating EM measurements. This approach can pro-
vide a more comprehensive dataset that enables us to better
understand various aspects of the stimulated zone.

CONCLUSIONS

We have proposed and analysed a new electromagnetic (EM)
data acquisition configuration for monitoring deep localized
zones that are generated during stimulation to produce an
engineered geothermal reservoir system at the Utah Frontier
Observatory for Research in Geothermal Energy (FORGE)
site. The depths of the stimulation at this site coupled with
relatively small stimulation zone imply that conventional
surface-based EM methods cannot provide sufficient sensitiv-
ity. The configuration simulated in this paper overcomes this
by combining borehole EM measurements with an energized
steel-casing source. To evaluate the sensitivity of this config-
uration, a task not fully attainable through existing analytical
or numerical modelling solutions, the proposed workflow for
simulating the energized steel casing uses a vertical equivalent
of a deviated cased well, calculates casing current densities
when embedded in a layered model derived from resistivity
structures along the trajectory of the deviated well, replaces
the current densities with a series of electric dipoles and then
aligns the dipoles along the true trajectory of the well inside
an original 3D resistivity model. In the geological context of
the FORGE site, this workflow serves as a valuable first-order
approximation tool for assessing the sensitivity of employing
the energized casing source in conjunction with the vertical
EM profiling system for detecting a deep, localized enhanced
geothermal system at the FORGE site.

Our numerical modelling study shows that combined with
the energized casing source, the borehole EM measurement
system offers sufficiently large magnetic field amplitudes
and sensitivity to the stimulated zones and can distinguish
between the parallel-fracture anisotropic reservoir and the
isotropic case, providing valuable insights into the fracture
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system of the stimulated zone at the FORGE site. The 3D
modelling study also suggests that the vertical electric field
measurements are highly sensitive to the stimulated zone
and thus can be used as additional constraints for detecting
and imaging the target. Additional monitoring data are pro-
vided by grounding the surface electrode at various locations
and repeating borehole EM measurements. In this study, we
have examined the detection sensitivity of the proposed EM
configuration to the deep localized stimulated zone. Our forth-
coming work will include 3D inverse modelling experiments
to evaluate the imaging sensitivity of the proposed EM con-
figuration to the stimulated zone. Based on these encouraging
numerical modelling evaluation results, our current plans are
to deploy the system and make a suite of measurements at
the FORGE just before and after the stimulation. We hope
that this work will serve as a useful guide and reference for
planning, modelling and evaluating the proposed EM geo-
physical monitoring design for geothermal and geological
sequestration applications.
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APPENDIX 1
COMPARISON OF CASING CURRENTS BETWEEN
DEVIATED WELL AND ITS VERTICALIZED COUN-
TERPART USING HIERARCHICAL MODELLING
METHOD
Weiss (2017) described a hierarchical method of modelling
infinitely thin elements of conductivity in a finite-element dis-
cretization of Maxwell’s equations. These either exist along
faces in the mesh for plate-like elements or along edges of
the mesh for linear elements. The methodology also naturally
extends to finite volume discretization in the SImPEG frame-
work. Linear conductive elements, such as the wells of interest
in this study, are represented by infinitely thin cells at mesh
edges along the well path.

We express the finite volume form of Maxwell’s equations
from Heagy et al. (2017), solving for the electric field defined
along edges of the mesh:

(CTMfM_l C+ ia)Mw) e = —iws,, (A1)

where C is the discretized curl operator going from edges to
faces, M el is a face inner product matrix with respect to the
inverse of permeability, M, is an edge inner product matrix
with respect to the conductivity, s, is the integrated source
term, w is the source’s angular frequency, and e is the electric
field defined along edges.
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The hierarchical method adds additional cells with no vol-
ume to account for infinitely small features in the finite
volume method. According to Weiss (2017), this discretiza-
tion assumes that the electric field is parallel to the element,
and that within the element, the magnetic field is constant,
which is valid for our highly conductive well. These assump- i
tions leave only the second term on the left-hand side of
Equation (A1) accounting for the integral of the electric field
itself. The finite volume inner product integral over these edge
elements is then defined as /

=177
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v; are the standard finite volume test functions defined on edge
i). Essentially these parameters correspond to integrating the ~  [----- =
electric field over the cross section of the well and represent- \
ing that value along the linear element. This results in another
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Because this form is independent of the mesh, we can use -
a mesh that directly discretizes the well path along its edges. |
This would require either a tetrahedral or a curvilinear mesh ;
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for deviated wells. For the comparison between the equiva-

lent current source density of a deviated well and the currents ro

derived from the hierarchical method, we used a curvilinear s 2 B 9 3 :’ ? :.

-10.0

mesh. The workflow to obtain currents along the well path
is then simply to extract the electric field along the well-path
edges and multiply by «.

A comparison of currents calculated from the two meth-
ods is shown in Figure A1.1. For consistency, we employ the
same well trajectory as depicted in Figure 5, labelled 16A(78)-
32. The downhole electrode is grounded at a depth of 1 km,
whereas the surface electrode is grounded 1400 m away from
the wellhead. We use the same casing geometry and proper-
ties described in the main text. The source frequency is set to
0.25 Hz. For simplicity, the background model is a homoge-
neous half-space with a resistivity of 100 Q m. As shown in
Al.1, for most of the well path, we see less than 3% differ-
ence. It then increases to greater than a 5% difference for the
last 200 m of the well. Overall, the two solutions show good ~—
agreement, supporting the numerical modelling experiments

presented in the main text. 5 5
(v) apnidwy Juaund

@uasayip apmydwy ad1ad
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(a)

1000
Comparison of currents calculated from the deviated well and its corresponding verticalized well. Bent and straight indicate the casing current along the deviated well (i.e. the

500

hierarchical modelling solution) and the casing current along the verticalized well (i.e. the 3D SimPEG solutions using the cylindrical coordinate system), respectively. (a) The current amplitude plots.

(b) The amplitude difference (%) plots. (c) The phase (degree) plots.

FIGURE A1l.1

85UB0 17 SUOWWID aA 81D 3ot |dde au Ag peusenof a1e ssjoie YO 8sn Jo 9| Joy Aeid 1 8uluO A8|1/MW UO (SUOIPUOD-pUe-SWISIW0" A3 |IM Ale.d 1 Ul uo//SAny) SUORIPUOD pue swis 1 8y 89S *[Z0z/80/80] U0 ARiq178ulluO AB|IM * g U IIEN ASjediied S0UBIME TRILLIOJIED JO AlUN - WiN UeAT AQ 6/GET 8/rZ-GOET/TTTT OT/I0P/WO0S A3 | Im Ale.q 1 pul|uo//Sdny Wwouy pepeojumod ‘0 ‘8.¥2S9ET



BOREHOLE EM FOR FRACTURE MAPPING AT FORGE

APPENDIX 2

EFFECTS OF MAGNETIC PERMEABILITY OF
ENERGIZED CASING SOURCE ON BOREHOLE EM
MEASUREMENTS

As far as the authors are aware, the effects of magnetic perme-
ability of energized casing sources on borehole EM data have
not been previously investigated. Research on incorporating
the magnetic permeability of casing into 3D EM modelling
and inversion in a computationally efficient manner is also
still in its early stages. In this appendix, using a 2D EM
modelling code, we briefly examine the effects of magnetic
permeability of energized casing sources on borehole EM
data and present two potential techniques for addressing these
effects without directly modelling the permeability.

The effects of steel casing’s magnetic permeability depend
on source frequency. At DC or low frequencies, they are
often disregarded. However, as the frequency increases, they
become significant and cannot be ignored. To examine the
effects of magnetic permeability of energized steel casing
on borehole EM measurements, we simulate both magneti-
cally permeable (1, = 100) and non-permeable (£, = 1) cased
source well at 50 Hz using the 2D SimPEG code (Heagy &
Oldenburg, 2019). We use a 3300 m deep vertical cased well
of which the diameter and wall thickness are the same as those
used in the main text. One electrode is connected to the inside
of the well casing at 1000 m in depth and the other to the well-
head. Note that instead of being grounded on the surface away
from the wellhead, the return electrode is connected to the
wellhead because the 2D modelling code requires the source
to be positioned along the axis of the well. A vertical obser-
vation well is located 200 m distant from the source well. The
FORGE’s layered resistivity structures (Figure 7) are used as
the background model for Figure A2.1.

Figure A2.1 shows the borehole EM measurements (E,
and B,) obtained from both magnetically permeable and
non-permeable source wells, demonstrating that the mag-
netic permeability has a significant effect on both electric
and magnetic fields. First, we note that the magnetically
permeable casing does not strongly change the shapes of
the EM measurements but rather shifts them in amplitude
and phase. Thus, we see the possibility of removing these
effects by multiplying the EM fields by a complex param-
eter that scales the amplitude of the EM fields and adjusts
their phases. This approach is similar to that used in removing
the casing effect in crosswell EM data processing (Gao et al.,
2008). Figure A2.1 shows that the EM responses from the
magnetically permeable casing source reasonably agree with
those from the non-permeable well after multiplication by a
complex scaling parameter. In order to implement and eval-
uate this approach, EM inverse modelling algorithms need
to be modified to enable the estimation of not only electrical
conductivity parameters but also scaling parameters.
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Another possible approach for mitigating the effects of cas-
ing’s magnetic permeability on borehole EM data is to use
the ratio of borehole EM fields. Figure A2.2 shows that the
magnetically permeable casing source causes a shift in both
horizontal electric and magnetic fields (e.g. E, and B,). Based
on the observation, we think that it would be possible to
interpret borehole EM data without explicitly modelling the
casing’s magnetic permeability by utilizing the ratio of the
electric field (E,) to the magnetic field (B,). To demonstrate,
we inserted a 300 m thick disk-shaped fractured zone with
a radius of 150 m below the casing source. The resistivity
of the fractured zone was set to 270 ©Q m, which is similar
to the resistivity of fracture model 2 used in the main text.
Figure A2.2a,b shows the EM fields with and without the frac-
tured zone, considering both permeable and non-permeable
casing source wells. It should be noted that the magnetically
permeable casing distorts both E, and B, in a very similar
manner. Therefore, the ratio plot of E, to B, for the perme-
able casing source is insensitive to its magnetic permeability
and agrees with that of the non-permeable one as shown in
Figure A2.2c. In order to implement and evaluate this sec-
ond approach, EM inverse modelling algorithms need to be
modified accordingly. It is also essential to reliably measure
horizontal EM fields in a borehole environment, which is
often considered more challenging compared to measuring
their vertical components.

In this appendix, we have demonstrated the impact of
the magnetically permeable casing source on borehole EM
data and proposed the two potential techniques for removing
these effects from the borehole EM data. However, although
Figures A2.1 and A2.2 demonstrate good agreement in the
simple modelling scenarios presented here, we anticipate that
there could be other casing EM modelling scenarios where
the techniques showcased here may not be effective. To
gain a comprehensive understanding of the impact of cas-
ing’s magnetic permeability on casing source EM, further
modelling experiments and analysis are required. We also
anticipate that the application of these approaches to real
field data would remain challenging due to a different mag-
netic permeability value at each casing segment, as well as
its dependence on temperature and its change over time in
EGS environments. We also expect that measuring horizon-
tal EM fields inside an observation well is more vulnerable
to noises than measuring the vertical fields. 3D forward and
inverse modelling algorithms will also need to be modified to
incorporate the proposed approaches discussed here. There-
fore, further research on this topic is necessary to ensure
reliable data interpretation. We think that such research will
be critical for the advancement of reliable interpretation of
borehole EM data in the use of magnetically permeable casing
sources.
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FIGURE A2.1

Comparison of borehole electromagnetic (EM) measurements between magnetically permeable (¢, = 100) and

non-permeable (u, = 1) steel casing sources. The top shows a simple casing source EM model used here. The EM measurements resulting from the

magnetically permeable cased source, which are multiplied by a complex scaling parameter, are denoted in red.
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magnetically permeable (¢, = 100) and non-permeable (u, = 1) steel casing sources and their ratios.
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