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ABSTRACT

The EGS Collab project will continuously monitor microseismicity during shear stimulation of fractures at the second EGS Collab testbed
at the depth of 4100 ft at the Sanford Underground Research Facility in South Dakota. The microseismic monitoring will use multiple
wells surrounding the stimulation region with four accelerometers in each well, centered at the stimulation region. We conduct numerical
modeling of the microseismic monitoring to understand the optimal well separation distances/angles. We perform location error analysis
and moment-tensor inversion error analysis for four well setups with different geometries, controlled by parameters including wellhead
locations of monitoring wells and the opening angle between two wells. We add Gaussian noise to synthetic traveltime picks and
waveforms for event location and moment-tensor inversion analyses, to account for errors in the velocity models and traveltime picks.
We determine the optimal well design by selecting a well geometry that provides balanced minimal errors in both event locations and
moment tensors.

1. INTRODUCTION

The first Enhanced Geothermal System (EGS) Collab testbed is located at the depth of 4850 ft at the Sanford Underground Research
Facility (SURF) in Lead, South Dakota, USA (Kneafsey et al., 2020). The project team conducted a comprehensive meso-scale (10~20
m) monitoring to advance our understanding of hydraulic stimulations in enhanced geothermal production. In the first experiment,
continuous microseismic monitoring was performed and used to infer the hydraulic fracture stimulation (Chen et al., 2019; Chen, 2019;
Chai et al., 2020; Fu et al., 2020; Schoenball et al., 2020) For the first EGS Collab testbed, Chen et al. (2019) perform numerical modeling
to determine an optimal number of geophones needed in multiple monitoring wells to achieve cost-effective monitoring for the planned
configuration of multiple monitoring wells.

The second EGS Collab testbed is located at the depth of 4100 ft at SURF to study shear stimulation of fractures (Kneafsey et al., 2021).
In this experiment, the project decides to deploy 4 geophones in each monitoring well. The project also considers four different
configurations of multiple monitoring wells. We perform numerical modeling to evaluate the efficacy of these four different borehole
configurations for microseismic monitoring. We determine the optimal well design by selecting a well setup with balanced minimum
errors of event location and moment tensor inversion.

2. NUMERICAL MODEL SETUP

We design four well setups to evaluate the efficacy of location and moment tensor inversion of microseismic events using numerical
modeling (Figure 1). We assume the injection well is drilled from Site B (Figure 1) and the well length is 265 ft. Three production wells
are drilled at the same location with the same length. We assume the notch cut for shear stimulation is located at a depth of about 201 feet
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in the injection well. We evenly placed 125 virtual microseismic events within a 12*¥12*12 m? cube centered around the shear stimulation
region. Each event source has a Ricker source time function with a central frequency of 15 kHz. Following the instrumental setup in the
EGS Collab Experiment I, the temporal sampling rate of all receivers are 100 kHz.

In Scenario 1 (Figure 1a), two monitoring wells (E2-SMU and E2-SML) are drilled from the entrance of the battery alcove (Site A) and
the other two monitoring wells (E2-AMU and E2-AML) are drilled from the end of the battery alcove. Here, “SM” means south monitoring
in the drift. “AM” stands for alcove monitoring. “U” means upper and “L” denotes lower. Each well has a length of 185 ft. Four receivers
are evenly placed from the endpoint of the well with an interval of 37 ft, such that the receiver span area is centered around the
monitoring/stimulation region. We use two parameters: the monitoring distance (monDistance) and the monitoring injection depth distance
(monInjDepth) to control the opening angle between two wells drilled from the same location and the opening angle between two sets of
wells drilled from different locations. The monDistance represents the shortest distance between points on the injection well and points
on the monitoring well. For the point that achieves the shortest distance on the monitoring well, the monInjDepth measures its distance
from the shear stimulation fracturing point. In our numerical modeling for Scenario 1, the monDistance ranges from 10 to 90 feet, with
an increment of 10 feet, and the monlInjDepth ranges from 50 to 90 feet, with an increment of 10 feet.

In Scenario 2, two monitoring wells are drilled from the entrance of the battery alcove (E2-SMU and E2-SML). Both of them have a
length of 185 ft. Another two monitoring wells are drilled from the north side in the drift with a length of 295 ft (E2-NMU and E2-NML)
such that they are almost parallel to the other two monitoring wells. The NM means north monitoring on the drift. We use the same two
parameters monDistance and monInjDepth as those in Scenario 1 to control the wells’ orientations.

In Scenario 3, two monitoring wells are drilled from the entry of the battery alcove (length=180 ft) (E2-AMU and E2-AML), two
monitoring wells are drilled from the 2020 small niche (Site A) (length=195 ft) (E2-DMU and E2-DMD), and another well drilled from
Site B (Iength=265 ft) (E2-TS). Here, “DM” means drift monitoring. “T” means test. Well E2-TS has a declination angle of 16.5 degree
and azimuth of 57.7 degree. Four receivers are evenly deployed in wells E2-AMU, E2-AML, E2-DMU, and E2-DML. We use the same
two parameters monDistance and monInjDepth as those in Scenario 1 to control the wells’ orientations.

In Scenario 4, four monitoring wells (E2-MU, E2-MD, E2-MN, and E2-MS) are drilled from Site B (length=265 ft). E2-MU and E2-ML
are in the same vertical plane (UD plane). E2-MN and E2-MS are in the plane that is perpendicular to the UD plane. We use the opening
angle between the monitoring well and the injection well to control the well layout geometry. The opening angel ranges from 5 to 45
degrees with an increment of 5 degrees in our numerical modeling
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Figure 1: Four different scenarios of well setup to consider for the second EGS Collab testbed. The cyan line presents the injection well
and the three red lines represent the production wells. The injection wells and monitoring wells are drilled from Site B (2020
excavation). The magenta stars are virtual sources evenly placed in a cube centered around the fracturing notch cut. In each
scenario, we assume 4 receivers (blue triangles) are evenly distributed in four monitoring wells (green lines) and centered around
the fracturing region. The monitoring wells are drilled from different locations. a) Two sets of monitoring wells are drilled from
the start and end of the Site A (Battery Alcove). b) Two monitoring wells are drilled from Site A and the other two are drilled at
the north side of the drift. ¢) Two monitoring wells are drilled from Site A, two from Site C (2020 small niche), and one from site
B. d) Four monitoring wells drilled from Site B. For Scenarios a-c, the well orientation are controlled by two parameters: the
monitoring distance (monDistance) and the monitoring injection depth difference (monInjDepth). The monDistance measures the
smallest distance between the points on a monitoring well and the injection well. For the point on the injection well that achieves
the shortest distance, parameter monlnjDepth measures its distance from the shear stimulation fracture point. In order words,
parameter monDistance controls the opening angle for two wells drilled from the same site. Parameter monInjDepth controls the
opening angle for wells drilled from difference sites. For Scenario d), we have only one controlling parameter: the angle between
the monitoring well and the injection well.

3. ERROR ANALYSES OF EVENT LOCATION AND MOMENT TENSOR INVERSION

3.1 Error analysis of event locations

We assume the host rock is homogeneous and isotropic with P wave velocity of 5900 m/s, S wave velocity of 3315 m/s, and density of
2717 kg/m3 estimated using Gardner’s equation. We calculate synthetic P wave and S wave arrival times and add random Gaussian
traveltime perturbation with a standard deviation of 5 msec to account for the traveltime pick error and velocity heterogeneities in the real
monitoring. We use the simulated annealing method to search for the events’ starting time and 3D spatial locations. The average standard
deviation of the event location errors for 125 synthetic microseismic events are shown in Panel a) of Figure 2-5 for four different scenarios.
In Figure 2-4, each line represents the variation of event location error with respect to parameter monDistance for a specific monlnjDepth.
For each monInjDepth, the event location error shows a local minimum as we increase parameter monDistance from 10 to 90 feet.
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3.2 Error analysis of moment tensor inversion

For each microseismic event location, we randomly generate the same set of 20 moment tensors (Figure 6). Thus, for each well setup, we
have 20*125=2500 moment tensors to invert for. All the synthetic moment tensors are normalized such that we are only inverting the
radiation pattern and not determining the moment magnitude. We generate the synthetic waveforms using analytical Green’s functions
with a Ricker source time function having a central frequency of 15 kHz. We then employ the least-squares waveform-based method to
invert for moment tensors. The standard deviation of inverted moment tensors is shown in Panel b) of Figure 2-5 for four different

Scenarios.

Combining error analysis results of event location and moment-tensor inversion, we determine that the parameter monDistance plays a
more important role and its optimal value for Scenarios 1-3 should be ~40 ft, as indicated by the ellipses in Figs. 2-4. For Scenario 4, the
optimal opening angle between the injection well and monitoring well should be 15°, as shown in Fig. 5.

The EGS Collab project selects Scenario 3 for the final experimental design for several reasons. First, the orientation of the injection and
production wells is selected to increase the likelihood of intersecting natural fractures that are favorably oriented for shear reactivation.
Second, given that the locations of fractures are unknown until drilling is completed, it is decided to have multiple production wells
surrounding the injection well, such that it can be expected that at least one production well will intersect stimulated fractures. Finally,
the monitoring wells are oriented so as to span the volume of interest on as many sides as possible. Consequently, we have two pairs of
orthogonal monitoring wells above and below the stimulation zone, as well as one subparallel on the southern size of the stimulation zone.
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Figure 2. Event location error and moment tensor inversion error vs parameter monDistance for Scenario 1 under different monInjDepth.
The red ellipse represents the optimal parameters (monlnjDepth, monDistance) that achieves a balanced minimized error for event

location and moment tensor inversion.
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Figure 3. Event location error and moment tensor inversion error vs parameter monDistance for Scenario 2 under different monInjDepth.
The red ellipse represents the optimal parameters (monlnjDepth, monDistance) that achieves a balanced minimized error for event

location and moment tensor inversion.
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Figure 4. Event location error and moment tensor inversion error vs parameter monDistance for Scenario 3 under different monInjDepth.
The red circle represents the optimal parameters (monInjDepth, monDistance) that achieves a balanced minimized error for event location

and moment tensor inversion.
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Figure S. Event location error and moment tensor inversion error vs the opening angle between the injection well and monitoring wells
for Scenario 5. The red circle represents the optimal opening angle between the injection well and monitoring wells.

Figure 6. 20 beach balls of randomly generated moment tensors for our numerical modeling study. The red represents the outward motion
and the blue represents the inward motion.
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CONCLUSIONS

We have conducted numerical modeling to analyze the event location errors and moment-tensor inversion errors for four different well
setup scenarios to consider for the second EGS Collab testbed. For each scenario, we perform numerical modeling for different values of
the borehole controlling parameters and determine the optimal design that minimizes both the event location and moment-tensor inversion
errors. We find that the monitoring distance between the monitoring well and the injection well plays a important role. In general, a
monitoring distance between 30 to 40 feet achieves the optimal resolution of microseismic events’ location and moment tensor inversion
for Scenarios 1 to 3. For Scenario 4, an opening angle of 15 degree between the injection well and monitoring wells is optimal.
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