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ABS TRACT
In April 2019, a stimulation was carried out at the Utah Frontier Observatory for Research in Geothermal Energy (FORGE).
M icroseismicity during this stimulation was monitored using 1) a geophone string and DAS cable in a collocated borehole, 2) a local
network of surface broadband sensors and a 305 m shallow borehole geophone, and 3) a surface network of geophones. The detection
capabilities of this network were mixed. The most complete catalog, which contains 424 events spanning -2.0 M w to -0.5 M w, was
determined using the geophone string operated by Schlumberger. However, this catalog is limited by short monitoring duration, which
restricts seismic observations to the injection times. Here, we implement a matched-filter detector using a single borehole station within
the FORGE footprint to identify small earthquakes (M w < 0) which previously went undetected. M atched-filter detectors are widely
used to develop comprehensive earthquake catalogs that can provide better estimations of the Gutenberg-Richter b-value, which is a
valuable tool in the development of site-specific seismic mitigation strategies and protocols such as Adaptive Traffic Light Systems
(ATLS). The goal of this analysis is to use these detections to 1) determine the detection capabilities for the sensors in the shallow
borehole, 2) determine the duration of seismic activity associated with the 2019 stimulation, and 3) enhance the catalog to p roduce a
robust b-value estimation. These data provide a workflow for future studies focused on characteriz ing the seismic hazard near potential
Enhanced Geothermal Systems, especially those which are in relatively aseismic areas.
1. INTRODUCTION
Enhanced Geothermal Systems (EGS) have the potential to provide reliable, low-cost, energy in a safe and sustainable manner.
Unfortunately, previous oversights in the implementation and research of EGS have resulted in a lack of confidence and suppor t from
the public and commercial investors. In 2018, the U.S. Department of Energy’s Frontier Observatory for Research in Geothermal
Energy (FORGE) project was established with the goal of generating groundbreaking research on EGS while demonstrating to the
public and private sectors that EGS can be developed and maintained safely. Since its inception, FORGE has published numerous
studies related to site characterization, seismic monitoring, and drilling technology (e.g. M oore et al., 2021; Sugiura et al., 2021;
Finnilia, 2021; Xing et al., 2021; Nadimi et al., 2020; Xing et al., 2022). In spring of 2019, a stimulation was carried out in well 58-32, a
2290 m deep vertical borehole at the FORGE site near M ilford, Utah. Figure 1 shows the layout of the FORGE footprint, including the
nearby M ag Lee and Opal M ound Faults which bound the Roosevelt Hot Springs geothermal area to the east. The purpose of the
stimulation, which was performed in three stages, was to produce additional characterization of the reservoir rocks at FORGE. In the
first stage, the open hole section at the bottom of the well was stimulated over April 21 – April 24 to determine stress orientations and
magnitudes as well as permeability. For the second and third stages, which were conducted over April 26 – April 28 and April 30 – M ay
2, two perforated sections near the bottom of the well casing were stimulated to test the viability of stimulating fractures with different
orientations behind casing. Seismic monitoring of this stimulation was performed using various methods including a surface nodal
array, a local network of surface broadband sensors and 305 m shallow borehole geophones, as well as DAS. The most complete of
these monitoring techniques was a 12-level string of geophones deployed in well 78-32 and operated by Schlumberger. The catalog
compiled by Schlumberger contains over 420 microseismic events.
One of the largest obstacles to the widespread implementation of EGS is induced seismicity, which has forced previous EGS research
projects to end prematurely (Kraft & Deichmann, 2014; Ellsworth et al., 2019). However, other studies have shown that site-specific
seismic mitigation strategies and protocols such as Adaptive Traffic Light Systems (ATLS) can be safely executed (Kwiatek et al.,
2019). A key aspect of many seismic mitigation strategies is an estimation of the b-value, which represents the slope of the frequencymagnitude distribution of earthquakes in log-linear space as defined by the Gutenberg-Richter (G-R) law (Gutenberg and Richer, 1944).
The utility of the b-value stems from its ability to characterize the relative likelihood of small versus large earthquakes in a certain
region, but the b-value also communicates information regarding the state of stress on faults in the area (Amitrano, 2003; Scholz, 2015;
Schorlemmer et al., 2005). Previous studies focused on seismic mitigation strategies have used the b-value to perform various methods
of induced seismicity forecasting including time-varying seismic hazard assessment (Bachmann, 2011; M ena et al., 2013) and
maximum magnitude estimation (Shapiro et al., 2011; van der Elst et al., 2016). Critical to the process of b-value estimation is an
accurate calculation of the magnitude of completeness (M c ), which is defined as the lowest magnitude at which all earthquakes in a
space-time window are detected (Rydelek & Sacks, 1989). Incorrect assessments of M c have a direct impact on the calculation of bvalue, leading to inaccurate seismic hazard evaluations and earthquake forecast models (Woessner & Wiemer, 2005). Additionally,
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earthquake catalogs that do not contain enough events to characterize the G-R distribution over a considerable magnitude range will also
generate unreliable G-R parameter estimations (Knopoff et al., 1982, Kagan, 2004).

Figure 1: Layout of the FORGE site and surrounding area. Red triangles represent permanent se ismic stations operated by
University of Utah S eismograph S tations. Black crosses show the location of wells used in the 2019 stimulation. S tar
shows the location of FORGE within the state of Utah.
In this study, we aim to 1) determine the detection capabilities for the FORK seismic sensors 2) determine the duration of seismic
activity associated with the 2019 stimulation, and 3) provide a robust estimate for the b-value at Utah FORGE. To address these issues,
we implement a matched-filter detector using continuous data from seismic station FORK located within the FORGE footprint to detect
small (M w < 0), previously undetected earthquakes. M atched-filter detectors are widely used to develop comprehensive earthquake
catalogs and improve the detection capabilities of local networks (e.g. M esimeri et al., 2021a; Schaff & Waldhauser, 2010; Herrmann et
al., 2019; Plenkers et al., 2013; Shelley et al., 2016). In this case, the matched-filter detector greatly improves the detection capabilities
of the FORK station, which suffered from a very low signal-to-noise ratio during the stimulation as a result of its relatively shallow
depth and proximity to well 58-32. An enhanced catalog is necessary because the Schlumberger earthquake catalog is restricted to times
of active pumping, making an accurate assessment of M c impossible. M oreover, the use of a matched-filter detector allows for the
detection of events occurring between and after the stimulations, providing a more holistic view of seismicity in this timefr ame. As a
result, we generate a larger, more comprehensive seismic catalog for which a justifiable M c can be determined. Using this expanded
catalog, we estimate the b-value at Utah FORGE using both traditional methods (Aki, 1965) and a new method, b-positive (van der Elst,
2021), an intriguing technique that is well suited for small, heterogeneous earthquake catalogs.
2. DATA & PREPROCES S ING
Within this study are two separate datasets which are used to construct a single earthquake catalog for b-value estimation. The first is
the seismic catalog compiled by Schlumberger using a string of 12 geophones deployed in well 78-32 between 645 and 981 m (Fig. 1).
Using this geophone string, Schlumberger detected and located over 420 events spanning -2.0 M w to -0.5 M w during the 2019
stimulation. Unfortunately, this geophone string was only active during the three stimulations, so the Schlumberger catalog is
insufficient when attempting to analyze seismicity in this region in and around the time of the stimulations. To address this temporal
incompleteness, six weeks of data from the composite borehole station FORK, which was continually running beyond April 23rd, is also
used. Because this study requires the detection of microseismic events, we use data from the three-component, short-period sensor at
FORK, which has a sample rate of 1000 Hz. In the interest of computational efficiency, we first downsample 24-hr segments of the data
to 500 Hz. Next, we detrend the data and apply a Hann window taper. Spectral analy sis of the continuous data and Schlumberger events
revealed electrical noise at high frequencies and a dominant frequency range of 20-50 Hz for microseismicity; therefore, we apply a 1560 Hz Butterworth bandpass filter to the 24-hr streams.
3. METHODS
3.1 Matched-filter detector
We apply a matched-filter method following the process of M esimeri et al. (2021a) to detect new earthquakes at the FORK station.
First, twelve events from the Schlumberger catalog were selected as templates due to their relatively high signal-to-noise ratio. We use
90 s long waveforms from the FORK dataset starting at the origin time for each of these template events and carry out data
preprocessing identical to that of the 24-hr streams. Next, P-phase templates are obtained from the vertical channel using a 0.4 s window
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starting 0.1 s before the manually picked P arrival and ending 0.3 s after the P arrival. S-phase templates are extracted from the
horizontal channels using a 0.5 s window starting 0.1 s before the manual S pick and ending 0.4 s after the S arrival. Note that these
relatively short windows are appropriate because of the small magnitude and short duration of the template events. After prep aring the
templates, we then apply the matched-filter to each channel of a 24-hr stream with a corresponding template, calculating a Pearson
correlation coefficient time series which is shifted by that template’s arrival time. Finally, the cross -correlation time series for all phases
and channels are summed to create stacked correlation coefficient time series for each day and template event.
Detections are recorded when the correlation coefficient exceeds 8 times the median absolute deviation (8*M AD); however, we apply
three additional steps of quality control to manually verify each detection (Fig. 2). First, a visual inspection of the detection waveform
with the corresponding templated overlayed is performed to ensure the matched-filter detector was not triggering on electrical or
pumping noise. Next, a spectrogram of the waveform is analyzed to determine if the detection exhibits frequency content in the
expected range of 20-50 Hz for microseismicity in the region. Finally, we perform frequency domain detection analysis as in M esimeri
et al. (2021b), taking advantage of the high S wave energy in these events to effectively quantify the previous step. To carry out this
analysis, we first perform spectral whitening using a normalization window that is 20 times the duration of the seismic signal. Following
normalization, we obtain a trace describing signal power by summing the amplitudes over a 20-50 Hz frequency band. One final
summed power trace is obtained for each detection by stacking the traces from each component after removing the mean and comp uting
the envelopes for the summed amp litudes. Peaks of the summed trace therefore highlight seismic signals with distinctive frequency
content. Though this method of quality control was time consuming, the small scope of this study made it feasible to use this process to
ensure no false detections were included in the final catalog. Future studies will automate the quality control process by optimizing the
method of frequency domain detection analysis.

Figure 2: S ummary of matched-filter method and quality control process. (a) Visual compari son of detected waveform (blue)
overlayed with the template used to make the detection (red) for all three components. (b) S pectrogram of the detected
waveform. (c) Trace generated for frequency domain detection analysis by summing normalized amplitudes over a 20-50
Hz frequency band.
After running all twelve original templates across the specified timeframe, we then select 17 detections with the highest signal-to noise
ratios to be used as a second round of template events. Following the completion of this second round, one additional step was required
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to ensure the detected events accurately describe the seismicity in the FORGE area. Specifically, all detected events with S-P times
greater than 0.5 s were removed after it was determined that some of these events may have originated in the Roosevelt Hot Springs
geothermal area. M agnitudes for approved detections are generated using the median of the maximum amplitude ratios between the
detection and template event. These magnitudes are relative, assuming a t enfold increase in amplitude corresponds to one unit increase
in magnitude (Peng & Zhao, 2009). To test the accuracy of the relative magnitudes of these detections, we plot the matched-filter
magnitudes against Schlumberger-calculated magnitudes for events that are found in both catalogs (Fig. 3). This test illuminates a small
discrepancy towards the underestimation of matched-filter magnitudes, so we apply a 0.2 M w shift to all matched-filter events.

Figure 3: Comparison between relative magnitudes determined using amplitude ratios (MF) and moment magnitudes calculated
by S chlumberger (S LB). Blue crosses show the original magnitudes, red crosses show the shifted magnitudes, and the
black dashed line represents a 1:1 relation.
3.2 B-value estimation
In the interest of obtaining a robust estimate for the b-value in the FORGE area during the stimulation, we perform the calculation with
two different approaches. In addition, we obtain b-value estimates for all three catalogs (matched-filter, Schlumberger, and combined)
to gain insight into the influences affecting the final b-value estimations. For the first method, we determine M c using the maximum
curvature method and a +0.2 correction (Wiemer and Wyss, 2000). B-values are then calculated using the traditional method of
maximum likelihood (Aki, 1965) and we estimate error following the process of Shi and Bolt (1982).
For the second approach, we apply a new method called b-positive (van der Elst, 2021). This recently developed estimator relies on the
fact that a subset of all positive differences in magnitude between successive earthquakes within a catalog can be described by a doubleexponential distribution with the same scale parameter as the frequency-magnitude distribution. This approach is advantageous because
the distribution of magnitude differences is perturbed far less by large earthquakes, making the technique well-suited for relatively small
earthquake catalogs. In addition, because these differences are limited to successive earthquakes, the b-positive estimator is insensitive
to M c , greatly increasing its robustness in heterogeneous catalogs where M c may vary considerably. M oreover, because only positive
magnitude differences are considered, the estimate is much more resistant to short -term aftershock incompleteness which saturates
negative magnitude differences. Catalog incompleteness can still affect the distribution of magnitude differences, so we determine the
minimum magnitude difference (dM c ) using the same the maximum curvature method and a +0.2 correction. Encouraged by the
potential benefits of this technique, we calculate b-positive estimates using the maximum likelihood method on the double-exponential
distribution of positive magnitude differences for all three catalogs, estimating error again following Shi and Bolt (1982).
4. RES ULTS
Upon completion, the two rounds of matched-filter application generated 613 and 373 detections, respectively. After applying the
quality control process, the first round retained 89 approved detections and the second round retained 122. After the final step of
removing events with S-P > 0.5 s, the matched-filter catalog consists of 133 unique events. Accounting for both rounds of matched-filter
detection and Schlumberger events, the final combined catalog contains a total of 534 microseismic events spanning -2.0 M w to -0.1
M w. Figure 4 illustrates the distribution of these events with respect to time and magnitude. Of the 133 matched-filter events spanning 1.8 M w to -0.1 M w in the combined catalog, 111 were not recorded by Schlumberger. These unique matched-filter events provide a more
comprehensive view of the seismicity during the stimulation timeframe, confirming that seismicity was persistent both in betw een and
following the three stages of pumping. In terms of detection threshold, the matched-filter detector performs slightly worse than the 12level string of geophones, recording no earthquakes smaller than -1.8 M w. This is to be expected, however, as the geophone string was
recording at a much greater depth, which limited pumping noise. The number of detections begins to decrease in mid-to-late M ay,
nearly a month after the last stage of the stimulation, though one of the largest earthquakes (-0.2 M w) was recorded in this timeframe.
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Figure 4: Overview of the resulting seismic catalog following the use of the matched-filter detector. (Left) Magnitude-time
distribution of matched-filter events (orange) and S chlumberger events (blue). (Right) Frequency-magnitude distribution
for both catalogs using the same color conventions.
Figure 5 presents the results of our M c and dM c calculations for each of the three catalogs: matched-filter, Schlumberger, and combined.
Evidently, the matched-filter catalog produces the most unstable frequency-magnitude distribution, and a relatively high value of M c
(Fig. 5a). The disparity between the M c of the Schlumberger catalog (-1.5 M w, Fig. 5b) and the matched-filter catalog (-0.9 M w, Fig. 5a)
is larger than expected if considering their different detection thresholds, emphasizing the sparsity of the matched-filter catalog. Note
that the calculations of M c and dM c for the Schlumberger catalog are technically inaccurate because there are missing events between
stimulation stages. Therefore, the combined catalog (Fig. 5c) must be assigned the same M c as the matched-filter catalog to account for
time periods when the geophone string was inactive. The three magnitude difference distributions appear to be more stable and produce
similar values for dM c . In this case, the combined catalog is not assigned the dM c of the matched-filter catalog because a higher value
was calculated naturally.

Figure 5: Results of the maximum curvature tests used to determine M c (Top) and dMc (Bottom) for the (a) matched-filter, (b)
S chlumberger, and (c) combined seismic catalog. Black squares show the cumulative distribution of earthquakes in a
certain magnitude or magnitude difference bin. Purple lines show the trend described by b-value estimates.
Results from the two different methods for estimating b-value are displayed in Figure 6. Additionally, Table 1 lists the final b-value
estimates from each method for all catalogs. These values represent tentative estimates determined from fewer than 500 events, and the
b-values are therefore reported in the form of 95% confidence intervals. The performances of both methods vary among the catalogs,
but the b-positive estimates are undoubtably more stable, generating smaller errors than the traditional G -R method for all three
catalogs. The estimate that we consider the most robust comes from applying the b-positive method to the combined catalog and results
in a value of 1.61  0.16.
5
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Figure 6: Results of b-value estimation for the (a) matched-filter catalog, (b) S chlumberger catalog, and (c) combined catalog.
(Left) Traditional method of maximum likelihood applied using the G-R Law. (Right) B-positive technique of applying
maximum likelihood to distribution of positive, successive magnitude differences. Error bars represent the 95%
confidence interval. Red triangles show the associated Mc and dMc found in Fig. 5.
Table 1: S ummary of b-value estimates.
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4. CONCLUS ION
We present a study in which a matched-filter detector is used to expand the earthquake catalog associated with a stimulation performed
at the Utah FORGE site in spring of 2019. Events found using the matched-filter detector expand our understanding of the seismicity
associated with the stimulation, confirming that earthquakes continued to occur both in between and up to a month after the three stages
of injection with one of the larger events, -0.2 M w, occurring 24 days after pumping stopped. M oreover, the catalog generated from the
detector shows that future studies using a matched-filter detector on the FORK borehole station will encounter a detection threshold
near -1.8 M w. Both traditional G-R techniques and a new method called b-positive are used to estimate the b-value at the Utah FORGE
site. Out of the two techniques, b-positive produced estimates that were considerably more stable than those calculated using the
traditional G-R approach. This improvement is likely a result of the b-positive estimator’s resilience to large earthquake perturbations
and M c variation. We report a final b-value estimate of 1.61  0.16 with 95% confidence for the combined catalog. These data provide a
new, more dependable estimate for modeling purposes at Utah FORGE. M ore importantly, this study provides further evidence of the
capabilities of b-positive while acting as a basis for future studies focused on characterizing the seismic hazard at EGS sites in relatively
aseismic areas. Future research at Utah FORGE will optimize this workflow for larger applications during future stimulations.
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