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ABSTRACT

Enhanced geothermal systems (EGS) are a growing frontier for renewable energy de-
ployment. EGS involves injecting fluid into the geothermal reservoir to induce frac-
ture propagation, which can be monitored by using micro-seismic methods. The Utah
Frontier Observatory for Research in Geothermal Energy (FORGE) project is an in-
ternational field laboratory that is designed to develop, test and optimize the methods
and techniques required to create, sustain and monitor enhanced geothermal systems
resources. In April 2022, Utah FORGE stimulated a horizontally deviated well 16(A)-
32. We studied the publicly available data from Utah FORGE and the established cat-
alogs of seismic events provided by 2 companies related to the stimulation. We apply
fundamental methods that could be used in the workflow of establishing a new catalog
and assess the possibility of building a new catalog with additional events found in the
DAS data.

Key words: distributed acoustic sensing, velocity analysis, enhanced geothermal sys-
tem

1 INTRODUCTION

Enhanced geothermal systems (EGS) show great potential as a possible solution of low-carbon energy. However, it can only be eco-
nomically feasible while the hot rock mass can be sufficiently permeable to allow for economical amounts of fluid to pass through
it, accumulating heat in the process. In order to increase permeability, a hydrofracturing technique is often used. The fluid pressure
in the well is increased until it exceeds the fracture gradient of the rock formation. As a result, a tensile failure occurs, and fluid
permeates the newly opened mode I crack. Microseismic monitoring is the primary tool to detect, locate, and characterize weak
seismic waves associated with fracture opening.

Distributed acoustic sensing (DAS) technology can be used as ultra-dense seismic arrays, which have advantages over traditional
instruments in terms of convenient long-term downhole deployment, low cost, and high spatiotemporal resolution. DAS turns an
optical fiber into a seismic sensor thanks to a dedicated optical apparatus, known as an interrogator unit, that continuously sends
laser pulses through the fiber. The fibers can withstand harsh temperature and pressure conditions and can thus record near or within
the geothermal reservoir. During the Utah FORGE well 16A(78)-32 stimulation, the acoustic data were measured on the fiber optic
cable permanently installed in the well and monitored using Silixa’s DAS System(Silixa LLC., 2022).

In this paper, we provide a preliminary assessment of the DAS recording. We first sought events included in an established cata-
log (Dyer and Bethmann, 2022). We found that some events listed in the catalog can be easily observed in the DAS data, though
there are some events that cannot be easily observed. Long term, we aim to create new techniques to better detect and characterize
micro-seismic events from DAS data at future EGS sites, which requires first evaluating the suitability of existing methods. In order
to evaluate possible automated techniques for obtaining a seismic catalog based on DAS data, we tried the Short-Term Average
Long-Term Average (STA-LTA) method and several velocity analysis techniques on this dataset. We aim to compare the strengths
and weaknesses of these methods on DAS data, confirming the potential for establishing improved microseismicity catalogs from
DAS data at EGS sites in the future.
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Table 1. Cable receiver position calibration for well 78A-32. Adapted from "FORGE 16A(78)-32 Stimulation Microseismic Detection and Loca-
tion,’, by Silixa LLC, 2022, p. 9.

Fiber Distance(m)  Depth(m) Elevation(m) Northing(m)  Northing(m)

2083.66 0.00 1701.92 335780.84 4262991.99
1093.76 989.90 712.02 335780.84 4262991.99

Table 2. Cable receiver position calibration for well 78B-32. Adapted from "FORGE 16A(78)-32 Stimulation Microseismic Detection and Loca-
tion,’, by Silixa LLC, 2022, p. 9.

Fiber Distance(m)  Depth(m)  Elevation(m)  Northing(m)  Northing(m)

2241.35 0.00 1705.62 335865.45 4262983.53
3434.77 1193.42 511.58 335865.45 4262983.53

2 METHODS

Here, we provide an introduction to our data and several methods of micro-seismic detection.

DATA USED AND INITIAL PREPROCESSING METHOD

The Frontier Observatory for Research in Geothermal Energy (FORGE) experiment created by U.S. Department of Energy is a
dedicated underground field laboratory in Utah, which included hydraulic stimulation of the target rock and recording seismicity
with DAS and other surface and borehole instruments. FORGE is located near the town of Milford in Beaver County, Utah, on the
western flank of the Mineral Mountains. We use a publicly available DAS dataset from observation wells 78 A-32 and 78B-32 and
an established catalog of seismic events. Figure 1 shows the geographical locations of injection wells and observation wells. These
data were recorded to identify any microseismic activity associated with the hydraulic stimulation during three injection stages
in well 16A(78)-32. Data acquisition coincident with the timing of the detonation of the first perforation cluster associated with
the stimulation of stage 1 began Sat April 16, 2022 16:30 (UTC) and ended Saturday April 23, 2022 13:35 (UTC). To record any
microseismicity throughout the stimulation of 16A(78)-32, passive seismic data were recorded continuously during this time. The
data includes Distributed Acoustic Sensing (DAS) data from two observation wells, Well 78-32 and Well 78B-32.

The two observation wells each have a fiber installed in them, and the fiber between the wells is connected so that both wells can
have simultaneous data recorded. Receiver coordinates on the Constellation and single-mode fibers were calibrated prior to data
acquisition using a series of tap tests. The Constellation fiber receiver channels were used for microseismic detection and the tap test
parameters used for receiver position calibration are presented in Tables 1 and 2. Interpolation between wellhead and well-bottom
receiver positions allows for the assignment of horizontal and vertical positions to each receiver along the span of the Constallation
fiber.

The raw data is stored in TDMS format with a time sampling rate of 4000 Hz, a channel spacing of 1 meter, and a gauge length of
10 meters. During the data preprocessing, we performed a 5x downsampling both in time and space, resulting in a spatial resolution
of 5 meters and a sampling frequency of 800 Hz.

STA-LTA METHOD

The STA-LTA method is a simple and widely used technique in seismology for automatically detecting seismic signals. The basic
idea of this method is to compare the signal strength over a short period with the background noise intensity over a longer period
to identify potential seismic events(Allen, 1978). The STA-LTA method works by calculating the ratio of the short-term average to
the long-term average within sliding time windows. The short-term average usually calculates the average signal amplitude over a
few seconds, while the long-term average calculates the average signal amplitude over a longer period (e.g., several tens of seconds
to minutes). When the STA-LTA ratio exceeds a predefined threshold, a potential seismic event is considered detected.
Advantages:
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Figure 1. Wellhead locations of the injection well 16A(78)-32 and observation wells 78A-32 and 78B-32. Adapted from ’FORGE 16A(78)-32
Stimulation Microseismic Detection and Location,’, by Silixa LLC, 2022, p. 3.

e Simple to Implement: The STA-LTA method is simple to implement, requires low computational demands, and is easy for
real-time processing of broadband signals.

e Rapid detection: For sudden changes in signal intensity, such as the onset of earthquakes, the STA-LTA method can respond
quickly.

Disadvantages:

e Sensitive to Parameter Selection: The choice of window lengths and threshold has a significant impact on detection perfor-
mance, yet there is no universal method for optimal selection, requiring adjustment based on specific circumstances. (Trnkoczy,
2009)

e Potential for False Results: In the presence of high noise or changing signal characteristics, the STA-LTA method may produce
false or missed events.

Figure 2 shows the results of applying the STA-LTA algorithm to a short snippet of DAS data. The plots shows the original data,
the STA-LTA trace and the triggering position.

VELOCITY ANALYSIS

The velocity analysis method (or the velocity spectrum method) primarily involves assuming a series of apparent seismic velocities
for seismic events, and performing time-shift corrections on the seismic records of each trace according to each assumed velocity
to align the arrival times of the seismic events across all traces. Then, the correlation of the multi-trace signals is calculated. If the
multi-trace correlation corresponding to that velocity is relatively high, it indicates that there is likely a seismic event corresponding
to that apparent velocity. In exploration seismology, this method is primarily used in active source experiments. In this case, time
shifts are applied using the moveout correction method when the locations of the seismic sources are known, and the main purpose
is to understand the apparent velocity distribution of seismic events and to better comprehend the subsurface.

In this project, we believe that in combination with the spatial observation density of DAS, the velocity analysis method could have
the potential to detect micro-seismic events or corroborate the results of other detection methods. We assume that the arrival of
the events across different channels are approximately linear, meaning that we apply a linear time shift to each channel. The main
reason is that the stimulation area is located below the DAS observation well, so the shape of the arrivals can be approximated as
lines with small variation in slope.

There are multiple methods for calculating multi-trace coherence. A straightforward approach involves the direct superposition of
time-shifted trace data, thereby augmenting the signal strength while attenuating noise. Although computationally efficient, this
method suffers from a lack of normalization, resulting in values post-stacking that may not be inherently intuitive. Furthermore, its
susceptibility to long-period noise fluctuations compromises its stability.
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Figure 2. This figure shows (top) a microseismic event recorded along a certain channel in the Utah FORGE dataset and (bottom) the STA-LTA
trace on the data segment, the triggering threshold and the picks of this data segment.

A classic approach is the semblance method. This method introduces a time window and utilizes the total signal energy within the
time window for normalization.
The semblance as in the following equation:

ey

The equation represents the calculation of semblance, a measure used to assess the similarity and coherence of seismic data across
different traces. The variables in this equation are:

e St is the semblance, measuring the similarity across a set of seismic traces.

e g, represents the amplitude at time ¢ for the ‘" trace.

e to and m indicates the computation time index from time ¢o to to + mA, where mA represents the length of time window
and A is the time sampling interval.

e N is the total number of traces.

The numerator emphasizes points in time when all traces have a strong coherent signal. The denominator represents the total energy
within all traces regardless of their coherence.
Overall, the bigger the value of St is, the stronger the similarity and coherence between the traces.

Figure 3 shows a catalog event with high SNR, and the semblance-based velocity analysis of the event. We select channel number
150 as the center channel. The event arrives at the center channel at approximately 13.8 seconds, and in the velocity analysis dia-
gram, we can clearly see the bright spot corresponding to the event at 13.8 seconds.



Preliminary Analysis of FORGE Project Data 5

2022-04-21T05:56:24.398176

‘.l':':_ ”:'Ir_ W, i i i I b T O " ”I- b -: i1
i i . 15
50 f i 5 . i
.l | ";.' ! l . ! : Tl AL 10
100
iy Bl 1 iy A 3 & LA ¥ 5
o 150 -
[ il ! ! v o f
c ] 0
(13
-
Y 200
bl o . -5
ettt g o e
250 4 { ek ~10
300 e L S L A —-15
TRELrinL e oy i Yl L I
roiiic {nmrrata, . L M et ol i e L i b ¢ iyl
13.4 13.6 13.8 14.0 14.2 14.4
time (s)
9.2 9.6 10.0 104 10.8 11.2 11.6 12.0 124 12.8 13.2 13.6 14.0 ©

time (s)

Figure 3. This figure shows (top) a catalog event and (bottom) the semblance based velocity analysis of the same event.

TEMPLATE MATCHING METHOD

The template matching method is an effective approach to expand seismic event catalogs. By applying cross-correlation analysis,
even weak events that may be buried within the background noise can be identified and accurately located (Gibbons and Ringdal,
2006). This method is based on a straightforward principle: using the waveform of known events as a “template* to identify similar
events in the data records. Template matching is increasingly used in seismological research and monitoring activities, especially in
monitoring earthquake swarms, volcanic earthquakes, anthropogenic earthquakes, and other microseismic activities on traditional
seismic data or DAS data (Li et al., 2021) (Li and Zhan, 2018).

The main idea of the template matching method is to compare real-time or historical seismic waveform records with a set of
predefined template events. By calculating the cross correlation between real-time data and each template, new seismic events that
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are similar to the previously known template events can be identified.
Advantages:

e High Sensitivity: Template matching can detect extremely weak seismic signals, which may be overlooked by traditional
detection methods.

e Automation: Once a template library is established, this method can operate automatically, identifying and classifying seismic
events in real-time.

e Broad Applicability: Particularly effective for monitoring earthquake swarms, microseismic monitoring, and studying subsur-
face fluid movements.

Disadvantages:

e Dependency on Templates: Detection capability strongly depends on the quality and coverage of templates. If the templates
are not representative of all possible event types, some events may not be detected.

e Computational Resource Requirements: Template matching may require significant computational resources for a large num-
ber of templates and data.

The Median Absolute Deviation (MAD) is always used as a measure of detection significance. MAD is a robust measure of variabil-
ity in statistical data, resistant to outliers. It is calculated by finding the median of the absolute deviations from the data’s median.
MAD provides a more reliable dispersion measure when data contain outliers, making it useful in fields requiring robust statistical
methods. In EGS sites, template matching method has been used on down-hole DAS array data to characterize low-magnitude
seismicity(Lellouch et al., 2020).

3 RESULTS
PRELIMINARY OBSERVATIONS OF THE DATA

We conducted preliminary observations on the DAS data recorded by Silixa instrument in April 2022, mainly focused on identifying
seismic events existed in established catalog and comparing the performance of various methods for event detection. Figure 4 shows
the nanostrainrate record of a catalog event from the Silixa report(Silixa LLC., 2022), this event can be obviously observed in both
Well A record and Well B record. This indicative the event’s broad impact and also enhances the reliability of the data collected.
Observing an event from multiple locations allows for a more accurate determination of the event’s characteristics and its spatial
extent.

VELOCITY ANALYSIS AND STA-LTA TRIGGERING

We evaluated the potential of velocity analysis to detect seismic events below the noise level using synthetic data. We created
signals with different signal-to-noise ratios by stacking a recording of a seismic event with a relatively high signal-to-noise ratio
on a segment of background noise recorded by the same instrument which we then scaled by varying amounts to simulate different
noise levels with realistic noise. Thus we can evaluate the effectiveness of the velocity analysis method on signals with different
signal-to-noise ratios.

After calculating the velocity analysis, we applied the STA-LTA method to the results at specific velocities. We used the maximum
value of the STA-LTA traces of the velocity analysis to evaluate the significance of the detected seismic events. Figure 5 shows the
noisy event and its velocity analysis plot. After stacking noise, the amplitude of the event has become lower than the amplitude of
the noise, but in the velocity analysis diagram, we can see the bright spot corresponding to the event at 13.8 seconds just like in
Figure 3. Figure 6 shows the detection significance of velocity analysis of noisy data. We can see that when the signal-to-noise ratio
is near 1, the detection significance is approximately 5, which suggests this method’s ability to detect events below the noise level.

TEMPLATE MATCHING

We conducted template matching on a short record of DAS data. We obtain the detection significance by stacking the cross-
correlation over time and using a sliding MAD (Median Absolute Deviation) window. The detection threshold was set as 9 MAD.
Figure 7 shows the template event selected from the report by Silixa LLC and the continuous data we applied template matching
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Figure 4. This figure shows a catalog event recorded both in Well A and Well B. The catalog is adapted from "FORGE 16A(78)-32 Stimulation
Microseismic Detection and Location,’, by Silixa LLC, 2022, p. 29.
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Figure 5. This figure shows (top) the same catalog event as in Figure 3 (Noisy signal was stacked on the original event) and (bottom) the velocity
analysis result of this noisy event.

on. Figure 8 shows the cross-correlation plot and the detection significance. We can see a peak above the detection threshold. The
peak represent a new event with high similarity to the template event. Figure 9 shows the new event found in the continuous data.
It was recorded both in Well A and Well B which was not present in the original catalog.

4 DISCUSSION

The STA-LTA method, in principle, can detect events with a large enough signal-to-noise ratio. When adjusting the detection thresh-
old, it is necessary to find a suitable balance between recall and precision. A high threshold tends to increase precision but reduce
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Figure 6. This figure shows (top) the STA-LTA triggering of the noisy data and (bottom) the detection significance of the velocity analysis method
for the event in Figure 5 with varying noise levels added. In the STA-LTA triggering plot, the black curve shows the velocity analysis array of
v=-2800m/s in Figure 5, while the blue curve shows the STA-LTA trace. The triggered time is highlighted as the yellow section in the plot.
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Figure 9. This figure shows (top) the new event found in the Well A in continuous data and (bottom) the new event found in the Well B.
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recall, whereas a low threshold has the opposite effect.

For microseismic events, the template matching method can be used to detect events similar to known template events, provided
that a relatively complete set of templates has already been obtained. The template matching method generally only performs well
for microseismic events that have similar source locations and source mechanisms to the template events. For detections below the
noise level, we believe that velocity analysis based on multi-channel coherence has practicality in assessing the reliability.

5 CONCLUSIONS

Distributed Acoustic Sensing instruments, with their higher temporal and spatial resolution, offer us the opportunity to achieve
more accurate microseismic event detection for data provided by EGS sites. We have experimented with some traditional methods:
STA-LTA method, velocity analysis and matched filtering. They could be used in the development of a microseismic detection
workflow based on DAS for future EGS experiments. We have tried the STA-LTA method and the template matching method,
demonstrating their practicality for analysis of DAS data at EGS projects. We have also demonstrated that velocity analysis can be
used to assess the detection accuracy of events below the noise level in DAS data.
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