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ABSTRACT 

Characterizing geologic formations near geothermal wells is crucial for efficient extraction of 

subsurface geothermal energy resources. To monitor effective fracture stimulation of enhanced 

geothermal systems (EGS), we analyze a catalog of induced microearthquakes to characterize 

seismicity induced by Phase 2C fracture stimulations of the Utah FORGE project and derive the 

b-values for 424 induced microearthquakes in three stages of fracture stimulation. We find the

time-lapse variations of these b-values. We apply eigenvector rotation and waveform correlation 

to 3C geophone data to separate fast S1 and slow S2 waves, determine their directions, measure 

their lag time, and calculate the S-wave splitting rate (SSR) for six induced microearthquakes in 

Stage 1 and 21 in Stage 3. Both SSR values and b-values increase with time. The increase in 

these values may be related to heavily fractured zones created by fracture stimulations during 

Stage 2 injections. Large and highly variable SSR values in Stage 3 may reflect heterogeneities 

in the fracture zones. Time-lapse variations of SSR values and b-values may be one of the most 

useful approaches to monitoring and characterizing the effectiveness and efficiency of various 

types of fracture stimulations. 
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INTRODUCTION 

Enhanced Geothermal Systems (EGS) provide alternative clean energy resources to 

conventional fossil fuels. The Utah Frontier Observatory for Research in Geothermal Energy 

(FORGE) EGS site, located in Beaver County, Utah, is a field laboratory (Moore et al., 2020) 

used by researchers to test and develop stimulation and subsurface characterization methods for 

geothermal energy extraction. A better understanding of anisotropy and other physical properties 

of media surrounding an EGS reservoir is crucial for monitoring and evaluating effective fracture 

stimulation. The geological map in Figure 1a shows the location of the Utah FORGE site along 

with geological features and the location of wells drilled in the geothermal test site. The injection 

well 58-32 (red), is a near-vertical well that was drilled to a depth of about 2297 m (Figure 1b). 

This well was drilled into the granitic basement host rock and reaches temperatures of around 

200°C. Next to this well, a vertical monitor well 78-32 (green) was drilled to a depth of 1000 m 

(Figure 1b). Well 78-32 has a maximum temperature of 134°C. A seismic observation system 

was deployed in the observation well 78–32 to monitor microearthquakes induced during the 

fracture stimulation cycles in the treatment well 58–32. 

Between April 19 and May 3, 2019, the Utah FORGE Phase 2C project conducted three 

fracture stimulation stages in well 58-32 that induced 424 locatable microearthquakes with 

magnitudes ranging from -0.52 to -2.0 (Pankow et al., 2020). These microearthquakes were 

recorded by a downhole seismic observation system installed in the monitoring well 78-32 

(Figure 2). This observation system consists of twelve three-component (3C) geophones and a 1-

km DAS fiber-optic cable cemented outside of well casing (Figure 2). The geophones were 

deployed at depths ranging from 645-980 m measured depth (MD) with sensor spacing of 30.48 
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m. The geophone array recorded data at a time sampling rate of 0.5 ms. The DAS system 

recorded induced microearthquakes data with a channel spacing of 1 m, a gauge length of 10 m, 

and a time sampling rate of 0.5 ms. 

In this study, we characterize induced microseismicity and calculate b-values of induced 

microearthquakes in Stages 1, 2, and 3 using a catalog of induced microearthquakes from the 

DOE Geothermal Data Repository (GDR, https://gdr.openei.org/submissions/1185). This catalog 

also includes event location uncertainty. Although the location uncertainty of individual events 

varies, the general geometry and distribution patterns of the induced microeathuakes are similar, 

as confirmed by different authors with different methods and data (e.g., Lellouch et al., 2021). 

We observe an increase in b-values with time. We employ the eigenvector rotation and 

waveform correlation methods to analyze shear-wave (S-wave) splitting using waveforms 

recorded by the 3C geophone array. We then calculate and compare Shear-wave Splitting Rate 

(SSR) values for 6 microearthquakes induced in Stage 1 and 21 induced in Stage 3 of fracture 

stimulations, respectively, and find time-lapse increases in the SSR values.  We then discuss the 

implications of our findings and discuss integrating time-lapse increases in both SSR values and 

b-values.
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Figure 1 (a) Geological map shows several geothermal wells at the Utah FORGE site. (b) The 

treatment well 58–32 (red) was drilled to the geothermal reservoir (EGS) in the low permeability 

granite rocks at a depth of 2294 m with a temperature of about 200°C. The observation well 78–

32 (green) was drilled to a depth of 1000 m with a maximum temperature of 134°C at the bottom 

of the well (modified from Li et al, 2022).  
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Figure 2. Map view (top) and cross-section (bottom) show a treatment well (58-32) and a 

monitor well (78-32) with twelve 3-component (3C) geophones (black triangles) and a DAS 

system with a 1-km fiber cable installed in the well, and micro-earthquakes induced by different 

fracture stimulation stages (dots with different color codes, Stage 1 in orange, Stage 2 in cyan, 

and Stage 3 in purple) in the treatment well. There is a dipping interface of about 20o between 

the sediment deposits and granitic rocks. 
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METHODS AND RESULTS 

Induced Microseismicity and b-Values 

We show in Figure 3 the temporal variations of induced seismic activities during Stages 

1, 2, and 3 of fracture stimulation cycles during a 10-day period. There are 424 locatable induced 

microearthquakes during this period. The magnitudes of these microearthquakes range from -2.0 

to -0.52. The numbers of locatable induced micro-earthquakes in Stages 1 (orange), 2 (cyan), and 

3 (purple) of fracture stimulations are 57, 317, and 50, respectively. There is an apparent lack of 

induced microearthquakes with magnitudes larger than -1.0 during Stage 3 of fracture 

stimulations. We define small, medium, and large magnitudes to be -2.0 < M ≤ -1.5 (70%), -

1.5 < M ≤ -1.0 (25.3%), and -1.0 < M ≤ -0.5 (4.7%).Figure 4 shows the map view (a) and a 

cross-section (b) of the spatial and strength distributions of 424 induced microearthquakes during 

the entire fracture stimulation. The figure depicts induced microearthquakes with a magnitude 

interval of 0.25 using different symbols. We plot the larger microearthquakes (M > -1) that 

occurred during Stages 1 (orange), 2 (cyan), and 3 (purple) of fracture stimulations. We observe 

that the large microearthquakes (M > -1.0) in Stage 2 occur in a concentrated region near Well 

58–32 (Figure 3). The map distribution (Figure 3a) of larger microearthquakes (M. > -1.0) in 

Stage 1 is relatively scattered. However, the microearthquake depth distribution (Figure 3b) 

indicates that a fracture zone can be associated with the larger-magnitude microearthquakes for 

Stage 1. There was only one larger microearthquake with a magnitude of M = -0.89 recorded 

during Stage 3 stimulation. 

The spatial patterns of the larger induced microearthquakes may be directly attributed to 

various stimulation techniques. To confirm if this distribution pattern does correlate with the 
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stimulation method, the current location results need to be improved using waveform correlation 

and relative event location techniques. It could have significant ramifications for various types of 

fracture stimulations if the concentrated event distribution pattern of induced microearthquakes 

in Stage 2 of stimulation is found to be accurate. The fracture stimulation type in stage 2 seems 

to be effectively breaking rocks to create more fractures. 

Figure 5a shows the color-coded histogram of induced microearthquakes during Stages 

1, 2, and 3 of fracture stimulation. The stage 3 stimulation rarely induce microearthquakes with a 

magnitude M > -1.0. We show a color-coded histogram of induced seismic events within the 

three fracture zones, FZ1, FZ2, and FZ3 in Figure 5b. 307 microearthquakes induced by Stage 2 

fracture stimulation occurred within fracture zone 2 (FZ2). There are 53 microearthquakes 

induced in Stage 1 and 30 induced in Stage 3 of fracture stimulation within fracture zone 1 

(FZ1). During Stages 1 to 3 of fracture stimulation, 34 induced microearthquakes scattered at 

shallower depths (Figure 4b) within fracture zone 3 (FZ3).  

The frequency-magnitude distribution of microearthquakes can be generally expressed 

using the Guterbur-Richard law: 

Log N = a - b M, (1) 

where N is the cumulative number of microearthquakes at a magnitude larger than or equal to M 

in a given microearthquake population, a is a constant describing seismicity rate, and b is a 

constant describing the proportion of small to large microearthquakes. Geffers et al. (2022) 

pointed out that the b-value is not just used in microearthquake hazard analysis but also in 
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interpreting material properties, such as heterogeneity, or in inferring the state of stress from 

given microearthquake populations. 

The squares in Figure 6a show the relationship between the microearthquake frequency 

(Log N) and the magnitude of induced microearthquakes in Stages 1 (orange), 2 (cyan), and 3 

(purple) of fracture stimulations. The black solid circles in Figure 6a depict the relationship for 

all 424 induced microearthquakes during the entire fracture stimulation process. Figure 6a 

displays the inferred b-values from different microearthquake groups. The b-value derived from 

all 424 microearthquakes is 1.71. The b-values of induced microearthquakes in Stages 1, 2, and 3 

of fracture stimulation are 1.48, 1.64, and 406, respectively, indicating that the b-value increases 

with time. We attribute this increase to more heterogeneity in the rock caused by continuous and 

persistent fracture stimulation. Since there are only 57 and 50 events during Stages 1 and 3 of 

fracture stimulation, respectively, the b-values derived using the small numbers of events may 

not be as accurate as that for Stage 2.  

We estimate the b-values for induced microearthquakes within the three fracture zones, 

FZ1, FZ2, and FZ3. Figure 6b depicts the frequency (Log N)-magnitude curves using color-

coded solid squares for FZ1 (orange), FZ2 (cyan), and FZ3 (purple). We use the slopes of the 

curves to estimate the b-values. The derived b-values for FZ1, FZ2, and FZ3 are 1.57, 1.64, and 

1.99, respectively. This increase is similar to the increasing trend of the b-values for different 

stimulation stages. Within FZ1, Stage 1 fracture stimulation results in 53 microearthquakes, and 

Stage 3 of fracture stimulation induces 30 microearthquakes. In Figure 6b, the open orange 

(Stage 1) and purple (Stage 3) circles represent the frequency (Log N) and magnitude curves for 

the 53 and 30 seismic events that occurred in FZ1. The estimated b-values for 53 
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microearthquakes in Stage 1 is 1.4, and the b-value for the 30 seismic events in Stage 3 is 1.85. 

The b-values increase within FZ1 from Stage 1 to Stage 3. This finding suggests that Stage 3 

fracture stimulation at the shallow injection point (Figure 4b) causes additional rock damage 

within FZ1 and increases heterogeneities in the formation rocks.   

In Figure 7, we compare our b-value estimates with published b-values in volcanic 

regions, geothermal and EGS sites, hydraulic fracturing tests, Copper mines, and wastewater 

disposal sites, as compiled by Geffers et al. (2022). Our b-value estimates for induced 

microearthquakes at the Utah FORGE site are comparable with those derived from induced 

microearthquakes in geothermal and hydraulic fracturing sites, but slightly larger than those 

obtained in volcanic regions and waste-water disposal sites. We interpret the higher b-values for 

EGS as stronger formation heterogeneities caused by highly fractured granite rocks during 

fracture stimulation stages, particularly fractures associated with 307 induced microearthquakes 

in FZ2 during Stage 2 fracture stimulations. Mogi (1962) suggested that the b-value depends on 

material heterogeneity – a low heterogeneity leads to a low b-value. However, Scholz (1968) 

observed that the b-value decreases before the maximum peak stress is achieved and argued for a 

negative correlation between the b-value and stress. Our results, with the b-value increasing over 

stimulation cycles, seem to indicate that the material in the fracture zones is thoroughly broken, 

leading to a significant increase in the b-values. We do not have reliable estimates of stress drops 

caused by the induced microearthquakes. Therefore, we cannot establish a negative correlation 

between the b-value increase and significant stress drops during the fracture stimulation cycles. 
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Figure 3. Temporal variations of induced microearthquakes in three stages of fracture 

stimulation. Stage 1 is represented by orange dots, Stage 2 by cyan dots, and Stage 3 by purple 

dots on the plot. Stages 1, 2, and 3 each have 57, 317, and 50 induced microearthquakes, 

respectively. There are 297 microearthquakes (70%) with magnitudes ranging from -2.0 to -1.5, 

107 seismic events (25.3%) between -1.49 and -1.0, and 20 induced microearthquakes (4.7%) 

with magnitudes between -0.999 and -0.5. 
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Figure 4. Spatial and strength distributions of induced microearthquakes in a map view (a) and a 

cross-section (b). The red square and green triangle in (a) indicate the locations of treatment 

wells 58–32 and monitor wells 78–32. Stimulations at injection points 1, 2, and 3 generate three 

fracture zones (FZ1, FZ2, and FZ3). The majority of orange seismic events in stage 1 occurred in 

Fracture Zone 1 (FZ1) at deeper depths, with a few at shallower depths close to injection point 3. 

The majority of cyan seismic events occurred in Fracture Zone 2 (FZ2), but some cyan events 

scattered above injection point 3. Purple seismic events caused by injection point 3 occurred at 

either Fracture zones 1 and 3, defining the Fracture Zone 3 (FZ3) with more scattered events 

occurring during all three stimulation stages. FZ1 has both orange and purple seismic events. 

Note that larger magnitude (M = -0.99 to -0.5) microearthquakes occurred mostly in Stages 1 and 

2 (color orange and cyan) and rarely in Stage 3 (color purple). 
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Figure 5. (a) Histogram of induced microearthquakes that occurred during Stages 1 (orange), 2 

(cyan), and 3 (purple) of fracture stimulation cycles; and (b) Histogram of induced 

microearthquakes occurred within fracture zones 1 (FZ1), 2 (FZ2), and 3 (FZ3). 
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Figure 6. (a) Estimates of b-values using events in three different stages (colors orange, cyan, 

and purple for Stages 1, 2, and 3, respectively) and all 424 events in the three stages (color 

black). (b) Estimated b-values using seismic events in three fracture zones (FZ1, FZ2, and FZ3) 

with solid lines and squares in the orange, cyan, and purple colors. Open circles and dashed lines 

are the b-values derived for seismic events in fracture zone 1 (FZ1) occurred in Stages 1 (S1, 

orange color) and 3 (S3, purple color). 
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Figure 7. Comparison of the b-values derived from this study with other published data (based on 

Tables 1 and 2, from Geffers et al., 2022) in volcanic areas and other geological regions.  Labels: 

EGS: Enhanced Geothermal Systems; GTH: Geothermal Areas; HFR: Hydraulic Fracturing; 

MCU: Mining Cu; and WWD: Wastewater Disposal. 
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Shear-Wave Splitting in Anisotropic Media 

224 

It is well known that a shear wave entering a polar-anisotropic medium splits into two S-

waves (S1 and S2) with different polarizations propagating at different velocities, with S1 

propagating faster than S2. For an anisotropic medium with near-vertical fractures, the S1 wave 

polarizes parallel to the fractures and travels faster than S2, which polarizes perpendicular to the 

fracture direction. S-wave splitting observed from borehole and surface seismic data has been 

widely used to characterize the orientation and density of fractures in earthquake seismology and 

in oil, gas, and geothermal fields (Munson et al., 1993; 1995; Li et al., 1993; Lou and Rial, 

1997). Particle motion (hodogram) analysis and eigenvector rotations of 3C seismic data (Li & 

Hewett, 2016) are two essential steps for characterizing S-wave splitting. We use 3C induced 

microearthquake waveforms recorded during Utah FORGE Phase 2C t to analyze shear-wave 

splitting to better understand the anisotropic properties of the granitic and sedimentary rocks at 

the Utah FORGE EGS site. 

Particle motion (hodogram) analysis and eigenvector rotations of 3-C seismic data (Li & 

Hewett, 2016) are two essential steps for characterizing S-wave splitting. Figure 8a displays 3C 

raw seismograms of an M=-0.72 induced microearthquake 1.47 (event #47 in Stage 1), with one 

vertical (V) and two horizontal components (H1 and H2) that are orthogonal to each other but 

with arbitrary orientations at each depth level. We pick the first-arrival time (blue line) of the P 

wave (Tp), on the vertical component (Figure 8a) and rotate two horizontal components of 

windowed P waves to determine the incidence azimuth, that is, the radial direction. After 

eigenvector rotation of the two horizontal components, we use windowed S-waves on the H1 and 

H2 components to rotate to the radial (SR wave) and tangential (ST wave) components (Figure 
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8b). The arrival times of the S-waves, TSR and TST can be measured from the radial and 

tangential components (Figure 8b), respectively.  The SR wave is slightly faster than the ST 

wave. Thus, the SR wave is the fast S1 wave and the ST wave is the slow S2 wave. We derive the 

origin time of the event using Tp and TS1 measurements and calculate P wave and SR wave 

traveltimes, Tp and TS1, from a source to the receivers, respectively. 

Figure 8c and Figure 8d show the hodograms of two horizontal traces acquired at a 

depth of 798 m, displaying both the P-wave (blue line) and the S-waves (red line) in both H1-H2 

(Figure 8c) and Radial-Tangential (Figure 8d) coordinate systems. The two horizontal traces are 

indicated by the red arrows in Figure 8a and Figure 8b. Additionally, these hodograms show 

that the ST wave is perpendicular to the SR wave in the tangential direction whereas the SR wave 

is parallel to the P wave in the radial direction. The SR wave is the fast S1 wave, and the ST wave 

is the slow S2 wave.  Figure 8e and Figure 8f show the time windowed 3C S-waves of the event 

1.47 recorded by a geophone at a depth of 798 m before and after eigenvector rotation. The S1 

and S2 waves are separated (Figure 8f) using an Eigen-value calculation and their polarization 

directions are determined (Figure 8d). We observe that S1 wave on the radial component is faster 

than S2 wave on the tangential component (Figure 8f). The arrival times TS1 and TS2 can then be 

picked from the rotated seismic traces on the radial (fast) and tangential (slow) components 

(Figure 8f). The S wave splitting lag time, dTlag, is defined by: 

dTlag = TS2 - TS1, (1) 

and the S-wave splitting rate (SSR) can be calculated using:  

SSR = dTlag / ts1 = (TS2 - TS1)/ts1, (2)
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where ts1 is the travel time of the fast S1 wave from a seismic source to a geophone 

receiver. It is worth noting that the SSR is calculated using picked traveltimes of the  P and S 

waves and the calculated origin time. Therefore, the location uncertainty of individual events in 

the microseismic catalog do not have a great effect on estimates of SSR values. Alternative 

techniques to measure lag dTlag time more precisely include waveform auto- and cross-

correlations. In Figure 9a, the autocorrelation of the radial component is shown as a green curve, 

while the cross-correlation of the radial and tangential components is displayed as a red curve. 

From the two peaks of the auto- and cross-correlation curves, we calculate the time lag dTlag. 

We create a hodogram with radial and tangential components to demonstrate how the S-wave in 

Figure 9b splits into the S1 wave and the S2 wave. However, the shear-wave splitting is invisible 

if we move the tangential component by the time lag and overlay it on the radial component 

(Figure 9a), then utilize those two traces to generate a hodogram (Figure 9c). We have used 

both methods to obtain comparable results to validate each method.  

We analyze six microseismic events from Stage 1 fracture stimulation recorded on 11 

borehole geophones for shear-wave splitting analysis. One geophone located at MD 889 m 

malfunctioned. Figure 10 displays the locations of the six events, as well as the locations of the 

injection and monitoring wells, in a map view (Figure 10a top) and in a cross-section (Figure 

10a bottom) view. We note that for all six events, S-waves propagate more quickly in the radial 

(S1) than the tangential (S2) directions. The slow S2 wave is oriented perpendicularly to the fast 

S1 waves, which have an estimated average azimuth of E12.7o±4.5oS (Figure 10a top). 

Figure 10b shows the S-wave splitting rates (SSR) along the ray-paths connecting 

sources and receivers. SSR values range from 0.52% to 1.06%. Granite and sedimentary rocks 
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have average SSR values of 0.72% and 0.91%, respectively. The contribution of shear-wave 

splitting in the sedimentary rock is greater than that in the granite rock because the rays are 

mostly in the granitic rock. Figure 10b depicts an anisotropic measurement from sonic dipole 

logging data acquired in treatment wells 58–32 for comparison. The geological formation has a 

20° dip (Moore et al., 2020), as shown in Figure 2, so we deduct 124.5 m from the recorded 

depth of the injection well 58–32 logging data to correct for this dip. 

 The SSR values derived from borehole seismic data are comparable with or larger than 

those derived from sonic dipole logging data since sonic logging only measures anisotropy of the 

near the wellbore media. There is an apparent trend that the SSR values increase with depth in 

the sedimentary rocks for both sonic and borehole seismic data. By contrast, the SSR values 

decrease with depth in the granite rocks (Figure 10b). Since there were no fractures created 

before Stage 1 stimulation in this zone, SSR results from events in Stage 1 can be used as a base 

line. 

Figure 2 and Figure 4 depict the seismic events that occured during the first, second, and 

third stages of fracture stimulations. Most of these events occurred in fracture zones 1 and 2, 

while only a few scattered events were observed around injection point 3 above fracture zones 1 

and 2. In stage 2, seismic ray paths from the seismic events within fracture zone 2 to the 11 

geophone receivers did not traverse the highly fractured region. Consequently, we do not 

anticipate observing significant shear-wave splitting caused by fractures. Fortunately, induced 

microearthquakes occurred along fracture zone 1 in both stages 1 and 3 of fracture stimulation. 

The seismic ray paths from the seismic sources in fracture zone 1 to the 11 geophone receivers, 

however, pass through the highly damaged fracture zone 2. Therefore, we can analyze the time-
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lapse variation of SSR values caused by fracture zone 2 using events in fracture zone 1 before 

and after stage 2 of fracture stimulation. We analyze S-wave splitting and derive SSR values for 

21 microearthquakes recorded in Stage 3 stimulation. The criteria for selecting 27 (6+21) seismic 

events for the SSR analysis involve choosing high-quality 3C waveforms with a favorable 

signal-to-noise ratio (SNR). These high-quality 3C waveforms, characterized by good SNR, 

contribute to minimizing uncertainty in seismic event locations. Figure 11 shows the locations of 

these 21 events in a map view (Figure 11a top) and in a cross-section (Figure 11a bottom) 

view, along with the positions of injection and monitoring wells. For these 21 events, we find 

that S-waves in the radial directions (S1) are faster than those in the tangential directions (S2). 

The average azimuth of the fast S1 waves is estimated to be E8.2o±5.8oS, and the orientation of 

the slow S2 wave is in the direction perpendicular to the fast S1 (Figure 11a). 

We calculate the S-wave splitting rates (SSR) along ray paths between sources and 

receivers for the 21 microearthquakes in Stage 3 fracture stimulations. Figure 11b depicts these 

SSR values along with their average value. The SSR values range from 0.85% to 2.51%, with 

significant variations among these events. Average SSR values for receivers in granite and 

sedimentary rocks are 1.39% and 1.84%, respectively. The average SSR for the 21 events in 

Stage 3 (Figure 11b) is higher than that for events in Stage 1 (Figure 10b). The relatively small 

SSR values of 1-2% are estimated using the entire ray path from the source to the receivers. The 

width of fracture zone 2 may be much shorter than the ray path. Thus, the localized SSR value 

caused by anisotropy fractures in rocks is expected to be much larger. When relative event 

location minimizes location errors, we anticipate getting better estimates of local SSR values. 

We hypothesize that higher SSR values for events in Stage 3 may be attributed to the highly 

fractured media during Stage 2 fracture stimulations. Significant variations in SSR values among 
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21 events in Stage 3 may be attributed to the heterogeneity of the fracture zones during the Stage 

2 stimulation. 

Figure 12 compares the averaged SSR curves for microseismic events in Stages 1 and 3, 

together with a SSR depth profile from the sonic diploe log. The thick orange and purple lines 

are averaged SSR depth profiles for microearthquakes in Stage 1 and Stage 3, respectively. The 

dashed lines represent one standard deviation (±σ) of the average SSR curves. The trends of two

averaged SSR curves and the sonic SSR depth profile are similar to one another. The average 

SSR value for events in Stage 3 is significantly higher than that of events in Stage 1, indicating 

an apparent increase in SSR values between the Stage 1 and Stage 3 stimulations. This result 

implies that highly stimulated fractures in the fracture zones created in Stage 2 may possibly 

cause this increase. Highly variable SSR values for events in Stage 3 suggest high 

heterogeneities in the fracture zones created by Stage 2 stimulations. 307 induced 

microearthquakes in Stage 2 indicates a heavily fractured zone with strong heterogeneities, 

resulting in stronger anisotropy along seismic ray paths through the media between the induced 

microearthquakes and geophone receivers. 
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Figure 8. Three-component seismograms of an induced microearthquake (M=-0.72) before (a) 

and after (b) horizontal component rotations. Picked first-arrival times of P wave on the vertical 

component, and S waves on the radial (SR) and tangential (ST) components are marked with blue, 

red, and magenta lines, respectively. A hodogram constructed with H1 and H2 components of S 

waves (c) is compared with the hodogram plotted after horizontal rotation to the radial and 

tangential components (d).  Both hodograms show that S waves are splitting into the fast S wave 

(S1) and the slow S wave (S2) along the radial and tangential directions, respectively. Windowed 

vertical, H1, and H2 components of raw S waves before the eigenvector rotation (e) and after the 

horizontal rotation (f), the fast S1 wave and the slow S2 wave are observed on the radial and 

tangential components and the amount of shear-wave splitting (lag time) can be quantitatively 

measured. 
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Figure 9.  (a) Lag times between the splitting of fast and slow S-waves S1 and S2 can be 

measured using auto- and cross-correlations of radial and tangential components. The tangential 

component is shifted and overlaid on the radial component. (b) A hodogram shows S-waves 

splitting into fast and slow S-waves in the radial and tangential components. (c) After shifting the 

tangential component by an amount of the lag time, a hodogram constructed using two overlaid 

traces (a) shows no S-wave splitting.   
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Figure 10. (a) A map view (top) and a cross-section (bottom) of microseismic event locations 

show locations of six seismic events induced in Stage 1 of fracture stimulation, along with 

positions of treatment (58-32) and monitoring (78-32) wells.  (b) Shear-wave splitting rates 

(SSR) of six seismic events in Stage 1 range from 0.52% to 1.06%, and the average SSR values 

at each depth level are displayed with the thick orange line. Dipole sonic logging data (black 

line) acquired in the treatment well (58-32) is shown for comparison. SSR values in sediments 

are slightly larger than those in the granite rocks. 
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Figure 11. (a) A map view (top) and a cross-section (bottom) of microseismic event locations 

show locations of 21 seismic events induced in Stage 3 of fracture stimulations, along with 

positions of treatment (58-32) and monitoring (78-32) wells. (b) Shear-wave splitting rates (SSR) 

of 21 seismic events in Stage 3 range from 0.85% to 2.51% with relatively large variations. The 

average SSR values at each depth level are shown with the thick purple line. SSR values in 

sediments are slightly larger than those in the granite rocks. 
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Figure 12. Comparison of averaged SSR curves (thick solid lines with orange and purple colors) 

along with curves of one standard deviation (dashed lines) for 27 induced microseismic events in 

Stages 1 and 3, respectively. Trends of two average curves are similar to that of sonic dipole log 

data (light black line). SSR values derived from events occurred during the Stage 3 of 

stimulation are larger than those estimated from events in Stage 1. Highly variable SSR values of 

events in Stage 3 suggest high heterogeneities of the fracture zones created during Stage 2 

stimulation. 
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DISCUSSION AND INTERPRETATION 

Figure 13 displays the epicenters of all 424 locatable-induced microearthquakes. The fast 

S1 wave is along a radial direction at about E9.2o±5.8oS, which is consistent with the major semi-

axis orientation of the induced microearthquake distribution in Figure 13a. This radial direction 

is along the dominant fracture directions in the fracture zone and is presumably the direction of 

maximum horizontal stress. The S1 wave traveling in this direction is fast, compared with a slow 

S2 wave that propagates in a direction perpendicular to the fracture orientations. A cross-section 

in Figure 13b shows a depth distribution of all 424 induced microearthquakes, where 27 events 

used in this study are marked using large open circles. Between Stage 1 and Stage 3 of 

stimulations, 307 induced microearthquakes occurred at the fracture zone 2 (FZ2) during Stage 2 

of fracture stimulation, which resulted in highly cracked zones of fractures in the medium 

between induced microearthquake sources in Stage 3 and geophones deployed in monitor wells 

78–32. This result implies that a large number of induced microearthquakes occurred during 

Stage 2 stimulations, which may be a major cause for the apparent increase in the SSR values 

derived from induced microearthquakes in Stage 3 stimulations. We hypothesize that the 

significant variations (large σ) in the averaged SSR value derived from Stage 3 events may be

related to the high heterogeneity in the fracture zones caused by Stage 2 fracture stimulation. 

Spatial and strength distributions of induced microearthquakes occurred during Stage 2 of 

fracture stimulation. Figure 4a and Figure 4b confirm that such heterogeneity indeed exists in 

the fracture zones during Stage 2 stimulation. 
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Figure 14 compares trends in temporal variations of the b-values and SSS values during 

the entire fracture stimulation cycles in Phase 2C of the Utah FORGE project from April 19 to 

May 3, 2019. Figure 14a shows that the b-values in Stages 1, 2, and 3 are 1.48, 1.64, and 2.06, 

respectively, and demonstrates an apparent increase of the b-values from Stage 1 to Stage 3. The 

b-value derived from all 424 induced microearthquakes in the entire fracture stimulation process

is 1.71 (dashed line in Figure 14a). Open triangles in Figure 14a represent the b-values derived 

for fracture zones 1, 2, and 3 (FZ1, FZ2, and FZ3). Figure 14b shows that the SSR values in 

sedimentary rocks are 0.91%±0.07% in Stage 1 and increase to 1.84%±0.08% in Stage 3. In 

granite rocks, the SSR values of 0.72%±0.08% in Stage 1 increase to 1.39%±0.22% in Stage 3. 

This same trend may just be a coincidence. However, we cannot rule out the possible correlation 

between these two parameters since both are used to characterize the heterogeneity and 

anisotropy of cracked materials, including fractures and fracture zones in rocks. Time-lapse 

variations of those two key physical parameters have significant potential to evaluate the 

effectiveness and efficiency of different types of fracture stimulations. 

We have analyzed seismic waveforms and location catalog data for 424 

microearthquakes induced by fracture stimulation cycles in Phase 2C of the Utah FORGE project 

from April 19 to May 3, 2019. Seismic waveforms were acquired using both a DAS system with 

1-km-long optic fiber and a geophone array with twelve 3C sensors in the monitor well (78–32)

during various fracture stimulation tests in the treatment well (58–32). Endurable features of 

optic fibers under high pressure and temperature in a harsh downhole environment make DAS an 

appealing tool to record seismic data in high-temperature geothermal wells (Li et al., 2021). The 

DAS systems at the Utah FORGE site have the advantages of a fine spatial resolution of 1 m and 

a wide frequency range, but instrument improvements are needed to increase the signal-to-noise 
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ratio, make the gauge length adjustable, correct fiber directivities, and develop 3-component 

DAS systems. 3C geophones can record vector wave fields and provide a complementary 

downhole tool to compensate for the disadvantages of current single-component fiber systems. 

Eigenvector rotation of 3C geophone waveforms is a critical method for shear-wave splitting 

analysis to infer media anisotropy. 

We have used an existing catalog of induced microearthquakes to characterize induced 

seismicity at the Utah FORGE EGS site and found that large microearthquakes with M > -0.999 

occurred in Stage 2 of fracture stimulation concentrated in a small region close to the treatment 

well (58–32). We have derived the b-value of 1.71 for all 424 induced microearthquakes that 

occurred during the entire fracture stimulation test. The b-values of induced micro-earthquakes 

in Stages 1, 2, and 3 of fracture stimulations are 1.48, 1.64, and 2.06, respectively, indicating a 

time-lapse increase of b-values from Stage 1 to Stage 3. 

We have analyzed shear-wave splitting using 3C waveforms recorded using a 3C 

borehole geophone array. We have used 3C eigenvector rotation and waveform cross-corrections 

to separate faster and slower S waves, determine their directions, and measure SSR (S-wave 

Splitting Rate) values in both granitic and sedimentary rocks. For six events in Stage 1, faster S1 

waves are along a radial direction at E12.7o ± 4.5oS, which is consistent with the major-semi-axis 

orientation of the induced microearthquake distribution. The SSR values of six seismic events in 

Stage 1 range from 0.52% to 1.06%, with slightly higher values in sediments. The trends of the 

SSR curves are similar to those of sonic dipole logs. For 21 microearthquakes in Stage 3, faster 

S1 waves are along a radial direction at E8.2o±5.8oS, and the SSR values of 21 events range from 
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0.85% to 2.51%, with significant variations in the SSR values among those events. The average 

SSR values for geophones in granite and sedimentary rocks are 1.39% and 1.84%, respectively. 

For 27 induced microearthquakes in Stages 1 and 3, faster S1 waves are along a radial 

direction at E9.2o ± 5.8oS, which is consistent with the major-semi-axis orientation of the 

induced microearthquake distribution, dominant fracture directions in the fracture zone, and the 

direction of maximum horizontal stress. The S1 wave traveling in this direction is fast, compared 

with a slow S2 wave that propagates in a direction perpendicular to fracture orientations. The 

averaged SSR value derived from 21 seismic events in Stage 3 is systematically larger than the 

averaged SSR value calculated using 6 seismic events in Stage 1. We hypothesize that this time-

lapse increase of the SSR values from Stage 1 to Stage 3 may be related to the highly fractured 

zones in granite rocks created during Stage 2 fracture stimulation. Highly variable SSR values of 

21 events in Stage 3 suggest high heterogeneities in the fracture zones created during Stage 2 

stimulation. The time-lapse increase of the SSR values from Stage 1 to Stage 3 coincides with 

the increase of the b-values from Stage 1 to Stage 3.   

Mogi (1962) highlighted that the b-value is contingent upon material heterogeneity. The 

escalation in b-value observed from stage 1 to stages 2 and 3 at fracture zones 1 and 2 indicates a 

significant rise in heterogeneity within granite rocks, attributed to various fracture stimulation 

stages, especially after stage 2. We hypothesize that the noticeable increase in time-lapse SSR 

values is linked to the substantial heterogeneity of highly damaged granite rocks in the EGS 

reservoir, characterized by significant fractures. Consequently, if our hypothesis holds true, the 

two distinct physical measurements, namely the b-value and the SSR value, converge on the 

same physical phenomenon—increased material heterogeneity due to fracture stimulation. 



31

Consequently, the combination of these two physical measurements has the potential to serve as 

a valuable tool for assessing the effectiveness and efficiency of fracture stimulation. 

Figure 13. A map view (a) and a cross-section (b) of induced microearthquakes occurred during 

Stages 1, 2, and 3 (orange, cyan, and purple) of stimulation cycles along with microseismic 

events (orange and purple dotted open circles) used to estimate the SSR values. The fast S-wave 
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direction is along the radial direction, which is consistent with the semi-major axis of the 

distributions of induced microearthquakes. This radial direction is along the dominant fracture 

directions and the direction of maximum horizontal stress. The SSR values increase from Stage 1 

to Stage 3. We hypothesize that 307 locatable induced microearthquakes (cyan dots) occurred 

during Stage 2 of stimulation may dominantly contribute to such SSR value increase. 

Figure 14. (a) Time-lapse increase of the b-values. Solid triangles are the b-values for 3 different 

stimulation stages. Open triangles are for the b-values of three different fracture zones. Both 
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results show the apparent increase trends from Stage 1 to Stage 3.  (b) Comparison of time-lapse 

variations of the Shear-wave Splitting Rate (SSR) values (solid squares and circles with error 

bars) during stages of fracture. The SSR average values with one standard deviation are for the 

values in sedimentary (squares) and granite (solid circles) rocks.  

CONCLUSIONS 

We have analyzed 424 microearthquakes recorded during three hydraulic stimulation 

cycles to characterize induced seismicity at the Utah FORGE EGS site.  We found that large 

microearthquakes (M > -1.0) occurred during Stage 2 fracture stimulation around a small region 

near the injection well. We have calculated the b-values of all 424 microseismic events and 

found that the b-values increase after each fracture stimulation stage, indicating a time-lapse 

increase of the b-values from Stage 1 to Stage 3. We have analyzed shear-wave splitting for 27 

induced microearthquakes in Stage 1 and Stage 3 and derived the SSR values of the events. The 

SSR values for the events in Stage 3 are larger than those for Stage 1.  We hypothesize that this 

time-lapse increase of the SSR values from Stage 1 to Stage 3 may be related to the creation of 

highly fractured zones in the granitic rocks during Stage 2 fracture stimulation. The time-lapse 

increases or variations of the SSR values and b-values may reveal the effectiveness and 

efficiency of fracture stimulations in EGS reservoirs. Integration of time-lapse variations of the 

b-values, SSR values, and other physical parameters can advance our understanding of EGS

reservoirs and effective and efficient fracture stimulation approaches. 

TABLE 1:  B-VALUES 

1 2 3 All 

Stage 1.48 1.640 2.06 1.71 

Fracture Zone 

(FZ) 

1.57 1.635 1.99 

FZ1-Stage 1.40 1.85 
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