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An earthquake swarm occurred in Spring 2021 in south-central Utah near the town of Milford. The University of Utah Seismograph Stations located 125 earthquakes between March 19 and May 10 with magnitudes ranging from 0.5 to 3.2. We implement a matched-filter technique in order to identify additional earthquakes that went undetected during the routine network location. The 125 network-located earthquakes are used as templates and are cross-correlated with continuous data for the dates Feb 17—June 10. This time period corresponds to approximately 1 month before the earthquake swarm began through 1 month after it ended. For the matched-filter analysis, we rely heavily on station FOR1, which is located within 5 km of most template events. Four other stations within 20–30 km of most template events provide a supplement to the closest station. The matched-filter implementation results in the detection of over 600 earthquakes in addition to the original 125 catalog events. This is one of the largest swarms ever recorded in Utah, and no previous large swarms have been recorded in this location. We use HypoDD to obtain relative double-difference locations of the catalog events. Both routine locations and HypoDD relocations of the catalog events suggest a fault dipping west beneath the mountain range, opposite of typical Basin and Range normal faults that dip beneath alluvial valleys. Moment tensors for the largest five events show normal faulting consistent with the west-dipping fault seen in the seismicity. Hydrothermal features in the area, including a geothermal power plant, suggest that fluids may be a contributing factor to the earthquake swarm triggering. We examine the role of fluids by exploring bounds on diffusion parameters and investigating spatial migration characteristics of the swarm seismicity. We conclude that this swarm is the result of heterogenous stress conditions in a prefractured region.
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INTRODUCTION
Whether you define a seismic sequence based on number of events occurring within a fixed time and distance from a main event or with clustering algorithms and statistics, swarms comprise 40%–50% of Utah seismic sequences (Arabasz et al., 2007; Mesimeri and Pankow, 2022). In general, these swarms locate primarily in south-central Utah and are bursts of tens to about one hundred or so small magnitude earthquakes (Zandt et al., 1982; Arabasz and Julander, 1986; Smith and Arabasz, 1991; Arabasz et al., 2007; Mesimeri et al., 2021; Mesimeri and Pankow, 2022). Two notable exceptions are a swarm of ∼1400 earthquakes in 1981 that located under the Mineral Mountains (Zandt et al., 1982) and, the topic of this paper, a swarm of >650 earthquakes in 2021 that locate at the northern end of the Escalante Desert.
The Escalante Desert is a geographic feature spatially coincident with concentrated earthquake activity along a southwest bifurcation of the prominent north-south trending Intermountain Seismic Belt (ISB; Smith and Arabasz, 1991). The ISB is the main zone of seismicity defining the eastern extent of the Basin and Range and extends from southern Montana to northern Arizona. At ∼38.5° N, the ISB broadens with branches that extend and link into the Southern Nevada Shear Zone (Figure 1; Pankow et al., 2009; Kreemer et al., 2010). Geologically, the region is complex. The northern Escalante Desert is on the western flank of the Mineral Mountain batholith. This batholith is thought to have tilted ∼40° as part of the Mineral Mountains core complex formation (Coleman and Walker, 1994; Bartley, 2019). As a result of this tilting, once approximate vertical structures dip shallowly to the west. However, local gravity studies within the Escalante Desert indicate northeast-southwest oriented Basin and Range-like structures that include grabens (Pe, 1980; Klauk and Gourley, 1983). The Escalante Desert is transected by the Blue Ribbon, Timpahute and Helene Transverse structures (Rowley et al., 1998). These east-west oriented structures extend into Nevada and are thought to accommodate east-west extension in the Basin and Range in a similar fashion to transfer faults in spreading centers (e.g., Duebendorfer and Black, 1992). Within the Escalante Desert both strike-slip and normal faulting moment tensors have been determined (e.g., Pankow et al., 2009; Whidden and Pankow, 2012) illustrating the tectonic complexity in the area.
[image: Figure 1]FIGURE 1 | Maps of the study area. Left: Large scale features within Utah including the Intermountain Seismic Belt and Escalante Desert. Dashed lines are transverse lineaments mentioned in text (B: Blue Ribbon, T: Timpahute, H: Helene). Box near center is right map area. Right: Study area map showing stations used in the matched-filter (triangles), the town of Milford (square), and relocated 2021 swarm UUSS catalog earthquakes (red circles). The focal mechanism is an historic 1998 event from the UUSS moment tensor catalog. Polygon east of center is the footprint of the Utah FORGE geothermal project. Southwest box shows area in Figure 6.
While there is concentrated seismic activity located within the Escalante Desert and swarms have been identified nearby to the north (Mesimeri and Pankow, 2022), no swarms have previously been identified within the Escalante Desert itself. In fact, historic seismicity is sparse in this area and consists mainly of isolated events (Figure 2). There are a few exceptions: a group of twelve events in the Fall of 1998 and smaller event groupings of 5-6 events in more recent years. However, these seemingly low seismicity rates might be a consequence of sparse seismic station coverage. Before November 2016, when a local seismic array was installed to monitor the Utah Frontier Observatory for Research in Geothermal Energy (FORGE) site (Moore et al., 2020; Pankow et al., 2020), the magnitude of completeness in this area was ∼1.7 and hypocentral control was poor (Pankow et al., 2009). The Utah FORGE network added a single station (FOR1) to the Escalante Desert and several stations to the northeast closer to the Utah FORGE footprint (Figure 1). The added seismic coverage improved monitoring capabilities in the northern part of the Escalante Desert. It is likely that the installation of the Utah FORGE network together with an expansion of the University of Utah Seismograph Stations (UUSS) network to southern Utah in 2007 (Pankow et al., 2019) has led to an increased detection threshold in the Escalante Desert, allowing us to see swarms of events that were previously only visible to us as smaller sequences or single events.
[image: Figure 2]FIGURE 2 | Magnitude-time plot for the entire UUSS catalog of the Milford area, corresponding to the map area plotted in Figure 6. There are few earthquakes recorded in this area, and no earthquakes prior to 1992. Yellow triangle marks the installation of station FOR1. Other FORGE stations to the northeast of Milford were installed starting around the same time. Seismicity is sparse but includes a group of twelve events in 1998, and smaller groups from 2008, 2011, and 2013.
In this study, we analyze the 2021 swarm. We start with the catalog of 125 events determined by the UUSS (Pankow et al., 2019). This catalog is relocated with HypoDD and then used as templates for a matched-filter analysis. Using the enhanced catalog we define the time progression of the swarm and look at space-time migration patterns. Additionally, we use two methods to determine six moment tensors for the five largest events in the sequence and compare their fault planes to the hypocenter distribution obtained from the relocated events.
DATA AND METHODS
During the study period, UUSS detected and located 125 events in the Escalante Desert using the HYPOINVERSE (Klein, 2002) software and the Bjarnason and Pechmann (1989) 1D velocity model. The events are well-located with a mean RMS travel time residual of 0.15 s (95% confidence interval 0.14–0.16 s), mean horizontal error of 1.15 km (95% confidence interval 0.99–1.31 km), and mean vertical error of 2.14 km (95% confidence interval 1.75–2.52 km). Local magnitude (ML) is calculated for larger events, and coda duration magnitude (mc) is calculated for nearly all events (e.g., Burlacu et al., 2022).
Matched-filter
We use five stations from the UUSS network: three three-component broadbands (FOR1, FOR2, FORU), one three-component short-period (NMU) and one vertical short-period (IMU) (Figure 1). Most swarm events are located within 5 km of the closest station, FOR1. Stations FOR2 and FORU are about 25 km away from the swarm, and IMU and NMU are 30 km. Given the close proximity to the swarm, FOR1 has the most picked phases for the catalog events.
We use the 125 UUSS catalog events from the 2021 Milford Swarm as templates in a matched-filter analysis as outlined in Mesimeri et al. (2021), which follows from Ross et al. (2019) and Shelly (2020). We cross correlate the templates across continuous data during the time period February 17-June 10, corresponding to approximately 1 month before the swarm start and 1 month after its end. Data was not available at all stations during the complete time period. FOR1 and FORU were available for the full 114 days, FOR2 was available for a total of 72 days with two multi-day time periods missing, and IMU and NMU were available for 49 continuous days at the end of the study period.
Event templates consist of 90 s long waveforms beginning at the origin time for each event at each station and component. We remove the trend, taper, decimate to 50 Hz, and bandpass filter at 1.5–15 Hz. We then cut smaller windows around P and S for the templates: 0.1 s before and 0.9 s after the P pick, and 0.1 s before and 1.9 s after the S pick. Continuous data in day-long segments for each station and component are processed identically to the template data. We cross correlate each day-long waveform with its corresponding template, and the resulting correlation-coefficient time series is shifted by the template’s arrival time. The correlation-coefficient time series for each template are then summed across all stations and components, resulting in a stacked correlation-coefficient time series for each day and event template. When the correlation coefficient in the stack exceeds nine times the median absolute deviation (9*MAD), a detection is declared. The new detection receives the location coordinates and relative arrival time from the highest correlated event template. Magnitudes of the new detections are based on amplitudes relative to the event template (Peng and Zhao, 2009). We refer the reader to Mesimeri et al. (2021) for further details of the matched-filter method.
The matched-filter returned a large number of detections. In order to eliminate false detections and cull the catalog, we require that detections have a cross correlation coefficient of 0.6 at the closest station FOR1 and a magnitude of at least 0.5. These criteria are chosen because they result in a sufficient number of events for a catalog analysis and also preserve characteristics of the swarm that are lost when a higher cross correlation coefficient is chosen (Figure 3). Such characteristics include sudden increases in seismicity rates.
[image: Figure 3]FIGURE 3 | Cumulative number of detection earthquakes for various minimum cross correlation values at station FOR1 and with M ≥ 0.5. FOR1cc ≥ 0.6 (purple line) preserves details of the swarm such as jumps in seismicity and contains enough events for further analysis.
Double-difference relocation
We relocate the UUSS catalog events with HypoDD, a double-difference relocation algorithm that uses both catalog travel times and cross correlation lag times (Waldhauser and Ellsworth, 2000). Double-difference algorithms take advantage of the fact that seismic events in close proximity have similar ray paths to the same stations by minimizing the residual of the differences in travel times from clusters of events to the same station.
We cross correlate all catalog events against each other to obtain cross correlation coefficients and lag times which are used as input to HypoDD along with phase picks. Waveforms are filtered from 0.5 to 10 Hz and time windows are cut from the waveforms starting at the phase pick and ending 1.0 s after P and 2.0 s after S. The minimum required cross correlation coefficient is 0.8. In HypoDD, we require 6 phase pick observations per pair in order to form a cluster. No minimum number of cross correlation observations is required for clustering. For the 125 catalog events, total input to HypoDD includes 9212 and 7945 P and S phase picks, respectively, and 415 and 953 P and S cross correlation observations, respectively. The double difference residuals are minimized over four iterations. The first two iterations emphasize the phase picks, and the second two emphasize the cross correlations. We use the Wasatch front velocity model used at UUSS for catalog locations in this area (Bjarnason and Pechmann, 1989).
Moment tensors
We calculate moment tensors for the largest events using two methods. First is Time Domain Moment Tensor (TDMT), a regional, time-domain, full waveform inversion (Minson and Dreger, 2008) and the method used for routine moment tensors at UUSS (Whidden and Pankow, 2012). Full waveforms from broadband three-component data are instrument corrected, downsampled to 1 sample/s, and filtered from 0.05–0.1 Hz. We apply the same processing to synthetic waveforms. Full data processing details can be found in Whidden and Pankow (2012). With this method we calculate a deviatoric moment tensor consisting of double-couple and compensated linear vector dipole components for the largest event in the sequence, an Mw 3.53 on March 29, 2021. We also calculate a full moment tensor but find that the isotropic component is small and statistically insignificant. Moment tensors for other events in the sequence were attempted with TDMT but they proved too small to get a reliable solution, unsurprising as ∼Mw3.5 is typically the lowest magnitude possible with TDMT for earthquakes in Utah (Whidden and Pankow, 2012).
The second moment tensor method employed here is the probabilistic full waveform inversion tool Grond (Heimann et al., 2018; Kühn et al., 2020). While TDMT typically is able to calculate moment tensors down to M3.5-4, Grond often can go a bit lower, as was the case here. Grond is a flexible inversion tool which allows the combination of various input data types (see e.g., Petersen et al., 2021). For the two larger events, we used: 1) displacement waveforms (vertical, radial, and transverse components) and 2) amplitude spectra of five stations in 25–150 km distance, filtered between 0.05–0.1 Hz to emphasize surface waves. In case of the remaining three smaller events, surface waveforms were not observed. Therefore, we relied on: 1) Displacement waveforms (vertical and transverse components) of five stations within 30 km distance filtered between 0.25 and 0.5 Hz; and 2) amplitude spectra of stations within 80 km distance filtered between 0.25 and 0.5 Hz. Bandpass filters were chosen based on visual inspections of the waveform data. Arrival times were picked manually to define the start of the time windows for the inversion. All time windows span the time between the first arriving P phase and a theoretical arrival of a wave with a velocity of 2.5 km/s plus a taper to both sides. This results in time windows of ∼8.5–22 s for the body waves and up to 90 s for the surface wave time windows. Seismic stations within the first 30 km to the events are unfavourably distributed for performing moment tensor inversions. Station FOR1 is located at less than 5 km distance. The other FORGE stations (23–28 km distant) are all situated within a narrow azimuthal band of ∼40°–60°.
Synthetic data is forward modelled using a pre-calculated Green’s function database, created from a 1D P and S wave velocity model of the crust2 database (Bassin et al., 2000; https://igppweb.ucsd.edu/∼gabi/crust2.html, last access: August 2022). The Green’s functions were calculated using the qseis code from Wang (1999) as implemented in the fomosto software (Heimann et al., 2019). Each inversion was executed in 101 independent bootstrap chains with different random weightings on the station-component-based misfits. The results of all bootstrap chains are considered to evaluate the stability of the results.
b-value
We employ the b-positive method of van der Elst (2021) to determine the b-value of the sequence. The b-value is a measure of the relative number of small to large earthquakes in a sequence, and is usually calculated as the slope of the frequency-magnitude distribution (Ishimoto and Iida, 1939; Gutenberg and Richter, 1944). b-positive aims to measure the same quantity but in contrast to a traditional b-value is calculated with positive differences in sequential earthquake magnitudes. Advantages of b-positive include insensitivity to transient changes in catalog completeness, and no requirement for data windowing. It also appears to converge to more stable values with fewer events (Dzubay et al., 2022). Because b-positive is insensitive to magnitude of completeness, a minimum magnitude difference (dMc) is used instead. We include both templates and detections in the b-positive calculation.
RESULTS
The matched-filter returns 27,154 detections. This large number of detections is an interesting result on its own. However, given the sparse station coverage, we elect to reduce the number of detections in our dataset using magnitude (>0.5) and correlation coefficient at closest station FOR1 (>0.6) thresholds, thereby reducing the number of detections to 683. Of these, all but four are determined by visual inspection to be real detections, leaving us with a final detection dataset of 679 events. The two broadband stations on hard rock, FOR1 and FORU, overwhelmingly dominate the detections. Nearly all detections (677) are seen at FOR1, most at FORU (541), and a negligible amount at the remaining stations FOR2 (2), IMU (1), and NMU (1).
Seismicity occurs in several bursts over the study time period: one in the first 3 days, another that ends within the first 2 weeks and is followed by an approximate 2 week quiet period, and a final, smaller burst of seismicity 1 month after the swarm onset (Figure 4). Detections are concentrated in periods of high catalog seismicity. The first period of seismicity (amber background color, Figure 4) has the highest concentration of events with 38 catalog earthquakes and 237 detections over approximately 6 days. We were able to calculate a moment tensor for one event in this period, an Mw 2.89 on 2021-03-24 12:57:07 (UTC; Table 1). The second period of seismicity contains the most events with 67 catalog events and 410 detections over 14 days (green background, Figure4A, B). There are three moment tensors calculated during the second period ranging 2.61≤Mw≤3.68 (Table 1). There is a break in seismicity for both catalog events and detections between the second and third seismicity periods from approximately 2021-04-08 to 2021-04-20. During this quiet period there are only one catalog event and one detection. The third period of seismicity beginning on 2021-04-20 has a lower activity rate compared to the other time periods with 20 catalog events and 32 detections over about 20 days as the swarm dies down (blue background, Figure 4A). There is one moment tensor event during the third time period, an Mw 2.67 on 2021-04-21 05:56:35 (UTC; Table 1). There are no detections before the first catalog event or after the last catalog event.
[image: Figure 4]FIGURE 4 | Magnitude-time plots for the 2021 Milford swarm at various time scales. Background colors represent a constant time period. Red dots are UUSS catalog events and blue dots are detections. Only detections with M > 0.5 are shown. (A) Full time period for which seismicity was detected, 2021-03-19 to 2021-05-11. (B) First and second time periods, 2021-03-19 20:00:00 to 2021-04-08. (C) First time period, 2021-03-19 to 2021-03-25.
TABLE 1 | Results of the Moment Tensor Inversions for the largest five events. For the Grond solutions, the plots in the second column show the “fuzzy” beachball. The fuzzy moment tensor is composed of the superimposed P radiation pattern of the ensemble of solutions from the bootstrap chains. The third column shows the best fitting double-couple mechanism for all solutions. DC = best double couple, DEVI = deviatoric solution. Strike, dip, and rake come from the best double couple solution. Red box indicates the TDMT and Grond solutions for the largest event in the swarm. The smaller magnitude moment tensors should be interpreted with caution.
[image: Table 1]Using the b-positive method (van der Elst, 2021), we find a b-value of 0.99 and a dMc of 0.4 for the combined template and detection catalog (n>750). This result should be interpreted with some caution because b-value is a calculation based on magnitudes and our detection magnitudes are estimates based on the relative amplitudes of their templates. A traditional Gutenberg-Richter distribution for the same dataset gives a similar b-value of 0.93 and a magnitude of completeness (Mc) of 0.7 (Figure 5). Both dMc and Mc are stable across a range of magnitude differences and magnitudes, respectively (Figure 5 inset). A b-value of 1.0 is consistent with an area of tectonic stress (Frolich and Davis, 1993) rather than one of volcanic or fluid-induced seismicity for which b-values tend to be higher (e.g., McNutt, 2005; Farrell et al., 2009).
[image: Figure 5]FIGURE 5 | Gutenberg-Richter distribution of magnitudes for templates and detections with Mc=0.7. Inset left: Mc for a range of magnitudes with the best fit at 0.7. Inset right: dMc for a range of magnitude differences with a best fit at 0.4. Both Mc and dMc are stable.
We relocate the UUSS catalog events with the double-difference relocation algorithm HypoDD. Of the 125 UUSS catalog events, 100 grouped into 5 clusters while 25 events were not clustered and not relocated. Over the relocation process, 8 events and 2 clusters were dropped resulting in 92 total relocations with the majority (82) in a single cluster. A HypoDD run without clustering relocated all 125 catalog events, but the resulting relocations formed a more diffuse plane outlining the west-dipping structure. We prefer the relocation solution utilizing fewer events but outlining a sharper structure. The detections were not relocatable in HypoDD or other location algorithms because >99% of the events were only seen on one or two stations. HypoDD returns high precision relative locations for groups of events. We therefore tie the absolute locations to the best located catalog event (2021-04-29 06:58:54 UTC). Among the catalog events, this best event has the lowest horizontal error (erh = 0.35 km) and highest number of phases (28) used in the location, as well as a low RMS error (rms = 0.15) and a small azimuthal gap (gap = 63°). The depth uncertainty is often high for earthquakes located by regional networks, but we have confidence in the depth of this event because the closest station is within one focal depth (4 km vs. 5.24 km, respectively), and the vertical error is acceptable (erz = 0.75 km). Relative distances between the relocated earthquakes are preserved, and all event locations are shifted so that the relocated best event rests at its catalog location.
The relocations of the catalog events reveal a northwest-dipping fault plane, similar to the plane outlined by the original catalog locations (Figure 6). Cross sections A-A′ and B-B′ are centered on the location of the largest event in the sequence, which although not relocated in HypoDD, can be compared to the relocated seismicity because of the shift to the best-located catalog event. The focal mechanism for this largest event is also plotted in the map and cross sections. Cross section A-A′ is perpendicular to the 212° strike of the west dipping plane of this moment tensor, and B-B’ is along strike. We use principal component analysis to fit a plane to the relocated events and find a N-S striking plane dipping 43° to the west. The plane is close to the west-dipping planes of focal mechanisms for the largest two events in the sequence, which have strike directions of 213° and 211° and dip angles of 37° and 34°, respectively. With strike directions between 189° and 218° and steeper dips of 62°–67° even the less well resolved moment tensors of the three smaller events show a general agreement (Table 1).
[image: Figure 6]FIGURE 6 | Map (A) and cross sections perpendicular to strike (B) and along strike (C) of UUSS catalog seismicity. Events are relocated, shifted, and colored by depth. The focal mechanism is the TDMT solution for the largest event in the sequence on 2021-03-29 01:35:57. This event was not relocated.
Table 1 summarizes the results of the moment tensor analyses. The largest event on March 29 was calculated with two different velocity models and moment tensor methods: TDMT (Mw 3.53) and Grond (Mw 3.68). The focal mechanisms are nearly identical, indicating normal faulting with NNE striking nodal planes. Double couple components of about 95% point towards a tectonic origin of the event. Moment tensors for the next four largest events are calculated with Grond (2.61≤Mw≤3.53). The second largest event, a Mw 3.5 event in the evening of March 29, has an almost identical mechanism to the first event.
For the three smallest events, (2.6≤Mw≤2.9), caution is required when interpreting details of the mechanisms, but looking at them in aggregate can give insights into the faulting processes within the swarm. All events show normal faulting with roughly N-S striking nodal planes. All mechanisms share a similar NNE-striking nodal plane that dips to the west and is in general agreement with the plane defined by the relocated seismicity.
DISCUSSION
Tectonic setting
Most normal-faulting in the Basin and Range province are characteristic horst and graben structures where faults that abut mountain ranges dip away from the mountains underneath the alluvial valley. The fault imaged by the Milford swarm parallels the strike of the mountain range but dips underneath the mountains rather than towards the valley. This fault orientation is consistent with the model proposed by Bartley (2019) for this area where vertical joints created either pre- or early-Basin and Range formation were followed by a ∼40° eastward tilt during the formation of the Basin and Range. The fault outlined here dips 38° west by focal mechanism and ∼43° west by plane-fitting to the relocated seismicity. These are shallow dip values for a normal fault, which should theoretically be closer to 60° (Anderson, 1951). Interestingly, there is a break in seismicity with depth that is visible both as a spatial gap and as a change in dip (Figure 6). Above approximately 5.8 km depth, the structure outlined by the seismicity dips more shallowly than that below. These deeper events are also spatially segregated to the southwest. These differences in dip are suggestive of a complicated geometry with perhaps multiple structures being activated.
Event migration
Earthquake swarms are frequently associated with crustal fluid movements (e.g., Vidale et al., 2006; Farrell et al., 2009; Ruhl et al., 2016; Ross et al., 2020), and fluids are known to be close to the study area, for example, at the Blundell and Thermo Geothermal Power Plants to the northeast and south, respectively, and related to earthquake swarms in the Mineral Mountains (Mesimeri et al., 2021). Earthquakes in this swarm start at shallow depth (to the east), and progress down dip (to the west and southwest) (Figure 7). The progression from updip to downdip and the rapid versus gradual rate is not what is typically seen in swarms triggered by fluid diffusion (Shelly et al., 2016).
[image: Figure 7]FIGURE 7 | Depth-time plots for the 2021 Milford swarm at various time scales, similar to Figure 4. Background colors represent constant time periods. Large dots are template events and small gray dots are detections located at their highest-correlated template. Events start shallow and quickly progress downdip.
However, given the known presence of fluids in the area, we look at space-time migration patterns in the relocated UUSS catalog to investigate if hydraulic diffusivity (Shapiro, 2015) may play a role as a triggering process (Figure 8). The template dataset suggests a hydraulic diffusivity of 5 to >10 m2/s. These values are higher than those found in studies of similar tectonic environments (e.g., Hill and Prejean, 2005; Shelly et al., 2013; Shelly et al., 2016; Mesimeri et al., 2021) and similar to those found in studies of reservoir filling (e.g., Talwani and Acree, 1984; Simpson et al., 1988; Scholz, 2019) and fluid injection (Holland, 2013). Aseismic slip is an alternate mechanism for swarm triggering (Vidale et al., 2006; Lohman and McGuire, 2007) where the migration of events occurs at much higher rates (>1 km/h). For the Milford swarm the rates seem on the high end for fluid diffusion in a tectonic environment, but on the low end for aseismic slip.
[image: Figure 8]FIGURE 8 | Earthquake migration of UUSS catalog events over space and time for the first 2 weeks of the 2021 swarm. Distances are hypocentral (in three dimensions) from the first event. Symbol size is scaled by magnitude. Filled circles are events for which we have calculated moment tensors. Black curves are estimated migration curves with diffusivity rates (Shaprio, 2015) that may be appropriate for this swarm. Dashed curves show mean diffusivity rates for other studies with induced seismicity environments in blue and natural systems in green: A, Holland, 2013; B, Simpson et al., 1988; C, Talwani and Acree, 1984; D, Shelly et al., 2013 and Shelly et al., 2016; E, Mesimeri et al., 2021; F, Hill and Prejean, 2005. Red dot-dash curve shows a migration of 1 km/h, typical of aseismic slip environments.
Other recently documented sequences have shown that triggering mechanisms can vary within the same sequences. For example, Ross et al. (2017) showed that aftershocks of the 2010 Mw 7.2 El Mayor-Cucapah earthquake were driven by both aseismic slip and fluid pressure sweeping through the fault network; Koper et al. (2018) concluded that the aseismic slip generated from the 2017 Mw 5.3 mainshock triggered a secondary swarm sequence; and just to the north of the Milford swarm in the Mineral Mountains, Mesimeri et al. (2021) found evidence for both aseismic slip and fluid diffusion triggering in a single swarmgenic region. One of the conclusions of Koper et al. (2018) was that sub-sequences are consistent with changes in fault morphology.
Given the relatively small size of the relocated catalog, it is hard to form definitive conclusions regarding the triggering mechanism. The diffusivity rates are higher than what would be expected in bulk rock implying that the diffusivity is controlled by large, preexisting fractures (Simpson et al., 1988). Exposure of the bedrock in the Mineral Mountains to the north shows a highly fractured mass (Bartley, 2019). However, previous documented cases of such high diffusivities have been observed for induced seismic sequences. We, thus, hesitate to equate the diffusivity values of this swarm to those in dissimilar environments, but neither can we rule out pore pressure diffusion as a cause of the Milford swarm based on its diffusivity and event migration patterns.
Station density
While we have not observed swarms southwest of Milford in the entire UUSS catalog history before the 2021 swarm, we consider whether swarms occur regularly in this area and if it is our recent station installations related to the Utah FORGE project, and particularly station FOR1, that have reduced our detection threshold in the Escalante Desert and brought these swarms to our attention. The small sequences in 2008, 2011, and 2013 (Figure 2) consist of only 5-6 events each with maximum magnitudes of −2.5 during a time when the magnitude of completeness was about 1.7. The 2021 swarm has 56 UUSS catalog events above M 1.7, so these three sequences really are smaller and less energetic than the 2021 swarm rather than larger sequences that were missed due to a lack of station coverage. The 1998 sequence is more difficult to evaluate because station coverage was even sparser and magnitude of completeness higher, yet this 1998 sequence has the largest number of events until the 2021 swarm studied here. Two factors suggest that the 1998 sequence may have been a foreshock-mainshock-aftershock sequence rather than a swarm. First, the difference between the largest and second largest event in the sequence is >1 magnitude unit, and second, the largest event occurred late in the sequence at number 9 of 12 events. Foreshock-mainshock-aftershock sequences can occur in an intermediate stress regime between the endmembers of swarms in areas of heterogenous stresses and mainshock-aftershock sequences in tectonic settings with homogeneous stresses (Mogi, 1963). The evidence here of both swarms and foreshock-mainshock-aftershock sequences suggest a more heterogenous stress regime which is consistent with the complex tectonics of the Escalante Desert.
If we assume the 1998 sequence was similar to the 2021 swarm and that the smaller number of events is due to a lack of station coverage, the UUSS network would have recorded 11 events with M<1.8 and missed all events in the range 1.8<M<3.0, though there were 41 such events in 2021. This scenario is unlikely and we conclude that for the duration of the UUSS catalog (1981-2022), despite a past lack of stations in this area, the 2021 swarm is unique in the large number of events recorded by the UUSS network.
The recent station installations, especially FOR1, allowed us to use a matched-filter to detect many more earthquakes than were recorded by the UUSS network. However, there still are not enough stations in the area to record these small events and allow independent locations. We find ourselves grateful for the new stations we have, and also frustrated that they are insufficient.
CONCLUSION
We analyze the 2021 Milford swarm with a matched-filter detection algorithm and expand the UUSS catalog of 125 events to a study catalog of 679 detections. Notably, the matched-filter analysis found over 27,000 detections. We conclude that the 2021 Milford swarm is larger than any previously recorded in the area and among the largest swarms recorded in Utah. While we would have liked to analyze a larger subset of the events station coverage was insufficient. However, we are confident that we capture the overall characteristics of the swarm based on cumulative seismicity with different detection thresholds. Double-difference relocations of 92 of the 125 catalog events reveal a roughly N-S striking plane dipping to the west at 38°–43° beneath the nearby mountain range, consistent with moment tensor solutions of the five largest events. This orientation is consistent with proposed structures in the area that formed from ∼40° westward tilting of pre-Basin and Range structures. The event migration patterns are inconclusive, but close hydrothermal sites suggest that fluids may play a role in the triggering process. Moment tensors and hypocenter locations suggest the re-activation of a pre-existing structure. There is also at least one past foreshock-mainshock-aftershock sequence in the immediate area. Given the available evidence, our preferred interpretation is this swarm is the result of a heterogeneous stress conditions in a pre-fractured region.
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