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Abstract #+"

The state of Utah, USA, experiences around 3,800 cataloged earthquakes per year, #! "

highlighting that the region is seismically active and susceptible to earthquakes. Following the ##"

2002 Denali Fault (M7.9) earthquake in Alaska, the region showed an elevated seismicity rate for #$"

three weeks following the passage of high amplitude surface waves, suggesting that the region #%"

may be particularly susceptible to dynamic triggering. With over 23,396 faults and each fault #&"

presenting a potential fault for triggering, we systematically search for dynamic triggering #' "

throughout the state of Utah caused by large, global earthquakes with M!7. Specifically, we #("

analyze earthquake catalogs and all available waveform data to determine statistical increases of #)"

seismicity rate following the passage of seismic arrivals. While we find instances of dynamic #*"

triggering, our results show that these events occur sparsely in the region. In total, less than 20% $+"

of the 273 mainshocks that occur from 2000 to the end of 2017 show a statistical indication of $! "

dynamic triggering throughout the Utah region, highlighting that dynamic triggering is limited $#"

for stresses created by transient signals from global M!7 earthquakes, with the exception being $$"

the Denali Fault (M7.9), Alaska earthquake (i.e., an instance of significant triggering). $%"
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1! Introduction  $*"

Understanding the nature of faulting and earthquakes requires a familiarity with the state %+"

of stress of faults and identifying mechanisms for fault failure. Earthquakes release stored %!"

stresses in the lithosphere created by long-term scale stress accumulation from tectonic and %#"

regional forces. However, the amount of energy released, the timing, and the mechanism of when %$"

an earthquake occurs remain elusive. The study of triggered earthquakes, here defined as %%"

earthquakes that have had their natural earthquake cycle advanced, may reveal unique aspects of %&"

the nature of fault stress and specific conditions needed for fault failure (Gomberg et al., 1998). %'"

Triggered earthquakes result from a variety of mechanisms, including static stress increases %("

caused by nearby fault motion (e.g., King et al., 1994; Stein et al., 1994, 1992; Toda et al., 1998), %)"

dynamic stress from transient stresses (seismic waves) caused by distant, large earthquakes (e.g., %*"

Alfaro!Diaz et al., 2020; Brodsky et al., 2000; Gomberg et al., 2001; Hill et al., 1993; Kilb et al., &+"

2000; Pankow et al., 2004; Parsons et al., 2012; Prejean and Hill, 2018; Velasco et al., 2008), &!"

and induced stress caused by the injection of fluid into the crust, enhanced oil recovery practices, &#"

hydraulic fracturing, or combination of these activities (e.g., Ellsworth, 2013; Savvaidis et al., &$"

2020; Skoumal et al., 2020).  &%"

Dynamically triggered seismic events can occur either instantaneously during the passage &&"

of seismic waves (termed instantaneous triggering) or after the passage of the seismic wave &' "

(termed delayed triggering). Geoscientists have proposed delayed dynamic triggering in regions &("

of induced seismicity related to deep wastewater injection (van der Elst et al., 2013). &)"

Deciphering the stress needed to trigger earthquakes can reveal the current state of stress of &*"

faults in natural and anthropogenic (induced) tectonic settings, the potential for triggering large '+ "

events, and a basic understanding of fault dynamics and interactions. We focus on observing the '! "



conditions of fault failure related to dynamic triggering in Utah, a region with documented '# "

dynamic triggering, to investigate the frequency of occurrence in specific tectonic subregions '$ "

that may be susceptible to transient stresses and identify any common attributes of failure caused '%"

by these stresses. '& "

The region encompassing the state of Utah, USA, has experienced notable but limited '' "

instances of dynamic triggering as exhibited with widespread dynamic increase following the '( "

2002 M7.9 Denali earthquake (Linville et al., 2014; Pankow et al., 2004; Pankow and Kilb, ') "

2020). The Utah region is seismically active with over 23,396 active faults intersecting the state '* "

(U.S. Geological Survey and Utah Geological Survey, n.d.) (Figure 1). From 2000 to 2017, over (+"

33,000 local earthquakes were cataloged in Utah by the University of Utah Seismic Station (! "

(UUSS), which has maintained a stable regional seismic network with roughly 175 stations (#"

throughout the Utah and Yellowstone regions since 1981. Utah is a prime candidate for ($"

analyzing dynamic triggering given the notable observations of triggering in previous studies (%"

(Pankow et al., 2004; Pankow and Kilb, 2020; Tang et al., 2021), the number of active faults in (&"

the region, the temporary (2-year) station coverage (70 km grid) provided by the USArray from (' "

the EarthScope project, and the coverage provided by UUSS seismic network. Here, we examine (( "

273 mainshocks M ! 7  from 2000 to 2017 occurring throughout the globe as their seismic waves () "

arrive in the U.S. Utah region, defined by the area between 36¡ and 42.5¡ of latitude and -115¡ (* "

and -108.5¡ of longitude. Although significant triggering was observed following the M7.9 )+"

Denali Fault (2001) earthquake within the state, we find limited triggering in the area for our 17-)! "

year period of analysis. Of the dynamic triggering present, we also speculate that the prominent )#"

delayed triggering observed may be due to the substantial geothermal fluid activity present )$"



(Figure 2) in the form of hot springs and wells in Utah, which may facilitate triggering due to )%"

excess fluids present in the geology. )&"

 Dynamic Triggering  )' "

Dynamic triggering has been a widely observed phenomenon. In the past decades, )( "

previous studies have identified the occurrence of dynamic triggering throughout the world and )) "

in specific regions (i.e., Aiken et al., 2018; Brodsky et al., 2000; Gomberg et al., 2004, 2001; Hill )* "

et al., 1993; Kilb et al., 2000; Pankow et al., 2004; Pankow and Kilb, 2020; Parsons et al., 2012; *+"

Prejean and Hill, 2018; Velasco et al., 2008; Wang et al., 2015, 2018; Tang et al., 2021). On *! "

November 3, 2002, the M7.9 Denali fault earthquake in Alaska triggered a sudden increase in *#"

seismicity throughout Utah. Specifically, an observed increase in seismicity that lasted ~24 days *$"

after the passage of the large-amplitude surface wave from the Denali earthquake (Gomberg et *%"

al., 2004; Pankow et al., 2004; Velasco et al., 2004). Most triggered events occurred along *&"

normal faults in the region, including those in the Wasatch fault zone, ranging in magnitude from *' "

0 to 3.2 (Pankow et al., 2004).  *( "

Dynamically triggered earthquakes can provide insight into the complex physical *) "

thresholds that lead to fault rupture and nucleation (e.g., Alfaro!Diaz et al., 2020). Generally, ** "

natural earthquakes occur at depths beyond our ability to measure in situ stress conditions at !++"

seismogenic depths, such as friction coefficients, slip geometries, and absolute stress of an !+! "

earthquake fault. Currently, these measurements can only be inferred indirectly during an event !+#"

or from direct drilling into a fault (e.g., the San Andreas Observatory at Depth; Zoback et al., !+$"

2010). However, the seismic waves of a triggering mainshock earthquake cause discernible and !+%"

measurable changes in a regionÕs state of stress, providing a direct and measurable property that !+&"

can trigger a fault to rupture. Previous studies have proposed various mechanisms for these !+' "



triggered events, including changes in Coulomb failure, rate-state friction, viscous fault creep, !+( "

and subcritical crack growth, amongst others (Brodsky and Prejean, 2005; Brodsky and van der !+) "

Elst, 2014; Gonzalez!Huizar and Velasco, 2011; Hill, 2008; Kilb et al., 2002; Peng and Chao, !+* "

2008). By investigating the stress caused by transient signals that triggered an earthquake, we !!+ "

can better understand the nature of faulting and the conditions needed to promote earthquake !!! "

failure.  !!# "

Previous studies have shown that dynamic triggering often transpires during the passage !!$ "

of surface waves, and on occasion S-waves, suggesting that triggering occurs by either an !!%"

adequate transient increase in Coulomb stress or lowering of the rupture threshold through a !!& "

decrease in normal stress (e.g., Alfaro!Diaz et al., 2020; Gonzalez!Huizar and Velasco, 2011). !!' "

Unlike static changes in stress, a transient disturbance that does not cause the fault to fail allows !!( "

the fault to return to its initial stress state, indicating that any impending earthquake would occur !!) "

during its normal cycle, assuming no static changes occur (Gomberg et al., 1998). Figure 3 !!* "

illustrates the general relationship we describe between a transient stress change, permanent !#+"

stress change, and unaltered stress change leading to a local event. Both transient and permanent !#! "

stress changes can lead to earlier fault rupture relative to an undisturbed fault. Although this !##"

simplified model can explain the relationship between stress and the triggering of faults, there !#$"

has been little consensus on the exact failure mechanism for dynamic triggering, especially for !#%"

delayed dynamic triggering. Here, we evaluate how susceptible the Utah region is to triggering !#&"

and explore how triggering manifests with possible failure mechanisms for dynamic triggering. !#' "



2! Data and Quality Control  !#( "

2.1! Earthquake Catalog Data !#) "

For a catalog of global mainshocks, we relied on the United States Geologic Survey !#* "

(USGS) catalog. The USGS earthquake catalog (commonly referred to as ComCat) is an !$+"

accumulative collection of recorded events relying on various seismic networks and provides a !$! "

reliable list of M ! 6 magnitude earthquakes that have occurred in the past two decades. Since !$#"

the USGS reports less confidence and varying levels of completeness for lower magnitude events !$$"

(such as those for triggered earthquakes), we do not rely on this catalog for our triggering record !$%"

(ÒComCat Documentation - Data Availability,Ó 2019). We also limit our mainshock list to !$&"

earthquakes with M ! 7 occurring from 2000Ñ 2017, which equals a total of 273 mainshocks that !$' "

met our specifications. We obtained the catalog using the USGS Search Earthquake Catalog web !$( "

service.  !$) "

We obtained the local event catalog from UUSS to analyze and compile an initial list of !$* "

dynamically triggered events in the Utah region. The UUSS digital catalog contains earthquakes !%+"

from 1981 Ð 2020. UUSS reports the catalog complete for magnitudes ranging from 1.5 to 3 !%!"

depending on the region (ÒQuality and Completeness of UUSS Catalog Data,Ó n.d.). !%#"

Furthermore, UUSS also reviews their detections to verify that their catalog remains free from !%$"

confirmed non-earthquake detections (Arabasz et al., 2016). Here, we extracted catalog data for !%%"

all events occurring in the Utah region from 2000Ñ 2017 (Figure 1). As a result, our initial local !%&"

catalog contains 33,634 events. In addition, we analyze waveform data for each mainshock !%' "

earthquake to identify triggered events that may have been masked by the teleseismic wavetrain !%("

(described below).  !%)"



2.2! Waveform Data !%*"

We collected seismic waveform data from the Incorporated Research Institutions for !&+"

Seismology (IRIS) Data Management Center for 101 stations in the Utah region. Stations !&! "

included 63 from EarthScopeÕs Transportable Array (TA) network (USArray), 3 from the United !&#"

States National (US) network, and 35 from the University of Utah Regional (UU) network !&$"

(Figure 2). The waveform data collected encompasses (±5 hours) each mainshockÕs origin time !&%"

and consists of 3-component (North, East, and Vertical) seismic records that include either !&&"

broadband or high-broadband channels of each station.  !&' "

2.3! Removing Noisy Stations !&( "

To minimize bias due to excessively noisy or problematic waveforms recordings, we !&) "

evaluated the frequency response of each stationÕs daily Probability Density Functions (PDF) !&* "

mode station over the past three years. We obtained daily PDF mode plots from the Incorporated !'+ "

Research Institutions for SeismologyÕs (IRIS) Modular Utility for STAtistical kNowledge !'! "

Gathering (MUSTANG) data quality metrics web service (Casey et al., 2018). Past research !'# "

suggests that cultural noise primarily propagates as high-frequency (greater than 1-10 Hz) !'$ "

surface waves while large, teleseismic earthquakes are mainly expressed at lower frequencies !'% "

(0.1-1 Hz) (McNamara and Buland, 2004). Local earthquakes, such as those identified as !'& "

dynamically triggered, generally have dominant frequencies greater than 5 Hz (Velasco et al., !'' "

2016). Given these frequency ranges, we gauged the potential presence of noise recorded at each !'( "

station relative to the seismic signals of interest (i.e., local earthquakes). Stations that !') "

demonstrated consistently higher power at 10 (9.870) Hz frequencies versus 0.1 Hz frequencies !'* "

were, thus, determined to contain high amounts of cultural noise (Casey et al., 2018; McNamara !(+ "

and Buland, 2004). Figure 4 displays two stationsÕ daily PDF mode plots, one (station CCUT - !(! "



UU network) with negligible and another (station O16A - TA network) with large amounts of !(# "

apparent high-frequency noise. We omitted waveform data collected from stations with apparent !($ "

high-frequency noise (e.g., station O16A) to limit noise-related skews in the results. Figure 2 !(%"

marks these omitted stations with white circles. !(& "

2.4! Local Mining !(' "

This study used the available quarry blast record from Linville et al. (2019) to help isolate !(( "

earthquake detections. The catalog includes quarry blasts from October 1, 2012Ñ April 26, 2016, !() "

indicating which seismic station(s) recorded the event. The Utah Geologic Survey reported in !(* "

2008 that Utah contains roughly 105 large and 184 small active mines (Bon and Wakefield, !)+ "

2008). In these regions, quarry blasts can appear seismically as earthquakes if not appropriately !)! "

analyzedÑ potentially leading to misidentifying non-dynamic triggering instances. Past efforts !)# "

have been made to discriminate between these signals with some success (Hedlin et al., 1990; !)$ "

Joswig, 1993; Musil and Ple"inger, 1996; Wiemer and Baer, 2000). However, these !)%"

discrimination methods require complex algorithms, or a comprehensive understanding of the !)& "

quarry blast signals. Due to our limited scope, we do not implement such methods. Instead, we !)' "

use available quarry blast records to remove detections seemingly related to mining activity. !)( "

Since many quarry event entries lack location or exact arrival time for a given station, we could !)) "

not precisely remove any mining detections (data only provides the mining event origin time and !)* "

the station(s) where the event was detected). Thus, we opted to remove the first detection that !*+ "

occurs following a two-minute window after any given quarry blast occurrence. We only applied !*! "

this detection removal for stations that the quarry blast catalog indicates detected the quarry blast !*# "

event. !*$ "



3! Analysis of Utah Seismicity !*%"

Due to UtahÕs tectonic setting and anthropogenic activity, the region experiences regular !*& "

occurrences of detectable seismicity. The region divides into three geologic provinces with more !*' "

than 23,000 active faultsÑ the Wasatch fault being the largest and most seismically active !*( "

(Figure 1). Based on the UUSS catalog, the Utah region averages over 3800 local earthquakes !*) "

per year for the years 2000Ñ 2017. During this period, local events occur throughout the region, !** "

most notably along the Wasatch Fault (Figure 5). These events have magnitudes that range from #++"

-1.02 to 5.91, and the reported magnitude of completion ranges from 1.5Ñ 1.7. The USGS #+!"

catalog also offers a list of non-earthquake events in the region. The anthropogenic activity #+#"

consists of 17 mining-related events such as quarry blasts, rock bursts, and mine collapses. These #+$"

events have magnitudes that range from 1.10 to 3.93, with a mean of 2.07. (Note: Figure 5 does #+%"

not necessarily show all the quarry blast events identified in our analysis, given the lack of #+&"

location for many quarry blasts. Rather we provide them to show the expected localities for such #+' "

events based on available USGS data.) #+("

3.1! STA/LTA Detector #+)"

To enhance the UUSS catalog, we utilized a short-term-average to long-term-average #+*"

(STA/LTA) detector. We applied a 5 Hz high-pass filter to the waveform before employing the #!+"

detector. As shown by Velasco et al. (2016) and Alfaro!Diaz et al. (2020), a 5 Hz high-pass filter #!! "

effectively removes the mainshockÕs coda while preserving local triggered event due to its higher #!#"

frequency content Ð this helps ensure that the detector ignores teleseismic (! 30¡) and, to a lesser #!$"

extent, far-regional events (13¡- 30¡). Furthermore, we adopted a method described by Velasco #!%"

et al. (2016) that involves removing detections that fail to appear on at least two of the three #!&"

components of waveform data to reduce random noise-related false detections. #!' "



3.2! Manually Identifying Local Events #!( "

After obtaining the STA/LTA detector results, we manually reviewed a portion of the #!) "

detections and waveforms. Specifically, we reviewed waveforms with a two-to-one or greater #!* "

increase in local seismicity following the mainshock arrival based on the UUSS catalog data. ##+"

This helps ensure that we ostensibly, based on catalog data, review all potentially triggered ##!"

sequences. We treated all mainshocks as having at least one pre-event (an event occurring before ###"

the mainshock arrival) to account for zero pre-event mainshocks; thus, at minimum, all  ##$"

potentially triggered sequences contain at least two post-events (i.e., events occurring after the ##%"

mainshock arrival). A total of 65 mainshocks met the two-to-one or greater threshold. ##&"

We then manually examined each detection result and waveforms for the 65 mainshocks. ##' "

This process involved identifying missed events, confirming existing detections, and removing ##("

false positives (e.g., detections related to far regional, anthropogenic, and noise signals). During ##)"

the review, we utilized a 5 Hz high-pass and 1-5 Hz bandpass filter to aid in signal ##*"

identificationÑ the bandpass filter was used to help identify signals related to far regional events. #$+"

Figure 6 illustrates the types of signals that the analyst interpreted as regional/local events (with #$!"

examples of pre- and post-events). Figure 7 shows an example of an STA/LTA detected #$#"

potentially triggered event absent from the UUSS catalog, presumably due to a low magnitude. #$$"

4! Results #$%"

We use a statistical threshold to evaluate if a mainshock dynamically triggered local #$&"

earthquakes. For this evaluation, we rely on the following Poisson distribution formula: #$' "
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where 2!  and $!  are equal to the number of events occurring before and after mainshock <Õs P #$("

arrival, respectively. We assume the P-wave does not trigger any events due to its relatively #$)"

small amplitude given the remote distance from the mainshock; for this reason, the S arrival #$*"

serves as our cut-off between post- and pre-events. Nonetheless, before we assess dynamic #%+"

triggering, we determine the average number of events occurring within the five hours before the #%!"

mainshock arrival and round up to the nearest integer (23); we use this value to replace 2!  for, #%#"

presumably, uncharacteristically seismically silent pre-event periods to combat over relaxed #%$"

triggering thresholds. Given an increase in seismicity following the mainshock arrival, we #%%"

classify mainshocks as potentially triggering if we observe a 95% certainty of triggering (i.e., #%&"

about a 5% probability of the random occurrence of $!  post-events happening by chance) using #%'"

Equation (1).  #%("

Besides the traditional statistical approach, we also considered Òspecial caseÓ dynamic #%)"

triggering (i.e., as similarly done by Alfaro!Diaz et al. (2020)). We classified special cases as #%*"

mainshocks promoting an insignificant increase in seismicity following its arrival but having a #&+"

local event occur during the passage of the S- or surface waves. For this process, we calculated #&!"

expected arrivals for each phase based on the iasp91 velocity model (Kennett and Engdahl, #&#"

1991), and we confirmed that all events contained at least one observable local earthquake #&$"

during the passage of the S- or surface waves. Alf aro!Diaz et al. (2020) employed this approach #&%"

to identify additional potential dynamic triggering. However, we found that only 14 mainshocks #&&"

satisfy the special case criteria (potentially triggering 61 Utah events). These events do not #&'"

significantly influence the overall results; thus, they are not marked in our triggering analysis #&("

plots (Figures 8-10). Table S1 shows all statistically determined triggering mainshocks, #&)"

including special case events. #&*"



Thirty-six (36) mainshocks appear to trigger 623 local events in the Utah Region. Figure #'+ "

8 shows these potentially triggered events and their associated mainshock. Relative to triggering #'! "

phases, 17, 5, and 220 potentially triggered events occur during the passage of the S, Love, and #'# "

Rayleigh wavetrains, respectively. A total of 381 events occurred as delayed triggered events #'$ "

between the mainshock coda and the 5-hour cutoff after the mainshock arrival. We calculated an #'%"

average number of events before the mainshock arrival as 4, the value 23 in Equation (1), with a #'&"

standard deviation of 5. Peak dynamic stress reveals no tendencies relative to the azimuth of the #'' "

incoming wavetrain to a station (back-azimuth) (Figure 9a)Ñ unlike what was identified in Coso #'( "

Geothermal Field, California (Aiken et al., 2018; Alfaro!Diaz et al., 2020). Figure 9 presents #') "

how triggering mainshocks, colored circles (based on occurrence), compared to the other, gray-#'* "

colored, mainshocks. Triggering mainshocks appear at various depths, with two-thirds occurring #(+"

at depths <40 km (Figure 9c). Non-triggering mainshocks share this distribution. For most #(! "

mainshocks, the great-circle distances (i.e., to the Utah region) are greater than 10,000 km #(#"

(Figure 9d). Again, triggering and non-triggering mainshocks show no obvious distinguishing #($"

qualities in great-circle distance distribution. Triggering also does not appear to occur #(%"

exclusively at given mainshock magnitudes; mainshock magnitudes for non-triggering sequences #(&"

range from M 7 (the cutoff magnitude) to 9.1 and M 7 to 8.2 for triggering mainshocks (Figures #(' "

9d). #(( "

5! Discussion #() "

Our results show very limited instances of potential dynamic triggering in Utah, with less #(* "

than 20% of the mainshocks considered triggering earthquakes. When exclusively considering #)+"

potentially triggered instances, we also observe characteristics reminiscent of dynamic #)! "

triggering; Figure 8b shows that seismicity increases during the arrival of the S and surface #)#"



waves, as expected for dynamically triggered areas. We observe some notable triggering #)$"

instances (e.g., the numerous events following the Denali Fault earthquake), but the region #)%"

overall does not statistically experience frequent significant increases in local seismicity #)&"

following other large earthquakes. Furthermore, there appears to be no distinct trend of #)' "

characteristics in the triggered events, which suggests that triggering in Utah is not controlled by #)( "

the great-circle distance or depth characteristics of the passing mainshock. Peak dynamic stress #)) "

imparted in the region does, however, shows some potential connection to significant dynamic #)* "

triggering. The Denali Fault earthquake is the only event leading to a peak dynamic stress >0.1 #*+"

MPa and notably caused significant triggering. The next three largest peak dynamic stress events #*! "

(labeled in Figure 9) also show potential triggering in Utah. Thus, a high enough peak dynamic #*#"

stress (around >0.05 MPa) seems to lead to dynamic triggering in the area. Nevertheless, our #*$"

results show that triggering mainshocks are not exclusive to these high peak dynamic stresses; #*%"

most of the triggering events have a modest peak dynamic stress between 0.1-10 Pa in the Utah #*&"

region. #*' "

The type of inferential statistics that we rely on, a p-value (5% probability value in our #*( "

case) approach, has some limitations leading to concerns about its reliability (e.g., Wasserstein #*) "

and Lazar, 2016). Perhaps the primary concern is that p-value approaches are susceptible to #** "

producing false positives (i.e., detecting a phenomenon when it is not present), leading to $++"

overestimating triggering; however, we show a lack of triggering, at least for the magnitudes $+!"

considered in our analysis. Recent papers have offered methods to supplement statistical $+#"

analyses to improve the validity of claimed dynamic triggering. Pankow and Kilb (2020), who $+$"

applied a new statistical method that considers spatial and temporal factors, also found limited $+%"

triggering in Utah. While our analysis finds more instances of potential triggering, we consider $+&"



missing local events in the catalogs and use a more generous triggering threshold of 95% $+' "

certainty. Thus, our results appear consistent with those findings given the different approaches, $+("

illustrating that the Poisson method offers some functional insight related to assessing seismic $+)"

triggering, as has been shown in the past (Brodsky et al., 2000; Linville et al., 2014; Pankow et $+*"

al., 2004; Velasco et al., 2008, Alfaro-Diaz et al., 2020). Fundamentally, statistical approaches $!+"

remain an effective and practical approach to systematically identify earthquake triggeringÑ$!! "

given that there currently does not exist a physical or definitive characteristic to determine $!#"

triggering. However, in many cases with dynamic triggering, we must account for limited $!$"

sampling due to the magnitude of completeness of each catalog, the location of the mainshocks $!%"

relative to the study region, and the placement of seismic sensors in relation to the relatively $!&"

small, dynamically triggered events when using waveforms alone.  $!' "

Our results are limited to (1) the UUSS catalog and (2) our ability to detect smaller events $!( "

than those recorded in the catalog manually. The UUSS catalog provides an excellent record of $!) "

the larger or more prominent local earthquakes in the region; supplementing it with the manual $!* "

detection of smaller magnitude events (e.g., see Figure 7) allows us to extend our results to lower $#+"

magnitudes (i.e., provide a more comprehensive analysis). Generally, when generating a $#!"

conventional seismic catalog, events need reporting of arrivals at four or more stations; thus, a $##"

lower threshold in any seismic catalog is determined by the geometry of the network being used. $#$"

To supplement this, we rely on manual review in some cases to search for small events that are $#%"

near the seismic station but not large enough to be recorded on several stations (i.e., not making $#&"

it into the UUSS catalog). Thus, we append local earthquakes captured by a single station on at $#' "

least two seismic components to expand on the catalog. $#("



We also observe two instances of increased seismicity not related to the passage of large $#)"

magnitude events. Around March 2004 and January 2010, we see a >100 event increase in $#*"

roughly a few weeksÕ time. During these sequences, no M!7 mainshocks occur within the 5 $$+"

hours before the increase and thus might be an isolated cluster of events. If a mainshock occurred $$!"

before these clusters, we would have likely interpreted it as a significant triggering instance $$#"

(likely as the largest series of triggering in the area). We acknowledge that these natural (i.e., not $$$"

dynamically triggered) clusters of events can exist throughout our seismic record. However, it $$%"

would remain unclear as to the cause of the increases in seismicity. Ideally, we would remove $$&"

autonomous natural seismic increases from our results. Unfortunately, distinguishing between $$' "

triggered and coincidental seismic clusters seems currently irresolvable as there are no clear $$("

indications that triggered events appear seismically different from other types of earthquakes $$)"

(barring its occurrence). Nevertheless, such an occurrence would be extraordinary given that $$*"

such a ÒrandomÓ sequence would have to occur during a post-window of our analysis to be $%+"

classified as triggering. We already question the autonomy of events that coincide with the $%!"

passage of large mainshock wavesÑ even minor stress changes likely supplement imminent fault $%#"

ruptures. $%$"

Another potential issue may be a sampling bias given our region size. State boundaries $%%"

provide a serviceable region to focus studies but are inherently political divisions and not $%&"

necessarily geologically, tectonically, or even topographically related. Considering smaller $%'"

regions in isolation would undoubtedly produce different results (potentially missing broader $%("

instances of triggering); larger regions can include more ÒlocalÓ earthquakes and, by definition, $%)"

areaÑ normalizing triggering results to a larger region than may be necessary (i.e., offering lower $%*"

resolution results). It remains difficult to define a convention for the size that a region should be $&+"



examined and, thus, we default to other predefined regions (i.e., state boundaries). That is not to $&!"

say that more appropriate study sizes cannot be determined. If a study targets a relationship $&#"

between a spatially constrained phenomenon, like a specific geothermal site, that extent would $&$"

not only be practical but ideal. Nevertheless, here we aimed to identify triggering anywhere in $&%"

Utah, in part, to help identify more focused regions to explore dynamic triggering in Utah. Also, $&&"

if natural seismic increases are independent (i.e., presumably random) relative to the analysis $&'"

windows, baseline seismicity should be regularly distributed between the pre- and post-$&("

mainshock arrival periods. Given this spread, we only reasonably expect an increase in a regionÕs $&)"

observed potential dynamic triggering by including subregions with actual triggering. Yet, we $&*"

still observed limited instances of potential triggering.  $'+ "

Beyond limited triggering, we unexpectedly find a lack of common traits for triggering $'! "

observed in past studies. Compared to the Alfaro!Diaz et al. (2020) finding in the Coso $'# "

Geothermal Field, California, dynamic triggering in our region lacks preferential back-azimuth $'$ "

angles and peak dynamic stresses. However, the spatial region of our study is much greater than $'%"

the study of Alfaro!Diaz et al. (2020), and specific regions with common local stress regimes $'&"

may respond differently to dynamic stresses. We observe only one point of consistency in the $'' "

peak dynamic stress measurements, which shows that earthquakes tend to trigger events if they $'( "

yield peak dynamic stresses above ~0.05 MPa (Figure 9a). However, the direction of the $') "

incoming wave relative to the local stress field seems to have little consistency (Figure 9b). $'* "

Rather, events appear to mirror the overall azimuthal trends seen when including non-triggering $(+"

mainshocksÑ i.e., triggering pattern is not an identifier using these measurements. Triggering $(! "

mainshocks occur at various depths, with two-thirds occurring at crustal depths of <40 km $(#"

(Figure 9c); mainly occur at distances greater than 10,000 km away from the region (Figure 9d); $($"



varying from MW 8.2 to 7 (Figure 9e). Again, we observe no distinct pattern in these $(%"

measurements when including non-triggering mainshocks. Figure 10 shows the location of $(&"

triggered events and reveals that most events occur near the mapped faults. Triggering seems to $(' "

favor the faults marking the eastern boundary of the Basin and Range province (e.g., the Wasatch $(( "

fault zone). (Note: We do not locate newly detected (non-cataloged) triggered earthquakes and $() "

instead assign them to the closest station observed (i.e., station with the earliest arrival).) $(* "

Dynamic triggering has been attributed to large transient stresses (generally surface $)+"

waves) created from distant, large earthquakes, yet correlating the seismic phase responsible for $)! "

triggering has not been thoroughly documented. Mechanisms for instantaneous dynamic $)#"

triggering include changes in Coulomb failure, rate-state friction, viscous fault creep, and $)$"

subcritical crack growth (Brodsky and Prejean, 2005; Brodsky and van der Elst, 2014; Gonzalez!$)%"

Huizar and Velasco, 2011; Hill, 2008; Kilb et al., 2002; Peng and Chao, 2008). We find that S, $)&"

Love, and Rayleigh wavetrains trigger 17, 5, and 220 events, respectively. We also document $)' "

381 delayed triggered events. S and Love waves are transversely polarized waves, which $)( "

generate shear stress. Thus, dynamic triggering created by shear stress suggests that adding shear $)) "

stress in a local region will advance the earthquake cycle for small faults near failure. Our $)* "

results, however, show that Rayleigh waves are the dominant seismic phase responsible for $*+"

triggering, which are elliptically (vertical and radial) polarized waves and can generate both $*! "

shear and compression/tension stress. Thus, for triggered faults, Rayleigh waves could reduce $*#"

normal stress, increase shear stress, and move fluids in the crust (and thus reduce normal stress). $*$"

Fluid movement has also been invoked to explain delayed dynamic triggering (e.g., van der Elst $*%"

et al., 2013), suggesting that Rayleigh waves may be the responsible seismic arrival. It is difficult $*&"

to determine, with certainty, which mechanisms are at play in the Utah region. However, we $*' "



propose that much of the triggering occurs on small faults that are near failure in the Utah region, $*( "

and the failure mechanism can be created from small changes in shear stress (in the case of S and $*) "

Love wave triggering) and normal stresses (from Rayleigh), with fluids likely the cause of $** "

delayed triggering. We see that many triggering appears near UtahÕs geothermal wells and %++"

springs (Figure 10) which may facilitate such delayed triggering. Interestingly enough, those %+!"

triggered earthquakes seemingly isolated from geothermal activity also tend to be isolated from %+#"

other triggered events; like Pankow and Kilb (2020) consideration for a spatial factor in %+$"

triggering, we question the validity of these lone (i.e., to other potentially triggered events) %+%"

ÒtriggeredÓ events as dynamically triggered. %+&"

As more cases of dynamic triggering are documented, some trends in dynamic triggering %+'"

illustrate the complexities of this phenomenon. For example, Velasco et al. (2008) identified the %+("

dynamic triggering of 15 events throughout the world in different tectonic regions but did not %+)"

consider any specific region. Alf aro!Diaz et al. (2020) show that a specific region can be %+*"

susceptible to triggering when transient stresses align complimentarily to the local stress field %!+"

(ShMax). Recently, Tang et al. (2021) documented triggering instances in the U.S. and suggest %!!"

that triggering occurs when surface waves approach from a favorable direction in Utah, %!#"

Wyoming, and Colorado. However, we use different stations (they primarily use one station in %!$"

Utah; station SRU from the UU network), catalogs, and a statistical approach which likely results %!%"

in different results from their study. Pankow and Kilb (2020) investigated Anza, California, %!&"

Utah, Yellowstone, and Montana and showed that, in these regions, triggering is limited. %!' "

However, Utah itself was dramatically triggered throughout the regionÕs main seismogenic belt %!("

by the M 7.9 (MS 8.5) Denali Fault earthquake (Pankow et al., 2004), resulting from the large-%!)"

amplitude surface waves that were amplified over 100 times from directivity and source effects %!*"



(Velasco et al., 2004). Essentially, the Denali fault created surface waves approaching a MS 9.0 %#+"

that propagated through the continental U.S., which explains the large reported MS from the %#!"

USGS (Velasco et al., 2004). We also observe dynamic triggering throughout UtahÕs main %##"

seismogenic belt (Figure 10) and in regions throughout the state, but the amount of triggering is %#$"

not widespread for events M ! 7.0. In fact, the amount of triggering is limited, illustrating the %#%"

complexity of dynamic triggering susceptibility in Utah. %#&"

6! Conclusion %#'"

We find that from 2000 to 2017, the Utah region experienced relatively minimal %#("

instances of dynamic triggering. Only 50 (including the 14 special case sequences) of the 276 %#)"

mainshocks considered in this study potentially triggered 507 events, given a Poisson %#*"

distribution for event occurrence in the region. This is not to say dynamic earthquake triggering %$+"

does not occur. Our findings overall support results and interpretation by Pankow et al. (2004) %$!"

and Pankow and Kilb (2020) that limited triggering occurs in Utah. Many of the potentially %$#"

triggered events occurred during the passage of the surface waves, as seen in other studies (e.g., %$$"

,-./01234/5"67"/-89"#+#+:";1<5/-652=>45/0"67"/-89"#+!#:"?/<@1A"67"/-89"#++%BÑ further %$%"

substantiating the existence of these events in the region. Rayleigh waves are the dominant %$&"

seismic phase responsible for instantaneous triggering and may also be responsible for delayed %$'"

triggering through fluid movement. Finally, dynamic triggering in Utah appears to be %$("

multifaceted (i.e., given its unclear patterns in triggering), and triggering seems to express as %$)"

small sequences of events following the global M!7 earthquakes that do trigger events, except %$*"

for the Denali Fault (M7.9), Alaska earthquake (which led to significant triggering). %%+"

 %%!"

%%#"
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 '$( "
Figure 1 '$) "
Map of the Utah region showing provinces, faults, and study area. The major Quaternary faults '$* "
and topography are based on the USGS classification for faults (U.S. Geological Survey and '%+"
Utah Geological Survey, n.d.). Additional faults were provided by the UUSS. The dashed '%! "
rectangle area encompasses the region analyzed. '%#"



 '%$"
Figure 2 '%%"
Map of mines, geothermal sites, and seismic stations considered in the dynamic triggering '%&"
analysis. Mine locations (black dots) were provided and considered active in 2003 by USGS '%' "
(U.S. Geological Survey, 2005). Geothermal sites consist of geothermal wells (yellow square) '%("
and springs (purple square), scaled to flow rates in liters per hour (smallest square # 0.002 or '%)"
unknown, and largest square = 819000). Triangles mark seismic stations with circled stations '%*"
considered noisy. Stations colors relate to their network; US stations (red), UU stations (light '&+"
blue), and TA stations (beige). (Note: UU adopted TA stations P17A, P18A, and Q16A as '&! "
BRPU, PNSU, and CVRU, respectively.) '&#"



 '&$"
Figure 3 '&%"
Illustration of the idealized stress change leading to an earthquake following a transient stress '&&"
change (solid/dashed dark blue), permanent stress change (dotted blue), and unaltered stress '&' "
change (solid light blue) leading to an earthquake event (star). Note that both (significant) '&( "
transient and permanent stress changes lead to earlier fault rupture at tD and tS relative to an '&) "
unaffected sequence at tO, respectively; tM denotes the arrival of the disruptive mainshock phase. '&* "
After rupture of the system due to transient changes in stress, the system may relieve some stress ''+ "
(solid dark blue) or potentially return to the baseline stress (dashed dark blue) if only a small ''! "
portion of the fault ruptures Ð leading to a normal rupture in addition to the triggered event. ''# "
 ''$ "



  ''% "
Figure 4 ''& "
Daily Probability Density Functions (PDF) Mode plots from vertical channels for stations (a) ''' "
CCUT and (b) O16A obtained from IRISÕs Mustang web service. Plot (a) shows an example ''( "
where high-frequency signals (9.870 Hz Ð related to earthquakes) consistently maintain a lower '') "
power than the lower frequency signals (0.100 Hz Ð related to ambient noise) recorded at the ''* "
station. In contrast, plot (b) shows the inverse relationship and suggests significant susceptibility '(+ "
to noise detections (i.e., false positives). '(! "
 '(# "



 '($ "
Figure 5 '(%"
Map of regional seismicity occurring from 2000 to the end of 2017. Seismic events (circles) are '(& "
scaled to magnitude Ð scale caps for magnitudes smaller than 0.5. Earthquake events are marked '(' "
as red circles with black outlines; earthquakes with known focal mechanism solutions are '(( "
overlayed. Focal mechanisms are colored based on their dominant fault motion (green, reverse; '() "
purple, normal; and pink, strike-slip). Non-earthquake or anthropogenic-related events (i.e., '(* "
mining activity) are marked as dark blue circles with white outlines. ')+ "



 ')! "
Figure 6  ')# "
Recording of three-component unfiltered (black) and 5 Hz High-pass filtered (red) waveforms ')$ "
provided by station NLU from the UU network encompassing the M 7.2 Northern Sumatra 2012 ')%"
earthquake. The top plot (a) shows the entire 10 hours of an analyzed A/F6.10D. The segment ')& "
highlighted in light blue (b) shows the occurrence of an earthquake before the Northern Sumatra ')' "
mainshockÕs arrival. The segment highlighted in blue (c) shows the occurrence of three ')( "
(presumably dynamically triggered) events during the passage of the mainshockÕs Rayleigh ')) "
wave. ')* "
 '*+ "



 '*! "
Figure 7 '*# "
Recording of three-component unfiltered (black) and 5 Hz High-pass filtered (red) waveforms '*$ "
provided by station NLU from the UU network encompassing the M 7.1 Maule, Chile 2012 '*%"
earthquake. The top plot (a) shows the entire 10 hours of waveform analyzed. The segment '*& "
highlighted in light green (b) shows the occurrence of a (presumably dynamically triggered) '*' "
event that is not found in the UUSS catalog. '*( "
 '*) "



 '** "
Figure 8 (++"
(a) Plot of local events (circles) across magnitude and time of occurrence. Events are colored (+! "
based on triggering mainshock occurrenceÑ black events are not considered triggered. (b) (+#"
Relative cumulative seismicity plot (black line). In both plots, mainshocks are shown as vertical-(+$"
colored lines (see Table S1 in Supplemental Material for additional details on earthquakes) with (+%"
trigger-inducing mainshocks numbered in order of occurrenceÑ gray mainshocks being non-(+&"
triggering events. Special case events are not colored. (+' "
 (+( "



 (+) "



Figure 9 (+* "
(a) Plot of peak dynamic stress experienced in the Utah region for each mainshock relative to the (!+ "
back-azimuth wrapped to 180¡. Some of the earthquakes measured with high peak dynamic (!! "
stress (>0.05 Mpa) contain corrupted waveform recordings; thus, these events with contested (!# "
stress measurements have been omitted for this plot. (b) Map of back-azimuth for triggered (!$ "
earthquakes Ð labels coinciding with its occurrence during the triggering mainshock (i.e., phase). (!%"
(c) Plot of mainshock depths. (d) Plot of mainshock distance from Utah, USA. (e) Plot of (!& "
mainshock magnitudes. Triggered (non-special case) mainshocks are marked by colored solid (!' "
circles (based on occurrence and consistent with Figure 8), with gray transparent circles being (!( "
non-triggering events. Additionally, the four largest peak dynamic stressing mainshocks have (!) "
been labeled according to Figure 8. (!* "
 (#+"



 (#! "
Figure 10  (##"
Map of the Utah region showing provinces, faults, geothermal sites, and triggered earthquakes (#$"
(marked by colored solid circles, based on occurrence). Events are colored based on (non-special (#%"
case) triggering mainshock occurrence consistent with Figure 8. The major Quaternary faults and (#&"
topography are based on the USGS classification for faults (U.S. Geological Survey and Utah (#' "
Geological Survey, n.d.). X/>-7C"/<G"71K1N0/KIO"/06"G6CE04H6G"/<G"CI1A<"4<"X4N>06"!8"(#( "
;617I60D/-"C476C"/06"G6CE04H6G"/<G"CI1A<"4<"X4N>06"#8 (#) "

 (#* "


