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Abstract

When and why earthquakes trigger the eruption of magma, mud, and water remain unclear. On 18 September
2022, Steamboat Geyser in Yellowstone, USA erupted 8.25 hours after a local M3.9 earthquake. The distribution
of Steamboat eruption intervals suggests a low probability of erupting so soon after the earthquake by chance. A
seismometer 340 m from Steamboat recorded seismic waves with a peak ground velocity of 1.2 cm/s, which is
the largest ground motion experienced in the area since at least March 2018 and is similar to values that have
affected other Yellowstone geysers. Ambient seismic noise amplitude and relative seismic velocity changes in
narrow frequency bands indicate a subsurface hydrothermal response. We find it likely that the eruption was
earthquake-triggered. If so, the hours-long delay suggests that dynamic strains from seismic waves caused

changes in subsurface permeability and flow paths that enabled eruption.
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1 Introduction

Stress changes produced by earthquakes affect the properties and flow of fluids in the crust. Earthquakes can
promote the eruption of magmatic volcanoes (e.g., Linde and Sacks 1998; Walter et al. 2007; De la Cruz-Reyna et
al. 2010; Bebbington and Marzocchi 2011) and mud volcanoes (e.g., Mellors et al. 2007; Bonini et al. 2016; Zhong
et al. 2018), change the interval between geyser eruptions (Husen et al. 2004; Hurwitz et al. 2014), and modify the
composition, pressure, and flow of groundwater (Wang and Manga 2021). The role of static stress changes and
dynamic stresses from seismic waves, and what physical properties and processes change, remain the subject of

active research (Seropian et al. 2021).

Steamboat Geyser at Norris Geyser Basin in Yellowstone National Park, USA has powerful major eruptions that
reach heights in excess of 120 m. Most eruptions occur during active phases that last for months to years and are
separated by periods of quiescence that last for years to decades (Reed et al. 2021). The most recent active phase
began on 15 March 2018 and as of November 2023, there have been 167 major eruptions, the greatest number of
eruptions in any known active phase. On 18 September 2022, Steamboat erupted after an interval of 90 d, the
longest time between eruptions during the active phase thus far. The eruption began 8.25 h after a M3.9 earthquake
with an epicenter 11 km from the geyser. Here we assess whether the eruption may have been triggered by the

earthquake.

This paper is structured to emphasize a process of investigation that can be applied to other eruptions. First, we
summarize the available data from Norris Geyser Basin and report on observations related to the earthquake and
Steamboat’s subsequent eruption. We then focus on different approaches to evaluating the possibility of
earthquake-triggering. We first explore the probability of the eruption occurring on 18 September by chance and
calculate the ground motions near Steamboat during the earthquake compared to those at other times in the active
phase. We next search for evidence of other effects on the hydrothermal system by leveraging the available surface
activity and seismic data. The final two sections are reserved for a discussion of this event in the context of other

triggered eruptions and a summary of our findings.

2 Available data

Norris Geyser Basin [Figure 1] is well-monitored by sensors compared to other thermal areas in Yellowstone.

Many permanent seismic stations are located throughout the Yellowstone area for earthquake monitoring,
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providing a 1.5 magnitude of completeness (Farrell et al. 2009). Relevant to this study are two broadband
seismometers located near Norris. Station YNM is situated within the geyser basin at ~340 m north of Steamboat
while station YNR is located at ~2.19 km to the southeast. Both stations record significant anthropogenic noise
during daylight hours. In addition to the seismometers, there are telemetered data from a streamgage on Tantalus
Creek through which 97% of Norris thermal discharge flows (Friedman 2007) and a network of nine temperature

sensors placed in pools and runoff channels. Other non-telemetered temperature sensors are operated intermittently.

Major eruptions of Steamboat Geyser are detectable at one telemetered temperature sensor placed in one of
Steamboat’s runoff channels, the Tantalus Creek streamgage, and both the YNM and YNR seismic stations.
Because its eruptions are so spectacular, Steamboat is also tracked closely by geyser enthusiasts who submit
eruption data and visual observations to the crowdsourced database GeyserTimes. A complete catalog of Steamboat

eruptions exists for the recent active phase. Visual observations for most other Norris geysers are sporadic.

Whirligig Geyser, a small geyser ~580 m north of Steamboat, is the only other currently active feature at Norris
with eruptions that are reliably detectable by a temperature sensor placed in a shared runoff channel for Whirligig
and Constant Geysers. The two types of Whirligig eruptions are historically classified as eruptions and minor
eruptions/minors. We will refer to the former as major eruptions/majors for clarity. Major eruptions discharge
water out of three vents for several minutes and conclude when the pool almost fully drains; the much shorter minor
eruptions are accompanied by lethargic splashing and end with a small drop in pool water level. All majors are
detected when the sensor is operating but minors may be occasionally missed when they last <60 s, begin from a
pool level below overflow, or occur at the same time as increased discharge from Constant. For calculating
intervals, we only use GeyserTimes entries with an electronic (E) timecode, meaning the eruption start time was

derived from temperature data.

3 Observations

Figure 2 provides an annotated overview of the data recorded on 18 September 2022 that show the timing of the
earthquake and eruption signals from Steamboat and Whirligig Geysers. Temperature data for the combined runoff
of Constant and Whirligig [Figure 2C] are shifted forward by 6 min to compensate for the approximate logger clock
offset discerned from visual observations. Any time offset for Steamboat’s temperature logger is unknown but

likely small and irrelevant to our investigation because we do not analyze this data in detail.
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3.1 Earthquake

The M13.9 earthquake occurred at 6:55 local time (UTC-6) at a depth of 10.8 km (University of Utah Seismograph
Stations 2022) and produced a peak ground velocity (PGV) of 1.2 cm/s at station YNM. To calculate this PGV, we
used three-component seismic data downloaded from the Incorporated Research Institutions for Seismology Data
Management Center (IRIS DMC). We demeaned the data and removed the instrument response to obtain velocity
records. Because YNM is a noisy station located by a popular trail, we applied a causal Butterworth bandpass filter
between 0.8 and 30 Hz to reduce contributions from high-frequency anthropogenic and low-frequency ambient

noise and then selected the maximum absolute amplitude of three-component ground motion.

This was the largest magnitude earthquake in the Grizzly Lake sequence, an intermittently active swarm that began
in January 2022 and by the end of the year accumulated 1,177 events, >500 of which occurred during September
(Yellowstone Volcano Observatory 2023). Swarms are sequences of earthquakes clustered in space and time that
do not have a well-defined mainshock (Mogi 1963). In Yellowstone, they have been attributed to magmatic and/or
hydrothermal fluid migration (Waite and Smith 2002; Farrell et al. 2010; Shelly et al. 2013), and as many as half
of earthquakes in the Yellowstone area occur as part of swarms (Farrell et al. 2009). Energy from the M3.9

earthquake can be seen on the spectrogram of the YNM vertical component in Figure 2A.

Runoff temperature data (a proxy for water discharge) suggest no immediate changes to Steamboat’s minor
eruptions [Figure 2B] and an in-basin observer reported “nothing abnormal” after checking on the geyser at 7:16
(Wolf, 2022). There was no change to water level cycling at Constant (20-30 min period oscillation in Figure 2C)
nor to cumulative discharge from Norris [Figure 2D]. The only possible indication of a reaction at Whirligig is the
small temperature increase nearly concurrent with the earthquake. While not marked in the GeyserTimes database
as an eruption, this signal bears similarities to minor eruptions confirmed by in-basin observers but not clearly
reflected in the temperature data (gold dash-dotted lines between 12:00 and 14:00 in Figure 2C). The potential
minor eruption is notable because of its 47 min interval; major-to-minor intervals of <60 min are uncommon and
could thus signify an earthquake response. However, due to the uncertainty in the logger clock offset and the
challenges of discerning minor eruptions in the shared runoff channel, the possibility of a response from Whirligig

is questionable.
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3.2 Major eruption of Steamboat Geyser

Typical major eruptions at Steamboat start with a water jetting phase (duration usually <2 h) that builds to
maximum height in the first few minutes and then subsides to heights below 60 m. Following this, the jet becomes
more steam-dominated [Figure 3]. The eruption may later transition multiple times between water and steam phases
until finally entering a low-energy steam phase that tapers to quiescence. Following each major eruption, the nearby

Cistern Spring will drain by several meters and then refill over several days (White et al. 1988; Wu et al. 2021).

On 18 September, an observer in the vicinity of Norris Geyser Basin heard the eruption begin at 15:10 and reported
an initial water phase duration of ~10 min (Beverly 2022). We determine the volume of the water discharge pulse
[Figure 2D] from the eruption by manually picking the start and end times, interpolating baseflow, and subtracting
baseflow volume from the total volume. This yields a volume of 373 m’; however, wind speeds >1 m/s can decrease
the water volume that enters Tantalus Creek and thus this should be considered a minimum estimate (Reed et al.
2021). In terms of both seismic spectral content and ejected water volume, the 18 September eruption was similar
to other major eruptions (Reed et al. 2021; Reed and Manga 2023). Cistern Spring drained and refilled as normal.
The major eruption’s full duration of ~4 d was unusually long, but this may be related to the long prior interval. An

eruption on 25 August 2023 followed a 77.2 d interval and lasted at least 3.6 d (Beverly, 2023).

4 The case for a triggered eruption of Steamboat Geyser

When geysers have regular eruption intervals, identifying perturbations by earthquakes and other external
influences is straightforward (Rinehart 1974; Husen et al. 2004; Hurwitz et al. 2014). Steamboat’s eruptions were
somewhat regular during 2018-2020 when there was a small seasonal modulation of eruption intervals correlated
with the hydrological cycle (Reed et al. 2021) and the average interval was 8 d. However, intervals have become
more erratic and lengthened to an average of 26 d since 2021 [Figure 4A]. To build a case for earthquake-triggering
of the 18 September eruption, we first focus on statistical modeling of the interval distribution and calculation of

PGV for other earthquakes occurring since active phase initiation.

4.1 Probability analysis

What is the chance that the eruption coincidentally occurred on the day of the earthquake? For a very rough
estimate, we can calculate the probability of Steamboat erupting on any given day in the active phase up to 18

September 2022 as the number of eruptions (156) divided by the number of days between then and 15 March 2018

5
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(1648), which yields a probability of 10.6%. We can make a better probability estimate by considering the
distribution of eruption intervals. To do this, we fit a Weibull distribution function to the eruption intervals through
August 2023, excluding the interval for Steamboat’s post-earthquake eruption [Figure 4B]. We then use this
distribution to calculate the probability of a 90 d eruption interval compared to intervals of 91-365 d. To estimate
uncertainty in the Weibull fitting parameters, we randomly resample the intervals 5000 times and follow the same
fitting and probability calculation procedure for each simulation [Figure 4C]. This results in a probability of 3.6%
with a 95% confidence interval of 2.8-5.2%.

4.2 History of peak ground velocity

How does the 1.2 cm/s PGV during the M3.9 earthquake compare to ground motions recorded during other
earthquakes? For the period of March 2018 through August 2023, we searched the Advanced National Seismic
System (ANSS) Comprehensive Catalog and identified 135 local earthquakes >M2 in a rectangular area bounded
by latitudes [44.603, 44.843] and longitudes [-110.873, -110.533], 12 regional earthquakes >M35 within a 1000 km
radius of Steamboat, and 751 teleseismic earthquakes >M6. At least one station was operating for 131 (97.0%) of
the local earthquakes, all 12 of the regional earthquakes, and 711 (94.7%) of the teleseismic earthquakes. Most of
the missed events occurred when YNM and YNR were both offline in January through April 2023, but it is unlikely
our analysis excludes any significant events. None of the missed local earthquakes during this period exceeded

M2.9 and none of the missed >M7 teleseismic earthquakes occurred within 5700 km.

We calculated PGV at both YNM and YNR by following the same procedure as before, using a causal Butterworth
bandpass filter between 0.8 and 30 Hz for the local earthquakes and 0.05 and 10 Hz for the regional and teleseismic
earthquakes. Instrument response correction can sometimes amplify unwanted noise at low frequencies (Havskov
and Alguacil 2016), so we used the comparatively less noisy YNR data to ground truth the YNM values. There
was significant (>1 order of magnitude) PGV disparity for 30 teleseismic events which we manually reviewed and

confirmed noise contamination at YNM.

Figure 5 shows the 119 local, 3 regional, and 47 teleseismic earthquakes exceeding a PGV of 107 cm/s. Values at
YNM were used unless the station was offline or noisy, in which case we substituted the PGV at YNR. The M3.9
earthquake is associated with the greatest PGV experienced at Norris Geyser Basin during Steamboat’s recent
active phase. It is also the only event to exceed 1 cm/s, a threshold associated with earthquake responses at Old
Faithful and Daisy Geysers (Hurwitz et al. 2014). The next highest PGV of 0.8 cm/s is associated with a M7.6
6
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earthquake in southwestern Mexico that occurred just one day later on 19 September. Of the next three highest
PGV events, only the M6.5 Stanley, Idaho earthquake occurred within close proximity (33.8 h prior) to a Steamboat

eruption, but the 8.3 d interval before this eruption was not anomalously short.

5 The case for other hydrothermal changes

So far, we have established the low probability that Steamboat erupted on the same day as the earthquake by
coincidence, and that the M3.9 earthquake produced the largest ground velocity at Norris Geyser Basin since the
ongoing active phase began in March 2018. Having exhausted what we can say about earthquakes and Steamboat’s
eruptions in the context of the recent active phase, we now search for any evidence that the M3.9 earthquake

affected other parts of the Norris hydrothermal system.

5.1 Surface hydrothermal activity

Did other monitored thermal features react to the earthquake? In Section 3.1, we discussed the questionable minor
eruption at Whirligig immediately following the earthquake and the lack of change in thermal water discharge
through Tantalus Creek on 18 September. Now, we explore Whirligig’s activity and Tantalus Creek discharge for
the period of August through October 2022 to assess long-term trends [Figure 6]. We use eruptions in the
GeyserTimes catalog to calculate three different measures of Whirligig’s activity. First, we separate the data into
daily slices and determine both the mean interval prior to detected eruptions and the fraction of minor eruptions for
each day. Because some minors go undetected, these measures may be longer than and lower than the actual values,
respectively. We finally calculate major-to-major eruption intervals. Tantalus Creek data is presented without

further processing.

Over this three-month period, the daily fraction of minor eruptions at Whirligig increases to reach >0.85 in all of
October. The daily mean interval becomes less variable between mid-September and 10 October before returning
to the same length and variability seen in August. Major-to-major intervals are generally consistent with a slight
increasing trend through September, becoming more variable in mid-September with a steeper increasing trend.

None of these changes appear tied to the M3.9 earthquake on 18 September.

The Tantalus Creek hydrograph shows a slight upward trend through the selected time period which does not

change following the earthquake. At shorter timescales, there are sharp discharge peaks associated with rainfall
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events except for the spike on 18 September which is caused by runoff from Steamboat’s eruption [Figure 2D].
The drop in discharge on 19 September is most likely due to the diurnal signal arising from increased evaporation
during warm daytime hours (Clor et al. 2007). Thus, we again find no support for an earthquake response in the

overall thermal discharge from Norris.

5.2 Ambient seismic noise amplitude

Were there any changes to the strength of ambient seismic noise? Hydrothermal areas generate tremor that has been
primarily attributed to bubble collapse and nucleation (e.g., Kedar et al. 1998; Legaz et al. 2009;
Vandemeulebrouck et al. 2014; Nayak et al. 2020; Liu et al. 2023). Very little has been published about
hydrothermal tremor at Norris Geyser Basin since Iyer and Hitchcock (1974) identified the area as a source of
seismic noise. Dawson et al. (2012) identified localized, >15 Hz impulses occurring 1-2 times per second and
continuous 8 Hz tremor in the southern half of Norris Geyser Basin during a 2003 broadband seismometer
campaign. Wu et al. (2021) found continuous 1-5 Hz tremor at Steamboat Geyser and Cistern Spring that varied
in space and amplitude over Steamboat’s eruptive cycle. While station YNM is likely too far away to detect tremor
sources local to Steamboat during non-eruptive periods, we can still explore the relative power of any hydrothermal
tremor local to the station. Here, we narrow our attention to the earthquake-triggering assessment at hand and leave

a detailed characterization of time-varying spectral content at this station for future study.

Seismic spectral amplitude measurements (SSAM) are a computationally inexpensive way to represent relative
signal strength in different frequency bands over time (Rogers and Stephens 1995). We compute SSAM for narrow
1 Hz bands between 0.5 to 5.5 Hz, a range chosen to match low frequency tremor observed in Yellowstone thermal
areas (Wu et al. 2019, 2021; Liu et al. 2023) and to avoid contamination from Steamboat’s broadband (545 Hz)
eruption signal (Reed and Manga, 2023). After selecting the raw, vertical-component seismic data for overnight
hours (20:30-6:30) during August—October 2022, we remove instrument response to obtain velocity, slice the data
into 1 h segments, and apply acausal, 4 corner Butterworth bandpass filters to match the bands of interest. We then

calculate SSAM as the median of the absolute valued velocity in each segment.

Only the 0.5-1.5 Hz SSAM show a response to the earthquake [Figure 7]. In this band, SSAM generally increase
up until the M3.9 earthquake, after which there is a downward step change. There is also a cyclic increase in SSAM
that occurs every 10—12 d; this period does not change following the earthquake. We compute spectrograms of the
unfiltered vertical seismic velocity data for one of the periodic SSAM increases beginning 20 August and the step

8
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change on 18 September. In both cases, the dominant signal in the 0.5-1.5 Hz range is centered just below 1 Hz.
This signal decreases in frequency and increases in power at the onset of the periodic SSAM fluctuation; it increases
in frequency and decreases in power after the earthquake. We note that significant decreases in SSAM are not
unique to the M3.9 event and have occurred multiple times prior to and during Steamboat’s active phase (Reed et
al., 2021). However, because the 0.5-1.5 Hz tremor weakened almost immediately following the earthquake and
was accompanied by other sudden shifts in high frequency signals (>27 Hz in Figure 2A), we argue the changes in

0.5-1.5 Hz tremor can reasonably be attributed to processes triggered by the earthquake.

5.3 Relative seismic velocity changes

Were there changes to subsurface properties? Local earthquakes are thought to decrease seismic velocity in
hydrothermal areas by clearing fractures during pore pressure fluctuations (e.g., Brodsky et al. 2003; Manga et al.
2012). We can apply ambient noise seismic interferometry (e.g., Brenguier et al. 2008; Snieder and Larose 2013)
using the three-component YNM data to obtain relative seismic velocity changes (dv/v) of subsurface media. We
focus our analysis on the month of September 2022 and compute noise cross-correlation functions (NCFs) in four

different frequency bands (0.5-1.5, 1.5-2.5, 2.5-3.5, and 3.5-4.5 Hz) using MSNoise (Lecocq et al., 2014).

Our data processing methods are similar to those described in Brenguier et al. (2008) and Taira et al. (2018). First,
we correct instrument response on 24 h continuous data slices to obtain ground displacement and apply a bandpass
filter between 0.08 and 8.0 Hz. Daily bandpass-filtered recordings are then down-sampled from 100 to 20 Hz and
split into 30 min sections. Following Hobiger et al. (2014), we compute NCFs for cross-component pairs (i.e.,
vertical-north, vertical-east, and north-east) where a spectral whitening process can be applied to minimize signals
associated with local and teleseismic earthquakes. Subsequently, one-bit normalization is applied at the frequency

bands of interest.

We measure temporal change in dv/v through the time delay estimate (df) for a pair of NCFs with the moving

window cross-spectral technique (Clarke et al. 2011), assuming a homogeneous velocity where
av dat

=-=

We only use dt in a moving window where the value of cross-correlation between the stacked and reference NCFs

v

exceeds 0.85. The windows overlap by 50% and the window lengths are equivalent to the longest period in each

frequency band used. Our analysis focuses on a 3 s coda of NCFs (=5 to —2 s and 2 to 5 s) to measure time delays
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between the 60, 120, 240, and 360 min stacks of NCFs and reference NCFs computed for data between December
2021 and December 2022.

A sudden dv/v reduction of ~3 + 1% following the M3.9 earthquake appears in the 1.5-2.5 Hz frequency band
when using 60 and 120 min stacking [Figure 8A]. The decrease in dv/v for the 1.5-2.5 Hz band is not present in
the 240 and 360 min stacking results, which supports prompt recovery of seismic velocity. Though the uncertainties
are large and there are other sudden, unexplained variations in dv/v up to 1.5% for this band in September, the
timing and magnitude of the ~3% velocity reduction are significant. Our analysis did not find sudden dv/v changes
after the earthquake in the 0.5-1.5, 2.5-3.5, and 3.5—4.5 Hz bands for any of our stacking methods. This suggests
the change in seismic velocity occurred at a narrow depth interval. Assuming a ratio of P-wave to S-wave velocity
(vp/vs) of 1.6 (Husen et al. 2004) and that the coda of our NCFs is dominated by Rayleigh waves, we calculate a
surface wave sensitivity kernel with a 1D P-wave velocity model used by the University of Utah Seismograph
Stations to determine earthquake locations [Figure 8B—C]. We find that the reduction in relative seismic velocity

likely occurred at a depth of 300—500 m given the lack of dv/v changes in frequency bands other than 1.5-2.5 Hz.

6 Discussion

Overall, we find it plausible that Steamboat’s major eruption on 18 September 2022 was earthquake-triggered. The
low probability of eruption on that day compared to days in the following months is encouraging but does not prove
the eruption was related to the earthquake. Our best evidence comes from the PGV results; we established that the
M3.9 earthquake produced a PGV of 1.2 cm/s and that no other analyzed earthquake produced ground motions >1
cm/s since the active phase began. The immediate post-earthquake reductions in SSAM and dv/v indicate changes

in subsurface properties and shed light on a triggering mechanism.

Previous studies that documented temporary decreases of dv/v following local and teleseismic earthquakes in
volcanic (e.g., Lesage et al. 2014; Brenguier et al. 2014; Nimiya et al. 2017) and hydrothermal systems (e.g., Taira
and Brenguier 2016; Taira et al. 2018; Saade et al. 2019) have attributed the drop in seismic velocity to the opening

of cracks. The relationship between peak dynamic stress, PDS, and peak ground velocity is
2

where G is the shear modulus (Hill et al. 1993; van der Elst and Brodsky 2010). Using representative values of

PGV

Vs

PDS =G

G=13 GPa and v,=2.3 km/s for water-saturated silica sinter (Munoz-Saez et al. 2016), the M3.9 earthquake

10
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generated a peak dynamic stress of ~0.07 MPa. While larger than those from solid Earth tides and barometric
pressure changes, this stress is likely too low to promote new fracture formation. The quick recovery of dv/v (hours
vs. weeks to months in the cited studies) further implies that there were no permanent changes in rock properties.
Instead, the decrease in velocity may result from an increase in gas fraction or decrease in water levels which would

raise the bulk rock compressibility.

There are physical and thermal mechanisms that enable earthquakes to trigger eruptions without the need for new
fractures. Simply disturbing the pool of some thermal features can trigger boiling or eruptions; historically, tourists
sometimes induced eruptions by throwing soap (e.g., Hague 1889; Graham 1893) or objects (e.g., Allen and Day
1935) into geysers. Vibrations have also been shown to trigger bubble nucleation and eruption in laboratory geysers
(Steinberg et al. 1982). In these examples, the water must be superheated or primed to erupt so that nucleating
bubbles or promoting convection is sufficient to initiate an eruption (Rinehart 1974). However, the 8.25 h delay
between earthquake and eruption at Steamboat is too long to favor these mechanisms. There are other examples
where changes to geysers occur gradually. After the 2002 M7.9 Denali earthquake, Daisy Geyser’s activity
decreased from variable 2.3—-3.5 h eruption intervals to consistent 1.5—1.7 h intervals over a 24 h period (Husen et
al. 2004; Hurwitz et al 2014). The recovery to its pre-earthquake state occurred more gradually over several months.
This is in line with some other hydrogeological responses in groundwater levels (e.g., Brodsky et al. 2003; Roeloffs
et al. 2003; Shi et al. 2015) and streamflow (e.g., Muir-Wood and King 1993; Manga 2001; Wang and Manga

2015) that take days to weeks to reach their peak and then recover to pre-earthquake conditions over months.

Daisy’s 2002 earthquake response and our proposed triggering of Steamboat would be best explained by
earthquake-induced changes in hydraulic head or subsurface permeability (Ingebritsen and Rojstaczer 1996) that
affect fluid and heat flow. Existing fractures just north of Steamboat, identified from geologic mapping and airborne
infrared surveys, trend roughly toward YNM (White et al. 1988; Jaworowski et al. 2006). If the earthquake affected
subsurface permeability, the decrease in relative seismic velocity could represent fluid and thus heat flow away
from a 300500 m deep reservoir, perhaps toward Steamboat along these fractures. The persistent, ~1 Hz tremor
band identified from SSAM could be interpreted as resonance of or boiling within a separate fluid-filled conduit or
cavity. If boiling decreased and/or the fluid level dropped, this might explain the observed increase in resonant
frequency (Rudolph et al. 2018; Teshima et al. 2022). The increased distance between YNM and the fluid-filled

part of the conduit and/or the reduction in boiling would then explain the weakening tremor.

11
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The reasons for why geysers react to some earthquakes but not others remain elusive. We restricted our PGV
analysis to earthquakes during Steamboat’s active phase, but Norris Geyser Basin has experienced greater dynamic
stresses from local and regional earthquakes prior to March 2018. Most recently, a local M4.8 earthquake
produced a PGV of >3 cm/s at YNM in 2014 but did not trigger an eruption (Reed et al. 2021). Nor were major
eruptions recorded following any of five >M5 earthquakes that occurred within 15 km of Norris in 1975 and 1976.
(For completeness, we note there exists an unconfirmed logbook report of steam phase behavior at Steamboat two
days after the 30 June 1975 Yellowstone National Park earthquake (Bellingham 2023), but we choose to discount
it because it is not referenced in the more authoritative records from that year.) Even the 1959 M,,7.2 Hebgen Lake
earthquake, which triggered eruptions in dormant geysers and springs with no known eruptive history across
Yellowstone and increased turbidity in Norris thermal features (White et al. 1988), failed to elicit an eruption of
Steamboat. The more distant 1983 M6.9 Borah Peak earthquake also affected geyser activity in a localized area
of the Upper Geyser Basin (Hutchinson 1985), but we found no records of effects at Norris and again, there was

no reported Steamboat eruption.

Studies of volcanic eruptions indicate that the internal state of a volcano is a primary control on whether or not an
earthquake-triggered eruption occurs (e.g., Bebbington and Marzocchi 2011; Sawi and Manga 2018; Farias and
Basualto 2020). This is likely true of geysers as well. None of the earthquakes mentioned above except for the
Borah Peak earthquake coincided with Steamboat active phases, and we speculate that earthquake-triggering might
only be possible at Steamboat when the local system is capable of frequent major eruptions. Steamboat erupted just
6 more times in 13 months following the Borah Peak earthquake before reentering dormancy; a lack of response to

that event might imply that the Steamboat system was already headed toward dormancy at the time.

7 Conclusion

On 18 September 2022, Steamboat Geyser erupted just 8.25 h after a nearby M3.9 earthquake. We conclude it is
more likely than not that this eruption was triggered by the earthquake for the following reasons:
1. There is a low probability that the eruption occurred on the day of the earthquake by chance based on
Weibull modeling of the eruption interval population.
2. The 1.2 cm/s PGV recorded at YNM is the greatest experienced at Norris Geyser Basin during Steamboat’s
recent active phase. It also exceeds a threshold (1 cm/s) associated with earthquake-related responses at

other geysers, mud volcanoes, and streams.
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3.

Seismic data suggest possible subsurface hydrothermal changes following the earthquake, supporting the
feasibility of a response from Steamboat. While the surface discharge of monitored Norris thermal features
did not change, our SSAM results suggest a weakening or deepening of a 0.5-1.5 Hz tremor source and

our dv/v results indicate a short-lived velocity reduction in material at 300—500 m depth.

However, we keep in mind these corresponding caveats:

L.

Low chance of coincidence does not mean a coincidence is impossible. The 90 d interval before this
eruption is an outlier in the ongoing active phase which makes an interval distribution-based probability
analysis somewhat less compelling.

There are no historical reports of Steamboat Geyser having major eruptions following other energetic local
or regional earthquakes. It is possible that earthquake-triggering can only occur at Steamboat during active
phases; however, the 1983 M6.9 Borah Peak earthquake failed to trigger an eruption during Steamboat’s
1980s active phase despite affecting other Yellowstone geysers.

More work is needed to understand the source mechanism of the 0.5-1.5 Hz tremor and how changes in
frequency and amplitude may relate to an eruption triggering mechanism. Additionally, probing relative
seismic velocity changes at such short timescales is difficult as less noise can be removed via stacking. The

dv/v reduction we found was not much larger than background variations.

Finally, this analysis was only possible due to the number of monitoring instruments at Norris Geyser Basin. The

installation of more seismometers and eruption recording equipment in hydrothermal areas would increase the

chance of identifying earthquake-triggered eruptions when they occur and documenting the accompanying

subsurface changes.
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Figure 1: [A] Locations of local >M2 earthquakes occurring in March 2018 through August 2023. The M3.9 earthquake

660 is marked in yellow and labeled with its focal mechanism (University of Utah Seismograph Stations 2022). Red circles
show the 4 local earthquakes for which both YNM and YNR were offline. The extent of [A] corresponds to the red
box on the inset map. [B] Locations of thermal features and monitoring equipment within and near Norris Geyser
Basin. Whirligig and Constant Geysers are located ~15 m apart. The extent of [B] corresponds to the red, dashed box
in [A].
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Figure 2: A visual summary of monitored thermal activity on 18 September 2022. In panels B-D, the earthquake
timing is marked with a black dashed line. [A] Spectrogram of YNM vertical velocity data; power is clipped to the
upper (-100 dB) and lower (-150 dB) bounds. [B] Temperature data from Steamboat’s South Vent runoff channel.
The temperature drops during the eruption because most water first discharges through the jet and cools while
traveling through the air. [C] Temperature data from a combined runoff channel for Whirligig and Constant. Red
lines mark major (solid) and minor (dashed) eruptions in the GeyserTimes database. Gold dash-dotted lines indicate
visual observations of a minor eruption without a corresponding E time entry. The short period oscillations are due
to water level cycling in Constant Geyser between eruptions (which themselves are not detectable during this time
period). [D] Hot spring and geyser discharge through Tantalus Creek.
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Figure 3: Steamboat Geyser in steam phase on 18 September 2022 at 17:58 local time (2.8 h after eruption initiation).
Photo by Graham Meech.
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Figure 4: [A] Interval between Steamboat’s eruptions over time. The 18 September 2022 eruption is marked by a red
star. [B] Probability density function for the Weibull fit (blue line) overlaid on discrete interval probabilities (the 90
d, post-earthquake eruption interval is not modeled). [C] Zoomed-in view of red, dashed box in [B]. We calculate the
probability of eruption by dividing the area under the distribution for the day that it occurred (orange bar, day 90)
divided by the area under the curve from days 91-365 (green shading). Inset histogram shows the results of following
the same procedure for 1000 resamplings of the interval distribution.
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Figure 5: PGV associated with local, regional (<1000 km), and teleseismic earthquakes between March 2018 and
September 2023. YNR data (lighter colors) are shown when YNM was offline or noisy. Gray vertical lines mark
Steamboat eruptions and dark red boxes above the plot show data gaps for the two broadband stations. We label
five events including the M3.9 earthquake (red box) with their magnitude, date, distance from Steamboat, and PGV.
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Figure 6: Summary of continuous surface hydrothermal data considered in Section 5.1. The black vertical line in each

panel marks the time of the M3.9 earthquake. [A] Daily mean interval for Whirligig Geyser eruptions detected by

the YVO temperature logger (dark red). We also show the fraction of minor eruptions occurring each day (orange).

[B] Intervals between major Whirligig eruptions. [C] Discharge in Tantalus Creek. All discharge spikes occur due to
695 rainfall events except for the pulse from Steamboat’s eruption on 18 September.

29



This is an EarthArXiv preprint that has been submitted to Volcanica. It has not yet undergone peer review.

30

o o . .' . s "’.
20 & M‘.'.“‘ydaxa 9000809 '!". . '..‘."P “' 'Om‘.“ (W

N
(&)
1
< T ——

SSAM (nm/s)

® YNM.HHZ, 0.5-1.5Hz

1 Aug 16 ;"-\ug 1 éep 16 'Sep 1 'Oct 16 bct 1 Nov

-130

[} [}
— z — 2
E 4 2 E 4 2 o
- £ - B o
3 o g 5 e T
T 5 ey
g )
g2 o &2 3 <
o = o £
L & L 1=
1 o 1 [ o
©
19 Aug 20 Aug 21 Aug 22 Aug 23 Aug 16 Sep 17 Sep 18 "Sep 19 'Sep 20 'Sep
Time (UTC-6) Time (UTC-6)

Figure 7: SSAM and spectrograms related to vertical velocity data at station YNM. [A] Overnight SSAM for 1 h
segments in the 0.5-1.5 Hz band during August—-October 2022. There is a step change after the M3.9 earthquake
(black dashed line). [B] Spectrogram for 19-23 August (blue dashed box in [A]). The periodic SSAM signal is related
700 to a small decrease in peak frequency and slight increase in power between 0.5-2.0 Hz. [C] Spectrogram of 16-20
September (green dashed box in [A]). After the earthquake, there is a small increase in peak frequency and a subtle
decrease in power between 0.7-2.2 Hz. The three low-frequency signals are due to teleseismic earthquakes.
Spectrograms in [B] and [C] show power clipped to -160 and -130 dB and red lines encapsulate the 0.5-1.5 Hz band.

30



705

710

This is an EarthArXiv preprint that has been submitted to Volcanica. It has not yet undergone peer review.

3 | ]
A ' et | T Lt my b4l o 1
*e I ¢ 140 | 23 ¢ b i I | At ’ 1 1 )
2 i -8 { K 3% I be s & e 1 ./ A4 gl Ll . '* f
Y | mioe| 2 k L asall 10L& a0 T Iy St AR o8 "4.., 4 gt "Siheo N R SNE N AL
L I et Wt TN 0 U TR, ki At 0 RN B R A A 4
plhasdinet EERon TRRTT ST |1 (L0 et (| Bl BOREATI |0 1ol TR [0RNE SRl T T TR 48 R g b
5 AL R T RS S R P! U R R b I
S f Ay .: fofon .c. ol e Rt oA 0L -l .""‘. Wi ‘p" % W :. o-‘u: ..f;. A iy o .1 "-.. ‘-"1’.
I %o s . o8 R LA nigr e 7% heli el LS
Q poC A ] ’ . . afalste o ¥ [afas' 3 b e | & 0 o d%e] AR 4 |
S sl | AT . Aifk bl WL o [Uee L 3
S 0 el " . e s S |-ree
L adE i . L{ :-:. n. i .
. . HM .
-1+ = 60-minute stacking ATt E',- 1 !
120-minute stacking i - 1.5-2.5 Hz
a o 1
15 Sep 16 Sep 17 Sep 18 Sep 19 Sep 20 Sep
Local time (UTC-6)
B C —— 05Hz
5 __ 04 —— 1.5Hz
) (2
I VplVs = 1.6 > . —— 25Hz
< 4 g Rayleigh wave H
= 8 sensitivity kernel Sz
g > 02 —— 45Hz
3 3 S
> — Pwave -~ :
2 —— Swave 0.0l ST
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Depth (km) Depth (km)

Figure 8: [A] Relative velocity changes (dv/v) with error bars extending to +2 standard deviations for a frequency
band of 1.5-2.5 Hz in the days around the M3.9 earthquake (dashed black line). Both 60 min (blue) and 120 min
(orange) stacking methods show a decrease in dv/v immediately following the earthquake. The second largest PGV
(0.8 cm/s) during the active phase occurs on 19 September just before 12:23 without a corresponding decrease in
dv/v. [B] Velocity model assuming v,/v; is 1.6 (Husen et al. 2004). [C] Sensitivity kernel calculated from the velocity
model in [B], assuming the coda of NCFs is dominated by Rayleigh waves. Because the decrease in dv/v appears only
in the 1.5-2.5 Hz results, we infer the change most likely occurred at 300-500 m depth where the sensitivity to 1.5—

2.5 Hz is highest relative to the other frequencies.
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