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ARTICLE INFO ABSTRACT

Keywords: The frequency content of volcanogenic seismicity is often used to classify events and their spatial and temporal

Great Sitkin Volcano rogression is then used to map subsurface volcanic processes. The progression of volcano-seismic events and
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associated source processes also plays a critical role in eruption forecasting. Here we develop and evaluate a
computerized methodology for characterizing volcano-seismic event types using Frequency Index and Average
Peak Frequency. We apply and test this technique at Great Sitkin Volcano, Alaska, classifying over 9000 hy-
pocenters between 1999 and 2023. This 24-year time span covers periods of seismic quiescence, earthquake
activity on nearby tectonic (bookshelf) faults, precursory unrest from 2016 to 2021, and the explosive onset in
May 2021 of the ongoing effusive eruption. We use the spatial and temporal evolution of classified event types to
map the active volcanic and tectonic processes, develop a conceptual model of the subsurface magmatic system,
and perform a retrospective analysis of eruption forecasts at Great Sitkin Volcano between 2016 and the present.
The classification and progression of hypocenters suggests the subsurface Great Sitkin Volcano magmatic system
consists of a mid- to lower- crustal source zone between 10 and 40 km depth and an upper crustal magma storage
area between —1 and 10 km depth (hypocenter depth is referenced to sea level and negative depths reflect height
above sea level). The earliest precursors occurred in July 2016 and consisted of deep long-period and volcano-
tectonic earthquakes at mid-crustal depths suggesting the subsequent unrest and eruption were triggered by a
deeper intrusion of magma. This mid-crustal seismic activity was immediately followed by the onset upper-
crustal long-period events and volcano-tectonic earthquakes VTs suggesting a strong linkage between the
shallow and deeper portions of the magmatic system. The upper crustal area was likely capped by the 1974 lava
dome until the magmatic explosion on May 26, 2021.

Average Peak Frequency
Frequency Index

Deep Long-Period seismicity
Bookshelf Fault

1. Introduction

A principal goal of volcanology is to forecast volcanic eruptions in
advance and warn of the associated hazards (NASEM, 2017). Forecasts
are typically formulated by monitoring multiple geophysical data
streams such as seismicity, ground deformation, and gas flux, that are
analyzed concurrently in conjunction with satellite and visual observa-
tions of the volcano as well as past eruptive behavior. Tracking seis-
micity is often at the forefront in volcano monitoring and eruption
forecasting as it is often the easiest to track in real-time. Precursory
seismic unrest may involve a range of signal types including broad
spectrum or volcano-tectonic (VT) earthquakes, low-frequency or long-
period (LP) events, events with mixed frequencies (hybrid events), and
more continuous signals such as volcanic tremor. VT earthquakes are
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generally thought to reflect shear failure of rock due to stress changes in
the crust produced by magma migration (Roman and Cashman, 2006),
while LP events are considered to be a consequence of fluid flow (Chouet
and Matoza, 2013). Studies of precursory seismicity at numerous vol-
canoes suggest a typical progression that may include deep (10 to 50
km) VT earthquakes, and deep long-period events DLP events (hypo-
central depth greater than 10 km), mid- to shallow-crustal earthquakes
surrounding the volcano, and shallow LP and VT earthquakes beneath
and within the edifice (Lahr et al., 1994; Benoit and McNutt, 1996;
White and McCausland, 2019), although great variability exists from
volcano to volcano (e.g. Roman and Cashman, 2018). While closely
monitored volcanoes show variation in the strength and timing of pre-
cursory signals, volcanologists are developing some insights into the
magmatic processes that may govern variations in precursory activity.
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Recent studies suggest that important controlling factors may include
the magma viscosity and mobility within the crust, repose interval be-
tween eruptions, and erupted volume (Passarelli and Brodsky, 2012;
Rasmussen et al., 2018; Phillipson et al., 2013; Roman et al., 2021).
What is becoming apparent is that eruptions at volcanoes that are
frequently active or have shallow accumulations of magma and phreatic
eruptions have mild precursors and are thus more difficult to forecast
than those at volcanoes with longer response intervals and stronger
geophysical unrest (Thelen et al., 2010; Cameron et al., 2018; Stix and
de Moor, 2018).

A common problem in the long-term (decades: 10 to 50 years)
tracking and interpretation of seismic activity are inconsistencies in
recording and reporting of seismic observations. The technology
involved with instrumentation and telemetry is constantly evolving with
recent major shifts from short-period seismometers with analog telem-
etry to broad-band instruments with digital telemetry. Technology has
also advanced seismic data recording over the past several decades from
smoked paper and micro-film to continuous digital records. Similarly
analytical techniques for identification, location, and characterization of
volcanogenic seismicity have also advanced rapidly. Consequently, it
can be difficult to assemble consistent sets of seismic observations over
periods of years to decades which are often the time scales required to
observe and fully characterize subsurface volcanic processes especially
at infrequently-active volcanoes.

Our goal in this paper is to develop an automated computerized
methodology to characterize the frequency content of located seismic
events using both frequency index (FI) (Buurman and West, 2010) and
average peak frequency (APF) (Ketner and Power, 2013) that can be
applied to long-term volcanic earthquake catalogs and associated digital
waveforms. We then apply this automated event classification at Great
Sitkin Volcano, located in the Andreanof Islands in the western Aleutian
arc (Fig. 1), where the Alaska Volcano Obswervatory (AVO) has oper-
ated a six-station seismic network and maintained an earthquake catalog
from 1999 to the present (Power et al., 2019). Great Sitkin is a primarily
andesitic (silica range 51 to 59 wt% SiOy, Waythomas et al., 2003)
volcano that is surrounded by shallow crustal faults (Pesicek et al., 2008;
Ruppert et al., 2012). The volcano experienced a protracted five-year
period of precursory unrest (2016-2021) that included DLP events,
shallow VT earthquakes and LP events, and 15 small explosions between
2017 and 2019. A magmatic eruption began explosively in May 2021
(Orr et al., 2024b) and this has been followed by an extended effusive
eruption that continues at present (June 2024). The long-term seismic
observations at Great Sitkin Volcano combined with the range, size, and
character of eruptive events provides an important case study for seismic
forecasting of various styles of volcanic activity (phreatic and magmatic
explosions and lava effusion) and the associated seismicity. The seismic
analyses presented in this study include development of a one-
dimensional seismic velocity model to improve the absolute determi-
nation of earthquake hypocenters, automated event classification sys-
tem using both FI (Buurman and West, 2010) and APF in the spectra
(Ketner and Power, 2013), and duration measurements of explosion
signals (Searcy and Power, 2020). We use the results of these analyses to
evaluate auto-classification of volcano-seismic events, infer the
magmatic processes that led to the 2021-present eruptive activity based
on the 24+ year record of seismic observations, and develop a concep-
tual model of the subsurface components of the Great Sitkin magmatic
system. We close with a review of forecasts and public warnings issued
by the Alaska Volcano Observatory (AVO).

2. Background: geology, eruptive history and prior studies

Great Sitkin is a 1714 m high andesitic strato-volcano that is located
35 km northwest of the community of Adak, Alaska (Fig. 1) in the
Andreanof Islands. The current volcanic edifice sits on the northwest
portion of Great Sitkin Island and is topped by a crater that is roughly
1.3 km in diameter. The northwestern flank of the volcano contains a
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Fig. 1. Maps showing the locations of (A) Great Sitkin Volcano relative to the
state of Alaska and City of Adak and (B) the islands, stratovolcanoes, and
permanent seismic stations (triangles) near Great Sitkin Volcano.

horseshoe-shaped amphitheater that suggests a large edifice failure that
likely occurred in the late Holocene (Waythomas et al., 2003; Coombs
et al., 2007). Great Sitkin Volcano is frequently active, with eight re-
ported eruptions since 1792, although many eruptive events may have
been missed as a result of its remote location and the persistent cloud
cover present in the Aleutian Islands. Miller et al. (1998) reviewed ob-
servations of historical eruptions that were reported in 1792, 1828-29,
1904, 1933, 1945, 1946, 1949-50, and 1974. The 1974 eruption was
closely observed from Adak (Fig. 1) and apparently began with a large
explosion on February 19 that generated an ash plume estimated to have
reached altitude of 8.5 km (28,000 ft) above sea level. This explosion
was followed by the extrusion of lava that continued until mid-
September, forming a dome in the summit crater that was 800 to 900
m in diameter (Waythomas et al., 2003).

Great Sitkin Volcano experienced significant earthquake activity in
2002, focused largely in two off-summit clusters of hypocenters: one
centered about 20 km southwest of the summit that began in March and
a second about 5 km southeast of the summit that began in May. The
largest earthquakes in each cluster were both M;4.3 that occurred on
March 18 and May 28, respectively (Moran et al., 2002a, 2002b).
Pesicek et al. (2008) developed a three-dimensional velocity model
calculated with improved phase arrivals and hypocenters determined
through waveform cross-correlation for earthquakes near Great Sitkin
Volcano from 1999 through 2005. Their study resolved a low-velocity
zone beneath the volcano’s summit extending to depths of 10 km and
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Fig. 2. Photos of Great Sitkin Volcano. (A) Great Sitkin Volcano as seen from the Adak airport on May 20, 2021 (photo by Wyatt Mayo), (B) steam issuing from the
summit crater on November 19, 2017 (photo by Alain Beaupariant), (C) Sentinel 2 satellite image showing ash deposit emanating from the summit dome on June 11,
2018, (D) ash plume from explosive eruption at 05:03 UTC on May 26, 2021 (photo by Lauren Flynn, U.S. Fish and Wildlife Service), (E) steam issuing from the
summit lava dome on August 4, 2021 (photo by Dave Ward), and (F) oblique aerial photo showing lava flows descending the southwest and south flanks on

November 17, 2021 (photo by Angela McConnell).

improved resolution of hypocenters in both clusters. The persistent
seismicity beneath the summit was attributed to ongoing magmatic and
hydrothermal processes, the southwest cluster to a main-shock/after-
shock sequence on a northwest-southeast oriented strike slip fault, and
the southeast cluster to either a NW-SE trending fault or the emplace-
ment of magma forming a dike as well as aftershocks of the magnitude
4.3 (Pesicek et al., 2008). Ruppert et al. (2012) suggested that both the
southwest and southeast clusters of hypocenters in 2002, as well as

similar clusters of hypocenters in this portion of the Aleutian arc, result
from slip partitioning in response to the obliquity of the subducting
Pacific plate. The oblique component of subduction in this portion of the
arc gives rise to block rotation in the forearc (Geist et al., 1988) and arc
normal left-lateral strike slip faults along the volcanic axis (Ruppert
et al., 2012). Series of well-developed strike-slip faults that are near-
orthogonal to the trench are often observed in areas with high oblig-
uity between the overriding and subducted plates and are referred to as
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bookshelf faults (e.g. La Femina et al., 2002). Such faults are well
developed in areas where oblique subduction is occurring such as Cen-
tral America (La Femina et al., 2002; Cailleau et al., 2007; Higgins et al.,
2022), Sumatra (Sieh and Natawidjaja, 2000), and near Tanaga Volcano
that is about 135 km west of Great Sitkin (Lally et al., 2023).

Since the onset of unrest at Great Sitkin, Wang et al. (2023) identified
an episode of inflation using Synthetic Aperture Radar (InSAR) data that
began in September of 2018, reached a peak rate in September of 2020,
and then rapidly diminished until October 2021. This episode of infla-
tion was modeled as a Mogi source centered about 1.7 km southwest of
the summit crater at a depth of 5 to 7 km. This was followed by an
episode of deflation that began in August of 2021 roughly coincident
with an increase in the rate of lava effusion. Analysis of InSAR data
between 2002 and 2009 indicates the Great Sitkin edifice did not deform
within the resolution of available data during this earlier period (Lu and
Dzurisin, 2014). Haney et al. (2022) identified an increase in seismic
wave velocities that began in August 2021 when the rate of lava
extrusion increased. This increase was centered under the northwest
flank of the volcano that had experienced an edifice collapse in the
Holocene (Waythomas et al., 2003) and is thought to be more fractured
than other portions of the edifice. Using full wave ambient noise to-
mography, Yang et al. (2023), imaged two low velocity zones roughly
three kilometers southwest and five kilometers northwest of the summit
and suggested these represent subsurface accumulations of magma.

3. Seismic instrumentation and data collection

Seismic monitoring of Great Sitkin Volcano began in the summer of
1999 when AVO deployed five stations (GSTD, GSTR, GSMY, GSSP, and
GSCK) on Great Sitkin Island and three additional stations on Igitkin
(GSIG), Kagalaska (ETKA) and Adak (ADAG) Islands. An additional
station, ADK, on Adak Island operated by the Global Seismic Network
was also used to monitor earthquake activity at Great Sitkin (Fig. 1). The
Great Sitkin seismic network originally consisted of all 1-Hz vertical
component seismometers, except for station GSTD that used a 3-compo-
nent 2-Hz instrument (Dixon et al., 2003). During the summer of 2019
the Great Sitkin seismic network was upgraded to three-component
digital broadband seismometers. Signals from these instruments are
transmitted to a central receive site in Adak where they are subsequently
relayed to AVO offices in Anchorage, Alaska. Waveforms from detected
events are archived at the AVO and continuous data are archived at the
EarthScope SAGE/GAGE Data Management Center (DMC). To detect
earthquakes at Great Sitkin Volcano the AVO has operated several
computerized event detection acquisition systems (Power et al., 2019)
and manually determined P- and S-wave arrival times for detected
events from 1999 to the present. The results of this effort have been
summarized in a series of published catalogs, the most recent of which is
by Dixon et al. (2019), and an updated catalog calculated with consis-
tent parameters for earthquake locations and magnitude determination
is published in Power et al. (2019). These efforts have resulted in a
catalog of 9870 earthquake hypocenters beneath Great Sitkin Volcano
(51.9 to 52.2 N and — 175.9 and — 176.4 W) between 1999 and 2023
(Fig. 3). In our study hypocenter depth is referenced to sea level and
negative depths reflect height above sea level. All time is referenced to
Universal Time Coordinated (UTC).

The Great Sitkin seismic network experienced several outages related
to interruptions in electrical power and communications infrastructure
in the City of Adak between 1999 and 2023. The most significant of
these outages occurred between September 1999 and August 2000,
September 2011 and July 2012, December 22, 2018, and March 26,
2019, and April 19 to June 5, 2022. Additionally individual station
outages and difficulties with computer hardware occasionally inter-
rupted AVO’s ability to preserve waveforms and reliably locate earth-
quakes at Great Sitkin Volcano between 1999 and 2023. However, the
broader seismic network with an additional five seismic stations within
45 km (Fig. 1), allowed AVO to track larger magnitude earthquakes (Mj,
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Fig. 3. Summary plots of (A) number of earthquakes located each month, (B)
magnitudes of located earthquakes, and (C) cumulative moment release at
Great Sitkin Volcano from 1999 to 2023. The larger earthquakes that occurred
on March 18, 2002 (4.3), May 28, 2002 (4.3) and March 6, 2020 (3.5) and are
shown with larger solid symbols.

> 0.5) even when several of the local stations were not operational.
4. Methods and results
4.1. Seismic velocity model, earthquake hypocenters, and magnitudes

To improve the absolute earthquake locations relative to those in the
AVO catalog we derived a new one-dimensional velocity model and V;,/
V; ratio for Great Sitkin Volcano (Fig. 4 and Table 1). To develop this
model, we selected a set of 1768 earthquakes that occurred between
January 1, 2013, and October 10, 2021, that had 10 or more P- and S-
wave phase readings, azimuthal gap of less than 270 degrees, an
epicentral distance of 15 km or less to the nearest station, and a hypo-
central depth between 3 km above sea level and 50 km below sea level.
We then inverted for the best fit model by perturbing the velocities, layer
boundaries, and Vp,/V; using a trial-and-error approach to minimize the
RMS (root mean square) through subsequent runs of Hypoinverse (Klein,
2002). These iterations principally involved introducing lower velocity
layers on top of the Toth and Kisslinger (1984) model that are thought to
be present at Great Sitkin Volcano based on earlier results from (Pesicek
et al. (2008): see Fig. 3) and globally by Lasage et al. (2018). We also
adjusted the top of the model from 3.2 to 1.7 km above sea level to
reflect the height of the volcano. We were not able to refine the velocity
structure of Toth and Kisslinger (1984) below depths of about 10 km as
too few hypocenters occurred below these depths to accurately char-
acterize the velocities. The best fitting model (Table 1) for our set of
1768 earthquakes uses a V},/ Vs ratio of 1.85 and reduces the RMS of our
test set of earthquakes from 0.19 to 0.11. We then relocated the entire
Great Sitkin earthquake catalog of 9870 hypocenters from 1999 to 2023
which resulted in a reduction in RMS, GAP (degrees), horizontal (km),
and vertical (km) error from 0.15 (£0.07), 162.1 (+56.4), 0.82 (£0.60)
and 1.18 (£1.06)) to 0.12 (+0.08), 144.6 (+44.8), 0.59 (+0.69) and
108.0 (£0.53) respectively, where estimated errors within parentheses
are the first standard deviation from the mean. See Klein (2002) for
formal definitions of error estimates. Earthquake magnitudes were
recalculated based on amplitude measurements using Hypoinverse
(Klein, 2002) and ranged from —0.9 to 4.3 (Fig. 3).
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Fig. 4. Comparison of one-dimensional velocity models from Toth and Kis-
slinger (1984) (dotted) and this study (solid). See also Fig. 3 in Pesicek
et al. (2008).

Table 1

Great Sitkin Volcano P-Wave Velocity Model. Top of
model is set at 1.7 km above sea level to match the
approximate summit elevation of Great Sitkin Volcano.
Numbers is parenthesis reflect depth relative to sea
level with negative depths corresponding to height
above sea level. This model uses a Vp/Vs ratio of 1.85.

Velocity (km/s) Depth (km)
2.5 0.0 (-1.7)
3.0 0.5 (-1.2)
3.7 1.7 (0.0)
4.1 2.2 (0.5)
4.5 2.7 (1.0)
4.9 3.3(1.6)
5.8 4.0 (2.3)
6.6 7.0 (5.3)
6.68 8.0 (6.3)
6.8 11.0 (9.3)
6.92 14.0 (12.3)
7.04 17.0 (15.3)
7.16 20.0 (18.3)
7.28 23.0 (21.3)
8.05 40.0 (38.7)
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4.2. Event classification

To consistently characterize the frequency content of the waveforms
for located seismic events at Great Sitkin Volcano, we have developed a
computer algorithm that extracts frequency parameters from the
recorded waveforms and calculates the frequency index (FI) (Buurman
and West, 2010) and the average peak frequency (APF) (Ketner and
Power, 2013) of the first five peaks in the stacked spectrum from the
three closest stations to the epicenter. We use this code to assign the FI
and APF values to the 9870 located events in the AVO catalog within
about 20 km of the summit of Great Sitkin between 1999 and 2023. To
describe the frequency content of located events in this manuscript we
generally use the terminology developed by Lahr et al. (1994) and
describe events as volcano-tectonic (VT) earthquakes and long-period
(LP) events. The definition of these terms is not entirely consistent in
the literature and are often used inter-changeably with other terminol-
ogy such as high-frequency (HF), low-frequency (LF) and brittle failure.
Although classification of intermediate (e.g. ‘hybrid events’; Lahr et al.,
1994) may be appropriate, we choose a simple binary classification
scheme in which we consider LPs to have dominant frequencies at 1-5
Hz and VTs to have dominant frequencies at 6-10 Hz (Fig. 5), to limit
subjectivity in defining event classes. We also use the term “deep long-
period event (DLP)’ to describe LP events that occur at hypocentral
depths greater than 10 km after Power et al. (2004). While developing
and testing our classification algorithm we use a simple binary classifi-
cation for FI values above and below zero and refer to events as LP or VT.
In the analysis and discussion sections we use the FI value that places the
classification on a spectrum or scale and provides greater distinction of
frequency content.

For these calculations we used event-detected waveform files
archived at AVO for events between 1999 and 2006 and waveforms
extracted from the EarthScope DMC for events between 2006 and 2023.
To provide consistency throughout the study period we down sampled
the short-period data collected at 100 Hz between 1999 and 2019 to 50
Hz to match the data collected after the network was upgraded to digital
broadband instruments. The selected waveforms were demeaned,

NORMALIZED SPECTRA

0 5 10 15 2 )
FREQUENCY (Hz)
Fig. 5. Stacked frequency spectra for LP and VT waveforms verified through
manual classification. Red line: Stacked frequency spectrum for 152 manually-
verified LP events. Blue line: Stacked frequency spectrum for 323 manually-
verified VT earthquakes. Amplitude for both stacked spectra area normalized
to 1 for comparison. For FI calculation, the red shaded area indicates Ajower and
the blue shaded area shows Apper. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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detrended, and we applied a hamming taper prior to applying a second
order Butterworth bandpass filter between 0.5 and 20 Hz. This algo-
rithm then selects a five second window starting at the manually
determined P-wave arrival time for the three stations with the earliest
arrivals and calculates a 125-point Power Spectrum Density (PSD). We
then calculate the frequency index (FI) using two frequency bands
(Arower = 1-5 Hz and Aypper = 6-10 Hz) following the methodology
developed by (Buurrman and West, 2010) and determine the five
highest peaks in the stacked spectra in a manner similar to that described
by Ketner and Power (2013); the average peak frequency (APF) is simply
the mean of these five peaks.

To aid in assessing the quality of the automated FI classifications (i.
e., the extent to which they are influenced by factors such as low-
frequency microseismic noise and local station effects) we also calcu-
lated the kurtosis and skewness of the stacked PSD between 1 and 10 Hz
for all events. The skewness (‘symmetry’) and kurtosis (‘peakedness’)
provide a simple quantitative description of the shape of the stacked
spectrum that may act as a simple basis for identifying events whose
stacked spectrum is dominated by low-frequency microseismic noise
(Figs. 6-8).

To determine the accuracy of FI event classifications and appropriate
criteria for determining well- vs poorly-autoclassified events, we
manually classified a subset of the events as follows:

e We randomly selected 718 events from the full autoclassified dataset.

e Both authors independently classified all events in this subset
manually by inspecting the bandpassed waveforms and their indi-
vidual spectrograms, and the individual and stack spectra (blind to
the assigned auto classification) and assigning a class of ‘High-Fre-
quency,” ‘Low-Frequency,” or ‘Uncertain.’

Journal of Volcanology and Geothermal Research 454 (2024) 108182

o If the two independent manual classifications agreed, the event was
assigned a manual class. If the two independent manual classifica-
tions disagreed, or if one author assigned an ‘uncertain’ class, the
event was not manually classified (assigned an ‘Uncertain’ class)
Based on this exercise, 353 of the test events were manually classified
as VT or ‘High-Frequency,” 158 were manually classified as LP or
‘Low-Frequency,” and 207 were assigned an ‘Uncertain’ manual
classification.
e The manual classification was then compared to the autoclassifica-
tion (Fig. 9) to assess the appropriate criteria for accepting an
autoclassification for the full data set.

Based on this verification exercise (Fig. 9), we find that our auto-
classification algorithm always identifies VT earthquakes (i.e., no blue
crosses in LF columns in Fig. 9) correctly with FI values above zero.
However, we find that some true VT earthquakes (as indicated by
manual classifications) are incorrectly autoclassified as LPs (red crosses
shaded by gray boxes in HF columns in Fig. 9). Based on the charac-
teristics of the incorrectly-autoclassified events in our test data set, we
define the following quality criteria for assessing the full set of event FI
autoclassifications: (1) We accept any auto classified VT earthquake as
accurate. (2) Good LP classifications occur when FI is below —0.2,
magnitude above —0.3, kurtosis below 7.0, and Skewness below 2. (3)
Events that do not meet these criteria are assigned an ‘uncertain’ auto-
classification in the remainder of our analyses below.

To evaluate the classification using average peak frequency (APF) we
have plotted our FI values versus the values determined for APF
(Fig. 10). A linear regression returns a slope of 8.16, a y-intercept of
5.13, and an R-squared value of 0.84 indicating that our calculated
values for FI and APF track well. APF values above 5.13 should roughly
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Fig. 6. Example of a well-classified VT earthquake. (A) Stacked spectrum used for classification and origin and classification metrics. Red shaded area indicates Ajower
and blue shaded area indicates Aypper. (B) Individual spectra for the three closest seismic stations in the Great Sitkin Volcano network. (C) Individual waveforms and
spectrograms for the three closest stations used for auto-classification (after the taper and filter have been applied - see section 4.2). Solid lines in waveforms indicate
time window used for spectra calculation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Example of a well-classified LP event. (A) Stacked spectrum used for classification and origin and classification metrics. Red shaded area indicates Ajower and
blue shaded area indicates Aypper. (B) Individual spectra for the three closest seismic stations in the Great Sitkin Volcano network. (C) Individual waveforms and
spectrograms for the three closest stations used for auto-classification. Solid lines in waveforms indicate time window used for spectra calculation. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

reflect the break between VT and LP events determined by the frequency
bands used in our FI calculations.

4.2.1. Autoclassification results for full dataset

We applied the autoclassification algorithm to the full dataset of
9811 events, 9632 of which ran without errors. Results are summarized
in Figs. 11 and 12: 82 % of the events are classified as VT (7860 events),
2 % are classified as LP (196 events), and the remaining 16 % (1576
events) were assigned an ‘uncertain’ classification. The ‘uncertain’
events occur almost exclusively after August 2016, and mostly after July
2019 (when a significant increase in the rate of VT seismicity began).

5. Results and discussion

To describe and analyze seismicity near Great Sitkin Volcano we
show hypocenters in map and east-west cross sections for three time-
periods (1999 to 2006, 2006 to 2016, and 2016 to 2023) that are
characterized by activity on nearby crustal faults, quieter background
activity, and precursory and eruptive seismicity respectively (Fig. 11)
and time versus depth plots for the entire period of this study (1999 to
2023) and just the precursory and eruptive time period (2016 to 2023)
(Fig. 12). For this discussion we show plots of hypocenters keyed to FI
values in the text and identical figures keyed to APF values are shown in
the supplementary materials.

5.1. 1999-2006

Between 1999 and 2006 seismicity concentrates in three areas: 1)
Under the summit of the volcano, 2) in an elongate cluster 10 to 15 km

southwest of the volcano, and 3) in a second cluster 5 km southeast of
the volcano, (Fig. 11A). Hypocenters under the summit during this
period ranged in depth between —1.7 and 5 km and magnitude from
—0.8 to 2.0 (Fig. 3). Auto-classifications indicate that these events
consist of a mix of VT earthquakes and LP events (Figs. 11A and 12A)
that may be indicative of shallower magmatic or hydrothermal processes
that would be expected beneath the Great Sitkin Volcano summit crater.
This area is coincident with the low-velocity zone identified by Pesicek
et al. (2008) that is also suggestive of shallow hydrothermal and
magmatic activity. During this period, we also identified a small cluster
of 12 earthquakes, near Cape Akuyan (Fig. 1), just offshore of the west
side of Great Sitkin Island that occur between 5 and 10 km depth.

The 2002 activity occurred as two clusters of VT earthquakes that
were centered about 20 km west of the volcano at depths of —1 to 15 km
in March to April of 2002 and a second cluster about 5 km southeast of
the volcano between May and July 2002 at depths of 2 to 10 km. The
largest earthquake in each of these clusters was a local magnitude 4.3;
both M 4.3 earthquakes had strike-slip focal mechanisms that trended
NE and NW (Moran et al., 2002a; see Fig. 4 in Pesicek et al., 2008). Our
auto-classifications during this period show dominantly higher fre-
quency events for the southeast cluster while hypocenters in the
southwest cluster show generally lower values in FI and APF (Fig. 11A).
An examination of waveforms from the SW events shows well developed
P- and S-phase as expected for a tectonic rather than a volcanic
sequence. It may be that the lower frequencies indicated in this area
result from site or path effects that are encountered by the greater dis-
tance to the recording stations for these hypocenters or that the five
second window used in our calculation was insufficient to capture the
full waveform of these more distant earthquakes.
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Fig. 8. Example of a poorly classified event. (A) Stacked spectrum used for classification and origin and classification metrics. Red shaded area indicates Ajower and
blue shaded area indicates Aypper. (B) Individual spectra for the three closest seismic stations in the Great Sitkin Volcano network. (C) Individual waveforms and
spectrograms for the three closest stations used for auto-classification. Solid lines in waveforms indicate time window used for spectra calculation. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

The clusters of hypocenters to the southwest and under the eastern
side of the Great Sitkin edifice have been attributed to strike-slip
bookshelf faulting by Ruppert et al. (2012). In contrast, Pesicek et al.
(2008) attributed the SW cluster to a mainshock-aftershock sequence on
a NW-SE oriented fault and the SE cluster to a dike intrusion or
secondarily to a main-shock aftershock sequence. Based on the results of
our auto-classification and an examination of waveforms that shows
tectonic type waveforms with clear P- and S- phases in both clusters we
prefer an interpretation of bookshelf faults for both clusters in 2002.
Triggered or synchronous activity has been observed on adjacent
bookshelf faults in Nicaragua (Cailleau et al., 2007; Higgins et al., 2022)
where failure is promoted by static Coulomb stress changes on nearby or
adjacent faults. Similar triggering on several adjacent bookshelf faults
near the Tanaga volcanic complex, Alaska, was observed contempora-
neously with a magnitude 6.6 earthquake on May 2, 2008 (Lally et al.,
2023) and suggests that this process is active throughout the Andreanof
Islands. Triggering by Coulomb stress changes thus seems to be the most
likely cause for the earthquakes on both sides Great Sitkin Volcano in
2002 where the southeast fault activated in March and the southwest
fault activated in May (Fig. 13A; see also Fig. 4 in Pesicek et al., 2008).

5.2. 2006-2016

Between 2005 and 2016 the volcano was relatively quiet seismically
(Fig. 3). Most located events were beneath the summit at depths ranging
from —1.7 to 5 km and had a mix of frequency contents similar to what
was observed from 1999 through 2005. We also recorded some earth-
quakes with higher FI and APF values on the bookshelf faults to the
southeast and southwest of the volcano indicating that these faults
continued to be active during this time-period (Figs. 11B and 12A). The

only notable increase in earthquake activity were two small swarms of
VT earthquakes that took place on July 24 to 25 and August 28 to 30,
2013, under the volcano’s summit crater. These swarms consisted of just
9 and 14 located earthquakes that ranged in depth from —1 to 2 km
(Figs. 11B and 12A) and magnitude —0.6 to 0.6 (Fig. 3).

5.3. 2016-2023

The period from 2016 through 2022 at Great Sitkin Volcano was very
active seismically as it contains the precursory sequence from July 2016
to May 2021 and the magmatic eruption from May 2021 through
December 2023 (Dixon et al., 2020; Cameron et al., 2023; Orr et al.,
2023; Orr et al., 2024a, 2024b). To help conceptualize the development
of seismicity during this period we have plotted maps and cross sections
that show the distribution of hypocenters based on ranges of FI from
2016 to 2023 (Fig. 14) and APF (Supplemental Fig. S3).

The earliest identified unrest prior to the magmatic eruption that
began in May 2021 was a mix of DLP events and VT earthquakes at
depths of 12 to 16 km in mid-July 2016. The first of these events was a
DLP at a depth of 13 km on July 24, 2016, with an FI of —0.01 and an
APF of 4.6. This was followed by a sequence of 10 identified events on
July 30 with FI and APF values that ranged from —0.4 to 0.29 and 3.86
to 6.45 respectively and in magnitude from —0.8 to 0.0. While mid-
crustal seismicity had been observed at Great Sitkin Volcano prior to
2016 (Power et al., 2004), a short duration increase such as this had not
been detected previously (Fig. 12A). The mid-crustal events between
July 24 and July 30 were shortly followed by a substantial increase in
shallow LP and VT events (FI ranged from —0.34 to 0.21 and APF from
2.2 to 7.0) on July 31 (Fig. 15). Hypocenters for these shallow events
clustered in depth between —1 and 2 km depth and magnitudes ranged
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from —0.9 to —0.1. The rapid onset of shallow seismicity within 24 to
100 h of the onset of mid-crustal DLPs and VTs suggests a linkage be-
tween the mid- and upper-crust and the shallower portions of the sub-
surface magmatic system, although it is also possible that seismicity in
these two areas was not related. The temporal history of these hypo-
centers implies an ascent rate of 100 to 700 m/h (Fig. 15) depending on
the start time selected (First DLP on July 24 or the DLP sequence on July
30). Similar rates have been reported at Mount Pinatubo (White, 1996),

Mammoth Mountain (Shelly and Hill, 2011), Kluchevskoy (Shapiro
et al.,, 2017; Journeau et al., 2022) and elsewhere that have been
attributed to pressure transients generated by degassing of volatile rich
magmas at mid- to lower-crustal depths (Melnik et al., 2022). The
observed increase in DLPs and VTs at mid-crustal depths in July 2016
that was rapidly followed by the onset of shallow seismicity (Fig. 15)
suggests that the unrest and eruptive activity at Great Sitkin Volcano
between 2016 and the present was triggered by an influx of magma in
the mid-crust (10 to 20 km depth).

The shallow system at Great Sitkin Volcano then entered a long
period of episodic earthquake activity, with events covering the full
range in frequency, that continued until August 2021. Here we can
roughly identify nine periods of heightened activity (Fig. 12B), although
network and individual station outages resulted in some inconsistency in
our ability to calculate hypocenters during this period (see section 3.0).
These hypocenters ranged in depth from —1.7 to roughly 10 km and the
most vigorous period occurred between January and November 2020
(Fig. 3 and 12B).

Between 2016 and 2022 shallow hypocenters (depth < 10 km) were
initially concentrated beneath the summit of the volcano and ranged in
depth from —1 to about 7 km. These events were largely VT earthquakes,
although located events covered the full range in frequency content
(Figs. 12B and 13B). In October 2017 AVO again began to locate VT
earthquakes near Cape Akuyan (Fig. 1) on the west side of Great Sitkin
Volcano and this area remained episodically active until late 2021
(Fig. 13B). In December of 2018 VT earthquakes began to appear on the
east side of Great Sitkin Island. These hypocenters extended beyond the
islands NE shoreline between Sulphur and Bugle Points (Figs. 13B, 14C
and D). Earthquakes in this area continued episodically until mid-
September 2021.

It is common to observe VT earthquakes surrounding long-dormant
volcanoes that are building toward an eruption (e.g. Harlow et al.,
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Fig. 11. Maps and east-west cross sections showing earthquake hypocenters near Great Sitkin Volcano for three time-periods: (A) 1999-2005, (B) 2006-2015, and
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values see supplemental Fig. S1.

1996; Aspinall et al., 1998; Nakada et al., 1999; Moran et al., 2002b).
These earthquake swarms are often attributed to changes in dynamic
and static stresses, the volume and rate of magma intrusion (Roman
et al., 2004) and hydrothermal fluid circulation (Shelly et al., 2013;
Meyer et al., 2021). At Great Sitkin between late 2017 and late 2021 the
earthquakes near Cape Akuyan and on the east side of the volcano are
consistent with these processes. The VT earthquakes on the east side of
the island occur over a broad area extending beyond the eastern shore of
the island between Sulphur and Bugle points (Fig. 13B and 14). The
earlier seismicity in 2002 on the eastern side of Great Sitkin Volcano was
associated with a bookshelf fault by Ruppert et al. (2012) and Pesicek
et al. (2008) suggested earthquakes in this area in 2002 were the result
of either a dike injection or a fault (see section 5.2). Recently Yang et al.
(2023) identified low seismic velocities on the eastern side of Great
Sitkin Island and suggested this area as the site of a magma storage area
that fed the ongoing eruption. Given the oblique subduction in the
Andreanof Islands and the numerous bookshelf faults identified by
Ruppert et al. (2012) and Lally et al. (2023), the dominantly higher FI
and APF values for earthquakes located in this area (Figs. 11, 13, and
14), and the apparent stress triggering of earthquakes on adjacent faults
observed near Great Sitkin in 2002, we favor an interpretation involving
stress triggering similar to that developed for central America (Higgins
et al., 2022) or hydrothermal fluids (Shelly et al., 2013; Meyer et al.,
2021) for the earthquake activity on the east side of Great Sitkin be-
tween 2018 and 2021. The broad extent of these VT hypocenters that
extend beyond the island’s eastern shoreline near Sulphur and Bugle
points suggest both processes may have been active in this between 2019
and 2022 (Fig. 13B and 14C). However, Cailleau et al. (2007) and
Higgins et al. (2022) have also identified a temporal correlation between
volcanic unrest at Momotombo Volcano in Nicaragua and triggering of
earthquake activity on nearby bookshelf faults. Triggering because of
stress transfer between the SE bookshelf fault may also be a possibility

10

for earthquakes between 2018 and 2021. The area near Cape Akuyan
may represent activation by changes in fluid pressure or a previously
unrecognized bookshelf fault in this area.

The precursory unrest at Great Sitkin Volcano from mid-July 2016 to
mid-May 2021, of more than 1760 days, is unusually long for a pre-
cursory volcano-seismic sequences. Comparative studies of precursory
seismic duration by Benoit and McNutt (1996), Passarelli and Brodsky
(2012), and White and McCausland (2019) identified longer runup du-
rations that reach 2 x 10% days for volcanoes such as Mount Unzen
(Nakamura, 1995) and Popocatépetl (De la Cruz-Reyna and Siebe,
1997). Passarelli and Brodsky (2012) found a positive relationship be-
tween duration of precursory unrest, higher silica contents, and eventual
erupted volume. This suggests that the ongoing effusive eruption at
Great Sitkin Volcano may continue for some time.

In mid- to late-July 2021 lava began to erupt in the Great Sitkin
summit crater forming first a small lava dome and then flows that
extended down the SE and SW sides of the volcano’s edifice. The rate of
lava extrusion was estimated at 7m>/s in August, dropped to 2m®/s in
September, and then declined further to below 1 m?/s in November
2021 (Orr et al., 2024b). Earthquake activity largely stopped roughly
coincident with the decline in effusion rates in September 2021
(Fig. 13B).

The rate of located events increased again at Great Sitkin Volcano
between June and September of 2022. These hypocenters were domi-
nantly LP events beneath the volcano’s summit at depths of 5 to 12 km
(Fig. 12B and 13B) and magnitudes ranged from —1.0 to 1.0 (Fig. 3).
These LPs were coincident with a period of increased eruptive activity
when effusion rates climbed to 1 to 2.5 m®/s (Orr et al., 2024b). These
hypocenters were deeper than those observed earlier in the precursory
and eruptive sequence and suggest that magma that fed the increased
extrusion rates observed in mid-2022 was sourced from a deeper portion
of the Great Sitkin magmatic system.
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the web version of this article.)

Seismicity in the mid- to lower-crust (10 to 40 km) also slowly
increased between 2016 and 2022 with progressively more DLP events
identified. The network upgrade to three-component digital broadband
seismometers in 2019 may be responsible for some of the increased
observation rate, however the initial increase began in 2016 well ahead
of the improvements in instrumentation (see section 3.0). The rate of
DLP event detection reached apparent maxima shortly after the May 26,
2021, explosion and then again in mid-2022 apparently in association
with the observed increase in magma extrusion rate (Orr et al., 2024C).
Hypocenters for many of these DLP events were located in the lower-
crust at depths of 20 to 40 km (Fig. 12B).
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5.4. Explosive activity: 2017-2021

On January 11, 2017, AVO identified what was the first of a series of
15 small explosive events that took place between January 2017 and
June 2019. Typically, these events began impulsively, had extended
codas, and peak frequencies below 5 Hz. The larger explosion events
typically were followed by increased VT and LP events activity that
exhibited FI and APF values of —0.05 to 0.5 and 0.42 to 8.5 and
continued for tens of minutes to as much as 24-h. Fig. 16 shows 24-h
Helicorder style records of the waveforms from station GSSP for the
larger explosive events. To quantify the size of the explosions at Great
Sitkin Volcano we measured the duration of the seismic signal at station
GSSP from the time that signal first exceeded twice the seismic back-
ground to the time the signal returned to this level in a method identical
to that used by Searcy and Power (2020). Table 2 contains the duration
measurements and Fig. 16F shows the progression of explosion events
between 2016 and 2022. The explosion at 00:17 UTC on July 22, 2017,
had the longest duration of 80.7 min. As a result of lack of consistent
visual observation of the volcano’s summit crater some ambiguity exists
as to whether shorter duration signals (typically those less than about 2
min) reflect actual explosions or short episodes of volcanic tremor.

The only confirmation that these seismic signals correspond to ex-
plosions comes from the event on June 10, 2018, that produced an ash
deposit that was clearly visible in satellite imagery on the snow and
extended from the summit crater to the southeast (Fig. 2C). None of the
small explosion events generated infrasound signals that could be
detected with instruments located in Adak (Dixon et al., 2019; Orr et al.,
2024a, 2024b). Based on the similarity in waveforms and visual obser-
vations of increased steaming from the summit crater (Fig. 2B) we
suggest that all these events represent small phreatic, or water/steam
driven explosions. Because of the remote location of Great Sitkin Vol-
cano no samples of any deposits from these explosions were ever
collected. (See Fig. 2)

In a recent compilation study Stix and de Moor (2018) proposed two
mechanisms for phreatic eruptions that precede magmatic activity: Type
1, where magmatic fluids are injected into a sealed hydrothermal system
until over-pressurization ruptures the seal producing ballistics and fine
ash and Type 2, wherein magmatic fluids enter a near surface hydro-
thermal system vaporizing liquid water generating wet ash, lahars, and
ballistics. Given our limited observations of the explosions between
2017 and 2019 it seems that the Type 1 mechanism is more consistent
for explosions at Great Sitkin Volcano. All these explosions followed the
increase in mid- to lower-crustal events that began in July 2016 and the
onset of increased seismicity at depths of —1 to 10 km beneath the
summit crater (Figs. 12B and 15). With this observed seismic activity we
would expect magmatic fluids to be rising and likely accumulating
beneath barriers perhaps associated with the lava dome that was
emplaced at the end of the 1974 eruption.

The explosion on May 26 at 05:03 UTC differs markedly in character
from the earlier explosions sending a plume of ash and gas to an altitude
of 15,000 ft. above sea level and producing a strong infrasonic signal in
Adak (Fig. 2D). Eruptive products from this explosion were collected in
the summer of 2021 and were found to contain rare juvenile breadcrust
bombs with a bulk andesite composition and a rhyolite matrix glass
confirming the involvement of fresh magma. Analysis of these rocks
suggests that the magmatic phase of the eruption was triggered when
fresh magma from depth blasted through a colder plug of old magma or
lava (Orr et al., 2024Db).

Unlike earlier explosions in 2017 through 2019 this explosion was
preceded by roughly two weeks of slowly increasing seismicity,
increased temperatures in the summit area observed in satellite imagery
(Orr et al., 2024b), and 24 h of precursory LP events with FI and APF
values that ranged from —0.6 to —0.2 and 1.6 to 4.0 respectively
(Fig. 17). The waveforms from these LP events had impulsive P-arrivals
and poorly developed indistinct S-waves (Fig. 17B). These waveform
characteristics made it very difficult to determine accurate hypocenters
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using the standard techniques and metrics required for inclusion in the
AVO earthquake catalog (Dixon et al., 2019). To locate these LP events
more accurately, we recovered waveform data and determined P-ar-
rivals from the GSTD digitizer where telemetry had failed (October 2020
to June 2022). We then relocated the 163 hypocenters from the AVO
catalog in the 48-h period prior to the May 26 explosion using only p-
arrivals from the six stations closest to Great Sitkin Volcano (Fig. 1). This
reduced the average horizontal and vertical errors, RMS, and GAP from
1.28 km, 1.43 km, 0.22, and 272 degrees to 1.05 km, 0.05 km, 0.05, and
116.4 degrees respectively. The resultant hypocenters cluster very
tightly between —1 and 2 km depth beneath the summit crater
(Fig. 17C). These relocated LP (Fig. 17C) events on May 24-26 suggest
this new magma accumulated at roughly sea level before pressurizing
and explosively opening a passageway through the 1974 dome material.

Yang et al. (2023) suggested the initial explosive eruption on May 21,
2021, was fed by a magma chamber to the northwest of the volcano’s
summit based on a low S-wave velocity zone in this area and the original
LP hypocenters on May 26 and 27 that were mis-located with poorly
determined S-phases. Our relocations of these LP events (Fig. 17C)
suggest this interpretation is now untenable and that this explosive
eruption was more likely fed by magma from upper-crustal depths
directly beneath the summit crater.

5.5. Magmatic system geometry, activation, and tectonic setting

Based on the spatial and temporal development of earthquake hy-
pocenters between 1999 and 2023, the automated event classifications
developed here, modeling results of deformation determined by InSAR
(Wang et al., 2023) and the observations of unrest and eruptive activity
we suggest that the subsurface magmatic system at Great Sitkin Volcano
is comprised of the following components:
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e A deeper magmatic source zone at mid- to lower-crustal depths
(12-36 km) that is characterized by DLP and VT earthquakes.

e An upper-crustal magma storage area that lies between —1 and 10
km depth beneath the volcano’s summit crater that is the source of
shallow LPs and VTs observed between 1999 and 2023.

o A shallow seal at —1.0 to 1. km depth that is defined by the LP hy-
pocenters on May 25 and 26, 2021 immediately prior to the major
magmatic explosion.

e The Great Sitkin Volcano edifice is bounded by bookshelf faults that
strike roughly NW-SE and are located roughly 15 km SW and 5 km SE
of the volcano’s summit.

Based on the spatial and temporal development of seismicity we
believe the 2021 to present (June 2024) magmatic eruption was initi-
ated by a deeper intrusion of magma marked by the occurrence of DLP
and VTs at mid- to lower-crustal depths starting in mid-July 2016. The
onset of DLP and VT earthquakes at mid-crustal depths in late-July 2016
was followed almost immediately by VT and LP events at depths of —1.0
to 2.0 km depth that presumably marked the rise of magmatic volatiles
or pressure transients from the mid-crust to near sea level (Fig. 15). This
set off the episodic sequence of seismic events that contained a mix of
frequencies between 2017 and 2023 that principally clustered beneath
the summit at depths of —1 to 10 km depth (Fig. 12). We attribute this
seismicity to a further pressurization of the upper crustal magma storage
area between mid-2016 and mid-2021. This shallow (-1 to 10 km)
seismicity is largely coincident with the observed inflation in InSAR data
and modeled Mogi Source at 5 to 7 km depth (Wang et al., 2023).

Starting in late 2017 the increasing shallow stress and increasing
fluid pressures activated the bookshelf fault and surrounding areas east
of the Great Sitkin edifice extending beyond the island’s eastern shore-
line (Fig. 14). The increasing presence of magmatic fluids beneath the
summit crater caused increased heat flux, observations of increased
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steaming in late 2017 (Fig. 2B), and generated the small, presumably
phreatic, explosions between January 2017 and June 2019 (Fig. 16).
Eventually this pressurization culminated in the 24-h long sequence of
shallow LP events (Fig. 17) that immediately preceded the magmatic
explosion on May 26, 2021 (Orr et al., 2024b). Both shallow swarms of
VTs and LPs on July 30, 2016 (Fig. 15) and May 25-26, 2021 (Fig. 17)
occurred in remarkably similar locations and depth. We think these
hypocenters likely mark the position of a cap or seal on the upper-crustal
storage area that is perhaps the base of the lava dome emplaced at the
end of the 1974 eruption (Fig. 18). The events on May 25 and 26 pre-
sumably mark the destruction of this cap that led to the magmatic ex-
plosion on May 26, 2021 (Fig. 17). This explosion opened a pathway for
magma to move to the summit crater forming a lava dome and
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subsequent flows that began to form in late July 2021. Shallow VT and
LP events continued until mid-September when lava effusion acceler-
ated (Orr et al., 2024b) and the Great Sitkin edifice began to subside
(Wang et al., 2023). This presumably marks a further opening of the
pathway to the surface so that the movement of magma no longer
stressed the volcanic edifice or surrounding shallow crust (Fig. 13B).
Between June and August 2022 AVO again located a mix of LP and
VT events under the summit that generally ranged in depth between 3
and 15 km and in magnitude between —0.5 to 0.7. This seismicity is
associated with an increase in eruptive rate to 1 to 2.5 m>/s observed in
satellite imagery (Orr et al., 2024C) and the ongoing subsidence of the
edifice identified by Wang et al. (2023). The greater depths of these LP
events suggest the increased eruptive rate in the summer of 2022 may
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Table 2
Explosion time and duration (min.)

Explosion Date and Time (UTC) Signal Duration (Min)

2017/01/11 06:05 17.0
2017/07/22 00:17 80.8
2018/06/10 19:38 19.9
2018/07/30 13:14 2.4
2018/08/0319:38 2.2
2018/08/1119:04 2.1
2018/08/26 03:40 3.1
2018/09/18 11:05 10.7
2018/10/30 18:15 27.0
201,810/31 23:39 7.5
2018/11/01 17:47 2.7
2018/11/01 17:58 9.4
2018/11/06 01:57 2.1
2018/12/11 15:04 2.6
2019/06/07 21:17 3.5
2021/05/26 05:03 0.8
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have tapped a deeper portion of the magmatic system in the upper crust.
DLP events during this period between 10 and 36 km were also detected
(Fig. 12B) suggesting continued or additional influx of magma from the
lower crust. The estimated erupted volume at the end of 2021 was 0.031
km?® (Orr et al., 2024b).

5.6. Eruption forecasting

In this section we review the public statements and warnings that
AVO issued between 2016 and 2023 for Great Sitkin Volcano. The
sequence of unrest and eruptive activity at Great Sitkin provides a
valuable case study to evaluate the effectiveness of a long-term moni-
toring program at a remote andesitic volcano as it ended a roughly 43-
year period of repose since the prior eruption in 1974 (Waythomas et al.,
2003). Eruption forecasts are most effective when multiple data streams
such as seismicity, ground deformation, gas flux, are analyzed concur-
rently in conjunction with knowledge of past eruptive behavior, visual
observations of the volcano, and other signs of unrest. At AVO the
general strategy is to consider as many disparate information sources as
possible when formulating forecasts, however, the remote setting of
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many volcanoes in Alaska and persistent storms and cloud cover in the
Aleutians often limits some of these observations.

The AVO issues public notices of volcanic unrest and eruption using a
dual warning system designed to communicate both ground-based
hazards that has four advisory levels and a four-tiered color-coded sys-
tem to communicate hazards for aircraft (Gardner and Guffanti, 2006).
The color codes and alert levels are raised or lowered in response to
changes in volcanic unrest and observations of eruptive activity. Im-
mediate warnings are communicated by telephone call down to affected
government agencies such as the Federal Aviation Administration, Na-
tional Weather Service, and the Alaska Division of Homeland Security
and Emergency Management. These immediate warnings are followed
by several written forms of communication that include Volcanic Ac-
tivity Notice (VAN), Volcano Notice for Aviation (VONA), Status Re-
ports, and Information Statements. Details on the use and dissemination
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of these notifications at AVO are reviewed by Neal et al. (2010) and
Coombs et al. (2018). The public notices of changing unrest and erup-
tion issued in response to observed unrest at Great Sitkin Volcano be-
tween 2016 and 2022 are summarized in Table 3 as well as graphically
in Figs. 12 and 17. In the following discussion we will focus on the
changes to aviation color code as Great Sitkin island has no permanent
residents and the principal hazards from eruptions at Great Sitkin Vol-
cano are to overflying aircraft.

The first public notice of unrest at Great Sitkin Volcano was a status
report on July 22, 2017, that followed the extended seismic signal
associated with the explosion on July 22, 2017 (Fig. 16B and F). This
was followed by an Information Statement on July 26 that described
earlier unrest including the increase in seismicity starting in July 2016
and the explosion on January 11, 2017. AVO first raised the color code
on November 22, 2017, when increased steaming of the volcano was
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observed from Adak in combination with the ongoing increased seis-
micity. The long episodic precursory seismic sequence between mid-
2016 and mid-2021 proved to be a challenging sequence for eruption
forecasting. AVO changed the color code between Green and Yellow 11
times and issued two Information Statements and one Status Report
during this almost five-year period (Table 3).

Another particularly challenging sequence of events for eruption
forecasting where the small presumably phreatic explosions that
occurred between January 11, 2017 and June 7, 2019 (Table 2, Fig. 16).
Forecasting phreatic explosions in the short-term is very challenging as
they often lack easily identifiable precursors (Roman et al., 2016; Stix
and de Moor, 2018; Jolly et al., 2010; Mannen et al., 2019, and refer-
ences therein). None of these apparent small explosions had easily
identifiable precursors that were apparent in seismic data in the hours to
days before their occurrence. However, the seismic network at Great
Sitkin Volcano only had short-period analog instruments while these
explosions were taking place (Dixon et al., 2019). Consequently, AVO
only made public announcements of their occurrence after the fact.

While short-term forecasting of these explosions was not possible,
the first explosion on January 11, 2017, followed the onset of mid-
crustal seismicity in July of 2016 by about six months. DLP events
have been tied to lower- and mid-crustal magmatic activity that has
culminated in magmatic eruptions at many volcanoes including Izu-
Oshima (Ukawa and Ohtake, 1987), Pinatubo (White, 1996), Shishal-
din Volcano (Rasmussen et al., 2018), Redoubt Volcano (Power et al.,
2013) and Klyuchevskoy (Shapiro et al., 2017). Such magmatic erup-
tions are often proceeded by phreatic explosions and the sequence of
events at Great Sitkin Volcano suggests that close monitoring of seis-
micity in the mid- to lower-crust might be used to anticipate phreatic
explosions on longer-time scales (weeks to months).

In contrast the larger magmatic eruption on May 26, 2021, was
preceded by several weeks of increasing earthquake activity, increased

surface temperature, and SO2 emissions observed by satellite (Orr et al.,
2024b). In response AVO raised the color code to Yellow on May 13 a
full 13 days in advance of the major magmatic explosion. The explosion
had a clear 24-h increase in shallow LP events that clustered in depth
between —1 and 2 km directly beneath the summit crater (Fig. 17).
Based on this escalating seismicity (Fig. 17) AVO raised the color code to
Orange at 03:43 UTC just 80 min before the explosion’s onset at 05:03
UTC. The color code was raised to Red at 05:30 once geophysical data
and reports from observers confirmed the ash plume had reached sub-
stantial altitude (Fig. 2D) (Orr et al., 2024b). The color code was sub-
sequently lowered to Orange at 16:31 UTC on May 26 and yellow on
May 27 at 20:58 UTC as seismicity declined.

The color code was returned to Orange at 22:52 UTC on July 23,
2021, when satellite imagery showed that an effusive eruption had
begun (Orr et al., 2024b). The color code has remained at Orange since
2021 as the effusion of lava has continued to the time of writing (August
2024).

6. Summary and conclusions

Our analysis of seismicity at Great Sitkin Volcano between 1999 and
2023 lead us to the following observations and conclusions:

e Both frequency index (FI) and average peak frequency (APF) provide
an accurate and consistent measure of the frequency content of
located seismic events given the network configuration and distri-
bution of hypocenters near Great Sitkin Volcano between 1999 and
2023.

e The classification and progression of hypocenters suggests the sub-
surface Great Sitkin Volcano magmatic system consists of a mid- to
lower- crustal source zone between 10 and 40 km depth and an upper
crustal magma storage area between —1 and 10 km depth. The upper
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Table 3
Summary of public warnings at Great Sitkin Volcano, 1999-2022.
Date Time (UTC) Color code or statement Observation
2017/07/22 Status Report Notice of July 22 Explosion
2017/07/26 01:19 Info. Statement Increased Seismicity + review of 2016 and 2017 unrest
2017/11/22 19:57 YELLOW Increasing seismicity and steam
2018/01/18 22:36 GREEN Decreasing earthquake activity
2018/06/10 21:26 YELLOW Increasing earthquake activity and small explosion at 19:39 UTC
2018/06/27 18:49 GREEN Declining earthquake activity
2018/07/01 18:37 YELLOW Increasing earthquake activity
2019/02/25 20:30 GREEN Declining earthquake activity
201,906/02 19:30 YELLOW Explosion at 05:40 UTC
2019/07/15 1939 GREEN Declining earthquake activity
2020/02/26 20:58 YELLOW Increasing earthquake activity
2020/03/06 21:24 Info Statement Magnitude 3.5 earthquake at 15:31 03/03/2020
2020/10/21 23:21 GREEN Declining earthquake activity
2021/05/13 00:57 YELLOW Increase in surface temperatures in summit crater, gas emission, and earthquake activity.
2021/05/26 03:43 ORANGE Increasing earthquake activity
2021/05/26 05:30 RED Explosion at 05:04 UTC
2021/05/27 16:31 ORANGE Declining seismicity
2021/05/27 20:58 YELLOW Declining seismicity
2021/07/23 22:25 ORANGE Circular area of uplift observed in summit crater
2021/09/10 20:51 Info. Statement Lava extrusion in summit crater

crustal area was likely capped by the 1974 lava dome until the
magmatic explosion on May 26, 2021.

Precursory seismic unrest for the 2021-present magmatic eruption
began with a sequence of mid-crustal deep-long-perid (DLP) and
volcano-tectonic (VT) earthquakes at depths of 13-16 km in July
2016, that was immediately followed by an increase in shallow LPs
and VTs at depths of —1.0 to 1.0 km depth suggesting a linkage be-
tween the deeper and shallow portions of the magmatic system. This
sequence suggests the ongoing eruption at Great Sitkin Volcano was
triggered by an intrusion of magma at mid-crustal depths in July of
2016.

Precursory unrest at Great Sitkin Volcano occurred for almost five
years (July 2016 to May 2021) which is unusually long for a strato-
volcano.

Precursory unrest included a series of 15 small explosions that we
presume were phreatic between January 11, 2017, and June 7, 2019.
The magmatic explosion of May 26, 2021, was preceded by roughly
14 days of increasing seismic activity and observations of increasing
temperatures and SO2 emissions detected by satellite and a promi-
nent 24-h long swarm of LP events that locate beneath the summit
crater at —1 to 2 km depth.

The Great Sitkin edifice is surrounded by bookshelf faults that were
active in 2002 and coincident activity on these faults in March and
April suggests triggered activity in response to stress changes.
Magmatic activity may have activated the fault on the east side of the
edifice between 2019 and 2021.

Alaska Volcano Observatory (AVO) successfully forecast the explo-
sive onset of magmatic activity at Great Sitkin with written state-
ments issued 13 days and 80 min prior to the May 26, 2021,
explosion.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2024.108182.
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