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Abstract

Recent studies have shown that the Antarctic cryosphere is sensitive to external disturb-
ances such as tidal stresses or dynamic stresses from remote large earthquakes. In this
study, we systematically examine evidence of remotely triggered microseismicity
around Mount (Mt.) Erebus, an active high elevation stratovolcano located on Ross
Island, Antarctica. We detect microearthquakes recorded by multiple stations from
the Mt. Erebus Volcano Observatory Seismic Network one day before and after 43 large
teleseismic earthquakes, and find that seven large earthquakes (including the 2010
M,, 8.8 Maule, Chile, and 2012 M,, 8.6 Indian Ocean events) triggered local seismicity
on the volcano, with most triggered events occurring during the passage of the shorter-
period Rayleigh waves. In addition, their waveforms and locations for the triggered
events are different when comparing with seismic events arising from the persistent
small-scale eruptions, but similar to other detected events before and after the main-
shocks. Based on the waveform characteristics and their locations, we infer that these
triggered events are likely shallow icequakes triggered by dilatational stress perturba-
tions from teleseismic surface waves. We show that teleseismic earthquakes with
higher peak dynamic stress changes are more capable of triggering icequakes at Mt.
Erebus. We also find that the icequakes in this study are more likely to be triggered
during the austral summer months. Our study motivates the continued monitoring
of Mount Erebus with dense seismic instrumentation to better understand interactions
between dynamic seismic triggering, crospheric processes, and volcanic activity.
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Introduction

At present, about 10% of Earth’s continental surface is covered
by glaciers, ice caps, and ice sheets. However, because of
global climate change, this number is rapidly diminishing,
particularly in temperate mountain regions. Antarctica and
Greenland are, overwhelmingly, the two major continental
regions hosting glacial ice, encompassing more than 97% of
Earth’s glacial area (Aster and Winberry, 2017). Studying
Earth’s cryosphere is crucial because cryospheric change is
anticipated to have accelerating direct influence on the bio-
sphere and human life, notably including effects on weather,
water availability, and sea level rise (i.e., Portner et al., 2019).
Thanks to an increasing deployment of geophysical instru-
ments and collection of data over the last decade (i.e., Global
Navigation Satellite Systems, seismology, Interferometric
Synthetic Aperture Radar) in cryospheric regions, we have
a much-improved characterization and understanding of
cryosphere-related seismic activity. The cryosphere hosts a rich
and complex variety of seismogenic processes (i.e., Aster and
Winberry, 2017; Garcia et al., 2019), including those related to
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surface ice dynamics (i.e., icequakes, surface crevassing), ice-
rock interactions (basal stick-slip events), and interaction with
water (i.e., basal crevasse flow, hydraulic tremor). Among
them, icequakes produce similar short-duration seismic vibra-
tions or sometimes loud booms at the ground surface such as
shallow earthquakes, but the driving mechanisms are quite
different. Glacial seismology or cryoseismology provides an
efficient way to image seismic structures within and below ice
layers, and monitor cryospheric activities with seismic obser-
vations, such as rapid glacier movement (Podolskiy and
Walter, 2016).
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Recent studies have found that the Antarctic cryosphere is
sensitive to external disturbances such as waves and tidal stresses,
ocean tidal stresses (e.g., MacAyeal et al., 2009; Brunt et al., 2011;
Zoet et al., 2012; Walker et al., 2013; Chen et al., 2019; Aster et al.,
2021). Large earthquakes are well documented to be capable
of triggering fault slip in remote regions through the transient
dynamic stress changes induced by transient teleseismic waves
(e.g, Kane et al, 2007; Pollitz et al, 2012; Hill and Prejean,
2015; Alfaro-Diaz et al., 2020). Peng et al. (2014) identified
widespread dynamic triggering of shallow icequakes in West
Antarctica and the Antarctica Peninsula during large-amplitude
surface waves of the 27 February 2010 M,, 8.8 Maule, Chile,
earthquake. However, limited by sparse station distributions, they
were unable to accurately locate these seismic events to better
understand their source mechanisms and triggering behaviors.
Triggered basal stick-slip events at Whillans Ice Plain were also
observed after the 2011 M, 9.1 Tohoku earthquake (Walter et al.,
2013). Previous studies have found that geothermal and volcanic
regions are more sensitive to dynamic triggering than other
regions (Brodsky and Prejean, 2005; Aiken and Peng, 2014;
Hill and Prejean, 2015; Fan et al., 2021). A glaciated volcano with
a dense seismic network likely provides one of the best oppor-
tunities to decipher how earthquakes, volcanoes, and cryospheric
activities interact with each other.
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Figure 1. Seismic stations (pink triangles) around Mt. Erebus, Ross
Island, and McMurdo Station (United States), and the locations of
Global Seismographic Network broadband station SBA. Open
circles, blue diamonds, and red circles mark detected local
background seismic events, and those triggered by the 2010
M,, 8.8 Maule and 2012 M,, 8.6 Indian Ocean earthquakes,
respectively. (Left inset) The surface-wave ray path from the 2010
M,, 8.8 Maule earthquake seismic waves to Mt. Erebus. (Right
inset) Seismic stations around the crater region. The color version
of this figure is available only in the electronic edition.

In this study, we examine evidence of remotely triggered
microseismicity around Mount (Mt.) Erebus with multiple
seismic stations during a 16 yr time period. Mt. Erebus is a
large and high (3794 m, main crater with ~1 km diameter)
active polygenetic stratovolcano that forms the bulk of Ross
Island, Antarctica (Sims et al., 2021). It is the southernmost
active volcano on Earth and is located approximately 35 km
from McMurdo Station (United States) and Scott Base
(New Zealand) (Fig. 1). The eruption style on Mt. Erebus is
relatively mild Strombolian type eruptions of gas slugs from
an open-conduit magmatic system (Aster et al., 2008; Gerst
et al., 2013) with a volcanic explosion index of 0-1 (out of 8).
Eruptions across the past several decades have predominantly
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originated at a long-lived phonolitic lava lake and can exceed 50
events per day during particularly active periods (e.g., Knox et al.,
2018), with infrequent phreatic explosions and small ash-rich
eruptions from secondary vents (Jones et al, 2008). The lava
lake is associated with a near-summit and shallow magma body
(several hundreds of meters below the surface) approximately
1 km northwest of the eruptive vents and Main Crater
(Chaput et al., 2012; Zandomeneghi et al., 2013; Blondel et al.,
2018). With ongoing small-scale eruptions, persistent lava lakes,
and longstanding monitoring infrastructure, the volcano is a
natural laboratory to study volcanic processes and interactions
between volcanoes, earthquakes, and cryospheric processes.

Data and Method

Short-period seismometers were widely deployed on and
around Erebus volcano beginning in the 1980s. The ER net-
work of short-period and broadband seismometers (Aster et al.,
2004) was maintained by the Mt. Erebus Volcano Observatory
between 2002 and 2017. Temporary stations and dense arrays
have also been deployed in recent years, providing high-quality
seismic data for subsequent body wave and ambient noise
imaging of the volcano (Zandomeneghi et al., 2010; Chaput
et al., 2012, 2015, 2016; Blondel et al, 2018). In this study,
we use seismic data recorded by the permanent MEVO stations
and the Global Seismographic Network broadband station
TU.SBA near Scott Base.

Here, we conduct a systematic search for remotely triggered
seismicity at Mt. Erebus from 2000 to 2017, during which time
the volcano was notably well monitored by a telemetered
(mixed short period and broadband) network (Aster et al.,
2004). We first select 56 M,, > 7.0 earthquakes with epicentral
distances more than 1000 km that have predicted surface-wave
dynamic stress changes larger than 1 kPa on station SBA.
Predicted dynamic stress at SBA is computed with the follow-
ing expression:

log,, Ayy = Mg — 1.66log,y A — 2, (1)

in which A, (micrometers) is the peak dynamic strain of long-
period (20 s) surface waves, and A is the epicentral distance in
degrees (van der Elst and Brodsky, 2010). We retrieve archived
continuous data one day before and after each distant main-
shock. Among the 56 selected earthquakes, only 43 are
recorded by multiple stations in the ER network. We run a
recursive short-term-average/long-term-average (STA/LTA)
method using the ObsPy coincidence trigger package
(Beyreuther et al., 2010; Megies et al., 2011; Krischer et al.,
2015) on high-pass-filtered (2 Hz) vertical data recorded
one-day before and after the 43 mainshocks. We use a 2 s
short-term window and a 10 s long-term window, and the start
and end of the trigger window for each channel are determined
when the characteristic trigger function rises above 3 and falls
below 1, respectively. The coincidence trigger package groups
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stations that have overlapping trigger windows, and we require
at least three triggered stations to declare a detected event. The
start time of the trigger window in the recursive STA/LTA trig-
ger may slightly differ from the impulsive onset. Here, we use
the Baer Picker (Baer and Kradolfer, 1987) in ObsPy to esti-
mate the arrival times of newly detected events on all stations,
and use the NonLinLoc software (Lomax et al., 2001) to locate
them. In the NonLinLoc method, we search for the best-fitting
location with an oct-tree sampling algorithm, and the grids are
centered at [167.10°E, 77.53°S], spanning from 40 km to the
north to 30 km to the south, and from 20 km to the east to
50 km to the west, and 12 km from surface to depth. Here,
we use a 1D velocity model from Dibble et al. (1994), and
an elevation model with 8 m spatial resolution for the topog-
raphy of Ross Island (Howat et al, 2019).

We then evaluate the significance of seismicity rate increase
by computing the Z and f statistical values with the catalog
of candidate events (Habermann, 1983; Matthews and
Reasenberg, 1988; Marsan and Nalbant, 2005; Aron and
Hardebeck, 2009):

NuTb _NbTa

= NN @
ﬁ Na _N(Ta/T) (3)

~ NI DA - (T D)

in which the N, and N, are the number of events in the trig-
gering time window T, after and the time window T, before
the distant mainshock, respectively, and N = N, + N,,. The
T, used here is the time window from the P-wave arrival of
the distant mainshocks to the end of the surface wave that cor-
responds to the apparent velocity of 2 km/s at station IU.SBA,
and T} is a one day time window before the mainshock origin
time. The definitions of the Z- and f-values are highly similar,
with the Z-value being more symmetric than the 3-value. Both
the Z- and -values are based on the assumption of Poisson-
distributed earthquake sequences, and they both approxi-
mately follow the standard normal distribution under such
assumptions. Previous studies have shown that - and Z-values
above 2 generally indicate statistically significant seismicity
rate increases (e.g., Hill and Prejean, 2015; Aiken et al,
2018; Pankow and Kilb, 2020).

At Mt. Erebus, the high-pass-filtered waveforms of different
event types (e.g., Strombolian eruptions, icequakes, or human-
made explosions) often appear to be highly similar on stations
more than a few kilometers away due to an exceptional degree
of high-frequency seismic scattering reflecting the extreme
heterogeneity of the upper volcanic edifice (e.g., Chaput et al.,
2012, 2015). We compare the origin time of detected events
with an eruption catalog of 2999 events between 2003 and
2012 (Knox et al., 2018) and identify events that are detected
Number 5
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within 5 s of known eruptions. For the remote mainshocks
after 2012, we run a matched filter detection with stacked
waveforms from 18 eruptions during 2006 for the one-day
window before and after the mainshocks to generate the erup-
tion catalog for this period. This is the same template termed
“boomer” by Knox et al. (2018; Fig. S1, available in the sup-
plemental material to this article). A single template is lava lake
eruptions because their seismic and infrasonic waveforms are
highly repetitive (e.g., Aster et al., 2003) and have a character-
istic moveout across the network. The matched filter method
cross-correlates waveforms of template events with continuous
waveforms to search for similar events (e.g., Peng and Zhao,
2009; Meng and Peng, 2014). The template and continuous
waveforms are band-pass filtered between 2 and 8 Hz to ensure
a good signal-to-noise ratio. We use a cross-correlation (CC)
threshold of 0.15 and 10 times the median absolute deviation
above the daily median CC trace to discriminate events that
have good waveform matches with the “boomer” template,
and these are definitively identified as lava lake eruptions.

Results
With the STA/LTA method, we detect 7390 events one day
before the origin time, and 213 events during the surface-wave
windows of 43 distant mainshocks (Tables S1 and S2). Next, we
examine which distant mainshocks show statistical evidence
for triggered microseismicity using computed f and Z metrics.
The comparison for - and Z-values (Fig. 2) using the same
predefined time windows shows that the -value systematically
exceeds the Z-value. There are four earthquakes with § > 2,
whereas none of the corresponding Z-values are above 2. For
the two earthquakes with 8> 2.2 (the 27 February 2010
M,, 8.8 Chile and 11 April 2012 M,, 8.6 Indian Ocean earth-
quakes), their Z-values are above 1.65, which exceeds the 90%
significant level of deviation under the standard normal distri-
bution. Therefore, in this study these two events are considered
as positive dynamic triggering cases.

The most robust evidence of triggered seismicity at Mt. Erebus
is observed during the surface waves of the 27 February 2010
M, 88 Maule, Chile, earthquake (N, =6, N, =28). In
Figure 3b,c, the high-pass-filtered waveforms correspond to
high-frequency seismic signals recorded by multiple stations dur-
ing the surface waves of the Maule mainshock. The continuous
wavelet transform (CWT) of unfiltered data separates both
high-frequency local signals and low-frequency signals from
the mainshock, with local signals being mainly limited to
long-period (~16 s) Rayleigh waves driven by dilatational stress
perturbations (Fig. 3d). For the 11 April 2012 M,, 8.6 Indian
Ocean earthquake (N, = 12, N, = 130), although the back-
ground seismicity is relatively high, the corresponding Z and
B statistical values suggest that there is also a significant increase
of seismicity at Mt. Erebus during its teleseismic waves (Fig. 3).

In addition, 30 teleseismic earthquakes have at least one
local event detected during the passage of the surface waves,
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Figure 2. Comparison of 8 and Z statistic values for teleseismic
earthquakes with -4 < Z < 6. Blue dashed lines mark thresholds
used in this study. Red diamonds mark two high-confidence
positive dynamic triggering cases and blue circles mark five
possible dynamic triggering cases (Fig. 6). The three crosses mark
events with N, + N, < 5. The black dashed line marks the 1:1
relationship. The color version of this figure is available only in the
electronic edition.

suggesting lower-level surface-wave-triggered seismicity at
Mt. Erebus (Table S1). However, the persistent high-frequency
signals, indicating high-seismicity rates before the mainshocks,
along with high background noise and data gaps in the wave-
forms shortly after some mainshocks, makes it difficult to con-
clude that these events are dynamically triggered. For example,
there are clear local events detected by multiple stations (Fig. 4)
during the surface waves of the 23 December 2004 M, 8.1
Macquarie Island (N, =3, N, =77) and 2 March 2016
M, 7.8 South Sumatra earthquake (N, =5, N, = 59), but
the - and Z-values are less than our threshold of § > 2.2
(and Z > 1.65) for dynamic triggering. Based on the statistical
values and visual inspection of the waveforms after the arrival
of mainshock surface waves, we classify these teleseismic earth-
quakes with 8 > 1.2 (or Z > 0.9) as possible dynamic trigger-
ing cases in this study (Fig. 2). Figures S2 and S3 show three
additional earthquakes with possible dynamic triggering at Mt.
Erebus: the 6 February 2013 M,, 8.0 and 8 December 2016
M, 7.8 Solomon Islands earthquakes, 3 May 2006 M,, 8.0
Tonga earthquake, and the 26 December 2004 M, 9.1
Sumatra earthquake, which has no clear evidence of triggering.
The waveforms and cumulative number of events for positive
and possible triggering teleseismic earthquakes are shown in
Figures $4-S7.
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For the two positive and four possible triggering main-
shocks, we detect and locate 523 events, which include 219
and 304 events one day before and after the mainshock origin
times respectively (Table S3). Locations of these events, which
are scattered around the volcano, are shown in Figure 1. There
are some events scattered below the ocean floor, which is likely
caused by the poor constraint on the locations outside the net-
work. We also manually pick the arrival times of 16 triggered
events during surface waves of 2010 M,, 8.8 Chile and 2011
M, 8.6 Indian Ocean earthquake, and most of them (14
out of 16) are distributed on the east—southeast side of the vol-
cano (Fig. 1). Previous studies showed that icequakes outside
crater region are mainly distributed on the steep and heavily
glaciated south side of the volcano (Knox, 2012). Therefore, we
expect that the triggered events are more likely to be located on
the south side of the volcano. However, this is inconsistent with
the observed locations in this study. This is likely caused by
location uncertainties. Because we mostly use P wave only, and
the stations are mostly distributed in a tight cluster around the
volcanic rim, the location uncertainties might be relatively
higher.

Peng et al. (2014) found that the triggered icequakes by
2010 M,, 8.8 Chile earthquake are not similar to other back-
ground events. To examine waveform similarities for these
detected events, we compute the mean CC value between all
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Figure 3. (a) 2 Hz high-pass-filtered envelope function obtained
using the Hilbert transform for 5 hr before and after the 27
February 2010 M,, 8.8 Maule, Chile, mainshock at station ICE. Red
circles mark the events detected and located in this study, dashed
blue lines are the zoom-in time window in (b)—(d). (b) Unfiltered
three-component waveforms in SBA during the Maule mainshock.
(c) High-pass-filtered waveform and (d) continuous wavelet
transform of the vertical component showing both long-period
signals from the Maule mainshock and local high-frequency sig-
nals. We have circled the high-frequency signals for readers to find
them easily. The gliding signal starting around 1700 s corresponds
to the dispersive surface wave of the mainshock. The black line in
(d) marks the period of 16 s. (e)~(h) The same plots for the 11 April
2012 M,, 8.6 Indian Ocean earthquake. Dashed red lines are the
triggering time window. The color version of this figure is available
only in the electronic edition.

possible event pairs before and after the teleseismic earth-
quakes. Specifically, we use a 17 s time window starting 2 s
before the automatically picked P arrival on the 2 Hz high-
pass-filtered seismogram. For the 2010 M, 8.8 and 2012
M,, 8.6 earthquakes, and two other possible cases (the 6
February 2013 M,, 8.0 and 2 March 2016 M,, 7.8 earthquakes)
of dynamic triggering, the similarities between triggered events
are not clearly above the similarities with the background
events (Fig. S8). We also compute the CC value of the triggered
Number 5
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events after 2010 M,, 8.8 Chile and 2012 M,, 8.6 Indian Ocean
earthquakes with eruption “boomer” template, and the CC
values for most events are lower than 0.1, suggesting that the
triggered events are distinct from eruptions. The waveforms of
some events before the 2010 M,, 8.8 Chile earthquake and trig-
gered events during surface waves are shown in Figure S9. We
compare the frequency content with amplitude spectra for the
triggered events by 27 February 2010 M,, 8.8 Chile earthquake
and 11 April 2012 M,, 8.6 Indian earthquake, and find no sys-
tematic change of frequency for the triggered events with
respect to mainshocks (Fig. S10). Furthermore, the waveforms
of triggered events do not show clear evolution with the time to
mainshocks (Fig. S11). The peak amplitudes of 2 Hz high-pass-
filtered waveforms contain variations, but they are not directly
related to the time from mainshock (Tables S4 and S5).

We estimate the local peak dynamic stress change (o) for
signals from teleseismic earthquakes (e.g., Aiken and Peng,
2014; Hill and Prejean, 2015) using

PGV
s = HEGY) @)
Vih
in which p is the shear rigidity, V, is the phase velocity of the
passing seismic wave, and PGV is the peak ground velocity
measured from the vertical-component seismogram after
Number 5«
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Figure 4. Same as Figure 3 for the 23 December 2004 M,, 8.1
Macquarie Islands earthquake and 2 March 2016 M,, 7.8 South
Sumatra earthquake. The color version of this figure is available
only in the electronic edition.

removing the instrument response at broadband station SBA.
Here, we use 4 = 30 GPa, and V, = 3 km/s as the Rayleigh-
wave velocity. As shown in Figure 5a, the dynamic stress
change caused by the 11 April 2012 M,, 8.6 and 27 February
2010 M,, 8.8 earthquakes are around the common threshold of
triggering observed in other regions (5-10 KPa; Brodsky and
Prejean, 2005; Aiken and Peng, 2014; Hill and Prejean, 2015).
However, three out of five events with possible triggering are
clearly below this threshold. No clear dependency is observable
on either the epicentral distance or azimuth of the triggering
mainshocks, likely due to the paucity of triggering mainshocks
(Fig. 5a,c).

Discussion

After examining 43 teleseismic earthquakes for dynamic trig-
gering at Mt. Erebus and removing seven events with
N, + N, < 5 in the analysis, we identify two earthquakes that
have clear evidence of dynamic triggering (5.5%), and five
events with possible evidence of dynamic triggering (13.9%).
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The three earthquakes with highest peak dynamic stress
changes all have positive or possible dynamic triggered events
at Mt. Erebus. During the 2010 M,, 8.8 Maule, Chile, earth-
quake, most local events occurred during or right after the
16 s Rayleigh wave. For the 2012 M, 8.6 Indian Ocean earth-
quake, the local high-frequency energy was also more intense
during its Rayleigh wave. The amplitude spectra show that the
2010 M,, 8.8 earthquake and 2012 M,, 8.6 earthquake are most
significant in the frequency range 0.05-0.1 Hz (10-20 s; Fig. 6).
Based on the limited observation of teleseismic earthquakes
with dynamic stress changes between 5 and 10 kPa, we argue
that the peak dynamic stress change might play an important
role in dynamic triggering by promoting failure in zones that
are critically stressed. We note that the dynamic stress in the
ice layer on the surface of Mt. Erebus might be different from
the estimated ones based on rock properties, but the wave-
lengths of long-period (>16 s) surface waves could be more
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Month of year

Figure 5. (a) Estimated dynamic stress changes from the peak
ground velocities on station SBA versus distances for all 43
teleseismic earthquakes analyzed in this study. The remote
earthguakes with positive and possible triggering are marked as
red and blue circles, respectively. (b) Peak dynamic stress change
estimates (van der Elst and Brodsky, 2010) for 43 distant
earthquakes with calendar times indicated. Eruptions per month
from 2003 to 2012 (Knox et al., 2018) are marked by the thin
black lines, and the thin black dashed line indicate the end of the
eruption catalog. (c) Dynamic stress changes versus azimuth from
all distant earthquakes. (d) Dynamic stress change and month of
the year, the austral summer is indicated by the gray shaded area,
and austral fall and spring are marked. The color version of this
figure is available only in the electronic edition.

than 10 km, thus they could propagate at the medium deeper
than the thin ice layers. If we use the y = 3 GPa, and V;, =
2 km/s as the shear modulus and surface-wave velocity in ice,
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Figure 6. Amplitude spectra for all teleseismic earthquakes
observed at station SBA, highlighting events of interest. The two
positive triggering earthquakes are marked as solid colored lines,
and five possible triggering earthquakes are marked as dashed
colored lines. The color version of this figure is available only in
the electronic edition.

the estimated dynamic stresses will be systematically lower, but
the relative values are the same for different earthquakes
(Fig. S12). The 5-10 kPa dynamic stress threshold for volca-
noes and geothermal regions (Brodsky and Prejean, 2005;
Aiken and Peng, 2014; Hill and Prejean, 2015) is a broad esti-
mate, and for triggered event in Mt. Erebus, the threshold is
probably lower because ice is generally weaker than rocks.
In a glaciated volcano with active eruptions, discriminating
between icequakes, tectonic earthquakes and eruption events is
crucial for understanding the origin of local seismicity. In this
study, we first rule out the possibility that the triggered events
are eruptions. The numbers of eruptions in the two-day window
around all the earthquakes are low, usually less than 2
(Table S1). The eruption catalog from 2003 to 2012 is a relatively
complete catalog based on a matched filter detection (Knox et al.,
2018). For the earthquakes after 2013, our matched-filter detec-
tion only identifies three eruptions after the 16 April 2016
M,, 7.8 earthquake. The CC values between triggered events
and the eruption template are also smaller than 0.1. Therefore,
these eruption events were not the primary sources of the high-
frequency signals observed in this study. Second, the locations of
the triggered events are around but not on top of the crater,
suggesting that they are not eruption-type events associated with
the crater, which is the only region of the volcano with active
events (e.g., Jones et al, 2008). Although the depth of an event
would typically be a robust way to classify its event type, the
depths of our detected events in our study are not well con-
strained, mainly because most of the events are located with only
P-phase arrivals and due to the sparsity of the network.
Number 5«

Volume 92« September 2021«

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/92/5/2866/5391013/srl-2021027.1.pdf
bv lniversitv of Oklahoma user

www.srl-online.org

The transient dynamic stress from teleseismic earthquakes
might also affect the near-summit magma chamber northwest
of the lava lake (Zandomeneghi et al., 2013) and cause magma
overpressure and volcanic-tectonic seismicity (Hill and Prejean,
2015; Namiki et al., 2016; Liu et al., 2017, 2021). However, dur-
ing 2010 M, 8.8 and 2012 M, 8.6 earthquakes, the eruption rate
was low and the volcano did not show any increase of eruption
activity after the mainshocks (Fig. 5b; Table S1). Eruptive activ-
ity at Mt. Erebus is highly variable from year to year and was
particularly high between 2006 and 2007. Unfortunately, the
teleseismic earthquakes that occurred during this time period
had relatively low dynamic stress changes and are not consid-
ered as likely to trigger seismicity (Fig. 5b). On the other hand,
there were some detected local events during the teleseismic sur-
face waves of the 2006-2007 earthquakes. Hence, it is also pos-
sible that the background noise was high due to wind-related
noise, thus making it more difficult to identify dynamic trigger-
ing during these earthquakes. There is also a lack of volcano-
tectonic seismic sources on Mt. Erebus, which is likely caused
by an open conduit and resultant ongoing degassing and lack
of internal deviatoric stress (e.g., Rowe et al., 2000; Aster et al.,
2003). Therefore, the triggered events are not likely to be vol-
canic-tectonic seismicity.

Based on our observations, we argue that the teleseismic
surface-wave-triggered events around Mt. Erebus are likely
shallow icequakes within brittle ice that are similar to those
noted as being teleseismically triggered near other Antarctic
seismic stations by Peng et al. (2014). Previous studies
(Knox, 2012) found that 43% of background near-summit ice-
quakes at Mt. Erebus occur during the austral fall (March to
May), and 30% during austral spring (October to December).
Both of these winter-summer shoulder seasons have large sea-
sonally evolving air temperature changes because of the polar
latitude and high altitude of Mt. Erebus that likely increase
thermal stresses in shallow ice. In our study, two high-confi-
dence and five possible dynamic triggering teleseismic events
(Fig. 5d) all occurred within austral spring, summer, or fall,
motivating the hypothesis that icequakes on the volcano
may be more easily triggered when the ambient temperature
is relatively high or seasonally changing, or during periods
of elevated background icequake occurrence. However, we
note that during the Antarctic winter (May to October), we
do not have any distant mainshocks that produced dynamic
stress changes larger than 5 KPa during our analyzed time
period, so this hypothesis is poorly tested by these data.
Future studies could resolve this by expanding the time of
observation and by investigating if any smaller, but closer
earthquakes might produce sufficient dynamic stresses to trig-
ger local icequakes on Mt. Erebus.

Conclusion
We systematically analyzed remote dynamic triggering behav-
ior at Mt. Erebus in Antarctica by studying seismograms from
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43 teleseismic earthquakes between 2000 and 2017. We find
that two (5.5%) of these earthquakes triggered local seismic
events that were detected by the Mt. Erebus Volcano
Observatory Seismic Network. The waveform characteristics
and source locations of high confidence of triggered events
during the 2010 M, 8.8 Chile and 2012 M, 8.6 Indian
Ocean earthquakes indicate that these events are likely shallow
icequakes, which have been previously observed to occur at
high elevations of the volcano. Teleseismic earthquakes that
produce higher dynamic stress changes are more likely to trig-
ger icequakes, and triggering is less likely to be observed during
the Antarctic winter during this time period, although the sea-
sonal sampling is poor. Further observations of large teleseis-
mic earthquakes that generate high dynamic stress changes in
glaciated regions can provide more insight into how and where
icequakes occur and how they are affected by external seismic
perturbation.

Data and Resources

The facilities of Incorporated Research Institutions for Seismology
(IRIS) Data Services, and specifically the IRIS Data Management
Center, were used for access to waveforms, related metadata, and/
or derived products used in this study. The seismic data analyzed
in this article is downloaded from IRIS Data Management Center
(http://ds.iris.edu/mda/ER/, last accessed December 2020). The seis-
mic data are processed with Seismic Analysis Code (SAC) and ObsPy
python package. Figures in this article are generated with Generic
Mapping Tools (GMT), QGIS, and MATLAB. The supplemental fig-
ures and tables are in the supplemental material.
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