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Antarctic icequakes triggered by the 2010Maule
earthquake in Chile
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and Sridhar Anandakrishnan3

Seismic waves from distant, large earthquakes can almost
instantaneously trigger shallow micro-earthquakes and deep
tectonic tremor as they pass through Earth’s crust1. Such re-
motely triggered seismic activity mostly occurs in tectonically
active regions. Triggered seismicity is generally considered to
reflect shear failure on critically stressed fault planes and is
thought to be driven by dynamic stress perturbations from
both Love and Rayleigh types of surface seismic wave2. Here
we analyse seismic data from Antarctica in the six hours
leading up to and following the 2010Mw 8.8Maule earthquake
in Chile. We identify many high-frequency seismic signals
during the passage of the Rayleigh waves generated by the
Maule earthquake, and interpret them as small icequakes
triggered by the Rayleigh waves. The source locations of these
triggered icequakes are di�cult to determine owing to sparse
seismic network coverage, but the triggered events generate
surfacewaves, soareprobably formedbynear-surfacesources.
Our observations are consistent with tensile fracturing of
near-surface ice or other brittle fracture events caused by
changes in volumetric strain as the high-amplitude Rayleigh
waves passed through. We conclude that cryospheric systems
can be sensitive to large distant earthquakes.

Sudden acceleration of ice in glaciers, icebergs and ice sheets
can generate seismicity that has been associated with a variety of
cryospheric processes, including crevasse opening, basal stick–slip
motion, calving of terminus ice, and collisions of floating ice
bodies with each other and with the ocean floor3–6. Detailed
investigation of such processes is often difficult owing to harsh
and/or dangerous environmental conditions and significant
logistical expenditures necessary to operate in polar regions.
In recent years, a new generation of geodetic and seismic
instrumentation has been deployed near and atop the Antarctic
and Greenland ice sheets (for example, the POLENET/AGAP
and GNET/GLISN projects, respectively). These new projects are
providing critical infrastructure needed to address fundamental
questions about both crustal-scale tectonic structures and ice
sheets, and their interactions.

Recent work4,7–9 indicates that the Antarctic cryosphere may be
appreciably sensitive to remote influences arising fromocean gravity
waves propagating at great distances. In addition, relatively small
stress changes from ocean tides are capable of modulating stick–slip
behaviours at the base of ice sheet5. However, it has not yet been
documented whether and how glacial dynamics might be affected

more generally by transient dynamic perturbations from surface
waves of large distant earthquakes.

The 2010 Mw 8.8 Maule, Chile earthquake is the largest
earthquake to occur in the Southern Hemisphere since the 1960
Mw 9.5 Chile earthquake. Owing to its enormous size, the
2010 mainshock triggered shallow earthquakes and deep tectonic
tremor in North America10,11 and elsewhere12. Here we conducted
a systematic search of dynamically triggered seismic events in
Antarctica following the Maule earthquake (Fig. 1). As in previous
studies13, we applied a 5Hz high-pass filter to all broadband
recordings, and identified stations that recorded high-frequency
(∼5–20Hz) events during the arrival of large-amplitude seismic
waves. We used an automatic picking algorithm to identify all
possible bursts that occurred within 6 h before and after the Maule
mainshock. We then compared the observed and predicted bursts
during the surface waves of the Maule mainshock (Supplementary
Fig. 1), and confirmed the triggering significance with a statistical
parameter (SupplementaryMethods and Supplementary Fig. 1).We
also visually examined the records to rule out any possibility that
high-frequency signals could be caused by unusually noisy channels,
clipping (that is, exceeding the maximum seismograph amplitude),
or other nonlinear instrumental noise. Out of the 42 Antarctic
stations examined, 12 (29%) of them showed clear evidence
of increase in high-frequency signals during the surface-wave
arrivals (Fig. 1).

Most of the high-frequency signals occurred during and
immediately after the passage of long-period Rayleigh waves
(Supplementary Fig. 2). This is in marked contrast with micro-
earthquakes and tremor in other tectonically active regions1,2,10–13
that have been observed to occur both during the Love and Rayleigh
waves (Supplementary Fig. 3). The triggered signals showed diverse
patterns, including very short duration (for example, less than 2 s)
high-frequency bursts (for example, station HOWD; Fig. 2a–c), as
well as relatively longer duration, dispersive (for example, stations
AGO1,N100 and LONW, Fig. 2d–f and Supplementary Figs 4 and 5)
and non-dispersive signals (for example, stations DEVL and SILY;
Supplementary Figs 6 and 7).

The clearest evidence of discrete high-frequency signals was
observed at station HOWD near the Howard Nunataks (Fig. 1),
which is a group of ridges at the northwest corner of the Ellsworth
Mountains14. Burst-like seismic signals occurred during the passage
of the teleseismic P wave, and by the subsequent Rayleigh wave
(Fig. 2; see also supplementary Movie 1). In addition, the events
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Figure 1 | The study region in Antarctica and station HOWD, which exhibited the clearest triggering signal. a, Map of Antarctica and surrounding regions
indicating seismic stations where triggering clearly occurs (red), some signals may be present but status is ambiguous (orange), and no triggering
observed (blue) during the passage of Maule mainshock surface waves. b, The great circle path (∼4,691 km) for seismic waves from the earthquake (star)
to station HOWD in the Ellsworth Mountains, Antarctica. c, A portion of the Landsat Image Mosaic of Antarctica24. Ice flow speed25 adjacent to station
HOWD (red triangle), where faster-flowing ice (>50 km yr−1) is indicated by red shading and ice that is not flowing is blue. The red arrow indicates the
back-azimuth of the incoming seismic waves from the Maule mainshock.

occurred when the Rayleigh wave displacement was in the upward
direction (Fig. 2c), consistent with maximal dilatational strain15,16.

We found that the triggered events at station HOWD show very
high waveform similarities to each other (Fig. 3), reflecting similar
repeated failure at a single source, or within a tight cluster source.
The stacked waveforms (Fig. 3) do not show clear P and S arrivals
with linear polarization directions, suggesting that they are probably
surface waves produced by a shallow source. Further confirmation
of a shallow source is indicated by a Rayleigh wave polarization
analysis on the repeating bursts (see Supplementary Methods and
Supplementary Figs 9 and 10), suggesting a relatively stable receiver-
to-source azimuth of 239◦

±19◦. The identification of such seismic
signals as Rayleigh waves is consistent with a source very close to
the surface17.

We also stacked waveforms of triggered events, and used them as
templates to scan through the seismic data18 six hours before and
after the Maule mainshock. Although burst-like signals occurred
before and after the passage of the mainshock surface waves, they
do not show similar waveforms to those during the P and Rayleigh
waves of the Maule mainshock (Fig. 3b). Hence, these signals
probably represent background activity occurring in a different and
potentially larger source volume. We also use the same template
event to scan a 30-day time window around the mainshock but
failed to identify any detection (Supplementary Fig. 8), suggesting
that dynamic stresses from the mainshock seismic waves triggered
brittle-failure events in a new region.

Figure 2 and Supplementary Fig. 4 show additional evidence
of high-frequency signals triggered at stations AGO1 and N100
in East Antarctica. In both cases, the high-frequency signals were
triggered during the Rayleigh waves, and had longer durations
than those observed at station HOWD. Polarization analysis also
reveals thatmost of the signals are Rayleighwaves fromnear-surface
waves (see Supplementary Methods and Supplementary Fig. 11).
These triggered events are very similar to those cryoseismic events

observed in East Antarctica19. Both showed dispersive Rayleigh
waves in the frequency range of 1–8Hz (Supplementary Fig. 12;
see also Supplementary Movies 2 and 3) and can propagate several
hundred kilometers across the ice sheet.

In addition to these stations, high-frequency signals observed
at stations LONW and DEVL (Supplementary Figs 5 and 6) also
have relatively long durations, but they are not as dispersive as
stations AGO1 andN100. Although we did not observe discrete and
coherent events across all 4 regional stations (AGO1, N100, LONW
andDEVL) simultaneously (Supplementary Fig. 13), polarization at
stations AGO1 and N100 indicates azimuths pointing to a region
central to these two stations (Supplementary Fig. 14). This probably
represents two scenarios: the same signal could have reached all
stations, but was not clearly recorded owing to complex path effects
and/or site conditions, or, there are separate triggered events across
a broader region, yet only observed at 1–2 stations. The current data
do not allow us to differentiate between these two scenarios.

Finally, another region that indicated clear triggering on a
number of stations was identified near SILY (Supplementary Fig. 7).
Other nearby stations also recorded similar signals, although station
SILY recorded the best triggering signal in that area (Supplementary
Figs 15 and 16). This is near a region that shows deep long-
period earthquakes (with maximum spectral amplitude at 2–4Hz)
associated with sub-ice magmatism20, but the triggered signals
observed here contain much higher frequencies, up to 15Hz and
are thus not deep long-period magmatic earthquakes.

As HOWD shows the clearest evidence for triggering, we also
examined three additional teleseismic events that have produced
significant dynamic stresses (for example, >1 kPa) at the study
region (Supplementary Fig. 17). An earthquake signal, possibly
tectonic, with clear P and S waves (S–P time of ∼13 s) occurred
during the surface wave of the 2009Mw 7.8NewZealand earthquake
(Supplementary Figs 18 and 19). Although some high-frequency
signals occurred during the teleseismic waves of the 2011 Mw 9.1
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Figure 2 | Seismic data recorded at stations HOWD and AGO1 during the 2010Mw 8.8 Maule, Chile earthquake. a, A comparison of the
three-component displacement seismograms and the 5-Hz high-pass-filtered envelope function (log-based-10) at station HOWD during the Maule
mainshock. Vertical dashed lines show the predicted arrival time of P and S phases. b, The corresponding spectrogram for the vertical component,
computed after applying a 0.5 Hz high-pass filter to suppress high-frequency artefacts from short windows26. c, A zoom-in plot showing the broadband
displacement and the high-frequency signals during the upward motion (dilatation) of the vertical displacement. The vertical bar shows the scale for the
corresponding volumetric changes. d–f, The same plots as for a–c for seismic data recorded at station AGO1.

Tohoku-Oki earthquake (Supplementary Fig. 18), they were not
well modulated by the surface waves, and similar high-frequency
signals also occurred before the mainshock. These observations
suggest that icequakes observed after the Maule earthquake at
HOWD were triggered by a higher level of dynamic stress (at least
10 kPa) and/or possibly require certain azimuths for the incoming
seismic waves.

Figure 1a shows the spatial distribution of the sites that observed
triggered high-frequency signals during the Maule mainshock.
A general pattern is that stations in interior East Antarctica
do not show any evidence of triggered high-frequency signals
during surface waves (Supplementary Fig. 20). On the other
hand, stations near the bedrock outcrops or near the onset
regions of faster flow features (that is, ice streams or outlet
glaciers) have qualitatively clearer triggering evidence by the
Maule event.

As most high-frequency signals were recorded only on a single
station, it is difficult to determine the source locations and their
physical mechanisms. One plausible mechanism for triggering the
icequakes is promoting basal slip of the ice sheet. For example, the
Rutford Ice Stream is approximately 35 km from station HOWD
and previous observations suggest that basal micro-earthquakes
occur up to hundreds of times per hour21. However, observed
events from that study showed clear P and S waves, as expected for
events near the ice sheet base17. In our case, most of the observed
signals are dominated by Rayleigh waves and thus consistent with

near-surface sources. In addition, if basal shear slip were responsible
for generating these high-frequency burst signals, wewould expect a
similar and perhaps higher level of triggering during the S and Love
wave, which generally produce higher shear stress changes22. The
fact that Rayleigh waves, instead of Love waves, trigger the events,
suggests that the high-frequency sources preferentially respond to
volumetric rather than shear stress changes.

We propose a seismogenic mechanism controlled by tensile
fracturing of ice in the near surface17. This is also consistent with
spatial distributions of the triggering sites near the bedrock outcrops
or near the onset region of ice streams, where horizontal and/or
boundary effects cause high lateral stresses within the ice that form
crevasses. Complicating this hypothesis is the observation that not
all stations near bedrock or fast-moving glaciers show evidence of
triggering (Fig. 1) and not all teleseismic earthquakes trigger events
on the same site (Supplementary Fig. 17). This suggests that the
sites may need to be critically stressed, or that the external stress
perturbations need to exceed a threshold to produce triggering.
Alternatively, we cannot completely rule out the possibility that
some high-frequency signals could be produced by rock or ice falls,
at least for those stations that are close to bedrock outcrops. In
any case, these mechanisms would be in marked contrast with the
predominant shear failure for triggered earthquakes and tectonic
tremor around active plate-boundary regions1.

It is not yet clear whether icequake dynamic triggering from
large distant earthquakes is ubiquitous and whether those triggered
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Figure 3 | Seismic data recorded before/after the Maule mainshock and detections of high-frequency signals. a, 5-Hz high-pass-filtered log-based-10
envelope function showing seismic signals 6 h before and after the Maule mainshock. b, Mean correlation coe�cient (CC) values by using the stacked
high-frequency bursts during the Rayleigh wave as templates. c, A zoom-in plot showing a comparison between the envelope function and the
CC values around the arrival time of the teleseismic waves. Numbers 1–13 mark the high-frequency bursts with waveforms shown in d. d, Individual
three-component seismograms at station HOWD showing the first 13 high-frequency bursts triggered during the Rayleigh waves. The bottom traces are
the stacked seismograms from bursts 3 to 13. The numbers on the left and right side mark the arrival time of the 13 bursts and their sequential
numbers, respectively.

seismic signals may reflect a sudden change of nearby glacier flow,
the activation of crevassing, or other related processes. A separate
study23 found clear evidence of glacier stick–slip motion on the
Whillans Ice Plain triggered by distant earthquakes. Unfortunately,
there were no available seismic data to confirm whether similar
high-frequency seismic signals occurred during those triggered
stick–slip events. Nevertheless, this study is emblematic of how

increasing investments in geophysical infrastructure in the polar
regions are advancing our knowledge of transient processes such
as basal stick–slip, calving, icequakes, and other short-duration
processes. A systematic investigation of the triggerability of
icequakes could lead to a better understanding of the stress state
of those systems while further illuminating teleconnections and
interactions between the solid Earth and cryosphere.
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