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The impact of surface waves of South American earthquakes
on the ice sheet of the Antarctic Peninsula

Abstract. Earthquakes cause fluctuations in the surface of the geological environment, which may affect Antarctica’s
ice sheet. As seismic waves interact with a glacier, more fissures appear, and its speed may increase. These processes may
accelerate the reduction in the total mass of the West Antarctic ice cover. We analysed the physical impact of earth-
quakes registered at the Ukrainian Antarctic Akademik Vernadsky station on some local glaciers. We also aimed to
indirectly identify the consequences of the destruction of the integrity of the glacier structure, which are accompanied
by the appearance of induced seismicity. The most characteristic wave fields from various seismically active tectonic
zones around Galindez Island were selected to analyse glacier response to earthquake-related seismic forces. We
analysed the acceleration of the ground’s surface for short-term earthquakes and the time during which these seismic
waves were acting on the local glaciers. Seismic data from the most distant earthquake in Peru, magnitude 7.2, which
occurred on May 26, 2022, at 12:02:21 UTC, were used to avoid the cumulative effect of P waves, S waves, and surface
waves. Seismic waves of different types arrive at the observation point at different times due to the large distance from
the source and different rates of wave propagation. This separation allows us to study the interaction of each type of
wave and the glacier individually. This publication reports our analysis of the effect of a long-period surface wave on
glaciers near Galindez Island. Induced cryoseismicity manifests itself in the high-frequency region of seismic records
as a series of pulses associated with the formation of ice cracks. We used the data from the Guralp CMG 40-TDE
seismic station is currently the only one at the Akademik Vernadsky station. The available seismic data made it pos-
sible to identify the cause-and-effect relationship between teleseismic waves from tectonic earthquakes and local
cryoseismicity. However, the data from a single station do not allow for locating cryoseismic sources. We also ana-
lysed the characteristic local interference wave fields that complicate detecting target waves.

Keywords: cryoseismics, glaciers, magnitude, seismology

1 Introduction

Climatological factors are considered the main rea-
son for the decrease in the volume of Antarctica
glaciers. These factors are increasing tempera-
tures of the ocean currents that reach the conti-
nent and of the warming atmospheric air masses
above it. In contrast to East Antarctica, the snow

and ice cover in West Antarctica does not recover
over the winter (Paolo et al., 2015; Davison et al.,
2023). Geological and geophysical phenomena also
affect the stability of the Antarctic cryosphere.
The study, set in West Antarctica, considers how
the high-energy seismic wave fields created by earth-
quakes affect glaciers. The waves can accelerate
the glacier’s motion and promote ice fracturing.
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The fracturing of the near-surface ice occurs during
volumetric deformation (compression-extension)
at the passage of high-amplitude seismic waves.

Such a natural phenomenon was strongly con-
firmed by seismic records of the Chilean earth-
quake of 2010 (magnitude 8.8), collected during
large-scale international projects POLENET (The
Polar Earth Observing Network) and AGAP
(Antarctica’s Gamburtsev Province Project) mo-
nitoring the central part of Antarctica. Over 40
temporary seismic stations were installed there in
2007—2011. Researchers of the Georgia Institute
of Technology, USA (Walter et al., 2013; Peng
et al., 2014) state that the Antarctic permafrost is
sensitive to surface seismic waves even from very
distant earthquakes.

We aimed to analyse seismic data registered at
the Akademik Vernadsky station and to search
for high-energy Rayleigh and Love surface waves
generated by nearby and distant earthquakes. We
also aimed to determine what occurs in glaciers
during their interaction with surface waves and
for a while afterwards. In particular, we aimed to
detect high-frequency seismic pulses resulting from
the nucleation of cracks (ruptures) due to short-
period harmonic oscillations and volume defor-
mation. Finally, we aimed to quantitatively de-
scribe the induced cryoseismic events that mani-
fest in the changes in the ice cover of the islands
close to the research station.

Reviews of glacier seismology (Aster & Winber-
ry, 2017; Ringler et al., 2022) note the contribu-
tion of Zhigang Peng and Jacob I. Walter in the
identification and research of the earthquakes’
destructive action on the Antarctic glaciers.

Li et al. (2021) provide the results of a multi-
year study of remotely-induced microseismic ac-
tivity around Mt. Erebus on Ross Island; most
short-period cryoseismic events happened during
the passage of Rayleigh waves induced by the
earthquakes.

As the logistics of a comprehensive long-term
seismic monitoring of Antarctic glaciers is im-
mensely complicated, scientists turn to experi-
mental alternatives. One way to do this is to con-
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duct a series of artificial seismic works on the
surface of a frozen water reservoir (Xie et al.,
2024). The authors induced vibrations represen-
tative of an earthquake and so studied how the
seismic waves spread in the ice and how the ice
plate is destroyed.

Su and Liu (2019), McBrearty et al. (2020), and
Jennings and Hambrey (2021) also studied spatio-
temporal deformations inside glaciers caused by
seismic waves and causing, in their turn, second-
ary seismicity. One way to simulate ice deforma-
tion is by using the finite element method.

The eathquakes’ effect on the mountain glaciers
is reviewed by Li et al. (2022), Liu et al. (2022),
and Li et al. (2023). The articles determine the
degree of glaciers’ damage, increased mobility, and
the dangers to people and infrastructure these ef-
fects create.

Section 2 describes the equipment used to ob-
tain the seismological data and the geographical
location of the three seismoactive territories
where the earthquakes’ hypocenters were. To in-
terpret the seismological data and determine the
effect of seismic waves on the glaciers, we used
spectral analysis (time-frequency and amplitude-
frequency). We identified seismic signals typical
for earthquakes and other seismicity of various
origins. Section 3 presents the results of identify-
ing groups of identical (in terms of amplitude-
frequency parameters) seismic waves related to
cracks forming in the glaciers as surface waves
related to the Chilean earthquake passed through
them. The glaciers’ induced seismicity appears
due to high-amplitude volumetric movements of
compression and extension. Section 4 discusses
the identification of seismic cryoevents and fo-
cuses on the impossibility of pinpointing their
exact locations, as the Ukrainian Antarctic Aka-
demik Vernadsky station has only one seismic
station. To identify the precise site and the origin
mechanisms of cracks, at least three such sta-
tions should monitor the glacier. Despite the
complications of long-term seismic measure-
ments in the region, we found new details of the
earthquakes’ impact on the glaciers. The conclu-
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sions in Section 5 confirm other researchers’
findings on the role of earthquakes in hastening
the retreat of glaciers and the reduction of the
ice masses in Antarctica.

2 Materials and methods

The publication uses the results of interpreting
three-component seismological records of the Gu-
ralp CMG 40-TDE velocimeter of the Akade-
mik Vernadsky station. The recording frequency
range of 0.033 to 50.0 Hz accommodates low-
and high-frequency events. Seismograms of wave
fields generated by earthquakes and by the im-
pact of the earthquakes on the cryosphere were
used. The time interval is set by the first and the
last arrivals of seismic waves. Usually, it depends
on the distance to the hypocenter — the more
distant the earthquake, the longer the record. The
main types of seismic waves used for the analysis
are low-frequency Rayleigh and Love surface waves
and high-frequency pulses at the transition of po-
tential energy to kinetic energy when the glacier
cracks. We also studied other types of signals,
considered as aftereffector interference waves.

To time the earthquakes and find their precise
hypocenter depths, publicly available data on seis-
mic events from the USGS website (United States
Geological Survey, https://earthquake.usgs.gov/)
were used.

To time the first arrival of a seismic wave and
to find their true physical properties, polariza-
tion analysis — a mathematical tool for process-
ing discrete time functions — was used. A seismic
wave type was also determined with the help of
polarization analysis — P (primary), S (second-
ary), and Rayleigh and Love surface waves (Pin-
negar, 2006; Greenhalgh et al., 2018; Brinkman
et al., 2023).

Power spectrum (amplitude-frequency) analy-
sis and time-frequency analysis are two methods
used to analyse signals in the frequency domain.
They are used to search for regularities that ex-
plain seismic natural phenomena and their ef-
fects on the environment. Time-frequency anal-

ysis can detect a weak nonlinear regularity from
random noise-like and chaotic oscillatory sig-
nals. This mathematical tool makes it possible to
separate and remove overlapping events of dif-
ferent genesis in the spectral domain.

Power spectrum analysis provides information
about the distribution of power in a signal over
different frequencies. It is typically used to anal-
yse stationary signals, where the signal’s frequen-
cy content does not change over time. Time-
frequency analysis, on the other hand, is used to
analyse non-stationary signals. It provides infor-
mation about how the distribution of power in
a signal over different frequencies changes over
time. This is achieved by dividing the signal into
short segments and analysing each segment sepa-
rately using power spectrum analysis (Bath, 1974;
Wang, 2022).

2.1 Territories of seismic influence
on the Antarctic Peninsula

The nearest active seismic zone is up to 180 km
in the southeast direction from the Akademik
Vernadsky station (Fig. 1). The epicenters of the
earthquakes are located on the surface of the
Shetland Plate and extend along the South Shet-
land Trough, parallel to the Antarctic Peninsula.
It is considered the only tectonically active part
of the Antarctic continental margin (Reading,
2007; Feenstra et al., 2019). According to Yego-
rova et al. (2011) and Civile et al. (2012), the
oceanic lithosphere subducts here under the con-
tinental crust of the Antarctic Peninsula. During
the period of active observations, 77 earthquakes
of magnitude 3 to 5 and about 50 earthquakes of
magnitude 5 to 7 were identified here. Most oc-
cur at a depth of about 5 to 12 km above ocean
level (Smalley et al., 2021).

The Antarctic Peninsula has few earthquakes
with magnitudes of 4—5 that occur at depths of up
to 15 km. To the southwest of the Antarctic Pen-
insula is a part of the Antarctic Plate where earth-
quakes of magnitude 4—5 are observed at depths of
up to 12 km. In 1998, a strong earthquake (magni-
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Figure 1. The location of the epicenters of earthquakes (gray
circles) in the southeastern part of the seismically active
territories, which were registered at the Akademik Vernad-
sky station (red circle) during the wintering of the 27th Uk-
rainian Antarctic Expedition 2022—2023. Green circles
show the seismoactive regions (numbers 1, 2, and 3 refer
to the sequence of the region’s description in the text)

tude 8.1) occurred in the oceanic plate near the
Balleny Islands (Tsuboi et al., 2000; Sykes, 2021).

The Scotia plate is located 800 km from the
Akademik Vernadsky station, between the South
American and Antarctic plates (Fig. 1). At the
points of contact of these three plates, seismically
active Southern and Northern ridges formed (Go-
vers et al., 2021), which are part of the Pacific
seismic belt. From the eastern side of the Scotia
plate, the seismically active Sandwich microplate
is separated, formed by the subduction of the South
American plate (van de Lagemaat et al., 2021;
Jia et al., 2022). The sinking rate is 65—78 mm per
year (Cannata et al., 2017). According to the
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NEIC (National Earthquake Information Cen-
ter) global earthquake bulletin (U.S. Geological
Survey), from 1921 to 2023, approximately 2 600
seismic events with a magnitude greater than 5
occurred here. On August 12, 2021, two earth-
quakes occurred under the Sandwich microplate
with a magnitude of 7.5 and 8.2 (Giner-Robles
et al., 2009). Most earthquakes occur at depths
of up to 200 km. This tectonic activity makes
this site unique for study, as such powerful seis-
mic events can cause secondary effects such as
seismicity in non-seismic areas, tsunamis, and
coastal ice sheet collapse.

At a distance of 2500 to 5500 km from the sta-
tion in the northern direction, there is an elon-
gated area with regular seismic events that occur
on the border of the Nazca and South American
tectonic plates (Fig. 1). At this point, the Nazca
plate is subducting under the South American plate
at a rate of 80 mm per year (Schepers et al., 2017).
During strong earthquakes, the submergence can
reach 18 meters at a time. Here, in 1960, the
most powerful earthquake ever was registered,
with a magnitude of 9.6 (Stein et al., 1986).

2.2 Seismic events recorded
by the Guralp CMG 40-TDE velocimeter

At the Akademik Vernadsky station, ground oscil-
lations are recorded with a Guralp CMG 40-TDE
velocimeter. The direction of the ground move-
ment is determined in the three-dimensional space
by two horizontal sensors (HHE (High-Broadband
and High-gain seismometers), oriented to the East,
and HHN, oriented to the North) and one vertical
sensor. These ground motions arise from many
different sources and are caused by the interac-
tion of various objects with the Earth’s surface
and the internal tectonic motions. Earthquakes
occurred in different geological structures at dif-
ferent distances from the station and had differ-
ent magnitudes and hypocenter depths. Below
are selected the most characteristic seismograms
from earthquakes of the main tectonically active
structures of the northeastern section tangential
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Figure 2. Three-component recording (HHE, HHN, HHZ) of the Earth’s surface oscillations from the Shetland
earthquake on Galindez Island. The length of time for recording the three components is 5 minutes. The vertical scale
shows the amplitude of the oscillation of the Earth’s surface at the point of observation (in millimeters). The hori-

zontal axis shows the time of registration of seismic waves.

to the Antarctic Peninsula: Antarctic, South Amer-
ican, Nazca, Shetland, Scotia, Sandwich plates,
and South and West Scotia ridges.

2.2.1 Shetland earthquake

During the wintering of the 27th Ukrainian Antarc-
tic Expedition, on the Shetland plate and the south-
ern ridge of Scotia, more than a dozen earth-
quakes with a magnitude greater than 4 occurred.
One of the closest earthquakes to the station,
with a magnitude of 5.0, was registered at 22:8:52
UTC (Greenwich Mean Time) on February 18,
2022 (green circle 1 in Fig. 1). The coordinates
of the epicenter of the earthquake are 62.8214°S,
61.1214°W, time of occurrence 2022-02-18 22:08:05
UTC, hypocenter depth — 10.0 km. It took place
in the southwestern part of the South Shetland
Islands, 325 km from the station. The longitudi-
nal wave reached Galindez Island 47 seconds af-
ter the earthquake, and the transverse wave after
1 minute 36 seconds. A feature of the seismic

H — focal depth of earthquake, M — magnitude

records of the earthquake from this region is the
weak amplitude of the oscillation of the HHE
component (Fig. 2).

Galindez Island was under the influence of
seismic waves from the earthquake for 3 min-
utes. The main part of the energy is in the trans-
verse S wave of 0.1 to 1.0 Hz. The longitudinal
wave has higher-frequency harmonics, from 0.8
to 20.0 Hz (Fig. 3). The amplitude-frequency
spectrum shows the amplitude-dominant har-
monics of seismic waves.

2.2.2 Sandwich earthquake

On the Southern Sandwich Islands (58.7479°S,
26.0934°W) located 2013 km from the station, an
earthquake with a magnitude of 6.3 and a hypo-
center depth of 78.0 km occurred on 2022-10-25
at 00:13:01 UTC.

Due to the large distance between the point of
generation of seismic waves and the point of ob-
servation, the main waves were separated in time.

ISSN 1727-7485. Yipaincokuii anmapkmumnuil wcypran, 2024, T. 22, Ne 2, htps.//doi.org/10.33275/1727-7485.2.2024.732 133



Dmytro Gryn, Oleksandr Liashchuk, Yurii Otruba et al.: The impact of earthquakes on the ice sheet of the Antarctic Peninsula

4166. HHZ  2022-02-18 2208 52.979 100 sps —4144/41.4 pm/s

fl.‘n.' |

| | | WAIATY U T ‘( " v ¥ e
22:14:00 22:16:00 t, UTC

22:08:00 22:00:00  22:12:00
1.0 =

0.8

0.6

0.4

0.2

Lk L 1 1 1 1

0 5 10 15 20 25 £, Hz

Figure 3. Seismogram of the vertical HHZ component of the Shetland earthquake (top panel). Time-frequency (middle
panel,) distribution of power spectral density in logarithmic scale (color scale in dB relative units mm/Hz). The same
color scale in the panels in Figures 5, 6, 8, 9, 10, 11. A bottom panel is amplitude-frequency distribution of energy
of vibration of the Earth's surface (Normalized power, dB)
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Figure 4. Three-component seismic records (HHE, HHN, HHZ) of the Sandwich earthquake on Galindez Island.
The vertical axis shows the amplitude of the oscillation of the Earth’s surface (in millimeters). The horizontal axis
shows the time of registration of seismic waves
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Figure 5. Seismogram of the vertical HHZ component of the Sandwich earthquake. Time-frequency (logarithmic scale)
and amplitude-frequency distribution of the energy of vibration of the Earth’s surface

In fact, the slower, lower-frequency S wave is
recorded after the ground surface has finished os-
cillating from the faster, higher-frequency P wave.
The time difference between them, according to
Figure 4, is 3 min 36 sec. The longitudinal wave
traveled a distance of 2013 km in 4 minutes and
17 seconds; its average speed during this interval
was 7.382 km - s7'. The speed of the transverse
wave was 4.256 km -s7'. The epicenter is marked
by green circle 2 in Figure 1.

Galindez Island was under the influence of
seismic waves from the earthquake for 7 minutes.
The amplitude-frequency spectrum shows the
amplitude-dominant harmonics of seismic waves
(Fig. 5). The longitudinal wave consists mainly
of high-frequency harmonics (from 5.0 to 30.0 Hz).
Its amplitude maximum is in the range of 10.0—
14.0 Hz. The main part of the energy in the trans-
verse S wave is carried by 0.1 to 5.0 Hz.

A feature of the seismic record of the Sandwich
earthquake is the presence of frequencies up to
0.2 Hz during the next 30 minutes after the pas-
sage of transverse and longitudinal waves. These

low-frequency waves are absent at 00:00:00 —
00:17:18, before the earthquake, and present at
00:30:00 — 01:00:00 (Fig. 6), after it.

2.2.3 Peruvian earthquake

An earthquake occurred in Peru (14.8942°S,
70.1969°W), 5620 km from the station, on 2022-
05-26 at 12:02:21 UTC. The depth of the hypo-
center was 252.0 km, and the magnitude was 7.2.
Its position is marked by green circle 3 in Figure 1.

The distance of more than 5500 km between
the epicenter of the earthquake and the station
contributed to the main types of waves’ separa-
tion in time. Figure 7 shows seismograms of the
two horizontal components, HHE and HHN,
and the vertical HHZ. The time difference be-
tween the higher-frequency P wave and the low-
er-frequency S wave, according to Figure 7, is 6
min 27 sec. The longitudinal wave traveled a dis-
tance of 5620 km in 8 min 34 sec; its average
speed during this interval was 10.933 km -s™!. The
transverse wave traveled a distance of 5620 km in
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Figure 6. Time-frequency (logarithmic scale) energy distribution of the vertical component of the seismic record from
the Sandwich earthquake in the low-frequency range of 0.001—0.1 Hz
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Figure 7. The three-component amplitude data (HHE, HHN, HHZ) recorded at the Akademik Vernadsky station
from the Peruvian earthquake covers more than 20 minutes. The vertical axis shows the amplitude of the oscillation

of the Earth’s surface at the point of observation (in millimeters). The horizontal axis shows the time of registration
of seismic waves

15 min 31 sec; its average speed during this in- | the general wave field and were complicated by
terval was 6.037 km - s7". S waves. In the wave field of the Peruvian earth-

In the Shetland and Sandwich earthquakes, the | quake, in addition to the P and S waves, the sur-
surface waves were too weak to be separated from | face wave L(R) stands out well, as it is distant and
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Figure 8. A three-component transcript (HHE, HHN, HHZ) of the Earth’s surface oscillation amplitude from the
Peruvian earthquake recorded on Galindez Island and the respective time-frequency (logarithmic scale) spectra

clearly separated from other waves. It has a large
amplitude in the horizontal components (HHE,
HHN), many times greater than P and S waves.
The average calculated speed of the surface wave
is 4.387 km - s~

A three-component seismogram with the respec-
tive time-frequency spectra is shown in Figure 8. It
can be seen that oscillations with frequencies char-
acteristic of an earthquake are registered on Galin-
dez Island for more than 18 minutes after the ar-
rival of the first P wave. As with earthquakes from
other seismically active zones, the longitudinal wave
has a higher frequency than the transverse. The sur-
face wave is recorded for 90 seconds. The vectors of
low-frequency oscillations (Fig. 8) of transverse and
surface waves lie in the horizontal plane. This is an
important consideration for the further study of how
earthquakes affect Antarctic glaciers.

2.3 Wave interference

A series of seismic oscillations from stochastic
events must be classified as interference or noise
for the correct solution to a certain problem. They

significantly complicate seismic records and re-
duce the reliability of interpretation. Often, useful
seismic events and disturbances have the same
spectral composition, making their separation and
classification impossible. For example, Figure 9
shows a ten-minute seismogram without seismic
waves characteristic of earthquakes. In the fre-
quency range of 0.1—20.0 Hz, almost the same
amplitude of harmonic oscillation is observed
throughout the entire time interval. These noises
have a different nature, and for certain tasks, they
carry useful information. The frequency range from
20.0 to 50.0 Hz is not displayed due to the low-
frequency component’s multiple energy (ampli-
tude) dominance.

As mentioned above, high-frequency harmon-
ics of random oscillations received by our station
carry information mainly about non-tectonic events.
For their detection, we applied filters to remove
frequencies from 0 to 5.0 Hz, which are charac-
teristic both for earthquakes and for a number of
meteorological phenomena (Anthony et al., 2015).
Figure 10 shows a seismic record of the vertical
HHZ component, which has a spectral compo-
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Figure 10. Seismogram of the vertical HHZ component (0—50.0 Hz) with non-seismological events. High-frequency
components of the time-frequency and amplitude-frequency spectra of the seismic recording at the Akademik Ver-

nadsky station

sition in the range of 0.5—50.0 Hz. It records
two events.

The first has a clearly defined beginning, tem-
poral variability in interaction with the Earth’s sur-
face, activity for 15 seconds, and a gradual de-
crease. The second event lasted for about 2 sec-
onds. The amplitude-frequency characteristics of
these events have identical spectra and probably
the same origin. It can be assumed that they are
caused by the breaking of the ocean ice cover (ice)
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against the island’s coastline or their interaction
caused by the wind. Such events and their inten-
sity will vary throughout the day and are seasonal.
Temporal coincidence of the waves from an earth-
quake and this class of events will cause a signifi-
cant error in the local magnitude of the earth-
quake. One of the ways to detect noise is to use
statistics on the directions of the arrival of waves
from sources of various seismically active geo-
logical objects.
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Figure 11. The high-frequency component (10.0—50.0 Hz) of the vertical HHZ component of the seismogram. Time-
frequency (logarithmic scale) and amplitude-frequency spectra of the vertical component of the seismic record. Arrows

mark harmonics of 25.0 and 37.5 Hz

In addition to fluctuations of ground vibra-
tions caused by natural phenomena, there is also
technogenic noise (Fig. 11). Thus, among the ran-
dom events of a wide high-frequency spectrum,
at least two constant harmonics with a frequency
of 25.0 and 37.5 Hz stand out on the spectrograms.
These harmonics are present over the entire time
interval. At the moment, we are unable to ex-
plain their origin. They are probably related to a
working electric current generator or several me-
chanical devices.

3 Results

The analysis of seismic records obtained at the
Akademik Vernadsky station during 2022—2023
made it possible to select the most typical seis-
mograms of earthquakes with epicenters in geo-
graphically different seismic zones. The most
seismically active are the Shetland and Sandwich
plates and the place where the Nazca plate joins
South America. The hypocenters of the selected

earthquakes, respectively, were located in sub-
duction zones at different depths of 10, 78, and
236 km. The distances between the seismic sta-
tion Guralp CMG 40-TDE of the Akademik Ver-
nadsky station and the epicenters of earthquakes
were 325, 2013, and 5620 km, respectively. Po-
larization analysis was used to determine the on-
set time of seismic waves (first arrivals) from earth-
quakes and their type (Pinnegar, 2006; Green-
halgh et al., 2018; Brinkman et al., 2023). The
longitudinal P (compression) waves, transverse S
waves (shear waves), and Rayleigh and Love (sur-
face) waves were isolated. The methods of time-
frequency and amplitude-frequency filtering in a
given spatial frequency domain were used to
separate seismic oscillations into events of tec-
tonic and non-tectonic origin. Figure 12 displays
a four-minute interval with a surface wave in the
low-frequency range of 0.001—0.05 Hz without
local seismic events.

Glacier ice is a viscoelastic material during long-
term action of potential energy and fragility dur-
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Figure 12. A filtered section of a three-dimensional re-
cording of a surface wave in the range of 0.001—0.05 Hz,
registered at the Akademik Vernadsky station from the
Peruvian earthquake. The vertical scale is the amplitude
of the oscillation of the Earth’s surface at the point of
observation (in millimeters), and the horizontal scale is
the time of registration of seismic waves

ing rapid deformation. High-amplitude oscillations
of the Earth’s surface in the horizontal and verti-
cal planes, caused by Rayleigh and Love surface
waves, contribute to the formation of fractured
zones in the glacier due to compression-decom-
pression volumetric movements. In addition, earth-
quakes with strong surface waves activate their
mobility and accelerate the destruction of the con-
tinent’s ice sheet.

Peng et al. (2014) and Camelbeeck et al. (2017)
recorded a number of icequakes immediately after
the arrival of long-period surface seismic waves. In
particular, during the Chilean earthquake of 2010
(magnitude 8.8), 12 icequakes occurred within four
minutes with a gradual decrease in their energy.

Analysing the high-frequency components of
the seismic records of the Peruvian earthquake,
we found that the induced cryoseismic events
showed a high similarity of signal forms with the
forms detected at the HOWD station during the
POLENET international project (Peng et al., 2014).
Also, the impulses associated with cryoseismic
events occurred when the recorded ground accel-
eration (subjected to a surface wave) approached
the maximum. In Figure 13, the seismogenic ice
fracturing is in the time limits of 12:24:00.160 —
12:24:17.800 UTC. During this time, five high-
frequency pulses were registered. The intervals be-
tween them, considering transient processes, are
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practically the same and roughly correspond to
three seconds. The number of pulses and the time
between them show a certain regularity. After
the passage of the surface wave (t = 12:25:24.810),
the high-frequency component of the seismogram
(Fig. 13) shows an increased number of intense
seismic events caused by the further destruction
of the ocean ice cover on the coastline and me-
chanical ablation of the marginal parts of the
glacier. These events occur chaotically and have
different energy and frequency compositions.

To detect the cryoseismic events, we did a
spectral analysis of selected records (i.e., the fre-
quency composition of natural and technogenic
noises) during earthquakes and the frequency
composition of natural non-tectonic waves and
seismic events (including those generated by me-
teorological factors) and records of probably an-
thropogenic nature.

4 Discussion

Advanced automatic and visual control methods
have been developed to determine the impact of
earthquakes on objects on the Earth’s surface
(Gryn, 2023). Several problems need to be solved
to establish the impact of earthquakes on Antarctic
glaciers. They are mostly related to the need to
simultaneously use a lot of seismic equipment to
determine the magnitude of an earthquake in a
certain area and monitor the processes in glaciers
as high-amplitude waves pass through them. It is
possible to identify patterns in cryoseismic phe-
nomena only with long-term observations. This
type of seismic data is usually accumulated episod-
ically during international projects, such as
POLENET (Lough et al., 2011; Peng et al., 2014).
Searching for the cryoseismic events associated
with cracks’ formation at the Akademik Vernad-
sky station is complicated because there is only
one seismic station on the rocks of Galindez Is-
land. With just one observation point, we discov-
ered interrelated phenomena — the arrival of sur-
face waves and cryoseismic events, which we in-
terpret as triggered by the arriving surface waves.
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Figure 13. The vertical component of the NSE seismogram with the surface wave of the Peruvian earthquake. 7 —
low-frequency component of the seismogram (0—5.0 Hz). The surface wave is marked in red. 2 — high-frequency
component (5.0—50.0 Hz). Cryoseismic pulses that occur during the formation of cracks are marked in red. 3 — time-

frequency spectrum of the high-frequency component of the seismogram on a logarithmic scale

However, we cannot exactly pinpoint where the
event took place; we can only find the approxi-
mate radius of its location. The cryoseismic event,
which we interpret to be the initiation or growth
of surface cracks, did not occur under the seis-
mic station but at some distance from it. There-
fore, the recorded amplitude of these oscillations
is smaller than at the source. The approach of
studying seasonal glacial seismicity by one sta-
tion located on the surface of glaciers and deter-
mining the approximate location of the source of
seismicity is described by Kéhler et al. (2019). It
assumes the homogeneity of the seismic station’s
environment on a glacier and the absence of
chaotic disturbances.

The location of the station near the coastline
makes it difficult to detect and identify the ar-
rival times of the first waves and their types. The
main reason is the presence of long-term micro-
seisms observed throughout the year. Microseisms
mainly occur during stormy weather with winds
blowing towards the coast. Oceanic waves and
storms form seismic waves with low-frequency
harmonics, variable intensity of oscillation, and
duration from hours to several days. Usually, they

generate seismic noises with a larger amplitude
and are in the low-frequency range, characteris-
tic of earthquake signals. Ice cover complicates
removing such interference from seismic data, as
it is an additional chaotic source of complex nois-
es (Taylor et al., 2008; Liashchyk & Karyagin,
2018). The role of Rayleigh and Love surface waves
in activating glacier seismicity has yet to be de-
termined. However, based on their polarization,
we infer that Rayleigh waves promote ice frac-
turing (horizontal movements), and Love waves
make the glaciers move with the harmonic verti-
cal movements of the ground surface (a motion
type that may weaken the contact between the
glacier ice and underlying geologic materials).

5 Conclusions

The seismic records of the Guralp CMG 40-TDE
velocimeter obtained during the wintering of the
27th Ukrainian Antarctic Expedition (2022—2023)
were analysed, and the most characteristic seismo-
grams were selected to determine the types of seis-
mic events that are registered at the station and sug-
gest the impact of seismic waves on local glaciers.
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The strongest and most influential are the seis-
mic fluctuations of the ground surface, which are
associated with strong subduction zone earthquakes.
According to the USGS (United States Geolog-
ical Survey), more than 2000 earthquakes occur-
red during the winter, located up to 6000 km from
Galindez Island and with a moment magnitude
greater than four. For the Antarctic Peninsula,
three seismically active subduction zones are the
most impactful — the Shetland and Sandwich plates
and the junction of the Nazca plate with South
America (Peruvian-Chilean earthquakes).

The high-amplitude oscillations of the ground
surface on which glaciers are located promote ice
fracturing. Strong surface waves may also influ-
ence glacier sliding and iceberg calving. As indi-
cated by our data, the most impactful surface waves
arise from the Peruvian-Chilean earthquakes. Un-
der the influence of surface waves in glaciers, vol-
umetric compression/decompression may lead to
ice cracking and associated seismic signals. Such
high-frequency oscillations were detected when
the surface wave generated by the 2010 Maule
earthquake in Chile passed through Galindez Is-
land. These high-frequency events have very simi-
lar amplitude-frequency composition, oscillation
amplitude, and duration. Thus, they have common
features, implying regularities in the reaction of
the ice mass to the forcing of surface waves.

The natural movement of glaciers in the vicin-
ity of our Antarctic station causes less noticeable
seismic signals. However, the number and inten-
sity of such seismic events significantly increase
due to seismic waves created by earthquakes.

The relationship between the many powerful
earthquakes and the annual decrease in the ice
cover of the western part of Antarctica can be
established given a technique for identifying cryo-
seismic events originating in and below glaciers
using long-term monitoring and additional seis-
mic sensors.
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Brius NMOBEPXHEBUX XBUJIb HiBIleHHOﬂMepl/IKaHCbKI/lX 3eMJIEprCiB

HA JIbOAOBUKOBHIA MOKpHUB AHTapKTP['{HOI‘O HiBOCTpOBa

Pedepar. 3emiieTpycu MopoKyOTh KOJMBAHHS IMOBEPXHi T€OJIONIYHOIO CEpeloBUIIA, SIKE MA€ PYHHIBHUI eEKT Ist
JIbOMOBUKOBOTO TIOKPUBY AHTapKTUIW. Y pe3ysbTaTi B3AEMOil CEMCMiYHMX XBUJIb 3 JILOMOBUKOM B HHOMY 3’SIBJISIETh-
csl I0JaTKOBA TPIlLIMHYBATICTh, MiIBUIIYETHCS MOTO PYyXJMBICTh Ta TeKydicTb. Lli mpouecu NmpuILIBUAILIYIOTH 3MEH-

144 ISSN 1727-7485. Ukrainian Antarctic Journal, 22(2), 2024, https.//doi.org/10.33275/1727-7485.2.2024.732



Dmytro Gryn, Oleksandr Liashchuk, Yurii Otruba et al.: The impact of earthquakes on the ice sheet of the Antarctic Peninsula

LLIEHHS 3arajibHOI Macu JIbOJOBOIO MOKPUBY 3aximHOI AHTapKTuau. MeToro myoOJiikallii € aHali3 (pi3MYHOro BILUIMBY
Ha JIbOJOBUKHU 3eMJICTPYCIB, SIKi OYyJIM 3ape€eCcTpoBaHi Ha aHTAPKTUYHIN cTaHIil «AKaneMmik BepHancbkuii», Ta omo-
CepeKOBAHOTO BMSIBJIGHHSI HACIIKiB pPYyHHYBaHHSI LITICHOI CTPYKTYpPHU JIbOJIOBUKA, SIKi CYITPOBOIXYIOTHCS TTOSIBOIO
BUKJIMKAHOI ceiicMiuHoCTi. [ aHai3y peaxilii Ib0J0BOI TOBIII Ha 3eMJIETpYC Oy BimiOpaHi HalOiIbII XapaKTep-
Hi XBUJIBOBI IIOJIS Bil Pi3HMX CEMCMIYHO aKTMBHUX 30H HaBKoJio 0. aminme3. IlpoBemeHo aHaji3 NMPUCKOPEHHS
MOBEPXHi IPYHTY JIJIT KOPOTKOUYACHUX 3€MJIETPYCIB Ta Yacy, BIPOJOBXK SKOTO JIbOAOBUKU 3HAXOAMUIMCS 1]l BIUIMBOM
KojuBHUX siBUlll. 11100 yHUKHYTH cymMapHOTo e(heKTy Bil MONepeyHUX, IMOB3MOBXHIX Ta ITIOBEPXHEBUX XBUJb OyJIM
BUKOPUCTaHi ceicMiuHi naHi Bii MakcuMaibHO BignanieHoro [lepyaHChbKOro 3emiyleTpycy 3 MarHiTyaoro 7.2, sikuit
Bimoyscst 2022-05-26 o 12:02:21 UTC. CeiicMiuHi XBWJIi pi3HUX TUITiB TPUXOISATH Y TOUKY CITOCTEPEKEHHS Y Pi3HUI
yac yepe3 BEeJIMKY BillCTaHb Ta Pi3HY IIBUIKICTb PO3MOBCIOMKEHHST XBWib. Lle BUOKpemIIIoe 1X y yaci, 1110 T03BOJISIE
BMBYATU B3aEMOIiI0 KOXKHOIO TUITY XBWIII i IbomoBuKa. B my0Oiikaiiii mpoaHaai3oBaHO Hil0 JOBrONEPiOAHOI ITOBEPX-
HEeBOI1 XBUJIi HA TOBILY OCTPiBHUX JIbOJOBUKIB, SIKi 3HAXOISIThCS Ha HEBeJMKil BiacTaHi Bif o. 'aninme3. BctaHoBe-
HO, 110 BUKJIMKAHA KPiOCEHCMIUHICTb MPOSIBJSIETbCS Y BUCOKOYACTOTHIN O0JIACTi CEMCMIYHMX 3aMUCiB HU3KOIO iM-
MyJIbCIB, SIKi MOB’SI3YIOTh 3 YTBOPEHHSIM TPIllIMH Ta PO3JIOMIB Y JIbOJOBUKaX. BUKOPUCTOBYBAIMCH JlaHi CeiicMOCTaHILii
Guralp CMG 40-TDE, enunoi Ha TepuTopii aHTapKTUYHOI cTaHLii «AKaneMik BepHanacekuii». HasiBHI ceiicmiuHi
JlaHi JO3BOJMIM BUSIBUTU MPUYMHHO-HACIINKOBUI 3B’SI30K 3EMJIETPYCIB Ta KPiOCENCMiKM, OJHAK HE J03BOJISIIOTH
BU3HAUYUTU IIPOCTOPOBE PO3TalllyBaHHSI BUSIBIAeHUX mnomii. [IpoBeaeHO aHali3 XBWJILOBUX IIOJIiB-3aBal, sIKi Xapak-
TepHi g o. laniHaes Ta yCKIaaHIOTh MPOLEIypy BUSIBIICHHS LiIbOBUX (ITOBEPXHEBUX) XBUJIb.

Kumouosi cioBa: kpioceiicMika, TbOIOBUKHU, MarHiTyaa, CECMOJIOTisT
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