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Abstract

The paper studies seismicity of the South Polar Region from the South Pole to the 50th parallel of south latitude. During
the observation period, earthquakes of various genesis with a magnitude of M > 8 occurred in seismically hazardous
zones of the Southern Ocean — the South Sandwich subduction zone, the Macquarie Ridge and the Antarctic Ridge.
These events can cause significant tsunamis. The Macquarie Ridge is characterized by a shear mechanism of the earth-
quake source, while different mechanisms were obtained for the Sandwich subduction zone region. During the instru-
mental observation period, weak intracontinental seismicity of Antarctica was recorded, which refutes the position of
aseismicity of this continent. Seismicity is observed at the boundaries of tectonic blocks or is confined to coastal areas.
In the continental intraplate region of Antarctica, earthquakes occur in several settings. The events in the Transantarctic
Mountains and some subglacial rift basins, as well as isolated events in the central part of the continent, are probably
tectonic. Seismicity in the coastal zone and on the continental margin may be related to glacial isostatic adjustment
with a regional tectonic component in some places. The seismicity observed in Antarctica is low compared to other
continental intraplate regions. The strongest events within the continent have a magnitude of 5-6. The authors identified
intracontinental areas of increased seismicity. A correlation between intracontinental seismicity and subglacial basins
of East Antarctica is shown. Some events with magnitudes below the threshold are not recorded. In addition, seismicity
is partially suppressed by a thick ice cover.
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Introduction

The Antarctic Plate, the fifth largest of all lithospheric plates, extending over an area of approxi-
mately 60x10° km?, is mainly surrounded by mid-ocean ridge systems and is bordered by the plates
Nazca, South American, Somali, African, Australian, Pacific, Juan Fernandez, Scotia, as well as
Sandwich and Shetland microplates. Subduction zones are currently largely absent, except for the
Antarctic tectonic margins with the South American, Scotia, and Shetland microplates [1]. Thus, most
of the plate boundary is made up of either mid-ocean ridges or transform faults. The Antarctic Plate
includes Antarctica, located roughly in the center; the Kerguelen Plateau; isolated volcanic islands
and a part of the Southern Ocean (Fig.1).

The formation of the Antarctic Plate began during the breakup of the supercontinent Gond-
wana [2, 3]. During the breakup of Gondwana, Antarctica moved south, forming and developing
a divergent boundary with Australia. The rupture of the continental isthmus between Antarctica and
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South Polar Circle

Fig.1. General map of the South Polar Region (based on [4] with additions). White ovals are areas that generate tsunamis
from strong seismic events; red triangles are the locations of Russian stations; black ones are foreign seismic stations
operating in Antarctica

South America about 35 million years ago, as well as the opening of the ocean between Australia and
Antarctica, led to the isolation of Antarctica, the emergence of the Antarctic Circumpolar Current
(Western Wind Current), followed by complete glaciation and general cooling of the climate [5, 6].
Currently, the prevailing horizontal movement of the Antarctic Plate is estimated at about 1 cm/year
towards the Atlantic Ocean [7-9].

Antarctica contains rocks of varying ages and origins, from the Archean to the Cenozoic [10].
Antarctica’s area is about 14x10° km?, and the ice sheet covers almost the entire continent, hiding the
subglacial terrain and tectonic structures [11]. Bedrock is exposed mainly near the coast and in the
mountains. The thickness of the crust and sediments varies greatly depending on the tectonic block
and its evolution. West Antarctica is characterized by the presence of thinned crust, large and deep
sedimentary basins [12, 13], and a wide distribution of volcanoes of various types, including subglacial
ones [14, 15]. The lithosphere beneath West Antarctica is highly heterogeneous and predominantly
thinned [16-18], and the heat flow is elevated [19-21]. East Antarctica is a more stable continental block,
but areas of thinned crust and sedimentary basins have also been identified there [12, 13]. The litho-
sphere and heat flow of East Antarctica are also heterogeneous [18-20].
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For a long time, there was a concept of aseismicity in Antarctica. The seismicity of the South
Polar Region is poorly studied due to its inaccessibility. There are few permanent seismic stations
and their distribution is uneven, and seasonal seismic measurements are associated with complex
logistics and harsh climatic conditions both on land and at sea. In addition, there are few islands in
the Southern Ocean where seismic stations can be located. Due to the active development of global
seismic networks (GSN) and an increase in the number of local seismic stations in the Antarctic
region, the data flow has increased. In particular, a local seismic network was deployed around the
Neumayer 111 station, seismic observations were carried out by India at the Maitri station, and the
Australians developed a broadband seismic network covering a large region between the Mawson
and Casey stations, stretching to 75 deg S [22].

With the increase in the number of stations, intracontinental seismicity was discovered, not re-
lated to the location of active volcanoes [23, 24]. The latest catalog of seismic events in Antarctica
for the period 1 January 2000 — 1 January 2021 contains about 60,000 events with magnitudes from
1to 4.5 [25].

In central regions, where the ice is several kilometers thick [26], seismicity is suppressed by the
ice cover, but rare events with magnitudes of 4 or more have been detected. This paper studies the
seismicity of the South Polar Region and its relationship with tectonic structures. Seismicity in
Antarctica and the Southern Ocean is analyzed using data collected by the International Seismologi-
cal Center (ISC) [27, 28]. The relationship between seismicity and various tectonic structures on land
and in the ocean is studied.

Research area

The main object of the study is seismic events in the South Polar Region. In turn, seismicity is
determined by the stress state of the region and the rheology of its blocks. Strong earthquakes occur
mainly at the boundaries of lithospheric plates (Fig.2). In the South Polar Region, most events are
recorded in the Sandwich subduction zone, as well as in the area of the Antarctic Mid-ridge and the
Macquarie Ridge [28, 29]. Here, events with a magnitude of My > 8 were found. Let us consider
the strongest earthquakes of the South Polar Region. Fig.2 shows earthquakes with My, > 8 south of
50 deg S. Four earthquakes with My, > 8 occurred south of the 50th parallel: two in the Sandwich
subduction zone (1929, My, = 8.1; 2021, My = 8.1); one in the Macquarie Ridge area (1989, My = 8)
and one in the Balleny Islands area (1998, My, = 8.1) inside the Antarctic Plate (see Table).

Seismic events with My > 8 in the South Polar Region during the instrumental observation period

Date Time Latitude, deg | Longitude, deg | Depth, km My, Region
27.06.1929 12:47:13 -55.373 -29.345 15 8.1 The South Sandwich Islands arc
23.05.1989 10:54:46 -52.341 160.568 10 8.0 Macquarie Ridge
25.03.1998 3:12:25 —62.877 149.527 10 8.1 The Balleny Islands
12.08.2021 18:35:17 -58.3753 -25.2637 23 8.1 The South Sandwich Islands arc

The 2021 Sandwich arc earthquake (12.08.2021, My = 8.1, h = 23 km) caused a significant tsu-
nami, recorded in the Pacific, Atlantic, and Southern oceans at once” for the first time since the 2004
Indian Ocean tsunami [30].

The focal mechanism solution is defined as a thrust fault close to a cut (one of the nodal surfaces
is almost vertical [31-33]. The earthquake occurred at a depth of approximately 23 km in the Sand-
wich subduction zone 3 min after a foreshock with a magnitude of My = 7.5, which was located at a
depth of ~63 km and ~90 km to the north. In the area of the earthquake, the South American Plate is
subducting westward under the Scotia plate at a rate of ~7 cm/year relative to the plate.

* NOAA Center for Tsunami Research — Tsunami Event — August 12, 2021. https://nctr.pmel.noaa.gov/sandwichislands20210812/
(accessed 13.11.2024).
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Fig.2. Earthquakes in the South Polar Region (south of 50° S) for the period 1900-2024 with My > 8 according to the ISC
catalog [27, 28]. Black line — plate boundaries; A — Australian Plate; S — Sandwich Microplate; Sh — Shetland Microplate.
Focal mechanisms are given for those events for which data are available

Within 24 h of the My = 8.1 mainshock, 61 aftershocks with magnitudes My = 4.5 or greater
were detected. The aftershock sequence during this period includes three with magnitudes of at least
6 (Mw =6, Mw = 6.2, and My = 6.3). The aftershocks span a trench-parallel distance of approximately
470 km, extending from the My = 7.5 foreshock south to the triple junction between the South
American, Scotia, and Antarctic plates.

The Macquarie Ridge earthquake (23.05.1989, My = 8, h = 10 km) has a strike-slip mechanism
with a small reverse component. This event is one of the strongest strike-slip earthquakes in magni-
tude [34]. The fault is estimated to be about 120 km long. The rupture propagated from south to north
at a relatively high speed. A large strike-slip earthquake like this produces significant vertical dis-
placements on the ocean floor and generates tsunamis. In fact, small tsunamis have been observed off
the southern coast of Australia.

The earthquake (25.03.1998, My = 8.1, h = 10 km) occurred in the Balleny Islands region, near
the triple junction of the Antarctic Ridge with the Macquarie Ridge. This strong oceanic intraplate
earthquake also has a normal fault solution of the focal mechanism, but with a small strike-slip com-
ponent [35, 36], and is characterized by complex behavior with rupture into several fault segments.

Figure 3 shows earthquakes with My > 7 south of 50° S. Events with My > 7 were recorded in two
areas: in the Macquarie Ridge region on the boundary of the Australian and Pacific plates (transform
fault) and along the boundaries of the Scotia Plate, including the Sandwich Microplate (see Fig.1-3).

Figure 4 shows in more detail earthquakes with My, > 7 south of 50 deg S for the Scotia Plate
region with a depth of up to 30 km according to the ISC catalog [27, 28]. The focal mechanisms are
different: on the northern and southern boundaries of the Scotia Plate, the strike-slip type predomi-
nates; in the Sandwich Trench area, the distribution of focal mechanism types is more diverse — there
are events with normal, thrust, strike-slip types as well as an intermediate type of movement in the
form of oblique fault.

Swarms of relatively weak earthquakes associated with volcanic eruptions have also been re-
corded. For example, in the second half of 2020, seismic activity suddenly arose in the form of a large
swarm of small-magnitude earthquakes amounting to more than 80,000 tremors that occurred near
the tip of the Antarctic Peninsula [37, 38]. This phenomenon has been proposed to be explained by
the awakening of a “sleeping” underwater volcano located under the seabed in the Bransfield Strait
between the South Shetland Islands and the northwestern tip of Antarctica.
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Fig.3. Earthquakes in the South Polar Region (south of 50° S) for the period 1900-2024 with 7 < Mw < 8
according to the ISC catalog [27, 28]. See Fig.2 for legend
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Fig.4. Seismic events in the Scotia Plate area Mw > 7 with a depth of up to 30 km according to the ISC catalog [27, 28].
S — Sandwich Microplate; yellow stars indicate epicenters of earthquakes with 7 < Mw < 8, pink ones — with Mw > 8.
The sizes of the focal mechanism designations correspond to different magnitudes — large for Mw > 8, smaller — Mw > 7

Intracontinental seismicity
Figure 5 shows seismicity for the entire period of instrumental observations from 1907 to 2024,
according to the ISC catalog [27, 28] with My, > 3 for Antarctica and coastal areas.
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The unification of magnitudes for weak
events was carried out, to the magnitude My
using independently derived formulas based
on correlation dependencies: My = 0.95,
Mw = 0.11, the correlation coefficient was
0.73; Mp = 1.29, Ms = 1.75, the correlation
coefficient was 0.92.

Weak seismic events are mainly con-
centrated near the coast of the continent, but
there are also rare events inside the conti-
nent. In coastal areas, events with a magni-
tude of My > 5 have been recorded. At the
same time, in the central areas, where the ice
is several kilometers thick, seismicity is sup-
pressed by the ice cover, but rare events with
magnitudes up to 5 have been detected. The
main areas with a concentration of seismi-
city are highlighted by black ovals in Fig.5.

Figure 6 shows earthquakes with My > 3
south of 65° S of the Indo-Australian Block
of East Antarctica and part of West Antarc-
tica (the Antarctic Peninsula, the Ellsworth
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Mountains and Filchner — Ronne Ice Shelf). Seismicity at the boundary of West and East Antarctica
in the area of Coats Land is associated with ongoing tectonic processes — rifting in narrow subglacial
basins of Coats Land. Further south, seismicity is also associated with basins around the boundaries
of the Filchner — Ronne Basin with the Dufek Block and the Pensacola Mountains. Further to the east,
compact seismicity with magnitudes greater than 4 of unknown genesis was discovered in the central

part of Dronning Maud Land.

The seismicity of Enderby Land in the Prince Charles Mountains region is probably related to
their vertical uplift caused by rifting processes in the Lambert Basin. Weak events are mainly concen-
trated near the coast, but there are also rare events within the continent. In the middle of the Antarctic
Peninsula there is an area of compact weak seismicity of unknown genesis. This may be a manifestation
of subglacial volcanic activity, similar to the volcanic swarm in the Bransfield Strait (see Fig.4).
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Fig.6. Seismicity of a part of West Antarctica and the Indo-Antarctic Block of East Antarctica
D — Dufek Block; P — Pensacola Mountains; PCM — Prince Charles Mountains
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Fig.7. Seismicity of the part of West Antarctica and the Australo-Antarctic Block of East Antarctica
D — Denman Depression; S — Scott Depression; V — Vanderford Depression; T — Totten Depression; L — Low Dome

In the Australo-Antarctic Block of East Antarctica, a significant number of seismic events have
been recorded in some coastal areas (Fig.7). Thus, in the area where the Denman and Scott glaciers
reach the coast, several events have been detected, including 05.02.1977, My = 6.2, h = 27 km.
To the east, near the coast, for the Vanderford and Totten basins on the boundary with the Low tec-
tonic block, earthquake foci are concentrated in the axial part of the rift, but earthquakes are also
noted in the sides of the Vanderford — Totten Depression. The strongest event in this area (04.11.2007,
Mp = 5.7, h =10 km) has a strike-slip mechanism of the focal point [27, 28]. Another event is charac-
terized by a predominantly strike-slip mechanism — 19.05.1984, My = 5.1, h = 33 km. To the east,
the coastal part of the Wilkes Basin is characterized by moderate seismicity with magnitudes up to 5.
The strongest event detected in this area (22.02.2005, My = 5.4, h = 10 km) also has a strike-slip
mechanism (Fig.7).

Genesis of seismically active structures

For many decades, Antarctica was considered an aseismic continent. However, recently, small
earthquakes have been detected on the Antarctic continent, although the activity is much weaker than
on other continents. The number of tectonic earthquakes recorded in Antarctica has increased with
the development of seismic networks and local seismic measurements.

Antarctic seismicity may have several controlling factors — tectonic forces acting on the Earth’s
plates, including contrasting tectonic province boundaries and major faults; and forces caused by the
loading and partial unloading of the ice sheet that dominates the continent. Analysis of the spatial
distribution of Antarctic earthquakes lags decades behind other continents due to the lack of global
seismic network stations in the Southern Hemisphere and the difficulty of operating temporary seis-
mic networks in Antarctica’s inhospitable interior. Analysis of source mechanisms lags even further
due to the low magnitudes of the earthquakes.

Seismicity within each tectonic setting allows us to divide the study area into five regions: highly
seismic along the Scotia Plate boundaries; highly seismic in the Macquarie Ridge region; low-seismic
coastal regions of Antarctica; continental low-seismic regions; low-seismic region of the marine part
of the Antarctic Plate far from the boundaries.

Intraplate earthquakes can have different natures. Shallow earthquakes are usually observed
along faults, while deep-focus events occur in the plate subducting into the mantle and are associated
with deformations in it. The earthquake of 25.03.1998, My = 8.1, h = 10 km [35, 36] was caused by
the extension of the Antarctic plate, which occurs from the triple Antarctic Ridge with the Macquarie
Ridge to the south towards the Transantarctic Mountains.
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The obtained data suggest that intracontinental events are associated with the boundaries of tec-
tonic blocks, mainly with active rifts [40-42], while seismicity along the coasts is associated with
isostatic glacial adjustment and calving of large icebergs. Most tectonic earthquakes along the Antarctic
coast are caused by residual stresses accumulated after partial deglaciation in the Holocene. The op-
posite effect is also possible: a tectonic event can trigger the onset of iceberg calving, underwater
landslide, or acceleration of sliding of an unstable ice sheet. In turn, a landslide or glacier calving
can be initiated by a moderate seismic event. Such phenomena can be accompanied by significant
tsunamis.

Now, comprehensive studies are being conducted in the area of Lake Vostok [43]. In particular,
modeling of the geomechanical interaction of the ice sheet with the underlying water and solid surface
is being carried out [44].

Discussion and conclusions

Seismicity in Antarctica and the Southern Ocean is analyzed based on ISC catalog data for the
period from 1900 to 2024. Within the Antarctic Plate, the strongest earthquake occurred near the
Balleny Islands (25.03.1998, My = 8.1). Low-magnitude seismicity prevails on the Antarctic conti-
nent, but there are events with M > 5. Seismic events are grouped into several regions and in the
coastal zone. Intracontinental seismicity is caused by tectonic processes and icequakes. Tectonic
events are associated with crustal block boundaries, including active rifts, while coastal seismicity
may be a consequence of tectonic unloading due to glacier melting in the Holocene. Recorded seis-
micity confirms the current activity of the Coats Land rifts, Lambert, Scott, Denman, Vanderford,
and Totten rifts.

The entire South Polar Region has significant seismicity. The Sandwich Trench and Macquarie
Ridge generate events with My, > 8, which pose a significant tsunamigenic hazard. Numerous events
with magnitude My, > 7 with various focal mechanisms have been recorded in these same areas of the
Southern Ocean. The question of possible events with My, > 8.5 in the Sandwich subduction zone and
Macquarie Ridge remains open. None of the named events resulted in fatalities due to the distance
from populated areas vulnerable to earthquakes and tsunamis.

An important result is the discovery of two earthquake swarms — a volcanic one in the Bransfield
Strait at the tip of the Antarctic Peninsula and one on the coast of the peninsula to the south. It is
necessary to take into account the poor coverage of the South Polar Region by seismic stations, since
some events were not included in seismic catalogs. More seismic stations in the region are needed for
more detailed studies.
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