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Massive earthquake swarm driven by magmatic
intrusion at the Bransfield Strait, Antarctica
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An earthquake swarm affected the Bransfield Strait, Antarctica, a unique rift basin in tran-
sition from intra-arc rifting to ocean spreading. The swarm, counting ~85,000 volcano-
tectonic earthquakes since August 2020, is located close to the Orca submarine volcano,
previously considered inactive. Simultaneously, geodetic data reported up to ~11cm north-
westward displacement over King George Island. We use a broad variety of geophysical data
and methods to reveal the complex migration of seismicity, accompanying the intrusion of
0.26-0.56 km3 of magma. Strike-slip earthquakes mark the intrusion at depth, while shal-
lower normal faulting the ~20 km long lateral growth of a dike. Seismicity abruptly decreased
after a Mw 6.0 earthquake, suggesting the magmatic dike lost pressure with the slipping of a
large fault. A seafloor eruption is likely, but not confirmed by sea surface temperature
anomalies. The unrest documents episodic magmatic intrusion in the Bransfield Strait, pro-
viding unique insights into active continental rifting.
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Bransfield Strait, Antarctical, with 128 events exceeding Mw

4.023, During its early phase 3,186 earthquakes were reported,
based on the analysis of seismic data at a local station!. The
swarm peaked with two large earthquakes on 2 October (Mw 5.9)
and 6 November (Mw 6.0) 2020, before tapering off. By February
2021 the seismic activity was substantially reduced. The estimated
seismic moment released from August 2020 to February 2021 was
~3.88 x 1018 Nm (equivalent to Mw 6.4). The seismicity is loca-
lized close to the Orca seamount, a seafloor caldera shield volcano
of 900 m bathymetric height offshore the coast of King George
Island, where earthquakes were felt at Antarctic bases. While the
nearby plate boundaries and rift are seismically active®> and
hosted swarm episodes of presumed magmatic origin®%7, earth-
quakes are typically moderate®3. Due to region remoteness,
seismic instrumentation scarcely covers the Bransfield Basin.
Temporary experiments, including ocean-bottom sensors, were
carried out on recovering seismicity features’. There was no
evidence of similar volcanic swarms in the past experiments: even
if the off-shore volcanism and extensional tectonics could
sometimes increase the seismic rate in the back-arc basin, a
comparably energetic swarm has never been recorded in the
region (Fig. 1).

The South Shetland Islands-—Antarctic Peninsula region hosts
the remnant segment of a formerly larger subduction zone, which
is today limited to the Phoenix block segment. The Bransfield
Basin, which separates the South Shetland Islands and the Ant-
arctic Peninsula, is not a “normal” back-arc basin®. It lies in a
unique tectonic environment. Although active subduction occur-
red during most of the past 200 m.y., it slowed dramatically at
about 4 Ma when the Phoenix-Antarctic spreading center was
abandoned offshore, leaving a small remnant of the former
Phoenix plate incorporated in the Antarctic plate. Even though
geochemical data indicate that unaltered basalt dredged from the
Bransfield basin is like midocean ridge basalt, there is no clear
evidence for normal seafloor spreading. Continental crust is
thinning to develop oceanic crust®10. The current extension in the
NE trending Bransfield Strait back-arc basin at the rifting-
spreading transition!>12 is either attributed to the Phoenix Block
subduction and rollback or to shear between the Scotia and
Antarctic plates®. This is supported by transtensional focal
mechanisms” 1314, a neovolcanic zone with major volcanic
centers>1>16 and heat flow anomalies!1%17. The spreading rate
has been quantified as 1.0 cm/yr!® and 0.9-2.4 cm/yr? based on
GNSS and magnetic anomaly data, respectively. The extension
focuses on the NW side of the basin, close to the South Shetland
Islands shoreline!®. The crust is 9-10 km thick in the central basin,
increasing to 14-16 km towards SW7:10:1219-21 The development
of the Bransfield Strait basin underwent different phases: an
increase of tensional stresses and local crust splits, the formation of
graben-like structures, intensive explosive activity at the growing
volcanic edifices, and localized volcanic activity along an elon-
gated, narrow band of neovolcanic features?2. The seafloor mor-
phology comprises different basins?2. The Central basin, extending
~250km between Deception and Bridgeman Islands. It hosts a
number of volcanic features and seamounts, either presenting
isometric structures with elongated ridge-parallel features, at one
(Orca seamount) or both (Ex seamount) sides, or complex ridge-
parallel structures (Three Sisters seamount)®1>22, The Orca sea-
mount has a nearly circular cone, with a basal diameter of 11 km, a
height of ~900 m and a 3 km wide caldera of 350 m depth, with
pronounced spurs off the main building extending SW?23.

Seismic swarms at volcanic centers or fissure-like ridges!,
hydrothermal activity!>172425 and basalt younger than 0.1 Ma2®
show that the Bransfield Strait is volcanologically active. Orca
volcano samples revealed subalkaline basalts and Dbasaltic

In August 2020 an intense seismic swarm started at the

andesites, with different proportion of young glass!!. While the
Orca seamount is considered to be inactive?, biological
samples!” provide evidence for past magmatic activity and a
shallow hydrothermal system. Low velocity zones in the mantle
wedge suggest widespread partial melting!®2l. Temporal
amphybious deployments provided additional information in the
region of the Orca seamount. Seismicity analysis revealed swarm
episodes with suggested magmatic origin at the seamount and its
NE flank#-7. Preliminary results of tomography and refraction
studies suggested magma accumulation at shallow depth beneath
the Orca seamount?”’.

Regional seismicity is mostly shallow; sporadic deeper earth-
quakes (down to 65km depth) mark the remnant subduction”.
Thrust events are located in the forearc, while strike-slip and
normal faulting events are common in the back-arc, confirming
the local transtensional tectonics. The Bransfield basin seismicity
has been moderate (Fig. 1).

Here we analyse regional seismological data, ground displace-
ment from InSAR and two local GNSS stations (Supplementary
Notes 1, 2, 3, Supplementary Fig. 1), and sea surface temperature
and roughness data. We model the seismo-geodetic data to
reconstruct the spatiotemporal evolution of seismo-volcanic
processes, which are attributed to a magma intrusion through
the crust.

Results

Analysis and modeling of seismogeodetic data. In Antarctica,
global seismic catalogs can be considered complete only for
events stronger than M = 4.0, due to the sparse regional seismic
stations coverage. We applied a range of modern, waveform-
based seismological techniques?8-32 to augment the number of
detected earthquakes and track and characterize the seismological
sequence. We detect ~85,000 earthquakes over 6 months and
locate ~6,000 (Figs. 2, 3, Supplementary Note 4, Supplementary
Fig. 4, Supplementary Dataset 1) by processing continuous
recordings of local stations (Supplementary Fig. 1) using single
station techniques. Our results antedate the unrest to August 10,
2020 (time t;, Fig. 3). The seismicity rate is initially low, but
increases substantially in rate and magnitude at the end of
August. We depict a complex migration pattern (Fig. 3), which
we analyse in detail below.

We model regional waveform data to perform earthquake
source inversions?’, resolving moment tensor, rupture type,
centroid location, depth and moment magnitude for 84 earth-
quakes (Supplementary Note 5, Supplementary Figs. 5, 6,
Supplementary Dataset 2) as well as their uncertainties
(Supplementary Fig. 7). Two families of moment tensors are
identified®! (Supplementary Note 6): predominant strike-slip
mechanism and normal faulting (Supplementary Fig. 8). The
tension axes of both earthquake types are oriented NW-SE
(Fig. 2), consistent with the regional tectonics and the opening of
the Bransfield Strait. The average centroid location is in
agreement with global solutions?? and locate the focal region
between the Orca volcano and King George Island. We resolve
further details of the seismicity distribution: strike-slip events are
spatially clustered NE of the Orca volcano, while normal faulting
events further extend along a narrow band oriented NE-SW.
Centroid depths, which are resolved with an average uncertainty
of 2-3 km, indicate that the seismicity is shallow, rarely exceeding
15 km. Strike-slip earthquakes are slightly deeper and stronger
(average depth 9 + 2 km, magnitudes up to Mw 6.0), compared to
normal faulting (average depth 7 + 2 km, magnitudes up to Mw
5.1). Robust non double couple components (Supplementary
Figs. 5, 7) consistently show a positive compensated linear vector
dipole (CLVD) and, in the case of normal faulting earthquakes, a
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Fig. 1 South Shetland Island map. a Globe showing the location of the study region (red circle). b Regional map showing the tectonic setting (red circle
denotes the location of the swarm). € Map of the Brainsfield Basin, between Shetland Islands and Antarctic Peninsula. The regional seismicity was
moderate prior to the unrest (white circles are earthquakes with magnitudes M5+ from the USGS catalog in the period 1971-2020, focal mechanisms are
centroid moment tensor solution from the Global CMT catalog in the period 1976-2020). Red arrows indicate the background horizontal ground velocity
relative to Antarctica at GNSS sites3> showing NW-SE extension in the Bransfield Strait (ellipses show 95% confidence regions3°). A rectangle denotes the
extent of the local map (panel ¢) and a red circle the average location of the unrest seismicity (based on the USGS seismic catalog). Major regional tectonic
features are the subduction of the Phoenix Block (the thick solid line marks the Phoenix-Shetland plate boundary’®) and the active rift along the Bransfield
Basin (thin double black line and single line mark active ridge and transform fault segments, respectively, after the University of Texas Institute for
Geophysics, UTIG, database). d Local map showing the bathymetric details and the Orca seamount building next to the region of the unrest (red circle).
Panels ¢ and d have been plotted with GeoMapApp (www.geomapapp.org)8®, using the Global Multi-Resolution Topography (GMRT).

positive isotropic component (Supplementary Figs. 7, 8), imply-
ing a combination of shear and opening tensile failures33.

The application of template matching techniques bridges the
regional and local analyses (Supplementary Note 7, Supplemen-
tary Fig. 9, Supplementary Dataset 3): given their waveform
similarity we attribute the focal mechanism and location of the
respective templates to the newly detected events3* (Supplemen-
tary Note 8, Supplementary Figs. 10, 11). The overall temporal
evolution depicts an alternation of strike-slip and normal faulting
earthquakes and helps to track the migration of seismicity (Fig. 3,
Supplementary Figs. 11, 12).

GNSS (stations DALS5, UYBA) and InSAR data along King George
Island coastline show a transient surface deformation from August
2020 and persisting over months superposed to the background
spreading rate, which we estimate as 2.1 cm/yr at UYBA. Ice cover
prevents the InSAR analysis within the island. The transient,
quantified after accounting for the slow spreading of the Bransfield
rift at GNSS stations?”, indicates continuous ~N62.9°W horizontal
motion, away from the seismogenic region (Fig. 3, Supplementary
Fig. 13, Supplementary Note 9), reaching 10.7+1.0cm and
64+13cm over 6 months at DAL5 and UYBA, respectively. A
minor uplift of 1.3 £0.2 cm is resolved at DALS.
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Fig. 2 Overview of seismological and geodetic observations and results. Seismological results include centroids, double couple components of moment
tensors, and distribution of principal axes, based on regional data, and locations from the single-station approach. Geodetic modeling results include the
locations of the depleting source and sub-vertical dike and the corresponding fit of GNSS cumulative displacement from 1 August 2020 to 1 February 2021
(horizontal uncertainty ellipses are plotted for 1 standard deviation, while the corresponding vertical uncertainties are 0.2 and 0.3 cm at DAL5 and UYBA,
respectively), together with the downsampled spatial distribution of displacements along the line of sight (LOS) from InSAR processing (for the time period

of 17 July 2020 to 6 February 2021); due to the different orientation of sa
smaller than absolute displacements recorded by GNSS data. Local station

tellite trajectory and displacement vectors, LOS displacement projections are
s JUBA (seismic) and DAL5 (GNSS) are located at the Carlini Antarctic base

(Argentina) and R4DE2 (seismic) and UYBA (GNSS) at the Artigas Antarctic base (Uruguay).

The modeled displacements due to the cumulative effect of the
largest earthquakes reproduce the observed orientations, but only
accounts for ~1-4% (1-3 mm) of observed amplitudes (Supple-
mentary Fig. 14). Given the history of the volcanic activity in the
area, we propose that a magma intrusion is mainly responsible for
the observed surface displacements. The high correlation among
the deformation time series and the cumulative number of
normal faulting events (Fig. 3) suggests that both seismicity and
deformation are controlled by the same process, which we
hypothesize to be a sub-vertical dike intrusion. The observed
deformation is well explained by the opening of a sub-vertical
magmatic dike. This can be modeled by means of a tensile
dislocation source3¢ (Supplementary Note 10, Suppl. Tabs. 2, 3),
whose location and orientation was constrained by the normal
faulting activity above it (Fig. 2, Supplementary Fig. 7). The
tensile source resolved by geodetic data, the presence on positive
non-DC terms in focal mechanisms, and the alignment and

4

extent of normal faulting all consistently give evidence for a sub-
vertical dike beneath these events: earthquakes with normal
faulting mechanisms are triggered above a vertical dike while
their spatial distribution provides an indirect evidence for the
dike lateral growth37-38, Deeper strike-slip events are likely the
response to magma intrusion deeper in the crust during the initial
opening of the feeder dike and later magma inflow. Since the
magmatic intrusion must be fed at larger depth, beneath strike-
slip seismicity, we additionally model a depleting magma
chamber feeding the dike. To this purpose we assume a
volumetric source at a depth of 20 km and at the average location
of early strike-slip templates. GNSS data are best modeled for a
sub-vertical dike with a centroid at —62.35°N, —58.32°E, at
13+ 1km depth. The lateral NE-SW elongation of the dike is
independently supported by the spatial distribution of normal
faulting epicenters (oriented ~N48°E) and their median strike
angle (~N52°E). These values are coherent with the NW-SE
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Fig. 3 Summary cartoon of the volcano-tectonic unrest. a Vertical cross-
section along profile AB (Fig. 2), with strike-slip events (red) marking the
magma path (arrows) in different phases (numbers), and normal faulting
events (blue) being triggered above the lateral dike intrusions. b Temporal
evolution of seismicity along profile AB, based on moment tensor solutions
(circles), template matching (only events with threshold at 12 times the
MAD and cross correlation values above 0.55 are shown) and single
station analysis (grayscale kernel density plot). Horizontal indigo dashed
lines mark the starting time of four phases of the unrest that are
recognized: weak seismicity unrest marking the location of the depleting
reservoir off the Orca seamount, below 15 km depth (phase 1), upward and
SW migration (phase II), further magma flux and formation of a horizontal
dike towards NE (phase [lII) and seismicity drop, following the largest Mw
6.0 earthquake and dike pressure drop (phase 1V).

horizontal direction of the tension axes of moment tensor
solutions, implying a tensile opening component roughly
perpendicular to the strike. The dike volumetric change
corresponds to an intrusion of up to 0.56 +0.04 x 10km’ of
magma, while the same volume is depleted at depth. The lower
extent of the dike is hardly constrained by the seismic activity, but
its top should be at ~5-10 km depth, confined below the normal
faulting earthquakes (Fig. 4), which have an average depth of
7 £2km. Consistently, the dike geometry constrained by the
geodetic modeling, with a slightly deeper average depth (13 km)
and a width of 12 +3km (Supplementary Tab. 2), suggests the
dike top at depth of 7 £ 3 km. InSAR data provides coherent LOS
displacement timelines as GNSS at station locations (Supplemen-
tary Fig. 15). The ice/snow coverage limits the robust analysis of
InSAR to 326 data points, downsampled from 6,754 pixels,
mostly located along King George Island’s coastline (Fig. 2). This

is sufficient to constrain the dike extent to ~20 km (Supplemen-
tary Fig. 16), which cannot be resolved using the two GNSS
stations alone.

Chronology of the seismo-volcanic unrest. In the 6-months
time period from 1 August 2020 to 1 February 2021, when the
seismicity and deformation rates were highest, we identify 4
phases of the sequence (Figs. 3, 4). Phase 1 (10-29 August 2020)
is characterized by a low seismicity rate and weak earthquakes
(M <3). Single station (Fig. 3c, d) and template matching
(Fig. 3e) analyses suggest that this early seismicity is located at
10-15 km depth, in the region where strike-slip earthquakes will
later cluster. This appears as the first sign of unrest, possibly in
response to deep magma migration at the crust-mantle boundary
from a deeper reservoir. Seismicity occurs within a compact
seismogenic volume in Phase 1, with little or no lateral migra-
tion. No clear deformation signal is found at this time (Fig. 3G),
implying a magmatic intrusion is not yet formed, or too deep
and/or weak to be detected. Phase 2 starts on 29 August 2020,
with the first large earthquakes (M 4.5+) reported by interna-
tional agencies®>. Seismicity increases in rate and magnitude
(Fig. 3a, f), while the deformation transient becomes visible at
both GNSS stations (Fig. 3g, Supplementary Fig. 13). Deeper
strike-slip events are soon accompanied by shallower normal
faulting, the first large one occurring ~3 days after the onset of
phase 2 (Fig. 3a). This observation suggests a fast (~3-4 km/day)
upward migration of the magma dike. A lateral migration is also
depicted at this time, both revealed by the backazimuths esti-
mated from the single station analysis (Fig. 3c) and by centroid
locations of large earthquakes (Figs. 2, 3b). This implies that the
intrusion first migrates SW towards the Orca seamount, where it
eventually stops. Such path geometry, first propagating sub-
vertically upward and then bending laterally towards the Orca
seamount, can be qualitatively explained in the light of shallow
local stresses due to the seamount load3®-41. In the last part of
phase 2, the seismicity slowly decreases (Supplementary Fig. 9b),
as the intrusion stops while approaching the volcanic edifice,
possibly inhibited by different host rock density*? or by the load
of the volcanic edifice*>. We identify the beginning of phase 3 by
21 October 2021, when a new burst of strike-slip earthquakes
occurs. Such increase in seismicity may be either attributed to
additional magma inflow from depth or to the dike propagation
within a more cold and brittle region, followed by normal
faulting events migrating towards NE, i.e. away from Orca sea-
mount. The NE-SW band of normal faulting with a similar strike
direction, further extending towards NE, is a typical sign for a
sub-vertical magmatic dike. The dike would lay beneath these
earthquakes, thus propagating over a total length of ~20km.
Increased magma inflow in phase 3 may have been favored by
unloading** after ice melting at King George Island accom-
panying the seasonal temperature increase, which is testified by
sea temperature increases and sea ice coverage decrease in this
phase (Supplementary Fig. 17). Unloading effects may also have
affected deformation data. Phase 3 terminates with the largest
event of the sequence on 6 November 2020 (Mw 6.0). After this
date (Phase 4), the seismicity and the deformation signal drop
rapidly (Fig. 3f, g). Our interpretation is that, following the
failure of a large, shallow fault, the dike looses pressure and is
inhibited to further propagate. Indeed, it has been long recog-
nized from field observations and numerical models*>~4° that
dikes tend to slow down or even get arrested when they induce
large earthquakes. This is because the earthquakes represent
sinks of inelastic energy*® and increase the fracture energy
necessary for further propagation; this in turn decreases the
elastic energy available for propagation, and thus also the dike’s
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Fig. 4 Sequence timeline. The figure shows the results from different techniques: moment tensor inversion results (a magnitudes, and b horizontal projection
along the profile AB in Fig. 2, colored according to the two predominant focal mechanisms); single station analysis at station JUBA (¢, backazimuths of polarized
P phases, and (d) differential S-P time as a proxy for the source-receiver distance, colored based on automated and manual picks); template matching

(e, magnitude, and f cumulative number of detections, colored based on the focal mechanism of the template events, only events with threshold at 12 times the
MAD and cross correlation values above 0.55 are shown, see Supplementary Note 7); observations from the GNSS station DAL5 (g cumulative displacements
since the unrest start).) Dashed lines mark the onset of different phases of seismicity: early weak seismicity (t;, August 10, 2020), increased seismicity (t,,
August 29, 2020), new burst of strike-slip earthquakes (t3, October 21, 2020) and seismicity drop (t4, November 6, 2020).

pressure. Alternatively, this could be the most likely timing for a
submarine eruption. At Bardardarbunga, the growth of a lateral
dike was slowed down at the time of the fissure eruption®’,
accompanied by a drop of seismicity rate>!. The temporal evo-
lution of sea surface temperature and roughness anomalies
(Supplementary Note 11, Supplementary Fig. 17), recently used
to detect submarine eruptions®2>3, do not conclusively show a
heat source. Centroid depths are not accurate enough to judge
whether the magma reached the seafloor, or not. At the end of
the study period, by the beginning of February 2021, seismicity
and deformation rate are substantially reduced, but still con-
siderably larger than those in Phase 1. The later occurrence of a
M 7.0 earthquake close to Elephant Island®3 and the reactivation
of some moderate seismic activity at Bransfield in March 2021
may indicate some mutual tectonic influence over a broader
region.

Discussion

The ground displacements observed at King George Island are too
large to be explained by swarm earthquakes only, as these only
accounts for 1-4% of the observed deformation amplitude (Supple-
mentary Fig. 14). In addition to the seismic source, modeling the
deformation data requires a large aseismic source, either in the form
of aseismic slip along a broader normal fault system or a volumetric
magmatic intrusion. There are several reasons to support the second
scenario. The first is the distributed regional volcanism along the
Bransfield Strait* and the presence of a low velocity volume beneath
it, with abundance of partial melt!%21. The lateral migration resolved
by our seismological analysis provides a second argument for dike-
induced seismicity, which is often accompanied by migration of
seismicity38-°0°1:54-57 Double couple (DC) components are pre-
dominant in moment tensor (MT) solutions (accounting, in average,
for 46+21% of the moment release), but substantial non-DC
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components are resolved for the vast majority of the earthquakes in
the sequence (Supplementary Fig. 7). They are mostly characterized
by positive isotropic (average 9+9%) and positive compensated
linear victor dipoles (CLVD, average 43 + 21%) terms, suggesting that
opening tensile failures accompany shear faulting. MT solutions
further support the magmatic origin of the swarm. Opening tensile
components are consistent with a magmatic intrusion, although in
other case they occur aseismically>!. The resolved focal mechanisms
are also typical for seismicity controlled by dike
propagation38-°0:51,56,58 " Finally, reproducing the observed displace-
ment amplitudes by shear faulting would require the aseismic failure
of a large (~40 km long) normal fault segment, with an equivalent
magntiude Mw 7. However, the spatial extent of the deformation
signal and the modeling of InSAR data constrain the length of the
deformation source to be shorter (~20 km).

The magmatic intrusion must be fed by a deeper reservoir,
which should presumably lay at least at ~20 km depth below a
region located NE off the Orca seamount, where the first seismic
sign of unrest appeared. The depletion of such reservoir should
produce a deformation signal with opposite sign compared to the
dike opening, as recently observed offshore Mayotte, Comoro
Islands®8. A low velocity region has been imaged in the mantle
wedge beneath the South Shetland Islands and interpreted in
terms of widespread partial melting!?, providing a huge reservoir
of magma. Based on the fit of geodetic data the estimated magma
volume of the intrusion varies between 0.26-0.56 km’, either
considering the dike effect only, or including an additional deeper
depleting source. Such volumetric intrusions are expected to
trigger seismicity with a cumulative scalar moment of
0.69-1.86 x 1018 Nm>? (equivalent to Mw 5.9-6.1), consistent
with our estimates (~3.46 x 1018 Nm, Mw 6.3). The estimated
magma volume (0.26-0.56 km3) and horizontal dike length
(20 km), makes the Orca magmatic unrest episode the largest to
be geophysically monitored in Antarctica ever, that also triggered
the largest earthquake swarm ever observed in that region.

A vertical magmatic intrusion crossing the whole crust is
hypothesized in phase 2, similarly to the Mayotte case, where
such migration was tracked through a thicker crust®. In both
cases, the upward propagation of magma within an extensional
tectonic domain triggers earthquakes with strike-slip to oblique
focal mechanisms. Tracking their spatiotemporal evolution allows
to reconstruct the path of magma ascent®8. At Mayotte, this path
could be tracked to the seafloor”8, pointing to the location where
a new seafloor volcano was found®®. Here, conversely, strike-slip
earthquakes are confined deeper than ~8km depth. Shallow
seismicity is mostly characterized by NE-SW oriented normal
faulting mechanisms, which are expected to occur above a
forming sub-vertical dike37-385457.61 It is not clear, though,
whether the magma intrusion reached the Bransfield Strait sea-
floor or not. For sure, the occurrence of the Mw 6.0 earthquake
abruptly changed the seismicity rate, which is an indication of
pressure loss in the intrusion.

A unique aspect of the Bransfield unrest is that it occurs in a
very specific rifting environment, which is experiencing the
transition from continental to oceanic crust. The observed
intrusion and seismicity represent a specific stage of this process
and are controlled by the interplay of magmatic and tectonic
processes over different scales. The unrest demonstrates how
long-term steady extension processes testified by GNSS
observations3® can occasionally alternate with short term, fast
intrusion and rifting processes, providing magma paths through
the entire crust over few days and lasting over months. While
volcanic processes are the driver of local seismicity, they are
favored by the long term tectonic settings, which control
the rifting and oceanic formation processes at a larger scale. The

unrest also testifies how episodic intrusions through the crust
allows transferring large magma volumes from the upper mantle
to the seafloor, as a stage of the formation of elongated volcanic
structures, which are typical bathymetric features along the
Bransfield Strait?2.

Methods

Single station analysis: earthquake detection and localization. We tackle the
limited detection capability of global networks in the Antarctic region by imple-
menting different single station approaches, substantially augmenting the number
of detected earthquakes during the sequence of volcano-tectonic earthquakes. We
apply the Lassie detector (https://gitext.gfz-potsdam.de/heimann/lassie) and the
PhaseNet®0 picker algorithm to continuous recordings at the closest seismic sta-
tions, JUBA and R4DE2, to detect signals of weaker earthquakes and pick P and S
earthquake arrival times. Details of the two algorithms are provided in the Sup-
plementary Information. Differential times and P wave polarization attributes are
estimated®® to perform a single station location. Differential S-P times provide
information on the distance between the considered station and earthquake
hypocenters and are obtained independently with two different techniques and for
both JUBA and R4DE2 stations (Fig. 3, Supplementary Fig. 4). The source back-
azimuth can be estimated from the P wave signal, whenever its particle motion is
highly linearly polarized. With the distance and backazimuth, and knowing the
absolute location of the largest events, we can locate with a single-station approach.
We correct the cloud of single-station locations shifting their average to match the
average centroid locations from the regional moment tensor inversion. PhaseNet
has been additionally applied to a few more stations at larger distances, which
detect much fewer events.

Moment tensor inversion. The moment inversion provides stable and high
quality results for 84 earthquakes (Supplementary Dataset 2), out of 128 identified
by global catalogs. We perform both deviatoric and full moment tensor inversions.
Results are similar in terms of magnitude, depth and geometry of the double couple
component, so that we discuss here full moment tensor solutions only, as they
allow to interpret also the isotropic components. The full moment tensor inversion
is performed using the Grond software?®. We fit regional broadband seismic data
from seismic stations shown in Supplementary Fig. 1, considering those located at
epicentral distances up to 2,500 km. Synthetic seismograms are computed®? using a
regional model at distances below 500 km and an average model with oceanic crust
at larger distances (Supplementary Fig. 2). Full waveform displacement data are
fitted in the time domain for 3-components (vertical, radial, transversal). To
maximize the signal-to-noise ratio and ensure a good data fit using simplified 1D
models, we apply the following bandpass filters, depending on station distance and
component: for far distance stations (500-2,500 km distance), we use a bandpass
filter 0.01-0.03 Hz for vertical components and 0.02-0.03 Hz for horizontal com-
ponents, while for closer distances (below 500 km), we employ a bandpass filter
0.015-0.04 Hz for vertical component and 0.02-0.04 Hz for horizontal compo-
nents. Data have been visually inspected for all events, removing where necessary
saturated, noisy or incomplete traces. Grond was setup to perform 56,000 itera-
tions, resolving simultaneously centroid location, centroid depth, centroid time and
the 6 independent moment tensor components. We use an impulsive source time
function with 1 s duration. The inversion using all data (which lead to best solution
estimates) is accompanied by simultaneous inversions using 100 bootstrap chains,
where the available data contribute with different random weights. The bootstrap
chains carry out independent optimizations, thus providing 100 additional solu-
tions for each earthquake; these solutions are finally used to estimate mean solu-
tions and parameter uncertainties.

Earthquake classification. Earthquake classification is performed on the base of
the resolved moment tensors for 84 earthquakes. We use a density based clustering
software (Seiscloud3!), which implements the DBSCAN algorithm®3. Earthquakes
are clustered upon the similarity of their focal mechanisms, i.e. using the nor-
malized Kagan angle® as metric. Considering that many solutions include opening
tensile components with a common NW-SE orientation, classifying upon the
double couple term is much more efficient for this dataset, compared to using a
metrics based on the full moment tensor components3!. We select the DBSCAN
parameters Nmin = 10 and € = 0.12, so that a cluster is formed whenever for a
given earthquake there are at least 10 other earthquakes, with a normalized Kagan
angle equal or smaller than 0.12 (corresponding to a Kagan angle equal or smaller
than ~15°). We force unclustered events to the cluster whose focal mechanisms are,
in average, more similar to its focal mechanism3!.

Template matching. To enhance the number of detected events during the
seismo-volcanic sequence and to associate smaller events with larger ones with a
known focal mechanism, we apply a phase match filtering?, which is designed to
detect seismicity from the cross-correlation of continuous data and templates. The
processing consists of performing the single-channel cross-correlation for the event
and then stack all individual cross-correlations into a network function. A
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threshold is applied to the resulting stacked function to declare a positive detection.
Generally the threshold is fixed N times above the median absolute deviation
(MAD). Template matching techniques can augment the number of detected
earthquakes by a factor 5-1095-67. The PyMPA analysis (https://github.com/avuan/
PyMPA37) is applied to JUBA daily three-component continuous waveforms from
1 August 2020 to 31 January 2021. We use the combination of the MT inversion
solutions obtained in this study and the original hypocentral solutions provided by
Global CMT?3, GEOFON (http://geofon.gfz-potsdam.de/, last accessed 1.3.2021)
and USGS (https://earthquake.usgs.gov/, last accessed 1.3.2021) as input catalogue
for the template matching. It consists of 128 earthquakes, in the Mw range from 4
to 6. Mw is obtained as a result of MT inversion, retrieved from the original
catalogues or derived from mb using a suggested conversion relationship®.

Due to data gaps of JUBA station recordings, seismic waveforms are missing for
5 seismic events of the composite catalogue, leading to 123 the number of useful
templates. Data is resampled at 20 Hz, a bandpass filtering between 2 and 8 Hz is
applied and the cross-correlation is calculated in time domain. Templates are
trimmed using a 24 s data window, starting 12 s before the theoretical S wave
arrival, computed using the ObsPy port® of the Java TauP Toolkit routines’ and a
suitable 1D-model”-21. The selected time windows guarantee to consider P and S
picks arrival travel times, a pre-event time window and an appropriate portion of
signal after S wave arrival time.

The JUBA station correlograms are evaluated as a function of time, shifting
sample by sample the template event window through continuous waveforms. We
use 6 samples tolerance in detecting maximum cross-correlation amplitude for
each channel. To declare candidate detections, we initially set the threshold at 8
times the MAD, and we impose at least two channels with cross-correlation values
higher or equal to 0.4. When multiple templates exist for the same detection, we
choose the template for which the normalized correlation coefficient is the greatest
for determining the location and magnitude of the detected events®®. PyMPA
estimates the magnitude of the detected event by comparing its amplitude with that
of the template, and assuming that a tenfold increase in ratio corresponds to a one-
unit increase in magnitude. Finally, the 5 events missed as templates due to JUBA
data gaps are added in the template matching catalogue, getting a total number of
124,787 events. After the visual inspection for a subset of detections, we choose a
minimum mean (i.e. mean of different components) cross correlation value of 0.40
and fix the threshold at 12 times the MAD to reduce uncertain associations,
decreasing the number of detected events from 124,787 to 85,206 (Supplementary
Dataset 3).

GNSS and InSAR data processing. GNSS data is provided by two stations
(UYBA, DALS5) at King George Island. Collected GNSS data for the time period
1.1.2020 to 18.4.2021 are analysed using the Earth Parameter and Orbit System
(EPOS) software’! in units of 24 h. Together with up to 12 well distributed IGS
core stations a GNSS network is formed. In the network processing all the stations
are analysed with the same weight. Finally the network solutions are aligned to the
IGS 3nd reprocessing combined daily coordinate product’?73 to reduce the impact
of datum effect. The coordinate results from the network solution have an accuracy
better than 2 mm.

InSAR provides information on surface deformation along King George Island
coastline. We use Small BAseline Subset (SBAS) InSAR time series analysis to
estimate the ongoing deformation. All available Sentinel-1 data between November
2019 and January 2021, covering the study area, are collected to produce the
cumulative deformation map. The Differential InSAR technique (DInSAR) is then
implemented on the selected interferometric pairs to remove the topographic phase
component and resolve the deformation. We enhance the quality of the final
deformation map by removing the remaining DEM errors.

Further details on GNSS and InSAR data processing are provided in the
Supplementary Information.

Modeling of GNSS and InSAR data. The theoretical displacements in the analyses
were computed using the Python toolbox Pyrocko?3 either assuming a regional
velocity model for the back-arc* (Supplementary Fig. 2) or a homogeneous half-
space (Poisson’s ratio v =0.25, shear modulus G =24 GPa) in the case of dis-
location models®®. The source models used in each analysis are described in the
following paragraphs. Due to the limited availability of only two GNSS stations
with unfavorable distribution, roughly at the same backazimuth, we do not run an
inversion but search for a best fitting set of model parameters with centroid
locations along profile AB (Fig. 2) using a grid search approach with an L2-norm
(see following subsections). Afterwards, we compare the best fitting theoretical
displacement models found in the grid searches to InSAR observations, to over-
come the limited GNSS observations and constrain the extent of the dike (see
subsection Insights into dike extent from InSAR observations).

Geodetic modeling of co-seismic displacements. We computed the theoretical
surface displacements at the GNSS stations UYBA and DALS5, based on the back-
arc model, caused by the cumulative effects of moment tensor point sources, as
derived in our study (Fig. 2). The theoretical cumulative displacement of the

seismic events can only explain 1-3 mm (~1-4%) of the horizontal displacement
observed at the two stations, while the direction of the horizontal displacement
coincides with the observation. The vertical displacement of the models is
negligible.

A hypothetical single aseismic event, that could account for the observed
cumulative displacement at the two GNSS stations, was modeled with the back-arc
velocity model. The source angles of the assumed pure normal faulting event (rake
of —90°) are fixed to a dip of 45° and a strike of 225° corresponding to the
alignment of the studied epicenters. The width and the length of the fault were
estimated via empirical relations®® (Supplementary Tab. 2).

Geodetic modeling of the assumed magmatic source. For the geodetic modeling
of the magmatic sources we considering extended sources, point sources, and a
combination of both sources. For the point sources, we assume purely volumetric
sources’4. The extend sources are represented by homogeneous half-space dis-
location models®. We set up grid searches over the model parameters space to fit
the orientation and magnitude of the two GNSS vectors, using an L2 norm. The
parameter space of the grid search is free at the beginning, but refined during the
analyses. The grid searches are run for single source intrusions (extended source or
point source) as well as for the summed displacement of a depleting magma
chamber (depleting point source) and an opening dike (extended source); results
are summarized in Supplementary Tabs. 2, 3.

We first model a single volumetric point source by initially searching for the
best fitting set of location, depth, and volume change. Due to the point source
symmetry and the similar backazimuth of the two GNSS stations, we observe trade-
offs between volume change, depth and the distance to the stations while the
models are moving away perpendicular to profile AB. To overcome this ambiguity,
we require the location to be on the profile AB. The same constraint is later used
for all tested surface displacement models (Supplementary Tab. 2).

Next, the best point source location is used as the fixed centroid of an
extended dislocation source. We perform another grid search to find the best
fitting rectangular dislocation source parameters (fault length, fault width,
fault strike, fault dip, and intruding volume), assuming a pure tensile opening.
The amount of opening is calculated from the fault area and the intruding
volume. The extended model provides a better fit to the observed deformation
(Supplementary Tab. 3).

By adding a secondary source to our models we test whether an additional
depleting magma chamber below the dike can better explain the observed
displacement. We assume that the magma chamber is located close to the first
seismic activity, here represented by the average location of strike-slip templates in
phase 2 and a depth of 20 km. We model its contribution to the surface
displacement, by assuming that the volume of the dike is equal to the volume
depleting source below it. When using the best point source model location, we
cannot model the observations better by adding a depleting source. Here we tested
a model with two point sources (one depleting and another inflating), and another
one with an extended (dike) source centered at the best point source location plus a
deeper depleting source. In both cases, the data fit was not improved. To better fit
the data, we have to allow the centroid location to move along profile AB in the
grid search. For the free grid search the unfavorable station configuration leads to a
very small dike length of the best fitting model (Supplementary Tab. 2). Due to the
scaling of the opening with length/width and the volume of the dike, this leads to
unreasonable opening estimates for the dike. To resolve this ambiguity and
constrain the dike extent we consider displacements from InSAR observations in
the following paragraph.

Insights into dike extent from InSAR observations. We constrain the length of
the dike by analyzing sparse InSAR data over the time period of July 2020 to
February 2021. Although the data is limited to the coastal regions due to ice fields
on the island, it covers a broader region and helps to distinguish between dikes of
different spatial extents and centroid locations. First, we search for best fitting
displacement models (the combination of an extended source and a depleting point
source) with fixed dike lengths varying between 5km and 40 km, using the same
grid search approach as before. Then, we compare the modeled displacements to
observed downsampled InSAR displacement steps (Supplementary Fig. 16). We
downsample InSAR observation based on an adaptive quadtree sampling
method”>, that can subsample data points regardless of whether spaced regularly
(e.g., grid data) or irregularly (e.g., PS data point in our case). The method splits
data points into the sample grids (or polygon) of different sizes determined by
displacement gradient. The process iterates until the displacement variance within
a polygon is below a defined threshold. Based on the models we found that the
InSAR observations rule out larger dike lengths (e.g. 40 km) and a substantial dike
propagation towards SW (Supplementary Fig. 16). Both would contradict the
observed InSAR derived displacements. A dike to the NE of the Orca Volcano is in
agreement with the normal faulting events within the seismic series. By considering
the distribution of the normal faulting events, and the fit to both the GNSS and the
InSAR data we conclude that the sub-vertical dike has a length of approximately
20 km. The according preferred model is given in Supplementary Tab. 2. The
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difference in the scale of modeled and observed displacements closer to the source
(see difference in color scale in Supplementary Fig. 16d), is caused by using UYBA
as a reference station, which introduces an offset of approximately 2 cm in the line-
of-sight displacement (Supplementary Fig. 15).

Data processing and analysis of sea surface data. The temporal evolution of sea
surface temperature and roughness within the study area (Supplementary Fig. 17)
are here obtained from remote sensing data, by Advanced Very High Resolution
Radiometer (AVHRR), high resolution optical (Sentinel-2 and Landsat-8) and
synthetic aperture radar (SAR) (Sentinel-1). To identify possible effects of a
hypothetical submarine eruption at Orca Seamount on the sea surface, time series
of sea surface temperature (SST) data were first analyzed. Thereby, the NOAA
Optimum Interpolation 1/4 Degree Daily Sea Surface Temperature (OISST)
Analysis, Version 2 product’® was used. This SST dataset has a spatial grid reso-
lution of 0.25 (1/4) degree and temporal resolution of 1 day. This SST dataset is
based on Advanced Very High Resolution Radiometer (AVHRR) satellite data. The
operational Navy AVHRR Multi-Channel SST algorithm is used. In situ data from
ships and buoys are used as additional information. Thereby, a large-scale
adjustment of satellite biases with respect to the in situ data is included. An
optimum interpolation (OI) technique is used to fill data gaps. Besides the SST, this
product also provides information about the sea ice coverage. For areas covered by
sea ice, SST is estimated from sea ice concentration datasets from NOAA NCEP.
Data from high resolution optical (Sentinel-2 and Landsat-8) and synthetic aper-
ture radar (SAR) (Sentinel-1) sensors were analyzed in order to search for floating
pumice rafts, previously observed after other submarine eruptions®>>31, Almost
all optical imagery were cloudy and no optical imagery were available during the
dark period of the Antarctic winter. Analysis of SAR data, which is independent of
the weather and sunlight showed also no clear evidence for localized roughness
anomalies. The area of interest was often affected by high waves (rough water
surface) and during the winter large areas of the region were covered by sea ice. For
example, Sentinel-1 SAR data showed complete sea ice coverage between August 28
and September 9, 2020.

Data availability

Seismic data used in this study are available at IRIS (Incorporated Research Institutions
for Seismology, https://service.iris.edu/), GEOFON (GEO-ForschungsNetz, https://
geofon.gfz-potsdam.de/waveform/webservices/), ORFEUS EIDA (Observatories and
Research Facilities for European Seismology - European Integated Data Archive, https:/
www.orfeus-eu.org/data/eida/webservices/) and Raspberry Shake Project (https://
manual.raspberryshake.org/fdsn.html#fdsnwebservices) FDSN web services. The list of
seismic networks is provided and acknowleged in the Supplementary Material. Seismic
catalogs produced in this study’” are provided as Supplementary Datasets. Geodetic data
are available at the web facilities of the Nevada Geodetic Laboratory, at the University of
Nevada, Reno’8.

Code availability

All software used in this work is open source. The codes used to generate individual
results are available through the contact information from the original publications.
Requests for further materials should be directed to S.C. (simone.cesca@gfz-potsdam.de).
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