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Abstract

On 2 May 2025, a Mw 7.4 earthquake occurred “120 km off the southern tip of Tierra del Fuego, at the intersection of the
Shackleton Fracture Zone and the Chilean Trench. This event is the largest recorded within this complex plate boundary, filling
a gap between previous M>6 earthquakes. Most aftershocks exhibit compressional mechanisms with relatively steeply dipping
planes, although some show strike-slip motion. To better resolve the activated fault system under limited station coverage, we
relocated events and incorporated pP and pS phases identified using a trained classifier to constrain focal depths. Hypocentral
depths range from 15 to 35 km, with the mainshock nucleating at 25 km. Aftershocks with predominantly reverse mechanisms
cluster southeast of the mainshock along a steeply dipping structure near the Shackleton Fracture Zone. A 1997 multichannel
seismic reflection profile crossing the epicentral region provides additional constraints on the possible complexity of the rupture

process.
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Key Points:

« 1. Largest instrumentally recorded quake at the intersection of the Shackleton Frac-

ture Zone and the Chilean Trench.

¢ 2. Seismic data show the mainshock nucleated at ~25 km depth, within the downdip

portion of the megathrust interface.

+ 3. Relocated earthquakes indicate a complex rupture involving the Chilean megath-

rust and Shackleton Fracture Zone structures.
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Abstract

On 2 May 2025, a Mw 7.4 earthquake occurred ~120 km off the southern tip of Tierra
del Fuego, at the intersection of the Shackleton Fracture Zone and the Chilean Trench.
This event is the largest recorded within this complex plate boundary, filling a gap be-
tween previous M>6 earthquakes. Most aftershocks exhibit compressional mechanisms
with relatively steeply dipping planes, although some show strike-slip motion. To bet-
ter resolve the activated fault system under limited station coverage, we relocated events
and incorporated pP and pS phases identified using a trained classifier to constrain fo-
cal depths. Hypocentral depths range from ~15 to 35 km, with the mainshock nucleat-
ing at ~25 km. Aftershocks with predominantly reverse mechanisms cluster southeast
of the mainshock along a steeply dipping structure near the Shackleton Fracture Zone.
A 1997 multichannel seismic reflection profile crossing the epicentral region provides ad-
ditional constraints on the possible complexity of the rupture process.

Plain Language Summary

On 2 May 2025, a magnitude 7.4 earthquake struck about 120 km off the south-
ern tip of South America near Tierra del Fuego. It was the strongest earthquake ever
recorded in this complex region where several tectonic plates meet. The event ruptured
a well-recognized seismic gap separating earlier earthquakes near the junction of major
fault systems, none of which exceeded magnitude 6.5. Aftershocks mostly showed com-
pressional motion on steeply dipping faults, which is unusual for a typical plate-boundary
megathrust rupture, and a few showed strike-slip motion. Because seismic stations are
sparse in this area, advanced methods were used to improve earthquake locations. By
identifying depth-sensitive seismic phases with a machine-learning model, we determined
that the mainshock began about 25 km deep, consistent with the very small tsunami ob-
served. Aftershocks southeast of the epicenter occurred on westward-dipping faults near
the Shackleton Fracture Zone. Older seismic imaging data also help illuminate the com-
plex fault system involved.

1 Introduction

The Mw 7.4 earthquake of May 2, 2025, occurred off the southernmost tip of Tierra
del Fuego (Fig. 1) and represents the strongest event ever documented in this region, where
the southern terminus of the South American convergent plate boundary merges into the
Shackleton Fracture Zone (SFZ). The event was initially interpreted as a reverse-faulting
earthquake with a fixed depth of 10 km (United States Geological Survey, 2025), and af-
tershock distributions were described as indicating a rupture propagating southeastward
along the SFZ. The reviewed focal mechanism (United States Geological Survey, 2025)

shows a dominantly compressional source, a centroid depth of 23.5 km, and a NW-SE—striking

nodal plane dipping either 33° to the northeast or 57° to the southwest, which is unusu-
ally steep for a shallow megathrust event along an active subduction zone (Bradley &
Hubbard, 2025). In addition, the non—-double-couple (NDC) component is anomalously
high (37%), suggesting that sparse station coverage, an inadequate velocity model, and/or
a complex source process may contribute to this elevated value.

A maximum slip of approximately 4-5 m has been estimated from finite-fault in-
version (United States Geological Survey, 2025; Ji et al., 2002). However, this estimate
is strongly influenced by the use of teleseismic stations located far from the epicentral
region, resulting in significant uncertainty. For example, the centroid depth derived from
the focal mechanism (23.5 km) is inconsistent with the shallow asperity inferred from
the finite-fault model (United States Geological Survey, 2025). Given the complex struc-
tural configuration of this segment of the South American margin—where convergence
along the Chilean Trench merges into left-lateral strike-slip deformation along the SFZ—
it remains unclear whether the 2025 earthquake primarily reflects subduction-related pro-
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cesses or complex reverse slip along the transform system. Transitions from subduction

to strike-slip faulting along plate boundaries can arise from geometric segmentation, ter-
mination of the plate interface, block rotations, and/or changes in relative plate-motion

trajectories (Wallace et al., 2012).

In this study, we analyze seismological data together with an unpublished multi-
channel seismic reflection profile crossing the epicentral area to constrain the 2025 seis-
mic sequence and the shallow crustal architecture of the continental margin off Tierra
del Fuego. Epicentral locations of the mainshock and its aftershocks are refined using
seismic data from the regional ASAIN network (Vuan et al., 2014; Plasencia Linares et
al., 2021), with a particular focus on constraining hypocentral depths. This is achieved
through the application of trained models capable of identifying depth-sensitive seismic
phases such as pP and pS. The 1997 multichannel seismic profile resolves the shallow ar-
chitecture of the subduction system and offers important constraints on the location and
geometry of the plate interface and major faults potentially involved in the 2025 rup-
ture.

2 Geodynamic and tectonic setting

Structural development offshore southernmost Chile is driven by the relative move-
ments between the Antarctica, Scotia, and South America plates. The boundary between
the Scotia and South America plates is marked by the Magallanes—Fagnano fault sys-
tem and the North Scotia Ridge (Lodolo et al., 2002, 2003), whereas the Antarctic—Scotia
plate boundary follows the Chilean Trench to the northwest and the SFZ toward the south-
east (Fig. 1). The triple junction between these plates (the Fuegian triple junction of Polonia
et al. (2007) has been interpreted as a diffuse deformation zone located where the Magallanes—
Fagnano fault system projects toward the Chilean Trench (Forsyth, 1975; Cunningham,
1993). North of this area, subduction involves the Antarctic and South America plates,
whereas south of the triple junction, convergence between the Antarctic and Scotia plates
becomes progressively more oblique and transitions into the transcurrent motion of the
SFZ.

Post-Miocene convergence processes are characterized by subduction between the
Antarctic and Scotia plates at a rate of ~10-20 mm yr~—! (DeMets et al., 1990). Seismic
reflection profiles reveal strong variations in frontal-wedge morphology, accretion rates,
and overall structural style. These variations occur along oblique structural trends that
segment the margin, driven by processes on the overriding plate as well as by local het-
erogeneities on the incoming plate, such as seamounts, fracture zones, and oceanic fab-
ric (Polonia et al., 2007).

The intra-oceanic SFZ is a northwest—southeast trending fracture zone extending
over 800 km from the southernmost Chilean Trench to the eastern termination of the
South Shetland Trench, where it subducts beneath the South Shetland Islands block (Aldaya
& Maldonado, 1996; Klepeis & Lawver, 1996).

Seismicity and focal mechanisms indicate that the SFZ is an active, left-lateral trans-
pressive fault zone that, together with the South Scotia Ridge, accommodates relative
motion between the Scotia and Antarctic plates (Pelayo & Wiens, 1989; Barker et al.,
1991; Livermore et al., 1994; Aldaya & Maldonado, 1996; Galindo-Zaldivar et al., 1996;
Klepeis & Lawver, 1996; Maldonado et al., 2000). Bathymetric (British Antarctic Sur-
vey, 2012; Bohoyo et al., 2016) and seismic data further reveal that the SFZ exhibits pro-
nounced relief, and is flanked to the east by a well-developed trough system (Geletti et
al., 2005).

South of the Chile Triple Junction (Fig. 1), seismicity along the margin is low (Pelayo
& Wiens, 1989), which may be partly attributed to slow convergence rates (5-10 mm/year,
and the obliquity of convergence that promotes strain partitioning (Lodolo et al., 2003;
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Geletti et al., 2005; Polonia et al., 2007; Civile et al., 2012). Despite the limited seismicity—
insufficient to resolve the slab geometry from earthquake data alone—seismic reflection
profiles indicate that the continental margin between 50°S and 56°S is characterized by
large folds and active thrust faults (Polonia et al., 1999, 2007). These features suggest
that margin-perpendicular shortening is still active, or has slowed only recently (Rubio
et al., 2000).

Overall, this geodynamic and tectonic environment diverges markedly from that
of a classic subduction margin. It remains unclear how, in southernmost South Amer-
ica, the Chilean megathrust interacts with the SFZ and associated splay faults to gen-
erate large-magnitude earthquakes.

3 Materials and Methods

Our analysis of the 2 May 2025 Drake Passage earthquake sequence integrates re-
gional and teleseismic seismology with multichannel seismic reflection data. We first re-
located the mainshock and aftershocks using high-quality P and S phases from the Antarc-
tic Seismographic Argentinean Italian Network (ASAIN) (Plasencia Linares et al., 2021)
and selected global stations (Fig. S1 and Tab. S1), applying the LocSAT (Bratt & Nagy,
1991) algorithm with the IASPEI91 velocity model (Kennett & Engdahl, 1991) (see Sup-
plementary Text S1).

To better constrain hypocentral depths, we identified pP and sP depth phases us-
ing machine-learning tools from the SeisBench framework (Miinchmeyer et al., 2023),
enabling probabilistic multi-station depth estimation despite sparse regional coverage (see
Supplementary Text S2 and Fig. S2). Focal mechanisms were compiled from multiple
international agencies (Dziewonski et al., 1981; Ekstrom et al., 2012) to assess fault ge-
ometry and stress orientation.

We further reprocessed (see Supplementary Text S3) a 1997 multichannel seismic
line (Polonia et al., 2007) crossing the epicentral region to image crustal structure and
plate-boundary architecture relevant to the rupture (Fig. S3).

4 Results and interpretation
4.1 Relocated hypocenters and depth distribution

The mean residuals of the P phases at the most frequently used stations are shown
in Figure S4, while Table S2 summarizes the P and S phases employed in the relocation,
together with the average time residuals, epicentral distances, and azimuths for each sta-
tion. Stations located closest to the events consistently display negative residuals, indi-
cating that observed P arrivals occurred earlier than the theoretical predictions. The ma-
jor axis of the epicentral uncertainty ellipses is oriented roughly east—west, reflecting the
sparser station coverage in that direction (Fig. S5). Horizontal location uncertainties range
from approximately 5 km in the latitudinal direction to 15-20 km in the longitudinal di-
rection, with the lower resolution in longitude primarily due to limited coverage in the
Scotia Sea and Pacific Ocean.

Figure 2 presents cross sections and map views of seismicity associated with the
May 2, 2025 earthquake sequence, combining relocated hypocenters with pre-mainshock

events listed in the ISC reviewed catalog (Bondar & Storchak, 2011). The relocated hypocen-

ters (red) and earlier ISC catalog earthquakes (orange) are projected onto three verti-
cal profiles designed to illustrate the geometry of seismicity in the region. Profile A—A’

is aligned with seismic reflection line IT97-245 and highlights the distribution of earth-
quakes across the continental margin. Profile B-B’ encompasses most aftershocks and
illustrates the spatial extent and depth range of the post-mainshock sequence. Profile C—-
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C’ captures events intersecting the Shackleton Fracture Zone (SFZ), providing insight
into how this major structural boundary influences faulting patterns.

Depth estimates are improved by incorporating depth phases such as pP and sP,
although identifying these phases is often challenging in this region due to high noise lev-
els. Figure 3 shows the likelihood distributions and depth estimates for each event ob-
tained using the DeepPhaseNet and DepthPhase TEAM trained models (Miinchmeyer
et al., 2023). Both approaches yield internally consistent depth determinations across
the sequence. Figure S2 illustrates the stations providing pP and sP picks for each event,
demonstrating the dense azimuthal coverage that supports stable depth estimation.

Aftershocks predominantly occur between ~15 and 35 km depth, defining a tightly
constrained seismogenic zone that spans the lower crust and uppermost mantle. Only
one shallow event (M 5.1) lies above this interval. Notably, the centroid depth reported
by the USGS for the Mw 7.4 mainshock closely matches our model-based estimate, re-
inforcing both the robustness of the inferred depth distribution and the consistency be-
tween independent methodologies.

An assessment of the robustness of pP—P-derived depths is shown in Figure S6, where
observed delay times (At) are compared with parametric sensitivity curves describing
how inferred depth depends on (a) the assumed crustal P-wave velocity V,, (b) the P-
wave takeoff angle 6, and (c) the thickness L of a shallow low-velocity layer (LVL). Depths
derived from focal mechanisms shown in Figure 2 are consistent with those estimated
using depth phases.

4.2 Mainshock and aftershock mechanisms

Despite variations in centroid depth reported across different catalogs (Table S3),
the dips of the possible fault planes in the GCMT and USGS solutions appear to be well
constrained, as does the compressive orientation of the rupture. For the mainshock, both
nodal planes indicate dips ranging from 33° to 52° (Fig. 2b), considerably steeper than
the ~5°-20° dip expected for the shallow Chilean megathrust. This suggests that the
rupture likely occurred within one of the tectonic plates rather than along the plate in-
terface, or that the rupture may be composite, involving multiple structures.

Analysis of historical focal mechanisms from the GCMT catalog since 1976 shows
that dip angles in this region are consistently greater than 34° (Table S4). Similarly, Pelayo
and Wiens (1989) reported two mb > 6.0 earthquakes in 1975 and 1976 with compres-
sional mechanisms and dips exceeding 40°. Few early aftershocks exhibit strike-slip mech-
anisms with centroid depths of approximately 15 km (Table S5). Rose diagrams of P-
axes (orientations ~45°-60°, maximum compression) and T-axes (~135°-150°, maxi-
mum tension) derived from these focal solutions are shown in the supplementary ma-
terial (Fig. ST).

Taken together, these observations indicate a predominantly steeply dipping rup-
ture. Nevertheless, given the compressional nature of the mainshock and its close prox-
imity to the subduction interface, a contribution from the megathrust cannot be excluded,
either in the form of direct slip or stress transfer to adjacent faults.

4.3 Seismic reflection profile and crustal structure

The time-migrated multichannel seismic line IT97-245 trends approximately or-
thogonal to the southernmost Chilean subduction system, extending from the oceanic
trench to the continental shelf and passing near the epicenter of the May 2, 2025 earth-
quake (Figs. 1 and 2; profile A-A’). The Antarctic-Scotia plate boundary region is im-
aged to approximately 14 s two-way travel time (TWT). In the outer domain of the sub-
duction system, the top of the Antarctic Plate oceanic basement dips landward, and the
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oceanic crust is underlain at depth by the Moho reflector (Fig. 4a). The seafloor in the

trench domain is relatively flat because the oceanic basement is buried beneath sediment

infill at the trench axis. The accretionary wedge is about 20 km wide and is composed

of deformed sediments scraped off the subducting Antarctic Plate and accreted along landward-
dipping thrust faults that sole out against the main detachment.

Within the continental shelf, a well-developed sedimentary basin is clearly imaged
(Fig. 4b). The basin depocenter contains a sedimentary section up to ~2 s TWT thick.
The location of this basin coincides with the northwestward continuation of the Shack-
leton Fracture Zone (SFZ), suggesting that the SFZ exerts a first-order control on the
tectonic evolution of the region.

5 Discussion

The area where the Mw 7.4 earthquake occurred includes: (i) the southern end of
the Andean subduction zone, where the interaction between the continental margin of
Tierra del Fuego and the oceanic crust of the Antarctic Plate is highly oblique, and (ii)
the northern termination of the left-lateral SFZ. Fault-plane solutions indicate a reverse
mechanism for the May 2, 2025 mainshock, with a NE- or SW-dipping fault geometry.
The nodal planes inferred near the trench (dip; > 35° and dips ~ 55-60°) are unusu-
ally steep for an Andean-type, shallow-dipping megathrust. Moreover, the temporal and
spatial variation of dip angles (Fig. S8) reveals predominantly steep fault geometries, con-
sistent with rupture along a relatively high-angle structure that may reflect the influ-
ence of oblique convergence and local tectonic segmentation.

Alternatively, such geometries may indicate: (1) a splay fault within the overrid-
ing plate that accommodates compressive stresses related to accretion; (2) rupture within
a transition zone where the subducting slab begins to steepen; or (3) a composite source
in which the mainshock triggered slip along one or more segments forming the north-
ernmost part of the SFZ. Supporting evidence for a composite rupture is provided by
morpho-bathymetric data (British Antarctic Survey, 2012; Bohoyo et al., 2016), which
show that the SFZ bifurcates into at least two ridges to the north that parallel its main
trace and extend onto the southern Tierra del Fuego continental shelf (Bohoyo et al., 2019).
Similar morphologies occur along oceanic transverse ridges, such as those imaged across
the Romanche and Vema fracture zones (Bonatti et al., 1994, 2005). The approximately
east—west-directed stress regime in the Drake Passage region (Thomas et al., 2003) is largely
dissipated along a narrow deformation zone within the SFZ, which is interpreted to re-
sult from crustal uplift and shortening (Geletti et al., 2005) and accommodates much
of the present-day Antarctic—Scotia plate motion. Taken together, these observations sup-
port the activation of a composite source in which the megathrust interacts with the SFZ
through transpressional and transtensional mechanisms, as also suggested by the distri-
bution of aftershock seismicity.

The distribution of focal epicenters, which trend predominantly NW-SE, further
supports this interpretation. The sedimentary basin imaged on the continental shelf in
line IT97-245 (Fig. 4b) closely resembles other shelf basins along the western termina-
tion of the South America—Scotia plate boundary, where the Magallanes—Fagnano trans-
form fault (Lodolo et al., 2003) intersects the southern Chilean Trench. In that region,
a ~3 km-thick sedimentary depocenter (the Madre de Dios Basin; (Gonzalez, 1989)) de-
velops (Polonia et al., 2007, their Fig. 6b), illustrating strong interaction between trans-
form faulting and subduction processes.

The inversion of the mainshock focal mechanism in the USGS catalog reveals a 37%
non—double-couple (NDC) component. Composite ruptures involving multiple fault types
commonly generate large NDC values, which can range from negligible in simple settings
to 20-48% in structurally complex environments (Tajima & Célérier, 1989; Frohlich &
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Apperson, 1992; Ekstrom & Engdahl, 1989). Kuge and Kawakatsu (1992) showed that
superposition of double-couple sources with rotating principal axes can produce signif-
icant NDC components. On a global scale, earthquakes with Mw > 6.5 in the GCMT
catalog typically exhibit smaller NDC values (~17%) (Résler et al., 2021, 2023) than that
inferred for the 2025 mainshock (37%), suggesting unresolved complexity in the source
process.

The SFZ and related tectonic discontinuities within the incoming oceanic lithosphere
can strongly perturb slab geometry and subduction processes along an active margin.
Mechanical weakening along these discontinuities, combined with bending-related fault-
ing, reduces effective strength and modifies slab buoyancy, promoting segmentation, tear-
ing, and along-strike variations in subduction geometry. These processes influence in-
terface coupling and stress transmission, resulting in spatially variable seismicity pat-
terns and along-strike slab heterogeneity (Rodriguez et al., 2024). Based on these ele-
ments, we propose a kinematic scenario in which the mainshock nucleated between the
obliquely subducting Antarctic Plate and the overriding Scotia Plate, within a highly
heterogeneous crustal and upper-mantle structure. At subduction—transform transitions,
the geometry of the plate interface may steepen abruptly over short distances or involve
splay faults that appear steep in focal mechanisms. Composite sources involving con-
tributions from megathrust patches, upper-plate reverse faults, and the SFZ can also pro-
duce steep nodal planes and large NDC values.

The event also generated transpressive stress at the intersection between the trench
and the northern segment of the SFZ, where trench-normal and trench-parallel forces
interact. This is the zone where oblique subduction transitions into strike-slip motion,
and the convergence vector partitions into perpendicular and parallel components rel-
ative to the trench. In this complex structural scenario, portions of the overriding plate
appear to be offset with respect to the SFZ trench-parallel strike, producing shallow faults
that likely may move independently.

Similar transition zones occur along the New Zealand Hikurangi margin leading
into the Alpine Fault system (Stevens et al., 2024), and in Sumatra where oblique con-
vergence between the Indo-Australian and Eurasian plates is accommodated by the right-
lateral Great Sumatran Fault (McNeill & Henstock, 2014; Moeremans et al., 2014).

6 Conclusions

Relocated hypocenters in the Drake Passage region indicate that seismogenic ac-
tivity generally occurs between 15 km and approximately 35 km depth, consistent across
both deep-learning—based approaches and traditional relocations using nearby regional
stations. The May 2, 2025 mainshock nucleated at roughly 25 km depth.

Horizontal location uncertainties are larger in longitude due to sparse station cov-
erage in the Scotia Sea, ranging from about 5 km to 20 km. Depth estimates constrained
by pP and sP phases agree with depths reported for pre-2024 events in the ISC-reviewed
bulletin located near the aftershock zone.

The depth distribution of seismicity, focal mechanism solutions, and structural con-
straints suggests that the mainshock originated in the interaction zone between a southwest-
dipping structure associated with the SFZ and the Chilean megathrust. The predom-
inantly compressional mechanisms with relatively steep dips, together with the cluster-
ing of aftershocks in the lower crust and upper mantle, support a composite rupture in
which slip was partitioned across multiple fault segments.

Additional support comes from the multichannel seismic reflection profile, which
clearly images the complex structural interaction between the shallow Chilean megath-
rust and the SFZ in the immediate vicinity of the Mw 7.4 hypocenter.
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Open Research Section

All data used in this study are publicly available and properly cited in the refer-
ences and supporting material.

Waveform and metadata used for event relocation and depth—phase analysis were
obtained from the Antarctic Seismographic Argentinean Italian Network (ASAIN) and
selected FDSN global stations (see Table S1 and Fig. S1 for station list and usage de-
tails). Data can be accessed at the EarthScope Data Center (IRIS DMC): https://service
.earthscope.org/fdsnws/dataselect/1/, and at the ORFEUS Data Center (ORFEUS):
http://www.orfeus-eu.org/fdsnws/dataselect/1/.

Regional catalog and focal-mechanism data prior to the mainshock were obtained
from the International Seismological Centre (ISC) Reviewed Bulletin: https://www.isc
.ac.uk/iscbulletin/search/catalogue/. Global Centroid Moment Tensor (GCMT)
solutions were retrieved from http://www.globalcmt.org.

Source parameters and centroid solutions for the 2 May 2025 Drake Passage main-
shock (Mw 7.4) were accessed from the USGS Earthquake Event Page: https://earthquake
.usgs.gov/earthquakes/eventpage/us7000pwkn (accessed 21 January 2026).

Bathymetric grids used in Figures 1-2 derive from the General Bathymetric Chart
of the Oceans (GEBCO): https://www.gebco.net/data-products/gridded-bathymetry
-data (accessed 21 January 2026).

Seismic reflection data along line IT97-245 were reprocessed for this study; inter-
preted and uninterpreted seismic sections are provided as Figure 4 and Figure S3 in Sup-
porting Information.

Software used for routine processing includes SeisComP (GFZ & Gempa GmbH,
DOI: 10.5880/GFZ.2.4.2020.003). SeisComP relocation parameters are provided in Ta-
ble S2 (Supporting Information). Depth—phase identification employed the SeisBench
deep-learning models referenced in the manuscript and available at https://zenodo.org/
records/5568813.

The derived relocated catalog is provided in QuakeML(https://quake.ethz.ch/quakeml)
format as a supplementary file (events.qml).

All resources above are openly available or preserved in trusted repositories with
persistent identifiers, in accordance with AGU policy requiring that data and code needed
to understand, evaluate, and build upon the results be accessible at the time of review
and publication.
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Figure 1. Main earthquakes from the ISC catalog and tectonic setting of the Drake Passage
and southern Chilean margin. Bathymetry is shown with color shading, and earthquake epi-
centers are color-coded by year of occurrence (1960-2020). Major tectonic features include the
Chilean Trench, the South Shetland Trench, and the Shackleton Fracture Zone (SFZ). Magni-
tudes for significant events (Mw > 6.0) are plotted at their epicentral locations, with symbol size
proportional to magnitude. The red box marks the study area, encompassing the Mw 7.4 main-
shock and associated aftershocks. Plate boundaries and structural domains are indicated by red
lines, and key geographic features such as the Drake Passage, Scotia Sea, and Bransfield Basin

are labeled for reference.
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Figure 2. Cross sections and map views of seismicity associated with the May 2, 2025 earth-
quake. Relocated events (red) and pre-mainshock earthquakes from the ISC reviewed catalog
(orange) are shown in (a) cross section A—A’, aligned with seismic reflection line IT97-245; (b)
cross section B-B’, encompassing most aftershocks; and (c) cross section C—C’, illustrating events
intersecting the Shackleton Fracture Zone (SFZ). Inset: Zoomed map of the red box in Figure 1
showing relocated events and ISC reviewed catalog earthquakes, with the cross-section traces
indicated. (e) Depth view of focal mechanisms projected along profile D-D’ from the GCMT

catalog. (f) Map view of focal mechanisms within the study area, color coded by depth.
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Figure 3. a) Normalized depth—phase likelihood functions for all analyzed events (left), com-
puted from waveform-based depth-phase modeling using pP—P, sP—P, and related teleseismic
depth-sensitive arrivals. For each event, the likelihood curve is shown together with its 68% high-
est posterior density (HPD) credible region, obtained via marginalization over phase picks and
modeling uncertainties. Shading indicates the depth intervals where the posterior probability
exceeds the 68% HPD threshold. b) Per-event depth solutions, including the maximum-likelihood
(ML) depth estimate (red marker), 68% posterior credible interval (black bars), and 95% credible
interval (gray bars). Events are ordered by origin time, and their magnitudes and timestamps are
annotated accordingly. The reviewed centroid depth of the Mw 7.4 mainshock reported by the

USGS is consistent with our estimate.
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Figure 4. Seismic reflection profile IT97-245 crossing the southernmost Chilean margin,
where the Chile Trench transitions into the Shackleton Fracture Zone (SFZ). (a) The profile illus-
trates the structural architecture of the plate boundary between the Antarctic and Scotia plates.
The Fuegian megathrust (solid black line where imaged, dashed where interpreted) appears as

a landward-dipping reflector beneath the accretionary wedge, marking the active subduction
interface. Toward the northeast, a sedimentary basin develops where the SFZ impinges on the
continental shelf, indicating significant deformation associated with the transform plate boundary
system. The semi-vertical yellow zone marks the proposed deformation corridor of the Shackle-
ton FZ, which accommodates oblique convergence and lateral displacement between plates. The
transparent yellow area highlights the broader SFZ-related deformation zone, suggesting strain
partitioning between thrust and strike-slip components consistent with oblique plate motion.

The red star indicates the nucleation point of the May 2, 2025 mainshock (depth ~ 25 km). (b)
Zoomed view of the strike-slip-related basin, showing steeply dipping fault blocks and internal
reflectors interpreted as syn-tectonic deposits formed under transtensional conditions during
oblique plate motion. (c¢) Location map of seismic line IT97-245. The bold black line shows the
segment of the profile interpreted in this work; thin black lines represent the dataset acquired in
1997 in Southern Chile and Antarctic. The uninterpreted seismic line is shown in Supplementary
Figure S3.
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The 2 May 2025 Mw 7.4 Drake Passage Earthquake:
Insights into Tectonics at the Shackleton Fracture
Zone—Chilean Trench Intersection

A. Vuan!, G. Brancatelli!, G. Brancolini', L. Gasperini?, R. Geletti', E.
Lodolo!, A. Magrin', M. Menichetti®>, M. Plasencia', A. PoloniaZ, M.
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4Instituto de Geociencias Bésicas, Aplicadas y Ambientales de Buenos Aires (IGeBA), CONICET -
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Key Points:

« 1. Largest instrumentally recorded quake at the intersection of the Shackleton Frac-

ture Zone and the Chilean Trench.

¢ 2. Seismic data show the mainshock nucleated at ~25 km depth, within the downdip

portion of the megathrust interface.

+ 3. Relocated earthquakes indicate a complex rupture involving the Chilean megath-

rust and Shackleton Fracture Zone structures.
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Abstract

On 2 May 2025, a Mw 7.4 earthquake occurred ~120 km off the southern tip of Tierra
del Fuego, at the intersection of the Shackleton Fracture Zone and the Chilean Trench.
This event is the largest recorded within this complex plate boundary, filling a gap be-
tween previous M>6 earthquakes. Most aftershocks exhibit compressional mechanisms
with relatively steeply dipping planes, although some show strike-slip motion. To bet-
ter resolve the activated fault system under limited station coverage, we relocated events
and incorporated pP and pS phases identified using a trained classifier to constrain fo-
cal depths. Hypocentral depths range from ~15 to 35 km, with the mainshock nucleat-
ing at ~25 km. Aftershocks with predominantly reverse mechanisms cluster southeast
of the mainshock along a steeply dipping structure near the Shackleton Fracture Zone.
A 1997 multichannel seismic reflection profile crossing the epicentral region provides ad-
ditional constraints on the possible complexity of the rupture process.

Plain Language Summary

On 2 May 2025, a magnitude 7.4 earthquake struck about 120 km off the south-
ern tip of South America near Tierra del Fuego. It was the strongest earthquake ever
recorded in this complex region where several tectonic plates meet. The event ruptured
a well-recognized seismic gap separating earlier earthquakes near the junction of major
fault systems, none of which exceeded magnitude 6.5. Aftershocks mostly showed com-
pressional motion on steeply dipping faults, which is unusual for a typical plate-boundary
megathrust rupture, and a few showed strike-slip motion. Because seismic stations are
sparse in this area, advanced methods were used to improve earthquake locations. By
identifying depth-sensitive seismic phases with a machine-learning model, we determined
that the mainshock began about 25 km deep, consistent with the very small tsunami ob-
served. Aftershocks southeast of the epicenter occurred on westward-dipping faults near
the Shackleton Fracture Zone. Older seismic imaging data also help illuminate the com-
plex fault system involved.

1 Introduction

The Mw 7.4 earthquake of May 2, 2025, occurred off the southernmost tip of Tierra
del Fuego (Fig. 1) and represents the strongest event ever documented in this region, where
the southern terminus of the South American convergent plate boundary merges into the
Shackleton Fracture Zone (SFZ). The event was initially interpreted as a reverse-faulting
earthquake with a fixed depth of 10 km (United States Geological Survey, 2025), and af-
tershock distributions were described as indicating a rupture propagating southeastward
along the SFZ. The reviewed focal mechanism (United States Geological Survey, 2025)

shows a dominantly compressional source, a centroid depth of 23.5 km, and a NW-SE—striking

nodal plane dipping either 33° to the northeast or 57° to the southwest, which is unusu-
ally steep for a shallow megathrust event along an active subduction zone (Bradley &
Hubbard, 2025). In addition, the non—-double-couple (NDC) component is anomalously
high (37%), suggesting that sparse station coverage, an inadequate velocity model, and/or
a complex source process may contribute to this elevated value.

A maximum slip of approximately 4-5 m has been estimated from finite-fault in-
version (United States Geological Survey, 2025; Ji et al., 2002). However, this estimate
is strongly influenced by the use of teleseismic stations located far from the epicentral
region, resulting in significant uncertainty. For example, the centroid depth derived from
the focal mechanism (23.5 km) is inconsistent with the shallow asperity inferred from
the finite-fault model (United States Geological Survey, 2025). Given the complex struc-
tural configuration of this segment of the South American margin—where convergence
along the Chilean Trench merges into left-lateral strike-slip deformation along the SFZ—
it remains unclear whether the 2025 earthquake primarily reflects subduction-related pro-
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cesses or complex reverse slip along the transform system. Transitions from subduction

to strike-slip faulting along plate boundaries can arise from geometric segmentation, ter-
mination of the plate interface, block rotations, and/or changes in relative plate-motion

trajectories (Wallace et al., 2012).

In this study, we analyze seismological data together with an unpublished multi-
channel seismic reflection profile crossing the epicentral area to constrain the 2025 seis-
mic sequence and the shallow crustal architecture of the continental margin off Tierra
del Fuego. Epicentral locations of the mainshock and its aftershocks are refined using
seismic data from the regional ASAIN network (Vuan et al., 2014; Plasencia Linares et
al., 2021), with a particular focus on constraining hypocentral depths. This is achieved
through the application of trained models capable of identifying depth-sensitive seismic
phases such as pP and pS. The 1997 multichannel seismic profile resolves the shallow ar-
chitecture of the subduction system and offers important constraints on the location and
geometry of the plate interface and major faults potentially involved in the 2025 rup-
ture.

2 Geodynamic and tectonic setting

Structural development offshore southernmost Chile is driven by the relative move-
ments between the Antarctica, Scotia, and South America plates. The boundary between
the Scotia and South America plates is marked by the Magallanes—Fagnano fault sys-
tem and the North Scotia Ridge (Lodolo et al., 2002, 2003), whereas the Antarctic—Scotia
plate boundary follows the Chilean Trench to the northwest and the SFZ toward the south-
east (Fig. 1). The triple junction between these plates (the Fuegian triple junction of Polonia
et al. (2007) has been interpreted as a diffuse deformation zone located where the Magallanes—
Fagnano fault system projects toward the Chilean Trench (Forsyth, 1975; Cunningham,
1993). North of this area, subduction involves the Antarctic and South America plates,
whereas south of the triple junction, convergence between the Antarctic and Scotia plates
becomes progressively more oblique and transitions into the transcurrent motion of the
SFZ.

Post-Miocene convergence processes are characterized by subduction between the
Antarctic and Scotia plates at a rate of ~10-20 mm yr~—! (DeMets et al., 1990). Seismic
reflection profiles reveal strong variations in frontal-wedge morphology, accretion rates,
and overall structural style. These variations occur along oblique structural trends that
segment the margin, driven by processes on the overriding plate as well as by local het-
erogeneities on the incoming plate, such as seamounts, fracture zones, and oceanic fab-
ric (Polonia et al., 2007).

The intra-oceanic SFZ is a northwest—southeast trending fracture zone extending
over 800 km from the southernmost Chilean Trench to the eastern termination of the
South Shetland Trench, where it subducts beneath the South Shetland Islands block (Aldaya
& Maldonado, 1996; Klepeis & Lawver, 1996).

Seismicity and focal mechanisms indicate that the SFZ is an active, left-lateral trans-
pressive fault zone that, together with the South Scotia Ridge, accommodates relative
motion between the Scotia and Antarctic plates (Pelayo & Wiens, 1989; Barker et al.,
1991; Livermore et al., 1994; Aldaya & Maldonado, 1996; Galindo-Zaldivar et al., 1996;
Klepeis & Lawver, 1996; Maldonado et al., 2000). Bathymetric (British Antarctic Sur-
vey, 2012; Bohoyo et al., 2016) and seismic data further reveal that the SFZ exhibits pro-
nounced relief, and is flanked to the east by a well-developed trough system (Geletti et
al., 2005).

South of the Chile Triple Junction (Fig. 1), seismicity along the margin is low (Pelayo
& Wiens, 1989), which may be partly attributed to slow convergence rates (5-10 mm/year,
and the obliquity of convergence that promotes strain partitioning (Lodolo et al., 2003;
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Geletti et al., 2005; Polonia et al., 2007; Civile et al., 2012). Despite the limited seismicity—
insufficient to resolve the slab geometry from earthquake data alone—seismic reflection
profiles indicate that the continental margin between 50°S and 56°S is characterized by
large folds and active thrust faults (Polonia et al., 1999, 2007). These features suggest
that margin-perpendicular shortening is still active, or has slowed only recently (Rubio
et al., 2000).

Overall, this geodynamic and tectonic environment diverges markedly from that
of a classic subduction margin. It remains unclear how, in southernmost South Amer-
ica, the Chilean megathrust interacts with the SFZ and associated splay faults to gen-
erate large-magnitude earthquakes.

3 Materials and Methods

Our analysis of the 2 May 2025 Drake Passage earthquake sequence integrates re-
gional and teleseismic seismology with multichannel seismic reflection data. We first re-
located the mainshock and aftershocks using high-quality P and S phases from the Antarc-
tic Seismographic Argentinean Italian Network (ASAIN) (Plasencia Linares et al., 2021)
and selected global stations (Fig. S1 and Tab. S1), applying the LocSAT (Bratt & Nagy,
1991) algorithm with the IASPEI91 velocity model (Kennett & Engdahl, 1991) (see Sup-
plementary Text S1).

To better constrain hypocentral depths, we identified pP and sP depth phases us-
ing machine-learning tools from the SeisBench framework (Miinchmeyer et al., 2023),
enabling probabilistic multi-station depth estimation despite sparse regional coverage (see
Supplementary Text S2 and Fig. S2). Focal mechanisms were compiled from multiple
international agencies (Dziewonski et al., 1981; Ekstrom et al., 2012) to assess fault ge-
ometry and stress orientation.

We further reprocessed (see Supplementary Text S3) a 1997 multichannel seismic
line (Polonia et al., 2007) crossing the epicentral region to image crustal structure and
plate-boundary architecture relevant to the rupture (Fig. S3).

4 Results and interpretation
4.1 Relocated hypocenters and depth distribution

The mean residuals of the P phases at the most frequently used stations are shown
in Figure S4, while Table S2 summarizes the P and S phases employed in the relocation,
together with the average time residuals, epicentral distances, and azimuths for each sta-
tion. Stations located closest to the events consistently display negative residuals, indi-
cating that observed P arrivals occurred earlier than the theoretical predictions. The ma-
jor axis of the epicentral uncertainty ellipses is oriented roughly east—west, reflecting the
sparser station coverage in that direction (Fig. S5). Horizontal location uncertainties range
from approximately 5 km in the latitudinal direction to 15-20 km in the longitudinal di-
rection, with the lower resolution in longitude primarily due to limited coverage in the
Scotia Sea and Pacific Ocean.

Figure 2 presents cross sections and map views of seismicity associated with the
May 2, 2025 earthquake sequence, combining relocated hypocenters with pre-mainshock

events listed in the ISC reviewed catalog (Bondar & Storchak, 2011). The relocated hypocen-

ters (red) and earlier ISC catalog earthquakes (orange) are projected onto three verti-
cal profiles designed to illustrate the geometry of seismicity in the region. Profile A—A’

is aligned with seismic reflection line IT97-245 and highlights the distribution of earth-
quakes across the continental margin. Profile B-B’ encompasses most aftershocks and
illustrates the spatial extent and depth range of the post-mainshock sequence. Profile C—-
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C’ captures events intersecting the Shackleton Fracture Zone (SFZ), providing insight
into how this major structural boundary influences faulting patterns.

Depth estimates are improved by incorporating depth phases such as pP and sP,
although identifying these phases is often challenging in this region due to high noise lev-
els. Figure 3 shows the likelihood distributions and depth estimates for each event ob-
tained using the DeepPhaseNet and DepthPhase TEAM trained models (Miinchmeyer
et al., 2023). Both approaches yield internally consistent depth determinations across
the sequence. Figure S2 illustrates the stations providing pP and sP picks for each event,
demonstrating the dense azimuthal coverage that supports stable depth estimation.

Aftershocks predominantly occur between ~15 and 35 km depth, defining a tightly
constrained seismogenic zone that spans the lower crust and uppermost mantle. Only
one shallow event (M 5.1) lies above this interval. Notably, the centroid depth reported
by the USGS for the Mw 7.4 mainshock closely matches our model-based estimate, re-
inforcing both the robustness of the inferred depth distribution and the consistency be-
tween independent methodologies.

An assessment of the robustness of pP—P-derived depths is shown in Figure S6, where
observed delay times (At) are compared with parametric sensitivity curves describing
how inferred depth depends on (a) the assumed crustal P-wave velocity V,, (b) the P-
wave takeoff angle 6, and (c) the thickness L of a shallow low-velocity layer (LVL). Depths
derived from focal mechanisms shown in Figure 2 are consistent with those estimated
using depth phases.

4.2 Mainshock and aftershock mechanisms

Despite variations in centroid depth reported across different catalogs (Table S3),
the dips of the possible fault planes in the GCMT and USGS solutions appear to be well
constrained, as does the compressive orientation of the rupture. For the mainshock, both
nodal planes indicate dips ranging from 33° to 52° (Fig. 2b), considerably steeper than
the ~5°-20° dip expected for the shallow Chilean megathrust. This suggests that the
rupture likely occurred within one of the tectonic plates rather than along the plate in-
terface, or that the rupture may be composite, involving multiple structures.

Analysis of historical focal mechanisms from the GCMT catalog since 1976 shows
that dip angles in this region are consistently greater than 34° (Table S4). Similarly, Pelayo
and Wiens (1989) reported two mb > 6.0 earthquakes in 1975 and 1976 with compres-
sional mechanisms and dips exceeding 40°. Few early aftershocks exhibit strike-slip mech-
anisms with centroid depths of approximately 15 km (Table S5). Rose diagrams of P-
axes (orientations ~45°-60°, maximum compression) and T-axes (~135°-150°, maxi-
mum tension) derived from these focal solutions are shown in the supplementary ma-
terial (Fig. ST).

Taken together, these observations indicate a predominantly steeply dipping rup-
ture. Nevertheless, given the compressional nature of the mainshock and its close prox-
imity to the subduction interface, a contribution from the megathrust cannot be excluded,
either in the form of direct slip or stress transfer to adjacent faults.

4.3 Seismic reflection profile and crustal structure

The time-migrated multichannel seismic line IT97-245 trends approximately or-
thogonal to the southernmost Chilean subduction system, extending from the oceanic
trench to the continental shelf and passing near the epicenter of the May 2, 2025 earth-
quake (Figs. 1 and 2; profile A-A’). The Antarctic-Scotia plate boundary region is im-
aged to approximately 14 s two-way travel time (TWT). In the outer domain of the sub-
duction system, the top of the Antarctic Plate oceanic basement dips landward, and the
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oceanic crust is underlain at depth by the Moho reflector (Fig. 4a). The seafloor in the

trench domain is relatively flat because the oceanic basement is buried beneath sediment

infill at the trench axis. The accretionary wedge is about 20 km wide and is composed

of deformed sediments scraped off the subducting Antarctic Plate and accreted along landward-
dipping thrust faults that sole out against the main detachment.

Within the continental shelf, a well-developed sedimentary basin is clearly imaged
(Fig. 4b). The basin depocenter contains a sedimentary section up to ~2 s TWT thick.
The location of this basin coincides with the northwestward continuation of the Shack-
leton Fracture Zone (SFZ), suggesting that the SFZ exerts a first-order control on the
tectonic evolution of the region.

5 Discussion

The area where the Mw 7.4 earthquake occurred includes: (i) the southern end of
the Andean subduction zone, where the interaction between the continental margin of
Tierra del Fuego and the oceanic crust of the Antarctic Plate is highly oblique, and (ii)
the northern termination of the left-lateral SFZ. Fault-plane solutions indicate a reverse
mechanism for the May 2, 2025 mainshock, with a NE- or SW-dipping fault geometry.
The nodal planes inferred near the trench (dip; > 35° and dips ~ 55-60°) are unusu-
ally steep for an Andean-type, shallow-dipping megathrust. Moreover, the temporal and
spatial variation of dip angles (Fig. S8) reveals predominantly steep fault geometries, con-
sistent with rupture along a relatively high-angle structure that may reflect the influ-
ence of oblique convergence and local tectonic segmentation.

Alternatively, such geometries may indicate: (1) a splay fault within the overrid-
ing plate that accommodates compressive stresses related to accretion; (2) rupture within
a transition zone where the subducting slab begins to steepen; or (3) a composite source
in which the mainshock triggered slip along one or more segments forming the north-
ernmost part of the SFZ. Supporting evidence for a composite rupture is provided by
morpho-bathymetric data (British Antarctic Survey, 2012; Bohoyo et al., 2016), which
show that the SFZ bifurcates into at least two ridges to the north that parallel its main
trace and extend onto the southern Tierra del Fuego continental shelf (Bohoyo et al., 2019).
Similar morphologies occur along oceanic transverse ridges, such as those imaged across
the Romanche and Vema fracture zones (Bonatti et al., 1994, 2005). The approximately
east—west-directed stress regime in the Drake Passage region (Thomas et al., 2003) is largely
dissipated along a narrow deformation zone within the SFZ, which is interpreted to re-
sult from crustal uplift and shortening (Geletti et al., 2005) and accommodates much
of the present-day Antarctic—Scotia plate motion. Taken together, these observations sup-
port the activation of a composite source in which the megathrust interacts with the SFZ
through transpressional and transtensional mechanisms, as also suggested by the distri-
bution of aftershock seismicity.

The distribution of focal epicenters, which trend predominantly NW-SE, further
supports this interpretation. The sedimentary basin imaged on the continental shelf in
line IT97-245 (Fig. 4b) closely resembles other shelf basins along the western termina-
tion of the South America—Scotia plate boundary, where the Magallanes—Fagnano trans-
form fault (Lodolo et al., 2003) intersects the southern Chilean Trench. In that region,
a ~3 km-thick sedimentary depocenter (the Madre de Dios Basin; (Gonzalez, 1989)) de-
velops (Polonia et al., 2007, their Fig. 6b), illustrating strong interaction between trans-
form faulting and subduction processes.

The inversion of the mainshock focal mechanism in the USGS catalog reveals a 37%
non—double-couple (NDC) component. Composite ruptures involving multiple fault types
commonly generate large NDC values, which can range from negligible in simple settings
to 20-48% in structurally complex environments (Tajima & Célérier, 1989; Frohlich &
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Apperson, 1992; Ekstrom & Engdahl, 1989). Kuge and Kawakatsu (1992) showed that
superposition of double-couple sources with rotating principal axes can produce signif-
icant NDC components. On a global scale, earthquakes with Mw > 6.5 in the GCMT
catalog typically exhibit smaller NDC values (~17%) (Résler et al., 2021, 2023) than that
inferred for the 2025 mainshock (37%), suggesting unresolved complexity in the source
process.

The SFZ and related tectonic discontinuities within the incoming oceanic lithosphere
can strongly perturb slab geometry and subduction processes along an active margin.
Mechanical weakening along these discontinuities, combined with bending-related fault-
ing, reduces effective strength and modifies slab buoyancy, promoting segmentation, tear-
ing, and along-strike variations in subduction geometry. These processes influence in-
terface coupling and stress transmission, resulting in spatially variable seismicity pat-
terns and along-strike slab heterogeneity (Rodriguez et al., 2024). Based on these ele-
ments, we propose a kinematic scenario in which the mainshock nucleated between the
obliquely subducting Antarctic Plate and the overriding Scotia Plate, within a highly
heterogeneous crustal and upper-mantle structure. At subduction—transform transitions,
the geometry of the plate interface may steepen abruptly over short distances or involve
splay faults that appear steep in focal mechanisms. Composite sources involving con-
tributions from megathrust patches, upper-plate reverse faults, and the SFZ can also pro-
duce steep nodal planes and large NDC values.

The event also generated transpressive stress at the intersection between the trench
and the northern segment of the SFZ, where trench-normal and trench-parallel forces
interact. This is the zone where oblique subduction transitions into strike-slip motion,
and the convergence vector partitions into perpendicular and parallel components rel-
ative to the trench. In this complex structural scenario, portions of the overriding plate
appear to be offset with respect to the SFZ trench-parallel strike, producing shallow faults
that likely may move independently.

Similar transition zones occur along the New Zealand Hikurangi margin leading
into the Alpine Fault system (Stevens et al., 2024), and in Sumatra where oblique con-
vergence between the Indo-Australian and Eurasian plates is accommodated by the right-
lateral Great Sumatran Fault (McNeill & Henstock, 2014; Moeremans et al., 2014).

6 Conclusions

Relocated hypocenters in the Drake Passage region indicate that seismogenic ac-
tivity generally occurs between 15 km and approximately 35 km depth, consistent across
both deep-learning—based approaches and traditional relocations using nearby regional
stations. The May 2, 2025 mainshock nucleated at roughly 25 km depth.

Horizontal location uncertainties are larger in longitude due to sparse station cov-
erage in the Scotia Sea, ranging from about 5 km to 20 km. Depth estimates constrained
by pP and sP phases agree with depths reported for pre-2024 events in the ISC-reviewed
bulletin located near the aftershock zone.

The depth distribution of seismicity, focal mechanism solutions, and structural con-
straints suggests that the mainshock originated in the interaction zone between a southwest-
dipping structure associated with the SFZ and the Chilean megathrust. The predom-
inantly compressional mechanisms with relatively steep dips, together with the cluster-
ing of aftershocks in the lower crust and upper mantle, support a composite rupture in
which slip was partitioned across multiple fault segments.

Additional support comes from the multichannel seismic reflection profile, which
clearly images the complex structural interaction between the shallow Chilean megath-
rust and the SFZ in the immediate vicinity of the Mw 7.4 hypocenter.



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

Open Research Section

All data used in this study are publicly available and properly cited in the refer-
ences and supporting material.

Waveform and metadata used for event relocation and depth—phase analysis were
obtained from the Antarctic Seismographic Argentinean Italian Network (ASAIN) and
selected FDSN global stations (see Table S1 and Fig. S1 for station list and usage de-
tails). Data can be accessed at the EarthScope Data Center (IRIS DMC): https://service
.earthscope.org/fdsnws/dataselect/1/, and at the ORFEUS Data Center (ORFEUS):
http://www.orfeus-eu.org/fdsnws/dataselect/1/.

Regional catalog and focal-mechanism data prior to the mainshock were obtained
from the International Seismological Centre (ISC) Reviewed Bulletin: https://www.isc
.ac.uk/iscbulletin/search/catalogue/. Global Centroid Moment Tensor (GCMT)
solutions were retrieved from http://www.globalcmt.org.

Source parameters and centroid solutions for the 2 May 2025 Drake Passage main-
shock (Mw 7.4) were accessed from the USGS Earthquake Event Page: https://earthquake
.usgs.gov/earthquakes/eventpage/us7000pwkn (accessed 21 January 2026).

Bathymetric grids used in Figures 1-2 derive from the General Bathymetric Chart
of the Oceans (GEBCO): https://www.gebco.net/data-products/gridded-bathymetry
-data (accessed 21 January 2026).

Seismic reflection data along line IT97-245 were reprocessed for this study; inter-
preted and uninterpreted seismic sections are provided as Figure 4 and Figure S3 in Sup-
porting Information.

Software used for routine processing includes SeisComP (GFZ & Gempa GmbH,
DOI: 10.5880/GFZ.2.4.2020.003). SeisComP relocation parameters are provided in Ta-
ble S2 (Supporting Information). Depth—phase identification employed the SeisBench
deep-learning models referenced in the manuscript and available at https://zenodo.org/
records/5568813.

The derived relocated catalog is provided in QuakeML(https://quake.ethz.ch/quakeml)
format as a supplementary file (events.qml).

All resources above are openly available or preserved in trusted repositories with
persistent identifiers, in accordance with AGU policy requiring that data and code needed
to understand, evaluate, and build upon the results be accessible at the time of review
and publication.
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Figure 1. Main earthquakes from the ISC catalog and tectonic setting of the Drake Passage
and southern Chilean margin. Bathymetry is shown with color shading, and earthquake epi-
centers are color-coded by year of occurrence (1960-2020). Major tectonic features include the
Chilean Trench, the South Shetland Trench, and the Shackleton Fracture Zone (SFZ). Magni-
tudes for significant events (Mw > 6.0) are plotted at their epicentral locations, with symbol size
proportional to magnitude. The red box marks the study area, encompassing the Mw 7.4 main-
shock and associated aftershocks. Plate boundaries and structural domains are indicated by red
lines, and key geographic features such as the Drake Passage, Scotia Sea, and Bransfield Basin

are labeled for reference.
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Figure 2. Cross sections and map views of seismicity associated with the May 2, 2025 earth-
quake. Relocated events (red) and pre-mainshock earthquakes from the ISC reviewed catalog
(orange) are shown in (a) cross section A—A’, aligned with seismic reflection line IT97-245; (b)
cross section B-B’, encompassing most aftershocks; and (c) cross section C—C’, illustrating events
intersecting the Shackleton Fracture Zone (SFZ). Inset: Zoomed map of the red box in Figure 1
showing relocated events and ISC reviewed catalog earthquakes, with the cross-section traces
indicated. (e) Depth view of focal mechanisms projected along profile D-D’ from the GCMT

catalog. (f) Map view of focal mechanisms within the study area, color coded by depth.
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Figure 3. a) Normalized depth—phase likelihood functions for all analyzed events (left), com-
puted from waveform-based depth-phase modeling using pP—P, sP—P, and related teleseismic
depth-sensitive arrivals. For each event, the likelihood curve is shown together with its 68% high-
est posterior density (HPD) credible region, obtained via marginalization over phase picks and
modeling uncertainties. Shading indicates the depth intervals where the posterior probability
exceeds the 68% HPD threshold. b) Per-event depth solutions, including the maximum-likelihood
(ML) depth estimate (red marker), 68% posterior credible interval (black bars), and 95% credible
interval (gray bars). Events are ordered by origin time, and their magnitudes and timestamps are
annotated accordingly. The reviewed centroid depth of the Mw 7.4 mainshock reported by the

USGS is consistent with our estimate.
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Figure 4. Seismic reflection profile IT97-245 crossing the southernmost Chilean margin,
where the Chile Trench transitions into the Shackleton Fracture Zone (SFZ). (a) The profile illus-
trates the structural architecture of the plate boundary between the Antarctic and Scotia plates.
The Fuegian megathrust (solid black line where imaged, dashed where interpreted) appears as

a landward-dipping reflector beneath the accretionary wedge, marking the active subduction
interface. Toward the northeast, a sedimentary basin develops where the SFZ impinges on the
continental shelf, indicating significant deformation associated with the transform plate boundary
system. The semi-vertical yellow zone marks the proposed deformation corridor of the Shackle-
ton FZ, which accommodates oblique convergence and lateral displacement between plates. The
transparent yellow area highlights the broader SFZ-related deformation zone, suggesting strain
partitioning between thrust and strike-slip components consistent with oblique plate motion.

The red star indicates the nucleation point of the May 2, 2025 mainshock (depth ~ 25 km). (b)
Zoomed view of the strike-slip-related basin, showing steeply dipping fault blocks and internal
reflectors interpreted as syn-tectonic deposits formed under transtensional conditions during
oblique plate motion. (c¢) Location map of seismic line IT97-245. The bold black line shows the
segment of the profile interpreted in this work; thin black lines represent the dataset acquired in
1997 in Southern Chile and Antarctic. The uninterpreted seismic line is shown in Supplementary
Figure S3.
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3. Figures S1 to S8

S1 Relocation of the seismic events

The events of the 2 May 2025 seismic sequence were initially detected and located
using our server, which monitors the area covered by the Antarctic Seismographic Ar-
gentinean Italian Network (ASAIN) in and around the Scotia Sea and the Antarctic Penin-
sula. In addition to data from our network, the SeisComP server (Helmholtz-Centre Potsdam—
GFZ and Gempa, 2008) was configured to continuously receive data from approximately
other 60 stations selected to detect events in the region (Table S1). Data from global net-
works were collected via international agencies and standard protocols. Between 2 May
and 7 July 2025, the automatic monitoring system located 49 events following the Mw 7.4
mainshock in the Drake Passage, with magnitudes ranging between 4.0 and 6.4.

We manually reviewed the locations of the main events using only stations at re-
gional distances (< 28°). We also relocated an additional event from March 27, 2007
(M 4.8), whose epicenter lies close to the 2025 sequence. The list of stations used in the
relocation process is provided in Table S2, and Figure S1 shows their distribution together
with the location of the mainshock. The two stations closest to the 2 May 2025 event
are C1.MGO1 (207 km) and ALLDSPA (316 km), both located in Tierra del Fuego. Other
stations in southernmost South America lie up to ~600 km away.

To achieve acceptable azimuthal coverage (azimuthal gap < 180°), we also included
stations on the Antarctic Peninsula, in the Scotia Sea region, and in the nearest part of
the polar plateau. Stations on the Antarctic Peninsula record fewer clear P phases than
those in the polar region (with the exception of IU.PMSA), owing to high ambient noise
levels (e.g., Vuan et al. (2000)). We selected P phases—and, for the closest stations, also
S phases—and relocated the events using the LocSAT algorithm (Bratt & Nagy, 1991)
together with the IASPEI91 velocity model (Kennett & Engdahl, 1991). When possi-
ble, event depths were left unfixed.

S2 Depth from pP and pS phases through machine learning models

The determination of earthquake depth using pP and sP phases involves analyz-
ing the time difference between the arrival of these surface-reflected phases and the di-
rect P wave. SeisBench, a framework for machine learning in seismology (Woollam et
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al., 2022), facilitates this task by providing tools for robust identification of depth phases.
The SeisBench interfaces DepthPhase TEAM and DepthPhaseNet (Miinchmeyer et al.,
2023) allow users to input preliminary earthquake locations together with waveform data

to estimate depth from the predicted arrival times of the pP and sP phases. DepthPhaseTEAM

employs a multi-station probabilistic approach to determine event depth and quantify
the associated uncertainties.

The workflow can be summarized as follows: (a) select high-quality stations at tele-
seismic distances; (b) predict approximate P-wave arrival times using global traveltime
models; (¢) download waveform data around these preliminary arrivals; (d) refine the P-
wave picks using deep-learning-based predictions; and (e) estimate event depth using the
TASPEI91 global velocity model and the time difference between the pP, sP, and direct
P phases. This method is global in scope and does not account for potential biases in
depth estimation caused by (1) local bathymetry or topography, (2) waveguides within
the subducting plate that may introduce azimuthal variations, or (3) local shallow ve-
locity structure (Miinchmeyer et al., 2023).

The seismic data used in this analysis are freely available from the FDSN (Feder-
ation of Digital Seismological Networks; https://www.fdsn.org/), while preliminary
earthquake locations were obtained from the GEOFON web services (https://geofon
.gfz.de/). We used all available seismic stations located between 15° and 80° epicen-
tral distance to evaluate potential pP and sP phases (Fig. S2). An initial station selec-
tion was performed by assessing the signal-to-noise ratio of the P-wave arrivals.

S3 Multichannel seismic reflection data and focal solutions

Multichannel seismic reflection profile IT97-245 was acquired off Tierra del Fuego
by the Italian R/V OGS-Ezplora during the 1997 expedition, as part of the Italian Antarc-
tic Research Program (Polonia et al., 2007). The multichannel seismic data were recorded
using a 3000 m long SERCEL-357 streamer with 120 active channels and a 50 m shot
interval, providing a nominal fold of 30 and a sampling interval of 2 ms. The source con-
sisted of a 36-gun array with a total volume of 80 L.

A broadband processing sequence was applied at the OGS computing center to im-
prove the signal-to-noise ratio by attenuating both coherent and incoherent noise (Fig. S3).
The processing workflow included denoising, deghosting, multiple attenuation, ampli-
tude recovery and balancing, multichannel predictive deconvolution, iterative velocity
analysis, pre-stack time migration, and final post-stack time-variant filtering (Brancatelli
et al., 2022).

Focal solutions discussed later in the text are retrieved from the Global CMT cat-
alog (Dziewonski et al., 1981; Ekstrom et al., 2012) and compared with focal mechanisms
determined from regional data and other agencies. Given the scarcity of nearby seismic
stations, we rely primarily on globally available sources for focal mechanism information,
including the Global Centroid Moment Tensor (GCMT) catalog from Harvard, USGS,
Geoscience Australia, and GFZ (Table S3). These agencies use different global datasets

and apply different inversion procedures. The principal differences between the Harvard/GCMT

and the USGS solutions for large earthquakes (Mw > 7) arise from their inversion method-
ologies: the GCMT approach relies on centroid moment tensor inversion using long-period
surface waves and body waves, resolving the centroid location, which may differ signif-
icantly from the hypocenter; whereas the USGS typically employs a W-phase inversion

for rapid, robust solutions, and may later provide additional products such as finite-fault
models or multiple moment-tensor solutions (e.g., GCMT-style inversions or full-waveform
approaches). Despite these methodological differences, both the GCMT and USGS place
the 2025 mainshock at depths of 20 km or greater, which likely explains why no signif-
icant tsunami amplitudes were recorded.
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S4 Tables

The following tables summarize the seismic and station datasets used in this study.
Table S1 lists all seismic stations configured in the SeisComP monitoring system for au-
tomatic detection and location of regional earthquakes. Table S2 provides detailed sta-
tion parameters and statistics of P- and S-phase arrivals used in the relocation proce-
dure. Table S3 reports the focal mechanism solutions for the May 2, 2025 mainshock ob-
tained from global agencies. Table S4 compiles GCMT fault-plane solutions since 1976
in the study area, highlighting the predominance of steeply dipping mechanisms. Table S5
includes GCMT mechanisms for earlier aftershocks of the 2025 sequence. Together, these
tables document the observational foundation for the seismic analysis presented in the
main text.

Table S1. Stations used by SeisComp server for automatic detection and location.

Network ‘ Stations

Al | BELA, DSPA, JUBA, MBIO, ORCD, PTRA, SMAI

AU | MAW
AW | VNAL, VNA2, VNA3
C | GO04, GO06, GO08, GO10

IN44, LLO1, LL02, LL03, LL04, LL05, LL06, LRO5, MGOL1,
MG02, MG03, MG04, MG05, MT09

G | CCD, COYC, DRV, TRIS

GE | SNAA

GT | BOSA, CPUP, LBTB, LPAZ, PLCA, VNDA
II | EFL, HOPE, RPN

| |
| |
| |
| |
| |
Cl | ACO4, AY02, AY03, AY04, AY05, BI02, BOO4, CO01, CO02,
| |
| |
| |
| |
| |

IU ‘ LCO, PMSA, QSPA




Table S2.

Station parameters used in the SeisComp location procedure.

net ‘ sta lon ‘ lat ‘ neve ‘ np ‘ ns ‘ res_p | rms_p ‘ D (deg) ‘ azim ‘
Al | BELA | -34.63 | -77.88 9 9 0 -0.0 0.4 23.6 | 163.3
Al DSPA | -68.27 | -53.95 20 | 11 9 -0.0 1.3 3.2 | 352.8
Al | JUBA | -58.66 | -62.24 2 2 0 -0.8 1.2 6.9 | 142.2
Al | MBIO | -56.62 | -64.24 2 2 0 -0.1 1.0 9.2 | 147.9
Al | ORCD | -44.74 | -60.74 3 3 0 -0.1 0.6 124 | 117.0
Al | PTRA | -56.23 | -63.48 1 1 0 0.2 0.0 8.5 | 142.3
Al SMAI | -67.11 | -68.13 3 3 0 0.3 0.7 11.1 | 179.2
AW | VNA1 -8.28 | -70.69 3 3 0 0.1 0.4 27.8 | 142.3
AW | VNA2 -7.39 | -70.92 6 6 0 -0.4 0.4 28.1 | 142.9
AW | VNA3 -9.67 | -71.24 6 6 0 -0.3 0.4 27.4 | 143.5
C GOO06 | -71.47 | -39.58 5 5 0 1.0 0.5 17.8 | 350.4
C GOO08 | -72.56 | -48.46 7 7 0 1.2 1.9 9.2 | 339.1
C GO10 | -71.05 | -53.15 7 71 0 -0.5 0.9 4.5 | 3315
C1 AC04 | -71.07 | -28.20 6 6 0 -0.4 0.4 29.1 | 353.6
C1 AY02 -73.19 | -46.48 2 2 0 1.7 0.6 11.1 | 3394
C1 AY03 -72.59 | -47.25 4 4 0 14 0.4 104 | 3404
C1 AY04 | -71.69 | -46.58 1 1 0 1.1 0.0 11.1 | 343.5
C1 AYO05 -73.51 | -45.15 5 5 0 0.6 1.6 12.6 | 340.1
C1 BIO2 | -71.27 | -36.66 8 8| 0 0.2 0.6 20.7 | 351.6
Cl | BO0O4 | -70.61 | -33.99 1 11 0 -0.4 0.0 23.1 | 353.6
C1 CcO01 -70.09 | -29.98 8 8 0 0.5 0.5 27.3 | 355.3
Cl | CO02 | -71.00 | -31.20 7 71 0 -0.2 0.5 26.1 | 353.2
C1 IN44 -59.66 | -62.48 2 2 0 -0.3 0.7 6.8 | 147.2
C1 LLO1 -72.41 | -42.38 5 5 0 1.9 1.7 15.2 | 345.9
C1 LL02 -71.85 | -43.19 8 8 0 1.5 1.7 14.2 | 347.5
C1 LLO03 -72.40 | -41.14 4 4 0 0.6 0.2 16.4 | 346.5
C1 LL04 -72.41 | -40.91 4 4 0 0.7 0.2 16.6 | 346.8
C1 LLO5 -73.47 | -41.41 6 6 0 1.3 0.9 16.2 | 343.7
Cl | LRO5 | -72.00 | -40.23 7 71 0 1.1 0.7 17.2 | 348.4
Cl | MGO1 | -67.63 | -54.93 19 11| 8 -1.6 0.7 2.2 | 359.9
C1 MGO02 | -69.22 | -52.78 12 | 10 2 -0.9 0.6 4.5 | 3474
Cl | MGO03 | -70.46 | -53.85 18] 10| 8 -1.0 0.6 3.7 | 332.7
Cl | MG04 | -71.57 | -52.86 11 8| 3 -1.5 0.8 4.8 | 330.7
Cl | MGO5 | -72.50 | -51.68 1 1 0 -2.9 0.0 5.8 | 334.7
C1 MT09 | -70.99 | -33.78 7 7 0 -1.0 0.2 23.6 | 352.7
GE | SNAA -2.84 | -71.67 7 7 0 -0.7 0.6 29.7 | 144.6
GT | CPUP | -57.33 | -26.33 2 21 0 -2.1 0.6 31.7 | 174
GT | LPAZ | -68.13 | -16.29 3 3 0 0.1 0.5 40.7 | 358.8
GT | PLCA | -70.55 | -40.73 9 9] 0 1.3 1.5 16.6 | 352.0
GT | VNDA | 161.85 | -77.52 1 1 0 1.0 0.0 42.3 | 194.2
11 EFI -58.06 | -51.68 2 1 1 -0.3 0.0 7.5 47.8
II | HOPE | -36.49 | -54.28 8 8| 0 0.7 0.3 176 | 93.7
U LCO | -70.70 | -29.01 6 6| 0 -0.1 0.6 28.3 | 354.1
IU | PMSA | -64.05 | -64.77 11| 11 0 -0.0 0.6 7.9 | 169.0
1U QSPA | 144.44 | -89.93 1 1 0 1.0 0.0 33.2 | 180.1
IU | TRQA | -61.98 | -38.06 1 1 0 0.1 0.0 19.3 12.1




Table S3. Focal solutions available for the mainshock — GCMT = Global Centroid Moment
Tensor Harvard, USGS = United States Geological Survey, GAUS = Geoscience Australia, GFZ

= Helmbholtz Centre for Geosciences.

‘ Agency ‘ Strikel ‘ Dip1 ‘ Rakel | Strike2 ‘ Dip2 ‘ Rake2 ‘ Mw ‘ Depth (km) ‘

GCMT 326 38 99 134 52 83 7.4 20
USGS 310 33 93 128 o7 88 7.4 23.5
GAUS 348 45 134 115 59 96 7.5 12
GFZ 152 60 93 326 30 84 7.45 10

Table S4. Fault plane solutions from GCMT since 1976 in the area. Close to the mainshock of
May 2, 2025, the dip angles are greater than 34°. Some mechanisms at higher dip are strike slip

events.

Lon Lat | Strike ‘ Dip ‘ Rake ‘ Strikel ‘ Dip1 ‘ Rakel ‘ Man ‘ Exp ‘ Datetime

-66.69 | -57.42 300 41 57 160 o7 115 | 1.350 24 | 1980050200
-65.02 | -58.30 294 66 -8 27 83 -156 | 1.410 24 | 1984040500
-66.90 | -57.56 167 90 180 257 90 0| 1.690 24 | 1987062100
-66.38 | -57.22 189 79 169 281 79 11 | 6.500 23 | 1991060300
-66.42 | -57.67 115 45 56 339 54 119 | 7.690 24 | 1995030100
-66.16 | -57.94 112 70 16 16 75 159 | 2.887 25 | 2010011712
-66.33 | -57.75 334 44 97 144 46 83 | 5.593 23 | 2010012019
-65.76 | -57.59 201 82 179 291 89 8 | 2.833 25 | 2012041410
-66.85 | -57.74 130 49 -1 220 89 -139 | 5.132 23 | 2015031400
-65.99 | -57.48 208 79 -169 115 79 -12 | 2.376 24 | 2015102020
-66.75 | -57.42 341 38 99 149 53 83 | 3.436 23 | 2016031003
-68.98 | -56.78 27 72 167 121 78 19 | 2.805 23 | 2016071121
-69.11 | -56.74 34 74 173 126 83 17 | 3.191 23 | 2016071121
-66.60 | -57.55 140 42 67 349 92 109 | 3.874 25 | 2018102906
-66.43 | -57.69 121 46 48 353 58 125 | 6.678 24 | 2018102920
-66.55 | -57.66 130 38 48 359 63 118 | 3.461 24 | 2018102921
-66.49 | -57.40 171 38 107 329 54 77 | 3.872 23 | 2018103112
-66.22 | -57.48 334 46 (0] 176 46 105 | 3.409 23 | 2018110816
-66.41 | -57.59 170 43 112 321 o1 71 | 6.495 23 | 2018111607
-66.32 | -57.79 108 o4 35 355 63 138 | 8.307 23 | 2019090516
-67.79 | -57.17 323 34 85 149 57 93 | 3.702 23 | 2019122120

Table S5. GCMT focal mechanisms for earlier aftershocks of the May 2, 2025, event.

Lon Lat | Strike ‘ Dip ‘ Rake ‘ Strikel ‘ Dip1 ‘ Rakel | Mantissa ‘ Exp ‘ Datetime

-67.22 | -57.38 326 37 105 128 55 79 4.264 25 | 2025050217
-67.21 | -57.15 23 61 176 115 86 29 6.715 23 | 2025052100
-67.06 | -57.43 304 43 74 145 49 104 1.059 24 | 2025060711
-67.24 | -57.18 22 72 -170 289 81 -18 3.009 24 | 2025070415
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S5 Figures

The following figures illustrate the datasets, analytical steps, and structural inter-
pretations supporting the results presented in this study. Figure S1 shows the distribu-
tion of stations used for manual revision of the seismic sequence, while Figure S2 dis-
plays the hypocentral location of the May 2, 2025 mainshock together with the stations
employed for depth-phase evaluation. Figure S3 presents the uninterpreted multichan-
nel seismic profile IT97-245, and Figure S4 summarizes station residuals used during event
relocation. Figure S5 illustrates epicentral uncertainty ellipses for the revised events. Fig-
ure S6 provides the sensitivity analysis of depth estimates based on pP—P delays, and
Figure S7 shows rose diagrams of P- and T-axis azimuths derived from focal mechanisms.
Finally, Figure S8 depicts the temporal and spatial variation of dip angles within the study
area. Together, these figures document the seismological and structural constraints un-
derpinning the interpretation of the 2025 seismic sequence.

Figure S1. Stations used for manual revision; the color indicates the number of P-phases used

for each station.



Figure S2. Hypocenter location of the May 2, 2025 mainshock and stations (blue dots) used
to evaluate pP - P based depth.



Figure S3. Uninterpreted multichannel seismic line IT97-245 described in this work.

Figure S4. Stations used for the relocation of events. The color scale shows the average

residual for each station when more than 5 P-phases are available.



Figure S5. Uncertainty ellipses of the epicenters for the revised events. Location of the main-

shock and uncertainty ellipse in red.



Figure S6. Sensitivity of pP—P—inferred depths with panel-wise residuals. (a) Depth in-

ferred from the pP—P delay At for different crustal P-wave velocities V,, (takeoff angle 30°; no
low-velocity layer, LVL). (b) Depth versus At for different takeoff angles 6 (V, = 6.2 km/s; no
LVL). (c) Depth versus At for different LVL thicknesses. Observed events are plotted as circles

at (At, estimated depth). For each observation, a thin vertical line at the measured At car-

ries colored markers indicating the depths predicted by each sensitivity curve in the panel. The
on-panel summary tables report the bias, mean absolute error (MAE), and root mean square
error (RMSE), all in km, of the residuals defined as Depth_,, — Depth, ((At; panel parameters),
where positive residuals imply underestimation by the model. (d) Heat map of depth bias (for an

inferred depth of 25 km) as a function of assumed V,, and 6.
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Figure S7. Rose diagrams showing the directional distribution of P- and T-axis azimuths
derived from focal mechanism solutions. The top panel illustrates the frequency of P-axis orien-
tations, while the bottom panel shows T-axis orientations. Each bar represents the number of
events with azimuths falling within 10° directional bins, highlighting dominant stress orientations

in the region.
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Figure S8. (top) Temporal and (bottom) spatial variation of dip angles from collected focal
mechanisms in the study area. The plot illustrates changes in fault-plane dip angles as a func-

tion of event time and longitude, providing insights into the evolution of rupture geometry and
deformation style during the seismic sequence. Variations in dip may reflect differences in fault

orientation, stress regime, and structural segmentation along the plate boundary.
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