
1. Introduction
The Bransfield Strait is a region of stretched continental crust separating the South Shetland Islands (SSI) from 
the Antarctic Peninsula (AP), in West Antarctica (Figure 1). The basin is an active back-arc rifting system that 
lies in a singular tectonic setting. The South Shetland Trench (SST), to the north-west of the SSI arc, represents 
the last remnant of a Mesozoic subduction zone that once occupied the whole Pacific margin of the AP and 
that involved the sinking of the Phoenix plate below the Antarctic plate. Subduction became gradually inactive 
as segments of the Antarctic-Phoenix spreading ridge entered the trench (Larter et  al.,  2002). Following the 
arrival ∼3.3 Ma ago of the Hero fracture zone to the SST, spreading ceased completely in the Phoenix ridge 
(Livermore et al., 2000) and the Phoenix plate became fully integrated into the Antarctic plate. At this point 
the  Bransfield Basin (BB) started opening by a combination of transtensional tectonics in the southern Scotia 
arc (González-Casado et al., 2000; Jin et al., 2009) and slab rollback of the Phoenix slab (e.g., Galindo-Zaldívar 
et al., 2004; Ibáñez et al., 1997; Jabaloy et al., 2003; Robert son Maurice et al., 2003).

The tectonic setting of the Bransfield Strait, as well as the asymmetry and segmentation of the rift, translates 
into a highly heterogeneous crustal structure (Barker et al., 2003; Biryol et al., 2018; Christeson et al., 2003; 
Parera-Portell et al., 2021). The central BB, located between Deception and Bridgeman Islands, is where exten-
sion is thought to be more prominent (Galindo-Zaldívar et  al.,  2004), a hypothesis also supported by recent 
GPS measurements (Berrocoso et al., 2016). Nowadays extension in the BB continues at a maximum rate of 
7–9 mm yr −1 (Berrocoso et  al., 2016; Taylor et  al., 2008) and may be already transitioning from continental 
extension to oceanic spreading (e.g., Barker et al., 2003; Gràcia et al., 1996; Lawver et al., 1996). Several active 
volcanic edifices occur along the SW-NE rift axis, and there is widespread seismicity associated both to regional 
tectonics and volcanic activity (e.g., Almendros et al., 2020; Ibáñez et al., 1997; Robertson Maurice et al., 2003). 
A notorious example is the intense earthquake swarm that occurred in the vicinity of the Orca Seamount, an 
undersea volcano south of King George Island (Figure  1), from August 2020 to February 2021. The swarm 
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involved ∼85,000 earthquakes over 6 months (Cesca et al., 2022) including about 150 events exceeding magni-
tude 4.0 (USGS/NEIC, https://earthquake.usgs.gov/earthquakes/search).

Since seismic stations in the Bransfield Strait are scarce and sparsely distributed, the deployment of an amphib-
ian seismic network during 2017–2020 under the BRAnsfield VOlcano SEISmology (BRAVOSEIS, Almendros 
et al., 2020) project represents a valuable opportunity to improve the current knowledge on the region's tectonics 
and seismicity. Here we use BRAVOSEIS seismometers in combination with past and present-day networks—
summing up to 22 onshore seismic stations and eight ocean bottom seismometers (OBS)—to gather teleseismic 
P-wave receiver functions, which are time series of P-to-S wave conversions (Ps phases) regarded as the impulse 
response of the local structure beneath each recording station (Langston, 1979; Vinnik, 1977).

2. Data and Methods
Seismic data were acquired by 30 broadband seismometers from four different networks (see Figure 1 and Table 
S1 in Supporting Information  S1): (a) 20 from the BRAVOSEIS amphibian network, including 12 onshore 
stations (Heit et  al., 2020) and eight ocean-bottom seismometers (M. Schmidt-Aursch et  al., 2021); (b) three 
from the permanent IAG-UGR network (Instituto Andaluz de Geofisica Universidad de Granada,  2008); (c) 
five  belonging to the Seismic Experiment in Patagonia and Antarctica (SEPA, Wiens, 1997); and (d) two from 
the Antarctic Seismographic Argentinean-Italian Network (ASAIN, Istituto Nazionale di Oceanografia e di 
Geofisica Sperimentale, 1992).

From the available data set, events with epicentral distances between 30° and 90° from each station and magni-
tude greater than 5.5 were selected. Events were trimmed to keep the P-wave arrival and its coda, using a time 
window of −20–120 s from the P wave arrival. Only waveforms with a signal-to-noise ratio greater than 2 were 
kept. Waveforms were then detrended, tapered, high-pass filtered (0.5 Hz corner frequency) and decimated to 
10 Hz with the previous application of an anti-aliasing filter. Finally, waveforms were rotated from the ZNE coor-
dinate system to ZRT using the event's backazimuth and from ZRT to LQT using the theoretical incidence angle 
(a near-surface Vs of 3.5 km s −1 was assumed). Receiver functions were calculated with the iterative time-domain 

Figure 1. Location of the seismic stations and the epicenters of earthquakes (magnitude >4) from 1st August 2020 to 15th May 2021 within the Bransfield Strait, 
according to USGS's National Earthquake Information Center catalog. HFZ: Hero Fracture Zone, SFZ: Shackleton Fracture Zone; SST: South Shetland Trench. Maps in 
South Pole Azimuthal Equidistant projection. Bathymetry from GEBCO Bathymetric Compilation Group 2020 (2020).
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deconvolution approach (Ligorría & Ammon, 1999), using 200 iterations and a Gaussian width parameter of 2.5, 
equivalent to a pulse width of ∼1 s. Finally, receiver functions with root-mean-square error greater than 50% 
were discarded. OBS required additional processing due to the unknown orientation of the horizontal compo-
nents and due to the seismic waves that reverberate within the water layer that make the identification of crustal 
P-to-S conversions ambiguous (Audet, 2016). The orientation of the horizontal components was obtained with 
a Rayleigh wave arrival angle analysis (Doran & Laske, 2017), while a linear filter based on the OBS depth and 
reflection coefficient of the seafloor (Akuhara, 2018) was used to reduce the effect of water-layer reverberations. 
Only the ZNE to ZRT rotation was applied, as the presence of sediments already makes the incidence angle 
near-vertical.

2-D depth profiles of the BB were obtained with common-conversion-point (CCP) stacking (Yuan et al., 2000). 
In this seismic technique, receiver functions are backprojected from each station along a 2-D distance-depth slice 
divided in bins. We are using velocities from the IASP91 model (Kennett & Engdahl, 1991) for this purpose. 
Amplitudes are stacked in each bin that receiver functions pass through, including the first Fresnel zone, thus 
obtaining a cross-section of seismic velocity variations. We apply an additional phase-weighting method using 
the Hilbert transform of the receiver functions (Frassetto et al., 2010) to minimize the constructive stacking of 
noise and spurious signal.

To complement the interpretation of both the profiles and individual receiver functions, we obtained crustal 
thickness and Vp/Vs estimates at each onshore station with the H-κ stacking method (Zhu & Kanamori, 2000). 
This technique stacks the weighted amplitudes of the predicted converted wave (Ps) at the Moho and the two 
following multiples (PpPs and PpSS + PsPs) on a thickness-Vp/Vs space in order to find the pair of thickness and 
Vp/Vs values that best fit the data. We set the weighting scheme at 0.4 (Ps), 0.4 (PpPs) and 0.2 (PsPs + PpSs). 
Vp was fixed at 6.58  km  s −1 in the SSI and at 6.32  km  s −1 in the AP, following the local earth models in 
Robertson Maurice et al. (2003). 2-sigma errors were obtained by bootstrapping with 200 iterations (Efron & 
Tibshirani, 1986). Slant-stacks were also calculated, following the method in Tauzin et  al.  (2008) as another 
complementary test to check whether pulses in the data correspond to converted phases or multiples. For 
slant-stacking we fix a reference epicentral distance (60°) and a set of differential slownesses (δp) relative to the 
P-wave arrival according to which receiver functions are shortened or stretched. Data is then stacked on a time-δp 
space where converted phases should appear in the positive δp range. However, in such a complex tectonic setting 
where we expect dipping interfaces the pulses can get smeared and the ray parameter may change due to seismic 
waves being deflected (Bonatto, 2013).

3. Results and Discussion
The number of receiver functions yielded by each station (Table S1 in Supporting Information S1) varies greatly 
as a function of the deployment time, with the maximum number achieved in the permanent stations ESPZ and 
JUBA. Some stations were paired due to their separation being smaller than the lateral sampling of converted 
waves in the crust (FRE-FREI, OHI-OHIG, and DCP-DECP, respectively renamed as FRE+, OHI+, and DCP+). 
The backazimuth distribution of receiver functions is highly uneven, NWW and SW being the dominant directions.

Several stations (e.g., CCV, ESPZ, JUBA, and LVN) display clear signs of either dipping structure or anisotropy. 
CCV and DCP + required further analysis due to some unusual patterns in the receiver functions. CCV features 
a large negative pulse at 0 s that might suggest an incorrect orientation to N, but testing revealed its source to be 
the ZRT to LQT rotation. This is most probably the result of an over-rotation caused by lateral heterogeneities 
in the crust, but given that the rest of the pulses remain intact we chose to keep the LQT traces. In the case of 
DCP + there is an anomalous large pulse at time 0 s in the LQT traces. In the ZRT system this pulse at 0 s is 
greatly reduced and some pulses in the traces become much clearer. We suspect that such effects can be attrib-
uted to a highly complex crustal structure in the Deception Island volcano, involving many volcanic materials 
with different physical properties and lateral heterogeneities. In this case we chose to jointly analyze both the 
LQT and ZRT traces. Receiver functions are shown in Supporting Information S1 (Figures S1–S5). OBS traces, 
however, tend to be noisy and oscillatory and no clear conversions nor multiples can be unambiguously identified 
(see Figure S6 in Supporting Information S1). As a result, we were unable to estimate the crustal thickness and 
Vp/Vs or to include OBS data in CCP profiles. OBS are affected by complex and very local noise sources with 
great temporal variability (M. C. Schmidt-Aursch et al., 2022), greatly hindering the deconvolution. The role that 
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sediments play on the quality of our OBS data set is also unclear, but wave reverberations within the sediment 
layer are a plausible explanation for the highly oscillatory traces.

The CCP profiles in Figure 2 show a SSI block that is significantly heterogeneous, displaying a crust–mantle 
wedge–slab geometry as expected in such island arc context. Profile A-A′ indicates that the shallower crust in 
the SSI block is located in the vicinity of western King George Island, although crustal thickness in the CCP 
may be biased due to the selected earth model. Therefore, we estimated crustal thickness and Vp/Vs using the 
H-κ grid-search (Figure 3). Still, traces are highly complex and there are various secondary peaks in the H-k 
space, leading to high uncertainty. The thinnest crust is found near the rift axis in Deception Island (DCP+, at 
15.9 ± 3.5 km), a depth that matches results in past active seismic experiments (Barker et al., 2003; Christeson 
et al., 2003) and ambient noise tomography by Li et al. (2021). Nevertheless, DCP + features a second Moho 
at approximately 40 km (see profile B-B′ in Figure 2) that we attribute to an intermediate-velocity magmatic 
underplating layer, as already supported by previous receiver function analyses Biryol et  al.  (2018) and by 
magma composition and inferred P-T magma formation conditions (Geyer et  al.,  2019). Other stations such 
as LVN also seem to be underlain to some degree by the underplating layer, although its pulse overlaps the 
Moho and is not clearly imaged. The average crustal thickness including both the SSI and the AP rises up to 

Figure 2. Common conversion point stacking profiles (a) parallel to the SSI (A.A′, frequency histogram of the Orca swarm in green) and (b) across the Bransfield 
Basin (B-B′). Red and blue indicate positive and negative polarity, representing a velocity increase or velocity decrease with depth, respectively. The top panels of each 
profile shows the topography. (c) location of the profiles; (d) model interpreted from profiles A-A′ and B-B′.
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30.5 ± 1.0 km, in concordance with average extended continental crust (Christensen & Mooney, 1995). Excepting 
the DCP + outlier, we found the shallowest Moho in King George Island (JUBA, at 26.2 ± 0.8 km). Even though 
we could not retrieve meaningful crustal thickness and Vp/Vs estimates from OBS, the greater extension near 
JUBA also matches the pattern seen in Barker et al. (2003), Christeson et al. (2003), and Li et al. (2021), which 
also report a more asymmetrical rift in this area. The maximum Moho depth is achieved in ROB (38.6 ± 6.9 km), 
one of the stations closer to the forearc. In the AP, crustal thickness is more homogeneous than in the SSI and only 
appears to increase slightly from W to E, even though this variation falls within the 2-sigma uncertainty bounds 
and the number of stations is much lower.

The Vp/Vs ratio is harder to constrain than crustal thickness and commonly features high uncertainty, albeit the 
spatial distribution of the results offers some interesting insights. As happens with crustal thickness, the average 
Vp/Vs of the study area (1.81 ± 0.04) is also close to values of typical continental crust. There are, though, a 
number of stations where Vp/Vs rises significantly. We found the highest Vp/Vs near the rift axis, in Deception 
Island (2.02 ± 0.17). Such high ratio in an active volcanic island is probably indicating the presence of melts 
in the crust, a view supported by Muñoz-Martín et al. (2005), Ben-Zvi et al. (2009), Pedrera et al. (2012), and 
Geyer et al. (2019). Vp/Vs values above 1.90 are found in LOWI (1.93 ± 0.16), LVN (1.93 ± 0.19) and JUBA 
(1.93 ± 0.04), although those have no clear interpretation due to the lack of recent volcanism in the island arc. 
Such high Vp/Vs could as well be related to a highly fractured crust or to an overestimation caused by dipping 
structure (Lombardi et al., 2008). In the AP there seems to be a decreasing Vp/Vs tendency from W to E although, 
as in the case of crustal thickness, most estimates fall within the 2-sigma bounds.

H-κ stacking results allowed us to estimate the theoretical arrival times of the Moho multiples, which commonly 
arrive no earlier than 10 s after the direct P wave. In the CCP profiles, this time maps to depths of at least 90 km. 
Therefore, two potential conversions were identified between the Moho Ps and its first multiple (PpPs): (a) a wide 

Figure 3. (a) Crustal thickness (H) and average crustal Vp/Vs ratio obtained from H-κ stacking, alongside 2-sigma uncertainty bounds. Stations are grouped by crustal 
block and sorted from west to east. (b) Summation trace and normalized slant stacks of three representative stations: DCP+ (radial component), SNW and ESPZ (Q 
component).
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negative pulse in the mantle wedge that dominates the slant-stacks (see Figure 2) and (b) a sharper positive pulse 
attributable to the Moho of the subducted Phoenix slab. Both pulses can be identified as a conversions in the 
clearest slant stacks such as SNW and ESPZ, even though in most cases the dip angle of the slab probably causes 
the pulses to become smeared across a wide range of slownesses. The shallower wide negative pulse is seen in 
all stations both in the SSI and the AP, and overall seems to be the dominant feature in most individual receiver 
functions and also in the CCP profiles. We interpret this pulse as a conversion at a gradient-like interface where 
seismic velocity decreases with depth (a low velocity zone or LVZ). This LVZ probably corresponds to a region 
in the mantle wedge where partial melting occurs (Parera-Portell et al., 2021), and appears to stretch below all 
the Bransfield Strait at depths approximately between 40 and 65 km (profile A-A′ in Figure 3). The increased 
number of stations with respect to previous studies such as Parera-Portell et al. (2021) has also revealed lateral 
heterogeneity in this LVZ along the rift axis direction below the SSI: the LVZ maintains a constant thickness from 
LVN to JUBA, but shrinks to almost half its thickness from JUBA eastwards. This is also accompanied by a depth 
variation of the pulse below, that is, the Moho of the Phoenix slab.

The depth of the slab also changes west to east: it deepens gradually from ∼65 km in SNW and BYE to ∼75 km 
in the LVN–JUBA section, and suddenly rises to ∼60 km east of JUBA. We attribute the ∼15 km slab step 
between JUBA and FER to slab tearing occurring along an ancient fracture zone in the Phoenix plate associated 
to the extinct Phoenix–Antarctic ridge (see Figure 1). The position of the tear appears to mark the transition 
between regions with different degrees of extension, with a deeper Moho and a more symmetrical rift toward 
the SW (Barker et  al.,  2003; Li et  al.,  2021). The location of some topographic features also evidences this 
segmentation, such a ∼8 km northwards offset of the Bransfield ridge—and also of the associated magnetic and 
gravity anomalies (Almendros et al., 2020; Espinoza et al., 2023)—between Three Sisters and Orca seamounts. 
Volcanic edifices east of the slab tear may also appear much closer to the SSI than in any other section of the 
basin. However, although the deeper slab segment suggests an increased rollback rate in the SW sector, the thin-
nest crust is found directly above the tear or on top of the shallower NE segment (Li et al., 2021), which is also 
slightly older (20–25 Ma) than the SW segment (10–15 Ma) at the SST contact (Larter & Barker, 1991). The slab 
depth difference then can not be linked to a density contrast between the slab segments, but it could be attributed 
to increased slab pull in the SW segment, which is attached to a large portion of the Phoenix slab deeper to the 
SW, as imaged by seismic tomography (Lloyd et al., 2020). This hypothesis also implies that the greater exten-
sion in the eastern Central Bransfield Basin (CBB) is due to the additional contribution of transtension at the 
Scotia-Antarctic plate boundary, as supported in González-Casado et al. (2000). We were able to estimate the dip 
angle of the SW slab segment under LVN at 30°–40°, by comparing the position at which receiver functions with 
different ray paths pierced the discontinuity. Further into the basin the slab eventually reaches a very steep dip 
angle of up to 70°, according to Park et al. (2012) and Lloyd et al. (2020), and may arrive at the mantle transition 
zone below the AP (Parera-Portell et al., 2021).

Remarkably, the 2020–2021 earthquake swarm south of King George Island occurs on top of the inferred slab tear 
(Figure 3) and where the Moho is shallowest (10–12 km), according to Barker et al. (2003) and Li et al. (2021). 
Moment tensor estimates are available for 31 earthquakes of the Orca swarm from the Global Centroid Moment 
Tensor (GCMT) catalog (Dziewonski et al., 1981; Ekström et al., 2012), with magnitudes between 4.8 and 5.9, 
and for 84 earthquakes above magnitude 4.1 from Cesca et al. (2022). The solutions show strike-slip and normal 
faulting with NW-SE orientation of the tensional principal axis of the focal mechanisms. We use stress tensor 
inversion (Gephart, 1990) to quantify the style and orientation of local deformation from the GCMT solutions. 
Inversion yields the minimum principal stress σ3 in direction N135°E, with sub-horizontal plunge angle of 9°. 
According to the GCMT focal mechanisms and average stress tensor, the Orca swarm has no apparent relation 
with slab tearing, but rather reflects back-arc extension in NW-SE direction, perpendicular to the SST, and has to 
be associated to a major magmatic intrusion. We analyze source depths to support this assignation.

Centroid depth estimates for the Orca swarm in the GCMT catalog range from 12 km (fixed depths in some cases) 
to 24 km, while depths are mostly shallower than 15 km in Cesca et al. (2022), with the strongest events near 
9 km depth. These estimates place the swarm within the thinned continental crust in the second case, but below 
the local continental Moho in the first, suggesting seismicity within the underplating layer, even though with our 
current data set we can not constrain the morphology and extent of the underplating layer at this location. To 
verify depth estimates and the environment in which earthquakes occur, we model primary surface reflections 
in vertical component P-waveforms recorded between 30° and 90° distance. We select waveforms with adequate 
signal-to-noise ratio for these moderate magnitude events, excluding the most complicated waveforms that may 
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be affected by local Earth structure on the receiver side. We decided to not model water layer depth phases due 
to the significant epicenter uncertainties in combination with rather abrupt bathymetry. Synthetic waveforms are 
obtained from Axisymmetric Spectral Element Modeling (Nissen-Meyer et al., 2014; van Driel et al., 2015), and 
retrieved through the Syngine tool (Krischer et al., 2017). We assume moment tensor sources according to the 
global CMT project, the global ak135f velocity model (Kennett et al., 1995) and density and attenuation from 
Montagner and Kennett (1996). This velocity model assumes crustal P-wave velocity of 5.8 km.s −1 (lower than 
the average regional P-wave speed used in RF modeling) which may account for the presence of sediments in the 
axial zone of the Bransfield Rift.

Focal depth modeling from teleseismic waveforms indicates shallow depths (8–11 km) for the two largest earth-
quakes (Mw 5.8 and 5.9, Figure 4). In particular, we achieve proper matches for the sP phase, which is the dominant 
depth phase in African and South American stations due to the proximity to the nodal planes of P-wave radiation. 
Modeling is less successful for southern station azimuths, presumably due to the omission of a water layer. The 
location of seismicity within an area of highly stretched crust (Barker et al., 2003; Li et al., 2021) suggest attrib-
uting the earthquakes to magma movement, a view also shared by Cesca et al. (2022). The integration of the Orca 
swarm into the structural context from receiver function analysis suggests an origin from an episode of magmatic 
underplating in this sector, where magmatic intrusions and deep crustal seismicity occur according to the regional 
stress field. Even though we have no direct evidence for an underplating layer below Orca with our current data 
set, joint geophysical and petrological models (Yegorova et al., 2010) and wide-angle seismic surveys (Christeson 
et al., 2003; Janik et al., 2014) support the presence of a widespread high-velocity body underplating the crust of the 
BB. Moreover, Orca may be analogous to Deception Island, where underplating of hot mantle materials is thought 
to be partly caused by the opening of a slab window to the east of the HFZ (Biryol et al., 2018). Below Orca, the 
slab tear also allows direct mantle flow through the gap and may contribute to a similar case of underplating.

Figure 4. Comparison of synthetic waveforms at different depths (black lines) and observed seismograms (red lines) for the earthquakes on 2nd October 2020 (Mw 5.8, 
top) and 6th November 2020 (Mw 5.9, bottom). All waveforms are normalized to unit amplitude. Waveforms at stations in South America (LPAZ, RCBR) and southern 
Africa (GRTL, POGA) show best coincidence for crustal source depths around 10 km.
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4. Conclusions
The addition of the BRAVOSEIS seismic network to the existing seismic data set of the Bransfield Strait allowed 
us to perform the highest-resolution receiver function analysis of the region to date. Even though the OBS did not 
provide convenient receiver functions, we imaged for the first time a slab tear under the CBB and lateral depth 
changes of a low-velocity layer in the mantle wedge at 40–65 km. We speculate that slab tearing occurs along 
an ancient fracture zone in the Phoenix plate that reaches the trench. The tear causes the slab to become 15 km 
shallower to the east, and agrees well with changes in magnetic and gravimetric anomalies, bathymetry and Moho 
topography. We also found that the epicenters of the 2020–2021 Orca swarm coincide with the area where slab 
tearing occurs, but we could not find any direct mechanical link between both events. Instead, we propose that the 
Orca swarm may have been triggered by active magmatic underplating, facilitated by hot mantle flow through the 
slab tear into the basin. We imaged an underplating layer between 15 and 40 km under Deception Island, which 
we think is an analogous case and may reflect the lithospheric structure of the areas closer to the rift axis. We 
estimated the Moho depth and Vp/Vs ratio with the H-κ stacking method and found that, generally, the crustal 
thickness and Vp/Vs ratios are close to typical extended continental crust (Christensen & Mooney, 1995), averag-
ing 30.5 ± 1.0 km and 1.81 ± 0.04, respectively. DCP+, located in Deception Island, is the station that deviates 
the most from the average values, displaying a Moho depth of 15.9 ± 3.5 km and Vp/Vs of 2.02 ± 0.17 that likely 
reflect the accumulation of melts in the crust.

Data Availability Statement
Data from the ASAIN (AI, Istituto Nazionale di Oceanografia e di Geofisica Sperimentale, 1992), SEPA (XB, 
Wiens, 1997) and the IAG-UGR (B6, Instituto Andaluz de Geofisica Universidad de Granada, 2008) networks 
are accessible through IRIS DMC. Data from BRAVOSEIS onshore (5M, Heit et al., 2020) and offshore (ZX, 
M. Schmidt-Aursch et al., 2021) networks are archived at the GEOFON Data Centre and the PANGAEA Open 
Access library, respectively. Teleseismic waveforms for depth determination were downloaded through the IRIS 
Wilber 3 system.
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