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Abstract In September 2014 there was a sharp increase in the seismic activity of the Bransfield Strait,
Antarctica. More than 9,000 earthquakes with magnitudes up to 4.6 located SE of Livingston Island
were detected over a period of 8 months. A few months after the series onset, local seismicity at the nearby
(∼35 km) Deception Island volcano increased, displaying enhanced long-period seismicity and several
outbursts of volcano-tectonic (VT) earthquakes. Before February 2015, VT earthquakes occurred mainly
at 5–20 km SW of Deception Island. In mid-February the numbers and sizes of VT earthquakes escalated,
and their locations encompassed the whole volcanic edifice, suggesting a situation of generalized
unrest. The activity continued in anomalously high levels at least until May 2015. Given the spatial and
temporal coincidence, it is unlikely that the Livingston series and the Deception VT swarm were unrelated.
We propose that the Livingston series may have produced a triggering effect on Deception Island
volcano. Dynamic stresses associated to the seismic swarm may have induced overpressure in the unstable
volcanic system, leading to a magmatic intrusion that may in turn have triggered the VT swarm.
Alternatively, both the Livingston earthquakes and the VT swarm could be consequences of a magmatic
intrusion at Deception Island. The Livingston series would be an example of precursory distal VT
swarm, which seems to be a common feature preceding volcanic eruptions and magma intrusions
in long-dormant volcanoes.

Plain Language Summary In September 2014 a seismic series occurred near Livingston Island,
Bransfield Strait, Antarctica. With 9,000 earthquakes and magnitudes up to 4.6, it is the most numerous
swarm ever reported in this region. In February 2015, a volcano-tectonic swarm took place at Deception
Island volcano, a nearby, active volcanic system located 35 km SE. The swarm comprised several hundred
earthquakes with magnitudes up to 3.2. The spatial and temporal coincidence of these two events
suggests that they could be either cause and effect or consequences of a common process. We propose
that the Livingston earthquakes may have induced overpressure in the volcanic system of Deception
Island that could trigger the seismic swarm. Alternatively, both swarms could represent the delayed
effect of a magmatic intrusion below the volcano. This relationship adds to a growing body of evidence
of earthquake-volcano interactions that must be taken into account in order to properly assess
volcanic hazards.

1. Introduction

The Bransfield Strait, Antarctica, is located between the Antarctic Peninsula and the South Shetland Islands
(Figure 1). It is a region dominated by an extensional regime, promoted by the separation of the South
Shetland microplate and the Antarctic Plate (Catalán et al., 2013; Galindo-Zaldívar et al., 2004; Maldonado
et al., 2015). The Bransfield rift has a NE-SW direction, forming a series of extensional basins. Several volcanic
edifices can be found along the rift, some of them subaereal and some submarine.

Deception Island is a prominent volcano of the Bransfield rift (Figure 1). It is among the most active volcanoes
in Antarctica, with more than 20 eruptions documented in the last two centuries (Bartolini et al., 2014). Recent
eruptions took place in 1967–1970 (e.g., Smellie, 2002). Other signs of volcanic activity include an extensive
hydrothermal system, fumaroles, gas emissions, surface deformations, and a generally moderate but highly
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Figure 1. (top) Map of the Bransfield Strait and Deception Island, showing the locations of the seismic stations used in
this study. Red squares mark the areas zoomed in the next plot. Triangles indicate seismic stations (cyan for permanent
stations and blue for temporary stations). Notice that OBS is the name of a station and does not refer to an ocean bottom
seismometer. Red dots in the left panel show the epicenters of earthquakes reported by the International Seismological
Center (ISC, 2017) in the period 2014–2015. Bathymetry contour interval is 200 m. The dashed circle indicates a
submarine volcanic feature labeled Edifice A by Gracia et al. (1996). (bottom) Operating periods of the seismic stations.

variable level of volcano seismicity (Almendros et al., 2015; Carmona et al., 2012; Ibáñez, Almendros, et al.,
2003; Ortiz et al., 1997).

In the framework of the Spanish Polar Program, the Andalusian Institute of Geophysics, University of Granada
(IAG-UGR), has carried out research projects at Deception Island since 1994 to investigate the seismic activity
and structure of the volcano and surrounding areas (e.g., Almendros et al., 1997, 1999; Benitez et al., 2007;
Carmona et al., 2010, 2012, 2014; García-Yeguas et al., 2011; Ibáñez, Almendros, et al., 2003; Ibáñez, Carmona,
et al., 2003; Ibáñez et al., 1997, 2000, 2017; Jiménez et al., 2017; Luzón et al., 2011; Prudencio et al., 2013, 2015;
Zandomeneghi et al., 2009). The IAG-UGR also monitors the seismic activity of Deception Island volcano and
provides scientific advice for the management of the volcanic alert system. Seismic monitoring is based on a
temporary seismic network deployed generally from December to February, coinciding with the operation of
the Gabriel de Castilla Base. Moreover, since 2008 three permanent broadband stations are maintained in the
region, at Cierva Cove, Deception Island, and Livingston Island (Carmona et al., 2014).

Two major seismic crises have been reported since 1986, when seismic monitoring was reestablished
at Deception Island after the 1967–1970 eruptions. They occurred in 1992 (Ortiz et al., 1997) and 1999
(Ibáñez, Carmona, et al., 2003) and were characterized by a sharp increase in the number and magnitude of
volcano-tectonic (VT) earthquakes, reaching rates of tens of earthquakes per day and maximum magnitudes
around 3. They have been interpreted as consequences of aborted magmatic intrusions.

After 1999, the seismic activity was relatively quiet, with a general dominance of long-period (LP) seismic-
ity and occasional bursts of LP seismic activity, for example, in the 2003–2004 and the 2012–2013 surveys
(Almendros et al., 2015; Carmona et al., 2012).

This behavior changed drastically in the 2014–2015 survey, when a very large number of earthquakes of tec-
tonic and volcanic origin were detected. The number of events was 1 order of magnitude larger than the sum
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of all earthquakes recorded in the previous 15 years. During the survey, data from the temporary seismic
network were preliminarily analyzed in near real time. LP seismicity was unusually frequent and intense. Tec-
tonic and VT earthquakes also occurred in large numbers. In the last weeks of the survey, the number of local
earthquakes at Deception Island escalated. At the same time, LP seismicity became conspicuous, displaying
increasingly larger and more recurrent LP events and tremor episodes. These observations, in the context of
extensive seismo-volcanic activity, led to a change in the volcanic alert system. The Spanish Polar Committee
established the volcanic alert level at yellow (enhanced monitoring to corroborate the observed anomalies)
for a few days in February 2015 (Almendros et al., 2015).

In the present work we analyze the seismicity of Deception Island and surrounding areas during the period
August 2014 to May 2015, using both temporary and permanent stations. We investigate the spatial and
temporal evolution of the seismicity and assess the possible interactions with the activity of Deception
Island volcano.

2. Instruments

Since February 2008 the IAG-UGR maintains three permanent seismic stations (LVN, DCP, and CCV; see
Figure 1) at Livingston Island, Deception Island, and Cierva Cove (Carmona et al., 2014; Jiménez et al., 2017).
Additionally, from December 2014 to February 2015 a temporary network composed of five short-period seis-
mic stations (Abril, 2007; Carmona et al., 2014; Havskov & Alguacil, 2016; Weber et al., 2007) was set up at
accessible areas around Port Foster (Figure 1). For further details about these instruments, see supporting
information Text S1.

3. Data Analysis and Results

We analyze the seismic activity in the Bransfield Strait area during the period August 2014 to May 2015. We
combine data with different spatial and temporal coverages: (1) permanent stations with a sparse spatial dis-
tribution but continuous recording (Almendros et al., 2018a) and (2) temporary stations with a dense spatial
coverage of Deception Island volcano, operating between December 2014 and February 2015 (Almendros
et al., 2018b). The details of the earthquake detection and location procedures are described in the support-
ing information Text S2 (Carmona et al., 2014; Havskov et al., 2003; Havskov & Ottemoller, 1999, 2010; Ibáñez
et al., 2000; Lienert & Havskov, 1995; Luzón et al., 2011; Utheim et al., 2014; Vassallo et al., 2012; Zandomeneghi
et al., 2009).

3.1. Permanent Station Data
The permanent station data reveal the occurrence of a seismic swarm comprising several thousand earth-
quakes in a time frame of a few months. P and S arrival times were obtained for 9,526, 2,535, and 513
earthquake records at LVN, DCP, and CCV, respectively. Some earthquakes are large enough to be included in
global catalogs (see Figure 1).

In most cases, earthquake amplitudes were largest and S-P delays shortest at station LVN. Thus, the main
focus of earthquake activity was closest to Livingston Island. Most earthquakes have S-P delays in the range
2.9–3.5 s at LVN (Figure 2a). Some of these earthquakes were also detected at DCP, with smaller amplitudes
and S-P delays of 6.9–7.5 s (Figure 2b, blue). Only the largest earthquakes were detected at CCV, with S-P times
of ∼19.5 s. Estimated magnitudes range up to 4.6 and are characterized by a b parameter of ∼1 (Figures S1
and S2). There is no dominant earthquake, and there are 12 events with magnitudes above 4.0, mostly during
September. The total seismic moment is 7.8 ⋅ 1016 N⋅m, equivalent to a magnitude 5.2 earthquake.

The seismic activity began with two short-lived pulses of small-magnitude earthquakes on 15 and 22 August
2014. On 31 August, the number of earthquakes increased again and remained very high for about a month.
This is the most intense period of the swarm, in terms of earthquake rates and seismic moment. By 4 October,
the series had already produced 50% of the earthquakes and 87% of the total moment release. Earthquake
rates diminished slowly during the following 6 months, with some irregular bursts on 15 October, 24 Novem-
ber, and 20 December 2014. Station LVN stopped functioning on 1 April 2015, although by that time the series
had practically faded out.

At DCP, several earthquakes belonging to the Livingston series have been detected (blue dots in Figure 2b).
Nevertheless, there are also earthquakes characterized by smaller S-P times, in a broad range spanning 1–5 s
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Figure 2. (a) S-P times at station LVN during the period August 2014 to May 2015. The panels show the S-P delays versus
time (center), the daily number of earthquakes (top), and the S-P time distribution, with a bin width of 0.25 s (right).
A dashed line marks the end of the recording period. Inverted triangles denote 12 earthquakes reported by ISC. Red
vertical lines indicate the span of the temporary network operations. Black lines show the evolution of the number
of earthquakes (top) and cumulative seismic moment (center). (b) Same as (a) for station DCP. Colors identify local
(tSP < 6 s, red) and distant (tSP > 6 s, blue) earthquakes. Green and magenta dots correspond to OBS and C70,
respectively. Black lines displaying the evolution of the earthquake number and moment are calculated using VT
earthquakes only (red dots). Note the change in scale in the histograms for times after 1 December and S-P times below
6 s. (c) Epicenter locations in December (left), January (middle), and February (right). Dot colors are coded by time, and
dot sizes are scaled by magnitude. Triangles indicate station locations. The black star marks the position of the
submarine volcano Edifice A (see Figure 1). ISC = International Seismological Center; VT = volcano-tectonic.

(red dots in Figure 2b). The small S-P times indicate that they are local, VT earthquakes, occurring within the
volcanic edifice of Deception Island. P and S arrivals for 408 VT earthquakes were identified, although many
other earthquakes were too small for reliable phase identification. This number is small compared to the activ-
ity recorded at Livingston Island. However, these events are highly significant, because they may represent a
seismic reactivation of the volcano.

VT earthquakes occurred sporadically up to early December. Later on, they tended to occur more frequently
and were grouped in clusters (e.g., 25 December 2014, 17–19 and 25–26 January 2015, and 13–14 and 18–21
February 2015). The highest magnitudes occurred in late February (Figures 2b and S3). The activity continued
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through March and April, with two clusters (2–5 and 9–12 April) displaying even lower S-P delays. This indi-
cates events located near or within the Deception Island caldera. The seismic activity decayed by the end of
the recording period (10 May 2015). However, although the magnitudes are low, the number of earthquakes
is still relevant, and we cannot establish precisely how long this series may have continued.

3.2. Temporary Network Data
Basic location capabilities were maintained from 8 December to 22 February (red lines in Figure 2). In this
period, the network detected a part of the Livingston Island series and several bursts of local VT seismicity at
Deception Island volcano (Figure 2b). Very often VT earthquakes were very small and could be detected only
at the closest stations. Therefore, they cannot be located, although they can be counted and their S-P times
measured to have a rough idea of their temporal and spatial distribution. For example, green and magenta
dots in Figure 2b correspond to VT earthquakes at station OBS and C70. It can be noticed that the 13–14
February cluster is most active at OBS, and thus its source should be closest to OBS. Similarly, at C70 there is
more activity in the December and January clusters. Since C70 is closer to Livingston, more Livingston swarm
earthquakes are detected, with slightly smaller S-P times (∼6 s).

Figure 2c shows the results of the source location procedure. A total of 835 earthquakes have been located,
and several features of the spatial and temporal distribution of the earthquakes can be noticed. For example,
there is a relevant seismogenetic zone located near the eastern tip of Livingston Island at about 62.7∘S, 60.0∘W.
This area comprised ∼50% of the located earthquakes, with magnitudes in the range 1.0–2.0, and was active
during the whole summer survey (December–February). The distribution of earthquakes around Deception
Island is more irregular. In December, there were just a few earthquakes scattered toward the SW. Most of them
occur around 25 December. In January, a few low-magnitude earthquakes were located around Deception.
There was also a small cluster ∼20 km SW of Deception, comprising the earthquakes occurring in 17–19
and 25–26 January. But in February the situation changed. First, there were many more earthquakes near
Deception Island volcano, close to or within the caldera. Second, the epicenters encompassed the complete
volcanic edifice. Finally, many earthquakes have large magnitudes of up to 3.2. Most of these earthquakes
occurred in two clusters, on 13–14 and 18–21 February.

Calculated earthquake depths are mostly limited to the first 10 km of the crust, although a few solutions
suggest the presence of deeper sources, down to 20–25 km, both in the Livingston cluster and near Deception
Island volcano. Therefore, these earthquakes seem to occur in the shallow crust. However, the depth resolution
is limited due to the irregular station coverage, and further interpretations should be avoided.

4. Discussion
4.1. The 2014–2015 Livingston Seismic Swarm
The Bransfield Strait is an area of active seismicity. Despite the poor permanent station coverage, the Inter-
national Seismological Center (ISC) catalog (ISC, 2017) comprises ∼200 earthquakes with magnitudes above
∼4.0 since 1960. In the past decades, a few detailed studies have revealed a significant background of
low-magnitude microseismicity around the Bransfield rift (Dziak et al., 2010; Ibáñez et al., 1997; Pelayo & Wiens,
1989; Robertson-Maurice et al., 2003). Most earthquakes are shallow (<10 km), but intermediate-depth earth-
quakes have been also identified (Ibáñez et al., 1997; Robertson-Maurice et al., 2003). They are interpreted as
a consequence of the subduction of the Drake plate under the South Shetland continental block.

The seismicity of the Bransfield Strait often takes the form of spatiotemporal clusters (Dziak et al., 2010;
Ibáñez, Carmona, et al., 2003; Robertson-Maurice et al., 2003). They are localized near volcanic features, includ-
ing not only volcanic islands such as Bridgeman and Deception but also submarine structures such as Orca
volcano and other fissure-like ridges. The close relationship between seismic swarms and volcanic struc-
tures suggests that these earthquakes could be originated by ongoing magmatic activity (Dziak et al., 2010;
Robertson-Maurice et al., 2003).

In this context, our data demonstrate the occurrence of an intense seismic swarm near Livingston Island in
2014–2015. It is the most numerous swarm ever reported in the Bransfield area, comprising ∼9,000 earth-
quakes detected along a period of 8 months. The swarm started in early September 2014, following some
precursory seismicity in August. The largest earthquakes (up to magnitude 4.6) and earthquake rates (up to
∼180 events per day) took place in the early stages of the series (September–October). There were two phases
of maximum earthquake production during September, although large earthquakes were also recorded
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in October. After September, the number of earthquakes decayed slowly with time, with occasional bursts of
activity (Figure 2). The seismicity lasted for 8 months, until it faded out in April–May 2015. The operation of a
seismic network at Deception Island during 2.5 months (Figure 1) allowed for the location of a small part of
the series. The results identify a source region near the eastern tip of Livingston Island (Figure 2c). Given the
stability of the S-P times displayed in Figure 2, we hypothesize that this is also the source region of the whole
Livingston series. The small variability of the S-P delays also suggests that the earthquakes occurred within a
spatially limited source area.

The Livingston swarm could be originated either by tectonic stresses acting on the shallow crust, due to the
opening of the Bransfield Rift, or by instabilities caused by a localized magmatic intrusion. Both processes
are likely to happen in that area off Livingston Island. On the one hand, the region is under an extensional
tectonic regime. Geodetic studies have shown that the Antarctic Peninsula and the South Shetland Islands
are moving apart at a rate of 7–10 mm/year (Berrocoso et al., 2016; Dietrich et al., 2004). Thus, the occur-
rence of series of tectonic earthquakes is expected, similar to those produced at other oceanic ridges (e.g.,
Rundquist & Sobolev, 2002). On the other hand, the region displays active volcanism (LeMasurier & Thomson,
1990). Earthquake swarms generally occur near volcanic structures, which suggests that most of them may
have a volcanic origin (Dziak et al., 2010; Ibáñez, Carmona, et al., 2003; Robertson-Maurice et al., 2003). The
presence of shallow magma reservoirs along the Bransfield Rift is also supported by results from seismic pro-
files (Barker & Austin, 1998; Christeson et al., 2003; Grad et al., 1997), seismic tomography (Ben-Zvi et al., 2009;
Zandomeneghi et al., 2009), magnetotelluric data (Pedrera et al., 2012), and gravity and magnetic surveys
(Catalán et al., 2013, 2014).

The b parameter of the series, near 1, seems to favor a tectonic origin. It is generally accepted that volcanic
sequences have a larger b parameter; however, there are many exceptions to this rule (Roberts et al., 2015),
and therefore this observation does not completely exclude a volcanic origin.

Nevertheless, the duration of the Livingston swarm is very long and displays a relatively slow decay of the
earthquake rates (Figure 2a). In general, tectonic series responding to a mainshock-aftershock sequence show
a faster decay in the number of earthquakes. They usually follow the modified Omori law, with p values
between 0.7 and 1.5 and c values of a small fraction of a day (e.g., Kisslinger & Jones, 1991; Utsu et al., 1995).
In our case, a good fit between the earthquake rates and the modified Omori law cannot be found. This sug-
gests that the Livingston swarm is not a mainshock-aftershock series responding to the reaccommodation of
the stress field after a large fracture event. Instead, it may be a continuous process involving heat and fluid
flow within the shallow crust in the source region, induced by magmatic activity. A similar result was obtained
for the June 1999 seismic sequence of the Endeavour Segment of the Juan de Fuca Ridge (Bohnenstiehl et al.,
2002, 2004). The anomalously large number of earthquakes, long duration of the series, and absence of a
clearly dominant mainshock were interpreted as a demonstration of the volcanic origin of the series.

Another indication comes from the variations in the S-P times observed in Figure 2. First, there is a slight drift
in the S-P times at the beginning of the series (Figure 2a). At the series onset, earthquakes have S-P times
near 3.2 s that reduce gradually to ∼2.9 s in late September. No equivalent changes are observed at DCP.
Second, there is a splitting of the S-P times, starting in late October, with average values around 2.9 and 3.2 s.
This can be also observed in the data from C70 (Figure 2b). The first observation suggests a propagation of
the source that becomes slightly closer to LVN with time. Source migration could be explained by multiple
phenomena, including fault propagation, diffusive processes, and fluid and magma motions (Battaglia et al.,
2005; Bonaccorso et al., 2013; Díaz-Moreno et al., 2015; Saccorotti et al., 2002). The second observation implies
the simultaneous activation of two nearby sources. This is not common in tectonic sequences and would
suggest the interplay with hydrothermal or volcanic fluids.

Finally, it is remarkable that the swarm location is apparently unrelated to any volcanic structure. Detailed
analyses of the bathymetry show the presence of normal faults in the source region, aligned with the Brans-
field rift (Barclay et al., 2009), while the closest volcanic structure is further south (Gracia et al., 1996). However,
the location uncertainties must be considered. Moreover, we have used a simple layered model based on the
Deception Island structure. There are evidences that the seismic velocity in the South Shetland continental
block is faster than near the rift (Ben-Zvi et al., 2009; Zandomeneghi et al., 2009). Therefore, if the source-LVN
path were faster than the source-DCP path, the source might be actually located further from LVN than
imaged in Figure 2c. This could place the source closer to Edifice A, which could be held responsible for the
earthquake swarm.

ALMENDROS ET AL. 4793



Geophysical Research Letters 10.1029/2018GL077490

Figure 3. Total number of VTs (red) and LPs (blue) recorded during the
temporary seismic surveys carried out between 1997 and 2017. Event
counts were performed at stations CHI and OBS, respectively. The number of
VTs includes many earthquakes that are too small to be located. Crosses in
the top panel indicate the durations of the surveys in the scale shown by
the right-hand y axis. VTs = volcano-tectonic earthquakes; LPs = long-period
events.

4.2. Relationship With the VT Swarm at Deception Island Volcano
Exceptionally intense VT activity occurred at Deception Island volcano a
few months after the onset of the 2014–2015 Livington swarm. Source
locations encompass the whole volcanic edifice, revealing a situation of
generalized unrest.

This episode of VT seismicity is similar to those reported in 1992 and
1999 (Carmona et al., 2012; Ibáñez, Almendros, et al., 2003; Ibáñez,
Carmona, et al., 2003; Ortiz et al., 1997). In 1992, 776 earthquakes were
recorded in 2 months, with a maximum magnitude of 3.4, including four
felt earthquakes (Ortiz et al., 1997). In 1999, 2,072 VT earthquakes were
recorded during 2 months, with maximum rates of 80 earthquakes per day
and maximum magnitude of 3.4, including two felt earthquakes (Ibáñez,
Carmona et al., 2003). In 2015, a few thousand earthquakes are reported
over a period of 5 months (Almendros et al., 2015), although most of them
are too small to be identified at more than one station. About 400 VT earth-

quakes have been located, with maximum rates of 45 earthquakes per day and a maximum magnitude of 3.2.
Thus, we could hypothesize that the 2015 VT swarm may be also related to the stress changes induced by a
magmatic intrusion at shallow depths, as proposed for the other two episodes (Ibáñez, Carmona et al., 2003;
Ortiz et al., 1997).

However, there are two noticeable differences. On the one hand, the 1992 and 1999 series died off after a few
months. The seismicity levels at Deception Island volcano after the 2015 swarm have been anomalously high,
not only during the swarm itself but during the following years as well. Figure 3 shows the total numbers of VT
earthquakes and LP events reported during summer surveys from 1998 to 2017. The network configuration
and detection capabilities have been basically the same since 2001 (Carmona et al., 2014), and therefore these
numbers are readily comparable. The activity increased in 2015 and has continued in anomalous levels also in
the 2015–2016 and 2016–2017 surveys, although it seems to be decaying back to normal thresholds. On the
other hand, seismic activity during the 1992 and 1999 episodes was localized solely at Deception Island. The
2015 VT activity occurred after the largest seismic swarm (in terms of number of earthquakes and earthquake
rates) ever reported in the Bransfield area. Given the relatively close temporal and spatial coincidence, it is
unlikely that these two events could be completely unrelated.

Deception Island is a highly fractured volcanic edifice with an extensive hydrothermal system (e.g., Carmona
et al., 2010; Martí et al., 2013; Ortiz et al., 1997) in a unstable state, as revealed, for example, by the VT series
described above and the conspicuous presence of LP seismicity (Carmona et al., 2012, 2014). In the last years,
this instability seems to be increasing. For example, there are evidences that pressure variations related to
high-amplitude microtremors are able to trigger long-duration tremors (Jiménez et al., 2017) and induce reg-
ular series of LP events (Stich et al., 2011), which had not been observed before. Moreover, Jiménez et al. (2017)
noticed that between 2012 and 2014 the number and durations of volcanic tremors at Deception Island had
been growing steadily. In this scenario, the occurrence of the Livingston swarm could have had a triggering
effect on Deception Island volcano.

Earthquake-generated dynamic stresses traveling as seismic waves are capable of triggering additional earth-
quakes at remote, critically stressed faults (see Hill & Prejean, 2015, and references therein). Triggering is not
always immediate, and time delays of hours to days are common (Brodsky & van der Elst, 2014; Freed, 2005).
Similarly, static and dynamic strains produced by earthquakes can induce pressure changes in distant magma
bodies. In certain situations, these pressure variations might drive volcanic activity, including seismic swarms,
enhanced gas emissions, thermal anomalies, deformation, and even volcanic eruptions (Aiken & Peng, 2014;
Bonali, 2013; Bonali et al., 2013; Gabrieli et al., 2015; Harris & Ripepe, 2007; Hill et al., 2002; Johnston et al.,
2004; Lemarchand & Grasso, 2007; Linde & Sacks, 1998; Manga & Brodsky, 2006; Marzocchi, 2002; Nishimura,
2017; Walter et al., 2007, 2009). For earthquake-volcano interactions, longer time delays are reported, ranging
up to several years (Marzocchi, 2002; Nishimura, 2017). Proposed mechanisms include triggering by frictional
failure, where dynamic stresses can be large enough to exceed the frictional strength of faults, and trigger-
ing through excitation of crustal fluids, where dynamic strains are thought to induce fluid transport and
changes in pore pressure, reducing the effective normal stress in the fault plane and lowering the thresh-
old required for failure (e.g., Brodsky & Prejean, 2005; Brodsky & van der Elst, 2014; Hill & Prejean, 2015).
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Additional mechanisms focusing on the interactions with magmatic and hydrothermal fluids include the rec-
tified diffusion and advective overpressure models, enhanced bubble nucleation in a supersaturated magma,
and detachment and sinking of crystal-rich aggregates (Brodsky et al., 1998; Hill et al., 2002; Hill & Prejean,
2015; Manga & Brodsky, 2006).

In our case, a direct dynamic triggering of the VT earthquakes by the Livingston swarm can be ruled out,
given the long delay between the start of the Livingston series and the seismicity at Deception Island (e.g.,
Brodsky & van der Elst, 2014; Freed, 2005; Hill, 2008; Hill et al., 1993; Prejean et al., 2004; Steacy et al., 2005).
Maximum peak dynamic strains at Deception Island are on the order of 10−6 –10−7 (Hill et al., 1993; Shearer,
2009), which exceed the triggering thresholds reported in some cases (e.g., van der Elst & Brodsky, 2010; Walter
et al., 2007). We hypothesize that these strains may have induced pressure variations in the Deception Island
volcanic system, by some of the mechanisms described above. In due time (months), the critically pressurized
magma could build up sufficient overpressure to trigger a response in the form of a magmatic intrusion (Hill
et al., 2002; Hill & Prejean, 2015; Manga & Brodsky, 2006). Static stress changes would then affect the brittle
regions of the volcanic edifice and generate the VT swarm.

Alternatively, the Livingston swarm and the VT activity at Deception Island can both be consequences of
magmatic processes taking place at the volcano. However, the notion that the most distant swarm starts
months before the local seismicity at the volcano seems largely counterintuitive. Nevertheless, White and
McCausland (2016) demonstrate that distal VT swarms located at distances of 2–40 km are usually the earliest
precursors preceding volcanic eruptions in long-dormant volcanoes. These earthquakes have a swarm-like
nature and start days to years prior to the magmatic eruptions. White and McCausland (2016) also report mag-
matic intrusions preceded by distal VT earthquake swarms and infer an empirical relationship between the
cumulative seismic moment and the intruded volume. In order to justify why distal VT seismicity precedes
volcanic activity, Coulon et al. (2017) simulated the propagation of heat and pressure pulses through the vol-
canic hydrothermal system. Their results show that even with modest horizontal/vertical anisotropy, pressure
changes associated with a magmatic intrusion can affect distal regions before significant effects are produced
in the volcanic edifice.

Therefore, the 2014–2015 Livingston swarm could be another example of a distal VT swarm accompanying
a magmatic intrusion at Deception Island volcano. Pressure pulses would propagate laterally, reaching the
region SE of Livingston Island, where the interaction with critically stressed faults may have produced
the seismic swarm. Local VT earthquakes and LP seismicity at Deception Island were initiated later, when
the pressure pulses reached the shallower levels of the volcanic edifice. The volume-moment relationship of
White and McCausland (2016) implies that the volume intruded is ∼5 ⋅ 107 m3.

These two models assess the relationship between the Livingston swarm and the VT activity at Deception
Island volcano. They share a common feature: the occurrence of a magmatic intrusion beneath Deception
Island volcano that originates the local VT activity. This mechanism was also proposed for the 1992 and 1999
seismic swarms (Ibáñez, Almendros, et al., 2003; Ibáñez, Carmona, et al., 2003; Ortiz et al., 1997). The models
differ in considering the Livingston swarm as a cause or an effect of the intrusion. The main drawbacks are,
respectively, the small magnitudes of the Livingston earthquakes and the absence of distal VT swarms in
1992 and 1999. In any case, these interpretations suggest that Deception Island is in a highly susceptible and
unstable state and confirm the dynamic interactions that can be expected at an active volcanic system. The
results also underline the importance of seismic monitoring at Deception Island to provide quantitative bases
for volcanic hazards assessment.
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