Journal of Volcanology and Geothermal Research 460 (2025) 108279

Contents lists available at ScienceDirect

'AND GEOTHERMAL RESEARCH

Journal of Volcanology and Geothermal Research

journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research

ELSEVIER

Check for

Seabed stability inferred from the 2019-2020 earthquake swarm under a = [&&s
volcanic cone field and slopes of Condor Seamount, Azores

Neil C. Mitchell ™", Fernando Tempera”', Thomas A. Morrow ¢, Joaquim Luis ‘,
Christian Hiibscher ¢, Telmo Morato

& Department of Earth and Environmental Sciences, University of Manchester, Williamson Building, Oxford Road, Manchester, M13 9PL, UK

Y Instituto de Investigag@o em Ciéncias do Mar — Okeanos, Universidade dos Acores, Horta, Portugal

¢ NOAA Ocean Exploration, Oceanic and Atmospheric Research, National Oceanic and Atmospheric Administration, 1315 East West Hwy, Silver Spring, MD 20910, USA
4 Universidade do Algarve, Portugal

¢ Institute of Geophysics, University of Hamburg, Germany

f Institute of Marine Sciences - Okeanos, University of the Azores, Horta, Portugal

ARTICLE INFO ABSTRACT

Keywords: Knowledge of the strength of submarine volcaniclastic deposits is important for assessing the stability of slopes of
Paleoseismology such materials and their geohazards but is difficult to measure. An opportunity for an alternative evaluation has
Azores

been presented by an earthquake swarm under a volcanic seamount in the Azores. Attenuation relationships
applied to earthquake data suggest that a cone field and flanks of the seamount experienced horizontal accel-
erations of >0.3 g during the swarm. However, multibeam sonar data collected before and after the swarm
suggest that no slope failures occurred. Furthermore, in backscatter data collected after the swarm, low in-
tensities below slopes suggest that muddy aprons were undisturbed by landslide debris. The swarm overlies cones
with slopes near typical repose angles of non-cohesive particles. During earthquake shaking, the direction of
maximum acceleration deviates from that due to gravity alone. We show that cone slopes effectively experienced
much steeper gradients than their repose angles during the swarm. As they survived the shaking without failing,
they were effectively stronger than non-cohesive sediment. We use a pseudo-static analysis to investigate the
implied sediment strength, finding a ratio of undrained shear strength to vertical stress of >0.4-0.5. This implies
shear strength of >24-30 kPa at 10 m depth below seabed. We speculate that carbonate cements and/or
compaction may be responsible. If shallow areas are more widely strengthened, slope failure may then be less
likely during moderate (M, ~ 4.0 or less) seismic shaking and hence be less hazardous than if the slopes
comprised wholly non-cohesive materials.

Submarine landsliding
Multibeam sonar

1. Introduction Ridge have revealed fault talus ramps with gradients of 27.5°

(Mitchell et al., 2000) and submarine volcanic cones typically have

Earthquakes can affect the geomorphology of the seabed, such as by
causing slopes to fail (Morgenstern, 1967; Schwab and Lee, 1988;
Hampton et al., 1996; Lee et al., 2009), which in turn can have other
impacts, such as undetermined effects on biodiversity conditions and
distribution. Some slopes of non-cohesive clastic sediment in subaque-
ous earthquake-prone environments have been observed to have slopes
shallower than the typical angle of repose, which may be a sign of
particle runout under the influence of earthquakes (Lee et al., 1994).
Transponder-navigated submersible dive data from the Mid-Atlantic
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slopes close to ~30° (Mitchell et al., 2012; Mitchell, 2021). These gra-
dients are less than average gradients of subaerial scree slopes, which
vary from ~33° to 35° (Tinkler, 1966; Chandler, 1973; Wallace, 1977;
Akerman, 1984).

Giant landslides in volcanic islands have attracted attention because
of their scale (Moore et al., 1989; Moore et al., 1994; Watts and Masson,
1995; Watts and Masson, 2001; Masson et al., 2002; Schindelé et al.,
2024) and because the tsunamis that they generate potentially affect
remote coasts (Ward and Day, 2001). In contrast, small submarine
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landslides (<108 m3), which are common in the uppermost submarine
slopes of volcanic islands (Chiocci et al., 2008a; Chiocci et al., 2008b;
Mitchell et al., 2008; Casalbore et al., 2011; Quartau et al., 2014;
Casalbore et al., 2015; Chang et al., 2021), have received almost no
attention. The tsunamis they generate are potentially a significant threat
also, despite their smaller size, because they are likely far more frequent
(Kauahikaua et al., 1993; Chang et al., 2021; Chang et al., 2023).
Tsunami runups may also be large because of proximity of adjacent
coasts (Omira et al., 2016). For example, a 107 m® submarine landslide
of Stromboli in 2002 produced runups of 10 m and caused extensive
coastal damage to Stromboli and adjacent islands (Tinti et al., 2005;
Tinti et al., 2006). (For comparison, landslide scars in the upper slopes of
the central Azores islands have typical volumes of 10*-10° m?, though
some reach 10® m® (Chang et al., 2021).) Although historical tsunamis
within the Azores have been mainly attributed to earthquakes, 20-30 %
are difficult to associate with earthquakes (Andrade et al., 2006) and
may have been generated by submarine landslides. Quantifying the
hazards from submarine landslides around volcanic islands remains a
challenge, though.

Obtaining geotechnical data from these settings for slope stability
analysis is difficult as sampling volcaniclastic slope material by devices
such as Vibracorers are needed but cores from such materials are usually
disaggregated and unsuitable for geotechnical analysis. Slopes around
some landslide scars in the Azores reach 60°, which is much steeper than
the ~30° angle of repose and suggests that they are stronger than non-
cohesive sediment (Chang et al., 2021). Perhaps such volcaniclastic
slope deposits are initially compacted and strengthened by seismic
shaking (Sawyer and DeVore, 2015; ten Brink et al., 2016; Chang et al.,
2021). Carbonate crusts are visible at the surface in east Condor
Seamount (Fig. 1). Carbonate may also precipitate and form cements in
the subsurface where carbonate-saturated ocean waters are forced into
the seabed by ocean pressure fluctuations due to surface waves, tides
and internal waves, and by the recharge components of geothermal
circulation (van der Kooij et al., 2010; Tucker et al., 2020). Cements may
be important for stabilising submarine slopes (Tucker et al., 2020) also,
although it is unclear how far such stabilising cements continue below
the seabed.

Paleoseismology is also challenging in submarine environments,
where the seabed is obscured from satellite-based sensors. Fault ruptures
have rarely been associated with individual earthquakes (Armijo et al.,
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Fig. 1. Site of the 2019/2020 earthquake swarm over westerly Condor
Seamount. Bathymetry is from the Global Multi-Resolution Topography
(GMRT) synthesis grid (Ryan et al., 2009) (www.geomapapp.org), which
largely comprises data from a cruise of RV Le Suroit in the study area (Luis et al.,
2006). Black diamond symbols locate seismic stations on islands nearest to the
swarm. Red circle is average location of the My, > 4.0 events according to the
earthquake catalogue studied here. Inset lower right: seabed at 725 m depth on
east Condor Seamount revealing carbonate crusts (located by blue circle on
main map). Photo courtesy of the EMEPC (https://en.emepc.pt/). Steepness of
seabed is possibly exaggerated by camera tilt. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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2005; Escartin et al., 2016; Hughes et al., 2023; Leclerc et al., 2024),
making it difficult to draw more general information from in situ ob-
servations. Morphologic dating (Arrowsmith et al., 1998) is unreliable
underwater, as sediment movements do not follow the kinds of simple
rules as creeping soils (Mitchell, 1996a). Dating fault scarps by lumi-
nescent methods (Gray et al., 2015) is not possible without exposure to
light and is therefore limited to shallow depths only. Turbidity currents
triggered by earthquakes have been inferred from turbidites shown by
sediment dating to have been emplaced down different channels
simultaneously, implying widespread failure expected of earthquake
shaking (Adams, 1990; Goldfinger et al., 2003; Nieminski et al., 2024).
Dating turbidites is a potentially powerful approach, but limited by the
effort required to collect the cores and analyse them for paleoseismo-
logical events (Nieminski et al., 2024). Other ways to associate seabed
changes with earthquakes, such as landslides, could therefore still be
useful. However, seabed sediments and rocks vary enormously in
strength, making interpretation of past landslide occurrences difficult
without detailed in situ geotechnical data. To support such efforts,
studies of morphological changes during known earthquake occurrences
may be helpful.

A seismic swarm occurred on the west side of Condor Seamount near
Faial Island in 2019 until early 2020. This allows us to investigate, using
multibeam sonar data collected before and after the swarm, whether
there were any seabed morphological changes associated with it. The
results suggest that no slope failures occurred, despite peak horizontal
accelerations exceeding 0.3 g. Submarine volcanic cones are produced
by eruptions of particles from central vents, which typically are depos-
ited nearly at the angle of repose (Mitchell et al., 2012). Where active
cones have been studied and their formation from particles confirmed by
vent observations (Chadwick et al., 2008a), landslide scars representing
50-100 m of erosion have been found in time-separated multibeam
sonar surveys (Chadwick et al., 2008b) but we show that no such deep
landslides occurred at Condor Seamount through the 2019-2020 swarm.
Following the interpretations of the sonar data, we explore whether the
seismic shaking should have strongly mobilised the slopes of cones and
flanks of Condor Seamount if they were formed of purely non-cohesive
volcaniclastic sediment. This leads us to conclude that the cones are
stronger than expected for non-cohesive material and use a pseudo-static
analysis to assess their effective strength.

2. Background

Condor Seamount is a ridge lying immediately WSW of Faial Island
(Fig. 1) on the Azores oceanic plateau (Gente et al., 2003). Its WNW-ESE
orientation is similar to those of faults and other ridges of volcanic origin
amongst the Azores central islands (Ligi et al., 1999) and is similar to the
orientations of rifts and aligned cinder cones on Faial, Pico and Sao
Jorge islands (Madeira and Brum da Silveira, 2003; Madeira et al.,
2015). It therefore similarly developed from volcanism within this broad
transtensional area between the African and Eurasian tectonic plates
(Freire Luis et al., 1994; Lourenco et al., 1998; Vogt and Jung, 2004;
Marques et al., 2013; Neves et al., 2013; Miranda et al., 2014; Miranda
et al., 2015; Mitchell et al., 2018; Romer et al., 2018). Only one igneous
sample recovered from Condor Seamount has been dated (Ar—Ar) as
1.10 + 0.80 Ma (Beier et al., 2015). The full age extent of igneous ac-
tivity at the seamount therefore remains an open question.

Bathymetry maps derived from multibeam sonar data (Fig. 2) reveal
the elongated form of Condor Seamount, with a summit reaching to 184
m depth and a relief of ~1700 m above the surrounding seafloor. The
flanks of the seamount contain shallow downslope-oriented ridges and
valleys. In the west end of the seamount, a field of rugged conical fea-
tures and small ridges can be observed. The small ridges are also ori-
ented WNW-ESE. To characterize biological habitats, acoustic
backscatter and seabed photographs have been studied extensively
(Tempera et al., 2012; Tempera et al., 2013). These reveal high back-
scattering intensities over the seamount summit, corresponding with
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Fig. 2. Multibeam bathymetry maps centred on the earthquake swarm from before (a, b) and after the swarm (c, d). Map extent in Fig. 1. Contours are every 100 m,
with 1000 m in bold. Yellow arrows on red line in (a) locate the extent of the seismic reflection profile in Fig. 3. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

rocky outcrops, gravels and boulders. The boulders are well-rounded,
suggesting that the summit has been influenced by surf during one or
more Pleistocene glacial lowerings of sea-level. As the 184 m shallowest
depth lies beneath the Pleistocene low-stands (~120 m (Bintanja and
van de Wal, 2008)), the seamount has subsided since its formation
(Tempera et al., 2012). Seabed photographs over the mostly smooth
flanks of the seamount reveal both unconsolidated sediment and sedi-
ment that had been made rigid by carbonate cements. On the north
flank, sediment is mainly bioclastic down to 965 m, below which it is
black volcaniclastic with silt- and clay-grade particles (Zeppilli et al.,
2013). Modelled currents reach only a modest 0.1 m/s (Mohn et al.,
2023) and current meters have recorded similar 0.1-0.2 m/s
(Bashmachnikov et al., 2013).

No seabed photographs are available from the cone field at the
westerly end of the seamount. However, one seismic profile crossing it
(Romer et al., 2018) reveals internal reflections that are sub-parallel to
the seabed as would be expected from growth of each cone from parti-
cles erupted from central vents (Chadwick et al., 2008a). Fig. 3 shows an
enlargement of one of the profiles, revealing the laterally uniform
character of the dipping reflections from within four structures, which
have been interpreted as formed from volcaniclastic deposits (Weil3
et al., 2015). Disrupted reflections around a cone summit and possible
vent can also be observed (“S” in Fig. 3). The contrast in morphology
from rugged cone field at the end of Condor Seamount to smooth flanks
around its waist is reminiscent of that found at Hawai’i Island (Smith
et al., 2002). There, the submarine Puna Ridge is rugged, a result of
wholly submarine eruptions, whereas the steep submarine slope adja-
cent to the East Rift Zone is smooth, a result of flows of clastic particles
formed when lava has reached the sea (e.g., Fornari et al., 1979). The
similar transition at Condor Seamount implies that the centre of the
seamount formed with the summit near sea-level, leading to lava-
seawater interactions that have left its flanks smooth (Tempera et al.,
2012). Particles originating from shallow-water biogenic production
may have also contributed (Tempera et al.,, 2013) and shallow-
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Fig. 3. Seismic reflection record from RV Meteor cruise M113/1 (Hiibscher
et al., 2015; Romer et al., 2018) crossing volcanic structures of NW Condor
Seamount (located in Fig. 2a). Data were collected using signals from an array
of four GI airguns recorded on a digital streamer of 600 m active length and 144
channels. These data were processed using standard methods (velocity analysis,
moveout correction, frequency filtering). The data were also migrated, hence
upward-curved trends are artefacts of the migration. The data were visualised
using SeiSee software. Annotation: TWT, seismic two-way time, F, flank re-
flections, S, summit disrupted reflections. Horizontal bar is at 1.333 s TWT, i.e.,
1000 m depth in the water column for seismic velocity 1500 m/s. Vertical
exaggeration is 2:1.

penetration (15 cm) sediment cores from the seamount flanks have
recorded largely bioclastic silty sand (Zeppilli et al., 2013). The
emplacement of these deposits by many sedimentary flows originating
from shallower water in turn implies that the flanks likely contain beds
of varied geotechnical properties lying parallel to the seabed. Such
configurations can be prone to failure (ten Brink et al., 2009). Indeed,
some landslide scars can be identified in the detailed bathymetry
(Tempera et al., 2013), although those scars have smooth side and head
walls, suggesting they have been modified by more recent sediment
deposits (Chang et al., 2021). Otherwise, the smooth morphology with
small gullies imaged in the acoustic backscatter suggests that small
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failures or sedimentary flows have mainly affected the flanks. Based on
photographic evidence, Tempera et al. (2013) interpreted the seamount
flank material as largely unconsolidated, and a 1-km-wide band over the
summit as consolidated or cemented material. Similar extensive car-
bonate crusts have been reported on other seamount and islands slopes
down to ~1 km depth (Tucker et al., 2020).

3. Data and methods
3.1. Earthquake data from the local seismometer network

Seismicity was recorded continuously by the Portuguese National
network (IPMA) of broadband, enhanced short-period and some strong-
motion sensors distributed amongst the Azores islands (Carrilho et al.,
2021). Detection of individual events depends on earthquake size, dis-
tance to stations and local noise characteristics at those stations. How-
ever, based on the station distribution shown in Fig. 1, swarm events
were likely mostly recorded by stations on Faial Island, and to varying
extents on Sao Jorge, Terceira and Graciosa. From the station distribu-
tion, we might expect epicentre location uncertainty to be smallest in the
NE-SW direction and largest in the NW-SE direction.

Two simple displays of the data were generated to illustrate the
spatial and temporal progression of the swarm. Total seismic moment of
events falling within cells of 0.01° X 0.01° (latitude X longitude) was
computed and provided as a map. A polygon was traced by eye around
the swarm (Fig. 4) and used to select swarm events. The cumulative
change in total seismic moment encompassed by that polygon is shown
in Fig. 5.

Cumulative and incremental frequency (Giittenberg-Richter) graphs
were computed from local magnitudes (Fig. 6). From the change away
from the linear trends of those graphs (the “magnitude of complete-
ness™), the local network appears to have detected events of My, > 2.0
well at this location.

For assessing the effects on the seabed, a map was computed of peak
horizontal acceleration (PHA) induced by the earthquakes following a
similar procedure to that of Chang et al. (2021). PHA within each grid
cell of 0.01° X 0.01° was computed from horizontal distance to each
event using the empirical relationship of Mezcua et al. (2008). This
relationship was based on strong-motion recordings of earthquakes in
Iberia of magnitude 3.0 to 5.3, overlapping magnitudes of swarm
earthquakes in the IPM recordings. As the events are outside the network
of recording stations on the islands, their depths are unreliable. A
common 10 km depth was therefore set, somewhat shallower than the
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Fig. 4. Cumulative seismic moments for the period 2019/01/01 to 2020/07/15
(IPMA recordings). White polygon locates area of selected seismicity summar-
ised in Figs. 5 and 6. Black contours are from the GMRT (Ryan et al., 2009)
(shown every 500 m, with every 1000 m in bold; grid of April 2024). Cross
symbols locate the events of M, > 4.0 in the IPMA catalogue.
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Fig. 5. Seismicity recorded by the IPMA within the polygon marked in Fig. 4.
Solid line shows the cumulative seismic moment released and x-symbols are
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Fig. 6. Magnitude-frequency distribution for the selected IPMA data. Open
circles show the incremental distribution in My (left-hand scale) and solid cir-
cles the cumulative distribution (right-hand scale). Red line shown is a least-
squares regression, which suggests the swarm p-value was 1.126 + 0.001.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

average ~ 12 km depth of aftershocks of the 1998 earthquake east of
Faial (Matias et al., 2007) due to Condor Seamount lying on younger
crust and hence thicker lithosphere. The results in Fig. 7 are dominated
by the events of My, > 4.0 as would be expected. Carrying out the cal-
culations instead with a common 12 km depth lowered the maximum
PHA by 19 %.

The actual horizontal acceleration experienced at a particular loca-
tion during a particular earthquake will also depend on the polarity of
the shear wave at that location (which itself depends on the sense of
movement on the fault plane, location of observation, etc.). This affects
the extent to which the acceleration is down-slope, promoting failure.
The Mezcua et al. (2008) analysis did not account for polarity, hence
their equation represents the acceleration expected averaged over all
azimuths. Nevertheless, the high PHA values in Fig. 7 are dominated by
the eight My, > 4.0 events. As they are widely distributed across the cone
field, this implies varied azimuths of propagation of the seismic waves at
any given location. The seabed should have experienced maximum ac-
celerations that were broadly similar to these values.

3.2. Sonar and seismic reflection datasets

We have accessed the following multibeam data collected before and
after the seismic swarm. Unfortunately, the details of data processing (e.
g., where sound velocity profiles were taken and employed) are
commonly missing, though some places have been surveyed multiple
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Fig. 7. Peak horizontal acceleration experienced during the period 2019/01/
01 to 2020/07/15, estimated from the IPMA catalogue using the Mezcua et al.
(2008) relation. Values are in fractions of g (acceleration due to gravity) and
contours are every 0.02 g. White-outlined box locates Figs. 2, 9, 10 and 11a.
Cross symbols locate events of My > 4.0 as Fig. 4. Black contours represent
depths from the GMRT grid (Ryan et al., 2009) every 500 m, with 1000 m
in bold.

times during different cruises before and after the swarm, which have
allowed us to check for consistency. Artefacts in multibeam sonar data
typically produce systematic and random errors parallel and perpen-
dicular to vessel tracks with known characteristics (de Moustier and
Kleinrock, 1986; Hughes Clarke et al., 1996; Mitchell, 1996b; Schmitt
et al., 2008), which can be considered during interpretation. All data
used here were collected during times of GPS availability.

Before the seismic swarm, data were collected over the swarm area
with a 12 kHz Kongsberg EM122 multibeam system during RV Meteor
cruises 113/1 in 2016 (Hiibscher et al., 2016) and 128 in 2017 (Beier
et al., 2017). It was also surveyed aboard RV le Suroit using a 30 kHz
Kongsberg EM300 multibeam sonar in 2006-2007 (Luis et al., 2006;
Miranda et al., 2014), from which we also have acoustic backscatter
data.

Data were collected after the swarm in two surveys, exploiting
transits to/from Faial Island. The first on RV Pelagia was carried out with
a 30 kHz Kongsberg EM302 sonar in June 2021, for which we also have
acoustic backscatter data. The second post-swarm survey occurred
during a transit of the RV Explorer using a 26 kHz Kongsberg EM 304
sonar in September 2022. The survey report (Candio et al., 2022) in-
dicates that sound velocity data used for refraction corrections were
collected every four hours.

The multibeam sonar data vary in spatial resolution. Some data were
supplied as individual soundings (Meteor, Explorer, Pelagia), whereas le
Suroit data were provided in gridded form with 50-m cell size. Acoustic
spatial resolution at the seabed equals 6.R, where 6 is beam width in
radians and R is range (de Moustier, 1988). Hence, for vertical beams
under the vessel track, a typical 1° beam width implies an acoustic
resolution of 3 m at the 184 m depth of the summit of Condor Seamount
and 44 m at 2500 m depth. To ensure a roughly comparable resolution
between grids encompassing the coarsest of these data, all data were
binned and regridded to a common 50-m cell size, which should also
strongly reduce random errors.

The Towed Ocean Bottom Instrument (TOBI) (Murton et al., 1992;
Flewellen et al., 1993) was deployed around the central Azores islands in
1999 (Ligi et al., 1999). The data were formed into mosaics by re-
searchers at the Consiglio Nazionale delle Recerche in Bologna (Stretch
et al., 2006; Mitchell et al., 2018), one of which is shown here for the
westerly end of Condor Seamount and its summit. These data were
collected with the instrument towed close to the seabed (~200-500 m)
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so they have higher resolution than most of the multibeam sonar data.

The sonars providing all four sets of acoustic backscatter were not
acoustically calibrated and hence do not provide quantitative back-
scattering strengths (Mitchell and Somers, 1989). We therefore show the
backscatter data only as gray-scale maps. Typically, contrasts in back-
scattering data are caused by varied seabed type (e.g., mud is low
backscattering, whereas bare rock is high backscattering), though
backscattering also varies with the angle of incidence of the signal with
the seabed and hence with seabed topography (Mitchell and Somers,
1989). When sidescan sonar data are collected at low altitudes above the
bed, such as TOBI here or the RV Explorer swath crossing the seamount
summit, elevated objects (such as volcanic cones) cast prominent
acoustic shadows. Further details on backscatter data interpretation can
be found in Blondel and Murton (1997).

3.3. Assessment of stability for non-cohesive particles

As our analysis of the sonar data below suggests that there was no
major failure in the volcanic cones and other steep slopes, we explore
whether the seabed was effectively non-cohesive or cohesive with a
simple test. During earthquakes, seabed particles experience a maximum
acceleration from the gravitational field that is distorted by the hori-
zontal accelerations. The direction of vertical (maximum acceleration
direction) in the reference frame of the seabed depends on the polarity of
the seismic shear waves, which will have varied with azimuth from each
earthquake source. However, a rough indication of this tendency can be
provided by simply adding arctan(PHA) derived from the grid in Fig. 7
to the local seabed maximum gradients of Fig. 8a, where PHA data are in
fractions of g (the acceleration due to gravity). This will only represent
the true distorted vertical effect in parts of the area where the S-wave
polarity was optimal (i.e., accelerations in the down-slope direction).
Nevertheless, the eight events of My, > 4.0 are spread about the central
area. Optimal polarities can be expected from each of them in different
areas, in aggregate covering much of the central area. The vertical ac-
celerations are ignored by this analysis, as they have less distorting effect
on the maximum acceleration direction if they are only a fraction of g.

3.4. Assessment of seabed strength

The effective strength of slope materials was then investigated using
the pseudo-static equation of Morgenstern (1967):

% = 0.5sin(2a) + k}%cosz(a) (@)

v

Although we do not anticipate the cones to be cohesive in same sense
as compacted mud, the objective is to estimate S, as a proxy for strength
to get a sense of its magnitude for comparison with other measurements.
Eq. (1) provides the ratio at the point of failure of minimum S, (peak
undrained shear strength at a level of potential failure within the
seabed) to ¢, (the vertical stress at that level due to overlying sediment,
allowing for the effect of buoyancy in water). The other values are: a, the
local bed gradient, k, PHA (in fraction of g), y, the sediment unit weight
and y’ the sediment unit weight in water (i.e., buoyancy-corrected). The
construction of Eq. (1) ignores the effects of cyclic loading, transient
pore pressure changes, vertical seismic accelerations and other factors
(Morgenstern, 1967; ten Brink et al., 2009). In particular, soil weakening
is progressive, hence they are likely to be weakest during later parts of
an earthquake’s coda, occurring after the peak acceleration (Rampello
et al., 2010). To account for such effects, Rampello et al. (2010) inserted
a further dimensionless parameter  (with values 0-1) before k. In their
application of this equation to the seabed around Iberia, Collico et al.
(2020) used n = 0.25 of Rampello et al. (2010) for soft-medium soils and
PHA of 0.1-0.2 g. (For context, the value 5 varies ~0.1-0.5 between
different soils, earthquake magnitudes and displacements in Rampello
etal. (2010).) Note also that the first term in Eq. (1) reaches a maximum
when a approaches 45°, suggesting a limitation of this approach. In
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Fig. 8. (a) Seabed gradient angles (local maxima) computed from the GMRT
grid, which largely consists of Le Suroit multibeam data over the area of interest.
(b) The gradients of (a) with arctan (PHA) in degrees from Fig. 7 added to the
seabed gradient. Cross symbols locate events of M, > 4.0 as Fig. 4. Bathymetry
contours in both panels are from the GMRT (Ryan et al., 2009).

practice, the cone slopes reach ~30°, so this is mostly not a problem in
this study, but the method will be less useful for steeper slopes.

To explore slope rigidity at scales larger than the small volcanic
cones, values for a were computed from the GMRT (Ryan et al., 2009)
after filtering the grid with a 2-km-wide cosine-tapered filter (the GMRT
here mostly comprises Le Suroit multibeam-derived depth data). Another
set of calculations was carried out without filtering, with a grid cell size
of 50 m. Values of k are from the grid shown in Fig. 7 and = 0.25. As we
have no reliable sediment density data locally, we used a bulk density (y)
of 1600 kg/m? as a typical value for core 6G of Winters and Lee (1982),
which contained half sand-grade material and was recovered from
carbonate-rich sediments. (If 1500 and 1700 kg/m3 are used for y, the
resulting maximum S,/¢’, ratio increases by 9 % and decreases by 6 %.)

4. Observations
4.1. Seismicity and ground motions

Earthquakes occurred under the volcanic cone field of the NW end of
Condor Seamount (Fig. 4), forming a NE-SW-oriented band that likely

reflects event location uncertainties. Its centre lies roughly around the
1500 m depth contour on the north flank. The swarm occurred over
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~500 days, initiating with ~150 days of modest seismic moment release
(Fig. 5). Subsequently, most of the seismic moment was released in 2-3
phases towards the end of 2019 in less than 100 days, following ~150
days of modest release. The largest-magnitude events occurred during
these most intense 100 days and the largest events had comparable
magnitude (M, ~ 4.7). The magnitude-frequency graphs (Fig. 6) each
contain a linear segment. Fitting a line through the linear segment in
each case suggests a f-value of —1.13 above My, = 2.0. Above M|, = 4.0,
the graphs flatten out, breaking the power-law trend, reflecting the
various higher magnitude events recorded (Fig. 5).

4.2. TOBI sidescan sonar imagery

We update previous reporting of these data (Mitchell et al., 2018),
focusing on west Condor Seamount (Fig. 9). The data are useful for
confirming the presence of small features such as cones in the multibeam
data. The TOBI images reveal moderately high backscattering over the
summit of Condor Seamount, with small elongated cones in its upper
flanks, which cast deep acoustic shadows. Towards the NW end of the
summit, the truncated cone marked in Fig. 9 has downslope-trending
high and low backscatter features on its west side, which are inter-
preted here as caused by the deposits of sedimentary flows of clastic
particles. The “smooth cone” north of it also likely formed from erup-
tions of particles from a central vent. (Repeated emplacements of par-
ticles led to the laterally uniform seismic reflections in the profile shown
in Fig. 3 (feature “S™), which was collected running across the NW flank
of this cone (Fig. 2a).) Further to the NW, the series of small ridges
observed in the multibeam bathymetry correspond with high backscat-
tering lineaments in the TOBI imagery. In this cone field, acoustic
backscattering varies greatly over short lengthscales (<1 km), suggest-
ing the presence of rock outcrops interspersed by mud. Some dark
patches are the result of acoustic shadows cast by elevated features.

4.3. Apparent changes in bathymetry

Differences between the bathymetry grids of Fig. 2 are shown in
Fig. 10. Superficially, these appear to indicate accretion (positive
elevation change) and erosion (negative) but we show later that all can
be explained as artefacts. Feature ‘a’ (Fig. 10c) is a broad area of positive
change corresponding to deep bathymetry in Fig. 2b and is absent from
Fig. 10a. At ‘b’ (Fig. 10b and d), the bathymetry appears to have become
generally deeper in the Explorer data on the north side of Condor
Seamount and shallower by a similar amount on the south side of the
seamount. Positive features ‘c’ and ‘d’ correspond with sharp steps
observable in the grids in Fig. 2 and have different locations between
Fig. 10b and d. Localised positive features ‘e’ lie at the edges of
contributing swaths. Negative feature ‘f (Fig. 10a) corresponds to a
small hill in the Meteor data and is absent in Fig. 10c. Negative feature ‘g’
(Fig. 10c) is absent in Fig. 10a.

4.4. Acoustic backscattering

We do not explore changes in backscattering, as this would require
coincident survey lines, etc., but instead observe some aspects of back-
scatter data collected after the swarm. Fig. 11b and c both show lower
backscattering (“L”) in the lower flanks of Condor Seamount, with
abrupt transitions at ~1100 m depth. Small gullies on the south side are
associated with bands of low backscattering in Fig. 11c. Around the base
of the smooth cone in both figure panels (south, east and NW), back-
scattering is low.

5. Interpretations of apparent bathymetric changes
The above-described features appear to be all explainable as bathy-

metric artefacts, originating from the different survey platforms, survey
geometries and methodologies used. Feature ‘a’ is most likely to have
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Fig. 9. Towed Ocean Bottom Instrument (TOBI) sidescan sonar mosaic of the cone field and westerly Condor Seamount (data from Ligi et al. (1999) and Mitchell
et al. (2018)). White tone represents high backscatter. Red Lines are tracks of the TOBI vehicle. Bathymetry contours are from Fig. 2a. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Apparent changes in seabed elevation implied by different multibeam data collected before and after the swarm (elevation after minus elevation before the
swarm). Bathymetry contours (every 100 m, 1000 m in bold) are from the RV Meteor grid. Annotations ‘a’ to ‘g’ locate changes that can be explained as artefacts of
data collection or processing (see main text). Bathymetry contours are from Fig. 2a.

been caused by a sound velocity correction error. A difference in posi- ‘e’ are due to data from beams near the outer edges of swaths, which are
tioning explains feature ‘b’ (also note similar apparent depth changes in typically noisier due to weaker backscattered signals.

the small ridges to the WNW in the cone field), if the Explorer data were Features ‘f and ‘g’ are interesting as they have morphologies ex-
misplaced to the north by ~20-30 m. Features ‘c’ and ‘d’ are errors pected of geological changes. Feature ‘f* appears as though a block was
where different grids appear to have been combined. Features marked removed during the swarm. However, it does not appear in Fig. 10c and



N.C. Mitchell et al.

a) Le Suroit 2017

-29°15'

-29°10' -29°00"
L .

Journal of Volcanology and Geothermal Research 460 (2025) 108279

¢) Pelagia 2021

-29°05'
L

38°40'
N
38°38'
~
38°36'
38°34'
38°32'
38°30' -

/
b) Explorer 2022

Sy

38°36'

38734

38°32'

-29°08' -29°06'

-29°10'

-29°06'

T
-29°08'

Fig. 11. Acoustic backscatter maps produced from data collected (a) before and (b, c) after the earthquake swarm. Higher backscatter is represented by lighter tones.
Areas without data are white. Small arrows locate ship tracklines. Annotation: L, low-backscattering at base of slopes and in gullies, TC, truncated cone, SC, smooth
cone (Fig. 9). Solid and dashed-white rectangles in (a) locate the maps in (b) and (c), respectively. Bathymetry contours are from Fig. 2a.

the backscatter image collected after the swarm (Fig. 11b) shows no
evidence for it (backscattering is uniformly low beneath this feature, not
high as would be expected from removal of superficial muds). Based on
the lack of corresponding backscatter evidence, we suspect this is a
sounding artefact indistinguishable from similar-shaped geologic
structures at this resolution and was left in the dataset when gridded.
The apparent landslide ‘g’ also coincides with low backscattering in
Fig. 11b. Along with its absence in Fig. 10a, this feature also seems likely
to be an artefact.

The low backscattering around the base of the smooth cone (Fig. 11b
and c) is suggestive of low-backscattering mud sufficient to attenuate the
signals from any underlying rocky surface. At the 26-30 kHz fre-
quencies, attenuation in muds is ~1 dB/m and leads to complete loss of
backscatter at 15° grazing angle if the mud is >1 m thick (Mitchell,
1993). The data suggest that these and other low-backscattering areas
lying beneath slopes have not been over-lain by debris from landsliding
and remained muddy.

In conclusion, no major change occurred during the swarm. Attrib-
uting uncertainties to this statement is difficult, given the varied quality
of the multibeam data and as acoustic resolution varies greatly with
water depth and across-swath. Based on the variations in Fig. 10 and
considerations above, we suggest that a depth change of 50 m over a
lengthscale of 1 km should be resolvable in these data and perhaps
smaller given the redundancy of multiple surveys. Any bathymetry
changes were smaller than this. Smaller slope failures are also unlikely
given the undisturbed low-backscattering mud around the smooth cone
and lower seamount slopes.

6. Discussion

The lack of a main shock and the occurrence of multiple events of
similar magnitude (M) > 4.0 during the Condor swarm (Fig. 5) are
typical of volcanic earthquake swarms (McNutt, 1996; Pritchard et al.,
2018; Tepp and Dziak, 2021). Volcanic swarms can have steep
magnitude-frequency graphs, with extreme pg-values reaching 3.0,

though some much lower (McNutt, 1996). The modest 1.13 pg-value
found for Condor Seamount (Fig. 6) is within the range for volcanic
swarms, though not diagnostic of such swarms. At present, we interpret
this swarm as either tectonic or volcanic involving only small magma
volume and hence small dike opening. The sonar data rule out an
eruption at the seabed during the swarm within the surveyed areas. We
devote the rest of the discussion to addressing the strength of the seabed
sediments implied by the lack of significant landsliding observed.

6.1. Would seismic accelerations have mobilised non-cohesive sediment?

If the slopes comprised non-cohesive sediment, we might expect to
have observed morphological changes comparable to the 50-100 m
scars that were found at the Monowai active submarine volcano
(Chadwick et al., 2008b), as well as evidence for the debris transported
by them where instead we observe low-backscattering muddy aprons.
Slopes of non-cohesive particles can be irregular at small scale due to
local support amongst irregularly shaped particles, as illustrated by
laboratory experiments attempting to replicate threshold hillslopes
(Densmore et al., 1997). Despite that irregularity, however, those ex-
periments illustrate how failure in such material can clear whole slopes,
leaving them remaining near the angle of repose, as typically observed
in submarine scree slopes (Mitchell et al., 2000). Consequently, large
failures may not always be so obvious from morphology, though should
be revealed from changes in bathymetry and from disrupted deposits
around them.

The sum of seabed gradient and arctan(PHA) in Fig. 8b lies well
above 30° in large areas of steep slopes around the western end of
Condor Seamount, its flanks and the slopes of the cone field. The
maximum is 73°. The distorting effect of horizontal accelerations
therefore suggests that materials would have been mobilised if they had
been non-cohesive. As we observe no evidence for mobilisation in the
multibeam bathymetry and in the after-swarm backscatter (Fig. 11b),
such movements, if they occurred, were too small to be detected in these
data. Some clastic sediment may be secured by consolidated by earlier
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shaking by earthquakes (Sawyer and DeVore, 2015; ten Brink et al.,
2016) and/or carbonate cementation as speculated earlier to explain
steep landslide headwalls (Chang et al., 2021).

6.2. Constraints on the effective cohesive seabed shear strength

The results of applying the modified Morgenstern (1967) equation in
Fig. 12 suggest that some areas in the cone field resisted shaking with S,/
o’y ratio of >0.4 (regionally filtered bathymetry) or > 0.5 (unfiltered
bathymetry). The minimum S, values can be estimated from these ratios
by using the 1600 kg/m? bulk density to estimate ¢",. The vertical stress
at 10 m depth below seabed would then be 60 kPa (allowing for buoy-
ancy), hence, S, should be at least 24-30 kPa. For comparison, these S,
values lie within the range of measured values for carbonate ooze and
somewhat larger than <20 kPa for siliciclastic sediments (Kenter and
Schlager, 1989).

6.3. Implications for hazards analysis

If the mechanisms strengthening the Condor Seamount slopes also
apply to the upper submarine slopes of the Azores islands, those slopes
should also be safer from shaking by earthquakes of similar M; ~
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Fig. 12. Minimum estimates of the ratio of effective undrained shear strength
to vertical stress obtained from the relation of Morgenstern (1967) (Eq. (1)).
Contours are every 0.1. Cross symbols locate events of My > 4.0 as Fig. 4.
Bathymetry contours are from the GMRT (Ryan et al., 2009). (a) Calculation
after filtering the bathymetry grid over 2-km scales and (b) calculation

without filtering.
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4.0-4.7 than would be otherwise. Earthquakes are frequent and wide-
spread amongst the islands (Madeira et al., 2015), so the consolidation
mechanism (Sawyer and DeVore, 2015; ten Brink et al., 2016) may
apply. The precipitation of carbonates is widespread in shallow waters
of the Azores, where the water is supersaturated for aragonite (Wisshak
et al., 2015), so the cementation mechanism (van der Kooij et al., 2010;
Tucker et al., 2020; Chang et al., 2021) may also apply more generally.
The lack of deep failures on Condor Seamount would be consistent with
cementation occurring deep within the seabed. The finding that no
major landslides were triggered by the earthquake swarm on Condor
Seamount is a promising development as it may imply that the island
slopes are also broadly stable to moderate shaking. However, if the is-
land slopes are not mobilised by moderate shaking, this may allow slope
deposits to thicken over time, which may therefore be susceptible to
larger-scale failure when affected by more extreme shaking (Chang
et al., 2021).

7. Conclusions

Bathymetry data collected before and after the 2019 earthquake
swarm have allowed us to investigate whether any changes of the sea-
floor occurred at Condor Seamount. Although these data may not reveal
small movements, no major landslides were detected. Furthermore, low
backscattering around the base of a central cone and the slopes of
Condor Seamount in data collected after the swarm suggests the pres-
ence of mud that was not disturbed by landsliding or landslide debris.
The apparent stability of these slopes was investigated in two ways.
First, the distortion of the locally felt vertical direction was assessed by
simply adding arctan(fractional peak horizontal acceleration) to the
local maximum gradient. The result is only correct in parts of the area, as
it ignores the seismic wave polarity, but shows that some over-
steepening effects should have occurred. As no failures were detected,
this implies that the bed was effectively not non-cohesive. Second, we
assessed seabed strength by computing the ratio of undrained shear
strength (S,) to vertical stress using a pseudo-static assumption. The
result suggests that this ratio reached 0.4-0.5. For sediment at 10 m
depth, this implies S, > 24-30 kPa, equivalent to a somewhat strong
marine sediment. These volcaniclastic sediments may have been
strengthened by compaction aided by repeated shaking by previous
earthquakes and by precipitation of carbonate cements. As such mech-
anisms likely apply to shallower waters around the islands also, the
uppermost slopes of the islands may be similarly stable under moderate
shaking by earthquakes of similar My, 4.0-4.7. Although the hazards
from larger-magnitude earthquakes are still a concern, this is a prom-
ising development, implying a lower risk of tsunami from submarine
slope failure triggered by moderate earthquakes.
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