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Abstract Submarine landslides that occur offshore are common along the U.S. continental margins.
These mass wasting events can trigger tsunamis and hence potentially devastate coastal communities and
damage offshore infrastructure. However, the initiation and failure processes of submarine landslides are
poorly understood. Here, we identify and locate 85 previously unknown submarine landslides in the Gulf
of Mexico from 2008 to 2015. Ten of these landslides failed spontaneously while the remaining 75 were
dynamically triggered by passing seismic surface waves from distant earthquakes with magnitudes as
small as ∼5. Our observations demonstrate ongoing submarine landslide activity in the Gulf of Mexico
where dense energy industry infrastructure is present and that the region is prone to secondary seismic
hazard despite the low local seismicity rate. Our results should facilitate future investigations to identify
unstable offshore slopes, to illuminate dynamic processes of landslides, and perhaps to apply remote
detection technology in tsunami warning systems.

Plain Language Summary Landslides under the ocean are termed submarine landslides.
Submarine landslides can pose hazards to coastal communities and offshore infrastructure, including
triggering tsunamis and damaging oil platforms, pipelines, and submarine cables. These devastations may
further cause environmental damages such as oil spills. Identifying these landslides and understanding
their failure processes have both societal significance and intellectual merit. Using 8 years of continuous
seismic data, we found 85 previously unknown submarine landslides in the Gulf of Mexico from 2008 to
2015. Ten of these landslides occurred without preceding earthquakes while the remaining 75 were
triggered by the passing seismic surface waves from distant earthquakes. Our approach suggests that a
remote detection technology for offshore landslides could be applied in tsunami warning systems.

1. Introduction
Submarine landslides reshape seafloor topography and move vast quantities of continental slope material
downhill at both active and passive margins (Hampton et al., 1996; Masson et al., 2006). Catastrophic sub-
marine landslides can displace millions of tons of sediment and rock up to hundreds of kilometers (Dingle,
1977). Such mass wasting events can trigger tsunamis and pose significant hazards to coastal communi-
ties and seabed infrastructure (Horrillo et al., 2010, 2013; Ten Brink et al., 2008). Smaller landslides that
cause no obvious tsunamis have been identified from the seismic surface waves they generate, which have
amplitudes comparable to those of M5 earthquakes (Caplan-Auerbach et al., 2001; Dewey & Dellinger, 2008;
McAdoo et al., 2000). Pervasive mass wasting events have been identified along the North American margin
from bathymetry data (McAdoo et al., 2000). In particular, submarine landslides have been considered as
the primary potential source of tsunami generation in the Gulf of Mexico, albeit at a low probability (Hor-
rillo et al., 2010; Pampell-Manis et al., 2016; Ten Brink et al., 2009). However, the kinematic and dynamic
processes within submarine landslides are poorly understood because of the challenges in monitoring and
observing the failure processes in real time.

Both terrestrial and submarine landslides can be triggered by earthquakes (Johnson et al., 2017; Massey
et al., 2018; Meunier et al., 2007) and are commonly spatially close to the triggering earthquakes (Massey
et al., 2018; Meunier et al., 2007). The triggering process correlates with mountain or continental slope stabil-
ity and the local peak ground acceleration (PGA) from the earthquakes (Massey et al., 2018; Meunier et al.,
2007). Similar to dynamic triggering of earthquakes, transient strain perturbations from passing seismic
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waves play a key role in initiating the slope failure of the triggered landslides (Gomberg et al., 2001; Johnson
et al., 2017). In contrast to frequently reported dynamic triggering of earthquakes from distant mainshocks,
remote dynamic triggering of landslides and submarine landslides has been rarely observed, with detec-
tions likely limited by sparsely sampled study sites (Johnson et al., 2017). In the Gulf of Mexico, month-long
gravity flows may have been triggered by unknown seismic sources (Tripsanas et al., 2004a). The possi-
bility of remotely triggered submarine landslides without local earthquakes would significantly increase
the landslide hazards at both active and passive margins and complicates using flow deposits and seafloor
scarps as paleoearthquake proxies, which is only valid when such deposits are triggered by local earthquakes
(Goldfinger et al., 2003). However, few direct seismic observations have constrained the triggering process
and the relative importance of spontaneous versus dynamically triggered submarine landslides.

Taking the Mississippi River Delta front (MRDF) in the Gulf of Mexico as an example, one of the most
well-studied regions for submarine landslides, most studies have relied on collecting data from past land-
slide deposits (e.g., Maloney et al., 2019; McAdoo et al., 2000). However, we still lack quantitative measures
of the frequency and distribution of landslides and an understanding of the local slope stability response
to external triggering factors (Maloney et al., 2019). In the MRDF region, regional earthquakes can cause
near-source landslides (Coleman & Prior, 1981; Watkins & Kraft, 1978). Observations of additional landslide
triggering mechanisms include the following: (1) active salt diapirism has been linked to sediment instabil-
ity (Martin & Bouma, 1982; Tripsanas et al., 2003, 2004b), (2) high river floods correlate with new mudflow
gullies (Coleman & Garrison, 1977, 2004b), and (3) cyclic loading and associated pore-water pressure effects
from strong ocean waves (e.g., hurricane-induced ocean waves) can decrease slope stability by both increas-
ing the shear stress acting on sediments and by decreasing the shear strength of the sediments (Henkel, 1970;
Pepper & Stone, 2004). However, mudflow activity has been observed offshore Southwest Pass of the Mis-
sissippi River during periods without major hurricane activity across the MRDF (2005–2014) or other clear
triggering sources (Obelcz et al., 2017). It is unknown whether these unexplained mudflows resulted from
steady creep or more episodic flow. It is possible that river floods or small winter storms may have triggered
these mudflows, but understanding of the landslide kinematics remains elusive (Maloney et al., 2019).

We performed a comprehensive search for seismic sources in the Gulf of Mexico and found 85 seismic
sources from 2008 to 2015 that excited coherent transcontinental seismic surface waves (Figure 1). These
seismic sources are not earthquakes cataloged by the Global Centroid Moment Tensor project (GCMT)
(Ekström et al., 2012) or the International Seismological Centre (ISC) (International Seismological Cen-
tre, 2013), nor were these sources excited by storms (Supporting Information, Fan et al., 2019). Out of the
85 seismic sources, 10 events occurred spontaneously without obvious preceding earthquakes, while the
remaining 75 events occurred immediately or with a short time delay after the passage of surface waves from
distant earthquakes, and hence were likely dynamically triggered (Figure 1and Table S1 in the supporting
information). Without any other known seismic sources, the paucity of earthquakes and the lack of active
faults in the Gulf of Mexico suggest that these 85 well-located seismic events are most easily explained as
submarine landslides. In addition, the spatiotemporal correlation between the remote earthquakes and 75
of the events suggests that most of the submarine landslides were dynamically triggered by passing seismic
surface waves.

2. Materials and Methods
We applied a novel surface-wave detector based on the Automated Event Location Using a Mesh of Arrays
(AELUMA) method to 8 years (2008–2015) of continuous vertical-component long-period seismic data
(Figure 1) (de Groot-Hedlin & Hedlin, 2015; Fan et al., 2018), which are primarily from the USArray Trans-
portable Array (Busby et al., 2006). We rely on 20–50 s period Rayleigh waves to detect and locate seismic
sources in the Gulf of Mexico (Fan et al., 2018, 2019). Details are discussed in the Supporting Information.
Rayleigh waves have been used successfully for detecting and locating unconventional seismic sources,
including glacial quakes, landslides, and stormquakes (Ekström et al., 2003; Fan et al., 2019; Tsai & Ekström,
2007). These events commonly have long durations, are depleted in high-frequencies, lack clear seismic
arrivals, and have low signal-to-noise ratios (SNR) (Ekström et al., 2003; Shearer et al., 2011; Tsai & Ekström,
2007). These challenges make unconventional seismic sources difficult to detect, and they are commonly
missed in standard earthquake catalogs (Ekström, 2006; Shearer, 1994). Our method, which is designed to
detect and locate any source of seismic radiation, applies to continuous data and does not require seismic
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Figure 1. Shaded topographic map showing submarine landslides in the Gulf of Mexico (2008–2015) inferred from
seismic observations (this study) and offshore oil platforms. Location estimates for the landslides are shown as squares
and the black line outlines the investigated region of the Gulf of Mexico. The insert shows earthquakes reported in the
ISC catalog (International Seismological Centre, 2013) with magnitudes greater than 4 (magnitude determined by ISC,
NEIC, GCMT, or JMA) from 2006 to 2015, and the U.S. seismic stations are shown as orange triangles, including
USArray TA stations, regional networks, and flexible arrays (for details, see the Supporting Information).

phase picks, prior knowledge of source types, or an accurate seismic velocity model (de Groot-Hedlin &
Hedlin, 2015; Fan et al., 2018).

The method divides continental-scale seismic arrays into nonoverlapping triangular subarrays (triads) to
measure local surface-wave coherence, and then inverts for a source location using the resolved surface-wave
propagation directions and arrival times from the triads (e.g., Figure 2) (Fan et al., 2018, 2019). To assure
the robustness of the detected submarine landslides, only sources seen by more than 150 triads and having
location uncertainty less than 5◦ are considered in this study (Supporting Information). Six spontaneous
submarine landslides and 22 dynamically triggered submarine landslides were located with more than 250
triads (Figure 1), assigned as A and AA quality, respectively, and the remaining events located with more
than 150 triads are assigned as B and BB quality, respectively (Table S1). The 85 seismic sources were fur-
ther screened by visual inspection of aligned USArray records with respect to their epicenters, and all the
submarine landslides have coherent transcontinental phases that can be easily identified in the filtered
seismograms (e.g., Figure 3c). Our observations are most consistent with seismic waves generated by sub-
marine landslides, as the events are unlikely to be artifacts or S-to-Rayleigh wave scatterers (Supporting
Information). We empirically assessed the location uncertainties of the detected seismic sources by using the
same approach to locate known regional earthquakes in the Gulf of Mexico and southern Texas (Figure S1).
For seismic sources located near the northern Gulf of Mexico, the location uncertainty is less than 50 km
for the best cases (Figure S1).

3. Results
On 22 September 2013, an A-quality submarine landslide spontaneously occurred in the northern
Gulf of Mexico offshore Texas (Figure 2), which we identified as described above and which did not
clearly associate with earthquakes or other indigenous sources. The measured surface-wave propagation
directions and arrival times captured the coherent transcontinental wavefield excited by the landslide
(Figures 2 and S2). The directly measured surface-wave amplitudes at 20-s period suggest a surface-wave
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Figure 2. Shaded topographic map showing a spontaneous submarine landslide on 22 September 2013 (red square).
The ellipse shows the estimated location uncertainty of the landslide (Fan et al., 2018). The Rayleigh-wave arrival times
and propagation directions at each subarray (triad) are shown as the colored dots and arrows. The thin line between
the detected submarine landslide and each triad shows the great circle path. The inserts show the observed and
synthetic Rayleigh-to-Love amplitude ratios (Supporting Information).

magnitude (Ms) of 3.45. The landslide failure process can be explained by a centroid single-force (CSF)
model (Figure S3) (Ekström & Stark, 2013; Tsai & Ekström, 2007). We invert for a CSF model using regional
intermediate-period (40–80 s) surface waves, assuming that the source can be simplified as three symmetric
boxcar force functions with a fixed duration of 20 s representing forces in the vertical, north, and east direc-
tions (Figure S3). The peak amplitude of the centroid force is 1.15×1011 N, and the total displaced mass was
likely to be 62 × 109 kg (62 million tons) inferred from an empirical scaling relationship (Ekström & Stark,
2013). If the sediment density is around 1.7 × 103 kg/m3, this implies displacement of 3.6 × 107 m3 of sedi-
ment, which could have covered a region of 1 km2 with a thickness of 36 m. The volume of this landslide is
smaller than previously reported landslides in the Gulf of Mexico that were identified from the bathymetry
data, but landslides with similar volume have been reported along other U.S. margins (McAdoo et al., 2000;
Ten Brink et al., 2008). The volume is within the range of typical terrestrial landslides that can efficiently
excite seismic surface waves (Ekström & Stark, 2013). To further confirm the source mechanism and rup-
ture dynamics of the submarine landslide, we compared the observed Rayleigh- to Love-wave amplitude
ratio with the predicted ratio from the inverted CSF model (Figure 2) and found a good fit to the observed
amplitude ratios for stations within 20◦ epicentral distance at all azimuth (inserts, Figure 2). This submarine
landslide is located near a continental slope edge with steep topography, which might have facilitated the
gravitational downslope movement (Figures 1 and 2) (Hampton et al., 1996; McAdoo et al., 2000). Another
submarine landslide (A quality) occurred on 29 December 2011 offshore Louisiana and can be modeled as
a CSF with peak amplitude of 6 × 1010 N, which might have displaced 32 × 109 kg sediment (Figure S4).
Mechanisms of the remaining spontaneous submarine landslides (A and B quality) are unclear due to lim-
ited usable data at intermediate periods, although they all excited coherent transcontinental surface waves
(e.g., Figure S2).

The 5 January 2009 Gulf of California earthquake (Mw 5.5) is typical of the mainshocks that can trig-
ger submarine landslides in the Gulf of Mexico (Figure 3). The triggered AA-quality landslide occurred
1,547 km away and 435 s after the mainshock, with an occurrence time that coincides with the passage of
the mainshock surface waves (∼3.6 km/s). The absence of background seismicity near the detected source
and the spatiotemporal correlation between the submarine landslide occurrence and the passing surface
waves suggests the event was likely near-instantaneously dynamically triggered. The surface-wave packets
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Figure 3. A submarine landslide dynamically triggered by the 5 January 2009 Gulf of California earthquake (Mw 5.5). The Rayleigh wave arrival times and
propagation directions of the triggering earthquake (a) and the dynamically triggered submarine landslide (b) are shown as the colored dots and arrows.
(c) A record section of self-normalized bandpass-filtered (20–50 s) waveforms aligned with the epicenter of the submarine landslide in (b). The records are
randomly selected from the stations to cover a wide range of epicentral distances. The red line shows a 3.5 km/s reference move-out velocity. The gray and black
signals are waves from the triggering and triggered events, respectively, and the arrows point out example surface wave packets of the triggering (gray) and
triggered (red) events.

of the triggered submarine landslide are well separated from the mainshock surface waves and can be eas-
ily identified from the aligned traces, confirming the robustness of our detection (Figure 3c). Occasionally,
multiple submarine landslides can be triggered by one mainshock (Figure S5). For example, the 10 January
2010 offshore Northern California earthquake (Mw 6.5) triggered two submarine landslides in the Gulf of
Mexico, and the earthquake-submarine landslide sequence caused over 30 minutes of ground motion at sta-
tions along the U.S. west coast (Figures S5A–S5C). Another example is the May 28 2009 offshore Mexico
earthquake (Mw 5.3), which caused a similar cascading process in the Gulf of Mexico (Figures S5D–S5F). It
is interesting that these landslide-triggering mainshocks are moderate-magnitude earthquakes thousands
of kilometers away, as studies of dynamic triggering of earthquakes typically involve larger and/or closer
mainshocks. It is possible that ground motions near the triggered submarine landslides were strongly ampli-
fied by local geological structures and topography, which might have led to the observed slope failures
(Johnson et al., 2017).

In total, 75 submarine landslides in the Gulf of Mexico were dynamically triggered by 65 remote earth-
quakes from 2008 to 2015 (Figure 4, Table S1). These distant earthquakes were within 40◦ of the Gulf of
Mexico, and concentrated along the Pacific and North American plate boundary spanning a wide range of
latitude (inserts, Figure 4). The triggered landslides cluster in the northwestern corner of the Gulf of Mexico,
where local seafloor topography is highly heterogenous with numerous locally steep regions around diapirs
and basins possibly created by tectonics in conjunction with the mobile salt layer offshore Texas (Figure 1)
(McAdoo et al., 2000). Comparing the triggering distance to triggering time, all the detected submarine
landslides occurred after the passage of S-waves (median triggering velocity 2.6 km/s) and are most likely
triggered during or after the passage of the surface waves (e.g., 3 km/s, Figures 4 and S6). These observations
indicate that the landslides were triggered either near-instantaneously or triggered with a short delay time
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Figure 4. Time versus distance plot of the triggered submarine landslides. Twenty-two triggered landslides
(AA quality) are shown as squares, and 53 triggered landslides (BB quality) are shown as circles. The landslides are
colored by the azimuth of their triggering earthquakes. The gray bars show the triggering distance uncertainties and
150 s reference uncertainty in triggering time (Table S1). The inserts show the locations of the triggering earthquakes.
The P- and S-wave arrival times are from the IASP91 velocity model (Kennett & Engdahl, 1991).

of less than tens of minutes, although the lack of near-field in situ observations hampers detailed differentia-
tion of these two triggering types. Triggering distance uncertainty for a given triggered submarine landslide
is evaluated by assessing distances from the mainshock to the nearest and furthest points on its uncertainty
ellipse (Figure 4, Table S1). Our surface-wave detector determines the event time after solving for the event
location (Fan et al., 2019); therefore, the estimated event time and location are not independent. Given that
the maximum location uncertainty of the detected triggered landslides are less than 521 km, we take 150 s
(assuming a 3.5 km/s surface-wave speed) as a reference uncertainty range for all the triggered submarine
landslides (Figure 4) (Fan et al., 2019). Given this uncertainty, we do not analyze possible triggering pairs
that are spatially separated by less than 6◦ to assure the robustness of our temporal correlations and inter-
pretations. However, local earthquake triggering has been reported by previous studies (Meunier et al., 2007;
Massey et al., 2018; Ten Brink et al., 2009). Our current observations do not exclude other types of triggering
processes such as local earthquake triggering or high river floods, but focus on previously underrecognized
submarine landslides that are dynamically triggered by distant earthquakes.
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4. Discussions and Conclusions
The 65 remote triggering earthquakes have diverse source characteristics, including all three types of focal
mechanisms (strike-slip, reverse, and normal faulting earthquakes), magnitudes ranging from Mw 4.9 to
Mw 7.3, and centroid depths ranging from 12 to 69 km (Figure S6, Table S1). In addition, the trigger-
ing mainshocks occur at a wide range of azimuths from the Gulf of Mexico (Figure 4). We observe more
moderate-magnitude triggering earthquakes than large-magnitude earthquakes, which is consistent with
the Gutenberg-Richter law. This observation indicates that distant moderate-size earthquakes might have
similar triggering potential to large earthquakes in causing submarine landslides in the Gulf of Mexico.
Fifty-one triggering earthquakes are strike-slip earthquakes, and the triggered submarine landslides are
commonly located within the maximum radiation-lobe of either Rayleigh or Love waves of these earth-
quakes. A large portion of these strike-slip earthquakes are from the Rivera Fracture Zone, the Gulf of
California, and the Mendocino Fracture Zone (Figure 4, Table S1). The median magnitude of the triggering
earthquakes is Mw 5.4, and we do not observe the triggering earthquake magnitude clearly increasing with
triggering distance (Figure S6). Intriguingly, there is an absence of triggered events following remote M ≥ 8
earthquakes, including the 2010 Maule earthquake, the 2011 Tohoku earthquake, and the 2012 Indian Ocean
earthquakes, which have dynamically triggered earthquakes globally. One possible explanation is that our
approach may have missed potentially triggered slides when the mainshock waveform durations were long
and masked over the landslide waveforms (Fan et al., 2018; Johnson et al., 2017). Alternatively, these M ≥ 8
earthquakes may have not triggered any events in the region because the peak dynamic strain is not the only
triggering threshold modulating the triggering behavior. For example, the frequency of the passing surface
waves may be a key parameter controlling the process and strong short-period (∼30 s) surface waves may be
required for the landslide destabilization process (Brodsky & Prejean, 2005), favoring short-to-intermediate
triggering distances (Figure 4).

Given that the triggering occurs at distances of over 1,000 km (Figure 4), the predicted dynamic triggering
stresses in this study are relatively small, likely less than 0.1 MPa, although we do not have in situ measure-
ments of the wavefield within the low rigidity sediments. The stress perturbations are significantly smaller
than those that trigger large-scale landslides in near-earthquake regions (Meunier et al., 2007; Massey et al.,
2018; Ten Brink et al., 2009). For example, using high-frequency peak spectral acceleration values and
considerations of the failure strength of continental slope sediments, Ten Brink et al. (2009) found that
large-scale submarine landslides would only be triggered within∼10 km of a M5.5 and∼50 km of a M7 earth-
quake, respectively. The contrast in triggering distance range for remote and near-earthquake landslides
suggests that the triggering mechanisms are likely different for remote versus local triggering. However, it is
currently unclear whether this difference in sensitivity results from different frequency content of the trig-
gering waves, different size landslides, or different regional geologic settings (e.g., U.S. Atlantic margin vs.
the Gulf of Mexico). Future in situ seafloor-based ground motion observations and marine geophysical sur-
veys would be necessary to clarify the ground motions and hence dynamic stress perturbations induced by
both distant and nearby earthquakes, enabling quantitative modeling of the slope failure processes in the
Gulf of Mexico.

Evidence of slope failure is extensive on the margin of the Gulf of Mexico (McAdoo et al., 2000). Compared
to the U.S. margin along the east and the west coasts, geomorphic features suggest that the largest near-U.S.
submarine landslides by an order of magnitude occurred on the Texas slope in the Gulf of Mexico (McAdoo
et al., 2000; Ten Brink et al., 2008). In addition, many very large failures have occurred in Mississippi Canyon
province and the largest submarine landslide there covers 5,509 km2 of seafloor (McAdoo et al., 2000). Most
of these identified submarine landslides are dated to over 7,500 years ago, and submarine landslide activity
may have been decreasing since the last glacial period (Goodwin & Prior, 1989). However, on 10 Febru-
ary 2006, a mysterious seismic source (Ms 5.3) occurred offshore southern Louisiana, which was likely a
submarine landslide (Dewey & Dellinger, 2008; Ten Brink et al., 2008). The 1929 Grand Banks landslide is
another example showing the potential for significant submarine landslides (Fine et al., 2005; Mosher &
Piper, 2007). Submarine landslide activity triggered by remote earthquakes has been found in offshore Cas-
cadia, although the triggered landslides did not generate clear seismic signals (Johnson et al., 2017). Our
observations suggest that submarine landslide activity is active throughout much of the Gulf of Mexico.

The Gulf of Mexico is a geologically complex ocean basin with thick sediment and the observed subma-
rine landslides are likely associated with rapid sediment accumulation and complex seafloor topography
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with high internal pore pressures (Divins, 2003; Harry Roberts et al., 2000; Lee et al., 1996; Roberts, 1996;
Weimer & Dixon, 1994). Mechanically, slides occur when the driving shear stress exceeds the resisting shear-
ing strength, allowing gravitational force to facilitate material transport downslope coupled with internal
deformation of the slide. To effectively generate seismic energies, our observed submarine landslides likely
slid rapidly along a basal detachment fault beneath a relatively rigid sediment block (Hampton et al., 1996;
Masson et al., 2006; Dewey & Dellinger, 2008; Ten Brink et al., 2008). Mechanisms facilitating spontaneous
submarine landslides might be overly steep slopes, overpressurization from sedimentation and compaction,
gas hydrate dissociation, presence of weak oil layers, or groundwater or oil seepage (Hampton et al., 1996;
Locat & Lee, 2002; Masson et al., 2006). The observed dynamic triggering is likely enhanced by thick sedi-
ment and complex local bathymetry in the Gulf of Mexico (Gomberg, 2018; Johnson et al., 2017). Geologic
structures such as sedimentary basins and topographic ridges may cause strong site amplification, which is
likely influenced by earthquake radiation patterns, specific path-site characteristics, and the local geometry
and orientation of the structure (Gomberg, 2018). For example, thick sediment may cause long-duration res-
onances in passing surface waves and greatly amplified local ground motion (Johnson et al., 2017; Gomberg,
2018). Prolonged strong ground motion might lead to cyclic fatigue and enhanced shear failure, causing
accumulation of plastic strain and excessive shearing-induced pore fluid pressure, which would effectively
reduce the material strength and eventually cause landslides (Biscontin et al., 2004; Meunier et al., 2007;
Talling et al., 2014; Wang, 2007). In addition, laboratory experiments have shown that sediment perme-
ability can be enhanced by strong ground motion, which might have further assisted the triggering process
(Biscontin et al., 2004; Kokusho & Kojima, 2002). These factors are testable if we have in situ ground motion
observations. Currently, the closest nearby broadband stations are in southern Texas, and are too far away
and in significantly different geological materials to be a reliable representation of the ground motion in
the unconsolidated sediments of the Gulf of Mexico. A future OBS deployment would be highly valuable to
understand the dynamic triggering processes, and identify different triggering thresholds.

In addition to radiating coherent transcontinental seismic surface waves, landslides can deform as slowly
as centimeters per day without radiating much seismic energy (Hampton et al., 1996; Masson et al., 2006;
Delbridge et al., 2016). Therefore, our observations likely represent a minimum measure of submarine land-
slide activity in the Gulf of Mexico, and we might have missed many slowly deforming submarine landslides.
Whether they occur spontaneously or are triggered dynamically by earthquakes, rapidly moving submarine
landslides can pose a tsunami hazard for communities along the Gulf of Mexico coast (Ten Brink et al.,
2009). In addition, submarine landslides may damage or demolish offshore infrastructure like oil platforms
or pipelines (Figure 1), leading to economic loss and possible environmental damage (Bea et al., 1983;
Sterling & Strohbeck, 1973). For example, a well in offshore Louisiana (Taylor Energy) was damaged by a
submarine landslide and has been continuously leaking for 15 years since 2004 (MacDonald, 2019). Today,
offshore drilling programs are expanding into deep water, including the Western Planning Area offshore
southern Texas (Orr et al., 2018), where we have observed pervasive submarine landslides. These regions
are vulnerable to the hazard posed by triggered landslides whether or not those landslides radiated seismic
energy themselves. In addition, our method can be used to detect and locate dynamically triggered terres-
trial landslides. The successful detection and location of submarine landslides in the Gulf of Mexico proves
the effectiveness of our method and suggests that it has potential to be adapted for real-time hazard monitor-
ing purposes. Future studies in the region to identify unstable slopes and to improve locations of seismically
detectable submarine landslides are critical and would facilitate planning efforts to reduce the foreseeable
risks posed by such events.

Data Availability Statement
The seismic data were provided by Data Management Center (DMC) of the Incorporated Research Institu-
tions for Seismology (IRIS). The facilities of IRIS Data Services, and specifically the IRIS Data Management
Center, were used for access to waveforms, related metadata, and/or derived products used in this study. IRIS
Data Services are funded through the Seismological Facilities for the Advancement of Geoscience and Earth-
Scope (SAGE) Proposal of the National Science Foundation under Cooperative Agreement EAR-1261681.
The earthquake catalogs were downloaded from the Global Centroid Moment Tensor project (GCMT)
(Ekström et al., 2012), and the International Seismological Centre (ISC) (International Seismological Cen-
tre, 2013). The AELUMA code can be obtained on request through the IRIS data service product website
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(last accessed 13 November 2019). The data used in the study are publicly available at the DMC (last access
01/23/2020). The detected landslide locations are in the Supporting Information.
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