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Submarine 
landslides !!

down continental slopes on both active and passive
margins. The largest documented submarine land-
slide, the Agulhas failure offshore South Africa,
moved 20,000 km3 in one failure event (Dingle,
1977). A landslide/tsunami devastated Valdez and
Seward, Alaska during the great 1964 Prince William
Sound earthquake (Coulter and Migliaccio, 1966),
and large storm waves associated with the 1969 Hurri-
cane Camille triggered landslides which damaged
three offshore oil platforms on the Mississippi Delta
(Bea, 1971). Little work has been done on com-
parative morphology of failures within and between
margins in different geologic settings. Isolating
commonalties and differences of landslide mor-
phology yields insight into the processes that shape
a particular margin, and other margins with similar
tectonic and sedimentary settings.
This study catalogs submarine landslides in four

clastic environments within the United States
Exclusive Economic Zone (US-EEZ), using side-
scan sonar and multibeam bathymetric data, with the
aim of finding where landslides occur, and what trig-
gers them. We map failure scars on the actively

accreting continental slope off the convergent Oregon
coast, a section of the transform fault-dominated
central California margin, the salt tectonics province
of the Gulf of Mexico, and a portion of the passive
margin offshore New Jersey (Fig. 1). The contrasting
sedimentary and tectonic provinces provide an inter-
esting venue to compare landslide morphology. The
resulting database contains statistical data on 83 mass
flows, slides, and slumps.
By gaining an understanding of how submarine

landslides look and where they occur, we can begin
to infer what triggered these failures and when. Little
is known about triggers of deepwater failures. Most
are assumed to be seismically triggered because the
continental slopes typically have gradients less than 5!
(which would be statically stable, unless and unrea-
sonably weak sediment were involved), and are well
below storm wave base where cyclic loading might be
an issue (Lee and Edwards, 1986; Lee et al., 1993).
Using the morphology of the failure’s location along
with the present-day tectonosedimentary environ-
ment, we can speculate on possible timing and
triggering mechanisms of the landslides.
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Fig. 1. Location of Oregon, California, Gulf of Mexico, and New Jersey study areas. Boxes outline approximate extents of NOAA multibeam
bathymetric surveys.



Landsat 8 image from June 21, 2014 showing the oil slick 
from the Taylor Energy site. Credit: SkyTruth

Submarine landslides can damage offshore infrastructure 

Taylor Energy site has been leaking since 2004 after the drilling 
platform was destroyed by a submarine landslide, the leaking 

would last for about 100 years if there is no intervention



When, Where, thus Why?!



Abundant submarine landslides in the Gulf of Mexico 

2008—2015, 85 in total 
Spontaneous: 10 

Dynamically triggered: 75
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Advantages
• Our approach can locate any source of seismic radiation 
• No requirement of prior knowledge of source types 
• It is applied to continuous data, no phase picks, surface waves (largest amplitude) 
• There is no need of an accurate seismic velocity model 
• It can combine multiple arrays of different spatial footprints and scales 
• Computationally efficient. It has the potential to be applied in real-time
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Centroid single force (CSF) inversion 

earthquakes. These new source parameters allow us to draw
a close association between glacial earthquakes and fast
flowing features (ice streams and large outlet glaciers) of the
Greenland Ice Sheet. We are further able to suggest some
relationships between some glacial earthquake parameters
and certain glaciological parameters. However, given the
lack of constraints on many key glaciological parameters, it
would be premature to make conclusive statements about
the glacial physics involved. Further observation and
research are required to make such statements.

2. Analysis

[5] We analyze 184 Greenland events that result from the
application of the earthquake detection algorithm of
Ekström [2006]. From the initial detections, we have esti-
mates of the origin time, epicenter, and a long-period
surface wave magnitude (MSW) of the events. The detection
origin times are accurate to within approximately 10 s,
locations accurate to within a few hundred km, and MSW

accurate to within 0.1–0.2 magnitude units. As will be
shown, the analysis presented here significantly decreases
all of these uncertainties. The range of MSW for the glacial
events is 4.6–5.1, where MSW = 4.6 corresponds to the
lowest-magnitude earthquake that can be detected with the
current detection algorithm.
[6] We use seismic data recorded by the IRIS Global

Seismographic Network (GSN), filtered in the 35–75 s,
40–100 s, or 50–150 s period band, depending on which
period band has a better signal-to-noise ratio for each event.
Since the signal-to-noise ratio is often small, we only use
between 10 and 40 of well-distributed, high signal-to-noise
stations in the analysis of each event. Vertical, transverse,
and longitudinal component seismograms are all used when
appropriate. Fewer stations are typically used for smaller
events.
[7] Similar to Ekström et al. [2003], we find that the

standard centroid moment tensor (CMT) description
[Dziewonski et al., 1981] of earthquakes provides poor fits
to the glacial earthquake surface wave waveforms. Since the
CMT description utilizes a six-component moment tensor, it
can represent the double-couple faulting on a plane that
characterizes standard earthquakes as well as a more general
source, including an isotropic explosion or a dipole-like

source. For these inversions, the modeled waveforms fit the
data waveforms with residual variance (normalized misfit)
typically between 0.6 and 0.7.
[8] Ekström et al. [2003] show that modeling the glacial

earthquakes with the centroid single force (CSF) model of
Kawakatsu [1989], which has been used to model landslide
events successfully [Kanamori and Given, 1982; Brodsky et
al., 2003], yields more satisfactory fits to the data. The CSF
model can be used to represent a mass that slides down a
slope with an acceleration and then deceleration phase. As
the mass accelerates, a force is exerted on the Earth in the
direction opposite to the mass acceleration, thus creating
seismic waves. In the simplest formulation, there is constant
acceleration followed by constant deceleration of equal and
opposite amplitudes, yielding a symmetric boxcar forcing
function as depicted in Figure 1. We use the symmetric CSF
as a first approximation to the actual forcing function to
perform waveform inversions. As in the standard CMT
inversions [Dziewonski et al., 1981], the problem is non-
linear and the best fit solution is obtained by iterative
inversion.
[9] Under the symmetric boxcar CSF formulation, each

inversion has 4 free parameters in addition to the centroid
time and location of the event: the amplitudes for the
3 components of the force and the duration. All events are
well fit with source duration set equal to 50 s, consistent
with the fact that waves excited by such a source have their
dominant period close to 50 s and the events were detected
using data in the 35–150 s period band. The modeled
seismograms are not very sensitive to changes in duration
on the order of 10 s, with such changes causing residual
variance to vary by between 0.01 and 0.05. Such changes of
duration also cause substantial differences in retrieved force
amplitude, with longer durations resulting in increased
amplitudes of up to 50% and shorter durations resulting in
decreased amplitudes of up to 30%. In this analysis, we set
the duration of all CSFs to 50 s and all reported amplitudes
are with this assumption for the duration. Since it is likely
that larger events have longer durations than smaller events,
the actual range of amplitudes is possibly a factor of two
larger than the range we present.
[10] The amplitude of the CSF (which is a twice-time-

integrated force), A, has one possible simple interpretation
in terms of the simple symmetric boxcar force model
[Kawakatsu, 1989]:

A ¼ D "M ð1Þ

where M is the mass of the slider block (SB) and D is the
distance traveled by the SB. The CSF amplitudes we report
will be in this ‘‘mass times distance’’ form. Other physical
parameters can also be expressed in terms of A. The
maximum velocity change of the SB is given by

DV ¼ 2A= M " Tð Þ ð2Þ

where T is the duration of the event. Describing the resistive
force, F, in terms of an average coefficient of friction, f, then

F ¼ f cos q "Mg ð3Þ

Figure 1. Schematic of the symmetric boxcar forcing
function used for waveform inversion. T is the full duration
of the event and is taken to be 50 s in all inversions; t0 is the
centroid time of the event.
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Centroid single force (CSF) inversion 
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~62 million tons of 
rocks/sediments
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(2008–2015)

Detected over 
250 triads

Detected over 
150 triads
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Submarine landslide 
dynamically triggered 
by a distant earthquake

Distance = 1547 km
Time = 435 s

Triggering velocity = 3.6 km/s
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This is NOT the near-field (< 100 km) type 
earthquake-landslide triggering process (PGA: ~1g?)

The earthquake and the submarine landslide 
are ~1500 km away…. (~KPa?)



75 dynamically triggered 
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No magnitude 
dependence

Peak dynamic strain 
(stress) is not the only 
triggering threshold
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A distance limit ?
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Mechanisms of submarine landslides 
in the Gulf of Mexico 

2008—2015, 85 in total 
Spontaneous: 10 

Dynamically triggered: 75

earthquakes. These new source parameters allow us to draw
a close association between glacial earthquakes and fast
flowing features (ice streams and large outlet glaciers) of the
Greenland Ice Sheet. We are further able to suggest some
relationships between some glacial earthquake parameters
and certain glaciological parameters. However, given the
lack of constraints on many key glaciological parameters, it
would be premature to make conclusive statements about
the glacial physics involved. Further observation and
research are required to make such statements.

2. Analysis

[5] We analyze 184 Greenland events that result from the
application of the earthquake detection algorithm of
Ekström [2006]. From the initial detections, we have esti-
mates of the origin time, epicenter, and a long-period
surface wave magnitude (MSW) of the events. The detection
origin times are accurate to within approximately 10 s,
locations accurate to within a few hundred km, and MSW
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shown, the analysis presented here significantly decreases
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events is 4.6–5.1, where MSW = 4.6 corresponds to the
lowest-magnitude earthquake that can be detected with the
current detection algorithm.
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period band has a better signal-to-noise ratio for each event.
Since the signal-to-noise ratio is often small, we only use
between 10 and 40 of well-distributed, high signal-to-noise
stations in the analysis of each event. Vertical, transverse,
and longitudinal component seismograms are all used when
appropriate. Fewer stations are typically used for smaller
events.
[7] Similar to Ekström et al. [2003], we find that the

standard centroid moment tensor (CMT) description
[Dziewonski et al., 1981] of earthquakes provides poor fits
to the glacial earthquake surface wave waveforms. Since the
CMT description utilizes a six-component moment tensor, it
can represent the double-couple faulting on a plane that
characterizes standard earthquakes as well as a more general
source, including an isotropic explosion or a dipole-like

source. For these inversions, the modeled waveforms fit the
data waveforms with residual variance (normalized misfit)
typically between 0.6 and 0.7.
[8] Ekström et al. [2003] show that modeling the glacial

earthquakes with the centroid single force (CSF) model of
Kawakatsu [1989], which has been used to model landslide
events successfully [Kanamori and Given, 1982; Brodsky et
al., 2003], yields more satisfactory fits to the data. The CSF
model can be used to represent a mass that slides down a
slope with an acceleration and then deceleration phase. As
the mass accelerates, a force is exerted on the Earth in the
direction opposite to the mass acceleration, thus creating
seismic waves. In the simplest formulation, there is constant
acceleration followed by constant deceleration of equal and
opposite amplitudes, yielding a symmetric boxcar forcing
function as depicted in Figure 1. We use the symmetric CSF
as a first approximation to the actual forcing function to
perform waveform inversions. As in the standard CMT
inversions [Dziewonski et al., 1981], the problem is non-
linear and the best fit solution is obtained by iterative
inversion.
[9] Under the symmetric boxcar CSF formulation, each

inversion has 4 free parameters in addition to the centroid
time and location of the event: the amplitudes for the
3 components of the force and the duration. All events are
well fit with source duration set equal to 50 s, consistent
with the fact that waves excited by such a source have their
dominant period close to 50 s and the events were detected
using data in the 35–150 s period band. The modeled
seismograms are not very sensitive to changes in duration
on the order of 10 s, with such changes causing residual
variance to vary by between 0.01 and 0.05. Such changes of
duration also cause substantial differences in retrieved force
amplitude, with longer durations resulting in increased
amplitudes of up to 50% and shorter durations resulting in
decreased amplitudes of up to 30%. In this analysis, we set
the duration of all CSFs to 50 s and all reported amplitudes
are with this assumption for the duration. Since it is likely
that larger events have longer durations than smaller events,
the actual range of amplitudes is possibly a factor of two
larger than the range we present.
[10] The amplitude of the CSF (which is a twice-time-

integrated force), A, has one possible simple interpretation
in terms of the simple symmetric boxcar force model
[Kawakatsu, 1989]:

A ¼ D "M ð1Þ

where M is the mass of the slider block (SB) and D is the
distance traveled by the SB. The CSF amplitudes we report
will be in this ‘‘mass times distance’’ form. Other physical
parameters can also be expressed in terms of A. The
maximum velocity change of the SB is given by

DV ¼ 2A= M " Tð Þ ð2Þ

where T is the duration of the event. Describing the resistive
force, F, in terms of an average coefficient of friction, f, then

F ¼ f cos q "Mg ð3Þ

Figure 1. Schematic of the symmetric boxcar forcing
function used for waveform inversion. T is the full duration
of the event and is taken to be 50 s in all inversions; t0 is the
centroid time of the event.
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fast, block, weak zone

 Complex ocean basin + thick sediment
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Mechanisms of submarine landslides 
in the Gulf of Mexico 

2008—2015, 85 in total 
Spontaneous: 10 

Dynamically triggered: 75

• Rapid sediment accumulation 
• Overly steep topography 
• Over pressurization 
• Gas hydrate 
• Weak oil layer 
• Ground water / oil seepage 

• Prolonged strong ground motion  
• Cyclic shearing -> plastic strain -> strength reduction 
• Cyclic shearing -> permeability enhancement
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Conclusions

• The ambient seismic wavefield records the coupled Earth systems 

• Large seismic array can help revealing complex surficial processes 

• Abundant submarine landslides are detected in the Gulf of Mexico 

• Majority of the landslides are dynamically triggered by distant earthquakes



 Submarine Environmental Sensing Over 
Telecommunication Fiber Optic Cables

Cabled Observatories Transoceanic Cables



Groundwater monitoring using ambient noise seismology

CI.LJR 
2-4Hz

Marine Denolle, Tim Clements, Laura Ermert, Julian Schmitt

• Large-scale computing on the 
cloud  

• 100-150 TB data archives 
• 100s stations 
• Julia scripting for fast 

processing 
We could use ambient vibration 
to extrapolate or interpolate 
groundwater levels



Progress towards: 
- Separating signals related to 

distinct environmental forces
- Monitoring and locating cliff 

failure
- Assessing influence of potential 

failure mechanisms

Outstanding challenges: 
- Link between environmental forcing and 

cliff erosion rates
- Limited interrogation of influence and 

evolution of cliff material properties
- Limited focus on identifying precursors to 

cliff failure 

Operational challenges and limitations:
- Small number of datasets w/ variable setups
- “Noisy” environments
- Directional sources
- Failure is rare, erosion hard to measure

cmasteller@wustl.edu





Innovative seismic techniques can be used  
to study the environment  

to benefit the society


