
 

U.S. Department of the Interior 
U.S. Geological Survey 

Tsunami Hazard Assessment for the U.S. Atlantic 
and Gulf Coasts 

 
Technical Letter Report to the U.S. Nuclear Regulatory Commission 

 
by The Atlantic and Gulf of Mexico Tsunami Hazard Assessment Group 

 

 





 

U.S. Department of the Interior 
U.S. Geological Survey 





Tsunami Hazard Assessment for the U.S. Atlantic and Gulf 
Coasts 

Technical Letter Report to the U.S. Nuclear Regulatory Commission (US-NRC) 
 
Tsunami Landslide Source Probability and Potential Impact on New and Existing Power 
Plants 
 
by The Atlantic and Gulf of Mexico Tsunami Hazard Assessment Group 

Uri S. ten Brink, Jason D. Chaytor, Eric L. Geist, Daniel S. Brothers, Claudia H. Flores, Brian D. Andrews, 
Nathaniel C. Miller, Jenna C. Hill, Brian F. Atwater, and Jacques Locat 

 
 
 

The report augments and updates the following USGS reports to the US-NRC: 
     - The current State of Knowledge regarding potential tsunami sources 
       affecting the U.S. Atlantic and Gulf of Mexico Coasts (2007), 
     - Evaluation of Tsunami Sources with the Potential to Impact the U.S. 
       Atlantic and Gulf Coasts (2008); 
     - NRC/USGS Workshop Report:  Landslide Tsunami Probability (2012). 
 
 
 



 

 

 



 

 

Notice from USGS 
 
This publication was prepared by an agency of the United States Government. 

Neither the United States Government nor any agency thereof, nor any of their employees, 
make any warranty, expressed or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed in this report, or represent that its use would not infringe privately owned rights. 
Reference therein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any agency 
thereof. Any views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. Although all data 
published on this report have been used by the USGS, no warranty, expressed or implied, is 
made by the USGS as to the accuracy of the data and related materials and (or) the 
functioning of the software. The act of distribution shall not constitute any such warranty, 
and no responsibility is assumed by the USGS in the use of these data, software, or related 
materials.  

 
This report should be cited as:  

The Atlantic and Gulf of Mexico Tsunami Hazard Assessment Group, 2016, Tsunami 
Hazard Assessment for the U.S. Atlantic and Gulf Coasts: U.S. Geological Survey Technical 
Letter Report to the U.S. Nuclear Regulatory Commission.. 

 
This report was compiled for the U.S. Nuclear Regulatory Commission under NRC   

Interagency Agreement IA-RES-10-176  
 

Acknowledgements 

We would like to thank Dr.'s Rasool Anooshehpoor and Annie Kammerer for their 
encouragements and guidance and Gail Wynne for assistance with report preparation.  Dr. 
Carolyn Ruppel, USGS, and two anonymous reviewers from the U.S.-NRC provided 
thoughtful reviews. 

 
 
 
Cover: Map of the Western North Atlantic showing the major landslide complexes 

and other mass wasting features studied in this report. 
 



 

 

 
 



 

v 
 

Executive Summary 

 Tsunami hazard is a very low-probability, but potentially high-risk natural hazard, 
posing unique challenges to scientists and policy makers trying to mitigate its impacts. These 
challenges are illustrated in this assessment of tsunami hazard to the U.S. Atlantic and Gulf 
Coast margins. Seismic activity along the U.S. Atlantic and Gulf of Mexico margins in 
general is low, and confirmed paleo-tsunami deposits have not yet been found, suggesting a 
very low rate of hazard. However, the devastating 1929 Grand Banks tsunami along the 
Atlantic margin of Canada shows that these events continue to occur. Densely populated 
areas, extensive industrial and port facilities, and the presence of thirteen nuclear power 
plants along the coasts, make these regions highly susceptible to flooding by tsunamis and 
therefore even low probability events need to be evaluated. 

 
The U.S. Geological Survey (USGS) was tasked by the Nuclear Regulatory 

Commission (NRC) to prepare an evaluation of tsunami sources and their probability to 
impact the U.S. Atlantic and Gulf of Mexico coasts. This report is an updated evaluation 
based on additional data analysis and modeling. It provides a general review of the Atlantic 
margin, and specific discussion of potential landslide, earthquake, and meteorological (fast-
moving pressure fronts) tsunami sources, that could affect the U.S. Atlantic and Gulf of 
Mexico sources. It discusses physical parameters that could affect landslide formation. 
Finally, the updated report presents new methods to calculate seismic attenuation and 
shallow sediment wave speed, and new theoretical developments that may aid in quantitative 
evaluation of tsunami probability. Most of the work presented here is original work, which 
has been published (see the list below) or is in the process of being published in thirty (30) 
international peer-reviewed scientific journals. 

 
A significant component of the project included data collection and assembly along 

the Atlantic, Gulf of Mexico, and the Puerto Rico Trench. This work included the assembly 
and publication of 305,000 km2 of high-resolution bathymetry data along the Atlantic 
margin, selected regions along the margins of the Gulf of Mexico, and the entire Puerto Rico 
Trench. High-resolution seismic reflection data was collected during four cruises south of 
Long Island and east of Virginia, and three additional cruises cored the shallow seafloor in 
three representative regions, the formerly glaciated margin of Georges Bank, the transitional 
margin south of Long Island, and the fluvially-fed margin off Maryland and Virginia.  

 
We can presently draw several tentative conclusions regarding tsunami hazard to the 

U.S. Atlantic and Gulf of Mexico coasts:  
 

1. Landslide tsunamis likely constitute the most frequent and largest amplitude tsunami 
hazard to the coast.  

2. Dated landslides along the Atlantic margin are generally between 10,000 and 25,000 
years. The 46 new dates so far obtained during this project represent a 3.3-fold 
increase of the number of previously available dates. The Late Pleistocene-earliest 
Holocene concentration of ages could be the result of earthquakes generated by water 
and sediment loading and by glacial unloading, and by significant sediment input into 
the margin and the resultant pore-pressure increase. 



 

 

3. The spatial distribution of landslides along the margin is expected to be uneven and to 
depend on the distribution of seismic activity along the margin and on the spatial 
distribution of Pleistocene sediment supply on the margin. 

4. The contribution of other pre-conditioning factors such as weak sedimentary layers, 
pore overpressure, and excess sedimentation cannot be presently quantified. We do 
not see evidence that gas hydrate dissociation contributes to the generation of 
landslides along the U.S. Atlantic margin, despite recent suggestions in the literature. 
Rising salt domes in the vicinity of Cape Hatteras may destabilize the slope there and 
may have been responsible for the giant Cape Fear and Cape Lookout landslides. 

5. Novel methods, developed specifically for this study show that the seismic 
attenuation of the margin is similar to that deduced for the Eastern U.S., that seismic 
activity in the margin can be monitored by land-based seismic networks, and that the 
shear-wave speed of shallow sediments, a measure of their rigidity, are within the 
expected values. 

6. Analyses of landslide statistics along the fluvial and glacial portions of the margin 
indicate that most of the landslides are translational, were probably triggered by 
seismic acceleration, and failed as aggregate slope failures. 

7. Earthquakes with magnitudes ≤M7.5 located onshore or close to the shoreline are not 
expected to cause landslides on the continental slope. However, they may cause 
damaging seiches and embankment collapse within bays and rivers of the U.S. 
Atlantic coast. 

8. Estimates of the mean recurrence interval of earthquakes along the continental slope 
are easier to obtain than those of landslides and may provide estimates for the 
minimum recurrence interval of landslide along the margin. 

9. Recently mapped seafloor scars along the edge of the Campeche Escarpment, 
Mexico, suggest that those landslides may have been capable of generating 2-3 m 
high tsunamis along the shelf edge of the U.S. Gulf of Mexico coast, but the age of 
these scars is presently unknown. Additional landslide scars have been mapped along 
the West Florida margin, but their potential tsunami impact has so far not been 
evaluated.  

10. Meteotsunamis may present a tsunami hazard all along the coast, given the wide and 
shallow shelf and the high frequency of the generating storms. Meteotsunamis are 
unusual sea-level events, generated when the speed of an atmospheric pressure or 
wind disturbance is comparable to the phase speed of long waves in the ocean. A 
probabilistic technique of estimating their amplitude distribution was developed 
based on the record of atmospheric disturbances and tsunami simulations. 

11. Far-field submarine earthquake sources are less likely to constitute a tsunami hazard 
to the margin than landslides and meteotsunamis. Modeling suggests that earthquake 
sources southwest of the Iberian Peninsula will only affect the U.S. Atlantic Coast if 
they are located within the Gulf of Cadiz or west of the Tore–Madeira Rise. It is 
probably unlikely that subduction earthquakes from the Puerto Rico Trench will 
produce tsunamis capable of affecting the U.S. Atlantic Coast. However, evidence for 
two tsunamis in the last 1000 years were unearthed along the shore of one of the 
Caribbean Islands, one of them at least was generated along the Puerto Rico Trench. 
More information is needed to evaluate the seismic potential of the northern Cuba 
fold-and-thrust belt. 
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12. The mean recurrence of volcano flank collapses in the Canary Islands is probably 
200,000 years. Their volumes may be smaller than previously estimated and their 
energy dispersed more quickly with distance. Information to evaluate the magnitude 
and frequency of flank collapse from the Azores Islands is limited. Landslide deposits 
were identified in the Puerto Rico Trench, but they indicate infrequent and pre-
Holocene landslide activity. 

13. The general framework for probabilistic tsunami hazard analysis (PTHA) can be 
derived from a similar analysis for seismic hazard (PSHA). Three steps are involved 
in this analysis: defining source parameters, calculating wave heights, and 
aggregating the results for particular coastal sites. Recurrence interval for earthquake 
tsunamis can be deduced from long-term rates of plate motion, and from plausible 
distributions of seismic coupling and of slip. For landslides, the spatial source 
distribution can be mapped but their recurrence rate remains elusive. One way to 
overcome the lack of information about recurrence interval is to link landslides with 
earthquake ground motions. A suite of techniques was developed to analyze the 
landslide failure probability of a drilled site in the Gulf of Mexico, which penetrated a 
vertical stack of dated slope failures. 
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Long Summary 
This report is divided into 10 chapters: The first chapter describes the data that was 

collected and/or assembled during the lifetime of the project and was designed to help 
evaluate tsunami hazard for the Atlantic and Gulf of Mexico coasts. Chapter 2 analyzes the 
morphology of the U.S. Atlantic margin. The apparent influence of the pre-existing geology 
on the present morphology and by inference the distribution of submarine landslides, is being 
explored. The first part of chapter 3 explores novel methodology to expand our knowledge of 
the seismic activity, seismic attenuation, and shallow shear wave speed from the continental 
eastern U.S. into the continental margin. The second part of the chapter discusses conditions 
that contribute to slope failures on the margin. Chapter 4 reviews two specific landslide areas 
in the Atlantic margin. A review of a third region, the Currituck Landslide was provided in 
Section 3 of the 2008 report (AMTHAG, 2008). This chapter also summarizes the current 
knowledge of landslide sources in the Gulf of Mexico.  Chapter 5 updates the landslide ages 
in the Atlantic margin by providing over 3-fold increase in the number of available dates. 
These new dates are crucial for the construction of temporal probability of tsunamigenic 
landslide hazard. It also proposes a new explanation for the clustering of landslide ages prior 
to 10,000 years. Other qualitative explanations were put forward in Chapter 13 of the 2008 
report (AMTHAG, 2008).  Chapter 6 expands the statistical analysis first presented in 
Chapter 12 of the 2008 report (AMTHAG, 2008) and provides predictive tools for 
probabilistic analysis of tsunamigenic landslide hazard. USGS work originally addressed 
only geological sources of tsunamis. Following the June 13, 2013, tsunami which was widely 
felt along the U.S. Atlantic Coast, we were forced to address tsunami hazard from 
atmospheric disturbances, known as meteotsunamis. A novel method to estimate the 
probability of this source is outlined in Chapter 9. Chapter 8 reports on additional original 
work in the northeastern Caribbean pertaining to a potential far-field tsunami source. It also 
raises the possibility of a tsunami source in northern Cuba, although because of the present 
political situation, this source cannot be studied in detail. Advances in the construction of 
probabilistic analysis for tsunamis generated by earthquakes, landslides, and meteorological 
disturbances, and probabilistic analysis of landslide occurrence are reported in Chapter 9.   

 
Following is a more detailed summary of each chapter: 

 

Chapter 1. Data assembly and collection 
This chapter is based on peer-reviewed papers no. 1 and 2 listed below and internal 

field reports. 
 
Bathymetric terrain models of seafloor morphology are an important component of 

marine geological investigations. Advances in acquisition and processing technologies of 
bathymetric data have facilitated the creation of high-resolution bathymetric surfaces that 
approach the resolution of similar surfaces available for onshore investigations. These 
bathymetric terrain models provide a detailed representation of the Earth’s subaqueous 
surface and, when combined with other geophysical and geological datasets, allow for 
interpretation of modern and ancient geological processes. 

The input data for this bathymetric terrain model for the Atlantic margin of the U.S., 
covering 305,000 square kilometers, were acquired by several sources, including the USGS, 



 

 

the National Oceanic and Atmospheric Administration (NOAA) National Geophysical Data 
Center and the Ocean Exploration Program, the University of New Hampshire, and the 
Woods Hole Oceanographic Institution. These data have been edited using hydrographic data 
processing software to maximize the quality, usability, and cartographic presentation of the 
combined terrain model. 

Multibeam bathymetric data collected in the Puerto Rico Trench and northeastern 
Caribbean region were compiled into a seamless bathymetric terrain model for broad-scale 
geological investigations of the trench system. These data were collected during eight 
separate surveys between 2002 and 2013, covering almost 180,000 square kilometers. Both 
the Atlantic margin and the Puerto Rico datasets were published as a large-format map and 
digital spatial data. 

Four surveys of high-resolution seismic reflection profiles were collected between 
2010-2012 in two focus regions of landslides, Southern New England and Currituck. The 
high quality data formed the basis for studies such as those outlined in Ch.  2.2, 3.2.1 and 
3.2.3. These seismic reflection lines also helped put the interpretation of the cores in 
geological context. 

Detailed high-resolution data along and across the giant Cape Fear landslide was 
collected in collaboration with the USGS “Law of the Sea” project, and imaged for the first 
time the tail end of the landslide debris and the cross-cutting relationship with the Cape 
Lookout slide. 

A total of 64 piston cores were collected in four landslide regions: Currituck, 
Baltimore Canyon, Southern New England, and Munson-Nygren (Cape Cod - Georges 
Bank). The lengths of these cores were between 1.5-8.5 meters. The cores have been 
processed for geophysical, geological, and geotechnical parameters of the sediments. 
Foraminifera were picked to provide radiogenic and biostratigraphic ages, which are the 
basis for estimating the temporal probability of landslides. Gravity cores were also collected 
in 2008 from the walls of the Puerto Rico Trench establishing the ages and frequency of 
landslides there. 

Chapter 2. Background Morphology and Geology of the U.S. Atlantic Margin 
This chapter is based on peer-reviewed papers no. 7 and 28. 
 
The increasing volume of multibeam bathymetry data collected along continental 

margins is providing new opportunities to study the feedbacks between sedimentary and 
oceanographic processes and seafloor morphology. Attempts to develop simple guidelines 
that describe the relationships between form and process often overlook the importance of 
inherited physiography in slope depositional systems. We used multibeam bathymetry data 
and seismic reflection profiles spanning the U.S. Atlantic outer continental shelf, slope and 
rise from Cape Hatteras to New England to quantify the broad-scale, across-margin 
morphological variation. Morphometric analyses suggest the margin can be divided into four 
basic categories that roughly align with Quaternary sedimentary provinces. Within each 
category, Quaternary sedimentary processes exerted heavy modification of submarine 
canyons, landslide complexes and the broad-scale morphology of the continental rise, but 
they appear to have preserved much of the pre-Quaternary, across-margin shape of the 
continental slope. Without detailed constraints on the substrate structure, first-order 
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morphological categorization of the U.S. Atlantic margin does not provide a reliable 
framework for predicting relationships between form and process.  
 

Chapter 3. Physical Parameters of the Margin and Their Effect on Slope Failure 
This chapter is based on peer-reviewed papers no. 6, 13, 20 and 28 and work in 

progress. 
 
Earthquake data from two short-period ocean-bottom-seismometer (OBS) networks 

deployed for over a year on the continental slope off New York and Southern New England 
were used to evaluate micro-seismicity and attenuation of the continental margin. The 
detection by land seismometers of several continental margin earthquakes with magnitudes 
of MLg 2.0-4.0 in this region during (2008-2011) motivated the deployment of the OBS 
networks in 2012-2013. Further motivation for the study was the recent realization of 
tsunami potential from landslides along the margin. If these landslides are primarily 
generated by earthquake ground motion, then seismic attenuation may govern the size and 
distribution of earthquake-generated landslides and needs to be quantified. Our OBS 
networks located only one earthquake with coda magnitude of approximately MC 1.5 near the 
shelf edge during six months of recording suggesting that microseismic activity of the margin 
up to about 150-200 km offshore is probably successfully monitored by land stations without 
the need for OBS deployments. The spectral acceleration from two local earthquakes 
recorded by the OBS was found to be generally similar to the acceleration from these 
earthquakes recorded in several seismic stations on land and to hybrid empirical acceleration 
relationships for Eastern North America. Therefore, the seismic attenuation used for Eastern 
North America can be extended in this region at least to the continental slope. However, 
additional offshore studies are needed to verify these preliminary conclusions. 

Theory and methodology is presented for using ambient seismic noise recorded on 
ocean bottom seismographs or hydrophones to measure shear wave velocity in marine 
sediments.  Time-domain cross-correlations or cross-spectra are used to recover an interface 
wave signal from continuous ambient noise data recorded by pairs of instruments.  Phase or 
group velocity is then measured as a function of frequency and used to constrain velocity as a 
function of depth.  The theory and existing studies from other settings suggest that the 
method could be successfully applied to the upper approximately 100 m of marine sediments 
on the continental slope, a depth range and location relevant to submarine landslide studies.  
The main considerations for designing such an experiment are (1) using instruments that can 
record short periods (<100 s, >0.01 Hz) and (2) deploying instruments at offsets of 
approximately 10 to 1000 m.  

Sediment loading is known to be a critical factor in the development of large open-
slope submarine landslides, particularly along passive margins. The factors controlling the 
development and accumulation of unstable sedimentary depocenters along a continental 
slope are rarely examined in detail; therefore the linkage between antecedent margin 
physiography and present-day distribution of submarine landslides may be understated. 
Regionally extensive, deep penetration, archival airgun MCS profiles are used to reconstruct 
the influence of antecedent physiography on sediment accumulation along the central U.S. 
Atlantic margin from the Miocene to the Present. The pre-Neogene stratigraphy is 
characterized by low gradient, ramp-style morphology followed by Middle Miocene 



 

 

development of thick, prograded deltaic clinoforms. The shape of the clinoforms varied along 
strike, likely due to a result of differences in sediment supply, which created distinct 
variations in shelf-edge and slope morphology. This morphological variation appears to have 
set the stage for differing styles of mass transport along the margin. Areas north and south of 
the Currituck Slide are characterized by oblique margin morphology, defined by an angular 
shelf-edge and a relatively steep (>8°), concave upward continental slope. Upper slope 
sediment bypass, closely spaced submarine canyons, and small, localized landslides confined 
to canyon headwalls and sidewalls characterize these sectors of the margin. In contrast, the 
Currituck region is defined by a sigmoidal geometry, with a gradual shelf-edge rollover and 
gentler slope gradient (<6°). High-resolution multichannel seismic (MCS) reflection profiles 
and multibeam bathymetry data reveal numerous stepped and retrograde failure scarps and 
thick (>800 m), regionally continuous stratified slope deposits that suggest the Currituck 
region was a primary depocenter for fluvial inputs during multiple sea level lowstands. Rapid 
accumulation of regionally continuous strata may have allowed the buildup of pore fluid 
pressure. Failure parallel to bedding planes is evident throughout the Currituck failure 
complex; folds and faults associated with buried scarps suggest differential compaction 
across these scarps may have contributed to the most recent failure. These results suggest that 
antecedent slope physiography developed during the Middle Miocene allowed for a relatively 
high rate of sediment accumulation and subsequent compaction, thus preconditioning the 
Currituck region for failure. Detailed examination of the regional geological framework 
illustrates the importance of both sediment supply and antecedent slope morphology in the 
development of large, potentially unstable depocenters along passive margins.  

Identifying the spatial distribution of seabed fluid expulsion features is crucial for 
understanding the substrate plumbing system of any continental margin. An 1100 km stretch 
of the U.S. Atlantic margin contains more than 5000 pockmarks at water depths of 120 m 
(shelf edge) to 700 m (upper slope), mostly updip of the contemporary gas hydrate stability 
zone (GHSZ). Advanced attribute analyses of high-resolution multichannel seismic reflection 
data reveal gas-charged sediment and probable fluid chimneys beneath pockmark fields. A 
series of enhanced reflectors, inferred to represent hydrate-bearing sediments, occur within 
the GHSZ. Differential sediment loading at the shelf edge and warming-induced gas hydrate 
dissociation along the upper slope are the proposed mechanisms that led to transient changes 
in substrate pore fluid overpressure, vertical fluid/gas migration, and pockmark formation. 
 

Chapter 4. Individual Landslide Sources 
This chapter is based on peer-reviewed papers no. 9, 11, 12, and 22. 
 
The Munson-Nygren-Retriever (MNR) landslide complex is a series of distinct 

submarine landslides located between Nygren and Powell canyons on the Georges Bank 
lower slope. These landslides were first imaged in 1978 using widely-spaced seismic 
reflection profiles and were further investigated using continuous coverage GLORIA 
sidescan imagery collected over the landslide complex in 1987. Recent acquisition of high-
resolution multibeam bathymetry across these landslides has provided an unprecedented view 
of their complex morphology and allows for a more detailed investigation of their evacuation 
and deposit morphologies and sizes, modes of failure, and relationship to the adjacent 
sections of the margin, including the identification of an additional landslide within the MNR 
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complex, referred to as the Pickett slide. The evacuation zone of these landslides covers an 
area of approximately 1,780 km2. The headwalls of these landslides are at a depth of 
approximately 1,800 m, with evacuation extending for approximately 60 km downslope to 
the top of the continental rise. High-relief debris deposits, in the form of blocks and ridges, 
are present down the length of the majority of the evacuation zones and within the deposition 
area at the base of the slope. On the continental rise, the deposits from each of the most 
recent failures of the MNR complex landslides merge with debris from earlier continental 
slope failures, canyon and along-slope derived deposits, and prominent upper-rise failures. 

A geomorphological analysis of the Veatch slide complex indicates the presence of at 
least two major slides presenting different morphological characteristics and involving 
different type of sediments (in terms of strength and grain size). These slides took place after 
the erosion of the Veatch Canyon which had been the locus of many bank failures. It is 
shown that a more refined morphological analysis of similar landslide areas may lead to the 
definition of a greater number of slides and a greater role of channels both leading to a more 
complex interpretation on their mobility 

The Gulf of Mexico (GOM) is a geologically diverse ocean basin that includes three 
distinct geologic provinces: a carbonate province, a salt province, and canyon to deep-sea fan 
province, all of which contain evidence of submarine mass movements. The threat of 
submarine landslides in the GOM as a generator of near-field damaging tsunamis has not 
been widely addressed. Submarine landslides in the GOM are considered a potential tsunami 
hazard because: (1) some dated landslides in the GOM have post-glacial ages and (2) recent 
seismicity recorded within the GOM. We present a brief review of the distribution and style 
of submarine landslides that have occurred in the GOM during the Quaternary, followed by 
preliminary hydrodynamic modeling results of tsunami generation from the East Breaks 
landslide off Corpus Christie, TX. Additional multibeam bathymetry data collected between 
2011 and 2014 and compiled by the USGS reveal several hitherto unknown or poorly defined 
additional landslides off the western coast of Florida 

The steep and heavily eroded Campeche Escarpment marks the northern margin of 
the Yucatan carbonate platform. It was until recently the last remaining large area of the Gulf 
of Mexico, which had not been evaluated for landslide-generated tsunami hazards.  New 
multibeam bathymetry maps were analyzed for potential landslide sources, and 
hydrodynamic models were constructed to evaluate the hypothetical tsunami impact from the 
largest of these slides on the U.S. Gulf of Mexico coast. These models indicate 2-3 m high 
waves at the shelf edge, but estimating the wave amplitude along the coastline requires 
additional site-specific computation because of the interaction of the incoming wave with the 
local bathymetry and topography.  

Chapter 5. Landslide Ages 
This chapter is based on peer-reviewed paper no. 5 and work in progress. 
 
Estimating submarine landslide recurrence is a pre-requisite for probabilistic hazard 

assessment of landslide tsunamis. Forty-six new 14C ages have been obtained from the 
Southern New England and Currituck areas. In the New England area available ages indicate 
that the landslides are generally older than 10,000 years, and there is certainly no landslide 
younger than 7,380±90 yr BP there. In the Currituck region, preliminary dating suggests that 
the landslide appears to be older than 13,270 years, but more dates are presently being 



 

 

obtained. Previously published measurements in the Cape Fear Landslide complex gave a 
slide age older than 10,000-25,000 years, and in the Baltimore Canyon area, older than 
5,200-10,080 years. Thus, it appears that most of the landslides along the Atlantic margin of 
the U.S. are between 10,000-25,000 years. 

The temporal coincidence between rapid late Pleistocene sea-level rise and large-
scale slope failures is widely documented globally. Nevertheless, the physical mechanisms 
that link these phenomena are poorly understood, particularly along nonglaciated margins. 
We investigated the causal relationships between rapid sea-level rise, flexural stress loading, 
and increased seismicity rates along passive margins. We find that Coulomb failure stress 
across fault systems of passive continental margins may have increased more than 1 MPa 
during rapid late Pleistocene–early Holocene sea-level rise, an amount sufficient to trigger 
fault reactivation and rupture. These results suggest that sea-level–modulated seismicity may 
have contributed to a number of poorly understood but widely observed phenomena, 
including (1) increased frequency of large-scale submarine landslides during rapid, late 
Pleistocene sea-level rise; (2) emplacement of coarse-grained mass transport deposits on 
deep-sea fans during the early stages of marine transgression; and (3) the unroofing and 
release of methane gas sequestered in continental slope sediments. 

Chapter 6. Size Distribution of Submarine Landslides 
This chapter is based on peer-reviewed papers no. 27 and 29. 
 
Landslides are often viewed together with other natural hazards, such as earthquakes 

and fires, as phenomena whose size distribution obeys an inverse power law. Inverse power 
law distributions are the result of additive avalanche processes, in which the final size cannot 
be predicted at the onset of the disturbance. Volume and area distributions of submarine 
landslides along the U.S. Atlantic continental slope follow a lognormal distribution and not 
an inverse power law. Using Monte Carlo simulations, we generated area distributions of 
submarine landslides that show a characteristic size and with few smaller and larger areas, 
which can be described well by a lognormal distribution. To generate these distributions we 
assumed that the area of slope failure depends on earthquake magnitude, i.e., that failure 
occurs simultaneously over the area affected by horizontal ground shaking, and does not 
cascade from nucleating points. Furthermore, the downslope movement of displaced 
sediments does not entrain significant amounts of additional material. Our simulations fit 
well the area distribution of landslide sources along the Atlantic continental margin, if we 
assume that the slope has been subjected to earthquakes of magnitude ≤ 6.3. Regions of 
submarine landslides, whose area distributions obey inverse power laws, may be controlled 
by different generation mechanisms, such as the gradual development of fractures in the 
headwalls of cliffs. The observation of a large number of small subaerial landslides being 
triggered by a single earthquake is also compatible with the hypothesis that failure occurs 
simultaneously in many locations within the area affected by ground shaking. Unlike 
submarine landslides, which are found on large uniformly dipping slopes, a single large 
landslide scarp cannot form on land because of the heterogeneous morphology and short 
slope distances of tectonically active subaerial regions. However, for a given earthquake 
magnitude, the total area affected by subaerial landslides is comparable to that calculated by 
slope stability analysis for submarine landslides. The area distribution of subaerial landslides 
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from a single event may be determined by the size distribution of the morphology of the 
affected area, not by the initiation process. 

 

Chapter 7. Tsunami Hazard from Other Local Sources 
This chapter is based on peer-reviewed paper no. 28 
 
Meteorologically induced tsunamis, termed meteotsunamis, can cause harbor damage 

and injuries, as exemplified by a recent event along the northeast U.S. Atlantic coast on June 
13, 2013. They can be confused with landslide-generated tsunamis because they are not 
associated with earthquake triggering. The 2013 tsunami was indeed interpreted first as 
caused by a landslide at the head of the Hudson Canyon, but a multibeam sonar survey of the 
area in July 2013 failed to identify fresh landslide scars. Modeling has shown that a fast-
moving squall through the area resulted in abrupt atmospheric pressure changes over the 
shelf, which at certain water depths produced a resonant wave. Meteo-tsunamis can have a 
wider geographical extent than landslide-generated tsunamis for two reasons: First, they are 
generated by a moving squall line, which can be hundreds of kilometers wide. Long sources 
generate low-frequency waves, which propagate for longer distances. Second, the 
meteotsunami is reflected at the shoreline and at the shelf edge by topographic steps. Several 
other locations long the U.S. Atlantic Coast, the Great Lakes and foreign countries have 
experienced meteotsunamis associated sometimes with loss of life and considerable local 
damage. 
 

Chapter 8. Far Field Sources 
This chapter is based on peer-reviewed papers no. 3, 8 and 28.  
 
Chapter 8 reviews mostly published work on potential landslide sources including the 

earthquakes in the Azores–Gibraltar plate boundary, earthquake in the Puerto Rico Trench, 
earthquake in the northern Cuba fold-and-thrust belt, volcano collapse in the Canary 
archipelago, volcano collapse in the Azores and Cape Verde Islands, and Northeastern 
Atlantic Ocean submarine landslides. The least known source potential are potential 
earthquake in the northern Cuba fold-and-thrust belt, which face southern Florida and the 
Gulf of Mexico. Original work reported below on potential tsunami sources from the Puerto 
Rico Trench, and in Ch. 5 of the 2008 report (AMTHAG, 2008), evaluates additional 
potential sources. 

Extreme waves many centuries ago moved coral clasts onto Anegada, a low-lying 
island 120 km south of the Puerto Rico Trench. The clasts are scattered as much as 630 m 
inland from the island’s north shore. Most are boulder-size heads of the brain coral Diploria 
strigosa, and many of these retain original shape. Among 24 coral clasts dated, 18 imply 
coral death between 1200 and 1480 C.E. and none are younger. The scattered coral clasts 
contrast with Anegada’s geologic traces of hurricanes and with its evidence for a large far-
field tsunami. Hurricanes have piled up coral rubble but only within a few tens of meters of 
the north shore. Storm effects there are suppressed by a fringing reef that breaks waves and 
by deep water beyond the reef that limits surge. The 1755 Lisbon tsunami failed to deliver 
coarse clasts from offshore, even though it may have registered at Anegada by pouring across 



 

 

sandy beach reaches and stirring up mollusks of an interior marine pond. Emplacement of the 
coral clasts may have coincided with southward transport of limestone boulders from sources 
as much as 1 km inland. A tsunami generated nearby was previously invoked to explain this 
inland transport. The scattered coral clasts independently suggest a near-field tsunami, date it 
to the last centuries of pre-Columbian time, and highlight a Caribbean and North Atlantic 
hazard not evident from satellite geodesy or written history.  

The submerged carbonate platform north of Puerto Rico terminates in a high (3,000–
4,000 m) and in places steep (>45°) slope characterized by numerous landslide scarps 
including two 30–50 km-wide amphitheater-shaped features. The origin of the steep platform 
edge and the amphitheaters has been attributed to: (1) catastrophic failure, or (2) localized 
failures and progressive erosion. Determining which of the two mechanisms has shaped the 
platform edge is critically important in understanding landslide-generated tsunami hazards in 
the region. Multibeam bathymetry, seismic reflection profiles, and a suite sediment cores 
from the Puerto Rico Trench and the slope between the trench and the platform edge were 
used to test these two hypotheses. Deposits within trench axis and at the base of the slope are 
predominantly composed of sandy carbonate turbidites and pelagic sediment with inter-
fingering of chaotic debris units. Regionally correlated turbidites within the upper 10 m of 
the trench sediments were dated between approximately 25 and 22 kyrs and approximately 
18–19 kyrs for the penultimate and most recent events, respectively. Deposits on the slope 
are laterally discontinuous and vary from thin layers of fragmented carbonate platform 
material to thick pelagic layers. Large debris blocks or lobes are absent within the near-
surface deposits at the trench axis and the base of slope basins. Progressive small-scale 
scalloping and self-erosion of the carbonate platform and underlying stratigraphy appears to 
be the most likely mechanism for recent development of the amphitheaters. These smaller 
scale failures may lead to the generation of tsunamis with local, rather than regional, impact. 
 

Chapter 9. Probabilistic Tsunami Hazard Assessment 
This chapter is based on peer-reviewed papers no. 16, 18, and 19. 
 
Empirical and computational approaches to estimating tsunami probability, discussed 

in Section 9.2, are centered on determining the frequency-size and inter-event time 
distributions. In the case of the empirical approach, these distributions apply to the tsunamis 
themselves, whereas in the computational approach, the distributions apply to the tsunami 
sources. Previous studies (e.g., Burroughs and Tebbens, 2005) have indicated that tsunami 
sizes are nominally distributed according to a power-law that is modified to include a taper or 
roll-off at large sizes. It is in fact uncertain what the limiting size of a tsunami is, since there 
are very low probability geologic processes that can theoretically produce much larger 
tsunamis than discussed here (e.g., catastrophic volcanic flank failures and asteroid impacts). 
In addition, there is likely a hydrodynamic limit for tsunami size, influenced by nonlinear 
shoaling effects and offshore wave breaking (Korycansky and Lynett, 2005). This section 
shows that for the inter-event time distribution, global tsunamis are characterized by a 
deviation from the exponential distribution associated with a Poisson process, especially at 
short inter-event times. 

For the computational approach, the size distribution of earthquakes is better 
constrained than that for landslides and tsunamis themselves. Substantial progress has been 
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made in determining the power-law exponent and corner moment for the earthquake size 
distribution. For inter-event time distributions, both time-independent (Poissonian) and time-
dependent distributions are described for earthquakes. While we await more data to constrain 
the inter-event distributions, the null hypothesis of an exponential distribution is likely our 
best model. Reducing sources of epistemic uncertainty is key to developing more accurate 
tsunami probability estimates for the computational approach in the future. While most 
tsunami source parameters are approximately normally distributed, there are some 
parameters such as landslide speed where there is insufficient data to make this assumption. 
In addition, other parameters such as slip distribution appear to exhibit stronger fluctuations 
than expected from a normal distribution (Lavallée et al., 2006). Further research is needed to 
better quantify uncertainty for source parameters that scale with source size.  

The empirical probability of landslides is quantified in section 9.3 from a sequence of 
dated mass-transport deposits drilled in the Gulf of Mexico. Several different techniques are 
described to estimate the parameters for a suite of candidate probability models. The 
techniques, previously developed for analyzing paleoseismic data, include maximum 
likelihood and Type II (Bayesian) maximum likelihood methods derived from renewal 
process theory and Monte Carlo methods. The estimated mean return time from these 
methods, unlike estimates from a simple arithmetic mean of the center age dates and standard 
likelihood methods, includes the effects of age-dating uncertainty and of open time intervals 
before the first and after the last event. The likelihood techniques are evaluated using 
Akaike’s Information Criterion (AIC) and Akaike’s Bayesian Information Criterion (ABIC) 
to select the optimal model. The techniques are applied to mass transport deposits recorded in 
two Integrated Ocean Drilling Program (IODP) drill sites located in the Ursa Basin, northern 
Gulf of Mexico. Dates of the deposits were constrained by regional bio- and 
magnetostratigraphy from a previous study. Results of the analysis indicate that submarine 
mass failures in this location occur primarily according to a Poisson process in which failures 
are independent and return times follow an exponential distribution. However, some of the 
model results suggest that submarine mass failures may occur quasiperiodically at one of the 
sites (U1324). The suite of techniques described in this study provides quantitative 
probability estimates of submarine mass failure occurrence, for any number of deposits and 
age uncertainty distributions.  

A probabilistic technique was developed in Section 9.4 to assess the hazard from 
meteotsunamis. Meteotsunamis are unusual sea-level events, generated when the speed of an 
atmospheric pressure or wind disturbance is comparable to the phase speed of long waves in 
the ocean. A general aggregation equation is proposed for the probabilistic analysis, based on 
previous frameworks established for both tsunamis and storm surges, incorporating different 
sources and source parameters of meteotsunamis. Parameterization of atmospheric 
disturbances and numerical modeling is performed for the computation of maximum 
meteotsunami wave amplitudes near the coast. A historical record of pressure disturbances is 
used to establish a continuous analytic distribution of each parameter as well as the overall 
Poisson rate of occurrence. A demonstration study is presented for the northeast U.S. in 
which only isolated atmospheric pressure disturbances from squall lines and derechos are 
considered. For this study, Automated Surface Observing System stations are used to 
determine the historical parameters of squall lines from 2000 to 2013. The probabilistic 
equations are implemented using a Monte Carlo scheme, where a synthetic catalog of squall 
lines is compiled by sampling the parameter distributions (Chapter 9.4). For each entry in the 



 

 

catalog, ocean wave amplitudes are computed using a numerical hydrodynamic model. 
Aggregation of the results from the Monte Carlo scheme results in a meteotsunami hazard 
curve that plots the annualized rate of exceedance with respect to maximum event amplitude 
for a particular location along the coast. Results from using multiple synthetic catalogs, 
resampled from the parent parameter distributions, yield mean and quantile hazard curves. 
Further refinements and improvements for probabilistic analysis of meteotsunamis are 
discussed.  

Chapter 10. Some Open Research Questions 
This chapter is based on peer-reviewed paper no. 28. 
 
This chapter focuses on several questions, where future answers can help quantify 

and improve landslide-generated tsunami hazard assessments. 
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Figures 
Figure 1.	   Location of the Atlantic margin seaward of the U.S. Atlantic coast showing the extent of 

the bathymetric terrain model published in OFR 2012-1266 (Andrews et al., 2016). Land 
elevations in green and additional regional bathymetry in light blue are provided in background 
and their underlying data are not published in this report. Data are from the USGS and the 
NOAA National Geophysical Data Center. ........................................................................................ 6	  

Figure 2.	   Map of the Puerto Rico Trench and surrounding areas showing the extent of the 
bathymetric terrain model published in OFR 2013-1125 (Andrews et al., 2013). Elevations in 
tan and gray-scale hillshade (showing the landmasses and the seafloor area outside the study 
area) are for base map purposes only and not published in the report. Data are from the 
USGS, NOAA and ESRI. ................................................................................................................. 10	  

Figure 3.	   Map of the Southern New England/Block Canyon seismic reflection profiles on top of 
mutlibeam bathymetry. MCS lines from 2010-012-FA are shown in orange. MCS lines from 
2011-003-FA are shown in light green.  The largest canyon shown is the Hudson Canyon. .......... 13	  

Figure 4.	   Map of the Currituck landslide area with seismic reflection profiles on top of multibeam 
bathymetry. MCS lines from 2012-006-FA are shown in blue. MCS lines from 2012-039-FA are 
shown in red.  The northernmost canyon is Wilmington Canyon. The Currituck Slide is easily 
identified in this map as the flat seafloor texture at the margin slope. ............................................. 14	  

Figure 5.	   Map showing R/V Langseth tracks where seismic data were acquired (black). Transects 1 
and 2 were acquired for landslide hazards objectives. The other seismic lines were acquired 
for Extended Continental Shelf objectives. Seismic data were not acquired along the white 
tracks, because they were taken to avoid Hurricane Cristobal’s path and to facilitate a medical 
evacuation. Major east coast submarine landslides are shown in light brown. Bathymetry is 
colored from shallow (tan/gray) to deep (dark blue). ....................................................................... 15	  

Figure 6.	   Images across top of Cape Fear submarine landslide. A, Multichannel seismic-reflection 
line showing a failed block and headwall. TWTT, two-way travel time (time for sound signal to 
travel to seafloor and back); s, seconds; BSR, bottom-simulating reflector. B, High-resolution 
chirp profile (at-sea screen capture) showing the same failed block sitting on the seafloor. C, 
Multibeam-bathymetry image (at-sea screen capture) showing the location of the chirp profile 
(red line), the failed block, and the headwall shown in part A. A second, triangular-shaped 
block is visible on the seafloor in the multibeam image (beneath the word “block”), and a 
second headwall is visible crossing beneath the “H” of “Headwall” and trending from lower left 
to upper right of the image. Location shown by red dot in lower left of Figure 5. ............................ 16	  

Figure 7.	   Location map of cores collected during cruises 2010-009-FA (in yellow), 2012-007-FA (in 
red) and 2015-002-FA (in orange). .................................................................................................. 18	  

Figure 8.	   Location map of Knudsen Chirp data collected to aid in core location and interpretation. ....... 19	  
Figure 9.	   Study area, showing locations of coring stations (yellow dots) occupied during the cruise. 

Stations north of Puerto Rico are within and at the base of landslide scarps and deposits; 
stations southeast of Puerto Rico are within basins that may hold evidence of earthquake 
shaking. ........................................................................................................................................... 20	  

Figure 10.	   Location map of the U.S. Atlantic margin. Blue arrows mark the boundaries of the 
carbonate, salt, fluvial, and glacial zones. Blue lines—Quaternary drainage systems (after 



 

 

Poag and Sevon, 1989). Black dots—salt diapirs. Barbed lines —thrust faults (dashed where 
uncertain). Bracketed lines—normal faults. NEC—Northeast Channel glacial trough. GSC—
Great South Channel buried glacial trough. Numbered light areas are the Munson–Nygren–
Retriever (1), Veatch Canyon (2), Currituck (Albemarle) (3), Cape Lookout (4), and Cape Fear 
(5) landslide complexes. Yellow line — region where Eocene chalk is exposed at the base of 
the upper slope or in canyon walls. Inset — Representative bathymetry profiles A–D across 
the margin, marked by thin lines on map. Colors represent margin components (shelf, upper 
slope, lower slope, rise and Blake Plateau) used in this report. ....................................................... 23	  

Figure 11.	   Shaded relief of the U.S. East Coast continental margin. Red lines are seismic profiles 
discussed in the text. The margin is labeled according to geomorphic sub-regions. Other 
labels: Great South Channel (GSC), seaward limit of late-Pleistocene Laurentide Ice Sheet 
(blue line; Oldale, 1992) and thick accumulations of mid-Miocene shelf-edge deltas (gray line; 
Poag and Sevon, 1989). Dashed green line represents the seaward edge of the Mesozoic 
carbonate reef (Schlee et al., 1979). Labeled red lines in the figure correspond to the traces of 
vertical cross sections in Figures 19-22. . ........................................................................................ 35	  

Figure 12.	   Conceptual models for slope development. (A) Oblique end-member is characterized by 
an angular shelf-break due to an abrupt transition from wave and current (advection) 
dominated sediment transport of the shelf to gravity driven (diffusive) transport of the upper 
slope. (B) Sigmoidal end-member is associated with high-energy environment at the shelf-
edge and a gradual transition between advective and diffusive processes. (C) Development of 
an oversteepened slope (e.g., erosion by strong bottom boundary currents or up-building of a 
steep carbonate bank). (D) Sediment bypass via gravity flows, lower slope aggradation and 
onlap. (E) Infill and burial of base-of-slope relief. Basin depth and overall gradient are reduced 
allowing sediment to prograde along an equilibrium profile (F). (After Ross et al., 1994; 
Galloway, 1998.) .............................................................................................................................. 36	  

Figure 13.	   Geomorphic analysis boundary. Bathymetric data sources: 3 arc min NOAA coastal relief 
model (CRM; NOAA, 2010), ETOPO-1 global relief data (1 arc min; Amante and Eakins, 2009) 
and multibeam echo-sounder mosaic (100-m pixel resolution). CRM and ETOPO-1 data 
included in the analysis region were used to fill gaps in multibeam bathymetry coverage for 
water depths shallower than 500 m and deeper than approximately 5000 m, respectively. ............ 37	  

Figure 14.	   (A) Ridge-smoothed bathymetric elevation model and (B) canyon/channel relief model 
(see Data and methods). Each of these datasets was split into 21 sub-regions for statistical 
analyses. Areas 2 and 10 are dashed because they overlap with Areas 3 and 11 due to major 
bends on the margin. Black box is for the location of Figure 15. Numbered features 1-13 along 
the outer continental shelf represent the following major shelf-indenting submarine canyons: 1) 
Norfolk; 2) Washington; 3) Spencer; 4) Lindenkohl; 5) Toms; 6) Atlantis; 7) Nantucket; 8) 
Veatch; 9) Hydrographer; 10) Oceanographer; 11) Gilbert; 12) Lydonia; 13) Powell. ..................... 38	  

Figure 15.	   Three-dimensional rendering of canyon relief estimates near the transition from the 
Hudson Apron to the Mid-Atlantic margin. (A) 100-m resolution bathymetric terrain model 
(BTM). (B) Ridge-smoothed bathymetric elevation model (RSS) of the same extent as in (A). 
(C) Canyon thalwegs shaded according to local relief, i.e., the difference between grid 
elevations in (A) and (B). (D) Comparative plot of bathymetric profiles (blue, black and green 
lines) extracted from data in (A), (B) and (C). The difference between grids in (A) and (B) 



 

 

yields canyon relief (dashed green). Some ride-crests show positive relief due to artifacts in 
the ridge-to-ridge interpolation used to build the smooth bathymetric elevation model. .................. 39	  

Figure 16.	   Factor-2 loadings versus maximum average gradient for each area (following O'Grady et 
al., 2000). Six general groupings are identified by comparing this figure with the depth of 
maximum gradient for each area (Table 1). .................................................................................... 39	  

Figure 17.	   Depth–Gradient distributions (column 1) and composite profiles (column 2) for each area 
plotted according to groupings identified in Figure 16. Profiles are shaded according to the 
mean gradient (column 2) and mean relief (column 3) at each depth interval. MB is Multibeam. ... 41	  

Figure 18.	   3-D bird's eye views showing the geomorphic variability between regions discussed in the 
text. Colored and variably sized points represent local canyon thalweg relief. Black lines are 
500-m bathymetric contours. (A) New England margin offshore Georges Bank (Group-1). (B) 
Morphological transition from concave, canyon-dominated slopes of the New England margin 
(Group-1) to the convex, slide dominated slopes of the Southern New England margin (Group 
2). (C) Transition from relatively smooth, convex slopes of the Hudson Apron (Area 12; Group 
3) to steep, channelized slopes of the New Jersey margin (Area 13; Group 4). (D) Mid-Atlantic 
margin offshore Virginia and Delaware. Numbered features correspond to major shelf-
indenting submarine canyons also shown in Figure 14. Vertical exaggeration is 5 times. .............. 42	  

Figure 19.	   Merged bathymetry and interpreted USGS seismic reflection profiles (Poag, 1982; Klitgord 
et al., 1994) for the New England margin (A; USGS line 19) and Southern New England 
margin (B; USGS line 16). Colored horizons represent major allostratigraphic units and small 
white arrows point to landslide scarps. Look below panel-C for horizon ages. The steepest 
segment of the New England continental slope coincides with the seaward edge of the 
ancestral Mesozoic shelf-edge. The Southern New England margin (Group-2) is characterized 
by a gradual shelf-break, widely spaced canyons and widespread evidence for mass wasting. 
The Quaternary section is truncated by landslide scarps between depths of approximately 800 
m and 1500 m. The slope profile mimics the underlying strata units, in particular, a major 
unconformity at the base of the Middle Miocene section (dashed red line; Mountain and 
Tucholke, 1985). The Campanian/Maastrictian package has been traced from the shelf to the 
rise and appears to define the first-order shape of the modern-day continental slope. ................... 43	  

Figure 20.	   Characteristic along-strike seismic reflection profiles of the New England margin (A), the 
Hudson Apron (B) and the Mid-Atlantic Margin (both B and C) was used to measure the 
relationship between slope-confined canyon relief and the thickness of the Quaternary 
package (D). Dashed, colored lines are horizons that correlate to allostratigraphic units 
identified by Poag (1982) and Klitgord et al. (1994). Black arrows represent crossings of shelf-
indenting canyons: (1) Gilbert; (2) Lydonia; (3) Powell; (4) Lindenkohl; (5) Berkeley; (6) Toms. 
The thickness of the Quaternary sediment in each section was measured in two-way travel 
time and converted to depth (assuming a velocity of 1500 m/s). Canyon relief and the 
thickness of the Quaternary package along adjacent inter-canyon ridges are plotted in (D), as 
is the location of the Currituck submarine landslide. ....................................................................... 44	  

Figure 21.	   Representative high-resolution multichannel seismic reflection profiles across the Hudson 
Apron (A; Group-2) and Southern New England (B; Group-3). Dashed line marks a regionally 
correlated Miocene regional unconformity (also shown in Figure 19B). The unconformity 
surface is greater than 8° along the base of the Southern New England slope, but is less 
pronounced beneath the Hudson Apron. The oversteepened section in A coincides with 



 

 

widespread truncation of the overlying strata. A thick wedge of onlapping strata have built a 
ramp across the lower slope and reduced the relief and gradient along the regional 
unconformity. Strata overlying the unconformity in (B) can be correlated from the shelf edge to 
the upper rise and show evidence for slope progradation. .............................................................. 45	  

Figure 22.	   Merged multibeam bathymetry surface and interpreted 2-D seismic reflection profiles 
(Poag, 1985; Klitgord et al., 1994) for the Mid-Atlantic Margin offshore New Jersey (A; USGS 
Line 6) and offshore Virginia (B; USGS Line 11). A lithological boundary between the truncated 
Middle Miocene package and the underlying, indurated Eocene package appears to 
correspond to a change gradient along the lower slope (McHugh et al., 1993). Places where 
the Quaternary unit is thin or missing, slope-confined canyons are parallel, closely spaced and 
have relatively low relief (see canyons marked “NJ-1” and “NJ-2” in Figure 20B). Canyon relief 
is greatest along the upper slope where Quaternary sediment is thicker. Note the increasing 
relief downslope in (B). ..................................................................................................................... 46	  

Figure 23.	   Plots of average gradient (in degrees) versus average canyon relief along 500-m isobaths. 
Dashed line – best-fit relationship. Relationship appears random from 500 to 1500 m depths. 
From 2000 to 3000 m depths (lower slope and upper rise) higher gradients are associated with 
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Figure 24.	   A summary of along-margin geomorphic variations. (A) Mean two-dimensional profiles for 
each group. Profiles begin at the 60-m depth contour and extend to the 4000-m contour. (B) 
New England margin (Group-1) exhibits rounded shelf-break, upper and middle slope 
truncation and bypass. The location of the seaward edge of the buried Mesozoic reef exerts 
first order control on the modern-day morphology. The rise is characterized by a relatively 
steep gradient and onlapping fan/apron packages in the substrate. (B) Southern New England 
margin (Group-2) exhibits rounded, broad shelf-break that becomes highly convex and mimics 
a regional unconformity surface. The modern-day slope coincides with the buried reef edge, 
but the reef's control on the form of the modern day slope is limited. Truncation and bypass 
occurs along the steep middle to lower slope (e.g., Figure 21). The lowermost slope is covered 
by onlapping fan/apron packages. (C) Hudson Apron Margin (Group-3) exhibits rounded shelf-
break, slightly convex slope profile and progradation. The buried reef has minimal influence on 
modern-day morphology. (D) Hudson Apron Margin is characterized by gentle gradients and 
slightly convex slope profiles. Quaternary progradation occurred above a series of gently 
inclined Pliocene and older unconformity surfaces. (E) Mid-Atlantic Margin exhibits angular 
shelf-break and upper slope mimic the form of underlying Middle Miocene package. 
Widespread truncation along the upper to middle slope. Lower slope is blanketed in onlapping 
fan/apron strata. A break in the slope gradient coincides with the lithological contact between 
the Miocene wedge and a buried Cretaceous ramp that prograded over the Mesozoic reef 
bank.  ............................................................................................................................................... 48	  

Figure 25.	   Weston Observatory Network Seismicity. Location map of earthquakes between 1975-
2014 from the New England Seismic Network. Event labeled 1992 is the 22 August 1992, MLg 
4.8 offshore earthquake. Inset, map of the U.S. showing boxed area of interest. Modified from: 
https://akafka.files.wordpress.com/2014/02/neus_network_seis_sm2.png last accessed April 
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Figure 26.	   General location map of study area. Shown are earthquakes occurring during DEPL1 and 
DEPL2, July 2012 to May 2013. Gray circle is centered on DEPL1 with a radius of 325 km, the 



 

 

extent at which a MC = 2.7 earthquake can be detected by the OBS. The red box indicates the 
area used to search for potential local earthquakes detected by DEPL2. Triangles indicate land 
stations used in this study. Stars indicate events discussed in detail. ............................................. 61	  

Figure 27.	   Zoomed in location of DEPL1 (see location in Figure 26) showing with high-resolution 
bathymetry. Yellow line is an identified landslide scarp. OBS 11 was not recovered. ..................... 62	  

Figure 28.	   Left Column shows the 3-components PPSD plots for OBS-08.  Right Column shows the 
3-components PPSD plots for OBS-10. The grey lines show the maximum and minimum limits 
of background noise typically detected on an ideal land instrument, from McNamara and Boaz, 
2006. 63	  

Figure 29.	   Waveforms from DEPL2 showing both hydrophone (EDH) and seismometer (ELZ, EL1, 
EL2) of the identified local event March 19, 2013 JD078, 06:28:22.416. See location indicated 
as a pink star in Figure 26. The bottom waveform is from USArray station M65A located in 
Falmouth, MA (black triangle in Figure 26). All waveforms have been bandpass filtered 
between 5 – 15 Hz. Indicated P and S arrivals were detected and shown in red and later used 
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Figure 30.	   Horizontal spectral acceleration plot for the Maine 2012 MLg=4.5 earthquake with the good 
OBS from DEPL1 and land accelerometers at CPNY, FOR and PAL from the Lamont-Doherty 
regional network (locations shown as orange triangles in Figure 26). Pre-event noise from the 
OBS is shown in grey. For reference, Campbell’s predicted values are shown in green. 
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Figure 31.	   Horizontal spectral acceleration plot for the Rockport 2012 MC=2.7 earthquake with the 
good OBS from DEPL1 and land seismometers at ACCN, KSCT from the Lamont-Doherty 
regional network and TRY, WSPT, YLE from the New England Seismic Network (locations 
shown as yellow triangles in Figure 26). Pre-event noise from the OBS is shown in grey. 
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Figure 32.	   Schematic diagram of particle motion for vertically polarized interface waves propagating 
along the seafloor (i.e., Scholte waves).  Lower frequencies have longer wavelengths are thus 
sensitive to velocity over a greater depth range than higher frequency shorter wavelengths.  
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Figure 36.	   (a) Velocity and density model based on Ocean Drilling Program Borehole 174A-1073 

(Austin et al., 1998) and (b) Scholte-wave sensitivity kernels at different frequencies for this 
model.  The sensitivity kernels were calculated using Herrmann’s (2013) Computer Programs 
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Figure 37.	   (a) Wavelength as a function of frequency and velocity. (b) Approximate depth sensitivity 
for the wavelengths in (a).  The red line is a phase-velocity dispersion curve for Scholte waves 
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Figure 38.	   Probabilistic power-spectral density (PPSD) for a vertical 4.0 Hz natural frequency 
geophone on an OBS deployed at ~800 m on the continental slope of the U.S. Atlantic margin.  



 

 

This example PPSD plot is typical of OBS data and shows that energy are recorded in the first 
and second microseism bands, near 0.1 Hz (10 s) and 10 Hz (0.1 s).  For reference, the gray 
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Figure 39.	   Minimum inter-station spacing for recovering a signal from noise (a) cross-spectra or (b) 
time-domain cross-correlations.  Also shown are wave speeds for the two primary phases 
expected in cross correlations/spectra of OBS data: Scholte waves traveling with phase 
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Figure 40.	   Mapped slope failures and landslide scarps overlain on depth-colored and hill-shaded 
bathymetry of the slope and rise. The bathymetry is from Andrews et al. (2016) and additional 
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Figure 41.	   Comparison of landslide scar maps of the glacial margin off Southern New England. See 
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between the points defining of the tops of the landslide scarp, which to a first approximation 
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Figure 55.	   3-Dimensional perspective view of the Currituck Slide Complex showing grayscale 
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1.  Data Collection and Assembly 
1.1 Multibeam bathymetry of the Atlantic 

Introduction 
The purpose of the bathymetric terrain model presented in this report is to provide 

a high-quality bathymetric surface of the Atlantic margin of the United States that can be 
used to augment current and future marine geological investigations. The input data for 
this bathymetric terrain model, covering almost 305,000 square kilometers, were acquired 
by several sources, including the USGS, the NOAA National Geophysical Data Center 
and the Ocean Exploration Program, the University of New Hampshire, and the Woods 
Hole Oceanographic Institution. These data have been edited using hydrographic data 
processing software to maximize the quality, usability, and cartographic presentation of 
the combined terrain model. 

The bathymetric data published in this report were compiled as part of a project 
funded by the Nuclear Regulatory Commission (NRC) to evaluate tsunami hazards along 
the East Coast of the United States (ten Brink et al., 2010). This hazards analysis research 
required a high-quality bathymetric terrain model (BTM) to identify and characterize 
historical submarine landslides capable of generating tsunamis in order to assess potential 
tsunami impacts to nuclear power plants along the Atlantic coast (Figure 1). The BTM 
provided a consistent framework for hazard risk-assessment along the Atlantic margin of 
the United States, aiding in the interpretation of additional geophysical and geological 
datasets, allowing for the extraction of pertinent statistical risk parameters, and helping 
scientists to focus on critical areas for future data collection (Chaytor et al., 2009, 2011, 
2012a, b; ten Brink et al., 2009a, 2011, 2012; Flores et al., 2011; Geist et al., 2009a, 
Brothers et al., 2013a). The compilation benefited from bathymetric data collected by the 
University of New Hampshire (UNH) Center for Coastal and Ocean Mapping (CCOM) 
for the U.S. Extended Continental Shelf (ECS) program and by NOAA Ocean 
Exploration Program for the Northeast and Mid-Atlantic Canyon mapping. The ECS 
program collected bathymetric data (from 2004 through 2005) on the slope and rise of the 
Atlantic margin (Gardner, 2004; Cartwright and Gardner, 2005) as part of the evaluation 
of a potential claim by the United States within the framework of the United Nations 
Convention on the Law of the Sea (UNCLOS; Gardner et al., 2006). 

Beyond the use of the bathymetric compilation in hazard characterization, the 
BTM provides a spatially consistent dataset for investigating modern and ancient 
geological processes along a passive margin that contains glacial, fluvial, and carbonate 
environments (for example, Twichell et al., 2009a; Chaytor et al., 2012a; Brothers et al., 
2013a, b) and in support of habitat evaluations, physical oceanographic studies, and other 
evaluations of the seafloor off the eastern United States. 

Common Processing Methods 
The methods used to access, process, and compile the BTM published in this 

report are described in this section. The first step in the process inventories all existing 
bathymetric data using the Web mapping service (WMS) of the NGDC (National 
Geophysical Data Center, 2012). Individual surveys covering areas seaward of the shelf 
break of the Atlantic margin of the United States were identified using the NGDC WMS. 
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Initially, 38 individual surveys covering the area of interest were accessed; the number of 
surveys was later reduced to 22 for the final grid (Figure 1). 

Data Access and Download 
Bathymetric line files in compressed format (MB system format; Caress and 

Chayes, 2013) for each identified survey were downloaded from NGDC. Three of these 
surveys (RB0904, NF–11–04–NC, and NF1208–USGS) were conducted by USGS 
scientists on board NOAA vessels. The bathymetric line files for these three surveys were 
accessed in “raw.all” format by the USGS directly from the vessel during the survey and 
not downloaded from the NGDC. The USGS archived the line files from these three 
surveys after completion of the survey, and the NGDC converted the raw.all files to MB-
system format for public access via the NGDC Web site. 

Data Processing 
The CARIS Hydrographic Information Processing System (HIPS) was used to 

process the line files after they were downloaded from NGDC and uncompressed. A new 
HIPS Project was started for each of the individual surveys and the line files were 
imported for each day (Julian calendar, henceforth, Julian Day, JD). All bathymetric line 
files were collected, archived with NGDC, and imported to HIPS, using the Geographic 
Coordinate System (GCS). Bathymetric files were collected using instantaneous sea 
level, and no additional tidal corrections were applied during import into HIPS. 
Instantaneous sea level indicates that the data collected were not referenced to a tidal 
datum, rather that the depths represent a height that is dependent on the local sea level at 
that location and time. Instantaneous Sea Level does not correlate to Mean Sea Level, 
however for comparison, the total tidal levels (tides, plus no-tidal sea surface heights 
above the geoid) range between -2.3 meters and 2.0 meters above the geoid for the period 
1992-2011 (Egbert and Erofeeva, 2013). 

For each survey, an initial base (depth) surface was produced as a base to edit the 
data. The base surfaces were created using a Mercator projection, which was more 
suitable for the spatial extent of this project than the GCS of the input line files. Several 
quality control steps were conducted to ensure the final base surfaces were free of depth 
spikes (erroneous data that would impact the quality of the final BTM) before combining 
the individual surfaces using CARIS Base Editor. For example, each survey line was 
reviewed and edited for bad soundings, and adjustments to the speed of sound corrections 
were applied if required. Depth and range filters were then applied using the Swath 
Editor feature within CARIS HIPS to eliminate erroneous soundings. After preliminary 
editing was completed, a final depth surface was produced and evaluated again for any 
remaining artifacts using both the three-dimensional (3D) editor and 3D viewer in HIPS. 
If additional edits were required, then the final surface was rebuilt and interpolated to fill 
in any remaining small data gaps. 

Combining the individual surveys into one surface using Base Editor involved 
two basic steps: (1) surveys conducted by the same vessel were combined into a single 
surface, and (2) all surfaces were then combined into one final BTM of 100-meter (m) 
resolution, covering the extent of all surveys. Combining surveys from the same vessel is 
a logical first step; data acquisition techniques and equipment vary from vessel to vessel, 
thus different “vessel files” were used during the import of data into the CARIS HIPS 
software. Data collected with the same vessel but different surveys, for example, were 
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combined into one base surface because they used the same sonar and acquisition 
methods. 

During the “Combine” process, the order of the input surfaces was controlled 
using one of several queries provided in Base Editor. For example, in most cases, 
separate surveys from the same vessel were combined using the query “where creation 
date is greatest;” therefore, in the areas where input base surfaces overlapped, the output 
surface was produced using the surface with the most recent creation date and older data 
were omitted in the overlap area. This method ensured that the most recent version of the 
surface was used. The second step combined the individual “vessel” surfaces using the 
“creation date is greatest” query to determine the surface order and produce a single final 
surface with a cell resolution of 100 meters per pixel (Figure 1). 

The “Combine” function in Base Editor also produces a “contributor” layer that 
records the extent of the input surface used as a source for each cell in the output surface. 
This is perhaps the greatest benefit of this method compared with previous bathymetric 
compilations in which the user cannot trace the source of the final compilation. This 
contributor layer is published in this report (in ESRI shapefile format) as a record of the 
input surfaces used during the ”Combine” function and is ultimately the source of each 
pixel value in the final BTM, using the “Source” attribute in the 
“AtlanticMarginBathSource” shapefile (see the Data Catalog section). The metadata that 
accompany the spatial data published in this report provide detailed descriptions of the 
methods and steps used to produce the final BTM and source polygon. 

The ability to control the input order and the combination of large overlapping 
bathymetric surfaces within hydrographic software is a relatively new technique within 
the CARIS software suite. Similar operations could be performed using geographic 
information system (GIS) software; however, the ability to manipulate these data in their 
near-native form (as soundings) with in CARIS software makes the process of combining 
datasets of different age and quality on a margin-scale more efficient than working in GIS 
software. Furthermore, this method facilitates periodic updates to the BTM as new 
bathymetric data are acquired.  

Data Catalog and Map Sheet 
The 100-m gridded bathymetry can be downloaded at 

http://pubs.usgs.gov/of/2012/1266/GIS/grid/ambath100.zip. The name of the source grid 
used in the combine operation can be downloaded at 
http://pubs.usgs.gov/of/2012/1266/GIS/shapefile/AtlanticMarginBathSource.zip. 

The published data uses Mercator projection with central longitude of 72 degrees 
west and latitude of true scale of 40 degrees north. All horizontal and vertical units are in 
meters.  
 The data are also presented as a map sheet in portable document file (pdf) format 
(http://pubs.usgs.gov/of/2012/1266/pdf/of2012-1266_mapsheet.pdf). The data in this map 
are for cartographic display of the entire Atlantic margin of the United States and include 
data that were not collected for the purposes of the BTM published in this report. The 
areas covered by the BTM published in this report are outlined in gray in the inset map at 
the lower right of the map sheet. Other data are included for visual display only. 
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Figure 1. Location of the Atlantic margin seaward of the U.S. Atlantic coast showing the extent 
of the bathymetric terrain model published in OFR 2012-1266 (Andrews et al., 2016). Land 
elevations in green and additional regional bathymetry in light blue are provided in background and 
their underlying data are not published in this report. Data are from the USGS and the NOAA 
National Geophysical Data Center.  

 

  



Chapter 1:  Data Collection and Assembly          7 
 

 

1.2 Multibeam bathymetry of Puerto Rico 

Introduction 
The Puerto Rico Trench system is the deepest part of the Atlantic Ocean, with 

water depths exceeding 8,300 meters (ten Brink et al., 2004). It is located north of the 
Dominican Republic, Puerto Rico, and the Virgin Islands (Figure 2). It forms a boundary 
between two tectonic plates, the North American and the Caribbean plates, that mostly 
slide past each other. However, the North American plate also slides under (or subducts) 
the Caribbean plate. Similar plate geometry was responsible for the 2004 Sumatra 
earthquake and tsunami (ten Brink, 2005). The Muertos Trough, with water depths 
reaching 5,500 meters, is located south of the Dominican Republic, Puerto Rico, and the 
Virgin Islands (Figure 2). It is an active deformation front, where the islands thrust over 
the interior Caribbean plate (ten Brink et al., 2009c). Mona Passage between Puerto Rico 
and the Dominican Republic is the site of minor northeast-to-southwest-oriented tectonic 
extension, which has probably kept it below sea level (Chaytor and ten Brink, 2010). 
Atlantic surface waters enter the Caribbean Sea through this passage. The Anegada 
Passage and Virgin Islands Basin between the Virgin Islands and St. Croix and the Lesser 
Antilles has a complex and poorly understood tectonic deformation history (Barkan and 
ten Brink, 2010; Chaytor and ten Brink, 2014). This passage is the only deep-water 
passage between the Atlantic Ocean and the Caribbean Sea east of Cuba and is therefore 
the only location where Atlantic intermediate-depth waters can enter the Caribbean Sea. 
Destructive historical earthquakes and tsunamis have occurred in the Mona and the 
Anegada Passages (López-Venegas et al., 2008; Barkan and ten Brink, 2010). 

The bathymetric data published in this report were compiled as part of a project 
funded by the USGS, the NOAA Ocean Exploration Program, and the Spanish 
Interministerial Commission of Science and Technology. The primary purpose of this 
project is to understand the morphology and underlying tectonics of the region to identify 
effects of submarine landslides and resulting tsunami hazards that could affect the 
northeastern Caribbean and the Atlantic coast of the United States. The overall objective 
of this project is to provide the required geologic information to assess and mitigate 
tectonic hazards to Puerto Rico, the Virgin Islands, and the east coast of the United 
States. By determining the likely hazards and their causative mechanisms and providing 
this information to government agencies and the public, we may aid in such activities as 
improving building codes, encouraging safer zoning, and assisting public education in 
responding to hazards (Atwater et al., 2012; Bakun et al., 2012; Barkan et al., 2010; 
Chaytor and ten Brink, 2010; Flores et al., 2012; ten Brink and López-Venegas, 2012; ten 
Brink et al., 1999, 2011). This hazards analysis research required a high-quality 
bathymetric terrain model (BTM) to identify and characterize historical submarine 
landslides capable of generating tsunamis (López-Venegas et al., 2008; ten Brink et al., 
2006a, b). 

BTMs of seafloor morphology are an important component of marine geological 
investigations. Advances in technologies of acquiring and processing bathymetric data 
have facilitated the creation of high-resolution BTMs that approach the resolution of 
those available for onshore investigations. These BTMs provide a detailed representation 
of the Earth’s subaqueous surface and, when combined with other geophysical and 
geologic datasets, allow for interpretation of modern and ancient geologic processes. 

Beyond the use of the bathymetric compilation in hazard characterization, the 
BTM provides a spatially consistent dataset for investigating subduction processes that 
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have created the deepest location in the Atlantic Ocean (ten Brink, 2005), large strike-slip 
faults south of the subduction zone (ten Brink and Lin, 2004), large normal faults north of 
the subduction zones (ten Brink et al., 2004), and an active fold-thrust belt south of 
Puerto Rico (ten Brink et al., 2009c). 

Purpose and Scope  
The purpose of the BTM presented in this report is to provide a high-quality 

bathymetric surface of the Puerto Rico Trench and the northeastern Caribbean region that 
can be used to augment current and future marine geological investigations. The input 
data for this BTM, covering almost 180,000 square kilometers, were acquired by several 
sources, including the USGS, NOAA, the Ocean Exploration Trust, and the Universidad 
Complutense of Madrid, Spain, between 2002 and 2013. These data have been edited by 
using hydrographic data processing software to maximize the quality, usability, and 
cartographic presentation of the combined terrain model. 

Multibeam Data 
The multibeam bathymetric data used to produce the BTM in this report were 

collected during eight separate surveys conducted between 2002 and 2013 (Figure 2). 
Four of these surveys were conducted on the NOAA Ship Ronald H. Brown, two on the 
NOAA Ship Nancy Foster, one on the Ocean Exploration Trust’s exploration vessel 
Nautilus, and one on the Spanish Research Vessel Hésperides. Data from three of the 
surveys (2002–051–FA, 2003–008–FA, and 2003–032–FA) conducted on the Ronald H. 
Brown have been published in ten Brink et al. (2013). This report combines the three 
published multibeam surveys with five unpublished datasets from surveys 2005–019–FA, 
2006– 008–FA, 2007–004–FA, NF–07–04–CRER, and 2013–036–FA. Small differences 
exist between the data published in ten Brink et al. (2005, 2006c, 2013) and the combined 
grid published in this report. These differences resulted from additional fine-scale editing 
of the soundings to increase the quality of the final combined grid presented in this 
report, which supersedes previously published data in ten Brink et al. (2005, 2013). 

Common Processing Methods 
The methods used to access, process and compile the BTM published in this 

report are described in this section (Figure 2). Multibeam line files were accessed and 
processed by onboard USGS personnel during the surveys, except for NF–07–05CRER. 
The line files collected on the Ronald H. Brown and Nancy Foster were archived after 
completion of the survey with the NOAA National Geophysical Data Center (NGDC). 
NGDC converted the raw.all files to MB-System format for public access through the 
NGDC Web site (table 1). 

The CARIS Hydrographic Information Processing System (HIPS) was used to 
process the raw “.all” line files. During each survey, a new HIPS project was made, and 
the line files for each day (Julian calendar) were imported into the HIPS project. All 
bathymetric files were collected using instantaneous sea level, and no additional tidal 
corrections were applied during import into HIPS. Instantaneous sea level indicates that 
the data were not referenced to a tidal datum; rather, the soundings represent depths that 
depend on the local sea level at the location and time of measurement. Instantaneous sea 
level does not correlate to mean sea level; however, for comparison, the total tidal levels 
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(tides, plus no-tidal sea surface heights above the geoid) range between -0.77 meters and 
0.81 meters above the geoid for the period 1992–2013 (Egbert and Erofeeva, 2013). 

For each survey, an initial depth surface was produced by using all data in that 
survey as a base for editing. The base surface was created by using the Universal 
Transverse Mercator (UTM) coordinate system (zone 19N), which was more suitable for 
the spatial extent of this project than the Geographic Coordinate System of the input files. 
Several quality control steps were taken to ensure that final base surfaces were free of 
depth spikes (erroneous data that would impact the quality of the final BTM) prior to 
combining the individual surfaces using CARIS Base Editor. For example, each survey 
line was reviewed and edited for erroneous soundings, and adjustments to the speed of 
sound corrections were applied if required. After preliminary editing was completed, a 
final depth surface was produced and evaluated again for any remaining artifacts by using 
both the three-dimensional (3D) subset editor and the 3D viewer within HIPS. If 
additional edits were required, the final surface was rebuilt and interpolated to fill in any 
remaining small data gaps (Figures 2 and 3). 

The individual surfaces for each survey were combined into one continuous 
surface by using CARIS Base Editor. During the “Combine” process, the order of the 
input surfaces was controlled by using one of several queries provided in Base Editor that 
determine the final value of any overlapping cells from different surfaces. The “Start 
Date Is Greatest” option was used to determine the cell value of overlapping cells during 
the combine process giving preference to data from the most recent survey.  

The “Combine” function in Base Editor also produces a “contributor” layer that 
records the extent of the input surface used as a source for each cell in the output surface. 
This is perhaps the greatest benefit of this method over previous bathymetric 
compilations in which the user cannot trace the source of the final compilation. This 
contributor layer is available in the Data Catalog section (in ESRI shapefile format) as a 
record of the input surfaces used with the “Combine” function and ultimately the source 
of each pixel in the final BTM, using the “Source” attribute in the “PRBathSource” 
shapefile (see the Data Catalog section). The metadata that accompany the spatial data 
provide additional detailed descriptions of the methods and steps used to produce the 
final BTM and source polygon. 

Controlling the input order and the combination of large overlapping bathymetric 
surfaces within hydrographic software is a relatively new ability within the CARIS 
software suite. Similar operations could be performed by using geographic information 
system (GIS) software; however, the ability to manipulate these data in their near-native 
form (as soundings) within CARIS software makes the process of combining datasets of 
different ages and qualities on this broad scale more efficient than working in GIS 
software. Furthermore, this method facilitates periodic updates to the BTM as new 
bathymetric data are acquired. 

Data Catalog and Map Sheet 
The 150-m gridded bathymetry can be downloaded at 

http://pubs.usgs.gov/of/2013/1125/downloads/ofr2013-1125_prbathofr150.zip. The name 
of the source grid used in the combine operation can be downloaded at 
http://pubs.usgs.gov/of/2013/1125/downloads/ofr2013-1125_PRBathSource.zip 

The published data uses the UTM coordinate system, zone 19N, WGS 84, with a 
central meridian of 69 degrees west longitude and a false easting of 500,000. All 
horizontal and vertical units are in meters. 
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The data published in this report are also presented as plate 1 (60 inches × 42 
inches) in portable document file (PDF) format 
http://pubs.usgs.gov/of/2013/1125/attachments/ofr2013-1125_plate.pdf. The data in this 
map are for cartographic display of the entire Puerto Rico Trench and the northeastern 
Caribbean region. Some data from south of the Dominican Republic were excluded from 
this report.  

 

 
Figure 2.   Map of the Puerto Rico Trench and surrounding areas showing the extent of the 
bathymetric terrain model published in OFR 2013-1125 (Andrews et al., 2013). Elevations in tan 
and gray-scale hillshade (showing the landmasses and the seafloor area outside the study area) 
are for base map purposes only and not published in the report. Data are from the USGS, NOAA 
and ESRI.  
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1.3 Seismic Reflection 

Multichannel Seismic Data collection using Sparker source 
The USGS conducted several high-resolution seismic surveys as part of this 

project. The purpose of these surveys were to acquire high resolution seismic profiles in 
water depths greater than 1000 meters for the identification of past and future sources of 
tsunamis hazards.  

A 6-kJoule Delta Sparker array developed commercially by Applied Acoustics 
Engineering Ltd, was used to collect the seismic data. The Sparker generates a steam 
bubble by discharging electrical energy through a point electrode surrounded by 
seawater. The rapid expansion of the steam bubble generates a positive pressure impulse 
lasting 0.3 to 0.5 ms with frequencies concentrated between 0.3 to 1.0 kHz. The sparker 
array was towed at a depth of 3 meters and a distance of 25 meters behind the ship at 
speeds between 3.1 to 4.1 knots. No other sonar equipment was used during the survey.  

Two primary research areas, the Southern New England/Block Canyon area and 
the Currituck Landslide area offshore North Carolina, were surveyed using this 
technology in four separate research cruises. Field activities 2010-012-FA and 2011-003-
FA were carried out from May 23, 2010 to May 28, 2010 and from September 21, 2011 
to September 28, 2011 respectively. These seismic lines are located across the continental 
slopes south of Long Island, NY. A total of approximately 1600 km of line data was 
collected in this region and is shown in the following map in Figure 3.  

Field activities 2012-006-FA and 2012-039-FA were carried out from July 17, 
2012 to July 24, 2012 and October 11, 2012 to October 16, 2012 respectively. These 
seismic lines are located across the continental slopes of Maryland and Virginia. About 
1000 km of line data was collected in this region (Figure 4). 

Multichannel Seismic Data collection using an airgun array source 
A Brooklyn, NY to Norfolk, VA, survey aboard the Research Vessel (R/V) 

Marcus G. Langseth between August 20 and September 13, 2014, combined objectives of 
the USGS Law of the Sea project to map sediment thickness for identifying the outer 
limits of the U.S. Extended Continental Shelf with objectives of the USGS Atlantic 
hazards project to study submarine landslides capable of generating tsunamis. The R/V 
Langseth is a 234-foot-long vessel owned by the National Science Foundation (NSF), 
operated by Lamont-Doherty Earth Observatory (LDEO), and specially designed for both 
2D and 3D multichannel seismic-reflection data acquisition. The multichannel streamer is 
a solid-state, 8-kilometer-long streamer that is towed behind the vessel. The R/V 
Langseth also tows an airgun array that provides the sound source for seismic-reflection 
operations. 

Both objectives of the R/V Langseth expedition—submarine-landslide studies and 
delineation of Extended Continental Shelf—required the use of acoustic (sound) energy 
to map the seafloor and image layers of sediment beneath the seafloor at high resolution, 
as well as to measure the velocity of sound through sub-seafloor sediment in order to 
correctly calculate its thickness. Likewise, both objectives required exploration of the 
same region: the Atlantic continental margin, which encompasses the continental shelf, 
slope, and rise—that is, all the seafloor from the shoreline to the deep ocean basin. The 
landslide-hazards objectives were met by collecting data along ship’s tracks 



12                       Tsunami Hazard Assessment for the U.S. Atlantic and Gulf Coasts 
 

 

perpendicular to the margin while transiting to and from tracks along the deep margin 
where data were collected to help delineate the Extended Continental Shelf. 

The 2014 R/V Langseth survey offered the opportunity to study the internal 
structures of two major landslide regions on the U.S. margin: the Southeast New England 
landslide complex offshore New Jersey and the Cape Fear submarine landslide offshore 
North Carolina. In total, the expedition collected more than 2700 km of multichannel 
seismic-reflection data that will be used to create images of rock layers below the 
seafloor, more than 4000 km of multibeam bathymetry (seafloor depth) and backscatter 
data (amplitude of reflections from the seafloor) that will be used to map seafloor features 
and composition, and chirp data that provide high-resolution images of shallow 
sediments. All of the multichannel seismic-reflection data were processed at sea with 
preliminary geometric corrections to get initial images of the subsurface. The multibeam 
bathymetry and backscatter data were edited and gridded, and the high-resolution chirp 
data were gathered into lines coinciding with the multichannel seismic-reflection profiles. 
This at-sea work facilitated on-the-fly decisions about minor adjustments to tracks during 
the cruise and subsequent decisions about post-cruise processing and interpretation. 

The cruise achieved both The Extended Continental Shelf objectives of mapping 
sediment thickness and the hazards objectives. A full transect of the Cape Fear submarine 
landslide was collected in the southern part of the study area, and these data show 
multiple deformation events, faults, slide surfaces, and disturbed stratigraphy. The 
landslide is continuous for more than 375 kilometers from its multiple headwalls near 
2500-meter water depth to its toe in 5,400-meter water depth. Remarkably, landslide-
transported blocks of sediments that are several kilometers long have been imaged near 
the headwall (Figure 6). One such block is clearly shown in the multichannel seismic-
reflection data, in the chirp image, and along the multibeam-bathymetry track. This is the 
first time that a landslide on the U.S. Atlantic margin has been mapped with multiple 
imaging techniques along its entire length, providing a rich dataset for studying the 
multiple failures evident in the data. To the north, offshore New Jersey, the same data 
types were collected across smaller landslides of the Southeast New England landslide 
complex.  
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Figure 3. Map of the Southern New England/Block Canyon seismic reflection profiles on top of 
mutlibeam bathymetry. MCS lines from 2010-012-FA are shown in orange. MCS lines from 2011-
003-FA are shown in light green.  The largest canyon shown is the Hudson Canyon.  
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Figure 4. Map of the Currituck landslide area with seismic reflection profiles on top of multibeam 
bathymetry. MCS lines from 2012-006-FA are shown in blue. MCS lines from 2012-039-FA are 
shown in red.  The northernmost canyon is Wilmington Canyon. The Currituck Slide is easily 
identified in this map as the flat seafloor texture at the margin slope.  
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Figure 5. Map showing R/V Langseth tracks where seismic data were acquired (black). 
Transects 1 and 2 were acquired for landslide hazards objectives. The other seismic lines were 
acquired for Extended Continental Shelf objectives. Seismic data were not acquired along the 
white tracks, because they were taken to avoid Hurricane Cristobal’s path and to facilitate a 
medical evacuation. Major east coast submarine landslides are shown in light brown. Bathymetry is 
colored from shallow (tan/gray) to deep (dark blue).  
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Figure 6. Images across top of Cape Fear submarine landslide. A, Multichannel seismic-
reflection line showing a failed block and headwall. TWTT, two-way travel time (time for sound 
signal to travel to seafloor and back); s, seconds; BSR, bottom-simulating reflector. B, High-
resolution chirp profile (at-sea screen capture) showing the same failed block sitting on the 
seafloor. C, Multibeam-bathymetry image (at-sea screen capture) showing the location of the chirp 
profile (red line), the failed block, and the headwall shown in part A. A second, triangular-shaped 
block is visible on the seafloor in the multibeam image (beneath the word “block”), and a second 
headwall is visible crossing beneath the “H” of “Headwall” and trending from lower left to upper 
right of the image. Location shown by red dot in lower left of Figure 5. 

 

1.4 Cores: North Atlantic 
Sediment cores within and adjacent to submarine landslide features provide 

valuable information about the sediments involved in the failure processes, the 
mechanisms by which the failed mass moved, and the material critical for constraining 
the timing of failures. The USGS conducted a series of field activities to collect core 
samples for some of the major landslides identified by previous bathymetry work 
(Twichell et. al., 2009a) and collected Knudsen chirp seismic reflection profiles to 
provide a regional context to the core results.  

Field activity 2010-009-FA collected core samples from June 15, 2010 to June 21, 
2010 aboard the R/V Oceanus.  The samples were collected off the Southern New 
England continental slope south of Long Island (Figure 7) using a box corer and piston 
corer.  The objective of this coring cruise was to investigate in detail the stratigraphy and 
age of several significant slope failures along the continental slope and rise south of 
Rhode Island and Massachusetts. Twenty-three piston cores were collected 
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(approximately 110 m of core in total). This project was a collaborative effort between 
the USGS Woods Hole Coastal and Marine Science Center and the University of Rhode 
Island Department of Ocean Engineering. Cores and Knudsen Chirp data from this 
activity are labeled as OC463.  

Field activity 2012-007-FA collected core samples from September 28, 2012 to 
October 4, 2012 aboard the R/V Hugh R. Sharp.  The samples were collected along the 
continental slope off the Mid-Atlantic States (Delaware to Virginia) using a piston corer. 
A total of 24 piston cores were collected across the Currituck Landslide scar and 
landslide features south of Baltimore Canyon. Cores and Knudsen Chirp data from this 
activity are labeled as HRS1209. 

Field activity 2015-002-FA collected core samples from May 1, 2015 to May 14, 
2015 aboard the R/V Hugh R. Sharp. The samples were collected on the continental slope 
off Georges Bank east of Cape Cord, MA, using a box corer and piston corer. Analysis of 
the core data has just begun. The purpose of the cruise was to core the Munson-Nygren 
Landslide Complex.  

Processing and analysis of the cores  
Down core stratigraphy and definition of regional facies for the Southern New 

England Landslide Zone (SNELZ) and Currituck Landslide (Figures 71 to 78) have been 
developed based on integration of multiple geological, geotechnical and physical 
properties datasets.  Data collection and analysis is complete for the utilized set of 
SNELZ cores and is proceeding for the Currituck Landslide cores. 

Non-destructive Methods 
Several non-destructive testing methods, those that leave the core sections intact, 

were applied immediately after the core sections were split.  Bulk physical properties 
logging (wet bulk density, magnetic susceptibility, compressional velocity, and fractional 
porosity) and line-scan image were acquired using a Geotek multi-sensor core logger 
(MSCL).  X-ray images and CT scans of selected cores were acquired in order to resolve 
aspects of the sedimentary structures (e.g., bioturbation, turbidite and MTD architecture, 
etc.) and to identify areas suitable for sub-sampling for dating.  Centimeter-scale visual 
descriptions of all piston and trigger cores were made noting sediment color, texture, 
composition, strength, and structure. 

Geotechnical Methods 
Geotechnical measurements on SNELZ cores were limited to undrained shear 

strength determination and limited bulk density calibrations.  Undrained shear strength 
and water content measurements were performed on cores from the Currituck Landslide.  
Undrained shear strength was measured in a consistent fashion using a combination of 
handheld vane shear (torque gauge mounted vane) and handheld torvane when sediment 
strength excessed the measurement capability of the vane shear device.  Measured torque 
values determined using the vane shear device were converted to undrained shear 
strength using 𝑆! =

!!

!.!!  (!!  !!)  
 where 𝑆!  is the undrained shear strength, 𝐷  is the 

diameter of the vane, 𝐻 is the height of the vane and 𝑇 is the torque.   Water content 
measurements of sediments for the Currituck Landslide cores were made according to 



18                       Tsunami Hazard Assessment for the U.S. Atlantic and Gulf Coasts 
 

 

ASTM standard D2216 (http://www.astm.org/Standards/D2216.htm, accessed 
12/08/2015). 

Sediment Analysis 
Grain-size analysis using the methods outlined in Poppe et al. (2005) was carried 

out on 1 cm thick sub-samples (3-15 g of sediment depending on sample availability) for 
each core.  Down-core sub-sampling intervals varied depending on the core lithology, 
with higher resolution sampling and analysis applied to intervals with complicated 
textures (e.g., graded sands/silts, MTDs, etc.).  Grain-size and other textural parameters 
were determined for approximately 1100 samples from cores within the SNELZ.  
Currituck Landslide cores are presently undergoing sampling and analysis. 

The weight-percent of bulk organics and calcium carbonate was determined 
through loss-on-ignition (LOI) on approximately 2-5 g of dried sediment sub-sampled 
from 1 cm thick intervals.  As with grain-size, sample spacing varied depending on core 
lithology.  LOI analysis were carried out using the technique of Dean (1974) modified by 
increased heating times for both the organic (3 hours) and CO2 (2 hours) combustions to 
account for some of the complexity in the method identified by Heiri et al. (2001) and 
others.  Approximately 980 LOI analyses were performed on SNELZ cores, and more 
than 200 have been completed on Currituck Landslide cores. 

Sediment composition has been qualitatively investigated through microscope 
analysis and combined with visual descriptions of the cores to determine broad lithology 
types and provenance of the sediments.  Future quantitative analysis will provide 
additional insight into source locations. 

 
Figure 7. Location map of cores collected during cruises 2010-009-FA (in yellow), 2012-007-FA 
(in red) and 2015-002-FA (in orange).  
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Figure 8. Location map of Knudsen Chirp data collected to aid in core location and 
interpretation.  

 

1.5 Cores:  Puerto Rico Trench  
Many landslides have also been mapped along the edge of the submerged 

carbonate platform about 40 km seaward of the north shore of Puerto Rico. Volume 
analysis and hydrodynamic modeling indicate that at least eight of these submarine 
landslides could have caused damaging tsunamis under present-day development level; 
however, because the age of these landslides is unknown, their recurrence interval could 
not be estimated. 

The goal of a USGS research cruise aboard the R/V Seward Johnson from March 
16 to March 24, 2008 (2008-008-FA) was to core and date submarine-landslide-related 
sediment north of Puerto Rico in order to determine the age of these landslides. Dating of 
these landslides is needed in order to calculate tsunami probability for the north coast of 
Puerto Rico. Another coring target of the cruise was the Virgin Islands Basin, the 
epicenter of the devastating 1867 earthquake and tsunami. There we focused on dating 
disturbances in the sedimentary layers caused by ground shaking, in hopes of extending 
the area's earthquake record backward in time. A long earthquake record is needed to 
adequately estimate the probability of additional earthquakes in the area in the near 
future. 

Cores were collected with the Woods Hole Oceanographic Institution (WHOI)'s 
Giant Gravity Corer, a 4-in.-diameter pipe, suspended from a cable, that penetrates the 
sea floor under its own weight and can collect cores as long as 6.5 m. For this cruise, 
many of the coring sites were expected to have a relatively hard sandy bottom, which is 
difficult to penetrate, and so we rigged the corer for a maximum core length of only 3 m. 
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A total of 40 coring sites were occupied during the cruise—within Mona Canyon, 
on the south wall and floor of the Puerto Rico Trench, and in the Virgin Island, Vieques, 
and Whiting basins south of the U.S. Virgin Islands—with site depths ranging from 
1350 m down to 8000 m. Coring sites were chosen following analysis of multibeam 
bathymetry and seismic-reflection data collected by the USGS on several recent cruises 
in the northeastern Caribbean, as well as GLORIA sidescan-sonar data (URL 
http://pubs.usgs.gov/dds/dds15/). 

 
Figure 9. Study area, showing locations of coring stations (yellow dots) occupied during the 
cruise. Stations north of Puerto Rico are within and at the base of landslide scarps and deposits; 
stations southeast of Puerto Rico are within basins that may hold evidence of earthquake shaking.  
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2.  Background Morphology and Geology of the U.S. Atlantic Margin 
2.1 Physiography of the U.S. Atlantic margin 

This section provides the necessary background to evaluate tsunami hazard from 
landslides. Landslide distribution is affected by sedimentation rate and margin gradient, 
both of which are a function of the margin history, as discussed in section 2.2. 

The Atlantic margin of the U.S. extends from the Straits of Florida in the south to 
Georges Bank in the north. The margin continues northeastward offshore Nova Scotia 
and Newfoundland in Canada. The morphology of the modern margin reflects the results 
of processes that began when North America and Africa began rifting apart more than 
200 million years ago (Klitgord et al., 1988). Four major basins were formed during that 
time: the Blake Plateau Basin, the Carolina Trough, the Baltimore Canyon Trough, and 
the Georges Bank Basin (Klitgord and Behrendt, 1979). These basins coincide with four 
zones, which from south to north, are influenced by carbonate, salt, fluvial, and glacial 
processes and exhibit significant along-margin variability in sediment supply. From 
Florida to South Carolina, carbonate production has dominated and modern terrestrial 
sediment input is low (Dillon et al., 1985), particularly off Florida. This region is 
centered on the Blake Plateau Basin. Offshore North Carolina, the margin contains salt 
diapirs sourced from deeply buried Mesozoic rift (about 225-175 Ma) sediments (Dillon 
et al., 1982). This region is centered on the Carolina Trough. Between Cape Hatteras and 
New England, the margin has been dominated by fluvial siliciclastic sediment deposition 
since the Early Miocene (about 23-20 Ma) that has buried a deeper and once extensive 
carbonate reef system (Poag, 1991). Eocene (56-34 Ma) chalk is exposed along stretches 
of the slope (Poag, 1992). This region is centered on the Baltimore Canyon Trough. 
Offshore New England, the modern margin reflects glaciogenic processes, which 
provided abundant sediment from large terrestrial rivers (e.g., Hudson River) that drained 
extensive glacial landscapes. At the time of the Last Glacial Maximum (LGM), the 
Wisconsin ice sheet reached part way across the continental shelf of New England and to 
the shelf edge along the Scotian margin of Canada (Schlee, 1973) (Figure 10). Mesozoic–
Neogene age carbonate and siliciclastic rocks are exposed in some New England canyons 
(Ryan et al., 1978) (Figure 10). This region is centered on the Georges Bank Basin. 

Examination of the Georges Bank–Southern New England–Hudson Apron margin 
(Figure 10) reveals more subtle morphological variations, which are likely governed by 
the earlier sedimentary history of the margin (Brothers et al., 2013a, and see below). The 
steep Mesozoic reef bank beneath Georges Bank margin appears to have had a profound 
influence on the evolution and modern-day steepness of the slope, whereas Early 
Cenozoic (>66 Ma) stratigraphic packages along the upper and middle slope of Southern 
New England and the Hudson Apron had gentle, sigmoidal forms that are nearly 
maintained today (Brothers et al., 2013a, and see below). 

From Cape Hatteras northward, the shelf slopes gently (<0.5°) to water depths of 
100 to 200 m where a significant change in gradient marks the shelf/slope break (inset in 
Figure 10). The continental slope, an area affected primarily by downslope and less 
frequently by along slope transport and deposition, can be separated into an upper slope 
and lower slope with the transition between them occurring at a major change in gradient 
which generally occurs between 1800 and 2000 m. The lower slope has been labeled in 
many publications as “upper rise” based solely on the morphology. This lower slope 
region, however, contains landslides and large channels more typical of slope processes 
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(sediment transport), albeit on lower gradient surfaces (e.g., Danforth and Schwab, 1990). 
The transition from the lower slope to the continental rise (where deposition is dominant) 
occurs between 4000 and 4500 m. 

The carbonate zone has a significantly different across-margin character than the 
other zones (inset in Figure 10). South of Cape Hatteras, the continental shelf edge occurs 
at shallower depths of approximately 80–100 m and steps down via a short steep ramp to 
the Blake Plateau at approximately 800 to 1200 m. The Blake Escarpment and Blake 
Outer Ridge are the primary morphologic features of the margin. North of the Blake 
Outer Ridge, the upper/lower slope transition occurs between 2800 and 3000 m, and the 
transition to primarily depositional processes occurs at approximately 5000 m. South of 
the Blake Outer Ridge, the Blake Escarpment descends to abyssal depths abruptly at 
approximately 5000 m (inset in Figure 10). 
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Figure 10.  Location map of the U.S. Atlantic margin. Blue arrows mark the boundaries of the 
carbonate, salt, fluvial, and glacial zones. Blue lines—Quaternary drainage systems (after Poag 
and Sevon, 1989). Black dots—salt diapirs. Barbed lines —thrust faults (dashed where uncertain). 
Bracketed lines—normal faults. NEC—Northeast Channel glacial trough. GSC—Great South 
Channel buried glacial trough. Numbered light areas are the Munson–Nygren–Retriever (1), 
Veatch Canyon (2), Currituck (Albemarle) (3), Cape Lookout (4), and Cape Fear (5) landslide 
complexes. Yellow line — region where Eocene chalk is exposed at the base of the upper slope or 
in canyon walls. Inset — Representative bathymetry profiles A–D across the margin, marked by 
thin lines on map. Colors represent margin components (shelf, upper slope, lower slope, rise and 
Blake Plateau) used in this report.  
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2.2 Geomorphic characterization of the U.S. Atlantic continental margin 

Introduction 
The morphology of passive continental margins is shaped by long and complex 

interactions between constructional and destructive geomorphic processes. Geomorphic 
characterization of the continental shelf, slope and rise is a first-step toward identifying 
along-strike variations in constructive and destructive processes that shape continental 
margins. Past studies have proposed that systematic relationships exist between the major 
governing processes, such as modern sediment supply, and the shape of the resulting 
continental margin (Pratson and Haxby, 1996; O'Grady et al., 2000; Goff, 2001). Other 
studies have described relationships between margin morphology and various 
sedimentary parameters, including sedimentary texture (Schlager and Camber, 1986; 
Kenter, 1990), sediment supply (Kenyon and Turcotte, 1985; Orton and Reading, 1993) 
and sediment transport mechanisms (Galloway, 1998; Adams and Schlager, 2000; 
Schlager and Adams, 2001; Cacchione et al., 2002). However, in order to assess the 
relative contributions of these processes to shaping the modern-day margin morphology, 
one must also establish the relative importance of pre-existing physiography and 
antecedent geology. 

Most previous studies of the U.S. Atlantic Margin (USAM) can be split into two 
general themes: those focused on discrete morphological features, such as submarine 
canyons and mass movements (Twichell and Roberts, 1982; O'Leary and Dobson, 1992; 
Booth et al., 1993; Pratson et al., 1994; McAdoo et al., 2000; Goff, 2001; Mitchell, 2004, 
2005, 2006; Chaytor et al., 2009; Gerber et al., 2009; Twichell et al., 2009a); and those 
aimed at defining the framework geology of the margin and at understanding its longer-
term evolution (Poag, 1978, 1985; Schlee et al., 1979; Austin et al., 1980; Manspeizer, 
1985; Mountain and Tucholke, 1985; Hutchinson et al., 1986; Klitgord et al., 1988; 
Lizarralde and Holbrook, 1997). In this report we describe and analyze, for the first time, 
a compilation of multibeam bathymetry data spanning the outer shelf, slope and rise from 
Cape Hatteras to New England (Figure 11). The overarching goal is to identify the 
principal causes of the geomorphic variability along the USAM by (1) quantifying the 
first-order morphological patterns of the USAM and (2) examining the relationships 
between margin morphology and the underlying stratigraphic architecture. We also 
discuss the overall effectiveness of applying geomorphic categorizations to continental 
slope morphology. 

Background 

Slope depositional systems 
Continental slopes of passive margins experience fluctuations between 

constructional phases, where sediment supply and deposition along the shelf edge and 
slope cause net progradation, and destructive phases that include slope failure, erosion 
and net retrogression (Van Wagoner et al., 1988; Ross et al., 1994; Galloway, 1998). 
Slope depositional systems respond to variations in physiography and environmental 
conditions by adjusting their loci of erosion and deposition. For example, the curvature of 
the shelf-edge rollover is largely controlled by the environmental energy conditions 
(Mitchum et al., 1977; Adams and Schlager, 2000; Schlager and Adams, 2001): regions 
with weak currents tend to be associated with abrupt, or oblique, rollover profiles (Figure 
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12A), whereas regions with strong wave and current energy characteristically produce 
rounded, or sigmoidal, profiles (Figure 12B). 

If deposition at the shelf-edge builds the local slope above a critical gradient, the 
sediment fails, and a component of the failed sediment can be transported down slope as 
sediment gravity flows (or mass flows). Where mass flows come to rest is, in part, a 
function of slope and rise physiography, and each depositional/erosional event modifies 
the slope gradient encountered by subsequent events (Figure 12C–F). Hence, sedimentary 
processes acting on the continental shelf-break and upper continental slope operate in 
concert with mass flow processes of the lower slope and upper rise (Kenyon and 
Turcotte, 1985; Ross et al., 1994; Galloway, 1998; Gerber et al., 2009). In general, 
oversteepening of continental slopes may lead to mass wasting and bypass to the lower 
slope/upper rise (Figure 12C, D), where the accumulation of mass transport deposits 
leads to the formation of fan–apron complexes. Eventually, base-of-slope aggradation 
reduces the total basin relief by creating a lower-gradient platform over which 
sedimentary clinoforms can prograde across of the upper and middle slope can prograde 
(Ross et al., 1994; Galloway, 1998). 

Continental shelf, slope and rise of the U.S. Atlantic margin 
The evolution of the U.S. Atlantic margin has been described in numerous articles 

(Poag, 1978, 1984, 1985; Schlee et al., 1979; Williams and Hatcher, 1982; Manspeizer, 
1985; Dillon and Popenoe, 1988; Klitgord et al., 1988, 1994; Poag and Sevon, 1989; 
Holbrook et al., 1992; Hutchinson et al., 1996; Olsen, 1997; Withjack and Schlische, 
2005; Wyer and Watts, 2006). The major structural boundaries of the margin formed 
during late Triassic/early Jurassic continental rifting (approximately 230–185 Ma) 
(Klitgord et al., 1988; Olsen, 1997). Post-rift subsidence of the passive margin was 
accompanied by growth of a seaward thickening sedimentary prism containing evaporite, 
clastic and carbonate deposits (Mountain and Tucholke, 1985; Poag, 1985; Poag and 
Sevon, 1989). Total sedimentary thickness varies from the New England margin (<6 km 
along) southward to the Mid-Atlantic margin (>12 km) due to differences in lithospheric 
structure, sediment supply and long-term subsidence rates (Poag, 1985; Klitgord et al., 
1988; Poag and Sevon, 1989; Wyer and Watts, 2006). 

The post-rift evolution of the continental slope has been characterized by three 
primary phases of development: carbonate, constructional and destructive (Schlee et al., 
1979). Mesozoic (187 to 130 Ma) limestone reefs and carbonate platforms formed a 
discontinuous series of shelf-edge sediment dams that extended from the Gulf of Mexico 
to the eastern Canadian margin (Schlee et al., 1979; Poag, 1985). The dams formed steep 
seaward facing escarpments, trapping marine calcareous sediment on the landward side. 
Differences in the modern-day depths of the carbonate platforms are due to along-margin 
variations in long-term subsidence. The depth from sea level to the top of the carbonate 
platform is 1.0–1.5 km along the New England slope, approximately 3–4 km off Southern 
New England, and 5–6 km off the Mid-Atlantic and Cape Hatteras. Along the New 
England slope, the seaward face of the platform had at least 1500 m of vertical relief by 
the Late Cretaceous (Schlee et al., 1979; Austin et al., 1980). Sediment ponded behind 
the reef banks eventually spilled over during the Early and Late Cretaceous. Margin 
subsidence and aggradation of continental rise sequences graded the relief across the 
seaward edge of the reef bank and, in places, allowed slope progradation (Schlee et al., 
1979). 
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The Cenozoic was marked by alternating episodes of slope progradation and 
truncation, but it is considered a destructive phase because the shelf-edge moved 
landward relative to the Mesozoic reef (Schlee et al., 1979). Episodes of enhanced deep-
water boundary current flow during the Eocene, Oligocene, Miocene and Pliocene 
formed regional unconformity surfaces that greatly modified the slope/rise morphology 
(Miller et al., 1985; Mountain and Tucholke, 1985). The Middle Miocene experienced a 
massive surge in terrestrially derived sediment along the Mid-Atlantic. Deltaic 
clinoforms of the middle to outer shelf (Figure 1) accumulated at rates more than twice 
that of any other period of the Mesozoic–Cenozoic section (Poag, 1984, 1985; Greenlee 
et al., 1992; Poulsen et al., 1998; Monteverde et al., 2008). 

Accommodation on the continental shelf was virtually filled by the end of the 
Pliocene and sediment began to bypass the shelf, particularly during sea level low stands 
(Schlee et al., 1979; Poag, 1984). Continental glaciations coupled with extreme variation 
in eustatic sea level created a period of anomalously high sediment supply to the outer 
continental shelf and slope during the Pleistocene. A narrow, seaward-thickening, 
sedimentary wedge (500–600 m thick) that is heavily dissected by submarine canyons 
underlies much of the Mid-Atlantic and New England shelf-edge (Emery and Uchupi, 
1965; Valentine et al., 1980; Poag, 1982; Twichell and Roberts, 1982; Pratson and 
Coakley, 1996; Mitchell, 2005). Widespread canyon/channel incision of the slope and 
upper-rise, along with onlapping base-of-slope fan/apron complexes suggest slope 
failures and generation of mass flows were the dominant sediment transport processes 
during the Quaternary. Most of the modern-day, short-wavelength (<5 km) seafloor relief 
is from mass wasting events and submarine canyon incision that occurred during the 
Quaternary (Schlee et al., 1979; Twichell et al., 2009a). Quaternary deposits covering the 
lower continental slope of New Jersey and southern New England are thin or absent, 
suggesting the slope depositional system was dominated by bypass and erosion (Robb et 
al., 1983; McHugh et al., 1993). Holocene sediments are virtually absent throughout the 
outer shelf, but the slope and rise are covered by thin, fine-grained pelagic and 
hemipelagic facies often reworked by mass movement processes (Poag, 1985). 

Data and methods 

Bathymetric data 
Multibeam bathymetry data used in this study were collected during 26 separate 

cruises covering approximately 616000 km2 of the slope and rise between Georges Bank 
and the Blake Plateau (Figure 13). All data were referenced to Mean Sea Level (MSL) 
and were initially gridded to 25-m resolution in 1×1° tiles. Each tile was smoothed using 
a Wiener 2-D adaptive noise-removal filter and individual tiles were mosaicked in 
ArcInfo to create a single bathymetric elevation model at 25-m resolution. This grid was 
resampled to grid-cell resolution of 100-m resulting in a 386000-km2 subset DEM used 
for the geomorphic analysis (Figure 1). Gaps in multibeam coverage in shallow regions 
(<500 m depths; Figure 13) were merged with data from the 3 arc sec (almost 100 m) 
NOAA Coastal Relief Model (2010). Some deep-water regions (<5000 km2) that were 
not covered by swath bathymetry or the Coastal Relief Model were supplemented with 1 
arc min ETOPO-1 bathymetry (Amante and Eakins, 2009). 

Four derivative grids were produced from the 100-m resolution bathymetric DEM 
and used in the analysis described in this report. 
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1. Seafloor gradient—maximum rate of change between each cell and its eight 
nearest neighbors (in degrees). 

2. Seafloor aspect — steepest downslope direction from each cell to its eight nearest 
neighbors. 

3. Ridge-smoothed surface (RSS) — hypothetical uncanyonized margin. Obtained by 
interpolating bathymetric control points along canyon interfluves. The RSS 
preserves the short wavelength shapes of down-slope trending topography located 
outside of canyons. The interpolation effectively removed – or filled in – canyons 
and channels preserving the short-wavelength, down-slope oriented morphology 
as expressed by the inter-canyon ridges (Figures 14 and 15). 

4. Canyon/channel relief — Measure of vertical relief between a given point and the 
nearest inter-canyon ridge-crest. Obtained by subtracting the 100-m bathymetric 
surface from the ridge-smoothed surface. Canyon/channel relief was extracted 
along the trace of each thalweg (Figures 14 and 15). Canyon relief was not 
extracted to the south of Cape Hatteras due to incomplete multibeam bathymetry 
coverage. 

Bathymetric analysis 
The study region was divided into 21 subsets oriented approximately 

perpendicular to the local shelf break (Figure 14). The edges of each subset area were 
selected along bathymetric divides, often defined by morphologic boundaries associated 
with large shelf-indenting canyons and channels. Areas 1–8 offshore New England are 
closely spaced because the density of major canyons and hence the along-margin 
bathymetric variation is expected to be higher than any other region. To the south, along 
Southern New England and the Mid-Atlantic, major canyon systems are more spread out 
and selected subsets are wider. Some regions (12 and 13, 20 and 21) overlap due to bends 
in the margin. 

We start by assuming that uncanyonized portions of the continental slope and rise 
(RSS) provide representative morphology of slope progradation by advancing 
sedimentary clinoforms (Mitchum et al., 1977; Pirmez et al., 1998; O'Grady et al., 2000). 
In each area, the mean aspect of all RSS grid-cells between the −60 m and −4000 m 
isobaths was used as an approximation for down-slope direction. Grid-cells were then 
windowed such that all cells having aspects outside ±0.5 of the standard deviation of the 
mean aspect were excluded. This windowing procedure removes short wavelength, slope-
perpendicular topography and artifacts introduced during creation of the RSS. The 
remaining grid-cells were binned into 20-m depth increments between −60 and −4000 m 
and the average gradient was computed within each depth bin for all 21 areas following 
the approach of O'Grady et al. (2000). Depth-gradient distributions were converted into 
2-D profiles of depth versus across-margin distance. The same approach was used to 
create plots of depth versus average canyon/channel relief. Relief values were extracted 
along channel thalwegs for Areas 1–18 and averaged within the same 20-m depth-bins. 
Note only the slope confined (“slope sourced”) canyons were used in the analysis 
because shelf-indenting (“shelf sourced”) canyons have generally experienced numerous 
cut and fill cycles, in which case the geological significance of canyon relief is more 
difficult to constrain. For example, Hudson Canyon and other major canyon systems were 
excluded from the depth-relief distributions. 

Next, following the approach described by O'Grady et al. (2000) basic statistics 
were computed for the bathymetry of the slope (Table 1A) and rise (Table 1B). The 
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statistical similarities between gradient–depth distributions in each area were analyzed 
using maximum likelihood factor analysis (Harman, 1976; Reyment and Joreskog, 1993). 
Groupings of similar slope morphology (0–2400 m depths) were selected by comparing 
factor loadings for the gradient–depth distributions with the maximum gradient and depth 
of maximum gradient in each area (Table 1A). The groupings and their associated depth-
relief distributions were examined in conjunction with USGS and WesternGeco seismic 
reflection profiles (Schlee and Poag, 1980; Poag, 1985; Klitgord et al., 1994; Hutchinson 
et al., 1996; Flores et al., 2011). At least one seismic reflection profile crosses each of the 
21 analysis areas. The thickness and approximate age of allostratigraphic (unconformity-
bounded) units have been determined from seismostratigraphic analysis and correlation to 
drill holes, dredge samples from the walls of submarine canyons and exposed outcrops on 
the slope (Schlee et al., 1976, 1979; Valentine et al., 1980; Robb et al., 1983; Poag, 1985, 
1992; Dillon and Popenoe, 1988; Grow et al., 1988; Klitgord et al., 1994). 

Results 
Factor analysis applied to gradient–depth distributions, indicates that 64% of total 

variance between all twenty-one areas can be related to two common factors. We plot 
factor-2 loadings versus the associated maximum gradient for each area (Figure 16; 
O'Grady et al., 2000). Groupings were selected based on relative clustering of points 
shown in Figure 16 and similarities in the depth of maximum average slope gradient for 
each area (Table 1A). We find six potential groupings that follow a progression of 
changing slope morphology from north to south (Figure 17): Group-1 includes each of 
the areas (1–8) off New England and Georges Bank; Group-2 (Areas 9 and 10) and 
Group-3 (areas 11 and 12) comprise southern New England and the Hudson Apron, 
respectively; Group-4 (areas 13–17) is along the Mid-Atlantic; Groups 5 (areas 18 and 
19) and 6 (areas 20 and 21) cover the region south of Cape Hatteras along the region 
seaward of the Blake Plateau. 

New England margin (Group-1; Areas 1–8) 
The New England margin has relatively high average continental slope 

(4.5°±0.5°) and rise (1.2°±0.4°) gradients, although the rise shows considerable variation 
(e.g., Areas 1–4 versus Areas 5–8; Figure 17). The depth–distance profiles have rounded 
shelf-breaks and upper slopes (upper 700 m), but steep (7°–10°), concave middle (700–
1400 m depths) and lower slopes (1400–2100 m depths) that reach maximum steepness 
between approximately 500 and 1600 m depths (Table 1A and Figures 17–19). The 
continental slopes have maximum canyon relief concentrated at approximately the same 
depth interval as the maximum gradient (Figure 17 and Table 1A). Wide, steep-walled 
submarine canyons and channels (Figures 14B and 18A) produce the highest average 
canyon relief on the USAM continental slope (160 m) and rise (79 m) within the entire 
study area. The continental slope grades into a relatively steeply inclined upper rise 
(Table 1B; Figure 18). Area 8 marks the beginning of a 40° westward bend in the margin 
and the transition to Group-2. 

The steepest segment of the continental slope of Group-1 is approximately 
coincident with the seaward edge of the buried Mesozoic reef bank (Table 1; Figure 
19A). Although prograding Cenozoic shelf sequences overlie the buried reef edge, they 
have been truncated along the slope-face. A seaward thickening wedge of Quaternary-age 
sediment is exposed at the seafloor, showing widespread incision by submarine canyons 
and truncation along much of the upper and middle slope (Figures 18A, 19A and 20A). In 
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places, the Quaternary sediment wedge is more than 300 m thick and appears to define 
the position and shape of the modern shelf break, but in other places appears to mimic the 
curvature of the underlying strata. The thick wedge of Quaternary fan/apron material on 
the upper rise onlaps and in places blankets the seaward facing reef bank. The wedge is 
heavily channelized, terraced and scarred by mass movement processes (e.g., Chaytor et 
al., 2012a; Figures 18A, 19A and 20A). 

Relief of slope-sourced canyons appears to vary according to the thickness of 
Quaternary sediment on the continental slope (Figures 19A and 20A): a thin Quaternary 
package is associated with parallel, closely spaced and low relief canyons, whereas 
widely spaced canyons and dendritic networks are associated with thicker Quaternary 
sediments. Relief of slope-sourced canyons essentially disappears on the rise. The major 
shelf-sourced canyons have greater relief than slope-sourced canyons and usually cut 
through pre-Quaternary strata. On the rise, they become broad channel valleys that are 
encased in Quaternary-aged fan–apron packages and channel valleys contain narrow, 
steep walled and often tightly meandering inner-thalwegs. 

Southern New England and the Hudson Apron (Groups 2 and 3; Areas 9–12) 
Slopes along southern New England and the Hudson Apron are assigned to 

Group-2 and Group-3 (Figures 16 and 17). In this the continental slopes are 30–50 km 
wide and have convex curvature extending down to 1800 m depth (Figures 18 and 19), 
markedly different from the regions to the north and south. The outer shelf and upper 
slope of both groups are relatively broad. The maximum steepness occurs along the lower 
slope, between depths of 1225–1405 m for Group-2 and 1765–1865 m for Group-3 
(Table 1). However, the middle slope of both groups is at nearly constant 3°–4° (Figure 
17). The continental slope of Group-2 is highly convex, but Group-3 is more 
subtle/nearly linear. 

Besides a few widely spaced, shelf-sourced canyons, Groups 2 and 3 have 
relatively low average canyon relief (Figures 18 and 19B). No systematic relationship 
between canyon relief and slope gradient is observed (Figure 18). The large canyons of 
Area 9 (e.g., Atlantis, Nantucket, Alvin) are wide (5–7 km), have blocky walls and cut 
more than 500 m into exposed Tertiary and Cenozoic strata (Figure 19B; O'Leary, 
1986b). Canyons to the northeast of Hudson Canyon occur in pairs every 20–30 km and 
are separated by broad, inter-canyon plains. They are straight with very few tributary 
canyons/gullies, but contain numerous collapse features along their side-walls (Figure 
18B; O'Leary, 1986b). The slope and rise of Group-2 are covered by landslide scars 
(<100 m high) and have abundant evidence for mass wasting processes (Flores et al., 
2011; Figure 19B). 

Interpreted seismic reflection profiles also show distinctly different stratal 
architecture beneath Groups 2 and 3 than areas to the north and south (Figures 19B, 20B 
and 21). The Mesozoic reef bank is located beneath the slope, but relief across its face is 
small relative to Group-1 and it is buried by thick, prograding layers of Late Cretaceous 
and Cenozoic age sediments. Tertiary layers beneath the slope and rise have been 
truncated along regional unconformity surfaces (Figure 21B; Mountain and Tucholke, 
1985; Poag, 1992; Schlee et al., 1979). 

Quaternary slope strata of Group-2 are truncated by scarps and unconformities 
(Figure 21A), so stratigraphic correlation from the slope to the rise is not possible. A 
broad ramp separates the lower slope from the upper rise (Figure 20B; Schlee et al., 
1979). An along-strike bathymetric lineament roughly defines the upper and lower limits 
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of the ramp (Figure 19B). In cross-section, the ramp consists of stacked, upslope 
thickening packages of Quaternary sediment and individual layers are observed to onlap a 
steep, lower-slope erosional unconformity (Figure 21A). The ramp is less apparent in 
Group-3, closer to Hudson Canyon, and relief across the base-of-slope unconformity is 
reduced. The degree of mass wasting along the slope of Group-3 diminishes relative to 
Group-2; shallow slope strata show seaward progradation and strata can be traced from 
the upper slope to the rise (Figure 21B). The southern part of Area 12 begins to transition 
from the relaxed, convex slope profiles of Group-3 to the steep, concave slopes of Group-
4 (Figure 17). As noted by Goff (2001), canyon density and relief on the slope increase 
abruptly at the southeastern edge of the Hudson Apron (Figures 18C, 19B and 20B). 

Middle Atlantic (Group-4; Areas 13–17) 
An abrupt shelf-break, narrow (< 20 km) slope, and relatively steep upper slope 

distinguish the middle Atlantic from other regions (Figures 17, 18, 22). Although the 
average gradient of the slope (3.7°± 0.4°) and rise (0.7° ± 0.1°) is relatively moderate, 
high gradients between 6.3° and 7.7° are found between depths of 465–605 m along the 
upper slope (Table 1). Averaged depth–distance profiles have nearly angular shelf-
breaks, narrow (approximately 15 km width), concave slopes, and gradual transitions 
between the lower slope and upper rise. Most shelf-sourced canyons have well-developed 
inner-thalwegs along canyon valleys of the rise (Figure 18D) and contain the highest 
relief of the slope and rise. In general, relief of slope-sourced canyons increases 
downslope to a maximum at depths >1000 m (Table 1; Figures 18, 19D). Areas 13 and 
14 have local highs in relief along the outer shelf and upper slope. With the exception of 
the Currituck landslide scar (Figure 20C), evidence for large-scale mass wasting and 
associated deposits is concentrated on the lower slope and upper rise (e.g., Figure 22B; 
Twichell et al., 2009a). 

Seismic profiles show at least three distinguishing features in Areas 13–17: first, 
the Mesozoic reef is buried beneath the upper rise, more than 20 km seaward of the 
modern shelf break, and appears to have been down-faulted (Schlee et al., 1979). Second, 
a massive (up to 1 km thick) seaward thickening wedge of Middle Miocene sedimentary 
sequences underlies the shelf-break and the middle to upper slope. The truncated seaward 
face of the wedge coincides with steep gradients of the upper slope (Figure 22). Third, 
shallowly buried and/or outcrops of indurated Eocene chalks and marls (Robb et al., 
1983; Pratson and Coakley, 1996) underlie gentler gradients of the lower slope and the 
change in gradient from the middle to lower slope closely aligns with the contact between 
the Middle Miocene sequences and the Eocene chalks (Figure 22). 

As with the New England margin, the spacing and relief of slope-sourced canyons 
along the Mid-Atlantic appear related to the thickness of Quaternary sediments (Figure 
20C). For Areas 14–17, relief increases along the middle and lower slope as thickness of 
Quaternary aged fan–apron complexes increases (Table 1; Figures 18, 19D). The local 
highs in relief of Areas 13 and 14 along the outer shelf and upper slope may be caused by 
canyons that extend a small distance onto the shelf (Figure 18C), biasing the average 
relief calculation near the shelf edge, but the highs also coincide with Pleistocene 
depocenters along the outer shelf and upper slope (Pratson et al., 1994). Slope-sourced 
canyons of Area 13 are parallel, closely spaced (<3 km apart) and have relatively low 
relief where Quaternary sediment either is thin or missing (Figures 18C, 20B, 22A). 
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Cape Hatteras and the Blake Plateau (Groups 5 and 6; Areas 18–21) 
Availability of multibeam bathymetry data to the south of Cape Hatteras is limited 

(Figure 13); therefore, analysis of Groups 5 and 6 is shown only to illustrate the dramatic 
morphological changes that occur in this region (Figure 18). The Cape Hatteras margin 
takes a 35° westward bend and is characterized by steep slopes (>10°) that extend to 
greater depths than other groups. Estimates of canyon/ channel relief on the slope and rise 
are relatively low. Several channels extend hundreds of kilometers across the rise. 
Numerous landslide scars, mass transport deposits and evidence for strong contour 
currents are observed along the upper rise. Previous interpretations of seismic reflection 
profiles suggested the slope off Cape Hatteras has experienced more erosion and 
landward retreat than any of the areas to the north (Schlee et al., 1979). 

Discussion 
The statistical groupings can be used to support a categorization of the margin 

based on Quaternary sedimentary processes: glacial dominated margin off Georges Bank 
and Southern New England (Groups 1–3), river and fan-delta dominated, but likely 
glacially-influenced, region between the Hudson Apron and Cape Hatteras (Groups 3 and 
4) and the erosional, carbonate platform to the south of Cape Hatteras (Groups 5 and 6). 
Consequently, our discussion is primarily aimed at understanding the interplay between 
Quaternary sedimentary processes and inherited, pre-Quaternary margin 
physiography/antecedent geology. 

The rounded shelf-edge of the New England and Southern New England margins 
may be due to their proximity to a pro-glacial forebulge that formed during continental 
glaciations (Peltier, 1996). The shelf-edge may have been located in relatively shallow 
water depths during much of the subsequent sea level rise and experienced greater wave-
driven advection (Figure 12B). In contrast, the angular shelf-edge of the Mid-Atlantic 
margin implies that the transition between advection-dominated and gravity driven 
transport regimes of the outer shelf and upper slope is more abrupt (Figure 12A). 

Depending on the location, the average gradient of the lower slope/ upper rise 
appears to be either inherited from buried, antecedent geology (e.g., Figure 22) or 
controlled by the accumulation of onlapping wedges of Plio-Pliestocene fan–apron 
deposits (e.g., Figure 19). Average canyon relief versus average slope gradient is plotted 
at five depth intervals across Areas 1–18 (Figure 23). Points appear random from the 
shelf edge to depth of 1500 m, suggesting that at the margin-scale, gradient is not the 
primary control on canyon incision of the upper slope, but that other factors (e.g., pre-
existing physiography, lithology and sediment shear strength) are more important. In 
contrast, gradient and relief are positively correlated at depths between 2000 and 3000 m. 
We propose that the distribution of canyon relief on the continental rise may be a proxy 
for the thickness of less resistant, Quaternary-aged fan/apron packages. 

O'Grady et al. (2000) used global, low-resolution (2 arc min, about 3.7 km) 
bathymetric data to characterize the morphology of passive, siliciclastic margins. They 
identified five primary patterns, three of which may be recognized along the USAM. A 
distinctive peak in the depth–gradient distribution characterizes Type-II margins of 
O'Grady and continental slopes are associated with smooth bathymetry, high sediment 
input and prograding strata. Type-III margins contain relatively high maximum gradients, 
lack a well-defined peak in depth–gradient distributions, but contain a high degree of 
gradient variability due to canyonization and truncation of the underlying strata. This 
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pattern includes the recently glaciated margins of the North Atlantic basin. Lastly, Type-
IV margins contain steep slopes that maintain relatively constant gradient down to great 
depths and display relatively high canyonization. 

The majority (> 60%) of all siliclastic passive margins are classified as either 
Type-II or Type-III (O'Grady et al., 2000). One-to-one comparisons between our results 
and those of O'Grady et al. (2000) are not straightforward because the gradient and 
canyon relief distributions from our analyses are significantly different due to the higher 
resolution bathymetric data used. Regardless, the majority of areas along the USAM 
appear to fall somewhere between Types II and III. Groups 2 and 3 (Southern New 
England and the Hudson Apron) display the same general shape as O'Grady's Type-III 
margins; however, these groups also contain the lowest canyon relief and display 
progradational stratal architecture more similar to O'Grady's Type-II margins. Although 
distributions for the New England (Group-1) and Mid-Atlantic (Group-4) margins appear 
most similar to O'Grady's Type-II margins, both regions are characterized by pervasive 
canyonization and truncation of underlying slope strata. Perhaps O'Grady's gradient 
distributions for the New Jersey margin are based mostly on data from the Hudson Apron 
and were biased by the presence of the Hudson Canyon, which was excluded from our 
depth-relief distributions. Finally, Groups 5 and 6 have similar morphological character 
to O'Grady's Type-IV margins. The following sections provide detailed discussion of 
each morphological grouping along the USAM. 

New England margin (Group-1; Areas 1–8) 
The New England margin has a rounded shelf-edge characteristic of a sigmoidal 

profile (Figure 24B). During the Pleistocene, the edge of the Laurentian ice sheet 
extended across parts of the New England shelf (Pratt, 1969; Oldale, 1992). Glacial 
outwash transported large volumes of sediment across the shelf and slope leaving behind 
a relatively thick shelf-edge sediment wedge, but also an onlapping prism of slope-front 
fill beneath the upper continental rise (Emery and Uchupi, 1965; Pratt and Schlee, 1969; 
Austin et al., 1980; Poag, 1982; Uchupi and Oldale, 1994). Turbulent melt water pulses 
may be partially responsible for the high relief of the upper slope and relatively high 
density of shelf-indenting canyons along the New England margin. Proximal, high-
energy outwash pulses transported sandy sediment through outer shelf conduits (McHugh 
and Olson, 2002), which may have been linked to shelf-edge and upper slope canyons. 

The landward shift in the modern shelf-edge has been only a few km relative to 
the seaward edge of the Mesozoic reef bank (Schlee et al., 1979). The steep reef front 
appears to control the location of the rollover point of prograding Cenozoic shelf-edge 
sediment sequences (Figure 24D). The near coincidence of the modern day and ancestral 
shelf edges is due to lower long-term subsidence in this region (Steckler et al., 1988), 
allowing the relief across the reef-edge to remain high relative to that of the Mid-Atlantic 
margin. The slope steepness, canyon density, truncation of Quaternary packages and the 
massive accumulation of onlapping fan–apron complexes on the rise all suggest the slope 
has been a zone of sediment bypass since formation of the Mesozoic escarpment (Schlee 
et al., 1979, 1985; Austin et al., 1980; Poag, 1992; McHugh et al., 2002). Thick 
Pleistocene fan–apron sequences onlap the lower slope and have reduced the preexisting 
relief across the seaward face of the Mesozoic shelf-edge, but did not make it smoother. 
Given the current configuration, overall slope progradation is unlikely until the inherited, 
high-gradient section of the mid-slope is reduced by either erosion or by aggradation of 
fan–apron sequences along the lower slope and upper rise (see model in Figure 12). 
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Southern New England and the Hudson Apron (Groups 2–3; Areas 9–12) 
Wide, convex slope profiles of Groups 2 and 3 represent the sigmoidal end-

members (Figure 24C, E). The sigmoidal slope of Group 2 is largely a function of 
inherited physiography rather than Quaternary slope deposition. The modern seafloor 
roughly mimics the upper boundary of late-Cretaceous strata and a pronounced erosional 
unconformity exposed along the middle and lower slope (e.g., Figure 21A; Mountain and 
Tucholke, 1985). Strong boundary currents during the Miocene eroded the lower slope of 
Group 2, leading to oversteepening, retrograde failures and mass transport deposition on 
the rise. The ramp that covers the slope/rise transition in Group-2 is composed of stacked, 
upslope thickening Quaternary sediment packages that onlap the steep, base-of-slope. 
The ramp is most likely an accumulation of mass flow deposits that is gradually burying 
and grading the relief across the unconformity surface. In contrast, the unconformity is 
less pronounced beneath the Group 3 (Figure 21B). Pleistocene beds are mostly parallel 
and conformable from the upper slope to the rise, suggesting that gently inclined, pre-
Quaternary bathymetry of the slope may have allowed Pleistocene sediment to settle and 
accumulate. 

Despite having relatively gentle slope gradients, limited canyonization, and high 
concentration of slope failures, there is little evidence to suggest that Groups 2 and 3 had 
significantly higher Quaternary sediment flux than Groups 1 and 4. Pre-existing 
physiography appears to be the dominant factor allowing the slopes of Group 3 (i.e., the 
Hudson Apron) to prograde, but also the dominant factor causing widespread bypass and 
mass wasting along the lower and middle slope of Group 2. Sigmoidal profiles and lower 
canyon relief along Group 2 are largely caused by mass wasting and erosion rather than 
deposition. In summary, Groups 2 and 3 are great examples of the non-uniqueness of 
slope morphology and may provide excellent case studies of slope progradation as a 
function of pre-existing physiography. 

Mid-Atlantic (Group 4; Areas 13–17) 
The narrow (< 20 km), concave slopes and sharp shelf-break of the Mid-Atlantic 

embody the oblique end-member profile (Figure 24F). The Mesozoic reef bank is buried 
beneath the upper rise and has minimal influence on the present-day morphology of the 
continental slope (Figure 22). Pliocene/Pleistocene sequences of fine-grained sand and 
silt underlie the shelf edge (Schlee et al., 1979; Poag, 1984) and truncated Middle 
Miocene shelf-edge delta sequences underlie the steepest section of the slope. The lower 
slope gradient decreases abruptly where the Middle Miocene section pinches out onto the 
underlying gently inclined (1–2°) Cretaceous/Tertiary ramp (Figure 22). The change in 
gradient also coincides with increasing thickness of onlapping Pleistocene fan–apron 
deposits and increasing canyon relief between depths of 1500 and 2000 m (Figures 22 
and 23). 

Pleistocene deltas prograded across the underlying late-Miocene/ Pliocene shelf-
edge of the Mid-Atlantic (Figure 22B; Poag, 1985). The angular nature of the shelf-edge 
suggests progradation occurred across a relatively low-energy environment and that the 
transition between current driven and gravity driven transport regimes was abrupt (Figure 
12A; Schlager and Adams, 2001). Assuming mass flows are sourced from the upper to 
middle slope, the wedge of Pleistocene shelf-edge sediment is a likely source for erosive 
turbidity flows that bypass the middle and lower slopes. The areas to the south of the 
New Jersey margin (Areas 14–17) contain thick, onlapping Pleistocene fan–apron 
sequences. Along canyon interfluves, these wedges have graded the transition between 
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the lower slope and upper rise (Figure 17). Within canyons, relief increases where the 
onlapping wedge is thickest, which suggests that relief of slope-sourced canyons may be 
a proxy for the thickness of less resistant (e.g., Quaternary) sediment accumulations. 
Along the New Jersey margin (Area 13) the slope–rise transition is relatively abrupt and 
canyon/channel relief of the lower slope/upper rise is low, possibly because less resistant 
Pleistocene deposits are thin or nonexistent and the uppermost rise has very low 
gradients. In general, slope progradation appears unlikely until the steep gradients of the 
upper slope are reduced, and in the case of New Jersey (Area 13), until aggradation of the 
uppermost rise builds a lower-gradient ramp across the lowermost slope.  

Conclusions 
Despite the appeal of simple, quantitative approaches to predicting the causal 

relationships between margin morphology and sedimentary processes, the importance of 
inherited physiography in slope depositional systems cannot be overlooked. Tying 
geomorphic classifications to particular process regimes requires a thorough examination 
of the underlying slope stratigraphy. By integrating rigorous morphometric analysis with 
geophysical constraints on substrate architecture, we conclude that morphological 
categorization the U.S. Atlantic margin on its own does not provide a reliable framework 
to predict first-order relationships between form and process. The steep Mesozoic reef 
bank beneath the New England margin appears to have had a profound influence on the 
evolution and modern-day steepness of the slope. Early Cenozoic stratigraphic packages 
along the upper and middle slope of Southern New England and the Hudson Apron had 
gentle, sigmoidal forms that are nearly maintained today. The Hudson Apron represents 
the only region that experienced widespread progradation during the Quaternary. Last, 
oblique slopes of the Middle Atlantic are largely inherited from mid-Miocene shelf-edge 
delta accumulation, oversteepening and subsequent erosion of the slope-face. 

In each region, Quaternary sedimentary processes appear to have preserved much 
of the pre-Quaternary, across-margin shape of the continental slope, but did exert heavy 
modification/development of submarine canyon networks, landslides and the broad-scale 
morphology of the continental rise. The rise was substantially altered by aggradation of 
thick Quaternary fan–apron and mass flow deposits because most sediment delivered to 
the margin bypassed the outer shelf and slope due to strong currents and steep gradients. 
We observe the following relationships between Quaternary sedimentary processes and 
margin morphology: (1) shelf-break angularity and average canyon relief along the upper 
slope reflect variable energy conditions along the outer shelf and upper slope; (2) pre-
existing basin physiography influences spatial patterns of bypass and deposition during 
the Quaternary; (3) the average seafloor gradient and slope-sourced canyon relief on the 
lower slope and upper rise appear to be reasonable proxies for the accumulation of non-
cohesive sediment. Landslide distribution is dependent on the thickness of such 
sediments. 
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Figure 11.  Shaded relief of the U.S. East Coast continental margin. Red lines are seismic profiles 
discussed in the text. The margin is labeled according to geomorphic sub-regions. Other labels: 
Great South Channel (GSC), seaward limit of late-Pleistocene Laurentide Ice Sheet (blue line; 
Oldale, 1992) and thick accumulations of mid-Miocene shelf-edge deltas (gray line; Poag and 
Sevon, 1989). Dashed green line represents the seaward edge of the Mesozoic carbonate reef 
(Schlee et al., 1979). Labeled red lines in the figure correspond to the traces of vertical cross 
sections in Figures 19-22. .  
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Figure 12. Conceptual models for slope development. (A) Oblique end-member is characterized 
by an angular shelf-break due to an abrupt transition from wave and current (advection) dominated 
sediment transport of the shelf to gravity driven (diffusive) transport of the upper slope. (B) 
Sigmoidal end-member is associated with high-energy environment at the shelf-edge and a 
gradual transition between advective and diffusive processes. (C) Development of an 
oversteepened slope (e.g., erosion by strong bottom boundary currents or up-building of a steep 
carbonate bank). (D) Sediment bypass via gravity flows, lower slope aggradation and onlap. (E) 
Infill and burial of base-of-slope relief. Basin depth and overall gradient are reduced allowing 
sediment to prograde along an equilibrium profile (F). (After Ross et al., 1994; Galloway, 1998.)  
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Figure 13.  Geomorphic analysis boundary. Bathymetric data sources: 3 arc min NOAA coastal 
relief model (CRM; NOAA, 2010), ETOPO-1 global relief data (1 arc min; Amante and Eakins, 
2009) and multibeam echo-sounder mosaic (100-m pixel resolution). CRM and ETOPO-1 data 
included in the analysis region were used to fill gaps in multibeam bathymetry coverage for water 
depths shallower than 500 m and deeper than approximately 5000 m, respectively. 
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Figure 14. (A) Ridge-smoothed bathymetric elevation model and (B) canyon/channel relief model 
(see Data and methods). Each of these datasets was split into 21 sub-regions for statistical 
analyses. Areas 2 and 10 are dashed because they overlap with Areas 3 and 11 due to major 
bends on the margin. Black box is for the location of Figure 15. Numbered features 1-13 along the 
outer continental shelf represent the following major shelf-indenting submarine canyons: 1) Norfolk; 
2) Washington; 3) Spencer; 4) Lindenkohl; 5) Toms; 6) Atlantis; 7) Nantucket; 8) Veatch; 9) 
Hydrographer; 10) Oceanographer; 11) Gilbert; 12) Lydonia; 13) Powell.  
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Figure 15. Three-dimensional rendering of canyon relief estimates near the transition from the 
Hudson Apron to the Mid-Atlantic margin. (A) 100-m resolution bathymetric terrain model (BTM). 
(B) Ridge-smoothed bathymetric elevation model (RSS) of the same extent as in (A). (C) Canyon 
thalwegs shaded according to local relief, i.e., the difference between grid elevations in (A) and (B). 
(D) Comparative plot of bathymetric profiles (blue, black and green lines) extracted from data in 
(A), (B) and (C). The difference between grids in (A) and (B) yields canyon relief (dashed green). 
Some ride-crests show positive relief due to artifacts in the ridge-to-ridge interpolation used to build 
the smooth bathymetric elevation model.  

 
Figure 16. Factor-2 loadings versus maximum average gradient for each area (following O'Grady 
et al., 2000). Six general groupings are identified by comparing this figure with the depth of 
maximum gradient for each area (Table 1).  
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Table 1. Summary statistics for each area of the study region and split according to seafloor 
depth: outer continental shelf and slope (A); continental rise (B). Similarity groupings were 
determined based on statistical similarities between depth–gradient distributions for each area (see 
text). Average gradient is the average over the entire area and depth interval; max gradient, depth 
of max gradient, max relief and depth of max relief are taken from the depth–gradient distribution 
functions and therefore do not represent absolute maxima.  
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Figure 17. Depth–Gradient distributions (column 1) and composite profiles (column 2) for each 
area plotted according to groupings identified in Figure 16. Profiles are shaded according to the 
mean gradient (column 2) and mean relief (column 3) at each depth interval. MB is Multibeam. 
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Figure 18. 3-D bird's eye views showing the geomorphic variability between regions discussed in 
the text. Colored and variably sized points represent local canyon thalweg relief. Black lines are 
500-m bathymetric contours. (A) New England margin offshore Georges Bank (Group-1). (B) 
Morphological transition from concave, canyon-dominated slopes of the New England margin 
(Group-1) to the convex, slide dominated slopes of the Southern New England margin (Group 2). 
(C) Transition from relatively smooth, convex slopes of the Hudson Apron (Area 12; Group 3) to 
steep, channelized slopes of the New Jersey margin (Area 13; Group 4). (D) Mid-Atlantic margin 
offshore Virginia and Delaware. Numbered features correspond to major shelf-indenting submarine 
canyons also shown in Figure 14. Vertical exaggeration is 5 times.  
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Figure 19.  Merged bathymetry and interpreted USGS seismic reflection profiles (Poag, 1982; 
Klitgord et al., 1994) for the New England margin (A; USGS line 19) and Southern New England 
margin (B; USGS line 16). Colored horizons represent major allostratigraphic units and small white 
arrows point to landslide scarps. Look below panel-C for horizon ages. The steepest segment of 
the New England continental slope coincides with the seaward edge of the ancestral Mesozoic 
shelf-edge. The Southern New England margin (Group-2) is characterized by a gradual shelf-
break, widely spaced canyons and widespread evidence for mass wasting. The Quaternary section 
is truncated by landslide scarps between depths of approximately 800 m and 1500 m. The slope 
profile mimics the underlying strata units, in particular, a major unconformity at the base of the 
Middle Miocene section (dashed red line; Mountain and Tucholke, 1985). The 
Campanian/Maastrictian package has been traced from the shelf to the rise and appears to define 
the first-order shape of the modern-day continental slope.   
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Figure 20. Characteristic along-strike seismic reflection profiles of the New England margin (A), 
the Hudson Apron (B) and the Mid-Atlantic Margin (both B and C) was used to measure the 
relationship between slope-confined canyon relief and the thickness of the Quaternary package 
(D). Dashed, colored lines are horizons that correlate to allostratigraphic units identified by Poag 
(1982) and Klitgord et al. (1994). Black arrows represent crossings of shelf-indenting canyons: (1) 
Gilbert; (2) Lydonia; (3) Powell; (4) Lindenkohl; (5) Berkeley; (6) Toms. The thickness of the 
Quaternary sediment in each section was measured in two-way travel time and converted to depth 
(assuming a velocity of 1500 m/s). Canyon relief and the thickness of the Quaternary package 
along adjacent inter-canyon ridges are plotted in (D), as is the location of the Currituck submarine 
landslide.  
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Figure 21. Representative high-resolution multichannel seismic reflection profiles across the 
Hudson Apron (A; Group-2) and Southern New England (B; Group-3). Dashed line marks a 
regionally correlated Miocene regional unconformity (also shown in Figure 19B). The unconformity 
surface is greater than 8° along the base of the Southern New England slope, but is less 
pronounced beneath the Hudson Apron. The oversteepened section in A coincides with 
widespread truncation of the overlying strata. A thick wedge of onlapping strata have built a ramp 
across the lower slope and reduced the relief and gradient along the regional unconformity. Strata 
overlying the unconformity in (B) can be correlated from the shelf edge to the upper rise and show 
evidence for slope progradation.  
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Figure 22. Merged multibeam bathymetry surface and interpreted 2-D seismic reflection profiles 
(Poag, 1985; Klitgord et al., 1994) for the Mid-Atlantic Margin offshore New Jersey (A; USGS Line 
6) and offshore Virginia (B; USGS Line 11). A lithological boundary between the truncated Middle 
Miocene package and the underlying, indurated Eocene package appears to correspond to a 
change gradient along the lower slope (McHugh et al., 1993). Places where the Quaternary unit is 
thin or missing, slope-confined canyons are parallel, closely spaced and have relatively low relief 
(see canyons marked “NJ-1” and “NJ-2” in Figure 20B). Canyon relief is greatest along the upper 
slope where Quaternary sediment is thicker. Note the increasing relief downslope in (B).  
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Figure 23. Plots of average gradient (in degrees) versus average canyon relief along 500-m 
isobaths. Dashed line – best-fit relationship. Relationship appears random from 500 to 1500 m 
depths. From 2000 to 3000 m depths (lower slope and upper rise) higher gradients are associated 
with deeper canyon incision.  
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Figure 24. A summary of along-margin geomorphic variations. (A) Mean two-dimensional profiles 
for each group. Profiles begin at the 60-m depth contour and extend to the 4000-m contour. (B) 
New England margin (Group-1) exhibits rounded shelf-break, upper and middle slope truncation 
and bypass. The location of the seaward edge of the buried Mesozoic reef exerts first order control 
on the modern-day morphology. The rise is characterized by a relatively steep gradient and 
onlapping fan/apron packages in the substrate. (B) Southern New England margin (Group-2) 
exhibits rounded, broad shelf-break that becomes highly convex and mimics a regional 
unconformity surface. The modern-day slope coincides with the buried reef edge, but the reef's 
control on the form of the modern day slope is limited. Truncation and bypass occurs along the 
steep middle to lower slope (e.g., Figure 21). The lowermost slope is covered by onlapping 
fan/apron packages. (C) Hudson Apron Margin (Group-3) exhibits rounded shelf-break, slightly 
convex slope profile and progradation. The buried reef has minimal influence on modern-day 
morphology. (D) Hudson Apron Margin is characterized by gentle gradients and slightly convex 
slope profiles. Quaternary progradation occurred above a series of gently inclined Pliocene and 
older unconformity surfaces. (E) Mid-Atlantic Margin exhibits angular shelf-break and upper slope 
mimic the form of underlying Middle Miocene package. Widespread truncation along the upper to 
middle slope. Lower slope is blanketed in onlapping fan/apron strata. A break in the slope gradient 
coincides with the lithological contact between the Miocene wedge and a buried Cretaceous ramp 
that prograded over the Mesozoic reef bank.  
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3.  Physical Parameters of the Margin and Their Effect on Slope 
Failures 
3.1 Measurements of physical parameters 

3.1.1 Seismicity and ground motion of the northeast U.S. Atlantic margin from ocean 
bottom seismometer data 

Introduction 
Continental margins are boundary zones between continental and oceanic crusts 

and lithospheres. They have been subject to tectonic and magmatic activity during their 
formation, thus, their structure may be quite heterogeneous and is likely transitional 
between oceanic and continental crusts. Continental margins also store many of the 
thickest sedimentary packages on Earth. These two characteristics of the shallow 
structure of the continental margin, namely heterogeneity and thick sediments, suggest 
that the attenuation of seismic energy within the continental margin cannot be a-priori 
extrapolated from either the continental or the oceanic crust. 

The U.S. Atlantic margin was formed between 230-175 Ma during the separation 
of Africa from North America (Klitgord et al., 1988). The extension process reduced the 
thickness of the continental crust and was accompanied by voluminous intrusions and 
eruption of magmatic material and by the formation of extensional basins beneath the 
shelf and on shore (Klitgord et al., 1988). Tectonic and magmatic activity stopped 
following the formation of the Atlantic oceanic lithosphere, and the margin subsided as 
the underlying lithosphere cooled. The subsidence allowed many kilometers of sediments 
(as much as 15 km offshore the Mid-Atlantic States) to accumulate (e.g., Poag and 
Sevon, 1989). The sediments included evaporites followed by carbonate rocks including 
reefs and later by siliclastic sediments. Most of the deposited sediments have been since 
lithified but Plio-Pleistocene sediments are generally unlithified. These unlithified 
sediments vary in thickness from a few hundreds of meters or less on the shelf to more 
than 2 km seaward of the base of the slope. 

Hundreds of landslide scars were mapped along the U.S. Atlantic margin 
(Chaytor et al., 2009; ten Brink et al., 2014). Using Monte Carlo simulations, ten Brink et 
al. (2009a) reproduced the observed cumulative landslide area distribution with two 
simple assumptions: 1) infinite slope stability analysis, which determines the acceleration 
needed to displace seafloor sediments, and 2) horizontal acceleration whose amplitude 
and attenuation with distance from the rupturing fault depend on earthquake magnitude. 
To calculate the maximum landslide area as a function of the magnitude of the triggering 
earthquake, ten Brink et al. (2009b) used Campbell (2003) and Tavakoli and Pezeshk 
(2005) peak spectral acceleration (PSA) curves for the eastern U.S., because attenuation 
relationships for the margin were unknown. The good fit between the cumulative 
distributions of observed landslides in the Atlantic margin and that calculated from slope 
stability analysis and horizontal acceleration of earthquakes, suggests that landslide area 
can be related to earthquake magnitude (ten Brink et al., 2009a). Therefore, earthquake 
probability could be used to predict minimum submarine landslide probability.  

Figure 25 shows earthquake activity for the North-Eastern U.S. region from the 
years 1975 to 2014 from the New England Seismic Network catalog 
(http://aki.bc.edu/catalog_search.htm). Although seismic activity has been detected along 
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the Mid-Atlantic and New England portions of the margin, a reliable probabilistic 
estimate of earthquake activity in the continental margin does not exist. Petersen et al. 
(2008) have extended the contours of their probabilistic estimate of spectral acceleration 
from the eastern U.S. into the proximal shelf, although they lacked constraints offshore. 
Nevertheless, their spectral acceleration offshore was used to estimate the probability and 
amplitude of landslide-generated tsunami along the U.S. Atlantic coast (e.g., Grilli et al., 
2009). 

This work sought to estimate the earthquake activity and seismic attenuation 
along one segment of the margin by analyzing seismic data recorded by two networks of 
ocean bottom seismometers (OBS) on the continental slope off New York and New 
England. To our knowledge, this is the first ever attempt to evaluate these parameters 
directly on the U.S. Atlantic margin. 

Data 
Two OBS deployments were executed in succession from June 2012 to August 

2013 along the Eastern U.S. continental margin within approximately 200 km from the 
Southern New England coastline (Figure 26). The instruments used were D2 from 
WHOI’s Ocean Bottom Seismograph Instrument Pool (OBSIP). The D2 OBS consist of 
gimbaled 3-orthongonal component short period seismometers and a hydrophone.  The 
first deployment (hereafter DEPL1) took place between July 6, 2012 and November 29, 
2012. It consisted of 12 instruments spaced 0.25-0.5 km apart at a water depth of 836 m 
(see Figure 27). Only 11 instruments were retrieved and they all recorded useful data. 
Because of the tight spacing of this deployment, the ability to locate regional or local 
earthquakes is very limited. We therefore used the data from this deployment to only 
investigate earthquakes that were catalogued by land networks. 

A second deployment (hereafter DEPL2) of five OBS took place upon the 
retrieval of DEPL1 OBS (see Figure 26).  DEPL2 consisted of five instruments with an 
internal spacing of about 55 km in an array covering the Southern New England 
continental margin at water depths between 815 to 2400 meters.   The OBS were 
deployed from November 29, 2012 to September 11, 2013, and recorded data for 178 
days (up to May 26, 2013). DEPL2 had a deployment geometry to locate local 
earthquakes along the margin.  

We queried earthquake catalogs from the Incorporated Research Institutions for 
Seismology (IRIS); http://www.iris.edu/hq/, the New England Seismic Network (NE); 
http://aki.bc.edu/, the Lamont-Doherty Cooperative Seismographic Network (LD); 
http://www.ldeo.columbia.edu/LCSN/index.php, USGS; http://earthquake.usgs.gov/ and 
the International Seismic Centre (ISC); http://www.isc.ac.uk/ to search for all events that 
took place during DEPL1 and DEPL2 and compare them to earthquakes recorded by the 
two OBS deployments. In general, the local networks, NE and LD, have a more 
comprehensive list of smaller magnitude earthquakes, ML < 3.0. Finally, for particular 
events of interest for the study of seismic attenuation of the continental margin, we also 
retrieved waveform data recorded at these land networks.  

Methods 
First, we wanted to identify the earthquake size and distance limits of our OBS 

deployments. We searched through the land-based network catalogs for local and 
regional earthquakes to help define the minimum magnitude event that can be detected by 
both land networks and the OBS deployments (Figure 26). The New England Seismic 



Chapter 3:  Physical Parameters of the Margin and Their Effect on Slope Failures       51 
 

 

Network (NE) uses two other magnitude scales, MN and MC, in addition to ML (Ebel, 
1982, 1994 and Rosario, 1979).  This is a result of ML being most useful for events larger 
than 3.0 (Ebel, 1994).  As a result, we focused on MC magnitudes and only used MN 
magnitudes if an MC magnitude was not available. MN uses the peak Lg wave of an 
earthquake measured at a specific period range, between 0.1 to 1.0 seconds (Ebel, 1994). 
MC uses the coda duration of a recorded earthquake starting at the P-wave arrival to when 
the signal falls back to the background level (Rosario, 1979; Ebel, 1982). 

We searched through the OBS derived waveforms to determine the minimum 
sized onshore earthquake that could be detected by the OBS. Detections were determined 
by a visible P and S arrival in the waveforms using a high pass filter at a period of 1.0 
second. For the DEPL1 and DEPL2 OBS, a magnitude of MC approximately 2.7 ± 0.2 at 
a distance approximately 325 km is the detectable limit (gray arc in Figure 26).   

 Next, using Antelope™ 5.4 tools (http://www.kinemetrics.com/) we searched for 
P and S wave arrivals in DEPL2 waveform database and associated the detected arrivals 
to local earthquakes. Given the expected small magnitudes of the earthquakes (M≤ 3.0), 
we filtered the data to a frequency bands between 2 and 15 Hz. For P-wave we searched 
in the 5 – 15 Hz frequency band, and for S-waves we searched in the 2 – 10 Hz frequency 
band. A long-to-short time window ratio of 0.5 s to 5.0 s was used to calculate a signal-
to-noise ratio that could be flagged for a potential arrival in the waveform database. We 
further imposed a signal-to-noise ratio threshold of 2.5 to flag the signal as a potential 
arrival. With a complete database of detected arrivals, we used a grid-search algorithm to 
match the P and S arrivals to locate local earthquakes in time and space within the search 
grid, outlined in the red box in Figure 2.  The search grid consists of a standard 1-D 
velocity model, IASP-91with incremented depth searches, about every 2 km to 25 km 
depth to search for potential locations.  

Non-earthquake noise dominates the frequency band expected for small 
magnitude events. The ambient noise is likely the result of tides, ship traffic, marine 
animal vocalizations and other man-made seismic sources. Theoretically, a minimum of 
four stations with at least one arrival at each station (P or S) can be used to accurately 
locate an earthquake. However, due to the high level of noise in the frequency band of 
interest contributing to a high number of non-earthquake arrivals in the detection 
database, we needed to raise the threshold. We therefore tightened the detection criterion 
to seven or more associated picks per event, which were manually examined further to 
verify that the waveforms are of a local earthquake. With 47 total events fitting these 
criteria, it was not time consuming to manually examine each waveform group using the 
Antelope software.  

During DEPL2, two OBS were at water depths > 2000 meters, while the other 
three OBS were situated within the SOFAR channel (low sound speed zone at 600-1200 
m water depth. We therefore recorded many “T” phases (hydro-acoustic waves that 
propage through the SOFAR channel) that can be attributed to distant earthquakes mostly 
originating from the Mid-Atlantic Ridge.  T-phase signals are optimally detected with a 
high-pass filter at 3 Hz, but our study did not focus on the detected T-phases or their 
origins. 

Very few if any seismic attenuation studies have used ocean bottom seismometers 
due to the difficulty of differentiating between the site conditions and the effects of OBS 
coupling to the ocean floor. The clustering of 11 instruments within 1 by 2 km of the 
seafloor during DEPL1 allows for the comparison between instrument responses. If few 
of the instruments show similar responses, the response is assumed to represent the site 
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condition and not instrument coupling. To group the OBS based on the quality of the 
data, we deconvolved the known instrument response and then compared waveform 
amplitudes at each of the three components at both event and non-event sections of the 
waveform. If an OBS had one component with amplitudes several orders of magnitude 
larger or smaller than another component in that same OBS, we classified that OBS as 
being bad. If all the components of the OBS were within the same order of magnitude, we 
classified that OBS as good. To further assist in the classification of good versus bad 
OBS, we took the entire time data of each component of the OBS and generated Power 
Spectral Density Probability Density Function (PDF) Plots that is typically used on land 
seismometers to quantify the quality of data being recorded by that seismometer 
(McNamara and Boaz, 2005).  Figure 28 show examples of a good OBS, OBS-08 and a 
bad OBS, OBS-10. In the good OBS-08 plots, we see the predominant shape of the 
background noise that is being recorded at the OBS and it is of a similar shape and at 
similar amplitudes on all three components. Compared this with the bad OBS-10, two of 
the components have flatten to an almost linear plot indicating that except for very large 
signals, most of the time the OBS has recorded a very confined range of signals.  

To calculate the attenuation in the continental margin, we adapted McNamara’s 
(2012, 2014) method, which was previously applied to study the seismic attenuation from 
2010 Haiti and the 2011 Virginia earthquakes to the OBS data. Using our results from the 
reciprocity detection exercise, we identified local earthquakes detected by both the land 
arrays and DEPL1. The waveforms were first filtered between 0.1 to 45 Hz, converted to 
acceleration, then cropped to just before the arrival of the P-wave (8.1 km/s) to after the 
surface waves (2.0 km/s) as input for the peak spectral acceleration (PSA) calculation. 
We also examined the internal consistency of the PGA of the two horizontal components 
to determine which OBS was “Good” and which “Bad”. The PGA derived classification 
was consistent with the amplitude-based classification of the entire record, discussed 
above; except for when noise occurred during an earthquake arrival biased the PGA 
calculation of that OBS.  

We identified land stations within similar distance ranges as those between the 
earthquake and DEPL1 to compare the PGA of the OBS and the land stations. For the 
Maine-2012 earthquake, we were able to find accelerometer data to do a direct PGA 
calculation. For the Rockport-2012 earthquake, we only had velocity data available that 
had to be converted to acceleration for the PGA calculation. A listing of distances and 
azimuths for both events are shown in Tables 2 and 3.  

Results 

Offshore Earthquakes Not Detected by the Land Arrays 

Only one event was identified to be from an actual offshore earthquake that was 
not detected by the land arrays. It was detected by all five OBS in DEPL2 with ten 
detected arrivals.  The waveforms are shown in Figure 28. The event on 19 March 2013, 
JD078, at 06:28:22.42 UTC was located at 71.3767° W, 40.0131° N (depth =15.72 km) 
(see Figure 26). Following NESN method of MC calculation (Rosario, 1979), we used the 
average coda time length from four stations to determine a magnitude of MC = 1.5 ± 0.4.  
Only one land station, USArray instrument M65A located in Falmouth, MA (black 
triangle in Figure 26), recorded surface waves from this earthquake. The P and S arrivals 
were not detectable above the noise in the waveform from M65A (bottom set of 
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waveforms in Figure 29). The permanent regional networks did not detect this small 
continental margin event. 

Seismic Attenuation of the Continental Margin 

On October 16, 2012, at 23:12:22.29 UTC a significant New England earthquake 
occurred near the coast of Maine on land with a ML approximately 4.0.  The location and 
size of this earthquake give us a rare opportunity to study its effects both on land and at 
the continental margin. Work by Herrmann (2011, SLU Regional Moment Tensor, 2012) 
took advantage of the deployed USArray instruments in addition to the permanent land 
networks to further study this earthquake and to generate a focal mechanism and 
magnitude MLg= 4.5. The average distance to the DEPL1 OBS from this event is 415 km. 
All of the OBSs recorded this earthquake on all components including the hydrophones. 
Figure 30 shows that the good OBS cluster on the predicted spectral acceleration of 
Campbell (2003). We also plotted for comparison the calculated PGA of three land 
accelerometers in N.Y. (orange triangles in Figure 26), located at similar distances from 
the event as the OBS (see Table 2). The azimuthal variation of the propagation path 
between the OBS cluster and the land accelerometers differ by only 30° - 40°. The PGAs 
for the OBS cluster and the land accelerometer PAL overlap and have slightly higher 
amplitudes than stations CPNY and FOR. The amplitude difference may be due to higher 
cultural noise on the land stations and/or resonant amplification by a few meter thick 
weak sedimentary layer under the OBS, especially in periods of 0.07 to 0.3 seconds (3 to 
14 Hz).  

Figure 30 shows that at least for a propagation path along the shelf and upper 
slope of Southern New England, the seismic attenuation of the continental shelf is 
somewhat similar to the predicted PGA of Campbell (2003) for the Eastern U.S., despite 
the fact that it was derived from larger magnitude earthquakes, and does not account for 
local site effects. The presence of 2-3 km of sediments under the OBS DEPL1 tapering to 
about 100 m south of Cape Cod did not seem to have a significant effect on the margin’s 
PGA. This is perhaps due to the relatively high wave speed of the mostly lithified 
sediments on the shelf, and the location of DEPL1 within a landslide scar, where the 
overlying unconsolidated sediments have probably been removed (see Figure 27). 

We also studied the Rockport September 16, 2012 (JD260) 02:31:37.6, MC = 2.7, 
MN = 2.5 earthquake and compared the calculated PGA from DEPL1 to PGA calculated 
for 5 land seismometers (yellow triangles in Figure 26) and the predicted PGA of 
Campbell (2003) (Table 3 and Figure 31). The propagation path to the land seismometers 
and to the DEPL1 differ by 45°-90°. The PGA of the land seismometers from Rockport 
2012 earthquake is an order of magnitude lower than that from DEPL1 OBS. This may be 
due to a propagation path, which is perpendicular to the fabric of the Appalachian 
orogenies. 

Conclusions 
Data recorded by two short-period ocean bottom seismometer networks, 150-200 

km offshore New York and southern New England (SNE) reveal the detection limits and 
attenuation structure of the margin. Given the detection threshold of the OBS arrays at 
about Mc = 2.7 at 325 km and a similar seismic attenuation of the margin to the Eastern 
Seaboard, micro-seismic activity of this margin is probably successfully monitored by 
land seismometers without the need for OBS deployments. Because earthquakes with 
magnitudes of ML <4.0-5.0 are generally incapable of generating landslides (Keefer, 
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1994; ten Brink et al., 2014), a land-based network is likely to detect earthquakes capable 
of generating tsunamigenic landslides along the U.S. Atlantic coast. 

The spectral acceleration from an MLg 4.5 earthquake 415 km away from the OBS 
cluster and at a similar distance from the land accelerometers appear similar, indicating 
that the seismic attenuation of the margin is similar to the Eastern Seaboard. Furthermore, 
for the MLg 4.5 earthquake, both the OBS and the land station spectra are similar to 
Campbell’s (2003) spectral acceleration model for the Eastern U.S. at frequencies 0.5 - 
20 Hz (period of 0.05–2.0 s), but have a lower amplitude at higher frequencies, likely as a 
result of complete attenuation of small earthquakes at large (approximately 400 km) 
distances.  For the MC 2.7 Rockport earthquake, land stations approximately 320 km 
away from the epicenter have higher attenuation than the OBS at similar distances, 
perhaps because the propagation path to these stations is perpendicular to the geologic 
structure of the Appalachians whereas the path to the OBS is parallel to the geologic 
structure. The peak ground acceleration of the OBS at frequencies between 0.1-1 Hz is 
lower than predicted by Campbell (2003) likely because of a higher noise level in the 
records of very small earthquakes. The analysis reported in this report suggests that the 
seismic attenuation structure of the eastern seaboard in the New York-SNE area can be 
extended eastward to the continental slope. Similar studies elsewhere along the margin 
will help extend the seismic hazard maps into the continental margins of the U.S. 

3.1.2 Measuring shear wave velocity in continental-slope sediments with ambient seismic 
noise 

Introduction 
Assessing the hazards that submarine landslides and landslide-generated tsunamis 

pose to coastal communities and infrastructure requires measuring and monitoring 
parameters that control slope stability (e.g., Locat and Lee, 2002).  Submarine slope 
stability can be described as the ability of downslope shear stress to overcome the 
undrained shear strength of slope sediments (e.g. Morgenstern, 1967).  Downslope shear 
stress is dominated by the static weight of the sediments loading a potential failure plane, 
but can be effectively increased by increasing pore-fluid pressure and by ground 
acceleration from earthquakes (Morgenstern, 1967; Locat et al., 2009).  Of the observable 
parameters, sediment load is best constrained, given the abundance of thickness and 
density measurements from cores and boreholes and multichannel seismic data (e.g., 
Sawyer et al., 2009).  Measuring undrained shear strength and predicting the dynamic 
response of marine sediments to ground acceleration remains more elusive.  Both local 
site response and shear strength can be predicted by measurements of sediment shear-
wave velocity.  However, measuring shear-wave velocity requires generation of shear 
waves, either by a man-made, controlled source, which is difficult and costly to deploy in 
the marine environment (e.g., Vanneste et al., 2011), especially at mid-to-depth water 
depths, or naturally by earthquakes and microseisms. 

Here, we describe a methodology for using background ambient seismic noise 
recorded by a small array of ocean-bottom seismographs and/or hydrophones to constrain 
shear wave velocity as a function of depth in marine sediments.  The method relies on 
measuring the wave speeds of interface waves traveling along seafloor (i.e., Scholte 
waves).  Seismic noise propagates as both body and interface waves but because of 
differences in geometric spreading, interface waves are less attenuated and are more 
readily observed in noise data.  Interface waves can also be more useful for interrogating 
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velocity structure at depth: Interface propagation speed is especially sensitive to shear 
wave velocity, the propagation path (i.e., the seafloor) is known, and, because different 
wavelengths are sensitive to velocities over different depth ranges (Figure 32), wave 
speed variation with frequency (i.e., dispersion) can be used to constrain velocity as a 
function of depth. 

Ambient Noise Theory 
Array-based ambient noise methods are centered on the concept that the cross-

correlation of background seismic (or acoustic) noise recorded at two locations is 
equivalent to the signal from a source propagating from one of the locations to the other.  
Ambient noise theory is often derived from the relationship between cross-correlation 
and the Green’s function (e.g., Lobkis and Weaver, 2001; Shapiro and Campillo, 2004; 
Tsai and Moschetti, 2010; Boschi et al., 2012).  The time-domain cross-correlation of two 
waveforms that vary with time ,  and , is: 

   (1) 

where  is the lag time.  In ambient noise seismology, and  are 
recordings of ground motion (i.e., acceleration or velocity) by, for example, vertically 
aligned seismometers or pressure variations recorded by hydrophones.  For a 
monochromatic (i.e., sinusoidal) signal originating from a single location, receiver a at 
location  records: 

   (2) 

where  is angular frequency and  is a constant phase delay, which is 

proportional to source-receiver distance.   defines the amplitude of the signal, 
which for interface waves is approximately proportional to the square root of the source-
receiver distance.  On receiver  at location , the same source is recorded as: 

   (3)  

where  is the delay of the signal between receivers  and .  For a latterly 
homogenous Earth, 

   (4) 

where  is the distance between locations  and ,  is the angle between the 
propagation path and the inter-station path, and  is phase velocity.  Propagation 
direction defines the sign of :  is negative when propagation is from  to 

 and positive for propagation from  to .   
Substituting Equations (2) and (3) into	  (1) gives (Tsai, 2009; Boschi et al., 2012): 

   (5) 

which is the cross-correlation of a “ballistic” signal originating from a single 
location.  If the energy propagates exactly along the interstation path (i.e., azimuth  
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or ), , and, after normalizing amplitudes, Equation (5) is the response at 
one station to a sinusoidal source located at the second location. 

Ambient noise analysis relies on recording energy from a large set of sources 
randomly distributed in the space and time.  The station-station cross-correlation for a 
discrete set of monochromatic sources distributed randomly around the pair of receivers 
is (Boschi et al., 2012): 

   (6) 

where  refers to an individual source.  More generally, considering a continuous 
distribution of sources gives (Boschi et al., 2012): 

   (7) 

where  defines the source distribution as a function of delay time 

 (Equation (4)) and frequency.  For an azimuthally isotropic source distribution 
(Boschi et al., 2012): 

   (8) 

  

where  is a frequency-dependent source function. In the far field (i.e., 
), the causal part (i.e., the path from a to b) of	  Equation (7) is approximated by 

(Boschi et al., 2012):	  

   (9) 

where  and  are the 0-th order Bessel and Struve functions, respectively.  
The acausal part is: 

   (10) 

The  phase shift in Equations (9) and (10) arises from summing sources 
from all azimuths in the far field, and, importantly, is not present in cross-correlations of 
ballistic sources (e.g., as in Equation (5)) nor in cross-correlations of near field (i.e., 

) ambient noise (Boschi et al., 2012). 
Cross-correlations can also be calculated in the frequency domain (i.e., “cross 

spectra”) as 
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   (11) 

where  and  are the Fourier transforms of  and . The 
equations above are decomposed into the time-frequency domain.  The broadband, time-
domain cross correlation can be obtained by combining Equations (9) and (10) and 
summing over frequency to give: 

   (12) 

Then, taking the Fourier transform of Equation (12) gives the cross-spectra (Tsai 
and Moschetti, 2010; Boschi et al., 2012): 

   (13) 

Note that the  phase shift from Equations (9) and (10) is not present in this 
Bessel function expression for the cross spectra.  Also implicit in Equation (13) is that 

 is real for an azimuthally isotropic noise field. 

Measuring dispersion and velocity modeling 
Models of shear-wave velocity at depth can be obtained from continuous 

recordings of ambient noise in three main steps (e.g., Bensen et al., 2007) (Figure 33): 
(1) extraction of the interface wave signal (i.e., calculation of cross-correlations or cross-
spectra) for paths connecting pairs of receivers, (2) measurement of group and/or phase 
velocity dispersion for the virtual interface wave, and (3) fitting dispersion curves with 
depth-(and spatially) varying models of material parameters (e.g., pressure and shear 
wave speeds and density).  

Calculating noise correlation functions and cross spectra 

Dispersion can be measured by transforming time-domain cross-correlations of 
ambient noise into the frequency-time (e.g., Shapiro and Campillo, 2004) domain or 
directly from cross-spectra in the frequency domain (e.g., Ekström et al., 2009).  These 
methods are in theory equivalent (Tsai and Moschetti, 2010), but have different practical 
advantages and disadvantages, such as computational speed and sensitivities to signal 
quality and inter-station offset (Boschi et al., 2012).  (Dispersion can also be measured in 
the frequency-wavenumber domain if instrument coverage is dense enough to prevent 
aliasing in the spatial dimension, as achieved by, for example, an ocean-bottom cable 
(Muyzert, 2007; Mordret et al., 2014.) Here, we are interested in using a relatively sparse 
array of OBS/H, and we thus only work in time and frequency domains.)  

Noise cross-correlations and/or cross-spectra are calculated using Equations (1) or 
(11), respectively (Figure 34 and Figure 35). As seen above, ambient noise theory 
requires that the noise source be uniform in time and space.  Typically, continuous data 
are windowed into short segments, so that data can be culled for time periods that are 
dominated by ballistic sources (e.g., earthquakes and airguns) (Ekström et al., 2009).  
Discrete events are also often removed or attenuated by various time-domain 
normalization techniques, such as one-bit normalization and temporal weighting (e.g., 
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Bensen et al., 2007), but, as discussed above, removing arrivals from ballistic sources is 
only critical in time-domain cross-correlations, where ballistic sources are phase lagged 
by . Cross-spectra, in contrast, are identical for ballistic and stochastic sources, 
provided that the source distribution is uniform in azimuth (Boschi et al., 2012).  Short-
segment cross-correlations and cross-spectra can be also averaged over time to mitigate 
the effect of non-stationary sources and other random variations (e.g., Bensen et al., 
2007).  We denote single station pair averages as 

    (14) 

where  is either a function of lag time (i.e., time-domain cross-correlation) or 
frequency (i.e., cross-spectra). The requirement of an azimuthally isotropic noise source 
is rarely fully satisfied (e.g., Yang and Ritzwoller, 2008). Averaging cross-
correlations/spectra from a range of inter-station azimuths can mitigate the effect of a 
non-uniform noise field, but cross-correlations/spectra must be corrected for differences 
in interstation offset, or grouped by common offset. 

Measuring dispersion 

In the time domain, group velocity dispersion can be measured by a frequency-
time analysis (FTAN) (e.g., Levshin et al., 1972).  In FTAN, time-domain cross-
correlations are decomposed into frequency and time by a series of narrow band filters 
(e.g., Bensen et al., 2007), taking the Fourier transform of a series of time windows (i.e., 
a spectrogram), or by calculating a frequency-time probability distribution (e.g., the 
Wigner-Ville distribution).  Group velocity dispersion curves are then obtained by 
picking peaks in the envelope of the FTAN image, and accuracy and precision thus 
depend on how well the envelope resolves travel time at a particular frequency.  At 
interstation distances less than two wavelengths, interstation travel times are short, and 
arrivals at positive and negative lag times interfere, shifting peaks in the envelope.  
Similarly, smoothing in frequency and/or time can alter the dispersion curve: Wider 
bandwidths and/or time windows produce a more coherent envelope function, but with 
reduced resolution (Levshin et al., 1972).   

Phase velocity is more precisely defined than group velocity, and can also be 
more useful in modeling velocity as a function of depth (Ritzwoller et al., 2001; Boschi et 
al., 2012).  However, time-domain phase-velocity measurements are sensitive to 
contamination by interfering phases and leakage across frequencies and, in practice, 
phase-velocity is more difficult to measure than group velocity (Meier et al., 2004).  
Phase velocity can be measured more directly in the frequency domain.  As pointed out 
by Ekström et al (2009), the location of zero crossings in cross spectra can be used to 
calculate phase velocity as a function of frequency.  From Equation (13), 
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Considerations for continental-slope experiments  

Ambient noise theory is now routinely applied at lower frequencies to study the 
crust and upper mantle, both on land and on the seafloor (Shapiro et al., 2005;. Ekström 
et al., 2009; Mainsant et al., 2012; Gouedard et al., 2014). However, submarine landslides 
typically mobilize the upper ~1 to ~100 m of sediments (e.g., Chaytor et al., 2009) and 
here we are interested in measuring velocities over a much shallower depth range.  
Ambient noise theory has been applied to the upper 10’s to 100’s of m of marine 
sediments in shallow water (<100-300 m) (Muyzert, 2007; Mordret et al., 2014), but we 
are not aware of any successful experiments to date conducted at mid to lower continental 
slope depths (>300 m). 

In interface wave analysis, depth resolution depends on the frequency band over 
which dispersion can be measured. Typical marine sediment shear wave velocities 
increase from near zero at the seafloor to approximately 50 to 400 m/s by about 50 m 
below the seafloor (e.g., Collins et al., 1996; Socco et al., 2011). Surface waves are 
sensitive to velocities over a depth equal to approximately 1/4 wavelength (e.g., Dobry et 
al., 1976) (Figure 36) and resolving the upper 1 to 100 m at these velocities requires 
measuring phase velocities in the 0.1 to 10 Hz band (Figure 37).  The actual frequency 
content of noise cross-correlations/spectra depends on the frequency content of the noise 
source.  The first microseismic frequency band peaks at about 0.1 Hz and microseismic 
energy is recorded by OBS/H over a wide range of ocean depths, including at abot 800 m 
on the continental slope (Figure 38), indicating that cross-correlations should be 
recoverable at locations relevant to submarine landslide studies. 

The ability to recover an interface wave signal from ambient noise also depends 
on inter-station spacing.  For time-domain cross-correlations, at least one wavelength 
must fit between station pairs, but, in practice, a station spacing of at least three 
wavelengths is needed to produce quality noise correlations (Bensen et al., 2007).  For 
the upper 100 m of marine sediments, this three-wavelength limit requires a minimum 
station spacing of about 10 to 1000 m (Figure 39).  Using cross-spectra enables working 
at shorter offsets (e.g., Ekstrom et al., 2009; Menke and Jin, 2015): The first zero 
crossing in Equation (15) occurs at: 

   (16)  

Again for the velocities we are interested in, cross-spectra can be theoretically 
recovered at 1 to 100 m station offsets (Figure 39).  Longer offsets should improve the 
signal-to-noise ratio of the interface wave signal in noise correlations, although 
attenuation by geometric spreading and scattering will prevent recovery of a signal at 
some (unknown) limit.  Thus, working with station spacings that are slightly longer than 
the minimum offset is most likely to yield favorable results. 

Averaging cross-correlations/spectra over long time periods improves the signal 
to noise ratio of the recovered interface wave signal.  Previous ocean bottom noise 
experiments have used data recorded over several months (e.g., Yao et al., 2011), and we 
expect that a successful continental slope experiment would also require deploying 
instruments for a similar time period.  Deploying for longer time periods also enables 
testing for, and/or averaging out the effect of temporal variations in the noise field, as 
well as potentially observing changes in sediment properties (e.g., by tidal loading or by 
shaking from earthquakes).  Similarly, deploying instruments along a range of inter-
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station azimuths enables testing for, and averaging out azimuthal variations in the noise 
field.  

Conclusions 
In this report, we describe theory and methodology for using continuous 

recordings of ambient seismic noise on ocean bottom seismographs or hydrophones to 
measure shear wave velocity in marine sediments.  The theory and existing studies from 
other settings (e.g., on land and on the seafloor at lower frequencies) suggest that the 
method could be successfully applied to study the upper ~100 m of marine sediments on 
the continental slope, a depth range and location relevant to submarine landslide studies.  
The main considerations for designing such an experiment are (1) using instruments that 
can record short periods (<100 s, >0.01 Hz) and (2) deploying instruments at offsets of 
approximately 10 to 1000 m. 

 

 
Figure 25.  Weston Observatory Network Seismicity. Location map of earthquakes between 
1975-2014 from the New England Seismic Network. Event labeled 1992 is the 22 August 1992, MLg 
4.8 offshore earthquake. Inset, map of the U.S. showing boxed area of interest. Modified from: 
https://akafka.files.wordpress.com/2014/02/neus_network_seis_sm2.png last accessed April 28, 
2015.  
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Figure 26. General location map of study area. Shown are earthquakes occurring during DEPL1 
and DEPL2, July 2012 to May 2013. Gray circle is centered on DEPL1 with a radius of 325 km, the 
extent at which a MC = 2.7 earthquake can be detected by the OBS. The red box indicates the area 
used to search for potential local earthquakes detected by DEPL2. Triangles indicate land stations 
used in this study. Stars indicate events discussed in detail.  
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Figure 27. Zoomed in location of DEPL1 (see location in Figure 26) showing with high-resolution 
bathymetry. Yellow line is an identified landslide scarp. OBS 11 was not recovered. 
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Figure 28. Left Column shows the 3-components PPSD plots for OBS-08.  Right Column shows 
the 3-components PPSD plots for OBS-10. The grey lines show the maximum and minimum limits 
of background noise typically detected on an ideal land instrument, from McNamara and Boaz, 
2006.  
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Figure 29. Waveforms from DEPL2 showing both hydrophone (EDH) and seismometer (ELZ, 
EL1, EL2) of the identified local event March 19, 2013 JD078, 06:28:22.416. See location indicated 
as a pink star in Figure 26. The bottom waveform is from USArray station M65A located in 
Falmouth, MA (black triangle in Figure 26). All waveforms have been bandpass filtered between 5 
– 15 Hz. Indicated P and S arrivals were detected and shown in red and later used for determining 
earthquake location.  
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Figure 30.  Horizontal spectral acceleration plot for the Maine 2012 MLg=4.5 earthquake with the 
good OBS from DEPL1 and land accelerometers at CPNY, FOR and PAL from the Lamont-
Doherty regional network (locations shown as orange triangles in Figure 26). Pre-event noise from 
the OBS is shown in grey. For reference, Campbell’s predicted values are shown in green. 
Distances from the earthquake are listed in Table 2.  
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Figure 31. Horizontal spectral acceleration plot for the Rockport 2012 MC=2.7 earthquake with the 
good OBS from DEPL1 and land seismometers at ACCN, KSCT from the Lamont-Doherty regional 
network and TRY, WSPT, YLE from the New England Seismic Network (locations shown as yellow 
triangles in Figure 26). Pre-event noise from the OBS is shown in grey. Distances from the 
earthquake are listed in Table 3.  

 

Table 2. Stations recording the Maine ML=4.0, October 16, 2012 (JD 290) 23:12:22.0 
earthquake 

Station Longitude Latitude Azimuth Distance from 
epicenter (km) 

CPNY.LD -73.9602 40.7911 222.1971 412.7073 
FOR.LD -73.8852 40.8603 222.2109 402.7450 
PAL.LD -73.9079 41.0056 223.9445 391.8108 
OBS01 -70.9630 39.8701 183.4016 414.0742 
OBS02 -70.9630 39.8656 183.3977 414.5728 
OBS03 -70.9630 39.8625 183.3951 414.9166 
OBS04 -70.9621 39.8597 183.3820 415.2227 
OBS05 -70.9566 39.8630 183.3199 414.8309 
OBS06 -70.9630 39.8522 183.3863 416.0584 
OBS07 -70.9572 39.8567 183.3217 415.5320 
OBS08 -70.9572 39.8622 183.3254 415.0443 
OBS09 -70.9571 39.8657 183.3281 414.5338 
OBS10 -70.9689 39.8566 183.4596 415.5989 
OBS12 -70.9689 39.8657 183.4676 414.5903 
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Table 3. Stations recording the Rockport MC=2.7 September 16, 2012 (JD 260) 02:31:37.6 
earthquake 

 
 

 
Figure 32. Schematic diagram of particle motion for vertically polarized interface waves 
propagating along the seafloor (i.e., Scholte waves).  Lower frequencies have longer wavelengths 
are thus sensitive to velocity over a greater depth range than higher frequency shorter 

Station Longitude Latitude Azimuth Distance from 
epicenter (km) 

ACCN.LD -73.66780 43.38430 284.9944 321.0085 
KSCT.LD -73.48425 41.72612 251.4538 319.7412 
TRY.NE -73.66640 42.73130 271.9287 313.4369 

WSPT.NE -73.3278 41.17120 240.7552 335.3759 
YLE.NE -72.9365 41.31500 240.0877 299.0812 
OBS01 -70.9630 39.87010 197.0354 328.0572 
OBS02 -70.9630 39.86560 197.0109 328.5365 
OBS03 -70.9630 39.86250 196.9941 328.8671 
OBS04 -70.9621 39.85970 196.9660 329.1440 
OBS05 -70.9566 39.86300 196.9051 328.6609 
OBS06 -70.9630 39.85220 196.9385 329.9651 
OBS07 -70.9572 39.85670 196.8798 329.3469 
OBS08 -70.9572 39.86220 196.9035 328.8778 
OBS09 -70.9571 39.86570 196.9269 328.3849 
OBS10 -70.9689 39.85660 197.0466 329.6373 
OBS12 -70.9689 39.86570 197.0960 328.6678 
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wavelengths.  The diameter of the circles indicates attenuation in amplitude with distance from the 
seafloor.  

 
Figure 33. Summary of a workflow for measuring shear wave velocity from ambient noise data.  
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Figure 34. Example workflow for calculating time-domain cross-correlations of ambient noise. 
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Figure 35. Example workflow for calculating ambient noise cross-spectra. 
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Figure 36. (a) Velocity and density model based on Ocean Drilling Program Borehole 174A-1073 
(Austin et al., 1998) and (b) Scholte-wave sensitivity kernels at different frequencies for this model.  
The sensitivity kernels were calculated using Herrmann’s (2013) Computer Programs in 
Seismology.  

 
Figure 37. (a) Wavelength as a function of frequency and velocity. (b) Approximate depth 
sensitivity for the wavelengths in (a).  The red line is a phase-velocity dispersion curve for Scholte 
waves in marine sediments (Vanneste et al., 2011). 
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Figure 38. Probabilistic power-spectral density (PPSD) for a vertical 4.0 Hz natural frequency 
geophone on an OBS deployed at ~800 m on the continental slope of the U.S. Atlantic margin.  
This example PPSD plot is typical of OBS data and shows that energy are recorded in the first and 
second microseism bands, near 0.1 Hz (10 s) and 10 Hz (0.1 s).  For reference, the gray curves 
mark the USGS high and low noise models.  

 
Figure 39. Minimum inter-station spacing for recovering a signal from noise (a) cross-spectra or 
(b) time-domain cross-correlations.  Also shown are wave speeds for the two primary phases 
expected in cross correlations/spectra of OBS data: Scholte waves traveling with phase velocities 
<400 m/s (red) (Vanneste et al., 2011) and the acoustic wave water traveling at ~1500 m/s (blue). 
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3.2. Conditions that contribute to slope failures 

3.2.1 General Review 

Introduction 
High seafloor gradient, rapid accumulation of thick sedimentary deposits, pore-

fluid overpressure, weak layers, over-steepening of the slope, and external sources of 
horizontal acceleration (earthquakes and bottom stress) are conditions most commonly 
associated with submarine landslides (Hampton et al., 1996; Harbitz et al., 2014 and 
references therein). Previous studies on the U.S. Atlantic margin suggested that regional 
slope gradient does not necessarily correlate with landslide occurrence (e.g., Twichell et 
al., 2009a). However, the regional slope gradient and basic margin physiography have 
profound influences on depositional processes and the accumulation patterns of 
potentially unstable depocenters (Brothers et al., 2013a). Other factors such as weak 
layers, pore-fluid overpressures, and bottom stress (both transient and by salt tectonics) 
may also influence slope stability. We review these factors below as they apply to the 
U.S. Atlantic margin. 

Sediment supply and margin physiography 
Previous reviews of sediment supply and margin physiography (Hampton et al., 

1996; Masson et al., 2006; Owen et al., 2007) has discussed the influence of sediment 
supply and margin physiography on the occurrence of landslides. During the Quaternary, 
large river systems from Virginia to Massachusetts (James, Potomac–Susquehanna, 
Delaware–Schuylkill, Hudson, Connecticut, and eastern Massachusetts, Figure10) 
transported fluvial and glacial sediments to the margin (Poag and Sevon, 1989). The 
Currituck landslide complex for example, is located seaward of buried channels in the 
outer shelf (Figure 42) that were probably connected to the ancestral James and perhaps 
the Roanoke rivers. The primary factors that control the thickness and spatial distribution 
of shelf-edge depocenters are the rate of sediment supply, accommodation space (i.e., the 
space available for sediments to accumulate) and the gradient of the uppermost slope 
(compare Figure 43a and b). Prograding deltaic clinoforms with total thicknesses of 200–
300 m underlie the shelf edge, but have been truncated by small slope failures and 
submarine canyon/gully incision. 

Limited accommodation space during former sea level lowstands, and the 
proximity of the shelf edge to the steep upper continental slope (Brothers et al., 2013a) 
led to considerable sediment bypass to the lower slope. Poag (1992) estimated the volume 
of Pleistocene sediments on the shelf and upper slope to be 5% of the total sediments 
delivered to the margin and the volume of Pliocene sediments to be 10% of the total. A 
self-organized feedback loop between slope failure, pore-fluid pressures and canyon head 
formation (Orange et al., 1994; Pratson and Coakley, 1996) caused most sediment to 
bypass the slope, and thus aided the construction of rough and steep canyon-dominated 
slope morphology (Poag, 1992; Pratson et al, 1994; O'Grady et al., 2000; Brothers et al., 
2013a). 

The thickest and most extensive shelf-edge deltas occur along the Hudson Apron 
and Southern New England portions of the U.S. Atlantic margin (Figures 41 and 43). 
Here the paleo-Hudson River and pro-glacial drainage systems supplied a mixture of 
fluvial and glacially derived sediment to a broad and gently inclined shelf edge/upper 
slope (Mountain et al., 2007). Widely spaced canyons, low mean gradients and abundant 
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sediment supply have allowed parallel-bedded stratigraphy to prograde across the margin; 
in places Pleistocene sequences can be traced from the shelf edge to the uppermost rise 
(Brothers et al., 2013b, Figure 43b). This region contains broad open-slope landslides that 
have failed along regionally concordant stratigraphic horizons (Figures 41, 43, and 44). 
Farther northeast along the New England/Georges Bank portion of the margin, glacial 
outwash scoured cross-shelf troughs and delivered large volumes of glacially derived 
terrigenous sediments beyond the shelf-edge. The basic distribution of landslides on the 
slope of the New England/Georges Bank portion of the margin is similar to the Mid-
Atlantic: most occur along steep, canyon-related morphology. Again, most sediment is 
transported through submarine canyons and bypasses the steep upper continental slope. 

Weak layers 
In the Norwegian margin, predecessors of the Storegga Slide have occurred 

roughly every 100 ky following the glacial–interglacial cycles (Solheim et al., 2005a). 
Solheim et al. (2005a) suggested that large translational slides on that margin are 
controlled by the variability between glacial till and debris flows, deposited during peak 
glacial times and the fine-grained marine drift sediments, deposited during other times. 
Rapid loading by glacial sediments increases the overpressure in the underlying marine 
deposits. Failure, triggered by earthquakes takes place along lithological boundaries 
(Solheim et al., 2005a). Glacial– interglacial variations in grain size and layer thickness 
have been documented in the New York–New Jersey shelf and shelf edge (McHugh et 
al., 2010) and extend to the upper slope (Brothers et al., 2014). These variations are 
related to the depositional environment (e.g., channels, estuaries, shelf edge) and eustatic 
changes (McHugh et al., 2010). 

Pore-fluid overpressure 
A diverse array of processes has the potential to generate pore-fluid overpressure. 

The most common of these processes is rapidly deposited and parallel-bedded 
sedimentation over an expansive area, which can generate pore-fluid overpressures 
(Masson et al., 2006). Where submarine canyons that truncate Pleistocene strata interrupt 
these areas, lateral migration pathways to open seawater conditions are created, which 
have the potential to lower pore-fluid overpressure (Dugan and Flemings, 2000). Along 
the U.S. Atlantic margin, the largest landslides occur along the gently dipping lower 
continental slope that contains the thickest, most widespread, and least interrupted by 
canyons, Quaternary strata. 

Other processes that may cause pore-fluid overpressures include gas hydrate 
dissociation (Booth et al., 1993; Sultan et al., 2004b; Phrampus and Hornbach, 2012), 
thermogenic and biogenic gas production from the deeper sedimentary section, 
subterranean groundwater flow (Person et al., 2003) and fluid expulsion due to the opal-
A to opal-CT diagenesis, which occurs with progressive burial of the silica-rich chalks 
(McHugh et al., 1993). Diagenetic fracturing, water seepage and blocky slope failures are 
observed in outcropping Eocene rock of the New Jersey margin (Figure 43; McHugh et 
al., 1993; Robb, 1984) and within canyons along the New England/Georges Bank margin 
(Chaytor et al., 2015), but their contributions to slope failures have only begun to be 
quantified. 

Dissociation of gas hydrate in the upper slope had been proposed as a major cause 
for slope failures (e.g., Booth and O'Leary, 1991; Paull et al., 1996; Mienert et al., 2005; 
Phrampus and Hornbach, 2012). The cause of the dissociation had been attributed to 
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changing climatic or oceanographic conditions during the Holocene, or from sea level 
lowering during the Pleistocene. The upper stability zone of gas hydrate in most ocean 
margins is 300–800 m (e.g., Sultan et al., 2004b; Mienert et al., 2005), and therefore, if 
gas hydrate disassociation is a major cause for landslides, most of the slides are expected 
to originate at that depth range. Older compilations (Masson et al., 2006), and new high-
resolution multibeam data show that the headwalls of most landslide scarps are 
substantially deeper than 800 m (Twichell et al., 2009a; Andrews et al., 2016). Of the 160 
landslide scars identified in the Mid-Atlantic slope and rise, only 9% originate shallower 
than 800 m, while most of them originate at depths between 1000 m and 2000 m (Figure 
45A). 

Mean seafloor gradients in areas of landslide scars in the fluvial and glacial 
portions of the Atlantic margin are typically between 1° and 6° (Twichell et al., 2009a; 
Figure 45B), much less than the angle of repose for sand and silt. Although elevated pore 
pressure undoubtedly plays a role in facilitating failures on slopes with low gradient 
(Locat et al., 2009), additional horizontal acceleration, most likely by earthquake shaking 
is required to trigger failure (Kvalstad et al., 2005). Large slope failures on a 2° slope 
have occurred on the NW African margin, where sediment accumulation is low and 
where numerical models do not predict excess pore pressure (Urlaub et al., 2012). Fluid 
pressures of up to 70% of the lithostatic pressure were indirectly measured on Blake 
Outer Ridge at 2800 m water depth (Flemings et al., 2003) but, interestingly, there are no 
visible slope failures on Blake Outer Ridge (Figure 40). It is also unknown whether 
regions of elevated pore pressure are laterally extensive and interconnected enough to 
allow spontaneous failures of large seafloor areas. Elevated pore pressure within shallow 
sediments of the shelf and uppermost slope, vent via pockmarks, not landslides (Fader, 
1991; Piper et al., 1999; Brothers et al., 2014).  

Transient bottom stress and salt diapirs 
Transient bottom stress produced by storm waves can be significant in shallow 

waters of the inner shelf, and has been documented to cause landslides (Prior et al., 1989; 
Hampton et al., 1996). However, these transient stresses are insignificant at slope depths 
of 400 m on the U.S. Atlantic margin (Dalyander et al., 2013; Soupy Dalyander, pers. 
Comm., 2013) because the depth of effective bottom stresses is a function of the 
wavelength of ocean swells, and the largest swells are shorter than several hundred 
meters. The Western Boundary Undercurrent (WBU) has facilitated erosion, transport 
and deposition on the lower slope since the Oligocene (Mountain and Tucholke, 1985). 
The WBU does not appear to have directly generated landslides in recent times, as 
evident by the lack of landslide scars on the drift-formed Blake Ridge (Figure 40). The 
WBU presently runs over the Hatteras Drift and thus has minimal effect on the 
continental slope (Figures 10 and 40), but other slope parallel deep currents may have an 
effect on slope stability. 

Landslide excavation and canyon erosion can locally result in over-steepening of 
unstable deposits, leading to additional failure (e.g., retrogressive failures of the open 
slope). Other possible sources of over-steepening are rising and/or horizontally migrating 
salt diapirs off North Carolina (Dillon et al., 1982; Figure 10). Salt diapirs are typically 
mobilized by extension or partial unroofing of the brittle overburden (e.g., Vendeville 
and Jackson, 1992). Along passive margins, such as the Atlantic margin, mobilization of 
the salt diapirs may be the result of erosion by bottom currents. The migration rate of the 
salt diapirs in the vicinity of Cape Hatteras is presently unknown, hence the probability 
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for slope instability caused by their ascent, cannot be determined. Two of the largest 
slides on the Atlantic margin, the Cape Fear and Cape Lookout slides (Figures 10, 42, 
and 43) are sourced in this area of salt diapirs (Dillon et al., 1982; Hornbach et al., 2007). 

3.2.2 The Role of Antecedent Geology in Submarine Slope Failure: An examination of the 
Currituck Slide Complex, U.S. Atlantic Margin 

Introduction 
Along passive continental margins, many of the largest submarine landslides 

identified in modern seafloor morphology occur in areas of thick sediment accumulation 
and limited canyon development (Hampton et al., 1996; Locat and Lee, 2002; Masson et 
al., 2006; McAdoo et al., 2000). Twichell et al. (2009a) identified 48 distinct landslide 
complexes along the U.S. Atlantic Margin (USAM) across two broad morphological 
categories: canyon-confined landslides found on the upper slope (<1000 m water depth) 
and open slope-sourced landslides that originate mostly on the lower slope (1500-2500m 
water depth) between submarine canyons (Booth et al., 1988; Twichell et al., 2009a). Of 
these two classes, open slope-sourced landslides have generated the largest failures, 
particularly in areas of thick Quaternary outer shelf and upper slope deposits (Twichell et 
al. 2009a). Along the USAM, the accumulation and distribution of many of these 
Quaternary depocenters appears to be determined by a combination of sediment supply 
and antecedent, pre-Quaternary margin physiography (Brothers et al., 2013a). 

Given the tsunamigenic potential of large landslides (e.g., Ward, 2001; Lynett and 
Liu, 2002; Geist et al., 2009a; Grilli et al., 2009; ten Brink et al., 2009b; 2014; Tappin, 
2010 Harbitz et al., 2014), many studies have been focused on determining the causes of 
slope failure. Numerous preconditioning factors (e.g., sediment loading, development of 
pore fluid overpressure) and triggering mechanisms (e.g., seismicity, gas hydrate 
dissociation, and other transient stress variations) have been linked to submarine slope 
failures along low-gradient passive margins (Hampton et al., 1996; Locat and Lee, 2002; 
Kayen and Lee, 1991; O’Leary, 1991, 1993; Paull et al., 1996, Canals et al., 2004; Sultan 
et al., 2004a; Bryn et al., 2005; Kvalstad et al., 2005). While some authors have 
suggested a prevalence of glacial cycles in the timing of large passive margin landslides, 
where thick accumulations of glacial sediment may be destabilized by post-glacial 
isostatic rebound induced seismicity (Maslin et al., 2004; Owen et al., 2007; Lee, 2009), 
or an influence of sea level fluctuations, which can induce gas hydrate instability or 
increase seismicity (Kayen and Lee, 1991; Paull et al., 1996; Piper et al., 2003; Brothers 
et al., 2013c), the processes and mechanisms that influence the occurrence of large 
submarine landslides remain poorly understood. It is particularly notable that some 
sections of a margin are characterized by instability and slope failure, when adjacent 
sections appear to be relatively stable and intact. We propose that the antecedent margin 
physiography plays an important role in dictating how and where potentially unstable 
depocenters develop, and that framework geology is critical to understanding modern 
processes, but often overlooked in submarine landslide studies. 

Here we focus on the central USAM, which is comprised of distinct morphologies 
along adjacent sections of the margin, where densely spaced canyons incise the slope on 
either side of the large, retrogressive Currituck Slide complex (Figures 46, 47). The aim 
of this study is to investigate the relationships between sedimentary processes, margin 
morphology and underlying substrate architecture, that will allow us to move toward a 
more predictive framework where categorizations of margin morphology (e.g., Adams 
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and Schlager, 2000; O’Grady, 2000) are examined in the context of substrate architecture 
(e.g., Brothers et al., 2013a) to assess the relative vulnerability of particular sections of a 
margin to large-scale slope failure. Based on the depositional history observed along the 
central USAM, we suggest the focus should be on examining large Quaternary 
depocenters to identify the preconditioning factors for massive submarine landslides.  

Background 

Conceptual models for margin morphology  

The first-order shape of the continental shelf-edge, slope and upper rise is an 
important factor in our understanding of deep-water depositional systems and 
fundamental to understanding where sediment accumulates versus where bypass is likely 
to occur. Previous studies have identified two-morphological end members (Adams and 
Schlager, 2000, Schlager and Adams, 2001; Brothers et al., 2013a): Oblique margin 
morphology is characterized by a relatively low energy environment, limited sediment 
supply, and an abrupt transition to downslope gravitational processes that contribute to a 
sharp shelf-edge rollover, steep upper slope gradients and subsequent sediment bypass 
with deposition focused on the lower slope and upper rise. Sediment flows bypassing the 
slope contribute to the development of closely spaced, slope confined submarine canyons 
and small landslides along canyon headwalls and sidewalls. In contrast, sigmoidal shelf-
slope morphology results from more energetic environmental conditions (e.g., stronger 
wave and current energy) and typically higher sediment supply that leads to slope 
progradation and development of a smooth shelf-edge rollover and gentler downslope 
gradients. Sigmoidal margin morphology is often characteristic of Quaternary 
depocenters where lower gradients have allowed the accumulation of significant volumes 
of sediment across the slope (Adams and Schlager, 2000; O’Grady et al., 2000; Schlager 
and Adams; 2001; Brothers et al., 2013a). 

Depositional history  

As the archetype Atlantic-style passive margin, the post-rift morphology of the 
USAM prior to the Neogene was characterized by a broad ramp of mixed carbonate and 
siliclastic deposits (Schlee et al., 1979; Schlee and Hinz, 1987; Mountain and Tucholke, 
1985; Klitgord, 1988). Increased denudation of the Appalachian Mountains, and perhaps 
changing climatic conditions, delivered large volumes of sediment to the central USAM 
during the Middle Miocene via the paleo-Potomac, James, Roanoke and Susquehannah 
Rivers (Poag, 1978; Klitgord et al., 1988; Poag and Sevon, 1989; Poag and Ward, 1993). 
A massive wedge of prograded Middle Miocene deltaic clinoforms underlies the shelf-
edge and middle to upper slope between Norfolk Canyon to Cape Hatteras, which 
extended the shelf-edge 30-60 km seaward of its previous position (Poag and Sevon, 
1989; Poag and Ward, 1993).  

This rapid progradation filled most of the accommodation space on the shelf by 
the start of the Pliocene (Schlee et al., 1979; Poag, 1984) and subsequent bypass of 
sediment sourced from the paleo-James and Roanoke Rivers forced depocenters to 
migrate 30-60 km offshore, building large Pliocene fan-apron complexes on the 
continental rise (Schlee et al., 1979; Mountain, 1985; Poag, 1984, Poag and Sevon, 1989; 
Poag and Ward, 1993). Across much of the margin, these deposits were heavily dissected 
during the Quaternary by deep sea canyons and channels that shifted the locus of incision 
20-40 km upslope from the preceding Pliocene position (Poag and Sevon, 1989; Poag and 
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Ward, 1993). Widespread canyon and channel incision of the slope and upper-rise, along 
with onlapping base-of-slope fan-apron complexes suggest slope failures and generation 
of mass flows were the dominant sediment transport processes during the Quaternary 
(Schlee et al., 1979; Twichell et al., 2009a; Brothers et al., 2013a). 

The paleo-James and paleo-Roanoke rivers supplied large quantities of sediment 
to the margin during Quaternary glaciations (Poag and Sevon, 1989; Hobbs, 2004; 
Mallinson et al., 2010; Thieler et al., 2014). Southward progradation of the Accomack 
Spit on the east side of Chesapeake Bay during the Pleistocene redirected drainage 
southward through the Bay where the combined drainage of the paleo-Susquehanna and 
Potomac Rivers likely turned offshore, delivering additional sediment to the northern 
portion of the central USAM (Hobbs, 2004). Paleochannel incisions on the inner shelf of 
North Carolina suggests the paleo-James may have continued southward to converge 
with the Roanoke River before flowing offshore to the Currituck region (Hobbs, 2004; 
Thieler et al., 2014).  

Major submarine landslide complexes  

Many previous studies of large submarine landslides were localized to such a 
scale that examination of the longer-term margin evolution and influence of first-order 
margin morphology on slope failure was often excluded. At the other end of the 
spectrum, morphologic classifications of continental margins are often too broad (e.g., 
considering the entire U.S. Atlantic Margin (USAM) as a single entity; O'Grady, 2000; 
Adams and Schlager, 2000) to capture even regional differences in framework geology 
that may provide clues into the processes that preconditioned slopes for large-scale 
failure. Brothers et al. (2013a) examined the physiographic framework of the USAM to 
identify six geomorphic provinces along the USAM that highlight the role of antecedent 
geology in the late Quaternary margin evolution. Within these provinces, five of the 
largest submarine landslide complexes span a range of geologic settings, including 
differences in Quaternary sedimentation, substrate architecture and neotectonic process 
that have generated different styles of failure (Booth et al., 1993; Twichell et al., 2009a; 
Brothers et al., 2013a; ten Brink et al., 2014). South of Cape Hatteras, the margin is 
characterized by extremely steep slopes (>10°) and salt diapirism; both are believed to 
have contributed to two of the largest lower slope failure complexes, the Cape Lookout 
and Cape Fear Slides (Cashman and Popenoe, 1985; Dillon and Popenoe, 1988; Dillon et 
al., 1982; Popenoe et al., 1993; Hornbach et al., 2007; Brothers et al., 2013a). This region 
contrasts with the glacial influenced southern New England margin where the convex 
slope has a much lower gradient (3-4°) and abundant sediment accumulation (Brothers et 
al., 2013a). Weak layers associated with deltaic strata (O’Leary, 1991; 1993), excess pore 
pressures in response to sediment loading or glacial recharge (Dugan and Flemmings, 
2000; Person et al., 2003), and earthquakes associated with glacial rebound (ten Brink et 
al., 2009b) are believed to have contributed to the large-scale slope failure, typified by 
the Munson-Nygren-Retriever and Veatch Canyon slide complexes (Twichell et al., 
2009a, Chaytor et al., 2012b; Locat et al., 2014). The geomorphic characterization of 
Brothers et al. (2013a) categorized the central USAM as a single unit defined by oblique 
margin morphology defined by an abrupt shelf break and a steep, narrow upper slope 
heavily dissected by slope sourced submarine canyon networks (Figure 47). However, 
finer-scale variations in along-strike morphology and sedimentation history suggest the 
large Currituck Slide Complex may have resulted from a distinct set of geological 
processes. Fluvial systems delivering large volumes of sediment to the shelf-edge and 
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upper slope have dominated the Currituck margin since the Cretaceous (Poag and Sevon, 
1989; Twichell et al., 2009a). Pronounced accumulation of slope sediment, compaction 
induced sediment loading and excess pore pressure conditions may have developed in a 
manner similar to the glacial margin to the north, yet the Currituck region is less prone to 
earthquakes commonly associated with glacial rebound (Bunn and McGregor, 1980; 
Prior et al., 1986; Locat et al., 2009; Twichell et al., 2009a).  

Data and Methods 
1980’s vintage MCS reflection profiles were obtained from the USGS National 

Archive of Marine Seismic Surveys (NAMSS; https://walrus.wr.usgs.gov/NAMSS/). 
Two Western Geco data sets were used for this study, W-4-82-A (WG82) and W-6-80-A 
(WG80), spanning the region from the Norfolk Canyon to the southern canyon failure 
(Figure 46). These data were collected using a 14-airgun array with a 36-channel 
streamer (100m group spacing) for a 10-50m vertical resolution, and up to 5s (twt) of 
penetration. Additional profiles across the shelf from BOEM contracted surveys (B-04-
82-AT, B-11-82-AT, and B-16-76-AT) were included to identify paleochannels and 
fluvial valleys within the study area. The USGS and Western Geco collected and 
processed (stacked, filtered and migrated) the original 2-D data. Additional USGS legacy 
MCS profiles that span the study region have been correlated to Deep Sea Drilling 
records on the continental shelf, slope and rise (e.g., Poag, 1984; 1985; 1992; Klitgord et 
al., 1994). These interpreted profiles provided a guide to correlate four unconformity 
bounded allostratigraphic units (Phoenix Canyon/Middle Miocene, Mey/Upper Miocene, 
Toms Canyon/Pliocene and Hudson Canyon/Quaternary) of Poag and Ward (1993) 
throughout the study area, thus providing first-order age control on strata beneath the 
shelf, slope and rise. The approximate ages of these allostratigraphic units have been 
determined by correlation with borehole logs, dredge samples and exposed seafloor 
outcrops on the slope (Schlee et al., 1976, 1979; Poag, 1985, 1992; Dillon and Popenoe, 
1988; Grow et al., 1988; Poag and Ward, 1993; Klitgord et al., 1994). 

Navigational offsets within the Western Geco and BOEM data, arising from the 
limited positioning capabilities at the time of acquisition, were corrected by correlation of 
the seafloor reflectors with high-resolution multibeam bathymetry. Raw multibeam 
bathymetry data from numerous surveys across the study region were obtained from the 
NOAA National Centers for Environmental Information repository 
(http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html), edited and combined into a 
mosaic grid at 20 m cell spacing, following the methods of Andrews et al. (2016).  

Average layer velocities from Klitgord and Schneider (1994) were used to convert 
sediment thickness isopach maps from two-way travel time to depth. Representative 
depth converted sections were obtained from the NAMSS repository for the detailed 
horizon gradient analyses of 10 MCS profiles spanning distinct regions across the study 
area. For several Western Geco profiles where depth sections were unavailable, RMS 
velocity functions were obtained from metadata files, converted to interval velocities 
(e.g., Dix, 1955) and used for depth conversion. The resulting grid of 2-D, depth-
converted profiles was then used to construct sediment thickness isopach maps. Using 
100m spacing, positional coordinates (x,y,z) and gradient for seismostraphic horizons 
representing the seafloor and the four key allostratigraphic surfaces were extracted from 
each of the depth converted MCS profiles; each stratigraphic surface was smoothed to 
remove high frequency oscillations using a moving average filter with a distance of 2.1 
km. 
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High-resolution sparker MCS reflection profiles were acquired aboard the M/V 
Tiki XIV in 2012. More than 1000 line-km of 72-channel (6.25 m group spacing) data 
were acquired along the shelf edge and slope between Norfolk Canyon and the Currituck 
Slide (Figure 46). A 6 kJ sparker source provided peak frequencies between 90 and 300 
Hz, yielding 5–10 m vertical resolution and approximately 1 km of penetration. Data 
were sorted in to common depth point gathers using SIOSEIS then loaded into 
ProMAX® for standard processing (zero phase bandpass filter, trace editing, f-k filter, 
velocity analysis, static correction, normal move-out, stack and constant velocity f-k 
migration). Migrated sections were integrated with the existing legacy data in HIS™ 
Kingdom® Suite for interpretation.  

Results 

Seafloor Morphology of the Currituck Slide Complex 

Recently collected high-resolution multibeam sonar data reveals at least four 
surface scarps in the bathymetry of the Currituck Slide complex (Figures 47, 48). The 
lower headwall (1100 -1400 m water depth) has approximately 400m of relief across a 
heavily notched and stepped scarp. Outcropping strata between 1500-1600 m water depth 
form a bench that juts >800 m seaward of the headwall. The main upper headwall (550-
750m water depth) is defined by a steep scarp with >250 m of relief that is extensively 
gullied. Along the northern section of the slide scar, the relief on this headwall is much 
less (approximately 150 m), where the uppermost strata appear to have been removed in 
an additional failure, resulting in a scarp with approximately 100 m of relief that forms a 
U-shape at the shelf-edge. The seafloor above the upper headwall is highly irregular, with 
large undulating depressions and numerous smaller pockmarks covering the seafloor 
from approximately 250-500m water depths. Between the upper and lower headwalls, the 
seafloor is relatively smooth and undissected with scattered debris blocks near the upper 
headwall.  

 A large (10 km wide, 18 km long, 500 m thick) section of relatively intact strata 
is observed on the lower slope, flanking the primary slide scar (Figures 47, 48). Stepped 
scarps on all sides of this block show varying degrees of relief and gullying. The 
bathymetry of the southern half of the block appears smooth where the sediment deposits 
are thickest. The seafloor on the northern side of the block appears more irregular, with 
evidence of channelized downslope flows at the surface. The debris field extends seaward 
from the slide complex north of the intact block, while a secondary debris channel 
appears to truncate slope canyons to the south. 

Stratal Architecture of the central U.S. Atlantic Margin 

The paleo-seafloor across the central USAM, as described by the Middle Miocene 
Unconformity (MMU; Poag and Ward, 1993) has a relatively gentle slope gradient (<6°) 
and ramp-like appearance from the Norfolk Canyon south to the Currituck region 
(Figures 49, 50). A pronounced increase in gradient of the MMU from the middle to 
lower slope along the margin in the several of the profiles coincides with the subcropping 
of Eocene chalks and subsequent onlap of Middle Miocene strata (Figures 49, 50). The 
shelf-edge Middle Miocene deposits are thickest (>600m) in the Currituck region, where 
large sigmoidal clinoforms extend seaward to >1800m water depth across the upper slope 
(Figures 49, 51). Lower slope aprons onlap with increasing thickness in the southern 
portion of the study area (Figure 51). Clinoform deposition to the north of Currituck and 



Chapter 3:  Physical Parameters of the Margin and Their Effect on Slope Failures       81 
 

 

in the southern canyon failure was more restricted to the outer shelf where oblique 
clinoforms were perched on the shelf-edge (Figures 49, 51).  

Most of the Upper Miocene deposit is thin or absent along a broad swath of the 
upper slope north of Currituck (Figure 51). The truncated seaward face of the oblique 
Middle Miocene clinoforms here generated the steepest gradients (>8°) of the upper slope 
along the Upper Miocene Unconformity (UMU; Poag and Ward, 1993), with minimal 
deposition along the outer shelf and upper slope (Figures 49, 50, 51). The smooth, convex 
shape of the Middle Miocene seafloor across the Currituck region was maintained across 
the UMU by widely distributed sediment accumulation across the entire slope (Figures 
50, 51). Upper Miocene slope sediment accumulation is greatest to the south, but appears 
truncated mid slope beneath Currituck and the southern canyon failure regions (Figures 
49, 51). The thickest Upper Miocene deposits (approximately 500m) are found south of 
Currituck where the mid to lower slope accumulation appears to made up of two 
subunits, a mass of chaotic material overlain by more continuous strata (Figures 49, 51).  

Pliocene 

The steepest gradients (8-10°) of the Pliocene Unconformity (PU; Poag and 
Ward, 1993) are found on the upper slope north of Currituck, just beneath the shelf-edge 
rollover point, which coincides with the underlying truncated Middle Miocene shelf-edge 
delta sequences (Figures 49, 50). More gentle gradients underlie the slope to the south, 
although the slope gradient steepens (>10°) beneath the southern canyon failure region. 
Deposition was focused on the lower slope, where 300-400m thick Pliocene fan-apron 
deposits onlap the steepest part of the Tertiary ramp, particularly in the northern section 
(Figure 51). The Currituck Slide is underlain by a relatively thin layer of Pliocene 
sediment across the upper slope that shows an abrupt increase in thickness beneath the 
lower headwall, where the strata onlap truncated Miocene layers (Figures 49, 51, 52). 
South of Currituck, the Pliocene sediment is more evenly distributed across the entire 
slope (Figures 49, 51).  

By the Quaternary, the seafloor in the regions north of Currituck and in the 
southern canyon failure had developed similarly steep (<8°) oblique profiles along the 
Quaternary Unconformity surface (QU; Poag and Ward, 1993), while Currituck and the 
prograded margin to the south maintained a more gradual (<6°) sigmoidal profile 
(Figures 49, 50). North of Currituck, small Pleistocene deltas were perched on the shelf-
edge, little Quaternary sediment is found on the upper slope, and thick Pleistocene fan-
apron sequences onlap along the lower slope (Figures 49, 51). The Currituck region is 
characterized by a seaward thickening wedge of Pleistocene slope strata comprised of 
continuous reflectors truncated by headwall scarps (Figures 49, 52, 53). Intact deposits on 
the lower slope can be correlated with upper slope strata and suggest a pre-failure 
Quaternary sediment thickness of approximately 500m (Figures 51, 54, 55). South of 
Currituck, the largest Quaternary accumulation is found on the outer shelf to upper slope, 
with canyon interfluve deposits on the lower slope (Figures 49, 51). The southern canyon 
failure is mantled by a relatively thin Quaternary shelf-edge cover, giving way to 
mounded canyon debris on the lower slope (Figures 49, 51). 
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Stratal Architecture of the Currituck Submarine Slide Complex 

Main Slide Complex 

Several packages of spatially continuous strata define the subsurface stratigraphy 
within the Currituck Slide and show little or no subsurface evidence for buried submarine 
canyons (Figures 52, 53). Headwall scarps truncate the strata, and only a thin drape of 
post-failure sediment is observed. The basal surface below the scarps appears to 
correspond to exposed bedding planes (Figures 52, 53). A seaward thickening section of 
Quaternary strata that underlies the main slide scar onlaps the slope beneath the primary 
upper headwall (Figures 52, 53). Successively younger packages of intact strata landward 
of the upper headwalls appear to downlap onto bedding planes that define local failure 
surfaces (Figure 53). Deformed strata, deposited above buried scarps in the Pleistocene 
section, correspond to an irregular seafloor surface along the intact upper slope and outer 
shelf (Figure 53). Several profiles appear to show an inflection point in the Quaternary 
and Pliocene unconformities, directly beneath the upper and lower headwalls 
respectively, where the paleo-seafloor gradient becomes much steeper downslope 
(Figures 50, 53).  

Truncated strata within the subsurface, suggestive of multiple buried scarps, are 
observed both landward of the upper headwall in the Quaternary section and seaward of 
the lower headwall, in the Pliocene section (Figures 53, 55). Numerous vertical chimney 
structures and offset reflectors are also found near the upper and lower headwalls (Figure 
53). Highly reflective, deformed Pliocene strata are observed below the stratified, 
seaward thickening Quaternary wedge that floors the main slide scar (Figure 53). 
Seaward of the lower headwall, the Pliocene strata that were not removed by the most 
recent failure are heavily folded and faulted (Figure 53).  

Intact Section 

A large (10 km wide, 18 km long, 500m thick) section of relatively intact strata is 
observed on the lower slope, flanking the primary slide scar (Figures 47, 48). Regionally 
continuous strata within the intact block can be traced both laterally across the main slide 
scar and upslope to the paleo-shelf-edge (Figure 53, 54, 55). An approximately 150m 
thick stratified section appears to be perched atop the chaotic reflectors sandwiched 
between parallel strata (Figures 54, 55). The seafloor bathymetry shows evidence of 
downslope, channelized flows corresponding with the chaotic section observed in the 
seismic profiles (Figure 48). The perched strata are draped across buried scarps on the 
southern side of the block, with little evidence of internal deformation or faulting on this 
side of the deposit (Figures 54, 55). While vertical faults pierce the seafloor at a 300m 
high failure scarp along the lowermost slope, chimney structures cut across most of the 
intact strata and breach the chaotic layer, but do not appear to penetrate the overlying 
perched strata (Figures 54, 55).  

Discussion 

Role of Antecedent Geology in Margin Morphology and Slope Failure 

Reconstruction of the paleo-seafloor morphology suggests that much of the study 
area exhibited similar paleo-seafloor morphology with smooth shelf break and relatively 
gentle slope gradient prior to the Middle Miocene. Numerous paleochannels incised 
across the shelf suggest the region was dominated by fluvial inputs since at least the Mid-
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Miocene, when large deltaic, shelf-edge clinoforms were deposited (Figures 49, 51, 56). 
The shape of these clinoforms varied along strike, most likely as a result of differences in 
sediment supply. This created distinct variations in shelf-edge and slope morphology that 
appear to have set the stage for differing styles of mass failure along the margin. Areas to 
the north and south of Currituck are best described by oblique margin morphology, where 
angular, convex clinoforms resulting from lower sediment supply generated an abrupt 
shelf-break with relatively steep downslope gradients (>8°.) As a result, these regions are 
dominated by closely spaced canyon incision, sediment bypass and canyon failures, with 
primary accumulation on canyon interfluves of the lower slope. In contrast, the Currituck 
region is defined by a sigmoidal geometry, with a smooth shelf-edge rollover and a more 
gentle slope gradient that allowed >800m of Plio-Pleistocene sediment accumulation 
across the continental slope prior to failure. 

Peripheral deposition and limited sediment supply from the paleo-Potomac and 
Roanoke Rivers (Poag and Sevon, 1989; Poag and Ward, 1993), appears to have 
generated shelf-edge restricted clinoforms near the southern canyon failure and north of 
Currituck, which contributed to a steep, oblique margin morphology that led to sediment 
bypass on the upper slope, with the development of slope sourced canyons and increased 
accumulation on the lower slope. Thin Upper Miocene sediment cover across the 
northern region implies a decrease in sediment supply during this time, perhaps due to the 
deflection or decrease in sediment supply from the paleo-Potomac and James Rivers 
(Poag and Ward, 1993). Growth faults observed within the southern Upper Miocene 
section of the large canyon failure suggest the initial mass wasting occurred at this time, 
truncating the upper slope Middle Miocene clinoforms and further contributing to the 
already oversteepened, oblique profile. Limited accommodation space along the steep, 
oblique slope margin meant that much of the Plio-Pleistocene sediment initially deposited 
on upper parts of the margin was transported offshore via mass flows through preexisting 
canyons or the formation of new upper slope sourced canyons (Brothers et al., 2013b). 
This led to the build up of large Pliocene fan-apron deposits as sediment was funneled 
downslope (Schlee et al., 1979; Poag, 1984; Poag and Sevon, 1989; Poag and Ward, 
1993).  

The inherited pre-Neogene physiography of the Currituck region appears to have 
been further enhanced by significant sediment deposition from paleo-Roanoke River 
during sea level lowstands and subsequent build up of the sigmoidal, convex margin 
shape since the Middle Miocene. Lower slope deposition throughout the Upper Miocene 
and Pliocene further reduced the paleo-seafloor gradient across the Currituck Slide, 
allowing a broad ramp to develop that would support large scale Pleistocene deposition 
across the entire slope (Figures 49, 50, 51, 56). The Currituck Slide region is unique 
along this portion of the margin, as it is the only location comprised of relatively 
continuous, parallel strata throughout, with no evidence of canyon formation, since at 
least the Middle Miocene (Figures 52, 53). In contrast, the southern Currituck region 
appears to show at least some degree of canyon or gully dissection initiating in the late 
Miocene when enhanced accumulation on the upper to middle slope may have 
contributed to some degree of oversteepening and canyon or gully formation. Southward 
diversion of the paleo-James River and convergence with the paleo-Roanoke flowing 
eastward across the shelf appears to have significantly intensified Quaternary 
sedimentation across the Currituck margin as evident in the massive, seaward thickening 
wedge of slope sediment that underlies the main failure (Figures 49 51, 52, 53; Poag and 
Sevon, 1989; Hobbs, 2004; Mallinson et al., 2010; Thieler et al., 2014). Reconstructions 
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of the pre-failure landslide morphology imply massive sediment accumulation 
(approximately 750 m thick) across the slope at this time, much of which was 
subsequently removed by the large retrogressive submarine landslide (Locat et al., 2009). 
This estimate is consistent with locally continuous strata observed within the intact block 
that can be tentatively correlated upslope across sections the failed margin (Figure 54). 
This depositional pattern appears to have created a more convex, sigmoidal morphology 
that could subsequently support a significant amount of lower slope deposition, where 
large open-slope sourced landslides are more likely to occur.  

Comparison of the margin morphology and stratal architecture along the central 
USAM suggests that localized differences in sediment supply related to paleo-drainage 
patterns can have a major impact on long term margin development, driving sections of 
the margin to be more landslide dominant or canyon dominant. Shelf-edge depocenters 
lead to oblique profiles with oversteepened slopes and intense canyonization, constrained 
by downslope gravity flows and erosion of shelf-edge material (Adams and Schlager, 
2000, Schlager and Adams, 2001; Brothers et al., 2013a). Conversely, slope depocenters, 
indicative of progradation, tend to lead to the development of broad, convex profiles and 
landslide dominated margins as observed the Currituck region. 

Preconditioning Factors for Currituck Slope Failure 

The large size of the Currituck failure complex is remarkable along this portion of 
the central USAM where oversteepening elsewhere along most of the margin has led to 
closely spaced canyons fed by downslope flows and sediment bypass. Broad geomorphic 
classifications of the USAM derived from tectonic history suggest a similar margin 
morphology should evolved across the entire region (e.g., Brothers et al., 2013a), yet 
localized differences in sediment supply appear to have led to rapid sedimentation and 
mass failure along the Currituck margin, in contrast with surrounding areas.  

The depositional history within the Currituck Slide complex is characteristic of 
the classic model for giant submarine landslide initiation, where thick accumulations of 
spatially continuous, parallel-bedded sediments contribute to the lateral propagation of 
high sediment pore pressure and the initiation of failure on the lower slope (e.g., Masson 
et al., 2010). Seaward divergence of seismic horizons observed beneath the Currituck 
failure plane and beneath the modern shelf-edge, along with a lack of evidence for buried 
submarine canyons, suggests the Currituck margin was characterized by high sediment 
flux and slope progradation prior to large-scale slope failure (Figures 53, 54). Thick 
sediment accumulation on the upper slope associated with the Middle Miocene clinoform 
wedge would have allowed the initial build up of high pore pressure. Subsequent large-
scale, undissected deposition across the mid to lower slope in the Plio-Pleistocene may 
have further contributed to sediment loading along the slope, generating conditions that 
allowed lateral migration of pore fluid over long distances with out escaping through 
submarine canyon walls. Evidence of bedding parallel failure planes coincide with the 
suggestion by Prior et al. (1986) that sliding may have initiated along weaker clay layers 
found within the Pleistocene strata.  

At least four surface scarps are visible in the surface morphology of the Currituck 
Slide complex (Figures 47, 48), while several other apparent scarp features are buried in 
the Quaternary and Pliocene sections near both the upper and lower headwalls (Figures 
53, 55). This implies the region has repeatedly developed failure prone conditions, with 
multiple triggering events, since at least Pliocene time, when large-scale deposition on 
the lower slope was initiated. Abrupt increases in the gradient of both the Quaternary and 
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Pleistocene Unconformities beneath the upper and lower headwalls, respectively, 
associated with sharp increases in sediment thickness, as well as folded strata that appear 
to represent an anticlinal hinge across these buried scarps (Figures 52, 53), suggests 
sediment loading and differential compaction may have contributed to overpressure and 
subsequent failure along these zones. Extensional faulting near many of the headwalls 
most likely occurred in response to initial failure, as the generation of scarps would have 
reduced support for upper strata. The smooth failure surfaces within the slide, along with 
stepped scarps at the upper and lower headwalls and on the periphery of the intact block, 
highlight the influence of bedding planes on the failure pattern as suggested by Locat et 
al., 2009. The upper section of intact strata on the lower slope shows evidence of well-
stratified sediment both perched atop channelized flows and folded across edges of the 
intact block (Figures, 54, 55). This suggests destabilization and possible fluidization of an 
intermediate weak layer may have caused deformation in the overlying strata and could 
provide clues to failure mechanisms within the Currituck Slide complex. Gas 
accumulation and venting features are common across the slide complex, however, it is 
not clear what role free gas accumulation or hydrate dissociation may have played in the 
failure. 

Conclusions 
Distinct differences in the modern slope morphology along this section of the 

central USAM appear to be inherited from the shape of the Middle Miocene clinoform 
deposition. The development of two end members of margin morphology (sigmoidal vs. 
oblique) appears to have led to different styles of slope failure within each end member. 
Oversteepening of the upper slope along more oblique sections of the margin generated 
intense canyonization north of Currituck and facilitated the development of a large 
canyon-confined landslide to the south. In contrast, rapid sediment accumulation and 
continued progradation of the Currituck margin throughout the Pliocene and Quaternary 
most likely led to a vast region of pore fluid overpressure within spatially continuous 
slope strata, preconditioning this portion of the margin for large-scale slope failure.  

These morphological differences derived from variations in depositional history 
highlight the need to examine the subsurface architecture to better understand the 
evolution of continental margins through sedimentary processes. Key insights from the 
stratigraphic evolution of the central USAM suggest that large-scale slope failures are 
associated with regionally extensive depocenters along slope prograded margins. As a 
result, regions with thick depocenters along the USAM may be where the greatest 
tsunami hazard exists. Elsewhere, steep, oblique slopes have led to sediment bypass and 
deposition on the lower slope and rise, where smaller failures occur. High rates of 
sediment accumulation along the slope and rise can lead to significant overpressure and 
subsequent destabilization of the margin. The presence of hydrate and/or free gas within 
the sediment may also contribute to non-compaction generated overpressure, although the 
significance of this contribution remains unclear.  

Our analysis of the central USAM indicates that regional stratigraphic mapping 
focused on understanding the geologic framework controls on margin morphology can 
provide insight into locations where large slope instability might occur in the future.  
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3.2.3. Seabed fluid expulsion along the upper slope and outer shelf of the U.S. Atlantic 
continental margin 

Introduction 
As geomorphic features, pockmarks generally indicate past and/or ongoing fluid 

expulsion across the sediment-water interface (Berndt, 2005; Judd and Hovland, 2007). 
Determining the geological significance of pockmarks along passive continental margins 
requires constraints on fluid sources and substrate migration pathways. Several processes 
drive seabed fluid expulsion, including sediment loading/compaction, gas hydrate 
dynamics, hydrocarbon leakage, submarine freshwater discharge, and diagenesis (see 
original references in Berndt (2005) and Judd and Hovland (2007)). 

Although published evidence for seabed fluid expulsion along the continental 
shelf edge and slope of the U.S. Atlantic margin (USAM) is relatively sparse (Hill et al., 
2004; McHugh et al., 1993; Newman et al., 2008), recent Okeanos Explorer missions 
discovered active gas seeps along both regions (e.g., Skarke et al., 2014). Previous 
studies aimed at understanding the sources of substrate overpressure and fluid migration 
on this margin were based largely on modeling results, yielding two primary hypotheses 
for potential sources of fluid expulsion: pore fluid overpressure from differential 
sediment compaction (Dugan and Flemings, 2002) and gas hydrate dissociation due to 
recent warming of ocean bottom water (Hill et al., 2004; Phrampus and Hornbach, 2012). 
Here we present new constraints on the spatial distribution of fluid expulsion features 
along the upper slope/outer shelf of the USAM and evaluate the potential fluid sources 
using nested high-resolution multibeam bathymetric data and meta-attribute analyses 
applied to multichannel seismic reflection profiles. 

Geologic Setting 
The Quaternary geologic history of the USAM was shaped by glacial/interglacial 

cycles and extreme variations in sea level. During eustatic sea level low stands, large 
river and glacial drainage systems from Virginia to Maine transported siliciclastic 
sediments to the shelf edge (Poag and Sevon, 1989). The Mid-Atlantic and New England 
sections of the margin are characterized by relatively narrow (<5 km), seaward 
thickening wedges of shelf edge delta deposits (200–400 m thick) that are heavily 
dissected by submarine canyons (e.g., Brothers et al., 2013a). In contrast, the shelf edge 
and upper slope of the Hudson Apron and southern New England sections are smooth 
(i.e., widely spaced canyons), broad, and gently inclined. During the Pleistocene, up to 18 
km of shelf edge progradation (Mountain et al., 2007) produced thick sequences that can 
be continuously traced from the shelf edge to the uppermost rise in some places (Brothers 
et al., 2013a). These sequences provide a rare opportunity to examine variations in 
stratigraphic character across regionally conformable depositional surfaces. 

The depositional history of the Hudson Apron continental slope was explored at 
Ocean Drilling Program (ODP) Site 1073 (Figure 59a)  (Austin et al., 1998), which was 
drilled to 663m below seafloor (mbsf) at a water depth of 639m. Correlation among 
seismic reflectors, lithology, and isotopic records constrains major Pleistocene sequence 
stratigraphic boundaries (Austin et al., 1998). Each sequence is dominated by a 
succession of clay and silt-rich sedimentary facies that were correlated to oxygen isotope 
records (McHugh and Olson, 2002), with coarser-grained facies marking glacial-
interglacial transitions. The underlying Pliocene and Miocene sections have higher sand 
content and porosity (Austin et al., 1998). The near-seafloor section contains very thin 
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(<1 m) or nonexistent Holocene sediment that overlies the Pleistocene material deposited 
during and after the Last Glacial Maximum (LGM) (McHugh et al., 2010). 

Data and Methods 
NOAA ships Okeanos Explorer and Nancy Foster acquired most of the shelf and 

upper slope bathymetric data used in this study; other cruises provided multibeam 
bathymetric coverage of the slope and upper rise from North Carolina to Canada 
(Andrews et al., 2016). With a few exceptions, the high-resolution bathymetric data 
extend slightly landward of the shelf edge rollover at 110–250 mbsl. Raw data were 
edited, processed, and gridded at 25 m, 50 m, and 100 m for regions shallower than 1000 
mbsl, between 1000 and 2000 mbsl, and greater than 2000 mbsl, respectively. Selected 
regions along the shelf edge were gridded on 10 m cells. The margin was split into the 
Mid-Atlantic, Hudson Apron/southern New England, and New England sections based on 
the first-order morphology of the continental shelf, slope, and rise (Figure 57) (Brothers 
et al., 2013a). Within each section, pockmarks were mapped at a 1:75,000 scale, and their 
locations, water depths, and approximate dimensions (relief and diameter) were extracted 
using ESRI ArcGIS (Figures 57 and 58). 

Two high-resolution multichannel seismic (MCS) reflection profiles across the 
outer shelf and upper continental slope were used as representative transects: OC270 
Profile61 crosses ODP Site 1073 on the Hudson Apron, while Tiki2011 Profile-04 spans 
the continental slope and upper rise approximately 45 km east of Hudson Canyon (Figure 
57). The latter profile was acquired as part of a 2010 and 2011 M/V Tiki XIV program 
that obtained approximately 1600 km of 72-channel (6.25 m group spacing) data along 
the shelf edge and slope of the Hudson Apron and southern New England sections of the 
USAM. A 6 kJ sparker source provided peak frequencies between 90 and 300 Hz, 
yielding approximately 5 m vertical resolution and approximately 1 km of penetration. 
Migrated, common depth point stacks were band pass filtered (50–200Hz) and integrated 
with reprocessed 48-channel (12.5 m group spacing), 90 in3 GI-gun source, MCS profiles 
that had earlier been collected aboard the R/V Oceanus in 1996 (e.g., OC270 Profile-61) 
and the R/V Endeavor in 2002. 

Post processing, MCS profiles were conditioned for advanced attribute analyses 
using OpendTect software. First, dip steering was used to record the local dip and 
azimuth of seismic horizons at every sample position, followed by dip-steered median 
filtering to sharpen discontinuities along seismic horizons and to enhance laterally 
continuous reflectors. Second, average energy and instantaneous frequency attributes, as 
well as gas-chimney meta-attributes, were calculated. The energy and frequency 
calculations measure reflectivity and peak frequency in a specified time gate (e.g., 10 ms) 
and are used to identify lateral variations in reflector character. The chimney meta-
attribute combines several seismic parameters into a single probability attribute that can 
be used to quantify reflector discontinuities caused by gas chimneys and fluid migration 
pathways (Ligtenberg, 2005). User picks of obvious chimneys and nonchimneys were 
used to supervise neural network training and the meta-attribute calculation for chimney 
probability. Seismic horizons below the multiple artifacts were excluded from the 
interpretation. 

The contemporary thickness and upslope extent of the gas hydrate stability zone 
were calculated using local constraints on bottom water temperatures (BWT) in the 
vicinity of the MCS profiles and assumed sediment thermal gradients. BWT along the 
slope were extracted from a composite ocean temperature structure compiled using 
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conductivity-temperature-depth (CTD) measurements located within tens of kilometers of 
the seismic profiles in the World Ocean Database (Levitus et al., 1998). Gas hydrate 
stability was determined using software program CSMHYD (Sloan, 1998) assuming 
Structure I methane hydrate, 3.5% by weight NaCl in seawater, hydrostatic pressure in 
the shallow sediments, and a 35 mK m-1 thermal gradient, which was based on borehole 
measurements at Site 1073 (Austin et al., 1998). Base of gas hydrate stability (BGHS) 
thicknesses along the two MCS transects were calculated by simultaneous solution of the 
equations for sediment thermal regimes and for the gas hydrate stability curve (see 
supporting information). 

Results 
We identify more than 5000 pockmarks along the USAM in depths of 110 to 700 

mbsl (Figures 57 and 58). In contrast to the elongated mega-pockmarks observed 
offshore Virginia (Hill et al., 2004), the newly discovered pockmarks are mostly 
semicircular with diameters of 50–500 m (majority 100–200 m; Figure 58) and 5–15 m of 
relief. Where pockmarks can be resolved, their spatial density ranges from 1 to 15 per 
km2, with several generations of superposed pockmarks evident in some areas (e.g., 
Figure 58b). The across-margin distribution of pockmarks appears to be partially 
dependent on the morphology of the shelf edge. Pockmarks are confined to areas where 
the steepness of the seabed is less than 3°–4°, while mass wasting morphologies (e.g., 
slide scarps, gullies, and canyons) characterize steeper slopes (Figure 58). For example, 
the majority of pockmarks along the abrupt/angular shelf edge in much of the Mid-
Atlantic appear to be confined to a 2–4km wide band, whereas the broad, gentle, and 
comparatively uncanyonized shelf slope transition along the Hudson Apron and southern 
New England margins contains pockmarks across a 5–15 km wide swath of the seafloor. 
As the local seabed gradient approaches 3°, pockmarks become elongated and open 
downslope (Figure 58). Although the slope along Proflile-04 contains little-to-no 
evidence for mass wasting or canyonization processes, we do not observe pockmarks 
below approximately 700 mbsl. 

Using the geometry of shelf edge strata and results from previous studies 
(McHugh et al., 2010; Mountain et al., 2007), each of the four Pleistocene sequence 
boundaries identified at Site 1073 (Figure 59a) were extended to profiles located to the 
north of Hudson Canyon (e.g., Profile-04; Figures 59b). Beneath the shelf edge, each 
sequence boundary is associated with erosional truncation and/or toplap. Submarine 
landslides have removed some of the Pleistocene section along the middle slope of 
Profile-61 and beyond the seaward limit of Profile-61; lower slope strata show evidence 
for downlap and complete truncation/bypass where relatively steep (>6°) local slopes are 
controlled by outcropping Eocene rock (McHugh et al., 1993). In contrast, the 
Pleistocene section of Profile-04 shows little to no evidence for slope failure or 
canyonization, and each successive depositional horizon appears to have mantled the 
preexisting surface, producing conformable strata from the upper slope to the rise. 

Within the Pleistocene section beneath the shelf edge/uppermost slope, we 
observe the following (Figure 59): (1) highly irregular and discontinuous reflectors that 
grade into concordant and acoustically laminated layers farther downslope (>400 mbsl); 
(2) discontinuous bright spots of reverse polarity located beneath pockmarks along the 
uppermost slope; (3) high probability for fluid chimneys beneath pockmarks (Figure 59b 
inset), but scant evidence for chimneys, within Pleistocene strata of the middle and lower 
slopes; and (4) gradual, upslope termination of enhanced (positive polarity) reflectors that 
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completely disappear at 400–600 mbsl. We also observe high probability for chimneys 
within Eocene and Cretaceous strata that are buried along the lower slope (Figure 59). 

The high-energy/high-frequency reflectors are largely concentrated within strata 
immediately up and down-section of the middle and lower slope equivalents of 
Pleistocene sequence boundaries (Figure 59). Down section, the enhanced reflectors 
extend a shorter distance upslope, particularly in Profile-04. The upslope terminations of 
some of the high-energy reflectors roughly coincide with the calculated BGHS in the 
upper slope sediments. The calculated updip extent of the gas hydrate stability zone 
(GHSZ; 530 m on Profile-61 and 580 m on Profile-04) using local BWT constraints also 
coincides with the seaward transition to lower pockmark density on the upper slope. 

Discussion 
Previous studies noted peculiar stratigraphy along the contemporary and now 

buried paleo-shelf edges of the Hudson Apron, with each Pleistocene sequence having 
chaotic internal reflectors that grade into stratified, draping units farther downslope 
(Mountain et al., 2007). The spatial coincidence between chaotic and discontinuous 
strata, high chimney probability, inverse polarity bright spots, and seabed pockmarks 
suggests that overpressures within Pleistocene sediments are preferentially 
accommodated by vertical fluid and gas expulsion. Although detailed age constraints are 
lacking, pockmarks appear to postdate an offlap surface linked to the LGM (“p0” in 
Figure 59b inset; McHugh et al., 2010). 

Along the Hudson Apron, Dugan and Flemings (2002) modeled substrate pore 
fluid overpressures that resulted from rapid sediment loading along the shelf edge and 
upper slope during the Late Pleistocene. Fluid flow simulations were based on two 
substrate architectures: The aquifer model included a permeable Miocene aquifer beneath 
a low-permeability Pleistocene wedge, while the nonaquifer model did not ascribe higher 
permeability to the Miocene strata. Our analysis reveals the following: (a) pockmarks, 
chimneys, disrupted strata, and headwall landslide scarps (Figure 59a inset) along the 
shelf edge and upper slope where the aquifer model predicts very low Darcy velocities 
but also where the nonaquifer model predicts maximum overpressures and (b) 
acoustically laminated and concordant Pleistocene strata where the aquifer model predicts 
subhorizontal, seaward flow across Pleistocene stratigraphic boundaries. Furthermore, we 
observe faults, fractures, and chimneys that pass through or occasionally originate in the 
inferred Miocene aquifer, suggesting that seaward fluid migration (i.e., aquifer model) in 
this layer is unlikely. Based on our analysis, the spatial distribution of fluid expulsion 
features along the margin is most consistent with rapid sediment loading, generation of 
overpressures, and mostly vertical migration of fluids and gas along the shelf edge and 
uppermost slope, in accordance with the nonaquifer model of Dugan and Flemings 
(2002). Despite the general agreement between our observations and the nonaquifer 
model, a quandary remains in explaining recent and/or ongoing fluid expulsion near some 
of the upper slope pockmarks (Skarke et al., 2014): The model predicts minimal 
contemporary fluid expulsion unless recent sources of fluid/gas overpressure can be 
identified (Dugan and Flemings, 2002; Hustoft et al., 2009). In situ generation of gas 
from microbial processes and dissociation of gas hydrates are both possible sources of 
recent and/or ongoing gas accumulation in the substrate, leading to expulsion from upper 
slope sediments of the USAM (Hill et al., 2004). The disappearance of pockmarks 
downslope is explained by the absence of free gas once the GHSZ is encountered. 
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Several lines of evidence imply that previously undetected gas hydrates may 
occur on the upper continental slope on the Hudson Apron/southern New England portion 
of the USAM. While no reverse polarity bottom-simulating reflector (BSR) is detected at 
the BGHS along the focus transects, hydrate-bearing sediments (HBS) are known to 
occur without an underlying BSR in many locations (e.g., Paull et al., 1996). Even in the 
absence of a BSR, the pattern of enhanced reflectors (Figure 59) terminating upslope 
roughly matches the morphology of the predicted BGHS. Gas hydrate saturations must 
reach approximately 40% of pore space to have an appreciable effect on P wave 
velocities (e.g., Yun et al., 2005), but our short-aperture (450-m-long streamer) MCS data 
yield weak constraints on velocity, and the uppermost 90m of ODP Site 1073 were not 
logged (Austin et al., 1998). Even relatively low gas hydrate saturations can increase 
scattering (Gei and Carcione, 2003), an effect that can be captured in the instantaneous 
frequency attribute. The average energy attribute can enhance small impedance contrasts 
caused by the changes in elastic moduli associated with the presence of low-saturation 
gas hydrates (e.g., Yun et al., 2005). In our study area, the enhanced reflectors appear to 
occur along coarser-grained, more permeable layers that were emplaced during glacial-
interglacial transitions (McHugh and Olson, 2002). The high-amplitude/high-frequency 
character of these coarse-grained reflectors becomes more prominent with distance from 
the shelf edge (Figure 59), contrary to slope depositional models that predict seaward 
fining of slope deposits (i.e., lower acoustic impedance) (Pirmez et al., 1998). This 
implies that some characteristic other than lithology, such as the preferential occurrence 
of gas hydrate in the coarser-grained, more permeable layers (e.g., Clennell et al., 1999), 
is controlling the reflectivity of these strata. In fact, one of the enhanced reflectors located 
70–80 mbsf on Profile-61 was penetrated at ODP Site 1073 (Austin et al., 1998). No gas 
hydrate was recovered during conventional coring, but this is not surprising if gas hydrate 
saturations were low. The measured methane concentrations were elevated in this 
interval, and pore waters were slightly fresher, which would be expected if gas hydrate 
had been present in situ and had dissociated during core recovery (e.g., Hesse and 
Harrison, 1981). Site 1073 also has a 6 m thick sulfate reduction zone (Austin et al., 
1998), consistent with moderate flux of dissolved methane. Within the GHSZ, the 
attribute analysis reveals no vertical chimneys, which could be consistent with available 
methane being frozen into gas hydrates. Based on these cumulative observations, we 
postulate that the high-amplitude/high-frequency enhanced reflectors mapped in 
Figure 59 may correspond to HBS. 

Although the exact origin of gas expulsion remains unknown, the presence of 
HBS along the upper slope of the USAM may provide a source for recent and/or ongoing 
gas expulsion due to changes in BWT. The enhanced reflectors and the contemporary 
upslope extent of the GHSZ overlap with the seaward limit of pockmarks (Figure 59). 
Enhanced reflectors mapped upslope of the present-day GHSZ may represent HBS that 
were stranded when intermediate waters impinging on the continental slope were 
warmed, shifting the GHSZ downslope. Gas hydrate stranded above the BGHS must be 
out of thermal equilibrium with present-day BWT. If some of the stranded reflectors were 
at the BGHS prior to warming of impinging ocean waters, gas hydrate stability 
constraints require the BWT to be 0.6 to 3.8°C cooler than present-day BWT for a 
conductive thermal gradient of 35°C km-1. One-dimensional thermal modeling shows that 
warming likely occurred over at most a few decades within the past 20 to 100 years for 
gas hydrate to persist within these reflectors today. These calculations assume only 
warming, not the oscillation between cool and warm periods that is more likely over 
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decadal timeframes. The range of warming necessary to explain the possibly stranded 
upslope HBS in the model brackets the approximately 1.4°C of warming observed at 500 
mbsl the most proximal upper slope CTDs, which were collected in 2002 and 2011. The 
gradual disappearance of enhanced reflectors between the contemporary updip limit of 
the GHSZ and water depths as shallow as 475 m (Figure 59) may indicate active 
disintegration of stranded gas hydrate within the approximately 475–600 m depth range 
that marks the seaward limit of pockmarks (Figure 59). Chimneys disrupt the lateral 
continuity of depositional boundaries beneath the upper slope and provide vertical 
permeability pathways. Strata within the GHSZ show minimal evidence for chimneys, 
suggesting that the presence of HBS enhances the integrity of the Pleistocene strata, 
perhaps inducing updip migration of water and gas toward the upslope limit of the 
GHSZ. The ability for fluids and gas to migrate updip is expected to diminish at the shelf 
edge, where strata become horizontal and sediments are generally less cohesive and 
coarser grained, thus promoting vertical migration and expulsion. Pockmarks located 
above the shelf edge may have resulted from events that caused transient increases in 
pore fluid overpressure, such as rapid sedimentation during relative sea level lowstands 
and peak ground accelerations from earthquakes. 

Conclusions 
The combined effects of compaction-induced pore fluid overpressure and gas 

hydrate dissociation offer a plausible explanation for the distribution of pockmarks along 
the Hudson Apron/southern New England section of the USAM. This interpretation can 
likely be extrapolated to the pockmarks documented in Figures 1 and 2 and perhaps even 
to pockmarks on the Canadian Atlantic margin, where evidence for shelf edge fluid 
expulsion is also widely observed (Pickrill et al., 2001). Pockmark formation and fluid 
expulsion at depths between approximately 475 and 650 mbsl may reflect the combined 
effects of pore fluid overpressure induced by differential sediment loading (Dugan and 
Flemings, 2002) and gas hydrate dissociation due to transient changes in intermediate 
water temperatures, although the timing of these processes may be offset by thousands of 
years. Depending on the geometry of shelf edge strata, it is possible for free gas to 
migrate farther updip along depositional boundaries and vent at depths significantly 
shallower than the top of the GHSZ (Hill et al., 2004; Weibull et al., 2010). Lastly, 
mapping upper slope gas hydrates has long been a challenge. Advanced attribute analyses 
applied to high-resolution MCS data may provide better constraints on the fluid plumbing 
of continental margins and also the distribution of climate-sensitive upper slope gas 
hydrates on a global basis.  
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Figure 40. Mapped slope failures and landslide scarps overlain on depth-colored and hill-shaded 
bathymetry of the slope and rise. The bathymetry is from Andrews et al. (2016) and additional 
multibeam bathymetry in the continental rise and south of 33°N. Gray shaded background is NOAA 
Coastal relief model and ETOPO1 Data. Inset — shaded relief bathymetry gridded at 100 m, of the 
Baltimore and Wilmington canyons. Yellow polygons are individual landslide scars. Red, blue, 
green, and azure polygons are separate clusters of failures that may have occurred simultaneously 
(see text for discussion).  
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Figure 41. Comparison of landslide scar maps of the glacial margin off Southern New England. 
See Figure 1 for location. Red lines — interpretation of landslide scarps. (A) Pre-2009 data used by 
Twichell et al. (2009a) and Chaytor et al. (2009) to map submarine landslides on the margin. (B) 
Latest shaded relief map from multibeam bathymetry compilation gridded at 100 m (from Andrews 
et al., 2016). Blue lines separate multibeam bathymetry data to the south from single-beam 
bathymetry to the north. Yellow points show locations of cores. Yellow line shows location of profile 
in Figure 44.  
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Figure 42. (A, B) Migrated multichannel seismic reflection profiles showing buried channels 
(marked by dashed lines) near the shelf edge landward of the Currituck Slide (C) shows the 
location of the seismic lines and the slide. See Figure 10, rectangle marked as Figure 4 for 
location. 
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Figure 43. (A, B) Composite seismic reflection profiles across the New Jersey (A) and Hudson 
Apron (B) margins illustrating variations in the sediment thickness (and therefore accommodation 
space) along strike. Colored lines in the Pleistocene section are sequence boundaries. Note the 
steep physiography and relatively low accommodation space above the dashed red line in (A) 
because prograding Miocene clinoforms filled the accommodation space above the Eocene ramp. 
Also note exposed/outcropping Eocene rock along the base of the upper slope. (C) Location map 
overlain on shaded relief multibeam bathymetry data. See Figure 10 rectangle for location. The 
dashed red line is the approximate location of the paleo-shelf edge at the end of the Middle 
Miocene (e.g., the clinoform rollover). Shaded brown region is the approximate extent of exposed 
Eocene chalk. 
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Figure 44. A seismic profile showing translational landslide scars along stratigraphic boundaries. 
Profile was collected with a hull-mounted 3.5 kHz sub-bottom profiler across the shelf edge of 
southern New England (in the glaciated region of the margin). See Figure 41B for location. 

 

 
Figure 45. (A) Histogram of depths of headwalls from 160 landslide scars in the Mid-Atlantic 
region (ten Brink et al., 2012). Note that the most frequent headwalls occur in depth ranges from 
1000 to 2000 m, much deeper than the 300–800 m depth range of the upper stability zone of gas 
hydrate. (B) Histogram of the mean gradients of 160 landslides in the Mid-Atlantic region (ten Brink 
et al., 2012). The gradient is the mean gradient of a smooth surface that stretches between the 
points defining of the tops of the landslide scarp, which to a first approximation represents the pre-
failure surface. 
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Figure 46. Location maps showing the study area along the central U.S. Atlantic margin (a) 
USGS seismic multichannel seismic (MCS) profiles used to constrain the allostratigraphic units 
described in this study (b) Overview of the Western Geco MCS trackline coverage spanning the 4 
distinct sectors of the margin discussed here; representative MCS profiles used in detailed gradient 
analyses are highlighted in red (c) Full trackline coverage of the 2012 USGS Sparker MCS survey.  
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Figure 47. Perspective view of the seafloor morphology showing the major features of central 
U.S. Atlantic margin that are discussed in the text.  

 
Figure 48. Detailed morphology of the Currituck Submarine Slide compiled from high resolution 
multibeam bathymetry data sets gridded at 20m resolution. USGS Sparker MCS profiles over the 
slide are shown in blue; Seismic profile WG82-170 referenced in Figure 52 is shown in green.  
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Figure 49. Representative MCS profiles shown in grayscale highlight along strike variations in 
stratigraphy and resulting morphology among the four sectors of the margin. Allostratigraphic units 
following Poag and Ward (1993) are shown here, bounded by regional unconformities: Middle 
Miocene Unconformity (MMU); Upper Miocene Unconformity (UMU); Pliocene Unconformity (PU); 
Quaternary Unconformity (QU).  

 
Figure 50. (a-e) Depth-distance and (f-j) gradient-depth plots of allostratigraphic surfaces across 
representative profiles along the margin. See Figure 46 for profile locations. Bold curves represent 
the mean depth profiles and gradients, while the individual profiles used are shown in the legend. 
The colors represent profiles from the four morphological provinces: oblique margin north of 
Currituck (green); Currituck Slide Complex (red); convex, prograded margin south of Currituck 
(blue); southern canyon failure (yellow).  
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Figure 51. Isopach maps of sediment thickness for allostratigraphic units (a) Middle Miocene, (b) 
Upper Miocene, (c) Pliocene and (d) Quaternary, interpreted from regional Western Geco and 
USGS MCS profiles. The trackline coverage is shown in gray. Paleo-fluvial patterns are interpreted 
from paleochannels preserved in seismic profiles across the shelf, as well as data from Poag and 
Sevon, 1989; Hobbs, 2004; Mallinson et al., 2010; Thieler et al., 2014  
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Figure 52.  Comparison of seismostratigraphy and resolution between subparallel profiles of (a) 
USGS Sparker MCS shown in envelope form to highlight major reflectors and (b) grayscale, full 
waveform Western Geco. The Sparker MCS data shows much higher resolution stratigraphy of the 
Pliocene and Quaternary sections, while the Western Geco MSC data provide stratigraphic 
controls on deeper units. See Figure 48 for profile locations.  
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Figure 53. USGS Sparker MCS dip profiles across the Currituck Slide Complex; the full profiles 
are shown in grayscale envelope form to highlight major reflectors, while the insets show the full 
waveform stratigraphy.  
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Figure 54. USGS Sparker MCS (a) dip and (b) strike profiles across a large block of intact strata 
on found on the lower slope adjacent to the Currituck Slide; the full profiles are shown in grayscale 
envelope form to highlight major reflectors, while the insets show the full waveform stratigraphy.  
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Figure 55.  3-Dimensional perspective view of the Currituck Slide Complex showing grayscale 
envelope cross-sections from USGS Sparker MCS profiles across the intact block on the lower 
slope.  
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Figure 56. Schematic showing the depositional patterns associated with each allostratigraphic 
unit and the resulting morphology along the four sectors of the central U.S. Atlantic margin.  
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Figure 57. (top) Shaded relief bathymetry (500 m contours) of the U.S. Atlantic margin (Andrews 
et al., 2016). Pockmarks are overlain as transparent points and colored according to geomorphic 
sector. Bold lines are locations of MCS profiles in Figure 59. (bottom) Pockmark distribution with 
water depth in the three sectors along the margin. Dashed lines represent approximate landward 
extend of continuous multibeam bathymetry coverage; gray shading shows permissible water 
depths for the upslope extent of gas hydrate stability assuming bottom water temperature between 
3°C (approximately 400 m water depth) and contemporary values (approximately 550 m water 
depth). Pockmark-free zones are generally associated with either large, shelf-indenting submarine 
canyons or data gaps.  
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Figure 58. Enlarged shaded relief maps illustrating characteristic pockmark morphology and 
spatial distribution from select regions, marked on Figure 57. Pockmarks blanket the shelf edge 
and upper slope down to water depths of approximately 700 m, where they either disappear or 
merge with features associated with mass wasting, such as landslide scarps (red lines) and canyon 
head gullies (blue lines).  
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Figure 59. Multichannel seismic reflection profiles along (a) the Hudson Apron (OC270 Profile-61) 
and (b) southern New England (Tiki2011 Profile-04) sections of the margin, marked on Figure 57. 
The chimney probability meta-attribute (green-yellow grades from 50% to 100% probability for fluid 
pathways), average energy attribute (navy blue = high-energy horizons), and instantaneous 
frequency (orange-red grades from 160 to 200 Hz) are superposed on standard amplitude traces. 
Enhanced reflectors (high energy, high frequency) are concentrated above the base of the gas 
hydrate stability zone (BGHS) and are inferred to represent hydrate-bearing sediments. Hydrate-
bearing strata out of equilibrium with present bottom water conditions are bounded by labels “1,” 
the maximum upslope extent of hydrate-bearing sediment, and “2,” the top of the gas hydrate 
stability zone. Inset a: Three-dimensional perspective of pockmarks (red dots), landslide scarps 
(black lines), and Pleistocene strata (colored lines) (Austin et al., 1998; Mountain et al., 2007). 
Inset b: Enlarged section showing chimney probability superposed on standard amplitude traces to 
highlight evidence for substrate fluidization beneath pockmarks (red arrows).  
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4.  Individual Landslide Sources 
4.1 The Atlantic Continental Margin: An Overview 

Submarine landslides along the U.S. Atlantic margin have been described and 
analyzed in a number of local (e.g., Embley, 1982; Cashman and Popenoe, 1985; 
O'Leary, 1986a; Prior et al., 1986; Locat et al., 2010, 2014; Chaytor et al., 2012a; Mulder 
et al., 2012) and regional (Booth and O'Leary, 1991; Booth et al., 1993; Twichell et al., 
2009a) studies. Past compilations of landslides along the U.S. Atlantic margin utilized a 
variety of geophysical imaging techniques, beginning with single-channel airgun and 
sparker seismic reflection profiles (Embley and Jacobi, 1977), to GLORIA sidescan 
backscatter and early low resolution swath bathymetry (Booth et al., 1993), and higher 
resolution but incomplete swath bathymetry coverage of the margin (Chaytor et al., 2007; 
Twichell et al., 2009a). Based on the recent compilation of high-resolution mapping data 
(Andrews et al., 2016 and references/sources within), landslides and related features 
along the margin fall into 3 types: Type 1: a landslide ‘complex’ with a clearly-coupled 
source/evacuation and deposit areas, Type 2: a landslide ‘zone’, where a deposition zone 
either does not exist next to the source/ evacuation zone, or if one is present, it cannot be 
related to a specific source, and Type 3: mass transport deposits (MTD) with no 
associated source/evacuation zone. 

There are only five well-defined landslide complexes of Type 1 along the U.S. 
Atlantic margin: the Munson–Nygren–Retriever, Veatch Canyon, Currituck (Albemarle), 
Cape Lookout, and Cape Fear landslides (marked 1 to 5 in Figure 10). These previously 
known landslide complexes are well mapped from early studies (e.g., Embley, 1982; 
Cashman and Popenoe, 1985; O'Leary, 1986a; Prior et al., 1986; Chaytor et al., 2012a), 
and occur within the various geologic zones with the exception of the carbonate zone. 
The combined source and deposit areas of these landslide complexes each exceed 3000 
km2, and except for the Veatch Canyon landslide, the volume of material evacuated from 
each is greater than 100 km3. Given their size, these landslide complexes are considered 
the primary benchmarks for the analysis of submarine-landslide generated tsunamis 
initiated along the U.S. Atlantic margin (e.g., Geist et al., 2009a). 

We identified, or redefined, previously identified landslide zones of Type 2 
(Chaytor et al., 2009, 2012a; ten Brink et al., 2012) using new multibeam bathymetry 
(Andrews et al., 2016) and high-resolution seismic data along the margin north of Cape 
Fear slide (Figures 40 and 41). Headwalls and multiple failure scars, which may overlap 
or be morphologically connected, are pervasive along the southern New England, Hudson 
Apron–New Jersey slope, and Baltimore Canyon parts of the margin, but no associated 
depositional lobes or mass transport deposits (MTD) have been identified (e.g., Figure 
40). The bulk of these landslide zones are confined to the upper slope and along canyon 
walls, but they are also found along the lower slope where they lie adjacent to mass 
transport deposits (MTD) emplaced by multiple landslide events. Most of the Type 1 and 
Type 2 landslides occur in unlithified sediments. The exceptions are landslides identified 
in lithified Eocene rock exposed along the upper slope off New Jersey (Figures 40 and 
41) and Eocene and Mesozoic through Neogene carbonate and siliciclastic rocks in some 
of the New England canyons. 

MTDs from landslides (debrites) and turbidity currents (turbidites) not connected 
to specific landslide sources (Type 3) are widespread across the continental slope and out 
to the abyssal plain. Some of these MTD are voluminous (e.g., Elmore et al., 1979), but 



110                       Tsunami Hazard Assessment for the U.S. Atlantic and Gulf Coasts 
 

 

are currently excluded from our potential tsunami source evaluation due to our limited 
understanding of their areal extent, deposition pathways, connection to upper slope and 
canyon processes, age, and post-depositional reworking. 

Following is an in-depth analysis of two landslide complexes, the Munson-
Nygren-Retriever and the Veatch landslide complexes. A thorough discussion of the 
Currituck landslide and its tsunamigenic potential was included in Chapters 9 and 10 of 
ten Brink et al. (2008). 

 

4.2 The Munson-Nygren-Retriever Submarine Landslide Complex 

Introduction 
The lower continental slope and upper rise off Georges Bank, east of 

Massachusetts, USA (Figure 60), has been known for some time to be the location of 
several large submarine landslides (e.g., Scanlon 1984), but the spatial and temporal 
distribution of slope failure has proven elusive because of the lack of high-resolution 
data. O’Leary (1986a) using seismic reflection profiles provided the first detailed 
examination of the lower slope off Georges Bank specifically for the characterization of 
the Munson-Nygren landslide. Using additional data collected as part of the 1987 
GLORIA surveys along the US east coast, O’Leary (1993) observed that the Retriever 
slide was a distinct feature adjacent to, but not part of the Munson-Nygren slide and 
resolved three time periods of landslide activity. 

The continental slope and upper rise along Georges Bank consists of a layered 
succession of Cretaceous through Cenozoic sediments overlying a basement of Triassic 
breakup and Jurassic reef units (Poag 1982). The scars for each of the landslides in the 
MNR complex incise the Layered Rise Unit (LRU) of O’Leary (1986b, 1988) or upper 
continental rise sedimentary wedge of Danforth and Schwab (1990), which onlaps Upper 
Cretaceous-Paleocene age lower slope units (Poag 1982). O’Leary (1988) identified three 
subunits of the LRU based on seismic data: (1) an upper layered subunit consisting of 
Pleistocene to Pliocene silty-clay; (2) a middle transparent subunit of Pliocene to early 
Oligocene pelite; and (3) a lower parallel-layered subunit of Eocene stratified mudstones. 
Danforth and Schwab (1990) identified four seismostratigraphic units within the LRU 
and concluded that the age of the base of the section is mid to late Miocene (Merlin 
reflector). Local variability within the LRU is present along the margin due to 
interfingering of locally derived slope and shelf material deposited by debris flows and 
turbidites. It is likely that sections of the LRU are time-correlative, if not downslope 
extensions of, similar Tertiary sedimentary units along the upper slope above the MNR 
complex. 

In this report, we use newly acquired multibeam bathymetry data and previously 
collected subbottom reflection data to reevaluate the surficial morphological features and 
relative ages of the landslides (slides) within the MNR complex. A more detailed 
understanding of these characteristics of the slides is required in order to investigate their 
potential pre-conditioning factors, triggering mechanisms, and failure processes. 

Data 
A new multibeam bathymetry compilation was the primary source of information 

used in the reevaluation of the MNR complex (Figure 60). This new compilation merged 
multibeam data from the 2005 University of New Hampshire (UNH) USNS Henson 4–1 
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survey undertaken as part of the U.S. extended continental shelf program (Gardner et al., 
2006) and a 2009 USGS cruise on the NOAA Ship Ronald H. Brown. The UNH data 
were acquired with a Kongsberg EM121 and extend from water depths of approximately 
1,800 to over 4,000 m, while the USGS data were acquired with a SeaBeam 2112 and 
cover the upper slope from water depths of approximately 400 to 1,800 m. The merged 
data were gridded at resolutions of 100 m, and where data density was sufficiently high, 
30 m. 

Single-channel (airgun and sparker) and 3.5 kHz seismic reflection profiles 
collected from the late 1970s to the mid-1980s were reexamined in light of the new 
bathymetry dataset. These included data from the 1979 R/V James Gillis (Bailey and 
Aaron 1982a), 1978 R/V Columbus Iselin (Bailey and Aaron 1982b), and 1987 R/V 
Farnella (GLORIA) surveys (EEZ-SCAN 87 1991). 

Only one core is known to have been collected from within the MNR complex 
and only a limited number of cores have been collected in adjacent areas. Core 69–20 
was collected at the seaward end of the Retriever slide scar (Figure 60; Zimmerman 
1972), and contained a Holocene/Pleistocene sedimentary section similar to that found 
along the Scotian slope to the north (Mosher et al. 2004). Core 69–20 was composed of 
olive-gray/green clay with a relatively high carbonate content overlying alternating layers 
of moderate reddish-brown clay and silt with isolated pebbles (low carbonate content). 
No landslide facies similar to those described by Tripsanas et al. (2008b) or turbidite 
layers were described in the core. 

Results and Interpretations 

Munson-Nygren Slide 
The Munson-Nygren submarine slide is one of the most northern and largest (in 

terms of area and volume) surficial submarine mass failures identified along the US 
Atlantic continental margin. The morphology of the evacuation zone of Munson-Nygren 
slide bears the characteristics of a retrogressive landslide, but is complicated by its 
interaction with an unnamed canyon and a large secondary landslide on the northern 
flank of the main scar (flank slide; Figure 61). Because of a lack of cores and high-
resolution seismic reflection data, the mode of failure for the Munson-Nygren slide is 
unknown, but may be similar to that of the Logan Canyon debris flow corridor on the 
Scotian slope (Mosher et al., 2004). 

The downslope length of the main evacuation zone is approximately 60 km, with 
a maximum width of approximately 12 km, excluding the width of the adjacent canyon 
and a secondary landslide. These values are significantly different from those of O’Leary 
(1986a), who measured a length of at least 35 km and a width of 20 km. The headwall is 
characterized by a series of concave, stepped scarps that cut slope gullies, the shallowest 
at a depth of 1,790 m (present only along the western side of the evacuation), the main 
headwall scarp at approximately 1,880 m, and the lower scarp at approximately 2,230 m 
(Figures 61 and 62). The main headwall scarp has a maximum height of 280 m, while the 
maximum heights of the lower and shallow scarps are only 100 and 50 m, respectively. 
Seismic reflection profiles (e.g., Figure 62) show the presence of chaotic reflections 
above the main headwall, leading O’Leary (1986a) to suggest sediment loading by debris 
from an earlier failure upslope of the Munson-Nygren slide served as the trigger for 
failure. Sidewall heights exceed 200 m along much of the length of the main evacuation 
zone and in places are prominently stepped, revealing the architecture of the upper rise 
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stratigraphy. The gradient of the failure surface, as measured down the main axis of the 
evacuation zone is 1.3°. A roughly circular flank slide breaches the northeastern sidewall 
of the Munson-Nygren evacuation zone, which occurred coeval with, or subsequent to, 
the failure of main Munson-Nygren slide. A number of small curved scarps are observed 
along the margin of the channel downslope of the flank slide, likely revealing the location 
of incipient landslides. Using the method outlined in Chaytor et al. (2009), the area and 
volume of the evacuation zone of the Munson-Nygren slide, including the flank landslide 
were calculated to be 973 km3 and 152 km3, respectively. These and subsequent area and 
volume values are only estimates, given the presence of debris within the evacuations and 
at times, poorly defined downslope lengths. 

Seismic reflection profiles show that the seafloor within the evacuation zone is 
covered by debris deposits of varying thicknesses (Figure 62). Blocky surficial debris 
deposits from the Munson-Nygren slide are present within the evacuation zone of the 
landslide and further downslope (Figures 60 and 61). In the upper part of the evacuation 
zone, blocky debris is only present at the base of sidewall scarps, but blocky and 
hummocky deposits become more widespread throughout the evacuation zone beginning 
adjacent to the flank landslide. Debris from the flank slide forms a prominent lobe at the 
base of the evacuation zone, infilling and blocking the channel. Beyond this, debris 
deposits extend at least 50 km downslope from the base of the evacuation zone, infilling 
slope and rise channels and partially burying the base of Picket Seamount. At present, it 
is not clear whether these deposits are the result of a single or multiple landslide events. 

Retriever Slide 
The Retriever slide is located immediately adjacent to the western edge of 

Munson Canyon (Figure 63). The evacuation zone of the Retriever slide has similar 
downslope and across slope dimensions as the Munson-Nygren slide, a downslope length 
of approximately 62 km and an average width of approximately 12 km. Along the 
deepest section of the evacuation where the eastern margin merges with Munson Canyon, 
the width is 16 km. The area of the Retriever slide evacuation zone (728 km2) is similar 
to that of the Munson-Nygren slide (973 km2), but the 30 km3 volume is an order of 
magnitude smaller, reflecting different evacuation depths. The gradient of the seafloor, as 
measured down the main axis of the evacuation zone is 1.4°, essentially the same as that 
measured for the Munson-Nygren slide. 

Unlike the Munson-Nygren slide to its north, the Retriever slide does not have a 
clearly defined headwall, but rather has a discontinuous, low-relief scarp that forms the 
shallowest part of the evacuation zone (minimum headwall depth of approximately 1,780 
m). This upper scarp of the Retriever slide cuts numerous gullies and ridges along the 
lower slope, attaining a maximum height of not more than 150 m. From the bathymetry, 
it is not evident if the discontinuous morphology of the headwall is original or if it has 
undergone post failure modification (e.g., renewed canyon incision). Except for the upper 
15 km of the slide, significant sidewalls are only present along the western margin of the 
evacuation zone, with only a low-relief lip present along its eastern side where it flanks 
Munson Canyon. Sidewall scarp heights exceed 100 m along most of the evacuation 
zone, and as with the Munson-Nygren slide, display a stepped morphology. Below 2,600 
m, a number of subdued scarps are present along the eastern margin and main axis of the 
evacuation zone. While these scarps may be temporally related to the most recent phase 
of failure, it is possible that they are relict landslide or canyon features partially covered 
by more recent debris deposits. Seismic reflection data show that failure deposits are 
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present down the length of the evacuation zone, but blocky surficial deposits like those 
associated with the Munson-Nygren slide are largely absent on the bathymetry. 

One of the most prominent features of the Retriever slide is an elevated, 
approximately 15 km long terrace on the western flank of the evacuation zone that 
contains debris ridges up to 20 m high (Figure 63). In plan view, the shape of these ridges 
and troughs generally conforms to the shape of the adjacent sidewall scarps. Micallef et 
al. (2007) described a similar ridge and trough morphology within the Storegga Slide, 
attributing it to a spreading mechanism. 

Picket Slide 
Between the Munson-Nygren and Retriever source scars lies the Picket slide 

(Figure 64a). While this feature was initially considered to be part of the Munson-Nygren 
slide (O’Leary 1986a), it has well defined head and sidewalls that are adjacent to, but 
separate from the Munson-Nygren and the Retriever landslides. It is the smallest of the 
three distinct landslides, with a source evacuation area of 76 km2 and a volume of 3 km3. 
The concave headwall of the Picket slide is at a depth of approximately 1880 m, and has 
a maximum height of 100 m. The gradient of the seafloor within the excavation zone is 
approximately 1.7°. About 6 km downslope of the headwall, the bulk of the evacuation 
zone bends to the southwest towards Munson Canyon, while a narrow arm of the 
evacuation zone continues downslope to the southeast (Figure 64a) where it intersects a 
section of what appears to be an older landslide scar or buried canyon. Sidewalls along 
the western arm are distinctly scalloped and stepped and their heights exceed 100 m in 
places. The morphology of the Picket slide suggests failure occurred as a single event, 
with only minor secondary sidewall collapses. 

Landslide deposits were funneled down both arms of the evacuation zone, but the 
majority of the material appears to have been focused down the southwest arm (Figure 
64a, b). Blocky debris deposits are present from about 2.5 km downslope of the headwall 
to the top of the southeastern area of the evacuation and to the toe of the debris lobe that 
is located in the axis of Munson Canyon. Deposits from the Picket slide completely fill 
the thalweg of Munson Canyon immediately below the landslide (Figure 64a). The 
downslope extent of landslide deposits funneled down the southeastern arm is currently 
unknown. 

Age of Slope Failure 
Beyond a detailed examination of the landslide morphology, the primary interest 

in the reevaluation of the MNR landslide complex is the determination of the age of the 
failures as a means of investigating pre-conditioning factors and triggering mechanisms 
along the Georges Bank section of the US Atlantic margin. From the seismic reflection 
data, it appears that the youngest regionally correlatable units (LRU and younger) have 
been cut by these landslides. Because of the lack of cores collected within the evacuation 
and deposit zones, the absolute ages and sequencing of the landslides within the MNR 
complex are unknown and little is known about the characteristics of the sediments 
involved in the failures. That said, a first approximation of the relative age of these 
failures is provided by the morphology of the debris deposits and cross-cutting 
relationships of the landslide scars and canyons. 

Blocky landslide deposits are relatively rare along the U.S. Atlantic continental 
margin, which is likely due to a combination of landslide age (i.e., insufficient time to be 
buried by younger sediments) and the mechanisms of failure (i.e., disintegration of the 
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failed mass). The presence of blocky debris associated with the Munson-Nygren, Picket, 
and the terrace part of the Retriever slides suggests that these landslides may have 
occurred relatively recently, within the late Pleistocene/Holocene period. Furthermore, a 
recent age for the Picket slide is supported by the infilling of the thalweg channel of 
Munson Canyon directly in front of the downslope end of the western arm. Similarly, the 
axis of canyon below the flank slide of the Munson-Nygren slide appears to be filled with 
blocky debris, indicating deposition post-dates the last canyon cutting episode. Finally, 
debris deposits from the Munson-Nygren slide can be seen overlying and possibly cutting 
scars of broad continental rise landslides (Figure 60) which have thick layers of recent 
sediment accumulated across and below them. Discontinuous landslide scars are also 
present on the continental rise SW of Retriever Seamount (Figure 60), but the source of 
these draping sediments cannot be definitively identified. Additional high-resolution 
subbottom profiles and coring are needed to determine the presence and thickness of 
recent sediment drape layers overlying each of the debris deposits. 

Reevaluation of the MNR complex using the new multibeam dataset reveals that 
the sequence of failure of individual landslides is likely substantially more complex than 
previously thought (O’Leary 1986a; Twichell et al. 2009a). While the reevaluation 
presented here supports the contention of O’Leary (1986a) that the Retriever slide (with 
the possible exception of the failure of the upper terrace) is the oldest of the landslides in 
the complex, it differs from the more detailed headwall-depth based sequencing scenario 
of Twichell et al. (2009a) by the identification of the Picket slide as a separate slide that 
is the youngest of the three and a younger age for the flank slide in the Munson-Nygren 
complex (headwall 4A of Twichell et al., 2009a).  



Chapter 4:  Individual Landslide Sources       115 
 

 

 
Figure 60. Shaded-relief bathymetry of the MNR complex area with the Munson-Nygren (red), 
Retriever (orange) and Picket (green) submarine landslide scars (evacuation zones) highlighted. 
The debris deposit of the Munson-Nygren slide is outlined by the yellow dashed line. Upper rise 
landslide scars are marked in white. Seismic reflection profiles that cover the area are also shown. 
Inset shows the location of the study area.  
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Figure 61. The Munson-Nygren slide scar (evacuation zone). Prominent headwalls and sidewalls 
marked by red hatched lines. The yellow dashed line marks the upslope limit of blocky debris 
deposits. The location of the seismic profile in Figure 62 is highlighted by the white line.  
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Figure 62. A portion of Iselin air-gun line 26. Note the main and lower headwall scarps and the 
presence of chaotic (debris?) deposits above the headwall scarps (outlined by dashed red line) and 
deformed stratigraphy underlying the main scarp.  
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Figure 63. Shaded-relief bathymetry of the Retriever landslide scar (evacuation zone). The 
headwall and sidewalls are marked by the red lines. The inset shows the curved debris 
ridges/troughs on the terrace, with the yellow arrows indicating the direction of flow of the ridges.  



Chapter 4:  Individual Landslide Sources       119 
 

 

 
Figure 64. (a) Shaded-relief bathymetry of the Picket slide. The location of the seismic profile in 
(b) is highlighted by the white line. Note that the thalweg of Munson Canyon (dashed yellow line) is 
cut and infilled by debris from the Picket slide; (b) a portion of Iselin air-gun line 25. Blocky debris is 
as much as 50 m thick. The likely failure surface is marked by the red dashed line.  
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4.3 The Veatch Slide Complex  

Introduction 
The U.S. Atlantic continental margin exhibits many deposits of submarine mass 

movements of various magnitudes (Booth et al. 1993; Twichell et al. 2009a; Chaytor et 
al. 2009). Until about year 2000, most of the inventory had only been mapped by a large 
aperture side-scan sonar (GLORIA). With improving technology, multibeam bathymetry 
surveys have led to a re-examination of many previously identified landslides areas. As 
part of an effort carried out jointly between the USGS and the NRC to assess tsunami 
hazard from landslides along the U.S. Atlantic margin, a revised inventory of submarine 
mass movements along the eastern seaboard was obtained and published in a series of 
papers (e.g. ten Brink et al. 2009b; Locat et al. 2009; Twichell et al. 2009a; Chaytor et al. 
2009). Extending this series, this report presents a detailed analysis of the morphology of 
the Veatch slide complex area, off Nantucket Island (Massachusetts, Figure 65), in order 
to illustrate how better bathymetry displays more details of the seafloor and a more 
refined interpretation of the sliding processes. The Veatch canyon was named after A.C. 
Veatch, an American surveyor of the United States Coast and Geodetic Survey who 
pioneered marine surveys in this area (e.g. Veatch 1937). 

Forde (1981) was the first to investigate the Veatch canyon and mostly focused on 
sedimentary processes. The Veatch canyon slide as such was first identified as part of an 
inventory presented by Booth et al. (1993) based on GLORIA sidescan sonar imagery 
and concurrent seismic surveys. More recent multibeam surveys have provided an 
opportunity to revisit the various landslides in the area (Twichell et al. 2009a; Chaytor et 
al. 2009). An interpretation of the Veatch slide extent was presented by Blondel (2009) 
who suggests that the areal coverage of the slide is about 11,000 km2 (about 275 km×40 
km). Twichell et al. (2009a) proposed a similar estimate using recent multibeam surveys. 

This report provides a more detailed analysis of the area referred to as the Veatch 
slide complex, which has been divided into three regions: upper, middle and lower 
(Figure 65). It is shown hereafter that the Veatch slide can be seen as a complex slide 
with a morphology revealing various scars at different water depths. This analysis leads 
to some discussion of the uncertainty related to the definition of the size of a submarine 
mass movement when limited seismic data is available. Such a definition has an impact 
on the evaluation of slide initiation and mobility. 

Methods 
Bathymetric dataset used here has been acquired during 2004 by the U.S. Navy 

Ship Henson (Gardner et al. 2006) and by the NOAA Ship Ronald H. Brown in 2009 
(http://soundwaves.usgs.gov/2009/08/fieldwork.html). For the purpose of this study, the 
multibeam data was gridded with a cell size having a horizontal resolution of 25 m. 
Analog 3.5 kHz and airgun geophysical surveys were acquired as part of the GLORIA 
sidescan imagery (EEZ-SCAN 887 1991). A sound velocity of 1,500 m/s is used is the 
depth estimates. Core data is taken from the National Geophysical Data Center core 
repository (http://www.ngdc.noaa.gov). For more details on the methodology the reader 
is refer to Twichell et al. (2009a). 
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The Veatch Slide Complex 
In the Veatch slide complex region, the maximum extent of the Quaternary ice 

sheet more or less remained along the present coastline (Twichell et al., 2009a). During 
that time of low sea levels, rivers carried sediments as far as the shelf edge to form a 
series of shelf-edge deltas. The delta foreset beds prograded as clinoforms (Sheridan et 
al., 2000) with angles of deposition of about 5°. According to Poag and Sevon (1989) the 
Quaternary sequence can reach a thickness varying from 400 to 800 m on the outer shelf 
and upper part of the slope. 

Sediment texture in the vicinity of the Veatch slide complex decreases in size 
from the shelf to the abyssal plain (Bennet et al., 1980; Lambert et al., 1981): the shelf is 
mostly sandy, the upper slope consists of silty sand; the lower slope consists of sand silt 
and clay while silty clay dominates on the upper rise. Physical properties of surficial 
samples (less than 2 m deep, see Figure 65a) obtained from the lower slope and upper 
rise regions indicate that sediments are mostly inorganic, which is very similar to those 
reported for the Hudson Apron area to the south by Locat et al. (2003).  

A general view of the Veatch slide complex is shown in Figure 65. The mass 
movements within the Veatch slide complex can be seen from the slope area down onto 
the upper rise, i.e. over a distance of more than 200 km. As it will be described below, the 
Veatch slide complex includes at least three distinct slide events: a first large slide 
originating from the upper rise area (slide 1), another slide originating from the 
continental slope (slide 2) and a small bank failure on the banks of the Veatch canyon 
(Figure 65a). 

From a geomorphological viewpoint the Veatch slide complex area has been 
divided into three regions: (1) Upper region (approximately 400 to 1,750 mbsl) (2) 
Middle region (1,750 to 2,270 mbsl) and (3) Lower (>2,270 mbsl). The limit between the 
Upper and Middle regions is set at the location considered to be the toe of slide 2 near the 
base of the slope (see Figures 65 and 66a). 

Geomorphological Overview 
The Upper region covers the slope and a limited part of the upper rise down to a 

depth of about 1,750 m. The lower boundary coincides with the location of the upper 
scarp of slide 1. A more detailed morphological view of the Upper region is provided in 
Figure 66. An approximately 17-km-wide slope region of detachment surfaces lies east of 
Veatch Canyon (VC), and likely corresponds to failure surfaces (1–8) with their 
associated head scarps, and changes eastward fairly abruptly to a gully system. 

The Veatch Canyon is nearly a straight feature that has entrenched the slope with 
a relief of about 700 m and a thalweg dip of 2–4°. The slopes bordering the canyon are 
inclined at angles locally reaching nearly 30°. The average slopes of the canyon walls are 
greater in the upper part of the canyon (see Figure 66b). The continental rise morphology 
in the vicinity of the canyon suggests that at least two periods of erosion took place: an 
older period represented by a higher floor level (Ca1) and a more recent erosion 
represented by Ca2 (slide?). The Ca1 (see surface 1a and 1b in Figure 66a) would have 
been about 150 m higher than the present canyon floor (Ca2). The height difference 
between the Ca1 level and the surrounding hills suggest an erosion of about 200 m of 
sediments. The slope of surface Ca1 toward the axis of the canyon is about 2° while the 
slopes of the canyon walls surrounding level Ca2 canyon are about 17. The width of the 
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present canyon valley (Ca2) is about 0.6 km. This may suggest that the Ca2 phase of 
canyon incision took place in sediments with a higher strength than for phase Ca1. 

The main part of the Upper region is occupied by a series of surfaces (marked S1–
S8 in Figure 66a) that may correspond to various failures planes. Surfaces S1 to S4 are 
more distinct compared with surfaces S5 to S8. Surfaces S1 to S4 are smooth and dip 
more or less at the same angles (except for S4, see Figure 67 for details). Except for S3, 
the head scarps can be quite steep with values between 10° and 25° (see table in Figure 
65). Surfaces S5 to S7 show rounded gullies and are generally steeper (between 8° and 
12°) than the surfaces above. The surfaces have been eroded by gullies and may represent 
the original slope or at least an erosional surface formed by sediments having a greater 
strength. 

The Middle region is seen both in Figures 66 and 67 and is occupied by the upper 
scarp of slide 1 with its upper slope partly truncated (‘O’ in Figure 66b) by the slide 2 
event. This area is also limited to the west by the right bank of the Veatch Canyon and to 
the East by the lateral scarp of slide 1, and by the left bank of an abandoned canyon. It 
ends at the point where the debris field becomes channelized (Ch1 to Ch4 in Figures 65b 
and 67c). The overall slope in that area is about 1°. 

The Lower region is detailed in Figure 67c and consists mostly of a channelized 
system developed between the banks of the Veatch Canyon to the West and an unnamed 
canyon to the East. The characteristics of the channels are summarized in Figure 65c. 
This region also includes a bank failure (Figure 67d) developed within the Veatch 
canyon. 

Using these morphological observations we propose the following sequence of 
failures with time from oldest to youngest: bank failures, slide 1 and slide 2. The 
geometric characteristics of these slides are provided in Figure 65c. Banks failures will 
not be detailed here. They are comparatively small and are found along the abandoned 
walls of the Veatch Canyon with the largest one indicated on Figures 65 and 67. The 
following analysis will concentrate on slide 1 and 2. 

Slide 1 
Slide 1 extends from the Middle region to the Lower region (Figures 65 and 67). 

It can be divided into two zones: (1) the area covering the evacuation of slide 1, and (2) 
the run out zone where the debris was deposited. The head scarp is well defined (Figures 
66b and 67a). The extent of the right lateral scarp of slide 1 stops at a point, noted ‘X’ in 
Figure 65a, where the debris of the slides were more or less restrained by the walls of the 
Veatch Canyon. The left lateral scarp extends much farther to a point also where the 
walls of an older canyon start to confine the debris into a channel (point Y in Figure 67a). 
The failure surface of slide 1 cannot be seen directly. A seismic line (air gun) shown in 
Figure 67b presents an approximately 50 m layer of debris showing some deformations 
(see black arrows showing the base in the insert in Figure 67b) that are interpreted to be 
the debris from slide 2 which flowed over the slide 1 failure surface (red line in Figure 
67b) that may include some debris of slide 1. 

The transition into the run out zone of the slide is shown as the dashed line in 
Figures 65 and 67. The transition between the two parts is also used as a boundary 
between the Middle and Lower regions. More or less at that location there is an abrupt 
change in the morphology of slide 1 where at least four channels are present: Ch1: 
constrained to the west by the Veatch Canyon right wall over a distance of at least 74 km; 
Ch2: which is short (approximately 18 km) and comes back into the Veatch Canyon; 
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Ch3: which widens downstream, and Ch4 which is constrained by the left wall of an 
abandoned canyon. 

The morphological characteristic of slide 1 and the channels are summarized in 
the table in Figure 65c. Using the above description, the volume of slide 1 is estimated to 
be at about 35 km3. The head scarp has a slope ranging between 15° and 21° and the 
slope of the floor in the channel varies between 0.5° and 1°. According to Twichell et al. 
(2009a) and Blondel (2009), the run out distance extends seaward for another 50 km for a 
total distance of about 160 km. 

Slide 2 
Slide 2, shown in Figures 65, 66 and 67, originated in the continental slope. 

Although there are many failure surfaces seen in Figure 66a, only surfaces 2, 3, 4, and 7 
are considered to be part of slide 2. It is believed that these surfaces represent most of the 
failure plane, which has been later partly eroded as seen by the presence of 3 knickpoints 
(‘k’ in Figure 66b). The width and length of the overall failure surface is about 8 km by 8 
km with an estimated thickness of the failed mass of about 100 m yielding an estimated 
volume of 6.4 km3. Scarp slopes reach values as high as 30° with heights of about 100 m. 
The slope of the failure surface varies from about 5° in the upper part to close to 12° in 
the lower part of the slope. 

The failed mass flows away onto the continental rise encroaching upon the head 
scarp of slide 1 (‘O’ in Figure 66b) and spreading over the small depositional basin 
generated by slide 1. It appears to have stopped more or less before the head of channels 
seen in Figures 65a and 67c. The apparently higher strength of the sediments involved in 
slide 2, compared to those of slide 1, may be deduced from the large amounts of rafted 
(?) blocks seen on the surface of the debris flow deposit of slide 2 (see ‘rafted blocks’ in 
Figure 66b) which are not seen in the channels below. These blocks have a maximum 
length of 500 m, with a height of less than 20 m flanks slopes reaching up to 6ı. In the 
lower part of the run out zone of slide 2, the debris is resting on a slope of about 1°. 
Using topographic cross sections, the overall mound created by the accumulation of the 
debris of slide 2 varies in height between 15 and 40 m. The surface of the deposition area 
of slide 2 is estimated at 133 km2 which, for a displaced volume of 6.4 km3 would yield 
an estimated average thickness of about 50 m which is similar to what has been estimated 
from the seismic line in Figure 67b. This is assuming that all the debris covering the 
failure surface is from slide 2. 

Based on these observations the parameters governing the mobility of this slide 
can be ascertained to some degree. First the strength of the material during the flow event 
can be estimated from the geometry of the deposit including both the slope and the 
thickness. Using the critical height and slope approach for an undrained infinite slope 
failure (Locat and Lee 2002) and using an average buoyant unit weight of 4–8 kN/m3 
(Locat et al. 2003), the yield strength for a debris thickness of 15 and 50 m would vary 
from 1 to 7 kPa respectively. The geotechnical profile available for the Hudson canyon 
(35 m deep, Locat et al. 2003) indicates a remolded shear strength varying between 5 and 
10 kPa. Using this information, the run out of slide 2 was estimated using a pseudo 2-D 
numerical model called BING (Imran et al. 2001) with an average buoyant unit weight of 
6 kN/m3, and a range of yield strength between 4 and 8 kPa. Results of the simulations 
are shown in Figure 68. These results indicate that the estimated volume of the sliding 
mass may explain why the debris flow associated with slide 2 did not reach farther. Even 
assuming an initial thickness of 150 m, the flow would not enter the channels. An 
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observed shorter run out distance compare to the computed one using BING could also be 
explained by a remolding of the sliding mass that was not complete, as seen by the 
presence of rafted blocks.  

Discussion and Concluding Remarks 
Because of space limitations, we only briefly discuss two elements. The first one 

relates to the relative timing of these events and the second about the use of 
morphological information to deduce the volume and mobility of a slide. 

The timing and triggering of these slides in this region have been discussed by 
many authors (e.g. Lee 2009; Twichell et al. 2009a; Chaytor et al. 2009). They would, for 
most of them, be pre-conditioned by an increase in pore pressure due to the high 
sedimentation rate, gas hydrates dissociation and they would likely be triggered by 
erosion or earthquakes. When we compare slide 1 and slide 2, slide 1 appears to show a 
much greater disintegration of the failed mass although it was initiated on a much gentler 
slope than slide 2. This may indicate that it took place in younger sediments having a 
lower strength or involving less cohesive sediments, which would disintegrate more 
easily. Considering the higher angles of the scarps of slide 2 relative to slide 1 this would 
indicate that slide 2 likely took place in normally consolidated sediments thus reducing 
the possibility that it could have been triggered by sedimentation rates at the time of low 
sea levels. Coring for dating the failure surfaces would greatly help answer this question. 

Regarding the relationship between volume and mobility (e.g. Locat and Lee 
2002; Issler et al. 2005), the most difficult element is to define which volume is involved 
in the slide and how much of the flow was channelized. For our region of interest most of 
the run out zone was defined by the GLORIA imagery. The use of higher resolution 
bathymetry, as shown here, leads to the identification of various slides in addition to 
channels used as conduits in the run out zone. These may have been involved in slide 1, 
resulting in potentially higher run out distances than expected for a given volume flowing 
on an open space. Slide 2 event, however, appears more or less confined to the space left 
by slide 1 and did not reach the lower region. The run out characteristics of slide 2 appear 
consistent with the estimated geotechnical and rheological parameters. 

As a concluding remark, this geomorphological analysis of the Veatch slide 
complex has shown the presence of at least two major slides presenting different 
morphological characteristics and involving different type of sediments (in terms of 
strength and grain size). Finally, it is shown that a more refined morphological analysis of 
similar landslide areas may lead to the definition of a greater number of slides and a 
greater role of channels all leading to a more complex interpretation on their mobility. 
Recent acquisition of multibeam data may bring about a revised interpretation of the 
Veatch slide complex. 
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Figure 65. (a) View of the Veatch slide complex (slide 1 and 2) with its location shown in (b, 
image from Google Earth), (illuminated from the northeast); 3B, 3C, 3D, and 3F are core locations; 
Ch1 to Ch4 are channels; (c) this table presents geometric characteristics of features discussed in 
the text. L, W, H, and V stand for length, width, height and volume. Meaning of subscripts for slope 
angles are: us upper surface, fs failure surface, s scarp, rs right scarp, ls left scarp, su surface of 
the channel, Visible failure surfaces are noted S1 to S8 (Figure 66a).  
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Figure 66. (a) Upper part of the Veach slide complex showing the various failure surfaces (see 
Figure 65c for specific geometric data); (b) slope map of the same area as in ‘a’ with the 
identification of few blocks generated by slide 2. (‘a’ and ‘b’ are illuminated from azimuth 315°, but 
illumination angle is 44° and 61° for ‘a’ and ‘b’ respectively; vertical exaggeration is 2.0).  
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Figure 67. (a) View of the Middle and Upper regions of the Veatch slide complex with the location 
of the available seismic lines; (b) air gun seismic line 25 showing the potential position of the failure 
plane or the flow surface (see insert) with a the debris about 50 m thick; (c) the lower region; (d) 
details of the bank failure with location shown by the dashed box. (Sun azimuth is same for ‘a’, ‘c’, 
and ‘d’ at 315°, but sun angle is 44°; the vertical exaggeration is 2.0)  
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Figure 68. Simulation of the run out distance of slide 2 as a function of slide volume and yield 
strength (1–8 kPa). The Herchel-Buckley model was used here with coefficient ‘n’ equal to 1, a 
reference strain rate of 1.0, and a unit weight of 16 kN/m3  
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4.4 The Gulf of Mexico: An Overview 

Introduction 
Submarine landslides have been studied in the Gulf of Mexico (GOM) for two 

reasons: first, as a hazard to offshore hydrocarbon extraction infrastructure and 
transportation, second, when more deeply buried, they can serve either as hydrocarbon 
reservoirs or barriers in reservoirs. The threat of submarine landslides to generate 
tsunamis has not been widely addressed for the GOM region. We present a brief review 
of the literature on the distribution and style of submarine landslides that have occurred in 
the GOM during the Quaternary and the results of some preliminary landslide-generated 
tsunami modeling. 

Setting 
The GOM is dominated by three distinct geologic provinces: a carbonate 

province, a salt province, and canyon to deep-sea fan province (Figure 69). Three 
particular aspects of the basin’s evolution that should be considered in an assessment of 
landslide activity include: (1) Jurassic-aged Louann salt that was deposited during the 
early stages of basin formation (Salvador 1991), (2) the development and growth of 
extensive carbonate reef tracts during the late Jurassic and Cretaceous (Bryant et al., 
1991), and (3) the siliciclastic sediment input during the latest Mesozoic and Cenozoic 
(Buffler, 1991).  

The Louann salt underlies large parts of the northern GOM continental shelf and 
slope. Under the upper and middle slope the salt is shaped into a network of ridges and 
thin salt sheets that are interrupted by sub-circular basins (mini-basins), which have thin 
salt or no salt underlying them. Campeche Knolls in the southwest corner of the GOM 
has an irregular morphology that is similar to that of the northern GOM slope, due to 
sediment loading of an underlying salt deposit (Figure 69; Bryant et al., 1991). 

During the Mesozoic, an extensive reef system developed around much of the 
margin of the GOM basin (Sohl et al., 1991). This reef system is exposed along the 
Florida Escarpment (FE) and the Campeche Escarpment (Figure 69). These escarpments 
stand as much as 1,500m above the abyssal plain floor, and have average gradients that 
commonly exceed 20° and locally are vertical. Reef growth ended during the Middle 
Cretaceous (Freeman-Lynde, 1983; Paull et al., 1990a), and subsequently the platform 
edges have been sculpted and steepened by a variety of erosional processes (Freeman-
Lynde 1983; Paull et al. 1990; Twichell et al. 1996). 

Three fan systems formed during the Pliocene and Pleistocene, the Bryant Fan 
(Lee et al., 1996), Mississippi Fan (Weimer, 1989), and Eastern Mississippi Fan (Weimer 
and Dixon, 1994). The Mississippi Fan is the largest of these three fans, and covers most 
of the eastern half of the deep GOM basin (Figure 69). Mississippi Canyon (MC) has 
retained its morphologic expression on the slope, but the canyons that supplied sediment 
to Bryant and Eastern Mississippi Fans have been largely erased by subsequent salt 
tectonics and depositional processes (Weimer and Dixon, 1994; Lee et al., 1996). 

Distribution of Submarine Landslides 
Submarine landslides have occurred in each of the three provinces of the GOM 

basin although they vary in style and size. This report will focus on landslides that are 
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thought to have occurred during the Quaternary Period as they have the greatest 
implications for modern tsunami hazards. 

Carbonate Province 
Landslides on the West Florida Slope (WFS) above the FE are sourced in Tertiary 

and Quaternary carbonate deposits (Figure 70a). Mullins et al. (1986) mapped large 
collapse scars along the WFS, one of which is 120km long and 30km wide, with 300–
350m relief. While the total volume of material removed from this feature is around 
1,000 km3, there were at least 3 generations of failures, with most of the sediment 
removal occurring prior to the middle Miocene. Along the southern part of the WFS, 
Doyle and Holmes (1985) and Twichell et al. (1993) mapped another extensive area of 
the slope that has undergone collapse (Figure 70a). Here the scarps are still exposed on 
the seafloor and have 50–150m relief and are 10–70km in length. Some of the mass-
movement deposits are on the slope above the FE while the remainder was likely 
transported farther and deposited at the base of the FE. The cross-cutting of the headwall 
scarps indicates that these landslides are composed of several smaller failure events 
(Twichell et al., 1993). 

Salt Province 
Landslide deposits, most of which are relatively small, have been mapped 

throughout the salt province using GLORIA imagery (Rothwell et al., 1991) as well as 
with high-resolution sidescan sonar, bathymetry, seismic profiles, and cores (Lee and 
George, 2004; Orange et al., 2004; Sager et al., 2004; Silva et al., 2004; Tripsanas et al. 
2004). The largest of these failures, the East Breaks landslide (Figure 70b), occurs in the 
northwestern GOM, is 114 km long, 53 km wide, covers about 2,250 km2, and has been 
interpreted to consist of at least two debris flows (Rothwell et al., 1991). This landslide, 
which incises a shelf-edge delta, lies offshore of the Colorado River system and formed 
during the last lowstand of sea level (Piper and Behrens, 2003). 

The remaining landslides within the salt province are considerably smaller and 
cover areas ranging from 4–273 km2 (Figure 69) and are sourced from the walls of the 
mini-basins or the Sigsbee Escarpment. While information is limited on the age of 
landslides in the salt province and failure of mini-basin walls throughout the province 
may still be active, Tripsanas et al. (2004) indicates that most of the landslides sampled in 
the salt province occurred during oxygen isotope stages 2 through 4 (18,170–71,000yr 
BP) during the last lowstand of sea level, when salt movement due to sediment loading 
may have been more active in certain locations. 

Canyon/Fan Province 
Recent studies of the MC and Mississippi Fan (Twichell et al., 1996; Twichell et 

al., 2009b) reveal evidence of landslides at several scales. Turbidity current deposits and 
thin debris flow deposits associated with channel-levee development have been mapped 
and sampled on the distal fan (Twichell et al., 1992; Schwab et al., 1996). Some of these 
deposits are relatively small: covering areas less than 331 km2, and have volumes less 
than 1 km3 (Twichell et al., 2009b). At the other extreme is a large landslide complex that 
covers approximately 23,000 km2 of the middle and upper fan (Figure 69) and reaches 
100 m in thickness (Walker and Massingill, 1970; Twichell et al., 1992). The total 
volume of this deposit cannot be accurately estimated because of inadequate seismic 
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coverage, but, assuming an average thickness of 75m, the volume would be 1,725 km3. 
Seismic profiles and GLORIA imagery suggest that this feature consists of at least two 
separate events (Twichell et al. 2009b). MC (Figure 70c) appears to have been the source 
area for these landslide deposits (Walker and Massingill, 1970; Coleman et al., 1983; 
Goodwin and Prior, 1989). Borings and seismic data from the head of MC (Goodwin and 
Prior, 1989) indicate that there were alternating episodes of canyon filling and excavation 
between 19,000 and 7,500ybp, and Coleman et al. (1983) estimate total volume of 
sediment removed was approximately 8,600 km3. 

The Eastern Mississippi Fan system also has a relatively large landslide that 
partially buries the channel that supplied this fan. This landslide deposit is approximately 
154 km long, as much as 22 km wide, and covers an area of 2,410 km2. The volume of 
the deposit and its age are unknown. 

Preliminary Analysis of Potential Landslide-Generated Tsunamigenic Sources 
Potential tsunami sources are primarily earthquakes along the Caribbean plate 

boundary and submarine landslides, while earthquake sources within the GOM are 
uncertain (e.g., Knight, 2006). Submarine landslides in the GOM are considered a 
potential tsunami hazard for two reasons: (1) some dated landslides in the GOM have 
post-glacial ages (Coleman et al., 1983). For example, the Mississippi Canyon and East 
Breaks landslides, which are among the largest landslides in the GOM, occurred after the 
end of the last glacial maximum during post-glacial transgression (Piper and Behrens 
2003). (2) The February 10, 2006 earthquake offshore southern Louisiana was 
characterized by high surface waves to body wave amplitude ratio, which, could be 
interpreted as arising from a landslide (Dewey and Dellinger, 2008). (3) The Mississippi 
River still deposits large quantities of water-saturated sediments on the shelf and slope, 
making them vulnerable to over-pressurization and slope failure (Dugan and Flemings, 
2000). 

Submarine Landslide Characteristics 
We define three submarine landslides within the geologic provinces of the 

northern GOM that may have had tsunamigenic potential: (1) East Breaks, (2) 
Mississippi Canyon, and (3) Florida Escarpment. The U.S. gulf coast would be affected 
primarily by the shoreward-directed phase of the tsunami emanating from the East Breaks 
and MC landslides, and would be affected primarily by the outgoing tsunami from a 
landslide sourced from above the FE. A tsunami from a landslide on the FE would have a 
significant directivity effect that scales with the speed of downslope motion of the 
landslide (up to the phase speed of the tsunami). The characteristics and the parameters of 
landslides considered in preliminary tsunami source analysis are given in Table 1. 

Landslide volume calculations were based on measuring the volume of material 
removed from the landslide source area using a technique similar to that applied by 
Chaytor et al. (2009). In the case of the East Breaks landslide, the source area may be 
somewhat larger, but bathymetry is not available for the entire landslide. 

East Breaks Landslide Tsunami Modeling 
Preliminary simplified hydrodynamic modeling of the East Breaks landslide has 

been performed to investigate the upper limits of tsunami wave height generated by this 
source. For modeling purposes, a 200 m resolution elevation grid was used, made up of a 
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combination of data from the U.S. Army Corp of Engineers ADCIRC (shallow water) 
and the NOAA 2-min ETOPO2 (deep water) databases. Two conservative assumptions 
were made: (1) the time scale of seafloor motion is very small when compared to that of 
the generated tsunami, and (2) bottom roughness and associated energy dissipation in 
deep water are negligible. 

In initial runs, model conditions of a landslide source width of approximately 
12 km and length of 50 km are used. As the excavation depth of the landslide is ∼160 m, 
a trough elevation of 160 m is used as the hot-start initial free water surface condition 
(i.e., the free water surface response matches the change in the seafloor profile exactly), 
based on the knowledge of the characteristics of landslide-generated waves (e.g., Lynett 
and Liu, 2002). From this, model results (Figure 71) indicate that wave components 
(backgoing and outgoing) with amplitudes greater than 20 m is initially generated. 
Attenuation from radial spreading is important, with wave energy predicted to propagate 
in all directions away from the source. Further modeling and analysis is required to 
determine if the entire coastline of the GOM would be impacted by a tsunami generated 
by this source. The magnitude of the tsunami at the coast would be determined by 
shallow water amplification and energy dissipation of the waves. Furthermore, using 
landslide durations predicted from the mobility analysis rather than hot-start conditions 
we expect to see a change in tsunami generation efficiency. 

Concluding Statements and Future Work 
Timing of landslides in the GOM needs to be refined to determine the likelihood 

of modern landslides and potential for future landslide-generated tsunamis. For example, 
it is not known if the Mississippi Fan landslides are associated with glacial meltwater 
floods that discharged into the GOM (e.g., Aharon, 2003), or whether they occurred more 
recently. Available age dates indicate that this large landslide complex is younger than 
11,100ybp, but the minimum age is still unknown (Twichell et al. 2009b). Additional 
modeling of potential sources is required to determine the magnitude of the initial waves, 
the amount of shallow water amplification, and the level of run-up expected at points 
around the GOM. 

Additional landslides identified or better defined 
Additional multibeam bathymetry data have been collected between 2011 and 

2014 by the EM-302 sonar system aboard NOAA Ship Okeanos Explorer during cruises 
EX1105, EX1202L1, EX1202L2, EX1203, EX1402L1, EX1402L2, and EX1402L3. 
These data have been combined with the existing pre-2011 data and analyzed for the 
purpose of identifying and better defining landslide features throughout the northeast 
Gulf of Mexico. These higher-resolution data have allowed for the full extent and 
morphology of landslides and other mass wasting features to be defined and analyzed. 
The DeSoto Canyon Landslide occurs within thick siliciclastic material east of 
Mississippi Canyon whereas the West Florida margin has mixed siliciclastic and 
carbonate sediments over an extensive carbonate platform (exposed along the Florida 
Escarpment). The De Soto Canyon Landslide and the West Florida slope mass wasting 
are shown in Figures 73 and 74. The boxed Campeche Escarpment is discussed in the 
next section.  
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Figure 69. Shaded bathymetry of the Gulf of Mexico. Landslide deposits are marked in red. The 
dashed lines highlight the three primary geologic provinces of the region. EB-East Breaks 
Landslide, MC-Mississippi Canyon, BC-Bryant Canyon, EMF-East Mississippi Fan, BF-Bryant Fan. 
Bathymetry derived from Armante and Eakins (2008)  
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Figure 70. (a) Landslide scar in carbonate platform above the central Florida Escarpment, (b) 
Upper part of the East Breaks Landslide, and (c) Mississippi Canyon, the source area of the 
landslide deposits comprising the Mississippi Fan. Red dashed polygons outline the landslide 
source zones (excavations) used to calculate landslide volume and area given in Table 4. 
Bathymetry data available at the NOAA National Geophysical Data Center  

 

Table 4. Characteristics of the landslides source regions considered in this study. Numbers in 
parentheses are values from other investigators. 
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Figure 71. Results of two-dimensional simulation of the East Break landslide (headwall depth is 
160 m) at (a) 0 min (initiation) and (b) 13 min. Note the radial spreading pattern  

 

 
Figure 72. Map of the Gulf of Mexico with three boxes outlining the regions of DeSoto Canyon, 
Florida Escarpment and Campeche Escarpment.  
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Figure 73. The DeSoto Canyon Landslide complex showing the scar volumes and areas for this 
area. The upper panel shows the thickness of evacuated material assuming that the landslide 
occurred in stages (no fixed timing).  The bottom panel shows the thickness of material evacuated 
for a larger failure (incorporating adjacent landslide scars).  Calculated volume and area estimates 
for each scenario are indicated.  Note the salt diapirs and other landslide/canyon features in the 
region. 
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Figure 74. Map of the West Florida shelf. The highlighted landslide complex along the West 
Florida shelf and slope where mass wasting is extensive covers an area of 11,176 km2  
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4.5 Source Characterization and Tsunami Modeling of Submarine Landslides along 
the Yucatan Shelf/Campeche Escarpment, southern Gulf of Mexico 

Introduction 
The Yucatán Shelf is the submerged portion of a broad carbonate platform that 

has been the site of carbonate deposition and removal since the Mesozoic.The steep and 
heavily eroded Campeche Escarpment marks the northern margin of the platform.  Until 
2013, the Campeche Escarpment/Yucatán Shelf was the last remaining large area of the 
Gulf of Mexico (GOM), which had not been evaluated for landslide-generated tsunami 
hazards. Although submarine landslide-generated tsunamis are low frequency events, 
they are one of the primary tsunami hazards in the absence of active tectonic influences.  
Compiled tsunami observation records for the GOM contains only one non-earthquake 
generated tsunami event (1922 Galveston) that may have been generated by a local 
submarine landslide (ten Brink et al., 2009d; National Geophysical Data Center / World 
Data Service (NGDC/WDS)) Nevertheless, submarine landslide generated tsunamis, 
constitute a significant hazard to coastal populations and critical infrastructure, but are 
often poorly constrained because due to limited data on potential source characteristics.   

North of the Yucatan coast, little is known about the origins and stratigraphy of 
the Yucatan Shelf, but the work of Bryant et al. (1969), Worzel et al. (1973), Locker and 
Buffler (1983) and others found the nearly flat lying Cretaceous carbonate strata overlain 
by Cenozoic sediments to be generally analogous to the more widely studied West 
Florida shelf situated along the eastern margin of the Gulf of Mexico.  Complexities 
identified in comparisons of the Yucatan Shelf edge/Campeche Escarpment and Florida 
Escarpment by these early studies are now known to be the due to the modification of the 
Yucatan Shelf large scale slope failure initiated by the Chixulub impact event (Denne et 
al., 2013; Paull et al., 2014).  Following the impact event, a thick sequence of Cenozoic 
age sediments, in places up more than 600 m thick, has been deposited across the 
Yucatan Shelf filling the failure scars along the Campeche Escarpment generated by the 
impact (Paull et al., 2014).  Because geologically recent, large, and potentially 
tsunamigenic landslides that displace Cenozoic age sediments along the West Florida 
shelf edge have been well documented (Paull et al., 1990a, Paull et al., 1990b, Chaytor 
et al., 2009), similar features had been thought to exist along Yucatan shelf edge and 
Campeche Escarpment and representing an unconstrained hazard to population and 
infrastructure along Gulf of Mexico coastlines.   

Here we present results of source characterization analysis and tsunami modeling 
for a set of prominent submarine landslide scars revealed using recently collected high-
resolution bathymetric mapping data across the entire Campeche Escarpment and 
adjacent Yucatán Shelf.    

Data and Methods 
Approximately 26,500 km2 of bathymetry and co-acquired acoustic backscatter 

data were collected along the Campeche Escapement/Yucatán shelf edge in 2013 using 
the Kongsberg EM302 multibeam echo sounder installed on the R/V Falkor (Paull et al., 
2014).  These data cover the approximately 400 m to 3,700 m depth range along a 612 
km section of the escarpment/shelf.  Additional bathymetry extracted from the ETOPO1 
(Amante and Eakins, 2009) and NOAA Coastal Relief Model (NOAA National 



Chapter 4:  Individual Landslide Sources       139 
 

 

Geophysical Data Center, http://www.ngdc.noaa.gov/mgg/coastal/crm.html) were used to 
generate the elevation dataset for the tsunami model domain. 

Extraction of landslide source dimensions, including area, thickness, and volume 
was performed using a modification of the GIS-based analysis technique used by ten 
Brink et al. (2006) and Chaytor et al. (2009).   The area of a failure scar is calculated as 
the planar area within a manually digitized bounding polygon that encompasses the 
region within the landslide's headwall and sidewalls.  The downslope end of the scar is 
digitized along the top of the Campeche Escarpment or as a straight line connecting the 
bounding sidewalls on either flank of the landslide.  Volumes are calculated using a 
method in which a smooth upper surface is interpolated from the polygon that defines the 
boundary of each failure scar and is then subtracted from the extracted bathymetric data 
(lower surface).  Because the sidewalls of the scar can be at a lower elevation than parts 
of the seafloor within the scar, the volume calculation routine assigns those high-points 
(negative volumes) a value of 0.  Scar length and width are measured from the digitized 
scar’s geometric center.   

Tsunami modeling was performed using the Cornell University Long and 
Intermediate Wave (COULWAVE) modeling package, which has been used extensively 
for landslide-generated tsunamis (e.g., Lynett and Liu, 2002; 2005).  COULWAVE 
solves various, depth-integrated, long-wave based equations, including the nonlinear 
shallow-water wave equations and number of weakly dispersive Boussinesq-type 
equations. To gauge the relative hazard among various landslide scenarios along the 
Campeche Escarpment/Yucatán Shelf using landslide dimensions indicated in Table 5, 
both regional modeling throughout the GOM and local modeling near the Yucatán 
Peninsula were conducted over 4 hours of propagation time. Although DSDP holes in the 
Sigsbee Basin north of the Campeche Escarpment contain layers composed of material 
most likely sourced from escarpment/shelf, burial of mass transport deposits from these 
landslides by younger deposits prevents determination of deposit run out distances that 
could constrain the process time of landslide movement (e.g., Parsons et al., 2014).  
Landslide tsunamis in the northern Gulf of Mexico have also recently been modeled 
using a 3-D Navier Stokes approach (Horrillo et al., 2013). 

Landslide Scar Morphology & Dimensions 
Landslide, bedding, and erosional scarps are widespread along the shelf edge and 

escarpment, (Figure 76).  The largest landslide evacuations (landslides 1-5, Figures 75 
and 76) appear to be primarily restricted to the central segment of the shelf, removing late 
Cenozoic shelf sediments deposited above the Cretaceous shallow water carbonates, 
which are exposed along the face of the escarpment.  In general, these large evacuations 
are bound by steep, irregular-shaped scarps and the upper edge of the Campeche 
Escarpment, enclosing morphologically complex eroded and overprinted seafloor.  
Development of benches with shallow seaward-dipping surfaces along the bounding and 
cross-cutting internal scarps point to a retrogressive translational failure mechanism 
acting on the sub-horizontal depositional surfaces present across the Yucatán shelf 
identified by Locker and Buffler (1983).  Tulum Terrace, at the northwest end of the 
survey area (Figure 75), appears to have been almost entirely modified by mass wasting 
processes that large sections of the Cenozoic strata.  These mass wasting morphologies 
are almost identical to those observed along the west Florida shelf and slope (e.g., 
Twichell et al., 1990).  
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For the purposes of tsunami modeling, six landslide evacuations (landslide 16) 
within the central shelf/escarpment area were chosen as potential tsunami source zones 
(Table 5).  Because timing of the individual failures across the length of the shelf edge is 
unconstrained, two composite evacuations (landslides 4 and 5) that incorporate all 
adjacent or nested landslide scars are characterized to provide upper bounds on the 
maximum failure event sizes.  Landslides 1, 2 and composite landslide 5 are bound at 
their seaward ends by a large debris filled unnamed canyon and each contain large (> 100 
m) detached blocks within debris that has not been fully evacuated from the scars. The 
floors of the remaining landslide scars are generally free of debris blocks, but likely 
contain post failure pelagic/hemipelagic draping sediments.   Post failure erosion of the 
scars and bounding scarps by downslope flows and degradation is suggested by minor 
channelization. Surficial mass transport deposits are not visible in the bathymetry at the 
base of the escarpment seaward of the scars, but Pliocene to early Pleistocene-age 
carbonate debris and turbidite layers, possibly sourced from Yucatán Shelf landslides, 
were encountered in DSDP Site 3 (Ewing et al., 1969) approximately 50 km north of the 
Campeche Escarpment (Figure 75).  Large slump blocks have been identified at the base 
of the escarpment (Locker and Baffler, 1983, Paull et al., 2014) but the age of their 
emplacement is unknown.   

Along the shelf edge northwest of landslide 4, depressed seafloor, pockmark 
trails, and early stages of channelization are visible within the sediment cover and are 
aligned with most of the canyon heads.  Arcuate scarp forming small failure scars where 
these depressed and deformed sediments at the heads of the canyons suggest that these 
areas may be in the early stages of retrogressive failure, perhaps driven by subsurface 
fluid migration.  

Tsunami Modeling Results 
The tsunami simulations for the six landslides have some important features in 

common.  Tsunami amplitude is greatest along an azimuth coincident with the direction 
of landslide movement. In general, landslides with movement in a western direction 
affect the Mexican Gulf Coast, whereas those with a northern movement affect the U.S. 
Gulf Coast (Figure 79). For each scenario, the largest tsunami amplitudes are at the 
source, decreasing as the tsunami propagates in deep water. As the tsunami continues to 
propagate and approaches the continental shelf, the amplitude increases owing to 
shoaling amplification.  Tsunami amplitude generally peaks at the shelf edge with wave 
heights along the northern U.S. Gulf Coast generally in the 2-3 m range, but reaching 4 m 
adjacent to the Mississippi Delta shelf for landslide 3 (Figure 79c). Tsunami amplitude 
gradually diminishes toward shore, owing to attenuation from bottom friction, but even 
so, amplitudes in the 4 m range propagate close to the Yucatán Peninsula coastline for 
almost all landslide sources (Figure 79 a-f).    Wider shelves lessen the severity of 
tsunami runup at the coast compared to runup at coastal locations adjacent to narrower 
shelves. 

In addition to the aforementioned effects, large-bathymetric features refract 
tsunami waves.  For example, the Sigsbee salt canopy (Figure 75) tends to focus tsunami 
wave emanating from the Campeche margin.  In the near field, there is interesting 
refraction effects associated with the landslide tsunamis (Figure 80).  Tsunami waves 
propagating toward the local shoreline (Yucatán Peninsula) have a leading trough phase, 
originating from the excavation region. In addition, however, the positive amplitude 
phase from the deposition region is refracted by the continental slope, resulting in a 



Chapter 4:  Individual Landslide Sources       141 
 

 

leading peak phase to the east of the leading trough phase (45 min.).  At 113 min, the 
trailing peak phase of the western set of waves starts to overrun the leading trough phase, 
as amplitudes gradually dissipate across the shelf.  This refraction of the tsunami toward 
the local shoreline emanating from the deposition region was also observed in simulation 
of a hypothesized tsunami from the Currituck landslide, offshore the eastern U.S. (Geist 
et al., 2009a). 

The objective of tsunami modeling in this study is to determine the maximum 
height distribution and propagation characteristics in deep water. Detailed determination 
of tsunami inundation on land requires much finer resolution of bathymetry and 
topography than used in this study. Even more important, tsunami severity is critically 
dependent on determining the time history of landslide movement that is hampered by the 
lack of knowledge of the landslide deposits associated with the Campeche landslides. 

Conclusions 
High-resolution mapping data reveals that the Yucatán Shelf/Campeche 

Escarpment margin has been intensely modified by Cenozoic mass wasting processes 
along almost its entire length. While landslides originating along Yucatán 
Shelf/Campeche or any other GOM region have not been directly linked to known or 
inferred tsunami events, the evidence of potentially large landslide events highlights the 
need for detailed deterministic and probabilistic hazard analysis.  In the absence of 
extensive geophysical and geological constraints analysis of high-resolution multibeam 
mapping data has provided the means to estimate the dimensions of potentially 
tsunamigenic landslide sources along the Yucatán Shelf/Campeche Escarpment.  
Modeling these sources, at least to a first approximation, shows that they would be 
capable of generating tsunamis, which could propagate throughout the GOM basin. 
Bottom friction effects likely would reduce impact of generated tsunamis along the U.S. 
coast, but the proximity of the Yucatán coast to the sources may lead to increased wave 
amplitudes at the coast.  Additional constraints on landslide sizes, failure conditions, and 
the mobility of the failed masses and development of landslide chronologies along the 
Yucatán Shelf/Campeche Escarpment will be vitally important to better understanding 
potential future hazards. 

 

Table 5. Landslide scar dimensions calculated from GIS surface extraction techniques. 
 
 Area (km2) Volume (km3) Max. Thickness (m) Width (km) Length (km) 

Landslide1 198 12.5 195 11.4 17.8 
Landslide2 222 36 390 19.5 11.5 
Landslide3 578 38 278 63.5 11.5 
Landslide4 365 21.5 253 31 7.7 
Landslide5 1094 70.2 385 37 26 
Landslide6 131.4 16.5 262 11.6 14.9 
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Figure 75. Bathymetry of the Gulf of Mexico (based on ETOPO1).  The Yucatan Shelf and 
Campeche Escarpment (YS/CE) are located along the southern margin of the gulf, north of the 
Yucatan Peninsula.   
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Figure 76. a) Central segment of the YS/CE showing the locations of four of the modeled 
landslide evacuation scars discussed in this study.  Shelf edge and escarpment scalloping are 
present throughout the segment, but translational failure of the shelf is the primary failure mode. b) 
Northern segment of the YS/CE where much of shelf edge has been effected by mass wasting 
processes.  The location of Slides 3 and 6 are highlighted.  
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Figure 77. Landslide evacuated thickness maps for each of the six landslides scars modeled.  
Evacuated thickness is combined with scar area to derive estimated single event landslide 
volumes.  Scar length and width are measured from a geometrically defined center of mass.  Maps 
A-C (slides 1-3) and F (slide 6) are assumed to represent single events, while maps d (slide 4) and 
e (slide 5) are composite events where the entire area of adjacent scars are combined into “worst 
case” single events.  
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Figure 78. Area of the YS/CE central segment where pockmarks, sink holes and disturbed 
sediment occur in association with the heads of canyons cut into the escarpment.  Fluid-driven 
deformation may be responsible for canyon lengthening and shelf sediment destabilization.  
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Figure 79. Maximum tsunami amplitude maps (4 hours of propagation) for modeled landslide 
sources, slides 1-6 (panels A-F).   
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Figure 80. Near-field refraction pattern of waves generated by slide 3 (Figure 77c and 79 c) 
showing overrun of the leading trough phase from the evacuation by the leading positive phase 
from the refracted wave as amplitudes gradually dissipate across the shelf.  
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5.  Landslide Ages 
5.1 Empirical arguments 

Estimating submarine landslide recurrence is a pre-requisite for probabilistic 
hazard assessment of landslide tsunamis. Estimating submarine landslide recurrence is, 
however, challenging because of several reasons: it is difficult to detect submarine slope 
failures in real time, robust dating of old slides is time consuming (e.g., Haflidason et al., 
2005; Urlaub et al., 2013), and the geologic record of older landslides is often erased by 
the younger landslides or covered by thick post-failure sediment. Indirect arguments can 
help constrain the temporal distribution of landslides, provided they can be justified. One 
such argument is the ergodic assumption in which the temporal distribution of landslides 
around the globe can yield the rate of landslide occurrence at a particular location. 
However, this argument assumes a landslide distribution independent of the specific 
environment, such as the level of seismicity, the rate of sediment supply, and the pre-
Pleistocene morphology of the margin, assumptions which are probably not justified. 

Empirical arguments have been made to explain the apparent higher rate of 
submarine landslides around the world between approximately 25,000 and 7000 yr BP 
(Masson et al., 2006; Owen et al., 2007; Lee, 2009). These arguments include 1) the 
higher amount of sediment delivered to the margins by glaciers, by catastrophic draining 
of glacial lakes, and by increased erosion due to past wetter conditions, 2) the higher 
amount of sediment, expected to reach the slope during low sea level, 3) the expected 
increase in pore pressure of slope sediments because of the rapid accumulation of 
sediments (Dugan and Flemings, 2000; Kvalstad et al., 2005; Flemings et al., 2008), and 
4) the possible increase in the rate of seismicity due to unloading of the lithosphere by the 
melting ice sheets (Lee, 2009) and/or rapid sea level rise (Brothers et al., 2013c). 

A recent global compilation of landslide ages (Urlaub et al., 2013) shows, 
however, a random distribution of landslide ages throughout both the glacial and 
interglacial periods (Figure 81), with perhaps only landslides occurring in river fan 
systems being more frequent since the Last Glacial Maximum (LGM) (Urlaub et al., 
2013). In addition, this distribution may be unintentionally skewed toward younger ages 
because newer landslides and sedimentation may erase evidence for older landslides. 
Urlaub et al. (2013) noted however an unexplained decrease in the rate of slope failures 
during the past 6000 yr, which coincides with the end of the bulk of sea level rise since 
the LGM. 

Absolute dating 
Embley (1980) provided the most extensive record of radiocarbon ages for 

landslides along the U.S. Atlantic margin compiled to date. These ages are limited to just 
two areas, the Cape Fear slide (marked 5 in Figure 10) and a section of the slope 
immediately south of Baltimore Canyon (Figure 40-inset). Ages at the base of 
hemipelagic sediment overlying the youngest MTDs in the Baltimore Canyon slide zone 
range between 5200 ± 150 and 10,080 yr BP (radiocarbon years) while ages of sediment 
overlying MTDs of the Cape Fear landslide vary between 12,125 and 20,830 yr BP 
(radiocarbon years). The age of a marked strength boundary at the top of Ocean Drilling 
Program (ODP) core Site 991A, interpreted to be a slide plane of the youngest failure 
phase of the Cape Fear landslide, is between 10,000 and 27,000 yr BP (Rodriguez and 
Paull, 2000). Additional dating of sediments collected by piston coring above and below 
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slide planes of the Upper Cape Fear landslide places the age of failure between 9000 and 
29,000 yr BP (Paull et al., 1996). The different age ranges for the Cape Fear landslide 
may represent the occurrence of multiple failures (including retrogressive processes) 
during the late Pleistocene–Holocene period. 

The age of the Currituck landslide (see Figure 10, Chapter 2 slide #3 for location), 
which could have generated a significant tsunami (Geist et al., 2009a), has previously 
been assigned post-Early Pleistocene age (Bunn and McGregor, 1980) to between 
approximately 17,000 and 50,000 yr (Prior et al., 1986). These age estimates were based 
primarily on sediment accumulation rates, not from absolute ages. The sedimentation 
rates were derived from cores collected offshore of New Jersey and Delaware. These 
cores do not capture the variable sediment accumulation rates in the Currituck area, 
which can range from 10 to more than 100 cm/1000 yr (Alperin et al., 2002; Thomas et 
al., 2002). 
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5.2 Landslide dating in this project 
We have collected a total of 39 piston cores along the southern New England 

portion of the margin (Figures 81, 83, 85, and 87) and within the Currituck landslide 
evacuation zone and MTD (Figure 88) to constrain the ages of failures in these areas 
(Chaytor et al., 2011, 2012a). Coring of the landslides in southern New England has 
focused on dating sediments above the slide planes at shallow (500–900 m) and 
intermediate (1500–2000 m) slope depths, and above MTDs on the lower slope at depths 
of 2400–2600 m. Coring of the Currituck slide likely penetrated the main slide plane 
between 500-1500 m cores HRS1209-7PC and HRS 1209-8PC; Figure 90). Cores were 
also collected in the lower scar at depths of 1500-2000 m as well as an MTD south of the 
main scar region. Seventeen new cores were collected in May 2015 within and adjacent 
to the Munson-Nygren-Retriever Landslide Complex (Figure 7). 

Because the composition of the sediments recovered in the cores across the 
SNELZ varies considerably, several complimentary methods were used in order to 
determine the age of MTD and other failure-related features.  Radiocarbon dating was the 
primary method and provides the absolute-age framework for the study.  Benthic 
foraminifera oxygen (δ18O) and carbon (δ13C) isotopes ratios were used to estimate broad 
age intervals based on the LGM glacial-interglacial shift (Shackleton and Opdyke, 1973) 
in cores where foraminifera were rare. Carbonate content variations and the first 
appearance of Globorotalia menardii were used to identify a 14C age established a 
regional biostratigraphic datum (Ericson et al., 1961; Ericson and Wollin, 1968; Keigwin 
et al., 2005) that has been found to occur approximately 4,000 years after the onset of the 
Holocene (Broecker and Pena, 2014). Carbonate content was found to decrease at 
approximately the G. menardii first-appearance, providing a constrained age marker that 
could be rapidly determined. 

Whenever possible, mono-species planktonic foraminifera handpicked from 1 cm 
thick sub-samples were used for dating to obtain the highest time-precision possible.  The 
planktonic species preferentially used for dating was Globorotalia inflata, a deep-
dwelling foraminifer commonly occurring in subtropical to subpolar conditions that 
consistently occurred in all cores in abundances sufficient enough to obtain reliable ages. 
Invertebrate shells were used for dating when foraminifera abundances were too low to 
obtain a sufficient amount of sample for analysis or a species with a shallow-water 
habitat range was encountered.  Unidentified shell fragments were encountered in only 
two cases, sample 10009-2-P-RC-SH-1 from a sand-rich interval in core OC463-2PC 
where no other dateable material was found and 12007-6-P-RC-622 from the shell-
fragment-rich interval in HRS1209-6PC.  

Picked samples were analyzed at the National Ocean Sciences Accelerator Mass 
Spectrometry (NOSAMS) facility.  Radiocarbon ages were converted to calibrated ages 
using Calib 7.1 (Stuiver and Reimer, 1993) utilizing the Marine13 calibration curves and 
include the generally accepted 400 year global average reservoir correction (Reimer et 
al., 2013).  No regional reservoir corrections (ΔR) are applied during the calibration.  
Calibrated ages are reported as years before present (BP) (Tables 6 and 7). 

Oxygen isotope stratigraphy was used for those cores with low biogenic content 
(Prell et al., 1986) that precluded use of radiocarbon dating methods. For the SNELZ, 
isotope measurements were made on three benthic foraminifera taxa, Cibicidoides sp., 
Elphidium sp. and Bulimina sp. to provide expanded coverage down-core where one or 
more species was absent.  Preliminary isotope work on cores from the Currituck 
Landslide has been carried out on Uvigerina peregrina. Analysis were performed at the 
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WHOI Micropaleontology Mass Spec Facility using a Finnigan MAT253, and corrected 
to Vienna Pee Dee Belemnite (VPDB).  Sample density was sufficiently high in the upper 
200 cm of SNELZ cores OC463-1PC and OC463-2PC to suggest the LGM boundary 
(Oppo et al., 2015) is recorded in the sediments (Figure 82). Substantial additional work 
is required to confirm the presence of this age boundary in both SNELZ and Currituck 
cores.  

Slide planes were intersected in several cores and ages based on AMS 14C dating 
of planktonic foraminifera indicate that these failures occurred prior to 10,000 yr BP 
(Figures 82, 84, 86; Table 6). Hemipelagic and pelagic sediments above MTDs on the 
lower slope, including MTDs that incorporate earlier deposits into an earthflow-type 
landslide on the lower slope, were dated using biostratigraphic indicators (G. menardii) 
and 14C (Figure 87). The first appearance of G. menardii was also used to corroborate the 
14C ages in the some of the upper and middle SNESZ (Figures 82 and 84). 

The average calibrated 14C ages from cores in the middle and lower SNELZ are 
9,980±140 (4 dates) and 9,960±135 yrs BP (5 dates), respectively. The dated samples 
were collected from as close to the base of the hemipelagic drape as was possible. 
Therefore, the last significant landslide event (s) recorded by cores in the mid and lower 
SNELZ sections occurred just prior to 10 ka. Establishing event timing for the SNELZ 
upper section was more challenging, because little hemipelagic drape was recovered in 
any of the 8 cores there. The most recent phase of mass wasting recorded in the upper 
section must be younger than 50 ka, because > 50,000 year old material was incorporated 
into MTDs and other gravity controlled deposits in cores recovered from the upper 
section of the SNELZ, and because the age of the uppermost sediments within the over-
consolidated (sub-failure plane) sediments of OC463-10PC is 49,700±4,000 yr. Isotope 
data from cores in the upper SNELZ suggest that these MTDs are capped by undeformed 
foraminifera-poor sediments of likely MIS 2 (29-14 kya) age. The most recent failure 
identified in the upper SNELZ section occurred between 7,400±100 and 9,250±150 yrs 
BP, based on the oldest dated drape material and youngest age determined for material 
within the underlying MTD in core OC463-6PC. Analysis of the bathymetry and chirp 
data suggests, however, that this was most likely a moderately sized scarp degradation 
event (possibly also recorded in OC463-8PC).   

 
Initial analysis of cores we collected in 2012 from the Currituck landslide 

suggests that the entire landslide may be late Pleistocene (Figure 88; Table 7), but 
detailed work to establish timing of the landslide has only just begun. The first 
appearance of G. menardii was used to verify the pre-Holocene age of the Currituck slide 
(Figure 87) 

Cable breaks along the margin 
Submarine telecommunication cable breaks are an important clue to the 

occurrence of submarine landslides (Fine et al., 2005; López-Venegas et al., 2008). 
Lockridge et al. (2002) published a summary compiled by de Smitt in 1932 of telegraph 
cable breaks along the U.S. Atlantic coast. The summary lists 12 cable breaks during the 
period between 1899 and 1925, with all but one of them located offshore Long Island and 
New England between Lat. 39.8°N and 41.0°N. One other break was located at the 
boundary between the shelf and Blake Plateau offshore Brunswick, GA. If cable breaks 
are indicative of submarine landslides, then slope failures have happened at the turn of 
the 20th century. The spatial distribution of these possible landslides reflects however, 
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the distribution of underwater cables, and is not necessarily representative of landslide 
distribution along the margin. A database of more recent cable breaks is unfortunately no 
longer available publicly. 

Summary of Landslide Ages 

 
Figure 81. Master plot of Southern New England Landslide Zone (SNELZ) cores and boxed 
location of the upper, mid, and lower sections. Boxes correspond to expanded areas shown in 
Figures 83, 85, and 86. 
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Table 7. Uncalibrated and 2-sigma calibrated AMS 14C ages of foraminifera and shell material 
from the SNELZ.  Calibration was carried out using Calib 7.1 utilizing MarineCal13 curve.  
Calibrated ages are rounded to nearest tenth.  

Lab Code Sample ID Core 
Core 

Interval 
(cm) 

14C age 
14C 

error 
(±) 

Calibrated 
Age (BP) 

Calibrated 
Age Error (±) Material 

OS-112020 10009-2-P-RC-SH-1 OC463-2PC 352.5 29000 340 32560 940 
Unident. 
Bivalve 

fragment 
OS-97553 10009-6-P-RC-2 OC463-6PC 200   9290 140 G. inflata 
OS-97554 10009-6-P-RC-4 OC463-6PC 9   7380 90 G. inflata 

OS-97555 10009-6-P-RC-6 OC463-6PC 77   22160 170 mixed 
planktonic 

OS-112021 10009-6-P-RC-10 OC463-6PC 285   45170 2660 Astarte subeq. 
OS-102072 10009-6-T-RC-2 OC463-6TC 20   1940 100 G. inflata 
OS-112022 10009-7-P-RC-SH-1 OC463-7PC 43 > 50500 0   Astarte undata 
OS-101935 10009-8-T-RC-2 OC463-8TC 30   1890 80 G. inflata 
OS-112023 10009-10-P-RC-2 OC463-10PC 10 49,700 4,000   G. inflata 
OS-106632 10009-10-P-RC-7 OC463-10PC 60 50,700 750   G. inflata 
OS-106633 10009-10-P-RC-13 OC463-10PC 136 51,300 1,000   G. inflata 
OS-115002 10009-12-P-RC-29 OC463-12PC 211 48,800 3,800   G. inflata 
OS-115006 10009-12-T-RC-2 OC463-12TC 15   1610 70 G. inflata 
OS-101855 10009-13-P-RC-4 OC463-13PC 50   7010 110 G. inflata 
OS-106634 10009-14-P-RC-5 OC463-14PC 50   5160 110 G. inflata 
OS-106657 10009-14-P-RC-14 OC463-14PC 186 48,900 990   G. inflata 
OS-106888 10009-15-P-RC-4 OC463-15PC 70   9250 160 G. inflata 
OS-106658 10009-16-P-RC-4 OC463-16PC 10   3430 80 G. inflata 
OS-106659 10009-16-P-RC-11 OC463-16PC 75   7920 80 G. inflata 
OS-106660 10009-16-P-RC-14 OC463-16PC 140   10570 100 G. inflata 
OS-112024 10009-16-P-RC-16 OC463-16PC 180   10600 110 G. inflata 

OS-115073 10009-16-P-RC-SH-3 OC463-16PC 287 47,600 660   

Buccinidae 
colus 

pygmaeus 
OS-106661 10009-17-P-RC-5 OC463-17PC 30   3330 90 G. inflata 
OS-115003 10009-17-P-RC-6 OC463-17PC 100   9140 110 G. inflata 
OS-102071 10009-17-P-RC-11 OC463-17PC 150   16050 192 G. inflata 

OS-115074 10009-17-P-RC-SH-1 OC463-17PC 484 > 52000 1,200   
Scaphoppda 
dentaliidae 

OS-101856 10009-18-P-RC-1 OC463-18PC 10   5850 90 G. inflata 
OS-101933 10009-18-P-RC-5 OC463-18PC 50   9580 100 G. inflata 
OS-106662 10009-18-P-RC-9 OC463-18PC 89   11040 130 G. inflata 
OS-83305 OC463-18PC-1 OC463-18PC 193.5   19880 250 Mya arenaria 

OS-115004 10009-19-P-RC-4 OC463-19PC 59   2120 90 G. inflata 
OS-106663 10009-19-P-RC-15 OC463-19PC 177.5   9120 120 G. inflata 
OS-106664 10009-19-P-RC-29 OC463-19PC 326   30240 460 G. inflata 

OS-83306 OC463-19PC-1 OC463-19PC 416 51700 6500   
Colus 

stimpsoni 
OS-101934 10009-21-P-RC-3A OC463-21PC 50   6640 100 G. inflata 
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Lab Code Sample ID Core 
Core 

Interval 
(cm) 

14C age 
14C 

error 
(±) 

Calibrated 
Age (BP) 

Calibrated 
Age Error (±) Material 

OS-106665 10009-21-P-RC-9A OC463-21PC 105   10900 160 G. inflata 
OS-112025 10009-21-P-RC-10A OC463-21PC 125   11570 260 G. inflata 
OS-115075 10009-21-P-RC-SH-1 OC463-21PC 210   31530 290 G. inflata 
OS-115005 10009-22-P-RC-2 OC463-22PC 16   8770 130 G. inflata 
OS-112026 10009-23-P-RC-6 OC463-23PC 60   7080 100 G. inflata 
OS-112027 10009-23-P-RC-8 OC463-23PC 80   10960 190 G. inflata 
OS-112028 10009-24-P-RC-3 OC463-24PC 15   720 50 G. inflata 

 

 

Table 8. Uncalibrated and 2-sigma calibrated AMS 14C ages of foraminifera and shell material 
from the Currituck Landslide.  Calibration was carried out using Calib 7.1 utilizing MarineCal13 
curve.  Calibrated ages are rounded to nearest tenth.  

Lab Code Sample ID Core 
Core 

Interval 
(cm) 

14C age 
14C 

error 
(±) 

Calibrate
d Age 
(BP) 

Calibrate
d Age 

Error (±) 
Material 

OS11068
4 12007-6-P-RC-1 HRS1209-

6PC 550 11800 65 13270 140 G. 
inflata 

OS11874
2 

12007-6-P-RC-
205 

HRS1209-
6PC 205 7840 30 8290 80 G. 

inflata 

OS11870
5 

12007-6-P-RC-
622 

HRS1209-
6PC 622 >5200

0 
230

0   

Unidet. 
bivalve 
fragmen

t 
OS11861

4 
12007-7-P-RC-

190 
HRS1209-

7PC 190 7890 25 8260 50 G. 
inflata 
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Figure 82. Core diagram of the Southern New England Landslide Zone (SNELZ) – Upper Section.  

 
Figure 83. Location map of the Southern New England Landslide Zone (SNELZ) – Upper Section 
cores.  
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Figure 84. Core diagram of the Southern New England Landslide Zone (SNELZ) – Mid Section.  

 
Figure 85. Location map of the Southern New England Landslide Zone (SNELZ) – Mid section 
cores.  
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Figure 86. Core diagram of the Southern New England Landslide Zone (SNELZ) – Lower section.  

 
Figure 87. Location map of the Southern New England Landslide Zone (SNELZ) – Lower section 
cores.  
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Figure 88. Core diagram of the Currituck Landslide  

 
Figure 89. Location map of the Currituck Landslide cores.  
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5.3 Sea-level–induced seismicity and submarine landslide occurrence 

Introduction 
Submarine slope failures, or landslides, occur on every continental margin and 

play a central role in our understanding of margin evolution, deep-water depositional 
processes, and coastal tsunamigenic hazards. The resulting mass transport deposits 
represent an enormous volume of sediment that has been redistributed from shallow-
water depocenters to deep-sea fan systems. One of the major challenges in global 
geohazards research is to unravel the cause and effect relationships between submarine 
landslides and climate change. 

Previous studies observed causal relationships between water loading and fault 
rupture (Brothers et al., 2011), as well as sea-level rise and magmatic activity (Kutterolf 
et al., 2013). Although earthquakes are the most commonly invoked triggering 
mechanism for slope failures along glaciated continental margins, few studies have 
examined the links between seismicity rates and global hydroclimatic variations along 
nonglaciated passive margins. Because large earthquakes are relatively uncommon along 
passive margins, transient variations in seismicity rates may be expected to leave behind 
noticeable or even catastrophic signatures in the geologic record. 

This report tests the effects of flexural stress loading of passive margins during 
rapid sea-level transgression (Luttrell and Sandwell, 2010). We propose that water mass 
redistribution and temporarily elevated seismicity may contribute to the following 
phenomena observed in the late Pleistocene–early Holocene geologic record: (1) an 
apparent increase in submarine landslide frequency (Lee, 2009; Leynaud et al., 2009; 
Maslin et al., 2004; Owen et al., 2007); (2) unexpected deep-water sandy turbidite and 
debris flow deposition during sea-level transgression (Kolla and Perlmutter, 1993); and 
(3) punctuated increases in atmospheric methane concentration due to release of 
sequestered methane hydrates along continental margins (Maslin et al., 2010). 

Timing and implications of submarine slope failures 
For a slope to fail it first needs to be preconditioned for failure; then it typically 

requires an external perturbation, or trigger, to induce sudden increases in substrate pore 
pressure and reduced shear strength of sedimentary deposits. Changes in the slope 
deposition rate, sediment texture, hydrate stability, fluid discharge, salt diapirism, and 
slope gradient are factors that can precondition slopes for failure, and each of these 
factors can be influenced by hydroclimatic changes. Assigning a triggering mechanism to 
failures observed in the geologic record is difficult, particularly along passive margins 
where earthquakes are infrequent and paleoseismic records are poorly developed. 

Coincident timing between sea-level variation and the emplacement of deep-water 
mass transport deposits is widely documented along passive margins. In this report we 
compile age data for two categories of slope failures and their associated deposits: (1) 
discrete, large-scale failures, or landslides, that have an identifiable source region and 
geomorphic expression, and (2) coarse-grained deep-sea fan and/or apron deposits that 
have not been matched with individual failures, but were likely sourced from numerous 
failures along a relatively broad section of the slope. Age distributions of both categories 
are perplexing: the frequency of large-scale slope failures appears to be highest during 
late Pleistocene–early Holocene eustatic sea-level rise (e.g., Maslin et al., 2004; Lee, 
2009); coarse-grained mass transport deposition in several deep-sea fan systems 



Chapter 5:  Landslide Ages       161 
 

 

continued well into the later stages of marine transgression, contrary to expectations from 
widely accepted sequence stratigraphic models (Kolla and Perlmutter, 1993). 

During relative sea-level lowstands, sediment delivery to continental shelf edge 
and slope is expected to increase along both glacial and nonglacial passive margins, 
providing a source of potentially unstable sedimentary deposits. Postglacial isostatic 
rebound and elevated seismicity during the past 15 ky provides one plausible triggering 
mechanism for slope failures along high-latitude margins (Bungum et al., 2005; Klemann 
and Wolf, 1998; Wu and Johnston, 2000), but causes for temporally clustered slope 
failures along nonglaciated passive margins are poorly understood (Maslin et al., 2004; 
Owen et al., 2007). 

The removal of several hundred meters of overburden during large-scale slope 
failures has the potential to release vast quantities of methane stored in marine sediments. 
Kennett et al. (2003) suggested that destabilization of sequestered gas hydrates is the 
primary control on atmospheric methane variation during the Quaternary. However, the 
links between hydrate dissociation, submarine landslides, and global climate change 
remain controversial (Maslin et al., 2010; Sowers, 2006), and hydrate dissociation as a 
triggering mechanism is difficult to establish without evidence for coeval increases in 
bottom-water temperature, particularly for the many landslides located at water depths 
>1500 m (Twichell et al., 2009a). 

Data and methods 
In general, Atlantic-type passive margins contain fault systems that developed 

during continental rifting and later became inactive during post-rift margin evolution. The 
accumulation of thick, postrift sedimentary prisms that underlie the shelf, slope, and rise 
leads to gravitationally induced stresses and thin-skinned tectonics (Rowan et al., 2004), 
including normal, reverse, and low-angle faults confined to the upper few kilometers of 
sediment. Although the paleoseismic history along passive margins is usually poorly 
known, any of the fault systems have the potential to be reactivated by external stress 
perturbations. 

During and immediately after eustatic sea-level rise, a given margin will respond 
to the weight of the new water load through lithospheric flexure (Figure 90). The amount 
that fault systems in coastal regions are affected by ocean loading stresses primarily 
depends on the thickness of the flexing plate, the geometry of the ocean basin (i.e., 
bathymetry), and the orientation of faults relative to the coastline. We combined global 
bathymetric data with a late Pleistocene eustatic sea-level curve (Peltier and Fairbanks, 
2006) to generate an accurate loading history for nonglacial margins of the Atlantic, Gulf 
of Mexico, and Mediterranean basins. 

The magnitude of bending-induced fault stress is estimated by isolating the effects 
of sea level–induced flexure. The full three-dimensional stress tensor due to rapid sea-
level rise was calculated within an elastic plate that overlies a Maxwell viscoelastic half-
space (Luttrell and Sandwell, 2010; see the Data Repository). For both the plate and the 
halfspace, we calculate the fully relaxed stress state and use an elastic plate thickness of 
H = 50 km for global calculations, then calculate regional perturbations using elastic 
thickness constraints from previous studies. Figure 91A shows the modeled maximum 
shear stress perturbations [(σ1 – σ3)/2] expected from sea-level–induced bending; other 
sources of crustal stress acting over longer time scales, such as tectonic driving forces, 
are not included in this calculation. 
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We selected the Amazon and North Carolina margins (Figures 91B and 91C) as 
representative end members for wide (>200 km shelf width) and narrow (<100 km shelf 
width) passive margins. These margins were selected because (1) the lithospheric 
structure is relatively well known (Klitgord et al., 1988; Watts et al., 2009; Wyer and 
Watts, 2006); (2) they contain structural features common to rifted passive margins, 
including basement normal faults that formed during continental rifting and relatively 
shallow, thin-skinned normal and reverse faults beneath the outer shelf and slope (Figure 
DR1 in the Data Repository); and (3) large slope failures were triggered on both margins 
during late Pleistocene sea-level transgression (Figures 91B and 91C). Models used H = 
35 and H = 20 km for the Amazon and North Carolina margins, respectively (Watts et al., 
2009; Wyer and Watts, 2006). The three-dimensional stress tensor was resolved into 
Coulomb failure stresses (ΔCf ; Figure 92), allowing us to identify areas where fault 
rupture would have been promoted (ΔCf > 0) or inhibited (ΔCf < 0) during and after 
120 m of sea-level rise. ΔCf was estimated across hypothetical faults embedded in the 
following structural domains (Figure 92): basement normal faults of the continental hinge 
zone and oceanic crust, thin-skinned normal faults near the shelf edge, and thin-skinned 
reverse faults below the shelf edge and slope. The coefficients of friction for basement 
and thin-skinned faults in the models are set to µ = 0.6 and µ = 0.1, respectively. 

Results 
Following 120 m of sea-level rise, models predict increased maximum shear 

stress at seismogenic depths (approximately 10 km). Where these bending stresses inhibit 
or promote fault rupture depends on the elastic thickness and geometry of affected faults. 
Cross-sectional models of nonglacial margins (Figure 92) suggest that rupture is 
promoted across at least one fault domain located within 100 km of the continental slope, 
regardless of margin geometry and elastic thickness (e.g., H = 15, 20, 35, and 50 km). For 
example, rupture is promoted along the Amazon margin (Figure 92A) for both the hinge-
zone basement faults and the thin-skinned normal faults near the shoreline (ΔCf > 1 
MPa); rupture is strongly inhibited (ΔCf < 0) across the deep crystalline and thin-skinned 
normal faults below the outer shelf and upper slope; and rupture is promoted (0.1 < ΔCf < 
0.3 MPa) on the reverse faults beneath the continental slope. Similar patterns are 
observed along the United States Mid-Atlantic margin, but the narrower continental shelf 
and lower elastic thickness promotes rupture of basement faults within 80 km of the 
continental slope (Figure 92B). In general, the time interval having the most rapid 
increase in sea level (ca. 16–9 ka) coincides with the greatest variation in ΔCf (Figure 
93A), the greatest concentration of submarine landslides along glacial and nonglacial 
margins (Figure 85B), as well as the approximate cessation of coarse-grained deposition 
on several deep-sea fan systems (Table DR1). 

Discussion 
Since 125 ka, approximately 50% of the total volume of submarine sediment 

mobilized during extreme slope failures occurred between 15 and 8 ka (Korup, 2012). 
The clustering of deposits dated to ca. 15 ka and ca. 11 ka (blue dots in Figure 93B) may 
be associated with major meltwater pulses 1A and 1B (Maslin et al., 2004). During the 
most recent sea-level lowstand (50–18 ka), depositional processes of the outer shelf and 
upper slope were relatively uniform, and in many places terrigenous sediment fluxes 
were low compared to the subsequent interval from 19 to 8 ka. If we assume that 
lithospheric stresses were not modulated by transient environmental perturbations, faults 
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may have steadily accumulated background stress for thousands of years without rupture. 
The coincident timing of failure events may suggest that continental slopes were 
preconditioned for failure and had a common triggering mechanism. 

During and immediately after the Last Glacial Maximum (LGM), global eustatic 
sea level was nearly 120 m lower than at present, which allowed for extensive 
accumulation of potentially unstable shelf-edge and slope deposits (Lee, 2009). During 
the transition from glacial to interglacial time (ca. 16–8 ka), continental ice sheets were 
receding and eustatic sea level was rising 10–20 mm/yr. Although the concentration of 
submarine landslides along both high and low-latitude margins during this time period is 
distinct (Figure 93B), our results are most pertinent to margins unaffected by glacial 
isostatic adjustment. We propose that the added load of water on the continental shelves 
generated flexural stresses capable of promoting rupture along critically stressed fault 
systems, which in turn may have triggered widespread slope failure. 

On both wide and narrow margins, deep basement faults near the modern-day 
shoreline are potential sources of large, infrequent earthquakes; M > 7 earthquakes may 
induce a catastrophic slope failure more than 100 km from the hypocenter (ten Brink et 
al., 2009c). During rapid sea-level rise, these faults undergo an increase in ΔCf of >1.2 
MPa, an order of magnitude greater than the accepted threshold of 0.1 MPa needed to 
promote fault rupture (King et al., 1994). Although thin-skinned faults beneath the 
continental slope are likely weak and incapable of generating large earthquakes, rupture 
may increase the pore fluid pressure and/ or local seabed gradient, thus triggering slope 
failures. The maximum ΔCf for wide margins is >100 km from the shelf edge, suggesting 
that slope failure may be linked to rupture of thin-skinned faults (Figure 92A). Narrow 
margins (e.g., U.S. Mid-Atlantic, western Africa, Iberia, and central South America) are 
more likely to undergo maximum ΔCf across seismogenic basement faults located within 
100 km of the shelf edge (e.g., Figure 92B). 

Despite very limited paleoseismic data and the relative infrequency of large 
earthquakes along passive margins, seismicity is the most commonly invoked triggering 
mechanism for slope failures (e.g., Owen et al., 2007). For example, modern-day 
seismicity rates along the U.S. Atlantic margin suggest that an M ≥ 7.0 earthquake occurs 
somewhere along the margin every few thousand years (ten Brink et al., 2009c). Strong 
motion and stress drops associated with earthquakes on faults with such large recurrence 
intervals may be higher than faults having shorter recurrence intervals (Kanamori and 
Allen, 1986). Along high-latitude margins proximal to glacial ice masses, sea-level–
induced crustal stresses are expected to be less significant than those generated by glacial 
isostatic adjustment (Bungum et al., 2005; Klemann and Wolf, 1998; Wu and Johnston, 
2000). However, the way that ocean loading and glacial unloading stresses interact along 
specific margins may be complicated and requires further study.  

The potential relationship between submarine landslides and climate change may 
have far-reaching implications. First, widespread slope failure appears to have a temporal 
correlation with punctuated increases in atmospheric methane concentration and major 
meltwater pulses between 15–13 and 11–8 ka. Though speculative, sea-level–induced 
seismicity and subsequent failure of unstable slopes may have unroofed methane hydrate 
deposits, leading to destabilization and release of methane gas into the oceans and 
atmosphere (Maslin et al., 2004, 2010; Sowers, 2006; Figure 93B). Second, coarse-
grained deep-sea fan deposits emplaced during the middle and late stages of marine 
transgression (ca. 15–9 ka) posed problems to the original sequence stratigraphic models; 
previous studies focused on linking these deposits with increased fluvial runoff and 



164                       Tsunami Hazard Assessment for the U.S. Atlantic and Gulf Coasts 
 

 

sediment supply during marine transgression (Kolla and Perlmutter, 1993). Without 
direct evidence for fluvial transport and bypass of the outer shelf and/or upper slope (e.g., 
hyperpycnal flows), earthquake-induced postdepositional failure and remobilization of 
shelf-edge–upper slope sediment may provide an alternative source for these coarse-
grained, deep-sea fan deposits. 

Conclusions 
We conclude that eustatic sea-level rise has the potential to induce bending 

stresses that can lead to elevated seismicity. Our results suggest that rapid sea-level rise 
between ca. 15 and 8 ka promoted rupture of passive margin fault systems, which in turn 
may have triggered landslides on the adjacent continental slopes and upper rises. Such a 
cause and effect relationship may help us understand feedbacks between slope stability 
and climate change by providing a mechanism for sudden destabilization and release of 
seabed methane into the ocean and atmosphere. 

 

 
Figure 90. Conceptual models for flexural loading of continental margin following rapid eustatic 
sea-level rise. A: Margin configuration prior to sea-level rise. B: Configuration following rapid sea-
level rise. Added load of water on shelf induces flexural bending stresses on underlying elastic 
plate (red arrows are compression; blue arrows are tension).  
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Figure 91. A: Maximum shear stress perturbation from ocean loading on 50-km-thick plate (10 km 
calculation depth). Numbered locations represent dated submarine mass transport deposits 
separated into nonglacial margins (green), nonglacial deep-sea fan deposits (blue), and glacial 
margins (black). Dashed boxes are enlarged views. B: Amazon margin. C: North Carolina margin. 
A-A′ and B-B′ are cross sections shown in Figure 92; shaded regions outline individual landslides 
(Maslin et al., 1998; Twichell et al., 2009a).  
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Figure 92. Coulomb failure stress models (ΔCf) resulting from 120 m of eustatic sea-level rise. A: 
Along Amazon margin. Numbered stars are ΔCf calculations for individual faults shown in Figure 
93A. B: Along North Carolina margin. Fault rupture is promoted where ΔCf > 0 and inhibited where 
ΔCf < 0. Calculations are performed over several tectonic domains: 1—coastal normal faults, 2—
shelf-edge normal faults, 3—slope reverse faults, 4—continental hinge-zone normal faults, 5—
transitional normal faults, 6—oceanic normal faults.  
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Figure 93. A: Coulomb failure stress, ΔCf, time series for receiver faults in Figure 92A. Dashed 
vertical lines are end of Last Glacial Maximum (LGM) and meltwater pulses 1A and 1B (Kennett et 
al., 2003). B: Age distributions for submarine mass transport deposits (blue dots are mid-point of 
age range). All distributions are based on 4 ky bin widths.  
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6.  Size Distribution of Submarine Landslides 

6.1 Statistics of landslide distributions 
Submarine landslide studies often try to derive failure and transport processes by 

observing and sampling in detail a specific landslide (e.g., Bondevik et al., 2005; Locat et 
al., 2009). A different approach to understanding submarine landslide mechanics is to 
extract their characteristics from statistics performed on numerous landslides within a 
geographical region. Such an approach has been implemented for more than a decade in 
subaerial landslide studies, where detailed digital terrain models (DTM) are available 
(e.g., Stark and Hovius, 2001; Guzzetti et al., 2002). This approach has been slow to 
develop in the submarine environment, where a bathymetric terrain model (BTM) 
depends on the availability of regional high-resolution bathymetric datasets (ten Brink et 
al., 2006a; Micallef et al., 2008; Chaytor et al., 2009). 

The compilation of bathymetric data along the U.S. Atlantic margin at a grid 
interval of 100 m (Figure 10; Andrews et al., 2016) allowed us to identify all but the very 
small (<1 km2) landslide scars and calculate their areas and volumes. Landslide volumes 
were calculated by interpolating smooth surfaces through polygons that define the scarps 
of each slide, then gridding these smooth surfaces, and finally, subtracting these grids 
from the gridded topography of each scar (ten Brink et al., 2006a; Chaytor et al., 2009). 
These compilations show several interesting relationships. Landslide volume increases 
almost linearly with area (V = kAd, where d is approximately equal to 1.1) (Figure 94A), 
implying that the thickness of most slides is independent of the landslide area. This leads 
to the inference that most landslides on the margin must be translational, failing along 
depositional layer boundaries separating units of similar thickness, and having low shear 
strength (Figure 95). Bathymetry and high-resolution seismic reflection data along the 
margin indeed indicate failure of thin (20–200 m thick) broad layers (Twichell et al., 
2009a; ten Brink et al., 2012; Figure 44, Chapter 3). This is in contrast to volume–area 
relationships of subaerial (d = 1.5, Hovius et al., 1997) and submarine (d = 1.3, ten Brink 
et al., 2006a) landslides in lithified rocks. In these environments, slide depth increases as 
the square (d = 1.5) or cube (d = 1.25) root of the area, indicating that they are mostly 
rotational or rock falls (Figure 95). 

Without dating landslides, it is difficult to know whether shaking of a large area 
by a single earthquake generated several adjacent scars, or if the scars formed separately 
during a longer time period. Using new interpretations of the bathymetry data (ten Brink 
et al., 2012), we subjectively clustered nearby landslide scars (e.g., Figure 40 inset), 
assuming that they represent a single failure event, reducing the number of independent 
landslide scars in the Mid-Atlantic region from 160 to 98. The volume–area relationship 
of these 98 “independent” scars shows a much better fit (R2 = 0.97) than a similar fit to 
all 160 scars (Figure 94B). The improvement is not simply a function of the reduction in 
the number of landslides, because random clustering of the landslides does not improve 
the fit (Figure 94C). We thus propose that landslides that fail together have much tighter 
volume–area relationships. 

An analysis similar to that described above has not been performed on landslides 
located on the carbonate margin of the southern U.S.; however, an analog to this margin 
is provided by failures along the edge of the carbonate margin north of Puerto Rico (ten 
Brink et al., 2006a). The volume–area relationship of 160 landslide scars there is V = k 
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Ad, where d approximately 1.3 (Figure 98b), suggesting that landslide volume increases 
more rapidly with increasing area than in the salt, fluvial, and glacial portions of the 
Atlantic margin, indicating that failure occurs either by rotational slides, or by large rock 
falls. Seafloor gradients in which these landslides occur often exceed 20° and may reach 
45° (ten Brink et al., 2006a). The carbonate margin surrounding Florida is likewise steep, 
reaching near-vertical angles in the Blake Escarpment (Dillon et al., 1985). The statistics 
and distribution of slope failures in lithified carbonate rocks are therefore very different 
than in the unlithified siliciclastic sediment of the Atlantic margin, as will be further 
discussed below. 

Using landslide statistics to infer relationships between earthquakes and landslides 
Earthquake probability is used to estimate maximum landslide tsunami 

probability, by relating landslide area and volume to earthquake magnitude. This 
approach is used because the vast majority of landslides tsunamis are associated with 
earthquakes, and because tsunami height scales with landslide volume (ten Brink et al., 
2009a). 

The cumulative distribution of both volume and area of submarine landslide scars 
along the U.S. Atlantic margin follow a lognormal shape with the majority of the 
landslide scar areas falling between 3 km2 and 500 km2 (Chaytor et al., 2009). A similar 
distribution is derived from analysis of new high-resolution bathymetry data from the 
Mid-Atlantic region (ten Brink et al., 2012; Figure 96A). Similar area and volume 
distributions were also obtained by considering subsets of the data that exclude poorly 
defined scars and by grouping scars that might have failed together, indicating that these 
distributions are statistically robust (ten Brink et al., 2012; Figure 96A). 

Using Monte Carlo simulations, ten Brink et al. (2009a) reproduced the observed 
lognormal cumulative distribution of landslides (Figure 96B) with two simple 
assumptions: 1) infinite slope stability analysis is used to calculate the acceleration 
needed to displace seafloor sediments, and 2) horizontal acceleration is provided by 
earthquake shaking whose amplitude and attenuation with distance from the fault depend 
on earthquake magnitude. To calculate the maximum landslide area as a function of the 
magnitude of the triggering earthquake, ten Brink et al. (2009b) used published peak 
spectral acceleration curves for the eastern U.S., sediment shear strength, and empirical 
observations that indicate that horizontal acceleration should exceed the factor of safety 
significantly to cause catastrophic displacements. The good fit between the cumulative 
distributions of observed landslides in the Atlantic margin and that calculated from slope 
stability analysis and horizontal acceleration of earthquakes (Figure 96B), suggests that 
landslide area and volume can be related to earthquake magnitude (ten Brink et al., 
2009a). Earthquake probability could be used to predict submarine landslide probability, 
because earthquake rates are better defined from instrumental monitoring than rates of 
submarine landslides that largely go unmonitored. Note however, that this method only 
predicts the maximum landslide size, whereas in reality, local rheological and 
geotechnical (e.g., pore pressure) variations may prevent or facilitate failure in parts of a 
region. Simulations described in ten Brink et al. (2009a) in fact, fit the observed landslide 
distribution better if the actual failure area equals between 0.3 and 1 times the maximum 
predicted failure area. 

Although seismic activity has been detected along the Mid-Atlantic and New 
England portions of the margin 
(http://www.bc.edu/content/bc/research/westonobservatory/jpg/NEUS_1975_Oct2013_w
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eb.jpg, accessed 02.01.2014), there is currently no reliable probabilistic estimate for 
earthquake activity along the USAM margin. The continental slope off eastern Canada 
from the Arctic to the Scotian margin experiences a relatively high rate (for intra-plate 
regions) of seismic moment release, which is equivalent to an M7 earthquake occurring 
somewhere along that 6000-km-long margin every 40–200 yr (Mazzotti and Adams, 
2005). If the seismicity along the Scotian margin is caused by stress changes from glacial 
rebound, then estimates of the rate of seismic moment release from this region can 
perhaps be extended south to the 400-km-long New England/Georges Bank portion of the 
margin, which has also experienced glacial rebound. Assuming homogeneity in the 
spatial distribution of intra-plate earthquakes (Swafford and Stein, 2007), the expected 
rate of seismic moment release along the New England margin is proportional to the 
overall margin length (400/6000 km), i.e. 1/15 that of the estimated seismic moment 
release for the Canadian margin; which equals an M7 occurring every 600–3000 yr. 
Ocean bottom seismometers just recovered from the southern New England slope will 
help illuminate the occurrence of microseismicity and help to improve the estimate of 
earthquake probability along the continental slope and rise. 

We can use the relationship between earthquake magnitude and landslide 
distribution to make other predictions about landslide occurrence. First, even the largest 
expected earthquakes along the U.S. Atlantic margin (M7.5, Frankel et al., 1996) must be 
located within 100–150 km of the continental slope and outer rise to generate landslides 
(ten Brink et al., 2009b). This provides a conservative guideline for issuing tsunami 
warnings following an earthquake offshore the eastern U.S. Second, the acceleration from 
very small earthquakes (<M4.5) is too small to cause significant landslides even if the 
earthquakes are located under the continental slope. Keefer (1984) made similar 
empirical observations for the continental U.S. (Figure 97), namely, earthquakes with 
local magnitude ML < 4 do not generate landslides, and ML < 5 earthquakes may not 
generate rock slumps, block slides, rapid soil flows, and subaqueous landslides. 

Landslide distribution in carbonate margins 
The southern portion of the margin is composed predominantly of carbonate 

material. Carbonate margins are characterized by steep slopes (≥45°), reflecting the 
strong cohesion of carbonate rocks. Landslide sizes along the carbonate rock margin of 
Puerto Rico follows an inverse power law distribution, not lognormal-like (ten Brink et 
al., 2006a; Figure 98). This distribution can be explained if slope failures during 
earthquakes follow pre-existing fissures and fractures in the carbonate platform. Fissures 
and fractures were observed in multibeam bathymetry data collected at the edge of the 
Puerto Rico platform (ten Brink et al., 2006b). They probably develop by tensile stresses 
and grow by carbonate dissolution in a system of seawater circulation. Tensile fracture 
systems (Katz and Aharonov, 2006) and faults (Scholz and Cowie, 1990) have been 
shown to obey an inverse power law distribution in the lab and in the field, attesting to 
their progressive development with time. 

Landslide initiation: landslides as aggregate failures 
The relationship between landslide area or volume and earthquake magnitude, has 

an important implication to the initiation mechanism of translational landslides. Slope 
destabilization can occur simultaneously within the area affected by horizontal ground 
shaking, and not propagate from one or a few nucleating points (Figure 99). Propagation 
may be generally limited to several hundreds of meters (e.g., Laberg and Vorren, 2000). 
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The many separate terrestrial landslides that are generated by a single earthquake 
represent many independent nucleating points within the affected area, which fail almost 
simultaneously (Figure 99). How much of that area will actually fail depends on local 
variations in gradient, material strength, pore pressure, and the presence of pre-existing 
fractures. 

Several observations support our hypothesis of many nucleating points. First, the 
total seafloor area affected by the 1929 Grand Banks landslide is estimated at 22,700 km2 
yet detailed seafloor maps show complete failure in only 1/3 of that area, whereas in the 
remaining 2/3 of the area patches of failures are interspersed with seafloor patches where 
failure was not detected (Mosher and Piper, 2007). Second, the total area encompassing 
all the terrestrial landslides from a particular earthquake is a function of that earthquake 
magnitude (Keefer, 1984; Rodriguez et al., 1999) and is comparable to the area calculated 
for the Atlantic margin from slope stability analysis, (Figure 97; ten Brink et al., 2009a). 

Subaerial landslides have previously been viewed together with other natural 
hazards, such as earthquakes and fires, as phenomena whose size distribution obeys an 
inverse power law (Densmore et al., 1998; Guzzetti et al., 2002; Malamud and Turcotte, 
2006). Inverse power law distributions are the result of additive avalanche processes, in 
which the final size cannot be predicted at the onset of the disturbance. In terms of 
landslides, this process assumes that failure nucleates in one or more locations, spread to 
surrounding regions, and can coalesce to generate large failures. We argue that the 
observed power law distribution of landslide areas on land is determined by the size 
distribution of contingent hill slopes and is not indicative of the initiation process. For 
example, the cumulative distribution of hill slope areas with unique compass directions 
(“aspect” in Geographic Information System terminology) in the region affected by the 
M6.7 1994 Northridge earthquake has a similar inverse power law distribution with a 
similar exponent to the observed landslide distribution in the region (ten Brink et al., 
2009a). Landslide distribution in southern California therefore appears controlled by the 
availability of slope areas to fail, not by the landslide process itself. In contrast, 
continental margins, and especially their lower slope regions provide fewer 
morphological constraints on the size of contiguous scars (ten Brink et al., 2009a) and 
their area distribution is therefore more a product of the initiation process.  
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Figure 94. (A) Area–volume relationship for 160 landslide scars in the Mid-Atlantic margin. See 
text for the procedure to calculate the volumes. (B) Same plot after subjectively clustering nearby 
landslide scars that may represent simultaneous failures during the same earthquake event. See 
Figure 40, Chapter 3 -inset for examples of clusters. The total number of independent landslide 
scars is 98. Note that clustering improves the area–volume fit significantly. (C) Same plot using 
random clustering of the 160 landslides into 90 landslides. Random clustering of the 160 landslides 
does not result in a significant improvement of fit and demonstrates that the improved fit is not the 
result of a smaller sampling group.  
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Figure 95. Schematic drawings of translational and rotational slides each with one and two times 
scar length. Note that for rotational slides, doubling the scar length increases the slide thickness, 
but for translational slides, the thickness remains unchanged. The change in slide thickness with 
slide area is expressed by the value of the exponent in landslide volume to area relationships: an 
exponent of 1 represents translational slides and exponents between 1.25 and 1.5 represents 
rotational slides.  

 
Figure 96. (A) Cumulative volume distribution of landslide scars along the U.S. Atlantic margin 
showing a lognormal-like distribution. Black dots represent the volume distribution of 106 landslides 
from the entire margin and the green line is a lognormal fit to the data (Chaytor et al., 2009). Red 
dots are 160 landslides in the Mid-Atlantic region identified in a newer high-resolution bathymetry 
data. Green dots — 98 landslide clusters from the Mid-Atlantic region (see Figure 92, Chapter 5b 
for further explanation). Blue dots are the same as the red dots excluding poorly defined scars, 
leaving a total of 74 landslides. (B) Cumulative area distribution of landslide scars (blue curve) from 
the entire margin (Chaytor et al., 2009) and 1000 predicted distributions (red curves) calculated 
using the relationship between slope stability and earthquake magnitude, and the Gutenberg–
Richter distribution of earthquake magnitudes (ten Brink et al., 2009a).  
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Figure 97. Relations between earthquakes and landslide areas. Solid curves were calculated by 
the slope stability analysis method for seabed gradients of 2° and 6° using two published peak 
spectral acceleration relationships for the eastern U.S, (marked C and TP). Long, red dashed 
curves are empirical relationships of maximum failure area on land, K (Keefer, 1984) and R 
(Rodriguez et al., 1999).   

 
Figure 98. (a) Cumulative volume distribution of submarine slope failures north of Puerto Rico. 
Dots — observations. Line — best fit regression line on a log–log plot. (b) Area-volume distribution 
for 160 landslide scars in the carbonate margin north of Puerto Rico. V – Volume, A – Area, NL – 
cumulative number of scars. 
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Figure 99. Illustration of two modes of landslide initiation. A) The landslide is an aggregate of 
many small slope failures that initiate almost simultaneously within an area affected by ground 
shaking. B) The landslide is a cascading avalanche that propagates from one or a few points, 
similar to the rupture of an earthquake, or to the spread of a forest fire. As such, the final size of the 
landslide cannot be predicted at the onset of the event. The cumulative distribution of cascading 
avalanche processes is an inverse power law.  

 

6.2 Size distributions and failure initiation of submarine and subaerial landslides 

Introduction 
Submarine slope failures are a major sediment-transport process from the 

continental shelf and upper slope to the deep ocean (e.g., Hutton and Syvitski, 2004). 
Slope failure can take different forms such as translational or rotational slides, sediment 
spreads, debris avalanches, debris flows, and mud flows (Locat, 2001; Locat and Lee, 
2002). The different failure forms likely represent the different geotechnical and 
rheological properties of the failed material, and possible layering and heterogeneity of 
the site (Locat and Lee, 2002). For example, Harbitz (1992) suggested that a significant 
part of the Storegga slide failed as a spread. Locat et al. (2009) suggested that the 
Currituck failure was a retrogressive failure of two separate slides, the deeper one failing 
first, which caused the adjacent shallower one to fail. As with other retrogressive failures, 
it is unclear whether these two failures occurred during the same event or were separated 
in time. The temporal development of slope failure is fundamental to understanding the 
landslide process, and is also important to the assessment of landslide-generated tsunami, 
whose runup depends to a large extent on the size of the landslide (e.g., Geist et al., 
2009a). 

In the absence of direct observations, scientists have made assumptions about 
failure dynamics. The most common assumption is that a landslide process is a cascade 
or an avalanche process (e.g., Densmore et al., 1998; Guzzetti et al., 2002; Malamud and 
Turcotte, 2006), known as self-organized criticality (Bak et al., 1988; Hergarten, 2003). 
This process assumes that failure nucleates in one or more locations; spreads to 
surrounding regions, and can coalesce to generate large failures. This process is often 
simulated by cellular-automated models (e.g., Malamud and Turcotte, 2006). The area–
frequency distribution of this process is an inverse power law (e.g., Guzzetti et al., 2002). 
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The avalanche model is by its nature an additive process whose duration can vary 
widely and cannot be determined at the start of the process (e.g., Turcotte and Malamud, 
2004). The most famous example of an additive process in the Earth Sciences is the 
frequency–magnitude relationship of earthquakes (Gutenberg and Richter, 1944): 

     𝑙𝑜𝑔  𝑁   =   𝑎 − 𝑏𝑀         (1)  
where N is the number of earthquakes with magnitude greater than M occurring 

over a given time, and a and b are constants. This distribution implies that earthquakes 
grow from nucleation points and their final magnitude cannot be predicted (e.g., page 274 
in Stein and Wysession (2003)). The deviation from power law relationship for small 
earthquakes is often explained by an incomplete catalog for very small earthquakes, and 
the deviation at the largest magnitudes is explained by the physical limitation of fault size 
in different regions (e.g., page 275 in Stein and Wysession (2003)). 

An inverse power law distribution was also invoked for different physical aspects 
of subaerial (Dai and Lee, 2001; Guzzetti et al., 2002; Dussauge et al., 2003; Guthrie et 
al., 2008; Malamud et al., 2004; Sugai et al., 1994) and submarine (ten Brink et al., 
2006a; Micallef et al., 2008) landslides. In the majority of these publications, however, 
the inverse power law distribution applies only to a truncated portion of the dataset (Stark 
and Hovius, 2001). To fit the entire range of landslide areas, Malamud et al. (2004) 
proposed a three-parameter inverse gamma distribution and Stark and Hovius (2001) 
proposed a double Pareto function. The misfit of an inverse power law distribution to the 
portion covering the smallest sizes was attributed to undersampling (e.g., Burroughs and 
Tebbens, 2001; ten Brink et al., 2006a), to an artifact of the mapping resolution (Stark 
and Hovius, 2001), or to the transition from a friction-controlled resistance to a cohesion-
controlled resistance (Guzzetti et al., 2002). 

A few landslide datasets, however, have distributions that are not easily 
approximated by an inverse power law distribution. Issler et al. (2005) obtained a 
logarithmic distribution for the volume of depositional lobes from the Storegga slide. 
Lognormal distributions were found for the areas of landslides in Kashmir (Dunning et 
al., 2007), and for volumes of deposits of pre-historic turbidity currents in Italy (Talling 
et al., 2007). Most recently, Chaytor et al. (2009) obtained an excellent lognormal fit to 
the size distribution of the areas and volumes of 106 submarine slope failure along the 
Atlantic continental slope (R2 = 0.9938; Figures. 100 and 101). Chaytor et al. (2009) 
attempted to explain this observation by assuming that the actual size distribution of 
Atlantic slope failures follows an inverse power law distribution, but that distribution was 
modified by the conditional probability of preferentially identifying landslides of certain 
sizes in the bathymetry data to give the appearance of a lognormal distribution. 

The portion of the Atlantic continental slope and rise, analyzed here, is a vast area 
(400,000 km2), which, with the exception of a 10–20 km-wide upper slope has seafloor 
slopes < 2° (Figure 100A). Many of the landslides, especially, open slope landslides, 
initiate on these low angle slopes (Twichell et al., 2009a). The slope of the continental 
margin could further be characterized as monotonic, i.e., the direction of greatest slope is 
oriented in the same general direction (seaward) over a large area (Figure 100B). 

In this report, we show that a simple earthquake-triggered landslide mechanism 
can produce area distributions that can often be approximated by a lognormal 
distribution. Although an inverse power law can sometimes approximate the tails of these 
distributions, we question the physical significance of an inverse power law distribution 
for landslides. Specifically, we question the assumption that during an event the failure 
always grows from single or several point-failures and that its final size is unpredictable. 
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(We cannot discard circumstances where the final landslide size may be unpredictable 
and we briefly discuss one such mechanism at the end of section 4.) The failed material 
may coalesce into debris flows and turbidity flows as it moves downslope (e.g., Tripsanas 
et al., 2008a), but the downslope movement itself does not excavate significant amounts 
of new material. Although it is difficult to assess the general validity of this hypothesis, at 
least one historical record suggests that a landslide is an amalgamation of many failures 
that occur simultaneously on the slope. Multibeam bathymetry and side-scan sonar 
surveys of the 1929 Grand Banks landslide, which was triggered by a M7.2 ± 0.3 
earthquake, did not reveal evidence for a single major headwall scarp or for a massive 
slump region (Piper et al., 1999; Mosher and Piper, 2007). Two thirds of the total failure 
area was characterized by patchy failures with intervening areas showing no evidence of 
failure. Had the failure been a downslope or upslope cascading process from one or 
several nucleation points, it is likely that the entire area would have shown evidence for 
seafloor failure. 

The seismological record is also compatible with the hypothesis that failure 
occurs simultaneously in the area affected by shaking. If landslides nucleate in one 
location and then propagate along the failure plane similar to earthquake propagation, we 
would expect large double-couple landslide earthquakes to occur when a large submarine 
slope failure takes place. Such earthquakes were not detected during the 1929 Grand 
Banks (Bent, 1995) and the 1998 Papua New Guinea tsunamigenic landslides (Okal and 
Synolakis, 2001). That said, single-force earthquakes do occur sometime during landslide 
events (Kanamori and Given, 1982; Okal, 2003). However, these earthquakes are 
characterized by predominantly long-period surface waves, which are excited by the 
accelerating and decelerating sliding mass as it interacts with the earth surface during the 
runout of the debris avalanche (Kanamori and Given, 1982). 

We focus here on earthquake-induced landslides from submarine slope failures, 
and do not discuss other triggering mechanisms (e.g., salt movement, gas hydrate 
dissociation; Hampton et al., 1996), because triggering of landslides by gas hydrate 
dissociation has been recently questioned (Hornbach et al., 2007; Twichell et al., 2009a), 
and salt movement is limited to specific locations. Furthermore, examining the statistical 
characteristics of submarine landslides along the U.S. Atlantic margin, Booth and 
O'Leary (1991) commented, “the occurrence of large-scale mass movements on gentle 
slopes implies that regional rather than local factors have been dominant”. They further 
noticed that mass movements along the Atlantic margin tend to be disintegrative and that 
slope angle does not seem to be an important factor controlling the initiation of a mass 
movement. These observations suggested to them that a relatively rapid stress increase or 
strength reduction took place within the sediment column, most likely because of 
transient earthquake loading (Booth and O'Leary, 1991). 

The second part of the paper examines the viability of our hypothesis in the 
subaerial environment. We suggest that similar to submarine landslides, subaerial 
landslides also initiate by simultaneous failure over a large area and do not develop as a 
cascading process. However, the size distribution of these landslides is limited by the 
morphological characteristics of the failure region. 

Simulations of earthquake-induced landslides 
To test the viability of the hypothesis, we generated Monte Carlo simulations of 

earthquakes and their expected failure areas and compared their area distribution with the 
observed distribution along the U.S. Atlantic continental margin (Figure 101). The 
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maximum expected failure area was estimated using a slope stability analysis with 
undrained strength properties, following the method and parameters outlined in ten Brink 
et al. (2009). The method is reviewed here briefly. 

Slope failure of sediments is assumed to initiate when the pseudostatic stress, 
which includes the downslope gravitational stress plus horizontal earthquake loading, 
exceeds the undrained shear strength. The vertical ground-motion component contains 
relatively little of the total energy of shaking and is therefore ignored in strong-motion 
studies (e.g., Harp and Wilson, 1995). This critical pseudostatic stress depends on the 
slope, sediment density, and the ratio of shear strength to vertical load. However, to cause 
significant displacement of the material, the peak earthquake acceleration kPSA must 
exceed sediment shear strength ky, by a factor of 6.7 or more (Hynes-Griffin and 
Franklin, 1984; Lee et al., 2000). The peak earthquake acceleration as a function of 
distance from the rupturing fault, kPSA(r), that we used, is based on empirical and hybrid-
empirical attenuation relationships derived from accelerograms and adjusted for the 
eastern USA (Campbell, 2003). The attenuation relations assume hard rock with shear-
wave velocity of 2800 m/s. A site amplification of 3.5 is used (Boore and Joyner, 1997) 
to account for the measured shear-wave velocity of 300 m/s of shallow sediments on the 
Atlantic continental slope. A peak spectral acceleration (PSA) at a period of 0.75 s was 
chosen because the thickness of the sliding layer in the USAM is typically 20–100 m. 
(More details about the choice of these and other parameters are provided in ten Brink et 
al. (2009).) Hence, the maximum failure distance from a rupturing fault, rmax, is the 
distance at which the modified earthquake acceleration is equal to the sediment shear 
strength, ky, 

       3.5 6.7   ×  𝑘!"#   =   𝑘!      (2) 
The maximum slope failure area AL can be calculated by using the maximum 

distance to failure, rmax. The maximum failure area is to a first approximation rectangle 
containing the fault trace, whose length is the fault length L and whose half-width is rmax, 
plus two half circles with radii of rmax at either end of the fault as given by 

    𝐴! =   𝜋𝑟!"#!   + 𝐿  ×  2𝑟!"#     (3)  
Fault rupture length L as a function of earthquake magnitude M is based on the 

empirical relationship of Wells and Coppersmith (1994) for all faults, 
    𝐿   =   −2.44+ 0.54𝑀     (4) 
The calculated area as a function of magnitude is a maximum failure area and 

assumes uniform energy release along the fault. We address in the discussion cases where 
the landslide areas are smaller than predicted here. To further simplify the simulations we 
assume a generic depth profile (Figure 102), which is qualitatively averaged from 6 depth 
profiles of the U.S. Atlantic continental margin (Figure 100), and which represents a 
several thousand kilometers sector of the margin. The ruptured faults are assumed to be 
parallel to the shelf edge to reduce the simulations to 2-D. We will account later for 
deviations of fault orientation from this idealized orientation. 

We used the Gutenberg–Richter (G–R) frequency–magnitude distribution (Eq. (1) 
to generate the earthquake distribution. The G–R distribution is valid for sufficiently long 
time intervals and large areas. Observed slope failures along the U.S. Atlantic continental 
margin and in many passive margins have likely happened over a period of several tens 
of thousands of years (Lee, 2009). For the U.S. Atlantic margin, we assumed that the U.S. 
East Coast from 1300 km inland of the shelf edge to 500 km seaward of the shelf edge is 
a sufficiently large area to follow the G–R earthquake distribution. In the model, the 150-
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km-wide continental slope begins 150km seaward of the coast, which mimics the 
geometry of the U.S. Atlantic margin (Figure 102). 

We placed earthquakes with magnitudes between 4.5 and 7.5 at random locations 
across this area. The number of earthquakes for each magnitude follows the G–R 
magnitude distribution. A total of 2348 earthquakes were placed at magnitude intervals of 
0.2 to 0.3, assuming that for every one M7.5 earthquake, there are 10 M6.5 earthquakes, 
100 M5.5 earthquakes, etc. Magnitudes above 7.5 were not considered because the 
maximum earthquake magnitude on the U.S. East Coast is assessed to be 7.5 (Frankel et 
al., 1996; Mazzotti and Adams, 2005). For earthquakes with magnitudes < 4.5, the slope 
stability analysis does not predict the generation of landslides in slopes ≤ 6°. This 
prediction is in agreement with observations of earthquake-induced subaerial landslides 
in the United States, which show that earthquakes with local magnitude ML < 4 do not 
generate landslides, and with inferences suggesting that rock slumps, block slides, rapid 
soil flows and subaqueous landslides are not generated by earthquake with magnitude ML 
< 5 (Keefer, 1984). 

It could be argued that the dissected upper continental slope can give rise to many 
more small landslides than is considered with our model of a generic slope. An 
examination of slope dip offshore of Chesapeake Bay, shows that slope dissection by 
canyons whose walls exceed 6° slope is generally limited to only an approximately 10 
km-wide strip of the slope (inset in Figure 100). The probability of any of the 1000 M4.5 
earthquakes occurring in this 10 km-wide strip of the 1500 km-wide zone of simulation, 
is 1000×10 / 1500 km, or 2 earthquakes will be added on average to the simulation 
results. If M4 earthquakes can generate landslides in slopes that exceed 6°, 4 additional 
small earthquakes will be added. However, the canyon walls, which are cut into pre-
Pleistocene rocks (Pratson et al., 1994), also have a higher strength than was considered 
in our simulations. The increased wall strength means that the ground shaking 
amplification is likely to be smaller than the factor of 3.5 used in our simulations (Eq. 
(2)), and therefore, the peak ground acceleration, kPSA, that is necessary to cause a 
significant failure should be larger than calculated in our simulations. Therefore, the area 
distribution of landslides along the Atlantic continental slope will probably not change 
significantly because small earthquakes cannot generate sufficient ground shaking to 
cause landslides in these walls. 

The maximum failure area for each of the earthquakes was calculated using the 
slope stability analysis (ten Brink et al., 2009b). Earthquakes that are located within the 
continental slope generate slope failure; those that are far away from the continental slope 
do not generate slope failures. Those earthquakes that are in the vicinity of the landward 
and seaward edges of the continental slope generate smaller regions of slope failure in the 
continental slope. For example, an M7.5 earthquake must be located within 100 km of the 
continental slope to cause slope failure (ten Brink et al., 2009b). 

Results 
The cumulative distribution of the earthquake-induced landslides from these 2348 

simulated earthquakes is plotted on a log–log plot (Figure 103A). Note that only 80 to 
150 landslides are generated per simulation, because the majority of the earthquakes are 
located too far inland to affect the continental slope. Because the location of earthquakes 
cannot be predicted, the calculation is repeated 1000 times with 1000 different random 
distributions of earthquake locations. The result (Figure 103B) shows a consistent 
cumulative area distribution, with abundant landslides having areas between 10–100 km2, 
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fewer landslides with area < 3 km2, and few landslides with areas > 1800 km2 (Figure 
103C). The 1000 modeled landslide distributions fit well a lognormal distribution (R2 > 
0.97). Hence, the paucity of small landslides relative to the number predicted by an 
inverse power law relationship may not be due to under sampling, but instead due to the 
fact that small magnitude earthquakes cannot generate landslides unless the seafloor 
slope is very steep, whereas the areal extent of seafloor with steep slopes is small. 
Although some (but not all) of the realizations show a relatively linear tail of cumulative 
area distribution, the curve does not have a distinct slope break that would allow a certain 
range of the population to be fit by an inverse power law curve.  

Thus we show that given the assumption that the area of slope instability is a 
function of the magnitude of ground shaking, and given a G–R frequency–magnitude 
distribution of earthquakes, the expected cumulative distribution of landslide areas does 
not follow an inverse power law, but may in fact be closer to a lognormal distribution. 
Lognormal distribution appears to fit both the data and the simulations better than an 
inverse gamma distribution (Figure 104). An inverse power law fit to the portion of the 
data that includes only the largest 49 slides (log area > 1.5) is also inferior to a lognormal 
fit (Figure 104). However, we do not imply a genetic significance to lognormal 
distribution, but only that it represents a situation in which landslides have a 
characteristic area and the number of landslides falls off with both decreasing and 
increasing sizes. 

Discussion 
Earthquake distributions in different regions have different maximum magnitudes 

depending on geological conditions and fault types in these areas (e.g., Stein and 
Wysession, 2003). We investigated the possibility of a smaller maximum earthquake 
magnitude in this continental margin by limiting the G–R frequency–magnitude to a 
range between M4.5 and M6.3. This range does not imply that larger magnitude (M6.4–
M7.5) earthquakes cannot occur on land simply that larger earthquakes located more than 
100 km landward from the shelf edge are not expected to cause failures on the continental 
slope (ten Brink et al., 2009b). Therefore, such larger earthquakes on land will not have 
an effect on this simulation. The limited range of earthquake magnitudes has a significant 
effect on the shape of the area distribution. The largest expected failure areas are much 
smaller (by an order of magnitude) than those predicted with a wider magnitude range 
(M4.5–M7.5), and the area distribution continues to curve and has no flat tail (compare 
Figure 103D to 103B). In other words, the effect of a narrow range of earthquake 
magnitudes is to trim the outer tail. 

Simulations with a limited earthquake magnitude range (M4.5– M6.3) show a 
good fit to the area distribution of 106 landslides along the Atlantic continental slope 
(Figure 103D). The observed good fit suggests an interesting possibility; the shape of the 
observed area distribution of submarine landslides may be indicative of the range of 
earthquake magnitudes in that area. Similar studies in other regions are needed to verify 
this suggestion. 

The size of the region in which the G–R magnitude–frequency distribution applies 
is not well defined (see discussion in Stein and Wysession (2003)). To test the effect of 
the assumed total area, we calculated our simulations with the total area extending only 
400 km inland from the coast (Figure 105b), instead of 1300 km (Figure 105a). In other 
words, the probability for earthquakes to be located within or close to the continental 
slope was doubled (150/900=16.6% instead of 150/1800=8.3%). Although a larger 
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number of landslides (180–250 vs. 80–150) were predicted, the shape of the curve and its 
fit to the lognormal area distribution remained the same. 

The failure area calculated by the slope stability analysis is a maximum area. It is 
likely that the fault does not have a uniform energy release, and only part of the area fails 
during an earthquake, the rheology and pore pressure are not spatially uniform, or the 
fault orientation is not parallel to the strike of the margin, as in our simplified 
simulations. To mimic these situations, we decreased the predicted failure area by 
multiplying each failure area from each earthquake by a random factor ≤ 1. In the 
absence of information about the probability distribution of this factor, we assumed, for 
example, a range of 0.3–1 for this factor, with all values between 0.3 and 1 having an 
equal probability. The contribution of this multiplier to the shape of the distribution is 
small (Figure 106a), therefore, the simulations cannot help us determine how often the 
maximum predicted area fails vs. part of the area. Simulations with multipliers ranging 
between 0.6–1 and 0.1–1 were also tested and gave similar results. However, the 
observed landslide distribution along the U.S. Atlantic margin is plotted at the center of 
the 1000 simulated curves that were generated with a multiplier range between 0.3–1 
(Figure 103D), whereas it has smaller areas relative to most curves generated by 
simulations where the maximum area is always expected to fail (multiplier of 1; Figure 
107). The comparison to observations therefore, suggests that slope failures generally do 
not reach their maximum calculated area, as was expected intuitively. 

The relationship between slope stability analysis and earthquake magnitude 
depends on many parameters, some of which are empirical (ten Brink et al., 2009b). To 
account for potential variations in that relationship, we multiplied each failure area by a 
random factor between 1 and 2 (Figure 106b). As expected, the predicted areas are 
slightly larger, but the overall shape of the curves is similar to that in Figure 105a and it 
can still be fit quite well by lognormal distribution. 

Translational slides of relatively non-cohesive material, such as along the U.S. 
Atlantic margin, may undergo simultaneous slope failure over a large area during ground 
shaking. However, other submarine landslides may still obey an inverse power law. For 
example, the inverse power law distribution of areas and volumes of submarine 
landslides north of Puerto Rico (ten Brink et al., 2006a) may be controlled by the 
distribution of fractures, and not by earthquake magnitude. These mostly rotational 
landslides erode the edge of a massive, tilted carbonate platform. Fissures and fractures 
observed in multibeam bathymetry images at the edge of the platform (ten Brink et al., 
2006b) probably develop by tensile stresses and grow by carbonate dissolution in a 
system of seawater circulation. Slope failures during earthquakes may follow these 
fractures. Tensile fracture systems (Katz and Aharonov, 2006) and faults (Scholz and 
Cowie, 1990) have been shown to obey an inverse power law distribution in the lab and 
in the field, attesting to their progressive development. 

Subaerial vs. submarine landslide distribution: the role of morphology 
As mentioned in the Introduction, area–number distribution of subaerial 

landslides was shown to fit inverse power law distribution (e.g., Dai and Lee, 2001), 
three-parameter gamma distribution (Malamud et al., 2004), and double Pareto 
distribution (Stark and Hovius, 2001). In this section we attempt to reconcile these 
observations with the distribution of submarine landslides along the U.S. Atlantic margin. 
We propose that the total area which encompasses earthquake-triggered subaerial 
landslides is similar to that predicted for submarine landslides, but the distribution of 
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subaerial landslides is shaped by the morphological characteristics of the area. We used 
similar grid size (100 × 100 m) and similar size area (80 × 90 km) when comparing the 
morphological characteristics of subaerial and submarine landslide regions. 

More than 11,000 small (10−5−0.2km2) landslides were generated within a total 
area of 10,000 km2 as a result of the M6.7 1994 Northridge earthquake in southern 
California (Harp and Jibson, 1995). The landslide areas are several orders of magnitude 
smaller than submarine landslides along the Atlantic continental slope (Figure 101). This 
area of southern California is generally characterized by high slope angles (>13° in many 
parts, Figure 108A), much higher than the U.S. East Coast. The difference in the 
direction of greatest slope (also known as ‘aspect’) is even more striking. In the 
Northridge area, the direction is almost evenly distributed in all compass directions with 
each of the 8 principal directions covering at least 10% of the total area (Figures 108A 
and 109A). The slope directions vary over short distances as can be seen by the fact that 
the average aspect polygon is only 0.05–0.075 km2, and does not show preference to a 
particular compass direction (Figure 109B). (An aspect polygon is the area of one or 
more contiguous cells with the same slope direction.) Contrast these characteristics with a 
subset area of the continental slope off of Chesapeake Bay (insets in Figure 100), which 
is heavily dissected by submarine canyons, and which has the same area and grid 
resolution (100 × 100 m) as the Northridge area. The vast majority (87%) of slope 
directions in that area are between NE and S (45°–180°) (Figure 109A). Furthermore, 
aspect polygons with slope directions between NE and S are on average quite large (up to 
0.382 km2) with a maximum of 246 km2 (Figure 109B). The morphological 
characteristics of the Atlantic continental slope and rise were shaped by sediment 
progradation over a very long geological time period coupled with along-slope current 
deposition and erosion and minor shelf edge erosion during sea level minima. In 
particular, the morphology of the slope and rise has been modified by high rate of 
sediment accumulation and transport, often covering pre-existing canyons and slide 
scarps (Pratson et al., 1994). The morphology of the Northridge area, in contrast, is 
progressively dissected by subaerial erosion and tectonic uplift. 

Despite the differences in morphological character between the submarine and 
subaerial environments, the observed maximum total area affected by subaerial landslides 
as a function of earthquake magnitude on land (Keefer 1984; Rodriguez et al., 1999) is 
comparable in size with that calculated for the Atlantic continental slope from slope 
stability analysis, (Figure 110, ten Brink et al., 2009b). Each submarine landslide can be 
considered, based on this comparison, as a composite of many small landslides of 
variable sizes, similar to observations on land, with the only differences being that 
submarine slopes generally trend seaward and are less variable in dip angle. The lack of 
continuous failure features within the 1929 Grand Banks landslide, discussed earlier, is 
compatible with this view. 

The published power law, Gamma, and double Pareto distributions of subaerial 
landslides may be functions of morphological constraints on the area of landslides, not 
the underlying landslide driving force. For example, the truncated area distribution of 
landslides triggered by the 1994 Northridge earthquake follows an inverse power law 
(Malamud et al., 2004; Figure 111). Notably, the cumulative area distribution of aspect 
polygons in the topography of the Northridge area also follows an inverse power law with 
a slope of 1.6 similar to the distribution of landslide areas (Figure 111). Other effects on 
the area distribution of landslides in some places may include variations in soil moisture 
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contents (Pelletier et al., 1997), the presence of shallow fault planes, topographic site 
effects (Meunier et al., 2008), and slope and lithology changes (Jibson et al., 1998). 

Malamud et al. (2004) were able to fit inverse gamma distribution with similar 
parameters to three landslide populations resulting from 3 different triggering events: the 
1994 Northridge earthquake, the 1998 Hurricane Mitch-related rainfall in Guatemala, and 
the rapid snow melt in Umbria (Italy) in 1997. The fit to all 3 populations may be 
explained by the limitation on failure area imposed by the available slope area. These 3 
areas are located in tectonically active mountainous regions and share similar 
morphological characteristics. All 3 areas are characterized by very high slope angles 
(Figure 108). The slope directions are distributed equally around all compass directions 
(Figures 108 and 109A) and the average size of each aspect polygon is 0.05–0.08 km2 
regardless of compass direction (Figure 109). These statistics express the morphology of 
mountainous regions being composed of many small areas with a wide range of slope 
directions (Figure 108B, D, and F). Therefore, we suggest that when a failure is triggered 
in such areas by any mechanism, it is characterized by many separate small slides, and 
the maximum size of each landslide is limited by the morphology. 

Conclusions 
We use the area distribution of submarine landslides along the Atlantic 

continental slope of the U.S. and other supporting evidence to argue that landslides 
initiate simultaneously throughout the area affected by ground shaking. The slide 
products (debris flow, debris avalanche, turbidities, etc.) do not entrain significant 
volumes of new material during the runout. This hypothesis contradicts previous 
interpretations of landslides as a cascading avalanche, or self organized critical process, 
where the landslide nucleates in one or few locations and propagates from there to the 
entire landslide region. Therefore, we argue that landslides should not be viewed together 
with other natural hazards, such as earthquakes and fires (e.g., Malamud and Turcotte, 
2006), as a process whose final size cannot be predicted at the onset of the disturbance. 

The area distribution of submarine landslides along the Atlantic continental slope 
can be fit well by a lognormal distribution, whereas a cascading avalanche process is 
represented statistically by inverse power law distribution. Assuming that the size of 
failure area is related to earthquake magnitude via ground shaking and slope instability, 
we generated by Monte Carlo simulations area distributions, which fit the observed 
distribution and have lognormal distributions. However, we do not imply a genetic 
significance to lognormal distribution, but only that it represents a distribution with 
characteristic area with decreasing number of landslides of both larger and smaller areas. 

We further show here and in (ten Brink et al., 2009b), that for a given earthquake 
magnitude, the predicted maximum failure area from slope stability analysis is 
comparable to the maximum observed area that encompasses all subaerial landslides 
from a single earthquake-triggered event. The many individual landslides within the 
observe land area can be perceived in the context of our hypothesis as many independent 
nucleating points triggered by a single event. Inverse power law, double Pareto, and 
gamma distributions of these landslides sets within a single event may reflect the 
morphological characteristics of the affected area, and may not have intrinsic significance 
to the failure process. Thus, the study of landslide processes in the marine environment 
offers some advantages relative to land environments, in that small-scale morphology 
plays a lesser role in landslide distribution. Finally, the lack of double-couple 
earthquakes, generated by landslides, also argues against a propagation model for the 
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failure interface. The hypothesis presented here, implies that the maximum area of 
landslides is generally predictable from the characteristics of the triggering event, 
however how much of that area will actually fail depends on local variations in slope 
angle, material strength, pore pressure, and the presence of pre-existing fractures. 

 

 
Figure 100. (A) Slope and (B) aspect maps of the Atlantic continental slope of the U.S., from a 
bathymetric digital elevation model with a grid-cell resolution of 100 m, derived primarily from 
compilations of multibeam swath bathymetry (see Twichell et al. (2009a) for a full description of the 
bathymetry data). Landslide source areas (failure scarps) identified by Chaytor et al. (2009), are 
shown in grey. Aspect is the compass (true) direction of maximum slope and slope is the dip for 
each 100 m grid cell based on the elevation of its 3 × 3 cell neighbors. Insets show enlargements 
of slope and aspect for the continental slope off Chesapeake Bay (red rectangles). The size of the 
enlarged area is similar to the sizes of areas shown in Figure 108 to facilitate comparison between 
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submarine and subaerial landslides. Thin parallel lines in (b) are small artifacts in the bathymetry 
data, which are enhanced by the aspect analysis.  

 
Figure 101. Observed area distribution of submarine slope failures along the Atlantic continental 
slope (asterisks), a lognormal fit to the data (circles). Data and fit are displayed as 1-cumulative 
distribution function (1-CDF).  

 
Figure 102. A generic profile of eastern U.S. and its continental margin, which was used in the 
calculation of slope stability along the continental slope. Earthquakes were placed at random 
locations along the profile.  
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Figure 103. (A) 10 and (B) 1000 predicted area curves calculated using the relationship between 
slope stability and earthquake magnitude, and the Gutenberg–Richter distribution of earthquake 
magnitudes. The small steps in the curves are caused by using earthquake magnitude increments 
of 0.2 to 0.3, in the area calculation. Curves are displayed as 1-CDF. The average of the squares 
of the correlation coefficients of each curve with a lognormal distribution, R2, is shown. (C) 
Probability Distribution Function (PDF) of the area distribution curves in (B). The shown PDF is the 
mean of all 1000 PDFs. PDFs were calculated by binning the range of areas on a logarithmic 
scale. (D) Same as (B), except that the range of earthquake magnitudes is limited to between 4.5 
and 6.3, instead of 4.5 and 7.5. The predicted failure area is multiplied by a random number 
between 0.3–1 to account for the fact that only part of the maximum predicted area may fail during 
an earthquake. Note the good fit with the observed area distribution of submarine slope failures 
along the Atlantic continental slope (blue curve).  
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Figure 104. (a) Observed area distribution of submarine slope failures along the Atlantic 
continental slope (red asterisks) and a two-parameter inverse gamma fit to the data (green circles), 
and an inverse power law fit to a truncated portion (areas > log1.5) of the data (blue dashed line). 
(b, c) 100 predicted area distribution curves (red) calculated using the relationship between slope 
stability and earthquake magnitude, and the G–R distribution of earthquake magnitude and their 
corresponding (b) lognormal and (c) inverse gamma curve fits (green circles). The R2 value is the 
average of the squares of the correlation coefficients for each curve. 100 curves are shown instead 
of 1000 curves for clarity. The calculated curves are for the range of earthquake magnitudes 
between 4.5 and 7.5, an 1800 km-wide area, and a maximum failure area for each earthquake 
magnitude. Curves are displayed as 1-CDF, where CDF is the cumulative distribution function.  
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Figure 105. (a) 100 predicted area distribution curves calculated using the relationship between 
slope stability and earthquake magnitude, and the G–R distribution of earthquake magnitude. It is 
similar to Figure 104, but for clarity shows 100 curves, instead of 1000 curves. The R2 value is the 
average of the squares of correlation coefficients for each curve. The calculated curves for an 1800 
km-wide area, earthquake magnitudes between 4.5 and 7.5, and a maximum failure area for each 
earthquake magnitude. (b) Same as (a) but for a 900km-wide area.  

 

 
Figure 106. (a) Same as Figure 105 a), but when only part of the failure area predicted from the 
slope stability-earthquake magnitude relationship, fails. The fraction of the failed area varies 
randomly between 0.3 and 1. (b) Same as (a), except that the failed area can be up to twice that of 
the calculated maximum failure area; i.e., the predicted failure area is randomly multiplied by a 
factor ranging between 1 and 2. Despite the seemingly linear tail, the curves can be fit well by 
lognormal distribution as shown by the R2 value.  
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Figure 107. Same as Figure 103D, except that the maximum predicted failure is always assumed 
to fail. Note that most of the simulations over-predict the observed area distribution of submarine 
slope failures along the Atlantic continental slope (blue curve).  
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Figure 108. Slope (A, C and E) and aspect maps (B, D and F) for three areas of subaerial 
landslides, Northridge, CA, Umbria, Italy, and southern Guatemala. Landslides in the Northridge 
area were triggered by the 1994 M6.7 earthquake (Harp and Jibson, 1995), in the Umbria area by 
a heavy snowfall in 1997 (Guzzetti et al., 2002), and in Guatemala, by rain from hurricane Mitch in 
1999 (Bucknam et al., 2001). Elevation data sources are: Northridge — 
http://seamless.usgs.gov/index.php resampled from 30 to 100 m; Umbria — two SRTM tiles 
http://edcsns17.cr.usgs.gov/EarthExplorer with 100 m a grid cell that covers most of the Umbria 
landslides discussed in Guzzetti et al. (2002); Guatemala — scanned 1:50,000 topographic maps, 
Rio Hondo and Pueblo Viejo sheets, resampled from 10 m cell resolution to 100 m with 
background shaded relief from SRTM. All scales and cell resolutions are identical and are also 
similar to those in the insets of Figure 100 to facilitate comparison.  
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Figure 109. Statistical summaries of the aspect maps shown in Figure 100B-inset and Figure 108. 
(A) Total area of polygons with similar compass direction as a percentage of the total map area. 
Note that the three land areas have roughly equal portion of the total area (10–15%) in each 
compass direction, whereas 87% of the continental slope area in Figure 100-inset is in directions 
between NE and S. (B) Average area (in km2) of aspect polygons in each compass direction. 
(Aspect polygon is one or more contiguous cells with the same dip direction.) Note that the three 
land areas have roughly equal average area of 0.05–0.075 km2 in all directions, whereas the 
continental slope has much larger average areas in the dominant slope directions.  



Chapter 6: Size Distribution of Submarine Landslides          193 
 

 

 
Figure 110.  (A) Comparison between two methods to derive the relationship between earthquakes 
and landslide areas. Solid curves were calculated by the slope stability analysis method for seabed 
slopes of 2° and 6° with the peak spectral acceleration (PSA) relationships for the eastern U.S. of 
Campbell (2003) (C2° and C6°) and Tavakoli and Pezeshk (2005) (TP2° and TP6°). Dashed 
curves are empirical relationships of maximum failure area on land, K (Keefer, 1984) and R 
(Rodriguez et al., 1999). (B) an enlargement of the shaded area in frame A (low earthquake 
magnitudes). Star — Total area affected by landslides due to the M6.7 Northridge earthquake 
(Harp and Jibson, 1995). Double arrowed dashed line total area affected by landslides from the 
M7.2±0.3 Grand Banks earthquake (Mosher and Piper, 2007).  
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Figure 111. Comparison between the cumulative area distribution of aspect polygons in the 
topography of the Northridge area (Figure 108B) and the 1994 M6.7 Northridge earthquake 
landslide areas measured by Harp and Jibson (1995). Aspect polygon areas are discrete multiples 
of 0.01 km2 due to the 100 m grid of the topography. Only the largest 8% of landslide areas (areas 
> 0.004 km2) and the largest 7.5% of aspect polygon areas (areas > 0.12 km2) were fit to achieve 
high degree of correlation with an inverse power law. 
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7.  Tsunami Hazard from Other Local Sources 
Local earthquakes 

Earthquakes that occurred close to shore, such as the 1840 and the 1884 
earthquakes near Philadelphia and the 1886 Charleston earthquake (Figure 112) have 
locally produced tsunamis and seiches (Lockridge et al., 2002). The 1886 earthquake was 
also associated with a local tsunami in Jacksonville, FL, 290 km south of Charleston, 
South Carolina (Lockridge et al. (2002); Figure 112). 

Events in the geological record 
Tsunami deposits are an important aid in tsunami hazard assessments, and in 

some areas, like the Washington–Oregon margin, they are the primary evidence for past 
tsunamis and their recurrence interval (Atwater and Hemphill-Haley, 1997). However, no 
such record exists along the U.S. Atlantic coast. A suggested 2300 yr old tsunami deposit 
in Long Island (Goodbred et al., 2006) has not been confirmed. The only known tsunami 
deposits along the North American coast are in Newfoundland from the 1929 Grand 
Banks tsunami (Tuttle et al., 2004). Tuttle et al. (2004) compared these deposits to storm 
deposits and suggested criteria to distinguish between tsunami and storm deposits in 
coastal environments of the U.S. Atlantic coast. Finding pre-historic tsunami deposits 
along the U.S. Atlantic coast would be helpful for a tsunami assessment, however, such a 
task is made difficult by several factors: 1) the coastline is very long, 2) it has been 
modified in many places by intense anthropogenic changes, 3) it is subjected to frequent 
intensive storm activity, as was evidenced by the 2012 Hurricane Sandy, and 4) tsunami 
deposits laid prior to approximately 6000 yr are likely covered by water due to the rapid 
sea level rise. 

Atmospheric disturbances (meteotsunamis) 
Meteo-tsunamis are atmospherically induced ocean waves with periods of a few 

minutes to a few hours (Monserrat et al., 2006). It is difficult to distinguish tsunamis 
generated by landslides from those generated by atmospheric disturbances, because of 
their similarities in wave period and the size of the affected area, as was shown in the 
analysis of the 13 June 2013 tsunami (http://nctr.pmel.noaa.gov/eastcoast20130613/) (see 
below). Meteo-tsunamis are generated when an atmospheric disturbance (pressure 
change) moves with a speed, U, that is similar to the ocean long wave phase speed, c. The 
passage of an atmospheric pressure disturbance, ΔP, changes the sea surface amplitude, 
Δζ, by an amount Δζ = ΔP/(ρg), where ρ is the density of water. Typical pressure changes 
of fast-moving atmospheric disturbances are 100–500 Pa (Monserrat et al., 2006); 
therefore, the resulting sea surface height changes by 1–5 cm. However, the sea surface 
amplitude, ζ greatly increases when the speed of the disturbance approaches the ocean 
long wave speed, according to the expression 

    
 (Proudman, 1929), termed Proudman resonance. In practice, the sea surface 

amplitude can increase 100 fold (Donn and McGuinness, 1960) giving rise to a 
destructive tsunami. Meteo-tsunamis tend to occur on broad continental shelves and 
shallow platforms with water depth of 40–160 m, because the typical speed of the 

In comparison to seismogenic tsunamis for which propagation can
be described by the non-dispersive linear long wave equations, it is
necessary to include the effects of both nonlinearity and dispersion for
significant landslide tsunamis (Lynett and Liu, 2002). Liu (2009) pro-
vides a review of the applicable hydrodynamic equations for increasing
levels of nonlinearity and dispersion. The combination of these two
effects for propagation of landslide tsunami waves across a wide conti-
nental shelf, such as the Atlantic margin, produces interesting physics
termed amplitude dispersion or fission (Wu, 1981; Lin, 2004; Lynett,
2008) as was simulated for the Currituck landslide tsunami (Geist
et al., 2009a). The fission process results in a significant attenuation of
landslide-generated tsunami waves relative to earthquake-generated
tsunami waves, because of their smaller spatial dimensions and higher
amplitude (cf., Korycansky and Lynett, 2005). For runup and inundation
computations, it is also necessary to include nonlinearity and moving
boundary conditions for both seismogenic and landslide tsunamis.

3. Tsunami hazard from other local sources

3.1. Atmospheric disturbances (meteo-tsunamis)

Meteo-tsunamis are atmospherically induced ocean waves with
periods of a few minutes to a few hours (Monserrat et al., 2006). It is
difficult to distinguish tsunamis generated by landslides from those
generated by atmospheric disturbances, because of their similarities in
wave period and the size of the affected area, as was the shown in the
analysis of the June 13, 2013 tsunami (http://nctr.pmel.noaa.gov/
eastcoast20130613/) (see below). Meteo-tsunamis are generated when
an atmospheric disturbance (pressure change) moves with a speed, U,
that is similar to the ocean longwave phase speed, c. The passage of an
atmospheric pressure disturbance, ΔP, changes the sea surface ampli-
tude, Δζ, by an amount Δζ = ΔP/ρ g, where ρ is the density of water.
Typical pressure changes of fast-moving atmospheric disturbances are
100–500 Pa (Monserrat et al., 2006), therefore, the resulting sea surface
height changes by 1–5 cm.However, the sea surface amplitude, ζ greatly
increases when the speed of the disturbance approaches the ocean
longwave speed, according to the expression

ζ ¼ Δζ= 1− U=cð Þ2
! "

(Proudman, 1929), termed Proudman resonance. In practice, the sea
surface amplitude can increase 100 fold (Donn and McGuinness,
1960) giving rise to a destructive tsunami. The wave can be further am-
plified upon entering a harbor whose dimensions match the wave fre-
quency. Meteo-tsunamis tend to occur on broad continental shelves
and shallow platforms with water depth of 40–160 m, because the typ-
ical speed of the atmospheric disturbances is 20–40 m/s (Monserrat
et al., 2006).

Destructive meteo-tsunamis have been reported from Croatia, the
Balearic Islands, Japan, China, and Lake Michigan, to name a few places
(Ewing et al., 1954; see references in Monserrat et al., 2006). Along the
U.S. Atlantic coast, a 6 m high wave struck Daytona Beach, Florida, in
1992 (Churchill et al., 1995; Sallenger et al., 1995) and meteo-tsunamis
were reported in Long Island Sound (Donn and Balachandran, 1969),
and Boothbay Harbor, Maine (Vilibić et al., 2013). Pasquet et al. (2013)
identified 9 events with wave heights of 0.4–1 m and dominant periods
of 0.67–6 h on tide gauge records between 2006 and2011 and attributed
them to meteo-tsunamis.

A tsunami on June 13, 2013 caused severe harbor oscillations
in Barnegat Bay New Jersey, Wickford Cove, Rhode Island, and Fal-
mouth, Massachusetts. It was detected on DART buoy 44402 located
on the lower continental slope east of Hudson Canyon, and in tide
gauges extending along the Atlantic coast fromWoods Hole, Massachu-
setts to Duck, North Carolina, and in Bermuda and Puerto Rico (http://

oldwcatwc.arh.noaa.gov/previous.events/06-13-13/index.php; http://
nctr.pmel.noaa.gov/eastcoast20130613/). This tsunami was first
interpreted as a landslide at the head of the Hudson Canyon, but a
multibeam sonar survey of the area by theNOAA ship Okeanos Explorer
in July 2013 revealed nether fresh landslide scars and nor significant
change in the bathymetry from previous surveys undertaken as little
as one year earlier. A fast-moving squall that extended laterally more
than 220 km crossed the New Jersey shore and moved eastward two
hours prior to the detection of a tsunami on the DART buoy. Satellite
radar shows this front propagating eastward toward the shelf edge
(http://oldwcatwc.arh.noaa.gov/previous.events/06-13-13/index.php)
with wind gusts recorded at a buoy at the head of the Hudson Canyon
about 2 h later (http://nctr.pmel.noaa.gov/eastcoast20130613/). In
reviewing the DART Buoy record, a previous smaller event on April
11, 2013 also registered on the DART buoy and several tide gauges
(Christopher, Moore, Written Comm., 2013), but this event was not
noticed by the public, because it occurred at night and not during a
summer day.

Meteo-tsunamis canhave awider geographical extent than landslide-
generated tsunamis for two reasons: First, they are generated by a
moving squall line, which can be hundreds of kilometers long. Long
sources generate low-frequency waves, which propagate for longer
distances. Second, the meteo-tsunami is reflected at the shoreline and
at the shelf edge by topographic steps. The reflected angle follows
Snell's law sin(θr) = sin(θi)/Fr, (Vennell, 2010; Pasquet and Vilibić,
2013) where θr and θi are the angles of the reflected and incident
waves, respectively, and Fr = U/c. Many of the storms move oblique
to the coast, and reflections from the shelf edge help push the wave
farther down along the shelf. Shelf-edge reflections were noted on the
tide gauge data from the April 11, 2013 event as second arrivals 2–4 h
after the primary arrivals.

We compiled a database of atmospheric pressure disturbances along
the U.S. Atlantic margin to investigate their frequency and characteris-
tics. Data were compiled from the Automatic Surface Observing System
data archive, the Storm Prediction Center SevereWeather Event archive
and the National Hurricane Center Data Archive all maintained by
NOAA. The database shows 191 squalls crossing the U.S. Atlantic shore-
line eastward into the shelf during a 13-year period (04.08.2000–
10.07.2013). The speed of these squalls upon crossing the shoreline
was typically 13–22 m/s, and the pressure associated with their
advance, typically rose by100–400 Pa during periods of 30–90 min
(Fig. 17). However, speeds of up to 35 m/s and a pressure rise of
800 Pa were recorded. These squall lines were long (250–1000 km)
and crossed the shoreline at different angles from perpendicular to
nearly shore-parallel. The June 13, 2013 squall that caused the meteo-
tsunami, moved at a speed of 22 m/s when crossing the shoreline and
accelerated to 27 m/s over a weather buoy at the head of the Hudson
canyon (http://nctr.pmel.noaa.gov/eastcoast20130613/). The pressure
rise at the shoreline was 470 Pa and its duration was 50 min. For this
squall, the Proudman resonance was therefore expected to generate
resonant long waves at water depths of 48–73 m midway across the
shelf. Additional squalls have likely formed offshore and moved either
parallel to shore or out to see never crossing the shoreline, and were
therefore not detected by shore stations. Both the 2008 Boothbay
Harbor event and the Daytona Beach 1992 event are not in our data
base, because they were not identified onshore stations. Squalls over
the Atlantic shelf are therefore much more frequent than previously
thought, and should be considered in the assessment of tsunami
hazards.

Another atmospheric disturbance affecting the shelf is hurricanes.
Hurricanes typically move northward along the Atlantic margin shelf
or make landfall. We compiled a list of 22 hurricanes that made landfall
along the Atlantic coast between 1991 and 2012. The pressure drop
associated with these hurricanes is typically 10 times that of the squalls
but they move significantly slower (typically≤12 m/s), and their pres-
sure drop can last for days (Fig. 17). Thus, hurricanes generally do not
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atmospheric disturbances is 20–40 m/s (Monserrat et al., 2006). The wave can be further 
amplified upon entering a harbor whose dimensions match the wavelength. 

Destructive meteotsunamis have been reported from Croatia, the Balearic Islands, 
Japan, China, and Lake Michigan, to name a few places (Ewing et al., 1954; see 
references in Monserrat et al., 2006). Along the U.S. Atlantic coast, a 6 m high wave 
struck Daytona Beach, Florida, in 1992 (Churchill et al., 1995; Sallenger et al., 1995) and 
meteotsunamis were reported in Long Island Sound (Donn and Balachandran, 1969), and 
Boothbay Harbor, Maine (Vilibić et al., 2013). Pasquet et al. (2013) identified 9 events 
with wave heights of 0.4–1.0 m and dominant periods of 0.67–6 h on tide gauge records 
between 2006 and 2011 and attributed them to meteotsunamis. 

A tsunami on June 13, 2013, caused severe harbor oscillations in Barnegat Bay 
New Jersey, Wickford Cove, Rhode Island, and Falmouth, Massachusetts. It was detected 
on DART buoy 44402 located on the lower continental slope east of Hudson Canyon, and 
in tide gauges extending along the Atlantic coast from Woods Hole, Massachusetts to 
Duck, North Carolina, and in Bermuda and Puerto Rico 
(http://oldwcatwc.arh.noaa.gov/previous.events/06-13-13/index.phph; 
http://nctr.pmel.noaa.gov/eastcoast20130613/). This tsunami was first interpreted as a 
landslide at the head of the Hudson Canyon, but a multibeam sonar survey of the area by 
the NOAA ship Okeanos Explorer in July 2013 revealed neither fresh landslide scars and 
nor significant change in the bathymetry from previous surveys undertaken as little as 
one year earlier. A fast-moving squall that extended laterally more than 220 km crossed 
the New Jersey shore and moved eastward two hours prior to the detection of a tsunami 
on the DART buoy. Satellite radar shows this front propagating eastward toward the shelf 
edge (http://oldwcatwc.arh.noaa.gov/previous.events/06-13-13/index.php) with wind 
gusts recorded at a buoy at the head of the Hudson Canyon about 2 h later 
(http://nctr.pmel.noaa.gov/eastcoast20130613/). In reviewing the DART Buoy record, a 
previous smaller event on April 11, 2013 also registered on the DART buoy and several 
tide gauges (Christopher, Moore, Written Comm., 2013), but this event was not noticed 
by the public, because it occurred at night and not during a summer day. 

Meteo-tsunamis can have a wider geographical extent than landslide-generated 
tsunamis for two reasons: First, they are generated by a moving squall line, which can be 
hundreds of kilometers long. Long sources generate low-frequency waves, which 
propagate for longer distances. Second, the meteotsunami is reflected at the shoreline and 
at the shelf edge by topographic steps. The reflected angle follows Snell's law sin(θr) = 
sin(θi)/Fr, (Vennell, 2010; Pasquet and Vilibić, 2013) where θr and θi are the angles of the 
reflected and incident waves, respectively, and Fr = U/c. Many of the storms move 
oblique to the coast, and reflections from the shelf edge help push the wave farther along 
parallel to the shelf. Shelf-edge reflections were noted on the tide gauge data from the 
April 11, 2013 event as second arrivals 2–4 h after the primary arrivals. 

We compiled a database of atmospheric pressure disturbances along the U.S. 
Atlantic margin to investigate their frequency and characteristics. Data were compiled 
from the Automatic Surface Observing System data archive, the Storm Prediction Center 
Severe Weather Event archive, and the National Hurricane Center Data Archive, all 
maintained by NOAA. The database shows 191 squalls crossing the U.S. Atlantic 
shoreline eastward into the shelf during a 13-year period (04.08.2000– 10.07.2013). The 
speed of these squalls upon crossing the shoreline was typically 13–22 m/s, and the 
pressure associated with their advance, typically rose by100–400 Pa during periods of 
30–90 min (Figure 113). However, speeds of up to 35 m/s and a pressure rise of 800 Pa 
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were recorded. These squall lines were long (250–1000 km) and crossed the shoreline at 
different angles from perpendicular to nearly shore-parallel. The June 13, 2013 squall that 
caused the meteotsunami, moved at a speed of 22 m/s when crossing the shoreline and 
accelerated to 27 m/s over a weather buoy at the head of the Hudson canyon 
(http://nctr.pmel.noaa.gov/eastcoast20130613/ ). The pressure rise at the shoreline was 
470 Pa and its duration was 50 min. For this squall, the Proudman resonance was 
therefore expected to generate resonant long waves at water depths of 48–73 m midway 
across the shelf. Additional squalls have likely formed offshore and moved either parallel 
to shore or out to sea, never crossing the shoreline, and were therefore not detected by 
shore stations. Both the 2008 Boothbay Harbor event and the Daytona Beach 1992 event 
are not in our database, because they were not identified onshore stations. Squalls over 
the Atlantic shelf are therefore much more frequent than previously thought, and should 
be considered in the assessment of tsunami hazards. 

Another atmospheric disturbance affecting the shelf is hurricanes. Hurricanes 
typically move northward along the Atlantic margin shelf or make landfall. We compiled 
a list of 22 hurricanes that made landfall along the Atlantic coast between 1991 and 2012. 
The pressure drop associated with these hurricanes is typically 10 times that of the squalls 
but they move significantly slower (typically ≤ 12 m/s), and their pressure drop can last 
for days (Figure 113). Thus, hurricanes generally do not generate tsunami waves, only 
storm surge. Large waves advancing as walls of water toward the beach were described 
in association of the 1938 and 1944 hurricanes along the entire New Jersey coastline 
(Lockridge et al., 2002), but it is unclear if they were tsunami waves. 
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Figure 112. Location map of the U.S. Atlantic margin.  
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Figure 113.  Characteristics of atmospheric pressure disturbances that crossed the U.S. Atlantic 
coastline since 2001 (squalls) and 1991 (hurricanes). Data was compiled from several NOAA 
archives. A) Speed of movement over ground of the atmospheric disturbance vs. the magnitude of 
pressure rise (in case of squalls) or fall (in case of hurricanes). Squalls move at speeds 
approaching 32 m/s but their pressure rise is only ≤800 Pa. Pressure fall by hurricanes can be 
more than 10 times larger than in squalls, but they move a lot slower. B) The period of the pressure 
disturbance in squalls ranges from minutes to 2 h, which is within the period of tsunamis, whereas 
the period of pressure disturbance from hurricanes ranges from hours to days.  
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8.  Far Field Sources 
8.1 Far-field tsunami sources: earthquakes, volcano collapse and landslides 

Earthquakes in the Azores–Gibraltar plate boundary 
The Azores–Gibraltar plate boundary is the source of the largest earthquakes in 

the 20th century as well as the largest historic earthquakes in the North Atlantic Ocean 
basin (Fukao, 1973; Buforn et al., 1988, 2004; Baptista et al., 2006). It was also the 
source of the great November 1, 1755 Lisbon earthquake with estimated magnitude 
𝑀! 8.5–9.0 (e.g., Johnston, 1996; Muir-Wood and Mignan, 2009). The tsunami wave, 
generated by the 1755 earthquake propagated across the Atlantic Ocean to the eastern 
Lesser Antilles and Brazil and to Newfoundland, Canada (Kozak et al., 2005; Roger 
et al., 2010). However, no reports were documented from cities (e.g., Boston, New York, 
Baltimore, Charleston and Savanna) and smaller towns that existed at the time along the 
U.S. Atlantic coast (Reid, 1914; Lockridge et al., 2002). 

The source of the 1755 Lisbon earthquake remains elusive, and in fact, the 
location and nature of the plate boundary in the region are also poorly defined. Geodetic 
measurements predict that in the region southwest of the Iberian Peninsula, Africa should 
move at a rate of 4–5 mm/yr and a direction of 290° relative to Eurasia (Nocquet and 
Calais, 2004) (Figure 114). The plate boundary there might exhibit diffuse deformation 
over a zone several hundreds of kilometer wide. Two structures have been proposed as 
potential traces (SWIM; Zitellini et al., 2009 and PIAB; Barkan et al., 2009; Figure 114). 
The prevailing orientations of ridges on the seafloor, active thrust faults (Zitellini et al., 
2009) and compression axis of small and medium magnitude thrust earthquakes (Buforn 
et al., 2004; Stich et al., 2010) suggest NNW–SSE convergence (Figure 114). The 
suggested dip of the 1755 rupture plane from back tracing the tsunami reported in coastal 
locations in the east (Baptista et al., 1998b) and west (Barkan et al., 2009) Atlantic is, 
however, perpendicular to the inferred convergence direction (Figure 114). Alternatively, 
it is possible that the 1755 Lisbon earthquake was a manifestation of an active re-
formation of the plate boundary in this area, analogous to the April 11, 2012 M8.6 and 
M8.2 earthquakes that ruptured multiple faults on the ocean floor west of Sumatra, 
Indonesia (Ishii et al., 2013). Johnston (1996) and Stich et al. (2010) suggested that the 
1755 Lisbon earthquake ruptured through a significant thickness of the mantle 
lithosphere and had therefore released significantly more energy than a crustal fault of a 
similar length. 

The bathymetry of the eastern Atlantic Ocean is characterized by an irregular 
pattern of ridges, seamounts, and islands. These shallow bathymetric features scatter the 
long tsunami waves that travel across the Atlantic. Barkan et al. (2009) modeled the 
propagation of tsunami waves from 16 hypothetical sources in the eastern Atlantic Ocean 
and found that the shallow bathymetry would substantially attenuate tsunami waves 
reaching the U.S. Atlantic coast from most of these sources. However, sources located in 
the Gulf of Cadiz, where Gutscher (2004) proposed an east-dipping subduction of the 
African oceanic plate (Figure 114), could generate significant tsunamis along the Florida 
and South Carolina coasts (Figure 115a). Sources located west of the Madeira–Tore Rise, 
the westernmost bathymetric high in that region could also generate significant tsunamis 
along the Northeast and Mid-Atlantic coasts of the U.S. Earthquakes west of the 
Madeira–Tore Rise including the 26 May 1975 M7.9 earthquake  have so far had only 
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strike-slip focal mechanisms (Buforn et al., 1988) and plate kinematics predict pure 
strike-slip motion there. Strike-slip earthquakes seldom generate large amplitude 
tsunamis. Fault strike in both the Gulf of Cadiz and west of the Madeira–Tore Rise needs 
to be oriented roughly N–S to generate the maximum wave height along the U.S. Atlantic 
coast. 

Earthquake in the Puerto Rico Trench 
The Puerto Rico Trench is the only subduction zone within the North Atlantic 

Ocean basin (Figure 10). The North America Plate subducts there under the Caribbean 
Plate, but because the relative plate motion is almost E–W (255°, DeMets et al., 2010), 
the motion is largely left lateral strike slip with only a small component of perpendicular 
convergence (3–6 mm/yr). Nevertheless, as the M9.2 2004 Sumatra earthquake 
illustrated, highly oblique subduction zones are capable of generating devastating 
tsunamis if rupture during an earthquake has a large thrust component. Knight (2006), 
Geist and Parsons (2009) and Grilli et al. (2010) modeled the effect on the U.S. and 
Canadian Atlantic coasts from hypothetical tsunamis caused by M8.7–9.1 thrust 
earthquakes with pure N–S slip rupturing the entire trench length. Tsunami waves from 
these worst-case scenarios would propagate directly northward and would therefore affect 
more severely the coasts of Bermuda and Nova Scotia (wave amplitude of 6–8 m, Grilli 
et al., 2010) (Figure 115b). However, the shape of the continental shelf also serves to 
increase wave amplitude toward Cape Cod, Massachusetts, Long Island, New York, and 
northern New Jersey, whereas the submarine Blake Outer Ridge focuses the wave toward 
the South Carolina coast. The maximum wave amplitudes in these locations are expected 
be < 3 m (New Jersey to Cape Cod) and < 2 m (South Carolina) (Grilli et al., 2010). 

Large historical earthquakes in this subduction zone have only occurred west of 
67.2°W (Dolan and Wald, 1998; ten Brink et al., 2011), although the recurrence interval 
for large earthquakes on the Puerto Rico Trench could be much larger than the written 
record because of the very slow convergence rate between the North American and 
Caribbean plates (Geist and Parsons, 2009). Paleo-tsunami deposits from two time 
periods were identified on the island of Anegada, located closest to the NE corner of the 
subduction zone (Atwater et al., 2012, revised) (Figure 10). Large coral boulders strewn 
as much as 500–600 m inland from Anegada's north shore were dated at medieval ages 
(1200–1450 AD; Atwater et al., revised). Extensive sand deposits in the western part of 
the island were dated as deposited after 1650 AD but prior to settlement of the island at 
approximately 1800 AD (Atwater et al., revised). These boulders and deposits were likely 
not emplaced by storms because of the low (< 2 m) storm surge height along the north 
shore of the island (Wei et al., 2010). Tsunami models suggest that the older deposits 
could have been sourced in a tsunami from either the subduction zone or from normal 
faults within the downgoing plate. The later deposits could have been sourced by either 
the 1755 Lisbon tsunami or by sources similar to the older deposits (Wei et al., 2010). 
The lack of historical mention of a tsunami in Puerto Rico between 1650 and 1800 AD 
precludes the source of that tsunami from being located on the subduction zone directly 
north of Puerto Rico (Wei et al., 2010). 

A 300 km long portion of the Puerto Rico Trench centered north of Puerto Rico is 
deep (8350 m) and wide (20 km). This trench portion also has an unusually deep (7900 
m) forearc extending 50 km south of the trench, coincident with the lowest free-air 
gravity anomaly on Earth (−380 mGal) (ten Brink, 2005). The north shore of Puerto Rico 
consists of a tilted carbonate platform. Originally flat and formed near sea level, the 
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platform's northern edge is now 4000 m deep and its southern edge is several hundreds of 
meters above sea level. Seismic reflection data show normal fault block on the 
subducting plate being rotated into the trench. ten Brink (2005) interpreted these unusual 
observations as evidence for a tear in the subducting North American Plate, which caused 
the trench and its vicinity to founder, and probably decreased the coupling along the 
subduction interface in the area. Additional observations support this interpretation — for 
example, GPS observations from Puerto Rico and the Virgin Islands show that these 
islands are moving northward toward the trench relative to the Caribbean Plate interior, 
which is the opposite direction to most subduction zone regions where elastic strain 
accumulates along the subduction interface (ten Brink and López-‐‑Venegas, 2012). 
Seismic activity in this segment of the trench is also unusual. Frequent earthquake 
swarms at depths of 70–150 km have predominantly normal and strike-slip mechanisms 
and may indicate active tearing of the slab (Meighan et al., 2013). Finally, global 
tomographic images show a missing slab in this part of the trench (ten Brink and 
Villaseñor, 2012). 

Given the unusual phenomena observed in the central part of the trench, it is 
questionable whether a single rupture of the entire trench length (600–1100 km) 
producing an M9 earthquake could take place along the Puerto Rico Trench. Smaller 
earthquakes could certainly take place there but are unlikely to produce large enough 
tsunamis that will affect the U.S. Atlantic coast. Another earthquake source near the 
trench could however, generate tsunamis. The northern wall of the Puerto Rico Trench 
between 62°W and 66°W is characterized by grabens with up to 1500 m high 
escarpments (ten Brink, 2005). These escarpments are interpreted as normal faults 
(Figure 1) produced by the bending of the down-going North American plate as it enters 
the trench. Tsunamis have been produced in similar environments (e.g., 1933 Sanriku and 
2009 Samoa earthquakes, Okal et al., 2010). The tsunami deposits on the island of 
Anegada, could have been deposited by tsunamis originating from a possible M8 
earthquake along one of these normal faults. 

Earthquake in the northern Cuba fold-and-thrust belt 
An offshore fold-and-thrust belt, the Nortecubana fault system, rims the entire 

northern coast of Cuba (Figure 10). Its central and western parts face south Florida, and 
provided it is tectonically active, could pose a significant tsunami hazard to Florida's 
Atlantic and Gulf of Mexico coasts. The Nortecubana fold-and-thrust belt marks the 
northern extent of south-dipping thrusts associated with the collision of the Greater 
Antilles volcanic arc against the stable continental margin of the Bahama Platform 
(Draper and Barros, 1994). Deformation on this fault system took place prior to and 
during the Eocene (Masaferro et al., 1999; Saura et al., 2008), before the North 
American–Caribbean plate boundary jumped to Cayman Trough south of Cuba (e.g., 
Draper and Barros, 1994). Cuba had been part of the North American Plate since the 
Eocene, and rigid plate tectonics predicts no further deformation across Cuba. 
Stratigraphic analysis of one of the anticlines within this belt suggests, however, that 
some deformation may have continued into the Neogene and perhaps to the present day 
(Masaferro et al., 1999). Campaign GPS measurements show Guantanamo, Cuba, to be 
moving northward relative to stable North America by < 3 mm/yr, but this motion could 
be interpreted to be the result of accumulating elastic strain on the nearby Oriente fault 
(Dixon et al., 1998). Two shallow crustal earthquakes with an undetermined focal 
mechanisms occurred on the Cuban coast on January 9 (M5.1) and February 5, 2014 
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(M4.3) (Figure 10). The rupture could have occurred on either the Nortecubana fold-and-
thrust belt or on secondary NE–SW-oriented fault. A moderate (M approximately 6) 
earthquake rocked NW Cuba in 1880 near Pinar Fault (Figure 10), a possibly-active fault 
located onshore and sub-parallel to the Nortecubana belt (García et al., 2003). No 
tsunamis were generated from either earthquake. More research is needed to determine 
the hazard potential of the Nortecubana fault system. 

Volcano collapse in the Canary archipelago 
Ward and Day (2001) have suggested that an imminent flank collapse of the 

Cumbre Vieja volcano in the Canary Islands (Figure 114) could generate a high-
amplitude (10–25 m) tsunami along parts of the U.S. Atlantic coast. Various aspects of 
this suggestion have since been critically evaluated. We briefly review two of these 
aspects: First, tsunami amplitude scales with the landslide volume and Ward and Day 
(2001) assumed a large volume of 500 km3. Fieldwork, laboratory tests, and slope 
stability analysis reduced this estimate to between 38 and 68 km3 (Abadie et al., 2012). 
Turbidity records from eight Canary Island landslides suggest multistage failure for each 
landslide with individual volumes < 100 km3 (Hunt et al., 2013a). The recurrence rate of 
flank-collapse landslides in the Canary Islands is estimated at approximately 200,000 yr 
from the ages of major volcanoclastic turbidite deposits (Hunt et al., 2013b and 
references therein). Second, Ward and Day (2001) model assumptions maximized the 
predicted far-field tsunami from this source because it used linear propagation of shallow 
water waves, which describe geometric spreading and dispersive effects but not the 
effects of nonlinearity, wave breaking, and the compressibility of slide material. 
Subsequent analysis have utilized Navier–Stokes models incorporating compressible and 
incompressible multi-materials for wave generation and higher-order wave equations to 
describe transoceanic propagation (e.g., Mader, 2001; Gisler et al., 2006; Løvholt et al., 
2008; Zhou et al., 2011; Abadie et al., 2012). These models predict tsunami wave heights 
of tens and even hundreds of meters in the near field (i.e., the coasts of the Canary 
Islands), but maximum wave heights along the US Atlantic coast of < 10 m, even for the 
large landslide volume, suggested by Ward and Day (2001). A wave height < 10 m is at 
least 2–3 times smaller than the maximum height predicted by Ward and Day (2001). 

Volcano collapse in the Azores and Cape Verde Islands 
The tsunamigenic potential of landslides initiated on the flanks of the islands of 

the Azores and Cape Verde archipelagos (Figure 114) is not well constrained. Evidence 
for subaerial and submarine slope failures was documented on the flanks of the islands of 
the Cape Verde (Day et al., 1999; Le Bas et al., 2007; Masson et al., 2008) and Azores 
(Mitchell, 2003; Hildenbrand et al., 2012; Mitchell et al., 2012) archipelagos, although 
the level of instability, linkage to volcanic processes, and age of individual failures are 
highly uncertain for both regions. Radar interferometry, GPS networks and field analysis 
have confirmed the presence of active, but most likely gradual, slumping along the 
subaerial southern flank of Pico Island in the Azores (Hildenbrand et al., 2012; Mitchell 
et al., 2012). Evidence of adjacent submarine debris fields is limited and open for debate 
(e.g., Mitchell et al., 2012). Debris fields are well developed along the submerged flanks 
of most of the islands of the Cape Verde archipelago, some of which may have mobilized 
up to 160 km3 of material (Masson et al., 2008). Based on overprinting of landslide scars 
by volcanic flows, sedimentation and canyon erosion, Masson et al. (2008) postulated 
that the ages of landslides on the flanks of the islands of Fogo, Santo Antao, Sao 
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Vincente, and Sao Nicolau to be between 80,000 yr and more than 5.8 Myr. Evidence of 
renewed flank instability on the island of Fogo has been reported by Day et al. (1999b) 
but Masson et al. (2008) considers this to most likely produce a future east-directed 
landslide capable of generating a destructive tsunami in the near-field and along the coast 
of West Africa rather than the Atlantic coast of the U.S. 

Northeastern Atlantic Ocean Submarine Landslides 
Numerous submarine landslide scars and mass transport deposits have been 

identified along the European and African coasts of the Atlantic Ocean (Canals et al., 
2004; Lee, 2009). The Storegga (Norway) (inset in Figure 114) and Sahara (Africa) 
(Figure 114) slides are two of the largest and most well studied from the East Atlantic 
margins. The Storegga Slide is a composite failure with seven landslides occurring during 
the past 0.5 Myr (Solheim et al., 2005a, and references within). The latest and largest 
landslide is dated at 8200 yr BP (Haflidason et al., 2005) with a total volume of 2500–
3000 km3. Modeling of the tsunami generated by the Storegga Slide (Bondevik et al., 
2005) shows significant local wave heights (> 20 m) that diminish with distance from the 
source consistent with coastal inundations identified by onshore tsunami deposits in 
Norway, Iceland, Scotland, and the Shetland Islands. Transoceanic propagation models 
from the Storegga Slide have not been carried out, but due to attenuation of waves over 
the propagation distance (> 6000 km) and due to scattering by intervening islands, 
tsunami wave heights along the U.S. Atlantic coast would likely be small. 

The Sahara Slide is estimated to have mobilized approximately 600 km3 of 
material (Embley and Jacobi, 1977) depositing it over a run-out distance of more than 
900 km (Georgiopoulou et al., 2010). Estimates of the age of the slide are 45 to 59 kyr 
(Georgiopoulou et al., 2010), with a subsequent smaller debris flow overprinting part of 
the deposit approximately 2000 yr BP (Embley, 1982; Georgiopoulou et al., 2009). The 
tsunami generation potential of the Sahara Slide is thought to be low due to the slow 
moving nature of the slide (Georgiopoulou et al., 2010) and the depth of the headwall 
(1900 m; Krastel et al., 2012), but modeling of its impact on the U.S. Atlantic coast has 
not been carried out. 
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Figure 114. Location map of potential sources in the eastern Atlantic basin discussed in the text. 
Light yellow area is the Sahara landslide complex (from Gee et al., 1999). Red triangle is the 
location of Cumbre Viejo volcano in the Canary Islands. Gray arrows represent the motion of 
African plate relative to the Eurasian plate. Black arrows represent the maximum compression 
direction from earthquake focal mechanisms and seafloor features. Solid red lines 1 and 2 are the 
proposed locations of the 1755 Lisbon tsunami from tsunami back tracing by Baptista et al. (1998) 
and Barkan et al. (2009), respectively. The dashed lines, marked SWIM and PIAB, are geological 
structures that could serve as the plate boundary. The barbed line is a proposed subduction zone 
by Gutscher (2004). The frame in the inset shows the location of the map. The black dot in the 
inset is the location of the Storegga slide.  
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Figure 115. Maximum wave amplitude from the propagation of two hypothetical tsunamis toward 
the U.S. Atlantic coast. A) From an M8.7 thrust earthquake located in the Gulf of Cadiz with a strike 
of 349°, that mimics subduction under the Strait of Gibraltar (see Barkan et al., 2009, for more 
details). B) From an M8.3 thrust earthquake in the Puerto Rico Trench with the following 
parameters: width — 150 km, downdip length — 89 km, top depth — 10 km, strike 90°, rake 60°, 
dip — 21.5°, slip — 9.5 m. Tsunami simulations were performed via the tsunami computational 
portal on the Arctic Region Supercomputing Center, using the program COMCOT.  
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8.2 Evidence from pre-Columbian coral boulders on Anegada, British Virgin Islands 
for a tsunami source along the Puerto Rico Trench 

Introduction 
The Puerto Rico Trench marks ambiguous sources for Caribbean and North 

Atlantic tsunamis (Figure 116). The trench gives the impression of plate convergence but 
trends nearly parallel to relative motion between the overriding Caribbean Plate and the 
downgoing North America Plate. Normal faults that furrow its north wall show hundreds 
of meters of throw but of undetermined recency (ten Brink, 2005). A seismically active 
subduction zone dips southward from the trench, but GPS measurements imply little 
interplate coupling (Symithe et al., 2015), and except at Hispaniola the Antilles 
subduction thrust is not known to have produced a tsunami in post-Columbian time 
(Dolan and Wald, 1998; Feuillet et al., 2011). Youthful reverse faults south of the trench, 
near Main Ridge, are barely 20 km long (Grindlay et al., 2005). Farther south, large 
submarine slides offshore Puerto Rico have estimated recurrence intervals on the order of 
100,000 years (ten Brink et al., 2006).  

Anegada, perched 120 km south of the trench, displays assorted signs of extreme 
waves. Previous reports described seaside rubble and sand from storms (Figure 117A) 
and ascribed various inland deposits to an unusual marine flood that may have been the 
1755 Lisbon tsunami (Figure 117B). Mostly overlooked were coral clasts that had been 
scattered southward by earlier, greater flooding (Figure 117C). This report describes the 
scattered coral clasts, relates them to previous findings from fieldwork and modeling, and 
concludes that a tsunami was generated near the Puerto Rico Trench during the last 
centuries before Columbus. 

Exposure to extreme waves 
Bathymetry predisposes Anegada to tsunamis from the north. The ocean floor 

rises eight vertical kilometers from the Puerto Rico Trench to the coral reef that fringes 
the island's north shore (Figure 116B). A tsunami advancing along this profile loses less 
energy to shoaling than it would on a continental shelf. Upon crossing a fringing reef, 
moreover, a tsunami can increase in onshore height and inundation distance (Gelfenbaum 
et al., 2011). 

Physiographic setting has the contrasting effect of suppressing storm surge and 
storm waves on Anegada’s north shore. Unlike a shallow shelf subject to wind and wave 
setup, deep bathymetry minimizes storm surge by allowing extra water to escape in 
currents (Needham and Keim, 2011). Computed storm surge is accordingly smaller in the 
deep water to Anegada’s north than on the shelf to the south (Caribbean Disaster 
Mitigation Project, 2002). In a simulated hurricane of category 5 at Anegada, the north-
side surge is limited to 1 m, and the storm waves break on the fringing reef and dissipate 
further across the reef flat (Figure 117E) (Buckley et al., 2012). Hurricane Earl was at 
category 4 as it passed 30 km north of the island in 2010 (track, Figure 116A). Earl 
produced 1.5 m of surge on a south-shore plain and 2.0 m of combined surge and swash 
on a north-shore beach (Atwater et al., 2014). The south-shore surge from 1960 
Hurricane Donna, at category 3 or 4, reached 2.5 m (Atwater et al., 2012). 
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Geologic traces of historical hurricanes at Anegada are correspondingly modest 
(Atwater et al., 2014; Spiske and Halley, 2014): a coral-rubble ridge that hugs the north 
shore at Soldier Point (Figure 117A), and sandy fans that terminate a few tens of meters 
inland from the south shore (location, Figure 117D). 

A flooded island 
The island was named anegada, Spanish for flooded, during Columbus’s second 

voyage, in 1493 (Morison, 1942, v. 2, p. 78, 98). The name probably refers to the island’s 
western half, where Holocene beach ridges and Pleistocene limestone rise several meters 
at most above sea-level ponds. Limestone of eastern Anegada rises slightly higher, to 8 m 
at most (Figure 117D). 

An unusual post-Columbian flood from the north was previously inferred from 
three kinds of geologic evidence in western Anegada: breaches in the northern beach 
ridges, a sand-and-shell sheet to their south, and inland fields of limestone boulders and 
cobbles (Atwater et al., 2012). The breaches are well shown in lidar topography surveyed 
in 2014 (Figure 117E). The sand-and-shell sheet extends more than 1 km inland from the 
breaches. Although it contains pink foraminifera grains that were derived from the 
breaches, beaches, or the reef flat (Pilarczyk and Reinhardt, 2012), the shells were 
derived exclusively from a marine pond inside the island; notably lacking are coral or 
mollusks of the fringing reef or the reef flat (Reinhardt et al., 2012). The limestone 
boulders and cobbles are pendant to sources onshore. The clasts of one of the mapped 
boulder fields are strewn southward from a probable source 1 km inland (Watt et al., 
2012).  

Post-Columbian radiocarbon ages were obtained from mangrove leaves in lime 
mud that caps the sand-and-shell sheet (Atwater et al., 2012). The corresponding calendar 
ages, at two standard deviations, postdate 1650. The flooding likely predates 1800: the 
island was settled by that time, and the island’s written history lacks accounts of vigorous 
flooding from the north. Atwater et al. (2012) assumed that the limestone boulder fields 
also date to 1650–1800 because many of the limestone clasts rest at or above the base of 
a sand sheet (Watt et al., 2012)—a stratigraphic position reinterpreted below. 

Buckley et al. (2012) computed flow velocities for transport of the largest of the 
limestone boulders north of Bumber Well Pond, and they compared these velocities with 
pre-lidar simulations of tsunamis and an extreme storm. In these comparisons, the 
boulders are transported during a near-field tsunami—from normal faulting north of the 
Puerto Rico Trench, or from the subduction thrust south of the trench—but are too large 
to be moved the 1755 Lisbon tsunami or a hurricane of category 5. 

Coral boulders 
More than 100 coarse clasts derived from offshore have now been found inland 

from Anegada’s north shore. Most are boulders of the brain coral Diploria strigosa. 
Others are boulders or cobbles of Montastrea annularis, Porites asteroides, Manicina 
areolata, Acropora palmata, and reef rock. Most of the brain-coral boulders are between 
0.5 m and 1.0 m in diameter, and a particularly large one spans 2.7 m. All the coral 
species inhabited the fringing reef or the reef flat off the north shore of Anegada in the 
1970s (Dunne and Brown, 1979), and D. strigosa was still living on the reef flat in 2015 
(example, Figure 117F). 

The stray clasts are scattered across various kinds of terrain as much as 600 m 
inland (Figures 117E). An upright brain-coral head 1.7 m in diameter stands alone in a 
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salt flat west of Red Pond. A coral-boulder field near Soldier Point extends 500 m inland 
from the coral-rubble ridge, across a Pleistocene ridge 4–5 m above present sea level, and 
is associated with marine sand that extends still farther south. Coral boulders south of 
Table Bay occupy the lower ground of a Holocene salt flat and a relict Pleistocene 
channel, and they are associated with groups of imbricated, seaward-dipping limestone 
slabs. Another field, represented by the easternmost red dots in Figure 117D, rises 
landward from salt flat onto limestone and contains well-preserved coral heads in excess 
of 1 m in diameter.  

Exterior form suggests that some of the stray heads were entrained and deposited 
alive. These specimens retain smoothly convex outer surfaces that are parallel to annual 
growth bands (example, Figure 117C). Also present, however, are eroded cobble-size 
coral clasts resembling those of the coral-rubble ridge. 

We obtained radiocarbon ages on 24 of the inland coral clasts (Figure 118A). 
Eighteen of these ages cluster between 890±25 and 1050±15 14C yr B.P. and none are 
younger. A conspicuously eroded coral cobble gave the greatest age, close to 2000 14C 
yr B.P. Age otherwise appears unrelated to clast type, and it also appears unrelated to 
distance inland.  

Conversion of these ages to calendar time requires correction for the initial age of 
the carbon in the coral skeletons. In the northeast Caribbean the correction is complicated 
by multi-year changes in the mixing of water masses that differ in 14C age (Kilbourne et 
al., 2007). With a generous error term in the local marine-reservoir adjustment, ΔR, all 18 
clustered ages calibrate within the rounded two-sigma range 1200–1480 cal yr C.E. 
(Figure 118B; Table 8).  

Hierarchy of hazards 
A tsunami of nearby origin in the last centuries before Columbus best explains the 

inland extent, preserved morphology, and nearly unimodal ages of the stray coral clasts. 
No hurricane of the past 500 years or more, nor a large tsunami of distant origin in 1755, 
managed to produce these effects. Inland scatter and commonly intact exteriors 
distinguish the stray coral clasts from the eroded coral rubble that storms have organized 
into solitary ridge within a few tens of meters of the island's north shore. In modern 
analogs, tsunamis scatter boulders while storms build shore-parallel ridges (Richmond et 
al., 2011; Yamada et al., 2014).  

Far-traveled waves of the 1755 Lisbon tsunami caused flooding on many 
Caribbean islands (Figure 116A), and they may account for the sand-and-shell sheet of 
1650–1800. But this large transatlantic tsunami probably failed to import coarse clasts 
from offshore; it postdates all 24 of the dated coral heads. The limestone boulder fields 
previously ascribed to the overwash in 1650–1800 could have become embedded in sand 
during a near-field tsunami in 1200–1480. 

Conclusions 
Coral boulders and cobbles on a low-lying Caribbean island imply an unusual 

tsunami of pre-Columbian age. The clasts were scattered hundreds of meters beyond the 
island's storm-built rubble ridge, and they also imply greater inundation than during the 
large transatlantic tsunami from Lisbon. The coral clasts may correlate with limestone 
boulders that are best explained, according to previous modeling, by a near-field tsunami. 
A latent tsunami source along the Puerto Rico Trench poses a geologically demonstrated 
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threat to public safety in the northeast Caribbean, but is less likely to affect the U.S. 
Atlantic coast. 

 
Figure 116. A: Plate boundary (barbed line), source areas of near-field tsunamis, tracks of the 
hurricanes 1960 Donna and 2010 Earl, and sites where the 1755 Lisbon tsunami was noted 
(Lander et al., 2002). B: Generalized physiographic profile. C: Swath bathymetry (Andrews et al., 
2013).  
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Figure 117. Evidence for unusual flooding. A–C: Schematic summary. Details in text. D: Sample 
locations on lidar topography and bathymetry surveyed 2014. Inset shows geomorphic evidence for 
two times of southward overwash. E: Assorted evidence between Red Pond and Table Bay. F: Live 
brain-coral head on reef flat, 2015.  
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Figure 118. Chronology. Supporting details in Table 8 A: 14C ages of coral clasts and offshore 
mollusks, plotted by distance from nearest shore. B: Correlation with calendar time.  
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Table 9. Radiocarbon ages on coral boulders and associated fossils at Anegada. 
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8.3 Slope Failures and Timing of Turbidity Flows North of Puerto Rico 

Introduction 
The style, size, and hazard potential of slope failures along margins of the Puerto 

Rico Trench (PRT; Figure 119) have been investigated and debated since the first 
geophysical surveys of the region more than 60 years ago. Thick deposits, primarily 
composed of turbidite layers in the PRT basins, thought to be the result of turbid flows 
originating from the Puerto Rico-Virgin Islands (PR-VI) carbonate platform, have 
received considerable attention through geophysical and sedimentological investigation 
(e.g., Ewing and Ewing 1962; Conolly and Ewing 1967; Doull 1983). Large-scale 
indentations (Figure 119), crescentic fracturing, and block detachment along the northern 
edge of the carbonate platform have all been interpreted to be related to catastrophic 
failure (Schwab et al. 1991; Hearne 2004) or as a result of localized failures and 
progressive erosion (Scanlon and Masson 1996; ten Brink et al. 2006). 

Determining the ages and mechanisms of major failure events is critically 
important in the evaluation of regional and Atlantic Ocean-wide geohazards. Catastrophic 
slope failure would have evacuated more than 1,500 km3 of material (Schwab et al. 
1991), capable of generating a locally destructive, and regionally damaging, tsunami. A 
smaller slope failure along part of the trench marginal slope (ten Brink et al. 2006), 
although potentially destructive in the near-field (e.g., the 1918 Mona Canyon tsunami, 
López-Venegas et al. 2008), would be far less damaging regionally. 

Here we report on the analysis of new gravity cores and existing piston cores 
coupled to a new suite of geophysical data providing insight into mass transport 
processes (MTPs) in the PRT region. Radiocarbon ages for cores tied to previously 
identified and correlated turbidites elucidate the recent history of MTPs and landslide 
tsunami hazards in the region.  

Physiography and Geology 
The physiographic subdivisions of the PRT based on the new bathymetry 

compilation are shown in Figure 119. The Tertiary-age PR-VI carbonate platform, the 
primary source of material being transported into the PRT, extends from the coastal hills 
of northern Puerto Rico offshore to a depth of between approximately 2,500 m (within 
amphitheater-shaped slopes) and approximately 4,000 m, with a post-3.3 Ma northward 
dip of 4°. Deposits of skeletal calcareous sand and river-derived terrestrial material are 
found on the shelf and upper slope (Schneidermann et al. 1976). Small translational 
landslides, fractures and dissolution features, and predominantly N-S oriented canyon 
systems with relief between 100 and 400 m and U and V-shaped floors (Scanlon and 
Masson 1996) ornament the carbonate platform. Although the canyon walls are steep 
(often >20°), covered by varying thicknesses of sediment, and cut by vertical fissures, 
Gardner et al. (1980) found them to be devoid of evidence of active depositional 
processes (e.g., turbidity currents, wall failure) and to now be acting as catchments for 
river-supplied terrestrial material. Based on GLORIA side-scan imagery, Scanlon and 
Masson (1996) noted that several of these canyons appeared to continue below the 
marginal escarpment down into the marginal slope, but their full downslope extent and 
relationship to deposition in the trench could not be determined. ten Brink et al. (2006) 
mapped 160 landslide evacuation zones along the marginal escarpment and slope, 
although none exceeded 20 km3. 
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Data 
Multibeam data, gridded at a resolution of 150 m, covering the bulk of the PRT, 

were collected by the USGS between 2002 and 2006 using the SeaBeam 2112 system on 
the NOAA ship Ronald H. Brown (Figure 119). Additional bathymetry coverage of the 
upper carbonate platform (<1,700 m depth) was derived from the NOAA Puerto Rico 
DEM Discovery Portal (http://www.ngdc.noaa.gov/mgg/dem/demportal.html ). 
Previously collected single-channel (SCS) and new multi-channel (MCS) seismic 
reflection data were analyzed to identify evidence of slope failure and mass transport 
processes. Approximately 670 km of MCS reflection profiles crossing the carbonate 
platform and trench were collected by the USGS in 2006 using a 35 in3 generated 
injection gun, and a 24-channel streamer (Chaytor and ten Brink 2010). SCS profiles 
used were collected in 1996 aboard the R/V Ewing (cruise EW9605; see van Gestel et al. 
1998 for details). 

Sedimentology data were derived from eight new gravity cores (SJ8 cores) 
collected by the USGS in 2008, from cores archived at the Lamont Doherty Earth 
Observatory (LDEO) core repository (core identifiers RC08/09-xx and VMxx-xx), and 
from unpublished sources (PRT and 372xx cores, Doull 1983). The USGS cores were 
collected at sites immediately below the carbonate platform marginal escarpment. These 
new cores were visually logged and underwent grain-size, wet bulk density, magnetic 
susceptibility, and X-ray fluorescence analyses. 

Mixed planktonic foraminifera assemblages (primarily Globigerinoides ruber 
[white], Globigerinoides sacculifer, and Globigerinella aequilateralis) extracted from the 
newly collected gravity cores and LDEO piston cores were radiocarbon dated at the 
National Ocean Sciences Accelerator Mass Spectrometry facility (Table 9). Although 
much of the PRT and adjacent area lies below the regional carbonate compensation 
depth, carbonate preservation in the samples was high, possibly due to rapid burial by 
turbidity currents and debris flows. Given the age (greater than 50 years) and sampling 
history of the LDEO cores, the sampled intervals often consisted of several centimeters of 
sediment below event layers and therefore their ages likely have lower precision. 

Results 

Slope Failure Features and Mass Transport Deposit Distribution 
Mass Transport Deposits (MTD) associated with failures of the slope north of 

Puerto Rico appear to be confined to surficial slope deposits, base of slope debris wedges 
and turbidites, and thin debris flow layers in the marginal and distal basins and the trench 
axis (Figure 120a). While debris flow deposits appear to be generally confined to the 
marginal slope and basin, at least one debris flow, from an unknown source, is present in 
the near surface at the western end of the distal basin (Figure 120b). Most notably, there 
is no evidence of blocky debris flows or rock falls that would be characteristic of 
catastrophic failure of amphitheater-scale sections of the competent carbonate platform 
material and older underlying units. Large-scale blocky submarine slope failures of 
coherent lithologies have been found to leave a prominent surficial and subsurface record 
for tens of thousands to millions of years (e.g., Clague and Moore 2002; Le Friant et al. 
2004). Using the new MCS data we have not been able to confirm the presence of 
detached and down-thrown blocks of carbonate platform material along the marginal 
slope as reported by Hearne (2004). 
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As noted by Scanlon and Masson (1996) and revealed in great detail by the new 
bathymetry data, many of the canyon systems developed in the carbonate platform 
continue across the marginal escarpment and down the marginal slope (Figure 119). 
Below the marginal escarpment, the widths of the canyons increase substantially and 
develop flat to U-shaped floors. The canyon systems do not extend beyond the base of the 
slope and there is no surficial expression of depositional fans within the marginal or distal 
basins. The morphology of these canyon systems suggests that they are currently zones of 
accumulation and have been for some time.  

Correlation and Timing of Turbidite and Debris Flow Deposition 
Correlations of individual turbidite and pelagic units within the PRT basins based 

on detailed sedimentological analysis have been carried out by Conolly and Ewing (1967) 
and Doull (1983) and those correlations will generally be applied here. Sediments 
recovered in the LDEO, Duke and USGS cores along the marginal slope and within the 
trench basins are classified as (1) pelagic sediments including foraminifera oozes, (2) 
turbidites and debris flows consisting of calcareous sands often containing carbonate rock 
fragments, terrigenous material, foraminifera tests and pteropod shells, and often, shallow 
water organisms, or (3) sediment characterized by silty-clay size fraction composed of a 
mix of pelagic sediments and silt-sized carbonate and terrigenous rock fragments, usually 
present above turbidite sands. Sediments on the deeper parts of the carbonate platform are 
predominantly pelagic in origin, interrupted by only very thin sands containing shallow 
water material, the youngest of which in core VM20-01 was deposited after 
approximately 13,000 year BP. Core SJ8-31GGC from within a landslide scar at the edge 
of the marginal escarpment (Figure 119) contains at least 12 cm of Holocene pelagic 
sediments (based on the presence of Globorotalia menardii). 

Marginal Slope and Basin 

A plot of cores from the marginal slope (Figure 121) reveals strong along-slope 
variations in near surface sediments. Thick gravel layers in core VM20-01 and clay-
breccia interval in core RC08-118 stands as evidence of deposition of small scale MTDs 
on the slope. Sand layers are almost always ungraded and some contain gravel-size clasts 
of carbonate rock at their base. All but one of the cores is capped by a layer of pelagic 
sediment, which in core RC08-118 has a basal age of 7,458 ± 105 year BP. Core RC08-
114 is composed entirely of pelagic sediment layers, suggesting that if the record is 
complete, there has either been no significant downslope sediment transport or the 
marginal slope acts more as a “by-pass” slope (Schlager and Camber 1986). Dates of 
pelagic and silty-clay layers directly above thin sand layers in cores SJ8-33GGC and -
38GGC collected on ridges between canyons within the Arecibo Amphitheatre, returned 
late-Pleistocene ages of 32,948 ± 503 and 47,262  ± 1,442 years BP, respectively. 

Distal Basin 

Doull (1983) identified four correlatable turbidites in the sediments of the distal 
basin (EP-1-EP-4), the thickest of which was EP-3 (Figure 122). That said, many of the 
turbidite sands in the distal basin cores have particularly thick silty-clay tails and multiple 
sand pulses, which complicate correlation along the full length of the basin. A prominent 
turbidite between the EP-3 and EP-4 turbidites in core RC09-40 interpreted by Doull 
(1983) to be a surge or pulse of the EP-3 event has an age of between 18,000 and 19,500 
year BP (bioturbation may have caused mixing in the sediment prior to turbidity current 
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arrival). A similar age of 18,787 years BP was determined for pelagic sediment at the 
base of the penultimate turbidite in RC09-38, which was not included in the Doull (1983) 
correlation. As with cores of the marginal slope, all cores analyzed in the distal basin are 
capped with a pelagic layer of variable, but not more than approximately 25 cm thickness. 
The age at the base of the capping pelagic layer in core VM22-8 at the western end of the 
distal basin (Figure 122) is 12,742 ± 142 year BP (accumulation rate of approximately 2 
cm/1,000 year). 

Puerto Rico Trench Axis 

Sediments in the upper 9–10 m of the PRT axis are comprised primarily of 
pelagic sediments interrupted at various depths by sandy turbidites (Figure 123). Doull 
(1983) identified three potentially correlative turbidites, although only turbidite MP-2 
could be correlated well across the length of the PRT axis and based on turbidite 
thickness variations, entry point locations, and sand composition, attributed the Puerto 
Rico slope as the primary source of the material. The estimated volume of the combined 
MP-2 and EP-3 turbidites is approximately 1.9 km3 (Doull 1983). As with sediments 
elsewhere throughout the trench, all cores have pelagic sediments of varying thickness at 
their top. Radiocarbon ages of pelagic sediment immediately below the MP-2 turbidites 
in cores RC09-38, RC09-39, and RC09-42 were found to be 22,731, 22,713, and 25,449 
year BP, respectively. The 3,000 year older age in core RC09-42 may reflect additional 
erosion of pelagic material by the turbidity current, especially if this core was more 
proximal to the turbidity current entry point (eastern abyssal gap, Figure 119) into the 
PRT axis. 

Discussion and Conclusions 
Geologic and geophysical data from the PRT show that mass transport processes, 

while prevalent across the entire region, may be spatially and temporally restricted. While 
attempts have been made to assign specific source areas along the edge of the carbonate 
platform to imaged deposits (Hearne 2004), such determinations are difficult and prone to 
error given the complex mixing of slope failure and channel flushing material from 
multiple sources and the ongoing tectonic deformation within the PRT. 

Our analysis of available bathymetry, seismic reflection, and core data indicates 
that there has not been any large-scale collapse of the carbonate platform and/or marginal 
slope during the Late Pleistocene-Holocene. A lack of wide-spread deposition of blocky 
carbonate platform fragments in debris flow material strongly supports a process of 
progressive erosion and dissolution (scalloping, Mullins and Hine (1989); self-erosion, 
Schlager and Camber (1986)) and infrequent slope channel flushing as the primary 
sources of mass transport material entering the PRT basins. In fact the turbidites/debris 
flows penetrated by the cores are likely the result of minor destabilization/channel 
flushing events given that Doull (1983) calculated the combined volume of the MP-2 and 
EP-3 turbidites to be only 1.9 km3, ten times smaller than the maximum evacuation scar 
mapped by ten Brink et al. (2006) along the marginal slope. Interestingly, although the 
trench is a seismically active plate boundary, we find that there has not been significant 
turbidity current or debris flow activity within the trench for the last 18,000 years. 

From a landslide-tsunami hazards perspective, long-term progressive margin 
erosion resulting in many small-scale failures suggests that there is currently a low 
probability of occurrence of a regionally destructive landslide-generated tsunami from the 
slope north of Puerto Rico. Non-catastrophic failure during the late Pleistocene-Holocene 



Chapter 8:  Far Field Sources          219 
 

 

period may also indicate that the PRT has not experienced a high magnitude (>M8) 
earthquake capable of destabilizing large sections of the carbonate platform or marginal 
slope. That said, a landslide and local tsunami hazard does exist due to continued 
earthquake-triggered scalloping and/or self erosion of the carbonate platform north of 
Puerto Rico as shown by the 1918 M7.2 Mona Passage earthquake/landslide and the 
resulting tsunami (López-Venegas et al. 2008). 

 

 
Figure 119. Bathymetry of Puerto Rico Trench and adjacent regions, with primary physiographic 
features labeled. Core locations, multichannel and single channel seismic line tracks, major faults 
and the location of core correlation plots (Figures. 121, 122, and 123) are shown.  
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Table 10. AMS 14C radiocarbon ages and 2-σ calibrated age ranges of mixed planktonic 
foraminifera samples. Radiocarbon ages were converted to calibrated ages using Calib 6.0 (Stuiver 
and Reimer 1993), utilizing the Marine09 calibration curves (Reimer et al. 2009) and include open 
ocean 400 year marine reservoir correction.  

 

 
Figure 120. (a) Stacked single-channel seismic line EW9605-Line 20 showing the general 
physiographic components of the trench and its margins (outlined by yellow line). Turbidite and 
debris flow deposition are seen on the marginal slope and in the marginal basin, while generally 
only turbidites are seen in the distal basin and Puerto Rico Trench axis. Dashed lines mark the 
location of faults. (b) USGS MCS Line 43 showing the presence of a near-surface debris flow 
deposit at the western end of the distal basin (location in yellow on Figure 119)  
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Figure 121. Marginal slope core correlation plot revealing a dynamic and complex depositional 
environment, which varies over relatively short distances. The red-dashed line marks the base of 
the capping pelagic layer. Calibrated AMS 14C radiocarbon ages determined from mixed planktonic 
foraminifera samples are shown for selected cores (in years BP with 2-σ errors). Location of cores 
and correlation line shown on Figure 119  
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Figure 122. Distal basin core correlation plot. Thick turbidites [Doull (1983) only assumes that the 
graded sands comprise the turbidite, but they often have a significant graded silty-clay tail] are 
present throughout the distal basin, the most prominent of which is the EP-3 turbidite. The 
youngest significant turbidite in RC09-40 (between the EP-4 and EP-3 turbidite of Doull (1983)) 
and RC0943 has a basal age of between 18 and 19 ka. Red dashed line marks base of capping 
pelagic layer, blue lines mark upper and lower bounds of correlated turbidites. Correlation location 
shown on Figure 119  
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Figure 123. Puerto Rico Trench axis core correlation plot. Thick turbidites are less common than in 
the distal basin. The capping pelagic layer (base marked by dashed red line) is discontinuous 
across the PRT axis. Age of the MP-2 turbidite (blue dashed lines) is between 22.7 and 25.5 ka.  
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9.  Probabilistic Tsunami Hazard Assessment 
9.1 Introduction  

Hazard assessment for tsunamis can generally take two forms: deterministic and 
probabilistic. Deterministic assessment involves evaluating the source parameters 
specific to tsunami generation then using a numerical propagation and inundation model 
that is appropriate for the characteristics of the generated waves. Several review papers 
have described the salient source parameters for tsunami generation by earthquakes 
(Geist, 1999; Satake, 2007). For landslide tsunamis, there is less of a consensus on which 
source parameters to include, owing to the complexity of the tsunami generating process 
(e.g., Geist et al., 2009b; Harbitz et al., 2014). 

Although the procedure for developing a deterministic landslide assessment from 
historical case studies or mapped landslides is straightforward there is less certainty on 
how to proceed with a worst-case or maximum credible landslide tsunami hazard 
assessment. One approach is to use the maximum mapped landslide in a region with 
similar geologic and failure conditions (expected horizontal acceleration, pore pressure, 
etc.). Another more conservative approach is to use the maximum individual source 
parameters (scarp height, run-out length, etc.) determined from all the slides in a given 
region. However, the 1929 Grand Banks landslide shows that a very large tsunamigenic 
landslide can leave no specific indicator for a single event (e.g., Mosher and Piper, 2007) 
complicating the determination of a maximum individual source. One can also consider 
the potential for landslides that are larger than those that are mapped. A landslide size 
distribution (Chapter 6) can be used to guide that choice of maximum possible landslide. 
An example of this type of approach for tsunami hazard assessment along the north shore 
of Puerto Rico is described by ten Brink et al. (2006a). 

In contrast to deterministic analysis where a single hazard value is produced, 
probabilistic tsunami hazard analysis (PTHA) determines the hazard over a range of 
probabilities or mean return times (Geist and Parsons, 2006). The hazard from a large 
number of possible sources is aggregated to develop a tsunami hazard curve that plots 
runup (R) or other hazard variable along the horizontal axis and frequency or probability 
of exceedance (P) along the vertical axis (Figure 124). Typically, a design probability is 
specified from the outset (e.g., 1% annual probability or the “100-year” flood for flood-
insurance rate maps) and an exceedance runup value is determined at a particular location 
(Figure 124A). This approach can be expanded to include many locations in a given 
region to produce a probabilistic inundation map for a given design probability (González 
et al., 2009). Optionally, one may have a risk tolerance level (e.g., the overtopping height 
of a sea wall) with the objective of determining the probability of exceedance for a 
particular runup or wave height (Figure 124B). 

Multiple sources of uncertainty related to source parameters and numerical 
models of tsunamis are considered in PTHA (see also Harbitz et al., 2014). Epistemic 
uncertainty (uncertainty due to incomplete knowledge and data about various model 
parameters, characterizations and assumptions) can be reduced by the collection of new 
data. Aleatory uncertainty relates to the natural or stochastic uncertainty inherent in a 
physical system and cannot be reduced. A single hazard curve is obtained by integration 
over the aleatory uncertainties and over all possible sources. A large number of hazard 
curves are obtained for different branches of a logic tree representing the epistemic 
uncertainty. The final hazard curve is represented by the mean, median, or other specified 
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fractile of all hazard curves. A diagram showing the general PTHA procedure to compute 
tsunami hazard curves for all tsunami sources is shown in Figure 125. 

Significant sources of uncertainty are first identified (top row). Consideration 
should be given on the expected effect each uncertainty has on the hazard curve at the 
design probability or risk tolerance level of interest. Typically, a panel of experts is 
assembled to make this determination for both aleatory and epistemic uncertainty (the 
latter, to be included in a logic tree). The sequential procedure for each branch of the 
logic tree is given in the middle row of Figure 125. First, the distribution of source 
parameters is determined. Typically, a parameter representing the overall size of the 
source (e.g., seismic moment for earthquakes, volume or area for landslides) and its 
distribution are defined. Size distributions for numerous submarine landslides are shown 
in Figure 96, Chapter 6 and for earthquakes along seismic zones in the Atlantic Ocean in 
Geist and Parsons (2009). 

Other source parameters are scaled with respect to the size parameter. Importantly 
for PTHA, a relationship between the tsunami source size and long-term rate of 
occurrence must be established. Second, a probability model for the occurrence of the 
sources in time is chosen based on event ages (cf. Chapter 5). Often, sources are assumed 
to occur according to a random Poisson process with an exponential distribution of inter-
event or recurrence times (Geist et al., 2009b). However, alternative probability models 
can be considered in the logic-tree framework, such as quasi-periodic and temporally 
clustered models (Geist et al., 2013). Third, for each source used in the PTHA analysis, a 
tsunami generation, propagation, and runup/inundation model is used to determine the 
wave height or other hazard variable at a particular coastal site. The fourth and final step 
aggregates the probability of tsunami wave height exceedance from all sources. Several 
references describe the aggregation procedure for PTHA (Rikitake and Aida, 1988; Geist 
and Parsons, 2006; Annaka et al., 2007; Geist et al., 2009b). Throughout this process, the 
entire logic tree is constructed, keeping track of each branch (bottom row of Figure 125). 
After all hazard curves for each branch of the logic tree are estimated, a mean, median, or 
some other fractile is chosen as the final hazard curve. 

There are large uncertainties for each of the components of PTHA for the U.S. 
Atlantic margin, given the sparse information on submarine landslides. The largest 
uncertainty is most likely related to the long- term rate of landslide occurrence (see 
Chapter 5). There is also considerable uncertainty in defining the probability distributions 
for each of the landslide parameters that are important for tsunami generation (for 
example, slide volume, thickness, speed). State-of-the-art numerical modeling of tsunami 
waves can be used to calculate runup associated with particular submarine landslide 
parameters as described for the deterministic approach. Calculating the tsunami hazard 
curve, however, requires many runs for each source location and variation in volume, 
duration, excavation depth, deposit thickness, etc., for each source, thus requiring 
substantial computational resources. Initial experiments and additional challenges in 
including submarine landslides into PTHA are described in a recent workshop report 
(Geist and ten Brink, 2012).  
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Figure 124. Two uses of tsunami hazard curves (from Geist et al., 2009b). (A) Exceedance runup 
determined from design probability; (B) probability determined from risk tolerance. See text for 
additional details.   

 

 
Figure 125. Schematic of PTHA procedure to produce tsunami hazard curves. The schematic is 
modified from similar methods used in Probabilistic Seismic Hazard Analysis (PSHA) (Senior 
Seismic Hazard Analysis Committee (SSHAC), 1997). See text for additional details.   
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9.2 Tsunami Probability 

Introduction 
Evaluating the probability of tsunami occurrence is a crucial step in the 

assessment of tsunamis hazards. Deterministic tsunami hazard studies involve 
hydrodynamic modeling of tsunami propagation, runup, and inundation from a particular 
source, usually defined as the maximum credible earthquake, landslide, or another 
tsunami trigger. Scenario-based modeling such as this is useful in emergency planning, 
but transferring the modeling results to other applications, such as estimating risk, is 
difficult. Risk assessment relies heavily on determining the probability that a tsunami of a 
certain size will occur within a given time frame. 

A tsunami hazard curve that plots tsunami size against probability for a given 
exposure time (T) is a central concept in such analyses (Figure 124). There are two ways 
in which a tsunami hazard curve can be used. The most common way is specifying a 
particular probability and exposure time of interest, and then determining the magnitude 
that a hazard variable (e.g., runup R) that will be met or exceeded (Figure 124a). An 
example of such an approach is flood hazard analysis for insurance applications in which 
the wave height and extent are determined for annualized probabilities (T=1 yr.) P=0.01 
and P=0.002 (Houston and Garcia, 1978). Alternatively, engineering applications may 
specify a risk tolerance value for a particular structure and use the hazard curve to 
determine the probability that that value will be met or exceeded during the exposure 
time (Figure 124b). In addition to tsunami hazard curves for a particular site, 
probabilistic-based hazard assessment tools commonly include regional assessments 
(Rikitake and Aida, 1988; Geist and Parsons, 2006) and probabilistic inundation maps 
(Tsunami Pilot Study Working Group, 2006). 

In this report we review techniques to determine tsunami probability using both 
empirical and computational approaches (Sections 9.2.2 and 9.2.3, respectively). Two 
distributions that form the basis for determining the probability of tsunamis (empirical) 
and their sources (computational) are the frequency-size distribution and the occurrence 
distribution of events in time. The former is nominally a power-law distribution, whereas 
the latter is often assumed to be an exponential distribution associated with a Poisson 
process. For the empirical analysis of tsunami observations at a particular coastal site, 
these assumptions greatly simplify the probability calculation: the probability (P) that a 
tsunami of a certain size (R0) or greater will occur within time T is given by P = 1 – e-λT. 
λ is the long-term rate at which tsunamis of this size occur, which is given directly by the 
power-law size distribution log(λ) ~ −βlog(R0), where β is the slope of the size 
distribution. One consequence of these assumptions is that for small values of λ T << 1, P 
≈ λ . There are, however, important deviations from these fundamental distributions and 
significant sources of uncertainty that are discussed in Section 9.2.2. 

For most coastal locations, there is insufficient data to determine tsunami 
probability empirically. In these cases, probability is calculated using a combination of 
source specifications and numerical propagation models (Section 9.2.3). Aggregation of 
tsunami propagation results from all relevant sources, both near- and far-field, yield a 
tsunami hazard curve (Figure 124) that should be equivalent to the empirical hazard 
curve, if there were sufficient historic data available. In addition to tsunami generation 
parameters, an important part of the source specification is defining the source 
probability: i.e., the inter-event distribution and the distribution of source sizes (e.g., 
seismic moment for earthquakes and volume for landslides). As part of the aggregation 
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step of computing probabilities, various sources of uncertainty are also importantly 
included as we discuss in the section titled “Uncertainties” below. To determine the 
probability of the largest tsunamis, methods to account for uncertainty become 
increasingly important. We briefly review methods to determine the probability of 
extreme events in the section titled “Uncertainties” below, focusing on estimation 
techniques that define the tail of the size distribution for tsunamis (empirical approach) 
and their sources (computational approach). 

Empirical Tsunami Probabilities 
Tsunamis can be considered a stochastic process based on two essential 

characteristics: (1) once generated, tsunamis can propagate long distances such that many 
different sources in different tectonic and geologic environments can influence the 
tsunami hazard at a particular coastal location and (2) each type of source that generates 
tsunamis is itself characterized by a high degree of complexity and non- linear 
interactions. As a result, tsunami probabilities can be defined by the frequency 
distribution of sizes and the distribution of inter-event or waiting times. Nominally, the 
frequency-size distribution follows a power-law relationship and the inter-event times are 
that of a Poisson process, typical of many natural hazards (Daley and Vere-Jones, 2003; 
Sornette, 2004). Furthermore, these two fundamental distributions are inter-related in that 
the scaling of mean frequency with size is linked to the scaling of inter-event times 
(Corral, 2006). Each of the fundamental distributions is discussed further below, 
including how the parameters that define the specific probability distributions can be 
empirically obtained. 

Frequency-Size Distribution 
It is important to first define the variable that defines the size of a tsunami. 

Although runup is the measurement most often associated with tsunamis, because it is 
defined as the wave height with respect to ambient sea level at the maximum inundation 
distance, runup will occur at different geographic locations for different tsunamis. Tide 
gauges, on the other hand, record wave amplitude at a fixed location. For most 
probability problems, comparisons are made over broad geographic regions that may 
include both runup and wave amplitude measurements. An exception is the development 
of probabilistic inundation maps at a given location (Tsunami Pilot Study Working 
Group, 2006). Throughout this study, we will refer to runup as the tsunami size or hazard 
variable, although this may include other amplitude measurements of tsunamis as well. 

Like many other natural hazards, the frequency-runup distribution for tsunamis at 
a particular location tends to follow a power-law relationship (Burroughs and Tebbens, 
2005): 

         (1) 
where 𝑁(𝑅) is the annual frequency of tsunami runup R or larger and the empirical 
constants α and β can be thought of as activity and scale parameters, respectively, that 
are determined from tsunami catalog data. The power-law nature of tsunamis indicates 
that there is no characteristic size and stems from the fundamental physics of the tsunami 
source (e.g., earthquakes, landslides) as explained by Sornette (2004). For empirical 
analysis, because catalogs will under sample below some size, we need to include a 
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2. Empirical Tsunami Probabilities 

Tsunamis can be considered a stochastic process based on two essential character-
istics: (1) once generated, tsunamis can propagate long distances such that many 
different sources in different tectonic and geologic environments can influence the 
tsunami hazard at a particular coastal location and (2) each type of source that 
generates tsunamis is itself characterized by a high degree of complexity and non-
linear interactions. As a result, tsunami probabilities can be defined by the fre-
quency distribution of sizes and the distribution of inter-event or waiting times. 
Nominally, the frequency-size distribution follows a power-law relationship and 
the inter-event times are that of a Poisson process, typical of many natural hazards 
(Daley and Vere-Jones, 2003; Sornette, 2004). Furthermore, these two fundamen-
tal distributions are inter-related in that the scaling of mean frequency with size is 
linked to the scaling of inter-event times (Corral, 2005b). Each of the fundamental 
distributions is discussed further below, including how the parameters that define 
the specific probability distributions can be empirically obtained. 

2.1  Frequency-Size Distribution 

It is important to first define the variable that defines the size of a tsunami. Al-
though runup is the measurement most often associated with tsunamis, because it 
is defined as the wave height with respect to ambient sea level at the maximum 
inundation distance, runup will occur at different geographic locations for different 
tsunamis. Tide gauges, on the other hand, record wave amplitude at a fixed loca-
tion (see Chapter 7). For most probability problems, comparisons are made over 
broad geographic regions that may include both runup and wave amplitude meas-
urements. An exception is the development of probabilistic inundation maps at  
a given location (Tsunami Pilot Study Working Group, 2006). Throughout this 
study, we will refer to runup as the tsunami size or hazard variable, although this 
may include other amplitude measurements of tsunamis as well. 
 Like many other natural hazards, the frequency-runup distribution for tsunamis 
at a particular location tends to follow a power-law relationship (Burroughs and 
Tebbens, 2005): 

 [ ] )log()(log RRN βα −=� , (1) 

where )(RN�  is the annual frequency of tsunami runup R or larger and the empiri-
cal constants α and β can be thought of as activity and scale parameters, respec-
tively, that are determined from tsunami catalog data. The power-law nature of 
tsunamis indicates that there is no characteristic size and stems from the funda-
mental physics of the tsunami source (e.g., earthquakes, landslides) as explained by 
Sornette (2004). For empirical analysis, because catalogs will undersample below 
some size, we need to include a catalog-completeness threshold, tR . This results in 
a Pareto distribution, for which the probability density function (pdf) is 
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catalog-completeness threshold, Rt. This results in a Pareto distribution, for which the 
probability density function (pdf) is 

        (2)  
and the complementary cumulative distribution function (ccdf) or survivor function is 

        (3) 
(cf., Kagan, 2002a). Kagan (2002a) and Vere-Jones et al. (2001) also provide other 
modified Pareto distributions that have a soft taper for the roll-off parameterized by a 
corner runup Rc , which can be estimated using maximum likelihood techniques. 

Moreover, because tsunami runup is size limited due to size limitations of the 
source, non-linear propagation, and wave-breaking effects near shore (e.g., Korycansky 
and Lynett, 2005), the Pareto distribution must be limited at large runup values. 
However, the limit and shape of the distribution tail are generally unclear. Burroughs and 
Tebbens (2001; 2005) suggest a truncated power-law relationship based on the value of 
the largest event (i.e., truncation of the pdf at Rx) that is equivalent to the truncated 
Gutenberg-Richter (G-R) size distribution for earthquakes (Kagan, 2002a): 

      (4) 
and 

     (5) 
The observed roll-off for an empirically-determined power-law size distribution 

may be due to either under sampling or the physical controls on the size of the largest 
event (Burroughs and Tebbens, 2001). Various statistical techniques developed for 
earthquake observations can also be applied to constrain the tail of the tsunami size 
distribution as discussed in Section 9.2.4 below. 

Under sampling of tsunamis in catalogs occurs both through censoring of small 
events and having a catalog of insufficient duration to capture the rate of occurrence of 
large events. For global catalogs prior to the mid-20th century, the locations of tide gage 
stations are sparse in comparison to the locations of earthquakes that generate measurable 
small tsunamis (spatial or geographic censoring). In addition, many routine catalogs of 
tide gage stations sampled water level on an hourly basis until the installation of the 6-
minute sample period Analog-to-Digital-Recording (ADR) tide gages starting in the late 
1960s and early 1970s (temporal or instrumental censoring). Because the average tsunami 
period is typically smaller than 1 hour and tsunami amplitudes less than approximately 
10–20 cm are difficult to identify in the presence of ambient noise, smaller events (in 
amplitude and wavelength) tend to be temporally censored at tide gage stations. Archived 
analog records of tsunami events can be digitized at a much smaller sampling rate for 
future probability studies. Finally, in many locations, the tsunami catalog covers only 
100–300 years, which is insufficient to accurately determine the rate of occurrence for the 
largest tsunamis. 

To demonstrate the effects of censoring and catalog completeness on empirical 
power-law frequency-size distributions, we compare the 275-year tsunami catalog at 
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2. Empirical Tsunami Probabilities 

Tsunamis can be considered a stochastic process based on two essential character-
istics: (1) once generated, tsunamis can propagate long distances such that many 
different sources in different tectonic and geologic environments can influence the 
tsunami hazard at a particular coastal location and (2) each type of source that 
generates tsunamis is itself characterized by a high degree of complexity and non-
linear interactions. As a result, tsunami probabilities can be defined by the fre-
quency distribution of sizes and the distribution of inter-event or waiting times. 
Nominally, the frequency-size distribution follows a power-law relationship and 
the inter-event times are that of a Poisson process, typical of many natural hazards 
(Daley and Vere-Jones, 2003; Sornette, 2004). Furthermore, these two fundamen-
tal distributions are inter-related in that the scaling of mean frequency with size is 
linked to the scaling of inter-event times (Corral, 2005b). Each of the fundamental 
distributions is discussed further below, including how the parameters that define 
the specific probability distributions can be empirically obtained. 

2.1  Frequency-Size Distribution 

It is important to first define the variable that defines the size of a tsunami. Al-
though runup is the measurement most often associated with tsunamis, because it 
is defined as the wave height with respect to ambient sea level at the maximum 
inundation distance, runup will occur at different geographic locations for different 
tsunamis. Tide gauges, on the other hand, record wave amplitude at a fixed loca-
tion (see Chapter 7). For most probability problems, comparisons are made over 
broad geographic regions that may include both runup and wave amplitude meas-
urements. An exception is the development of probabilistic inundation maps at  
a given location (Tsunami Pilot Study Working Group, 2006). Throughout this 
study, we will refer to runup as the tsunami size or hazard variable, although this 
may include other amplitude measurements of tsunamis as well. 
 Like many other natural hazards, the frequency-runup distribution for tsunamis 
at a particular location tends to follow a power-law relationship (Burroughs and 
Tebbens, 2005): 
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where )(RN�  is the annual frequency of tsunami runup R or larger and the empiri-
cal constants α and β can be thought of as activity and scale parameters, respec-
tively, that are determined from tsunami catalog data. The power-law nature of 
tsunamis indicates that there is no characteristic size and stems from the funda-
mental physics of the tsunami source (e.g., earthquakes, landslides) as explained by 
Sornette (2004). For empirical analysis, because catalogs will undersample below 
some size, we need to include a catalog-completeness threshold, tR . This results in 
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and the complementary cumulative distribution function (ccdf) or survivor func-
tion is 

 RR
R
R

R t
t ≤⎟
⎠

⎞
⎜
⎝

⎛=Φ  for  ,)(
β

 (3) 

(cf., Kagan, 2002a). Kagan (2002a) and Vere-Jones et al. (2001) also provide other 
modified Pareto distributions that have a soft taper for the roll-off parameterized 
by a corner runup cR , which can be estimated using maximum likelihood tech-
niques. 
 Moreover, because tsunami runup is size limited due to size limitations of the 
source, non-linear propagation, and wave-breaking effects near shore (e.g., Kory-
cansky and Lynett, 2005), the Pareto distribution must be limited at large runup 
values. However, the limit and shape of the distribution tail are generally unclear. 
Burroughs and Tebbens (2001; 2005) suggest a truncated power-law relationship 
based on the value of the largest event (i.e, truncation of the pdf at xR ) that is 
equivalent to the truncated Gutenberg-Richter (G-R) size distribution for earth-
quakes (Kagan, 2002a): 
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The observed roll-off for an empirically-determined power-law size distribution 
may be due to either undersampling or the physical controls on the size of the larg-
est event (Burroughs and Tebbens, 2001). Various statistical techniques developed 
for earthquake observations can also be applied to constrain the tail of the tsunami 
size distribution as discussed in Section 4 below. 
 Undersampling of tsunamis in catalogs occurs both through censoring of small 
events and having a catalog of insufficient duration to capture the rate of large 
events. For global catalogs prior to the mid-20th century, the locations of tide gage 
stations are sparse in comparison to the locations of earthquakes that generate 
measurable small tsunamis (spatial or geographic censoring). In addition, many 
routine catalogs of tide gage stations sampled water level on an hourly basis until 
the installation of the 6-minute sample period Analog-to-Digital-Recording (ADR) 
tide gages starting in the late 1960s and early 1970s (temporal or instrumental cen-
soring). Because the average tsunami period is typically smaller than 1 hour and 
tsunami amplitudes less than ~10–20 cm are difficult to identify in the presence of 
ambient noise, smaller events (in amplitude and wavelength) tend to be temporally 
censored at tide gage stations. Archived analog records of tsunami events can be 
digitized at a much smaller sampling rate for future probability studies. Finally, in 
many locations, the tsunami catalog covers only 100–300 years, which is insufficient 
to accurately determine the rate of occurrence for the largest tsunamis. 
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The observed roll-off for an empirically-determined power-law size distribution 
may be due to either undersampling or the physical controls on the size of the larg-
est event (Burroughs and Tebbens, 2001). Various statistical techniques developed 
for earthquake observations can also be applied to constrain the tail of the tsunami 
size distribution as discussed in Section 4 below. 
 Undersampling of tsunamis in catalogs occurs both through censoring of small 
events and having a catalog of insufficient duration to capture the rate of large 
events. For global catalogs prior to the mid-20th century, the locations of tide gage 
stations are sparse in comparison to the locations of earthquakes that generate 
measurable small tsunamis (spatial or geographic censoring). In addition, many 
routine catalogs of tide gage stations sampled water level on an hourly basis until 
the installation of the 6-minute sample period Analog-to-Digital-Recording (ADR) 
tide gages starting in the late 1960s and early 1970s (temporal or instrumental cen-
soring). Because the average tsunami period is typically smaller than 1 hour and 
tsunami amplitudes less than ~10–20 cm are difficult to identify in the presence of 
ambient noise, smaller events (in amplitude and wavelength) tend to be temporally 
censored at tide gage stations. Archived analog records of tsunami events can be 
digitized at a much smaller sampling rate for future probability studies. Finally, in 
many locations, the tsunami catalog covers only 100–300 years, which is insufficient 
to accurately determine the rate of occurrence for the largest tsunamis. 
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The observed roll-off for an empirically-determined power-law size distribution 
may be due to either undersampling or the physical controls on the size of the larg-
est event (Burroughs and Tebbens, 2001). Various statistical techniques developed 
for earthquake observations can also be applied to constrain the tail of the tsunami 
size distribution as discussed in Section 4 below. 
 Undersampling of tsunamis in catalogs occurs both through censoring of small 
events and having a catalog of insufficient duration to capture the rate of large 
events. For global catalogs prior to the mid-20th century, the locations of tide gage 
stations are sparse in comparison to the locations of earthquakes that generate 
measurable small tsunamis (spatial or geographic censoring). In addition, many 
routine catalogs of tide gage stations sampled water level on an hourly basis until 
the installation of the 6-minute sample period Analog-to-Digital-Recording (ADR) 
tide gages starting in the late 1960s and early 1970s (temporal or instrumental cen-
soring). Because the average tsunami period is typically smaller than 1 hour and 
tsunami amplitudes less than ~10–20 cm are difficult to identify in the presence of 
ambient noise, smaller events (in amplitude and wavelength) tend to be temporally 
censored at tide gage stations. Archived analog records of tsunami events can be 
digitized at a much smaller sampling rate for future probability studies. Finally, in 
many locations, the tsunami catalog covers only 100–300 years, which is insufficient 
to accurately determine the rate of occurrence for the largest tsunamis. 

MS1



Chapter 10:  Some Open Research Questions          231 
 

 

Acapulco, Mexico with a computationally derived frequency-size distribution described 
by Geist and Parsons (2006). The tsunami catalog consists of both eyewitness 
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record tsunamis with amplitudes of a centimeter (Hino et al., 2001; Hirata et al., 2003) 
will help obviate censoring of small events in the future. In contrast, for a tsunami catalog 
of sufficient duration that depends on the rate of tsunami activity, a roll-off in an 
empirical power-law relationship to the right may be an indication of physical limitations 
to event size (Burroughs and Tebbens, 2001; 2005). 

Distribution of Inter-Event Times 
Because sources of tsunamis are generally uncorrelated, tsunami inter-event times 

can be assumed to be independent, identically distributed (iid) random variables such that 
the number of events in a particular time increment is independent of the number of 
events in any other increment. The occurrence of tsunamis under this assumption would 
accordingly be that of a Poisson process. The probability that n events will occur within a 
particular time t is given by the Poisson distribution: 

         (6) 
where λ is the intensity or rate parameter. We consider here only homogeneous or 
stationary Poisson processes in which λ ≠ f(t). (An example of a non-stationary Poisson 
process is the arrival times of earthquakes in an aftershock sequence following a main 
shock that is discussed below.) The single rate parameter λ at a given location is derived 
from the aggregation of many sources each with a different source rate parameter as 
explained in Section 3. The cumulative distribution function (cdf) for n or more events 
occurring in time t, or equivalently, for the nth event time less than t, is given by 
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In hazard analysis, the commonly used special case is of one or more events 

occurring in time t resulting in the cdf 
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The pdf of event times Tn can be derived from equation (7) (Kempthorne and 
Folks, 1971), resulting in the Erlang distribution: 

         (9) 
The pdf of the first event time T1 = τ, otherwise known as the inter-event or first 

waiting time, for a Poisson process is an exponential distribution: 

        (10) 
Empirical estimates of tsunami inter-event times determined by Geist and Parsons 

(2008) indicate a more complex distribution than would be expected from a stationary 
Poisson process, but similar to what is observed for earthquake inter-event time 
distributions. As with empirically derived frequency-size distributions, it is necessary to 
have a large catalog of events, especially for small amplitude tsunamis that will dominate 
the left-hand side of the inter-event time distribution. We use, as an example, a global 
compilation of tide gage tsunami measurements from the National Geophysical Data 
Center (NGDC) based on a number of original catalogs 
(http://www.ngdc.noaa.gov/seg/hazard/tsu_db.shtml ). In this case, the event time is 
defined as the origin time for the tsunami source. An examination of the cumulative 
number of tsunamis since the start of the 20th century indicates that the rate of reported 
events gradually becomes constant soon after the pivotal 1946 Aleutian tsunami (Figure 
128). This time approximately coincides with a sharp increase in the number of sea-level 
recording station around the world (Caldwell and Merrifield, 2006). With this in mind, 
we therefore use the portion of the NGDC catalog from 1952–2006. Maximum runup and 
inter-event time series for the 20th century catalog are shown in Figure 129. 

To determine the empirical pdf, inter-event times were calculated and binned by 
Geist and Parsons (2008) according to ci for i = 1, 2, 3 . . . , where the binning constant c 
was chosen such that the range of inter-event times encompassed as many bins with non-
zero entries as possible (Corral, 2005a). The results of the empirical analysis are shown in 
Figure 130 in comparison with an exponential inter-event time pdf (equation 10). Here, 
the rate parameter λ = Ncat /Tcat is determined from the number of events ( Ncat ) over the 
duration of the catalog (Tcat ) (including the open interval since the last event). From the 
global catalog, the mean rate is one measured tsunami every 1600 hours, or 
approximately 5 tsunamis per year. If the frequency-size distribution is also known and 

can be approximated by a power-law distribution, then the rate parameter is simply !!10αt , 
where αt is relative to the completeness threshold of the tsunami inter-event time catalog 
(equation 1) (cf., Kagan, 2002a; Ward, 2002). 

The discrepancy between the empirical and Poisson distribution shown in Figure 
130 can be investigated by considering a universal scaling law and an aftershock decay 
law for earthquake inter-event times. In general, the inter-event pdf is described by the 
functional form: 

          (11) 
The universal scaling law proposed by Corral (2004; 2005a) indicates that 𝑔(𝜃), 

where 𝜃 = 𝜆𝜏 is the dimensionless inter-event time, can be expressed as a generalized 
gamma distribution that captures many stationary and non-stationary aspects of observed 
seismicity: 
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Fig. 4.3 – Cumulative number of tsunamis in the global catalog since 1900. 
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Fig. 4.5 – Empirical pdf for global tsunami source inter-event times using different binning parameters 
(c = 2.0, 2.2, 2.4, 2.6 hrs.; star, x, circle, diamond, respectively). Theoretical inter-event time distribu-
tions also shown for an exponential distribution (light solid line), gamma distribution where 6.0=γ  
(heavy solid line), and Omori-type aftershock distribution where Ta = 9.6 hrs. (dashed line). 
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The universal scaling law proposed by Corral (2004; 2005a) indicates that )(θg , 
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where Γ is the complete gamma function, C and a are normalization and scale 
constants, respectively, and λ and δ are shape parameters. This distribution spans a 
range of temporal characteristics where 1== δγ  is the exponential distribution  
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        (12) 
where  𝛤 is the complete gamma function, 𝐶  and 𝑎 are normalization and scale constants, 
respectively, and 𝛾  and 𝛿  are shape parameters. This distribution spans a range of 
temporal characteristics where 𝛾   =   𝛿   =   1 is the exponential distribution (equation 10). 
The information gain (𝐺) of the standard gamma distribution over a Poisson process with 
rate parameter λ is given by 

       (13) 
(Daley and Vere-Jones, 2004; Harte and Vere-Jones, 2005). The information gain is 
highest for clustering (𝛾   <   1), but is also significant for 𝛾   >   1  (i.e., that of a quasi-
periodic process) (Harte and Vere-Jones, 2005). 

When aftershocks are removed from an earthquake catalog, as in the case of 
southern California seismicity ( 𝑀   ≤   2.5 ) analyzed by Corral (2006), 𝛾   ≈   0.7 
indicating that seismicity exhibits weak, longer-term correlations. The physical 
mechanism of this long-term correlation, which can extend outside the classic aftershock 
zone, is likely triggering of a secondary earthquake from either changes in static stress 
after each earthquake or dynamic effects from the passage of seismic waves (Parsons, 
2002). This distribution also corresponds to world-wide seismicity (𝑀 ≥ 5), suggesting a 
universal scaling law for earthquake inter-event times, though 𝛾 may vary depending on 
the presence of nonstationary aftershock sequences (Bak et al., 2002; Corral, 2004; 
Davidsen and Goltz, 2004; Altmann and Kantz, 2005; Molchan, 2005). 

Alternatively, an aftershock decay distribution can be used to fit the observed 
inter-event pdf. This is based on a simplified version of Omori’s law. In this case, we fit 
the observed tsunami inter-event times with an exponential distribution modified with a 
short-term Omori-law component as 

         (14) 
where 𝑇! is an aftershock duration time constant. The best-fit gamma and aftershock-
decay distribution for the NGDC tsunami compilation are determined by χ2- 
minimization. This results in estimates of 𝛾   =   0.6  and Ta = 9.6 hrs. (Figure 130). Other 
methods of probability model fitting are discussed by Vere-Jones and Ogata (2003). In 
addition, the Kullback-Leibler, Kolmogorov-Smirnov, and Anderson- Darling statistics 
can be used to provide an estimate of the goodness of fit (Conover, 1971; Finkelstein and 
Schafer, 1971; Stephens, 1974; Kotz and Nadarajah, 2000; Parsons, 2002; Daley and 
Vere-Jones, 2004). 

Geist and Parsons (2008) demonstrate that a similar analysis can also be 
performed for tsunami arrivals at a particular location that has a long record of smaller 
tsunamis: for example, the Hilo, Hawaii tide gage station (Figure 131). In contrast to the 
global catalog, the event time in this case is the arrival time of the tsunami at Hilo. The 
tide gage catalog spans a 60-year range from 1946 to 2007; however, it has only been 
since 1976 that the tide gage records have been systematically sampled every 6 minutes, 
rather than every hour. (In most cases, undigitized analog records are also available.) The 
best-fit gamma distribution for these data has a shape parameter γ = 0.8 , and a value of 
Ta = 1.2 days for the tsunami aftershock-decay distribution. An examination of the 
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(equation 10). The information gain (G) of the standard gamma distribution over a 
Poisson process with rate parameter λ is given by 
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(Daley and Vere-Jones, 2004; Harte and Vere-Jones, 2005). The information gain 
is highest for clustering ( 1<γ ), but is also significant for 1>γ  (i.e., that of a qua-
siperiodic process) (Harte and Vere-Jones, 2005). 
 When aftershocks are removed from an earthquake catalog, as in the case of 
southern California seismicity (M ≤ 2.5) analyzed by Corral (2005b), 7.0≈γ  indi-
cating that seismicity exhibits weak, longer-term correlations. The physical mecha-
nism of this long-term correlation, which can extend outside the classic aftershock 
zone, is likely triggering of secondary earthquake from either changes in static 
stress after each earthquake or dynamic effects from the passage of seismic waves 
(Parsons, 2002). This distribution also corresponds to world-wide seismicity 
(M ≥ 5), suggesting a universal scaling law for earthquake inter-event times, 
though γ may vary depending on the presence of nonstationary aftershock se-
quences (Bak et al., 2002; Corral, 2004; Davidsen and Goltz, 2004; Altmann and 
Kantz, 2005; Molchan, 2005). 
 Alternatively, an aftershock decay distribution can be used to fit the observed 
inter-event pdf. This is based on a simplified version of Omori’s law. In this case, 
we fit the observed tsunami inter-event times with an exponential distribution 
modified with a short-term Omori-law component as 
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where Ta is an aftershock duration time constant. The best-fit gamma and after-
shock-decay distribution for the NGDC tsunami compilation are determined by χ2-
minimization. This results in estimates of 6.0=γ  and 6.9=aT  hrs. (Fig. 4.5). 
Other methods of probability model fitting are discussed by Vere-Jones and Ogata 
(2003). In addition, the Kullback-Leibler, Kolmogorov-Smirnov, and Anderson-
Darling statistics can be used to provide an estimate of the goodness of fit (Cono-
ver, 1971; Finkelstein and Schafer, 1971; Stephens, 1974; Kotz and Nadarajah, 
2000; Parsons, 2002; Daley and Vere-Jones, 2004). 
 Geist and Parsons (in press) demonstrate that a similar analysis can also be 
performed for tsunami arrivals at a particular location that has a long record of 
smaller tsunamis: for example, the Hilo, Hawaii tide gage station (Fig. 4.6). In 
contrast to the global catalog, the event time in this case is the arrival time of the 
tsunami at Hilo. The tide gage catalog spans a 60-year range from 1946 to 2007; 
however, it has only been since 1976 that the tide gage records have been system-
atically sampled every 6 minutes, rather than every hour. (In most cases, undigi-
tized analog records are also available.) The best fit gamma distribution for these  
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(equation 10). The information gain (G) of the standard gamma distribution over a 
Poisson process with rate parameter λ is given by 

 
⎥
⎥
⎦

⎤
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⎢
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+−= ∫

∞

0

)(log)(log1 τττλλ dffG  (13) 

(Daley and Vere-Jones, 2004; Harte and Vere-Jones, 2005). The information gain 
is highest for clustering ( 1<γ ), but is also significant for 1>γ  (i.e., that of a qua-
siperiodic process) (Harte and Vere-Jones, 2005). 
 When aftershocks are removed from an earthquake catalog, as in the case of 
southern California seismicity (M ≤ 2.5) analyzed by Corral (2005b), 7.0≈γ  indi-
cating that seismicity exhibits weak, longer-term correlations. The physical mecha-
nism of this long-term correlation, which can extend outside the classic aftershock 
zone, is likely triggering of secondary earthquake from either changes in static 
stress after each earthquake or dynamic effects from the passage of seismic waves 
(Parsons, 2002). This distribution also corresponds to world-wide seismicity 
(M ≥ 5), suggesting a universal scaling law for earthquake inter-event times, 
though γ may vary depending on the presence of nonstationary aftershock se-
quences (Bak et al., 2002; Corral, 2004; Davidsen and Goltz, 2004; Altmann and 
Kantz, 2005; Molchan, 2005). 
 Alternatively, an aftershock decay distribution can be used to fit the observed 
inter-event pdf. This is based on a simplified version of Omori’s law. In this case, 
we fit the observed tsunami inter-event times with an exponential distribution 
modified with a short-term Omori-law component as 

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛ += −

τ
λτ λτ aT

eCf , (14) 

where Ta is an aftershock duration time constant. The best-fit gamma and after-
shock-decay distribution for the NGDC tsunami compilation are determined by χ2-
minimization. This results in estimates of 6.0=γ  and 6.9=aT  hrs. (Fig. 4.5). 
Other methods of probability model fitting are discussed by Vere-Jones and Ogata 
(2003). In addition, the Kullback-Leibler, Kolmogorov-Smirnov, and Anderson-
Darling statistics can be used to provide an estimate of the goodness of fit (Cono-
ver, 1971; Finkelstein and Schafer, 1971; Stephens, 1974; Kotz and Nadarajah, 
2000; Parsons, 2002; Daley and Vere-Jones, 2004). 
 Geist and Parsons (in press) demonstrate that a similar analysis can also be 
performed for tsunami arrivals at a particular location that has a long record of 
smaller tsunamis: for example, the Hilo, Hawaii tide gage station (Fig. 4.6). In 
contrast to the global catalog, the event time in this case is the arrival time of the 
tsunami at Hilo. The tide gage catalog spans a 60-year range from 1946 to 2007; 
however, it has only been since 1976 that the tide gage records have been system-
atically sampled every 6 minutes, rather than every hour. (In most cases, undigi-
tized analog records are also available.) The best fit gamma distribution for these  
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tsunami record indicates several source doublets (2 earthquakes of similar magnitude that 
occur close in space and time) in the Kurile and Solomon Islands that both triggered 
tsunamis recorded in Hilo. There is a significant degree of uncertainty in the Hilo 
distribution, owing to a less than optimal number of data points (N=63) required to 
establish reliable inter-event time statistics. 

In locations where there are sparse runup data, spatial binning of runup 
observations and Monte Carlo techniques can be used to estimate the mean rate λ  (Geist 
and Parsons, 2006) (e.g., Figure 132). The single-parameter Poisson distribution should 
be used for the sparse data case, rather than other distributions such as the gamma 
distribution above, that require estimation of two or more parameters to define the inter-
event distribution. The effect of open intervals (i.e., the time before the first event and the 
time since the last event) on λ can be estimated by randomly drawing multiple sets of 
event times from a range of possible λ. By keeping track of which distributions fit the 
catalog data (N events over a catalog duration Tcat) and open intervals, we can estimate 
the uncertainty in λ (Geist and Parsons, 2008). The example shown in Figure 132b shows 
the range of probability for a 30-year exposure time resulting from Monte Carlo 
uncertainty analysis of the catalog data. A similar analysis is performed for the U.S. West 
Coast by Geist and Parsons (2006). Further discussion of uncertainty related to empirical 
probabilities is given in Section 9.2.3 below in the case of empirical earthquake 
observations. 

Computational Tsunami Probabilities 
In many cases, tsunami probabilities cannot be determined empirically from 

existing tsunami records. Often this is because there is an insufficient catalog of events 
for the risk tolerance or design probability of interest. For such a situation, a 
computational approach to determine tsunami probabilities can be undertaken. In this 
section, we review the framework of Probabilistic Tsunami Hazard Analysis (PTHA), 
focusing in particular on how tsunami source probabilities are determined. Even where 
there is a long catalog of tsunami records, computational PTHA is often a useful 
technique to test the extent that censoring and catalog completeness affect empirical 
probabilities as discussed in the previous section and by Geist and Parsons (2006). 

Structure of PTHA 
PTHA is derived from Probabilistic Seismic Hazard Analysis (PSHA) developed 

by Cornell (1968) and others and fully described in SSHAC (1997). Like PSHA, PTHA 
consists of three basic steps: (1) define source parameters, including source probabilities, 
for all relevant sources; (2) calculate wave heights and other hydrodynamic parameters 
from a numerical propagation and inundation model for each source; and (3) aggregate 
the results to determine either the tsunami hazard curve for a particular coastal site or the 
probabilistic inundation map for a particular coastal region. Lin and Tung (1982) first 
applied Cornell’s (1968) PSHA technique to seismogenic tsunamis, by using simplifying 
assumptions for the earthquake source and propagation parameters (e.g., constant water 
depth, etc.). More recent forms of PTHA (e.g., Geist and Parsons, 2006; Thio et al., 2007) 
involve the use of numerical tsunami propagation models for the second step. Indeed, the 
processing of this step is one of the primary differences between PTHA and PSHA. As a 
result of the complexity of wave propagation in the solid earth, standard forms of PSHA 
are dependent on empirical attenuation relationships (and their attendant uncertainty). 
PTHA, on the other hand, can take advantage of recent advances in numerical modeling 
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of tsunami propagation and the availability of high-quality bathymetry in most of the 
world’s oceans. The other primary difference is that, in addition to regional and local 
sources, a comprehensive PTHA must include far-field sources not included as part of 
PSHA. Depending on the design probabilities and region of interest for PTHA, other 
sources for tsunamis such as submarine landslides and volcanic sources may also have to 
be included. 

Defining the size parameter linked to source probability is central in PTHA 
calculations. For earthquakes, this parameter is the seismic moment, 𝑀, and defined as 
𝑀 = 𝜇𝐷𝐴, where 𝜇 is the shear modulus or rigidity and 𝐷 is the average slip over the 
area A of the fault that ruptured during the earthquake. The moment magnitude (Mw) is 
related to seismic moment according to  𝑀! =

!
!
log𝑀 − 9.05  (Hanks and Kanamori, 

1979). 
For seismogenic sources, the vertical component of seafloor displacement 

dominates tsunami generation. The horizontal component provides an additional small 
effect on tsunami generation in regions with steep bathymetry over the source region 
(Tanioka and Satake, 1996). Fault rupture is modeled as an elastic dislocation either 
using uniform slip (termed a Volterra dislocation) or more generally using distributed slip 
(cf., Geist and Dmowska, 1999). From this description, coseismic displacement can be 
computed using analytic expressions for a homogeneous earth structure (e.g., Okada, 
1985) and numerical techniques for an inhomogeneous structure (e.g., Yoshioka et al., 
1989). For dislocation modeling, most parameters such as average slip and rupture area 
approximately scale with seismic moment. Other parameters such as fault dip and elastic 
rock properties are determined from analyses of past earthquakes, controlled-source 
geophysical surveys, and laboratory tests. For a more complete description of tsunami 
generation by earthquakes, see Chapter 5 and review papers by Kajiura (1981), Geist 
(1999), and Satake (2002). 

For landslides, the primary size parameter linked to source probability is volume. 
Recent studies have indicated that submarine landslides may follow a power-law 
frequency-volume distribution, similar to their counterparts on land (ten Brink et al., 
2006a). Unlike earthquakes in which a single parameter, seismic moment, is the principal 
parameter influencing tsunami generation, landslide tsunami generation is also heavily 
influenced by landslide speed (or more specifically, time history of landslide movement, 
often many minutes). During propagation, recent modeling suggests that landslide 
tsunamis dissipate more quickly than earthquake tsunamis (Gisler et al., 2006). Also 
unlike earthquakes, there is not a single constitutive relation that describes tsunami 
generation from landslides. Tsunami generation depends on the type of failure that 
occurs—e.g., rotational and translational slides, rock falls, lateral spreads, etc. (Varnes, 
1978)—which in turn relates to the mechanical properties of the failed material and the 
bathymetric slope. Examples of different types of landslide tsunami models developed 
include mudflows (Jiang and Leblond, 1994), translational slides (Ward, 2001), and 
granular slides (Heinrich et al., 2001). Chapter 6 reviews tsunami generation by 
landslides in detail. 

The second step of PTHA involves computing tsunami wave heights, runup 
values, and inundation distances at a particular coastal location for each relevant source. 
In the far-field, seismogenic tsunami amplitudes closely scale with seismic moment 
(Okal, 1988; Pelayo and Wiens, 1992). Abe (1995) has developed empirical relationships 
in which wave height at a particular coastal site can be estimated from seismic moment 
and distance to the earthquake. However, these expressions do not account for the 
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beaming patterns from long ruptures and focusing or defocusing from propagation path 
effects (Ben-Menahem and Rosenman, 1972; Okal, 1988; Satake, 2002; Geist et al., 
2007). In most cases, tsunami propagation is calculated using various forms of the 
shallow water wave equation and numerical approximates such as finite-difference or 
finite-element methods. Initial conditions are primarily provided by the vertical 
displacement from the earthquake or landslide movement. At a coastal location, if near-
shore and overland flows are to be computed, non-linear terms of the shallow water 
equations, bottom friction, and moving boundary conditions must be included. For a 
review of these methods, please see Shuto (1991). 

For the third step in PTHA, the general equation for aggregating probabilities 
from different sources can be directly adapted from PSHA methodology (e.g., Senior 
Seismic Hazard Analysis Committee (SSHAC), 1997) as follows: 

 

    (15) 
where 𝜆(𝑅 > 𝑅!) is the mean rate of tsunamis at a coastal location with runup greater 
than𝑅! ,𝜈!  is the mean rate for source type 𝑖  (e.g., 𝑖 = 1⟹ 1 earthquakes, 𝑖 = 2⟹ 
landslides, etc.) 𝑃(𝑅 > 𝑅!|𝜓! , 𝑟) is the conditional probability that runup 𝑅 will exceed a 
value 𝑅!, given a distance to the source 𝑟 and source parameter(s) 𝜓. If there is no 
uncertainty in source location or generation parameters, 𝑃 𝑅 > 𝑅! 𝜓! , 𝑟  is simply 1-𝐻, 
where 𝐻 is the Heavyside step function. In other words, the exceedance probability of 
𝑅!  depends on the specified values of 𝑟  and  𝜓. In addition, 𝑓(𝜓!) and 𝑓(𝑟|𝜓!)  are pdf’s 
for 𝜓!  and  𝑟, respectively. For example, to calculate the mean rate at which a particular 
runup 𝑅!  is exceeded for earthquakes randomly distributed in space, Abe’s (1995) 
empirical relationships could be used to determine  𝑃(𝑅 > 𝑅!|𝑀, 𝑟), 𝑓(𝜓! = 𝑀) could be 
determined from the modified Gutenberg-Richter (G-R) relationship (Kagan, 2002a) and 
𝑓!(𝑟|𝑀) could be dependent on the particular earthquake zonation scheme used (Cornell, 
1968; Working Group on California Earthquake Probabilities, 1995; Wesson et al., 1999; 
Frankel et al., 2002). For earthquakes, a standard zonation scheme such as the Flinn-
Engdahl zones can be used (Flinn et al., 1974). 

However, in contrast to seismic wave propagation in the solid earth, which is 
essentially unobstructed, obstruction and scattering from landmasses during tsunami 
propagation indicates that a distribution based on scalar distance 𝑓!(𝑟|𝑀) is not practical. 
In addition, although the approach described by equation (15) may be applicable for 
asteroid-generated tsunamis randomly distributed throughout the ocean, earthquakes and 
landslides of tsunamigenic size often occur in distinct source zones. Therefore, an 
alternative formulation for these sources is 

     (16) 
In this case, 𝑃 𝑅 > 𝑅! 𝜓!"  is determined for each source type (i) and source 

zone (j) from numerical propagation modeling that explicitly includes distance 
attenuation and propagation path effects, as well as uncertainty in location within the 
source zone. For source parameters that correlate strongly with a source parameter linked 
to 𝜈!" (e.g., average slip scaling with scalar seismic moment in the earthquake case and 
runout linked to volume in the landslide case), uncertainty can be included in the 
𝑃 𝑅 > 𝑅! 𝜓!"  term, particularly when the parameters are normally distributed. Details 
are described in Section 4 on uncertainties. As with empirical tsunami probabilities, the 
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seismic moment. Other parameters such as fault dip and elastic rock properties are 
determined from analyses of past earthquakes, controlled-source geophysical 
surveys, and laboratory tests. For a more complete description of tsunami genera-
tion by earthquakes, see Chapter 5 and review papers by Kajiura (1981), Geist 
(1999), and Satake (2002). 
 For landslides, the primary size parameter linked to source probability is vol-
ume. Recent studies have indicated that submarine landslides may follow a power-
law frequency-volume distribution, similar to their counterparts on land (ten Brink 
et al., 2006a). Unlike earthquakes in which a single parameter, seismic moment, is 
the principal parameter influencing tsunami generation, landslide tsunami genera-
tion is also heavily influenced by landslide speed (or more specifically, time history 
of landslide movement). During propagation, recent modeling suggests that land-
slide tsunamis dissipate more quickly than earthquake tsunamis (Gisler et al., 
2006). Also unlike earthquakes, there is not a single constitutive relation that de-
scribes tsunami generation from landslides. Tsunami generation depends on the 
type of failure that occurs—e.g., rotational and translational slides, rock falls, lat-
eral spreads, etc. (Varnes, 1978)—which in turn relates to the mechanical proper-
ties of the failed material and the bathymetric slope. Examples of different types of 
landslide tsunami models developed include mudflows (Jiang and Leblond, 1994), 
translational slides (Ward, 2001), and granular slides (Heinrich et al., 2001). Chap-
ter 6 reviews tsunami generation by landslides in detail. 
 The second step of PTHA involves computing tsunami wave heights, runup 
values, and inundation distances at a particular coastal location for each relevant 
source. In the far-field, seismogenic tsunami amplitudes closely scale with seismic 
moment (Okal, 1988; Pelayo and Wiens, 1992). Abe (1995) has developed empiri-
cal relationships in which wave height at a particular coastal site can be estimated 
from seismic moment and distance to the earthquake. However, these expressions 
do not account for the beaming patterns from long ruptures and focusing or defo-
cusing from propagation path effects (Ben-Menahem and Rosenman, 1972; Okal, 
1988; Satake, 2002; Geist et al., 2007). In most cases, tsunami propagation is calcu-
lated using various forms of the shallow water wave equation and numerical ap-
proximates such as finite-difference or finite-element methods. Initial conditions 
are primarily provided by the vertical displacement from the earthquake or land-
slide movement. At a coastal location, if near-shore and overland flow are to be 
computed, non-linear terms of the shallow water equations, bottom friction, and 
moving boundary conditions must be included. For a review of these methods, 
please see Chapters 9 and 10 and Shuto (1991). 
 For the third step in PTHA, the general equation for aggregating probabilities 
from different sources can be directly adapted from PSHA methodology (e.g., 
Senior Seismic Hazard Analysis Committee (SSHAC), 1997) as follows: 

 iii
i

ii drdrffrRRPRR ψψψψνλ )|()(),|()(
type source

00 ∑ ∫∫
=

>=> , (15) 

where )( 0RR >λ  is the mean rate of tsunamis at a coastal location with runup 
greater than R0, iν  is the mean rate for source type i (e.g., ⇒= 1i earthquakes, 

⇒= 2 i landslides, etc.) ),|( 0 rRRP iψ>  is the conditional probability that runup 
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R will exceed a value R0, given a distance to the source r and source parameter(s) 
ψ 1. In other words, the exceedance probability of R0 depends on the specified 
values of r and ψ . In addition, ( )if ψ  and ( )irf ψ|  are pdf’s for iψ  and r, respec-
tively. For example, to calculate the mean rate at which a particular runup R0 is 
exceeded for earthquakes randomly distributed in space, Abe’s (1995) empirical 
relationships could be used to determine ),|( 0 rMRRP > , ( )Mf =1ψ  could be 
determined from the modified Gutenberg-Richter (G-R) relationship (Kagan, 
2002a) and )|( MrfR  could be dependent on the particular earthquake zonation 
scheme used (Cornell, 1968; Working Group on California Earthquake Probabili-
ties, 1995; Wesson et al., 1999; Frankel et al., 2002). For earthquakes, a standard 
zonation scheme such as the Flinn-Engdahl zones can be used (Flinn et al., 1974). 
 However, in contrast to seismic wave propagation in the solid earth, which is 
essentially unobstructed, obstruction and scattering from landmasses during tsu-
nami propagation indicates that a distribution based on scalar distance )|( mrfR  is 
not practical. In addition, although the approach described by equation (15) may 
be applicable for asteroid-generated tsunamis randomly distributed throughout the 
ocean, earthquakes and landslides of tsunamigenic size often occur in distinct 
source zones. Therefore, an alternative formulation for these sources is 

 ∑ ∑ ∫
= =

>=>
i j

ijijij dfRRPRR
type zone    

00 )()|()( ψψψνλ ψ . (16) 

In this case, )|( 0 ijRRP ψ>  is determined for each source type (i) and source zone 
(j) from numerical propagation modeling that explicitly includes distance attenua-
tion and propagation path effects, as well as uncertainty in location within the 
source zone. For source parameters that correlate strongly with a source parame-
ter linked to ijν  (e.g., average slip scaling with scalar seismic moment in the earth-
quake case and runout linked to volume in the landslide case), uncertainty can be 
included in the )|( 0 ijRRP ψ>  term, particularly when the parameters are nor-
mally distributed. Details are described in Section 4 on uncertainties. As with 
empirical tsunami probabilities, the rate term λ is used in the inter-event time 
distribution to determine the exceedance probability (e.g., equation 8 for the Pois-
son case). In Sections 3.2 and 3.3 below, we describe how source probability distri-
butions are determined for both earthquakes and landslides. 

3.2  Source Probabilities: Earthquakes 

Because the primary source parameter linked to tsunamigenesis for a particular 
source zone j is the scalar seismic moment ( jj M=1ψ ), we review approaches used 
to establish frequency-moment relationships for earthquakes. Time-independent 
and time-dependent probabilities that are described below have frequently been 
used in the past in relation to earthquake hazards. Examples include probability 
specifications used in seismic hazard mapping for the U.S. (Wesson et al., 1999; 
Frankel et al., 2002). 

 
1 If there is no uncertainty in source location or generation parameters, ),|( 0 rRRP iψ>  is simply 1-H, 
where H is the Heaviside step function. 
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rate term 𝜆 is used in the inter-event time distribution to determine the exceedance 
probability (e.g., equation 8 for the Poisson case). In the next two sections below, we 
describe how source probability distributions are determined for both earthquakes and 
landslides. 

Source Probabilities: Earthquakes 
Because the primary source parameter linked to tsunamigenesis for a particular 

source zone j is the scalar seismic moment (𝜓!! = 𝑀!), we review approaches used to 
establish frequency-moment relationships for earthquakes. Time-independent and time-
dependent probabilities that are described below have frequently been used in the past in 
relation to earthquake hazards. Examples include probability specifications used in 
seismic hazard mapping for the U.S. (Wesson et al., 1999; Frankel et al., 2002).  

Time Independent Probabilities 
Time-independent probabilities assume that earthquakes follow a Poisson process 

in which the rate term is determined from the G-R power-law relationship. Because 
earthquakes, like most other natural hazards are size limited, the power-law relationship 
is modified based on an estimate of maximum moment or corner moment. This results in 
a modified G-R relationship in which the tail of the distribution falls off faster than the 
power-law exponent (β). Earthquakes of tsunamigenic magnitude occur near the tail of 
this distribution where earthquakes catalogs may be incomplete. Therefore, different 
forms of the frequency-magnitude distribution tail (Figure 133) need to be understood. 

In addition to the modified G-R distribution, a different distribution called a 
characteristic earthquake distribution has been proposed. Because the characteristic 
earthquake distribution is so widely referred to in the literature, it is important to describe 
the differences between the two basic distribution types. Characteristic earthquakes are 
usually defined from the largest recorded earthquake or geometrical differences along a 
fault zone defining an earthquake segment (Kagan, 1993; Wesnousky, 1994). In the case 
of tsunamigenic earthquakes, for example, morphological features of the downgoing plate 
in subduction zone can define segment boundaries and/or coincide with the extent of 
historic ruptures (McCann et al., 1979; Nishenko, 1991). The characteristic earthquake 
distribution considered by Wesnousky (1994) is for the case where there is a gap in 
earthquake magnitudes (in the discrete form) between the characteristic magnitude Mmax 
and the largest aftershock specified according to Båth’s law. The identification of 
characteristic earthquake distributions is prone to under sampling. Several authors 
(Howell, 1985; Kagan, 1993; Stein and Newman, 2004) have demonstrated that if a G-R 
distribution is under sampled it tends toward an apparent characteristic distribution. In 
addition, physical models of rupture over many earthquake cycles indicate that rupture 
can appear to follow an characteristic mode for a number of earth- quake cycles and then 
revert back to a G-R mode (Shaw and Rice, 2000; Shaw, 2004). For uniform fault 
properties, the rupture mode may be persistently characteristic (Ben-Zion, 1996; Lu and 
Vere-Jones, 2001; Zeng et al., 2005). However, many faults appear to be characterized by 
a combination of three factors: self-affine complexity caused by material heterogeneity 
(e.g., Perfettini et al., 2001; Shaw, 2004); static changes in stress on the fault from 
neighboring earthquakes (e.g., Marsan, 2005; Parsons, 2005; 2006); and the dynamics of 
earthquakes themselves (e.g., Cochard and Madariaga, 1996; Ben-Zion and Rice, 1997; 
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Shaw and Rice, 2000). This complexity is typically expressed as a modified G-R 
distribution of earthquake magnitudes. 

As summarized by Kagan (2002a), there are four basic forms of the modified G-R 
distributions: two truncated forms (i.e., hard corner) and two tapered forms (i.e., soft 
corner) (Figure 133). Kagan (2002a) notes that most driven dissipative systems, such as 
earthquakes, exhibit a smooth transition toward the extreme value of the distribution 
defined by a corner moment𝑀! . For this reason, tapered distributions have been 
developed for both the ccdf (tapered G-R distribution with corner moment  𝑀!") 

      (17) 
and for the pdf (gamma distribution with corner moment Mcg) 

      (18) 
where C is a normalizing coefficient (Kagan, 2002a). (See Kagan 2002a for the pdf and 
ccdf of the tapered and gamma distributions, respectively.) The parameters that define the 
earthquake distribution (𝛽,𝑀! ) have been estimated for different types of plate 
boundaries and a number of different seismic zonation schemes using primarily 
maximum likelihood methods (Kagan, 1997; 1999; 2002a; b; Bird and Kagan, 2004). The 
commonly used b-value for earthquakes is based on Mw, whereas 𝛽  is based on seismic 
moment M such that !!β = 2

3b  according to the definition of moment magnitude. 
Because large earthquakes are rare, the tails of earthquake distributions are 

difficult to determine from historical seismicity alone. For this reason, a seismic moment 
balance argument has previously been used to determine the expected earthquake 
distribution. Moment balance requires knowledge of the long-term fault slip rate, 
seismogenic thickness, and the seismic efficiency or coupling constant. For plate 
boundary faults, recent global studies yield information on long-term fault slip rate (Bird, 
2003; Kreemer et al., 2003). The rate parameter (!!υ1 j  , cf., equation 16) for seismic 
moments greater than or equal to M0 can be linked to the parameters to the modified G-R 
distributions expressed in equations 17 and 18 as follows (Kagan, 2002b): 

       (19) 
and  

       (20) 
respectively, where ξm and ξg are correction coefficients given in Kagan (2002b). Ward 
(1994) develops a similar expression for the truncated G-R distribution. In equations 19 
and 20, 𝑀! is the rate of seismic moment release that ideally can be determined from 
earthquake catalogs. Using the seismic moment balance approach, however, the 
maximum seismic moment rate at seismogenic depths can be constrained by the fault slip 
rate if one assumes an efficiency or coupling constant 𝜒 = 1 (i.e., no aseismic slip at 
depths where earthquakes typically occur): 
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1979; Nishenko, 1991). The characteristic earthquake distribution considered by 
Wesnousky (1994) is for the case where there is a gap in earthquake magnitudes 
(in the discrete form) between the characteristic magnitude Mmax and the largest 
aftershock specified according to Båth’s law. The identification of characteris- 
tic earthquake distributions is prone to undersampling. Several authors (Howell, 
1985; Kagan, 1993; Stein and Newman, 2004) have demonstrated that if a G-R 
distribution is undersampled it tends toward an apparent characteristic distribu-
tion. In addition, physical models of rupture over many earthquake cycles indicate 
that rupture can appear to follow an characteristic mode for a number of earth-
quake cycles and then revert back to a G-R mode (Shaw and Rice, 2000; Shaw, 
2004). For uniform fault properties, the rupture mode may be persistently char-
acteristic (Ben-Zion, 1996; Lu and Vere-Jones, 2001; Zeng et al., 2005). How- 
ever, many faults appear to be characterized by a combination of three factors: 
self-affine complexity caused by material heterogeneity (e.g., Perfettini et al., 2001; 
Shaw, 2004); static changes in stress on the fault from neighboring earthquakes 
(e.g., Marsan, 2005; Parsons, 2005; 2006); and the dynamics of earthquakes them-
selves (e.g., Cochard and Madariaga, 1996; Ben-Zion and Rice, 1997; Shaw and 
Rice, 2000). This complexity is typically expressed as a modified G-R distribution 
of earthquake magnitudes. 
 As summarized by Kagan (2002a), there are four basic forms of the modified G-
R distributions: two truncated forms (i.e., hard corner) and two tapered forms (i.e., 
soft corner) (Fig. 4.8). Kagan (2002a) notes that most driven dissipative systems, 
such as earthquakes, exhibit a smooth transition toward the extreme value of the 
distribution defined by a corner moment Mc. For this reason, tapered distributions 
have been developed for both the ccdf (tapered G-R distribution with corner mo-
ment Mcm) 
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and for the pdf (gamma distribution with corner moment Mcg) 
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where C is a normalizing coefficient (Kagan, 2002a). (See Kagan 2002a for the pdf 
and ccdf of the tapered and gamma distributions, respectively.) The parameters 
that define the earthquake distribution (β, Mc) have been estimated for different 
types of plate boundaries and a number of different seismic zonation schemes 
using primarily maximum likelihood methods (Kagan, 1997; 1999; 2002a; b; Bird 
and Kagan, 2004). The commonly used b-value for earthquakes is based on Mw, 
whereas β is based on seismic moment M such that b3

2=β  according to the defini-
tion of moment magnitude. 
 Because large earthquakes are rare, the tails of earthquake distributions are 
difficult to determine from historical seismicity alone. For this reason, a seismic 
moment balance argument has previously been used to determine the expected 
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earthquake distribution. Moment balance requires knowledge of the long-term 
fault slip rate, seismogenic thickness, and the seismic efficiency or coupling con-
stant. For plate boundary faults, recent global studies yield information on long-
term fault slip rate (Bird, 2003; Kreemer et al., 2003). The rate parameter ( j1υ , cf., 
equation 16) for seismic moments greater than or equal to M0 can be linked to the 
parameters to the modified G-R distributions expressed in equations 17 and 18 as 
follows (Kagan, 2002b): 
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respectively, where mξ  and gξ  are correction coefficients given in Kagan (2002b). 
Ward (1994) develops a similar expression for the truncated G-R distribution. In 
equations 19 and 20, sM�  is the rate of seismic moment release that ideally can be 
determined from earthquake catalogs. Using the seismic moment balance ap-
proach, however, the maximum seismic moment rate at seismogenic depths can be 
constrained by the fault slip rate if one assumes an efficiency or coupling constant 

1=χ  (i.e., no aseismic slip at depths where earthquakes typically occur): 

 tectss sLHM �� µ= , (21) 

where µ is the shear modulus, L fault length, sH  effective seismogenic thickness 
(which includes the parameter χ), and tects�  the long-term (tectonic) fault-slip rate 
(Ward, 1994). 
 Note that the rate of large earthquakes along subduction zones is primarily 
linked to relative convergence rates and that factors such as age of subducted 
lithospehere, time since the last event, etc. do not strongly correlate with seismic 
activity (Bird and Kagan, 2004). The seismic coupling constant (χ) that appears in 
the definition of sH  above remains an elusive parameter. However, statistical 
analysis suggests that there may be little variation among plate boundary faults, 
such that χ ≥ 0.5 in most cases (Kagan, 2002b) and that 1→χ  for shallow faults 
(Kagan, 1999). A value of 1=χ  provides an upper limit of activity rate for the 
seismic moment-balanced size distribution of earthquakes. 

Time-Dependent Probabilities 
In the past, large tsunamigenic earthquakes along subduction zones have consid-
ered to follow a quasiperiodic process specifically conditioned on the preceding 
event, in which the probability of the next earthquake is dependent on the time 
since the last earthquake. Such time-dependent probabilities are most often ap-
plied to characteristic earthquakes as defined above. Three basic forms are com-
monly used for earthquake probabilities in which the occurrence of one or more 
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(2) Log-normal distribution (e.g., Nishenko and Buland, 1987) 
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and (3) Brownian-Passage time (BPT) distribution (Matthews et al., 2002)  
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estimation for the Weibull and log-normal distributions using the method of moments and 
maximum likelihood are given by Utsu (1984). 
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earthquakes in the time interval T is conditional upon the time since the last 
earthquake τ: )|(1)( τTF TN ≥  (Utsu, 1984). The corresponding pdf’s for the inter-
event time are given for the (1) Weibull distribution (e.g., Rikitake, 1999) 
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(2) Log-normal distribution (e.g., Nishenko and Buland, 1987) 
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and (3) Brownian-Passage time (BPT) distribution (Matthews et al., 2002) 
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All three forms are similar in that three parameters are needed to define the dis-
tributions: the mean inter-event time ( υ/1 ) as in the Poisson distribution (equa-
tion 8), the time since the last earthquake (τ), and the shape or aperiodicity 
parameter α. (In equations 23 and 24, α is similar to standard deviation and coeffi-
cient of variation, respectively; although strictly speaking these terms refer to 
sample statistics.) Parameter estimation for the Weibull and log-normal distribu-
tions using the method of moments and maximum likelihood are given by Utsu 
(1984). 
 As noted by Matthews et al. (2002), there are important differences in the haz-
ard rate function h(τ) among these distributions: 

 [ ])(1)()( τττ Ffh −≡ , (25) 

where )(τF  is the cdf corresponding to )(τf . The hazard rate function can also be 
thought of as the instantaneous failure rate or the failure probability conditional 
upon surviving up to point τ. For equivalent distribution parameters, the BPT 
distribution is characterized by a nearly constant hazard rate at long waiting times, 
whereas the hazard rate decreases for the log-normal distribution and increases for 
the Weibull distribution for long waiting times. Matthews et al. (2002) indicates 
that the gamma distribution for a quasiperiodic process is characterized by an 
increasing hazard rate (though not as sharply as the Weibull distribution) for 1>γ  
(cf., equation 12). As shown in Fig. 4.9, the gamma distribution discussed in con-
nection with tsunami inter-event times in Section 2 characterized by 1<γ  is, in 
contrast, associated with decreasing hazard rate function for short waiting times 
and nearly constant hazard rate at long waiting times (Corral, 2005c). Thus at 

1=γ , the change in exponent represents a fundamental difference between a 
quasiperiodic process 1>γ  and a clustering process 1<γ  (Utsu, 1984), and a 
corresponding change from a increasing hazard rate to a decreasing hazard rate, 
respectively. 
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surviving up to point 𝜏. For equivalent distribution parameters, the BPT distribution is 
characterized by a nearly constant hazard rate at long waiting times, whereas the hazard 
rate decreases for the log-normal distribution and increases for the Weibull distribution 
for long waiting times. Matthews et al. (2002) indicates that the gamma distribution for a 
quasiperiodic process is characterized by an increasing hazard rate (though not as sharply 
as the Weibull distribution) for 𝛾   >   1 (cf., equation 12). As shown in Figure 134, the 
gamma distribution discussed in connection with tsunami inter-event times in Section 
9.2.2 characterized by 𝛾   <   1 is, in contrast, associated with decreasing hazard rate 
function for short waiting times and nearly constant hazard rate at long waiting times 
(Corral, 2005b). Thus a   𝛾   =   1, the change in exponent represents a fundamental 
difference between a quasiperiodic process 𝛾   >   1  and a clustering process 𝛾   <   1  (Utsu, 
1984), and a corresponding change from a increasing hazard rate to a decreasing hazard 
rate, respectively. 

For multiple time-dependent tsunamigenic earthquakes, a different method of 
aggregation must be used instead of equation 16. The probability of a tsunami at a 
particular coastal location generated by the  𝑗!! characteristic earthquake and within an 
exposure time T is given by  𝑃 𝑅 > 𝑅! 𝜓!!!,! ,𝑇 . The parameter set 𝜓!!!,!  includes the 
parameters that define the time-dependent probability distribution (𝑡!  , 𝜐  ,𝛼) as well as 
the source parameters needed to compute tsunami generation. The aggregate tsunami 
probability of N characteristic earthquakes 𝑃 𝑅 ≥ 𝑅! 𝑇  is given by Rikitake and Aida 
(1988): 

      (26) 
For subduction zones, McCann et al. (1979) and Nishenko (1991) presented 

seismic hazard maps based on characteristic earthquakes (described previously) using the 
log-normal event distribution (equation 23) that could be used in the aggregation equation 
(26). The seismic hazard was expressed as the probability of occurrence during exposure 
times of 5, 10, and 20 years for a characteristic earthquake occurring along a segment 
defined primarily by historic earthquake rupture lengths. This is generally known as the 
seismic gap hypothesis. The Nishenko/McCann time-dependent probabilities have been 
evaluated using different statistical tests in a number of papers (Lomnitz and Nava, 1983; 
Kagan and Jackson, 1991; 1995; Rong et al., 2003). The general conclusion of these 
papers is that in comparison to actual earthquake occurrence, the time-dependent 
probability estimates in most cases did not perform as well as the probabilities calculated 
from a time-independent, Poisson null or reference model. Along fault zones where there 
is a significant difference between the seismic moment rate 

! 
!Ms( )  determined from an 

earthquake catalog and that determined from tectonic parameters (equation 21), the 
deficit may be resolved by future large earthquake(s), depending on the uncertainty in the 
coupling constant 𝜒. However, according to the statistical tests, no segment is more or 
less likely to fail based on the time since the last event (Bird and Kagan, 2004). 

The other problematic issue related to time-dependent probabilities is the 
estimation of the three parameters that define the distributions (τ can be uncertain if the 
preceding earthquake is prehistoric.) The assumption of a generic aperiodicity parameter 
(𝛼   =   0.21) for all faults, termed the Nishenko-Buland hypothesis, is shown not to be 
valid by Savage (1991). To determine the mean inter-event time in the absence of 
numerous paleoseismic records of past events, a time-predictable model (Shimazaki and 
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Fig. 4.9 – Hazard rate as a function of non-dimensional time )(th  for two gamma distributions with 
different shape parameters: increasing hazard rate ( 1>γ ) with time associated with quasiperiodic 
models (e.g., Ogata, 1999); decreasing hazard rate ( 1<γ ) associated with temporal clustering of events 
(e.g., Corral, 2004). Constant hazard rate for exponential distribution (dashed line) shown for com-
parison. 

 For multiple time-dependent tsunamigenic earthquakes, a different method of 
aggregation must be used instead of equation 16. The probability of a tsunami at a 
particular coastal location generated by the jth characteristic earthquake and 
within an exposure time T is given by ),|( ,10 TRRP ji=≥ ψ . The parameter set ji ,1=ψ  
includes the parameters that define the time-dependent probability distribution 
( 0t ,υ  ,α) as well as the source parameters needed to compute tsunami generation. 
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 For subduction zones, McCann et al. (1979) and Nishenko (1991) presented 
seismic hazard maps based on characteristic earthquakes (described previously) 
using the log-normal event distribution (equation 23) that could be used in the 
aggregation equation (26). The seismic hazard was expressed as the probability of 
occurrence during exposure times of 5, 10, and 20 years for a characteristic earth-
quake occurring along a segment defined primarily by historic earthquake rupture 
lengths. This is generally known as the seismic gap hypothesis. The Nishenko/ 
McCann time-dependent probabilities have been evaluated using different statisti-
cal tests in a number of papers (Lomnitz and Nava, 1983; Kagan and Jackson, 
1991; 1995; Rong et al., 2003). The general conclusion of these papers is that in 
comparison to actual earthquake occurrence, the time-dependent probability esti-
mates in most cases did not perform as well as the probabilities calculated from a 
time-independent, Poisson null or reference model. Along fault zones where there 
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Nakata, 1980) is often assumed. This is termed the direct method for determining 
earthquake recurrence in which the mean slip for an earthquake segment and the long-
term slip rate can be used to determine mean inter-event time. Each of these parameters, 
however, has large uncertainties. Savage (1991) demonstrates that the corresponding 
uncertainty in the probability distribution can be so large such that the probability 
estimate is not very different from an informationless system. Recent observational 
studies indicate that neither the time-predictable nor slip-predictable models are valid 
starting assumptions for determining inter-event time or magnitude, respectively (Murray 
and Segall, 2002; Weldon et al., 2004; Weldon et al., 2005). 

For faults where there are many paleoseismically-identified event horizons, it may 
be possible to avoid the direct method and time-predictable assumptions indicated above. 
For tsunamigenic earthquakes generated along subduction zones where there is no near-
surface exposure of the fault, evidence of coastal subsidence in the geologic record is 
used to identify pre-historic earthquakes (Atwater et al., 2004). However, in these cases a 
purely empirical determination of mean inter-event time and aperiodicity remains 
problematic. This is the classic case of how probability varies as a function of the number 
of Bernoulli trials—that is, the use of additional observations to improve a prior 
probability distribution through Bayes’ theorem. For earthquake observations, Savage 
(1994) indicates that the uncertainty in probability decreases slowly with the number of 
observed paleoseismic events. Suppose there are 𝑚 out of 𝑛 recorded inter-event times 
less than exposure time T, then the probability density 𝑃(  𝑝  |  𝑚,𝑛)  that the next event 
will occur within time T since the most recent earthquake follows the distribution: 

      (27) 
with expected value 

          (28)  
and variance 

         (29) 
Without using assumptions about the underlying event distribution, determination 

of empirical probabilities using this method is based on a uniform distribution in the 
absence of any observations, also known as the principle of indifference. For a summary 
of arguments and interpretations of this technique, the reader is referred to Howson and 
Urbach (1993) and Jaynes (2003). 

As an example, we consider the uncertainty in the probability of future 
tsunamigenic earthquakes along the Cascadia subduction zone, using the identified 
horizons indicated top left corner of Figure 135a . Measuring inter-event times from the 
center of the age range for each horizon, the mean inter-event time is 517 yrs, with m=4 
out of n=6 inter-event times being less than this value. The expected probability of 
having another earthquake within 517 years after the last event (1700) is therefore 0.62. 
However, the 95% confidence interval for this estimate is 0.34-0.87, indicating a high 
degree of uncertainty. For 10 or fewer paleoseismic horizons, Savage (1994) indicates 
that the probability cannot be determined better than ±0.2. 
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is a significant difference between the seismic moment rate ( sM� ) determined from 
an earthquake catalog and that determined from tectonic parameters (equation 
21), the deficit may be resolved by future large earthquake(s), depending on the 
uncertainty in the coupling constant χ. However, according to the statistical tests, 
no segment is more or less likely to fail based on the time since the last event (Bird 
and Kagan, 2004). 
 The other problematic issue related to time-dependent probabilities is the esti-
mation of the three parameters that define the distributions (τ can be uncertain if 
the preceding earthquake is prehistoric.) The assumption of a generic aperiodicity 
parameter (α = 0.21) for all faults, termed the Nishenko-Buland hypothesis, is 
shown not to be valid by Savage (1991). To determine the mean inter-event time in 
the absence of numerous paleoseismic records of past events, a time-predictable 
model (Shimazaki and Nakata, 1980) is often assumed. This is termed the direct 
method for determining earthquake recurrence in which the mean slip for an 
earthquake segment and the long-term slip rate can be used to determine mean 
inter-event time. Each of these parameters, however, has large uncertainties. Sav-
age (1991) demonstrates that the corresponding uncertainty in the probability 
distribution can be so large such that the probability estimate is not very different 
from an informationless system. Recent observational studies indicate that neither 
the time-predictable nor slip-predictable models are valid starting assumptions for 
determining inter-event time or magnitude, respectively (Murray and Segall, 2002; 
Weldon et al., 2004; Weldon et al., 2005). 
 For faults where there are many paleoseismically-identified event horizons, it 
may be possible to avoid the direct method and time-predictable assumptions 
indicated above. For tsunamigenic earthquakes generated along subduction zones 
where there is no near-surface exposure of the fault, evidence of coastal subsi-
dence in the geologic record is used to identify pre-historic earthquakes (see Chap-
ter 3 and Atwater et al., 2004). However, in these cases a purely empirical 
determination of mean inter-event time and aperiodicity remains problematic. 
This is the classic case of how probability varies as a function of the number of 
Bernoulli trials—that is, the use of additional observations to improve a prior 
probability distribution through Bayes’ theorem. For earthquake observations, 
Savage (1994) indicates that the uncertainty in probability decreases slowly with 
the number of observed paleoseismic events. Suppose there are m out of n re-
corded inter-event times less than exposure time T, then the probability density 
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is a significant difference between the seismic moment rate ( sM� ) determined from 
an earthquake catalog and that determined from tectonic parameters (equation 
21), the deficit may be resolved by future large earthquake(s), depending on the 
uncertainty in the coupling constant χ. However, according to the statistical tests, 
no segment is more or less likely to fail based on the time since the last event (Bird 
and Kagan, 2004). 
 The other problematic issue related to time-dependent probabilities is the esti-
mation of the three parameters that define the distributions (τ can be uncertain if 
the preceding earthquake is prehistoric.) The assumption of a generic aperiodicity 
parameter (α = 0.21) for all faults, termed the Nishenko-Buland hypothesis, is 
shown not to be valid by Savage (1991). To determine the mean inter-event time in 
the absence of numerous paleoseismic records of past events, a time-predictable 
model (Shimazaki and Nakata, 1980) is often assumed. This is termed the direct 
method for determining earthquake recurrence in which the mean slip for an 
earthquake segment and the long-term slip rate can be used to determine mean 
inter-event time. Each of these parameters, however, has large uncertainties. Sav-
age (1991) demonstrates that the corresponding uncertainty in the probability 
distribution can be so large such that the probability estimate is not very different 
from an informationless system. Recent observational studies indicate that neither 
the time-predictable nor slip-predictable models are valid starting assumptions for 
determining inter-event time or magnitude, respectively (Murray and Segall, 2002; 
Weldon et al., 2004; Weldon et al., 2005). 
 For faults where there are many paleoseismically-identified event horizons, it 
may be possible to avoid the direct method and time-predictable assumptions 
indicated above. For tsunamigenic earthquakes generated along subduction zones 
where there is no near-surface exposure of the fault, evidence of coastal subsi-
dence in the geologic record is used to identify pre-historic earthquakes (see Chap-
ter 3 and Atwater et al., 2004). However, in these cases a purely empirical 
determination of mean inter-event time and aperiodicity remains problematic. 
This is the classic case of how probability varies as a function of the number of 
Bernoulli trials—that is, the use of additional observations to improve a prior 
probability distribution through Bayes’ theorem. For earthquake observations, 
Savage (1994) indicates that the uncertainty in probability decreases slowly with 
the number of observed paleoseismic events. Suppose there are m out of n re-
corded inter-event times less than exposure time T, then the probability density 
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Without using assumptions about the underlying event distribution, determination 
of empirical probabilities using this method is based on a uniform distribution in 
the absence of any observations, also known as the principle of indifference. For a 
summary of arguments and interpretations of this technique, the reader is referred 
to Howson and Urbach (1993) and Jaynes (2003). 
 As an example, we consider the uncertainty in the probability of future tsuna-
migenic earthquakes along the Cascadia subduction zone, using the identified 
horizons indicated top left corner of Fig. 4.10a . Measuring inter-event times from 
the center of the age range for each horizon, the mean inter-event time is 517 yrs, 
with m=4 out of n=6 inter-event times being less than this value. The expected 
probability of having another earthquake within 517 years after the last event 
(1700) is therefore 0.62. However, the 95% confidence interval for this estimate is 
0.34-0.87, indicating a high degree of uncertainty. For 10 or fewer paleoseismic 
horizons, Savage (1994) indicates that the probability cannot be determined better 
than ±0.2. 
 Next, we consider uncertainty associated with age-dating of each event horizon 
that results in a complex probability distribution of for each event (Bronk Ramsey, 
1998; Ogata, 1999). In light of this and the open intervals on either end of a paleo-
seismic sequence (i.e., before the earliest identified event and after the last event) 
(Davis et al., 1989), Ogata (1999) estimates the uncertainty in the time-dependent 
distribution parameters (α and ν). Ogata (1999) assumes a uniform pdf for the 
possible age of a given paleoseismic horizon, and proposes an inverse probability 
(Bayesian) method to improve these estimates. Alternatively, Parsons (2005) uses 
a Monte Carlo method to determine the range of possible values of α and ν for a 
given paleoseismic sequence. An example of the uncertainty in probability for the 
events described in the above example using the BPT distribution (equation 24) is 
shown in Fig. 4.10. In this case, the results from Monte Carlo analysis indicate that 

)1700.,30( 01)( ==≥ tyrTFN τ  for a time window starting in 2005 ranges between 0.01 
and 0.15 (Fig. 4.10b). The conditional probability for an exposure time window 
that does not begin with the preceding event is given by (Parsons, 2005) 
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Plots such as shown in Fig. 4.10 are useful for determining how well the paleoseis-
mic data constrain a particular probability distribution. In general, such analysis 
shows that while a quasiperiodic model of earthquake recurrence is an intuitive 
representation for an individual fault, in practice it is often difficult to determine 
the parameters of a particular distribution for subduction zone earthquakes with 
any degree of confidence. 
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Next, we consider uncertainty associated with age-dating of each event horizon 
that results in a complex probability distribution of for each event (Bronk Ramsey, 1998; 
Ogata, 1999a). In light of this and the open intervals on either end of a paleoseismic 
sequence (i.e., before the earliest identified event and after the last event) (Davis et al., 
1989), Ogata (1999a) estimates the uncertainty in the time-dependent distribution 
parameters (𝛼 and  𝜈). Ogata (1999a) assumes a uniform pdf for the possible age of a 
given paleoseismic horizon, and proposes an inverse probability (Bayesian) method to 
improve these estimates. Alternatively, Parsons (2005) uses a Monte Carlo method to 
determine the range of possible values of α and ν for a given paleoseismic sequence. An 
example of the uncertainty in probability for the events described in the above example 
using the BPT distribution (equation 24) is shown in Figure 135. In this case, the results 
from Monte Carlo analysis indicate that 𝐹! ! !!(𝑇 = 30  yr, 𝑡! = 1700) for a time 
window starting in 2005 ranges between 0.01 and 0.15 (Figure 4.10b). The conditional 
probability for an exposure time window that does not begin with the preceding event is 
given by (Parsons, 2005) 

       (30) 
Plots such as shown in Figure 135 are useful for determining how well the 

paleoseismic data constrain a particular probability distribution. In general, such analysis 
shows that while a quasiperiodic model of earthquake recurrence is an intuitive 
representation for an individual fault, in practice it is often difficult to determine the 
parameters of a particular distribution for subduction zone earthquakes with any degree 
of confidence. 

Another particular type of time-dependent probability is clustering of earthquakes 
in time, caused by foreshocks, aftershocks, and triggering of earthquakes outside the 
classic aftershock zone through coseismic changes in the static-stress field and through 
dynamic triggering. In addition to the gamma distribution pro- posed by Corral (2004) 
discussed earlier, Kagan and Jackson (2000) model this as a short-term forecasting 
problem using a negative binomial distribution. Whereas foreshocks are rare, aftershocks 
are a common phenomena in which the rate of occurrence ν is described by Omori’s law: 

         (31) 
where c, p, and n are constants and t is time since the main shock (Parsons, 2002). In 
addition, changes in the loading stress on a fault from the occurrence of a nearby large 
earthquake(s), termed the Coulomb failure stress, can significantly affect the short term 
probabilities (Parsons, 2004; 2005; 2006). Postseismic viscous relaxation of the 
lithosphere gradually decreases this probability effect over time (Michael, 2005). For 
tsunami applications, Geist and Parsons (2005) demonstrate that in some cases, large 
strike-slip earthquakes may trigger tsunamigenic dip-slip aftershocks within days after 
the mainshock. 

Source Probabilities: Landslides 
The primary source parameter linked to tsunamigensis for landslides is 

volume  𝜓!,! = 𝑉!; however, landslide speed is also an important controlling variable 
linked to tsunami generation efficiency. Below we discuss recent work to define landslide 
volume distributions and how uncertainty in landslide speed can be included in PTHA 
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Without using assumptions about the underlying event distribution, determination 
of empirical probabilities using this method is based on a uniform distribution in 
the absence of any observations, also known as the principle of indifference. For a 
summary of arguments and interpretations of this technique, the reader is referred 
to Howson and Urbach (1993) and Jaynes (2003). 
 As an example, we consider the uncertainty in the probability of future tsuna-
migenic earthquakes along the Cascadia subduction zone, using the identified 
horizons indicated top left corner of Fig. 4.10a . Measuring inter-event times from 
the center of the age range for each horizon, the mean inter-event time is 517 yrs, 
with m=4 out of n=6 inter-event times being less than this value. The expected 
probability of having another earthquake within 517 years after the last event 
(1700) is therefore 0.62. However, the 95% confidence interval for this estimate is 
0.34-0.87, indicating a high degree of uncertainty. For 10 or fewer paleoseismic 
horizons, Savage (1994) indicates that the probability cannot be determined better 
than ±0.2. 
 Next, we consider uncertainty associated with age-dating of each event horizon 
that results in a complex probability distribution of for each event (Bronk Ramsey, 
1998; Ogata, 1999). In light of this and the open intervals on either end of a paleo-
seismic sequence (i.e., before the earliest identified event and after the last event) 
(Davis et al., 1989), Ogata (1999) estimates the uncertainty in the time-dependent 
distribution parameters (α and ν). Ogata (1999) assumes a uniform pdf for the 
possible age of a given paleoseismic horizon, and proposes an inverse probability 
(Bayesian) method to improve these estimates. Alternatively, Parsons (2005) uses 
a Monte Carlo method to determine the range of possible values of α and ν for a 
given paleoseismic sequence. An example of the uncertainty in probability for the 
events described in the above example using the BPT distribution (equation 24) is 
shown in Fig. 4.10. In this case, the results from Monte Carlo analysis indicate that 

)1700.,30( 01)( ==≥ tyrTFN τ  for a time window starting in 2005 ranges between 0.01 
and 0.15 (Fig. 4.10b). The conditional probability for an exposure time window 
that does not begin with the preceding event is given by (Parsons, 2005) 
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Plots such as shown in Fig. 4.10 are useful for determining how well the paleoseis-
mic data constrain a particular probability distribution. In general, such analysis 
shows that while a quasiperiodic model of earthquake recurrence is an intuitive 
representation for an individual fault, in practice it is often difficult to determine 
the parameters of a particular distribution for subduction zone earthquakes with 
any degree of confidence. 
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posed by Corral (2004) discussed earlier, Kagan and Jackson (2000) model this as a 
short-term forecasting problem using a negative binomial distribution. Whereas 
foreshocks are rare, aftershocks are a common phenomena in which the rate of 
occurrence ν is described by Omori’s law: 

 ( )ntpc +=υ , (31) 

where c, p, and n are constants and t is time since the main shock (Parsons, 2002). 
In addition, changes in the loading stress on a fault from the occurrence of a 
nearby large earthquake(s), termed the Coulomb failure stress, can significantly 
affect the short term probabilities (Parsons, 2004; 2005; 2006). Postseismic viscous 
relaxation of the lithosphere gradually decreases this probability effect over time 
(Michael, 2005). For tsunami applications, Geist and Parsons (2005) demonstrate 
that in some cases, large strike-slip earthquakes may trigger tsunamigenic dip-slip 
aftershocks within days after the mainshock. 

3.3 Source Probabilities: Landslides 

 The primary source parameter linked to tsunamigensis for landslides is volume 
( jj V=,2ψ ); however, landslide speed is also an important controlling variable 
linked to tsunami generation efficiency. Below we discuss recent work to define 
landslide volume distributions and how uncertainty in landslide speed can be in-
cluded in PTHA calculations. In general, landslide source probabilities are particu-
larly difficult to determine, as a result of the lack of age dates for most of the 
world’s submarine slides. In addition, it is difficult to determine a landslide-
equivalent quantity such as long-term fault slip rate to estimate the overall activity 
of landslide occurrence along a particular margin. Nonetheless, recent research 
suggests the existence of a power-law size distribution for landslides (equivalent to 
the standard G-R relationship for earthquakes) in specific areas. Also, some geo-
logic analysis has been conducted that may lead to frequency-size distributions and 
other parameters needed to determine probabilities for landslide tsunami sources. 
 ten Brink et al. (2006a) demonstrated that the distribution of submarine land-
slides north of Puerto Rico follow a power-law relationship with an exponent (β) 
similar to that found for rock falls onland (Stark and Hovius, 2001; Guzzetti et al., 
2002; Dussauge et al., 2003; Malamud et al., 2004). Including small landslide sizes 
on land, the most descriptive distribution for the entire range of sizes is in fact the 
double Pareto distribution described by Stark and Hovious (2001). An empirical 
analysis of the submarine Storegga landslide complex initially suggested that the 
number-size distribution follows a logarithmic distribution (Issler et al., 2005). 
However, when the largest distinct landslides are included, ten Brink et al. (2006) 
confirms that the distribution follows a power-law relationship. Unlike earth-
quakes, the value of β varies significantly for landslides (e.g., comparison of the 
Storegga and Puerto Rico landslide regions: β = 0.44 and 0.64, respectively), indi-
cating that the failure process significantly affects scaling (Malamud et al., 2004). 
 In examining the physcial mechanisms that give rise to this power law relation-
ship, Hergarten and Neugebauer (1998) indicate that a state variable in addition to 
slope gradient is necessary for landslides to follow a power-law size distribution. 
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calculations. In general, landslide source probabilities are particularly difficult to 
determine, as a result of the lack of age dates for most of the world’s submarine slides. In 
addition, it is difficult to determine a landslide-equivalent quantity such as long-term 
fault slip rate to estimate the overall activity of landslide occurrence along a particular 
margin. Nonetheless, recent research suggests the existence of a power-law size 
distribution for landslides (equivalent to the standard G-R relationship for earthquakes) in 
specific areas. Also, some geologic analysis has been conducted that may lead to 
frequency-size distributions and other parameters needed to determine probabilities for 
landslide tsunami sources. 

ten Brink et al. (2006a) demonstrated that the distribution of submarine landslides 
north of Puerto Rico follow a power-law relationship with an exponent (β) similar to that 
found for rock falls onland (Stark and Hovius, 2001; Guzzetti et al., 2002; Dussauge et 
al., 2003; Malamud et al., 2004). Including small landslide sizes on land, the most 
descriptive distribution for the entire range of sizes is in fact the double Pareto 
distribution described by Stark and Hovious (2001). An empirical analysis of the 
submarine Storegga landslide complex initially suggested that the number-size 
distribution follows a logarithmic distribution (Issler et al., 2005). However, when the 
largest distinct landslides are included, ten Brink et al. (2006) confirms that the 
distribution follows a power-law relationship. Unlike earthquakes, the value of β varies 
significantly for landslides (e.g., comparison of the Storegga and Puerto Rico landslide 
regions: 𝛽   =   0.44  and 0.64 , respectively), indicating that the failure process 
significantly affects scaling (Malamud et al., 2004). 

In examining the physical mechanisms that give rise to this power law 
relationship, Hergarten and Neugebauer (1998) indicate that a state variable in addition to 
slope gradient is necessary for landslides to follow a power-law size distribution. This is 
generally termed a time-weakening effect (Densmore et al., 1998; Hergarten, 2003) and 
is similar to a quasiperiodic process in that the probability of failure increases with 
waiting time after the last event at a particular source location. Examples of time-
weakening effects include strain softening, creep, and redistribution of pore pressures 
following, for example, earthquakes (Biscontin et al., 2004; Biscontin and Pestana, 
2006). Dugan and Flemings (2000) also describe a process of lateral pressure 
equilibration over time for submarine fans, with a gradual in- crease the likelihood for 
failure. 

The power-law exponent β for landslide volumes can be determined from either 
cumulative distributions or rank-order distributions. For the latter, observations are sorted 
from largest (rank n=1) to smallest (rank n=N). An advantage of rank-ordering is that it 
tends to avoid bias introduced by correlations of statistical fluctuations that can be 
present in cumulative distributions (Sornette, 2004). As an example, the rank-order 
distributions of landslides offshore northern Puerto Rico (ten Brink et al., 2006a) are 
presented in Figure 136. The power-law portion of the distribution given by 

        (32) 
where  𝑛 is the rank order and 𝑉!  is the volume associated with the nth rank order 
(Sornette, 2004). In this case, 𝛽   =   0.62± 0.03  determined from the rank-order 
distribution is similar to 𝛽   =   0.64 determined from the cumulative statistics of landslide 
volumes presented by ten Brink et al. (2006a). This is smaller than the exponent found 
for clay-rich, less cohesive landslides, but similar to that found for sub-aerial rock falls, 
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This is generally termed a time-weakening effect (Densmore et al., 1998; Hergar-
ten, 2003) and is similar to a quasiperiodic process in that the probability of failure 
increases with waiting time after the last event at a particular source location. 
Examples of time-weakening effects include strain softening, creep, and redistribu-
tion of pore pressures following, for example, earthquakes (Biscontin et al., 2004; 
Biscontin and Pestana, 2006). Dugan and Flemings (2000) also describe a process 
of lateral pressure equilibration over time for submarine fans, with a gradual in-
crease the likelihood for failure. 
 The power-law exponent β for landslide volumes can be determined from either 
cumulative distributions or rank-order distributions. For the latter, observations 
are sorted from largest (rank n=1) to smallest (rank n=N). An advantage of rank-
ordering is that it tends to avoid bias introduced by correlations of statistical fluc-
tuations that can be present in cumulative distributions (Sornette, 2004). As an 
example, the rank-order distributions of landslides offshore northern Puerto Rico 
(ten Brink et al., 2006a) are presented in Fig. 4.11. The power-law portion of the 
distribution given by 

 NnnVn ≤<<∝ − 1  ,/1 β  (32) 

where n is the rank order and nV  is the volume associated with the nth rank order 
(Sornette, 2004). In this case, β = 0.62±0.03 determined from the rank-order distri-
bution is similar to β = 0.64 determined from the cumulative statistics of landslide 
volumes presented by ten Brink et al. (2006a). This is smaller than the exponent 
found for clay-rich, less cohesive landslides, but similar to that found for sub-aerial 
rockfalls, indicating the effect that mechanical properties has on landslide statistics 
(Densmore et al., 1998; Dussauge et al., 2003; ten Brink et al., 2006a) 
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Fig. 4.11 – Rank order distribution of landslide volumes offshore northern Puerto Rico. Power-law 
exponent (β=0.62±0.03) determined from this distribution is similar to that determined from the cumu-
lative distribution of volumes (ten Brink et al., 2006a). 

MS1



244                       Tsunami Hazard Assessment for the U.S. Atlantic and Gulf Coasts 
 

 

indicating the effect that mechanical properties has on landslide statistics (Densmore 
et al., 1998; Dussauge et al., 2003; ten Brink et al., 2006a).  

Even if landslides are assumed to follow a Poisson process, in most locations 
there is insufficient information with which to determine the rate parameter (𝜈!!, equation 
16) or equivalently the activity constant 𝛼 in the frequency-size power-law relationship 
(equation 1). There is some indication from modeling and empirical results that the rate 
of landslide occurrence is non-stationary, depending on long-term global sea level 
fluctuations (Hutton and Syvitski, 2004). Determination of both 𝛼 and 𝛽 rely on the 
correct identification of individual slide events (in terms of the tsunami they generate) 
and age dating. In the past, low resolution imaging of landslide features led in some cases 
to the misidentification of individual landslide events. Large complexes and 
amphitheaters that spanned a considerable geologic age range in geomorphic 
development were often considered one event. With the advent of high-resolution sea 
floor imaging techniques such as multibeam bathymetry, it has been easier to identify 
individual landslide events (Lee, 2005; ten Brink et al., 2006b). 

Age-dating of individual events necessitates identification of geologic horizons 
that span the age of failure. For example, Normark et al. (2004) recognized a debris flow 
unit in a piston core that appeared to correspond to a part of a large landslide complex, 
the Palos Verdes debris avalanche near Los Angeles identified using multibeam imagery. 
By obtaining C-14 ages of microfauna in units above and below the debris flow in the 
piston core, they were able to estimate the age of the landslide component as 7500 yr. In 
some locations, multiple failures at the same location are observed using seismic-
reflection profiling. For example, for the Goleta landslide complex in Santa Barbara 
Channel, Fisher et al. (2005) identify 7 different failure events beneath one of the three 
major lobes. By following acoustic reflectors to the location of a nearby ODP boring, the 
authors determined that three of the failures occurred in the last 160 ka. Lee et al. (2004) 
assembled available age-date information for submarine landslides in southern California 
and estimated that large failures (𝑉   >   0.5  km3) recur with a time interval in the range of 
5,000 to 10,000 years. 

Seven large pre-Holocene landslides have occurred at the location of the massive 
Storegga Slide complex off Norway (Solheim et al., 2005a). These were identified and 
dated using seismic reflection profiling, borings and core samples. The investigations 
show that at least one large landslide apparent occurs during every 100 ky, following 
glacial-interglacial cyclicity, with the most recent occurring 8,150 years ago. 
Accordingly, investigators have been able to conclude that the slope stability 
environment at the site of the Storegga complex will take another glacial-interglacial 
cycle to form a situation that could lead to another major tsunami-generating slide 
(Solheim et al., 2005b). The site is considered to be safe for development of a large gas 
field for the foreseeable future. Few other locations world-wide have received the kind of 
attention directed to southern California and Norwegian submarine landslides so 
recurrence interval information available for these environments is generally lacking. To 
identify these sediments requires either coring the debris field multiple times in the hope 
of collecting cores with sediment and the underlying debris, or conducting high-
resolution seismic imaging to direct the coring. Even with these techniques, the age of 
some landslides may not be dated precisely, because of a very low sedimentation rate or 
lack of datable material. 

If the rate of landslide recurrence can be determined through accurate event 
identification and age dating, it is still necessary for tsunami computations to determine 
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the time history of landslide failure. As indicated by several authors (e.g., Ward, 2001; 
Todorovska et al., 2002; Trifunac et al., 2002), tsunami generation efficiency is 
dependent on landslide speed. Landslide dynamics is a complex field of research, and 
there are different measurements of landslide speed, the most applicable for the outgoing 
tsunami being the spreading velocity (Todorovska et al., 2002; Trifunac et al., 2002; 
2003). In the near-field, other parameters such as slide shape and submergence relative to 
slide height are important factors in determining runup (Liu et al., 2005). Some source 
parameters such as runout may scale with volume and may not be mutually independent. 
In addition, examination of a global tsunami catalog indicates that most tsunamigenic 
landslides are associated with earthquakes, much like subaerial landslides in seismically 
active regions (Keefer, 1994). The origin of the triggering mechanism is thought to be 
direct loading from the earthquake and changes in the pore pressure from successive 
seismic loading cycles (Biscontin et al., 2004; Biscontin and Pestana, 2006). For non-
seismically triggered landslides, a very low tidal excursion is a common triggering 
mechanism in which the slide loses its hydraulic support and does not dewater rapidly. 
More research is needed to determine the inter-relationship among landslide source 
parameters that affect tsunami generation and the mobility of submarine landslides in 
general (Locat and Lee, 2002; Locat et al., 2004). In the meantime, equation 16 can be 
used to determine landslide probabilities using characteristic parameters (and their 
attendant uncertainty) for a given region, such that normally distributed uncertainty is 
included in the 𝑃 𝑅 > 𝑅! 𝜓!,!  term. 

Uncertainties 
The determination of uncertainty in the seismic component of the computational 

PTHA is highly dependent on the underlying assumptions of earthquake physics. For 
example, if a characteristic, time-dependent rupture model is assumed, there is little 
uncertainty in the magnitude of the characteristic event, whereas there is large uncertainty 
in the parameters that define the earthquake recurrence distribution (Savage, 1991; 1992). 
Similarly, if a slip-predictable model is assumed, then there is little uncertainty in the 
magnitude of the next event, but large uncertainty in the waiting time of the next event 
(Shimazaki and Nakata, 1980). Recent research in earthquake physics has indicated that 
the earthquake rupture process is sufficiently complex over multiple earthquake cycles 
and considering multiple faults. For the purposes of probabilistic analysis, tsunamigenesis 
can be considered a stochastic process, with random variables described in the 
aggregation equations. In this section we will briefly describe the ergodic assumption 
used in several aspects of PTHA and indicate how epistemic and aleatory uncertainties 
are incorporated in PTHA. We will also examine the special case of estimating extreme 
values for tsunami runup. 

The Ergodic Assumption 
In estimating certain source parameters or their uncertainty, it is often necessary 

to assume that the physical process (landslides, earthquakes, etc.) is ergodic. Although 
the ergodic theorem originating from statistical physics is complex and multifaceted 
(Anosov, 2001), one important application of the theory is that the time average of a 
process (𝑥) at a particular geographic point is equal to the average at a particular time (𝑡!) 
over an ensemble of points 𝑥!  (Beichelt and Fatti, 2002): 
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       (33) 
For natural hazards, this allows replacing an estimate of the source or hazard 

statistics at a particular location where there is limited knowledge throughout time with 
the statistics of an ensemble of known source or hazard variables over a broad region (or 
even globally). 

An example of where the ergodic assumption is used is estimation of corner 
moment for a particular fault. Because earthquake catalogs are very limited at large 
magnitudes for a particular fault zone or fault segment throughout time, it is necessary to 
analyze the statistics of corner moment for a number of faults around the world, as done 
by Bird and Kagan (2004). However, Bird and Kagan (2004) note that different types of 
faults (oceanic transform faults, subduction zones) are separated because of differences in 
tectonic environment (stress, thermal structure, etc.) (see also Pisarenko and Sornette, 
2003). Grouping all subduction zones together, Bird and Kagan (2004) were able to 
estimate a corner moment magnitude of 9.58. Even with the expanded catalog of 
subduction zone earthquakes, however, uncertainty is still difficult to estimate. They 
indicate 95% confidence limits of 9.58!!.!"?   (upper confidence limit not found) using a 
merged 20th century earthquake catalog and 9.58!!.!"!!.!"  using the seismic moment 
conservation argument (Section 9.2.3). 

The same type of analysis could be performed to estimate submarine landslide 
recurrence, though it is unclear what geologic factors are key to defining the ergodic 
ensemble. If there are multiple dates in a given region where the offshore sediment 
composition, tectonics, ground shaking, etc. are similar such as southern California, the 
age dates of multiple landslides within in the region can be grouped together to estimate 
the recurrence of landslides (Lee et al., 2004). For a global ensemble, however, one has to 
take into account differences in sediment (clastic vs. carbonate), tectonic movement 
(passive margin vs. active movement as in Puerto Rico), glacial activity, and peak ground 
acceleration. Too large of an ensemble can result in ergodicity breaking where the 
assumption no longer applies. This is discussed in the context of estimating uncertainty in 
the seismic attenuation relationship for earthquake ground motion studies by Anderson 
and Brune (1999). Lutz (2004) also indicates that physical systems that follow Lévy Law 
distributions (discussed below in terms of slip distributions) may also exhibit ergodicity 
breaking. While rigorously proving the ergodic assumption for complex systems is 
difficult, the assumption should at minimum be closely examined for specific situations 
to determine its domain of applicability. 

Incorporating Uncertainties into PTHA 
Similar to PSHA, it is convenient to classify PTHA uncertainty as being epistemic 

or aleatory (Senior Seismic Hazard Analysis Committee (SSHAC), 1997; Toro et al., 
1997; National Research Council (NRC), 2000). Epistemic uncertainty is also referred to 
as knowledge uncertainty that can be reduced by the collection of new data. Such 
uncertainty is often incorporated into probabilistic calculations through logic trees and 
computation of multiple hazard curves. From these, a mean or percentile hazard curve is 
determined, depending on the particular application (Abrahamson and Bommer, 2005; 
McGuire et al., 2005). An example of epistemic uncertainty is the mode of earthquake 
occurrence along the Aleutian-Alaskan subduction zone described by Wesson et al. 
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Although the ergodic theorem originating from statistical physics is complex and 
multifaceted (Anosov, 2001), one important application of the theory is that the 
time average of a process (x) at a particular geographic point is equal to the aver-
age at a particular time ( 0t ) over an ensemble of points kx  (Beichelt and Fatti, 
2002): 
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For natural hazards, this allows replacing an estimate of the source or hazard sta-
tistics at a particular location where there is limited knowledge throughout time 
with the statistics of an ensemble of known source or hazard variables over a broad 
region (or even globally). 
 An example of where the ergodic assumption is used is estimation of corner 
moment for a particular fault. Because earthquake catalogs are very limited at 
large magnitudes for a particular fault zone or fault segment throughout time, it is 
necessary to analyze the statistics of corner moment for a number of faults around 
the world, as done by Bird and Kagan (2004). However, Bird and Kagan (2004) 
note that different types of faults (oceanic transform faults, subduction zones) are 
separated because of differences in tectonic environment (stress, thermal structure, 
etc.) (see also Pisarenko and Sornette, 2003). Grouping all subduction zones to-
gether, Bird and Kagan (2004) were able to estimate a corner moment magnitude 
of 9.58. Even with the expanded catalog of subduction zone earthquakes, how- 
ever, uncertainty is still difficult to estimate. They indicate 95% confidence limits 
of ?

46.058.9 −  (upper confidence limit not found) using a merged 20th century earth-
quake catalog and 48.0

46.058.9 +
−  using the seismic moment conservation argument 

(Section 3). 
 The same type of analysis could be performed to estimate submarine landslide 
recurrence, though it is unclear what geologic factors are key to defining the er-
godic ensemble. If there are multiple dates in a given region where the offshore 
sediment composition, tectonics, ground shaking, etc. are similar such as southern 
California, the age dates of multiple landslides within in the region can be grouped 
together to estimate the recurrence of landslides (Lee et al., 2004). For a global 
ensemble, however, one has to take into account differences in sediment (clastic 
vs. carbonate), tectonic movement (passive margin vs, active movement as in 
Puerto Rico), glacial activity, and peak ground acceleration. Too large of an en-
semble can result in ergodicity breaking where the assumption no longer applies. 
This is discussed in the context of estimating uncertainty in the seismic attenuation 
relationship for earthquake ground motion studies by Anderson and Brune (1999). 
Lutz (2004) also indicates that physical systems that follow Lévy Law distributions 
(discussed below in terms of slip distributions) may also exhibit ergodicity break-
ing. While rigorously proving the ergodic assumption for complex systems is diffi-
cult, the assumption should at minimum be closely examined for specific situations 
to determine its domain of applicability. 
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(1999). In this case, two different segmentation models are considered involving both a 
G-R distribution of magnitudes and a characteristic mode of rupture at the site of the 
1964 Alaska earthquake. These are associated with two different branches of a logic tree, 
each with specified weights, that are incorporated into computation of ground 
acceleration in the case of Wesson et al. (1999), and for tsunamis originating from the 
Aleutian- Alaskan subduction zone in the case of the Seaside, Oregon pilot study 
(Tsunami Pilot Study Working Group, 2006). 

Aleatory uncertainty relates to the natural or stochastic uncertainty inherent in the 
physical system. Aleatory uncertainty is incorporated into probabilistic analysis through 
direct integration in the   𝑃 𝑅 > 𝑅! 𝜓!" term (equation 16). Recall that𝜓!"  is the 
parameter(s) that is directly linked to the source frequency-size distribution. Other source 
parameters that result in a range of runup for a particular value of 𝜓!" can be considered 
as random variables   𝑦! = 1,2,3,⋯   For a single random variable 𝑦  where 𝑅 𝑦 is 
normally distributed and has expected value (𝜇!), and variance (𝜎!!), 

     (34)  
Multiple independent random variables 𝑦! , each resulting in a normally 

distributed 𝑅 𝑦! ,  will combine such that the aggregate pdf 𝑃 𝑅 𝜓!" is normally 
distributed according to the central limit theorem and under the conditions for which that 
theorem applies. 

An example of how aleatory uncertainty is incorporated into PTHA calculations is 
described by Mofjeld et al. (2007) for the case of tsunami arrival time relative to tidal 
cycle. This is a non-trivial situation, since the tsunami wave train can extend over at least 
an entire tidal cycle. In this application, the pdf for the maximum tsunami wave height 
(𝜂) is a normal distribution that depends on the initial amplitude of the incident wave (𝐴) 
and a set of tidal constants (𝜅): 

      (35) 
where 

     (36)  
and 

       (37)  
MSL and MHHW are mean sea level and mean higher high water, respectively, 𝜎!! is the 
variance of the predicted tide, and  𝐶,𝐶!,𝛼,𝛼!,𝛽,𝛽! ∈ 𝜅,  are all site specific constants 
(Mofjeld et al., 2007). The cumulative probability that the wave height will exceed a 
particular value  (𝜂!) over the entire duration of the tsunami is given by 

      (38)  
Another example of aleatory uncertainty is variation in slip distribution patterns 

for an earthquake of a given magnitude. In this case, slip on a fault plane inclined below 
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4.2 Incorporating Uncertainties into PTHA 

Similar to PSHA, it is convenient to classify PTHA uncertainty as being epistemic 
or aleatory (Senior Seismic Hazard Analysis Committee (SSHAC), 1997; Toro et 
al., 1997; National Research Council (NRC), 2000). Epistemic uncertainty is also 
referred to as knowledge uncertainty that can be reduced by the collection of new 
data. Such uncertainty is often incorporated into probabilistic calculations through 
logic trees and computation of multiple hazard curves. From these, a mean or 
percentile hazard curve is determined, depending on the particular application 
(Abrahamson and Bommer, 2005; McGuire et al., 2005). An example of epistemic 
uncertainty is the mode of earthquake occurrence along the Aleutian-Alaskan 
subduction zone described by Wesson et al. (1999). In this case, two different seg-
mentation models are considered involving both a G-R distribution of magnitudes 
and a characteristic mode of rupture at the site of the 1964 Alaska earthquake. 
These are associated with two different branches of a logic tree, each with speci-
fied weights, that are incorporated into computation of ground acceleration in the 
case of Wesson et al. (1999), and for tsunamis originating from the Aleutian-
Alaskan subduction zone in the case of the Seaside, Oregon pilot study (Tsunami 
Pilot Study Working Group, 2006). 
 Aleatory uncertainty relates to the natural or stochastic uncertainty inherent in 
the physical system. Aleatory uncertainty is incorporated into probabilistic analysis 
through direct integration in the )|( 0 ijRRP ψ>  term (equation 16). Recall that 

ijψ  is the parameter(s) that is directly linked to the source frequency-size distribu-
tion. Other source parameters that result in a range of runup for a particular value 
of ijψ  can be considered as random variables ky , k=1,2,3… For a single random 
variable y where R(y) is normally distributed and has expected value ( yµ ), and 
variance ( 2

yσ ), 
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Multiple independent random variables ( ky ), each resulting in a normally distrib-
uted ( )kyR , will combine such that the aggregate pdf )|( , jiRp ψ  is normally dis-
tributed according to the central limit theorem and under the conditions for which 
that theorem applies. 
 An example of how aleatory uncertainty is incorporated into PTHA calcula-
tions is described by Mofjeld et al. (2007) for the case of tsunami arrival time rela-
tive to tidal cycle. This is a non-trivial situation, since the tsunami wave train can 
extend over at least an entire tidal cycle. In this application, the pdf for the maxi-
mum tsunami wave height (η) is a normal distribution that depends on the initial 
amplitude of the incident wave (A) and a set of tidal constants (κ): 
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uted ( )kyR , will combine such that the aggregate pdf )|( , jiRp ψ  is normally dis-
tributed according to the central limit theorem and under the conditions for which 
that theorem applies. 
 An example of how aleatory uncertainty is incorporated into PTHA calcula-
tions is described by Mofjeld et al. (2007) for the case of tsunami arrival time rela-
tive to tidal cycle. This is a non-trivial situation, since the tsunami wave train can 
extend over at least an entire tidal cycle. In this application, the pdf for the maxi-
mum tsunami wave height (η) is a normal distribution that depends on the initial 
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where 
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MSL and MHHW are mean sea level and mean higher high water, respectively, 
2
0σ  is the variance of the predicted tide, and κββαα ∈',,',,',CC , are all site spe-

cific constants (Mofjeld et al., 2007). The cumulative probability that the wave 
height will exceed a particular value ( 0η ) over the entire duration of the tsunami is 
given by 
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 Another example of aleatory uncertainty is variation in slip distribution patterns 
for an earthquake of a given magnitude. In this case, slip on a fault plane inclined 
below the surface of the earth ),( yu ξ  (cf., Geist and Dmowska, 1999) is deter-
mined by specifying the slip spectrum in the radial wavenumber domain that can 
be directly linked to seismic observations (Hanks, 1979; Andrews, 1980; Frankel, 
1991; Herrero and Bernard, 1994; Tsai, 1997; Somerville et al., 1999; Hisada, 2000; 
2001; Mai and Beroza, 2002). Phase space is then randomized to yield a suite of 

),( yu ξ  distributions that correspond to the same scalar seismic moment and seis-
mic source spectrum. The suite of ),( yu ξ  can be used to estimate the uncertainty 
in local tsunami amplitude for a given seismic moment (Geist, 2002; 2005) as 
shown in Fig. 4.12 for a M~9 earthquake in the U.S. Pacific Northwest. In this case, 
the hazard variable is peak nearshore amplitude (A) rather than runup. The distri-
bution of tsunami incident amplitudes )),(|( 0 yuAAP ξ>  arising from different 
slip distribution patterns is approximately a normal distribution, although there 
can be site-specific deviations owing to propagation path effects (Geist, 2005; Geist 
and Parsons, 2006). 
 For descriptive purposes, we can assign a random variable ϕy  that defines the 
phase space for the slip distribution ),( yu ξ . In most formulations of stochastic slip 
distributions (including Geist, 2002; 2005), ϕy  is assumed to be normally distrib-
uted. Recent research, however, indicates that the standard self-affine slip model 
described above may not accurately encompass possible large fluctuations in slip 
(Lavallée and Archuleta, 2003; Lavallée et al., 2006). The modification proposed 
by Lavallée et al. (2006) is to use the more general Lévy law distributions to de-
scribe ϕy . (Lavallée et al., 2006, describes 1D and 2D stochastic modeling in more 
detail than the simple parameterization by ϕy  described here.) The Lévy law de-
scribes a class of stable distributions characterized by several parameters includ- 
ing the Lévy exponent 20: << µµ  (Sornette, 2004; Lavallée et al., 2006). Specific  
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 Another example of aleatory uncertainty is variation in slip distribution patterns 
for an earthquake of a given magnitude. In this case, slip on a fault plane inclined 
below the surface of the earth ),( yu ξ  (cf., Geist and Dmowska, 1999) is deter-
mined by specifying the slip spectrum in the radial wavenumber domain that can 
be directly linked to seismic observations (Hanks, 1979; Andrews, 1980; Frankel, 
1991; Herrero and Bernard, 1994; Tsai, 1997; Somerville et al., 1999; Hisada, 2000; 
2001; Mai and Beroza, 2002). Phase space is then randomized to yield a suite of 

),( yu ξ  distributions that correspond to the same scalar seismic moment and seis-
mic source spectrum. The suite of ),( yu ξ  can be used to estimate the uncertainty 
in local tsunami amplitude for a given seismic moment (Geist, 2002; 2005) as 
shown in Fig. 4.12 for a M~9 earthquake in the U.S. Pacific Northwest. In this case, 
the hazard variable is peak nearshore amplitude (A) rather than runup. The distri-
bution of tsunami incident amplitudes )),(|( 0 yuAAP ξ>  arising from different 
slip distribution patterns is approximately a normal distribution, although there 
can be site-specific deviations owing to propagation path effects (Geist, 2005; Geist 
and Parsons, 2006). 
 For descriptive purposes, we can assign a random variable ϕy  that defines the 
phase space for the slip distribution ),( yu ξ . In most formulations of stochastic slip 
distributions (including Geist, 2002; 2005), ϕy  is assumed to be normally distrib-
uted. Recent research, however, indicates that the standard self-affine slip model 
described above may not accurately encompass possible large fluctuations in slip 
(Lavallée and Archuleta, 2003; Lavallée et al., 2006). The modification proposed 
by Lavallée et al. (2006) is to use the more general Lévy law distributions to de-
scribe ϕy . (Lavallée et al., 2006, describes 1D and 2D stochastic modeling in more 
detail than the simple parameterization by ϕy  described here.) The Lévy law de-
scribes a class of stable distributions characterized by several parameters includ- 
ing the Lévy exponent 20: << µµ  (Sornette, 2004; Lavallée et al., 2006). Specific  
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 Another example of aleatory uncertainty is variation in slip distribution patterns 
for an earthquake of a given magnitude. In this case, slip on a fault plane inclined 
below the surface of the earth ),( yu ξ  (cf., Geist and Dmowska, 1999) is deter-
mined by specifying the slip spectrum in the radial wavenumber domain that can 
be directly linked to seismic observations (Hanks, 1979; Andrews, 1980; Frankel, 
1991; Herrero and Bernard, 1994; Tsai, 1997; Somerville et al., 1999; Hisada, 2000; 
2001; Mai and Beroza, 2002). Phase space is then randomized to yield a suite of 

),( yu ξ  distributions that correspond to the same scalar seismic moment and seis-
mic source spectrum. The suite of ),( yu ξ  can be used to estimate the uncertainty 
in local tsunami amplitude for a given seismic moment (Geist, 2002; 2005) as 
shown in Fig. 4.12 for a M~9 earthquake in the U.S. Pacific Northwest. In this case, 
the hazard variable is peak nearshore amplitude (A) rather than runup. The distri-
bution of tsunami incident amplitudes )),(|( 0 yuAAP ξ>  arising from different 
slip distribution patterns is approximately a normal distribution, although there 
can be site-specific deviations owing to propagation path effects (Geist, 2005; Geist 
and Parsons, 2006). 
 For descriptive purposes, we can assign a random variable ϕy  that defines the 
phase space for the slip distribution ),( yu ξ . In most formulations of stochastic slip 
distributions (including Geist, 2002; 2005), ϕy  is assumed to be normally distrib-
uted. Recent research, however, indicates that the standard self-affine slip model 
described above may not accurately encompass possible large fluctuations in slip 
(Lavallée and Archuleta, 2003; Lavallée et al., 2006). The modification proposed 
by Lavallée et al. (2006) is to use the more general Lévy law distributions to de-
scribe ϕy . (Lavallée et al., 2006, describes 1D and 2D stochastic modeling in more 
detail than the simple parameterization by ϕy  described here.) The Lévy law de-
scribes a class of stable distributions characterized by several parameters includ- 
ing the Lévy exponent 20: << µµ  (Sornette, 2004; Lavallée et al., 2006). Specific  
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the surface of the earth 𝑢 𝜉,𝑦 (cf., Geist and Dmowska, 1999) is determined by 
specifying the slip spectrum in the radial wavenumber domain that can be directly linked 
to seismic observations (Hanks, 1979; Andrews, 1980; Frankel, 1991; Herrero and 
Bernard, 1994; Tsai, 1997; Somerville et al., 1999; Hisada, 2000; 2001; Mai and Beroza, 
2002). Phase space is then randomized to yield a suite of 𝑢 𝜉,𝑦  distributions that 
correspond to the same scalar seismic moment and seismic source spectrum. The suite of 
𝑢 𝜉,𝑦   can be used to estimate the uncertainty in local tsunami amplitude for a given 
seismic moment (Geist, 2002; 2005) as shown in Figure 137 for a M~9 earthquake in the 
U.S. Pacific Northwest. In this case, the hazard variable is peak near shore amplitude (A) 
rather than runup. The distribution of tsunami incident amplitudes  𝑃 𝐴 > 𝐴! 𝑢 𝜉,𝑦   
arising from different slip distribution patterns is approximately a normal distribution, 
although there can be site-specific deviations owing to propagation path effects (Geist, 
2005; Geist and Parsons, 2006). 

For descriptive purposes, we can assign a random variable 𝑦! that defines the 
phase space for the slip distribution 𝑢 𝜉,𝑦 . In most formulations of stochastic slip 
distributions (including Geist, 2002; 2005), 𝑦!is assumed to be normally distributed. 
Recent research, however, indicates that the standard self-affine slip model described 
above may not accurately encompass possible large fluctuations in slip (Lavallée and 
Archuleta, 2003; Lavallée et al., 2006). The modification proposed by Lavallée et al. 
(2006) is to use the more general Lévy law distributions to describe  𝑢 𝜉,𝑦 . (Lavallée et 
al., 2006, describes 1D and 2D stochastic modeling in more detail than the simple 
parameterization by 𝑢 𝜉,𝑦 described here.) The Lévy law describes a class of stable 
distributions characterized by several parameters including the Lévy exponent 𝜇: 0 < 𝜇 <
2 (Sornette, 2004; Lavallée et al., 2006). Specific analytic cases of symmetric Lévy 
distributions include the Cauchy-Lorentz distribution (𝜇   = 1) and the Lévy distribution 
(𝜇   = 1/2). Each of these are heavy tail pdf’s in comparison to the normal distribution ( 
𝜇   =   2 ). Slip distributions determined from tsunami data collected during the 2004 
Indian Ocean event (Fujii and Satake, 2007) suggest that this was a case of high slip 
fluctuation (Geist et al., 2007) and indicating that Lévy law distributions may need to be 
considered when estimating uncertainty of tsunami runup from distributed slip. Note that 
for the two examples of aleatory uncertainty described above, 𝑝(𝜂|𝐴, 𝜅) and 
𝑝 𝐴|𝐴𝑢 𝜉,𝑦  are obviously not independent, in that the distribution of combined 
tsunami and tidal wave heights are functionally dependent on A (Mofjeld et al., 2007). 

As demonstrated by Geist and Parsons (2006), Monte Carlo methods are 
particularly useful for incorporating multiple sources of uncertainty. In this case, slip 
distribution, hypocenter (within the bounds specified by the seismogenic zone), and 
magnitude (taken from a sample of a seismic moment-balanced G-R distribution) all were 
randomized to yield a tsunami hazard curve at a particular coastal site. For the case of 
Acapulco, the computational curve compares well with the empirical curve determined 
from the available tsunami catalog data, when the limitations of the catalog are taken into 
account (Figures 126 and 127). 

Probabilities of Extreme Tsunamis 
In some applications, it is necessary to determine the severity of an extreme event 

located at the tail of the tsunami frequency-size distribution. Issues such as knowing total 
insurance risk, economic impact, and long-term hazard for critical facilities necessitate 
estimating extreme values in natural hazards. However, there is a high level of 
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uncertainty associated with these estimates, stemming from a lack of historical data and 
knowledge of what the maximum possible event may be. 

Empirical Approach 
A standard approach to such empirical problems is to use an asymptotic model of 

extremes, in which the cumulative distribution of the largest events approaches one of a 
member of the class of distributions called the General Extreme Value Distributions 
(GEVD) (Castillo et al., 2005). The basic members of the GEVD class include the 
Gumbel distribution (tail tapering off faster than a power law), Fréchet (tail tapering off 
as a power law), and Weibull (tail with finite right end point) (Kotz and Nadarajah, 2000; 
Sornette, 2004). Of the three, the Gumbel distribution (Gumbel, 1958) has been most 
often applied to natural hazards, since it has an infinite right tail but corresponds in 
general to a tapered power-law distribution. In particular, Hogben (1990) uses GEVD to 
determine extreme storm wave heights and Kulikov et al. (2005) presents a probabilistic 
analysis of tsunami hazards in Peru and northern Chile based on the Gumbel distribution. 

The main problem with using the asymptotic models of extremes is that they do 
not make use of the full dataset or underlying pdf (Knopoff and Kagan, 1977; Sornette, 
2004). Instead, rank-ordering statistics of an observed dataset (as in the Peaks-Over-
Threshold modeling in extreme value theory) can be used to define the power-law 
exponent at extreme values (Knopoff and Kagan, 1977; Sornette et al., 1996). In addition, 
the generalized Pareto distribution (GPD) as described for earthquakes, floods, and 
extreme tides (Pugh, 1987; Stedinger et al., 1993; Pisarenko and Sornette, 2003) can be 
used to establish the extreme value distribution. The GPD is as follows: 

      (39)  
where 𝜉 is a shape parameter that is dependent on the pdf of the observations and s is a 
scale parameter, which depends on the threshold of observations. Kijko (2004) also 
provides techniques to estimate the hard maximum limit 𝑅! , whether or not the 
underlying distribution is known. 

Computational Approach 
For the computational approach, one can follow the general method described in 

Section 9.2.4, paying careful attention to the underlying source-size distribution function 
and the attendant uncertainties. Of course, the analysis of extreme tsunamis greatly 
depends on the assumed mode of occurrence for the sources. For example, under the 
seismic gap hypothesis, the maximum size of a tsunami from a given fault segment is 
limited by the characteristic earthquake magnitude. This greatly reduces the uncertainty 
associated with determination of the maximum tsunamis, as does the assumption of a 
universal value for the aperiodicity parameter (𝛼). However, a more realistic view of 
earthquake occurrence based on a soft-taper in the power-law distribution of sizes 
necessitates a more difficult analysis of uncertainties as described below. 

In establishing the distribution of extreme source sizes, one can again use the 
GPD as described above or establish the corner seismic moment (earthquakes) or corner 
volume (landslides) using a modified power-law distribution. For the latter, parameter 
estimation of both 𝑀!and 𝛽 from global seismicity use the maximum likelihood method 
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where ξ is a shape parameter that is dependent on the pdf of the observations and 
s is a scale parameter which depends on the threshold of observations. Kijko 
(2004) also provides techniques to estimate the hard maximum limit xR , whether 
or not the underlying distribution is known. 

Computational Approach 
For the computational approach, one can follow the general method described in 
Section 4, paying careful attention to the underlying source-size distribution func-
tion and the attendant uncertainties. Of course, the analysis of extreme tsunamis 
greatly depends on the assumed mode of occurrence for the sources. For example, 
under the seismic gap hypothesis, the maximum size of a tsunami from a given 
fault segment is limited by the characteristic earthquake magnitude. This greatly 
reduces the uncertainty associated with determination of the maximum tsunamis, 
as does the assumption of a universal value for the aperiodicity parameter (α). 
However, a more realistic view of earthquake occurrence based on a soft-taper in 
the power-law distribution of sizes necessitates a more difficult analysis of uncer-
tainties as described below. 
 In establishing the distribution of extreme source sizes, one can again use the 
GPD as described above or establish the corner seismic moment (earthquakes) or 
corner volume (landslides) using a modified power-law distribution. For the latter, 
parameter estimation of both Mc and β from global seismicity use the maximum 
likelihood method (e.g., Bird and Kagan, 2004). In this case the log-likelihood 
function ( A ) for the tapered Pareto distribution (i.e., modified G-R distribution) is 
given by 
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where iM  are i=1,2,3…n iid observations of seismic moment (cf., equations 17 and 
18). In addition, Kagan and Schoenberg (2001) describe several other approaches 
to estimate the corner moment, including average likelihood estimates and a 
method of moments estimator. Pisarenko and Sornette (2003) argue that the shape 
parameter ξ of the GPD in equation 39 (estimate constrained by the Kolmogorov 
distance) is more tightly constrained than the corner moment. 
 Care must also be taken in how epistemic uncertainty in determining tsunami 
amplitudes from a particular extreme source is propagated through the calcula-
tions. One particular concern is determining which quantile curve is most repre-
sentative of the hazard where there is significant epistemic uncertainty. This has 
been discussed recently for PSHA studies in comparing mean, median and frac- 
tile hazard curves by Abrahamson and Bommer (2005) derived from different 
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(e.g., Bird and Kagan, 2004). In this case the log-likelihood function 
 
ℓ( )  for the tapered 

Pareto distribution (i.e., modified G-R distribution) is given by 

   (40)  
where Mi (𝑖 = 1,2,3, . . .𝑛) are independent, identically distributed (iid) observations of 
seismic moment (cf., equations 17 and 18). In addition, Kagan and Schoenberg (2001) 
describe several other approaches to estimate the corner moment, including average 
likelihood estimates and a method of moments estimator. Pisarenko and Sornette (2003) 
argue that the shape parameter 𝜉 of the GPD in equation 39 (estimate constrained by the 
Kolmogorov distance) is more tightly constrained than the corner moment. 

Care must also be taken in how epistemic uncertainty in determining tsunami 
amplitudes from a particular extreme source is propagated through the calculations. One 
particular concern is determining which quantile curve is most representative of the 
hazard where there is significant epistemic uncertainty. This has been discussed recently 
for PSHA studies in comparing mean, median and fractile hazard curves by Abrahamson 
and Bommer (2005) derived from different branches of an epistemic logic tree. They 
indicate that the mean hazard curve diverges significantly from the median hazard curve 
to higher hazard levels for very low hazard rates (10-7-10-8 yr-1). However McGuire et al. 
(2005) suggests that this is more of a problem with how the logic tree is formulated and 
weights assigned (cf., Senior Seismic Hazard Analysis Committee (SSHAC), 1997) and 
that the mean hazard curve is more in line with current understanding of the meaning of 
probability. Ideally, one would look at the entire probability distribution at a particular 
hazard level to determine how much information is contained in the probability estimate 
(Savage, 1991). 

Summary 
In this chapter, we have outlined empirical and computational approaches to 

estimate tsunami probability. Both approaches are centered around determining the 
frequency-size and inter-event time distributions. In the case of the empirical approach, 
these distributions apply to the tsunamis themselves, whereas in the computational 
approach, the distributions apply to the tsunami sources. Previous studies (e.g., 
Burroughs and Tebbens, 2005) have indicated that tsunami sizes are nominally 
distributed according to a power-law that is modified to include a taper or roll-off at large 
sizes. It is in fact uncertain what the limiting size of a tsunami is, since there are very low 
probability geologic processes that can theoretically produce much larger tsunamis than 
discussed here (e.g., catastrophic volcanic flank failures and asteroid impacts). In 
addition, there is likely a hydrodynamic limit for tsunami size, influenced by nonlinear 
shoaling effects and offshore wave breaking (Korycansky and Lynett, 2005). This chapter 
shows that for the inter-event time distribution, global tsunamis are characterized by a 
deviation from the exponential distribution associated with a Poisson process, especially 
at short inter-event times. 

For the computational approach, the size distribution of earthquakes is better 
constrained than that for landslides and tsunamis themselves. Substantial progress has 
been made in determining the power-law exponent (𝛽) and corner moment for the 
earthquake size distribution. Moreover, recent studies (ten Brink et al., 2006a) have 
indicated that offshore landslides may also follow a modified power-law distribution of 
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arenko and Sornette, 2003) can be used to establish the extreme value distribution. 
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where ξ is a shape parameter that is dependent on the pdf of the observations and 
s is a scale parameter which depends on the threshold of observations. Kijko 
(2004) also provides techniques to estimate the hard maximum limit xR , whether 
or not the underlying distribution is known. 

Computational Approach 
For the computational approach, one can follow the general method described in 
Section 4, paying careful attention to the underlying source-size distribution func-
tion and the attendant uncertainties. Of course, the analysis of extreme tsunamis 
greatly depends on the assumed mode of occurrence for the sources. For example, 
under the seismic gap hypothesis, the maximum size of a tsunami from a given 
fault segment is limited by the characteristic earthquake magnitude. This greatly 
reduces the uncertainty associated with determination of the maximum tsunamis, 
as does the assumption of a universal value for the aperiodicity parameter (α). 
However, a more realistic view of earthquake occurrence based on a soft-taper in 
the power-law distribution of sizes necessitates a more difficult analysis of uncer-
tainties as described below. 
 In establishing the distribution of extreme source sizes, one can again use the 
GPD as described above or establish the corner seismic moment (earthquakes) or 
corner volume (landslides) using a modified power-law distribution. For the latter, 
parameter estimation of both Mc and β from global seismicity use the maximum 
likelihood method (e.g., Bird and Kagan, 2004). In this case the log-likelihood 
function ( A ) for the tapered Pareto distribution (i.e., modified G-R distribution) is 
given by 
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where iM  are i=1,2,3…n iid observations of seismic moment (cf., equations 17 and 
18). In addition, Kagan and Schoenberg (2001) describe several other approaches 
to estimate the corner moment, including average likelihood estimates and a 
method of moments estimator. Pisarenko and Sornette (2003) argue that the shape 
parameter ξ of the GPD in equation 39 (estimate constrained by the Kolmogorov 
distance) is more tightly constrained than the corner moment. 
 Care must also be taken in how epistemic uncertainty in determining tsunami 
amplitudes from a particular extreme source is propagated through the calcula-
tions. One particular concern is determining which quantile curve is most repre-
sentative of the hazard where there is significant epistemic uncertainty. This has 
been discussed recently for PSHA studies in comparing mean, median and frac- 
tile hazard curves by Abrahamson and Bommer (2005) derived from different 
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sizes, with 𝛽 dependent on mechanical properties of the slide material. For inter-event 
time distributions, both time-independent (Poissonian) and time-dependent distributions 
are described for earthquakes. Aside from universal distributions recently proposed 
(Corral, 2004; Davidsen and Goltz, 2004; Molchan, 2005), fault-specific parameters for 
time-dependent probability models are in practice difficult to determine. This is a result 
of questionable underlying assumptions of earthquake rupture (e.g., characteristic, time-
predictable) and the necessary number and precision of historic and pre-historic 
observations. The situation for offshore landslides is even more uncertain, as there is a 
general lack of age dates for individual events. While we await more data to constrain the 
inter-event distributions, the null hypothesis of an exponential distribution is likely our 
best model. 

Reducing sources of epistemic uncertainty is key to developing more accurate 
tsunami probability estimates for the computational approach in the future. While most 
tsunami source parameters are approximately normally distributed, there are some 
parameters such as landslide speed where there is insufficient data to make this 
assumption. In addition, other parameters such as slip distribution appear to exhibit 
stronger fluctuations than expected from a normal distribution (Lavallée et al., 2006). 
Further research is needed to better quantify uncertainty for source parameters that scale 
with source size. For any tsunami probability study, it is important to understand how 
uncertainty affects the probability estimate, either through a determination of information 
content (Savage, 1991; 1992) or through Monte Carlo techniques (Parsons, 2004; 2005). 

 
Figure 126. Observations (solid circles) and best-fit empirical curve, from merged catalog including 
eye-witness observations and tide-gage measurements (1732–2006) (dashed line), representing 
frequency-size distribution for local tsunamis at Acapulco, Mexico. Computationally-derived 
distribution (solid line) is shown for comparison.  (Modified from Geist and Parsons, 2006.) 
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Figure 127. Observations (solid circles) and best-fit empirical curve, from tide-gage sub-catalog 
(1950– 2006) (dashed line), representing frequency-size distribution for local tsunamis at Acapulco, 
Mexico. Computationally-derived distribution (solid line) is shown for comparison. (Modified from 
Geist and Parsons, 2006.) 

 
Figure 128. Cumulative number of tsunamis in the global catalog since 1900. 



Chapter 10:  Some Open Research Questions          253 
 

 

 
Figure 129. Time series of global tsunami catalog showing from 1900–2007 showing (a) size of 
events recorded as run-up heights and (b) inter-event time. Event times are defined as the origin 
time of the tsunami source.  
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Figure 130. Empirical pdf for global tsunami source inter-event times using different binning 
parameters (c = 2.0, 2.2, 2.4, 2.6 hrs; star, x, circle, diamond, respectively). Theoretical inter-event 
time distributions also shown for an exponential distribution (light solid line), gamma distribution 
where 𝛾   =   0.6 (heavy solid line), and Omori-type aftershock distribution where 𝑇!   =   9.6 hrs. 
(dashed line).  

 
Figure 131. Empirical pdf for tsunami inter-event times at Hilo, Hawaii using different binning 
parameters (c = 1.8, 2.0, 2.2, 2.4 days; star, x, filled circle, open circle, respectively). Event times 
are defined as the absolute arrival time of the tsunami at Hilo. Theoretical inter-event time 
distributions also shown for an exponential distribution (light solid line), gamma distribution where 
𝛾   =   0.8 (solid line), and Omori-type aftershock distribution where 𝑇!   =   1.2 days (dashed line).  
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Figure 132. Regional estimate of tsunami probability in the Caribbean from sparse catalog data. (a) 
Spatial distribution of tsunami runup observations. Diameter of circle proportional to runup in 
meters. (b) Frequency of events binned into 20km-by-20km cells. Histograms represent results of 
Monte Carlo analysis of possible 30-yr. probabilities that fit the catalog data taken from an 
exponential distribution at 3 representative locations.  
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Figure 133. Different forms of the modified G-R frequency-moment ccdf for earthquakes (Kagan, 
2002a). Two pairs of distributions are indicated: characteristic (heavy dashed line) and truncated 
(light dashed line) distributions have a finite limit. Tapered G-R (heavy solid line) and gamma (light 
solid line) distributions have a soft taper. For each distribution, the limiting moment and corner 
moment are identical: 6.92 × 1021 Nm2 (Mw = 8.5).  

 
Figure 134. Hazard rate as a function of non-dimensional time h(t) for two gamma distributions with 
different shape parameters: increasing hazard rate ( γ > 1 ) with time associated with quasiperiodic 
models (e.g., Ogata, 1999a); decreasing hazard rate ( γ < 1 ) associated with temporal clustering 
of events (e.g., Corral, 2004). Constant hazard rate for exponential distribution (dashed line) shown 
for comparison.  
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Figure 135. Results of Monte Carlo simulation in which the successful combinations of parameters 
ν and α for the BPT distribution fit the observed paleoseismic record of Cascadia subduction zone 
earthquakes. (a) number of successful hits for the two distribution parameters. (Mean inter-event 
time represented by 1/υ .) (b) resulting histogram of 30-year conditional probabilities for the 
distributions that fit the data.  

 
Figure 136. Rank order distribution of landslide volumes offshore northern Puerto Rico. Power-law 
exponent (β=0.62±0.03) determined from this distribution is similar to that determined from the 
cumulative distribution of volumes (ten Brink et al., 2006a).  
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Figure 137. Example of how aleatory uncertainty in the earthquake source is integrated into the P 
term in equation 16. In this case for the U.S. Pacific Northwest, uncertainty of peak near shore 
tsunami amplitude (A) from variations of slip distribution patterns for a local M~9 earthquake 
(shaded region) is determined from numerical tsunami propagation models. Left column of plots 
indicate histograms of A values and a normal distribution approximation (solid line). CV: coefficient 

of variation. Right column of plots indicates the function !!P A> A0 |u ξ , y( )( )  using the cumulative 
normal distribution function (equation 34) for different threshold values, A0. Details given by Geist 
and Parsons (2006).  

9.3 Estimation of submarine mass failure probability from a sequence of deposits 
with age dates 

Introduction 
Submarine mass failures present a significant hazard for submarine infrastructure, 

for offshore energy development, and to coastal regions via the generation of tsunamis 
(Locat and Lee, 2002; Masson et al., 2006; Sawyer et al., 2009; ten Brink et al., 2009b; 
Jackson, 2012). One of the critical components of assessing natural hazards is 
determining the probability of occurrence. Empirically estimating the probability of 
submarine mass failures is particularly difficult, owing to the paucity of age dates for 
individual events. Typical problems in dating submarine mass failures and their deposits 
include lack of overlying strata, the inability to core underlying strata, and lack of datable 
material. William R. Normark, to whom the “Exploring the Deep Sea and Beyond” 
themed issue is dedicated, was heavily involved in several studies dating submarine mass 
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failures (Lipman et al., 1988; Normark, 1990; Laursen and Normark, 2002; Lee et al., 
2004; Fisher et al., 2005; Normark and Gutmacher, 1988). In particular, for the Palos 
Verdes debris avalanche in southern California, Normark et al. (2004) presented an ideal 
case where radiocarbon ages from piston cores of distal strata above and below an 
acoustically transparent layer continuous with the debris avalanche were used to 
constrain the age of the failure. This and similar studies (e.g., Haflidason et al., 2005) 
provide the necessary data with which to determine the probability of submarine mass 
failures. 

For an empirical determination of failure probability, there are very few places in 
the world where repeated submarine mass failures have been individually dated. Cores 
from two Integrated Ocean Drilling Program (IODP) sites in the Ursa Basin, northern 
Gulf of Mexico (Figure 138), penetrated a sequence of mass transport deposits (MTDs) 
(Expedition 308 Scientists, 2006a, 2006b). These deposits are interpreted to have been 
emplaced during episodes of retrogressive submarine mass failures upslope from the drill 
sites (Sawyer et al., 2009). As many as 14 MTDs have been identified in both drill holes 
and have been assigned ages based on microfossils and magnetostratigraphy (Urgeles et 
al., 2007). 

The objective of this study is to develop a methodology to estimate the probability 
of submarine mass failures from a sequence of dated MTDs, such as found in the Ursa 
Basin. A previous study (Geist and Parsons, 2010) focused on the more common 
situation in which a sequence of MTDs are identified in seismic reflection records, but 
only a basal horizon beneath the oldest event is dated (e.g., Fisher et al., 2005). This 
previous method assumes that submarine mass failures occur as a stationary Poisson 
process. A gamma distribution is used as a conjugate prior to the Poisson distribution in a 
Bayesian framework, in order to estimate the Poisson intensity or rate parameter and its 
uncertainty. In contrast, it is not assumed from the outset of this study that submarine 
mass failures occur according to a Poisson process; several other time-dependent 
probability models that include clustering and quasiperiodic behavior are also examined. 
Other Bayesian techniques that have been adapted for small data sets have been proposed 
by, for example, Nomura et al. (2011). 

Paleoseismic records represent an analogous situation where a sequence of 
earthquake events has been dated. While similar in many respects, the stratigraphic 
record of paleoseismic and mass transport deposits differ in terms of the scale of their 
stratigraphic footprint and the effects of erosion and deposition processes on the retention 
of the event record. Individual paleoseismic events are generally marked by the presence 
of distinct colluvial wedges, angular unconformities, fissures, sand blows, upward 
termination of fault displacements, and abrupt lateral changes in bed thickness 
(McCalpin, 1996). Often, these stratigraphic indicators are present within close proximity 
to one another and overlap with similar features from previous seismic events, leading to 
a tightly constrained, aggraded event record. Mass transport deposits, on the other hand, 
are often transported significant distances from their source regions, and, depending on 
the properties of the sediment, water content, and flow energy, can undergo significant 
transformation prior to deposition (e.g., Normark and Gutmacher, 1988). During 
transport, these sediment flows can be extremely erosive, scouring underlying MTDs and 
intervening hemipelagic sediment. Limited stratigraphic data, the difficulty in quantifying 
the effect of this erosion, and identifying the subdued change from MTD to post-event 
sediments can significantly impact the fidelity of the MTD age record. Although the 
absolute uncertainty of MTD age dates is often greater than that of paleoseismic horizons, 
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the uncertainty relative to the mean return time may be less for MTDs compared to 
paleoseismic ages along active margins. 

Probabilistic methods applied to paleoseismic data have included estimating 
distribution parameters from a sequence of event times (Utsu, 1984; Nishenko and 
Buland, 1987) and more recent methods that take into account the uncertainty of age 
dating and open time intervals before the oldest event and after the last event up to the 
present (Rhoades et al., 1994; Ogata, 1999c; Parsons, 2008). We adapt several methods 
from the latter studies to estimate the probability of submarine mass failures. The size of 
the failure is not explicitly considered and it is assumed that the probability estimates 
apply to all sizes as expressed by the observed MTDs. 

In many studies, the arithmetic (sample) mean using the center age of dated 
events is commonly cited as the mean return time for a natural hazard. This statistic does 
not take into account the open time intervals and the uncertainty in age dating. Moreover, 
uncertainty is commonly reported in terms of the standard deviation of the center ages, 
which is not appropriate for events that do not occur according to a Gaussian distribution 
(Parsons, 2008). Using the methods described in this paper, confidence intervals can be 
established for each of the parameters in the probability models to better characterize 
uncertainty in the hazard estimate. 

For natural hazards where there has been a lack of probability models developed, 
such as for submarine mass failures, the least astonishing and simplest hypothesis is to 
assume that events occur as a Poisson process. For a Poisson process, the time between 
individual events (i.e., inter-event or return time) is independent of the past history of 
events and the return times are distributed according to an exponential distribution 
parameterized by a rate or intensity parameter. Moreover, a Poisson process is in general 
the one with the maximum entropy and an ideal reference model against which the 
information content in other probability models can be gauged (Kagan and Knopoff, 
1987). Other models that are developed for natural hazards are most often evaluated 
against the exponential model using various statistical tests and measures of goodness of 
fit. 

One non-Poissonian probability model that has been developed for subaerial mass 
failures is the Weibull model. The Weibull model is one of several models that includes 
an additional parameter quantifying whether a sequence of events is clustered or 
quasiperiodic in time. Other probability models that are commonly invoked are the 
lognormal and gamma models. In Griffiths’s (1993) study, the author used the Weibull 
model and parameter estimation using a method of moments to indicate that large rock 
avalanches are quasiperiodic. In contrast, Witt et al. (2010) provided detailed evidence 
for the clustering of small subaerial mass failures from historical records. One other 
model that has been recently employed for earthquakes is the Brownian Passage Time 
model (BPT) (Matthews et al., 2002), which has the characteristic of an asymptotically 
constant hazard function, as opposed to the lognormal (asymptotically decreasing hazard) 
and the Weibull model (asymptotically increasing hazard). 

One may intuitively expect that submarine mass failures do not occur 
independently, owing to the fact that one event may destabilize the slope surrounding the 
failure, making another failure more likely to occur (e.g., Pratson and Coakley, 1996; 
Sawyer et al., 2009). This suggests, on the one hand, that submarine mass failures cluster 
in time. On the other hand, the long-term occurrence of large submarine landslides is 
likely dependent on sediment supply, particularly in seismically active regions, where the 
occurrence is dependent on the buildup of sufficient sediment. This line of reasoning 
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would suggest that submarine mass failures are quasiperiodic in time (Griffiths, 1993). 
The relationship between variable sedimentation rate, pore pressures, and slope failures, 
however, is complex (Stigall and Dugan, 2010; You et al., 2012). 

We test the aforementioned probability models against the data presented in the 
Ursa Basin IODP holes. Assignment of the range of dates associated with each failure is 
described in the Age Dates of Mass Transport Deposits section. Expressions for the 
probability models under consideration are described in the Probability Models section. 
In the Maximum Likelihood Methods and the Monte Carlo Method sections, we describe 
two general types of statistical inference methods that estimate the parameters of the 
probability models. In the Model Selection section, we compare each of the probability 
models, and we estimate the hazard function for each model in the Hazard Estimation 
section. Overall, this study provides a framework of inferring probability models for 
other areas in which a sequence of MTDs has been dated. 

Age dates of mass transport deposits (MTDs) 
The approximate ages of nine MTDs from site U1322 (Table 10) and five MTDs 

from site U1324 (Table 11) are used to test the probability models. While the 
morphology of MTDs can change rapidly over very small distances leading to incomplete 
records in recovered strati- graphic sections, the MTD stratigraphic record at both sites is 
assumed complete for the areas local to the holes based on the interpretation of seismic 
reflection data from the region (Winker and Shipp, 2002; Expedition 308 Scientists, 
2006b; Sawyer et al., 2007). Age ranges for each MTD were estimated from the age 
model of Urgeles et al. (2007), which was established from microfossil zonations and 
magnetostratigraphic datums tied to global δ18O records (Expedition 308 Scientists, 
2006b). Events 1b and 1d in both sites occur in lithostratigraphic unit 1 (subunits 1b and 
1d), while events 2a–2g in U1322 (Table 10) are thought to be time correlative with 
subunits IE through IIB at site U1324 (Expedition 308 Scientists, 2006a). 

The MTD sequences at both sites overlie and erode into the regionally identifiable 
Blue Unit, a thick layer of interbedded sand and mud, likely emplaced by turbidity 
currents in a basin-floor fan setting during the Marine Isotope Stage (MIS) 4 sea-level 
lowstand (Sawyer et al., 2009). As the top of the Blue Unit has been substantially eroded, 
for the purposes of this study the base of the Blue Unit is assigned an age of 74 ka, the 
maximum age of the MIS 4 interval (Martinson et al., 1987). This date is used as the 
earliest time when no submarine mass failures had occurred prior to the first MTD (i.e., 
the “S” date in Ogata, 1999c and Maximum Likelihoods Section). Given the lack of 
absolute age information and therefore low fidelity/resolution of the age model, we apply 
no formal error estimates to the upper and lower bounds of MTD ages in Tables 10 and 
11. 

Probability models 
Models of submarine mass failure occurrence assume that the return times are 

distributed according to a particular probability distribution. Consider a point process 
consisting of a sequence of n events, in this case submarine mass failures, that are 
ordered in time: t1 < t2 <...< ti <...< tn . The time between events is termed the inter-event 
or return time τ and is given by τi = ti+1 – ti. The process that gives rise to these events is 
considered a renewal process if the return times are independent and identically 
distributed according to a particular probability distribution (Daley and Vere-Jones, 
2003). A renewal process is considered “memoryless” in that the probability of a future 
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event does not depend on the past history of events, only the elapse time since the last 
event. Moreover, a stationary Poisson process is one in which the probability of a future 
event is constant for a given time interval and depends on neither the past history of 
events nor the elapsed time since the last event. For a Poisson process, the number of 
events in a finite interval follow a Poisson distribution and the probability density 
function (pdf) of return times follows an exponential distribution: 

           (1) 
where λ is the rate or intensity parameter. The mean return time for this distribution is 
given by 1/λ. A stationary or temporally homogeneous Poisson process is one in which λ 
is constant with time. All probability models considered in this study are assumed to be 
stationary. 

Several other renewal-process probability distributions that account for increased 
clustering or quasiperiodic behavior can be compared with the exponential distribution. 
The pdf of return times described by a gamma distribution is given by  

         (2) 
where Γ is the gamma function, β is a scale parameter, and α is a shape parameter, such 
that α < 1 is associated with a cluster process and α > 1 is associated with a quasiperiodic 
process (α = 1 recovers the exponential distribution). The mean return time for the 
gamma distribution is given by αβ. 

The pdf for the Weibull distribution, used by Griffiths (1993) and Witt et al. 
(2010) as a model for subaerial landslides, is given by 

         (3) 
where β is a scale parameter and α is a shape parameter (α < 1 and α > 1 represent cluster 
and quasiperiodic processes, respectively, as with the gamma distribution). The mean for 
this distribution is given by βΓ(1 + 1/α). 

The pdf for the lognormal distribution that commonly characterizes quasiperiodic 
processes is given by 

          (4) 
where µ is a location parameter and σ is a shape parameter. The mean return time for the 
lognormal distribution is given by exp(µ + σ2/2). 

Finally, the BPT distribution, developed by Matthews et al. (2002) for earthquake 
sequences, has a pdf given by  

         (5) 
where µ is a location parameter and α is the coefficient of variation or aperiodicity 
parameter. The mean is simply given by µ. This distribution is equivalent to the inverse 
Gaussian distribution or Wald distribution given by 

         (6) 
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the last event. For a Poisson process, the num-
ber of events in a fi nite interval follow a Poisson 
distribution and the probability density function 
(pdf) of return times follows an exponential dis-
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where λ is the rate or intensity parameter. The 
mean return time for this distribution is given by 
1/λ. A stationary or temporally homogeneous 
Poisson process is one in which λ is constant 
with time. All probability models considered in 
this study are assumed to be stationary.

Several other renewal-process probability 
distributions that account for increased cluster-
ing or quasiperiodic behavior can be compared 
with the exponential distribution. The pdf of 
return times described by a gamma distribution 
is given by
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where Γ is the gamma function, β is a scale 
parameter, and α is a shape parameter, such that 
α < 1 is associated with a cluster process and 
α > 1 is associated with a quasiperiodic process 
(α = 1 recovers the exponential distribution). 
The mean return time for the gamma distribu-
tion is given by αβ.

The pdf for the Weibull distribution, used 
by Griffi ths (1993) and Witt et al. (2010) as a 
model for subaerial landslides, is given by
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where β is a scale parameter and α is a shape 
parameter (α < 1 and α > 1 represent cluster and 
quasiperiodic processes, respectively, as with 
the gamma distribution). The mean for this dis-
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commonly characterizes quasiperiodic processes 
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where µ is a location parameter and σ is a shape 
parameter. The mean return time for the log-
normal distribution is given by exp(µ + σ2/2).

Finally, the BPT distribution, developed by 
Matthews et al. (2002) for earthquake sequences, 
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where µ is a location parameter and α is the 
coeffi cient of variation or aperiodicity param-
eter. The mean is simply given by µ. This dis-
tribution is equivalent to the inverse Gaussian 
distribution or Wald distribution given by
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where α = µ λ/ . The BPT distribution is 
nearly indistinguishable from the lognormal 
distribution described above. Both the lognor-
mal and BPT models have the property of zero 
probability of repeated failure immediately 
following an event. In addition, at long times 
since the last event relative to the mean return 
time, the hazard rate for the BPT distribution 
is quasi-stationary, as is the hazard rate for the 
gamma distribution.

Aside from the density distribution of return 
times, the parameter estimation methods below 

are based on functions that can be derived from 
the pdf. These functions include the survivor 
function φ(τ) = 1 – F(τ), where F(τ) is the cumu-
lative distribution function, and the hazard-rate 
function υ(τ) given below:

 ( ) ( )
( )υ τ = ƒ τ

− τ1 F
. (7)

Note that according to this defi nition and 
Equation 1, υ(τ) for a Poisson process simply 
equals the intensity parameter λ and is time 
independent. The hazard functions associated 
with the other probability models are all time 
dependent. A key aspect in the development of 
likelihood functions for a point process in gen-
eral is the idea of conditional intensity of the 
form λ(t|t1 … tn) (t > tn) (Daley and Vere-Jones, 
2003) (see Appendix). For a renewal process , 
the conditional intensity depends only on the 
time since the last event and equals υ(t – tn) 
(Ogata, 1999b; Daley and Vere-Jones, 2003).

MAXIMUM LIKELIHOOD METHODS

The likelihood function represents the prob-
ability that a fi xed set of observations would be 
observed as a function of a given set of param-
eters (θ) for a particular distribution (Aitkin, 
2010). The parameters that maximize the log-
likelihood function (θ̂) are termed the maximum 
likelihood estimate (MLE). Standard error esti-
mates of inferred parameters based on the likeli-
hood function depend on how well the function 
can be approximated by a quadratic function 
(Pawitan, 2001).

MLE Considering Open Intervals 
and Exact Event Times

Standard expressions for the log-likelihood 
function and MLE are known for each of the 
probability models described above, assuming 
that the occurrence times are known exactly and 
the open intervals are ignored. However, these 
expressions may be signifi cantly biased for 
small sample numbers. Daley and Vere-Jones 
(2003) and Ogata (1999a, 1999b) describe 
expressions of the likelihood function, applica-
ble to an arbitrary probability model, from 
point-process theory and the conditional inten-
sity function. Considering the open intervals 
and events ti over S < t1 < t2 <…< tn < T, the 
log-likelihood function for a stationary renewal 
process (Ogata, 1999b; Daley and Vere-Jones, 
2003) is

 

ln L S,T[ ] θ( ) = − ln νθ + lnφθ t1 − S( ) +

ln ƒθ ti − ti−1( ) + lnφθ T − tn( ),
i=2

n∑
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with the exponential distribution. The pdf of 
return times described by a gamma distribution 
is given by
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where Γ is the gamma function, β is a scale 
parameter, and α is a shape parameter, such that 
α < 1 is associated with a cluster process and 
α > 1 is associated with a quasiperiodic process 
(α = 1 recovers the exponential distribution). 
The mean return time for the gamma distribu-
tion is given by αβ.

The pdf for the Weibull distribution, used 
by Griffi ths (1993) and Witt et al. (2010) as a 
model for subaerial landslides, is given by
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where β is a scale parameter and α is a shape 
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where µ is a location parameter and σ is a shape 
parameter. The mean return time for the log-
normal distribution is given by exp(µ + σ2/2).

Finally, the BPT distribution, developed by 
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where µ is a location parameter and α is the 
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where α = µ λ/ . The BPT distribution is 
nearly indistinguishable from the lognormal 
distribution described above. Both the lognor-
mal and BPT models have the property of zero 
probability of repeated failure immediately 
following an event. In addition, at long times 
since the last event relative to the mean return 
time, the hazard rate for the BPT distribution 
is quasi-stationary, as is the hazard rate for the 
gamma distribution.

Aside from the density distribution of return 
times, the parameter estimation methods below 

are based on functions that can be derived from 
the pdf. These functions include the survivor 
function φ(τ) = 1 – F(τ), where F(τ) is the cumu-
lative distribution function, and the hazard-rate 
function υ(τ) given below:

 ( ) ( )
( )υ τ = ƒ τ

− τ1 F
. (7)

Note that according to this defi nition and 
Equation 1, υ(τ) for a Poisson process simply 
equals the intensity parameter λ and is time 
independent. The hazard functions associated 
with the other probability models are all time 
dependent. A key aspect in the development of 
likelihood functions for a point process in gen-
eral is the idea of conditional intensity of the 
form λ(t|t1 … tn) (t > tn) (Daley and Vere-Jones, 
2003) (see Appendix). For a renewal process , 
the conditional intensity depends only on the 
time since the last event and equals υ(t – tn) 
(Ogata, 1999b; Daley and Vere-Jones, 2003).

MAXIMUM LIKELIHOOD METHODS

The likelihood function represents the prob-
ability that a fi xed set of observations would be 
observed as a function of a given set of param-
eters (θ) for a particular distribution (Aitkin, 
2010). The parameters that maximize the log-
likelihood function (θ̂) are termed the maximum 
likelihood estimate (MLE). Standard error esti-
mates of inferred parameters based on the likeli-
hood function depend on how well the function 
can be approximated by a quadratic function 
(Pawitan, 2001).

MLE Considering Open Intervals 
and Exact Event Times

Standard expressions for the log-likelihood 
function and MLE are known for each of the 
probability models described above, assuming 
that the occurrence times are known exactly and 
the open intervals are ignored. However, these 
expressions may be signifi cantly biased for 
small sample numbers. Daley and Vere-Jones 
(2003) and Ogata (1999a, 1999b) describe 
expressions of the likelihood function, applica-
ble to an arbitrary probability model, from 
point-process theory and the conditional inten-
sity function. Considering the open intervals 
and events ti over S < t1 < t2 <…< tn < T, the 
log-likelihood function for a stationary renewal 
process (Ogata, 1999b; Daley and Vere-Jones, 
2003) is
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in a basin-fl oor fan setting during the Marine 
Isotope Stage (MIS) 4 sea-level lowstand 
(Sawyer et al., 2009). As the top of the Blue 
Unit has been substantially eroded, for the pur-
poses of this study the base of the Blue Unit 
is assigned an age of 74 ka, the maximum age 
of the MIS 4 interval (Martinson et al., 1987). 
This date is used as the earliest time when no 
submarine mass failures had occurred prior 
to the fi rst MTD (i.e., the “S” date in Ogata, 
1999b and Maximum Likelihoods Section). 
Given the lack of absolute age information 
and therefore low fi delity/resolution of the age 
model, we apply no formal error estimates to 
the upper and lower bounds of MTD ages in 
Tables 1 and 2.

PROBABILITY MODELS

Models of submarine mass failure occur-
rence assume that the return times are distrib-
uted according to a particular probability distri-
bution. Consider a point process consisting of 
a sequence of n events, in this case submarine 
mass failures, that are ordered in time: t1 < 
t2 <…< ti<…< tn. The time between events is 
termed the inter-event or return time τ and is 
given by τi = ti+1 – ti. The process that gives rise 
to these events is considered a renewal process if 
the return times are independent and identically 
distributed according to a particular probability 
distribution (Daley and Vere-Jones, 2003). A 
renewal process is considered “memoryless” in 
that the probability of a future event does not 
depend on the past history of events, only the 
elapse time since the last event. Moreover, a 
stationary Poisson process is one in which the 
probability of a future event is constant for a 
given time interval and depends on neither the 
past history of events nor the elapsed time since 
the last event. For a Poisson process, the num-
ber of events in a fi nite interval follow a Poisson 
distribution and the probability density function 
(pdf) of return times follows an exponential dis-
tribution:

 f e( )τ = λ −λτ, (1)

where λ is the rate or intensity parameter. The 
mean return time for this distribution is given by 
1/λ. A stationary or temporally homogeneous 
Poisson process is one in which λ is constant 
with time. All probability models considered in 
this study are assumed to be stationary.

Several other renewal-process probability 
distributions that account for increased cluster-
ing or quasiperiodic behavior can be compared 
with the exponential distribution. The pdf of 
return times described by a gamma distribution 
is given by
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where Γ is the gamma function, β is a scale 
parameter, and α is a shape parameter, such that 
α < 1 is associated with a cluster process and 
α > 1 is associated with a quasiperiodic process 
(α = 1 recovers the exponential distribution). 
The mean return time for the gamma distribu-
tion is given by αβ.

The pdf for the Weibull distribution, used 
by Griffi ths (1993) and Witt et al. (2010) as a 
model for subaerial landslides, is given by

 f e
1

( )τ = α
β

τ
β

⎛

⎝
⎜

⎞

⎠
⎟

( )α−
− τ β α

, (3)

where β is a scale parameter and α is a shape 
parameter (α < 1 and α > 1 represent cluster and 
quasiperiodic processes, respectively, as with 
the gamma distribution). The mean for this dis-
tribution is given by βΓ(1 + 1/α).

The pdf for the lognormal distribution that 
commonly characterizes quasiperiodic processes 
is given by
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where µ is a location parameter and σ is a shape 
parameter. The mean return time for the log-
normal distribution is given by exp(µ + σ2/2).
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where µ is a location parameter and α is the 
coeffi cient of variation or aperiodicity param-
eter. The mean is simply given by µ. This dis-
tribution is equivalent to the inverse Gaussian 
distribution or Wald distribution given by
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where α = µ λ/ . The BPT distribution is 
nearly indistinguishable from the lognormal 
distribution described above. Both the lognor-
mal and BPT models have the property of zero 
probability of repeated failure immediately 
following an event. In addition, at long times 
since the last event relative to the mean return 
time, the hazard rate for the BPT distribution 
is quasi-stationary, as is the hazard rate for the 
gamma distribution.

Aside from the density distribution of return 
times, the parameter estimation methods below 

are based on functions that can be derived from 
the pdf. These functions include the survivor 
function φ(τ) = 1 – F(τ), where F(τ) is the cumu-
lative distribution function, and the hazard-rate 
function υ(τ) given below:
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( )υ τ = ƒ τ

− τ1 F
. (7)

Note that according to this defi nition and 
Equation 1, υ(τ) for a Poisson process simply 
equals the intensity parameter λ and is time 
independent. The hazard functions associated 
with the other probability models are all time 
dependent. A key aspect in the development of 
likelihood functions for a point process in gen-
eral is the idea of conditional intensity of the 
form λ(t|t1 … tn) (t > tn) (Daley and Vere-Jones, 
2003) (see Appendix). For a renewal process , 
the conditional intensity depends only on the 
time since the last event and equals υ(t – tn) 
(Ogata, 1999b; Daley and Vere-Jones, 2003).

MAXIMUM LIKELIHOOD METHODS

The likelihood function represents the prob-
ability that a fi xed set of observations would be 
observed as a function of a given set of param-
eters (θ) for a particular distribution (Aitkin, 
2010). The parameters that maximize the log-
likelihood function (θ̂) are termed the maximum 
likelihood estimate (MLE). Standard error esti-
mates of inferred parameters based on the likeli-
hood function depend on how well the function 
can be approximated by a quadratic function 
(Pawitan, 2001).

MLE Considering Open Intervals 
and Exact Event Times

Standard expressions for the log-likelihood 
function and MLE are known for each of the 
probability models described above, assuming 
that the occurrence times are known exactly and 
the open intervals are ignored. However, these 
expressions may be signifi cantly biased for 
small sample numbers. Daley and Vere-Jones 
(2003) and Ogata (1999a, 1999b) describe 
expressions of the likelihood function, applica-
ble to an arbitrary probability model, from 
point-process theory and the conditional inten-
sity function. Considering the open intervals 
and events ti over S < t1 < t2 <…< tn < T, the 
log-likelihood function for a stationary renewal 
process (Ogata, 1999b; Daley and Vere-Jones, 
2003) is

 

ln L S,T[ ] θ( ) = − ln νθ + lnφθ t1 − S( ) +

ln ƒθ ti − ti−1( ) + lnφθ T − tn( ),
i=2

n∑
 (8)

Geist et al.

290 Geosphere, April 2013

in a basin-fl oor fan setting during the Marine 
Isotope Stage (MIS) 4 sea-level lowstand 
(Sawyer et al., 2009). As the top of the Blue 
Unit has been substantially eroded, for the pur-
poses of this study the base of the Blue Unit 
is assigned an age of 74 ka, the maximum age 
of the MIS 4 interval (Martinson et al., 1987). 
This date is used as the earliest time when no 
submarine mass failures had occurred prior 
to the fi rst MTD (i.e., the “S” date in Ogata, 
1999b and Maximum Likelihoods Section). 
Given the lack of absolute age information 
and therefore low fi delity/resolution of the age 
model, we apply no formal error estimates to 
the upper and lower bounds of MTD ages in 
Tables 1 and 2.

PROBABILITY MODELS

Models of submarine mass failure occur-
rence assume that the return times are distrib-
uted according to a particular probability distri-
bution. Consider a point process consisting of 
a sequence of n events, in this case submarine 
mass failures, that are ordered in time: t1 < 
t2 <…< ti<…< tn. The time between events is 
termed the inter-event or return time τ and is 
given by τi = ti+1 – ti. The process that gives rise 
to these events is considered a renewal process if 
the return times are independent and identically 
distributed according to a particular probability 
distribution (Daley and Vere-Jones, 2003). A 
renewal process is considered “memoryless” in 
that the probability of a future event does not 
depend on the past history of events, only the 
elapse time since the last event. Moreover, a 
stationary Poisson process is one in which the 
probability of a future event is constant for a 
given time interval and depends on neither the 
past history of events nor the elapsed time since 
the last event. For a Poisson process, the num-
ber of events in a fi nite interval follow a Poisson 
distribution and the probability density function 
(pdf) of return times follows an exponential dis-
tribution:

 f e( )τ = λ −λτ, (1)

where λ is the rate or intensity parameter. The 
mean return time for this distribution is given by 
1/λ. A stationary or temporally homogeneous 
Poisson process is one in which λ is constant 
with time. All probability models considered in 
this study are assumed to be stationary.

Several other renewal-process probability 
distributions that account for increased cluster-
ing or quasiperiodic behavior can be compared 
with the exponential distribution. The pdf of 
return times described by a gamma distribution 
is given by
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where Γ is the gamma function, β is a scale 
parameter, and α is a shape parameter, such that 
α < 1 is associated with a cluster process and 
α > 1 is associated with a quasiperiodic process 
(α = 1 recovers the exponential distribution). 
The mean return time for the gamma distribu-
tion is given by αβ.

The pdf for the Weibull distribution, used 
by Griffi ths (1993) and Witt et al. (2010) as a 
model for subaerial landslides, is given by
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where β is a scale parameter and α is a shape 
parameter (α < 1 and α > 1 represent cluster and 
quasiperiodic processes, respectively, as with 
the gamma distribution). The mean for this dis-
tribution is given by βΓ(1 + 1/α).

The pdf for the lognormal distribution that 
commonly characterizes quasiperiodic processes 
is given by
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where µ is a location parameter and σ is a shape 
parameter. The mean return time for the log-
normal distribution is given by exp(µ + σ2/2).

Finally, the BPT distribution, developed by 
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where µ is a location parameter and α is the 
coeffi cient of variation or aperiodicity param-
eter. The mean is simply given by µ. This dis-
tribution is equivalent to the inverse Gaussian 
distribution or Wald distribution given by
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where α = µ λ/ . The BPT distribution is 
nearly indistinguishable from the lognormal 
distribution described above. Both the lognor-
mal and BPT models have the property of zero 
probability of repeated failure immediately 
following an event. In addition, at long times 
since the last event relative to the mean return 
time, the hazard rate for the BPT distribution 
is quasi-stationary, as is the hazard rate for the 
gamma distribution.

Aside from the density distribution of return 
times, the parameter estimation methods below 

are based on functions that can be derived from 
the pdf. These functions include the survivor 
function φ(τ) = 1 – F(τ), where F(τ) is the cumu-
lative distribution function, and the hazard-rate 
function υ(τ) given below:
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( )υ τ = ƒ τ

− τ1 F
. (7)

Note that according to this defi nition and 
Equation 1, υ(τ) for a Poisson process simply 
equals the intensity parameter λ and is time 
independent. The hazard functions associated 
with the other probability models are all time 
dependent. A key aspect in the development of 
likelihood functions for a point process in gen-
eral is the idea of conditional intensity of the 
form λ(t|t1 … tn) (t > tn) (Daley and Vere-Jones, 
2003) (see Appendix). For a renewal process , 
the conditional intensity depends only on the 
time since the last event and equals υ(t – tn) 
(Ogata, 1999b; Daley and Vere-Jones, 2003).

MAXIMUM LIKELIHOOD METHODS

The likelihood function represents the prob-
ability that a fi xed set of observations would be 
observed as a function of a given set of param-
eters (θ) for a particular distribution (Aitkin, 
2010). The parameters that maximize the log-
likelihood function (θ̂) are termed the maximum 
likelihood estimate (MLE). Standard error esti-
mates of inferred parameters based on the likeli-
hood function depend on how well the function 
can be approximated by a quadratic function 
(Pawitan, 2001).

MLE Considering Open Intervals 
and Exact Event Times

Standard expressions for the log-likelihood 
function and MLE are known for each of the 
probability models described above, assuming 
that the occurrence times are known exactly and 
the open intervals are ignored. However, these 
expressions may be signifi cantly biased for 
small sample numbers. Daley and Vere-Jones 
(2003) and Ogata (1999a, 1999b) describe 
expressions of the likelihood function, applica-
ble to an arbitrary probability model, from 
point-process theory and the conditional inten-
sity function. Considering the open intervals 
and events ti over S < t1 < t2 <…< tn < T, the 
log-likelihood function for a stationary renewal 
process (Ogata, 1999b; Daley and Vere-Jones, 
2003) is
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(Sawyer et al., 2009). As the top of the Blue 
Unit has been substantially eroded, for the pur-
poses of this study the base of the Blue Unit 
is assigned an age of 74 ka, the maximum age 
of the MIS 4 interval (Martinson et al., 1987). 
This date is used as the earliest time when no 
submarine mass failures had occurred prior 
to the fi rst MTD (i.e., the “S” date in Ogata, 
1999b and Maximum Likelihoods Section). 
Given the lack of absolute age information 
and therefore low fi delity/resolution of the age 
model, we apply no formal error estimates to 
the upper and lower bounds of MTD ages in 
Tables 1 and 2.

PROBABILITY MODELS
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rence assume that the return times are distrib-
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a sequence of n events, in this case submarine 
mass failures, that are ordered in time: t1 < 
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that the probability of a future event does not 
depend on the past history of events, only the 
elapse time since the last event. Moreover, a 
stationary Poisson process is one in which the 
probability of a future event is constant for a 
given time interval and depends on neither the 
past history of events nor the elapsed time since 
the last event. For a Poisson process, the num-
ber of events in a fi nite interval follow a Poisson 
distribution and the probability density function 
(pdf) of return times follows an exponential dis-
tribution:
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Poisson process is one in which λ is constant 
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this study are assumed to be stationary.
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(α = 1 recovers the exponential distribution). 
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tion is given by αβ.

The pdf for the Weibull distribution, used 
by Griffi ths (1993) and Witt et al. (2010) as a 
model for subaerial landslides, is given by

 f e
1

( )τ = α
β

τ
β

⎛

⎝
⎜

⎞

⎠
⎟

( )α−
− τ β α

, (3)

where β is a scale parameter and α is a shape 
parameter (α < 1 and α > 1 represent cluster and 
quasiperiodic processes, respectively, as with 
the gamma distribution). The mean for this dis-
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where µ is a location parameter and α is the 
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where α = µ λ/ . The BPT distribution is 
nearly indistinguishable from the lognormal 
distribution described above. Both the lognor-
mal and BPT models have the property of zero 
probability of repeated failure immediately 
following an event. In addition, at long times 
since the last event relative to the mean return 
time, the hazard rate for the BPT distribution 
is quasi-stationary, as is the hazard rate for the 
gamma distribution.

Aside from the density distribution of return 
times, the parameter estimation methods below 

are based on functions that can be derived from 
the pdf. These functions include the survivor 
function φ(τ) = 1 – F(τ), where F(τ) is the cumu-
lative distribution function, and the hazard-rate 
function υ(τ) given below:
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( )υ τ = ƒ τ

− τ1 F
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Note that according to this defi nition and 
Equation 1, υ(τ) for a Poisson process simply 
equals the intensity parameter λ and is time 
independent. The hazard functions associated 
with the other probability models are all time 
dependent. A key aspect in the development of 
likelihood functions for a point process in gen-
eral is the idea of conditional intensity of the 
form λ(t|t1 … tn) (t > tn) (Daley and Vere-Jones, 
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(Ogata, 1999b; Daley and Vere-Jones, 2003).
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observed as a function of a given set of param-
eters (θ) for a particular distribution (Aitkin, 
2010). The parameters that maximize the log-
likelihood function (θ̂) are termed the maximum 
likelihood estimate (MLE). Standard error esti-
mates of inferred parameters based on the likeli-
hood function depend on how well the function 
can be approximated by a quadratic function 
(Pawitan, 2001).

MLE Considering Open Intervals 
and Exact Event Times
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function and MLE are known for each of the 
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Note that according to this definition and Equation 1, υ(τ) for a Poisson process 

simply equals the intensity parameter λ and is time independent. The hazard functions 
associated with the other probability models are all time dependent. A key aspect in the 
development of likelihood functions for a point process in general is the idea of 
conditional intensity of the form λ(t|t1 ... tn) (t > tn) (Daley and Vere-Jones, 2003). For a 
renewal process, the conditional intensity depends only on the time since the last event 
and equals υ(t – tn) (Ogata, 1999c; Daley and Vere-Jones, 2003). 

Maximum likelihood methods 
The likelihood function represents the probability that a fixed set of observations 

would be observed as a function of a given set of parameters (θ) for a particular 
distribution (Aitkin, 2010). The parameters that maximize the log-likelihood function (Θ) 
are termed the maximum likelihood estimate (MLE). Standard error estimates of inferred 
parameters based on the likelihood function depend on how well the function can be 
approximated by a quadratic function (Pawitan, 2001). 

MLE Considering Open Intervals and Exact Event Times 
Standard expressions for the log-likelihood function and MLE are known for each 

of the probability models described above, assuming that the occurrence times are known 
exactly and the open intervals are ignored. However, these expressions may be 
significantly biased for small sample numbers. Daley and Vere-Jones (2003) and Ogata 
(1999b, 1999c) describe expressions of the likelihood function, applicable to an arbitrary 
probability model, from point-process theory and the conditional intensity function. 
Considering the open intervals and events ti over S < t1 < t2 < ...< tn < T, the log-
likelihood function for a stationary renewal process (Ogata, 1999c; Daley and Vere-
Jones, 2003) is  

        (8) 
where νθ is the mean return time over the entire distribution (not the arithmetic mean of 
the samples) and is given by: 

        (9) 
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in a basin-fl oor fan setting during the Marine 
Isotope Stage (MIS) 4 sea-level lowstand 
(Sawyer et al., 2009). As the top of the Blue 
Unit has been substantially eroded, for the pur-
poses of this study the base of the Blue Unit 
is assigned an age of 74 ka, the maximum age 
of the MIS 4 interval (Martinson et al., 1987). 
This date is used as the earliest time when no 
submarine mass failures had occurred prior 
to the fi rst MTD (i.e., the “S” date in Ogata, 
1999b and Maximum Likelihoods Section). 
Given the lack of absolute age information 
and therefore low fi delity/resolution of the age 
model, we apply no formal error estimates to 
the upper and lower bounds of MTD ages in 
Tables 1 and 2.

PROBABILITY MODELS

Models of submarine mass failure occur-
rence assume that the return times are distrib-
uted according to a particular probability distri-
bution. Consider a point process consisting of 
a sequence of n events, in this case submarine 
mass failures, that are ordered in time: t1 < 
t2 <…< ti<…< tn. The time between events is 
termed the inter-event or return time τ and is 
given by τi = ti+1 – ti. The process that gives rise 
to these events is considered a renewal process if 
the return times are independent and identically 
distributed according to a particular probability 
distribution (Daley and Vere-Jones, 2003). A 
renewal process is considered “memoryless” in 
that the probability of a future event does not 
depend on the past history of events, only the 
elapse time since the last event. Moreover, a 
stationary Poisson process is one in which the 
probability of a future event is constant for a 
given time interval and depends on neither the 
past history of events nor the elapsed time since 
the last event. For a Poisson process, the num-
ber of events in a fi nite interval follow a Poisson 
distribution and the probability density function 
(pdf) of return times follows an exponential dis-
tribution:

 f e( )τ = λ −λτ, (1)

where λ is the rate or intensity parameter. The 
mean return time for this distribution is given by 
1/λ. A stationary or temporally homogeneous 
Poisson process is one in which λ is constant 
with time. All probability models considered in 
this study are assumed to be stationary.

Several other renewal-process probability 
distributions that account for increased cluster-
ing or quasiperiodic behavior can be compared 
with the exponential distribution. The pdf of 
return times described by a gamma distribution 
is given by

 f e1( ) ( )τ = β τ Γ α−α α−
− τ

β , (2)

where Γ is the gamma function, β is a scale 
parameter, and α is a shape parameter, such that 
α < 1 is associated with a cluster process and 
α > 1 is associated with a quasiperiodic process 
(α = 1 recovers the exponential distribution). 
The mean return time for the gamma distribu-
tion is given by αβ.

The pdf for the Weibull distribution, used 
by Griffi ths (1993) and Witt et al. (2010) as a 
model for subaerial landslides, is given by

 f e
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( )τ = α
β

τ
β
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− τ β α

, (3)

where β is a scale parameter and α is a shape 
parameter (α < 1 and α > 1 represent cluster and 
quasiperiodic processes, respectively, as with 
the gamma distribution). The mean for this dis-
tribution is given by βΓ(1 + 1/α).

The pdf for the lognormal distribution that 
commonly characterizes quasiperiodic processes 
is given by
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where µ is a location parameter and σ is a shape 
parameter. The mean return time for the log-
normal distribution is given by exp(µ + σ2/2).

Finally, the BPT distribution, developed by 
Matthews et al. (2002) for earthquake sequences, 
has a pdf given by

 ( )ƒ τ = µ
πα τ

⎛
⎝⎜

⎞
⎠⎟

( )τ−− µ
µα τe

2 2 3

1 2
2

2

2
, (5)

where µ is a location parameter and α is the 
coeffi cient of variation or aperiodicity param-
eter. The mean is simply given by µ. This dis-
tribution is equivalent to the inverse Gaussian 
distribution or Wald distribution given by

 ( )ƒ τ = λ
πτ
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where α = µ λ/ . The BPT distribution is 
nearly indistinguishable from the lognormal 
distribution described above. Both the lognor-
mal and BPT models have the property of zero 
probability of repeated failure immediately 
following an event. In addition, at long times 
since the last event relative to the mean return 
time, the hazard rate for the BPT distribution 
is quasi-stationary, as is the hazard rate for the 
gamma distribution.

Aside from the density distribution of return 
times, the parameter estimation methods below 

are based on functions that can be derived from 
the pdf. These functions include the survivor 
function φ(τ) = 1 – F(τ), where F(τ) is the cumu-
lative distribution function, and the hazard-rate 
function υ(τ) given below:

 ( ) ( )
( )υ τ = ƒ τ

− τ1 F
. (7)

Note that according to this defi nition and 
Equation 1, υ(τ) for a Poisson process simply 
equals the intensity parameter λ and is time 
independent. The hazard functions associated 
with the other probability models are all time 
dependent. A key aspect in the development of 
likelihood functions for a point process in gen-
eral is the idea of conditional intensity of the 
form λ(t|t1 … tn) (t > tn) (Daley and Vere-Jones, 
2003) (see Appendix). For a renewal process , 
the conditional intensity depends only on the 
time since the last event and equals υ(t – tn) 
(Ogata, 1999b; Daley and Vere-Jones, 2003).

MAXIMUM LIKELIHOOD METHODS

The likelihood function represents the prob-
ability that a fi xed set of observations would be 
observed as a function of a given set of param-
eters (θ) for a particular distribution (Aitkin, 
2010). The parameters that maximize the log-
likelihood function (θ̂) are termed the maximum 
likelihood estimate (MLE). Standard error esti-
mates of inferred parameters based on the likeli-
hood function depend on how well the function 
can be approximated by a quadratic function 
(Pawitan, 2001).

MLE Considering Open Intervals 
and Exact Event Times

Standard expressions for the log-likelihood 
function and MLE are known for each of the 
probability models described above, assuming 
that the occurrence times are known exactly and 
the open intervals are ignored. However, these 
expressions may be signifi cantly biased for 
small sample numbers. Daley and Vere-Jones 
(2003) and Ogata (1999a, 1999b) describe 
expressions of the likelihood function, applica-
ble to an arbitrary probability model, from 
point-process theory and the conditional inten-
sity function. Considering the open intervals 
and events ti over S < t1 < t2 <…< tn < T, the 
log-likelihood function for a stationary renewal 
process (Ogata, 1999b; Daley and Vere-Jones, 
2003) is

 

ln L S,T[ ] θ( ) = − ln νθ + lnφθ t1 − S( ) +

ln ƒθ ti − ti−1( ) + lnφθ T − tn( ),
i=2

n∑
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in a basin-fl oor fan setting during the Marine 
Isotope Stage (MIS) 4 sea-level lowstand 
(Sawyer et al., 2009). As the top of the Blue 
Unit has been substantially eroded, for the pur-
poses of this study the base of the Blue Unit 
is assigned an age of 74 ka, the maximum age 
of the MIS 4 interval (Martinson et al., 1987). 
This date is used as the earliest time when no 
submarine mass failures had occurred prior 
to the fi rst MTD (i.e., the “S” date in Ogata, 
1999b and Maximum Likelihoods Section). 
Given the lack of absolute age information 
and therefore low fi delity/resolution of the age 
model, we apply no formal error estimates to 
the upper and lower bounds of MTD ages in 
Tables 1 and 2.

PROBABILITY MODELS

Models of submarine mass failure occur-
rence assume that the return times are distrib-
uted according to a particular probability distri-
bution. Consider a point process consisting of 
a sequence of n events, in this case submarine 
mass failures, that are ordered in time: t1 < 
t2 <…< ti<…< tn. The time between events is 
termed the inter-event or return time τ and is 
given by τi = ti+1 – ti. The process that gives rise 
to these events is considered a renewal process if 
the return times are independent and identically 
distributed according to a particular probability 
distribution (Daley and Vere-Jones, 2003). A 
renewal process is considered “memoryless” in 
that the probability of a future event does not 
depend on the past history of events, only the 
elapse time since the last event. Moreover, a 
stationary Poisson process is one in which the 
probability of a future event is constant for a 
given time interval and depends on neither the 
past history of events nor the elapsed time since 
the last event. For a Poisson process, the num-
ber of events in a fi nite interval follow a Poisson 
distribution and the probability density function 
(pdf) of return times follows an exponential dis-
tribution:

 f e( )τ = λ −λτ, (1)

where λ is the rate or intensity parameter. The 
mean return time for this distribution is given by 
1/λ. A stationary or temporally homogeneous 
Poisson process is one in which λ is constant 
with time. All probability models considered in 
this study are assumed to be stationary.

Several other renewal-process probability 
distributions that account for increased cluster-
ing or quasiperiodic behavior can be compared 
with the exponential distribution. The pdf of 
return times described by a gamma distribution 
is given by

 f e1( ) ( )τ = β τ Γ α−α α−
− τ

β , (2)

where Γ is the gamma function, β is a scale 
parameter, and α is a shape parameter, such that 
α < 1 is associated with a cluster process and 
α > 1 is associated with a quasiperiodic process 
(α = 1 recovers the exponential distribution). 
The mean return time for the gamma distribu-
tion is given by αβ.

The pdf for the Weibull distribution, used 
by Griffi ths (1993) and Witt et al. (2010) as a 
model for subaerial landslides, is given by
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where β is a scale parameter and α is a shape 
parameter (α < 1 and α > 1 represent cluster and 
quasiperiodic processes, respectively, as with 
the gamma distribution). The mean for this dis-
tribution is given by βΓ(1 + 1/α).

The pdf for the lognormal distribution that 
commonly characterizes quasiperiodic processes 
is given by
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πστ
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where µ is a location parameter and σ is a shape 
parameter. The mean return time for the log-
normal distribution is given by exp(µ + σ2/2).

Finally, the BPT distribution, developed by 
Matthews et al. (2002) for earthquake sequences, 
has a pdf given by
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where µ is a location parameter and α is the 
coeffi cient of variation or aperiodicity param-
eter. The mean is simply given by µ. This dis-
tribution is equivalent to the inverse Gaussian 
distribution or Wald distribution given by
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πτ
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where α = µ λ/ . The BPT distribution is 
nearly indistinguishable from the lognormal 
distribution described above. Both the lognor-
mal and BPT models have the property of zero 
probability of repeated failure immediately 
following an event. In addition, at long times 
since the last event relative to the mean return 
time, the hazard rate for the BPT distribution 
is quasi-stationary, as is the hazard rate for the 
gamma distribution.

Aside from the density distribution of return 
times, the parameter estimation methods below 

are based on functions that can be derived from 
the pdf. These functions include the survivor 
function φ(τ) = 1 – F(τ), where F(τ) is the cumu-
lative distribution function, and the hazard-rate 
function υ(τ) given below:

 ( ) ( )
( )υ τ = ƒ τ

− τ1 F
. (7)

Note that according to this defi nition and 
Equation 1, υ(τ) for a Poisson process simply 
equals the intensity parameter λ and is time 
independent. The hazard functions associated 
with the other probability models are all time 
dependent. A key aspect in the development of 
likelihood functions for a point process in gen-
eral is the idea of conditional intensity of the 
form λ(t|t1 … tn) (t > tn) (Daley and Vere-Jones, 
2003) (see Appendix). For a renewal process , 
the conditional intensity depends only on the 
time since the last event and equals υ(t – tn) 
(Ogata, 1999b; Daley and Vere-Jones, 2003).

MAXIMUM LIKELIHOOD METHODS

The likelihood function represents the prob-
ability that a fi xed set of observations would be 
observed as a function of a given set of param-
eters (θ) for a particular distribution (Aitkin, 
2010). The parameters that maximize the log-
likelihood function (θ̂) are termed the maximum 
likelihood estimate (MLE). Standard error esti-
mates of inferred parameters based on the likeli-
hood function depend on how well the function 
can be approximated by a quadratic function 
(Pawitan, 2001).

MLE Considering Open Intervals 
and Exact Event Times

Standard expressions for the log-likelihood 
function and MLE are known for each of the 
probability models described above, assuming 
that the occurrence times are known exactly and 
the open intervals are ignored. However, these 
expressions may be signifi cantly biased for 
small sample numbers. Daley and Vere-Jones 
(2003) and Ogata (1999a, 1999b) describe 
expressions of the likelihood function, applica-
ble to an arbitrary probability model, from 
point-process theory and the conditional inten-
sity function. Considering the open intervals 
and events ti over S < t1 < t2 <…< tn < T, the 
log-likelihood function for a stationary renewal 
process (Ogata, 1999b; Daley and Vere-Jones, 
2003) is

 

ln L S,T[ ] θ( ) = − ln νθ + lnφθ t1 − S( ) +

ln ƒθ ti − ti−1( ) + lnφθ T − tn( ),
i=2

n∑
 (8)
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where νθ is the mean return time over the entire 
distribution (not the arithmetic mean of the sam-
ples) and is given by:

 νθ = φθ t( )dt
0

∞

∫ = tƒθ t( )dt
0

∞

∫ . (9)

See Appendix for a summary of how the 
log-likelihood function shown in Equation 8 is 
derived. The log-likelihood function expressed 
by Equation 8 differs from standard log-likeli-
hood formulas associated with the distributions 
and from those of previous paleoseismic studies 
that do not include the open interval before the 
oldest dated event and the –ln υθ term (Ogata, 
1999b).

Using the probability models described 
above, we determine the MLE of the model 
parameters, assuming an exact occurrence age 
at the center of each interval indicated in Tables 
1 and 2. The log-likelihood function is formu-
lated from Equations 8 and 9. The maximum 
in the function is found by the Nelder-Mead 
direct search method of optimization (Nelder 
and Mead, 1965; Press et al., 2007). Results of 
parameter estimation for each probability model 
are shown in Tables 3 and 4.

Confi dence intervals for the distribution 
parameters can be calculated from the likeli-
hood profi le, holding the other parameter at its 
MLE. The 95% confi dence interval is obtained 
by comparing likelihood ratios to the chi-
squared distribution with one degree of freedom 
(χ2

95%[1]):

 
( ) [ ]( )θ θ⎡⎣ ⎤⎦ = θ
θ
θ

< χ
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

L

L
ˆ , ˆ ;2 ln

ˆ
1L U 95%
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The gamma and Weibull models have shape 
parameters whose domains span clustering 
and quasiperiodic behavior. For site U1322, 
the 95% confi dence interval for α spans across 
the boundary α = 1 that divides clustering and 
quasiperiodic behavior for both models (Fig. 2). 
For site U1324, the lower bound of the 95% 
confi dence interval for α is 3.59 for the gamma 
model and slightly greater than one (1.04) for 
the Weibull model (Fig. 3), suggesting quasi-
periodic behavior. Sample size, however, needs 
to be considered in overall model selection (dis-
cussed in the Model Selection section).

Potential bias in standard log-likelihood 
functions based only on the return times can 
be determined by comparing mean return times 
from parameter estimates shown in Tables 5 
and 6 with those from standard MLE expres-
sions. For example, for the exponential distri-
bution, the MLE using the standard expression 
equals the arithmetic or sample mean from the 
data (5.81 k.y.), whereas the MLE using Ogata’s 

(1999b) derived log-likelihood function that 
considers open intervals is signifi cantly longer 
(8.22 k.y.). In each case, the sample mean and the 
standard MLE underestimate the mean return 
time (Parsons, 2008).

Type II MLE Considering Open Intervals 
and Uncertain Event Times

A Bayesian method was developed by Ogata 
(1999b) to account for uncertain event times, in 
addition to the effect of open intervals. Unlike 
traditional Bayesian inference techniques in 
which the prior and posterior distribution are 
a function of the parameter space (θ), Ogata’s 
(1999b) method was formulated such that the 
prior and posterior distributions are the prob-
ability densities of each event age distribution 
[ψi(ti); i = 1,…, n]. Thus, both the event ages and 
models parameters are uncertain. The prior dis-
tributions for event ages used by Ogata (1999b) 
include Dirac delta functions, and uniform and 
triangular distributions. Bayes’ theorem is then 
written as

  ϕ t1,…, tn θ( ) =
L S ,T[ ] θ( ) ψi ti( )i=1

n∏
S ,T[ ] θ( )ℒ , (11)

where ϕ(t1,…,tn|θ) is the posterior distribution 
and ℒ[S,T](θ) is termed the integrated or marginal 
likelihood (Ogata et al., 2000; Aitkin, 2010). 
ℒ[S,T](θ) integrates the likelihood function with 
the joint distribution of the priors:

 
ψi ti( )dt1,…, d .tni=1

n∏

S ,T[ ] θ( ) = …
S

T

∫ L S ,T[ ]
S

T

∫ θ;t1,…, tn( )ℒ
 (12)

Ogata (1999b) provided details on the for-
mulation of ℒ[S,T](θ) in a manner similar to the 
development of Equation 8. Using center-age 
Dirac delta functions for the priors recovers 
the likelihood expression given in Equation 8 
exactly.

The model parameters θ̂ that maximize the 
integrated likelihood (Equation 12) is termed, 
for this type of statistical inference, Type II 
maximum likelihood (Good, 1965; Robert, 
2007). The Type II MLEs for the different prob-
ability models are indicated in Tables 7 and 8 
for the two IODP sites. Estimates of the rate 
parameter for exponential distribution using the 
center-age (Tables 3 and 4) and Type II likeli-
hood methods are identical (Ogata, 1999b). 
For the other distributions, there appears to be 
more variation between the two methods in esti-
mates of the shape parameters compared to the 
scale parameters. The mean return times that 
correspond to the Type II MLEs are slightly 
longer for site U1322 and nearly the same for 
site U1324 compared to the center-age MLEs 
(Tables 5 and 6). As indicated by Ogata (1999b), 
the center-age MLEs can be considered Type II 
MLEs in which Dirac functions are used as 
priors . Type II MLEs using different priors, 
such as triangular functions, will likely result in 
estimates intermediate between the center-age 
MLEs and the Type II MLEs using a uniform 
prior as described in this study.

MONTE CARLO METHOD

Monte Carlo methods are an important alter-
native to the likelihood methods, particularly 
where the likelihood functions and their maxi-

TABLE 3. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1322
Probability model Parameter 1* Parameter 2† AIC AICc

5.859.75—221.0laitnenopxE
4.164.9514.157.5ammaG
7.957.75898.017.1lamrongoL
6.166.9521.175.8llubieW
9.859.6560.135.8TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

*Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.

TABLE 4. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1324
Probability model Parameter 1* Parameter 2† AIC AICc

3.049.83—8660.0laitnenopxE
3.243.6353.506.2ammaG
1.241.63734.045.2lamrongoL
8.248.6324.28.51llubieW
0.240.63454.00.41TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

   *Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.
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The log-likelihood function expressed by Equation 8 differs from standard log-
likelihood formulas associated with the distributions and from those of previous 
paleoseismic studies that do not include the open interval before the oldest dated event 
and the –ln υθ term (Ogata, 1999c). 

Using the probability models described above, we determine the MLE of the 
model parameters, assuming an exact occurrence age at the center of each interval 
indicated in Tables 10 and 11. The log-likelihood function is formulated from Equations 
8 and 9. The maximum in the function is found by the Nelder-Mead direct search method 
of optimization (Nelder and Mead, 1965; Press et al., 2007). Results of parameter 
estimation for each probability model are shown in Tables 3 and 4. 

Confidence intervals for the distribution parameters can be calculated from the 
likelihood profile, holding the other parameter at its MLE. The 95% confidence interval 
is obtained by comparing likelihood ratios to the chi-squared distribution with one degree 
of freedom ( 𝜒!"%!  [1]): 

        (10)  
The gamma and Weibull models have shape parameters whose domains span 

clustering and quasiperiodic behavior. For site U1322, the 95% confidence interval for α 
spans across the boundary α = 1 that divides clustering and quasiperiodic behavior for 
both models (Figure 139). For site U1324, the lower bound of the 95% confidence 
interval for α is 3.59 for the gamma model and slightly greater than one (1.04) for the 
Weibull model (Figure 140), suggesting quasi- periodic behavior. Sample size, however, 
needs to be considered in overall model selection (discussed in the Model Selection 
section). 

Potential bias in standard log-likelihood functions based only on the return times 
can be determined by comparing mean return times from parameter estimates shown in 
Tables 14 and 15 with those from standard MLE expressions. For example, for the 
exponential distribution, the MLE using the standard expression equals the arithmetic or 
sample mean from the data (5.81 ky), whereas the MLE using Ogata’s (1999c) derived 
log-likelihood function that considers open intervals is significantly longer (8.22 ky). In 
each case, the sample mean and the standard MLE underestimate the mean return time 
(Parsons, 2008). 

Type II MLE Considering Open Intervals and Uncertain Event Times 
A Bayesian method was developed by Ogata (1999c) to account for uncertain 

event times, in addition to the effect of open intervals. Unlike traditional Bayesian 
inference techniques in which the prior and posterior distribution are a function of the 
parameter space (θ), Ogata’s (1999c) method was formulated such that the prior and 
posterior distributions are the probability densities of each event age distribution [ψi (ti); i 
= 1,..., n]. Thus, both the event ages and models parameters are uncertain. The prior 
distributions for event ages used by Ogata (1999c) include Dirac delta functions, and 
uniform and triangular distributions. Bayes’ theorem is then written as 

        (11)  
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where νθ is the mean return time over the entire 
distribution (not the arithmetic mean of the sam-
ples) and is given by:

 νθ = φθ t( )dt
0

∞

∫ = tƒθ t( )dt
0

∞

∫ . (9)

See Appendix for a summary of how the 
log-likelihood function shown in Equation 8 is 
derived. The log-likelihood function expressed 
by Equation 8 differs from standard log-likeli-
hood formulas associated with the distributions 
and from those of previous paleoseismic studies 
that do not include the open interval before the 
oldest dated event and the –ln υθ term (Ogata, 
1999b).

Using the probability models described 
above, we determine the MLE of the model 
parameters, assuming an exact occurrence age 
at the center of each interval indicated in Tables 
1 and 2. The log-likelihood function is formu-
lated from Equations 8 and 9. The maximum 
in the function is found by the Nelder-Mead 
direct search method of optimization (Nelder 
and Mead, 1965; Press et al., 2007). Results of 
parameter estimation for each probability model 
are shown in Tables 3 and 4.

Confi dence intervals for the distribution 
parameters can be calculated from the likeli-
hood profi le, holding the other parameter at its 
MLE. The 95% confi dence interval is obtained 
by comparing likelihood ratios to the chi-
squared distribution with one degree of freedom 
(χ2

95%[1]):
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The gamma and Weibull models have shape 
parameters whose domains span clustering 
and quasiperiodic behavior. For site U1322, 
the 95% confi dence interval for α spans across 
the boundary α = 1 that divides clustering and 
quasiperiodic behavior for both models (Fig. 2). 
For site U1324, the lower bound of the 95% 
confi dence interval for α is 3.59 for the gamma 
model and slightly greater than one (1.04) for 
the Weibull model (Fig. 3), suggesting quasi-
periodic behavior. Sample size, however, needs 
to be considered in overall model selection (dis-
cussed in the Model Selection section).

Potential bias in standard log-likelihood 
functions based only on the return times can 
be determined by comparing mean return times 
from parameter estimates shown in Tables 5 
and 6 with those from standard MLE expres-
sions. For example, for the exponential distri-
bution, the MLE using the standard expression 
equals the arithmetic or sample mean from the 
data (5.81 k.y.), whereas the MLE using Ogata’s 

(1999b) derived log-likelihood function that 
considers open intervals is signifi cantly longer 
(8.22 k.y.). In each case, the sample mean and the 
standard MLE underestimate the mean return 
time (Parsons, 2008).

Type II MLE Considering Open Intervals 
and Uncertain Event Times

A Bayesian method was developed by Ogata 
(1999b) to account for uncertain event times, in 
addition to the effect of open intervals. Unlike 
traditional Bayesian inference techniques in 
which the prior and posterior distribution are 
a function of the parameter space (θ), Ogata’s 
(1999b) method was formulated such that the 
prior and posterior distributions are the prob-
ability densities of each event age distribution 
[ψi(ti); i = 1,…, n]. Thus, both the event ages and 
models parameters are uncertain. The prior dis-
tributions for event ages used by Ogata (1999b) 
include Dirac delta functions, and uniform and 
triangular distributions. Bayes’ theorem is then 
written as

  ϕ t1,…, tn θ( ) =
L S ,T[ ] θ( ) ψi ti( )i=1

n∏
S ,T[ ] θ( )ℒ , (11)

where ϕ(t1,…,tn|θ) is the posterior distribution 
and ℒ[S,T](θ) is termed the integrated or marginal 
likelihood (Ogata et al., 2000; Aitkin, 2010). 
ℒ[S,T](θ) integrates the likelihood function with 
the joint distribution of the priors:
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n∏

S ,T[ ] θ( ) = …
S

T

∫ L S ,T[ ]
S

T

∫ θ;t1,…, tn( )ℒ
 (12)

Ogata (1999b) provided details on the for-
mulation of ℒ[S,T](θ) in a manner similar to the 
development of Equation 8. Using center-age 
Dirac delta functions for the priors recovers 
the likelihood expression given in Equation 8 
exactly.

The model parameters θ̂ that maximize the 
integrated likelihood (Equation 12) is termed, 
for this type of statistical inference, Type II 
maximum likelihood (Good, 1965; Robert, 
2007). The Type II MLEs for the different prob-
ability models are indicated in Tables 7 and 8 
for the two IODP sites. Estimates of the rate 
parameter for exponential distribution using the 
center-age (Tables 3 and 4) and Type II likeli-
hood methods are identical (Ogata, 1999b). 
For the other distributions, there appears to be 
more variation between the two methods in esti-
mates of the shape parameters compared to the 
scale parameters. The mean return times that 
correspond to the Type II MLEs are slightly 
longer for site U1322 and nearly the same for 
site U1324 compared to the center-age MLEs 
(Tables 5 and 6). As indicated by Ogata (1999b), 
the center-age MLEs can be considered Type II 
MLEs in which Dirac functions are used as 
priors . Type II MLEs using different priors, 
such as triangular functions, will likely result in 
estimates intermediate between the center-age 
MLEs and the Type II MLEs using a uniform 
prior as described in this study.

MONTE CARLO METHOD

Monte Carlo methods are an important alter-
native to the likelihood methods, particularly 
where the likelihood functions and their maxi-

TABLE 3. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1322
Probability model Parameter 1* Parameter 2† AIC AICc

5.859.75—221.0laitnenopxE
4.164.9514.157.5ammaG
7.957.75898.017.1lamrongoL
6.166.9521.175.8llubieW
9.859.6560.135.8TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

*Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.

TABLE 4. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1324
Probability model Parameter 1* Parameter 2† AIC AICc

3.049.83—8660.0laitnenopxE
3.243.6353.506.2ammaG
1.241.63734.045.2lamrongoL
8.248.6324.28.51llubieW
0.240.63454.00.41TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

   *Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.
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where νθ is the mean return time over the entire 
distribution (not the arithmetic mean of the sam-
ples) and is given by:

 νθ = φθ t( )dt
0

∞

∫ = tƒθ t( )dt
0

∞

∫ . (9)

See Appendix for a summary of how the 
log-likelihood function shown in Equation 8 is 
derived. The log-likelihood function expressed 
by Equation 8 differs from standard log-likeli-
hood formulas associated with the distributions 
and from those of previous paleoseismic studies 
that do not include the open interval before the 
oldest dated event and the –ln υθ term (Ogata, 
1999b).

Using the probability models described 
above, we determine the MLE of the model 
parameters, assuming an exact occurrence age 
at the center of each interval indicated in Tables 
1 and 2. The log-likelihood function is formu-
lated from Equations 8 and 9. The maximum 
in the function is found by the Nelder-Mead 
direct search method of optimization (Nelder 
and Mead, 1965; Press et al., 2007). Results of 
parameter estimation for each probability model 
are shown in Tables 3 and 4.

Confi dence intervals for the distribution 
parameters can be calculated from the likeli-
hood profi le, holding the other parameter at its 
MLE. The 95% confi dence interval is obtained 
by comparing likelihood ratios to the chi-
squared distribution with one degree of freedom 
(χ2

95%[1]):
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The gamma and Weibull models have shape 
parameters whose domains span clustering 
and quasiperiodic behavior. For site U1322, 
the 95% confi dence interval for α spans across 
the boundary α = 1 that divides clustering and 
quasiperiodic behavior for both models (Fig. 2). 
For site U1324, the lower bound of the 95% 
confi dence interval for α is 3.59 for the gamma 
model and slightly greater than one (1.04) for 
the Weibull model (Fig. 3), suggesting quasi-
periodic behavior. Sample size, however, needs 
to be considered in overall model selection (dis-
cussed in the Model Selection section).

Potential bias in standard log-likelihood 
functions based only on the return times can 
be determined by comparing mean return times 
from parameter estimates shown in Tables 5 
and 6 with those from standard MLE expres-
sions. For example, for the exponential distri-
bution, the MLE using the standard expression 
equals the arithmetic or sample mean from the 
data (5.81 k.y.), whereas the MLE using Ogata’s 

(1999b) derived log-likelihood function that 
considers open intervals is signifi cantly longer 
(8.22 k.y.). In each case, the sample mean and the 
standard MLE underestimate the mean return 
time (Parsons, 2008).

Type II MLE Considering Open Intervals 
and Uncertain Event Times

A Bayesian method was developed by Ogata 
(1999b) to account for uncertain event times, in 
addition to the effect of open intervals. Unlike 
traditional Bayesian inference techniques in 
which the prior and posterior distribution are 
a function of the parameter space (θ), Ogata’s 
(1999b) method was formulated such that the 
prior and posterior distributions are the prob-
ability densities of each event age distribution 
[ψi(ti); i = 1,…, n]. Thus, both the event ages and 
models parameters are uncertain. The prior dis-
tributions for event ages used by Ogata (1999b) 
include Dirac delta functions, and uniform and 
triangular distributions. Bayes’ theorem is then 
written as

  ϕ t1,…, tn θ( ) =
L S ,T[ ] θ( ) ψi ti( )i=1

n∏
S ,T[ ] θ( )ℒ , (11)

where ϕ(t1,…,tn|θ) is the posterior distribution 
and ℒ[S,T](θ) is termed the integrated or marginal 
likelihood (Ogata et al., 2000; Aitkin, 2010). 
ℒ[S,T](θ) integrates the likelihood function with 
the joint distribution of the priors:
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Ogata (1999b) provided details on the for-
mulation of ℒ[S,T](θ) in a manner similar to the 
development of Equation 8. Using center-age 
Dirac delta functions for the priors recovers 
the likelihood expression given in Equation 8 
exactly.

The model parameters θ̂ that maximize the 
integrated likelihood (Equation 12) is termed, 
for this type of statistical inference, Type II 
maximum likelihood (Good, 1965; Robert, 
2007). The Type II MLEs for the different prob-
ability models are indicated in Tables 7 and 8 
for the two IODP sites. Estimates of the rate 
parameter for exponential distribution using the 
center-age (Tables 3 and 4) and Type II likeli-
hood methods are identical (Ogata, 1999b). 
For the other distributions, there appears to be 
more variation between the two methods in esti-
mates of the shape parameters compared to the 
scale parameters. The mean return times that 
correspond to the Type II MLEs are slightly 
longer for site U1322 and nearly the same for 
site U1324 compared to the center-age MLEs 
(Tables 5 and 6). As indicated by Ogata (1999b), 
the center-age MLEs can be considered Type II 
MLEs in which Dirac functions are used as 
priors . Type II MLEs using different priors, 
such as triangular functions, will likely result in 
estimates intermediate between the center-age 
MLEs and the Type II MLEs using a uniform 
prior as described in this study.

MONTE CARLO METHOD

Monte Carlo methods are an important alter-
native to the likelihood methods, particularly 
where the likelihood functions and their maxi-

TABLE 3. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1322
Probability model Parameter 1* Parameter 2† AIC AICc

5.859.75—221.0laitnenopxE
4.164.9514.157.5ammaG
7.957.75898.017.1lamrongoL
6.166.9521.175.8llubieW
9.859.6560.135.8TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

*Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.

TABLE 4. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1324
Probability model Parameter 1* Parameter 2† AIC AICc

3.049.83—8660.0laitnenopxE
3.243.6353.506.2ammaG
1.241.63734.045.2lamrongoL
8.248.6324.28.51llubieW
0.240.63454.00.41TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

   *Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.
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where φ(t1,...,tn|θ) is the posterior distribution and L[S,T ] (θ) is termed the integrated or 
marginal likelihood (Ogata et al., 2000; Aitkin, 2010). L[S,T ] (θ) integrates the likelihood 
function with the joint distribution of the priors: 

         (12)  
Ogata (1999c) provided details on the formulation of L[S,T ] (θ) in a manner similar 

to the development of Equation 8. Using center-age Dirac delta functions for the priors 
recovers the likelihood expression given in Equation 8 exactly. 

The model parameters 𝜃 that maximize the integrated likelihood (Equation 12) is 
termed, for this type of statistical inference, Type II maximum likelihood (Good, 1965; 
Robert, 2007). The Type II MLEs for the different probability models are indicated in 
Tables 16 and 17 for the two IODP sites. Estimates of the rate parameter for exponential 
distribution using the center-age (Tables 12 and 13) and Type II likelihood methods are 
identical (Ogata, 1999c). For the other distributions, there appears to be more variation 
between the two methods in estimates of the shape parameters compared to the scale 
parameters. The mean return times that correspond to the Type II MLEs are slightly 
longer for site U1322 and nearly the same for site U1324 compared to the center-age 
MLEs (Tables 14 and 15). As indicated by Ogata (1999c), the center-age MLEs can be 
considered Type II MLEs in which Dirac functions are used as priors. Type II MLEs 
using different priors, such as triangular functions, will likely result in estimates 
intermediate between the center-age MLEs and the Type II MLEs using a uniform prior 
as described in this study. 

Monte Carlo method 
Monte Carlo methods are an important alternative to the likelihood methods, 

particularly where the likelihood functions and their maximum are difficult to compute. 
The Monte Carlo method described in detail by Parsons (2008) takes into account age-
dating uncertainty and the open intervals, as in the Type II likelihood methods developed 
by Ogata (1999c). Two probability models representing time dependence and time 
independence are compared using a Monte Carlo method that tallies the relative success 
of different distributions against sets of observed intervals. Time independence is 
represented by exponential distributions (Poisson process), and Brownian Passage Time 
(inverse Gaussian) distributions are taken to represent time dependence. 

To make the test, a series of distributions that covers all reasonable mean 
recurrence intervals is developed (100 yr to 20,000 yr for the Ursa Basin MTDs). Time-
dependent distributions are characterized by two parameters (Equation 5), and are thus 
also constructed across coefficient of variation (shape parameter) values between 0.01 
and 0.99 for each mean return time. Groups of MTD times are randomly drawn 5 million 
times from each possible distribution and assembled into sequences. With this method, 
sequence means are identified directly from the parameters of parent distributions rather 
than from taking arithmetic means of sequences. 

The Monte Carlo calculations use a uniform distribution for the event time 
windows (Tables 10, 11), and an event that happens at any time within the window is 
considered a match. The Monte Carlo sequences begin with an event that is given 
freedom to happen at any time prior to the first observed MTD time window. In this 
regard, it is different from Ogata’s (1999b) method in which no event is assumed to occur 
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where νθ is the mean return time over the entire 
distribution (not the arithmetic mean of the sam-
ples) and is given by:

 νθ = φθ t( )dt
0

∞

∫ = tƒθ t( )dt
0

∞

∫ . (9)

See Appendix for a summary of how the 
log-likelihood function shown in Equation 8 is 
derived. The log-likelihood function expressed 
by Equation 8 differs from standard log-likeli-
hood formulas associated with the distributions 
and from those of previous paleoseismic studies 
that do not include the open interval before the 
oldest dated event and the –ln υθ term (Ogata, 
1999b).

Using the probability models described 
above, we determine the MLE of the model 
parameters, assuming an exact occurrence age 
at the center of each interval indicated in Tables 
1 and 2. The log-likelihood function is formu-
lated from Equations 8 and 9. The maximum 
in the function is found by the Nelder-Mead 
direct search method of optimization (Nelder 
and Mead, 1965; Press et al., 2007). Results of 
parameter estimation for each probability model 
are shown in Tables 3 and 4.

Confi dence intervals for the distribution 
parameters can be calculated from the likeli-
hood profi le, holding the other parameter at its 
MLE. The 95% confi dence interval is obtained 
by comparing likelihood ratios to the chi-
squared distribution with one degree of freedom 
(χ2
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The gamma and Weibull models have shape 
parameters whose domains span clustering 
and quasiperiodic behavior. For site U1322, 
the 95% confi dence interval for α spans across 
the boundary α = 1 that divides clustering and 
quasiperiodic behavior for both models (Fig. 2). 
For site U1324, the lower bound of the 95% 
confi dence interval for α is 3.59 for the gamma 
model and slightly greater than one (1.04) for 
the Weibull model (Fig. 3), suggesting quasi-
periodic behavior. Sample size, however, needs 
to be considered in overall model selection (dis-
cussed in the Model Selection section).

Potential bias in standard log-likelihood 
functions based only on the return times can 
be determined by comparing mean return times 
from parameter estimates shown in Tables 5 
and 6 with those from standard MLE expres-
sions. For example, for the exponential distri-
bution, the MLE using the standard expression 
equals the arithmetic or sample mean from the 
data (5.81 k.y.), whereas the MLE using Ogata’s 

(1999b) derived log-likelihood function that 
considers open intervals is signifi cantly longer 
(8.22 k.y.). In each case, the sample mean and the 
standard MLE underestimate the mean return 
time (Parsons, 2008).

Type II MLE Considering Open Intervals 
and Uncertain Event Times

A Bayesian method was developed by Ogata 
(1999b) to account for uncertain event times, in 
addition to the effect of open intervals. Unlike 
traditional Bayesian inference techniques in 
which the prior and posterior distribution are 
a function of the parameter space (θ), Ogata’s 
(1999b) method was formulated such that the 
prior and posterior distributions are the prob-
ability densities of each event age distribution 
[ψi(ti); i = 1,…, n]. Thus, both the event ages and 
models parameters are uncertain. The prior dis-
tributions for event ages used by Ogata (1999b) 
include Dirac delta functions, and uniform and 
triangular distributions. Bayes’ theorem is then 
written as

  ϕ t1,…, tn θ( ) =
L S ,T[ ] θ( ) ψi ti( )i=1

n∏
S ,T[ ] θ( )ℒ , (11)

where ϕ(t1,…,tn|θ) is the posterior distribution 
and ℒ[S,T](θ) is termed the integrated or marginal 
likelihood (Ogata et al., 2000; Aitkin, 2010). 
ℒ[S,T](θ) integrates the likelihood function with 
the joint distribution of the priors:
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Ogata (1999b) provided details on the for-
mulation of ℒ[S,T](θ) in a manner similar to the 
development of Equation 8. Using center-age 
Dirac delta functions for the priors recovers 
the likelihood expression given in Equation 8 
exactly.

The model parameters θ̂ that maximize the 
integrated likelihood (Equation 12) is termed, 
for this type of statistical inference, Type II 
maximum likelihood (Good, 1965; Robert, 
2007). The Type II MLEs for the different prob-
ability models are indicated in Tables 7 and 8 
for the two IODP sites. Estimates of the rate 
parameter for exponential distribution using the 
center-age (Tables 3 and 4) and Type II likeli-
hood methods are identical (Ogata, 1999b). 
For the other distributions, there appears to be 
more variation between the two methods in esti-
mates of the shape parameters compared to the 
scale parameters. The mean return times that 
correspond to the Type II MLEs are slightly 
longer for site U1322 and nearly the same for 
site U1324 compared to the center-age MLEs 
(Tables 5 and 6). As indicated by Ogata (1999b), 
the center-age MLEs can be considered Type II 
MLEs in which Dirac functions are used as 
priors . Type II MLEs using different priors, 
such as triangular functions, will likely result in 
estimates intermediate between the center-age 
MLEs and the Type II MLEs using a uniform 
prior as described in this study.

MONTE CARLO METHOD

Monte Carlo methods are an important alter-
native to the likelihood methods, particularly 
where the likelihood functions and their maxi-

TABLE 3. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1322
Probability model Parameter 1* Parameter 2† AIC AICc

5.859.75—221.0laitnenopxE
4.164.9514.157.5ammaG
7.957.75898.017.1lamrongoL
6.166.9521.175.8llubieW
9.859.6560.135.8TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

*Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.

TABLE 4. RESULTS OF MLE PARAMETER ESTIMATION, IODP HOLE U1324
Probability model Parameter 1* Parameter 2† AIC AICc

3.049.83—8660.0laitnenopxE
3.243.6353.506.2ammaG
1.241.63734.045.2lamrongoL
8.248.6324.28.51llubieW
0.240.63454.00.41TPB

Note: Akaike’s Information Criterion (AIC) and the associated bias correction (AICc) are discussed 
in the Model Selection section. MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

   *Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.
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between time S and the first deposit. The extra event in the Monte Carlo method 
contributes nothing other than a starting point for the sampling. This is needed because 
the first observed time window has some range within which the event might have 
happened, whereas Monte Carlo simulation must begin at a point in time. A second open 
interval extending from the end of the last observed event window to the present is 
utilized; if a simulated event falls into this interval, its sequence is not considered a 
match. 

To summarize the technique, exponential distributions with mean return times 
from 100 to 20,000 yr are generated in 100 yr increments, and a group of Brownian 
Passage Time distributions is also generated with mean return times from 100 to 20,000 
yr in 100 yr increments. The time-dependent distributions also range through coefficients 
of variation between 0.01 and 0.99 (0.1 increments) for every mean return time. Each 
individual distribution is given 5 million chances to reproduce each MTD record within 
the uncertainties (Tables 1, 2). The number of successful matches is tallied for every 
possible distribution. The most likely distributions to represent Ursa Basin submarine 
mass failure occurrence are taken to be the ones that most frequently match the records. 

Results from Monte Carlo analysis are shown in Figure 141, where the number of 
matches for each potential return time distribution is displayed. Generally, the record 
from site U1324 is easier to match than the U1322 sequence because there are fewer total 
events, and they are observed within wider time intervals (Tables 10, 11). However, the 
results of comparing a Poisson process against time-dependent models are the same; in 
both cases, many more matches are attained from exponential distributions than from 
time-dependent distributions (factor of 2:1 at the U1322 site, and 20:1 at the U1324 site; 
Figure 141), even when considering the difference in number of model parameters (see 
the Model Selection section). Best-fit mean return times are given in Tables 18 and 19. 

In summarizing results from Monte Carlo modeling, we note that it is possible to 
fit the MTD sequences found at the two IODP sites from the Ursa Basin to time-
dependent models, particularly for higher (more random) coefficients of variation (Figure 
141, Tables 18 and 19). However, a better overall match can be made with random-in-
time exponential distributions. 

Model selection 
Comparison of different probability models for submarine mass failure 

occurrence is made using Akaike’s Information Criterion (AIC). AIC is a relative 
measure of the information lost when a particular model is used as an approximation to 
the true model. AIC balances the goodness of fit with the number of parameters needed to 
describe the model (Burnham and Anderson, 2010). The preferred model, among 
competing models for the same data and constraints, is the one with the lower AIC. The 
formula for AIC is given by 

         (13)  
where K = dim{θ} is the number of parameters in the model. For small samples, there is 
a bias correction given approximately by (Hurvich and Tsai, 1989; Burnham and 
Anderson, 2010) 

         (14)  
where n is the number of samples, in this case the number of MTDs. 
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successful matches is tallied for every possible 
distribution. The most likely distributions to 
represent Ursa Basin submarine mass failure 
occurrence are taken to be the ones that most 
frequently match the records.

Results from Monte Carlo analysis are shown 
in Figure 4, where the number of matches for 
each potential return time distribution is dis-
played. Generally, the record from site U1324 
is easier to match than the U1322 sequence 
because there are fewer total events, and they 
are observed within wider time intervals (Tables 
1, 2). However, the results of comparing a Pois-
son process against time-dependent models are 
the same; in both cases, many more matches 
are attained from exponential distributions than 
from time-dependent distributions (factor of 2:1 
at the U1322 site, and 20:1 at the U1324 site; 
Fig. 4), even when considering the difference 
in number of model parameters (see the Model 
Selection section). Best-fi t mean return times 
are given in Tables 9 and 10.

In summarizing results from Monte Carlo 
modeling, we note that it is possible to fi t the 
MTD sequences found at the two IODP sites 
from the Ursa Basin to time-dependent models, 
particularly for higher (more random) coeffi -
cients of variation (Fig. 4, Tables 9 and 10). 
However, a better overall match can be made 
with random-in-time exponential distributions.

MODEL SELECTION

Comparison of different probability models 
for submarine mass failure occurrence is made 
using Akaike’s Information Criterion (AIC). 
AIC is a relative measure of the information lost 
when a particular model is used as an approxi-
mation to the true model. AIC balances the 
goodness of fi t with the number of parameters 
needed to describe the model (Burnham and 
Anderson, 2010). The preferred model, among 
competing models for the same data and con-
straints, is the one with the lower AIC. The for-
mula for AIC is given by

 L KAIC 2 max ln 2( )= − +θ , (13)

where K = dim{θ} is the number of parameters 
in the model. For small samples, there is a bias 
correction given approximately by (Hurvich and 
Tsai, 1989; Burnham and Anderson, 2010)

 
K K
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AICc AIC
2 1

1
( )= + +

− −
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where n is the number of samples, in this case 
the number of MTDs.

AIC and AICc are used to evaluate the dif-
ferent models (Tables 3 and 4) from the MLE 
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Figure 3. Log-likelihood contours for the (A) gamma and (B) Weibull probability models 
based on the data at site U1324. Bars indicate 95% confi dence interval for each parameter, 
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successful matches is tallied for every possible 
distribution. The most likely distributions to 
represent Ursa Basin submarine mass failure 
occurrence are taken to be the ones that most 
frequently match the records.

Results from Monte Carlo analysis are shown 
in Figure 4, where the number of matches for 
each potential return time distribution is dis-
played. Generally, the record from site U1324 
is easier to match than the U1322 sequence 
because there are fewer total events, and they 
are observed within wider time intervals (Tables 
1, 2). However, the results of comparing a Pois-
son process against time-dependent models are 
the same; in both cases, many more matches 
are attained from exponential distributions than 
from time-dependent distributions (factor of 2:1 
at the U1322 site, and 20:1 at the U1324 site; 
Fig. 4), even when considering the difference 
in number of model parameters (see the Model 
Selection section). Best-fi t mean return times 
are given in Tables 9 and 10.

In summarizing results from Monte Carlo 
modeling, we note that it is possible to fi t the 
MTD sequences found at the two IODP sites 
from the Ursa Basin to time-dependent models, 
particularly for higher (more random) coeffi -
cients of variation (Fig. 4, Tables 9 and 10). 
However, a better overall match can be made 
with random-in-time exponential distributions.

MODEL SELECTION

Comparison of different probability models 
for submarine mass failure occurrence is made 
using Akaike’s Information Criterion (AIC). 
AIC is a relative measure of the information lost 
when a particular model is used as an approxi-
mation to the true model. AIC balances the 
goodness of fi t with the number of parameters 
needed to describe the model (Burnham and 
Anderson, 2010). The preferred model, among 
competing models for the same data and con-
straints, is the one with the lower AIC. The for-
mula for AIC is given by

 L KAIC 2 max ln 2( )= − +θ , (13)

where K = dim{θ} is the number of parameters 
in the model. For small samples, there is a bias 
correction given approximately by (Hurvich and 
Tsai, 1989; Burnham and Anderson, 2010)
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AIC and AICc are used to evaluate the different models (Tables 12 and 13) from the 
MLE using center-age event times. Using AIC without the bias correction indicates that 
some of the quasiperiodic models perform better than the exponential model (BPT model 
optimal for both sites U1322 and U1324). This is consistent with α = 1 being outside the 
95% confidence interval for the gamma and Weibull models (site U1324) discussed in 
the Maximum Likelihood Methods section (Figure 140). However, using AICc with the 
small-sample bias correction indicates that the exponential model associated with a 
stationary Poisson process is the optimal model for both sites. 

For the Type II MLE results based on Ogata’s (1999c) Bayesian inference 
method, Akaike’s Bayesian Information Criterion (ABIC) is used to evaluate the different 
models (Tables 16 and 17) (Akaike, 1980). ABIC is of similar form to AIC: 

         (15)  
However, in this case, L is the integrated likelihood function in the Bayesian 

method (Equation 12). The optimal model for submarine mass failure occurrence using 
Type II MLEs is the BPT model for both sites. It is unclear whether ABIC is biased for 
small sample sizes. 

For the Monte Carlo method, one can view the number of successful matches over 
a finite number of possibilities as an approximation to the likelihood function. In this 
case, discrete values of the parameter space are used as explained in the previous section. 
In this view, the many more successful matches associated with the exponential 
distribution than the BPT solution suggests that maximum log-likelihood is greater for 
the exponential distribution, even without considering the number of parameters in each 
model. 

Hazard estimation 
The hazard-rate function (Equation 7) is calculated using the center-age MLE for 

each probability model and each site (Figure 142). The dashed lines indicate the range in 
elapsed time from the last event to the present, given the uncertainties in dating. Formal 
techniques for incorporating this uncertainty in the hazard-rate function are given by 
Rhoades et al. (1994) and Ogata (1999c). At site U1322, the gamma and Weibull models 
exhibit increasing hazard rate at the present time, whereas the lognormal and BPT models 
exhibit decreasing hazard rate (Figure 142A). For all cases, the hazard rate for the 
exponential model (Poisson process) is constant. As dis- cussed in the previous section, 
the present-day hazard rate for the exponential model is optimal according to the AICc 
measure and Monte Carlo results, with the associated hazard rate intermediate at the 
present time between the two classes of quasiperiodic models. 

The difference between the hazard functions at the two sites relates to the mean 
return time relative to the time since the last event. At site U1324, all of the quasiperiodic 
models exhibit increasing hazard rate at the present time (Figure 142B). The time since 
the last event at site U1322 is more than twice the mean return time, such that the hazard-
rate functions are approaching their asymptotic values. In contrast, the time since the last 
event at site U1324 is comparable to the mean return time. As such, there is a significant 
difference between the present-day hazard rate estimated by the optimal exponential 
model and the quasiperiodic models at site U1324. If it were found that the quasiperiodic 
models are optimal in terms of estimating the occurrence of submarine mass failures at 
site U1324, as suggested by the Type II MLE results where the BPT model is optimal, 
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using center-age event times. Using AIC with-
out the bias correction indicates that some of 
the quasi periodic models perform better than 
the exponential model (BPT model optimal for 
both sites U1322 and U1324). This is consistent 
with α = 1 being outside the 95% confi dence 
interval for the gamma and Weibull models (site 
U1324) discussed in the Maximum Likelihood 
Methods section (Fig. 3). However, using AICc 
with the small-sample bias correction indicates 
that the exponential model associated with a sta-
tionary Poisson process is the optimal model for 
both sites.

For the Type II MLE results based on Ogata’s 
(1999b) Bayesian inference method, Akaike’s 
Bayesian Information Criterion (ABIC) is 
used to evaluate the different models (Tables 7 
and 8) (Akaike, 1980). ABIC is of similar form 
to AIC:

 KABIC 2 max ln 2( )= − +θ ℒ . (15)

However, in this case, ℒ is the integrated likeli-
hood function in the Bayesian method (Equa-
tion 12). The optimal model for submarine mass 
failure occurrence using Type II MLEs is the 
BPT model for both sites. It is unclear whether 
ABIC is biased for small sample sizes.

For the Monte Carlo method, one can view 
the number of successful matches over a fi nite 
number of possibilities as an approximation 
to the likelihood function. In this case, dis-
crete values of the parameter space are used as 
explained in the previous section. In this view, 
the many more successful matches associated 
with the exponential distribution than the BPT 
solution suggests that maximum log-likelihood 

is greater for the exponential distribution, even 
without considering the number of parameters 
in each model.

HAZARD ESTIMATION

The hazard-rate function (Equation 7) is cal-
culated using the center-age MLE for each prob-
ability model and each site (Fig. 5). The dashed 
lines indicate the range in elapsed time from the 
last event to the present, given the uncertainties 
in dating. Formal techniques for incorporat-
ing this uncertainty in the hazard-rate function 
are given by Rhoades et al. (1994) and Ogata 
(1999b). At site U1322, the gamma and Weibull 
models exhibit increasing hazard rate at the 
present time, whereas the lognormal and BPT 
models exhibit decreasing hazard rate (Fig. 5A). 
For all cases, the hazard rate for the exponen-
tial model (Poisson process) is constant. As dis-
cussed in the previous section, the present-day 
hazard rate for the exponential model is optimal 
according to the AICc measure and Monte Carlo 
results, with the associated hazard rate interme-
diate at the present time between the two classes 
of quasiperiodic models.

The difference between the hazard functions 
at the two sites relates to the mean return time 
relative to the time since the last event. At site 
U1324, all of the quasiperiodic models exhibit 
increasing hazard rate at the present time (Fig. 
5B). The time since the last event at site U1322 
is more than twice the mean return time, such 
that the hazard-rate functions are approaching 
their asymptotic values. In contrast, the time 
since the last event at site U1324 is compara-
ble to the mean return time. As such, there is 

a signifi cant difference between the present-day 
hazard rate estimated by the optimal exponen-
tial model and the quasiperiodic models at site 
U1324. If it were found that the quasiperiodic 
models are optimal in terms of estimating the 
occurrence of submarine mass failures at site 
U1324, as suggested by the Type II MLE results 
where the BPT model is optimal, then the 
present-day hazard rate would be considerably 
higher compared to the hazard rate associated 
with the exponential model.

DISCUSSION

Methods

Both the maximum likelihood techniques and 
the Monte Carlo technique for estimating the 
occurrence probability of submarine mass fail-
ures include the effect of the open time intervals 
on parameter estimation. The effect of the open 
intervals alone can be examined by comparing 
the standard MLE with the center-age MLE 
derived by Ogata (1999b). For both drill sites 
and all probability models, inclusion of the open 
intervals increases the estimated mean return 
time for submarine mass failures (Tables 5 and 
6). The Monte Carlo technique and the Type II 
maximum likelihood technique also account for 
uncertainty in age dating events. Uncertainty 
is endemic in estimating event ages from geo-
logic samples, such as the age of mass transport 
deposits sampled by drill holes as discussed in 
the age dates section above. The effect of this 
uncertainty partly depends on how the uncer-
tainty is distributed for each event, incorporated 
in the Type II likelihood method as prior distri-

TABLE 5. COMPARISON OF MEAN RETURN TIMES USING 
DIFFERENT MLE METHODS FOR IODP HOLE U1322

Probability model
Standard MLE

(kyr)
Center-age MLE

(kyr)
Type II MLE

(kyr)
Exponential 5.81 8.22 8.22

31.801.818.5ammaG
Lognormal 5.64 8.31 8.50

51.841.888.5llubieW
26.835.818.5TPB

Note: MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

TABLE 6. COMPARISON OF MEAN RETURN TIMES USING 
DIFFERENT MLE METHODS FOR IODP HOLE U1324

Probability model
Standard MLE

(kyr)
Center-age MLE

(kyr)
Type II MLE

(kyr)
Exponential 12.8 15.0 15.0

9.319.318.21ammaG
Lognormal 12.7 13.9 13.9

0.410.419.21llubieW
9.310.418.21TPB

Note: MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time.

TABLE 7. RESULTS OF TYPE II MLE PARAMETER ESTIMATION 
(UNIFORM PRIOR) FOR IODP HOLE U1322

Probability model Parameter 1* Parameter 2† ABIC
Exponential 0.122 — 57.9

6.9523.161.6ammaG
Lognormal 1.69 0.95 58.2

8.9521.105.8llubieW
5.7541.126.8TPB

Note: MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time; ABIC—Akaike’s Bayesian Information 
Criterion.

*Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.

TABLE 8. RESULTS OF TYPE II MLE PARAMETER ESTIMATION 
(UNIFORM PRIOR) FOR IODP HOLE U1324

Probability model Parameter 1* Parameter 2† ABIC
Exponential 0.0668 — 38.9

2.6353.681.2ammaG
Lognormal 2.55 0.40 36.0

6.6306.28.51llubieW
9.53904.09.31TPB

Note: MLE—maximum likelihood estimate; IODP—Integrated Ocean Drilling 
Program; BPT—Brownian Passage Time; ABIC—Akaike’s Bayesian Information 
Criterion.

*Intensity, scale, or location parameter.
†Shape or aperiodicity parameter.
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then the present-day hazard rate would be considerably higher compared to the hazard 
rate associated with the exponential model. 

Discussion  

Methods 
Both the maximum likelihood techniques and the Monte Carlo technique for 

estimating the occurrence probability of submarine mass failures include the effect of the 
open time intervals on parameter estimation. The effect of the open intervals alone can be 
examined by comparing the standard MLE with the center-age MLE derived by Ogata 
(1999c). For both drill sites and all probability models, inclusion of the open intervals 
increases the estimated mean return time for submarine mass failures (Tables 14 and 15). 
The Monte Carlo technique and the Type II maximum likelihood technique also account 
for uncertainty in age dating events. Uncertainty is endemic in estimating event ages from 
geo- logic samples, such as the age of mass transport deposits sampled by drill holes as 
discussed in the age dates section above. The effect of this uncertainty partly depends on 
how the uncertainty is distributed for each event, incorporated in the Type II likelihood 
method as prior distributions in a Bayesian framework. End members examined in this 
study are uniform prior and the Dirac prior, the latter of which reduces to the center-age 
MLE. Age uncertainty using a uniform prior tends to slightly increase the mean return 
time for site U1322 compared to center-age MLEs, though there is little effect for site 
U1324. For each method and probability model, it is possible to define parameter 
confidence intervals as shown in Figures 139 and 140. 

Differences between the Type II likelihood and Monte Carlo methods can be 
examined by comparing the results from the BPT model. For the Type II likelihood 
method, the mean return time is 8.62 and 13.9 ky for sites U1322 and U1324, 
respectively (Tables 14 and 15). In comparison, the mean return time estimated by the 
Monte Carlo method is 4.03–4.37 and 8.25 ky for sites U1322 and U1324, respectively 
(Tables 18 and 19). In addition, the Type II likelihood technique appears to be estimating 
a significantly lower value for the shape parameter (coefficient of variation, α) at site 
U1324, than the Monte Carlo technique (Tables 17 and 19). The difference in the results 
from the two methods may relate to how the open intervals are handled. In the case of the 
likelihood methods, no event is assumed to occur between age S (base of the Blue Unit, 
estimated to be 74 ka) and the first deposit, whereas in the case of the Monte Carlo 
method an event can occur at any time prior to the first deposit. Because of the small 
number of events, particularly at site U1324, the latter may result in more Poisson-like 
behavior and shorter estimates for the mean return time than the likelihood methods for 
this case study. 

The computational requirement of each technique depends on the number of 
events and event-age uncertainty relative to the mean return time and the probability 
model used. For the Monte Carlo results shown in Figure 141, twenty times the number 
of runs needed to be made for site U1322 than for site U1324 (100 million runs versus 5 
million runs for each pair of distribution parameters). In contrast, the computational 
requirement for the Type II likelihood method depends on the number of events, in terms 
of the number of integrations required to define the likelihood function (Equation 12) and 
the analytical form of the probability model. 
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Results 
Using these methods, we can assess whether submarine mass failures recorded at 

the two IODP sites occur randomly (i.e., according to a Poisson process, exhibiting an 
exponential distribution of inter-event times) or whether we can say with confidence that 
there is a clustering or quasiperiodic aspect to these events. For the center-age MLE, the 
exponential distribution of return times associated with a Poisson process is the optimal 
model for both sites according to the AICc model selection criterion. Because of the 
small number of samples, the correction factor to AIC is particularly large, in favor of the 
exponential model. If more events were identified, it is possible that the BPT model 
would have been selected, as indicated by the raw AIC values in Tables 140 and 141. The 
ABIC model selection criterion for the Type II MLE method indicates that the BPT 
model is optimal for both sites, how- ever no small-sample bias correction is applied to 
ABIC as it is for AICc. The Monte Carlo method that considers both age-dating 
uncertainty and open intervals indicates that the exponential model is optimal. As 
indicated above, the difference between the likelihood and Monte Carlo results likely 
relates to how the open interval before the first event is treated. The difference in the 
resulting hazard function between the exponential model and quasiperiodic models can 
be significant, as shown in Figure 142. 

The difference in the overall rates and mean return times between the two sites 
relates to the simple fact that fewer MTDs were present at site U1324 (Urgeles et al., 
2007). There may also be differences in the physical processes relating to the long-term 
occurrence of submarine mass failures. The two sites are in slightly different geographic 
positions relative to the ancestral canyons and their levee deposits (Sawyer et al., 2009; 
Stigall and Dugan, 2010). Hence, the record of MTDs at each site may be a function of 
the basin architecture. In addition, physical properties such as pore pressure between the 
two sites are slightly different, indicative of regional variation of sediment accumulation 
and fluid flow focusing (Flemings et al., 2008; Stigall and Dugan, 2010). 

Differences between the occurrence results of subaerial landslides that show 
clustering behavior (Witt et al., 2010) and the results of this study that primarily show 
Poisson/quasiperiodic behavior may relate to differences in the detection level between 
the two studies. Although it is difficult to assess the range of landslide sizes among the 
studies, it is certain that subaerial landslides examined by Witt et al. (2010) (with time 
scales measured in days) are smaller in size than the submarine mass failures considered 
here and in Griffiths (1993) (with time scales measured in thousands of years). Smaller 
landslides are likely conditional to a larger predecessor landslide (e.g., secondary failures 
along a scarp from a predecessor landslide) and therefore tend to cluster temporally. The 
MTDs record larger events, possibly from independent sources. There does not appear to 
be a strong time-dependent failure process underlying the timing of the MTDs in this 
setting. Although some events may be part of a larger retrogressive system (Sawyer et al., 
2009), this does not necessarily imply that events are conditional on preceding events, in 
terms of temporal occurrence. It should be noted, however, that there may be 
fundamental differences in the occurrence of subaerial landslides compared to submarine 
mass failures, analogous to the differences in size distributions in the two environments 
(ten Brink et al., 2009a). 

Finally, it is assumed throughout this study that the probability models are 
stationary. The driving force for basin formation is salt withdrawal, which is likely 
stationary relative to the geologic record of the MTDs. However, sediment input and 
accumulation may be dependent on periods of glaciation and changes in sea level (Kolla 
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and Perlmutter, 1993; Lee, 2009; Piper and Normark, 2009; Korup et al., 2012) and thus 
may not be stationary. Testing of the stationary assumption is likely only possible for 
global data sets until more age dates of mass transport deposits are acquired. 

Conclusions 
Techniques have been developed to empirically determine the probability 

distribution of submarine mass failures from dated mass transport deposits. Adapted from 
paleoseismic methods, these techniques include the uncertainty in age dating the deposits 
and the open time intervals before the first and after the last deposit. The renewal-process 
likelihood techniques include those for center-age occurrence, accounting for open 
intervals, and Type II likelihood methods under a Bayesian framework to also 
accommodate uncertainty in the age dates. Results from the likelihood methods can be 
used with model selection criteria, such as AIC, and statistical tests relative to a Poisson 
null hypothesis, such as the likelihood ratio test. The Monte Carlo technique draws many 
samples for a specific distribution parameter(s) and repeats these draws for all possible 
relevant parameter values. The most likely parameters for a given distribution are the 
ones with the most matches to the data. The Monte Carlo technique is particularly useful 
when the likelihood functions or their maximum cannot be computed. 

Results from mass transport deposits recorded in IODP sites U1322 and U1324 
within the Ursa Basin indicate that the deposits can be described by a Poisson process, 
based on the center-age maximum likelihood and Monte Carlo methods, or a 
quasiperiodic process, based on the Type II maximum likelihood method. For the Poisson 
process, the return times are exponentially distributed and the hazard-rate function is a 
constant. The mean return time of submarine mass failures is shorter at site U1322 
primarily because more mass transport events are identified over a similar period of time. 
Differences in estimates of the mean return time between the likelihood and Monte Carlo 
methods are related to how the open interval before the first event is treated. For the 
likelihood methods, no event is assumed to occur between a specified age S and the first 
event, whereas for the Monte Carlo method any event can occur before the first event. 
Application of likelihood and Monte Carlo techniques to the Ursa Basin data 
demonstrates how these methods can estimate parameters and confidence intervals for 
various probability models and test different hypotheses for the occurrence of submarine 
mass failures. 
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Figure 138. Location map for Integrated Ocean Drilling Program sites U1322 and U1324.  
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Table 11. Age estimates for mass transport deposits at IODP hole U1322. 
 

 
 

Table 12. Age estimates for mass transport deposits at IODP hole U1324 

  

Table 13. Results of MLE parameter estimation, IODP hole U1322 
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Table 14. Results of MLE parameter estimation, IODP hole U1324 
 

  
 

 

 
Figure 139. Log-likelihood contours for the (A) gamma and (B) Weibull probability models based 
on the data at site U1322. Bars indicate 95% confidence interval for each parameter, with center 
being the maximum likelihood estimate. α—shape parameter; β—scale parameter for the 
distributions. See Table 140. Contours represent likelihood values.  
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Figure 140. Log-likelihood contours for the (A) gamma and (B) Weibull probability models based 
on the data at site U1324. Bars indicate 95% confidence interval for each parameter, with center 
being the maximum likelihood estimate. α—shape parameter; β—scale parameter for the 
distributions. See Table 141. Contours represent likelihood values.  

 

Table 15. Comparison of mean return times using different MLE methods for IODP hole U1322  
 

 
 

Table 16. Comparison of mean return times using different MLE methods for IODP hole U1324  
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Table 17. Results of type II MLE parameter estimation (uniform prior) for IODP hole U1322  
 

 
 
 

Table 18. Results of type II MLE parameter estimation (uniform prior) for IODP hole U1324  
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Figure 141. Contours of matches to Ursa Basin submarine landslide event series of different time-
dependent (Brownian Passage Time) return-time distributions. Histograms show the corresponding 
numbers of matches from time-independent (exponential) return time distributions. The best-fit 
distributions are time independent for both the (A) U1322 core and (B) U1324 core.  
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Table 19. Probability of parameter combinations defining return time distributions from Monte 
Carlo modeling of IODP hole U1322  
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Table 20. Probability of parameter combinations defining return time distributions from Monte 
Carlo modeling of IODP hole U1324   
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Figure 142. Hazard-rate functions ν(t) for the five probability models plotted as a function of time 
since the last event (in kyr). (A) Site U1322. (B) Site U1324. Present-day range in time since last 
event indicated by dashed lines. BPT—Brownian Passage Time.  
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9.4 A framework for the probabilistic analysis of meteotsunamis 

Introduction 
Meteorologically induced tsunamis, termed meteotsunamis (Monserrat et al. 

2006), can cause harbor damage and injuries, as exemplified by a recent event along the 
northeast U.S. Atlantic coast on June 13, 2013. This event as well as the Boothbay 
(Maine) meteotsunami in 2008 (Vilibić et al. 2013) and the Daytona Beach (Florida) 
event in 1992 (Churchill et al. 1995; Sallenger et al. 1995) are three U.S. examples of 
many meteotsunamis around the world that have proved to be hazardous. Other locations 
where meteotsunami have notably struck include the Balearic Islands (Monserrat et al. 
1991), the Adriatic Sea (Vilibić et al. 2004), Japan (Hibiya and Kajiura 1982; Asano et al. 
2012), and the Kuril Islands (Rabinovich and Monserrat 1998). Current understanding of 
meteotsunamis comes from both theoretical/numerical studies (e.g., Vilibić 2008; 
Vennell 2010) and careful examination of case study observations (Rabinovich and 
Monserrat 1996; Monserrat et al. 2006). These previous studies have identified several 
atmospheric causes for meteotsunamis, and for meteotsunami amplitudes to be 
significant, several wave propagation resonance conditions that need to be satisfied. 

As more is learned about the conditions in which meteotsunamis are formed, a 
question that arises is how might this phenomenon be assessed from a natural hazards 
perspective? One approach is the design storm concept in which a characteristic storm or 
small set of storms is used to determine the surge levels at a coastal site (see Resio et al. 
2009). Another approach is based on probabilistic analysis, in which natural hazard 
severity is estimated for a given probability of exceedance. This approach is expanding in 
the assessment of flood hazards, in general (U.S. Nuclear Regulatory Commission 2013), 
and phenomena such as tsunami (Geist and Parsons 2006) and storm surge (Resio et al. 
2009), in particular. 

In this report, we propose a framework for the probabilistic analysis of 
meteotsunamis. In the next section, we provide a brief background of meteotsunamis and 
the causes of resonant amplification. This is followed by the Probabilistic Framework 
section in which we indicate the assumptions inherent in probabilistic analysis and we 
develop an aggregation equation for meteotsunamis, as well as one specific to squall lines 
as examined in the demonstration study. The next three sections describe a demonstration 
study using (1) ASOS station data used to determine squall line parameters and their 
distributions, (2) numerical modeling of meteotsunami waves, and (3) results for several 
locations along the northeast U.S. coastline. We then discuss how probabilistic analysis 
of meteotsunamis can be further refined and improved. 

Background 
Meteotsunamis are caused by a variety of atmospheric phenomena, including 

atmospheric gravity waves, frontal passages, and squall lines that rapidly propagate over 
the ocean, primarily across continental shelves (Monserrat et al. 2006; Vilibić et al. 
2013). Isolated pressure jumps, such as those associated with squall lines and derechos, 
are primarily considered in this study, to demonstrate how probabilistic analysis is 
developed from general equations for a specific type of meteotsunami. A comprehensive 
probabilistic analysis of meteotsunamis would include all other types of atmospherically 
induced events. A key factor in the generation of meteotsunamis is the speed of the 
pressure disturbance relative to the phase speed of long waves in the ocean. When the 
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speed of the pressure disturbance approaches the long-wave speed, the coupled wave 
becomes amplified: an effect termed Proudman resonance (Proudman 1929, Lamb 1932). 
Amplification from Proudman resonance increases with time. When the translation (U) 
speed equals the long- wave phase speed (Froude number Fr = 1), Hibiya and Kajiura 
(1982) derived the theoretical increase in amplitude 𝛥𝜂 for a simple atmospheric pressure 
model as 

           (1)  
where W is the horizontal distance of the linear increase in pressure at the front, xf is the 
distance traveled by the front (fetch), and Δη* is the barometric amplitude given in terms 
of the pressures change 𝛥𝑝 by 𝛥𝜂∗   =   −𝛥𝑝/(𝜌𝑔). Proudman resonance can also be 
written as a function of time (Vilibić 2008) for Fr = 1: 

           (2) 
Therefore, the fetch or duration of the disturbance is critical in generating 

significant meteotsunami waves. Vilibić (2008) shows that for atmospheric disturbances 
propagating over a sloping shelf (i.e., varying Fr), Proudman resonance is more 
significant for large disturbance widths relative to the shelf width, whereas there is a 
greater separation of coupled and decoupled waves for narrow disturbances. Proudman 
resonance also selects a specific frequency range of ocean waves, as indicated by 
Monserrat et al. (2006). 

Other resonant effects can amplify meteotsunamis. Disturbances propagating 
parallel to the coast excite fundamental mode edge waves (Greenspan 1956). In terms of 
edge wave excitation, meteotsunamis are similar to earthquake and landslide tsunami 
sources located along the continental shelf, although the geologic sources appear to excite 
a wider range of near-field edge wave modes (Carrier 1995; Fujima et al. 2000; Lynett 
and Liu 2005; Geist 2012). In many of the locations were meteotsunamis were damaging, 
harbor resonance (e.g., Raichlen and Lee 1992) was a critical factor. Several studies 
highlight the use of spectral analysis to examine many of these effects (e.g., Rabinovich 
and Monserrat 1998; Vilibić et al. 2005; Monserrat et al. 2006; Asano et al. 2012). 

Accompanying ocean waves coupled during Proudman resonance are different 
types of decoupled waves. Vennell (2007) demonstrates that as the coupled disturbance 
passes over bathymetric discontinuities (e.g., shelf edge, ridges, canyons, etc.) or 
coastlines, fully or partially reflected phases are generated. Propagation of waves sub-
parallel to the shelf edge may generate resonant shelf modes (Monserrat et al. 2006; 
Vennell 2010). As an atmospheric disturbance moves into deeper water, small amplitude 
waves are decoupled and propagate ahead of the disturbance. Finally, for supercritical 
disturbances moving faster than the ocean phase speed (Fr > 1), a barotropic wake is 
generated (Mercer et al. 2002). 

Probabilistic framework 
A probabilistic approach to assessing the hazard from meteotsunamis entails 

analyzing the occurrence of events in time. The null hypothesis of meteotsunami 
occurrence is that events are randomly distributed in time according to a stationary 
Poisson process. Under this assumption, the time between events, termed the inter-event 
time (𝜏), is independent of the history of past events and is exponentially distributed 

general equations for a specific type of meteotsunami. A comprehensive probabilistic
analysis of meteotsunamis would include all other types of atmospherically induced events.

A key factor in the generation of meteotsunamis is the speed of the pressure disturbance
relative to the phase speed of long waves in the ocean. When the speed of the pressure
disturbance approaches the long-wave speed, the coupled wave becomes amplified: an
effect termed Proudman resonance (Proudman 1929, Lamb 1932). Amplification from
Proudman resonance increases with time. When the translation (U) speed equals the long-
wave phase speed (Froude number Fr = 1), Hibiya and Kajiura (1982) derived the the-
oretical increase in amplitude Dg for a simple atmospheric pressure model as
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where W is the horizontal distance of the linear increase in pressure at the front, xf is the
distance traveled by the front (fetch), and Dg* is the barometric amplitude given in terms
of the pressures change Dp by Dg* = -Dp/(qg). Proudman resonance can also be written
as a function of time (Vilibić 2008) for Fr = 1:
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Therefore, the fetch or duration of the disturbance is critical in generating significant
meteotsunami waves. Vilibić (2008) shows that for atmospheric disturbances propagating
over a sloping shelf (i.e., varying Fr), Proudman resonance is more significant for large
disturbance widths relative to the shelf width, whereas there is a greater separation of
coupled and decoupled waves for narrow disturbances. Proudman resonance also selects a
specific frequency range of ocean waves, as indicated by Monserrat et al. (2006).

Other resonant effects can amplify meteotsunamis. Disturbances propagating parallel to
the coast excite fundamental mode edge waves (Greenspan 1956). In terms of edge wave
excitation, meteotsunamis are similar to earthquake and landslide tsunami sources located
along the continental shelf, although the geologic sources appear to excite a wider range of
near-field edge wave modes (Carrier 1995; Fujima et al. 2000; Lynett and Liu 2005; Geist
2012). In many of the locations were meteotsunamis were damaging, harbor resonance
(e.g., Raichlen and Lee 1992) was a critical factor. Several studies highlight the use of
spectral analysis to examine many of these effects (e.g., Rabinovich and Monserrat 1998;
Vilibić et al. 2005; Monserrat et al. 2006; Asano et al. 2012).

Accompanying ocean waves coupled during Proudman resonance are different types of
decoupled waves. Vennell (2007) demonstrates that as the coupled disturbance passes over
bathymetric discontinuities (e.g., shelf edge, ridges, canyons, etc.) or coastlines, fully or
partially reflected phases are generated. Propagation of waves sub-parallel to the shelf edge
may generate resonant shelf modes (Monserrat et al. 2006; Vennell 2010). As an atmo-
spheric disturbance moves into deeper water, small amplitude waves are decoupled and
propagate ahead of the disturbance. Finally, for supercritical disturbances moving faster
than the ocean phase speed (Fr [ 1), a barotropic wake is generated (Mercer et al. 2002).

3 Probabilistic framework

A probabilistic approach to assessing the hazard from meteotsunamis entails analyzing the
occurrence of events in time. The null hypothesis of meteotsunami occurrence is that
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meteotsunami waves. Vilibić (2008) shows that for atmospheric disturbances propagating
over a sloping shelf (i.e., varying Fr), Proudman resonance is more significant for large
disturbance widths relative to the shelf width, whereas there is a greater separation of
coupled and decoupled waves for narrow disturbances. Proudman resonance also selects a
specific frequency range of ocean waves, as indicated by Monserrat et al. (2006).

Other resonant effects can amplify meteotsunamis. Disturbances propagating parallel to
the coast excite fundamental mode edge waves (Greenspan 1956). In terms of edge wave
excitation, meteotsunamis are similar to earthquake and landslide tsunami sources located
along the continental shelf, although the geologic sources appear to excite a wider range of
near-field edge wave modes (Carrier 1995; Fujima et al. 2000; Lynett and Liu 2005; Geist
2012). In many of the locations were meteotsunamis were damaging, harbor resonance
(e.g., Raichlen and Lee 1992) was a critical factor. Several studies highlight the use of
spectral analysis to examine many of these effects (e.g., Rabinovich and Monserrat 1998;
Vilibić et al. 2005; Monserrat et al. 2006; Asano et al. 2012).

Accompanying ocean waves coupled during Proudman resonance are different types of
decoupled waves. Vennell (2007) demonstrates that as the coupled disturbance passes over
bathymetric discontinuities (e.g., shelf edge, ridges, canyons, etc.) or coastlines, fully or
partially reflected phases are generated. Propagation of waves sub-parallel to the shelf edge
may generate resonant shelf modes (Monserrat et al. 2006; Vennell 2010). As an atmo-
spheric disturbance moves into deeper water, small amplitude waves are decoupled and
propagate ahead of the disturbance. Finally, for supercritical disturbances moving faster
than the ocean phase speed (Fr [ 1), a barotropic wake is generated (Mercer et al. 2002).

3 Probabilistic framework

A probabilistic approach to assessing the hazard from meteotsunamis entails analyzing the
occurrence of events in time. The null hypothesis of meteotsunami occurrence is that
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according to 𝑓(𝜏)   =   𝜆𝑒!!", where 𝑓(𝜏) is the probability density function of 𝜏 and 𝜆 is 
the rate parameter. The probability that one or more meteotsunamis with amplitude 
𝐴   >   𝐴! will occur in time T is then given by𝑃(𝐴   >   𝐴!)   =   1  −   𝑒!!". In many flood 
applications, the objective is to determine annualized probabilities (𝑇   =   1 year) termed 
the annual exceedance probability (AEP). In addition, for small values of  𝜆 in units of 
year-1, 𝐴𝐸𝑃   ≈   𝜆. 

Because the historical record of meteotsunamis in any given region is small and 
because small meteotsunamis are not routinely identified in tsunami catalogs (Rabinovich 
2012), the data that form the basis of our probabilistic analysis are the meteorological 
conditions (parameterized by source vector 𝜓) that could give rise to meteotsunamis. A 
maximum wave amplitude is derived from numerical simulation of ocean waves from 
numerous combinations of the meteorological conditions. We plot a meteotsunami hazard 
curve by calculating the Poisson exceedance rate as a function of maximum event 
amplitude for a given location along the shoreline. As described below, this is similar to 
both probabilistic tsunami hazard analysis (PTHA) and probabilistic storm surge 
forecasting that develops hazard assessments from parameterization and sampling of 
source processes. The calculated number of meteotsunamis above a certain threshold can 
then be compared to the number of historically observed meteotsunamis as a check of the 
probabilistic calculations. 

The probabilistic framework for analyzing meteotsunami hazards is developed 
from the probabilistic analysis of both tsunamis and hurricane storm surge. PTHA 
aggregates tsunami amplitude or runup from various locations, source types, and source 
parameters using a numerical propagation model (e.g., Geist and Parsons 2006; Geist et 
al. 2009b). For each source type, there is a dominant parameter that measures source 
potency, such as seismic moment for earthquakes and volume for landslides. Most other 
source parameters scale with the source potency parameter. Although probabilistic storm 
surge analysis also relies on a numerical hydrodynamic model, there are several 
parameters, aside from location, that affect storm surge severity that are evaluated 
according to their joint probability (Resio et al. 2009; Toro et al. 2010). The initial 
framework for probabilistic analysis of meteotsunamis can include different sources, a 
numerical hydrodynamic model, and considerations of all parameters that influence near-
shore wave amplitudes. The joint probability method can be further expanded to include 
other sources of sea-level fluctuations, such as from tides and other surges, in addition to 
meteotsunamis (Pugh and Vassie 1978; Rabinovich et al. 1992). 

To compute the annualized Poisson exceedance rate λ for meteotsunamis, the 
joint probability of atmospheric parameters 𝑓(𝜓!)  for each meteotsunami source 
represented by index i (e.g., atmospheric gravity wave, and squall line) is integrated with 
the probability of wave amplitude being exceeded for each combination of source 
parameters 𝑃(𝐴   >   𝐴!|𝜓!): 

       (3)  
where vi is the annual rate of occurrence for a particular atmospheric source over the 
entire range of its parameters. In PTHA, sources are commonly restricted in space to 
major fault zones (earthquakes) or continental/island margins (landslides) (ten Brink et al. 
2014) and the aggregation equations include a second integral over location. In contrast, 
the source parameter vector for meteotsunami hazards (𝜓!)  includes a distributed 
location parameter (e.g., shoreline crossing coordinate), similar to what is specified in 
probabilistic storm surge analysis. The source parameter vector is general, in that it can 

events are randomly distributed in time according to a stationary Poisson process. Under
this assumption, the time between events, termed the inter-event time (s), is independent of

the history of past events and is exponentially distributed according to f sð Þ ¼ ke$ks, where
f sð Þ is the probability density function of s and k is the rate parameter. The probability that
one or more meteotsunamis with amplitude A [ A0 will occur in time T is then given by

P A [ A0ð Þ ¼ 1$ e$kT . In many flood applications, the objective is to determine annual-
ized probabilities (T = 1 year) termed the annual exceedance probability (AEP). In
addition, for small values of k in units of year-1, AEP & k.

Because the historical record of meteotsunamis in any given region is small and because
small meteotsunamis are not routinely identified in tsunami catalogs (Rabinovich 2012),
the data that form the basis of our probabilistic analysis are the meteorological conditions
(parameterized by source vector w) that could give rise to meteotsunamis. A maximum
wave amplitude is derived from numerical simulation of ocean waves from numerous
combinations of the meteorological conditions. We plot a meteotsunami hazard curve by
calculating the Poisson exceedance rate as a function of maximum event amplitude for a
given location along the shoreline. As described below, this is similar to both probabilistic
tsunami hazard analysis (PTHA) and probabilistic storm surge forecasting that develops
hazard assessments from parameterization and sampling of source processes. The calcu-
lated number of meteotsunamis above a certain threshold can then be compared to the
number of historically observed meteotsunamis as a check of the probabilistic calculations.

The probabilistic framework for analyzing meteotsunami hazards is developed from the
probabilistic analysis of both tsunamis and hurricane storm surge. PTHA aggregates tsunami
amplitude or runup from various locations, source types, and source parameters using a
numerical propagation model (e.g., Geist and Parsons 2006; Geist et al. 2009). For each
source type, there is a dominant parameter that measures source potency, such as seismic
moment for earthquakes and volume for landslides. Most other source parameters scale with
the source potency parameter. Although probabilistic storm surge analysis also relies on a
numerical hydrodynamic model, there are several parameters, aside from location, that affect
storm surge severity that are evaluated according to their joint probability (Resio et al. 2009;
Toro et al. 2010). The initial framework for probabilistic analysis of meteotsunamis can
include different sources, a numerical hydrodynamic model, and considerations of all
parameters that influence near-shore wave amplitudes. The joint probability method can be
further expanded to include other sources of sea-level fluctuations, such as from tides and
other surges, in addition to meteotsunamis (Pugh and Vassie 1978; Rabinovich et al. 1992).

To compute the annualized Poisson exceedance rate k for meteotsunamis, the joint
probability of atmospheric parameters f wið Þ for each meteotsunami source represented by
index i (e.g., atmospheric gravity wave, and squall line) is integrated with the probability of
wave amplitude being exceeded for each combination of source parameters P A [ A0jwið Þ:

kðA [ A0Þ ¼
X

i¼source type

vi

Z
f wið ÞP A [ A0jwið Þdwi; ð3Þ

where mi is the annual rate of occurrence for a particular atmospheric source over the entire
range of its parameters. In PTHA, sources are commonly restricted in space to major fault
zones (earthquakes) or continental/island margins (landslides) (ten Brink et al. 2014) and
the aggregation equations include a second integral over location. In contrast, the source
parameter vector for meteotsunami hazards wið Þ includes a distributed location parameter
(e.g., shoreline crossing coordinate), similar to what is specified in probabilistic storm
surge analysis. The source parameter vector is general, in that it can range from kinematic
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range from kinematic parameters, to the parameters used in high-resolution mesoscale 
modeling (e.g., Horvath and Vilibić 2014). The latter is analogous to PTHA that uses 
dynamic fault rupture models to determine the coupled system of solid earth seismic and 
ocean waves in place of conventional kinematic earthquake parameters (Geist and 
Oglesby 2015). 

For the demonstration study presented in this report, only a single source, isolated 
pressure disturbances from squall lines, is initially considered, so that the summation and 
source type index ( 𝑖 ) in the above general aggregation equation are dropped. 
Furthermore, it is initially assumed that the source parameters are independent so that the 
joint probability distribution is given by the product of each marginal distribution: 

   (4)  
where Δp is the maximum pressure change, U the translation speed, Tf the period, and L 
the length of the disturbance. Each of these parameters can be determined from historical 
weather station and radar data as described in the Sect. 4 below. 

The term 𝑃(𝐴   >   𝐴!|Δ𝑝,𝑈,𝑇! , 𝐿)  is computed from numerical modeling and 
includes natural variability in one or more of the parameters, termed aleatory uncertainty. 
If aleatory uncertainty is not included, 𝑃(𝐴   >   𝐴!|Δ𝑝,𝑈,𝑇! , 𝐿) is given by the Heaviside 
function 𝐻 𝐴comp Δ𝑝,𝑈,𝑇! , 𝐿 − 𝐴!  (cf. Resio et al. 2009), where 𝐴comp Δ𝑝,𝑈,𝑇! , 𝐿  is 
the amplitude computed from the numerical model. 

Because meteotsunami wave amplitudes can be accurately computed using 
numerical methods (Vilibić 2005), the above integral equation is implemented using 
Monte Carlo methods. The probability distribution associated with each source parameter 
is randomly sampled to construct a synthetic catalog of relevant atmospheric events. 
Methods are available to sample most of the common distributions (Press et al. 2007). 
Calculations using multiple, resampled synthetic catalogs result in mean and quantile 
hazard curves. 

As an alternative to Monte Carlo sampling, continuous response functions have 
been developed for hurricane storm surge forecasting (Irish et al. 2009, 2011). The 
response function is specific to a shoreline coordinate and is evaluated based on the 
critical source parameters (e.g., central pressure and pressure radius in the case of 
hurricane storm surge). The advantage of using these response functions is that they are 
continuous analytic functions that obviate sampling errors associated with the discrete 
method, especially important for extreme hazard values (Irish et al. 2009). 

Various sources of uncertainty are incorporated into the hazard curves using 
different methods based on a distinction between epistemic and aleatory uncertainty. 
Epistemic uncertainty is also referred to as knowledge uncertainty that can be reduced by 
the collection of new data, whereas aleatory uncertainty relates to the natural or stochastic 
uncertainty inherent in the physical system. In PTHA, epistemic uncertainty is included 
through the use of logic trees (Annaka et al. 2007), whereas aleatory uncertainty is 
included through the 𝑃(𝐴   >   𝐴!|𝜓!) term (Geist et al., 2009b). In PTHA, for example, 
the variability of slip within an earthquake rupture zone translates to normally distributed 
near-shore tsunami amplitudes (e.g., Parsons and Geist 2009). For storm surge 
forecasting, parametric and modeling uncertainty are included with special error terms in 
the aggregation equation (Resio et al. 2009). 

parameters, to the parameters used in high-resolution mesoscale modeling (e.g., Horvath
and Vilibić 2014). The latter is analogous to PTHA that uses dynamic fault rupture models
to determine the coupled system of solid earth seismic and ocean waves in place of
conventional kinematic earthquake parameters (Geist and Oglesby 2013).

For the demonstration study presented in this paper, only a single source, isolated
pressure disturbances from squall lines, is initially considered, so that the summation and
source type index (i) in the above general aggregation equation are dropped. Furthermore,
it is initially assumed that the source parameters are independent so that the joint proba-
bility distribution is given by the product of each marginal distribution:

k A [ A0ð Þ ¼ t r $ $ $ r f Dpð Þf Uð Þf Tf

! "
f ðLÞP A [ A0jDp;U; Tf ; L

! "
dDpdUdTf dL; ð4Þ

where Dp is the maximum pressure change, U the translation speed, Tf the period, and L the
length of the disturbance. Each of these parameters can be determined from historical
weather station and radar data as described in the Sect. 4 below.

The term P A [ A0jDp;U; Tf ; L
! "

is computed from numerical modeling and includes

natural variability in one or more of the parameters, termed aleatory uncertainty. If aleatory

uncertainty is not included, P A [ A0jDp;U; Tf ; L
! "

is given by the Heaviside function

H Acomp Dp;U; Tf ; L
! "

% A0

# $
(cf. Resio et al. 2009), where Acomp Dp;U; Tf ; L

! "
is the

amplitude computed from the numerical model.
Because meteotsunami wave amplitudes can be accurately computed using numerical

methods (Vilibić 2005), the above integral equation is implemented using Monte Carlo
methods. The probability distribution associated with each source parameter is randomly
sampled to construct a synthetic catalog of relevant atmospheric events. Methods are
available to sample most of the common distributions (Press et al. 2007). Calculations
using multiple, resampled synthetic catalogs result in mean and quantile hazard curves.

As an alternative to Monte Carlo sampling, continuous response functions have been
developed for hurricane storm surge forecasting (Irish et al. 2009, 2011). The response
function is specific to a shoreline coordinate and is evaluated based on the critical source
parameters (e.g., central pressure and pressure radius in the case of hurricane storm surge).
The advantage of using these response functions is that they are continuous analytic
functions that obviate sampling errors associated with the discrete method, especially
important for extreme hazard values (Irish et al. 2009).

Various sources of uncertainty are incorporated into the hazard curves using different
methods based on a distinction between epistemic and aleatory uncertainty. Epistemic
uncertainty is also referred to as knowledge uncertainty that can be reduced by the collection of
new data, whereas aleatory uncertainty relates to the natural or stochastic uncertainty inherent
in the physical system. In PTHA, epistemic uncertainty is included through the use of logic
trees (Annaka et al. 2007), whereas aleatory uncertainty is included through the P A [ A0jwið Þ
term (Geist et al. 2009). In PTHA, for example, the variability of slip within an earthquake
rupture zone translates to normally distributed near-shore tsunami amplitudes (e.g., Parsons
and Geist 2009). For storm surge forecasting, parametric and modeling uncertainty are
included with special error terms in the aggregation equation (Resio et al. 2009).

4 Data

The study region to demonstrate the probabilistic analysis is the northeast Atlantic coast of
the U.S. (Fig. 1). Observations from the U.S. Automated Surface Observing System
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Data 
The study region to demonstrate the probabilistic analysis is the northeast Atlantic 

coast of the U.S. (Figure 143). Observations from the U.S. Automated Surface Observing 
System (ASOS) were used to determine parameters of long-lasting squall lines (Rotunno 
et al. 1988) and derechos along the Atlantic coast. Derechos are common in the eastern 
U.S. in the summer months and are defined by Bluestein (1993) as mesoscale convective 
systems that produce straight-line wind gusts greater than 26 m/s over a length of 400 km 
or greater. The ASOS stations are located at most airports throughout the U.S. Table 1 
lists parameters for the squall lines used in the probabilistic analysis of meteotsunamis 
starting on January 1, 2000. Prior to this, observations were only recorded once per hour 
at each ASOS station instead of once per minute (prior to 1990, they were recorded once 
every 3 h). Since squall lines propagate quickly, the once per hour observations make it 
impossible to accurately calculate the period of the pressure jump. Determination of the 
parameters is described below. 

Doppler radar data were used to determine where the most intense part of the 
squall line crossed the coastline, and the pressure jump was measured on the nearest 
ASOS station. Many of the squall lines had weak tornadoes embedded in them. These 
tornadoes had no effect on the pressure data. The pressure drop inside these weak 
tornadoes is so localized that they could pass 30 m from the ASOS tower and the pressure 
sensor would not be able to detect them. Length measurements were taken from radar 
data, simply by measuring approximately how long the squall lines were from end to end. 
Because of coarse resolution in the radar data, these measurements were rounded to the 
nearest multiple of 50 km. Because there are sometimes missing data points in the ASOS 
time series, nominally sampled at 1-min intervals, the period of the pressure jump is 
rounded to the nearest multiple of 5 min. 

Speed measurements likely have the highest error. The U.S. National Weather 
Service measures speed of storms from radar data by calculating the propagation distance 
over time (in comparison, satellite data is used for hurricanes). However, because of the 
coarse resolution in the radar data, there is significant error. Speed measurements are 
rounded to the nearest multiple of 5 km/h (and then converted to m/s), and the error is 
within at most ±5 m/s. Slower moving squall lines are at a higher risk for larger speed 
errors. 

Probability distributions were estimated using the maximum likelihood method 
for the meteotsunami source parameters listed in Table 24. For each parameter, both 
normal and lognormal distributions were tested. The distribution with the better fit was 
chosen as the optimal parameter distribution. The Kolmogorov–Smirnov test was used to 
determine whether the optimal distribution could be rejected at the 95 % confidence 
level. The model distributions for each parameter passed this test (p value given in Table 
2). 

Numerical model 
The numerical hydrodynamic model used in the Monte Carlo procedure for the 

probabilistic computation is based on the finite-difference approximation to the linear 
long-wave equations. This wave model is particularly efficient and can be parallelized for 
the large number of computations necessary for the probabilistic analysis. For a case 
study of similar scope, Hibiya and Kajiura (1982) indicate that the nonlinear advection 
term associated with the shallow-water wave equations, as well as bottom friction, wind 
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stress, wave breaking, and effects of the Coriolis force can be ignored to first-order 
approximation. The influence of wind stress depends on both the speed and duration of 
sustained winds as discussed by Vilibić et al. (2005). The linear long-wave equations are 
implemented using the leap-frog finite-difference method (Aida 1969; Satake 2007), 
forced by the moving atmospheric disturbance. For the open ocean boundaries of the 
model, radiating boundary conditions are implemented (Reid and Bodine 1968). 
Computations are carried to the 5 m isobath, where a reflection boundary condition is 
imposed. 

Forcing of the ocean waves is given by a moving pressure change oriented in a 
straight- line trajectory with the functional form 𝜂!(𝑥  –   𝑈𝑡), where 𝑈 is the horizontal 
speed of the pressure disturbance (Hibiya and Kajiura 1982; Vennell 2007). The finite-
difference method is particularly sensitive to the irregularities in the forcing functions. 
For this study, we use the smooth spatial functions developed by Lynett and Liu (2005) 
for landslide tsunamis. In the above equations, 1 hPa of atmospheric pressure change 
translates to -1 cm of wave height. Other one-sided forcing functions for meteotsunamis 
were used in previous studies (Martinsen et al. 1979; Hibiya and Kajiura 1982; Mercer et 
al. 2002; Vennell 2007), whereas a one-cycle sine function (two-sided forcing) was 
investigated by Vilibić et al. (2005). Vilibić (2005) indicates the sensitivity of wave 
evolution to the shape of the forcing function. 

Results from the numerical hydrodynamic model and forcing function are 
compared to tide-gauge observations from the June 13, 2013, meteotsunami event along 
the northeast U.S. Atlantic coast. In Figure 144, the maximum meteotsunami amplitude at 
the 5 m isobath is plotted as a function of latitude. The computed maximum amplitudes 
compare well with the observations at seven tide-gauge stations that had clear signals of 
the meteotsunami. The detided data were obtained from the National Tsunami Warning 
Center (http://wcatwc.arh.noaa.gov/previous.events/?p=06-13-13) and NOAA/PMEL 
(http://nctr.pmel.noaa.gov/eastcoast20130613/). For this event, decoupled phases 
reflected from the coastline, the continental shelf edge, and from canyons that incise the 
shelf edge (Figure 145) appear to be important, as was also indicated by Pasquet and 
Vilibić (2013) for previous meteotsunamis along the U.S. Atlantic coast. It is likely that 
waves originating from a barotropic wake were generated in very shallow water to some 
extent (Mercer et al. 2002, Vilibić 2008). Sensitivity analysis of the parameters listed in 
Table 24 relative to the parameters associated with the 2013 meteotsunami indicate that 
the pressure change and speed of the atmospheric disturbance (relative to the continental 
shelf water depth) have the most influence on maximum wave amplitudes at the coast. 
Length, width, trajectory, and polarity of the disturbance have significant secondary 
effects on the waves as they approach the coast. 

The Monte Carlo simulations using this numerical model were performed with 
region- specific information. First, squall line trajectories are approximately between an 
easterly or southeasterly heading in this region. This is implemented as aleatory 
uncertainty by applying a uniform trajectory distribution between headings of 70° and 
145° from north. Second, there does not appear to be a preferential latitude for shoreline 
crossing in the study region. Again, a uniform distribution is used to determine shoreline 
crossing position within the model domain: longitude 76°8’W–64°33’W and latitude 
29°0’N–43°22’N (Figure 143). 
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Results: U.S. Northeast Coast 
To perform the Monte Carlo calculations, a synthetic catalog of events is 

compiled by sampling each of the parametric distributions listed in Table 24. For normal 
distributions, sampling is performed using the Box–Müller method (1958). Sampling 
lognormal distributions are performed from a direct transformation of normal variates. 
Each parameter is sampled independently, consistent with Eq. (4). The sample size of the 
catalog is 116, the number of squall line events recorded in this region by ASOS stations 
from 2000 to 2013. For each entry in the synthetic catalog, numerical modeling is 
performed to determine the maximum amplitude at the 5 m isobath. Because some 
simulations yield zero or very low amplitudes at a given site, the source rate v is 
calculated based on a minimum threshold amplitude (0.05 m in the demonstration study). 
Results are aggregated and displayed as a meteotsunami hazard curve that plots 
exceedance rate as a function of maximum amplitude at the site. 

The hazard curves from twenty different synthetic squall line catalogs are shown 
for Atlantic City, NJ in Figure 146. For each catalog, synthetic squall lines cross the 
shoreline throughout the model domain (Figure 143); the overall annual rate of squall line 
lines in this region is identical to that observed by the ASOS stations (Tables 20-23). The 
annualized exceedance rate (λ) is plotted along the left vertical axis. For high rates, λ is 
not equivalent to the AEP and therefore AEP is shown along the right vertical axis. There 
is substantial variation in the hazard curve for individual catalogs (light blue lines) at low 
exceedance probabilities and high amplitude. However, the mean hazard curve from all 
catalogs (heavy blue line) is smooth. The mean hazard curve can be characterized by a 
power-law relation for amplitudes between approximately 0.05 and 0.5 m and tapered for 
amplitudes greater than approximately 0.5 m. Quantile hazard curves can also be derived 
from the multiple synthetic catalogs. 

The probabilistic computations can be checked against empirical observations of 
meteotsunamis at Atlantic City. Rabinovich (2012) indicates that there were 12 possible 
meteotsunamis among the strong seiche events detected at the Atlantic City tide-gauge 
stations from late 2007 through 2011. This results in an exceedance rate of approximately 
three events/year, not including uncertainty caused by the open time intervals before the 
first and after the last event. The minimum threshold for the trough-to-crest wave height 
is 30 cm, which we assume is approximately equivalent to a 15 cm amplitude threshold 
(solid square in Figure 146). This value falls just below the computed hazard curve; it is 
possible that we may be slightly overestimating the rate of meteotsunamis according to 
our parameterization of the phenomenon. However, there may also be more than 12 
meteotsunamis recorded during 2007–2011: Rabinovich (2012) indicates that more than 
40 significant seiches were detected in this time period with wave heights greater than 30 
cm (assumed amplitude of 15 cm). Overall, the computed hazard curve at Atlantic City is 
roughly consistent with tide-gauge observations, although there is large uncertainty in the 
empirical rates. 

An analytic probability model can represent the mean hazard curve according to 
the following equation: 

          (5)  
where 1 – F(A0) is the complementary cumulative distribution function (i.e., survival 
function) for the probability model. For many natural hazards, the tapered Pareto 
distribution (TPD) best fits the historical data (Geist and Parsons 2014). Shown in Figure 
147 is the TPD model (red line) and the generalized Pareto distribution (GPD) model 
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three events/year, not including uncertainty caused by the open time intervals before the
first and after the last event. The minimum threshold for the trough-to-crest wave height is
30 cm, which we assume is approximately equivalent to a 15 cm amplitude threshold
(solid square in Fig. 4). This value falls just below the computed hazard curve; it is
possible that we may be slightly overestimating the rate of meteotsunamis according to our
parameterization of the phenomenon. However, there may also be more than 12 meteo-
tsunamis recorded during 2007–2011: Rabinovich (2012) indicates that more than 40
significant seiches were detected in this time period with wave heights greater than 30 cm
(assumed amplitude of 15 cm). Overall, the computed hazard curve at Atlantic City is
roughly consistent with tide-gauge observations, although there is large uncertainty in the
empirical rates.

An analytic probability model can represent the mean hazard curve according to the
following equation:

k A [ A0ð Þ ¼ t 1$ F A0ð Þ½ &; ð5Þ

where 1$ F A0ð Þ is the complementary cumulative distribution function (i.e., survival
function) for the probability model. For many natural hazards, the tapered Pareto distri-
bution (TPD) best fits the historical data (Geist and Parsons 2014). Shown in Fig. 5 is the
TPD model (red line) and the generalized Pareto distribution (GPD) model (green line) fit
to the mean hazard curve at four locations. The TPD is parameterized by the power-law
exponent b and a corner amplitude Ac, with the survival function given by

UTPD Að Þ ¼ 1$ FðAÞ ¼ At

A

! "b

exp
At $ A

Ac

! "
; for At'A; ð6Þ

where At is the observation threshold. The form of the GPD survival function used in this
study is given by

Fig. 4 Empirical meteotsunami hazard curves for Atlantic City, NJ (log–log plot): exceedance rate as a
function of maximum amplitude for an event. AEP given on right-hand scale. Light blue lines: results for
individual synthetic catalogs (each catalog consists of 116 events). Heavy blue line: mean of all synthetic
catalogs. Square indicates observed rate of meteotsunamis at Atlantic City (Rabinovich 2012)
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(green line) fit to the mean hazard curve at four locations. The TPD is parameterized by 
the power-law exponent b and a corner amplitude Ac, with the survival function given by 

      (6)  
where At is the observation threshold. The form of the GPD survival function used in this 
study is given by 

      (7)  
where γ is an additional shape parameter. Of the four locations, Montauk and Atlantic 
City have the lowest estimated power-law exponent likely caused by the wide shelf 
where Proudman resonance can develop and multiple reflections that arise from the shelf 
edge and coastline around the New York Bight (Figure 145). Conversely, the Chesapeake 
site has the highest power-law exponent and lowest corner amplitude of the four sites 
shown in Figure 5. The GPD model tends to extrapolate to higher amplitudes at low 
excedance rates than the GPD model, although the TPD and GPD models are similar for 
the Montauk site. Overall, the hazard curves appear to be affected by the shelf width near 
the site measured along the predominant squall line trajectory. 

Discussion 
This study describes a framework for conducting probabilistic hazard assessments 

for meteotsunamis. This method complements PTHA designed for geologic sources (ten 
Brink et al. 2014) for a comprehensive assessment of long-wave coastal hazards. The 
demonstration study described in the previous section is a simple implementation of the 
probabilistic method. There are several areas, however, where improvements can be 
made for future case studies, such as the inclusion of other atmospheric sources, better 
representation of atmospheric and hydrodynamic processes, and a more comprehensive 
probabilistic treatment. Each of these topics is discussed briefly below. 

The aggregation Eq. (3) is generalized to include meteotsunami sources in 
addition to pressure disturbances from squall lines. Although squall lines are a dominant 
source of meteotsunamis along the U.S. Atlantic coast, the focus on this particular 
atmospheric phenomenon is also because of the tractable parameterization as 
meteotsunami sources and the availability of the ASOS data necessary for estimating 
source parameter distributions. Atmospheric gravity waves are another common cause of 
meteotsunamis worldwide (Monserrat et al. 1991), as exemplified by the 2008 Boothbay 
event (Vilibić et al. 2013). It is more difficult to parameterize these sources, short of 
performing high-resolution mesoscale modeling (Renault et al. 2011; Vilibić et al. 2013; 
Horvath and Vilibić 2014). In addition, it is unclear if enough data are available to 
construct distributions of the parameters that control atmospheric gravity waves. It should 
be emphasized, however, that a comprehensive probabilistic analysis would include these 
and other sources of meteotsunamis. 

Characterization of squall lines in the demonstration study is homogeneous and 
sta- tionary. A more realistic representation would be to model the time-dependent nature 
of storm systems. This has been discussed with respect to hurricane storm surge in terms 
of bias by not including evolutionary features of storms (Resio et al. 2009). An 
alternative would be to perform storm-track modeling as discussed by Vickery et al. 
(2000) for hurricanes and by Rotunno et al. (1988) for squall lines. In addition, spatial 
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where c is an additional shape parameter. Of the four locations, Montauk and Atlantic City
have the lowest estimated power-law exponent likely caused by the wide shelf where
Proudman resonance can develop and multiple reflections that arise from the shelf edge
and coastline around the New York Bight (Fig. 3). Conversely, the Chesapeake site has the
highest power-law exponent and lowest corner amplitude of the four sites shown in Fig. 5.
The GPD model tends to extrapolate to higher amplitudes at low exeedance rates than the
GPD model, although the TPD and GPD models are similar for the Montauk site. Overall,
the hazard curves appear to be affected by the shelf width near the site measured along the
predominant squall line trajectory.

7 Discussion

This study describes a framework for conducting probabilistic hazard assessments for me-
teotsunamis. This method complements PTHA designed for geologic sources (ten Brink et al.
2014) for a comprehensive assessment of long-wave coastal hazards. The demonstration
study described in the previous section is a simple implementation of the probabilistic
method. There are several areas, however, where improvements can be made for future case
studies, such as the inclusion of other atmospheric sources, better representation of atmo-
spheric and hydrodynamic processes, and a more comprehensive probabilistic treatment.
Each of these topics is discussed briefly below.

Fig. 5 Extrapolated hazard curves using two probability models (log–log plot). Red line tapered Pareto
model (Geist and Parsons 2014). Green line GPD model. Mean hazard curve from Monte Carlo simulations
shown by blue line. Hazard curves for four locations are shown (see Fig. 1): a Chesapeake Bay Bridge
tunnel, VA; b Ocean City, MD; c Atlantic City, NJ; and d Montauk, NY
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heterogeneity in the pressure distribution could be considered as a source of aleatory 
uncertainty in probabilistic analysis. 

The numerical modeling presented in this study approximates most of the 
important resonance mechanisms associated with meteotsunamis, including Proudman, 
shelf, and edge wave resonance. However, small-scale modeling of harbor resonance was 
not included that can further amplify meteotsunami waves (Monserrat et al. 2006; Vilibić 
et al. 2008). A nested-grid scheme can be employed to model the different scales of the 
waves from the open ocean to harbors (e.g., Vilibić et al. 2008). Runup also can be 
modeled using a nested-grid scheme, with other terms such as bottom friction and wave 
breaking necessary for near-shore simulations. Near-shore amplification and focusing 
may be important in simulating runup, noting the large runup at Barnegat, NJ from 
eyewitness observations for the June 13, 2013, meteotsunami relative to maximum 
amplitude readings from tide- gauge stations. 

In addition to the event non-stationarity associated with the evolution of storm 
systems, there are also sources of non-stationarity associated with the event catalogs. For 
example, there may be a measurable effect on the probabilistic hazard curve caused by 
seasonality of the events, depending on the exceedance probabilities of interest. Long-
term climate change and sea-level rise may also significantly affect the probability 
calculations (e.g., Tebaldi et al. 2012). 

The distribution selected for any of the parameters may be strongly influenced by 
the number of data points available, particularly if the actual distribution is heavy tailed. 
Geist and Parsons (2014) demonstrate that natural hazards that follow a Pareto 
distribution may appear to have an artificially low upper limit, or even appear as a 
different distribution, owing to the effects of undersampling. In particular, although a 
normal distribution is used for the pressure differential associated with squall lines in the 
demonstration study, the actual distribution may have a heavier tail. For example, Resio 
et al. (2009) use the Gumbel distribution to model the pressure differential associated 
with hurricanes. Additional data may also indicate certain dependencies among 
parameters, so that the joint probability distribution is more complex than indicated here. 
The use of copulas (functions linking marginal distributions in a multivariate distribution) 
can greatly simplify calculations in these cases (e.g., Salvadori and De Michele 2004). 

Overall, probabilistic hazard analysis strives for a mutually exclusive and 
completely exhaustive characterization of the hazard. In particular, when numerical 
models are employed, there is a trade-off between an accurate representation of natural 
phenomena and computational performance. Various methods developed from storm 
surge forecasting, such as optimal sampling (Resio et al. 2009; Toro et al. 2010) and 
continuous response functions (Irish et al. 2011), may be applicable to meteotsunami 
probabilistic analysis. 

Summary 
A framework for the probabilistic analysis of meteotsunamis has been introduced. 

In its general form, the analysis aggregates the hazard from different possible sources 
(squall lines, atmospheric gravity waves, etc.) and uses a numerical wave propagation 
model for each source and parameter combination. The result is a meteotsunami hazard 
curve that plots the annual rate of exceedance (or AEP) as a function of the maximum 
event amplitude. A demonstration study for the northeast U.S. is developed for squall line 
sources only, in which meteorological parameters are determined from ASOS station 
observations. Probability distributions for each parameter are estimated, and a Monte 
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Carlo approach is used to develop hazard curves from random sampling of the 
distributions and numerical linear long-wave modeling of the meteotsunami itself. The 
shape of the tsunami hazard curve is best fit by a tapered or generalized Pareto 
distribution. Site-to-site variations in the hazard curves appear to be caused by regional 
variations in the shelf width (affecting Proudman resonant amplification) and the 
orientations of the coastline and shelf edge (affecting decoupled reflections). 

 
Figure 143. Map of study area. ASOS stations indicated by red dots. Bathymetric contour interval: 
500 m  
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Table 21.  Squall line data for the study region 2000-2013 part 1. 
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Table 22.  Squall line data for the study region 2000-2013 part 2. 
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Table 23. Squall line data for the study region 2000-2013 part 3.  
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Table 24. Squall line data for the study region 2000-2013 part 4. 
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Table 25. Estimated parameter distributions. 

 

 

 
Figure 144. Comparison of model predictions to observations for June 2013 event  

 
 

 
Figure 145. Snap shot from meteotsunami simulation showing both the coupled wave from the 
squall line and decoupled waves in the form of shelf edge reflections. View to the southeast  
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Figure 146. Empirical meteotsunami hazard curves for Atlantic City, NJ (log–log plot): exceedance 
rate as a function of maximum amplitude for an event. AEP given on right-hand scale. Light blue 
lines: results for individual synthetic catalogs (each catalog consists of 116 events). Heavy blue 
line: mean of all synthetic catalogs. Square indicates observed rate of meteotsunamis at Atlantic 
City (Rabinovich 2012)  

 
Figure 147. Extrapolated hazard curves using two probability models (log–log plot). Red line 
tapered Pareto model (Geist and Parsons 2014). Green line GPD model. Mean hazard curve from 
Monte Carlo simulations shown by blue line. Hazard curves for four locations are shown (see 
Figure 143): a Chesapeake Bay Bridge tunnel, VA; b Ocean City, MD; c Atlantic City, NJ; and d 
Montauk, NY  
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10. Some Open Research Questions 
 

Tsunamis along the U.S. Atlantic and Gulf of Mexico margins are rare events, 
because the margin is located in a region of slow tectonic activity where potential 
earthquake-generated landslides that might cause tsunamis are infrequent. These 
conditions, which exist also in other passive margins around the world, present a 
challenge to the deterministic and probabilistic assessments of extremely rare events. 
Following, we focus on several questions, where future answers can help quantify and 
improve these assessments. 

Is landslide distribution uniform in space and time? 
The observed landslide distribution along both margins do not appear to be 

uniform in space and is concentrated in several distinct regions along the margin. 
Twichell et al. (2009a) map of the fluvial and glacial portions of the U.S. Atlantic margin 
shows that 33% of the glacial margin between the New England/Georges Bank and 
Southern New England is covered by landslide scars and deposits, compared with 16% of 
the area in the fluvial portion between Hudson Canyon and Cape Hatteras and only 13% 
in the salt-dome area south of Cape Hatteras. In the glacial segment of the margin, two 
areas in particular have a high density of landslide scars, Southern New England and 
Georges Bank. In the fluvial segment of the margin, Baltimore Canyon and the Currituck 
area have the highest density of landslide scars. Whether the observed distribution 
reflects the distribution of seismic activity along the margin (Section 6.1) or whether it is 
a function of available sediments and depositional processes, is presently not resolved. 
The glacial margin may have more landslides because of the larger volume of sediment 
available on the slope, but the present offshore seismicity, however, is also concentrated 
in the same region (http://earthquake.usgs.gov/earthquakes/search/ accessed 01.30.2014). 
The Currituck slide is likely located seaward of a shelf-edge delta (Figure 42, Chapter 3) 
and the Baltimore Canyon area may have been fed by the ancestral Delaware River 
(Twichell et al., 1977) (Figure 41). The thickness of Quaternary sediments is likely 
controlled also by the physiography of the pre-Pleistocene margin (Brothers et al., 2013a, 
Section 2.1), which could have limited the accommodation space in parts of the margin 
and would have promoted sediment bypass to the deeper parts of the margin. Better 
monitoring of the seismic activity along the margin, and better mapping of buried shelf-
edge deltas and the thickness of Quaternary sediments will help clarify the factors 
controlling the spatial distribution of landslides. 

The available ages of landslides along the U.S. Atlantic margin fall within the 
Late Pleistocene-Early Holocene (approximately 10,000–25,000 years BP) (Section 5.1). 
However, not enough dated landslides are available from this margin to derive a 
statistically significant conclusion about the temporal distribution of landslides. Analysis 
of landslides encountered in boreholes in the Gulf of Mexico indicates a random (time 
independent Poisson) or a quasi-periodic process (Geist et al., 2013), but these landslides 
are located in a salt province, which may not be affected by (or may lag after) temporal 
variations in sedimentation and sea level. Urlaub et al. (2013) has shown that well-dated 
landslides world-wide are distributed randomly in time with landslide dates from river 
fan systems being clustered between 5000 and 25,000 years BP. Any compilation is 
inherently biased toward younger ages, because older landslides may be removed by 
younger landslides or covered by sediments.  



298                       Tsunami Hazard Assessment for the U.S. Atlantic and Gulf Coasts 
 

 

Are areas that have already failed, expect to fail again? 
Sediment supply appears to play an important role in slope failures in the fluvial 

and glacial portions of the margin (Section 3.2). With significant decrease in sediment 
supply to the margin since the middle Holocene, hardly any younger sediments have been 
deposited on the margin. To assess the probability of future landslides, we need to 
evaluate whether all the sediments that were available to fail have already failed. The 
answer to this question likely depends on the spatial distribution of large earthquakes 
since the mid-Holocene. If earthquakes were distributed such that strong seismic 
acceleration affected the entire margin, then no more landslides are expected in the 
glacial and fluvial zones until more sediments are added to the margin. The predecessors 
of the Storegga slide have indeed occurred roughly every 100 ky following the glacial–
interglacial cycles (Solheim et al., 2005a). On the other hand, if most landslide ages along 
the Atlantic margin are pre- Holocene (Section 5.1) then there may be sufficient 
sediments still available to fail on the Atlantic margin. With the exception of the upper 
slope of the Southern New England margin, the thickness of Quaternary sediments along 
the shelf edge and on the lower slope is fairly uniform (Poag, 1992; Holocene thickness 
was not mapped). Landslide scars however, do not cover the entire lower slope, 
indicating that failure is perhaps limited by the location of large earthquakes. An 
evaluation of earthquake recurrence along the margin is therefore critical to the 
assessment of future landslides. 

This discussion applies only to the fluvial and glacial portions of the margin. 
Carbonate margins will likely fail where weaknesses (such as fissures) are developed by 
rock dissolution and when earthquakes occur (ten Brink et al., 2009a). Failure rate in the 
salt diaper province will depend on the rate of salt movement, as may have been the case 
for the Cape Fear slide (Hornbach et al., 2007). 

How do tsunamis initiate from aggregate failures? 
If a landslide is in fact an aggregate of many smaller landslides that fail 

simultaneously or almost simultaneously over a continuous or discontinuous region 
(Section 6.2), how is the slide energy being transferred to the water column? The 1929 
Grand Banks landslide shows that a spatially distributed aggregate failure is capable of 
generating tsunamis. The aggregate failure moved downslope and coalesced into thick 
debris flows, which ultimately turned into turbidity flows (Piper et al., 1999). When 
during this progression was the tsunami generated is, however, unclear. Laboratory 
simulations of tsunamis, used to benchmark tsunami models, typically involve a rigid 
sliding block (Enet and Grilli, 2007). Some numerical models implement a moving-
boundary algorithm in which the seafloor changes its shape over a finite time to produce 
excavation in the upper part of the slope and deposition farther down (Lynett and Liu, 
2002). Haugen et al. (2005) explored the effect of an idealized retrogressive slide with 
varying number of blocks and time lags of motion on the amplitude and dispersion of 
waves. Harbitz et al. (2006) showed that retrogressive failures of sub-events often reduce 
the amplitude of the corresponding tsunamis, however, there are conditions where 
tsunami amplitude can increase over the predicted amplitude from a single failure event. 
The physical process for transferring potential energy to the water column, when a 
landslide is composed of coalescing, aggregate failures, such as occurred in the 1929 
Grand Banks landslide is presently unclear. Accurate modeling of realistic submarine 
landslides remains a challenge. 
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Abbreviations 
14C  Carbon Isotope 14 
ABIC  Akaike’s Bayesian Information Criterion 
ACCN  Adirondack Community College, NY 
ADCIRC Advanced CIRCulation Model 
ADR  Analog-to-Digital-Recording 
AEP  Annual Rate of Exceedance 
AIC  Akaike’s Information Criterion 
AMS  Accelerator Mass Spectrometry 
AMTHAG Atlantic and Gulf of Mexico Tsunami Hazard Assessment Study Group 
ASOS  Automated Surface Observing System 
ASTM  American Society for Testing and Materials 
BF  Bryant Fan 
BGHS  Base of Gas Hydrate Stability 
BOEM  Bureau of Ocean and Energy Management 
BPT  Brownian Passage Time 
BSR  Bottom-simulating reflector 
BTM  bathymetric terrain model 
bwt  Bottom water temperatures 
CARIS  Computer Aided Resource Information System, software company 
CCOM  Center for Coastal and Ocean Mapping 
CDF  Cumulative distribution function 
COMCOT Cornell Multi-grid Coupled Tsunami Modeling Package, Cornell University 
COULWAVE Cornell University Long and Intermediate Wave/Software 
CPNY  Central Park New York City, NY 
CSMHYD Colorado School of Mines Hydrate Prediction Program, released January, 1997. 
CTD  Conductivity temperature depth 
DEPL  Deployment 
EB  East Breaks Landslide 
ECS  U.S. Extended Continental Shelf 
EMF  East Mississippi Fan 
ESRI  Environmental Systems Research Institute, software company 
FE  Florida Escarpment 
FOR  Fordham University, NY 
FTAN  Frequency-time analysis 
G-R  Gutenberg-Richter 
GCS  Geographic Coordinate System 
GEVD  General Extreme Value Distributions 
GHSZ  Gas Hydrate Stability Zone 
GIS  Geographic Information System 
GLORIA Geological LOng-Range Inclined Asdic 
GOM  Gulf of Mexico 
GPD  Generalized Pareto Distribution 
GSC  Great South Channel 
HBS  Hydrate-Bearing Sediments 
HIPS  Hydrographic Information Processing System 
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IID  Independent, identically distributed 
IODP  Integrated Ocean Drilling Program 
KSCT  Kent School, Kent, CT 
kyrs  Thousands of years 
LDEO  Lamont-Doherty Earth Observatory 
LGM  Last Glacial Maximum 
LRU  Layered Rise Unit 
mbsl  meters below sea level 
MC  Mississippi Canyon 
MCS  Multi Channel Seismic (reflection) 
MIS  Marine Isotope Stage 
MLE  Maximum Likelihood Estimate 
MMU  Middle Miocene Unconformity 
MNR  Munson-Nygren-Retriever 
MPa  Mega-Pascals (units) 
MSCL  Multi-Sensor Core Logger 
MTD  Mass transport deposits 
MTP  Multi transport processes 
NAMSS USGS National Archive of Marine Seismic Surveys 
NCF  Noise cross-correlation functions 
NE  New England Seismic Network 
NEC  Northeast Channel 
NESN  New England Seismic Network 
NGDC  National Geophysical Data Center 
NOAA  National Oceanic and Atmospheric Administration 
NOAA/PMEL National Oceanic and Atmospheric Administration/Pacific Marine Environmental 

Laboratory 
NOSAMS National Ocean Sciences Accelerator Mass Spectrometry 
NRC  National Research Council 
NRC/USGS Nuclear Regulatory Commission/U.S. Geological Survey 
NSF  National Science Foundation 
OBS  Ocean Bottom Seismometers 
OBSIP  Ocean Bottom Seismograph Instrument Pool 
ODP  Ocean Data Program 
OFR  Open File Report 
Opal-A  Amorphous Opal 
Opal-CT Cristobalite-Tridymite 
OpendTect Software 
PAL  Palisades, NY 
PDF  Power Spectral Density Probability Density Plots 
PGA  Peak Ground Acceleration 
PPSD  Power Probability Spectral Density 
ProMAX® Landmark Graphics Corporation product for processing seismic data. 
PRT  Puerto Rico Trench 
PSA  Peak spectral acceleration 
PSHA  Probabilistic seismic hazard analysis 
PTHA  probabilistic tsunami hazard analysis 
PU  Pliocene Unconformity 
QU  Quaternary Unconformity 
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RMS  Root Mean Square 
RSS  Ridge-Smoothed Surface 
SCS  Single Channel Seismic 
SIOSEIS Scripps Institute of Oceanography SEISmic processing software package, open source. 
SLU  Saint Louis University 
SNE  Southern New England 
SNELZ Southern New England landslide Zone 
SRTM  Shuttle Radar Topographic Mission - Digital Elevation Model 
SSHAC Senior Seismic Hazard Analysis Committee 
TPD  Tapered Pareto Distribution 
TRY  Troy, NY 
TWTT  Two-way time travel 
UMU  Upper Miocene Unconformity 
UNCLOS United Nations Convention of the Law of the Sea 
UNH  University of New Hampshire 
USAM  U.S. Atlantic Margin 
US-NRC U.S. Nuclear Regulatory Commission 
UTM  Universal Transvers Mercator 
WBU  Western Boundary Undercurrent 
WFS  West Florida Slope 
WHOI  Woods Hole Oceanographic Institution 
WMS  Web Mapping Service 
WSPT  Westport, CT 
YLE  Yale University New Haven, CT 
YS/CE  Yucatan Shelf/Campeche Escarpment 
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Glossary  
allostratigraphic A unit that is a mappable body of rock that can be defined 

and identified on the basis of its bounding discontinuities.  
BING Pseudo 2-D numerical model method than can consider 

three types of fluids for the modeling of submarine landslide flow 
proposed by Imran et al. (2001) 

bioturbation The churning and stirring of sediment by organisms. 
chirp Also CHIRP, stands for Compressed High Intensity 

Radiated Pulse. A type of sonar where a continuous sweep of 
frequencies is sent to image the seafloor and penetrate part of the 
subbottom.  

EDH The hydrophone component of an ocean-bottom 
seismometer. 

EL1, EL2 The horizontal components of the seismometer that are 
orthogonal to each other.  

ELZ The vertical component of the seismometer 
epistemic uncertainty A systematic uncertainty due to factors which are known in 

principle, but not in practice, as opposed to aleatoric uncertainty, 
which reprecents unknown factors. 

eustatic Of or pertaining to worldwide changes in sea level.  
facies The aspect, appearance, and characteristics of a rock unit, 

usually reflecting the conditions of its origin, especially as 
differentiating it from adjacent or associated units.  

flexural Pertaining to the continuous bending of the outer rigid 
layer of the Earth. 

Foraminifera An apundant class of marine mainly uni-cellular organisms 
that produce shells, commonly of calcium carbonate. 

GLORIA Geological LOng-Range Inclined Asdic - A digital 
sidescan sonar system capable of producing digital image maps of 
the seafloor from reflected sound waves. The GLORIA system 
was developed specifically to map the morphology and texture of 
seafloor features in the deep ocean. 
http://coastalmap.marine.usgs.gov/gloria/index.html 

grabens A depressed block of crust or block bordered by parallel 
faults. 

IASP-91 International Association of Seismology and Physics of the 
Earths Interior - 1-D reference velocity model published in 1991. 
http://ds.iris.edu/spud/earthmodel/9991809 

Mass wasting Slope movement by gravity. 
MB-system Multibeam Bathymetry open source software package for 

the processing and display of bathymetry and backscatter imagery 
data derived from multibeam, interferometry and sidescan sonars. 
https://www.ldeo.columbia.edu/res/pi/MB-System/ 

MC Coda Magnitude scale of earthquakes. 
ML Local Magnitude scale of earthquakes.  
MN Nuttle Magnitude scale of earthquakes. 
Monte Carlo methods Computational algorithms that rely on repeated random 
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sampling to obtain numerical results. 
Opal-A to Opal-CT Varieties of Opal mineral. Opal-A Amorphous Opal. Opal-

CT Cristobalite-Tridymite. 
P-Wave Primary seismic wave 
Poisson process A random process in which each element is independient 

of the other elements. 
Quaternary The most recent geological period from 2.6 million years 

ago to the present and includes the Pleistocene and the Holocene. 
Scholte wave A surface wave that propagates at the sea floor interface 

between the water and the sediment. 
SOFAR Sound Fixing and Ranging, a layer of minimum sound 

velocity acting as a wave guide at average depths of 1,000 meters 
in the oceans 

T-Phases Tertiary seismic waves originally acoustic waves traveling 
in water 

thalweg A line connecting the lowest points along a valley or a 
stream. 

turbidite Deposits of deep-water sediments that were carried by a 
fast-moving turbid.  
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