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Assessment of the probability for destructive landslide-generated tsunamis depends on the knowledge of the
number, size, and frequency of large submarine landslides. This paper investigates the size distribution of
submarine landslides along the U.S. Atlantic continental slope and rise using the size of the landslide source
regions (landslide failure scarps). Landslide scarps along the margin identified in a detailed bathymetric
Digital Elevation Model (DEM) have areas that range between 0.89 km? and 2410 km? and volumes between
0.002 km? and 179 km?>. The area to volume relationship of these failure scarps is almost linear (inverse
power-law exponent close to 1), suggesting a fairly uniform failure thickness of a few 10s of meters in each
event, with only rare, deep excavating landslides. The cumulative volume distribution of the failure scarps is
very well described by a log-normal distribution rather than by an inverse power-law, the most commonly
used distribution for both subaerial and submarine landslides. A log-normal distribution centered on a
volume of 0.86 km?® may indicate that landslides preferentially mobilize a moderate amount of material (on
the order of 1 km?), rather than large landslides or very small ones. Alternatively, the log-normal distribution
may reflect an inverse power law distribution modified by a size-dependent probability of observing
landslide scarps in the bathymetry data. If the latter is the case, an inverse power-law distribution with an
exponent of 1.3+0.3, modified by a size-dependent conditional probability of identifying more failure scarps
with increasing landslide size, fits the observed size distribution. This exponent value is similar to the
predicted exponent of 1.2+0.3 for subaerial landslides in unconsolidated material. Both the log-normal and
modified inverse power-law distributions of the observed failure scarp volumes suggest that large landslides,

which have the greatest potential to generate damaging tsunamis, occur infrequently along the margin.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recent evidence has shown the role of landslide-generated
tsunamis to be of increasing importance in evaluating the hazard
posed to coastal areas (e.g., Synolakis et al., 2002; Fine et al., 2005;
Maramai et al., 2005; Greene et al., 2006; Lopez-Venegas et al., 2008).
By understanding the amount of material released in individual
landslides, the distribution of landslides within a given geographic
region, the recurrence time of landslides of particular sizes, and the
mechanisms responsible for the generation of the landslides, we may
be better able to determine that potential hazard of these events.
Additionally, the derivation of size-distribution relationships for
submarine landslides in- many different geological environments
provides valuable insight into the fundamental processes of landslide
dynamics and margin evolution. Ultimately, the continued develop-
ment of distribution relationships in areas of dense data coverage
may aid in the estimation of the expected number of landslides of

* Corresponding author. Tel.: +1 508 457 2351; fax: +1 508 457 2310.
E-mail address: jason.chaytor@whoi.edu (J.D. Chaytor).

0025-3227/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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a particular size in a region from low data quality or incomplete 50
observations. 51

Over the past several years, it has been suggested that the 52
cumulative number-area and cumulative number-volume relation- 53
ships of subaerial landslides can be described by inverse power-law 54
distributions based on the dimensions of the failure scarp, slide 5
deposits, or headwall length (e.g., Sugai et al., 1994; Dai and Lee, 2001; 56
Dussauge et al., 2003; Guthrie and Evans, 2004; Malamud et al., 2004). 5
In the marine environment, the limited application of these statistical 58
techniques for landslide analysis has resulted in only a few examples 59
of such distribution relationships being observed (e.g., Issler et al., 60
2005; ten Brink et al., 2006; Micallef et al., 2008). Although power-law 61
scaling is widely invoked to describe the distribution of subaerial and 62
submarine landslide inventories, in the majority of these cases 63
however, an inverse power-law distribution only applies to a 64
truncated portion of mapped inventories. Undersampling of a 65
particular range of magnitudes of landslide size is commonly 66
suggested to account for the portion of the data that is not described 67
by the inverse-power law function (see Guthrie et al., 2008 for a 68
detailed discussion of this topic). Several methods have been 69
employed to extend the fit of a power-law distribution to fully 70
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describe entire landslide inventories including the use of modified-
pareto (e.g., Stark and Hovius, 2001) and gamma (e.g., Guzzetti et al.,
2005) distributions and the application of different statistical
techniques such as non-cumulative analysis and data binning (e.g.,
Burroughs and Tebbens, 2001; Guzzetti et al., 2002; Malamud and
Turcotte, 2006). To date only a few examples of non-power-law
distributions have been reported for landslides (e.g., logarithmic, Issler
et al., 2005; log-normal, Dunning et al., 2007).

In this paper we investigate the cumulative size distribution of
submarine landslide source zone (landslide failure scarp) volumes
identified along the different geologic provinces of the U.S. Atlantic
continental margin (Fig. 1). Because this distribution differs from the
classic inverse power-law usually determined for both subaerial and
submarine landslides, we investigate potential causes of the depar-
ture, including variation of geologic conditions along the margin and
observational bias. To obtain a more direct measure of the amount of
material initially mobilized at the time of single failure we calculate

78°W 76°W 74°W 72°W
1

volume and area of the failure scarp, rather than the entire landslide 88
(source and deposition regions) or the failure deposit only, as done in 89
other similar studies (e.g., Issler et al., 2005). We have chosen this 90
approach because many of the mapped landslide deposits are 91
composite features resulting from multiple failures (Twichell et al., 92
this volume). The generic term “landslide” throughout this paper 93
encompasses all forms of submarine mass movement as described by 94
Locat and Lee (2002) (i.e., slides, topples, spreads, falls, and flows). 95

1.1. Regional setting 96

The U.S. Atlantic margin (shelf, slope and rise) is covered by large 97
volumes of Quaternary sediments eroded from the North American 98
continent by glacial and fluvial processes. These sediments were 99
deposited on a mix of Middle Jurassic carbonate, Eocene chalk, and 100
other Mesozoic to Cenozoic siliclastic sedimentary formations that lie 101
on the remnants of Triassic-Jurassic age rift basement (see Twichell 102
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Fig. 1. Map of the U.S. Atlantic margin. The thick dashed line encloses the region in which source volume excavations were identified. The 5 geographic/geologic provinces as
discussed in the text are also highlighted. HC — Hudson Canyon. Contour interval is 200 m.
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et al, this volume for a more detailed overview of the margin's
geology). Glacially-derived sediments deposited by large river systems
are found along the Georges Bank shelf edge (Schlee and Fritsch, 1983)
and along the shelf and slope/rise south of southern New England.
South of the extent of glaciers, the large river systems that underlie the
present Hudson, Delaware, and Chesapeake estuaries extended across
the shelf with shelf-edge deltas built off the Virginia and Delaware
coasts, while the Hudson Canyon system transferred sediment to a
deep-sea fan (Poag and Sevon, 1989).

For the purpose of this study, we have separated the margin into
five sub regions (Fig. 1), to explore the possibility of geologic control
on the cumulative size distribution. Two of these regions are
characterized by surficial glacial deposits on the shelf and slope
(Georges Bank and Southern New England), one a mix of Quaternary
fluvial deposits and exposed Eocene rock (Northern Baltimore Canyon
Trough-NBCT), and the remaining two are characterized by surficial
sediments of fluvial origin (Southern Baltimore Canyon Trough-SBCT)
and from sediments carried by bottom currents that are deposited out
of suspension (Carolina Trough).

2. Data and methods

We used a bathymetric Digital Elevation Model (DEM) with a grid-
cell resolution of 100 m, derived from the compilation of multibeam
swath bathymetry data from different sources and hydrographic
soundings surveys (see Twichell et al., this issue for a full description
of the bathymetry data), as the primary geographic dataset to identify
the landslide source zones. The near-complete coverage of the U.S.
Atlantic continental slope and rise by multibeam bathymetry provides
a more uniform and detailed view of the geomorphology of submarine
landslides than has been previously available. Although coverage is
excellent, several significant gaps within the dataset totaling an area
of approximately 26,000 km? (~8% of the total area) are present along
the continental slope. Several major data gaps or areas of reduced
resolution are present along the shelf edge and upper slope in the
Georges Bank, Southern New England, and NBCT regions preventing
the detailed or complete mapping of landslides that are only partially
observed in these areas. In most cases, the identified failure scarps
appear to have been created by single evacuation events, but several of
the scarps, especially in the NBCT slope area, may have been created as
either a single event or part of a larger retrogressive slide. In these
cases, during the analysis, these slides were examined both as
individual slides and as combined, larger single slides.

Landslide failure scarps are identified through examining multi-
ple perspective views of the bathymetric DEM. using different
illuminations, and the evaluation of seafloor slope maps derived

from the DEM. The area of a failure scarp is calculated as the planar 147
area within a manually digitized bounding polygon that encom- 148
passes the region of negative elevation within the landslide's 149
headwall and sidewalls. The downslope end of the failure scarp is 150
digitized as a straight line connecting the bounding sidewalls on 151
either flank of the landslide, done in this way because the toe is 152
usually obscured by slide deposits or cannot otherwise be identified 153
on the bathymetry. Failure volumes were calculated using a method 154
similar to ten Brink et al. (2006), in which a smooth upper surface is 155
interpolated from the polygon that defines the boundary of each 156
failure scarp and is then subtracted from the extracted bathymetric 157
data (lower surface) within a GIS (Fig. 2). The grid cell sizes of the 158
upper and lower surfaces are each 100 m. 159

3. Landslide failure scarps 160

A total of 141 landslide failure scarps were identified within the 161
~347,000 km? investigated area of the U.S. Atlantic margin. Of these, 162
106 had sufficient data coverage and quality to assign high confidence 163
values to their boundaries-and as such they were used in the analysis 164
(Figs. 3 and 4). The remaining failure scarps that were not included in 165
this analysis have only partial or lower-resolution coverage, with the 166
area and volume values less reliable, but on average appear to be 167
within the same size range as those used in the analysis. Measured 168
areas for the scarps range in size from 0.89 km? to a maximum of 169
~2410 km?; with a total area for all scarps of 15,275 km?. Volumes 170
range from as low as 0.002 km? up to ~179 km?, with a margin-wide 171
total removed volume of 862 km?>. It is currently not possible to 172
determine if adjacent failure scarps failed independently, together, or 173
ina retrogressive manner. Booth et al. (1993) recognize that along the 174
margin, landslides fall into two categories: 1) those with source areas 175
on the continental slope and rise (“open-slope”); and 2) those that are 176
sourced in submarine canyon and channel systems. In general, the 177
largest values are from sources that displaced material on the open- 178
slope rather than from the headwall and sidewalls of canyon and 179
channel systems. While canyon/channel sources account for a 180
significant portion of the total number of landslide failure scarps 181
that were identified and mapped (~30%) they constitute only ~6.5% 182
and 7.1% of the total margin-wide mapped source zone area and 183
volume, respectively. 184

Although the range of source zone area values is distributed across 185
the margin, some local geographic clustering of values is noted 186
(Fig. 5a), which may be a reflection of differing geological or 187
geotechnical conditions along the margin, or a result of different 188
regional triggering mechanism. The largest scarp areas (>500 km?) are 189
found in three of the five geologic provinces, Georges Bank, SBCT, and 190

=

Fig. 2. Perspective view of a failure scarp area (grey shaded bathymetry; ~10x vertical exaggeration) on the left, with a schematic example of the smooth-surface that was fit within
the perimeter and used as the upper surface to estimate the excavated volume on the right.
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Fig. 5. Histograms of landslide source zone areas (a) and source zone volume (b) separated based on the five geographic regions shown in Fig. 1.

the Carolina Trough regions (Fig. 3a and b). All of these large scars are
slope rather than canyon sources, although limited data availability in
the Southern New England region prevents a full evaluation of that
area. In the southernmost part of the SBCT and Carolina Trough
regions (Fig. 3b), area values greater than 1000 km? are found, with
few, if any, small-area sources. In contrast, failure scarps with small
areas (~<100 km?) dominate the continental slope offshore of New
York and New Jersey south of Hudson Canyon. Area values in the
southern New England region are distributed well below 500 km?, but
the region may actually contain a greater number of landslide scarps

than currently observed, some with area values greater than 201
1000 km?, especially along the sections of the slope where multibeam 202
bathymetry data are missing or of limited resolution. 203

The full range of source zone volumes are also distributed across 204
the margin (Fig. 4 and 5b), but with less obvious clustering than with 205
the area values. Except for the two very large scarps off Georges Bank, 206
source volumes are characteristically in the 0.1 to 10 km? size range in 207
the Georges Bank, southern New England, and NBCT regions,. The 208
dominant range of source volumes in the southern NBCT, SBCT, and 209
Carolina Trough regions covers the 0.1-100 km? range. As with the 210

doi:10.1016/j.margeo.2008.08.007
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Fig. 6. Relationship between area and volume of the 106 failure scarps along the U.S.
Atlantic margin.

area values, the largest source volumes, those greater than 100 km?,
are found in the Georges Bank, SBCT, and Carolina Trough regions, but
there is not a 1:1 relationship between regions with the largest areas
and those with the largest volumes.

The area/volume relationship for U.S. Atlantic margin landslide
source zones (Fig. 6; V. =0.0163A}%%°, R?=0.711) is similar to that
calculated for the submarine Storegga Slide [V, =0.0267A!"°*2, calcu-
lated by ten Brink et al. (2006) from data in Haflidason et al. (2005)],
which, like the Atlantic margin landslides, primarily involved the
failure of a thin (10s of meters thickness) layer of clay-rich sediments.
This differs from area/volume relationships previously calculated for
both subaerial landslides (e.g., V;,=0.0240A}>%8, Simonett, 1967) -and
submarine slope failures of carbonate rock around Puerto Rico (e.g.,
V.=0.0263A}*2, ten Brink et al., 2006). The different exponent values
can be explained by differences in the failed material and landslide
processes or by the presence of saturated or overpressured sediments
in the submarine environment. For small exponent values, such as
that calculated for the Atlantic margin sources, volumes increase
almost linearly with area, possibly resulting from a thin'and relatively
constant evacuation depth for each landslide, with the majority of
landslides only mobilizing sediments within the unconsolidated
Quaternary sedimentary section. This is in contrast to areas char-
acterized by larger exponents, such as landslides on the margin of the
Puerto Rico Trench and numerous subaerial slides, where thick
sections of unconsolidated and consolidated material are evacuated
during each event, resulting in the formation of rotational landslides,
rock slides and falls, and debris avalanches. Such a marked difference

Fig. 7. (a) Log-log plot showing the cumulative volume distribution of 106 observed
failure scarps overlain by the poorly fitting calculated inverse power-law distribution
(black line) and well-fit log-normal distribution (red line). (b) Log-log plot showing the
cumulative volume distribution of landslide sources from Puerto Rico (data from ten
Brink et al.,, 2006), showing the good fit of an inverse power-law distribution for
volumes greater than ~0.1 km? (black lines) and the modeled log-normal distribution
(red line). (c) Log-log plot showing the cumulative volume distribution of landslide
sources from the Storegga Slide (data from Haflidason et al., 2005), showing the good fit
of an inverse power-law distribution for volumes greater than ~2 km? (black lines) and
the good fit of those data to a log-normal distribution (red line).
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distribution over two or fewer orders of magnitude.

in excavation depth in the source zone has important implications for
scarp preservation and is discussed in the following section.

4. Size distribution of submarine landslides
4.1. Log-normal distribution

Because the volume of material that is released during a submarine
landslide is one of the critical parameters controlling the amplitude of
a landslide-generated tsunami (Pelinovsky and Poplavsky, 1997;
Murty, 2003; Watts and Grilli, 2003; Geist et al., this volume), the
following analysis is focused predominantly on the volumes of the
failure scarps. The observed volumes of the identified failure scarps on
the U.S. Atlantic margin plotted as a cumulative number on a log scale
(Fig. 7) show a very good fit (R*=0.985) to a log-normal distribution
across the entire dataset, with a standard deviation (0) and sample
mean (u) of log volume of 2.27 and 6.60, respectively. For the entire
dataset, an inverse power-law provides a poor fit (R*=0.611). That
said, in some cases it has been possible to differentiate the
mechanisms by which landslides are initiated and to describe
complete landslide inventories by several power-law distributions
(Van Den Eeckhaut et al., 2007). Attempts to describe the Atlantic
margin landslide data in this way (Fig. 8).using arbitrary break-points
loosely based on changes in the shape of the cumulative data curve,
show that a robust inverse power-law distribution (R*>>0.9), can at
best, only be applied over two orders of magnitude, providing a weak
description of the entire inventory.

The differences in distributions of landslides along the U.S. Atlantic
margin when compared to other regions mentioned above (i.e., log—
normal vs. inverse power law) may reflect observational limitations or
error, it may be due to a more fundamental characteristic of the study
area, such as geologic control on the landslides, or it may be related to
a dynamic feature of the landslide processes that controls their size.
For example, in many regions, the variation of geomorphic, lithologic,
or structural characteristics can be a critical factor in controlling the

differences in the rate and magnitude of landscape modification by 270
slope failure (Burbank and Anderson, 2001). The region under study 271
here encompasses a very large geographic area, with variations in 272
geology (e.g., Quaternary glacial and non-glacial fluvial deposits), 273
seafloor slope, and potential local triggering mechanisms such as: 1) 274
salt diapirism south of Cape Hatteras (Dillon et al,, 1982); 2) water 275
discharge movement along the slope off New Jersey (Robb, 1984); 3) 276
sediment thickness and composition changes (e.g., Pratson and Laine, 277
1989); and 4) hydrate destabilization (Carpenter, 1981) which may 278
provide some control on the size of landslides and hence their 279
distribution. 280

Analysis of the individual geologic and geographic regions shown 281
in Fig. 1 for power-law behavior shows that over limited orders of 282
magnitude or for truncated portions of data from these regions, 283
inverse power-laws can be fit (Fig. 9). However, the power-law 284
exponents do not vary with geology in any discernable pattern. For 285
example, the inverse power-law exponents for the Georges Bank and 286
southern New England regions, both characterized by surficial glacial 287
deposits, differ significantly (Fig. 9 a,b) even though they are 288
geologically similar regions: On the other hand, the exponents for 289
the southern New England and NBCT regions are similar (Fig. 9b,c), yet 290
they are characterized by surficial glacial deposits and a mix of fluvial 291
deposits and exposed Eocene chalk, respectively. Note also the small 292
number of samples in.a number of the regions, which make the fits 293
statistically less robust. 294

While the' dynamic processes involved in the initiation and 295
evolution of each landslide likely play a role in determining the size 296
of a landslide, similar processes are likely to be operating in areas of 297
common geology and physical setting (e.g., surface slope, geomorphic 298
setting). That said, although there are marked differences in the 299
landslide process between canyon- and open slope-sourced slides 300
that may influence the distribution of the combined dataset as a 301
result of differences in sediment availability, seafloor slope, and 302
triggering’ mechanism, no strong power-law relationship was 303
obtained when canyon or slope landslides were analyzed separately 304
(Fig. 10a). Similarly, the cumulative volume distribution of landslides 305
originating in both glacially and non-glacially derived Quaternary 306
sediments follow a similar distribution to that of the complete 307
inventory (Fig. 10b). 308

4.2. Test for a power law distribution 309

Another explanation for the observed log-normal distribution is 310
that it has been modified by a conditional probability to observe 311
only certain-sized failure scarps. The ability to observe a landslide 312
depends on several factors such as the quality and resolution of data 313
used to observe it and the level of preservation (e.g., morphology, 314
age, type of material evacuated) of the individual landslides. The 315
horizontal resolution depends on data density and grid size, which 316
in this analysis is 100 m by 100 m. Therefore, the minimum size of 317
failure scarp that can be identified from these data, given that it 318
must be visible in three or more cells, is 0.09 km?2. Vertical 319
resolutions of modern deep water multibeam systems are com- 320
monly on the order of 1-2% of water depth, which therefore affects 321
both the ability to identify the failure scarp and the calculation of 322
volumes. 323

Equally important in determining the observational potential is the 324
temporal distribution of the landslides and the level of preservation of 325
the features within the failure scarp zone (Malamud et al., 2004). 326
Given sufficient time, the morphology of the failure scarps and the 327
entire landslide as a whole will change shape or degrade to a level 328
where they will become unrecognizable as the remnant of a landslide, 329

Fig. 9. Cumulative volume distributions of slope failures scarps from the five geographic/geologic regions as shown in Fig. 1 with the calculated goodness of fit and exponent of fitted
inverse power-law: (a) Georges Bank, (b) Southern New England, (c) Northern Baltimore Canyon Trough (NBCT), (d) Southern Baltimore Canyon Trough, (e) Carolina Trough.
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Fig. 10. Cumulative volume distributions of slope failures scarps from (a) open-slope and submarine canyon environments and (b) glacial and non-glacial influenced depositional environments.
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Let us assume that the cumulative-volume data should conform to
a Pareto distribution for x, the volume of a landslide scarp, with an
inverse power-law exponent, 6:

-0

F(x) = prob(X<x) — 1—(}(1) 1)
0

where x, is half of the minimum observed volume (x,=0.001 km? for

U.S. Atlantic margin submarine landslides). Under this model:

log prob(X<x) = log(1-F(x))
= —0Ologx

where =0 log X,.

To quantitatively investigate the possibility that those data
presented here are size or observationally biased a conditional
probability function is introduced. Observational bias means that
the ability to identify landslide failure scarps depends on the size of
the scarp. Using Y=1log x, the conditional probability density function
of y, or the probability of identifying the failure scarp, is:

@)

g(y|obs) ap(obs|y)g(y) 3)

where p(obs|y) is the probability that a landslide scarp of log volume y
will be observed and g(y) is the unconditional probability density of y,
or the true size distribution of the landslide scarps. If X has a Pareto
distribution, then y has a truncated exponential distribution with a
density function of:

g(y) — Qe(-0(y-Inxo)) y=In X, (4)

The shape of the conditional probability function p(obs|y) for
alternate values of the inverse power-law exponent 6, is derived from
Eq. (3), giving:

&(y|obs)
obs|y) a0 =~ —~. 5
p(obsly) 20) Q)

For fixed values of x, and 6, p(obs|y) can be determined up to a
scale constant by the ratio of an estimate of g(obs|y) and g(y). As
previously mentioned, Fig. 7a shows the probability distribution of the
observed log volume to be normal. Therefore under the.normal
approximation:

plobsly) oce("4(7)°). (6)

In other words, the observational probability will increase with
increasing log landslide scarp size y up to the point where y=p+026, then
decline with increasing values of y (Fig. 11a). The standard deviation (0)
and sample mean (u) of the log volume are 2:27 and 6.60, respectively.

Using Fig. 11a, some assumptions can be made to help determine an
inverse power-law exponent (6) for the distribution the submarine
slides. Given that the median values of the landslide failure scarp
volume is 0.86 km?, it is highly likely that a landslide failure scarp
volume of 1 km? or greater should be observed (i.e., a probability of
observation>0). Anyexponent (6) with a probability of observation of
~0 for failure scarp volumes of 1 km? can therefore be rejected, which
in this case occurs for 62 1.6 (Fig. 11a). Because the maximum possible
size of landslides failure scarps along the U.S. Atlantic margin is
unknown, the maximum observed volume (179 km?) is used to define
the minimum 6. If it is assumed that the maximum failure scarp should
always be observed (probability of observation ~1), then only two
values of 6 have probabilities of observation high enough (>0.9) at this
volume to satisfy the requirement, 1 and 1.2. Taking 1 as the minimum
and 1.6 as the maximum, the estimated value of 0 for landslide failure
scarps on the U.S. Atlantic margin is 1.3+0.3. A similar plot analysis of
observation probability for the Puerto Rico data (Fig. 11b) yields a value
of 0 of ~0.6, as is indicated by the near flattening of that curve at 1, very
close to the 0.64 value calculated by ten Brink et al. (2006).

This range of exponent values is similar to the range of average 405
cumulative distribution exponent values for the volumes of mixed- 406
type subaerial landslides (0=1.2+0.3) predicted by Dussauge et al. 407
(2003). Furthermore, the calculated U.S. Atlantic margin distribution 408
exponent is noticeably larger than that determined for submarine 409
landslide sources in the carbonate platform surrounding Puerto Rico 410
(6=0.64; ten Brink et al., 2006), and for subaerial rockfall volumes 411
(6=0.5+0.2; Dussauge et al., 2003). The differences between the 412
exponent values points toward the differences in cohesion and 413
internal friction within the failed materials (Densmore et al., 1998; 414
ten Brink et al., 2006). Provided that the distribution of landslides 415
along the U.S. Atlantic margin can be described by a conditional 416
probability of landslide observation, the inference of a large exponent 417
value (6>1) strengthens the interpretation that only the unconsoli- 418
dated, mostly Quaternary, sediments and reworked landslide material 419
(Twichell et al., this volume) are failing along the margin. 420

5. Possible causes for log-normal behavior 421

Fig. 7a shows that a log-normal distribution fits very well the 422
cumulative volume distribution of submarine landslides along the U.S. 423
Atlantic margin. Log-normal behavior has been observed in the 424
frequency of natural events such erosion and depositional processes 425
responsible for the creation of geomorphic features (Wolman and 426
Miller, 1960), turbidite deposit bed volumes (Talling et al., 2007), in 427
numerous biological mechanisms (Limpert et al.,, 2001), and earth- 428
quake recurrence (Nishenko and Buland, 1987). Except for a few cases 429
(e.g., Dunning et al., 2007; Guthrie and Evans, 2007) log-normal 430
behavior has not been invoked to describe landslide distributions even 431
though both the landslides north of Puerto Rico (Fig. 7b) and 432
especially those within the Storegga Slide complex (Fig. 7c) could be 433
fit with log-normal distributions. Ultimately, one of the main reasons 434
for examining the distribution of submarine landslides is to unravel 435
the physical processes responsible for the distribution. 436

The nature of these controlling physical processes, both for 437
subaerial and submarine landslides, are still under debate. For 438
landslide distributions displaying power-law scaling, the concepts of 439
self-organized criticality (SOC; Bak et al., 1988) or self-similarity have 440
become popular (e.g., Noever, 1993; Guzzetti et al., 2002; Van Den 441
Eeckhaut et al, 2007; Micallef et al, 2008). In this framework, 442
landslides size distributions within the same system are thought to be 443
scale invariant; essentially each landslide is a scaled copy of other 444
landslides within a system that is in a critical state. But Gisiger (2001) 445
and Solow (2005) show that power scaling cannot simply be taken as 446
evidence for SOC, but rather criticality must be determined on a 447
region-by-region basis. The fact that without modification, the entire 448
identified landslide inventory along the U.S. Atlantic margin is not fit 449
by an inverse power-law distribution, may imply that the failure 450
process in the area does not obey SOC, but is indicative of a different 451
processes. What these processes are remains to be determined, the 452
answer may is likely to be the result of the interplay of a number 453
variables, including the geology and geotechnical characteristics of a 454
region, the nature of the triggering mechanism, and the dynamic 455
behavior of the landslide once it has been initiated. 456

6. Conclusions 457

We showed that landslide source zone volumes along the U.S. 458
Atlantic margin have a log-normal size distribution. This result, which 459
fits very well across the entire data set, is in contrast to most analyses 460
of landslide size distributions, which interpret an inverse power-law 461
distribution over a truncated portion of data. Reanalysis of landslide 462
debris-lobe volumes from the Storegga landslide complex were also 463
found to show log-normal behavior across the entire inventory. A log— 464
normal distribution suggests that landslides along the U.S. Atlantic 465
margin have a characteristic volume of approximately 1 km?>. Both 466
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large landslides and small landslides of less that 1 km? are less
common along the margin, which may be a reflection of changes in
geologic and geotechnical conditions along the margin or the type and
magnitude of triggering mechanisms. To explore the possibility of
size-dependant observational bias in identifying landslide failure
scarps in the bathymetry data, a conditional probability function was
used together with an inverse power-law distribution to fit these data.
The inverse power-law has an exponent value of 1.3+0.3, which is
close to that established for subaerial and submarine landslides in low
cohesive, poorly consolidated material suggesting a similarity in
excavation processes. In terms of the hazard posed by submarine
landslides along the U.S. Atlantic margin, both the log-normal
distribution of the observed source zone volumes suggest that large
landslides, and the tsunamis that they can generate (e.g., 1929 Grand
Banks landslide and tsunami; Piper et al., 1988), occur infrequently.
Evaluation of this hypothesis awaits the collection of additional age
data.
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