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Abstract

Relative values of downslope driving forces and sediment resisting forces determine the locations of submarine slope
failures. Both of these vary regionally, and their impact can be addressed when the data are organized in a Geographic
Information System (GIS). The study area on the continental margin near the Eel River provides an excellent opportunity
to apply GIS spatial analysis techniques for evaluation of slope stability. In this area, swath bathymetric mapping shows
seafloor morphology and distribution of slope steepness in fine detail, and sediment analysis of over 70 box cores delineates
the variability of sediment density near the seafloor surface. Based on the results of ten geotechnical studies of submarine
study areas, we developed an algorithm that relates surface sediment density to the shear strength appropriate to the
type of cyclic loading produced by an earthquake. Strength and stress normalization procedures provide results that are
conceptually independent of subbottom depth. Results at depth are rigorously applicable if sediment lithology does not
vary significantly and consolidation state can be estimated. Otherwise, the method applies only to shallow-seated slope
failure. Regional density, slope, and level of anticipated seismic shaking information were combined in a GIS framework
to yield a map that illustrates the relative stability of slopes in the face of seismically induced failure. When a measure
of predicted relative slope stability is draped on an oblique view of swath bathymetry, a variation in this slope stability
is observed on an otherwise smooth slope along the mid-slope region north of a plunging anticline. The section of slope
containing diffuse, pockmarked gullies has a lower measure of stability than a separate section containing gullies that
have sharper boundaries and somewhat steeper sides. Such an association suggests that our slope-stability analysis relates
to the stability of the gully sides. The remainder of the study area shows few obvious indications of slope instability
except for a feature that has become known as the ‘Humboldt Slide,’ but it is too deep-seated to be amenable to the
slope-stability-prediction techniques presented herein. In general, few slope failures have been mapped in the Eel margin
study area despite the high level of seismicity, the relatively high rates of sediment accumulation, and the extent of gas
charging observed by others.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction and background

Instability of sedimentary deposits on continental
margins can be an important mechanism for sedi-
ment transport and redeposition, as well as a hazard
to offshore development. Slope failures occur where
relative magnitudes of the environmental forces that
tend to deform and weaken sedimentary deposits
exceed the strength properties of the sediment that
tend to resist such deformation. These vary, depend-
ing upon the bathymetry, seismicity, and storm-wave
environment for the driving forces and upon sedi-
ment-depositional patterns and sediment-stress his-
tory for the resisting strengths. The stability of the
deposits can be evaluated regionally by making a
quantitative comparison between the distribution of
driving forces and sediment strengths. In practice,
such a rigorous evaluation is difficult because many
deep-penetration samples need to be taken and an ex-
tensive set of sophisticated geotechnical tests needs
to be performed on the samples in order to compre-
hensively assess failure potential.

Youd and Perkins (1978) explored a simplified
approach for mapping the potential for liquefac-
tion-induced failure of sediment, a form of failure
that has many characteristics in common with sub-
marine slope failure. The approach involved map-
ping ‘ground failure opportunity,’ which for the liq-
uefaction problem is the distribution of anticipated
seismic shaking. Next they mapped ‘ground fail-
ure susceptibility,’ a measure of sediment resistance
to severe strength loss that was related to available
maps of geologic units. They combined the two maps
to delineate areas that had both high levels of ground
failure opportunity and ground failure susceptibility.

Lee and Edwards (1986) suggested a method for
regional evaluation of submarine slope stability that
has elements in common with that of Youd and
Perkins (1978). The authors measured the cyclic
shear-strength properties of marine-sediment core
samples, and expressed the results in a normalized
manner that allowed approximate extrapolation of
test results below the limited depth of sampling al-
lowed with a gravity corer. By assuming a simplified
infinite slope (a tilted, planar surface with no other
relief), the authors calculated the peak seismic ac-
celeration that would be required to cause failure
(termed the critical acceleration or kc/. This value

is a direct measure of ‘ground failure susceptibility.’
Because Lee and Edwards (1986) considered only
relatively small offshore areas, they assumed that
‘ground failure opportunity’ did not vary. That is,
the anticipated level of seismic shaking would be the
same, independent of where the core was taken. Ac-
cordingly, the relative value of kc becomes a direct
measure of ground failure potential, with the lowest
values corresponding to the highest potential.

Neither of these previous studies took advantage
of the capabilities of modern geographic information
systems (GIS), which can combine detailed sets of
regional data to yield predictive maps of quantities
such as the potential for slope failure. In the present
study, we continue the approaches of Youd and
Perkins (1978) and Lee and Edwards (1986) and
apply them within the framework of a GIS to the
STRATAFORM west-coast study area.

2. Approach

The stability of a sedimentary deposit on a given
slope depends on the shear strength of the sedi-
ment, how that strength varies with depth below
the seafloor, and how that strength varies with the
environmental stresses that are imposed on the sed-
iment. The stability also depends upon the intensity
of the environmental loads that drive the sediment
toward failure. To apply GIS methods for evaluation
of slope stability, we need to assemble regional maps
of both the appropriate sediment shear strength and
the intensity of the environmental loads.

3. Slope-stability analysis

3.1. Evaluating the driving stress

Lee and Edwards (1986) suggested that there are
three factors that need to be considered to evaluate
the downslope shearing stress: (1) gravity, (2) seis-
mic loading, and (3) wave loading. Others suggest a
fourth, seepage forces related to pore-fluid flow, al-
though as Lambe and Whitman (1969, p. 354) point
out, excess pore pressures related to seepage can
be considered as either a driving-force component
or a mechanism for reducing strength. We chose to
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include seepage as a factor related to strength rather
than driving stress.

Gravity acts continuously and must always be
considered in a stability analysis. Water depths on
the Eel continental slope are great enough that storm
waves need not be considered as a source of downs-
lope driving stress. Because the Eel margin is seismi-
cally active, earthquake-induced shear stresses need
to be considered. Accordingly, a modified version
of the equation of Morgenstern (1967) for seismic
loading on a simple, infinite slope can be applied:

−s=
0h D k. = 0/C sinÞ (1)

where −s is the downslope shear stress active during
an earthquake,  0h is the product of the submerged
(buoyant) unit weight (unit weightD densityð accel-
eration of gravity) and depth in the sediment column,
k is the horizontal earthquake acceleration (as a frac-
tion of the acceleration of gravity), = 0 is the ratio
of total to buoyant sediment unit weight, and Þ is the
slope angle. This relation is simplified slightly from
the original and applies only to small (<10º) slope
angles (Lee and Edwards, 1986). Hence, the downs-
lope shear stress depends on the severity of seismic
shaking, the sediment density, and the geometry of
the slope. All of these factors vary regionally.

Frankel et al. (1996) present the results of the
USGS Seismic Hazard Mapping Project in the form
of probabilistically derived maps of anticipated peak
seismic accelerations. Fig. 1 contains a part of their
data set for the Eel margin, and shows seismic
accelerations that will not be exceeded in the next 50
years with a probability of 90%. These acceleration
values were formulated as a continuous map layer
within the GIS software Arc=Info (Fig. 1) and serve
as a measure for part of the downslope driving stress.

Based on swath bathymetry data (Goff et al.,
1999), we constructed a map of the gradient for
seafloor slopes (Þ) using the Arc=Info SLOPE func-
tion (Fig. 2). Figs. 1 and 2 define the environmental
loading conditions that can lead to slope instabil-
ity and are measures of ‘ground failure opportunity’
using the terminology of Youd and Perkins (1978).

3.2. Evaluating the shear strength: lithology

To construct a regional map of shear strength,
we considered the various factors that determine

strength. Some of these are as follows: (a) lithol-
ogy (as represented by grain size, mineralogy, or
engineering classification); (b) consolidation stress
history (including depth in the sediment column, his-
tory of past seismic and erosion events, presence of
sustained static shear stress, and existence of excess
pore water or gas pressures); (c) nature of loading
(e.g., static gravitational or cyclic).

To map the regional variation of lithology, we
emphasize the extensive data sets that are presently
available. Foremost among these is an analysis of
over 70 box cores (20–60-cm long) taken within an
area mapped for bathymetry using multi-beam tech-
nology (Goff et al., 1999). Each of these box cores
was subsampled using a fixed piston device that
produces nearly undisturbed tubular samples. These
subcores were logged, typically within an hour of
the time the core was taken, for density (gamma-ray-
attenuation method), sound velocity, and magnetic
susceptibility using a multi-sensor whole-core log-
ger. Values were logged at 1-cm spacing, providing
highly detailed profiles.

Experience has shown that the density values,
obtained from gamma-ray attenuation, provide the
greatest amount of information about the fine-scale
sediment lithology among values measured by our
logger. In addition, density of sediment from near the
sediment surface is typically a good proxy for en-
gineering classification (Lee and Baraza, 1999). Ac-
cordingly, we infer that a regional map of the density
of near-surface sediment provides a good representa-
tion of the sediment’s engineering classification.

3.3. Evaluating the shear strength: consolidation
state

Sediment-stress history or consolidation state can
have a profound effect on the sediment strength. One
form of stress history is normal consolidation, in
which steady sediment accumulation continues rela-
tively slowly without interruption by erosion events.
If the engineering classification=lithology remains
constant with time, the shear strength of a normally
consolidated sediment will increase linearly with
overburden effective stress, which is approximately
proportional to depth in the sediment column.

Underconsolidation or overconsolidation applies
to sediment that has experienced a more complicated
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Fig. 1. Peak seismic acceleration (% g) with a 10% probability of exceedance in 50 years on the Eel margin. Values are from Frankel et
al. (1996).
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Fig. 2. Seafloor slope, Þ, obtained from interpretations of swath bathymetric data provided by Goff et al. (1999).
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stress history. In underconsolidated sediment, there
are excess pore-fluid pressures at depth in the sedi-
ment column. These pressures can be generated by
rapid sediment accumulation during which the free
flow of water out of the sediment is impeded. A
result is that part of the weight of newly deposited
sediment grains is carried by pressure in the pore
fluid. Bubble-phase gas charging, such as has been
observed in the Eel margin (Yun et al., 1999) can
cause a similar effect. The shear strength of an under-
consolidated deposit does not increase linearly with
depth, and the strength at depth can be quite low. In
the Gulf of Mexico, deep borings have sampled very
weak, underconsolidated sediment at depths of tens
of meters, lying below stronger, near-surface ‘crusts’
(Bea and Arnold, 1973). Underconsolidation was not
observed in the upper 3 m of the sediment column
in the Eel margin, although the existence of a crust
(similar to that found in the Gulf of Mexico) could
exist and mask the presence of underconsolidated
sediment at depth.

In overconsolidation, the sediment has experi-
enced greater overburden loading than it is experi-
encing at present. Overconsolidation typically results
from sediment erosion. Within the Eel margin study
area, there are observed erosion surfaces exposed
at or near the seafloor that display high levels of
overconsolidation. These surfaces are likely associ-
ated with high acoustic backscatter as measured with
the swath mapping system (outlined with a dashed
line in Fig. 3). A maximum past stress of 124 kPa
was measured in this high backscatter area by Lee
et al. (1981), indicating removal of about 15 m of
sediment at some time in the past.

The remainder of the cores tested in the Eel mar-
gin by Lee et al. (1981), which were all taken out-
side of the delineated high-backscatter area (Fig. 3),
showed levels of measured overconsolidation in the
range of 40–50 kPa. Such lower levels of overconsol-
idation are common near the seafloor in marine sed-
iment and are generally not thought to have resulted
from actual erosion. Rather, such overconsolidation
effects likely result from weak interparticle bonds or

Fig. 3. Acoustic backscatter map provided by Goff et al. (1999). Dashed line delineates a zone of particularly high backscatter that
likely represents sediment that has become overconsolidated through erosion of overburden. This zone is not included in calculations of
regionally varying slope stability.

bioturbation, and their influence is lost with depth.
This form of overconsolidation is termed apparent
overconsolidation (Richards and Hamilton, 1967).

3.4. Evaluating the shear strength: cyclic loading
effects

Given that seismic loading may be the critical
condition for slope failure, two factors need to be
considered in evaluating the shear strength: (1) be-
cause an earthquake’s duration is short, failure will
occur most likely without any flow of pore water
(undrained loading); (2) the cyclic nature of earth-
quake loading will cause pore-water pressures to in-
crease or decrease, and will alter the shear strength.
Both of these factors are considered if the strength
is evaluated using a cyclic, undrained triaxial test.
In such a test, cylindrical samples are encased in
a membrane and consolidated to an initial effective
stress, ¦

0
c, which is equal to the overburden effective

stress being simulated. In our laboratory, consol-
idation stresses are generally large enough (well
beyond measured maximum past stresses) that the
sediment sample is forced into the normally con-
solidated range. Following consolidation, repeated
cycles of shear stress are applied in both extension
and compression until failure (defined as 15% axial
strain) is achieved. For a given sediment, more load-
ing cycles are required to reach failure as the applied
cyclic shear stress is reduced.

The cyclic shear stress, −c, divided by the con-
solidation stress, ¦

0
c, is termed the cyclic stress ratio

(CSR). On a semilog diagram, the cyclic stress ratio
is plotted versus the number of cycles to failure. If
a number of samples with the same lithology are
tested at different levels of CSR, such a plot typ-
ically generates a nearly linear relation. Seed and
Idriss (1971) reported that a representative number
of cycles for a typical strong earthquake is approxi-
mately ten. Accordingly, we chose the point at which
CSR corresponds to failure in ten cycles (designated
as CSR10) as being an appropriate measure of cyclic
shear strength in seismically active areas.
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A previous geotechnical study of the Eel margin
(Lee et al., 1981) included testing of six gravity cores
for cyclic shear strength. The goal was to understand
the strength properties in the vicinity of the feature
that has been described as the ‘Humboldt Slide.’
Although 21 cyclic triaxial tests were performed as
part of that study, these results do not represent the
full variety of sediment lithologies in the study area
and cannot be extrapolated to the entire Eel margin.

The previous Eel margin study was part of a
much broader series of cyclic triaxial tests conducted
at the USGS over a roughly 10-year period that
included more than 200 tests altogether. These tests
were performed on samples from all over the world
and were typically part of specific slope-stability
evaluations. Previously, they had not been combined
into one format for evaluation of the cyclic strength
behavior of marine sediment.

Values of CSR at failure versus the number of cy-
cles to failure were plotted for 144 tests (Fig. 4). These
tests were performed on samples from the following
study areas: (1) Eel margin, California (Lee et al.,
1981; Lee and Edwards, 1986; Lee et al., 1992); (2)
Gaviota mudflow, Santa Barbara Channel, California
(Lee and Edwards, 1986; Lee et al., 1992); (3) north-
east Gulf of Alaska (Lee and Edwards, 1986; Lee et
al., 1992); (4) Kidnapper’s Slump, New Zealand (pre-

Fig. 4. Cyclic shear stress normalized by consolidation stress (CSR) versus number of cycles to failure (15% strain) from 144 cyclic
triaxial tests performed on sediment from ten marine study areas distributed worldwide. Data points are identified according to initial
water content .w=c/ of the sediment tested.

viously unpublished USGS data); (5) Rio Ebro mar-
gin, Spain (Baraza et al., 1990); (6) Gulf of Cadiz,
Spain (Lee and Baraza, 1999); (7) Russian River
margin, northern California (previously unpublished
USGS data); (8) Gulf of the Farallons, northern Cali-
fornia (previously unpublished USGS data); (9) She-
likof Strait, Alaska (Hampton and Winters, 1981);
and (10) Kodiak Shelf, Alaska (Hampton, 1989).

The complete data set forms a broad field with a
range of CSR10 extending from about 0.25 to 0.6.
The data show a dependence upon the initial water
content of the sediment samples. Data points were
grouped according to initial water content with each
group extending over a range of about 10% water
content (Fig. 4). Note that water content is defined
in the engineering sense as the weight of intersti-
tial water divided by the weight of solids. For each
water-content grouping, we performed a linear re-
gression analysis on the values of CSR versus the
log of the number of cycles to failure. The intercept
of these regression lines with a value of ten cycles to
failure (CSR10) corresponds to the appropriate mid-
point of the water-content range. For this set, CSR10

varies consistently with water content and allows a
parabolic regression fit of the data (Fig. 5a). For
saturated marine sediment, water content and bulk
density are directly related to each other at a constant
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Fig. 5. (a) The cyclic stress ratio producing failure in ten cycles versus initial sediment-water content. Data points were obtained from
regression fits of data presented in Fig. 4. (b) The cyclic stress ratio producing failure in ten cycles versus initial sediment bulk density.

grain density (2.7 g=cm3 assumed). Accordingly, a
parabolic relation between CSR10 and bulk density
can be obtained also (Fig. 5b). This relation provides
an algorithm for estimating the cyclic undrained
shear strength from a measure of lithology, namely
the sediment bulk density.

3.5. Evaluating the shear strength: calculating the
critical seismic acceleration

When a slope fails under earthquake loading con-
ditions, the seismically induced cyclic shear stress,

−s, equals the appropriate cyclic shear strength. For
the special case of normal consolidation, −s, normal-
ized by  0h as in Eq. 1, equals CSR10. Inserting
CSR10 for −s=

0h in Eq. 1 and solving for k yields:

kc D . 0= / [CSR10 � sinÞ] (2)

where kc is now termed the critical horizontal earth-
quake acceleration required to cause failure. The
term kc is a measure of ‘ground failure susceptibil-
ity’ in the terminology of Youd and Perkins (1978).
When CSR10 is expressed as a function of sediment
density, kc becomes a function of sediment density
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Fig. 6. Sediment bulk density, ², at 10 cm below the seafloor, interpreted from sediment core logs and presented using a Geographic
Information System.
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Fig. 7. The ratio of mean buoyant to mean total unit weight ( 0= , at a depth of 2.5 m in piston cores) versus the bulk density (at 10 cm
in box cores) taken at the same station. A parabolic regression fit of the data is shown and was used to obtain values of  0= for Eq. 2,
based on maps of the regional distributions of sediment density at 10 cm.

and slope, two quantities that can be mapped region-
ally and integrated into a GIS.

If each parameter in Eq. 2 is represented by a
map layer, then the GIS’s spatial algebra can be
used to evaluate the unknown kc. Continuous map
layers can be generated from individual samples by
various interpolation methods. We used the IDW (in-
verse distance weighted) method available from the
GIS software Arc=Info. The layer Þ, which defines
the slope steepness, was discussed previously and is
presented in Fig. 2. The layer ², representing the
regional sediment bulk density at a 10-cm depth, was
interpolated from the results of the sediment density
logs from the 70 box cores (Fig. 6). We used 10
cm because it is below the zone of most active bio-
turbation (Alexander and Simoneau, 1999), but it is
near enough to the sediment surface to represent the
sediment lithology that was deposited very recently,
and it does not need to be corrected for consolida-
tion. This density map is a quantitative measure of
the most recent sediment lithology. Note, however,
that the ratio,  0= , cannot be based on these density
values at a depth of 10 cm below the seafloor sur-
face. This is because the sediment at such a shallow
subbottom depth is influenced by apparent overcon-
solidation and its consolidation state is not represen-
tative of more deeply buried sediment. To obtain a
more representative value of  0= , we used density

profile results from 31 piston cores taken on the Eel
margin. We calculated the mean value of  0= at a
depth of 2.5 m in the piston cores. Most of the cores
penetrated at least to 2.5 m, and such a depth is deep
enough that the effects of apparent overconsolidation
are largely overcome. We developed a correlation
between  0= at a depth of 2.5 m and the values of
bulk density at a depth of 10 cm (Fig. 7).

When each of these map-layer variables is con-
structed, the spatial algebra operates on them just as
if they were regular numeric variables. We evaluated
Eq. 2 by combining the sediment-density map layer
² (density at 10 cm), an algorithm containing the
regression fit between  0= at a depth of 2.5 and
sediment density at 10 cm, an algorithm containing
the parabolic regression fit between CSR10 and sed-
iment density at 10 cm (Fig. 5b), and the gradient
map Þ to derive a map of kc variability (Fig. 8). Ar-
eas of high acoustic backscatter (Fig. 3) are excluded
because they are presumed to be overconsolidated,
and Eq. 2 does not allow for overconsolidation ef-
fects.

4. Results

The ratio of kc (ground failure susceptibility,
Fig. 8) to the peak seismic acceleration with a
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10% probability of exceedance in 50 years on the
Eel margin (ground failure opportunity, Fig. 1) is a
measure of likelihood for seismically induced slope
failure. Lower values of this ratio correspond to
greater likelihood of failure. This slope-stability ra-
tio is presented in Figs. 9 and 10.

4.1. Assumptions inherent in producing the present
GIS slope-stability map

The development of Figs. 9 and 10 required the
following series of assumptions that limit the appli-
cability of the figures.

(1) Sediment lithology does not change with
depth in the sediment column. The methodology
treats the seabed as if it were composed of a thicken-
ing layer of sediment having the same grain size and
mineralogy as that of the upper part of a box-core
sample.

(2) The sediment is normally consolidated below
about 2.5 m in the sediment column. Neither true
overconsolidation (from sediment erosion) nor un-
derconsolidation (from rapid sediment accumulation
or bubble-phase gas charging) is considered.

(3) Failure induced by movement of ground water
is not considered.

(4) The gradient of the sloping seafloor is as-
sumed to be a smooth ramp (infinite slope).

(5) The sediment is assumed to follow fine-
grained behavior during cyclic shear.

Fig. 9 does allow for normal consolidation and
recognizes that seismic loading can often be criti-
cal for submarine slopes. This approach represents
shallow-seated failure, but does not extrapolate to
great depths in the sediment column because deep
lithologies have not been sampled or tested.

4.2. Potential future additions

A number of the assumptions listed above can
be removed with additional data. For example, a

Fig. 8. Calculated values (in units of g) of the critical horizontal earthquake acceleration, kc, required to cause shallow-seated slides on
the Eel margin. Values are derived from Eq. 2 using measured sediment densities at 10 cm below the surface, an algorithm that relates
 0= at a depth of 2.5 m in the sediment column to the density at 10 cm (Fig. 7), seafloor gradient, and an algorithm based on cyclic
triaxial tests of sediment-core samples (Fig. 5b). White (excluded) areas in the left center correspond to high acoustic backscatter (Fig. 3)
that corresponds, in turn, to overconsolidated sediment in eroded areas.

limited number of longer core samples, particularly
if coupled with interpreted high-resolution seismic
records, can improve our ability to estimate the be-
havior of sediment at greater subbottom depths. Un-
derconsolidation states can be assessed by consolida-
tion tests on longer core samples and measurements
of in situ pore-water pressures. Pressures induced
by gas charging can be evaluated by mapping of
gas anomalies (Yun et al., 1999) and association
of the character of these anomalies with pore-water
pressure. Water-seepage effects can be assessed also
using the pore-pressure measurements. Overconsol-
idation can be taken into account using equations
provided by Lee and Edwards (1986), coupled with
interpretations of areas of high acoustic backscatter
(Fig. 3).

5. Discussion and conclusions

If a regional slope-stability analysis is valid, there
should be an association between areas of slope fail-
ure and areas of relatively low factors for safety
against slope instability. An interesting characteristic
of the Eel margin study area is that there are few, if
any, classic examples of shallow-seated slope failure.
A feature in the area south of a breached anticline
is considered by some investigators (e.g., Gardner
et al., 1999) to be a massive submarine slide. How-
ever, many of its characteristics suggest a series of
depositional bedforms (Gardner et al., 1996). Even if
this feature is actually a slide, it would be so deep-
seated that the methods described herein would not
be applicable.

Elsewhere the seafloor appears stable with the
possible exception of gullies (Field et al., 1999) in
the northern part of the area mapped using swath
bathymetry (that is, the area to the north of the
breached anticline discussed by Orange, 1999). This
northern area is clearly illustrated in Fig. 10, which
shows two general classes of gullies. Those northern-
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Fig. 9. Calculated values of the ratio of kc (Fig. 8) to the peak seismic acceleration with a 10% probability of exceedance in 50 years on
the Eel margin (Fig. 1). Lower values of this ratio represent a greater susceptibility to failure during seismic loading.
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Fig. 10. The ratio of kc to the peak seismic acceleration with a 10% probability of exceedance in 50 years on the Eel margin, presented as an oblique view from the
northwest. Warmer colors correspond to lower values of the ratio and colder colors correspond to higher values. Lower values represent a greater susceptibility to failure
during seismic loading.
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most are relatively diffuse and highly pockmarked
relative to those farther south, which have sharper
boundaries and somewhat steeper sides. The north-
ernmost gullies are associated with the lowest values
(0.18 to 0.26) for the ratio of kc to peak seismic
acceleration (i.e., with a 10% probability of ex-
ceedance in 50 years). Those gullies farther south
are associated with higher values of the ratio (0.22
to 0.30). One explanation for this association is that
the stability of the gully sidewalls is lower for the
northernmost diffuse gullies than it is for the more
sharply defined gullies farther south.

The overall lack of failure features within the
study area north of the breached anticline is sur-
prising, given the seismicity of the area. Also, more
rapid sediment accumulation would typically be ex-
pected on the upper slope, because it is closer to
the coast and major sediment sources. Mass accu-
mulation rates for the most recent 100 years, as
reported by Alexander and Simoneau (1999), sup-
port this expectation in that the highest rates north
of the breached anticline are indeed found on the
upper slope. If the upper slope continually had the
greatest rates of accumulation, this sediment would
gradually steepen the slope and ultimately lead to
episodic downslope mass wasting under frequent
seismic loading. The general absence of numerous
mass wasting features implies that the seafloor is not
gradually oversteepening over the long term, and that
mechanisms other than mass wasting are responsible
for the steepness and morphology that has devel-
oped. These mechanisms could include a variety of
current-driven sediment-transport processes or den-
sity flows unrelated to shear failure of the sediment.
Accordingly, the physical properties of the slope are
presumed to be such that environmental loads (in-
cluding frequent, strong earthquakes) are inadequate
to overcome the strength of the slope sediment on a
routine basis.
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