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Abstract

The SedFlux model is modified to more realistically simulate the distributions of seafloor geotechnical parameters
during the growth of a seismically active continental margin. Alternative methods are provided for the prediction of
the coefficient of consolidation, remolded shear strength, internal friction angle, sediment cohesion, dynamic viscosity
and excess pore pressure. The new methods improve simulations of the architecture of basin deposits through the
dynamics within the slope stability and debris flow modules. The new formulation shows sediment failures to be more
frequent but smaller in size, and to occur at larger water depths. However, the overall architecture is not significantly
different. SedFlux is then used to examine the role of global sea level fluctuations on the location and dimensions of
sediment failure, and the subsequent transport of sediment to the deep ocean. More sediment failures are predicted to
occur during periods of falling or low sea level conditions, and to be confined to the upper continental slope
(500* 250 m water depth). The shallower failures are more characteristic of the period represented by the last two
episodes of low sea level (i.e. during the Late Pleistocene), affected by the magnitude of the sea level fluctuation. Most
of the predicted failures have thickness 6 10 m. Larger failures occur during periods of rising or high sea level stand.
. 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Advanced numerical models concerning the for-
mation of sedimentary strata fuse information
from the atmosphere, ocean and regional geology.
These models apply a process response approach
to how sediment transport processes form and

destroy strata, and in£uence the developing archi-
tecture along continental margins. The SedFlux
model is an example, able to simulate the litho-
logic character of basin stratigraphy by integrat-
ing a series of process-based event modules to:

b spread the £uvial bedload of coarser material
across supratidal and subtidal portions of an
evolving delta plain,

b disperse suspended sediment from a model
river through either surface (hypopycnal: Syvitski
et al., 1998) or subsurface (hyperpycnal : Skene et
al., 1997) plumes,
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b disperse and sort sea£oor sediment through
ocean storm events (wave^current interactions,
Wright et al., 2001; Harris and Wiberg, 2001),
failures of margin deposits (Syvitski and Alcott,
1995; Syvitski and Hutton, 2003) and the subse-
quent transport of material as turbidity currents
(Mulder et al., 1997; Pratson et al., 2001) or de-
bris £ows (Pratson et al., 2000; Imran et al.,
2001), and

b change the accommodation due to subsi-
dence, tectonics (Steckler, 1999; Syvitski and Hut-
ton, 2001), and compaction of the ¢nal deposit
(Bahr et al., 2001).

SedFlux processes and deposits interact with
the ever-evolving boundary conditions (sea£oor
bathymetry, sea level, and coastline position) to
create a sedimentary architecture (Skene et al.,
1998). The primary parameters modeled by Sed-
Flux in the time and space domain are grain size,
bulk density, porosity, and permeability.
This paper highlights recent modi¢cations to

two-dimensional (2D) SedFlux with particular
reference to the analysis of the geotechnical prop-
erties of the evolving deposits. For a complete
explanation of the components of SedFlux that
this paper does not address, we refer the reader
to Syvitski and Hutton (2001). In prior versions
of the model (i.e. O’Grady and Syvitski, 2001),
the geotechnical parameters (coe⁄cient of consol-
idation, remolded strength, internal friction angle,
sediment cohesion, sediment dynamic viscosity)
were held constant for the entire model run (i.e.
in the time^space domain). By allowing these pa-
rameters to vary in time and space depending on
local conditions, the dynamics of sediment failure
and debris £ow transport are in£uenced in the
new model. The paper examines the consequences
of these model changes. Finally the growth of a
seismically active continental margin is simulated
to examine the role of sea level £uctuations on the
location and dimensions of sediment failure, and
the subsequent transport of sediment to the deep
ocean. While scientists have argued for the strong
in£uence of sea level position on sediment failure
(e.g. May et al., 1983; Mitchum et al., 1977; Ross
et al., 1994), others have suggested a more limited
in£uence of sea level on sediment failure (Farre et
al., 1983).

2. Theory

The failure of continental margin sediment and
its subsequent movement plays an important role
in the transferring sediment into deeper water.
The SedFlux method for determining sediment
failure is based on the following pathway:

b construct possible elliptical failure planes at
speci¢ed time intervals (Syvitski and Hutton,
2001),

b calculate the local slope between columns of
cells along failure planes,

b calculate excess pore pressure in the model
domain,

b calculate load at each cell above potential
failure plane (weight of sediment minus the excess
pore pressure),

b calculate the sediment internal friction angle
based on soil properties,

b calculate the sediment cohesion of the local
deposit,

b determine earthquake load (horizontal and
vertical acceleration),

b calculate Janbu factor of safety of each po-
tential failure plane,

b calculate the failure volume, and
b determine properties of the failed material (en

masse) and decide whether material moves as a
debris £ow or turbidity current.
Below we provide a description of the new al-

gorithms employed in 2D SedFlux for determin-
ing these geotechnical parameters at the local
scale.

2.1. Excess pore pressure

2D SedFlux can employ one of three methods
for the calculation of excess pore pressure. The
Gibson (1958) Method is simple but elegant. It
assumes that excess pore pressures are generated
as a function of the rate at which sediment is
added to a sediment column and the average
grain size of the material (homogenized) in the
sediment column. It is used in Global Model set
up described below. The Exponential Method
(Bardet, 1997) is more numerically taxing as it
tracks pore pressures in each sediment layer
(cell) within a sediment column, given informa-
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tion on the overlying load and average grain size
comprising each sedimentary layer. It assumes
that excess pore pressure falls o¡ exponentially
with sediment load, but uniquely within each
cell. The Kozeny^Carman excess pore pressure
method is an advanced one-dimensional (1D) so-
lution to sediment consolidation and the material
properties of each cell within a sediment column.

2.1.1. Gibson Method
The excess pore pressure, ui, can be obtained

from consolidation theory under the assumption
that excess pressures are entirely the result of
trapping pore water in compacting, ¢ne-grained
sediment of low permeability. Gibson’s graphical
approximation (1958) is then (after Syvitski and
Alcott, 1995):

u ¼ Q
0z

6:4 13
T
16

� �17

þ 1

ð1Þ

where QP is the submerged speci¢c weight of the
sediment, z is depth of the failure plane with re-

spect to the sea£oor, and T is a constant de¢ned
as

Tr
m2t
Cv

ð2Þ

and m is sedimentation rate, t is time of deposi-
tion, Cv is the consolidation coe⁄cient for the
sediment (also known as hydraulic conductivity),
and is a function of grain size such that for sands
CvW1037 m2/s and for clay CvW1039 m2/s (Lo-
seth, 1999; Freeze and Cherry, 1979, p. 29).

2.1.2. Exponential Method
Following the logic of Bardet (1997, p. 312),

then:

ui ¼ c ð13UÞ ð3Þ

where c is the load of the overlying sediment, and
U is the degree of consolidation, and (Bardet,
1997, p. 312):

U ¼ 1
H

Z H

0
Uydy ð4Þ

Fig. 1. Simulation of an idealized basin using SedFlux. Excess pore pressure is calculated with the Exponential Method (Eqs. 3^
6). Debris £ows within the stratigraphic column and located near the base of the slope are coarser (and therefore have reduced
excess pore pressures) than the surrounding very ¢ne-grained hemipelagic sediments.
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for Tvv0:2827
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>>:

ð5Þ

Tv is the dimensionless time factor:

Tv ¼
Cvt
H2 ð6Þ

and H is the thickness of the drainage layer (the
sediment package in a SedFlux simulation). Fig. 1
provides an example of a 2D SedFlux simulation
of an idealized basin demonstrating the Exponen-
tial Method (Eqs. 3^6) pertaining to the calcula-
tion of excess pore pressure. River sediment was
added to the basin using daily time steps over
10 000 yr. Debris £ows within the stratigraphic
column and located near the base of the slope
are coarser than the surrounding very ¢ne-grained
hemipelagic sediments that have accumulated
from shelf bottom boundary layer and river
plume transport. The result is that the debris
£ows are able to dewater faster (and therefore
have reduced excess pore pressures) than the sur-
rounding hemipelagic muds.

2.1.3. Kozeny^Carman Method
Following consolidation theory (Furbish, 1997,

p. 335), then:

bwgB
D ui
D t

3B

D c

D t
¼ D

D z
k
D u
D z

ð7Þ

where bw is the £uid density, g is acceleration due
to gravity, B is a coe⁄cient for sediment compres-
sibility, k is permeability (m/s) using the Kozeny^
Carman Formula (Bardet, 1997, p. 182):

k ¼ Q w

5f WwS2

e3

1þ e
ð8Þ

where S is speci¢c surface area S= (6/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DmaxDmin

p
)

(Dmax and Dmin are the maximum and minimum
grain diameters, respectively), f is shape factor
where f=1.1 for rounded grains, 1.25 for sub-
rounded grains and 1.4 for angular grains, Ww is
the dynamic viscosity of water, Qw is the unit
weight of water, and e is void ratio.

2.2. Sediment internal friction angle

2.2.1. Friction angle as a function of grain size
The internal friction angle P (‡) can vary with

grain size, D :

P ¼

25�; Ds2 mm
27�; 0:66D92 mm
32�; 0:26D90:6 mm
36�; D60:2 mm

8>><
>>:

ð9Þ

and can be further modi¢ed by the relative den-
sity br using

P ¼ P31�; b r60:5
P þ 4�; b rs0:75



ð10Þ

where the relative density is de¢ned as

b r ¼
emax3e

emax3emin
ð11Þ

where e is void ratio within the sediment column,
emax is the maximum void ratio of the sediment,
and emin is the void ratio of the sediment in its
closest pack condition (e=0.3).

2.2.2. Friction angle as a function of sediment load
Based on lab experiments on London Clay by

Bishop (1966) (also Bardet, 1997, p. 368), the fol-
lowing empirical relationship can be used to esti-
mate the internal friction angle:

tan P ¼ Apc p31
e ð12Þ

where A and p are empirical constants with
p=0.6, A=0.69, and ce is the e¡ective stress or
e¡ective load (in MPa).

2.3. Sediment cohesion

The cohesion value c for muddy sediment is
modeled as a function of e¡ective load (Bardet,
1997; p. 368):

c ¼ Að13pÞc p
e ð13Þ

where parameters are de¢ned as in Eq. 12 and
Bishop (1966). For sandy material c=0.

2.4. Earthquake loading

During an earthquake, a seismic wave exerts an
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additional body force on a deposit. Therefore, an
earthquake probability frequency distribution (i.e.
earthquake intensity as measured at the slip plane
versus return interval) is used to explore dynamic
slope stability. For such a scenario, associated
ground acceleration ae is acquired for each stabil-
ity analysis performed in a simulation (typical val-
ues of mean ae range from 0 to 0.15 times grav-
ity). Earthquake accelerations are generated as a
distribution around user-speci¢ed mean accelera-
tion as shown in (Fig. 2).
The vertical weight, Wv, of a sediment column

is then modi¢ed by the earthquake load, such
that:

W v ¼ Mðg þ avÞ ð14Þ

where M is the mass of sediment column, g is the
acceleration due to gravity, av is the vertical accel-
eration due to the earthquake. The horizontal pull
(or, weight) on a sediment column is simply:

Wh ¼ Mah ð15Þ

where ah is the horizontal acceleration due to the
earthquake. Typically ah is set to be 10% of av in
the SedFlux experiments discussed below.

2.5. Factor of safety analysis

Because SedFlux is designed to simulate the ¢ll
of sedimentary basins having complex bathymet-
ric shapes, a ¢nite slope stability routine is con-
sidered most appropriate. The geometry and loca-
tion of failures are determined using the Janbu
factor of safety analysis with the method of slices
(Janbu, 1968; Anderson and Richards, 1987). The
Janbu method is useful for the analysis of non-
circular slip surfaces. The method ignores inter-
slice forces, although a technique is available to
correct for these forces (Anderson and Richards,
1987). Interslice forces are invariably small, ad-
justing the calculated factor of safety by less
than 10%, depending on the geometry of the
problem as well as the soil condition. SedFlux
examines a series of possible elliptical failure sur-
faces for stability. A failure surface is found by
connecting one point of the sea£oor to another
with a quarter ellipse. SedFlux examines all such
failure planes within a pro¢le. The failure package
is divided into N vertical slices and the stability of
the possible failure plane is characterized through
its factor of safety as:

Fig. 2. The probability density function of earthquake accelerations around a speci¢ed mean of 0.035 m/s2, generated and used
by SedFlux for the simulation of a continental margin shown in Fig. 4.
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FT ¼

XN31

i¼0
bi ci þ

W vi

bi
3ui

� �
tan P i

� �
sec K i

1þ tan K i tan P i

FT

2
664

3
775

XN31

i¼0
W vi sin K i þ

XN31

i¼0
Whi cos K i

ð16Þ

where the subscript i denotes a vertical slice, FT is
the factor of safety for the entire sediment volume
(with iterative convergence to a solution), b is the
width of the slice (or sediment column), c is sedi-
ment cohesion (see Eq. 13); f is internal friction
angle (see Eq. 9 or Eq. 12), Wv is vertical weight
of the column (see Eq. 14), K is the slope of fail-
ure plane, Wh is horizontal pull on column (see
Eq. 15), and u is excess pore pressure (see Eq. 1,
Eq. 3 or Eq. 7). Wilson and Keefer (1983) pro-
vide another comparable method of introducing
ground accelerations to a factor of safety analy-
sis. Neither method however includes the con-
tribution of water pressures generated by the
earthquake itself, although in principle SedFlux
could also be con¢gured to include that phenom-
enon.
If the static factor of safety is found to be less

than some threshold (for this study, we used a
value of 1.0), then the sediment is failed and
moved downslope as a sediment gravity £ow, oth-
erwise it is deemed to be stable. The Janbu meth-
od neglects the in£uence of fractures, although in
principle SedFlux could be con¢gured to include
that phenomenon.

2.6. Debris £ow dynamics

Debris £ows are modeled after the properties of
a Bingham plastic (viscoplastic) £uid, with defor-
mation driven by the excess of stress beyond the
yield stress (Pratson et al., 2000; Imran et al.,
2001). The model neglects the tangential stress
acting on the water^mud interface, because the
viscosity of water is much smaller than that of
the mud, and the basal shear of the mud £ow is
much greater than the interfacial shear (Syvitski
and Hutton, 2003). In addition, there is a no slip
condition on the slide bottom. Syvitski and Hut-
ton (2003) give the details of the governing equa-
tions. The main thing to note is that the debris
£ow dynamics depend on (among other things)

the shear strength (dy) and dynamic viscosity (W)
of the debris £ow. SedFlux now calculates both of
these parameters based on local conditions. The
shear strength here is that of the already moving
debris £ow, and so we calculate a remolded shear
strength that is based on the shear strength of the
sediment before it is moved.

2.7. Remolded shear strength

The remolded shear strength dr is calculated by
one of three methods. In the Plasticity Method
(Bardet, 1997, p. 393), the remolded strength is
de¢ned as a function of a soil plasticity index
PI, such that:

d r ¼
ð0:11þ 0:0037PIÞc e

St
ð17Þ

where PI is a function of grain size ranging from
0.1 for sand to 0.5 for clay, and ce is the e¡ective
stress or e¡ective load, St is the sediment sensitiv-
ity parameter used to convert sediment strength
to remolded strength (StW5, H.J. Lee, personal
communication, 2001). The Load Method (Bardet,
1997, p. 368) de¢nes dr as a power function of
sediment load:

d r ¼
Ac p

e

St
ð18Þ

where A and m are coe⁄cients (see Eq. 12 or
Bishop, 1966). The Grain size-Dependent Method
(Julien, 1995, p. 190) is de¢ned as:

d r ¼ 0:1eL ðC30:05Þ ð19Þ

where dy here is given in units of Pa, L=3, 13, 23
for sand, silt and clay respectively, and C is the
volume concentration where C=13n, with n (po-
rosity) de¢ned as:

n ¼ b s3b b

b s3bw
ð20Þ

where bs is grain density, bb is bulk sediment den-
sity, and bw is pore water density.

2.8. Dynamic viscosity

The dynamic viscosity routine used in the Sed-
Flux debris £ow model is from Julien (1995):
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W ¼ Wwð1þ 2:5C þ expðT ðC30:05ÞÞÞ ð21Þ

where Ww is the dynamic viscosity of water, and
the coe⁄cient T varies between 10 and 23, for
sands through muds, respectively.

3. Numerical experimentation

3.1. Impact of local versus global geotechnical
parameters

Five geotechnical parameters (coe⁄cient of
consolidation, remolded strength, internal friction
angle, sediment cohesion, sediment dynamic vis-

cosity) are either held constant for the entire mod-
el run in the time^space domain (Global Model),
or are allowed to vary and therefore more accu-
rately re£ect local conditions of the various sedi-
mentary environments (Local Model). Two case
histories are simulated: (1) the ¢ll of a small
and deep (30 km by 400 m) coastal (fjord) basin
(Fig. 3A, B), and (2) the progradation of a 500
km by 1000 m deep continental margin (Fig. 3C,
D). The coastal basin essentially has no shelf
transport, sea level is held constant. Sediment
supply varies around a mean yield. The model
run duration is 10 000 yr and the architecture
changes are recorded at daily time steps. The con-
tinental margin simulation covers a 200 000 yr

Fig. 3. SedFlux simulations of the sedimentary architecture of an idealized continental margin. Grain size is displayed in phi units
in the depth and distance domain. (A) and (C) are simulations where key geotechnical parameters are held constant for the entire
model run (i.e. in the time^space domain). (B) and (D) are simulations where the geotechnical parameters are allowed to vary in
the time^space domain, and re£ect the local sedimentary environment. Simulations (A) and (B) are for the 10 kyr ¢ll of a small
coastal basin. Simulations (C) and (D) are for the growth of a continental margin over a 200 kyr period (see Fig. 6 for full run).
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period using 500 yr time steps. Shelf sediment
transport is active, and sea level varies according
to the 1^0.8 Myr global sea level curve. Sediment
supply varies around a mean yield.
Unlike the Global Model, the Local Model will

produce a frequency distribution of the geotech-
nical parameters used in the sediment failure
module (Eq. 16) or the debris £ow module (Eqs.
17^19). These distributions are not stochastically
generated, but rather re£ect the developing prop-
erties of local sea£oor during the simulation. If,

for example, the SedFlux debris £ow module uses
domain constants for remolded strength and dy-
namic viscosity, then the behavior of modeled de-
bris £ows will simply re£ect the bathymetry found
seaward of the failure location (Figs. 3A, C). In
contrast, if the Local Model is employed, with the
remolded strength predicted for example by the
Plasticity Method (Eq. 20), then the distribution
of strength values used in the coastal basin simu-
lation (Fig. 3B) ranges from 200 to 3000 Pa. Sim-
ilarly, the distribution of dynamic viscosity values
(Eq. 21), in the coastal basin simulation, ranges
from 0.045 to 0.083 m2/s (Fig. 4B). Similar vari-
ability in the local geotechnical parameters (coef-
¢cient of consolidation, internal friction angle,
sediment cohesion, excess pore pressure) a¡ects
the location and size of sediment failures (Fig. 5).
One of the largest consequences of changing 2D

SedFlux from a Global to Local Model is on the
distribution of excess pore pressures, where the
former is dependent on the rate of sediment accu-
mulation, and the later is strongly in£uenced by
the grain size and thus the hydraulic conductivity
of the deposit. Examining Fig. 5A we note that
the Global Model sees the highest number of fail-
ures in the shallow waters of the fjord where
the sedimentation rates are highest. Failure fre-
quency subsequently decreases seaward. The Gib-
son Method of de¢ning excess pore pressures (Eq.
1) has no dependency on grain size and thus does
not take into account the coarse particle size as-
sociated with the high rates of sediment accumu-
lation, and their ability to quickly dewater. The
Local Model uses the Plasticity Method (Eq. 3)
that takes into account both grain size and accu-
mulation rate. Thus failures occur more often in
deeper water (160 m), with the number of failures
decreasing both landward and seaward (Fig. 5B).
The Local Model generates many more small
(thin-skinned) failures, when compared to the
Global Model (Fig. 5C, D).
These di¡erences between Local and Global

Methods lead to some di¡erences in the ¢nal ar-
chitecture of the deposits (Fig. 3). The general
distribution of deposit thickness is very similar
between the two approaches (Fig. 3), suggesting
that initial boundary conditions dominate at the
gross scale. However, the internal architecture is

Fig. 4. The frequency distribution of geotechnical parameters
predicted by 2D SedFlux and based on local sediment prop-
erties. The information is used in the debris £ow module.
(A) Remolded shear strength (Pa) using the Plasticity Meth-
od (Eq. 17). (B) Debris £ow viscosity (m2/s) using Eq. 21.
Distributions can be compared with the constant domain val-
ues of 1 kPa and 0.08 m2/s, respectively used in the Global
Model.
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very di¡erent. When applying the Local Model to
the fjord environment, some of the simulated de-
bris £ow deposits appear graded (Fig. 3B). This is
a consequence of the Local Model generating ret-
rogressive failures where secondary and subse-
quent failures occur in shallower water associated
with coarser grain size. The ¢nal amalgamated
deposits appear graded in a coarsening upward
manner, but not as a consequence of £ow dynam-
ics, rather from feedbacks within the failure dy-
namics. Using the continental margin test basin
(Fig. 3C, D), the Global Model produces a few
thick debris £ows that deposit along the continen-
tal margin. In contrast the Local Model produces
a few thick debris £ows that travel to the basin

£oor, and many smaller debris £ows that are re-
tained on the continental slope.

3.2. In£uence of sea level on the local model

The above experimentation is designed to show
the impact of using the dynamics of the Local
Model in 2D SedFlux. To examine the consequen-
ces, we apply the Local Model to the 1 Myr de-
velopment of a seismically active (see Fig. 1) con-
tinental margin (500 km by 1000 m: Fig. 6).
While the time step of each SedFlux module is
at the dynamics of the subroutine (and varies
from 6 1 s for debris £ow dynamics to 1 day
for river plumes), the model architecture is

Fig. 5. Comparison of failure location (water depth) and failure size (length) generated by the Global Model, where key geotech-
nical parameters are held constant through the model simulation (see Fig. 3A), and the Local Model where these parameters
vary according to local sedimentary properties (Fig. 3B). The modeled basin is after a small but deep fjord that essentially has
no shelf sediment transport. Sea level is held constant during the model run, as is sediment supply.
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tracked in time steps of 500 yr. Sea level varies
according to the global sea level curve (Fig. 7),
based on the NO18 fractionation signal recovered
from deep sea foraminifers. Sediment supply
varies around a mean yield. It is known that cli-
mate will vary with sea level £uctuations (War-

rick, 1993) and cause changes in the £ux of sedi-
ment to the margin (see Morehead et al., 2001).
We do not account for climate-in£uenced sedi-
ment delivery to further simplify our interpreta-
tion of the results. However SedFlux does simu-
late the transport of higher sediment loads when

Fig. 6. A 1 Myr SedFlux simulation of an idealized and seismically active continental margin. The vertical resolution displayed is
3 m and the horizontal resolution is 300 m. See text for further details on the model’s input and boundary conditions.

Fig. 7. Top panel: Global sea level curve of the last 1 Myr, based on the NO18 fractionation signal recovered from deep sea fora-
minifera (time=present at 106 yr). Bottom panel: Number of failures generated by SedFlux (see Fig. 6) with the modulating in-
£uence of sea level £uctuations. The ¢rst 200 kyr show few failures and re£ect model spin up e¡ects. Falling sea level conditions
show comparatively more sediment failures than rising sea level.
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sea level falls through the terrestrial erosion of
exposed marine deposits. As a ¢nal simpli¢cation
we have not employed the isostasy module in 2D
SedFlux (readers are referred to O’Grady and Sy-
vitski, 2001 who speci¢cally examine the in£uence
of isostasy). The resulting simulated architecture
is a large fan built seaward of the initial bedrock
bathymetry (Fig. 6) along with moderate (40 km)
progradation of the shelf slope break. The ¢rst
200 kyr show few failures and this in part relates
to model spin up e¡ects (Fig. 7).
Sediment failures are lumped into 83 time in-

tervals of 12 kyr each, for ease of comparison to
the sea level curve. Results indicate that the num-
ber of sediment failures is highly in£uenced by the

sea level stand (Fig. 7). Failures can occur at any
sea level position depending on the prior deposi-
tional history. However during periods of falling
or low sea level conditions, many more sediment
failures can occur (by a factor of 3^5) than during
comparable periods of rising or high sea level
stand (Fig. 7). More failures occur in the most
recent 0.5 Myr interval when sea level £uctuations
are largest (Fig. 7). Except for the spin up period,
there are very few 12 kyr intervals that have no
failures registered.
Most of the model failures are located on the

upper continental slope in 500* 250 m water
depth (Fig. 8A, with details seen in Fig. 9A). Be-
tween 500 and 600 kyr BP (see C1 of Fig. 8A)
there is a high level of coherency between the
water depth of the sediment failure and position
of the sea level. At other periods there is no co-
herency demonstrated. The shallowest failures oc-
curred during the last two episodes of low sea
level stand (identi¢ed as A1 and A2 on Fig. 8A).
Most failures have thickness 6 10 m, although

some can exceed 30 m (Fig. 8B, with details seen
in Fig. 9B). The average thickness of sediment
failure increases markedly during periods of rising
or high sea level stand (identi¢ed as B1^B5 on
Fig. 8B). No relationship exists between earth-
quake accelerations and the location of the sedi-
ment failures (Fig. 9A), nor between earthquake
accelerations and the average thickness of the
sediment failure (Fig. 9B).

4. Summary

The modular SedFlux model continues to devel-
op and grow in sophistication. The new advances
outlined above, demonstrate the impact of allow-
ing key geotechnical parameters (coe⁄cient of
consolidation, remolded strength, internal friction
angle, sediment cohesion, sediment dynamic vis-
cosity) to vary in time and space depending on
local conditions. Additionally, advanced routines
for excess pore pressure vastly improve the loca-
tion and dimensions of sediment failures. Togeth-
er these changes to the dynamics of sediment fail-
ure and debris £ow runout provide strong
feedback to the geometry and architecture of the

Fig. 8. Failure history of the SedFlux simulation shown in
Fig. 6. Top panel: Most failures are located on the upper
continental slope in 500* 250 m water depth. Between 500
and 600 kyr BP (C1) there is a high level of coherency be-
tween failure depth and sea level. The shallowest failures oc-
curred during the previous two episodes of low sea level
stand (A1 and A2). Bottom panel: Most of the failures have
thickness 6 10 m. The thickest failures occur during periods
of rising or high sea level stand (located as B1^B5).
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simulated basin stratigraphy. By producing more
realistic frequency distributions of the geotech-
nical parameters that re£ect the developing prop-
erties of local sea£oor during the simulation, im-
portant feedbacks between sediment properties
and processes are honored. For example, by al-
lowing the SedFlux debris £ow module to use
predicted remolded strengths and viscosities, the

dynamics of debris £ows re£ect both the physical
properties of the failed sedimentary mass as well
as the bathymetry found seaward of the failure
location.
The Exponential Method is much superior to

the Gibson Method (as is the Kozeny^Carman
Method) in the prediction of excess pore pressure,
within the model domain. As a consequence sedi-

Fig. 9. The relationship between earthquake accelerations and the average water depth (m) of the sediment failure (top panel)
and the average thickness of the sediment failure (bottom panel).
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ment failures are predicted to be thinner and lo-
cated in deeper water.
The ¢nal geometry of the modeled o¡shore

sedimentary unit does not di¡er greatly when
comparing simulations with Global or Local char-
acterization of the sediment deposits. This likely
shows the strong in£uence of initial boundary
conditions, such as rate of sediment supply, sea
level history, and initial bathymetry. However the
internal architecture of the deposits can di¡er
greatly when comparing the two methods (Fig. 3).
Retrogressive failures generated with the Local

characterization method, can result from second-
ary failures occurring in progressively shallower
water where sediment grain size is often coarser.
The ¢nal amalgamated deposit appears to coarsen
upward as a consequence of failure dynamics
rather than £ow dynamics.
The new Local Model demonstrates that the

number of sediment failures is highly in£uenced
by the sea level stand. More sediment failures
occur during periods of falling or low sea level
conditions, located on the upper continental slope
in 500* 250 m water depth. The shallowest fail-
ures are predicted to have occurred during the last
two episodes of low sea level stand, a¡ected by
the magnitude of their sea level amplitude. Most
of the predicted failures have thickness 6 10 m,
with failure volume increasing markedly during
periods of rising or high sea level stand.
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