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Abstract

Computer models of stratigraphic development at continental margins often include elements in which sediment topography
evolves according to a diffusion equation, representing effects of down-slope sediment transport. However, there has been little
effort to verify the model, for example by showing whether deposit geometries are as expected from it or by considering whether
transport is consistent with the model’s assumptions. The issue is important for understanding transport, erosion and deposition in
continental slopes more generally and the extent to which such processes are recorded in seabed morphology. Examples of slope
topography illustrating diffusive-like characteristics are examined here. In the uppermost slope of the USA central Atlantic margin,
sandy areas between canyon heads are smoothly convex-upwards and almost parabolic, a morphology similar to subaerial soil-
mantled hillslopes known to evolve according to a diffusion equation. Other data of interfluves in muddy sediment from both
Atlantic and Pacific USA margins also show this smooth convex-upwards form.

In subaerial hill crests, the upwards-convex parabolic shape arises where steady erosion by streams along channels provide
constant flux boundary conditions (i.e., the parabola is the steady-state solution to the diffusion equation). Although submarine
processes will likely be different, the similar morphology of submarine interfluves prompts the question as to whether erosion
along channels and movements of sediment between channels can also sometimes occur to cause a diffusive-like evolution of
topography. The discussion therefore focuses on submarine processes affecting erosion and deposition, in particular to address
whether the morphology results from true diffusion (which requires that sediment moves down-slope with a transport flux
proportional to local bed gradient) or is fortuitous (sediment transport is instead unrelated to local bed gradient and the morphology
arises from other effects on accumulation rates).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Some seabed morphology is curiously similar to soil-

mantled lowland landscapes, where the topography of
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with fluxes nearly proportional to the soil gradient. When
conservation of mass is taken into account (convergence
of soil flux implies deposition and divergence implies
erosion), soil topography is predicted to evolve according
to a diffusion equation, as will be shown later.

If the diffusion transport model were to apply in
submarine settings, knowing where it applies could be
useful for understanding how submarine landscapes
develop and for developing realistic simulations of
stratigraphy. Kenyon and Turcotte (1985) argued that
sediment in shallow water can creep from surface wave
loading and bioturbation, at rates proportional to bed
gradient, as required by the model. They showed that the
exponential shapes of delta fronts replicate steady-state
solutions to the diffusion equation with constant river
input of sediment as a boundary condition. Goff (2001)
speculated that the smooth, upwards-convex morphol-
ogy of the Hudson Apron (New Jersey slope) was
caused by creep. Diffusion equations have also been
used to represent redistribution of sediment on delta
fronts (Syvitski et al., 1988; Syvitski and Daughney,
1992).

Many large-scale stratigraphic models have used
diffusion equations to represent effects of marine
sediment transport (Jordan and Flemings, 1991; Wolfe
et al., 1994; Flemings and Grotzinger, 1997; Driscoll
and Karner, 1999; Granjeon and Joseph, 1999; Penn and
Harbaugh, 1999; Quiquerez et al., 2004). Some
simulations have included a diffusion mobility param-
eter decreasing with water depth to represent decreasing
agitation of the seabed by surface waves, which repro-
duce rounded clinoform rollovers (Kaufman et al., 1991;
Rivenaes, 1992; Syvitski and Daughney, 1992; Flem-
ings and Grotzinger, 1997; Rivenaes, 1997; Schlager
and Adams, 2001). Others incorporated diffusion of
suspended sediment concentration (Clarke et al., 1983;
Niedoroda et al., 1995; Carey et al., 1999), representing
dispersal of suspensions produced by storm waves. As
sediment concentrations produced during storms are
largest in shallow water because of the proximity of
waves, dispersal leads to sediment moving to deeper
water and hence smoothes topography, which is char-
acteristic of diffusion. Such mechanisms may explain
how deposition is enhanced over active synclines
relative to anticlines on the Eel River shelf (Spinelli
and Field, 2003), and apparently damped topography
(Goff et al., 1999). Simulations using the diffusion
equation to represent sediment redistribution on the
Mid-Atlantic Ridge also appear realistic (Webb and
Jordan, 1993, 2001a,b). Despite the extensive use of the
diffusion equation, however, it is unclear from these
studies if seabed topography does follow a diffusion

equation or if the model results mimic seabed topo-
graphy only fortuitously.

This paper proceeds by showing some representative
bathymetry and stratigraphy (Figs. 1-5) in which areas
between channels are smoothly upwards-convex and
almost parabolic. The origins of this morphology are
then discussed in terms of processes leading to true
diffusion and others leading fortuitously to diffusive-
like geometry. Using seismic reflection data from
northern California and the Atlantic USA margin, we
compare sediment morphology with solutions to the
diffusion equation, an approach used previously for
other sedimentary environments (Mitchell, 1995, 1996).

2. Observations

Examples from the USA Atlantic and Pacific slopes
illustrate two contrasting geological and oceanographic
environments (Pietrafesa, 1983) where smooth parabol-
ic interfluves occur. The Atlantic shelf edge is remote
from modern sources of continentally derived sediment
because of the wide shelf and strong along-slope
currents, and currents in the uppermost slope are
capable of mobilising sand (Csanady et al., 1988). In
contrast, because of its generally narrow shelf and
proximity of actively uplifting and eroding mountains,
the shelf and slope of the Pacific margin typically
receives large quantities of mud. Modern currents are
smaller than in the Atlantic uppermost slope. Measure-
ments made immediately south of the Fig. 3 area, for
example, show weak tidally-averaged slope-parallel
currents associated with the California Undercurrent
(Ramp and Abbott, 1998; Collins et al., 2000). The Eel
River area (Fig. 5) is a muddy environment with gene-
rally slow currents (Alexander and Simoneau, 1999),
though peak flows associated with internal waves ex-
ceed 20 cm/s, resuspending silt (Cacchione et al., 2002).

-120°  -110° -100°

23

50°

Eel River

oy

40° Monterey New Jersey
G Bay central Atlantic

SR ah

-120° -110° -100° -90° -80° -70°

Fig. 1. Continental slope locations of the multibeam sonar datasets in
Figs. 2-5.
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Fig. 2. The uppermost continental slope of the central Atlantic USA margin off Virginia. These morphologic data were originally collected with
multibeam echo-sounders by the National Ocean Service and processed and gridded at 3” resolution (~90 m) at the National Geophysical Data
Center (Coastal Relief Model). (a) Shaded relief image of the data plotted in a transverse Mercator projection (artificial sun to the north). (b) Contours
shown every 100 m with the 1000 m contour in bold. The plus symbols (“+”) mark the ends of the cross-sections shown in (c). The outlined area marks
the extent of data used to calculate gradients and curvatures for Fig. 6. The solid star symbols are locations of grab samples used to produce the grain-
size graph shown in the inset (median values of ¢ for all grain-size measurements where ¢ =—log, (grain size(mm)); data from NOAA). Annotation
“A807” and associated double-headed arrow mark the area of ALVIN dive 807 (Malahoff et al., 1982). (c) Along-slope topographic sections A—A’
etc in (a). Vertical exaggeration is 2:1. (d) Average shapes of inter-canyon divides (interfluves) constructed by segmenting the data in (c) between
maxima and minima points along each profile, offsetting each segment to the local maxima (interfluve crest) and then averaging all segments longer
than 500 m (V=number of segments averaged). This average profile was then mirrored about the vertical axis to yield characteristic interfluve shapes.
Dotted quadratic curves fitted by least-squares to the data show poor fits to the data below 400 m depth but reasonable fits shallower than 400 m.
(RMS (root-mean-square) misfit values are given to the right of each graph.)

As is often the case in poorly accessible marine earlier conditions can be anticipated. The length-scale of
environments, we lack extensive stratigraphic and interest should be defined; surfaces can be smooth as
environmental information, so it is not strictly possible expected from diffusion at a large scale but rough at
to assess in detail the extent to which seabed morpho- smaller scales, e.g., rounded sandbanks covered by
logy is a result of modern conditions or is a relic of dunes. Conversely, some processes smooth surfaces at
different conditions of the past, such as during the Last small scale but increase relief at large scale, e.g., con-
Glacial Maximum (LGM). Nevertheless, modern con- tourite drifts generated by geostrophic currents. In this
ditions (currents, biology, sediment texture) provide a paper, we concentrate on morphology at intermediate-

starting point for discussion and some differences with scale (> 100 m) commensurate with the resolution of the
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Fig. 3. (a) Shaded relief image of the Californian continental slope in Monterey Bay (Greene et al., 2002). A—A’, etc mark the cross-sections in inset showing smooth upper walls around channels.
White-outlined polygons show extents of data used to compute bed gradients and curvatures for Fig. 6a and b. (b) Map of depth contours shown every 100 m with 1000 m contours shown bold and
annotated in km. Inset shows a 3D view of the shaded bathymetry in (a) from the south. The bathymetry data were collected by Monterey Bay Aquarium Research Institute scientists with a Simrad

EM300 multibeam sonar on R/V Ocean Alert and provided as a 25 m grid (MBARI Mapping Team, 2000).
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Fig. 4. Interpretation of stratigraphy in a high-resolution seismic
profile collected along the New Jersey slope with a sparker seismic
source and deeply towed hydrophone (Robb et al., 1981b). Depth scale
represents water column; no allowance has been made for seismic
velocity in sediments. Ridge crest lies at approximately 900 m depth.
The curves (lower-right) represent aggradation within interfluves if
transport were to be represented by a diffusion equation with constant
elevation boundary conditions (at dashed lines) representing non-
deposition along channels.

sonar data described. Given the lack of detailed
stratigraphic control, the timescales over which surfaces
acquired their shapes are also poorly known. A formal
definition of “smoothness” is therefore omitted because
the significance of particular relief is difficult to assess
(a sharp step can persist because it was created recently
or because of slow accumulation and/or erosion rates).
Instead we simply identify smooth topography visually.

2.1. Atlantic multibeam sonar data

Fig. 2 shows the outermost continental shelf and
upper slope of the central Atlantic USA. Interfluves
within the slope are sharp, but shallower than 400 m they
are generally rounded, which is emphasized by the
cross-sections in Fig. 2¢ (drawn along the slope, A—A’
in Fig. 2b). Fig. 2d shows the characteristic shapes of the
interfluves, sorted by interfluve depth. These were ob-
tained (Mitchell, 2005) by segmenting the data in Fig. 2¢
between points of local minimum and maximum depth
and aligning the hillcrests of those segments. The
characteristic profiles in Fig. 2d were then obtained by
averaging those segmented profiles and mirroring the
data about the origin. Shallower than 400 m, terrain
between canyon heads is rounded and the characteristic
interfluve morphology can be approximated by para-
bolas (dotted curves in Fig. 2d; values to right are RMS
misfits). Two seismic lines of R/Vs Robert Conrad
(Lamont—Doherty Earth Observatory, unpubl. data) and
Gulf Seal (Schlee et al., 1976) show that the uppermost
slope has prograded. The smooth topography identified
here, therefore, overlies the older slope so any pre-

existing relief of slope channels has been smoothed out
by the later deposits, a diffusive-like behaviour.

Deeper than 400 m, canyon walls are almost exactly
linear on average and interfluves are sharp (curvature
around the graph origin is a resolution artefact). In
subaerial geomorphology, such linear slopes are termed
“threshold hill-slopes” (Carson and Petley, 1970), where
frequent superficial landslides lead to the terrain
adopting gradients representing the stability limit of
regolith during high rainfall conditions. By analogy,
these canyon walls are probably also shaped by surficial
landslides, as indicated by sparker seismic images
collected here (Malahoff et al., 1982), generating the
canyon wall gullies seen in Fig. 2a.

To provide an alternative way of characterising the
transition from rounded to sharp terrain, we calculated the
curvature and local maximum gradient of the Atlantic
data. Curvature was represented by V?H calculated from
the multibeam data by finite differences (Wessel and
Smith, 1991). Median and inter-quartile range of curva-
ture and gradient are plotted versus depth in Fig. 6a.
Progressive steepening with increasing depth is associat-
ed with the onset of incision, i.e., with canyon heads. The
inter-quartile range of curvature increases from 300 to
500 m in Fig. 6, reflecting the developing canyon relief.
This transition coincides with surface grain size decreas-
ing progressively from gravely sand, muddy sand, sandy
mud to clayey silt, with the latter transition (the “mud-
line”) at 350 m depth along the southerly part of the area
(Fig. 2b, inset). Published maps show this grading pattern
continuing along-strike (Southard and Stanley, 1976;
Stanley and Wear, 1978; Keller et al., 1979; Stanley et al.,
1983), with the mud-line at around 300 m (Stanley and
Wear, 1978). Drilling 7 km west of Fig. 2 recovered
predominantly sands to 310 m below seafloor (AMCOR
6007, Hathaway et al., 1976, 1979). In the depth range of
smooth topography, therefore, the bed is dominantly
sandy. Coinciding with it, median curvature is negative,
so more terrain is convex-upwards than is concave-
upwards. This is a feature of diffusive landscapes where
convex hillslopes occupy more terrain area than channels,
which are more localised areas of upwards concavity.

2.2. Monterey Bay multibeam sonar data

Fig. 3 shows abundant smooth topography and up-
wards-convex regions between channels (Greene et al.,
2002). Faults (represented by grey lines on Fig. 3b)
crossing canyon heads in the northwest (around 36° 55’
N, 122°20* W) are seismically inactive (McHugh et al.,
1997), but seismic data show them offsetting Miocene
strata (Nagel et al., 1986). Sedimentary processes have
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Fig. 5. (a) and (b) Interpretations of interfluve topography from two lines of Huntec boomer seismic data (Field et al., 1999) acquired parallel to the
regional slope in (c). The bold curves show parabolas fitted through sections of the data. Small solid circles show points were the original seismic
horizons were digitised. (c) Shaded relief image of bathymetry from northern California showing gullies in high-resolution Simrad EM1000
multibeam sonar data of the continental slope (Goff et al., 1999). Solid circle locates a current meter deployment (Cacchione et al., 2002). (d) The
along-slope gradient |0H/0x| of the fitted parabolas in (a) and (b) are shown plotted against the spacing of the channels /¥ (average of the distances to
the two adjacent channels). The dashed line shows a least-squares regression with uncertainty in predicted mean |0H/0x| given by the dotted lines.

left the modern seabed smooth with no evidence of the
older faults. Sediments in this area may include sand
spilled over the outer shelf (Edwards, 2002), but Quater-
nary sediments away from active channels are otherwise
muddy (Greene, 1977; Nagel et al., 1986; McHugh et al.,
1997; Paull et al., 2005a).

Although Smooth Ridge has a subdued surface
(Fig. 3b) (Greene et al., 2002), seismic data reveal
shifting channels, slumps and sediment waves (Jordahl
et al., 2004), a relief that has attenuated towards present.
Sediments around fluid expulsion sites here are hemi-
pelagic (Barry et al., 1996) and low-backscattering in
deep-tow sidescan data (Orange et al., 1999) suggests
widespread mud. Measured accumulation rates are low,
with a lack of Holocene deposits implying non-depo-
sition or erosion at present (Jordahl et al., 2004).

To facilitate comparison with the Atlantic data, Fig. 6b
and c show gradient and curvature statistics for the two
areas outlined in white in Fig. 3a calculated after fil-
tering the bathymetry data to the same spatial resolution

as the Atlantic data. In Monterey Bay, the shelf edge is
abrupt, so median gradient steepens sharply at ~ 150 m.
Within the NW area, median curvature is negative at
300 m as in the Atlantic, reflecting a generally upward-
convex terrain. Within the E area, median curvature is
instead nearly zero at 300 m, reflecting the greater
density of channels.

Fig. 7 (left) shows profiles of individual hillslopes
derived by segmenting the cross-sections between
points of local maxima and minima (from ridges marked
with dots in Fig. 3a, inset). Slopes wider than 2 km were
excluded (explained in Section 3.3). Apart from one
horizontal hillcrest with rounded edges in one 200-—
300 m profile, the remaining upper-slope profiles are
more characteristically smooth parabolic interfluves, in
particular in the 300—400 m depth range, whose average
is well-approximated by a parabola (Fig. 7, right).
Below 400 m, profiles are angular because of landslid-
ing, but there is a greater diversity of shapes, with some
interfluves also smoothly parabolic.



N.C. Mitchell, J.M. Huthnance / Marine Geology 236 (2007) 189-208

a) Norfolk area slope

Gradient (degrees)

b) Monterey Bay NW

Gradient (degrees)

195

C) Monterey Bay E

Gradient (degrees)

0 10 20 0 10 20
Py Pl BT AT ST AT ETS A TET TS AT ST AT A AT AT A | I A | I
75%

E 400 4
p
2 500 -

600 4 3%

700 50%:

\
800 . .
T T T
20001 0000 0001  -0.00l 0000 0001  -0.001 0000  0.001

Curvature (1/m)

Curvature (1/m)

Curvature (1/m)
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2.3. New Jersey slope seismic reflection data

Fig. 4 shows interpreted stratigraphy of high-
resolution seismic data collected with a deep-towed
hydrophone towed along the slope (Robb et al., 1981b).
It shows aggraded ridges of Pleistocene muds and silts
(Hathaway et al., 1976), developing smooth parabolic-
like interfluves, while non-deposition or intermittent
erosion occurred along channels. Later sediment on the
left ridge drapes the previous topography, while the right
ridge steepened until slumping (grey lines mark
sediment discontinuities). Growth of ridges by progres-
sive aggradation (rather than entrenchment along
channels) is also common in other seismic and sediment
profiler data of continental slopes (McGregor and
Bennett, 1977; McGregor et al., 1979; Robb et al.,
1981a; Alonso et al., 1985; Farre, 1987; Pratson et al.,
1994; Casas et al., 2003).

2.4. Eel River slope seismic reflection data

Fig. 5c shows an image of the bathymetry of the
upper slope north of the Eel River (Goff et al., 1999),
revealing numerous shallow gullies. Fig. 5a and b show
interpretations of two lines of boomer seismic images
(Field et al., 1999) collected along-slope in different
water depths located in Fig. 5c. They reveal that the
gullies increase in relief and increase in spacing (i.e.,

converge) down-slope. Flows causing channel erosion
probably originated from muddy suspensions generated
by wave action in shallow water which spilled over the
shelf (Wright et al., 2001; Scully et al., 2002). From a
larger dataset, intefluves had greatest relief during times
of sea-level low-stands, when re-suspension of shelf
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Fig. 7. Hillslope relief profiles (left graphs) derived by segmenting the
data in the cross-sections of Fig. 3a between points of local maximum
and minimum depth and then aligning at common depth values
(procedure as in Mitchell (2005)), using hillcrests marked by dots in
Fig. 3a, inset). Right graphs show the data averaged as in Fig. 2d.
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sediment was probably more frequent and vigorous
(Spinelli and Field, 2001). The interfluves are almost
exactly parabolic and their coherence with reflectors
below them suggests that their topography was stable
when they were exposed on the sea floor (i.e., a steady-
state morphology).

According to Alexander and Simoneau (1999),
surface sediments here are mostly silt. At the location
of the two seismic lines, average grain size decreases
systematically with depth from ¢p=8 at 500 m to ¢p=8.5
at 750 m (¢p=-—log, (grain size in mm)), from down-
slope sedimentary processes preferentially transporting
fine grade material. Accumulation rates (*'°Pb) increase
from 0.2 g/cm?/yr at 300 m to 0.3 g/cm?*/yr at 700 m. X-
radiographs and physical properties reveal strong
bioturbation (Sawyer et al., 1997).

3. Interpretation using the diffusion transport equation
3.1. Diffusion equation derivation

In marine settings, the seabed can aggrade by par-
ticles accumulating from the overlying water column, so

El) Along-slope diffusion
|

a sediment supply parameter D is often added to the
diffusion transport equation:

OH s

where H is the bed topography and K is a mobility
parameter (m?/s) (Webb and Jordan, 1993). The
Laplacian V2H represents the terrain’s curvature. Eq.
(1) implies that sediment accumulates in depressions
(areas of positive V?H, hence positive 0H/0f) and
erodes from hills (areas of negative V>H) if KV >H|>
D. In the absence of other effects sharpening relief,
these tendencies cause topography to become smooth
over time, a property noted in the various datasets
above.

To understand whether and how different submarine
processes are likely to lead to diffusive tendencies, it
is worth revisiting the logic behind the model. It
originates in hillslope studies (Culling, 1960, 1963;
Kirkby, 1971) by combining an argument for how soils
creep down-slope with an assumption that mass is
locally conserved. In linear creep (McKean et al., 1993;
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Fig. 8. (a) The regional slope is incised by small sedimentary mass flows (turbidity currents) travelling down the channel thalwegs (large arrows). In a
diffusion model interpretation, the areas between thalwegs respond to sediment removal according to a diffusion equation and the parabolic form is
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for effect).
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Small et al., 1999), soil moves at rates proportional to
the local surface gradient:

0H
Q = 7Kpsa_y (2)

where Q (kg/m/s) here is the solid mass flux in the
down-slope direction (y (m)) per unit width of slope
and p, (kg/m?) is the soil dry density. The continuity
relation (conservation of mass) represents how a spatial
change in soil flux causes erosion or deposition:

JoH 100
50 oy 3)
ps dy
Differentiating Eq. (2) in y and substituting in Eq. (3)
then leads to a diffusion equation in H:

oH  J*H
ek 4)
at dy?

Eq. (1) can be obtained by generalising to two
dimensions.

3.2. The smooth, parabolic interfluve form as a steady-
state solution

In lowland diffusive landscapes, erosion along
streams provides a boundary condition to the interven-
ing hillslopes. If the flux of removed material is con-
stant, the solution to Eq. (4) is a simple upwards-convex
parabola (Kirkby, 1971; Allen, 1997), a shape typical of
lowland hills. More generally, hills are expected to
acquire rounded forms simply because, in a steady-state
geometry, soils must creep faster towards channels to
accommodate removal of increasing amounts of
upslope soil mass, which implies steepening (Gilbert,
1909).

In a diffusion model interpretation (Fig. 8a), the
geometrically analogous rounded interfluves form in
periods between channelized flows, or during wide-
spread dilute sedimentary flows occurring at the same
time as channelized flows, involving a small component
of sediment movement along the regional slope.
Accordingly, the planform of transport is in the local
direction of maximum gradient (Fig. 8b) and the para-
bola arises from the small along-slope component of this
transport. If Q, represents the time-averaged flux of
material eroded from one side of each channel’s margins
during sedimentary flows (Fig. 8a) and W is the channel
spacing, the model topography responds to boundary
conditions of 0=—0Q, at x=0 and Q=0Q, at x=W. The

steady-state solution to Eq. (1) for areas between chan-
nels is then:

H= %x— & X (5)

K WK
H is positive upwards, measured from an origin at
one of the channels (Fig. 8a) and chosen here to migrate
vertically with the accumulating sediment surface
(ignoring D in Eq. (1) as it does not affect interfluve
shapes). Gradient in the down-slope direction is uniform
so that transport fluxes in y can be ignored because they
produce uniform translation.

In subaerial landscapes, threshold hillslopes modified
by some diffusion leave hillcrests rounded rather than
perfectly sharp, depending on the relative importance of
diffusion and landsliding (Anderson, 1994; Roering et al.,
1999). Some rounded ridges are geometrically analogous
(e.g., profile 4 from top at 27 km in Fig. 2c), i.e., inter-
mediate between parabolic and sharp.

3.3. Development with time (New Jersey slope)

The style of accumulation depicted in Fig. 4 is similar
to that of temperature in the analogous problem of a
heating plate with constant temperature boundaries
(Carslaw and Jaeger, 1959), here with erosion or non-
deposition along channels acting as the boundary con-
ditions. To illustrate it, the lower-right curves in Fig. 4
show a finite difference calculation in which an array of
200 equally spaced nodes representing an along-slope
profile of seabed topography was repeatedly adjusted by
adding an elevation element to represent uniform hemi-
pelagic fallout. At each time step, a transport flux was
computed from the along-slope bed gradients (Eq. (2),
using elevation differences for 0H/0y) and bed elevation
change calculated from Eq. (3). Boundary conditions of
fixed elevation were imposed at the dashed lines. Nu-
merical stability was maintained by using small p,K
and many iterations (4 x 10°). Model values are omitted
because time- and length-scales are arbitrary, rather the
purpose is to illustrate evolutionary style.

The topography evolves towards a steady state in
which material supplied by fallout is balanced by
erosion along channels, at which stage the surface is
parabolic. Although generally similar to the data, some
differences of detail are apparent. For example, in the
model, influence of the boundaries progressively mi-
grates inwards, but the data show only weak evidence
for this, such as pinchouts of strata; actual deposition is
more unsteady and irregular. Note that migration of
boundaries results in interfluves with flat central regions
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and rounded edges, features similar to those of some
Monterey Bay hillcrests (Fig. 3a, inset). Hence, flat in-
terfluves could represent transient stages, which are
expected to be more common in larger features.

3.4. Down-slope trends (Eel River slope)

O, likely increases down-slope for several reasons
and, provided that erosion does not excessively steepen
slopes to cause landslides, this potentially allows us to
investigate how interfluve geometry responds to varying
O.. First, if flows initiated above the area were active in
only one channel at a time, the frequency and net erosive
effect of many flows increases down-slope simply
because the channels converge so that flows in multiple
channels in the upper slope contribute to single channels
lower in the slope (Mitchell, 2004). Second, if several
tributaries were simultaneously active (e.g., flows
triggered by a storm), suspended sediment discharge
in the flows increases down-slope, analogous to river
discharge increasing with increasing contributions from
tributaries. In some studies of stream bed erosion,
erosion rate was found to be proportional to bed shear
stress (Howard and Kerby, 1983). If shear stress controls
erosion by turbidity currents, erosion rate should be
correlated with sediment discharge, although whether
the relationship is exactly linear or not depends on other
factors (Mitchell, 2006). Third, the erosive power of
individual flows may increase as they incorporate eroded
material (Parker et al., 1986).

The third effect is difficult to predict but the first two
effects should lead to O, increasing roughly in
proportion to channel spacing W (if ‘n’ channels con-
verge to n/a channels, flow frequency should increase
on average by a factor ‘@’ which is proportional to
average W). The model O./K is proportional to along-
slope gradient |0H/0x| so in Fig. 5d |0H/0x| is plotted
versus W (W is the average of the distances to the two
adjacent channels either side of the channel being
measured). The graph scatter reflects the variability of
interfluve forms but average |0H/0x| roughly doubles as
W increases from 200 to 400 m, close to the doubling
expected from Q,/K proportional to W. Thus, some
systematic variations in interfluve morphology are also
as expected from diffusion.

4. Discussion

In summary, characteristics typical of diffusive
hillslopes with erosion along channels providing bound-
ary conditions include: small interfluves commonly have
smooth parabolic shapes, their growth patterns revealed in

seismic reflection data can be similar to transient so-
lutions, and down-slope trends in interfluve along-slope
steepness can be as expected from varied channel erosion.
Given this geometrical compatibility, then, does the para-
bolic interfluve morphology result from true diffusion or
is it merely fortuitous? Except in carbonate and other
chemically mobile systems, the assumption of conserva-
tion of mass (Eq. (3)) is usually adhered to, so to evaluate
whether true diffusion occurs we are mostly interested in
whether sediment flux is down-slope and has a magnitude
proportional to bed gradient (Eq. (2)). If true diffusion
does occur, the model implies that sediment transport is
strongly controlled by local bed gradient, i.e., by gravity,
and the shapes of interfluves and their evolution in turn
may provide information on sediment transport, as they
do in subaerial hillslope studies. On the other hand, sus-
pended sediment transported by currents does not neces-
sarily follow Eq. (2) so the answer to this question is not
generally straightforward.

Accurate evaluation will require arrays of long-term
current meter and other data to derive transport rates
across interfluves to be compared with the patterns of
Holocene accumulation. If slope morphology reflects
conditions during earlier periods when sea-level was
lower, e.g., during the LGM, methods will be needed to
predict currents during these times. In the absence of
such information, the following initiates discussion by
commenting on likely influences based on other studies
in the literature.

4.1. Influence of oscillating currents

4.1.1. Gravity effect on saltating particles

The effect of gravity on saltating grains leads to a down-
slope component of bedload flux proportional to bed
gradient and thus an element of true diffusion, potentially
explaining the smooth morphology of the sandy central
Atlantic uppermost slope (Fig. 2). Currents there are often
sufficiently strong to mobilise sand (Csanady et al., 1988)
and would have been stronger during the LGM, when
storm waves would have been more strongly felt because
of lowered sea-level. Tidal currents would have also been
stronger because deep-water tidal range was larger (Egbert
et al., 2004). Tidal currents in the outer shelf are appro-
ximated by the ratio of water volume moved to accom-
modate tides across the shelf to shelf-edge water depth
(Fleming, 1938), a ratio that was also larger with lowered
sea-level.

The following equation has been used to represent
bedload transport flux of sand:

Q = Glu["(u+Z|u|VH)/g (6)
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where u is the current vector (m/s), G is a constant
coefficient, g is acceleration due to gravity (m”/s) and /. is
1/tano,, where o is the angle of repose of the sediment (bold
symbols represent vectors and |...| the vector magnitude).
The exponent ‘m’ is typically chosen to be 2. Eq. (6) was
derived for fully developed bedload by extending an
energetics argument (Bagnold, 1963) to two-dimensional
slopes (Bailard and Inman, 1981; Huthnance, 1982a,b).

Eq. (6) suggests that, if currents reverse such that the
vector average <u> is small compared with A<|u[>V H, the
second term dominates (<...> denotes the mean taken over
the cycle). Agitation of bedload can therefore move sand
parallel to VH at rates proportional to |V H], satisfying
Eq. (2). A diffusive-like evolution of bed topography
would be expected with K ~<[u[>*. Furthermore, even if
<u> is significant compared with A<|u[>V H, a diffusive-
like evolution is still expected from the down-slope com-
ponent because residual current <u> is commonly parallel
to contours so that it leads to contour-parallel translation of
sand with less influence on morphology.

4.1.2. Mud accumulation and erosion

Where the interfluves have aggraded, average accu-
mulation rates increase away from channels. Currents due
to internal tides are well known to be enhanced in canyons
(Keller and Shepard, 1978; Shepard, 1979) and numerical
modelling by Cacchione et al. (2002) using multibeam
bathymetry suggested enhanced shear stress due to break-
ing internal waves along central Atlantic canyons with
winter stratification. Cacchione et al.’s model for the Eel
slope implies slightly larger bed stresses along gullies
than over adjacent interfluves, with a gradual change in
between.

Predicting patterns of long-term accumulation rates is
complicated because, although instantaneous deposition
rates are predictable from particle settling through the
viscous sub-layer (McCave and Swift, 1976), bottom
currents on the slope vary in strength, alternately causing
deposition and erosion, while erosion resistance is variably
affected by stress-hardening, stabilising biological parti-
cles and mucus, compaction, etc (Krone, 1976; McCave,
1984; Parchure and Mehta, 1985; Mehta et al., 1989;
Perkins et al., 2004). Nevertheless, accumulation rates are
generally expected to be smaller where bed stresses are
generally larger. Thus, transport flux may not obviously be
related to bed gradient and instead the smooth parabolic
shapes of muddy interfluves could arise fortuitously.

4.2. Transport by gravity currents

Gravity flows originate from wave-agitated suspen-
sions (Wright et al., 2002), slope failure or cascades of

shelf water made dense by cooling, evaporation or
freezing (Shapiro et al., 2003; Ivanov et al., 2004).
Bedload transport by gravity currents potentially causes
diffusion because bedload flux increases as the currents
speed up onto steeper gradients, leading to erosion across
the intervening convex-upwards regions similar to Eq.
(4). This can be shown (Mitchell, 2006) by combining the
effect of gradient on the current speed (Komar, 1977) with
the bedload flux dependence on current speed (Bagnold,
1963). Diffusion, however, would apply only to the flow-
wise direction and does not obviously explain the
smoothly parabolic interfluve morphology sub-per-
pendicular flow direction. Furthermore, advective-type
evolutions of flow-wise topography are instead expected
from deposition of mud suspended by waves (Friedrichs
and Wright, 2004), bed erosion by flow intensified on
steep gradients (Mitchell, 2006) or by incorporating bed
sediment (Parker et al., 1986).

Izumi (2004) envisions slope gullies initiating by
widespread sedimentary flows becoming unstable and
gathering to form channels. Interfluves then grow from
sediment depositing in low stress regions between
gathering flow. As the relief of spurs between channels
grow, they cause flow divergence as illustrated in
Fig. 8b. Its effect can be shown simply if the flow is
assumed to be in equilibrium but sufficiently fast
so that Coriolis effects are secondary. The divergence
effect on the specific sediment flux Qs can be obtained
from the continuity relation (6Qs,/0x=—00;,/0y+D)
with Q=0 tano, where Oy, and O, are the down-
and along-slope flux components, o is the down-
gradient direction relative to the regional slope and D
is the accumulation rate introduced earlier. Thus, the
down-slope change in solid flux in the current is:

90g d (tana)

= Yy D
dx O dy + )

where Otano/0y is the bathymetry contour curvature.
During equilibrium flow, bed shear stress tyo0(Q,S )” 2
where S is flow-wise gradient (Komar, 1977). Thus, if D
in Eq. (7) is comparatively small and erosion or depo-
sition rate is related to bed shear stress (e.g., McCave and
Swift, 1976; Howard and Kerby, 1983; McCave, 1984),
divergence will lead to a rate of bed change that is related
to bed curvature analogous to that in Eq. (4) but with
opposite sign. Despite the opposite sign, parabolic
interfluves are regions of constant curvature so a diver-
gence effect should lead to uniform erosion or deposition
rate and hence this form can become stable. The diver-
gence effect here is similar to that suggested to cause
levee growth (Imran et al., 1998) and interfluve structures
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such as Fig. 4 have been suggested to accumulate from the
finer particles of turbidity currents (Robb et al., 1981b).

4.3. Bioturbation

Fish, crabs and other organisms are significant
geomorphologic agents in stirring and eroding conti-
nental slopes (Dillon and Zimmerman, 1970; Stanley,
1971; Warme et al., 1978; Valentine et al.,, 1980;
Malahoff et al., 1982; Forde et al., 1984; Paull et al.,
2005b). Although organisms create relief at small scales
(e.g., mounds of sediment expelled from burrows), they
may contribute to topographic diffusion at larger scales
(Kenyon and Turcotte, 1985). Sediment suspended by
bottom feeders falls back to the bed under gravity, a
process that may move sediment down-gradient similar
to the gravity effect on saltating sand. Burrow collapse
also causes small down-slope movements. Although the
geometric details are poorly known, burrowing could
have effects in translating sediment to and from the
surface (Wheatcroft et al., 1990) analogous to those of
animal burrowings in soils which cause forms of hill-
slope diffusion (Gabet, 2000).

Vertical mixing rates D,, from bioturbation are esti-
mated by modelling radiometric profiles in sediments.
Volumetric rates based on 2'°Pb are ~ 1 m?/ky near shelf-
break depths (Soetaert et al., 1996; Middelburg et al.,
1997; Henderson et al., 1999), reaching 20 m*/ky using
the shorter half-life isotope 2**Th in a nutrient-rich area
off North Carolina (Green et al., 2002). Although Dy, can
vary with nutrients, etc (Anderson et al., 1994; Smith
et al., 2000; Green et al., 2002), it commonly decreases
sharply with increasing water depth below the shelf edge
(Anderson et al., 1988; Soetaert et al., 1996; Middelburg
etal., 1997; Henderson et al., 1999; Schmidt et al., 2002).

Inferring horizontal movements implied by these
data is problematic because they depend on burrow
geometry and other factors. Activities of bottom feeders,
which often dominate bioturbation, lead to much larger
horizontal than vertical displacements (in one study,
horizontal Dy, was an order of magnitude larger than
vertical Dy, (Wheatcroft, 1991)). Hence, although the
above Dy, values are small, they do not rule out signi-
ficant horizontal displacements.

As different species cause different geometries of
sediment movement and their occurrences vary with
depth and environmental conditions (e.g., Day et al,
1971), it is not strictly possible to infer that K will vary in
the same way as Dy. Nevertheless, the observed biolo-
gical activity in the upper slope and sharply declining D,
with water depth suggest that the frequency of benthic
resuspension events probably declines sharply down the

slope, which may help to explain why the bathymetry in
Fig. 2a is smooth around 200—-300 m but sharp below
400 m.

4.4. Other processes smoothing topography of mud

If deposition or erosion is enhanced in certain areas,
suspended sediment concentration in the bottom nephe-
loid layer changes and opposes further deposition or
erosion (i.e., if all sediment falls from suspension, no
further deposition can occur). Eddy diffusion within the
bottom nepheloid layer (Appendix Al) or water transla-
tion, however, redistributes local changes in concentra-
tion, allowing the process to continue and facilitating
morphological change. The following then smooth mud
topography, if no other processes create relief.

4.4.1. Quiescent flow

Where the bottom nepheloid layer is slow, flow
expands and slows over depressions, leading to smaller
bed shear stress and deposition. In modelling growth of
mudwaves, Flood (1988) adapted analytical expressions
for airflow over sinusoidal topography (Queney, 1948).
When flow is moderate, streamlines are out of phase
with topography, leading to climbing mudwaves, but if
slower they are in phase, promoting deposition in
depressions. According to Flood, the latter stage occurs
when the spatial wavenumber of topography k=2m/
L<kg where k/~=fu, L is topography wavelength and /
is the Coriolis parameter ( /=2Qsind where Q is Earth’s
rotation rate (7.27 x 10> rad/s) and ¢ is latitude). Thus,
for ¢=36° and for current speeds of 5 and 20 cm/s
typical of the Atlantic upper slope (Csanady et al.,
1988), flow should be quiescent for topography of
wavelength >4.3 km and > 17 km, respectively. As flow
is often slower than 5 cm/s, it should be quiescent at
kilometre scale for much of the time. Weatherly (1993)
tested this idea by observing flow over 5.5 km wave-
length mudwaves at 40° S in the Argentine Basin.
Flood’s analysis predicted flow to be quiescent when
less than 9 cm/s and the transition in flow behaviour was
indeed observed at a similar flow speed of 12 cm/s.

Bottom observations along the Atlantic (Doyle et al.,
1979; Csanady et al., 1988; Churchill et al., 1994) and
Pacific (Cacchione et al., 2002) slopes show silt grade
sediment repeatedly resuspended by currents when flow
is not so quiescent. Furthermore, flow should not be
quiescent for less than the wavelengths given above
according to Flood’s arguments. Slope accumulation
might therefore be expected to be asymmetric with
respect to topography or at least not necessarily en-
hanced in depressions. This inconsistency with data is
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potentially reconcilable if sediments deposited during
the turning phase of the currents, when flow is quies-
cent, become rapidly stabilised against subsequent ero-
sion. Net accumulation could then be biased towards
quiescent conditions. Stabilisation by polymeric mucus
(Perkins et al., 2004) might provide such a mechanism,
as mucus can be excreted quickly compared with the
time over which internal wave currents reverse.

4.4.2. Declining influence of surface-originating dis-
turbances with depth

Where oscillating currents decline with depth, shear
stress on the top of a hill can be greater than in adjacent
valleys, causing erosion or slow deposition on hillcrests
relative to valleys. The current data of Csanady et al.
(1988) for example show high frequency (period <11 h),
diurnal and wind-driven oscillations declining sharply to
1000 m depth. From deep water approximations (Masse-
link and Hughes, 2003), speeds associated with storm
waves of 20 s period decline by 39% from 200 to 250 m
and shear stress by 84%. Other factors leading to enhanced
speeds towards shallow depths include tidal energy
becoming concentrated into shallower water and wind
momentum input having less water mass to accelerate.

Although tidal oscillations are often enhanced in
canyons (Shepard, 1979), topographic interactions can
lead to them becoming attenuated. For example, data from
a current meter deployed at 1220 m within a 300-m-deep
canyon off Nova Scotian (Csanady et al., 1988) showed
the relief blocking strong currents of topographic waves
(currents due to Gulf Stream rings), leaving mean speeds
within the canyon 40% smaller than on the adjacent open
slope. A similar effect was observed 50 km northeast of
Washington Canyon (McGregor, 1979).

Below the upper slope, bed shear stress is caused by
tidal, internal and topographic waves, which vary
slowly with water depth. As currents on the open slope
are close to threshold of deposition (Csanady et al.,
1988) and deposited sediment often becomes resistant
to erosion (McCave, 1984), however, even minor vari-
ations in shear stress could potentially affect morphol-
ogy significantly.

4.5. Viscous creep

Clay rich sediments can creep slowly under differ-
ential stress markedly below their peak strengths (Silva
and Booth, 1984). Creep has been suggested to have
affected central Atlantic slope sediments (Bennett et al.,
1977; McGregor and Bennett, 1977; McGregor et al.,
1979; Nelsen and Bennett, 1981; Bennett and Nelsen,
1983; Silva and Booth, 1984) and may explain wide-

spread evidence for slope failure (Knebel and Carson,
1979) despite near-surface geotechnical properties
implying that the sediments are stable (Booth, 1979;
Keller et al., 1979; Almagor et al., 1982).

Evidence of mass-movements (though not necessarily
creep) include slump scarps and missing surface
sediments in sparker seismic profiles, immediately east
of the area of Fig. 2, and from the slope 50 km northeast
of Washington Canyon (Malahoff et al., 1980; Malahoff
et al., 1982). ALVIN dive 807 traversed steep but other-
wise featureless walls of two canyons and an intervening
ridge in Fig. 2a, so movements were not recent (Malahoff
et al., 1982). Sand balls within silty clays and contorted
bedding in cores recovered from around Baltimore and
Wilmington canyons were interpreted as evidence of
creep (Bennett et al., 1977; McGregor and Bennett, 1977;
McGregor et al., 1979). Cobbles and boulders observed
during ALVIN dive 765 near Baltimore Canyon,
including a 2-3 m slab of beachrock at 456 m depth on
a gradient of only 2.5°, were interpreted to have been
emplaced by sliding or creep (Malahoff et al., 1982).
Seismic and bathymetry data shown by Malahoff et al.
reveal that the exotic clasts occur on a spur between
canyon heads where the slope is generally smooth and
rounded, whereas McGregor et al.’s cores were recovered
from within canyon heads where mass-wasting may have
occurred.

Rheology of clay-rich soils is frequently Bingham-like
(van Asch et al., 1989; van Asch and van Genuchten,
1990) so that shear stress:

; 1, (8)

dv
TZTC"‘#E

where u is the Bingham viscosity, 6v/0z is the velocity
gradient (z is depth below the sediment surface, v is
down-gradient velocity parallel to the soil surface) and 7
is a critical shear stress. Tests on clay-rich Atlantic USA
slope sediments (Booth, 1979; Silva and Booth, 1984)
found an initial short primary phase of rapid creep, fol-
lowed by a secondary phase of slower creep in which
strain rate was constant for a given applied stress, as
expected from Eq. (8). The primary phase was less
significant at small deviatoric stress, so the secondary
phase should be more important for slope sediments
experiencing only weak loading.

Although only a crude approximation of rheological
behaviour (Ter Stepanian, 1975), Eq. (8) is useful for
suggesting how strain rate may depend on loading. In
surficial sediment, loading stress 7 originates primarily
from sediment weight (’zsina, where 7y’ is the submerged
bulk density of the sediment (allowing for buoyancy) and
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Fig. 9. (a) Maximum local bed gradient. (b) Pattern of erosion/accumulation rate predicted by a model in which a uniform near-surface sediment layer
creeps with a Bingham viscous-plastic rheology, with a threshold stress corresponding to a bed gradient of 10°. Circle highlights an area of erosion of
spurs and deposition within canyon wall gullies that clearly cannot be sustained (as this topography is preserved), therefore implying that creep does
not occur persistently in this manner or is too slow to affect morphology. The bathymetry data from Fig. 2 were first projected into a Universal
Transverse Mercator grid (50 m node separation) and smoothed with a 5 x 5 averaging filter before applying the flux calculations. Area is centred on

approximately 37° 15 N, 74° 30° W (north of centre of Fig. 2a).

a is the bed gradient angle). Rearranging Eq. (8), the
deformation rate is:

d
,u‘8—v‘ = y/zsino—7; v'zsino>t, 9)
z

Silva and Booth (1984) and Booth (1979) concluded
that creep is geologically significant for gradients greater
than 10° for the Atlantic slope sediments they studied.
Predicted deformation in a 50 m layer was insignificant
below 10° but reached 0.5 m/yr at 10°, implying signi-
ficant movements over ky-timescales from self-loading.
Seismic images of terracettes produced by creep elsewhere
(Almagor and Wiseman, 1982; Hill et al., 1982; Silva and
Booth, 1984) imply movement over weak deforming
layers, similar to “depth creep” in subaerial slopes (Selby,
1993).

If a uniformly deforming sub-surface layer of small
vertical thickness W, passively carries a thickness W,
of sediment above it, the volumetric down-slope flux
would be:

dv
Jdz

10| = WC(WO+%) (10)

Using |0v/0z| from Eq. (9), O, can be written in terms
of gradient above a threshold:

VH
Q. = _Kc(|VH|_So)m (11)

where S, is threshold gradient corresponding to 7,
|V H|=sina, VH/|VH| is a unit vector in the direction
of VH to provide direction for Q. and K.= W (W,+ W,/
2)y’z/u.

Potential morphological consequences were explored
by assuming that a layer of weakly consolidated sedi-
ment of uniform thickness and properties was deposited
at some time in the past over the entire upper slope.
Eq. (11) was then applied to the slope bathymetry by
calculating O, with K.=1 and Sy=tan10°. Changes in
bed topography were then calculated from the continuity
relation 0H/0t=—V " Q..

The results (Fig. 9b) show erosion along the margins
of ridge crests but small changes immediately at the
crests, a tendency that would sharpen crests and thus
might help to explain the observed angularity of ridges
(Fig. 2d). The predicted accumulation in lower canyon
walls (black in Fig. 9b) evidently does not occur in
practice, but this material could be removed by canyon
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floor erosion processes (Shepard, 1981) so is not
necessarily contradictory. Divergent and convergent
topography in canyon walls due to gullies, however,
leads to erosion and accumulation, respectively (e.g., in
circled area of Fig. 9b) as sediment creeps off spurs into
gullies. This progressively attenuates the gully relief, a
tendency that is contradicted by the bathymetry data,
which clearly show preserved relief. Therefore, creep
may be slower than anticipated (Booth, 1979; Silva and
Booth, 1984) or is only a precursor to catastrophic fail-
ure (Silva and Booth, 1984), a view compatible with
other geotechnical properties of the sediments as water
contents are typically above liquid limits and sensitiv-
ities (ratio of undisturbed to remoulded shear strength)
average 3 (Keller et al., 1979; McGregor et al., 1979).
The possibility of diffusive-like topography from creep
(Kenyon and Turcotte, 1985) is therefore problematic
and would require a uniform and smaller 7, than implied
by the geotechnical test results.

5. Conclusions

Characteristics typical of landscapes that are diffu-
sive-like in the sense used to describe subaerial soil-
covered hillslopes have been outlined for various con-
tinental slopes and sediment types. For example, the
sandy uppermost slope in the Norfolk area is topogra-
phically smooth. Hillcrests between canyon heads are
convex-upwards and averaged profiles are almost
parabolas. In muddy sediment of Monterey Bay, Smooth
Ridge has subdued topography and convex-upwards
parabolic interfluves occur elsewhere around the bay.
Seismic data from the New Jersey slope show patterns of
progressive aggradation of interfluves that are similar to
those expected if non-deposition along channels acts as a
boundary condition to diffusion between the channels.
Eel River slope interfluves are parabolic and increase
their relief down-slope as expected from channel erosion
providing boundary conditions of transport flux increas-
ing downslope.

The gravity effect on saltating sand produces a down-
slope flux component proportional to bed gradient and
thus true diffusion if the residual current effect is com-
paratively small. Bioturbation requires more investigation
but gravity effects on resuspended sediment conceivably
also contribute to topographic diffusion. The origins of
diffusive-like interfluves of mud, however, are difficult to
evaluate with existing data. The growth of the New Jersey
slope interfluves, for example, could be explained by
accumulation rates decreasing smoothly towards channels
because of increasing bed shear stresses from gravity
currents and internal waves, an explanation not necessarily

compatible with simple diffusion as transport flux may
not be down-gradient in direction or proportional to
gradient in magnitude. Smooth upwards-convex inter-
fluves could potentially represent levees formed from
turbidity current overspill. Creep of clay-rich sediments
has been suggested to cause topographic diffusion, but
the threshold shear stress for creep more likely leads to
abrupt topography associated with threshold gradients of
motion.

Effective morphologic modelling using the diffusion
equation requires sufficient knowledge of transport
process to allow the mobility constant K to be pre-
dicted. There is some possibility of this for gravity
effects on bedload sand movements and possibly for
bioturbation. In order to address the issue of how sea-
bed morphology arises from sediment transport more
generally, however, efforts to collect current and sus-
pended and bedload transport data should be expanded
from single points as at present to arrays of sites
across features such as interfluves. The convergence of
derived transport flux could then be compared with
Holocene deposition rates to provide insight into mor-
phologic change.
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Appendix A. Redistribution within the bottom
nepheloid layer

Once a suspended sediment concentration anomaly
is produced by deposition or erosion, eddy diffusion
redistributes suspended sediment to even out the ano-
maly and allow deposition or erosion to continue. For a
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water body with no residual current, the equation
describing particle diffusion and conservation of mass
in the water is:

IC/It = KD*C/Ix* +vI*CdZ* +wdC/dz, (Al)

where C is the suspended sediment concentration (here
dimensionless solid volume fraction), K, and v are lateral
and vertical diffusivities (m?/s) and w is particle settling
velocity defined earlier. The seabed (at z=—#h (m), i.e. &
is water depth) alternately experiences erosion and
deposition because of unsteady bed stress. Eq. (Al) is
used here for only one grain-size component but it can be
easily generalised for suspensions of varied grain size.
The net change in bed topography caused by erosion at
rate £ and deposition at rate wyC is often modelled by

dh/dt = E-w,C, (A2)

For steady erosion, immediately above the bottom
diffusion and erosion will balance, so

E=-viC/oz. (A3)

The equations can be simplified by representing the
variation C(z) with an effective layer thickness derived
as follows. Consider a simplified model in which the
sediment concentration is steady (6C/0t=0) and later-
ally uniform (K6”C/@x*=0). A solution to the non-zero
elements of Eq. (A1) is then (e.g., Kampf et al., 1999):

C = Cyexp(—z/D), (A4)

where D is the effective layer thickness equal to v/wg
and Cj is concentration immediately above the bottom.
Now consider a model in which C is steady but not
laterally uniform. Integrating Eq. (A1) from the bed up
through the bottom layer yields:

0 = K.DJ>Cy /x> + E-wsCo, (A5)

using Eq. (A3) to replace 0C/0z. We define L=(K.D/
ws)l/ 2 =(Kcv)1/ 2 /wg. The solution of Eq. (A5) is then

2LwCy = [x E(x)exp[(x~x)/L]dx’

00

+ / " E()exp|(v—x)/L)dx’ (A6)

i.e. the sediment concentration is a spatially weighted
function of E(x). To illustrate the effect of Eq. (A6), we
choose a sinusoidal topography, H=Hy+H’sin(kx),
where £ is its spatial frequency, and an erosion rate

that is also sinusoidal E=FE,— E’sin(kx) representing
erosion of hills relative to valleys. Evaluating Eq. (A6)
for C then yields

wsC = Ey—E'(1 + kK*L*)'sinkx, (A7)
which from Eq. (A2) implies
OH /9t = —E'sinkx[1 + k2L (A8)

The sinusoidal erosion therefore unconditionally re-
duces seabed relief. Furthermore smaller scales (large £,
small [...] and largest [...]” ') are smoothed fastest. This
may explain why the Eel River shelf topography appear-
ed damped (Goff et al., 1999) as eddy diffusion acts
most efficiently over short lengthscales.
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