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Abstract

Abrupt changes in slope occur frequently in some marine environments. Laterally confined laboratory experiments show that
when dense surge-like particulate flows travel over abrupt slope reductions their deposits may have an asymmetric bell-shaped
thickening near the break of slope. This thickening is herein called a slope-break deposit and is related to the change in kinetic
energy of the flow. Slope-break deposits are particularly pronounced under relatively high-velocity flows. In our experiments
these are flows with high particle concentrations (¢ = 5—10% by volume silicon carbide) moving down slopes steeper than 3°.
The experiments were designed such that currents generated by a lock-exchange mechanism flowed down a slope (variable
slope angle) onto a flat surface. The bodies of the flows became thicker and slower just downstream of the slope break. Because
the flow body slows very rapidly, particles are dumped forming the slope-break deposit. The peak in sediment thickness of the
slope-break deposit is downstream of the break in slope because falling particles continue to move forward in the flow during
settling. The slope-break deposits may be several tens of percent thicker than deposits from an equivalent flow in which no
change in slope occurred. The parameters of the slope-break deposit correlate with slope angle change. © 2001 Elsevier

Science B.V. All rights reserved.

1. Introduction

Density currents are a frequent mechanism of
sediment transport in offshore environments (Nardin
et al.,, 1979). The general term °‘density current’
includes classical turbidity currents in which most of
the current is dominated by particle support by fluid
turbulence (Middleton and Hampton, 1973) and other
density currents in which particle concentration is
higher and all particles are not maintained in complete
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turbulent suspension (Mulder and Alexander, in
press). Some density currents generate substantially
thick and extensive deposits (Hughes-Clarke et al.,
1990; Masson, 1994; Syvitski and Schafer, 1996).
The deposits can form good hydrocarbon reservoirs,
and therefore, prediction of local increase in deposit
thickness would be useful for understanding reservoir
geometry and targeting exploration drilling.

The seafloor is not a flat or uniformly sloping surface,
but rather changes in slope are common at various
scales. Seafloor morphology relates to the history of
deposition, erosion and tectonic activity. Changes of
slope can be gradual, as is generally the case at the
base of continental slope (Adams and Schlager, 2000),
or more abrupt, as for example, at the base of a tectonic
ramp or the mouth of some submarine canyons or
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channels. At sites of abrupt slope reduction flow energy
declines and changes in deposition rate and erosional
potential affect the seafloor morphology. This paper
considers flow behaviour and deposit character at sites
of abrupt slope reduction. Natural submarine density
currents can not easily be observed directly, but they
can be visualised by observing either analogous flows
(e.g. sedimentary or volcanic flows on land) or labora-
tory experiments. This paper considers the latter despite
the amount of caution that is need when comparing
results from laboratory experiments and natural
processes (see for example discussions by Middleton,
1966a,b,c, 1967, 1993; Kneller and Buckee, 2000). A
ramp-flat design was used for the laboratory experi-
ments as a basis for comparison with flows in tectoni-
cally active basins, such as the modern Gulf of Corinth
(Papatheodorou and Ferentinos, 1993; Collier et al.,
2000) or the Early Jurassic North Sea Basin (Rooksby,
1991) and for comparison with other sites of abrupt
submarine slope change, such as the Var channel
mouth (discussed below). Submarine channel geometry
often changes rapidly at sites of natural abrupt slope
change and density currents may be free to spread later-
ally. In the experiments presented here, however, the
currents were laterally confined (2-D) to isolate the
influence of slope change from that of lateral spreading.
The experiments use an angular change in slope as: (a) it
is easier to construct and (b) the point of slope change is
easily defined so that its exact position can be related to
changes observed in the flow and deposits. In reality,
sediment deposition near the base of slopes over time
will tend to produce more gradual slope changes (except
perhaps at the foot of active faults, or actively eroded
scarps). Even with such sediment accumulation,
however, the change in gradient is often over a short
distance relative to the gravity current runout distance.
A rapid reduction in gradient can generate a drop in
flow velocity combined with an increase in flow thick-
ness (Komar, 1971) and has the potential to generate a
hydraulic jump. Hydraulic jumps form when the
hydraulic regime of a flow changes from supercritical
(Froude number, Fr > 1) to subcritical (Fr < 1). The
densiometric Froude number is defined as:

Fr= 4 1)

ghy, cosa b

Pa

where g is the gravitational acceleration (9.81 ms ™),

pyis the density of the flow, p, is the ambient water
density, A, is the height of the body of the flow, « is
the bed slope and V is the mean forward velocity.
Menard (1964) recognised that hydraulic jumps could
occur in turbidity currents, when flow experienced a
rapid change of slope or width. The sedimentary
implications of a change in flow geometry, potentially
associated with a hydraulic jump, have been discussed
for other settings such as water flow (Carling, 1995;
Chanson and Montes, 1995), pyroclastic surges (Cole
and Scarpati, 1993), marine shelves (Adams et al.,
1990; Sarkar et al., 1991) and periglacial streams
(Gorrell and Shaw, 1991), but in general the deposits
are still poorly known. Komar (1971, 1975) estimated
the critical slope for a density current to create a
hydraulic jump in the range from 0.1 to 2% (0.05—
1.15°), consistent with our experimental set-up.
Weirich (1988, 1989) described abrupt thickening of
a gravity-current deposit associated with a channel
expansion and break in slope in an artificial lake
that he attributed to a hydraulic jump. The deposit
thickening occurred just downstream of the change
in slope. Natural turbidites have also been observed
to change character across abrupt changes in slope, for
example Piper and Savoye (1993) described deposits
of the 1979 Nice event just pass the Var Canyon
mouth and an abrupt change in slope steepness. This
example is considered in more detail below.

Bed shear stress and current velocity decrease
across a hydraulic jump according to the continuity
equation of water flux (Komar, 1973). Flow velocity
can decrease by as much as a half through a hydraulic
jump (Komar, 1971; Garcia and Parker, 1989). Flow
thickness increases accordingly to the same continuity
equation forming a definable feature in free-surface
flows where the upper boundary can be observed
directly. In subaqueous density currents, however,
slope change can influence the amount of mixing
between the flow and ambient fluid. Such mixing in
our laboratory experiments obscured the upper flow
surface making identification of the position of
hydraulic jumps difficult.

Garcia and Parker (1989) used laboratory experi-
ments to investigate the change in turbidity current
flow regime through a hydraulic jump resulting from
adecrease in bed slope. Their currents had low sediment
concentration and could not be used to document
deposit variations related to the hydraulic jump. Garcia
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Fig. 1. (A) Experimental tank and (B) Notation and symbols used for the study of slope-break deposits. Note that (A) and (B) are drawn at

different scales.

(1993), however, noted that the break in slope control-
ling the formation of the hydraulic jump seemed to
cause a reduction in the rate at which the deposits
thinned with distance. He showed that bedload deposi-
tion occurs quickly after the jump due to bed shear stress
reduction. Owing to the velocity reduction and increase
in flow-thickness across a hydraulic jump, there may be
aloss of competence (grain size that can be transported)
and capacity (amount of sediment that can be trans-
ported) through a hydraulic jump. Consequently, a
reduced rate of bed thinning (Garcia, 1993) or an
increase in bed thickness across, or just downstream
of a hydraulic jump should be expected, with a conco-
mitant change in deposit grain size or sorting.

This paper demonstrates that significant changes in
turbidite thickness can be related to abrupt changes
in slope that might or might not have created hydrau-
lic jumps in the flow and that the extent and amplitude
of the bed thickness increase depends on that change
in slope.

2. Experimental conditions and apparatus

Concentrated density currents were generated in a
long tank (4.87 m long, 0.17 m wide, 0.42 m deep) by

the release of particle—water mixtures into fresh water
using a lock-exchange mechanism (Fig. 1). The
mixture was composed of moderately sorted (standard
deviation =0.72 wm) silicon carbide particles
(ps = 3220 kg m ) with a mean equivalent spherical
diameter of 51 wm. Two initial solid volume concen-
trations (c;) were used: ¢; =5 and 10%.

The particles were mixed vigorously with water in
the lock until the moment that the lock gate was
opened (Alexander and Morris, 1994). The resulting
turbid surge (as defined by Ravenne and Beghin,
1983) flowed down a 1 m-long incline onto a hori-
zontal surface (Fig. 1A). The incline angle («) was
varied and data are presented from runs with slopes
of 0, 3, 6, 9 and 12°. Most of the surges did not reach
the distal end of the tank and even the fastest and
most prolonged surges (10% initial concentration on
a 12° slope) had a velocity less than 0.05 ms™" at the
end of the tank. Consequently, the distal ends of the
flows were only weakly affected by reflected flow
from the tank end-wall. A damping area, with tank
floor a little lower than the experimental flat reach
(Fig. 1), minimised the impact of any reflected sedi-
ment-transporting flow. The depth of the experimen-
tal tank is only about two times the thickness of the
flow, and therefore, return flow in the active upper
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Fig. 2. Experimental results. Head velocity for ¢; = 5% (A) and ¢; = 10% (B). Mass distribution for the total deposits of runs with ¢; = 5% (C)
and ¢; = 10% (D). The velocity curves are smoothed using a three point moving average (smoothing over a 15cm moving window).
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Fig. 2. (continued)

layer is more important in the experiments than in
natural deep-water conditions (Huppert and Simpson,
1980). Head velocity and flow thickness were
measured from high speed video records with a
precision of 0.04 s. It was not possible to measure
velocities within the body of the surges because of
their opacity, the presence of a mixing cloud, and the
short duration of the flow events. The distribution of
deposit mass was measured by siphoning sediment
from sample areas along the tank floor. The samples
were filtered and dried before weighing. The grain
size of ten samples, with sampling intervals increas-
ing with distance from the lock gate, was analysed
using a Sedigraph.

3. Experimental results

On opening the lock gate, the suspension collapsed
into the tank to form a short duration and unsteady
surge. Equivalent surges (same initial concentration
and volume) released onto slopes attained and main-
tained greater head velocities and travelled further
than those released on the flat tank floor (Fig. 2A
and B). The velocity of the head approaching the
base of slope was proportional to the slope angle.
Beyond the break of slope the head velocity of all
flows declined gradually, although just beyond the
slope break the flows going through a greater slope
change decelerated more. At most distal sites the head
velocity of different flows of equivalent starting

conditions varied with the slope angle in the proximal
reach. At or near the break of slope the body of the
flow just behind the head thickened and remained
thick as the body passed. This thickening corre-
sponded to growing billows and rapid mixing-cloud
development. As the flows waned the area of flow
thickening near the break in slope became indistinct
in the tail of the flow. This behaviour is distinctly
different from the development of hydraulic jumps
in long-duration currents observed by Garcia and
Parker (1989).

Comparison of deposits between runs with differ-
ing initial conditions is made by considering the
mass distribution relative to the total mass of depos-
its outside the lock in that run (Fig. 2C and D). On
this basis deposits were generally thinner on steeper
slopes. Deposits of surges released onto slopes
extended farther down the tank than deposits of
equivalent surges on the flat tank floor (as observed
also by Rimoldi et al., 1996) and the steeper the
slope the further the deposits extended (Fig. 2C
and D).

All surges released on slopes had an increase in
deposit mass at or near the break of slope (Fig. 2C
and D). This correlates with an increase in bed thick-
ness in this area. Beyond the slope break, after an
initial increase, deposit mass decreased with
distance. Where the mass increased just past the
slope break, the deposits had an asymmetrical bell-
shape in cross-section parallel to flow (Fig. 2C and
D), herein termed a ‘slope-break deposit’. The peak in
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Fig. 3. Graphs to show relationships for slope-break deposits calculated using method 1. The mass distribution as a fraction of total mass relative
to the mass distribution of an equivalent flow on a zero slope for runs (method 1) with: (A) initial solid concentration of 5%, (B) 10%, (C)
Definition diagram for a break of slope deposit using this method of estimation. The y-axis is the mass of a sample as a fraction of the total mass
of the deposit relative to the mass distribution of an equivalent flow on a zero slope. y-axis values can range from —1 to + 1, (D) Length of slope-
break deposit against slope angle calculated from method 1, (E) Amplitude of slope-break deposit against slope angle calculated from method 1,
(F) Amplitude of slope-break deposit against length, (G) Slope-break deposit length against maximum velocity of the head of the flow on the
slope and (H) Amplitude of slope-break deposit against maximum velocity of the head of the flow on the slope.

deposit mass that is related to the decrease in slope,
occurs downflow of the point where the flow velocity
drops and the flow thickness increases. This happens
because the settling particles fall through a moving
fluid and reach the bed at a distance downstream
from the point where they began to fall within the
surge. This distance depends on flow thickness,

particle size and density. As noted by Garcia and
Parker (1989), this dispersion of particles down-
stream of a hydraulic jump is more significant if
particles have small fall velocity. We could not
assess the variation in slope-break deposit dimen-
sions with settling velocity, as the sediment used
was uniform in grade and density.
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4. Defining the dimensions of the slope-break
deposit

Laval et al. (1988) suggested that in the absence of
slope, deposit thickness decays exponentially with
distance. However, Dade et al. (1994) found that on
a uniform and gentle slope, deposit thickness decayed
exponentially in the far field area down stream of a
self-similar region. In this study the zero slope runs
were similar to Dade et al.’s (1994) mass distribution
pattern and the onset of the exponential decline in
mass occurred at about 150 and 200 cm from the
lock gate (for ¢; =35 and 10% respectively). Dade et
al. (1994) predict that greater slope angle generates
longer runout distances and decreased proximal bed
thickness, ‘stretching’ the deposit. This change in
deposit distribution is observed in the proximal 1 m
of our experiments. The slope break imposes a change
on the flow but the pattern of deposition does not
simply change to that of the new (zero) slope. In
other words the mass of the deposit does not simply
decline at a faster rate from the break in slope, but
rather there is an area of greater deposit thickness near
the break of slope.

Two methods are used to define the slope-break
deposit and to estimate the effect of an abrupt
reduction in slope on deposit distribution in these
experiments. Method (1) compares observed mass
distribution with equivalent deposits on zero slope.
This is calculated by subtracting the mass distribution
data from that of an equivalent run on a 0° slope.
Method (2) subtracts a simulated exponential curve
(from the point corresponding to the beginning of
slope) from the observed mass distribution. The disad-
vantage of the first method is that it can not isolate the
effect of the proximal slope from that of the change of
slope and so may exaggerate the influence of the break
of slope. The second method may hide the influence of
the change in flow behaviour inherent from the
geometry of the lock and mechanism of flow genera-
tion (i.e. the mass pattern on a uniform slope is not a
simple exponential curve cf. Dade et al., 1994). This
problem is partly overcome by using the same method
to consider the apparent local mass excess in the zero
slope examples. Method (1) can not be applied to
natural deposits as the nature of the original flow is
generally unknown and so deposits of an equivalent
flow on a zero slope can not be generated.

Using the Ist method the distributions of deposit
mass relative to the equivalent mass distribution on
zero slope are presented in Fig. 3A and B. These
confirm that the deposits tend to be thinner in prox-
imal areas and thicker in distal areas compared to
equivalent zero slope runs. These plots suggest that
the flows on low gradient slopes (3° and some 6°), that
pass over a low angle change in bed-slope behave
slightly differently to those on steeper slopes.

In all of the runs there is an abrupt change from
negative to positive, relative to the equivalent zero
slope run, just beyond the position of the break of
slope. This change is particularly abrupt in runs with
¢;=10%, but is also visible in runs with ¢; = 5%.
After an initial increase in relative mass, there is a
dip in the curves, confirming that the mass pattern is
not a simple transition from that on an inclined surface
to that on a zero slope, but rather that there is an area
of enhanced mass near the break of slope: a slope-
break deposit. It is difficult to define a slope-break
deposit for most of the 5% runs using this method.

Using method 1, the proximal end of the slope-
break deposit (x) is defined at the first minimum on
the relative mass curves (in the 10% runs only), the
distal end (x;) at the second minimum, and the length
of the slope-break deposit (x;) is the distance between
the two minima. The position of the distal end of the
deposit defined in this way does not vary significantly
between runs. The proximal end varies slightly with
slope angle and as a consequence there is a relation-
ship between change in slope and the deposit length
defined by method 1 (Fig. 3D).

The amplitude of the deposit is defined as the
difference between the first minimum and first maxi-
mum beyond the break of slope (Fig. 3C). There is a
very good relationship between slope (and conse-
quently slope angle change) and deposit amplitude
(Fig. 3E), and as intuitively expected, a good
relationship between deposit length and amplitude
(Fig. 3F).

The maximum velocity of the head on the slope is
defined as Vj, the velocity at the distal end of the
slope-break deposit is V,. The deceleration from the
slope to the end of the slope-break deposit, dV/dz, is
approximated by VdV/dx.

v _ (Vi +Vy) (B -V) _ (Vi VD)

V— =
dx 2 (2 — x1) 2(xy — x1)

2
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The relationship of both slope-break deposit length
and amplitude with head velocity on the slope (V))
and head deceleration is less well defined by the
experimental data than is the relationship with slope
angle change (Fig. 3G and H). The deposit ampli-
tude must depend on the velocity change in the
body of the flow (controlling capacity change) but
also turbulence intensity and flow thickness. All of
these may change at the slope-break. Unfortunately
we were unable to measure velocity within the body
of the flow.

The strongest relationship defined by the experi-
mental data using method 1 is between the slope-
break deposit amplitude and the change in slope
(equivalent to proximal slope in these experiments).
The length of a slope-break deposit represents the
time/distance lag because of the finite time taken
for sediment to settle to the bed through the thickness
of the flow following the change in flow behaviour
triggered by the slope break. The length must there-
fore be controlled by the flow thickness, settling
velocity of particles and velocity within the flow.
In contrast the amplitude of the slope-break deposit
is controlled by the change in flux of sediment to the
bed resulting from the change in flow behaviour.
Because it is controlled by the change in flux, the
flow thickness (and change in flow thickness caused
by the slope change) may be less important. Conse-
quently the amplitude may be more directly related
to the magnitude of the change in slope. There is, as
intuitively expected, a relationship between ampli-
tude and deposit length, but the scatter on the deposit
amplitude/length graph (Fig. 3F) reflects the
difference in the degree of control on the two
dimensions.

The second method of assessing the geometry of
the area of mass excess of the slope-break deposit
involves fitting an exponential curve to the experi-
mental deposit-mass data (curve 1 on Fig. 1B). The
upstream point where the experimental data depart
from the exponential curve is located at or just
upstream of the position of the slope break and this
is defined as the upstream end of the slope-break
deposit (x; on Fig. 1B). The projected exponential
curve merges with the measured curve at x, that is
defined as the distal end of the slope-break deposit
(Fig. 1B). The distance between x; and x, represents
the extent of the slope-break deposit (x;). The

amplitude of the slope-break deposit is the difference
between the two curves at the point of maximum
deposition. The total mass of sediment corresponding
to the area of the slope-break deposit (between x;
and x,) expressed as a percentage of the total mass
is Z.

There are strong relationships between «, X,
(Fig. 4a) and Z (Fig. 4b). The correlation of x;, with
a may indicate that the departure from the exponen-
tial is longer with slope because it takes longer to
reach the far-field conditions (Dade et al., 1994).
The relationship x,: o and Z: « are a little different
for the runs with different initial concentration. The
slope-break deposit length is generally less for lower
initial concentration flows and the dispersion around
the correlation lines in Fig. 4a may, in part, result from
the variation in initial concentration due to small
differences in the manual mixing before the lock
gate was opened. In general these data suggest that
the slope-break deposits have similar geometry but
are generally smaller for the less dense flows. The
strong relationship between x;, and Z (Fig. 4e) is intui-
tively obvious as given the same sediment concentra-
tion and grain size the longer the area of deposits
sampled, the greater will be the mass of the sample.

Correlation between the parameters of the slope-
break deposit and the maximum velocity of the head
measured on slope (V) is the same in both methods)
are presented in Fig. 4c and d. This velocity is
controlled by the concentration and the slope and
consequently reflects the real concentration (i.e. the
hypothetical concentration modified by the degree of
perfection of the initial manual mixing in the lock).
There is overlap between the x, and V, data from the
two experimental sets and both sets have a very simi-
lar relationship trend. Moreover, the use of velocity
allows us to provide unified equations for all the runs
rather than separate relationships for each initial
concentration. This confirms the suggestion above
(using method 1) that the slope-break deposit length
records the lag time for the particles to reach the bed
following the change in flow conditions and this is
controlled primarily by flow velocity and settling
velocity. The sediment properties are the same in all
of the runs so that differences in x; relate directly to
velocity and the length relationship appears to be
independent of initial sediment concentration. Fig.
4c and d show x, and Z correlate with V; suggesting
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Fig. 4. Graphs to show relationships for slope-break deposits calculated using method 2. (a) Relationship between slope and the flow-parallel
extent of the slope-break deposit, (b) slope angle and the total sediment mass of the slope-break deposit, (c) Flow-parallel extent of the slope-
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the total mass against the maximum head velocity on the slope, (e) The flow-parallel extent of the slope-break deposit against the total sediment
mass of the slope-break deposit, (f) Total sediment mass of the slope-break deposit expressed as a percentage of total mass against flow
deceleration and (g) Length of the slope-break deposit against flow deceleration.

deceleration just past the slope break is more impor-

tant when initial velocity is high.

At the point (x, on Fig. 1B) where the projected
exponential curve merges with the measured curve
(curve 2 on Fig. 1B), the velocity of the head is V,
this is defined differently from method 1 as the defined

distal ends of the slope-break deposits are different.
Plotting Z and x;, as functions of (V% - V12)/2(x2 - X))
(Fig. 4f and g) suggests that the relationship between
slope-break deposit dimensions and deceleration of
the head of the flow over the length of the deposit is

not straightforward.
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Fig. 4. (continued)

5. Discussion: conditions for formation of
slope-break deposits

Relationships in Figs. 3 and 4 suggest that the
formation of a significant slope-break deposit depends
on velocity of a flow near the base of the slope and the
angle of slope change. From this it may be inferred
that hydraulic jumps may be important for the
formation of slope-break deposits. Unfortunately, it
is difficult to assess the flow thickness near the slope
break because of the generation of increased mixing,

consequently we could not easily assess if, or where
exactly, a hydraulic jump formed. Definition of the
densiometric Froude number is not possible as the
suspended sediment concentrations vary continuously
during flow and we had no method of measuring it
directly. The densiometric Froude number is the para-
meter which is the most difficult to derive in natural
conditions. In addition the vertical variation of
concentration can be important, particularly within
high-concentration flows (Kneller et al., 1997).
Other parameters can be derived in natural conditions:
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flow thickness can be estimated using the upper limit
of erosion or deposition and flow velocity can be
estimated using numerical models and, sometimes,
calibrated by cable failures.

Few features in natural deposits have been explained
by a strong decrease in slope gradient, potentially
producing a hydraulic jump. The Nice slide (Gennes-
seaux et al., 1980; Malinverno et al., 1988) created a
turbidity current that formed a hydraulic jump at the
mouth of the Var submarine canyon, 25 km away
from the initial slide (Savoye, pers. comm.). In the
canyon, the flow was probably very concentrated
(py=1350kg m ) and velocities where >25m s
(Piper and Savoye, 1993; Mulder et al., 1997). Thick-
ness of the head probably did not exceed 20—-30 m
(Piper and Savoye, 1993). Beyond the canyon mouth,
the current slowed down to less than 10 m s~ ' and
thickened to possibly 150 m (Piper and Savoye,
1993). Downstream of this location, a related turbidite
varies in thickness from 0.1 and 1 m (Piper and Savoye,
1993). This extensive turbidite, which covers more
than 1500 km?, can be interpreted as a slope-break
deposit formed downstream of the hydraulic jump
created in the current at the canyon mouth where a
strong slope break occurs (Fig. 5).

Our experiments were all laterally confined flows,
but natural hydraulic jumps are also usually asso-
ciated with a change in flow width, for example
when a flow spreads from a channel or a canyon
over a fan valley (illustrated by the Nice case
study). Such an increase in flow width might increase
flow deceleration and enhance the rapid dumping of
particles. In such conditions, the downstream extent
of the slope-break deposit should be less than
predicted by laterally restricted currents as in this
paper and the volume of deposits related to the
decrease in slope should be larger.

If the velocity of a flow declines suddenly (as
occurs at a break of slope) and the sediment flux to
the bed increases, it is likely that there may be an
increase in the range of sediment sizes being depos-
ited and consequently a decline in sediment sorting.
We attempted to test this theory by analysing grain
size in samples taken from the deposits. The results
suggested that the theory might be correct, but as the
sorting of the original sediment is very good the vari-
ation in sorting in the deposits was very small and
within the error ranges of the method used to assess

sorting. The theory however does explain the sugges-
tion of poorer grading in the slope-break deposit than
in the rest of the deposits along the runout of the
current and may explain some major grain size breaks
that are frequently observed in fine turbidites (Piper
and Deptuck, 1997). In that case silty-mud lamination
in turbidite deposits could be related to the succession
of billows created at the slope break and to the related
variations in flow velocity and regime in the bottom
boundary layer as described in the burst and sweep
theory of Hesse and Chough (1980).

Slope-break deposits could also be the explanation
for the natural relief that is frequently observed at the
base of continental slopes that has been called
submarine plunge pools (Farre and Ryan, 1985).
These ‘plunge pools’ have an ovoid shape and occur
downslope of breaks in slopes. They are frequently
associated with sediment flow deposits or erosional
features (Aarseth et al., 1989; Bellaiche, 1993). The
relief bordering the plunge pools can be tens of metres
high and could result from vertical stacking of slope-
break deposits deposited by successive sediment
density flows occurring on the continental slope.

6. Conclusions

The laboratory experiments in agreement with
earlier work (Dade et al., 1994 and others) suggest
that steeper slopes in proximal areas generally result
in thinner deposits that extend further. However nega-
tive changes in bed slope (abrupt slope break) force
change in the characteristics of the density current
which in turn controls the distribution of the deposits.
The change is not a simple deceleration to that
velocity expected on the lower slope but rather it is
sufficient to result in an area of excess deposition
downstream of the slope break. Such variations, as
well as those that can occur when a flow meets an
obstacle (Alexander and Morris, 1994), are important
in terms of oil reservoirs because thickness of produc-
tive sandy layers can vary more than two-fold.

The experimental results suggest that an abrupt
change in slope can result in significant variations in
turbidite thickness. The deposits related to such a
variation are called slope-break deposits.

The length and thickness of the experimental slope-
break deposit relate to the velocity of the flow on the
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slope and the angle of slope change. It is also likely that
the slope-break deposit length, and to a lesser extent
amplitude, is controlled by particle settling velocities,
but this was not assessed in these experiments.

The sediment flux to the bed in the area of a slope-
break deposit is controlled by the deceleration of the
flow passing over the slope break, and is also influ-
enced by changes in turbulence intensity over the
area. The distance over which the effects of the sudden
change in slope influences the deposit (i.e. the slope-
break deposit length) is additionally dependent on the
flow thickness and settling velocity, such that with
thick flows with low settling velocity particles the
slope-break deposits may be less easy to define.

The volume of the slope-break deposit could be
more important if a change in conduit width is asso-
ciated to the slope decrease. The Var system is a
natural example of a slope-break deposit and is asso-
ciated with channel enlargement.

A future extension of this work could be a
combined modelling of slope and channel changes.
Simple numerical modelling including conservation
of flux could be compared with laboratory experi-
ments. The results could be applied to ancient deposits
and allow paleoslope reconstruction where a slope-
break deposit is encountered.
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Appendix A
c suspended solid concentration
o suspended sediment concentration at initia-

tion of experiment
Ah amplitude of the slope-break deposit

Fr Froude number

g acceleration due to gravity

hy, height of the body of the flow

Vv mean flow velocity

Vi Maximum velocity of the head of the flow on
the slope

V, Velocity of the head of the flow at the distal
end of the slope-break deposit

by distance along the bed

X1 distance from the lock gate to the proximal
side of the slope-break deposit

Xy distance from the lock gate to the distal side
of the slope-break deposit

X, distance from the proximal to the distal side
of the slope-break deposit

Z total mass of sediment in the area of the

slope-break deposit (between x; and x,)
expressed as a percentage of the total mass
of the deposit

a bed slope

Py bulk density of the flow
Da ambient water density
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