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ABSTRACT

Depositional turbidity currents have filled many intraslope minibasins with
sediment creating targets for petroleum exploration. The dynamics of
sustained turbidity currents and their depositional characteristics are
investigated in a scaled physical model of a minibasin. Each turbidity
current deposited a downstream thinning wedge of sediment near the inlet.
Farther downstream the turbidity current was ponded by a barrier. The ponded
part of the turbidity current was separated from the sediment-free water above
by a relatively sharp, horizontal settling interface indicating highly Froude-
subcritical flow. The very slow moving flow within the ponded zone created
conditions for the passive rainout of suspended sediment onto the bed. In the
lower part of the ponded zone, the concentration and mean grain-size of the
sediment in suspension tended to be relatively uniform in both the vertical and
streamwise directions. As a result, the deposit emplaced in the ponded zone
showed only a weak tendency toward downstream fining and was passively
draped over the bed in such a way that irregularities in the inerodible bed were
accurately reflected. The discharge of suspended sediment overflowing the
downstream end of the minibasin was significantly less than the inflow
discharge, resulting in basin sediment trapping efficiencies >95%. A simple
model is developed to predict the trapping of sediment within the basin based
on the relative magnitudes of the input discharge of turbid water and the
detrainment discharge of water across the settling interface. This model shows
a limiting case in which an intraslope basin captures 100% of the sediment
from a ponded turbidity current, even through a succession of sustained flow
events, until sediment deposition raises the settling interface above the
downstream lip of the minibasin. This same process defines one of the
mechanisms for minibasin filling in nature, and, when this mechanism is
operative, the trap efficiency of sediment can be expected to be high until the
minibasin is substantially filled with sediment.

Keywords Froude number, intraslope, minibasin, ponding, turbidite, tur-
bidity current.

INTRODUCTION

Diapiric intraslope basins, or minibasins, are an
important morphological feature on many contin-
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ental slopes. Examples include the north slope of
the Gulf of Mexico (Pratson & Ryan, 1994; Bada-
lini et al., 2000; Beaubouef & Friedmann, 2000),
Trinidad and Tobago (Brami et al., 2000) and
Angola (Schollnberger & Vail, 1999). Diapiric
minibasins are formed from a buoyant instability
created by loading of a less dense layer capable of
flow (such as salt) by a denser layer of deposited
sediment. Minibasins are of economic importance
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because they are prime targets for oil exploration
when filled with siliciclastic sediments. Many
minibasins are believed to fill by deposition from
turbidity currents through a process of fill-and-
spill. The dynamics of turbidity currents within
minibasins and their depositional characteristics
are, however, poorly understood.

Topography can significantly affect the
dynamics and deposition of turbidity currents
(Kneller & Buckee, 2000). Turbidity currents that
meet counter slopes can reflect creating an
upstream migrating bore (Kneller et al., 1991;
Edwards, 1993). In minibasins, turbidity currents
can pond if the downstream lip of the minibasin
is high enough (on the order of the flow depth) to
present an obstacle to the flow (Rottman et al.,
1985; Woods et al., 1998), and if the duration of
the flow is longer than the timescale for the
upstream migrating bore to stabilize (on the order
of an hour at natural minibasin scale; Lamb et al.,
2004). The term ponded in this context does not
refer to the lack of overflow of the turbidity
current; rather, it describes the existence of a zone
of very slow-moving, highly Froude-subcritical
flow within the basin, whether or not overflow
occurs.

Dense underflows such as turbidity currents
can be characterized by the densimetric Froude
Number

U

FI‘d =

(1)

\/Rcgh

where U = layer-averaged flow velocity, h = cur-
rent thickness, g = acceleration due to gravity,

¢ = layer-averaged volume concentration, and
R = (ps/p — 1) where p; denotes the density of
sediment and p denotes the density of water. In
the present experiments ¢ < 1, so that the sus-
pensions were dilute. A supercritical density
underflow is one for which Frq > 1; such flows
vigorously entrain ambient fluid from above (e.g.
Turner, 1973). A subcritical density underflow is
one for which Frq < 1; such flows entrain very
little ambient fluid. In the case of ponded
turbidity currents, Frq < 1 and the entrainment
of ambient fluid essentially drops to zero.

Lamb et al. (2004) recently investigated con-
tinuous, or sustained, as well as surge-like tur-
bidity currents in a scaled physical model of a
minibasin. They observed that for ponded sus-
tained turbidity currents in intraslope basins a
relatively sharp interface separated the ponded
turbidity current below from the ambient clear
water above. Figure 1A shows the head of one of
the turbidity currents described in Lamb et al.
(2004) as it approached the downstream lip of the
model minibasin. The Kelvin—-Helmholtz billows
along the upper surface of the turbidity current
characterize the turbulent deformation along this
boundary (Allen, 1971; Britter & Simpson, 1978).
However, this is not the only possible configura-
tion of the interface between the turbidity current
and the clear water above. Figure 1B shows the
same turbidity current after the head reached the
downstream lip, ponded against it, and formed an
upstream-migrating bore that stabilized beyond
the left-hand side of the image, resulting in a
ponded turbidity current. After ponding, the
interface between the turbidity current and the
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Fig. 1. (A) Photograph showing a sustained turbidity current entering the experimental minibasin from the left. Note
the turbulent head at the front of the turbidity current. (B) Photograph taken minutes later showing the same turbidity
current after the set-up of a quasi-steady ponded turbidity current with a glassy settling interface. The turbidity
current is submerged in ambient clear water to an elevation above the top of the figure. The inlet zone is not shown in
the image. Figure from Lamb et al. (2004) printed with permission of SEPM (Society for Sedimentary Geology).
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clear water above became smooth and glassy,
indicating highly subcritical flow with virtually
no entrainment of ambient clear water into the
turbidity current. It is important to emphasize
that the input discharge did not change from
Fig. 1A to Fig. 1B; the turbidity current was still
flowing from left to right.

In this paper, a simple theoretical model is
formulated to predict the trapping efficiency of
minibasins that pond sustained turbidity cur-
rents, and this model is validated against new
laboratory experiments reported here as well as
those of Lamb et al. (2004). The trapping effi-
ciency is defined as the amount of sediment
captured in the basin at the end of the flow event
divided by the amount of sediment that entered
the basin during the flow event. The model shows
a limiting case for which a basin traps 100% of
the sediment from turbidity currents, even for
successive sustained turbidity currents, until
deposition within the minibasin is sufficient to
force overflow of the turbidity current at the
downstream lip. Upscaling suggests that this
limiting case can often be expected at the scale
of natural minibasins.

The two experiments reported here, while
similar to some of the experiments reported in
Lamb et al. (2004), differ in that (1) the experi-
ments here were designed to achieve much higher
sediment trapping efficiencies (i.e. > 95% in the
present experiments versus 14-32% in Lamb
et al. (2004), and (2) the experiments reported
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here include measurements of concentration and
grain-size of the suspended and deposited sedi-
ment, measurements that were previously lack-
ing.

MODEL OF TRAP EFFICIENCY

Here a simple model based on flow continuity in
a ponded turbidity current is formulated. It is
assumed that the intraslope basin is sufficiently
deep and the duration of the flow is sufficiently
long for the set-up of a quasi-steady ponded
turbidity current (Lamb et al., 2004). It is useful to
define two zones of a ponded turbidity current,
the inlet zone and the ponded zone (Fig. 2). The
ponded zone is a region of slow-moving, highly
subcritical flow with a distinct glassy horizontal
interface separating the turbid flow from the clear
water above (e.g. Fig. 1B). In the ponded zone the
turbidity current below the interface has little
obvious internal structure. Upstream of the
ponded zone is an inlet zone. In present experi-
ments the initial inlet flow was subcritical as
shown in Fig. 2, resulting in a drowned jet that
dissipated farther downstream. When the inlet
flow is supercritical, an internal hydraulic jump
defines the boundary between the inlet and
ponded zones (Garcia, 1993; Toniolo, 2002). The
overflow zone near the downstream basin lip (if it
exists) should not be considered to be part of the
ponded zone, because the turbid water acceler-
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Fig. 2. Schematic diagram of an idealized sustained turbidity current after set-up of ponded flow. Q, is the dis-
charge of turbid water entering the ponded zone and Q. is the discharge of turbid water out of the ponded zone. As
shown, and as was the case at least initially in the experiments, the ponded turbidity current drowns the head gate,
creating a drowned underflow (Frgq < 1) in the inlet zone. Note that with supercritical inflow (Frgq > 1), an internal
hydraulic jump would define the boundary between the inlet and ponded zones. In the ponded zone, the turbidity
current is highly subcritical (Frqy < 1) and detrains water across a setting interface at the rate v;A, where v; is the
settling velocity of the sediment and A is the surface area of the ponded zone. The turbidity current is critical
(Frq = 1) at the lip of the basin and becomes supercritical as it accelerates out of the basin.
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ates over the lip and out of the basin (Fig. 2). This
results in a critical Froude number at the basin
lip, as is expected at an overflow point (Hender-
son, 1966; Turner, 1973).

Consider first the case of a turbidity current
carrying sediment with uniform size D. The
interface between the ponded zone of the flow
and the clear water above defines a quasi-steady
settling interface through which water is de-
trained from the turbidity current at the rate
vsA, where v; is the fall velocity of the sediment
and A is the surface area of the ponded zone. That
is, if inflow to the ponded zone were stopped, the
elevation of the interface would fall at speed vs, so
converting turbid water to clear water at the
volumetric rate v,A. The settling interface, how-
ever, did not fall in time in the present experi-
ments because turbid water was continuously
added to the ponded zone from the inlet. As a
result, the position of the settling interface
stabilized in time.

Let the volume discharge of sediment-laden
flow entering the ponded zone of the minibasin
be Qi, and the volume discharge of sediment-
laden flow overspilling the downstream basin lip
be Qout- As shown in Fig. 2, flow continuity in the
ponded zone requires that

Qout = Qin — VsA. (2)

One possibility predicted by this model is that
the surface area A of the ponded zone is sufficient
to cause complete detrainment of the inflowing
water across the settling interface. In such a case,
as long as the interface stabilizes below the level
of the downstream lip, no turbidity current
overflows the basin resulting in a trapping
efficiency of 100%.

In the case of dilute suspensions of sediment
mixtures, each grain-size can be expected to
develop its own settling interface, so that the
interface for sufficiently coarse sediment may be
below the lip (with 100% trapping of such sizes)
and the interface for sufficiently fine sediment
may be above the lip (with <100% trapping of
such sizes). Here the above formulation is adapted
for mixtures using the Stokes (1851) relation for
the settling velocity of sufficiently fine grains:

1 RgD?
18 v

Vs (3)
where v is the kinematic viscosity of the fluid. For
natural sediments (R = 1-65) falling in water
(v~ 1x10°m*s™"), the Stokes relation pro-
vides a reasonably accurate formulation for

grain-size up to about 100 um (Dietrich, 1982).
The finest size for which 100% trapping can be
expected, i.e. the cut-off size D, is the one for
which Eq. 2, combined with the given inflow
discharge Qi,, the surface area of ponding A, and
Eq. 3, yields an outflow rate Q. of zero. Thus, if
the input grain-size distribution is known, a
lower bound on the percentage of mass trapped
in the basin (i.e. the trapping efficiency) can be
estimated as the mass percentage of the incoming
sediment that is coarser than D.. This is a lower
bound because the trap efficiency of material finer
than D, is not likely to be zero in the case of a
ponded turbidity current, even when there is
substantial overflow.

The experiments reported here were specific-
ally designed to achieve a very high trapping
efficiency based on Eq. 2. The two experiments
are very similar except for the grain-size distri-
butions of the inflowing sediment. The sediment
mix used in Experiment 1 had a much lower
geometric standard distribution of sizes (and
modestly lower geometric mean size) than
that used in Experiment 2. The experiments
thus allow the effect of the grain-size distribution
on the trapping efficiency of minibasins to be
studied.

EXPERIMENTAL SET-UP

The experimental flume used for the present
experiments (Fig. 3) was the same flume used
and described in detail by Lamb et al. (2004) and
Toniolo (2002). The installed model minibasin
was scaled through an analysis of 13 minibasins
from the Gulf of Mexico (Lamb et al., 2004). The
width of the minibasin was 031 m, and the
length from the inlet to the downstream lip was
4-10 m.

Two experiments were completed with
approximately the same input discharge and
sediment concentration (Table 1). For Experi-
ment 1, a well-sorted sediment consisting of glass
beads (ballotini; density p, = 2500 kg m~?), with
a geometric mean grain-size Dy of 41 ym and a
geometric standard deviation o, of 1-28, was used
to approximate uniform sediment. For Experi-
ment 2, a more poorly sorted silica flour
(ps = 2650 kg m™®), with Dy = 53 pm and o4 =
163, was used to create a turbidity current
consisting of multiple grain-sizes. The inflowing
turbidity currents were mixed in a head tank to a
5% sediment concentration by volume, and then
were fed into the flume at a steady flow rate for
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Fig. 3. Schematic of the experimental flume. The sediment was kept in suspension in the mixing tank and pumped
to a constant head tank in order to maintain a constant sediment concentration and flow rate in the flume. Any turbid
water that reached the end of the flume was vented out of the system from a bottom drain in the damping tank. The
width of the flume was 0-31 m. Figure reproduced from Lamb et al. (2004) with permission of SEPM (Society for

Sedimentary Geology).

Table 1. Measured and calculated flow characteristics
for both the experiments at the entrance head gate and
at the basin lip.

Experiment 1 Experiment 2

Mean ¢ n Mean o n
Head gate
Qa s 0-26 0-014 3 021 0028 3
c 0-05 0-003 2 0047 0003 2
Frq 015 019
Basin lip
U(ms™) 133 0-33 3 303 0-63 4
h (cm) 6-07 1-61 3 338 0-65 4
c 0-00048 0-00035 3 0-0017 0-0012 3
Frq 1-00 062

The mean, standard deviation (o), and the sample size
(n) are given for the measured values of discharge (Q),
volumetric concentration (c), flow velocity (U), and
flow height (h). The densimetric Froude number (Frg)
was calculated from these values. Note that ¢ and U
were measured such that they represent cross-sectional
averaged values, except for ¢ at the basin lip, which
was measured at 14 cm above the bed for both
experiments.

approximately 80 min. The turbidity currents
were released from a submerged head gate, con-
stricting the initial flow depth to 3 cm and flow
width to the width of the flume, resulting, at least
initially, in subcritical inlet flow (Fig. 3). The
bottom of the head gate was flush with an
inerodible channel bed. The elevation of the
settling interface was tracked visually through
the glass walls of the flume during both the
experiments. In addition, the boundary between
the ponded and inlet zones was estimated by
inserting dye into the inlet flow and visually
approximating the streamwise location where the
dye became mixed in the vertical.

During the experiments, siphon samples of the
flow (~250 ml) were taken at three intervals in
time. The first set of measurements was taken
between 15 and 25 min, the second set between
35 and 45 min, and the third set between 60 and
70 min after experiment commencement. Three
rakes of siphons, each consisting of five vertically
stacked siphons, were used in order to sample
each turbidity current at three locations in the
streamwise direction. The siphons were lowered
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into the flow from carts mounted on top of the
flume. The samples were later analysed for sedi-
ment concentration and grain-size. Sediment
concentration was measured by weighing and
drying the flow samples. The grain-size distribu-
tions of the sediment were then measured with an
Elzone particle analyser. Since all of the samples
were taken well after the time needed for set-up of
quasi-steady ponded flow [~1 min (Lamb et al.,
2004)], there was little temporal change in sedi-
ment concentration and grain-size. Therefore, the
temporal-average of the measurements at each
position are presented along with the temporal
standard deviation.

Coal powder was fed into the basin immedi-
ately after the flow samples were taken in order
to record the elevation of the sediment bed at the
end of each measurement interval, and to allow
for the flow samples to be correlated with bed
samples. After each experiment, the resultant
deposit was sampled with siphons at three
positions in the vertical using the coal markers
as bounds, and 4-9 streamwise positions. Each
sample was analysed using an Elzone particle
analyser to determine the grain-size distribution.
Since the flow was quasi-steady with respect to
sediment concentration, there was little vertical
variation in the grain-size of the deposits.
Therefore, the depth-averaged grain-size of the
deposit at each streamwise sampling position is
presented.

Sediment concentration measurements of the
turbid flow overpassing the downstream lip of the
basin were compromised in both the experiments
because the siphon rake was placed too close to
the sediment bed. Both the experiments, how-
ever, were repeated using identical parameters in
order to resample the turbid flow overpassing the
lip of the basin. These repeat experiments had
durations of only 30 min as compared to 80 min
for the first experiments. However, once the flow
stabilized in each experiment very little change in
the flow was observed except for gradual aggra-
dation of the bed and rise in the settling interface.
In the repeat experiments, the sediment concen-
tration in the turbid flow overpassing the lip of
the minibasin was measured with one siphon
placed at the apex of the downstream lip, laterally
in the middle of the flume, and at 14 cm above
the bed.

Velocity measurements were attempted using
3 mm Shinozuka micropropellors. In all cases,
the velocity of the flow was below the resolution
limit of the micropropellors (3-5 cm s™'). There-
fore, visual tracers (neutrally buoyant beads) were

used to estimate the velocity of the turbidity
current overflowing the lip of the basin.

EXPERIMENTAL RESULTS

Upon the commencement of each experiment the
head of the inflowing turbidity current traversed
the basin, partially reflected off of the down-
stream lip of the basin, and formed an upstream
migrating bore that stabilized near the inlet,
drowning the inlet in the process. The turbidity
current only partially reflected because a small
portion of the head of the turbidity current had
enough momentum to flow over the downstream
lip and out of the basin. This entire sequence
required about 1 min, so establishing a sub-
sequent sustained, quasi-steady, ponded turbidity
current. The ponded flow consisted of a sub-
critical inlet zone (Table 1) with a persistent
underflow (Fig. 4A), and a ponded zone with
little internal structure up to a distinct horizontal
interface separating the flow from the clear water
above (Fig. 4B). The settling interface stabilized at
an elevation slightly above the downstream lip of
the basin for both the experiments (Fig. 5) result-
ing in overflow (Fig. 4C). The settling interface
rose gradually in time, for a total increase in
elevation of 1-2 cm over the duration of each
experiment. This was not due to unsteadiness in
the inflow, but rather to the steady deposition of
sediment on the bed. The depth of clear water
above the settling interface was between 20 and
25 cm.

In each experiment vertical profiles of suspen-
ded-sediment concentration and grain-size were
measured from siphon rake samples at each of
three locations, proximal Position 1, medial
Position 2, and distal Position 3. The locations
of each of these positions for each of the three
sample times are given in Fig. 5A for Experi-
ment 1 and Fig. 5B for Experiment 2.

Inlet zone

Suspended sediment samples were taken in the
inlet zone only for Experiment 1, at Position 1
(Fig. 6A). In the inlet zone, there was a notable
decrease in sediment concentration and a lesser
but still observable decrease in geometric mean
grain-size (Fig. 6C) with increasing elevation
above the bed. The concentration and grain-size
profiles in the inlet zone had a concave-up shape,
which is typical in turbulent boundary layer flow
(e.g. Garcia, 1994).
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Fig. 4. Photographs from Experiment 2 after the set-up of quasi-steady ponded flow. Flow direction is from right to
left and the scale along the flume bed is in centimeters. (A) Photograph of the inlet zone from approximately 5 to
45 cm from the head gate showing mixing between the bottom inlet current and the turbid water above. (B) Photo-
graph of the ponded zone from approximately 3 to 4 m from the head gate showing the glassy settling interface. Note
that the fluid above the interface was sediment-free water not air. A rake of siphons used to sample the flow is also
shown in the image. (C) Photograph of turbid flow going over the basin lip from approximately 4-3 to 4-6 m from the

head gate.

In both Experiments 1 and 2, the deposits in the
inlet zone were asymmetrical, thinning away
from the source (Fig. 5). For Experiment 2, the
poorly sorted sediment led to a smaller inlet zone
and a more wedge-shaped and coarser-grained
deposit with stronger downstream fining of the
geometric mean size of the deposit (Fig. 7).

Ponded zone

In contrast to flow in the inlet zone, the sediment
concentration and geometric mean grain-size of
the suspended sediment were relatively constant
both laterally and vertically in the lower 10 cm of
the flow in the ponded zone (Fig. 6). Measure-
ments were taken in the ponded zone for Experi-
ment 1 at Positions 2 and 3, and for Experiment 2
at Positions 1, 2 and 3. The uppermost siphon
samples at each position showed a significant
drop in sediment concentration, which is consis-
tent with an elevation near the settling interface
where the sediment concentration should tend to
zero. In addition, concentration decrease in the
vertical probably reflects the tendency for coarser
size particles to form a lower settling interface.

However, the vertical distribution of suspended
sediment in the ponded zone created a convex-up
concentration profile confirming that the turbid-
ity currents were better mixed in the ponded zone
than in the inlet zone, at least for Experiment 1.
In Experiment 2, the more poorly sorted sediment
led to higher sediment concentration and slightly
finer sediment in the ponded zone, as compared
to Experiment 1.

In comparison to the deposits in the inlet zone,
the deposits in the ponded zone were finer
grained and had a more uniform geometric mean
grain-size (Fig. 7) and thickness (Fig. 5). Due to
the wider grain-size distribution used in Experi-
ment 2, the downstream variation in geometric
mean grain-size of the deposit was more pro-
nounced than that of Experiment 1, but still
showed only weak downstream fining.

Basin lip

The basin lip served as a control point with
Frq ~ 1 (Table 1), as expected. Due to differences
in settling velocities, the sediment in the ponded
zone was sorted vertically such that turbid over-
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Fig. 5. Elevation measurements and streamwise posi-
tions of the siphon rakes for (A) Experiment 1 and (B)
Experiment 2. The flow was from left to right. Each dot
below the elevation profile represents the streamwise
position of a siphon rake during the measurement
interval denoted by t in minutes. The proximal, medial,
and distal positions at time ¢ are referred to as Positions
1, 2, and 3, respectively, in the text. In both the figures
the elevation of the initial bed, the elevation of the
sediment bed during the three measurement intervals,
and the elevation of the final sediment bed are shown,
as well as the approximate positions of the free surface,
the settling interface, and the boundary between the
inlet zone and the ponded zone. All of the siphon rakes
were in the ponded zone except for the rake at Position
1 during Experiment 1, which was in the inlet zone.

flow was significantly finer than the input sedi-
ment (Fig. 8). The overflow samples had D, of
approximately 22 and 10 pm for Experiments 1
and 2, respectively, as compared to D, of the
input sediment of 41 and 53 pm, respectively. In
addition, the overflow concentration (Table 1)
was lower than that measured in the lower part
of the ponded zone, by about a factor of six in

Experiment 1 and a factor of three in Experi-
ment 2.

Trapping efficiency

The sediment concentration, flow velocity, and
flow height measurements at the downstream lip
of the basin (Table 1) were used to calculate the
flux of sediment out of the basin, which when
compared to the influx of sediment, resulted in an
estimate of sediment trapping efficiency T.. The
sediment trapping efficiency of the minibasin was
991% for Experiment 1 and 95% for Experi-
ment 2. Even though the sediment overflowing
the lip of the basin was coarser for Experiment 1,
the concentration was so low that the trapping
efficiency was nearly 100%. Secondary calcula-
tions were done by drying and weighing the
sediment deposited within the minibasin after
each experiment, so yielding trapping efficiencies
of 91-3% and 80-2% for Experiments 1 and 2,
respectively. These latter estimates are lower
bounds because sediment was lost while draining
the flume and weighing the sediment.

MODEL COMPARISON

Following the model presented above, a lower
bound on the trapping efficiency of the basin was
predicted for the two experiments reported here,
as well as for the continuous flows of Lamb et al.
(2004). For simplicity, the discharge Q;, entering
the ponded zone was approximated as the inlet
discharge Q of Table 1, and the area A of the
ponded zone was approximated as the surface
area from the inlet to the downstream lip of the
basin shown in Fig. 3. For a channel width of
0-31 m and a length from inlet to downstream lip
of 41 m, the resulting value of A is 1-27 m?.

Between Eqs 2 and 3, it is found that the cut-off
grain-size D, that yields a vanishing outflow
discharge is given by the relation

. 18Qinv
p= [0 @

Water detrainment should thus prevent sediment
sizes in excess of the cut-off value D, from
escaping the basin. A lower bound on basin trap
efficiency is then given by the fraction of the
incoming sediment that is coarser than D.. As
discussed above, this is a lower bound because at
least some of the sediment finer than the cut-off
size can be expected to be trapped in the basin. In
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Fig. 6. Semilog vertical concentration profiles of the turbidity currents from (A) Experiment 1 and (B) Experiment 2,
and semilog vertical profiles of geometric mean grain-size from (C) Experiment 1 and (D) Experiment 2. Each point
represents the temporal-average of three samples taken at approximately the same position but at different times
during the experiments. The error bars represent +1 SD (temporal) of these measurements. For some points in the
region of the settling interface, the measured sediment concentration and grain-size were so small that the error bars
extend off of the graph. The three profiles shown in each figure are the measurements taken at three different
positions from the head gate. Position 1 corresponds to the samples taken closest to the head gate. Likewise, Position
2 is the middle position, and Position 3 is the distal position. The location of these flow sample positions are shown
relative to the basin geometry in Fig. 5. Because the local bed elevation was used as a datum, the elevation of the
setting interface was slightly different for each profile. Therefore, an approximate range of the visualized settling
interface is shown by the two horizontal dashed lines for each profile.

performing the calculation, the kinematic visco-
sity of the fluid was set equal to the value for clear
water at 20 °C, 1 x 107 m* s

The predicted values of D, are shown in
Table 2. In the case of the two experiments
reported here, these values were used in con-
junction with the grain-size distributions of Fig. 8
to compute the lower bound on trapping effi-
ciency for each experiment. Grain-size distribu-

tions were not measured for the experiments of
Lamb et al. (2004). As a result, size distributions
of the sediment used in those experiments were
acquired directly from the sediment supplier (US
Silica Company). The predicted lower bounds on
trapping efficiency are showed together with the
trapping efficiency calculated from measured
values in Table 2 and Fig. 9. The comparison is
quite favourable despite the simplicity of the
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Fig. 7. Log-linear plot of the geometric mean grain-size
from samples taken of the deposits from Experiments 1
and 2. Three samples were taken at each stream-wise
location corresponding to the three stratigraphic inter-
vals that were bounded by coal markers laid down at
the end of each interval of flow sampling (Fig. 5). The
mean of these three samples is shown and the error bars
represent +1 SD. For Experiment 1, the error bars are
smaller than the data points. The approximate location
of the boundary between the inlet and ponded zones
also is shown for both the experiments.

model. In most cases, however, the predicted
lower bound on trapping efficiency is slightly
higher than the measured trapping efficiency.
The grain-size distributions of the turbid water
that overflowed the downstream basin lip and of
the deposit can also be used to test the model. The
model predicts that all of the sediment that
overflows a basin should be finer than D..

Table 2. Input flow discharge (Q), input geometric
mean grain-size (D), calculated critical grain-size for
minibasin trapping (D,), and the predicted lower bound
and measured trapping efficiencies (7,.) of the mini-
basin for the four continuous turbidity experiments of
Lamb et al. (2004, c1—c4) and the two experiments (E1
and E2) reported in this paper.

cl c2 c3 c4 E1 E2

Qs 05 085 2 1 026 021
D, (um) 11 11 11 22 41 53
D, (um) 21 27 42 30 16 14

Predicted T, (%) 26 215 125 35 999 97
Calculated T, (%) 15 17 14 32 991 95

Approximately 90% of the sediment that over-
flowed the basin lip was finer than D, for
Experiment 2 (Fig. 8B). For Experiment 1, how-
ever, the sediment that passed over the basin lip
was mostly coarser than D, (Fig. 8A). This was
because the well-sorted sediment used in Experi-
ment 1 had almost no grains finer than D..
Despite the overflow of sediment coarser than D,
in Experiment 1, the concentration of these grains
was so small that the overflow can be taken as
negligible as shown by the 991% sediment
trapping efficiency. The overflow of sediment
coarser than D, in both the experiments is
consistent with the slight over-prediction of the
lower bound on sediment trapping efficiency. The
mean grain-size of the sediment captured within
the basin (Fig. 7) was significantly coarser than D,
for both the experiments, as expected.
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Fig. 8. Grain-size distributions of samples from flow entering the minibasin taken from the inlet mixing tank (Tank)
and samples of the turbid flow overflowing the minibasin at the downstream lip (Lip). Three flow samples were taken
at each of these locations at different times during an experiment. The data points represent the mean of these three
samples and the dashed lines are +1 SD. The predicted maximum basin overflow grain-size (D,) is also shown.
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Fig. 9. Predicted lower bound and calculated sediment
trapping efficiency for Experiments 1 and 2 as well as
the four continuous experiments of Lamb et al. (2004).

IMPLICATIONS FOR NATURAL FLOWS

A typical Gulf of Mexico minibasin has a surface
area of 100 km?* (Lamb et al., 2004). A turbidity
current containing exclusively sediment 100 pm
in diameter, which has a settling velocity nearly
7-48 mm s~ (Dietrich, 1982), would have a
potential detrainment discharge equal to v A, or
748,000 m® s7', assuming the ponded zone
extends over the basin area. For reference, the
highest recorded discharge on the Mississippi
River has been estimated as 70,000-80,000 m® s™*
(Barry, 1997). Natural turbidity currents carry a
distribution of sediment sizes rather than a single
size. The potential detrainment discharge is dif-
ferent for each size. This notwithstanding, a
lower bound potential detrainment discharge
would be 100,000 m® s™! for mud flocculated to
an equivalent fall velocity of 1 mm s~ (Hill,
1998).

Since the magnitude of detrainment at natural
scales is very large, it seems reasonable that a
turbidity current with a flow thickness less than
the basin relief should often, if not usually, be
completely captured within an intraslope basin.
In such a case the settling interface would
stabilize at a point below the downstream lip of
the minibasin, so causing the capture of 100% of
the incoming sediment, even when subjected to a
succession of sustained flow events. Overflow
must eventually occur, but only as bed aggrada-
tion from deposition, by turbidity currents or
other mass-transport processes, slowly raises the
settling interface to a height above the down-
stream lip. Deposition within the minibasin
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reduces the basin relief and thus gradually redu-
ces the ability of the minibasin to pond incoming
turbidity currents.

In present experiments the settling interface of
the ponded turbidity current was submerged
under 20-25 cm of ambient clear water, whereas
in the field it may be submerged under kilometres
of water. One necessary condition for the labor-
atory experiments to provide an accurate model
of nature is that the water generated by detrain-
ment induce a negligible flow velocity in the
ambient fluid above. Such a condition does not
prevail if the depth of submergence of the settling
interface below the water surface is too low.
However, this was not the case in the present
experiments, for which the flow in the ambient
water was too slow to be measurable.

It might be argued that scale effects associated
with turbulence would give rise to differences
in dynamics between the laboratory and natural
examples, especially in regard to the transport
of suspended sediment. The Reynolds number
Re of the incoming flow can be computed as

_Q

where B denotes channel width. The computed
values of Re for Experiments 1 and 2 are 840 and
680, respectively. This suggests a weakly turbu-
lent flow, whereas at natural scales a more
turbulent flow might be expected.

However, in a ponded turbidity current, the
role of turbulence is irrelevant. Ponding to the
point of a very small densimetric Froude number
creates a very thick layer of very slow-moving
flow. Such a flow is incapable of generating its
own turbulence, at either laboratory or natural
scale. Any turbulence in the ponded zone must be
a relict of the turbulence in the flow upstream of
the ponded zone, which should die out in the
streamwise direction.

A common misconception is that turbulence
somehow holds sediment in suspension. How-
ever, as long as there is no sediment entrainment
at the bed, a patch of suspended sediment falls
through a turbulent field at essentially the same
rate as if turbulence were absent. Turbulence
abets the upward flux of sediment entrained at
the bed (and thus balances the downward flux
due to fall velocity), but only if there is sediment
entrainment at the bed. In a deeply ponded flow,
the flow velocities should drop so low that the
flow is incapable of re-entraining sediment as it
deposits out.
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A simple numerical example may be in order.
Consider a turbidity current with a discharge of
100,000 m® s~ flowing into a minibasin. Let the
ponded flow in the minibasin have a local
thickness of 200 m, and a local width of
5000 m. The resulting mean flow velocity is only
010 ms™".

Within the ponded zone, then, sediment can be
expected to settle out passively, with little or no
influence from turbulence. The result is a draped
deposit, whether at laboratory or natural scale.
Indeed, a draped deposit with only weak stream-
wise sorting and no evidence of reworking might
be the record of a ponded turbidity current. After
the cessation of a sustained event, the remnant
turbidity current can be expected to form a
stagnant settling pond including the finer grains
that might have been overflowing the downstream
lip during the event. As the sediment settles out
and the stagnant pond decays, the draped deposit
is probably capped by a thin, finer-grained,
normally graded deposit with a ponded geometry
(Lamb et al., 2004).

The experiments and the model thus should
provide an accurate representation of the
dynamics of strongly ponded turbidity currents
in nature, as long as their application is limited to
the ponded zone. On the other hand, the experi-
ments do not provide a good model of nature in
the inlet zone upstream of the ponded zone. In
the experiments the minibasin itself is scaled
down considerably from natural systems, but
sediment sizes are not. As a result, the model
flows are not capable of entraining bed sediment
to any significant degree. In contrast, natural
turbidity currents that are not ponded can freely
entrain bed sediment as well as deposit sediment
on the bed. Thus, the thick, wedge-shaped depos-
its in the inlet zone of Fig. 5A and B might be
artefacts of the experiments, and cannot be con-
sidered to be representative of nature.

DISCUSSION

Whereas the results for the ponded zone are
directly applicable to natural minibasins, the
formulation presented here does not represent a
complete model of the dynamics of ponded
turbidity currents. A more complete model, at
least for the case of uniform sediment, is presen-
ted in Toniolo (2002). A few relevant points from
that work are reproduced here.

It is possible to create a completely ponded
turbidity current, with essentially no outflow of

sediment or water as a definable flow over the lip
(Toniolo, 2002). In the case of uniform sediment,
the flow velocity declines gradually in the
streamwise direction to zero at the downstream
barrier.

A more realistic model of ponding includes a
hydraulic jump at the upstream end of the
ponded zone. The location of the hydraulic jump,
and thus the area available for detrainment,
becomes a rather complex function of barrier
height, sediment size and the incoming flow. For
a given barrier top elevation, as sediment fills the
basin the settling interface rises and the degree
of ponding becomes weaker, thus forcing the
hydraulic jump downstream and reducing the
area available for water detrainment. Eventually
the ponded zone can be expected to be largely
washed out by deposition, after which time
overflow from the downstream lip is substantial.
Once this condition is reached, the flow may
begin to erode a canyon into the downstream lip.

CONCLUSIONS

Experiments on sustained turbidity currents fill-
ing an intraslope basin have been performed.
After the set-up of ponded flow with a steady
input discharge, the flow changed little in form,
sediment concentration, or grain-size, and so
could be considered quasi-steady. The suspended
sediment concentration and geometric mean
grain-size decreased rather strongly with height
above the bed in the inlet zone, where a wedge-
shaped deposit displayed strong downstream
fining. The use of a more poorly sorted sediment
mixture in Experiment 2 (as compared to Experi-
ment 1) resulted in a shorter inlet flow region,
and a more strongly wedge-shaped deposit with
more pronounced downstream fining in the inlet
zone. The sediment concentration profile chan-
ged from a concave-up shape in the inlet zone to a
convex-up shape in the ponded zone indicating
more vertical mixing in the ponded zone. The
concentration and geometric mean size of the
suspended sediment in the ponded zone varied
only weakly in the streamwise direction, result-
ing in a deposit with a drape-like geometry and
only a weak pattern of downstream fining. The
more poorly sorted sediment used in Experi-
ment 2 (as compared to Experiment 1) resulted in
a higher concentration of and slightly finer sus-
pended sediment in the ponded zone, and more
concentrated and finer-grained overflow at the
basin lip.
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Due to differences in settling velocities, the
sediment in the ponded zone was sorted vertic-
ally so that only the finer sediment was able to
overflow the basin. In both the experiments the
settling interface was not far above the down-
stream lip. As a result, sediment trapping
efficiencies were >95%. The ponded turbidity
current was separated from the sediment-free
fluid above by a horizontal glassy interface,
indicating very slow, highly Froude-subcritical
flow in the ponded zone. The trapping of sedi-
ment within the basin was governed by the
relative magnitudes of the input discharge of
turbid water and the detrainment discharge of
water across this interface. Flow continuity
shows a limiting case in which an intraslope
basin captures 100% of the sediment from a
ponded turbidity current, even over a succession
of sustained flows. Upscaling of these arguments
suggests that many intraslope minibasins in
nature should be effective traps for most of the
incoming sediment even from a succession of
sustained turbidity currents, at least until such
time as deposition within the basin drives the
settling interface well above the downstream lip
of the basin.
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NOMENCLATURE

A surface area of the ponded zone

B channel width

c layer-averaged volumetric sediment con-
centration

D sediment diameter

D,  finest grain-size for 100% trap efficiency

D,  geometric mean grain-size
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Frq densimetric Froude number

g acceleration due to gravity
h flow thickness
n number of measurements

Q flow discharge

Qin  flow discharge entering the ponded zone of
the minibasin

Qout flow discharge spilling over the down-
stream basin lip

R submerged specific density of sediment

Re  Reynolds number

T.  minibasin sediment trapping efficiency

U layer-averaged flow velocity

v kinematic viscosity

Vs sediment settling velocity

i density of water

Ps density of sediment

o standard deviation

Og geometric standard deviation
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