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ABSTRACT

A series of laboratory experiments has been conducted in order to elucidate the
sediment-induced mixing processes accompanying riverine outflows; specif-
ically, the discharge of a warm, fresh, particle-laden flnid over a relatively
dense, cool brine. In a parameter regime analogous to recently acquired field
measurements, hypopycnal (surface] plumes were subject to a convective
instability driven by some combination of heat diffusing out of the warm, fresh,
sediment-laden plume and particle settling within it. Convection was robust in
the presence or absence of intense turbulence, at sediment concentrations as
low as 1 ke m™*, and took the form of millimetre-scale, sediment-laden fingers
descending from the base of the surface plume. A consequence of the
convective instability of the ariginal hypapycnal plume is the generation of a
hyperpycnal (bottom-riding) flow. The experiments presented here indicate
that natural river outflows may thus generate hyperpycnal plumes when
sediment concentrations are 40 times less than those required to render the
outflow heavy relative ta the oceanic ambient. The resulting hyperpycnal
plumes may play an important role in transporting substantial quantities of
sediment to the continental slope and beyond.
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INTRODUCTION

When a river enters the ocean, it can generate a
hypopycnal plume, which remains at the surface,
or a hyperpycnal plume, which descends to the
sea floor as a result of the excess density gener-
ated by its sediment load. Hyperpycnal plumes
are a class of sediment-laden gravity current,
commonly referred to as turbidity currents. The
resulting turbidite deposits are found in many
marine sedimenis around the world (e.g. Normark
et al., 1993; Kneller, 1995), and hyperpycnal
plumes provide a simple explanation for their
prevalence.
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A commonly accepted criterion for hyperpyc-
nal plume generation from riverine outflows is
that the bulk density of a river exceeds that of the
oceanic ambient (Mulder & Syvitski, 1995). As
river outflows are typically fresh and warm
relative to the ocean, such a criterion requires
sediment concentrations approaching 40 kg m™".
According to this criterion, only a few small
rivers in mountainous terrain are capable of
producing hyperpycnal plumes annually (Mulder
& Syvitski, 1995). However, even large rivers on
passive margins (e.g. the Amazon) have devel-
oped large turbidite fans during the Quaternary
(kmran et al., 1999).

Perhaps the most widely accepted explanation
of turbidite formation relies on the conversion of
submarine failures caused by earthquakes (Beattie
& Dade, 1996) or ‘oversteepening’ (Syvitski & Hein,
1991; Zeng ef al., 1991} to turbidity currents.
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However, Maar (1999) has shown that the conver-
sion of failure-generated debris flows and land-
slides to dilute turbidity currents is an inefficient
process (i.e. large debris flows are required to
produce relatively small turbidites). Resolving the
importance of hyperpycnal plumes in the forma-
tion of turbidite fans is therefore a fundamental
problem in submarine geomorphology. Source
location and continuity of sediment supply are
important factors in determining the location and
prevalence of turbidite fans, as well as their surface
morphology and internal architecture.

When sediment is considered as a contributor
to the density of a continuous fluid phase (as are
temperature and salinity), then it becomes evi-
dent that gradients in sediment concentration
may prompt convection. The sediment fluxes
associated with convective transport may domin-
ate those associated with discrete particle settling
(Bradley, 1965). Such could be the case in the
settling of fine sediment from riverine outflows,
where the time-scale of individual particle set-
tling is of the order of a week to a year, depending
on flocculation rates. Flocculation, a complex
aggregation phenomenon that can produce relat-
ively large sediment settling rates under certain
conditions, has been studied extensively (Syvit-
ski & Murray, 1981; Hill & Nowell, 1995; Hill
ef al., 1998}. Although flocculation may play an
integral role in sediment-laden plume dynamics,
it is not niecessarily the most efficient mechanism
by which sediment can leave surface waters.

In recent years, there has been a growing
awareness of the capability of other sedimenta-
tion processes to affect river plume dynamics.
Various researchers have examined the import-
ance of double-diffusive sedimentation (DDS},
which arises in the gravitationally stable situation
where warm, sediment-laden fluid overlies a
denser, cooler ambient (Green, 1987; Chen,
1997; Hoyal et al., 1999a; Parsons & Garcia,
2000). The classic form of double-diffusive con-
vection {DDC} is salt-fingering, a well-studied and
well-documented mode of thermohaletal convec-
tion that is prevalent in the oceans when warm
salty water overlies a relatively dense, cold
ambient {Schmitt, 1994). Salt-fingering relies on
the large difference in the diffusivities of heat
(1077 m* s7') and salt (10°° m® s ) and is char-
acterized by millimetre-scale laminar plumes,
termed salt fingers, DDS may be understood as a
direct analogue of salt-fingering, with sediment
now playing the role of the slower diffusing
component, and is similarly characterized by
millimetre-scale, finger-like plumes.

‘Settling convection’ results from gradients in
particle concentration that give rise to gravita-
tionally unstable configurations (Keunen, 1968;
Hoyal et al,, 19989b}. Hoyal ef al. (1999b} per-
formed experiments that investigated the convec-
tion associated with a mechanically mixed, fresh,
sediment-laden layer [(concentrations varying
between 0-3 and 15 kg m:™*) overlying a relatively
dense, sugar-laden ambient. The sediment settles
inta the lower layer, giving rise to a gravitation-
ally unstable situation in the lower layer: a
sediment-laden boundary layer grows at the top
of the lower layer until the release of negatively
buoyant plumes. The photographs from Hoyal
et al. (1999h) illustrate a horizontal sediment-
laden interface punctuated by sinking plumes,
which appear as thin (millimetre-scale) cusps
separated by at least 1 cm. This form of convec-
tion is quite distinct from DDS, in which the
plumes are space-filling and finger-like.

Maxworthy (1999) investigated surface gravity
currents with high sediment concentrations
(>15 kg m™*) supported by a strong salinity gra-
dient (>1-7% of the total density) and observed
convection in the form of vigorous centimetre-
scale turbulent plumes. Maxworthy (1999) noted
that, for sediment concentrations below =10—
15 kg m® [greater than any of the experiments
of Hoyal etal (199%b)], convection was not
significant, an observation consistent with other
saline-supported gravity current experiments
(Parsons, 1998). Maxworthy {1999) interpreted
the observed instability as resulting from the
development of a relatively thin (centimetre-
thick) boundary layer of concentrated sediment
and mixed ambient fluid at the base of the
current. The boundary layer ultimately becomes
gravitationally unstable and initiates convection,
and its thickness is related to the scale of the
descending sediment-laden piumes.

Each of the aforementioned studies has made
clear the potential importance of particle-driven
convective transport from riverine outflows.
However, an experimental investigation has yet
to be performed in the parameter regime most
relevant to oceanic riverine outflows: conditions
in which temperature, salinity and sediment
concentration all impact the dynamics of the
surface layer. This article presents the results of
the first such experimental investigation, which
demonstrates that sediment-driven convection is
capable of generating hyperpycnal plumes in
realistic natural scenarios with significantly less
sediment than is required by traditional models
(Mulder & Syvitski. 1995). The ramifications of
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sedimeni-driven convection are alse discussed
with respect to the characteristics observed at the
mouths of the world’s rivers.

EXPERIMENTAL SET-UP
AND PROCEBURE

Two series of laboratory experiments were per-
formed in order to elucidate the physical proces-
ses responsible for sedimentation from an initial
hypopycnal plume. In the Ven T. Chow Hydro-
systems Laboratory at the University of lllinois at
Urbana-Champaign, experiments were performed
in order to investigate sedimentation from a
warm, fresh, surface gravity current. This series
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of experiments will hereafter be referred to as
Series 1. A diagram of the experimental apparatus
ig shown in Fig. 1.

Series 1 experiments were performed by dis-
charging 400 mL of warm, fresh, sediment-laden
source fluid over a cool, salty ambient. After the
source fluid was well mixed and poured into
the source box, the gate on the source box was
released. Lock-exchange, fixed-volume gravity
currents are characterized by a constant Froude
number Fr.= U;/\/dgh_ of order 1 (Huppert &
Simpson, 1980), where U, is the velocity of the
current front, g is the acceleration resulting from
gravity, h, is the height of the current, and 6 is the
dimensionless density difference between the
gravity current and the ambient, henceforth
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Fig. 1. Laboratory apparatus for the Series 1 experiments.
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referred to as the overall stratification. Specific-
ally, § = ¢dT + BAS—f'C, where AT and 4S5 are the
temperature and salinity differences, C is the
volumetric sediment concentration, « and f
convert temperature differences to excess density
differences, and f is the submerged specific
gravity of the sediment. The current Reynolds
numbers, Re, = U.h,/v, where v is the kinematic
viscosity, were typically of the order of 1000. At
these Reynolds numbers, gravity current mixing
processes are not fully turbulent; however, there
is still substantial mixing between the two fluid
masses.

A second series of experiments was performed
in the Fluid Dynamics Laharatory of the Mathe-
matics Department at MIT in order to examine the
evolution of an initially quiescent two-layer
system. The experimental conditions (a warm,
fresh, sediment-laden layer overlying a cool
brine) were qualitatively similar to those exam-
ined in the Series 1 experiments; however, the
interface between the two layers lacked shear.
The method used was originally implemented by
Dalziel {1993) to produce optimal initial condi-
tions for an experimental investigation of the
Rayleigh—Taylor problem (i.e. the collapse of a
gravitationally unstable, two-layer system). A
diagram of the device is shown in Fig. 2.

The experiment is initiated by pulling two
pieces of cloth out of the tank, which in tumn
withdraws two thin (1 mm) welded aluminium
plates, thus removing the dividing wall while
minimizing relative motion between the wall and
the ambient fluid. The Series 2 experiments
allowed the examination of sediment-induced

canvective instability in the absence of shear
between the two layers and permitted accurate
control and measurement of the properties (e.g.
temperature, salinity and sediment concentra-
tion) of the two fluid phases. It is noteworthy
that several experiments were performed without
the cloth gate mechanism (i.e. simply by with-
drawing a thin, single horizontal plate}, and no
substantial difference in behaviour was obhserved.
Typically, the time-scale of disturbances associ-
ated with withdrawal of the plate was short
relative to that for the initiation of sediment-
driven convectior.

The particles used were highly angular silica
grains processed by US Silica {Ottawa, IL, USA).
Several different products were used. In all the
Series 1 and some Series 2 experiments, sediment
with a mean grain size of 6:5 pm (SIL-CO-SIL 40)
was used. The mean settling speed of these
particles is 0-03 mm s~', which corresponds to
particle Reynolds numbers (Re,, = v,Ds,/v, where
v, is the Stokes settling speed and D is the mean
particle size) less than 107°. Other experiments
used SIL-CO-SIL 250 and SIL-CO-SIL 106, which
have mean grain sizes of = 45 and 17 pm respect-
ively. A few Series 2 experiments were performed
using ballotini {manufactured blown silica) with
a mean grain size of 30 pm.

EXPERIMENTAL RESULTS

In the Series 1 experiments, the spreading surface
current was the source of sediment-driven con-
veciion in all runs. Flow parameters were choesen
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Fig. 2. Laboratory apparatus for the
Series 2 experiments.
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to correspond to conditions in the el River
plume {Morehead & Syvitski, 1999). The sedi-
ment-laden surface layers were supported by a
strong, positive salinity gradient {48 > 0-01) and
an appreciable stabilizing temperatare difference
{AT == 5-20 °C). The source box conditions are
reported in Table 1; however, it is noteworthy
that the resulting surface layer in the Series 1
experiments may be diluted substantially by
mixing across the gravity current interface.

In all the Series 1 experiments, propagation of
the initial, surface-riding gravity current was
slowed by finger-like convection. The early stages
of these experiments were similar to those
reported by Maxworthy (1999), in which a sedi-
ment laden gravity current over-running a fresh
ambient produced large convective plumes
[Fig. 3a (ii) and (iii}]. Subsequently, convection
persisted in the form typified by millimetre-scale,
particie-laden, finger-like plumes emerging from
the base of the upper layer [Fig. 3a (iv)]. This
latter form of convective behavicur will hereafter
be referred to as ‘finger convection’, in order to
distinguish it from settling convection and clas-
sic, two-component, double-diffusive sedimenta-
tion.

Only in the experiments showing the weakest
convection (expts 4, 6 and 7; Table 1) did the
head of the initial gravity current reach the far
end of the tank. Typically, the momentum of the
current was lost to the convecting fingers, and a
small, stagnant, sediment-laden surface layer
remained in the vicinity of the source box.
Previous investigations of double-diffusive grav-
ity currents (Maxworthy, 1983) and rapidly
sedimenting particle-laden gravity currents (Max-
worthy, 1999) have reported similar behaviour.
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As in these previous studies, the sediment-driven
convection in the Series 1 experiments typically
spawned a bottom turbidity current, or hyperpye-
nal plume [Fig. 3a (iv}]. These currents were
extremely dilute, but moved at moderate speeds
(1-10 cm s~ ') over the bottom slope of the box.
The final state of most experiments (expts 4, 6 and
7 are exceptions) was a turbidity current with a
small remnant surface layer feeding it by finger
convection. Figure 3b qualitatively illustrates the
process of turbidity current formation by this
mechanism.

The fall velocity of the fingers was recorded from
digitized video camera images and related to the
sediment concentration in the source box (Table 1,
Fig. 4}. Suspensions with concentrations in excess
of 10-15 kg m~? were difficult to maintain without
significant settling in the source box, whereas more
dilute flows developed too slowly to produce
significant convection. Within this limited para-
meter range, measured finger speeds were compar-
able with, or exceeded, settling speeds produced
by large, well-developed flocs (>100 pm; Sternberg
ef al., 1999). This ohservation underlines the
potential importance of finger convection in sedi-
mentation from riverine outflows. The observed
finger speeds should not be linearly related to the
source sediment concentration (as would be
expecied in the case of classic, two-component
DDS) owing to the influence of the salinity jump at
the interface in altering the constitutive properties
of the fingers {i.e. both their sediment concentra-
tion and their salinity).

The Series 2 experiments revealed the preval-
ence of convection over an extremely wide range
of conditions in the absence of ambient turbu-
lence (Table 2). Unlike the Series 1 experiments,

Table 1. Results from the gravity

current interface (Series 1) Experiment 24T pAS Uems™) pC B R,
experiments.

1 0-0042 01 0-33 000512 28 20

2 00026 0-01 22 0-00446 2-8 22

3 0-0041 0:01 (3-40 300778 1-8 13

4 00069 001 0-091 0-00351 4-8 2:8

5 #0059 0:005 0-42 0-00621 1-3 08

6 0-0059 0-02 034 0-00244 106 82

7 0-0064 6:01 0-018 0-00169 9-7 59

8 00022 0-02 036 0-00734 30 27

9 0-0056 002 0-32 0-00502 51 40

10 0-0032 0-005 24 0-00596 1-4 08

%AT, 348 and §'C are the temperature, salinity and sediment contributions to
the density respectively. U is the mean velocity of the convective fingers.
R = (¢AT + AS)/'Cis the density-difference ratio. B, = pAS/f'Cis a measure
of the stability of the plume with the stabilizing temperature gradient

removed.
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Fig. 3. (a) Sequence of photographs from & strongly scavenged plume. The sequence was obtained from Series 1, expt

8. Although it is difficult to observe, a turbidity current moves from left to right with a velocity in excess of 1 cm 57",

i

(b) A schematic diagram of the hyperpycnal plume formation process observed in the experiments.

two distinct modes of convective instability were
observed. As is evident in Figs 5 and 6, the two
modes of convection, ‘leaking’ and ‘fingering’,
were easily distinguished by their appearance.

The first form of convective behaviour observed
in the Series 2 experiments was identical to the
finger convection observed in the later stages of
the Series 1 experiments and arose in a large
parameter range. within which both temperature
and salinity were stabilizing. As illustrated in
Fig. 5, the finger convection is strongly reminis-
cent of DDS, being similarly characterized by
space-filling, millimetre-scale laminar finger
plumes.

The second mode of convection observed,
referred to as ‘leaking’, was similar in appearance
to the ‘settling-driven convection’ reported by
Hoyal ef al. (1999h) and markedly different from
the finger convection observed in the Series 1
experiments. Figure 6a demonstrates that leaking
is characterized by millimetre-scale, sinking sheet
plumes. When illuminated by a vertical light
sheet, the flow is characterized by a number of
discrete millimetre-scale laminar plumes des-

cending from the interface, giving the interface a
cusp-like appearance. The cusps are separated by
a few centimetres and typically translate along
the interface. When cbserved in plan view with a
horizental light sheet, the sheets assume the form
of an irregular polygonal pattern (Fig. 6B and C).
The absence of leaking in the gravity-current
(Series 1) experiments suggests that it is not
robust in the presence of interfacial turbulence.
Figure 7 summarizes the results of the Series 2
experiments. Systems marked by sufficientiy low
sediment concentrations (Cpe <1 kg m™) and
large density difference ratios [R = {adAT + f48)/
f’C < 100] did not initiate convective instability;
that is, the sediment settled as individual grains
through the lower layer at the Stokes settling
speed. Consequently, the sediment-laden layer
expanded at approximately the rate prescribed by
the Stokes settling speed of the sediment
{0-03 mm 57" in the case of the 6:5-um particles).
This expansion persisted for as long as any
experiment was observed (up to 1 h) without
prompting convective overturning, When the
upper layer was cool relative to the lower layer.
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Fig. 4. Convective finger velocity vs. dimensioniess
sediment concentration. Flocculated settling rates are
obtained from Sternberg et al. (1999). Lines correspond
to the 50th and 90th percentile of settling speeds. Error
bars on expt 5 are characteristic of all runs (50% for the
finger velocity, 20% for the sediment concentration in
the source box}. Errar estimates of the finger velocity
represent the standard deviation of the individual fin-
ger speeds measured. At least 10 fingers were examined
for each experimental run, and the data (circles) rep-
resent the averaged values.

only leaking convection was observed. At higher
concentrations and when the upper layer was
warm, the principal mode of convection changed
from leaking to fingering (Fig. 7). An unexpected
feature of the experiments was that, in the limit of
large stabilizing temperature differences, convec-
tion returnied to a leaking planform,

Nearly all the Series 1 experiments were
performed in the parameter range at which
“fingering’ was observed in the Series 2 experi-
ments; however, caution should be applied in
relating the parameters directly. The parameters
describing the source fluid in the Series 1
experiments may not accurately describe the
surface layer (4S5, 4T, () owing to the influence
of gravity current mixing processes. Dilution by
these mixing processes is most probably respon-
sible for the lone outlier: Series 1, expt 7. For the
sake of comparison, however, the Series 1 experi-
ments are plotted alongside the Series 2 experi-
menis in Fig. 7.

ANALYSIS AND DISCUSSION

Previous work has shown that significant sedi-
ment transport could be induced by double-
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Table 2. Experimental conditions for the Series 2
experiments.

Farm of
Expt Tambi(—zm T(:urrf'nl ﬁAS Cmass DSU motion

1 205 41 2 3 6:5 Fingers
2 20 42 2 3 45  Fingers
3 22 42 Z2 4 45 Fingers
4 21 40 2 4 65 Fingers
5 2035 45 2 3 45 Fingers
6 21 45 2 3 6-5 Fingers
7 21 21 2 3 45  Intermediate
8 21 21 2 3 6-5 Leaking
g 21 21 153 3 65 Leaking
10 215 31 i 4 45  Fingers
11 22 30 i4 5 45  Leaking
12 22 27 07 35 6:5 Intermediate
13 215 145 2 3 45  Leaking
14 17 22 2 3 45  Intermediate
15 23 29 12 5 65 Intermediate
16 22 22 11 4 45  Intermediate
17 22 15 2 3 65 Leaking
18 22 33 1 4 65 Fingers
18 23 49 0 06 65 Fingers
20 23 31 0 086 6-5 Fingers
21 23 3 2 3 6'5 Leaking
z2 23 36 2 3 65 Fingers
23 23 27 2 3 6'5 Intermediate
24 23 33 2 2 65 Fingers
25 20 24 z2 2 65 Intermediate
26 23 24 2 2 65 Leaking
27 23 16 2 2 65 Leaking
28 23 44 2 5 65 Fingers
29 23 27 2 4 65 Fingers
30 23 4 2 5 65 Leaking
31 23 23 2 4 65 Intermediate
32 23 21 2 4 65 Leaking
33 23 23 2 5 6-5 Intermediate
34 24 36 2 5 6-5 TFingers
35 24 24 21 65 Leaking
36 24 29 2 1 65 Fingers
37 24 26 2 1 65 Intermediate
38 23 31 2 5 65 Intermediate
39 23 50 2 6 6'5 TFingers
40 25 4 2 6 65 Leaking
41 24 29 2 6 6'5 Intermediate
42 24 37 2 8 6-5 TFingers
43 24 24 2 6 6'5 Intermediate
44 24 19 2 6 65 Leaking
45 24 35 2 6 65 Fingers
46 24 44 2 2 65 Leaking
47 24 24 2 05 6'5 Leaking
48 20 25 2 2 63 Fingers
49 24 34 2 2z 6-5 Leaking
50 24 44 2 05 65 No convection
51 24 44 2 1 656 No convection
52 24 4 2 1 65 Leaking
53 24 4 2 05 6-5 Leaking
54 24 55 2 5 65 Intermediate
55 24 66 2 6 6-5 Leaking
56 24 36 2 1 65 Leaking
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Table 2. Continued.

L. D. Parsons ef al.

Table 2. Continued.

Form of Form of
Expt Tamb}‘enf Tcm‘mnt rGAS Cmnss DSO motion Expt szmbivni Tz:urr{zm .’}AS CHIUSS DSU motion
57 24 33 2 1 65 Leaking 114 15 35 2 3 30  Fingers
58 24 31 2 03 65 Leaking 115 16 41 2 3 30 Intermediate
59 24 36 2 03 65 Leaking 116 16 58 2 3 30  Leaking
60 24 38 2 05 65 No convection 117 18 70 2 1 6-5 No convection
61 24 29 2 0-5 65 Leaking 118 20 7 2 4 6-5 Leaking
62 21 36 2 1 65 No convection 119 21 44 2 4 6-5 Fingers
63 21 54 2 2 65 Leaking
64 21 33 13 25 65 Fingers Variables are defined in Fig. 2. Temperatures are in °C
65 21 28 14 25 64 Intermediate and sediment concentrations in kgm ® 485 is
66 21 38 15 25 65 Intermediate expressed as a percentage. Dy is the mean grain size of
67 22 35 1 25 65 Intermediate the sediment used (in microns). All the material is
68 22 40 1 25 65 Intermediate angular silica, with the exception of the ballotini
69 22 40 12 25 65 Leaking {30 pm), which are spherical. The form of convection is
70 22 32 2 25 &5 Intermediate a qualitative measure hased upon the characteristics of
71 22 65 2 3 65 Leaking Figs 5 (leaking) and 6 (fingers).
72 22 58 2 4 65 Intermediate
73 22 52 2 3 65 Leaking ) . . . ) )
74 29 59 2 4 65 Intermediate diffusive convection in a sedimenting system
75 22 44 2 25 65 leaking (Green, 1987; Chen, 1997; Hoyal et al., 1999a;
76 22 40 2 25 65 Intermediate Parsons & Garcia, 2000); however, these processes
77 22 37 2 25 65 Fingers were observed in relatively simple, two-compo-
78 22 34 2 25 G5 lingers nent (temperature and sediment) systems. Hoyal
79 22 29 2 25 65 Intermediate : ;
. et al. (1999a} presented calculations suggesting
80 22 22 2 25 65 Leaking } . )
81 22 65 2 25 65 Leaking that isothermal saline-sediment systerns cannot
89 22 99 04 25 65 Fingers praduce significant double-diffusive fluxes, a
83 21 7 2 245 &3 Leaking conclusion corroborated by laboratory experi-
84 21 7 14 25 6:5 Leaking ments (Parsons, 1998). Finger convection, on the
85 21 14 04 25 85 Leaking other hand, is robust across interfaces stabilized
ey . 0 -1 . N . . . 1
86 21 13 1 25 65 Leaking by both temperature and salinity, in situations in
87 21 12 29 25 65 Leaking ; . c e .
. which the interface is either quiescent (Series 2
88 21 39 04 25 6-0 Intermediate . . .
89 21 ag 25 2.5 65 Fincers experiments) or mixed by shear-induced turbu-
90 21 37 02 25 65 Fingers lence (Series 1 experiments). In both cases, it
91 21 45 02 25 65 Fingers appears that the downward transport of heat and
92 20 20 16 25 65 Intermediate sediment from the upper layer is sufficient to
93 20 20 11 25 65 Leaking induce convective instability. Figure 8 casts both
94 20 45 0 25 64 Fingers finger and leaking convection in terms of previous
95 21 64 23 45  Leaking . . .
- : waork on convective sedimentation.
96 20 49 2 3 45  Intermediate . A
97 15 15 2 1 19 Leaking Figure 1 of Hoyal et al. {1999b] illustrates what
98 15 5 2 3 19 Leaking would be considered ‘leaking’. Although the
99 13 65 2 3 19  No convection upper sediment-laden layer was mechanically
100 19 30 2 3 19  Intermediate mixed in the experiments of IHoyal et al
101 15 28 2 3 45 Fingers (1999b), the stirring did not give rise to mixing
10213 32 2 3 18 Intermediate across the interface and so was not as vigorous as
103 12 44 2 3 19 Fingers I .
: that expected to arise in a surface gravity current.
104 19 60 2 3 19  Leaking ) . <1 .
105 16 51 2 13 19 Intermediate Despite the relative fragility of leaking convec-
106 15 54 2 3 19 Leaking tion, it may be extremely important in certain
107 13 a0 2 3 19 Fingers oceanic settings (i.e. nepheloid transport) and
108 13 36 2 3 45  Intermediate will be the subject of further study.
108 18 6 2 3 30 Leaking An important aspect of finger convection is
112 12 53 3 2 :8 ;eakmg u that it appears to be robust in the presence of
. 3 usis P . . .
1 convection turbulent mixing (as illustrated in the Series 1
112 15 26 2 3 30 Intermediate . ) ‘e
113 18 47 2 3 30 Intermediate experiments). The stability of a stably stratified

shear flow is determined by the Richardson
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Fig. 5. Photograph of finger convection in a saline-supported layer (Series 2, expt 118}; scale increments in mm. Note
finger size and the degree of magnification of the image compared with Figs 3a and 6. The photo was taken lcss than
1 minute after the partition was removed. Finger convection quickly obscured the lower layer and made planform

photography futile with the available equipment.

number, Ri = dgh/4U*, where AU is the velocity
difference over a vertical distance h. For Rich-
ardson numbers less than 0253, it has been
shown (theoretically: Howard, 1961; experiment-
ally: Thorpe, 1973) that Kelvin—Helmholtz (KH)
instability will result and intensify mixing. Most
river outflows maintain lecal Richardson num-
bers hetween 0-3 and (-7, slightly exceeding this
critical value (Geyer & Smith, 1987). At the
interface of gravity currents, Richardson num-
bers have been shown to be in this range
{between 0-3 and O-5; Britter & Simpson, 1978;
Parsoms, 1998). In the Series 1 experiments,
finger convection arose in every gravity current
studied. On a number of occasions {e.g. Series 1,
expts 3, 5 and 8), finger convection would
precede and suppress KH development at the
front of a gravity current, where Richardson
numbers are well below 025 (Parsons, 1998).
Although additional turbulent processes (e.g.
wave-induced mixing) may be significant in the
field and cannot be simply modelled in the
laboratory, the Series 1 experiments strongly

suggest that finger convection will be robust in
well-mixed environments.

Flocoulation is an important sediment transpaort
process in natural riverine plumes (Syvitski &
Murray, 1981; Hill & Nowell, 1995; Hill et al.
1998); however, it was not ohserved in any of the
experiments, At no time were individual grains
chserved: the sediment-laden fluid always
appedared as a cloudy continuum. This observation
is in sharp contrast to recent field studies {Stern-
berg et al., 1999), in which flocs were clearly
observed with similar photographic equipment.
The absence of flocs in the experiments is consis-
tent with the time-scales associated with the
convection observed. Whitehouse et al. (1960)
reported that it required 20 min to flocculate
montmoriilonite, a relatively inactive clay, to the
point at which the settling velocity was noticeably
different from Stokes settling of individual grains.
Even the finest sediment used in the experiments
should flocoulate more slowly (as it is not a clay,
but an elecirostatically inactive silt), and then only
in gently stirred conditions. The coarsest material
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Fig. 7. Regime diagram of the Series 2 experiments.
The mass sediment concentration is piotted against the
dimensioniess effect of temperature for a fixed salinity
difference (A4S = 0-02). All experiments shown are
salinity dominated (84S > «dT, p’C). Transitional
behaviour indicates experiments in which both leaking
and fingering modes were observed. Numbers indicate
Series 1 experiments. Series 1 experiments not pictured
bad source sediment concentrations in excess of
7kgm™.

Fig. 6. Photographs of leaking con-
vection taken from Series 2, expt
119. Photo (A) illustrates flow with a
vertical (cross-sectional) light sheet,
whereas photos (B) and (C) show the
planform of the behaviour visual-
ized with a horizontal light sheet.
A mirror tilted at 45° was used to
observe the planform geometry of
the leaking convection. The plan-
form images {B and C} are of poorer
guality because light is scattered
readily from suspended sediment.
The planform photos were taken 5 5
apart and together illustrate the
observed sheets. Photo (A) was ta-
ken approximately 5 min after the
initiation of the experiment.

used (30-pm ballotini and 45-pm ground silica)
should not flocculate under any circumstances
owing to its relatively large size and smooth shape.

FIELD IMPLICATIONS

Convection, rather than discrete particle settling,
is the dominant mechanism of fine sediment (silt)
transport at the laboratory scale in situations
analogous to natural river plume conditions.
However, extension of this observation to the
field is not trivial. Flocculation, for instance, will
affect the dynamics of convective processes;
however, the converse is also true. The interplay
between slowly developing flocculation and
relatively rapid convective processes remains an
important subject for further study.

Despite the potentially important role of floc-
culation and discrete setiling, field evidence
indicates that continuum behaviour is a common
feature of fine sediment dynamics on continental
sheives. The presence of fluid muds, i.e. concen-
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Fig. 8. Schematic summary of the observed behaviour discussed in context with previous work. Vertical temperature
(T] and salinity (S) profiles are indicated, along with characteristic flow structures.

trated (>10 kg m™) fine sediment slurries that
display continua properties, has been documen-
ted throughout the world (Amazon, Kineke et al.,
1996; Papua New Guinea, Kineke et al, 2000
northern California, Ogston et al., 2000). Tradi-
tionally, fluid muds have been characterized as
flows generated from current and wave-bottom
boundary layer shear entraining fine particles
from an uncensolidated bed. However, the study
presented here suggests that they may also be
formed from sediment-driven convection from a
surface plume.

It is important to note that the hyperpycnal
plumes resulting from finger convection differ
dramatically from the traditional conception of
these plumes. They must form from an unstable
hypopycnal plume, the remnant of which will
remain at the surface and may propagate a
significant distance seaward. Despite the persist-

ence of the hypopycnal plume, more than haif the
sediment could be lost to a dense, botiom-riding
gravity current. Moreover, it is conceivable that
these turhidity currents could initiate larger and
faster flows capable of transporting coarser
material by the resuspension of particles from
the bed (Parker ef al., 1988). If the shelf slope and
sediment concentration are inadequate for the
development of a turbidity current, a fluid mud
may result. In either case, the bottom layer would
control the sediment dynamics of the estuary-
shelf system. The concept of a ‘divergent disper-
sal system’ (i.e. a hypopycnal plume coupled to a
hyperpycnal flow, as in Fig. 3b) is neither new
nor without field ohservation. Kineke et al. (2000)
reported a divergent dispersal system at the
mouth of the Sepik River, but did not discuss its
physical origin at length.

@ 2001 International Association of Sedimentologists, Sedimentology, 48, 465—478



476 ] D. Parsons ef al.

Table 3. The change in the

o . Mederately Moderately Not . characterization of rivers when
Criterion Dirty  dirty clean Clean  possible the influence of convective
sedimentation is considered.
Mulder & Syvitski [1995)
Coans = 40 kg m™ ] 72 24 13 29
Coans = 5 kg m™ 61 48 15 8 15

The 147 rivers discussed in Mulder & Syvitski (1995) were reanalysed using a
criterion for hyperpycnal plume generastion corresponding to that for sediment-
driven convection, River categorization is based on Mulder & Syviiski {1095) and

is discussed in the text.

Another possible mechanism for seaward trans-
port from a sediment-laden hypopycnal plume
was observed in the experimenis; specifically,
mid-depth nepheloid layers, or interflows. After
substantial dilution by convective mixing proces-
ses, sediment concentration may contribute rel-
atively little to the fluid density (<10% of the
contributions of salinity and temperature}, so that
mid-depth nepheloid layers may be supported by
weak ambient haleclines. Owing to their relative
quiescence, halocline-supporled nepheloid layers
may hecome unstable to leaking, the initiation
and vigour of which will be highly dependent on
both sediment concentration and the strength of
the supporting halocline (Fig. 5; Hoyal ef al.,
1999h}.

Because direct field confirmation is difficult,
analysis has been made to identify the ramifica-
tions of convective sediment fransport on the
dynamics of the world’s rivers. To this end, the
analysis of Mulder & Syvitski (1995) provides a
standard for comparison and extrapolation. Mul-
der & Syvitski (1995) published tables for 147
rivers, listing the load-averaged mean concentra-
tion of suspended sediment C = Q./Q, which was
calculated from a global database of mean annual
river discharge @ and sediment discharge Q..
Because sediment transport is a highly non-linear
process (Garcia & Parker, 1993), flood values of C
may deviate significantly from the annual mean.
To account for this, Mulder & Syvitski {1995)
used a sediment rating curve Q, = aQb, where a
and b are empirical coefficients that depend on
the river and the averaging time. The exponent b
in the rating curve is generally =1, but rarely
exceeds 2.

Using rating curves, a drainage area—maximum
flood relation (Matthai, 1990) and a critical
sediment concentration C. of = 40kgm®
(required to render the density of the riverine
outflow equal to that of sea water at the river
mouth}, Mulder & Syvitski (1895) classified rivers
according to their capacity to generate a hyper-

pycnal plume. First, rivers with C,. £ 5C were said
to be ‘dirty’, as they could reasonably produce a
hyperpycnal plume every year as a result of
seasonal variations (assumed to a be a factor of 5)
in sediment discharge. Only nine out of the 147
rivers could be called ‘dirty’, and most were small
rivers in mountainous terrain, The other rivers
were categorized by calculating a maximum flood
discharge Qu.oe from the drainage area and the
relationship of Matthai (1990}. Taking the ratio of
the flood and mean annual sediment rating curves
vields the expression Cpood = ClQpaes/ Q). The
exponent b was varied until Cp,.q > C,.. Depend-
ing on the value of b required to produce
Citooad > G, the return period of hyperpycnal
plume formation was inferred. Small, easy-
to-attain values of b were related to short return
periods, whereas large b-values were indicative of
relatively rare events, Although quantification by
these means is questionable [Matthai, 1990}, it
provides a simple, rational way to classify rivers
with limited data. The classifications were
defined as follows: b < 1, moderately dirty (return
periods of less than 100 years); 1 < b £ 1-5, mod-
erately clean (return periods of the order of
hundreds of vears); 15 < b < 2, clean (a refum
period of the order of tectonic/climatic time-
scales); b > 2, unlikely ever to produce a hyper-
pyenal plime,

The experiments reported here have demon-
strated turbidity current/hyperpycnal plume
generation to be possible with sediment concen-
trations 40 times less than those required to
render the outflow heavy relative to the oceanic
ambient (i.e. 1 kg m™). The critical concentration
varied depending on the particular structure of
the salinity and temperature field; consequently,
a conservative estimate of the critical concentra-
tion, 5 kg m™® was used. At 5 kg m™3, finger
convection is at least as vigorous as abserved floc
settling (Fig. 4) and can generate convection for
any realistic, stabilizing temperature stratifica-
tion. Lowering the critical threshold C. from 40 to
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5 kg m™ and using the same logic as Mulder &

Syvitski (1995) suggests that 61 rivers produce
hyperpyenal flows annually (Table 3). Most of the
rivers previously characterized as ‘moderately
dirty’ are now characterized as ‘dirty’; among
these are the Esl River and the larger rivers of
New Zealand and Taiwan. The 61 rivers now
characterized as dirty produce 53% of the world’s
oceanic sediment load and are therefore respon-
sible for a significant portion of the sediment
recard.

CONCLUSIONS

Laboratory experiments indicate that hyperpyc-
nal plumes can be formed with sediment concen-
trations as low as 1 kg m™* under realistic oceanic
river plume conditions (Fig. 3). Even when a more
conservative critical concentration (5 kg m™) is
used, many of the worid’s rivers appear capable
of producing hyperpycnal plumes on an annual
or decadal hasis. Although direct observation of
hyperpycnal plume formation from sediment-
driven convection in a natural river plume has
yet to be obtained, this physical phenomenon
would provide a plausible explanation for the
ubiquity of turbidite deposits in many deep-water
environments.
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NOTATION

a = linear coefficient in sediment rating curve

b = exponenti in sediment rating curve

C = volumetric concentration of sediment

C. = critical sediment concentration required
to produce hyperpycnal plumes (M L™)

Low-concentration hyperpycnal plumes 477

Chooe = flood sediment concentration (M L™)
Cooss = Tass concentration of sediment (M L)
D:y = mean grain size of sediment (L)
Fr, = density current Froude number, UCNchhC
g = gravitational acceleration (L T~?)
h. = height (depth) of gravity current (L)
( = mean annual river discharge (L* T™")
Qpood = volumetric river discharge during flood
(LT
R = density-difference ratio (¢4T + pAS)/f'C
Ri = Richardson number, dgh/AU”
R, = density-difference ratio neglecting the effect
of temperature, fAS5/fC
Re. = density current Reynolds number, U he/v
Re, = particle Reynolds number, v,.Dsp/v
S = salinity
T = temperature
U7 = speed of vertically convecting fingers (L T™')
U.. = front speed of gravity current (L T™')
v, = Stokes settling speed (L T7')
« = conversion of temperature difference to
density difference (T7")
B = conversion of salinity difference to density
difference
[’ = conversion of volumetric sediment
concentration to density difference
§ = density difference, AT + A5 - §'C
AT = temperature difference between upper
and lower layer
AS = salinity difference between upper and
lower layer
v = kinematic viscosity (L* T™"}
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