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A B S T R A C T  

There are many natural  occurrences of sediment- laden gravity currents in which the density of  the interstitial fluid is less 
than that of the ambient fluid, al though the bulk density of the current is greater. Such currents are driven by the excess 
density of suspended particles. However, after sufficient particles have sedimented,  the current will become buoyant, cease 
its lateral motion and ascend to form a plume. Examples of  such currents include brackish underflows in deltas, turbidity 
currents and pyroclastic flows. Experimental  studies are described which show that, due to sedimentation, sediment- laden 
gravity currents decelerate more rapidly than saline currents of the same density. There  is little difference in the 
experiments between a sediment- laden current  with neutrally buoyant interstitial fluid and one with buoyant interstial fluid 
until sufficient sediment  has been lost to cause the latter kind of current to lift-off. A marked deceleration is then observed 
and a plume is generated,  with lift-off occurring along the length of the current. The resulting buoyant plume then generates 
a gravity current  below the upper  surface of the fluid in the tank. The deposit from a current  with buoyant fluid shows a 
fairly abrupt  decrease in thickness beyond the lift-off distance and has a flatter profile than that from a simple sediment 
current. A theoretical model  is presented,  which is based on the two-layer shallow-water equations and incorporates a model 
of the sedimentation in which particles are assumed to be uniformly suspended by the turbulence of the current. The model 
shows good agreement  with the observed lengths of  the experimental currents as a function of time and predicts the lift-off 
distance reasonably well. These processes have implications for the behaviour of turbidity currents,  the interpretation of 
turbidites, mixing processes in the oceans and the lift-off of pyroclastic flows. 

1. Introduction 

Gravity currents are one of the principal 
mechanisms of sediment transport. Examples in- 
clude turbidity currents in oceans and lakes [1-3], 
dense underflows where sediment-laden rivers 
enter the sea [4], dust storms in deserts [1] and 
pyroclastic flows generated by explosive eruptions 
[5]. Theoretical and experimental studies [6-10] 
of sediment-laden gravity currents have empha- 
sized the essential role played by the density 
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difference between the gravity current and the 
ambient fluid. Theoretical studies have also paid 
particular attention to the phenomenon of auto- 
suspension, whereby a current on a slope main- 
tains or increases its density by erosion of sedi- 
ment [8-10]. Rather  less attention has been paid 
to the theoretical analysis of turbidity currents in 
the depositional regime, which is perhaps the 
situation of most significance for the interpreta- 
tion of the geological record. Positional models 
are largely based on experimental studies by Mid- 
dleton [11] and treat sedimentation as collapse of 
an unsupported sediment dispersion [12]. No work 
has hitherto been published on the overall inter- 
action between flow and sedimentation. 

In many natural situations the interstitial fluid 
of a sediment-laden gravity current can have a 

0012-821X/93/$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved 



244 R.S.J. SPARKS ET AL. 

smaller density than the ambient fluid even 
though the bulk density of the current is larger. 
For example, although the oceans are stably strat- 
ified, turbidity currents often transport warmer 
buoyant water into deep basins from continental 
shelf regions above the thermocline. Similarly, 
underflows generated in deltaic environments by 
rivers can contain water which is less saline than 
the oceans [4]. Air entrained by pyroclastic flows 
is heated by the particles and expands greatly 
with a consequent decrease in density [5,13,14]. 
The effects of the buoyant interstitial fluid on 
such currents is the focus of this paper. 

Observations of pyroclastic flows, such as those 
generated at Mt. St. Helens in 1980 [14] and Mt. 
Redoubt in Alaska in 1990 [15], have recognized 
the phenomenon of lofting, in which the flow lifts 
off the ground to form a plume, which is often 
fed by the entire area covered by the flow. This 
spectacular phenomenon may be due both to 
sediment sorting processes within the flow and to 
heating of cold air entrained into the flow, which 
causes the mixture of hot air and fine suspended 
particles to become buoyant relative to the over- 
lying atmosphere. Motivated by these observa- 
tions, Carey et al. [16] investigated phenomena 
associated with small-scale laboratory turbidity 
currents containing fresh water as they spread 
along the floor of a tank containing salty water. 
These currents spread out radially from a point 
source and then lofted from a ring of vigorous 
plumes generated at the flow front, which trans- 
ported fine sediment to the top of the experimen- 
tal tank. A feature of these experiments was that 
the flow front remained at a fixed position for 
constant values of the input flow rate, sediment 
concentration and grain size. 

The lift-off phenomenon can occur in many 
other geological and oceanographic situations. In 
the stably stratified oceans, turbidity currents will 
transport more oxygenated warmer surface wa- 
ters into deep ocean basins [17]. In low latitudes, 
lift-off will typically occur when the concentration 
of sediment in the current is 3 -4  kg m -3. Up- 
ward mixing of oxygenated water and fine sedi- 
ment in deeper water environments may lead to 
significant temporary changes in nutrient levels 
and biota and could contribute to the formation 
of the nepheloid layer in the deep oceans. Lift-off 
should influence the character of the turbidite 

and the dispersal of fine sediment components. 
Buoyant lift-off should also have a significant 
impact on sedimentation patterns at delta fronts 
and in estuaries where the process will limit the 
movement of brackish underflows. 

Aspects of the local fluid mechanical processes 
associated with lift-off have been studied in a 
number of theoretical and experimental investi- 
gations. The behaviour of a layer of suspended 
fine particles in fresh water below a layer of salty 
or sugary water in which the bulk density of the 
suspension exceeds that of the overlying fluid, but 
in which the density of the interstitial fluid (water) 
is less than that of the upper layer was investi- 
gated by Huppert  et al. [18]. As the sediment 
settled and segregated, buoyant fluid was re- 
leased from the interface between the two layers 
causing convection and mixing of the finer frac- 
tions of the sediment throughout the upper layer. 
Kerr [19] extended this work by considering the 
effects of a concentration gradient in the upper 
layer, a condition that is relevant to many 
oceanographic situations. Sedimentation in a 
thermally convecting suspension heated from be- 
low was considered by Koyaguchi et al. [20], who 
observed well-defined convective overturn events, 
which occurred when the warmer fluid in the 
suspension layer became buoyant relative to the 
colder overlying fluid and ascended while lofting 
some of the sediment. Quantitative theoretical 
models were presented for the sedimentation 
from the suspension containing buoyant intersti- 
tial fluid in these cases [18-21] and the theoreti- 
cal predictions agreed well with the experimental 
observations. 

In this paper we present an experimental and 
theoretical study of sediment-laden gravity cur- 
rents containing buoyant interstitial fluid. We 
compare the behaviour of: (i) simple saline cur- 
rents, (ii) simple sediment-laden currents and (iii) 
sediment-laden currents with buoyant fluid. Ex- 

TABLE 1 

Particle-size analysis of alumina powder 

Size Wt.% 

> 71/xm 0.03 
63-71/zm 82.48 
53-63/zm 12.11 

< 53/xm 5.39 
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TABLE 2 

Experimental conditions. The gravity currents had initial bulk density Pc and interstitial fluid density Pi; the ambient fluid density 
was Pa" The initial volume fraction of a current is 4, 0 and y = (p, ,  - P i ) / [ ( P p  - Pi)¢0]. The values of the density differences for Run 
J are based on the density of Pa = 1011 kg m 3 at the base of the stratified tank 

Run Ambient  Fluid Gravity Current Pc  Pc  - -  Pa  Pa  - -  P i  ¢0 3 e 
( kg m -3)  ( kg m -3 ) ( kg m -3) (%) 

A Fresh water 7 wt.% saline 1050 50.0 - - - 
solution 

B Fresh water Sediment m 
fresh water 

1050 50.0 0 0.017 0 

C 1.3 wt.% saline solution Sediment m 
flesh water 

1050 50.0 10.0 0.020 0 

D Fresh water 

E Fresh water 

Sediment m 2.1 wt.% 
aqueous methanol 

Sediment m 4.8 wt.% 
aqueous methanol 

1041 41.0 4.7 0.015 10 

1037 37.0 9.4 0.015 20 

F Fresh water Sediment m 12.4 wt.% 1048 
aqueous methanol 

48.0 21.1 0.023 30 

G Fresh water Sediment m 17.3 wt.% 1041 
aqueous methanol 

43.0 28.1 0.023 40 

H Fresh water Sediment in 36.1 wt.% 1036 38.0 54.2 0.030 60 
aqueous methanol 

I Fresh water Sediment ill 56.0 wt.% 1023 23.0 93.6 0.038 80 
aqueous lnethanol 

Gradient  0.45-1.5 wt.% Sediment m 
saline solution fresh water 

1034 23.0 24.0 0.016 67 

K 1.3 wt.% saline solution Sediment m 
fresh water 

1034 24.0 10.0 0.012 28 

L 1.3 wt.% saline solution Secliment m 
fresh water 

1043 33.0 10.0 0.015 22 

M 1.3 wt.% saline solution Sediment m 
fresh water 

1067 57.0 10.0 0.023 15 

N 1.3 wt.% saline solution Sediment in 
fresh water 

1088 78.0 10.0 0.030 11 

O 1.3 wt.% saline solution Sediment m 
fresh water 

1103 93.0 I0.0 0.035 10 
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periments in a laboratory tank are described 
which were carried out in either uniform or strat- 
ified environments. We present a new theoretical 
model for sedimenting gravity currents and apply 
the model to predict the rate of propagation of 
sediment-laden gravity currents, the distance at 
which lofting takes place and the distribution of 
the final deposit. In the last section we discuss 
the implications of these processes for the be- 
haviour of turbidity currents, the interpretation 
of turbidites, mixing processes in the oceans and 
the lift-off of pyroclastic flows. 

2. Experimental studies 

The experimental apparatus was a simple rect- 
angular tank 6 m long, 100 cm high and 20 cm 
wide, which was filled to a depth of 40 cm. A 
sluice gate was positioned 20 cm from one end. 
The experiments used the lock-exchange tech- 
nique in which a fixed volume of dense fluid was 
released by rapidly lifting the sluice gate [1]. The 
gravity currents were filmed and photographed to 
record the variations in their length and height. 
For the sediment-laden gravity currents the mass 
of sediment deposited per unit area was deter- 
mined by placing a perspex tube on the floor of 
the tank and siphoning the sediment from the 
circular area enclosed by the tube. Alumina parti- 
cles with a mean diameter of 66.5 /xm (Table 1) 
and a density of 3985 kg m 3 were used. 
Settling-tube experiments with fresh water, salty 
water and sugary water established that there 
were no flocculation effects for the !0article sizes 
used in the experiments, but 0.15 wt.% of the 
anti-flocculent Calgon was nevertheless added as 
a precaution. Blue dye was added to the mixture 
to provide a qualitative indication of the extent of 
dilution by mixing processes in the current. The 
experiments were all conducted at room tempera- 
ture (15-20°C). 

The behaviour of a gravity current formed by 
sudden release of a fixed volume of dense sedi- 
ment-free fluid is well established [1]. The gravity 
current consists of a billowing head, followed by 
the body of the current with a mixing layer above 
the current, which is shed from the head as 
sketched in Fig. 1. The velocity of the head is 
approximately constant for a distance of about 
200 cm, which is approximately ten times the lock 

MIXED ZONIE 
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Fig. 1. The anatomy of a simple gravity current. 

length in these experiments. Beyond this distance 
the increase in the length is proportional to t 2/3 

(the velocity decreases in proportion to t 1/3) as 
long as the Reynolds number remains sufficiently 
high that viscous effects can be ignored. Figure 2 
shows the results of a pure saline gravity current 
(Run A in Table 2) which confirms the results of 
previous studies. The Reynolds number of the 
current, evaluated at the front, decreased from 
3 × 10 4 to 9 × 103, which indicates that the ex- 
periment was always in the fully turbulent inertial 
regime. 

We compared the behaviour of three different 
currents with identical density contrasts between 
the initial mixtures and the ambient fluid. The 
details of the conditions for each experiment 
reported here are listed in Table 2. Run B con- 
sisted of alumina particles suspended in fresh 
water and released into fresh water. Run C con- 
sisted of alumina particles suspended in fresh 
water and released into salty water (1.3 wt.% 
concentration). The variations of distance with 
time of the three currents A, B and C are com- 
pared in Fig. 3. Over the first 1.5 m the three 
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Fig. 2. Experimental .data for the length of a saline gravity 
current (Run A in Table 2) showing the initial slumping phase 
in which the length is proportional to t and the subsequent 
flow in which the length travelled is proportional to t a/3. 
Regression lines through the data yield values of the exponent 
n of I and 0.71, in reasonable agreement with theoretical 

values of 1 and 0.66. 
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Fig. 3. (a) Distance versus time data for three gravity currents 
with identical initial values of reduced gravity. Run A is a 
saline current, Run B is a sediment-laden gravity current with 
neutrally buoyant interstitial fluid and Run C is a sediment- 
laden gravity current with buoyant interstitial fluid. The open 
triangles show the lateral motion of the gravity current formed 
below the upper surface of the tank by the lofted fluid. (b) 
Distance versus time data for the first 150 cm of propagation 
for Runs A-C.  In these initial stages, little sediment has been 
deposited in Runs B and C, and the three currents propagate 

at almost the same rate. 

currents are almost indistinguishable. However, 
beyond 2 m the length of the sediment-laden 
currents increases less rapidly (Fig. 3) compared 
with that of the saline current. The sediment- 
laden current with neutrally buoyant fluid (Run 
B) propagated to the end of the tank, but most of 
the sediment was deposited within the first 3 m. 
The alumina powder has a narrow size cut but 
contains minor amounts of fine particles (Table 
1) and the slow motion towards the end of run B 
is attributed to the fines remaining in suspension. 
In this run the Reynolds number  fell below 1000 
at a distance of 4.3 m and had decreased to 300 
by the end of the tank, and therefore viscous 
effects had begun to influence the flow. 

The current containing buoyant fluid (Run C) 
initially behaved like that of Run B to a distance 
of over 3 m (Fig. 4a). Beyond this distance the 
current decelerated much more rapidly (as seen 
in Fig. 3) and the first visible effects of buoyant 
interstitial fluid became evident (Fig. 4b). After  
about 21 s, parts of the dilute layer shed by 
mixing behind the flow head were observed to 
rise off the current, which indicates that the 
upper  parts had become weakly buoyant. The 
upper  surface of the current at a distance of 2.5 

m ascended with increasing vigour, which is inter- 
preted as a consequence of sediment loss and 
increasing buoyancy (Fig. 5). The front of the 
flow began to decelerate significantly after about 
33 s and ascended at a similar rate (Fig. 4 and 
5b). By 40 s and at a distance of 3.6 m, the flow 
head was completely stationary and the more 
concentrated fluid in the head of the current (as 
indicated by the much darker blue colour) had 
ascended to the top of the tank (Fig. 5). This fluid 
formed a gravity current under the free surface of 
the water, which spread in both directions from 
the region of lift-off. Figure 3 shows the velocity 
of the surface current in the downstream direc- 
tion from the lock. Buoyant fluid derived from 
the head had a noticeably deeper  blue colour 
than buoyant fluid derived from the mixing layer, 
which indicates that the latter fluid had been 
diluted to a much greater  extent by mixing pro- 
cesses. The more dilute fluid from the mixing 
layer spread slowly below the surface current 
formed by lift-off of the head and formed a thick 
stratified region about 20 cm thick (Fig. 4e). Fine 
particles that were carried by the lofted fluid 
sedimented out over approximately the next 10 
min. Behaviour similar to the above was observed 
for a series of experiments similar to Run C in 
which the initial load of sediment was varied. 
Measurements  from these experiments (Runs 
K - O )  will be compared with theoretical predic- 
tions in the following section. 

The mass of deposited sediment per unit area 
decreased with distance in both Runs B and C 
(Fig. 6a). The pattern of sedimentation, however, 
was somewhat different. It is apparent  that the 
simple sediment current spread the sediment over 
a greater length and that, up to the distance of 
lift-off, the buoyant current (Run C) sedimented 
a greater  proportion of its load. Beyond 360 cm 
the sediment accumulation decreased rapidly in 
Run C and the deposit had a fairly abrupt front. 
The difference in deposit geometry is attributed 
to buoyant lift-off which slowed the current and 
allowed much of the sediment to be deposited. 
Additional sediment was added to the deposit as 
the buoyant cloud ascended and was then spread 
up and down the tank by the resulting surface 
gravity current. A small amount of fine sediment 
was taken up by the buoyant cloud and trans- 
ported along the tank to distances greater  than 
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Fig. 5. (a) The height of the plume rising above the sedimentqaden current  in Run  C is shown against time at two fixed positions. 
Time is evaluated from when upward motion of the plume was first noticed. The data were taken at the lift-off distance of 325 cm 
(m and dashed line) and at 250 cm (© and solid line). The curves are best-fit quadratic polynomials. (b) The velocity of the plume 

at lift-off versus time for the same two fixed positions determined by differentiating the best-fit quadratic polynomials in (a). 
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Fig. 6. (a) The accumulation of sediment in g cm 2 plotted against distance for Run  B ( I )  and Run  C (©) showing proximal 
maxima in sediment  accumulation and general  decrease of deposit thickness with distance. (b) The mass accumulation of sediment 
divided by the total initial mass as a function of normalized distance for Runs  D- I .  Note that greater amounts  of sediment are 
transported beyond the lift-off position for the larger values of 7, which is the approximate proportion of particles carried up by 

the plume. 

360 cm where lift-off occurred, which produced a 
minor accumulation of sediment beyond the lift- 
off distance. 

At the stage of  lift-off Run C contained only a 
small suspended load which could be entrained in 
the plume and transported up and down the tank 
by the surface current. Hence,  we investigated 

the effect of  varying the proportion of sediment 
still in suspension at lift-off. An approximate 
measure of this load is the proportion, y, of  the 
original sediment mass required to achieve a bulk 
density equal to the ambient, and this was varied 
from 10 to 80% in Runs D - I  (Table 2). The 
broad behaviour of these experiments was similar 

Fig. 4. A sequence of photographs of a typical sediment- laden gravity current  with buoyant interstitial fluid in which lift-off occurs. 
The  propagation of the current, the rise of the interstitial fluid to the free surface and the subsequent  spread along the free surface 

are described in the text. 
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to that described for Run C. However, two sedi- 
mentation patterns are apparent,  as may be seen 
in Fig. 6b where the areal density of mass de- 
posited divided by the total initial mass of sedi- 
ment is plotted against the distance normalized 
by the length of the current at lift-off. For the 
lesser loads of suspended sediment (small 7), the 
patterns are similar to those observed for Run C, 
with minor sedimentation beyond the lift-off dis- 
tance. For the greater suspended loads (Runs 
G- I ) ,  significant amounts of sediment were de- 
posited well beyond the point of lift-off. Sediment 
was also transported upstream of the point of 
lift-off by the gravity current on the surface that 
arose from the plume which led to flatter profiles 
of the normalized density of deposit. The differ- 
ence between Runs D - E  and Runs G - I  is inter- 
preted as being a consequence of the weaker 
plumes in the former set of experiments which 
were unable to lift much sediment into the sur- 
face gravity current. 

All these runs were carried out in a homoge- 
neous environment, although some reconnais- 
sance experiments, of which Run J is an example 
(Table 2), were carried out in a stratified tank. A 
linearly stratified saline environment was achieved 
using the standard double-bucket technique, with 
a saline concentration of 1.5% (p~ = 1011 kg m -3) 
at the base of the tank and 0.45% (p~ = 1003 kg 
m -3) at the top. The current was composed of 
dense particles suspended in a solution of 
methanol, ethanol and water (Pi = 987 kg m 3). 
The current in Run J initially behaved in a simi- 
lar way to Run C, propagating like a dense cur- 
rent (Fig. 7a) until sufficient particles had settled 
out, at which point the head began rising as a 
buoyant plume (Fig. 7b). The gravity current gen- 
erated by lofting of fluid from the head of the 
bottom current ran just below the upper  surface 
of the stratified fluid (Fig. 7c and d). However, 
fluid lofting from the more dilute mixing layer 
intruded at an intermediate level as a separate 
gravity current (Fig. 7d). Clear fluid separated the 
two gravity currents generated by buoyant lift-off. 
Thus, the single basal current produced two in- 
trusions in the stratified tank, a more vigorous, 
low-density intrusion formed by lofting of the 
flow head, and a weaker, medium-density intru- 
sion by lofting of the mixing layer or body of the 
current. 

3. Theory 

The experiments on sediment-driven gravity 
currents can be modelled well using a hydraulic 
approach, the basic elements of which are de- 
scribed in [22]. The initial collapse of the gravity 
current is a complex three-dimensional unsteady 
flow. However, once the current has spread suffi- 
ciently that its length is significantly greater than 
its height and that the height along the gravity 
current is slowly varying, it is a good approxima- 
tion to ignore vertical accelerations in the fluid 
and assume a hydrostatic pressure distribution at 
any horizontal position x and time t in both the 
ambient and sediment-laden fluids. As long as 
viscous forces are negligible, it can also be as- 
sumed that the horizontal velocities, ul (x , t )  and 
Ue(X,t) in the lower gravity-current layer and the 
upper ambient layer, respectively, are uniform 
across the depths of each layer, hl(X, t )  and 
h2(x, t ) ,  as depicted in Fig. 8. The effects of 
mixing between the two layers are assumed to be 
negligible. 

Applying these considerations, we derive the 
two-layer inviscid shallow-water equations in 
non-dimensional form, which are the consc:va- 
tion of mass in each of the two layers 

Oh 1 a 
--at  + = o ( l a )  

Oh 2 a 
--at  + ~x (u2h2) = 0 ( l b )  

and the combined conservation of momentum of 
the two fluid layers 

O a 
-5(  u hl) + h2 ( ½( - 2 + ) 

a 
- h l -~x(UZh2)  = 0 (2) 

where 4J(x,t) is the ratio of the volume fraction 
of sediment to its initial concentration ¢b0. The 
approximate proportion of particles lifted by the 
plume, y, is given by y = (Pa - P i ) / [ ( P p  - Pi)~0] ,  
where pa, Pi and p p  are  the densities of the 
ambient fluid, the interstitial fluid and the solid 
particles, respectively. The parameter  7 may also 
be interpreted as the scaled volume fraction at 
which the current is locally neutrally buoyant. 
The various terms in eq. (2) represent the rate of 
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Fig. 7. A sequence of photographs of a buoyancy-reversing gravity current in a stratified environment (Run J). It propagates 
initially as a dense current (a) until sufficient particles have settled out that the head of the current begins to rise like a buoyant 
plume (b) to its level of neutral bouoyancy just below the top of the tank (c) and subsequently (d) spreads laterally. Meanwhile, the 
dilute mixing layer rises to an intermediate height and spreads laterally (c), which results in two intrusions or a double-anvil 

structure (d) from a single event. 
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Fig. 8. Schematic representation of a two-dimensional gravity 
current of initial bulk density Pc propagating into an environ- 
ment  of lesser density p~ and depth H. Over the length 
0 < x < x ~ ( t )  the flow is modelled as a two-layer hydraulic 

flow in which the layer depths and velocities are as shown. 

change of momentum in layer 1 due to the buoy- 
ancy forces and the advection of momentum in 
layers 1 and 2. In (1) and (2) the length and time 
variables are non-dimensionalised by H and 
v/-H/g ' , where H is the fixed total depth of the 
two fluid layers and g ' =  g ( p p -  Pi)4,o/P~ is the 
reduced gravity due to the density of the parti- 
cles. 

The particle concentration varies throughout 
the length of the current due to advection by the 
current and to the settling out of the sediment. 
We assume that the sediment concentration is 
vertically uniform due to turbulent mixing, but 
that the flow is not sufficiently vigorous to re-en- 
train settled particles. We also ignore concentra- 
tion gradients due to mixing processes at the flow 
head. With these assumptions, the non-dimen- 
sional equation of particle conservation is 

o4, 04, 4, 
- -  + U  1 = (3) 

with the non-dimensional coefficient for the rate 
of sedimentation,/3, given by 

U s 

/3-  v 'H (4) 

where v s is the Stokes settling velocity of an 
isolated particle, which is the appropriate velocity 
because the Reynolds number of the particles 
and their concentration is small. The rate of 
sedimentation represented by the right-hand side 
of eq. (3) assumes that monodisperse particles 
settle out through the thin viscous sublayer at the 
bottom of the current. This approach has been 

used successfully in several studies of sedimenta- 
tion from turbulent suspensions [23-26]. 

The boundary conditions for the equations are 
no flow at the end wall x = 0 

u 1 = u 2 = 0 (5a,b) 

and the previously determined experimental rela- 
tionship [27] between the velocity and the pres- 
sure head at the front of the current x =x , ( t ) ,  
which is given non-dimensionally by 

U 1 = 1.19~/(4, - 7 ) h i  

Ul = 0 . 5 h  1 1 / 3 ~ ( 4 ,  _ 7 ) h i  

(0 _< hn < 0.075) 

(6a) 

(0.075 < h ,  < 1) 

(6b) 

where h n is the height of the current at the front. 
The head of a gravity current is in fact a zone of 
rolling and billowing three-dimensional turbulent 
motion, and eq. (6) is an effective lumped bound- 
ary condition, which gives rise to the abrupt front 
of the current in Fig. 8. Finally, we note that 
since the total depth of the two fluid layers is 
constant 

h t + h 2 = 1 (7) 

and because there is no flow at the end wall, the 
velocities in the two layers are everywhere related 
by the zero-flux condition 

Ul(X , t ) h t ( x ,  t )  + u 2 ( x  , t ) h 2 ( x ,  t )  = 0  (8) 

which may be deduced from eq. (1). Thus we 
need only solve equations (la), (2) and (3). 

The equations and boundary conditions de- 
scribed constrain the resulting behaviour of the 
sediment-laden gravity current depending upon 
the initial conditions, the settling parameter /3 
and the interstitial fluid parameter 7- Here we 
concentrate on the results for the case of buoyant 
interstitial fluid laden with sufficient dense parti- 
cles that the gravity current is initially denser 
than the ambient fluid. A more detailed deriva- 
tion and discussion of the equations and their 
numerical solutions is presented by Bonnecaze et 
al. [28]. One result of this study was that the 
above two-layer shallow-water equations should 
be used to accurately model lock-exchange exper- 
iments, such as those discussed earlier; since the 
depth of the overlying fluid is comparable to the 
depth of the gravity current, the effects of the 
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motion of the upper  layer strongly influences the 
flow of the current. However, if the overlying 
fluid is very deep, as in some geological situa- 
tions, its effects can be ignored and the single- 
layer shallow-water equations can be used to 
model the flow. 

When /3  and y are zero, the equations have an 
analytical solution [29,30], in which the length of 
a current with an initial volume per  unit width q 
of dense fluid is given asymptotically in dimen- 
sional form by 

xn( t ) = C( g'q)l/3 t2/3 (9) 

where the constant C = 1.6 for the boundary con- 
dition in eq. (6). This result is applicable for the 
motion at the intermediate time which occurs 
after the "slumping phase"  [27] when the overly- 
ing fluid plays a significant role, and before the 
viscous forces dominate the inertial forces in the 
gravity current. 

When /3 ~ 0 ,  eq. (la), (2) and (3) must be 
solved numerically, and we employed an explicit 
two-step Lax-Wendrof f  scheme, which is accu- 
rate to second order in both space and time. The 
equations are t ransformed to a new spatial vari- 
able y = x/xn(t)  so that the spatial computations 
are confined to the range [0,1]. The velocity of 
the nose is explicitly determined at each time 
step and the length of the current is advanced in 
time with a trapezoidal integrator that is also 
accurate to second order. The initial conditions 
of all the numerical currents was zero velocity 
everywhere and h(x,O) = 1 and xn(0) = 0.5, which 
are the non-dimensional height and length of the 
fluid behind the lock. 

The model involves a degree of approximation 
because mixing at the flow head leads to entrain- 
ment  of surrounding fluid and formation of a 
diluted mixing layer overlying a more concen- 
trated underflow. Some particles will be en- 
trained into this mixing layer and will then sedi- 
ment  back into the main current below. The 
model ignores this entrainment  process and the 
recycling of particles through the region of the 
flow head. Comparison of the theory with labora- 
tory results and application to larger scale cur- 
rents in the natural environment will require these 
simplifications to be borne in mind. 

The numerical solution for the lengths as func- 
tions of time for the saline gravity current, the 
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Fig. 9. The experimental observations and theoretical predic- 
tions of the length of a simple saline gravity current (Run A), 
a sediment-laden gravity current (Run B) and a sediment- 

laden current with buoyant interstitial fluid (Run C). 

sediment-laden gravity current, and the sediment- 
laden gravity current with buoyant interstitial fluid 
described in section 2 are presented in Fig. 9. 
The agreement  between the predictions and the 
experiments is seen to be very good for the saline 
and sediment-laden currents, despite ignoring the 
mixing in the flow head. The numerical predic- 
tion for the sediment-laden current with buoyant 
interstitial fluid is also very good, up to the point 
where the numerical curve ends, at which point 
the head of the model gravity current is neutrally 
buoyant and is predicted to lift off. Experimen- 
tally, the head is observed to lift off somewhat 
later than predicted. This may be because the 
buoyant force on the head does not become sub- 
stantial until more particles have settled, an ef- 
fect that can be observed in Fig. 4b. The current 
may thus move a little further as a consequence 
of its foward momentum.  Another  possible expla- 
nation is that the upward mixing of particles in 
the flow head would recycle some particles into 
the flow behind, which results in a slightly lower 
sedimentation rate than that predicted by eq. (3). 

In Figure 10 we compare the numerically and 
experimentally determined lengths as functions of 
time for currents with buoyant interstitial fluid, as 
in Run C, with five different initial loads of 
particles (Runs K-O) .  In all cases the early be- 
haviour of the currents is very well described by 
the theory. However, the time of lift-off is consis- 
tently predicted to be 25 s, while the experiments 
tend to show the lift-off time increasing with the 
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initial mass of sediment (Fig. 11). The model 
overpredicts the lift-off distance for low values of 
the initial sediment mass and slightly underpre- 
dicts it for the larger initial values, and the errors 
are of order of 20-25%. 

The model assumes that the particles are of a 
single size, whereas the presence of finer parti- 
cles in the experiments (cf. Table 1) may be 
important for the currents that must settle out a 
relatively large fraction of the particles to become 
buoyant, such as Runs N and O. The finer parti- 
cles will be retained in suspension longer than 
average, so that considerably after the release of 
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Fig. 11. The experimental observations ( • )  and theoretical 
predictions (©) of the lift-off distance of sediment-laden cur- 
rents with buoyant interstitial fluid for different loads of 

sediment. 

the current, the fluid is denser than expected and 
hence the lift-off occurs later than predicted. 
Likewise, larger particles in the initial suspension 
settle out more rapidly than average, so more 
particles are lost during the slumping phase than 
predicted. Thus currents that have to lose fewer 
particles to become neutrally buoyant, such as 
Runs K and L, may lift-off sooner than expected. 
Finally, the recycling of particles through the flow 
head may play a more important role in the 
longer currents, resulting in a somewhat lower 
sedimentation rate. 

4. Applications 

4.1 Turbidity currents 

Turbidity currents are recognised as the main 
way by which sediment from the continental shelf 
and shallow-water coastal regions is transported 
to the deep parts of ocean basins [2,3]. In general, 
the oceans are stably stratified and water within 
the uppermost  600 m of the oceans has a lower 
intrinsic density (o- T value) than deep water. Wa- 
ter above the thermocline is typically warmer  but 
more saline. Oceanic turbidity currents will there- 
fore transport warmer  and intrinsically buoyant 
water to the depths of the oceans where tempera-  
tures are rather uniform (2-4°C). The tempera-  
ture contrast between shallow and deep ocean 
water is seasonal, and maximum temperature  dif- 
ferences exceed 25°C in equatorial latitudes so 
that the interstitial water could be lighter by 3 -4  
kg m -3. 

Our experiments indicate that the buoyant 
fluid has only a small role to play in the flov. 
dynamics until sufficient sediment has been de 
posited that the current approaches neutral buoy. 
ancy. The experiments also suggest that the ef- 
fects of buoyancy will then play a role in two 
regions. First, when the concentration of particles 
in the current feeding the flow head has been 
reduced to a few kg m-3  the temperature  differ- 
ences will be sufficient to generate lofting in the 
distal regions. The current would halt leaving a 
deposit with a fairly abrubt end, and the remain- 
ing fine-grained sediment and warmer but more 
saline water would be mixed into the overlying 
weakly stratified deep ocean water. Second, the 
more dilute mixing layer formed over the entire 
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region of the current would become weakly buoy- 
ant and vertical mixing of very fine sediment into 
the overlying ocean could be expected. The fine 
sediment from the lofted fluid may become much 
more widely dispersed than the current deposit to 
form the pelitic muddy 'e '  division of turbidites. 
We note that the buoyant cloud will spread both 
away from and towards the source region of the 
turbidity current and could result in an enhance- 
ment  in grain size contrast between the 'e '  and 
lower divisions of the Bouma sequence [31], par- 
ticularly in proximal regions. This process may 
also contribute to the formation of the nepheloid 
layer in the few hundred metres above the ocean 
floor. The experiment in a stratified tank implies 
that the head and mixing layer could generate 
plumes of different strength and sediment con- 
tent, which would create further complexity in 
the dispersal of fine sediment. 

Stow and Wezel [32] have documented fine- 
grained turbidites from the Bengal fan which 
have characteristics consistent with deposits from 
lofted plumes. The units are termed hemitur- 
bidites and are extensively burrowed to depths of 
several tens of centimetres. Stow and Wezel in- 
tepret  the burrowing sequences and depths as 
evidence of unusually slow sedimentation rates of 
a few millimetres per day, rates so slow that the 
burrowing organisms can continue their activities. 
They invoke the mixing of the turbulent upper  
parts in the distal region of major turbidity cur- 
rents into the overlying ocean. Their description 
implicitly invokes the lofting mechanism analysed 
quantitatively in this paper.  

These processes also contribute to vertical mix- 
ing and layering within the oceans. Our  experi- 
mental  demonstrat ion of multiple intrusions into 
a stratified environment show that the interac- 
tions between the buoyant fluid liberated from 
turbidity currents and the oceanic stratification 
can be quite complex. Wignall and Pickering [33] 
have observed that faunal diversity increases in 
sequences of thinly bedded turbidites in the Kim- 
meridgian sedimentary rocks of Northeast  Scot- 
land in comparison to intervening black shale 
sequences. They attribute the increased faunal 
diversity to transport  of more oxygenated water 
into the b'asin by the turbidity current causing 
turnover of the water  column and colonisation. 
Once sediment supply by turbidity currents ceases 

and there is a return to conditions of black shale 
deposition, mortality occurs. Follmi and Grimm 
[34] have likewise postulated that burrowing or- 
ganisms transported from shallow-water environ- 
ments can survive temporarily in alien deep envi- 
ronments by transport  of oxygenated water. The 
transport  of buoyant interstitial water  rich in nu- 
trients and oxygen may thus have an important 
influence on the interpretation of palaeo-environ- 
ments. 

4.2 Deltaic underflows 

Deltas and estuaries provide an environment 
where sediment-laden fresh or brackish water is 
intruded into sea water. When the sediment con- 
centration is sufficiently low, buoyant sediment 
plumes are dispersed at the ocean surface from 
which sediment falls out. However in some deltas, 
such as the Yellow River in China [4], the sedi- 
ment concentrations can be so high that under- 
flow can form with buoyant interstitial water. 
Deltas and estuaries are also environments where 
there are strong lateral density gradients and 
where storms and strong tidal currents can sus- 
pend sediment in sufficient concentrations to ini- 
tiate gravity currents containing brackish water 
which flows beneath  more saline water. 

A good example of such an environment has 
been documented in the prodelta of the Yellow 
River. Wright et al. [4] describe a hyperpycnal 
underflow containing less saline water. This par- 
ticular current was interpreted to result from 
suspension of sediment in the brackish delta-top 
environment by strong parabathymic tidal cur- 
rents in a storm period rather than by direct 
entrance of sediment-laden river water. The Yel- 
low River is characterised by very rapid sedimen- 
tation in the region of the delta front, and delta 
progradation can be rapid across this front (1 km 
in 10 years). Wright et al. [4] documented a 
substantial decrease in the sedimentation rate in 
locations only 2 km apart  in the downcurrent 
direction. They attributed the restricted range of 
sedimentation and underflows to longshore tidal 
currents. We suggest that underflows are also 
likely to be curtailed by buoyant lofting and that 
the rapid decrease in sedimentation rate may 
alternatively be caused by the intrinsic buoyancy 
of the currents. 



256 R.S.J .  S P A R K S  E T  AL.  

4.3 Co-ignimbrite clouds 

The concept of buoyant lift-off has been widely 
recognised as an explanation for the ash clouds 
that develop above pyroclastic flows [14,15,35-38] 
due to a combination of entrainment, thermal 
expansion and sedimentation. Recent spectacular 
examples of lift-off occurred in the blast flow of 
Mt. St. Helens of May 18th 1980 which lofted to 
form a giant 30 km high cloud [14]. Woods and 
Kienle [15] describe a co-ignimbrite cloud from 
the 1990 eruption of Mt. Redoubt in Alaska 
which formed two separate intrusions at different 
levels in the atmosphere. They suggested that 
these two intrusions represented two different 
events of different strengths and buoyancy. Our 
experiments in a stratified environment show that 
it is also possible to generate intrusions at two 
different levels from a single flow. The more 
buoyant and less diluted fluid lifting off from the 
head generates a more powerful upper intrusion, 
whereas the more diluted and less buoyant fluid 
lifting off from the mixing layer generates a 
weaker lower intrusion. Thus, because the density 
of a pyroclastic flow will similarly vary along its 
length, the double anvil structure of the Redoubt 
column may be explicable without invoking two 
separate events. 
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