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ABSTRACT

Turbidity currents and pyroclastic density currents may originate as stratified

flows or develop stratification during propagation. Analogue, density-stratified

laboratory currents are described, using layers of salt solutions with different

concentrations and depths to create the initial vertical stratification. The

evolving structure of the flow depends on the distribution of the driving

buoyancy between the layers, B* (proportional to the layer volumes and

densities), and their density ratio, q*. When the lower layer contains more salt

than the upper layer, and so has a greater proportion of the driving buoyancy

(B* < 0Æ5), this layer can run ahead leading to streamwise or longitudinal

stratification (q* fi 0), or the layers can mix to produce a homogeneous current

(q* fi 1). If the upper layer contains more salt and thus buoyancy (B* > 0Æ5),

this layer travels to the nose of the current by mixing into the back of the head

along the body/wake density interface to produce a homogeneous flow

(q* fi 1) or overtaking, leading to streamwise stratification (q* fi 0).

Timescales describing the mixing between the layers and the streamwise

separation of the layers are used to understand these flow behaviours and are

in accordance with the experimental observations. Distance–time

measurements of the flow front show that strongly stratified flows initially

travel faster than weakly stratified flows but, during their later stages, they

travel more slowly. In natural flows that are stratified in concentration and

grain size, internal features, such as stepwise grading, gradual upward fining

and reverse grading, could be produced depending on B* and q*. Stratification

may also be expected to affect interactions with topography and overall fan

architecture.

Keywords Inertial gravity current, pyroclastic density current, stratified flow,
turbidity current.

INTRODUCTION

Gravity currents are created whenever a density
difference between two fluids gives rise to lateral
flow of one fluid into another. In many natural
turbulent gravity currents of geological import-

ance, the density difference between the propa-
gating current and the ambient fluid is the result
of suspended particulate matter as well as fluid
of different composition and hence density.
Particle-driven gravity currents are important in
many geological and environmental settings in
terms of sediment transport and dispersal
(Simpson, 1997; Mulder & Alexander, 2001).
Particulate gravity currents can also have con-
siderable destructive potential. For example,
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pyroclastic flows and snow avalanches represent
a significant hazard (Hopfinger, 1983; Druitt,
1998), and thus insights into the flow dynamics
and deposition from turbulent gravity currents is
important for risk assessment near volcanoes and
in populated alpine areas. To increase recovery
rates of hydrocarbons held in the deposits of
turbidity currents, understanding of their parent
flows and the processes that generated the
deposits is required. The infrequent occurrence
and highly destructive nature of these events
limit the number of detailed observations of
natural flows. In particular, the lack of direct
observational data for submarine events is acute,
because of their infrequency and inaccessible
location. For these reasons, laboratory experi-
ments and theoretical analyses play an important
role in furthering understanding of natural grav-
ity currents.

Experimental and theoretical studies of high
Reynolds number gravity currents have mainly
focused on flows that develop from initially
homogeneous mixtures (e.g. Middleton, 1966;
Huppert & Simpson, 1980; Hallworth et al.,
1996). However, in vertical section, the deposits
of both pyroclastic density currents and turbidity
currents commonly show strong particle segre-
gation into characteristic zones divided by grain-
size discontinuities (Druitt, 1998; Clayton, 1994;
Sinclair, 1994), and flow stratification has been
invoked as a possible dynamical explanation for
such features (Gladstone & Sparks, 2002; Ritchie
et al., 2002). There are many situations in which
natural currents may become vertically stratified
in terms of grain size and sediment concentra-
tion, owing to the initial source conditions or
processes in the flow. For example, stratification
can arise from the variable settling velocities of
different particle sizes, variations in turbulence
intensity within the flow (Kneller & Buckee,
2000; Buckee et al., 2001), entrainment of air or
water at the margins of the flow (Hallworth
et al., 1996) and entrainment of sediment from
the underlying substrate. An additional mechan-
ism that can promote stratification is present in
volcanic settings if a pressurized dome decom-
presses explosively to release a suspension into
the air, which can stratify in grain size and
concentration before collapsing to form a turbu-
lent pyroclastic density current (Ritchie et al.,
2002; Woods et al., 2002).

The purpose of the present paper is to
examine the dynamics of stratified gravity cur-
rents through a series of simple laboratory
experiments. A suite of systematic two- and

three-layer density-stratified gravity currents is
described, and results and interpretations are
presented on the effect of some of these key
features, with implications for sediment depos-
ition from particle-laden gravity currents. In
these experiments, the fractional depths and
density of each layer are varied using salt
solutions of varying concentration, and the
position of the current nose is measured, with
flow visualization using dyes that allow assess-
ment of the interactions between layers. Four
series of experiments are presented, each
exploring a specific aspect of the problem
(Fig. 1 and Table 1); series A investigates the
effect of lower layer depth on the dynamics of
the flow; series B investigates two-layered cur-
rents where the lower layer contains more salt,
and therefore has a greater driving buoyancy,
than the upper layer; series C investigates two-
layered currents in which the lower layer
contains less salt and thus less driving buoy-
ancy than the upper layer; series D studies
three-layered currents with varying strengths of
stratification, while keeping the total current
density constant. These inertial, density-strati-
fied experiments allow the roles of both the
density difference and the distribution of buoy-
ancy between the layers on the behaviour of the
flow to be assessed.

THEORETICAL CONTEXT

Early investigations of inertial gravity currents
were carried out by Schmidt (1911), von Karman
(1940) and Keulegan (1957) who released fixed
volumes of saline water into freshwater channels
and documented advance of the flow front. The
evolution of gravity current morphology as a
function of time was studied by Middleton
(1966) and considered experimentally and
theoretically by Huppert & Simpson (1980).
Reviews of experimental work in this field are
provided by Middleton (1993) and Kneller
& Buckee (2000).

After an initial gravitational collapse out of
the lock, these types of saline flows are driven
by a balance of inertial and buoyancy forces,
where frictional resistance is considered to be
unimportant and, therefore, the speed of the
flow, u, must be a function of the two-dimen-
sional driving buoyancy of the fluid, B, and a
lengthscale that is taken as L. From dimensional
considerations, these parameters combine to
give
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u � B

L

� �1=2

ð1Þ

The buoyancy of a two-dimensional flow has
units [L3/T2] and is defined as

B ¼ Ag0 where g
0 ¼ gðqC � q0Þ=q0 ð2Þ

and A is the two-dimensional area of the
current, g the acceleration due to gravity, and
qC and q0 the densities of the current and
ambient fluid respectively. Note that, during
propagation, both qC and A may be changing,
but the total driving buoyancy B will remain
constant because it is equal to the mass of salt
used to create the flow, which must be con-
served. Therefore, at all times,

B ¼ B0 ¼ A0g0
0 ð3Þ

where the subscript zero denotes initial values.
Substituting Eq. (3) into Eq. (1) gives

u ¼ dL

dt
¼ Fr

A0g0
0

L

� �1=2

ð4Þ

where the Froude number, Fr, is a scaling
constant. Benjamin’s (1968) analysis of gravity

current propagation identified a theoretical value
for the Froude number of

ffiffiffi
2

p
. A slightly lower

value of 1Æ19 is appropriate for laboratory gravity
currents using the lock-exchange technique,
when the current is thin compared with the
ambient depth (Huppert & Simpson, 1980).

Eq. (4) can be integrated to provide a descrip-
tion of the position of the flow front, L, with
time, t,

L3=2 ¼ L
3=2
0 þ 2=3FrðA0g0

0Þ
1=2t ð5Þ

where L0 is the length of the lock, i.e. the initial
length of the flow at time t ¼ 0. This scaling has
been shown to describe homogeneous saline and
simple particle-laden currents in the laboratory
reasonably well (Huppert & Simpson, 1980; Bon-
necaze et al., 1993; Dade & Huppert, 1995; Glad-
stone & Woods, 2000). Eq. (5) can be written in
dimensionless terms by introducing the dimen-
sionless distance travelled by the current, L*,
with dimensionless time, t*,

L	3=2 ¼ 1 þ t	 ð6Þ

Here,
L	 ¼ L=L0 ð7Þ

and
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Fig. 1. (a) Arrangement of layers of
different density for each of the four
experimental series. In series A–C,
two layers were placed in the lock
region, a lower dense layer of depth
hL and density qL, overlain by an
upper layer of depth hU and density
qU. For series D, a third layer of
density and depth qM and hM was
added. (b) Schematic diagram of
experimental apparatus showing
emplacement of the two-layer stra-
tification through a floating sponge.
In all experiments the ambient fluid
was fresh water at 
 16Æ5 �C so
q0 ¼ 998Æ9 kg m)3.
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Table 1. Initial conditions for all experiments.

Experiment qC qL qU hL/H q* B*

Series A: effect of lower layer depth
A1* 1013Æ9 998Æ9 1061Æ8 0Æ25 0 0
A2 1013Æ9 998Æ9 1029Æ7 0Æ5 0 0
A3 1013Æ9 998Æ9 1018Æ9 0Æ75 0 0
A4 1013Æ9 998Æ9 1013Æ9 1 0 0

Series B: more driving buoyancy in the lower layer so B* < 0Æ5
B1 1070Æ7 1078Æ1 1063Æ3 0Æ5 0Æ81 0Æ45
B2 1070Æ7 1085Æ7 1055Æ9 0Æ5 0Æ66 0Æ40
B3 1070Æ7 1093Æ2 1048Æ6 0Æ5 0Æ53 0Æ35
B4 1070Æ7 1100Æ8 1041Æ3 0Æ5 0Æ42 0Æ29
B5* 1070Æ7 1108Æ5 1034Æ0 0Æ5 0Æ32 0Æ24
B6 1070Æ7 1116Æ2 1026Æ8 0Æ5 0Æ24 0Æ19
B7* 1070Æ7 1124Æ0 1019Æ6 0Æ5 0Æ17 0Æ14
B8 1070Æ7 1131Æ9 1012Æ5 0Æ5 0Æ10 0Æ09
B9 1070Æ7 1139Æ8 1005Æ3 0Æ5 0Æ05 0Æ04
B10* 1070Æ7 1070Æ7 1070Æ7 0Æ5 1Æ00 0Æ50
B11* 1012Æ5 1012Æ5 1012Æ5 0Æ5 1Æ00 0Æ50
B12* 1012Æ5 1019Æ6 1005Æ3 0Æ5 0Æ31 0Æ24
B13 1012Æ9 1026Æ8 998Æ9 0Æ5 0Æ00 0Æ00
B14* 1016Æ0 1019Æ5 1012Æ5 0Æ5 0Æ66 0Æ40
B15 1016Æ1 1026Æ8 1005Æ3 0Æ5 0Æ23 0Æ19
B16 1016Æ1 1016Æ1 1016Æ1 0Æ5 1Æ00 0Æ50
B17* 1016Æ5 1034Æ0 998Æ9 0Æ5 0Æ00 0Æ00
B18 1021Æ5 1034Æ0 1008Æ9 0Æ5 0Æ28 0Æ22
B19 1023Æ3 1034Æ0 1012Æ5 0Æ5 0Æ39 0Æ28
B20 1025Æ0 1034Æ0 1016Æ0 0Æ5 0Æ49 0Æ33
B21 1026Æ8 1034Æ0 1019Æ6 0Æ5 0Æ59 0Æ37
B22 1028Æ6 1034Æ0 1023Æ2 0Æ5 0Æ69 0Æ41
B23 1030Æ4 1034Æ0 1026Æ8 0Æ5 0Æ79 0Æ44
B24 1032Æ2 1034Æ0 1030Æ4 0Æ5 0Æ90 0Æ47
B25 1014Æ0 1026Æ1 1001Æ8 0Æ5 0Æ11 0Æ10
B26 1013Æ9 1018Æ2 1009Æ6 0Æ5 0Æ55 0Æ36
B27 1011Æ0 1034Æ0 1005Æ3 0Æ2 0Æ18 0Æ42
B28 1015Æ2 1034Æ0 1008Æ9 0Æ25 0Æ28 0Æ46
B29 1030Æ4 1034Æ0 1019Æ6 0Æ75 0Æ59 0Æ16
B30 1009Æ9 1034Æ0 998Æ9 0Æ3 0Æ00 0Æ00

Series C: more driving buoyancy in the upper layer so B* > 0Æ5
C1 1014Æ1 1017Æ5 1013Æ2 0Æ2 0Æ77 0Æ75
C2 1008Æ2 1034Æ0 1005Æ3 0Æ1 0Æ18 0Æ62
C3 1009Æ2 1034Æ0 1005Æ3 0Æ15 0Æ18 0Æ51
C4 1013Æ9 1034Æ0 1008Æ9 0Æ2 0Æ28 0Æ53
C5 1016Æ8 1034Æ0 1012Æ5 0Æ2 0Æ39 0Æ61
C6 1019Æ6 1034Æ0 1016Æ0 0Æ2 0Æ49 0Æ66
C7 1028Æ2 1034Æ0 1026Æ8 0Æ2 0Æ79 0Æ76
C8 1017Æ9 1034Æ0 1012Æ5 0Æ25 0Æ39 0Æ54

Series D: three-layer currents
D1 1017Æ3 1044Æ9 1005Æ3 1001Æ8 0Æ14 0Æ45
D2 1017Æ3 1026Æ8 1023Æ2 1001Æ8 0Æ87 0Æ12
D3 1017Æ3 1023Æ2 1016Æ0 1012Æ5 0Æ70 0Æ80

Four series were conducted, each investigating a different aspect of density-stratified inertial flows. Experiments B1–
B10 were carried out in a 6 m tank; all others were performed in a 3 m tank. The variables are: density of the total
current, qC ; lower layer, qL ; upper layer, qU ; and in three-layer experiments of series D, the density of the middle
layer, qM , in kg m)3; the fractional depth of the lower layer is given by hL/H. A dimensionless density ratio, q*, and
dimensionless buoyancy distribution, B*, between the layers are defined in Eqs (10) and (11). Experiments marked
with an asterisk were run two to four times to assess reproducibility.

770 C. Gladstone et al.

� 2004 International Association of Sedimentologists, Sedimentology, 51, 767–789



t	 ¼ t=s ð8Þ

where s ¼ 1/[2/3Fr(A0g¢0)1/2L0
)3/2]

These scalings are used throughout the pre-
sent paper to collapse experimental data and
identify those flows within the inertial regime
and those where drag has become an important
control.

Little is known about the effects of density
stratification in such flows, even though there is
field evidence that stratified currents may occur
in nature (e.g. Kneller & McCaffrey, 1999; Stix,
2001). In the present paper, the dynamics of
experimental gravity currents that have been
initiated from stratified source conditions are
examined. A variety of behaviours can be envis-
aged as a result of differing initial conditions. For
two-layered currents, it can be inferred from Eq.
(1) that, in the absence of interaction between the
layers, the layer with the highest buoyancy will
propagate ahead of the less dense fluid. Initial
strong vertical stratification would thus result in
pronounced streamwise stratification of the flow,
with the lower denser part of the current running
ahead of the upper, less dense part. However,
mixing of the flow could occur during propaga-
tion if the density contrast between layers is
small; in this case, the layers can no longer be
considered as separate components of the flow. A
further complication may arise in a flow with a
thin lower layer where the effect of friction may
suppress the development of the streamwise
stratification. The object of this research is thus
to investigate, through systematic experiments
and simple scalings, the details of each behaviour
and assess the initial conditions under which
these develop.

EXPERIMENTAL METHOD

Experiments were conducted in one of two tanks.
The first was an acrylic tank, 3 m long and 0Æ15 m
wide, filled with tap water to a depth of 0Æ2 m
(Fig. 1a). A watertight lockgate was situated 0Æ1 m
from one end of the tank. Most experiments
presented here were conducted in this tank. The
second tank was glass with a length of 5 m, width
0Æ2 m, with a gate placed 0Æ2 m from the end wall
and filled to a depth of 0Æ4 m. Aqueous saline
solutions were prepared using varying masses of
NaCl to produce a known excess density. In each
experiment, the temperature of the ambient fluid
and saline solutions in the lock region were held
constant so that the density difference between

the current and ambient fluid was solely due to
compositional variations, not temperature varia-
tions. However, slight temperature variations
between one experiment and the next, due to
seasonal variations in tap water temperature,
produced a temperature range of 15 �C
(q0 ¼ 999Æ1 kg m3) to 17Æ5 �C (q0 ¼ 998Æ7 kg m3).
The density change caused by this temperature
range is very small compared with that produced
by salt solutions (Table 1), and so all fluids are
treated as being at a constant temperature of
16Æ5 �C (q0 ¼ 998Æ9 kg m3).

For series A–C, two layers of different density
and depth were placed behind the lockgate with
the densest solution forming the lower layer
(Fig. 1a and b). The upper layer was emplaced
through a sponge to reduce the effects of turbulent
mixing between the two layers during set-up. For
the three-layer experiments of series D, the process
was repeated to emplace the top layer (Fig. 1b).
Typically, a mixed region of depth 2–4 mm formed
between the layers. The role of this region on the
dynamics of the flow is considered to be unimpor-
tant, because the depth of the mixed region is small
compared with the total depth of the lock, and
mixing of the layers through molecular diffusion is
negligible over the set-up time of the experiment.
This was validated through repeated experiments
(see below). Solutions were coloured with 1 mL of
blue, yellow or red food dye per 1 L of saline
solution to allow the layers to be distinguished and
the onset of mixing to be visualized. The lockgate
was then lifted to release the layered solutions into
the main tank.

The position of the flow front, L, was measured
every 3 s after release by marking the position of
the frontmost lobe of the flow on the tank during
the experiments. Measurements continued until
the currents became too dilute to distinguish from
the ambient fluid or reflection from the end of the
flume tank occurred. Non-systematic errors were
assessed through multiple runs of the same
experiment; 3% error bars are plotted on the four
repeated experiments of B12 to illustrate the good
reproducibility (Fig. 2). Close to the end of the
tank, the presence of the endwall impacts on the
flow, and so data taken within 50 cm of this are
discarded. Colour photographs were taken using a
Nikon digital still camera at constant time inter-
vals of 4 s to allow the interactions between
layers to be assessed through mixing of the blue
and yellow dyes. For additional clarity, the
experiment was backlit using three parallel light
sources placed 2Æ4 m behind the tank, with a
single sheet of tracing paper along the front of the
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tank. The light passing through the tank projects
planes of different refractive index on to the
paper in the foreground, providing visualization
of width-averaged regions with density contrasts.
This ‘shadowgraph’ technique is particularly
useful for picking out mixing between fluids with
different densities. However, when using mul-
tiple light sources to illuminate large areas such
as the flume tank used in these experiments,
‘false’ shadows can occasionally appear (for
example, at the nose of the flow in the second
frame of Figs 3a and 9a). Although every effort
was made to minimize these effects, it was not
possible to remove them entirely.

Here, the subscripts L and U refer to lower layer
and upper layer respectively. For two-layer
experiments, the lock region was filled with a
lower layer of depth hL and density qL created
using a mass of salt ML, and a less dense upper
layer of depth hU, density qU and salt mass MU, so
that the total depth of lock fluid (hL + hU)
equalled the depth of ambient fluid in the main
section of the tank, H (Fig. 1b). Thus, the bulk
density of the current, qC, is given by

qC ¼ ðhLqL þ hUqUÞ=H ð9Þ

Note that the phrase ‘mass of salt’ is quite distinct
from salinity. The mass of salt reflects the product
of layer density and layer depth and is therefore

proportional to the two-dimensional driving
buoyancy, whereas salinity is directly propor-
tional to density. Thus, the term salinity is
deliberately not used in this paper.

In order to allow direct comparison between
flows created using a variety of different initial
conditions, it is useful to define a dimensionless
density ratio between the layers, q*, and dimen-
sionless difference in the driving buoyancy, B*,
where

q	 ¼ qU � q0

qL � q0

¼ g0
U

g0
L

ð10Þ

and

B	 ¼ BU

BU þ BL
¼ hUg0

U

ðhUg0
U þ hLg0

LÞ
� MU

MU þ ML
ð11Þ

The ratio q* quantifies the strength of the initial
stratification: a small value of q* indicates a
strong stratification; as q* fi 1, the stratification
becomes weaker and, at q* ¼ 1, there is no
stratification and the flow is homogeneous. At
q* ¼ 0, all the current density is contained in the
lower layer and, thus, the upper layer and
ambient fluid have equal densities. Similarly, at
B* ¼ 0, all the salt is placed in the lower layer
and qU ¼ q0. Values of 0 < B* < 0Æ5 indicate that
more of the salt is contained in the lower layer
than in the upper layer. When B* ¼ 0Æ5, the salt is
evenly distributed between the layers, and so the
buoyancy contribution by each layer to the grav-
ity current is equal. Values of 1 > B* > 0Æ5 indi-
cate that more salt is contained in the upper layer,
which is achieved in the laboratory by increasing
the fractional depth of the upper layer.

For this particular study, 46 experiments were
conducted with experimental conditions given in
Table 1, covering a wide range of values of q* (0–1)
and B* (0–0Æ76). A further 14 multiple experiments
were run to assess reproducibility. The currents
photographed in Figs 3d, 5 and 9 were arranged
with the same bulk density, qC ¼ 1014 kg m)3, to
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Fig. 2. Multiple runs of three different experiments
show that the reproducibility of distance–time data is
within ± 3%, indicated by error bars plotted with the
data gathered from four runs of B12. To cover a range of
initial conditions, the three selected experiments are
B7 (strong stratification, 6 m tank), B10 (no stratifica-
tion, 6 m tank) and B12 (medium stratification, 3 m
tank). Details of each are given in Table 1.

Fig. 3. Photographs at different time intervals illus-
trate the flow of gravity currents where the height of the
lower layer is varied. A constant mass of salt is added
to the lower layer (0Æ066 kg), and the upper layer is
composed of fresh tap water in each experiment. The
bulk current density (combining both layers) is
qC ¼ 1014 kg m)3. (a) hL/H ¼ 0Æ25. (b) hL/H ¼ 0Æ5.
(c) hL/H ¼ 0Æ75. (c) hL/H ¼ 1Æ0. The photographs reveal
that an initially small lower layer can lead to rapid
thinning of the flow, while an initially larger lower
layer can cause thickening of the flow.
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aid comparisons of flow behaviour. Typical Rey-
nolds numbers during the time considered in the
photographs range from 7000 down to 3000,
although at later times and distances, the Reynolds
number of the thinnest currents decreases to 800–
1000. The experimental flows are characterized by
an approximately constant Froude number of 1Æ3.
The method used for estimating these values and
their implications is given in more detail in the
discussion on the application of these small-scale
flows to full-scale natural turbidity currents and
pyroclastic density currents.

EXPERIMENTAL RESULTS

Series A: effect of lower layer depth

The first series of experiments, series A (Fig. 1b),
was conducted to investigate the effects of drag
on a single-layer current by varying the depth of
the lower layer of saline fluid but keeping the
total mass of salt, and thus qCH, constant (cf.
Huppert & Simpson, 1980; Hogg & Woods, 2001).
The stratification in the lock was arranged with a
lower layer containing 0Æ066 kg of NaCl and an
upper layer and main tank ambient fluid of fresh

water. The lower layer depth was varied in each
experiment so that hL/H ¼ 1, 0Æ75, 0Æ5 and 0Æ25
(Fig. 1b; Table 1). For each of the four experi-
ments, photographs are presented to assess the
overall characteristics of the currents (Fig. 3), and
collapsed distance–time data using the simple
scalings given by dimensional analysis in Eqs (7)
and (8) are plotted in Fig. 4.

Photographs show that, when the current has a
small initial height, there is less mixing with the
ambient fluid and the flow thins rapidly (Expt
A1, Table 1; Fig. 3a). Corresponding scaled dis-
tance–time data that have been non-dimensio-
nalized using Eqs (7) and (8) illustrate that the
initial slump of thin flows (hL/H £ 0Æ5; Expts A1
and A2) is slightly faster than that of thicker
flows. A large (qL–q0) leads to a fast flow; during
the early slump phase, the thin dense lower
layer causes the nose of the current to flow
quickly. However, these thin flows dissipate,
and frictional effects become important, causing
the flows to decelerate rapidly. This is clear from
Fig. 4 where flow A2 (hL/H ¼ 0Æ5) deviates
slightly from the straight-line collapse towards
the end of the experiment, while the thinnest
flow, A1 (hL/H ¼ 0Æ25), deviates from the line
earlier, indicating that the effects of drag are
important in retarding the flow for much of the
experiment.

For thicker currents where hL/H > 0Æ5, the
velocity of the initial slump is slightly less than
the thin flows because qL–q0 is smaller. Subse-
quently, the current advances more rapidly as it is
sufficiently deep and therefore less affected by
friction (Figs 3c and d and 4). For flows A3 and
A4, where hL/H ¼ 0Æ75 and 1, and much of A2
(hL/H ¼ 0Æ5), the simple scalings are appropriate
as shown by the straight-line collapse of the
dimensionless data. This indicates that, over the
experimental duration, the flow is controlled by a
balance between inertial and buoyancy forces,
and drag is not important.

Series B, B* < 0Æ5: driving buoyancy of lower
layer < driving buoyancy of upper layer

In series B experiments, the effects of stratifica-
tion were examined in currents in which the
lower layer contained a larger mass of salt than
the upper layer, i.e. qLhL > qUhU. In the experi-
ments presented, the initial depth of each layer
was equal, hL ¼ hU (Figs 1b and 5), but the
density contrast between the two layers, q*, was
varied with the bulk current density being kept
constant (Table 1). Although the distribution of
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Fig. 4. The dimensionless distance reached by the flow
front, L*3/2, at different dimensionless times, t*, is
plotted for the flows from series A, which are photo-
graphed in Fig. 3. The thinner flows deviate from a
straight-line collapse, indicating that frictional or vis-
cous effects are retarding these flows, and they are no
longer purely inertial. Flows with an initially thicker
lower layer collapse well, indicating that they remain
inertial over the duration of the experiment. Each
experiment is identified by a letter and a number; ini-
tial conditions are listed in Table 1.
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buoyancy between the layers was varied through-
out the series, in all experiments B* < 0Æ5.

With a large density contrast between the
layers (q* ¼ 0Æ11), the lower layer surges ahead
of the upper layer, forming a gravity current
consisting of a bulbous head with a turbulent
wake and a body (Fig. 5a). As the upper layer is
considerably less dense than the lower layer, it
is unable to catch the front of the current but can
be seen to intrude into the body of the lower
layer as a thin wedge (Fig. 5a, Expt B25). Mixing
between the two layers is minimal, although a
small region of green mixed fluid can be seen
immediately above and below the intruding
wedge. Eventually, the lower layer slows suffi-
ciently to allow the upper layer gradually to
catch up. When the density contrast between the
layers is small (q* ¼ 0Æ55), the upper layer
intrudes quickly between the dilute turbulent
wake and the denser, main part of the flow of the
lower layer (Fig. 5b, Expt B26). The layers mix
rapidly as upper layer fluid intruding into the
back of the flow head is stripped away by
ambient entrainment and passed into the over-
lying turbulent wake.

Plots of flow front velocity with time indicate
that a strongly stratified flow travels most rapidly
during the initial stages of the current (0–6 s;
Fig. 6a), because the lower layer that is driving
the flow during this part of the experiment has a
higher density contrast with the ambient fluid
than a weakly stratified flow. However, the velo-
city of the strongly stratified flow declines rapidly
because the upper layer, which has the smallest
density contrast with the ambient fluid, is being
left behind and is thus not contributing to the
velocity of the flow front. By considering the
scaled distance–time data, it is possible to iden-
tify when the effects of drag begin to contribute to
this velocity decrease. The good straight-line
collapse before t* ¼ 200 suggests that, up to this
point, the flow is inertial (Fig. 6b). By t* ¼ 200,
however, the scaled data are deviating from the
straight line, indicating that the flow is no longer
purely inertial and drag is also now important
(Fig. 6b; compare with previous section on effect
of lower layer depth).

The velocity variations can be assessed further
by normalizing the distance–time data to a calib-
ration homogeneous flow. In Fig. 6c, the distance
reached at each time, L(t), by flows with the same
bulk current density of 1070Æ7 kg m)3 is divided
by the distance reached at the same time by a
homogeneous flow with the same initial density,
X(t). This plot accentuates the velocity

differences, verifying that, with a strong initial
stratification, the dense lower layer dominates to
drive the flow at a higher velocity than a weakly
stratified current (e.g. q* ¼ 0Æ05, Expt B9). How-
ever, the velocity deceleration is greater and thus
the flow is slower during later stages, compared
with a flow with a weaker initial stratification
(q* ¼ 0Æ81, Expt B1).

Series C, B* > 0Æ5: driving buoyancy of upper
layer > driving buoyancy of lower layer

Series C was conducted to investigate the pro-
pagation of stratified flows in which the upper
layer contains a greater mass of salt than the
lower layer, qUhU > qLhL, achieved experiment-
ally by reducing hL and increasing hU. In all
experiments (Figs 7 and 8), the lower layer
initially propagated to form the nose of the
current, but was quickly caught up by the upper
layer. However, the density contrast, or degree
of stratification, governs the way in which the
upper layer reaches the front of the flow and the
amount of mixing occurring between the two
layers. For the photographs in Fig. 7, the depth
of the lower layer was kept constant at
hL/H ¼ 0Æ2 as was the total mass of salt behind
the lockgate, MU + ML, and thus the bulk density
qC ¼ 1014 kg m)3. By distributing the salt dif-
ferently between the two layers, this yielded
strong (Fig. 7a, q* ¼ 0Æ28, Expt C4) and weak
stratification (Fig. 7b, q* ¼ 0Æ77, Expt C1).

When the density contrast between the two
layers is large, the upper layer moves to the flow
front by intruding into the lower layer as a thin
wedge below the developing, less dense turbu-
lent wake of the lower layer (Fig. 7a). Some of
the upper layer mixes into the wake as it runs
through and ahead of the lower layer. This
results in vertical stratification of the fluid with
a lower region of dense fluid (blue), a middle
layer of less dense fluid (yellow) and an upper
mixed region composed of fluid from both upper
and lower layers (green; Fig. 7a). As this green
region is uppermost, it has the smallest density,
indicating that it has been diluted by entrain-
ment of ambient fluid with density q0. In
contrast, when the density contrast between
the layers is small, the intrusion of the upper
layer fluid into the advancing lower layer is
rapid and the two layers mix (Fig. 7b). The
upper layer does not over-ride the lower layer
but intrudes below a region of diluted fluid from
the head of the lower layer. The velocity of the
current for these two flows is very similar. Both
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distance–time data sets collapse well using the
scalings for an inertial saline current, showing
that, although the lower layer is initially thin,

due to the mixing and dilution of the flow,
friction does not cause the deceleration of either
flow (Fig. 8).
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Series D: three-layer density-stratified currents

The previous sets of experiments have identified
that two-layer currents may decouple or mix,
depending on the density ratio and the distribu-
tion of driving buoyancy between the layers. This
approach was extended to three-layer density-
stratified laboratory currents in series D (Table 1)
to assess whether these observations are applic-
able to flows of more variable stratification. For
these three flows, the depth of each layer was the
same so hL ¼ hM ¼ hU, and the total bulk density
of each current was kept constant at
qC ¼ 1017 kg m)3 (Figs 1b and 9). The density
contrast between the layers was varied from
strongly stratified (Expt D1) to a nearly homogen-
eous flow (Expt D3). For each flow, colour
photographs are presented in Fig. 9 and scaled
distance–time data using Eqs (7) and (8) in
Fig. 10.

When the lower layer contains most of the
driving buoyancy, it runs ahead of the upper
two layers but is affected by friction and thins
rapidly (Figs 9a and 10). When close in density,
the upper two layers mix rapidly and do not

immediately catch up with the lower layer, but
intrude into the body of the lower layer current
as a thin wedge below a diffuse mixed zone
(Fig. 9a). When the lower two layers are of

Fig. 5. Photographs depicting the development of two
flows from series B, where the mass of salt in the upper
layer, MU, is less than that in the lower layer, ML (i.e.
qUhU < qLhL), so the lower layer contains more of the
driving buoyancy, B* < 0Æ5. (a) An initially strongly
stratified current propagates forward (Expt B25). The
lower layer runs ahead to drive the flow while the
upper layer is left behind. (b) Here, the current is ini-
tially weakly stratified and the two layers mix rapidly
(Expt B26). Both flows have the same initial bulk cur-
rent density, qC ¼ 1014 kg m)3.
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Fig. 6. (a) The decrease in flow front velocity, u, with
time, t, is plotted for three flows with the same total
density qC: a homogeneous flow (B10), a weakly stra-
tified flow (B2) and a strongly stratified flow (B8).
Compared with a homogeneous current, the strongly
stratified flow travels faster during early stages but
slower during later stages. (b) Using the scalings given
in Eqs (7) and (8) shows that these flows collapse well
to a straight line and so are largely inertial, although the
deviation of the data from the strongly stratified flow,
B8, during later stages indicates the onset of viscous
effects. (c) The distance reached by a stratified flow at
each time interval, L(t), is normalized on the distance
reached by its homogeneous counterpart with the same
bulk density, X(t). This verifies that density-stratified
flows travel faster during early stages but slower during
later stages than well-mixed flows.
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Fig. 7. Photographs of two-layered currents from series C (B* > 0Æ5) where the mass of salt in the lower layer, ML, is
less than that in the upper layer, MU, so qUhU > qLhL and the upper layer contains more of the driving buoyancy than
the lower layer. In both flows, the upper layer travels to the flow front to drive the flow. (a) In the strongly stratified
current (Expt C4), this occurs through overtaking, resulting in streamwise and vertical stratification. (b) In a weakly
stratified current (Expt C1), this occurs through mixing of the layers.
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similar density, they mix rapidly as observed in
series B, and the upper layer lags behind
forming a thin, elongate wedge (Figs 5a and
9b). Lastly, when the driving buoyancy is fairly
evenly distributed between the three layers, they
mix rapidly during initial propagation. The
middle layer intrudes into the lower layer as a
wedge below the wake and they both mix
(Fig. 9c), with the upper layer then intruding
into this new mixed current and the whole
current becoming thoroughly mixed. The scaled
distance–time plots demonstrate that drag plays
a part in the deceleration of the flow in experi-
ments where the density contrast between the
lower and upper layers is large (Fig. 10).

DISCUSSION

From the observations and measurements on a
range of stratified inertial gravity currents, a
regime diagram has been constructed describing
the flow dynamics in terms of the initial vertical
stratification (Fig. 11). This work has established
that the evolving morphology depends on: (1) the
initial density contrast between the layers; and
(2) the distribution of the driving buoyancy,
controlled in these experiments by varying layer
depth. Two dimensionless parameters can be

defined to capture these initial conditions. First,
a density ratio, q*, which is simply the density of
the upper layer divided by the density of the
lower layer, both relative to the density of the
ambient fluid (Eq. 10). The second parameter
describes the distribution of buoyancy between
the layers, B*, and depends on both the density
and the volume (or depth) of each layer (Eq. 11).
B* is therefore proportional to the mass of salt
present in each layer. The four types of flow
evolution presented in Figs 5 and 7 can now be
described in terms of q* and B* (Fig. 11).

For all flows, the layer with the highest driving
buoyancy, i.e. that containing the greatest mass of
salt, travels to the nose of the current and drives
the flow. This is consistent with the simple
relationship from Eq. (1) that u � (B0/L)1/2. When
there is a large density contrast between the
layers (small q*), they do not mix significantly
during this process, and streamwise flow stratifi-
cation occurs. However, when the density con-
trast between the layers is small (q* fi 1),
pronounced mixing occurs leading to the devel-
opment of a more homogeneous flow. The layer at
the rear of the flow propagates forward along the
density interface between the lower dense body
region and the upper dilute turbulent wake region
of the flow, reflecting its intermediate density.

Drag can be important when the lower layer is
both thin and of high density compared with the
upper layer. The lack of mixing and dilution
causes the flow to remain thin and become
retarded by friction. This is not the case if
the lower layer is thin and of similar density to
the upper layer: the mixing between the layers
causes the current to thicken and overcome the
effects of drag. Successful description of these
flows by the inertial scalings in Eqs (7) and (8)
indicates that, for many of these density-stratified
flows, it is possible to neglect the influence of
dissipation through friction and viscosity on the
flows over the temporal and spatial range con-
sidered here.

The slumping of laboratory gravity currents

The visualization of dyed layers allows observa-
tion of the slumping mechanism of fixed-release
laboratory gravity currents as they collapse down-
wards and out of the confines of a lock region and
into the ambient surroundings upon removal of
the lockgate. In all experiments, both flows that
are weakly or strongly stratified (Figs 5, 7 and 9a
and b) and nearly homogeneous (Fig. 9c) collapse
in the same manner. Fluid slumps out of the lock
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Fig. 8. Dimensionless distance–time data are plotted
for the two flows photographed in Fig. 7, Expts C4 and
C1, where the upper layer contains more driving
buoyancy than the lower layer (B* > 0Æ5). The straight-
line collapse confirms that, despite the thin lower layer
in these experiments, both flows are described well by
the inertial scalings given in Eqs (7) and (8), indicating
that drag does not influence their behaviour over the
duration of the experiment considered.
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region sequentially, with fluid initially at the base
of the lock leaving first to form the front of the
flow, and fluid initially at the top of the lock
leaving last to form the rear of the flow. The
sequence of photographs presented here illus-
trates how fluid towards the centre and rear of the
flow propagates forward by forming a wedge-
shaped intrusion into the back of the head along a
density interface. This interface separates the
more concentrated body of the flow from the
dilute turbulent wake region that develops
through shedding of fluid immediately behind
the flow head. The nature of this intrusion is
particularly clear in the multiple-layered currents
(Fig. 9), and the new observations provide
important information on the initial propagation
of lock-exchange laboratory flows.

Scaling of laboratory flows

Two dimensionless numbers can be used to
characterize the dynamics of these inertial
experimental flows. Consideration of these num-
bers indicates that the experimental models of
turbidity currents and pyroclastic density cur-
rents are dynamically similar to their natural
counterparts as (1) the Reynolds number, Re, of
both the experimental and natural flows is
sufficiently large to be turbulent, at least during
the early stages of the experimental flows, and
(2) the Froude number at the head of the
current, Fr, is of order unity, a value that is
thought to apply to the natural counterparts
(Simpson, 1997).

The Reynolds number is evaluated here using

Re ¼ uhCq
l

ð12Þ

where u is the velocity of the front of the flow,
hC the thickness of the current, and q and l are
the density and viscosity of the fluid driving the
flow respectively. Using the photographs in

Figs 5 and 7, u and h can be estimated at time
steps of 4 s, although there are significant errors
associated with h because it is difficult to define
the upper boundary of the current. In those
experiments in which the two layers mix (B26
and C1), q and l are taken as the average of
the two layers. In the experiments in which
one layer leads the flow, the initial density
and viscosity of this layer is used in the Re
calculation.

Figure 12a shows the change in Re for each of
the four photographed flows (Figs 5a and b, 7a
and b). The overall trend is for Re to decrease
with time from around 7500 to 3000, reflecting
the decrease in velocity during propagation. At
longer times and distances, beyond the range of
the photographs, Re for some flows decreases to

 1000, but the Re is mostly above the critical
value for the transition to turbulence, which has
a value of the order 2000 for turbulent gravity
currents (Simpson & Britter, 1979; Allen, 1985).
Therefore, the laboratory flows are considered to
be reasonable analogues for natural gravity
currents with much greater Reynolds numbers.
However, the results of the experiments are
probably best applied to those flows that
are waning and depositional, not erosional. The
experimental flows that become strongly influ-
enced by friction at the base have been clearly
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Fig. 10. Distance–time data for the three-layer currents
are scaled as before using Eqs (7) and (8). The deviation
of flow D1 indicates that this flow is no longer purely
inertial. This flow was driven by an extremely dense
lower layer containing most of the buoyancy, compared
with the overlying middle and upper layers. This cau-
ses the lower layer to run ahead of the remaining flow,
where it thins and becomes affected by drag.

Fig. 9. Photographs of three-layered saline currents
from series D: these flows have three layers of equal
depth and the same total current density
qC ¼ 1017Æ3 kg m)3, but the distribution of this density
between the layers is varied (Table 1). (a) The lower
layer has the greatest density and buoyancy (Expt D1).
(b) The lower two layers have a small density contrast
between them but a large density contrast with the
upper layer (Expt D2). (c) The driving buoyancy is
more evenly distributed throughout all three layers,
approximating a homogeneous flow (Expt D3).
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identified through the scaled distance–time
plots.

A second consideration is the densiometric
Froude number, Fr, calculated at each 4 s time
interval for the four photographed experiments
(Figs 5 and 7) using

Fr ¼ uL1=2

B
1=2
0

ð13Þ

Figure 12b validates the application of a constant
Froude number scaling in these experiments.
Although there is some scatter during the initial
slumping part of the flow, Fr levels off to 
 1Æ3.

This is of order unity, in accordance with natural
full-scale turbulent flows.

Analysis of regimes

The experimental results indicate that there are
two key processes occurring during the propaga-
tion of two-layer, density-stratified inertial flows:
(1) streamwise stratification of the flow resulting
from separation of the layers, owing to their
different flow velocities; and (2) mixing of the
two layers promoting the development of a homo-
geneous current. The buoyancy contrast, B*, con-
trols the degree of separation, while the mixing of
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the layers is a function of their density contrast, q*.
To understand these competing processes, a time-
scale for each is derived. Observations suggest that
the process that dominates during the initial stages
of an experiment controls the subsequent evolu-
tion of the experimental flow, i.e. once streamwise
stratified, the flow is unable to mix and, con-
versely, once mixed, it is unable to stratify in the
streamwise direction. Therefore, consideration of
these processes in the early stages provides infor-
mation on the development of the flow throughout
an experiment. The timescale over which the

layers separate by a distance L0 is compared with
the timescale over which the layers mix vertically
across the full current depth, hC. Note that these
scalings are simple functional forms and do not
include numerical factors.

If the two layers comprising the initial vertical
stratification are considered as separate flows
propagating forwards after gate release (Fig. 13),
then the time taken for them to separate by a
distance L0 will depend on the velocity difference
between the layers:

sSEP � L0

ðuL � uUÞ
ð14Þ

where uL and uU are the speeds of the lower and
upper layers respectively.

A timescale describing the development of a
mixed zone, sMIX, between the two layers to the
full depth of the flow, hC, can be defined
(Fig. 13):

sMIX � hC

ðdhMIX=dtÞ ð15Þ

where the rate of growth, dhMIX/dt, depends on a
characteristic velocity for mixing, û, and an
entrainment coefficient, �, which describes the
mixing by eddies at the interface between the two
layers and is a function of the Richardson number,
Ri (e.g. Strang & Fernando, 2001). Although it is
difficult to estimate Ri at the mixing interface, it is
possible to measure the bulk Richardson number
for these stratified flows because RiB ¼ 1/Fr. The
Froude number for the present experiments is

 1Æ2–1Æ5 (Fig. 12b) giving RiB ¼ 0Æ6–0Æ8. At these
values of Ri, an inverse entrainment law, � ¼ a/Ri,
is a reasonable approximate parameterization,
where a is an entrainment constant (Turner,
1979). This leads to the relation

dhMIX

dt
� û

a
Ri

� �
ð16Þ

where Ri is

Ri ¼ ðg0
L � g0

UÞhC

û2
ð17Þ

leading to the scaling

sMIX � ðg0
L � g0

UÞh2
C

aû3
ð18Þ

and hC is evaluated here as the total initial depth
of the current. Note that there are many
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Fig. 12. (a) The Reynolds number, Re, is calculated
using Eq. (12) for each of the four photographed flows.
Re declines from around 7000 to 3000 during propa-
gation, suggesting that, although they are turbulent,
these laboratory flows are probably best applied to
waning, depositional turbidity currents. (b) The Froude
number, Fr, is calculated using the nose conditions of
Eq. (13) for the four flows (B25, B26, C4 and C1). Al-
though there is a degree of initial scatter, the Froude
number is approximately constant at Fr ¼ 1Æ3.
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alternative models describing the entrainment
and subsequent mixing, and each may lead to a
different functional form for sMIX (e.g. Parsons &
Garcia, 1988; Caulfield & Kerswell, 2001) The
characteristic velocity for mixing, û, will depend
on the layer propagating with the fastest velocity.
The experiments have indicated that the layer
with the higher buoyancy, and thus faster velo-
city, drives the flow, and so û is approximated by:

û 
 B
1=2
0

L
1=2
0

ð19Þ

The transition between layers that mix and
layers that separate in a streamwise or longitud-
inal direction is given by the condition

sSEP ¼ sMIX ð20Þ

and, using Eqs (18) and (14), this occurs when

sMIX

sSEP
� k

ffiffiffiffî
B

p
ffiffiffiffiffiffi
BL

p
�

ffiffiffiffiffiffiffi
BU

p
 !

ĝ0

g0
L � g0

U

� �
¼ 1 ð21Þ

Here, ĝ¢ and B̂ are the reduced gravity and
buoyancy, respectively, of fluid travelling with
velocity û and k ¼ aL0/H. The transition curve
depends on the buoyancy difference B̂1/2/(BL

1/2–
B

1=2
U ) or velocity difference û/(uL-uU), and the

reduced gravity difference between the layers ĝ/
(gL–gU). This agrees qualitatively with the experi-
mental observations that the behaviour of the flow
depends on the buoyancy distribution, B* (on
which velocity depends) and the density ratio,

q*. All the experiments from Fig. 11 are now
presented in terms of the initial dimensionless
buoyancy difference and initial dimensionless
reduced gravity difference between the layers
(Fig. 14). The transition curve of Eq. (21) has been
added. Note that a different curve will result if an
alternative dependency of a on Ri is used, and
that this curve is simply a functional form rather
than a full model. Nevertheless, it is in good
accordance with the experimental observations:
the scalings indicate four possible regions of
behaviour, and most of the experimental data
are consistent with the analysis, with a small
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B

BL U- B

Fig. 14. The experimental data points from Fig. 11 are
plotted with the scaling law of Eq. (21), which des-
cribes the transition between mixing of the two layers
and separation of the layers in the initial stages of the
flow. This validates the experimental observation that
the initial buoyancy contrast, on which velocity dif-
ferences scale, and the initial density or reduced grav-
ity contrast can be used to understand the evolution of
laboratory density-stratified flows.

t = 0
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uU

uL
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Streamwise separation of density-stratified layers

Vertical mixing between density-stratified layers
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t = τMIX
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Fig. 13. Sketches showing the
separation of two layers by a dis-
tance L0 over a timescale sSEP owing
to their buoyancy difference, and
the vertical mixing of the two layers
to a depth hC over a timescale sMIX

owing to their density contrast.
The relative importance of these two
processes during the early part of
an experiment controls the overall
development of the flow morphol-
ogy.

784 C. Gladstone et al.

� 2004 International Association of Sedimentologists, Sedimentology, 51, 767–789



scatter in the immediate vicinity of the transition
curve itself. This validates the interpretation of
the experimental results that the development of
these laboratory flows depends on the balance
between mixing and separation processes during
early parts of an experiment, and this can be
captured by a simple scaling relation based on the
initial conditions.

IMPLICATIONS FOR NATURAL
CURRENTS AND THEIR DEPOSITS

The effects of grain size and concentration stra-
tification in the flow will influence the character-
istics of their deposits and, in particular, lateral,
streamwise and vertical characteristics may be
accentuated. Consider a strongly stratified flow,
either sedimentary or volcanic, with gradients in
both concentration and grain size, where the
dense lower part of the flow surges ahead of the
upper parts of the current. However, this lower
part of the flow would also deposit more rapidly
because the coarse-grained components are close
to the base of the flow. This would be expected to
produce a more pronounced lateral segregation of
particles and facies variations, with coarse parti-
cles being deposited rapidly from the base of the
flow. If deposition is considered at a fixed spatial
point, then the lateral structure of the flow will
lead to more pronounced vertical changes in
sediment, grain size and sedimentary structures.

In particle-laden flows, a complex evolution of
the flow may occur as the lower layer deposits
particles and loses buoyancy. If the lower layer
carries the larger grains, then the buoyancy of the
lower layer may decrease towards that of the
upper layer, leading to a transition from a well-
stratified flow to a more well-mixed flow as the
current moves downstream. This may, over time,
lead to a transition between layered deposits near
source and well-mixed deposits further from
source. In currents where the upper layer has
greater buoyancy than the lower layer, then the
upper part would be expected to overtake the
nose, and well-mixed or even reverse-graded
deposits would be formed further downstream.
In a strongly stratified natural current, the coarse-
grained lower part of the current may initially
surge ahead and detach from the dilute upper part
leading to two discrete deposits. Particle-laden
currents formed by a weakly stratified initial
mixture would possibly produce deposits of a
homogeneous nature, as thorough mixing would
occur in the early stages of propagation.

Application to pyroclastic density currents
(PDCs)

In volcanic flows, there are a number of studies
in which the deposits can be closely linked to
observed flows. The volcanic blast of 26 Decem-
ber (Boxing Day) 1997 at the Soufrière Hills
volcano, Montserrat, provides an opportunity to
consider the extent to which stratification is an
important attribute. This event was initiated by
major collapse of a volcanic edifice and the lava
dome within, generating a highly energetic
directed PDC (Sparks et al., 2002). The PDC
formed deposits that exhibit significant lateral
and vertical lithofacies variations in terms of
grain size, thickness and the development of
bedforms. The deposits are characterized by a
lower coarse-grained, normally graded layer
(layer 1) overlain by a finer grained, well-strati-
fied upper layer (layer 2) (Gladstone & Sparks,
2002; Ritchie et al., 2002). The transition be-
tween layers 1 and 2 is typically well-defined
and abrupt, suggesting deposition from a flow
that is stratified in both vertical and streamwise
directions. Deposition from a stratified PDC in
which the lower dense layer supporting and
depositing coarse grains had surged ahead dur-
ing the early stages, with subsequent deposition
from a finer region of the flow that had lagged
behind, could account for these features (cf.
Fig. 5a). In addition, substantial changes in the
median grain size of layer 1 were observed to
occur where the current moved obliquely across
deep valleys in the flank of the volcano, sug-
gesting that the coarser grained and denser lower
parts of the current were diverted into the
valleys while the upper fine-grained parts were
less affected by this topography. The field
observations at Montserrat suggest that the 26
December PDC was both vertically stratified,
causing confinement of the dense, coarse parts
of the flow to valleys, and stratified in a stream-
wise direction, leading to the formation of a
grain-size break in the deposit.

The effects of stratification observed in the
experimental series may also explain the transition
from a well-sorted, layered deposit near the vent to
a more homogeneous deposit far afield as dis-
played in PDC deposits generated at Bezymianny
volcano, Kamchatka Peninsula, Russia, in 1956
(Belousov, 1996). It is envisaged that initially the
dense lower layer of the PDC current runs ahead
and, as the lower layer deposits coarse particles,
the buoyancy difference between the layers will
decrease. Eventually, the upper layer can catch up
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with, and mix with or over-run, the initially dense
basal parts of the flow (Figs 5a and 7a).

Application to turbidity currents

In common with the features of PDC deposits, the
deposits of turbulent subaqueous flows, turbi-
dites, also show marked lateral and vertical facies
variations. The new insights on density-stratified
flows from the present experiments are applied to
understand certain features of these deposits,
building on previous experimental studies that
provide information on the development of inter-
nal stratification and the implications for result-
ing facies (e.g. Postma et al., 1988; Kneller et al.,
1999).

Vertical grain-size characteristics of turbidites
can provide important information on the lateral
and streamwise features of the depositing flow;
for example, sharp discontinuities separating a
single bed into zones or layers characterized by
different grain sizes are well documented in the
rock record. Features such as these are often
attributed to self-stratification of particles within
the flow (McCave & Jones, 1988; Choux & Druitt,
2002; Gladstone & Sparks, 2002). Flow reflection
and the interaction with topography may also
contribute to stratification in specific cases
(Pickering & Hiscott, 1985; Kneller et al., 1991;
Edwards et al., 1994). In particular, stratification
is expected to develop during ambient entrain-
ment and sediment erosion by currents feeding
down through submarine canyons. When these
currents exit on to the low slopes of a basin floor
and transform from erosional or non-depositional
to depositional, it is likely that they are already
strongly stratified in grain size and sediment
concentration. In these circumstances, the effects
identified in the present paper resulting from
concentration stratification will influence the
dispersal and characteristics of the resulting
deposits.

The new experiments illustrate that, under
certain conditions (Fig. 11), vertical stratification
leads to streamwise stratification. In the case in
which there is a strong initial vertical stratifica-
tion and the lower layer contains most of the
driving buoyancy, the experiments show that the
lower layer will form the leading part of the
gravity current, whereas the upper part of the
vertical stratification forms the rear part of
the current. In a particulate flow, coarser grains
will settle towards the base of the vertical strati-
fication while finer grains will remain within the
upper layer and so, during development of the

streamwise stratification, the coarse particles will
be transported within the leading part of the
current and the fine grains towards the rear of the
current (cf. Fig. 5a). Assuming this flow deposits
along its length, the resulting bed will be nor-
mally graded, comprising a lower region contain-
ing coarse grains deposited from the front of the
flow overlain by the finer grains deposited from
the rear of the flow. If the initial density ratio
between the layers was large, and so mixing
between the layers suppressed, the change be-
tween the basal coarse part of the bed and the
overlying fine part would be sharp, causing a
grain-size break. If the initial density ratio was
smaller, some mixing would occur between the
layers leading to a deposit characterized by more
gradual upward fining.

The above example is based on the notion that
the concentrated lower layer, dyed blue in the
experiments, is a proxy for the initially denser
and coarser part of the flow, while the upper
layer, dyed yellow, is a proxy for the less
concentrated region of the flow that supports
and deposits the finer grains. The laboratory
photographs show that the interaction between
these layers during flow propagation is not
straightforward: the rear region of the flow moves
forward by intruding along the concentration
interface between the body and wake regions of
the flow. While this leads to a flow that has a
consistent density or concentration profile (i.e.
the densest part of the flow remains at the base
and the least dense part at the top), the vertical
grain-size profile will be variable, with a finer
grained region located between two coarser
grained regions (e.g. Fig. 5b). It is difficult to
infer the grain-size characteristics of a bed depos-
ited by such a flow; one possibility would be an
upward-fining deposit with an anomalously
coarse horizon towards the top of the bed.
Nevertheless, extrapolating the observations from
individual experiments to turbidity currents sug-
gests that a range of bed characteristics can be
produced by small variations in the volume and
concentration of the layers forming the initial
vertical profile of the flow.

Finally, the same effects of topography inferred
for pyroclastic density currents can be anticipated
when turbidity currents that are already stratified
exit canyons and spread over the proximal parts
of a submarine fan. The denser and coarser
grained lower region of the current can be expec-
ted to be more influenced by fan topography and
to be captured by fan channels, whereas the
upper more dilute and finer grained region of the
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current will be unconstrained and can expand
over a wider region. Exactly where different facies
will be distributed will depend on the extent of
the initial stratification. A strongly stratified
current can be expected to show a much more
marked lateral and topographically related facies
variation than a homogeneous or weakly stratified
current with the same sediment mix.

CONCLUSIONS

The dynamics of inertial gravity currents that are
initially stratified in density have been examined
through systematic laboratory experiments. These
experiments have identified that the initial verti-
cal stratification may lead to significant stream-
wise stratification of the flow if the density ratio
between the layers is sufficiently large. Moreover,
the experiments have identified that the layer
containing the greatest buoyancy will propagate
to the nose of the flow and drive the current. This
may, in some circumstances, be the upper, less
dense layer. The experiments also show that the
layers propagate forward by intruding along a
density interface between the body and wake
regions of the current. The degree of mixing
between the two layers during this process
depends on the initial density ratio, i.e. the
strength of the stratification, between the layers.
The intrusion of fluid in such stratified flows
leads to a more complicated vertical profile than
that initially imposed on the flow.

By balancing two simple scalings, the compe-
tition is described between the early separation of
the layers owing to their velocity differences and
the vertical mixing at the interface between the
layers. The scaling law for the regime transition
agrees reasonably well with the range of observa-
tions on the evolution of two-layer density-
stratified currents, validating the interpretation
from the experiments that the buoyancy contrast
controls separation while the density contrast
controls mixing. The role of sedimentation on this
transition, in particular the case in which the
time over which sedimentation occurs becomes
comparable to the shorter of either the mixing or
the separation times presented here, forms a
fruitful area for future research.

The gradual sedimentation of grains from
particulate flows stratified vertically and/or in
the streamwise direction may account for the
wide range of grading characteristics commonly
found in the deposits of turbidity and pyroclas-
tic density currents. For example, if a

coarse-grained, denser, lower layer and fine-
grained, less-dense, upper layer stratify in a
streamwise direction, a normally graded deposit
with a grain-size break will result. However, if
the density ratio between the layers is small, a
more gradual upward-fining deposit may char-
acterize the deposit. The intrusion of a rear layer
containing fines into a coarse-grained flow at the
body–wake interface could be a mechanism for
transporting coarse particles to high levels with-
in the flow; as the flow wanes, these might
sediment out as anomalously coarse horizons in
a predominantly fine-grained zone of the bed.
Finally, stratified natural flows will be affected
by topography: a lower dense region may be
captured within canyons while an upper dilute
region can expand over a wide area. The extent
of this interaction will be a function of the
stratification, and therefore grain size and con-
centration stratification will affect not only the
internal details of individual beds, but also the
development and architecture of turbidite fans.
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NOTATION

A, A0 area of the gravity current (i.e. two-
dimensional volume); initial current area
a entrainment constant characterizing the verti-
cal mixing between the layers
B, B0, BU, BL buoyancy of the flow (¼ g¢A),
initial total buoyancy, upper layer buoyancy and
lower layer buoyancy respectively
B̂ buoyancy of fluid which travels with velocity
û and characterizes the vertical mixing between
the layers
B* dimensionless buoyancy distribution
between the layers ¼ MU/(MU + ML), Eq. (11)
� an entrainment coefficient ¼ a/Ri
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Fr Froude number, Eq. (13)
g gravitational acceleration
g¢, g¢0, g¢U, g¢L reduced gravity of the whole flow,
whole flow initially, upper layer only and lower
layer only respectively
ĝ0 reduced gravity of fluid that travels with
velocity û and characterizes the vertical mixing
between the layers
hC, hU, hL, hM depth of current, upper layer,
lower layer and middle layer (three-layer experi-
ments only) respectively
hMIX vertical depth of the mixed zone that
develops between the two layers
H total depth of lock, which equals depth of
ambient
L, L0 length of current and lock length
L* dimensionless current length, Eq. (7)
MU, ML mass of salt in the upper layer, propor-
tional to qUhU, and lower layer (qLhL) respectively
l kinematic fluid viscosity
t time
t* dimensionless time, Eq. (8)
sSEP, sMIX timescales describing the early separ-
ation of, or vertical mixing between, the upper
and lower layers respectively, Eqs (14) and (18)
Re Reynolds number, Eq. (12)
Ri Richardson number, Eq. (17)
q0, qU, qL, qC density of the ambient fluid, upper
layer, lower layer and whole current respectively
q* dimensionless density ratio between the
layers ¼ g¢U/g¢L, Eq. (10)
u, uL, uU velocity of the flow front, upper layer
only and lower layer only respectively
û characteristic velocity for vertical mixing
between the two layers, Eq. (19)
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