
www.elsevier.com/locate/sedgeo
Sedimentary Geology
Density- and viscosity-stratified gravity currents: Insight from

laboratory experiments and implications for submarine

flow deposits

L.A. Amy a,b,*, J. Peakall b, P.J. Talling a

aCentre for Environmental and Geophysical flows, Department of Earth Sciences, University of Bristol, Bristol, BS8 1RJ, UK
bEarth and Biosphere Institute School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK

Received 22 April 2004; accepted 6 April 2005
Abstract

Vertical stratification of particle concentration is a common if not ubiquitous feature of submarine particulate gravity flows.

To investigate the control of stratification on current behaviour, analogue stratified flows were studied using laboratory

experiments. Stratified density currents were generated by releasing two-layer glycerol solutions into a tank of water. Flows

were sustained for periods of tens of seconds and their velocity and concentration measured. In a set of experiments the strength

of the initial density and viscosity stratification was increased by progressively varying the lower-layer concentration, CL. Two

types of current were observed indicating two regimes of behaviour. Currents with a faster-moving high-concentration basal

region that outran the upper layer were produced if CLb75%. Above this critical value of CL, currents were formed with a

relatively slow, high-concentration base that lagged behind the flow front. The observed transition in behaviour is interpreted to

indicate a change from inertia- to viscosity-dominated flow with increasing concentration. The reduction in lower-layer velocity

at high concentrations is explained by enhanced drag at low Reynolds numbers. Results show that vertical stratification

produces longitudinal stratification in the currents. Furthermore, different vertical and temporal velocity and concentration

profiles characterise the observed flow types. Implications for the deposit character of particle-laden currents are discussed and

illustrated using examples from ancient turbidite systems.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Sediment gravity flows; Turbidity currents; Subaqueous debris flows; Flow stratification; Analogue experiments
0037-0738/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.sedgeo.2005.04.009

* Corresponding author. Centre for Environmental and Geophy-

sical flows, Department of Earth Sciences, University of Bristol,

Bristol, BS8 1RJ, UK. Tel.: +44 117 954 5235; fax: +44 117 925

3385.

E-mail address: l.amy@bristol.ac.uk (L.A. Amy).
1. Introduction

Sediment-laden density flows with a wide range of

sediment concentrations occur in subaqueous environ-

ments (Mulder and Alexander, 2001). These density

flows include turbidity currents and debris flows.
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Collectively they dominate sediment flux from shal-

low to deep marine environments in many locations

(Kneller and Buckee, 2000), and form some of the

most voluminous sediment accumulations on Earth

(Bouma et al., 1985). Individual events may transport

tens, or even hundreds, of cubic kilometres of sedi-

ment (Piper et al., 1999; Wynn et al., 2002). Ancient

deposits of sedimentary density flows form many of

the world’s largest petroleum reservoirs (Weimer and

Link, 1991), whilst modern flow events are a signif-

icant hazard to seafloor structures (Barley, 1999).

Almost all particulate gravity flows contain verti-

cal gradients in suspended-sediment concentration

where particle concentration decreases upwards

away from the bed (Fig. 1). Particle stratification is

a property of laboratory currents (e.g., Middleton,

1966; Postma et al., 1988), numerical simulations

(e.g., Stacey and Bowen, 1988; Felix, 2002), and

is recorded in the few natural flows that have been

instrumented (e.g., Normark, 1989; Chikita, 1990).

This characteristic develops within flows carrying a

range of grain sizes since it takes more energy to

suspend relatively dense and large particles at a point

above the bed. Stratification may become more pro-

nounced due to variable rates of particle settling,
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Fig. 1. Schematic diagram showing particle stratification that occurs

within sediment gravity flows and its principal causes.
mixing with ambient fluid and entrainment of sub-

strate material (Fisher, 1995; Peakall et al., 2000;

Gladstone et al., 2004). Since both the density and

viscosity of particle–fluid mixtures are governed by

particle concentration, flows are also vertically strati-

fied in terms of these properties.

There is strong evidence for stratification in par-

ticulate density currents, however, few studies have

investigated in a systematic manner how density and

viscosity stratification influence flow behaviour.

Gladstone et al. (2004) investigated the behaviour of

two-layer, lock-exchange, stratified density flows

using laboratory experiments. They demonstrated

that layer density and volume have a marked effect

on the current’s evolution and the resulting flow

structure. Their results are applicable to inertial,

surge-type density-stratified currents. In this study

experiments were run to investigate currents that

were viscosity-stratified and density-stratified with

relatively long durations. These experimental currents

should be more representative of natural particle-laden

currents with relatively large volumes and high parti-

cle concentration (Peakall et al., 2001). A series of

experiments is presented in which the initial density

and viscosity stratification of solute-driven currents

was systematically varied. In these experiments the

velocity and concentration structure of flows were

recorded using instrumentation. The interaction be-

tween layers was also analysed from recorded video

footage. These experiments allow the role of density

and viscosity stratification on the behaviour of the flow

to be assessed. Implications for sediment deposition

from particle-laden currents and resulting deposit char-

acter are discussed.
2. Flow stratification

This paper presents new data on the concentration

distributions of density currents. Existing data on the

stratification of sediment gravity flows has been

reviewed by Peakall et al. (2000) and Kneller and

Buckee (2000). Laboratory studies have shown that

different types of flow stratification can occur

depending on flow concentration. Relatively low

concentration (b10% by volume) and fully turbulent,

depositional currents display broadly continuous pro-

files with concentration decreasing gradually up-
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wards (Fig. 2A–C). A gradual concentration profile

occurs under both subcritical and supercritical flow

conditions. Grain-size classes are distributed differ-

ently throughout the flow depth (Garcı́a, 1994). Finer

particles tend to be more evenly distributed through-

out the flow depth compared to coarser grains. Nu-

merical models (Stacey and Bowen, 1988; Felix,

2002) and measurements of natural turbidity currents

(Normark, 1989; Chikita, 1990) also suggest contin-
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Fig. 2. Measured concentration and velocity profiles of laboratory

sediment gravity flows. The vertical dimension is normalised with

respect to the height of the velocity maximum and the horizontal

scale is normalised using the velocity and concentration maxima.

(A) Continuous concentration profile; strongly depositional subcrit-

ical turbidity current (Garcı́a, 1994). The distributions of fine (5 Am)

and coarse (32 Am) grain size fractions are also shown. (B) Nearly

continuous concentration profile (slight inflexion above the velocity

maximum); weakly depositional subcritical turbidity current on a

low-angle slope (Altinakar et al., 1996). (C) Nearly continuous

concentration profile; low-concentration (1055 kg m�3) fluid mud-

flow (van Kessel and Kranenburg, 1996). (D) Two-layer model with

a stepped concentration profile above the velocity maximum, based

on visual observations of strongly depositional lock release turbidity

currents (Middleton, 1966, 1993). (E) Stepped concentration and

velocity profile; high-concentration (1200 kg m�3) fluid mudflow

(van Kessel and Kranenburg, 1996). (F) Multi-stepped concentra-

tion profile inferred from video and modified velocity profile mea-

sured using trajectories of moving particles; high-concentration

turbidity current with starting concentration of 35–40% volume

fraction (Postma et al., 1988).
uous profiles for relatively low-concentration cur-

rents that are weakly depositional.

Few measurements of the concentration profiles

of high-concentration, particulate laboratory currents

exist (N20% by volume). Based on visual observa-

tions of strongly depositional currents, Middleton

(1966, 1993) proposed a two-layer model. This

model suggests a stepped profile with a high-con-

centration lower layer overlain by a more dilute and

relatively turbulent upper layer, also observed in

other experiments (e.g., Hampton, 1972; Mohrig et

al., 1998; Hallworth and Huppert, 1988; Marr et al.,

2001). A study by van Kessel and Kranenburg

(1996) measured the concentration profiles of fluid

mudflows and demonstrated a stepped profile for

those with relatively high concentrations. More

importantly, in a set of experiments, they were able

to document a change from a gradual (Fig. 2C) to a

stepped profile (Fig. 2E) with increasing mud con-

centration and were able to show that this occurred

in conjunction with a transition from turbulent to

laminar flow. In another experimental study on a

high-concentration flow, using cohesionless sedi-

ment, a laminar-moving high-concentration basal

layer was observed to form (Postma et al., 1988).

This took the form of a wedge propagating behind

the head of the current and below an overriding

turbulent, but strongly stratified, upper region. The

inferred velocity and concentration profile in these

currents is slightly different to those of high-concen-

tration fluid mudflows (Fig. 2F). The velocity profile

has an doverhanging noseT with a discrete reduction

in values below the velocity maximum, whilst the

concentration profile has two steps one below and

one above the velocity maximum. However, these

measurements were estimated somewhat crudely

compared to the other reported studies, because

flow velocity was derived from the motion of parti-

cles adjacent to the tank wall captured by film, and

thus do not exclude wall affects, whilst concentration

was estimated visually.
3. Experimental method

The experiments were run in a glass-walled, grav-

ity-current tank located in the School of Earth and

Environment, University of Leeds. The tank was 6 m
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in length, 0.5 m in width and was filled with water

to a depth of ~1.5 m (Fig. 3). Stratified flows were

generated using two aqueous solutions with different

concentrations of glycerol. Each solution was first

mixed in an external reservoir tank and circulated

from this tank into a header box and back again via

an overflow system. Solutions were dyed different

colours and seeded with small amounts (b1% by

volume) of millimetre-sized neutrally buoyant parti-

cles to aid flow visualisation. A small amount of

silica flour (grain size b50 Am diameter) was also

added to help flow velocity measurement (see

below). Experiments were started by opening a

valve on the header boxes and allowing the solutions

to gravity drain into the main tank. The discharge

rate from each header box was kept constant by

maintaining a constant fluid head in the header

box. It was not possible, however, to keep the dis-

charge rate the same for solutions of different gly-

cerol concentrations. The discharge rate varied for

fluids of different glycerol concentrations (i.e., be-

tween different layers and experiments) from 2–4 l/s

owing to their different fluid densities and viscosi-

ties. The solutions passed through an inlet box which

was laid flat on the tank floor. The inlet box parti-

tioned the two glycerol solutions into a vertically

stratified release, with a lower relatively dense

layer and an upper less-dense layer. It also dampened

the initial turbulence by passing the fluid through a
Fig. 3. The experimental set-up used. The apparatus consists of a gravity cu

shown for clarity and is not drawn to scale.
section filled with polystyrene chips. Currents flowed

down a 3.5-m-long, smooth, floor inclined at 38.
Fluid at the end of the tank was collected in a

sump and pumped out of the tank to minimise the

effects of flow reflection and changes in the ambient

fluid depth.

3.1. Solute properties

In these experiments solutions were used instead of

particle–water slurries. This approach was chosen

since it was technically difficult to generate high-

concentration currents with long durations and with

controlled initial stratifications using sediment. Solu-

tions of aqueous glycerol were chosen since they have

similarities in their density and viscosity with sedi-

ment–water mixtures. Glycerol (C3H8O3) has a den-

sity of 1260 kg m�3 and viscosity of ~1.5 kg m�1 s�1

at 20 8C (CRC Handbook of Chemistry and Physics).

For aqueous glycerol solutions viscosity increases by

several orders of magnitude with increasing glycerol

concentrations from ~10�3 to 1.5 kg m�1 s�1 (Fig.

4). The viscosity of sediment–water mixtures also

increases strongly by several orders of magnitude at

particle concentrations greater than 40–50% for mix-

tures composed of cohesionless particles (Richardson

and Zaki, 1954; Kreiger and Dougherty, 1959), and at

relatively low particle concentrations for those con-

taining cohesive particles (Major and Pierson, 1992;
rrent tank and two external reservoir tanks. Only one reservoir tank is
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Fig. 4. The relationship between concentration and viscosity for

glycerol solutions and several types of particle–water mixtures. The

data shown for aqueous glycerol mixtures and china clay bearing

mixtures are based on empirical data from the CRC Handbook of

Chemistry and Physics and from De Wit (1992), respectively. The

relationship for cohesionless mixtures is taken from the theoretical

model proposed by Kreiger and Dougherty (1959) for hard spheres

suspended in water. The relationship for silicon carbide mixtures is

a modified Kreiger and Dougherty model fitted to experimental data

of slurries containing particles with a mean particle size of 13 Am
and measured at shear rates of ~100 s�1 (Ferreira and Diz, 1999).
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Coussot, 1997). Density increases linearly with con-

centration for both aqueous glycerol solutions and

particle–water mixtures.

Although aqueous glycerol solutions are excellent

analogues for sediment–water mixtures they do not

reproduce all aspects that are important to flow be-

haviour. Aqueous glycerol solutions do not reproduce

the influence of non-Newtonian rheology on flow

behaviour. In particular, sedimentQwater mixtures

with relatively high concentrations of non-cohesive

particles or significant mud content may possess a

yield strength and display shear-thickening or shear-

thinning behaviour (Barnes, 1989; Coussot, 1997;

Major and Pierson, 1992). Of course, the settling of
sediment particles and erosion of the substrate is not

accounted in experiments using solutions.

3.2. Flow measurements

The flow velocity and concentration were mea-

sured at different heights within the flow at a position

2.5 m downstream of the inlet, and the current was

filmed at this location. Flow velocity and concentra-

tion measuring apparatus were held within a machined

holder that ensured individual probes were set parallel

both to the bed and to the tank walls.

3.2.1. Flow velocity

The downstream component of flow velocity was

measured using ultrasonic Doppler velocity profiling

(UDVP). This method derives velocity using the

Doppler shift in ultrasound frequency recorded from

small particles passing through the measurement vol-

ume (Takeda, 1991; Best et al., 2001). The velocity of

a particle is given by:

U ¼ cfD=2f0; ð1Þ

where c is the speed of sound in the fluid being

investigated, fD is the Doppler shift and f0 is the

ultrasound frequency. Ultrasonic probes simultaneous-

ly measure the velocity in 128 measurement volumes

positioned along the length of the ultrasound beam.

Flow velocity was recorded upstream of the probes,

thus instrumentation placed in the flow did not affect

measurements. A vertical array of eight probes was

used to measure the downstream velocity at heights of

0.1, 1.9, 2.8, 3.7, 5.7, 7.1, 8.5 and 11.4 cm above the

bed. The maximum temporal resolution of the velocity

data was 5.8 Hz; other parameters are listed in Table 1.

Velocity data was post-processed to account for the

effect of flow concentration on velocity measure-

ments; measurements were affected by variations in

glycerol concentration since the speed of ultrasound is

a function of concentration. In order to correct data the

sound velocity of glycerol solutions was empirically

derived using an ultrasonic thickness gauge. The

depth was initially measured in water and then again

in a solution. The velocity of sound in the solution,

csol, was calculated from

csol ¼
xsol

xwat

�
cwat;

�
ð2Þ



Table 1

Starting parameters of the ultrasonic Doppler velocity profilers

Number of probes 8

Height above floor, cm 0.1, 1.9, 2.8, 3.7, 5.7, 7.1,

8.5, 11.4

Ultrasound frequency, MHz 2

Transducer and probe

diameter, mm

Two probe sizes used: 5, 8

and 10, 13

Measurement window, mm 12.4–107.1

Measurement bin length, mm 0.74

Velocity resolution, mm s�1 2.3–3.4

Height of nearest measurement

bin, mm

6.1 and 11.1

Height of furthest measurement

bin, mm

14.35 and 19.4

Ultrasound velocity, m s�1 1480

Sampling frequency/probe, Hz 5.8

The term bbinQ refers to a volume in which velocity measurements

are recorded.
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where cwat is the sound of velocity in water and xwat
and xsol is the depth measured in water and the solu-

tion, respectively. The velocity of sound of solutions

was found to be proportion to glycerol concentration,

C, so that csol=0.0034C +0.99. The results show that

changes in flow concentration had a relatively small

influence (b5%) on flow velocity measurements.

3.2.2. Flow concentration

Flow concentration was measured using an array of

five vertically-stacked siphons (internal diameter of

0.6 cm) to extract fluid samples at 0.5, 1.7, 3.0, 5.0

and 8.0 cm above the bed. Fluid samples were collect-

ed in beakers positioned on a table on a movable track.

During experiments the table was moved to collect

samples at 5-s intervals. The concentration of glycerol

of each sample was determined by measuring their

refractive index using a temperature controlled refrac-

tometer. The refractive index, RI, of glycerol solutions

is proportional to glycerol concentration, C, and at a

temperature of 20 8C, RI=0.0014C +1.3304.

The temporal record of concentration may become

distorted if the siphon flow rate changes during the

experiment, for example due to fluctuation in flow

velocity, density, and viscosity. This problem occurred

in experiments using relatively high concentrations,

z80% weight glycerol. In these experiments the dis-

charge per unit time from siphons measuring close to

the bed varied by up to five times. Considering changes

in the discharge rate, a cumulative offset of several tens
of seconds or more over the duration of the time of the

flow can be crudely estimated. However, since in these

flows an abrupt change in concentration could be clear-

ly identified based on colouration from video record-

ings, a temporal correction was made to calibrate the

measured concentration of the affected siphon. Smaller

fluctuations of siphon discharge were observed in other

experiments and at measuring positions higher above

the bed; however, these were not corrected for.

3.2.3. Reproducibility

The reproducibility of flow velocity and concen-

tration measurements was tested by repeating one

experiment using the same starting conditions (Fig.

5). The results indicate standard deviations of 10–25

mm s�1 for velocity measurements. These values are

calculated by taking a temporal mean over the time

period of quasi-steady flow, 0–25 s after the arrival of

the flow front. Differences in velocity are relatively

large in the probes positioned at 5.7 and 7.1 cm above

the bed and at times during the waning flow phase

later than 25 s. Trends recorded by the lowest three

UDVP probes are broadly similar for the first 20 s.

Concentration measurements on average have stan-

dard deviations of b3% weight glycerol. A somewhat

larger deviation is recorded by the lowest siphon

during the initial 10 s (Fig. 5A).

3.3. Experimental runs

A set of experiments were run with the initial start-

ing conditions shown in Table 2. The initial basal-layer

concentration (CL) was increased from ~20% to 90%

glycerol whilst the initial upper-layer concentration

(CU) was kept at a low value between 6.5% and

12.3%. Values of glycerol concentration can be com-

pared to the volume fraction, t, of sediment–water

mixtures based on a comparison of values of kinematic

viscosity. On this basis solutions of 10% glycerol are

equivalent to volume fraction of cohesionless particles

of ~0.2t and 20% and 90% glycerol is equivalent to

volume fractions of ~0.3t and ~0.6t, respectively.

3.3.1. Starting stratification

The strength of the stratification of two-layer flows

may be assessed using dimensionless ratios whose

value if small indicate a strong stratification whilst a

value of unity indicates a homogeneous mixture. The
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Fig. 5. Concentration (A) and velocity (B) data for multiple runs using the same starting conditions (experiments 5 and 5a). The lower and upper

layer had initial glycerol concentrations of ~60% and ~10%, respectively (Table 2). Data show that the reproducibility of data is within F3%

weight glycerol and velocity data is within F30 mm s�1. Standard deviations were calculated for individual measurement probes using the

average standard deviation of measurements taken between 0 and 25 s, during steady input of fluid into the tank. The abbreviations bagsQ and
bstdQ are aqueous glycerol solution and standard deviation in mm s�1, respectively.
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dimensionless density ratio between layers was de-

fined by Gladstone et al. (2004):

q4 ¼ qU � qa

qL � qa

¼ gUV

gLV
; ð3Þ

where qL and qU are the densities of the lower and

upper layers, respectively, qa is the density of the

ambient fluid and the reduced gravity gV=g(qf� qa /

qa) where g is the acceleration due to gravity, qf is the
density of the flow and qa the density of the ambient

fluid. We introduce a dimensionless viscosity ratio

defined as

l4 ¼ lU � la

lL � la

; ð4Þ

where lL and lU are the viscosities of the lower and

upper layers, respectively, and la is the viscosity of the

ambient fluid. Gladstone et al. (2004) also defined a



Table 2

Starting parameters of the experiments

Experiment CL CU qL qU q* lL lU l* QL QU B* Ta TL TU

1 18.3 9.8 1033.6 1010.9 0.50 0.0020 0.0014 0.446 0.0057 0.005 0.30 11.2 14.4 14.0

2 28.3 10.2 1060.2 1011.9 0.33 0.0026 0.0015 0.331 0.0057 0.005 0.22 10.4 16.6 14.2

3 37.2 6.9 1084.0 1003.1 0.16 0.0038 0.0013 0.116 0.0054 0.005 0.12 11.2 17.6 14.7

4 44.7 8.5 1104.0 1007.4 0.17 0.0054 0.0014 0.096 0.0047 0.005 0.15 10.1 19.3 14.9

5 58.5 9.8 1140.8 1010.9 0.15 0.0120 0.0014 0.038 0.0053 0.005 0.12 10.9 17.6 16.2

5a 59.5 9.4 1143.5 1009.8 0.14 0.0130 0.0014 0.033 0.0054 0.005 0.11 10.4 20.5 14.2

6 67.9 8.5 1165.9 1007.4 0.11 0.0207 0.0014 0.021 0.0054 0.005 0.09 11.6 20.2 15.9

7 79.4 12.3 1196.5 1017.6 0.14 0.0624 0.0015 0.009 0.0030 0.005 0.19 10.5 21.5 15.7

8 87.3 6.5 1217.6 1002.1 0.06 0.1402 0.0013 0.002 0.0020 0.005 0.13 10.7 19.6 15.5

9 88.3 7.7 1220.3 1005.3 0.07 0.1350 0.0014 0.003 0.002 0.005 0.16 11.1 21.1 15.1

The variables are glycerol concentration, C, in percentage by weight; density, q, in kg m�3; dimensionless density ratio, q*; viscosity, l, in kg

m�1 s�1; dimensionless viscosity ratio, l*; discharge, Q, in m3; and dimensionless buoyancy ratio, B*. Subscripts a, L and U indicate values

for the ambient fluid and lower and upper layers of the current, respectively. Viscosity values are corrected for temperature using the empirical

relationship found by Chen and Pearlstein (1987).
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ratio for the difference in the driving buoyancy of each

layer, B*, proportional to the layer density and volume.

For continuous input flows B* can be defined as

B4 ¼ QUgUV

ðQUgUVþ QLgLVÞ
; ð5Þ

where Q is the discharge per unit width. Values of

0bB*b0.5 indicate a greater driving buoyancy in the

lower layer, whilst those of 1NB*N0.5 indicate a

greater driving buoyancy in the upper layer. The start-

ing conditions were chosen to explore a distinct area of

the bparameter spaceQ of stratified flows where q*, l*
and B* are b0.5 (Table 2). The results from these

experiments thus document currents with density

ratios of 0.06bq*b0.50 and viscosity ratios of

0.002bl*b0.48 and those with a greater driving buoy-
ancy in their lower layer, 0bB*b0.3. In order to keep

input conditions similar, the upper layer was released

slightly, up to 5 s, before the lower layer in experiments

1–8. In two experiments, 9 and 10, the lower layer was

released first in order to see how this affected flow

behaviour (Table 2).
4. Experimental results

4.1. Visual observations

Gravity currents with a characteristic head and

body structure were formed after releasing the glyc-
erol solutions. The two constituent layers were ob-

served to have variable downstream velocities. Thus,

two distinct types of current developed with either a

faster lower layer or a faster upper layer. In each case

the faster layer ran ahead to form the flow front. In

some experiments, overtaking of one layer by the

other was observed. This occurred within 1 m of the

input point and upstream of where flow measurements

were recorded. The basal layer, when faster, overtook

by pushing lighter fluid of the slower layer upwards

and out of the way (Fig. 6A). The upper layer, when

faster, overtook by propagating over the relatively

slow-moving lower layer (Fig. 6D). The upper layer

became progressively thinner and increasingly

stretched-out as it moved. On approaching the flow

front it intruded into the back of the head along a

density interface between the denser fluid of the

lower layer and the lighter fluid of the wake. In other

experiments overtaking was not observed since the

faster layer was released first (Fig. 6B and C). After

the flow front had reached the end of the tank floor, a

longitudinally uniform current developed, whose two

layer stratification was preserved along the length of

the tank.

4.1.1. Flows with a fast lower layer

A current with a relatively fast basal layer was

formed in experiments run with lower-layer concentra-

tions less than 75% glycerol (experiments 1–6). In

these flows fluid from the lower layer formed the

head of the current (Fig. 7A). Video recordings show



A. Upper layer released first but overtaken
by faster lower layer. Experiments 1-6.

B. Upper layer released first and remaining
ahead of slower lower layer. Experiment 7 & 8.

C. Lower layer released first and remaining
ahead of slower upper layer. Experiment 10.

D. Lower layer released first but overtaken
by faster upper layer. Experiment 9.

Basal fluid Top fluid Mixed fluid

Fig. 6. Schematic diagram showing the evolution of two-layer, stratified gravity currents based on experimental observations. Four types of

evolution were observed depending on which layer had a faster velocity and which was released first.
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that only a small amount of fluid from the upper layer

was able to intrude into the head, instead most of this

fluid was swept back into the wake before reaching the

flow front. Behind the head, the lower layer had an

average thickness of 2–3 cm. The upper layer was

thicker, on average being between 6 and 8 cm thick.

The interface varied in character between experiments

becoming progressively distinct and sharply defined

with increasing lower-layer concentration. In all

experiments interfacial waves developed and thus the

height of the interface varied temporally. In experi-

ments 6 and 7 wave heights were of a similar scale to

the thickness of the lower layer. Tracer particles within

all flows moved in a turbulent fashion, changing both

height above the bed and speed. Mixing was clearly

visible between layers. In relatively high-concentra-

tion flows (e.g., experiments 5 and 6) mixing occurred

in periodic bursts whereby fluid from the denser lower

layer was injected upwards into the layer above.
4.1.2. Flows with a fast upper layer

The lower layer was relatively slow compared to

the upper layer in experiments run with lower-layer

concentrations greater than 75% glycerol (experi-

ments 7 and 8). In these flows the lower layer formed

a slow-moving region that lagged behind the current’s

head. The current’s head was formed by fluid fed from

the upper layer (Fig. 7B). In experiments 7 and 8 it

took the lower layer 8 and 11 s to arrive at the

measurement station after the passage of the head,

respectively. This slow-moving region had a wedge-

shaped front inclined downstream (Fig. 7B). With

time, the lower layer achieved a constant thickness

of several centimetres. In experiment 7 the interface

was noticeably wavy whilst in experiment 8, with the

highest glycerol concentration (CL=90%), the inter-

face between the two layers was flat. Many of the

tracer particles were observed to become concentrated

at the interfacial boundary. For experiment 8, those
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tracer particles on the boundary and within the lower

layer were observed to move in a laminar fashion

whereby they maintained a constant speed and

moved in a straight line at a constant height above

the bed. Mixing between the two layers, especially in

experiment 8, appeared to be suppressed. However,

fluid of a colour indicative of mixing and moving

relatively fast was observed preceding the arrival of

the lower layer.
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Fig. 8. (A) Maps of flow velocity constructed from temporal measurement

downstream of the inlet point for selected experiments. Data shown is the

flow concentration constructed from temporal measurements taken at five h

inlet point for selected experiments. The time, t, is measured in seconds afte

conditions for limited periods of time some 5 to 20 s after the arrival of t

concentration lower layer. Experiments 7 and 8 had a relatively slow-mov
4.2. Velocity and concentration profiles

Maps of flow velocity and concentration through

time and for different heights above the bed are shown

in Fig. 8. These plots show that currents achieved

quasi-steady conditions for both flow velocity and

concentration for a period of 10 s or more. The initial

recorded flow velocity and concentration, however,

are unsteady and typically waxing for the first 5 to
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15 s (Fig. 8). This is most apparent in the lower part of

the flow immediately above the bed. Flow unsteadi-

ness at these times is related to the passage of the

current’s head and subsequent large-scale eddies. Cur-

rents began to wane after about 20 s marking the time

at which the input supply was turned off (Fig. 8).

The waning of flows becomes noticeably stronger

with increasing lower-layer concentration.

4.2.1. Flows with a fast lower layer

Experimental flows 1–6 with fast moving bases are

characterised by temporal concentration and velocity

profiles that mirror one another in that maximum and

minimum values occur at similar times (Fig. 8). Near-

bed velocities and concentrations tend to increase with
time to a quasi-steady state before waning (Fig. 9).

Maximum measured velocities of ~300 mm s�1 oc-

curred in experiments 6 and 7 with lower-layer gly-

cerol concentrations of 60% and 70%, respectively.

Vertical profiles in the body (Fig. 10) are similar to

those described for other low-concentration currents

(Fig. 2A–B); concentration displays continuous or

nearly continuous profiles whilst velocity has a con-

cave upward-facing shape above the velocity maxi-

mum (Fig. 10A–D). The velocity maximum occurs

between 1 to 2 cm above the bed and at a fraction of

0.1–0.15 of the total flow depth. The velocity maxi-

mum in experiments 1 to 6 occurs at a similar height

to the interfacial boundary between layers. Root-

mean-squared (RMS) values of the temporal velocity
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time-series, a proxy for flow turbulence, have maxi-

mum values close to the bed and show a decrease

upwards away from the bed. This type of distribution

has been observed in other quasi-steady turbulent

density currents (e.g., Buckee et al., 2001).
4.2.2. Flows with a fast upper layer

The temporal and vertical profiles of experimen-

tal currents 7 and 8 with slower moving lower

layers are markedly different to those with faster

ones. In these currents the flow velocity and con-
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centration do not mimic one another (Fig. 8). Near

bed velocities increase with time and then decrease

whilst concentration is initially low before increas-

ing (Fig. 9). In experiment 8 an abrupt increase in

flow concentration is seen at about 15 s, marking

the arrival of the slow-moving lower layer (Fig.

9F). An area of enhanced flow velocity also occurs

several centimetres above the bed before the arrival

of the slow-moving lower layer at 7–12 s (Fig. 8).

Initial flow unsteadiness is related to the passage of

the head but also to their longitudinal structure.

Vertical concentration profiles of experiments 7

and 8 display a less gradual and more step-like

stratification than experiments with lower concen-

trations, e.g. experiments 1 and 3 (Fig. 10E–F).

Currents with a slow moving lower layer have a

convex shaped velocity distribution above the max-

imum being quite different to those recorded for

experiments 1–6. Also in experiment 8, the velocity

maximum is relatively high in the flow and it is

situated in the upper-layer at a fractional depth of

between 0.3 and 0.4 (Fig. 10L). This velocity

distribution is similar to those of high-concentration

suspension flows reported by Postma et al. (1988).

RMS values of the temporal velocity time-series

show profiles and values similar to currents with

a faster lower layer; maximum values occur close

to the lower flow boundary and values decrease

upwards. The high RMS values recorded near the

bed are surprising, especially for experiment 8,

since visual observations suggest that the lower

layer moved in a laminar fashion. Since the veloc-

ity measurements taken by the lowest position

probe were taken from an area close to the inter-

facial boundary between layers, we suggest that the

high RMS values are caused by turbulence related

to the interfacial boundary. Alternatively, conditions

close to the tank wall may have been different to

those in the centre of the tank where the data were

recorded; the interfacial boundary may have been

lower or the lower layer more turbulent in the

centre of the tank.
Fig. 10. (A–F) Vertical profiles of the downstream velocity (u), the root-m

for selected experiments. Profiles are taken from the body of currents at 10

was taken at 20 s. Velocities indicated by crosses show values corrected

uncorrected values. (G–L) Non-dimensional values given as a percentage o

mean-square of downstream velocity (r) and concentration (v).
5. Discussion

The experiments show that the behaviour of con-

tinuously-fed gravity currents is strongly controlled

by their stratification. Initial flow unsteadiness is re-

lated to the passage of the head, but also to the

current’s longitudinal structure. In the ranges of q*,
l* and B* (all b0.5) investigated, two distinct types

of behaviour were observed. A summary of the char-

acteristics of each current type is shown in Fig. 11.

Those with low to moderate maximum concentra-

tions, b75% glycerol, have fast-moving, high-concen-

tration, basal regions (Fig. 11A). In contrast, currents

with relatively high maximum concentrations, N75%

glycerol, have a slow moving basal region that lags

behind the flow front (Fig. 11B). Particle-laden labo-

ratory currents with similar flow structures to these

two types have been observed previously. Flows with

high-concentration fast-moving bases have been noted

by Hampton (1972), Mohrig et al. (1998) and Marr et

al. (2001), whilst currents with slow moving bases

have been observed by Postma et al. (1988).

5.1. Interpretation of flow behaviour

We interpret the observed change in behaviour to

correspond to a transition in the flow dynamics of the

lower layer from being inertia-driven to viscosity-

controlled. A reduction in the lower layer velocity at

concentrations exceeding 75% glycerol can be ex-

plained by the enhanced drag at the lower flow bound-

ary, a characteristic of high viscosity flows. The dimen-

sionless Reynolds number (Re) is a measure of the ratio

of inertial to viscous forces and may be used to assess

the transition between turbulent and laminar flow re-

gimes. The Reynolds number is evaluated here using

Re ¼ uhq
l

ð6Þ

where u is a velocity scale, h is a length scale and q
and l are the density and viscosity of the fluid,

respectively. The drag force experienced by flows
ean-square of downstream velocity (Urms) and the concentration (C)

s after the arrival of the flow front except the profile for Run 8 which

for fluid density (see text) whilst those indicated by squares show

f the maximum value in each profile; downstream velocity (t), root-
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varies with Reynolds number. The amount of drag is

similar in turbulent flows with relatively high Rey-

nolds numbers but increases significantly at smaller

Reynolds numbers in the range of transitional and

laminar flow conditions. This relationship between

drag and Reynolds number is known to apply to

pipe flow (Chadwick and Morfett, 1992). van Kessel

and Kranenburg (1996) showed that the drag coeffi-

cient varies strongly at low Reynolds numbers,

Re b103, for gravity currents of fluidQmud (Fig. 12).

The Reynolds number of gravity currents is usually

deduced using the bulk current properties to yield a

single value for the whole current. Since viscosity-

stratified currents may exhibit both laminar and tur-

bulent flow at different heights above the bed, the

application of a single Reynolds number may not be

appropriate. One way to assess the flow character of

strongly stratified currents is to calculate separate

Reynolds numbers for regions near the bed and higher

up in the flow (Table 3A). Reynolds numbers were

calculated for below (RebUmax
) and above (ReNUmax

)

the velocity maximum using measured flow properties

Re ¼ UhP

M
; ð7Þ

where U, P, and M are the layer depth-average veloc-

ity, concentration, and viscosity respectively, and h is
10 100 1000 10000 100000

Ree

0.001

0.01

0.1

1

C
D

Fig. 12. Drag coefficient, CD, as a function of the effective Rey-

nolds number, Ree, for fluid mud gravity currents presented by van

Kessel and Kranenburg (1996). Their original data is approximated

by the curve CD~(12+0.1Re
e)/Ree, where Ree is an effective

Reynolds number (see Eq. (11) in van Kessel and Kranenburg,

1996). The graph shows that drag increases significantly at low

Reynolds numbers and in the range below turbulent flow conditions,

Reeb3000, using the criterion proposed by Liu and Mei (1990).
the layer depth (Table 3A). Various values of the

Reynolds number have been proposed for the thresh-

old between laminar to turbulent flow ranging over

one order of magnitude. However, laboratory studies

often take the transitional number as 500–2000 (Simp-

son and Britter, 1979; Allen, 1985). This threshold is

also used in this study and given the range of values

calculated for the experimental currents, would appear

to be a reasonable approximation. Values above the

velocity maximum fall into the turbulent regime,

3000bRe b12000, corresponding to observations of

turbulent particle movement in the upper part of the

flow. Smaller values of the Reynolds number charac-

terise the region below the velocity maximum. Impor-

tantly, they show a decrease from 2500 to 900 Re with

increasing glycerol concentration. These Reynolds

numbers fall into the range where values of drag are

expected to vary strongly and support our interpreta-

tion of a varying drag influence at the lower flow

boundary. The flow Reynolds numbers calculated are

subject to some measurement error in flow concentra-

tion. The value of the Reynolds number below the

velocity maximum for experiment 7 (with the second

highest glycerol concentration) is spuriously high at

1600 compared to values for flows of similar concen-

tration. This corresponds to relatively low values of

glycerol concentration recorded for this flow and is

likely to be an artefact of selective siphoning of fluid

with a lower concentration and viscosity. Reynolds

numbers calculated using the initial values of fluid

density and viscosity for the lower layer (ReL), may

therefore give a better estimate for high-concentration

flows in which mixing was unimportant (Table 3B).

These values indicate Reynolds numbers for the high-

concentration flows of b100, consistent with visual

observations of laminar particle movement in these

currents.

5.2. Stratified flow regimes

Based on experimental data, Gladstone et al.

(2004) constructed a flow regime diagram for the

behaviour of two layer, stratified currents of various

density ratios, q* and buoyancy ratios, B* (Fig. 13A).

In their scheme, the layer buoyancy determines which

layer runs ahead to form the leading edge of the flow;

the lower and upper layers run ahead when B*b0.5

and B*N0.5, respectively. All the currents studied



Table 3

Calculated flow characteristics for laboratory experiments

A. Parameters based on depth-averaged values and Umax subdivision

Experiment UC hC PC MC ReC Fr RiB UbUmax
hbUmax

PbUmax
MbUmax

RebUmax
UNUmax

hNUmax
PNUmax

MNUmax
ReNUmax

1 0.10 0.13 994.1 0.0011 11,768 1.1 0.9 0.154 0.02 1004.9 0.0012 2513 0.08 0.11 992.2 0.0011 7768

2 0.10 0.13 1000.6 0.0012 10,510 0.7 1.3 0.136 0.02 1017.5 0.0014 2034 0.09 0.11 997.5 0.0011 8486

3 0.11 0.13 997.4 0.0011 12,069 1.0 1.0 0.116 0.02 1025.5 0.0015 1553 0.09 0.11 992.3 0.0011 9000

4 0.10 0.13 995.1 0.0011 11,598 1.0 1.0 0.130 0.02 1027.3 0.0016 1635 0.08 0.11 989.3 0.0011 8360

5 0.11 0.13 1003.5 0.0012 11,732 0.8 1.3 0.135 0.02 1025.5 0.0015 1800 0.09 0.11 999.5 0.0012 8388

6 0.10 0.13 1003.6 0.0012 10,990 0.7 1.4 0.105 0.02 1064.2 0.0026 847 0.09 0.11 992.6 0.0011 8873

7 0.13 0.13 1001.9 0.0012 14,539 1.0 1.0 0.135 0.02 1044.9 0.0017 1623 0.11 0.11 994.1 0.0011 11,266

8 0.07 0.10 1011.0 0.0013 5522 0.5 2.1 0.095 0.03 1094.1 0.0037 855 0.06 0.07 991.1 0.0011 3664

B. Parameters based on initial starting values and layer subdivision

Experiment UC hC qC lC ReC Fr RiB UbUmax
hL qL lL ReL UNUmax

hU qU lU ReU

1 0.10 0.13 1014.4 0.0015 8804 0.5 1.8 0.154 0.02 1033.6 0.0020 1622 0.08 0.11 1010.9 0.0014 6012

2 0.10 0.13 1019.4 0.0017 7470 0.5 2.1 0.136 0.02 1060.2 0.0026 1114 0.09 0.11 1011.9 0.0015 6454

3 0.11 0.13 1015.6 0.0017 8305 0.6 1.8 0.116 0.02 1084.0 0.0038 669 0.09 0.11 1003.1 0.0013 7497

4 0.10 0.13 1022.3 0.0020 6559 0.5 2.1 0.130 0.02 1104.0 0.0054 531 0.08 0.11 1007.4 0.0014 6303

5 0.11 0.13 1030.9 0.0031 4796 0.5 2.2 0.135 0.02 1140.8 0.0120 255 0.09 0.11 1010.9 0.0014 6994

6 0.10 0.13 1031.8 0.0044 3129 0.4 2.3 0.097 0.02 1165.9 0.0207 109 0.09 0.11 1007.4 0.0014 6925

7 0.13 0.13 1045.1 0.0109 1666 0.5 2.0 0.135 0.02 1196.5 0.0624 52 0.11 0.11 1017.6 0.0015 8368

8 0.07 0.10 1066.7 0.0430 176 0.3 3.9 0.095 0.03 1217.6 0.1402 25 0.06 0.07 1002.1 0.0013 3022

(A) Flow characteristics calculated using depth-averaged values for the whole current and for portions of the current above and below the

velocity maximum. Variables are: depth-averaged velocity, U, in m s�1; height, h, in m; depth-averaged density, P, in kg m�3; viscosity, M, in

kg m�1 s�1; dimensionless Reynolds number, Re =UCPh/M; dimensionless Froude number, Fr =UC/(hC(gP�q0/q0)
1/2 (where g is the

acceleration due to gravity and q0 is the density of the ambient fluid); and dimensionless Richardson number, RiB=1/Fr. Subscripts C, NUmax

and bUmax indicate values for the whole current, and the portion of the current below and above the velocity maximum, respectively. Current

height, hC, was estimated from photos. The height of the velocity maximum was estimated using velocity measurements (Fig. 10). (B) Flow

characteristics calculated using initial values for the whole current and for upper and lower layers. Variables are: depth-averaged velocity, U, in

m s�1; height, h, in m; layer density, q, in kg m�3; viscosity, l, in kg m�1 s�1; dimensionless Reynolds number, Re =UCqh/l; dimensionless

Froude number, Fr =UC/(hC(gqC�q0/q0)
1/2; and dimensionless Richardson number, RiB=1/Fr. Subscripts L, U and C indicate values for

lower and upper layers and whole current, respectively. Note that the velocity values used are the same in both A and B.
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here had a greater buoyancy in their lower layer with

values of B*b0.5. Experiments 1 to 6 with a relative-

ly fast-moving lower layer displayed behaviour con-

sistent with the findings of Gladstone et al. (2004) for

inertial, lock-release currents. In experiments 7 and 8,

the lower layer was relatively slow-moving compared

to the upper layer, despite it having a much greater

driving force, B*b0.2. This indicates that the flow

buoyancy does not control flow behaviour in currents

with strong viscosity stratification l* (of the order of

1�10�3 in the present experiments). Hence, a third

axis to Gladstone et al.’s proposed regime diagram

may be added to describe currents with varied viscos-

ity stratification (Fig. 13B).

The second axis of the regime diagram constructed

by Gladstone et al. (2004) indicates relative amounts

of mixing between layers based on q*; for currents
with q*b0.4 the initial stratification is maintained

whilst for those with q*N0.4 stratification is quickly

destroyed by mixing. Comparison between the present

experiments and those of Gladstone et al. (2004), in

terms of q*, however, is not straightforward for sev-

eral reasons. Firstly, the degree of mixing in continu-

ous-flux flows will be significantly different to surge-

type flows since the latter is dominated by the

dynamics of the current’s head. Secondly, the entire

duration of flow in Gladstone et al.’s study was ob-

served from the point of initiation to their arrest where-

as in the present experiments, currents could not be

observed to their natural stopping point. Bearing this in

mind, it was observed that in all flows with density

ratios b0.35, the initial two layer stratification was

maintained, this being consistent with Gladstone et

al. (2004) results.



Fig. 13. (A) Regime diagram constructed by Gladstone et al. (2004) summarising the behaviour of two-layer density-stratified, surge-type

currents. The graph describes currents in terms of the dimensionless parameters density ratio q* and distribution of buoyancy B*. Modified

from Gladstone et al. (2004). (B) Diagram showing the parameter space varied in the present set of experiments in terms of the three

dimensionless parameters, density ratio q*, distribution of buoyancy B* and viscosity ratio l*. The range in these parameters explored is

shaded. Schematic cartoons for current behaviour are shown for different regimes of flow behaviour.
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5.3. Implications for deposit character

The vertical characteristics of sediment gravity

flow deposits are controlled by temporal variations

in flow velocity and concentration at a point, and

thus, by the stream-wise structure of the current

(Branney and Kokelaar, 2002; Kneller and McCaf-

frey, 2003; McCaffrey et al., 2003; Choux et al.,

2005—this issue). The experimental data show that

stratified flows with relatively fast and slow-moving

lower layers have markedly different near-bed tem-

poral trends in flow properties (Figs. 9 and 10).

Assuming natural sediment-laden flows also display

these current structures, it follows that several dis-

tinct bed types should be deposited. Here we spec-

ulate on the characteristics of these beds, and

propose two simple depositional models for stratified

sediment-laden currents (Fig. 11). These models as-

sume deposition occurs throughout the passage of

the head, body and tail of the flow and at a single

location. The models developed should be consid-

ered as didealT deposit types. As for other models,

such as the Bouma sequence, variations should be

expected given the range of controlling factors on

the final deposit character.

5.3.1. Deposit interpretation

In order to identify the deposits of stratified

submarine currents, sedimentary features that reli-

ably record deposition by flows of low and high

sediment concentration need to be defined. This has

been a controversial subject, especially with regard

to the interpretation of massive sandstones (see dis-

cussions in Kneller and Buckee, 2000; Mulder and

Alexander, 2001; Amy et al., 2005—this issue).

Gradual deposition of particles from a relatively

low sediment-concentration phase (turbidity current)

may be recognised by the presence of tractional

bedforms, vertical normal grading under waning

flow conditions and a high degree of grain-size

sorting within the deposit. However, structureless

intervals such as the Bouma Ta division may be

produced under relatively high sediment-load fall-

out rates leading to the suppression of traction

(Arnott and Hand, 1989). In circumstances of steady

flow the Ta division may also lack grading (Kneller,

1995). Deposition from a high-concentration phase

(debris flow) occurring by en masse settling will
also tend to produce ungraded beds. However,

given a wide grain-size distribution (mud to centi-

metre clasts), debris flow deposits will be distinctive

from Bouma Ta divisions on account of their poor

sorting, relatively high matrix mud contents and

randomly distributed outsized clasts. In addition

debrites may display a distinct shear fabric. These

criteria follow those used by others (e.g., Lowe,

1982; Ghibaudo, 1992; Mulder and Alexander,

2001).

5.3.2. Deposits from flows with fast-moving high-

concentration phases

Particle-laden currents with relatively fast moving,

high-concentration phases will have an initial phase

of deposition from flow with relatively high sediment

concentrations followed later by deposition from

flow with lower sediment concentrations. The result-

ing depositional sequence will comprise a high-

concentration flow deposit overlain by a low-concen-

tration flow deposit (Fig. 11A). Beds displaying this

type of vertical character and ranging from several

metres to over tens of metres in thickness are com-

monly exposed in the Eocene/Oligocene sedimentary

sequence of the Grès de Peı̈ra Cava Formation, SE

France (Fig. 14A). These sediments were deposited

in a relatively small (tens of kilometres long and

wide) deep-water basin in which flows were confined

by the local basin bathymetry (Hilton, 1994; Amy,

2000; McCaffrey and Kneller, 2001; Amy et al.,

2004). In relatively proximal sections, many beds

contain a coarse-grained (small-pebble to very coarse

sand grade), very poorly sorted, clast-rich basal in-

terval. The basal portion of these beds is interpreted

as having been deposited from a high sediment-con-

centration flow phase. The mud content varies later-

ally in the basal interval, implying that the cohesive

strength of the flow may have varied locally. The

upper part of the beds is finer grained and better

sorted and displays normal grading and usually cur-

rent lamination. The upper parts of beds are inter-

preted to record deposition from a relatively low-

concentration portion of the current deposited after

the high-concentration phase had passed. Correla-

tions indicate that these are the deposits of single

flow events and not an amalgamated sequence pro-

duced by multiple flows of different particle concen-

trations (Amy, 2000).



L.A. Amy et al. / Sedimentary Geology 179 (2005) 5–29 25
5.3.3. Deposits from flows with slow-moving high-

concentration phases

Particle-laden currents with relatively slow-mov-

ing, high-concentration phases will deposit initially
Fig. 14. Examples of beds preserved in ancient turbidite successions. (A)

France. This bed is interpreted as the deposit of a stratified sediment grav

Sandstone bed with a tripartite bed structure from the Marnoso-arenacea,

been deposited by a stratified sediment gravity flow with a slower-moving
from flow with low to intermediate sediment concen-

trations, followed by deposition from flow with high

sediment concentrations and finally from the trailing

flow with relatively low sediment concentrations. At a
Sandstone bed from the Grès de Peı̈ra Cava, Maritime Alps of SE

ity flow with a faster-moving high-concentration lower region. (B)

northern Apennines of Italy. This type of bed is interpreted to have

, high-concentration, lower region. See text for further explanation.
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single location the deposit will show a tripartite struc-

ture with the deposit of the high-concentration phase

encased between the deposits of the relatively low-

concentration flow phases (Fig. 11B). A significant

proportion of sediment gravity flow deposits of the

Miocene, Marnoso-arenacea Formation located in the

Italian Apennines display this type of tripartite bed

structure. These beds have been interpreted as debris

flow deposits sandwiched between turbidites (Ricci

Lucchi and Valmori, 1980; Talling et al., 2004; Amy

et al., 2005—this issue) formed in an open basin-plain

environment of the Apennine foredeep (Ricci Lucchi

and Valmori, 1980; Argnani and Ricci Lucchi, 2001).

The basal interval is composed of b20 cm, mud-poor

(b15% in thin section; Talling et al., 2004), coarse- to

fine-grained sandstone (Fig. 14B). The middle debrite

sandstone interval is usually slightly finer and thicker

(~20–90 cm) than the basal interval and relatively

mud-rich (15–22% in thin section; Talling et al.,

2004). It contains floating out-sized clasts several

millimetres to tens of centimetres in diameter. The

upper division is usually relatively thin (b20 cm),

fine- to very fine-grained sandstone with millimetre-

scale cross-lamination or parallel lamination.

Evidence that these deposits record a single flow

event rather than several amalgamated event beds are

(a) that the clast-rich debris flow units always occur

within this tripartite vertical bed sequence and (b)

long-distance correlations show that tripartite beds

do not dbreak-apartT into individual beds moving lat-

erally (Talling et al., 2004; Amy et al., 2005—this

issue). Correlations also show that the middle clast-

rich interval pinches out rapidly (over b5 km) down-

stream (Talling et al., 2004). This geometry suggests

that this portion of the bed was deposited en masse by

a high-concentration flow. In comparison, the lower

interval extends downstream of the pinch-out position

of the middle interval (Talling et al., 2004). Beds with

a similar tripartite vertical bed profile have been de-

scribed from the Pennsylvanian Jackfork Group in

Kansas (Hickson, 1999), Jurassic fans in the North

Sea (Haughton et al., 2003), and the Miocene and

lower Pliocene Laga Formation, Italy (Mutti et al.,

1978), demonstrating that these bed types commonly

occur in deep-water systems. Alternative explanations

for the generation of these dsandwichT beds are dis-

cussed by Haughton et al. (2003) and Talling et al.

(2004).
6. Conclusions

The behaviour of stratified gravity currents was

investigated using two-layer, laboratory flows com-

posed of aqueous glycerol solutions. In a set of

experiments the initial density and viscosity stratifi-

cation was systematically changed in a manner that

might occur in particle-laden currents with relatively

low to high sediment concentrations. It has been

shown previously that the vertical distribution of den-

sity and buoyancy profoundly affects the behaviour of

laboratory currents (Gladstone et al., 2004). Results

from this study show that the viscosity stratification

also has an important effect on flow behaviour. In

currents with relatively weak viscosity stratification

the high-concentration basal layer is driven by inertia

and propagates to the nose of the current, provided it

has a larger buoyancy than the upper layer. On the

other hand, in currents with relatively strong viscosity

stratification the high-concentration lower layer is

controlled by viscous forces and lags behind the

flow front regardless of its relative buoyancy. These

two flow types, with a relatively fast- and slow-mov-

ing lower layer, correspond to those with relatively

high and low Reynolds numbers, respectively. We

suggest that a transition in flow type occurs with the

onset of transitional and laminar flow conditions be-

cause of enhanced drag at the lower flow boundary. In

the present experiments this transition was observed at

concentrations of between 70% and 80% glycerol for

the lower layer.

The recorded temporal profiles of velocity and

concentration of currents with relatively weak and

strong viscosity stratification are different. Conse-

quently, stratified currents carrying particles are likely

to show different depositional histories and produce

deposits with varied characteristics. The experimental

results allow some speculation about the character of

stratified flow deposits. Currents with a relatively

fast-moving, high-concentration phase should deposit

beds with high-concentration flow deposits overlain

by those of more dilute flow. A current with a

relatively slow moving, high-concentration phase

should produce a bed with a tripartite structure with

a high-concentration flow deposit sandwiched be-

tween the deposits of more dilute flow. Deposits

with these bed structures are commonly observed in

ancient turbidite successions. Experiments on strati-
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fied flows using particles is suggested as a fruitful

area of future work.
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