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Abstract :   
 
Many aquatic environments exhibit soft, muddy substrates, but this important property has largely been 
ignored in process-based models of Earth-surface flow. Novel laboratory experiments were carried out to 
shed light on the feedback processes that occur when particulate density currents (turbidity currents) 
move over a soft mud substrate. These experiments revealed multiple types of flow-bed interaction and 
large variations in bed deformation and bed erosion, which are interpreted to be related to the interplay 
between the shear forces of the current and the stabilising forces in the bed. Changes in this force balance 
were simulated by varying the clay concentrations in the flow and in the bed. Five different interaction 
types are described, and dimensional and non-dimensional phase diagrams for flow-bed interaction are 
presented. 
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1 Introduction

Turbidity currents are particulate gravity currents that move 
owing to a density difference between the particle-laden 
flow and the ambient fluid. They are considered the primary 
mech-anism for sediment transport in the deep-marine 
environ-ment, but due to their infrequent and destructive 
behaviour
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only few studies have observed turbidity currents in the nat-
ural environment (Khripounoff et al, 2003; Xu et al, 2004;
Hsu et al, 2008).

Instead, experimental studies have been undertaken to
investigate turbidity currents under controlled laboratory con-
ditions (e.g. reviews by Middleton, 1993; Kneller and Buc-
kee, 2000). Recent experimental studies have investigated
the effects of clay on flow properties (Coussot, 1997; Marr
et al, 2001; Baas and Best, 2002; Felix and Peakall, 2006;
Baas and Best, 2008; Baas et al, 2009; Chowdhury and Testik,
2011), the interaction of flows with a non-cohesive substrate
(Butler and Tavarnelli, 2006; Eggenhuisen et al, 2010; Eggen-
huisen and McCaffrey, 2011) and fluid mud processes and
erodibility of cohesive beds (Mehta, 1991; Kineke et al, 1996;
Houwing and Van Rijn, 1994; Houwing and van Rijn, 1998;
Kothyari and Jain, 2010; Baas et al, 2011; Dickhudt et al,
2011; Jacobs et al, 2011; Baas et al, 2013). However, the
interaction between clay-laden turbidity currents and soft,
deformable or erodible beds has not yet been explored.

Soft, muddy sediments with concentrations between sev-
eral to hundreds of kg m−3 are referred to as fluid mud de-
posits (see Nichols, 1984; Odd and Cooper, 1989; Kineke
et al, 1996; Whitehouse et al, 2000; Winterwerp and van
Kesteren, 2004; McAnally et al, 2007a). Winterwerp and
van Kesteren (2004) defined fluid mud as a cohesive sedi-
ment suspension with a concentration at or beyond the gelling
point, in the order of several 10 to 100 kg m−3. This con-
centration range is used in the present study as the interval
in which a fluid mud can develop (‘fluid mud domain’).

Fluid muds in the natural environment are formed by
rapid sedimentation or liquefaction of mud deposits (White-
house et al, 2000; Winterwerp and van Kesteren, 2004) and
they can form in any water body with sufficient fine-sediment
supply and periods of low intensity flow (McAnally et al,
2007a). Examples of natural occurrences of fluid mud in-
clude harbour basins and navigational channels, like the Sa-
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2 Iris T.E. Verhagen et al.

Fig. 1 a) Schematic drawing of the flume set-up (not to scale). The header tank contained a kaolin clay suspension that was released into the
flume when the lutocline of the settling mud suspension in thereservoir reached the artificial floor level (the floor has a zero slope). A wall behind
the outflow prevented flow in the opposite direction. Each runwas repeated three times so that velocities and concentrations could be measured
successively at location A, B and C. b) Detailed front and side view of the probe array with the UDVP transducers (∅13 mm) in a vertical holder
in the centre of the channel and the UHCMs (∅10 mm) slightly to the right. The bold black arrows indicate the flow direction.

vannah Harbor (McAnally et al, 2007a) and the access chan-
nel to Rotterdam Port (Winterwerp and van Kesteren, 2004,
page 84); on the continental shelf, like the north-east coast
of South America (Wells and Coleman, 1981); and at river
mouths, like the Amazon River (Kineke et al, 1996) and Eel
River (Traykovski et al, 2000). In the deeper marine envi-
ronment soft-mud deposits may form through deposition of
mud-caps, usually associated with turbidity currents, espe-
cially in ponded settings (Amy et al, 2007).

Turbidity currents are known to occur in a wide range of
environments, from lakes and reservoirs to fjords and the
deep ocean (Middleton, 1993). Thus, it is likely that tur-
bidity currents encounter and deform soft substrates. These
fluid mud like substrates are believed to interact differently
with a passing turbidity current than a sandy substrate. The
cohesive properties of muddy beds make them susceptible
to plastic deformation and they may be more or less prone
to erosion than sandy beds, depending upon their consoli-
dation state. Plastic deformation or erosion, and subsequent
entrainment of cohesive sediment into the flow, might also
cause significant changes in the turbulence properties of the
turbidity current (Baas and Best, 2002; Baas et al, 2009).
Field evidence for bed deformation by turbidity currents in
the form of large scale shear structures has been described
by Clark and Stanbrook (2001) and Traykovski et al (2000)
reported ‘wave motions’ in the lutocline of a fluid mud bed,
potentially caused by Kelvin-Helmholtz instabilities. Felix
et al (2009) found wavy interfaces between debris flows and
overriding turbulent clouds, with turbidite deposition inthe

troughs of the waves. However, the interpretation by Felix
et al (2009) of the formation of these wavy tops is through
shear at the top of the moving debris flow, instead of defor-
mation by the overriding turbidity current.

In this paper, results of flume experiments carried out in
the Hydrodynamics Laboratory at Bangor University, Wales
(UK) are presented. This descriptive study aims to answer
the following research questions: 1) Which types of inter-
action occur when turbidity currents move over a soft sub-
strate? 2) Can predictions be made about the type of interac-
tion based on the velocity of the current and the concentra-
tion contrast between the current and the substrate? 3) Does
interaction between the turbidity current and the bed affect
the velocity structure of the current?

2 Methods

2.1 Flume set-up

A total of 84 experiments was carried out in a 10 m long,
0.3 m wide and 0.4 m deep flume (Fig. 1). A header tank
(volume:∼50 L) with an electrical drill powered mixer was
placed on top of the flume (total head: 0.60 m) and filled
with a clay suspension. By opening a ball valve the sus-
pension drained under gravity from the header tank through
an outflow pipe (∅23 cm) onto the bottom in the centre of
the flume. An initial jet-flow stabilized into a turbidity cur-
rent over a horizontal, artificial floor section before the flow
moved over a prepared soft clay bed.
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A range of volumetric concentrations of medium-sized
commercially available kaolin clay (Imerys Polwhite-E) was
used for both the turbidity currents and the clay beds (Table
1). The grain size distribution of the kaolin clay was deter-
mined using a Malvern Mastersizer 2000 (Fig. 2).

Before each run, siphon samples were taken from the
header tank, from the upper 10 mm of the clay bed, and from
10 and 20 mm above the clay bed. All sediment samples
were weighed and dried to determine their volumetric clay
concentration.

An artificial Perspex floor was constructed, 80 mm above
the original flume floor. A missing section in the artificial
floor was used as a reservoir for making the clay bed (Fig.
1). This reservoir, with a total volume of∼27 L (1230 mm
long, 300 mm wide and 75 mm deep), was located 1.9 m
downstream from the outflow opening of the header tank.
The clay deposits were created by gravitational settling of
well-mixed kaolin clay suspensions with three different ini-
tial concentrations. The flume was filled with tap water to
0.36 m above the artificial floor before the pre-mixed clay
suspension was poured in and allowed to settle. This clay
mixture was prepared at least one day in advance to allow
the clay to become completely saturated with water. Two
barriers on either side of the reservoir prevented the suspen-
sion from spreading through the flume, thus constricting set-
tling to the reservoir section.

Creating the substrate by settling resulted in vertical con-
centration gradients within the clay deposit (Fig. 3). Depth-
averaged volumetric concentrations, Cb, were 5.6, 7.8 and
8.8 vol% . The average concentrations in the uppermost 10
mm of the clay deposits,Cb,t, were 2.1, 5.7 and 7.1 vol%
(Table 1), which is equivalent to 55 kg m−3, 148 kg m−3

and 185 kg m−3 and thus partly within the fluid mud do-
main (Fig. 4). A series of control experiments was carried
out with a continuous Perspex floor instead of the clay reser-
voir as the substrate for the turbidity currents.

When the lutocline of the settling suspension in the reser-
voir reached the same level as the artificial floor, the clay
suspension in the header tank was released to produce the
bottom-hugging density current. The initial concentrations
of the uniformly mixed clay suspensions within the header
tank (Cf,i ) ranged between 0.41 and 15.3 vol% (Table 1).
The concentrations of the turbidity currents in the flume
were significantly lower due to mixing with the ambient wa-
ter. At 5 mm above their base, the currents carried on av-
erage between 0.06 and 3.84 vol% clay in the head (Cfh,b)
and between 0.10 and 5.43 vol% clay in the body (Cfb,b).
These are the average concentrations in the head of control
currents, since it was not possible to determine the clay con-
centration within flows that interacted with the clay bed, due
to potential mixing processes. An HD camcorder was used
to record the interaction between the turbidity currents and
the clay beds, and to track flow geometry within the flume.
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Fig. 2 Cumulative size distribution of Imerys Polwhite-E china clay
(kaolin clay), obtained by linear interpolation between 21measured
size classes. D10, D50 and D90 are 1.9µm, 7.9 µm and 20.5µm,
respectively.
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Fig. 3 Concentration profiles in the clay bed shown for the three differ-
ent initial conditions in this study, with depth averaged concentrations,
Cb, of 5.6 (o), 7.8 (△) and 8.8 (∗) vol% (Table 1). Data were obtained
by means of siphon sampling.

2.2 UDVP transducers

Flow velocities were measured with Ultrasonic Doppler Ve-
locity Profiling (UDVP) (Takeda, 1991; Best et al, 2001), us-
ing a set-up developed by Met-Flow SA (Switzerland) con-
sisting of a UVP-DUO monitor, specialized software and 2
MHz acoustic transducers. A UDVP transducer emits an ul-
trasound pulse and the same transducer receives the echo
reflected off particles in the flow. The velocity information
is derived using the Doppler shift frequency (Takeda, 1991,
1995). Multiple velocities are measured along a straight line
(i.e. measurement window) that is divided into channels.
The length of the measurement window and the number of
channels govern the spatial resolution of the velocity data
(Met-Flow, 2002). At each time-step the transducer mea-
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4 Iris T.E. Verhagen et al.

Table 1 Overview of kaolin clay concentrations used in this study.
From left to right: depth-averaged clay concentration for each of the
three types of initial bed (Cb); average clay concentration within the
upper 10 mm of each type of initial bed (Cb,t); average clay concentra-
tions within the header tank (Cf,i ); time-averaged clay concentrations
within the lowest 5 mm of the head and body of the control currents at
location B (Cfh,b andCfb,b; Fig. 1).

Cb Cb,t Cf,i Cfh,b Cfb,b
(vol%) (vol%) (vol%) (vol%) (vol%)

5.6 2.05 0.41 0.06 0.10
1.05 0.16 0.21
2.14 0.47 0.57
5.66 1.56 2.00
8.49 2.36 3.10

7.8 5.65 0.41 0.06 0.10
1.05 0.16 0.21
2.14 0.47 0.57
5.66 1.56 2.00
8.49 2.36 3.10
11.97 3.59 4.34
15.27 3.84 5.43

8.8 7.10 2.14 0.47 0.57
5.66 1.56 2.00
8.49 2.36 3.10
11.97 3.59 4.34
15.27 3.84 5.43

No reservoir 0.41 0.06 0.10
1.05 0.16 0.21
2.14 0.47 0.57
5.66 1.56 2.00
8.49 2.36 3.10
11.97 3.59 4.34
15.27 3.84 5.43
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Fig. 4 Cb,t determined for each experiment from sediment samples
taken before each experiment, with averages of 2.1 (o), 5.6 (△) and
7.1 (∗) vol% (Cb,t, Table 1). The solid lines represent the upper and
lower concentration boundaries of the fluid mud domain.

Table 2 UDVP data acquisition settings.

Speed of sound in water (ms-1) 1480
Measurement window (mm) 117.48
Number of channels 128
Distance between channel centres (mm) 0.93
Channel width (mm) 1.48
Frequency of the ultrasound beam (MHz) 2
Number of cycles* per pulse 4
Number of sound pulses per measurement 32
Minimum on-axis velocity (mms-1) -1005.4
Maximum on-axis velocity (mms-1) 997.6
Velocity resolution (mms-1) 7.855
Time between each measurement** (s) 0.641

*number of wavelengths in the emitted sound pulse
**for 8 probes in multiplexer mode, the time between
each velocity measurement was 0.08 s

sures the flow velocity simultaneously at every channel and
the output is a velocity profile over a set distance away from
the transducer (Met-Flow, 2002). For the present study, eight
UDVP transducers were attached to a probe array and con-
nected in a multiplex setting, resulting in a measurement
frequency of 1.56 Hz for each transducer (see Table 2 for
UDVP settings).

Velocity measurements were taken at 1.75 m (A), 2.98
m (B) and 3.28 m (C) downstream of the outflow point (Fig.
1). Each experiment was repeated three times to allow for
measurements at all three locations. Time-series of the hor-
izontal component of flow velocity were acquired using an
array of 6 UDVP transducers at locations A and C and an ar-
ray of 5 UDVP transducers at location B (Fig. 1). The height
of the horizontal UDVP transducers was fixed at 8, 22, 36 (A
and C only), 50, 78 and 120 mm above the artificial floor or
the clay bed surface.

2.3 UHCM probes

In addition to siphon sampling before the experiments, Ul-
tra High Concentration Meters (UHCMs) were used to de-
termine time-series of clay concentration during the experi-
ments. The UHCMs record the attenuation of an ultrasound
signal (in volts) between a receiver and a transmitter as a
measure of concentration, and they have previously been
successfully applied in particulate gravity current studies by
Felix et al (2005) and Eggenhuisen and McCaffrey (2011).
Four probes were mounted on the frame next to the UDVP
probes, with the centres of the probes 5, 20, 45 and 80 mm
above the artificial floor (Fig. 1b).

The probes were calibrated by measuring the sound wave
attenuation within kaolin clay suspension samples taken dur-
ing the experiments, which were subsequently weighed and
dried to obtain the clay concentrations. The suspensions were
measured in 0.180 L bottles and continuously mixed with a
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A first classification scheme of flow-bed interaction for clay-laden density currents and soft substrates 5

magnetic stirrer to prevent settling of the clay. Each suspen-
sion was allowed to homogenize for 1 minute and the atten-
uation was measured with two UHCMs at a time for 20 s
with a 0.1 s resolution. The linear best-fit curves and corre-
sponding equations, shown in Fig. 5, were determined using
ordinary least squares regression.

3 Results

The flume experiments revealed five types of interaction be-
tween the turbidity currents and the clay beds (Fig. 6). No
interaction between the flow and the bed was observed in
relatively dilute flows (Fig. 6a). The clay bed did not have
a visible effect on the current shape and the head showed a
round, overhanging geometry, similar to turbidity currents
moving over a hard substrate (Middleton, 1993).

With increasing clay concentration in the turbidity cur-
rent and a similar clay concentration in the bed, the flow-
bed interaction became progressively more severe, evolving
from minor deformation (Fig. 6b) to severe mixing and ero-
sion (Fig. 6d).

The waves at the flow-bed interface, caused by soft sedi-
ment deformation, were typically 5 to 10 mm high and 20 to
30 mm long. The waves travelled along the flow-bed bound-
ary in the direction of the current. Minor erosion was ob-
served at the crests of the waves, where small amounts of
clay were ripped up from the bed by the current. Upon en-
tering the clay reservoir section, the front of the turbidity
current changed from having a round, overhanging nose to a
slightly pointed nose that adhered to the clay bed. The front
became progressively more pointed as the current moved
down the reservoir section (Fig. 6b).

This change in flow geometry was more pronounced for
the ‘mixing and erosion’ interaction type. In addition to be-
coming increasingly more pointed, the head of the current
was elongating and flattening as it progressed over the clay
bed (Fig. 6c). Waves were still visible at the flow-bed in-
terface, but in general, the boundary was less distinct due
to strong mixing between the turbidity current and the clay
bed, accompanied by erosion to a depth between 5 and 20
mm into the original clay bed. The mixing and erosion pro-
cess increased in intensity with increasing flow concentra-
tion, and a separate interactive phase of ‘severe mixing and
erosion’ was defined for flows that affected the clay bed
>20 mm below the bed surface (Fig. 6d). In these cases, the
head of the turbidity current was extremely stretched and
the waves at the flow-bed boundary were replaced by large,
irregular scours and injections, which caused continuous en-
trainment of clay into the turbidity current.

In the experiment shown in Fig. 6e the Cb,t was increased
to 6.40 vol%. This resulted in an additional type of inter-
action, in which no waves formed underneath the flow and

there was also no clear sign of erosion or mixing, but the bed
was plastically deformed in the form of a bulge (or leading
wave) in front of the flow.

This leading wave travelled in front of the turbidity cur-
rent through the reservoir, along the flow-bed interface. The
wave grew as the turbidity current proceeded over the clay
bed; it was on average 150 mm long and typically up to 10
mm high. A small leading wave was also present in front
of turbidity currents in experiments that exhibited waves at
the flow-bed interface (Fig. 6b). When mixing and erosion
occurred, the leading wave was generally higher (∼20 mm)
and the head of the turbidity current was flush against the
upstream face of the wave (Fig. 6c). When mixing and ero-
sion processes intensified, the bulge in front of the current
no longer had the shape of a wave, but the current still piled
up the clay in front of it as it eroded into the substrate (Fig.
6d).

4 Phase diagram of flow-bed interaction

The present experimental results imply that the type of bed
deformation depends upon the concentration contrast be-
tween the current and the bed. The interaction is weak or
absent if this contrast is high, whereas strong erosion and
mixing take place if the concentration contrast is low. In Fig.
7 the different types of interaction are classified using Cb,t

(Fig. 4) versusCfh,b (Table 1), assuming transverse homo-
geneity of the turbidity currents.

The flow-bed interaction types occupy distinct regions in
the phase diagram (Fig. 7). No interaction takes place, when
the near-bed clay concentrations in the turbidity currentsare
relatively low. In the fluid mud domain this is below 0.50
vol%, while for higher bed clay concentrations the upper
limit of ‘no interaction’ is above 0.50 vol%. The ‘leading
wave only’ type of interaction occurs at intermediate clay
concentrations in the flow and relatively high clay concen-
trations in the bed, whereas interfacial waves are confined to
relatively dilute fluid mud beds. For high near-bed current
concentrations in the flow, mixing and erosion is the dom-
inant interaction type. Mixing and erosion in the fluid mud
domain is classified as severe, but as the clay concentration
in the bed increases, the intensity of the mixing and erosion
decreases and is restricted to<20 mm below the clay bed
surface (Fig. 7).

Within the investigated parameter space, theCfh,b ap-
pears to have the largest effect on flow-bed interaction, as
a relatively small increase (∼1 vol%) in current clay con-
centration is sufficient to change from a stable bed (‘no in-
teraction’) via wave development to severe mixing and ero-
sion. Increases in Cb,t show an opposite trend toward pro-
gressively weaker flow-bed interaction. However, none of
the experiments were conducted at a sufficiently wide range
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Fig. 5 Calibration curves of each UHCM for kaolin clay (probe 1-4 ina-d respectively). Corresponding equations and correlation coefficients are
shown as well. Curves were obtained by measuring and subsequently weighing and drying sediment samples.

of current clay concentrations to cover the entire range of
interaction types for a single bed clay concentration.

The phase diagram in Fig. 7 is based on flow and bed
concentrations which are merely a proxy for the forces that
control the interaction between the moving turbidity current
and the underlying clay bed. A shear stress exists at the flow-
bed interface due to an off-balance between the flow forcing
and the resisting forces in the bed. The forces applied by
the flow were approximated by the overall momentum cal-
culated for the flows’ head and body. The mechanical resis-
tance in the bed comprises the density contrast between the
flow and the bed and the resistant shear stresses in the top of
the bed. The amount of deformation at the interface should
scale with these forces.

Figure 8 shows a non-dimensional classification of the
different interaction types described by parameters related
to the acting force balance. Ri is defined as a density-related
Richardson number in the head (Eq. 1) and body (Eq. 2) of
the flow using the temporal mean velocity and density:

Rih =
(ρb,t−ρfh,b)gd

ρfh,bU2
h,b

(1)

Rib =
(ρb,t−ρfb,b)gd

ρfb,bU2
b,b

(2)

whereρb,t is the density in the top 10 mm of the bed,
ρfh,b andρfb,b are the average densities in the head and body
of the control current with the same initial concentration as
the interaction experiment,g is the gravitational acceleration
(= 9.81 m s−2), d is the thickness of the mobilized part of the
kaolin clay bed, approximated here by the total thickness (=
80 mm), andUh,b andUb,b are the time-averaged velocities
in the head and body of the flow.

The bulk densities of the bed and the head and body of
the turbidity current were calculated using the volumetric
concentrations and the relative densities of kaolin clay (ρk =
2600 kg m−3) and the ambient water (ρa = 1000 kg m−3):

ρb,t = (ρk −ρa)∗
Cb,t

100
+ρa (3)

ρfh,b = (ρk −ρa)∗
Cfh,b

100
+ρa (4)

ρfb,b = (ρk −ρa)∗
Cfb,b

100
+ρa (5)

The shear strength of clay rich suspensions is usually
quantified by the shear modulus or the yield stress, how-
ever no rheological measurements were done on the kaolin
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A first classification scheme of flow-bed interaction for clay-laden density currents and soft substrates 7

Fig. 6 Video stills and corresponding drawings of five experiments, showing the following types of flow-bed interaction: a) no interaction; b)
interfacial waves; c) mixing and erosion; d) severe mixing and erosion; e) leading wave only. Successive points in time are shown from left to
right. Brown colour denotes clay in the bed, grey colour denotes clay in the turbidity current. Cb,t was similar for a-d with a) 2.93, b) 2.67, c) 2.42
and d) 2.87, but increased in e) to 6.40 vol%; Cf,i increased from a to d, with a) 0.41 vol%, b) 2.15 vol%, c) 5.50 vol% and d-e) 8.49 vol%.

clay used in this study. Strength related parameters present
a strong dependence (power-law) on the sediment concen-
tration (e.g. Wan (1982), for kaolinite). Instead of a strength
parameter, the bed density was used to separate the regions
in the diagram where the bed had no strength, i.e. below a
presumed gel concentration of 100 kg m−3, and where yield
stresses may be developed. The relative bed density was cal-
culated using:

ρnorm=
ρb,t

ρgel
(6)

whereρgel is the gel density (=1061 kg m−3) for a gel
concentration of 100 kg m−3.

As in the concentration-based phase diagram, the dif-
ferent flow-bed interaction types fill separate areas in the
non-dimensional diagram in both the head and the body of
the flow (Fig. 8). Again, the momentum applied by the flow
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Fig. 7 Phase diagram for different types of interaction between clay-laden turbidity currents and soft, muddy substrates based on volumetric
concentrations in the head of the control current,Cfh,b, and upper 10 mm of the clay bed, Cb,t. The grey area represents the fluid mud domain.
The lines separate the different types of flow-bed interaction: ‘no interaction’, ‘interfacial waves’, ‘leading wave only’, ‘mixing and erosion’ and
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Fig. 8 Non-dimensional phase diagram for flow-bed interaction between the head (a) and body (b) of clay-laden turbidity currents and soft, kaolin
substrates. The parameters Rih, Rib andρnorm on the x and y axis are defined in Eqs 1, 2 and 6. The different interaction types are represented by
symbols as in Fig. 7: (o) no interaction, (△) interfacial waves, (+) mixing and erosion, (x) severe mixing and erosion and (*) leading wave only.
The grey lines indicate the separations between the different flow-bed interactions as discussed in the text.
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A first classification scheme of flow-bed interaction for clay-laden density currents and soft substrates 9

(Rih and Rib) has a stronger effect on the flow-bed interac-
tion than the resistant forces within the bed (ρnorm). For a
constant bed density, but an increase in Ri caused by a de-
crease in the mean velocity or flow density, the deformation
at the flow-bed interface decreases strongly.

The non-dimensional diagrams consist of a region where
the density is below the gel concentration and the beds have
no strength (ρnorm <1) and a region for where the density
is above the gel concentration and the beds have a yield
strength (ρnorm>1).

In the region for whichρnorm < 1, the deformation in-
creases with decreasing Ri and three zones can be identi-
fied: 1) no interaction for Rih >5 and Rib >8.3; 2) waves
at the flow-bed interface, stabilized by the density contrast,
for 1.8<Rih <5 and 4<Rib <8.3; and 3) severe mixing and
erosion at Rih <1.8 and Rib <4.

In the region above the gel concentration similar zones
can be distinguished but the deformation at the flow-bed in-
terface is less pronounced: 1) no interaction for Rih >5 and
Rib >8.3; 2) a leading wave in front of the current due to
plastic deformation but no deformation underneath the cur-
rent for 1.8<Rih <5 and 4<Rib <8.3; and 3) mixing and
erosion restricted to the top 20 mm of the bed for Rih <1.8
and Rib <4.

5 Discussion

Before the bed can be affected dynamically and thus flow-
bed interaction occurs, the forcing stresses by the current
need to exceed the resisting stresses in the bed. In the present
experiments an increase in Cf,i increased the outflow veloc-
ity of the turbidity current in the flume because of an in-
creased density difference with the ambient water. A higher
initial concentration therefore contributed to a higher aver-
age velocity of the flow across the clay reservoir (Middle-
ton, 1966). The relationship between Cfh,b and maximum
flow velocity in the head,Uh,max, is plotted in Fig. 9 and
approximates Cfh,b ∼ U2.74

h,max. Equations 1 and 2 show that
an increase in Cfh,b results in a decrease in Ri and thus an
increase in the observed flow-bed interaction (Fig. 8).

The phase diagrams in Figs 7 and 8 show that there is a
transitional region between ‘no interaction’ and ‘mixing and
erosion’, where waves form at the flow-bed interface and the
bed is deformed plastically. This sets cohesive, muddy sub-
strates apart from loose, sandy substrates, for which erosion
occurs immediately when the critical bed shear stress for
particle movement is exceeded.

Soft muddy beds with a density below 1061 kg m−3

exhibit interaction with the flow in the form of interfacial
waves, while for beds with a higher density, waves are ab-
sent underneath the current and a single leading wave is
formed in front of the nose of the turbidity current (Fig. 7).
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Fig. 9 Maximum in the time-averaged horizontal velocity profiles
(Uh,max) of 7 turbidity currents in control experiments plotted against
the average clay concentration in the lowest 5 mm of the head of the
same currents (Cfh,b). The best fit curve is shown as a dotted line.

In the normalised phase diagram (Fig. 8) the same transition
is present.

This difference in flow-bed interaction may be explained
by spatial changes in the force balance. In the ‘interfacial
wave’ phase field, the bed has no strength and the turbu-
lent stresses of the current are strong enough to induce os-
cillations at the flow-bed interface, despite the fact that the
flow gradually decelerates in time (Fig. 10). In the ‘leading
wave only’ phase field, however, the bed has a yield stress
and only the relatively high mean and instantaneous forces
at the arrival of the turbidity current are able to deform the
bed at the higher resisting forces, but the turbulent stresses
of the current are too low to develop waves at the flow-bed
interface. The gradual decrease in velocity with time also
explains the shift in phase boundaries for the head and body
of the flow (Fig. 8), since Ri increases with a decrease in the
velocity at a constant flow concentration (Eq. 1 and 2).
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Fig. 10 Velocity time-series showing the gradual decrease in velocity
after arrival of the turbidity current at the UDVP transducers (t = 0
s) at a fixed height of 50 mm above the bed, for a current with Cf,i =
5.49 vol%, Cb,t = 5.35 vol% and a ‘leading wave only’ interaction type.
This temporal deceleration is present in all turbidity currents discussed
in this study.
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Experimental turbidity currents have a characteristic ver-
tical profile of horizontal velocity, which is the result of drag
along the base and the top of the turbidity current (Altinakar
et al, 1996; Kneller et al, 1999). Interaction of the turbidity
current with the bed increases the drag at the lower bound-
ary. It is therefore expected that the velocity profile of the
turbidity current is modified, and that this modification is
greater if the interaction between the flow and the bed is
more severe. This hypothesis is confirmed by the velocity
data in Fig. 11, which compares the time-averaged head ve-
locities of turbidity currents (Uh) flowing over the kaolin
clay bed with control experiments where the flow advances
over the artificial floor. These velocity data were collectedat
location B (Fig. 1) and the dimensions of the head of each
turbidity current were determined from the video, velocity
and concentration data, following McCaffrey et al (2003).

Figure 11a shows the velocity profiles for a flow which
had no visible interaction with the clay bed. The decrease in
velocity near the bed may be due to the clay bed surface be-
ing somewhat rougher than the artificial floor. The velocity
does not differ significantly from the control run higher in
the flow.

With the initial interaction between the flow and the bed
(Fig. 11b), considerable changes in the velocity profile be-
come apparent. Again, the flow velocity in the lower part of
the turbidity current is lower, caused in this case not only by
the roughness of the clay bed, but also by the energy loss
due to deformation of the flow-bed interface. Furthermore,
the height of maximum velocity has shifted upwards. This
near-bed decrease in velocity and upward shift of the veloc-
ity maximum is also observed for the ‘leading wave only’
interaction type (Fig. 11c).

In case of mixing and erosion at the flow-bed boundary
(Fig. 11d), the velocity profile of the turbidity current shows
a distinct velocity decrease which is inferred to be caused by
energy loss due to strong interaction between the flow and
the bed. The flattening of the head, as observed in the video
data (Fig. 6), is also shown in the velocity profile.

If the clay bed is subjected to severe mixing and erosion
(Fig. 11e), the flow thickness is reduced strongly and its ve-
locity reduced in most parts of the flow. However, the near-
bed flow deceleration, which is characteristic of all other in-
teraction types (Fig. 11a-d) and expected to be severe for this
interaction type, does not exceed 25 % of the near-bed ve-
locity in the control experiment. This may be at least partly
due to the fact that the UDVP transducers measured higher
in the turbidity current relative to the eroding bed surface.

Changes in flow velocity caused by flow-bed interaction
could have a significant impact on the run-out distance of a
turbidity current that encounters a soft clay bed. If the cur-
rent is actively slowed down by processes of mixing and ero-
sion (Fig. 11), as opposed to the common notion that bed
erosion will accelerate the turbidity current as a result ofa
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Fig. 11 Velocity profiles of time-averaged head velocity (Uh) against
height above the bed (z) for turbidity currents flowing over the clay bed
(dotted line) and the artificial floor (solid line) for each type of flow-
bed interaction: a) no interaction; b) interfacial waves; c) leading wave
only; d) mixing and erosion; e) severe mixing and erosion. Cb,t is a)
3.82; b) 3.03; c) 5.35; d) 3.90; and e) 2.93 vol%.Cfh,b is a) 0.16; b)
1.56; c) 1.56; d) 2.36; and e) 3.84 vol%.

greater density difference with the ambient water, the sedi-
ment carrying capacity of the current will decrease (Hiscott,
1994) and it is therefore forced to deposit part of its sedi-
ment load. This will reduce the density contrast between the
flow and the ambient water, and hence decrease the flow ve-
locity even further. This positive feedback mechanism could
potentially lead to a rather rapid collapse of the turbidity
current.

This paper has classified the main types of interaction
between clay-laden turbidity currents and soft, muddy beds.
As such, the results provide a qualitative tool that may help
to explain the flow behaviour of fine-grained turbidity cur-
rents and depositional products of such flows in basins where
clay-rich beds and fluid muds are known to occur, such as
muddy estuaries, continental margins and deep oceans. In
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addition, the results of this study increase understandingof
fluid mud behaviour and might contribute to fluid mud man-
agement, for instance in harbours and channels, and increase
understanding of nutrient and contaminant dynamics in the
natural environment (McAnally et al, 2007a,b).

6 Conclusions

Five types of flow-bed interaction are identified for kaolin-
clay laden turbidity currents that flow over soft kaolin-clay
beds: 1) no interaction; 2) interfacial waves; 3) leading wave
only; 4) mixing and erosion; and 5) severe mixing and ero-
sion. Two phase diagrams are presented: 1) a concentration-
based phase diagram that plots the clay concentrations within
the upper 10 mm of the bed against the average near-bed
clay concentration measured in the head of the control cur-
rents; 2) a non-dimensional phase diagram that uses a density-
related Richardson number and the density of the mud bed
to approximate the force balance between the flow and the
bed. Both diagrams separate the different types of flow-bed
interaction well within the studied parameter space. Inter-
actions between turbidity currents and the soft, muddy beds
are able to modify the near-bed flow velocities, which might
have important implications for the general flow behaviour
and run-out distance of natural turbidity currents.
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Nomenclature

C kaolin clay concentration (vol%)
Cb depth-averaged kaolin clay concentration in the

bed (vol%)
Cb,t kaolin clay concentration in the upper 10 mm of

the bed (vol%)
Cb,t average kaolin clay concentration in the upper

10 mm of the bed for each bed type (vol%)
Cf,i initial kaolin clay concentration in the flow

(header tank suspension) (vol%)
Cf,i average initial kaolin clay concentration (vol%)
Cfb,b time-averaged concentration in the lower 5 mm

of the body of currents moving over the mud bed
(vol%)

Cfb,b time-averaged kaolin clay concentration in
the lower 5 mm of the body in control cur-
rents (vol%)

Cfh,b time-averaged kaolin clay concentration in
the lower 5 mm of the head of currents mov-
ing over the mud bed (vol%)

Cfh,b time-averaged kaolin clay concentration in
the lower 5 mm of the head in control cur-
rents (vol%)

d thickness of mobilized kaolin clay bed (= 80
mm)

g gravitational acceleration (= 9.81 m s2)
Rih density-related Richardson number in the

head of the current (Eq. 1) (-)
Rib density-related Richardson number in the

body of the current (Eq. 2) (-)
Uh time-averaged head velocity (mm s−1)
Uh,b time-averaged near-bed velocity in the head

or body of the current (lower 5 mm) (mm
s−1)

Ub,b time-averaged near-bed velocity in the head
or body of the current (lower 5 mm) (mm
s−1)

Uh,max maximum head velocity (mm s−1)
z height above the bed (mm)
ρa relative density of the ambient water (= 1000

kg m−3)
ρb,t density in the upper 10 mm of the bed (kg

m−3)
ρfh,b time-averaged density in lower 5 mm of the

head of the control currents (kg m−3)
ρfb,b time-averaged density in lower 5 mm of the

body of the control currents (kg m−3)
ρgel gel concentration (= 1061 kg m−3)
ρk relative density of kaolin clay (= 2600 kg

m−3)
ρnorm normalised bed density (-)
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Review: list of comments and changes 2

1 Comments - Han Winterwerp

Note: 1-39/42R refers to page 1, lines 39-42, right column.

1. In abstract you refer to ‘substrate with fluid mud properties’. Elsewhere in the
ms you are much more subtle, and distinguishes between fluid mud and soft
deformable mud (1-39/R). Please be consistent, and make proper reference in
the abstract.

– The term ‘fluid mud domain’ was used more carefully.

– 1-26/27L ‘...over a substrate with fluid-mud properties.’ changed to ‘...over
a soft mud substrate.’

– 1-42/43R Section added before start of the second paragraph:
‘Soft, muddy sediments with concentrations between several to hundreds
of kg m−3 are referred to as fluid mud deposits (e.g. Nichols, 1984; Odd
and Cooper, 1989; Kineke et al, 1996; Whitehouse et al, 2000;Winterw-
erp and van Kesteren, 2004; McAnally et al, 2007). Winterwerp and van
Kesteren (2004) defined fluid mud as a cohesive sediment suspension with
a concentration at or beyond the gelling point, in the order of several 10 to
100 kg m−3. This concentration range is used in the present study as the
interval in which a fluid mud can develop (‘fluid mud domain’).

– 2-49/50R ‘...over a prepared clay bed with fluid-mud like properties.’ re-
placed with ‘...over a prepared soft clay bed.’

– 3-25/39 Rephrased section:

Original section ‘The average concentrations in the uppermost 10 mm of
the clay deposits,Cb,t, were 2.1, 5.7 and 7.1 vol% (Table 1), which
is equivalent to 55 kgm−3, 148 kgm−3 and 185 kgm−3. The deposits
therefore fall into the fluid mud domain, which is typically between
20-200 kgm−3, although this value is dependent on cohesiveness of the
sediment and the depositional environment (Whitehouse et al, 2000).
Typical fluid mud concentrations found in estuaries are in the order
of several 10 to 100 kgm−3 (Winterwerp, 2002; Winterwerp and van
Kesteren, 2004), which is the concentration range of the ‘fluid mud
regime’ used in this study (Fig. 4). Below the gel concentration, pre-
sumed close to 100 kgm−3 in this study, no structure between the clay
particles has developed and therefore the deposit has no strength.’
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Rephrased section‘The average concentrations in the uppermost 10 mm
of the clay deposits,Cb,t, were 2.1, 5.7 and 7.1 vol% (Table 1), which
is equivalent to 55 kg m−3, 148 kg m−3 and 185 kg m−3 and thus
partly within the fluid mud domain (Fig. 4).

– 5-51/52R ‘Mixing and erosion for fluid-mud beds is classified...’ changed
to ‘Mixing and erosion in the fluid mud domain is classified...’

– 7-46/50L Rephrased:

Original section ‘Instead of a strength parameter, the bed density was
used to separate the regions in the diagram where the bed had no
strength (fluid mud regime) and where yield stresses may be devel-
oped.’

Rephrased section‘Instead of a strength parameter, the bed density was
used to separate the regions in the diagram where the bed had no
strength, i.e. below a presumed gel concentration of 100 kg m−3, and
where yield stresses may be developed.’

– 7-50/52R ‘fluid mud’ removed from sentence.

– 7-56R ‘In the fluid mud region...’ replaced by ’In the region for which
ρnorm < 1...’

– 9-1/3R ‘Fluid-mud beds (sensu Winterwerp and van Kesteren 2004) exhibit
interaction...’ rephrased: ‘Soft muddy beds with a densitybelow 1061 kg
m−3 exhibit interaction... ’.

– 9-3/4R ‘...while at bed clay concentrations above the gel concentration,
waves...’ rephrased: ‘...while for beds with a higher density, waves...’

– 10-55/56R ‘...flow over fluid-mud like, kaolin-clay beds:...’ rephrased ‘...flow
over soft kaolin-clay beds:...’

2. 5/15L and Fig 6, and elsewhere in text: You have distinguished five regimes, but
Fig. 6 contains only four, whereas the text suggests Fig. 6 depicts five. Please
correct.

– Figure 6 was updated to contain all five interaction regimes.The figure
caption was updated:

Original caption ‘Video stills and corresponding drawings of four exper-
iments, showing the following types of flow-bed interaction: a) no
interaction; b) interfacial waves; c) (severe) mixing and erosion; d)
leading wave only. Successive points in time are shown from left to
right. Brown colour denotes clay in the bed, grey colour denotes clay
in the turbidity current. Cb,t was similar for a-c with a) 2.93, b) 2.67
and c) 2.42, but increased in d) to 6.40 vol%; Cf,i increased from a to
d, with a) 0.41 vol%, b) 2.15 vol%, c) 5.50 vol% and d) 8.49 vol%.’

Rephrased caption ‘Video stills and corresponding drawings of five ex-
periments, showing the following types of flow-bed interaction: a) no
interaction; b) interfacial waves; c) mixing and erosion; d) severe mix-
ing and erosion; e) leading wave only. Successive points in time are

2



shown from left to right. Brown colour denotes clay in the bed, grey
colour denotes clay in the turbidity current. Cb,t was similar for a-d
with a) 2.93, b) 2.67, c) 2.42 and d) 2.87, but increased in e) to 6.40
vol%; Cf,i increased from a to d, with a) 0.41 vol%, b) 2.15 vol%, c)
5.50 vol% and d-e) 8.49 vol%.’

– References to Fig. 6 were adjusted in the text:

5-26R ‘...evolving from minor deformation (Fig. 6b) to mixing and erosion
(Fig. 6c).’ to ‘...evolving from minor deformation (Fig. 6b) to severe mix-
ing and erosion (Fig. 6d).’

5-57R ‘...mm below the bed surface.’ to ‘mm below the bed surface (Fig.
6d).’

5-3/4L ‘In the experiment shown in Fig. 6d the Cb,t was increased to 6.40
vol% and the Cf,i to 8.49 vol%.’ to ‘In the experiment shown in Fig. 6e the
Cb,t was increased to 6.40 vol%.’

5-17L ‘...exhibited waves at the flow-bed interface.’ to ‘...exhibited waves
at the flow-bed interface (Fig. 6b).’

5-19/20L ‘...upstream face of the wave.’ to ‘...upstream face of the wave
(Fig. 6c)’

5-23/24L ‘...eroded into the substrate (Fig. 6c).’ to ‘...eroded into the sub-
strate (Fig. 6d).’

3. 5-30L: I would omit reference to Kelvin-Helmholtz instabilities - these are spe-
cial instabilities inducing turbulence.

– The term Kelvin-Helmholtz was removed and page 5 lines 28-34were
rephrased:

Original section ‘The waves at the flow-bed interface were typically 5 to
10 mm high and 20 to 30 mm long. These wave-like structures are
likely to be Kelvin-Helmholtz instabilities, since the beddensity in the
upper 10 mm of the bed is presumed to be below the gel concentration
and thus no plastic deformation or shear waves are able to develop.’

Rephrased section‘The waves at the flow-bed interface, caused by soft
sediment deformation, were typically 5 to 10 mm high and 20 to30
mm long.’

4. 6-40/R: check dimensions of g.

– Units of g corrected fromm s2 to m s−2.
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2 Additional changes to the original manuscript

• 1-35/39R Two references added after ‘...erodibility of cohesive beds’: Baas et al
(2011, 2013)

• 1-57R ‘..mud deposits form through deposition’ changed to ‘...mud deposits may
form through deposition’

• 2-55L ‘In this paper, preliminary results...’ changed to ‘In this paper, results...’

• Page 4, Table 2 clarified time between measurements: time between measure-
ments = 0.641s in multiplexer mode for 8 probes, whereas the time between
each velocity measurement is 0.08 s.

• 4-59R ‘...within kaolin clay suspensions samples...’ changed to ‘...within kaolin
clay suspension samples...’

• Caption of Fig. 4 (4-53/54L): ‘The solid lines represent theupper and lower con-
centration boundaries of fluid-mud as defined by Winterwerp and van Kesteren
(2004)’ changed to ‘The solid lines represent the upper and lower concentration
boundaries of tge fluid mud domain.’

• 5-22/23R ‘...current still ‘piled up’ the clay...’ changedto ‘...current still piled up
the clay...’

• Equations in Fig. 5 were corrected: the plus signs in the equations in Fig. 5 b
and c were replaced by a minus sign.

• Caption Fig. 5 (+) removed, since symbols are now dots.

• 6-40/41R ‘...mobilized part of kaolin clay bed...’ changedto ‘...mobilized part of
the kaolin clay bed...’

• 6-45R ‘The bulk densities of the bed and in the head and body...’ changed to
‘The bulk densities of the bed and the head and body...’

• Caption Fig. 7: ‘The grey area represents the fluid-mud boundaries as defined
by Winterwerp and van Kesteren (2004).’ changed to ‘The greyarea represents
the fluid mud domain.’

• 9-41/42L ‘...an increase Cf,i increased...’ changed to ‘...an increase in Cf,i in-
creased...’

• 10-15R ‘...which is characteristic in all other interaction types...’ changed to
‘...which is characteristic of all other interaction types...’

• 12-56/57R ‘...profile measurment by...’ changed to ‘...profile measurement by...’

• Resolved inconsistent use of fluid-mud versus fluid mud: removed the hyphens.

• Resolved inconsistent use of spacing for units (in particular kg m−3).
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