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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 currentsare particulategravity currentsthatmove
owing to a density difference betweenthe particle-laden
flow andthe ambientfluid. Theyareconsideredhe primary
mech-anismfor sedimenttransportin the deep-marine
environ-ment,but due to their infrequentand destructive
behaviour

I.T.E. Verhagen=) - J.H.Baas- A.G. Davies o
Schoolof OceanSciencesBangorUniversity, Menai Bridge, llse of

Anglesey,LL59 5AB, UnitedKingdom
E-mail: ospa03@bangor.ac.uk

R.S.Jacinto
Ifremer, centrede Brest,Marine Geoscienceblnity, BP 70, Plouzané,
France

W.D. McCaffrey
Schoolof EarthandEnvironmentUniversityof Leeds eedsLS29JT

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 n? 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 f 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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Fig. 1 a) Schematic drawing of the flume set-up (not to scale). Tleldretank contained a kaolin clay suspension that was ezldato the
flume when the lutocline of the settling mud suspension inéiservoir reached the artificial floor level (the floor hasm@ ztope). A wall behind
the outflow prevented flow in the opposite direction. Eachwas repeated three times so that velocities and concamisatiould be measured
successively at location A, B and C. b) Detailed front ané sigw of the probe array with the UDVP transducezd.8 mm) in a vertical holder
in the centre of the channel and the UHCMsL0 mm) slightly to the right. The bold black arrows indicdte flow direction.

vannah Harbor (McAnally et al, 2007a) and the access charroughs of the waves. However, the interpretation by Felix

nel to Rotterdam Port (Winterwerp and van Kesteren, 2004t al (2009) of the formation of these wavy tops is through

page 84); on the continental shelf, like the north-easttcoashear at the top of the moving debris flow, instead of defor-

of South America (Wells and Coleman, 1981); and at rivermation by the overriding turbidity current.

mouths, like the Amazon River (Kineke et al, 1996) and Eel  In this paper, results of flume experiments carried out in

River (Traykovski et al, 2000). In the deeper marine envithe Hydrodynamics Laboratory at Bangor University, Wales

ronment soft-mud deposits may form through deposition ofUK) are presented. This descriptive study aims to answer

mud-caps, usually associated with turbidity currentseesp the following research questions: 1) Which types of inter-

cially in ponded settings (Amy et al, 2007). action occur when turbidity currents move over a soft sub-

strate? 2) Can predictions be made about the type of interac-

Turbidity currents are known to occur in a wide range oftion based on the velocity of the current and the concentra-

environments, from lakes and reservoirs to fjords and théon contrast between the current and the substrate? 3) Does

deep ocean (Middleton, 1993). Thus, it is likely that tur-interaction between the turbidity current and the bed affec

bidity currents encounter and deform soft substrates. &heshe velocity structure of the current?

fluid mud like substrates are believed to interact diffeyent

with a passing turbidity current than a sandy substrate. The

cohesive properties of muddy beds make them susceptibfe Methods

to plastic deformation and they may be more or less prone

to erosion than sandy beds, depending upon their consol.1 Flume set-up

dation state. Plastic deformation or erosion, and subsgque

entrainment of cohesive sediment into the flow, might als®A total of 84 experiments was carried out in a 10 m long,

cause significant changes in the turbulence propertiesof tt0.3 m wide and 0.4 m deep flume (Fig. 1). A header tank

turbidity current (Baas and Best, 2002; Baas et al, 2009)volume:~50 L) with an electrical drill powered mixer was

Field evidence for bed deformation by turbidity currents inplaced on top of the flume (total head: 0.60 m) and filled

the form of large scale shear structures has been describaith a clay suspension. By opening a ball valve the sus-

by Clark and Stanbrook (2001) and Traykovski et al (2000pension drained under gravity from the header tank through

reported ‘wave motions’ in the lutocline of a fluid mud bed, an outflow pipe ©23 cm) onto the bottom in the centre of

potentially caused by Kelvin-Helmholtz instabilities.lixe  the flume. An initial jet-flow stabilized into a turbidity cur

et al (2009) found wavy interfaces between debris flows andent over a horizontal, artificial floor section before thevflo

overriding turbulent clouds, with turbidite depositionte  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)sva
used for both the turbidity currents and the clay beds (Tabl
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 th
header tank, from the upper 10 mm of the clay bed, and fror
10 and 20 mm above the clay bed. All sediment sample
were weighed and dried to determine their volumetric clay
concentration.

An artificial Perspex floor was constructed, 80 mm abowve
the original flume floor. A missing section in the artificial
floor was used as a reservoir for making the clay bed (Fig 100 0 102
1). This reservoir, with a total volume @27 L (1230 mm grainsize (um)
long, 300 mm wide and 75 mm deep), was located 1.9 nrig. 2 Cumulative size distribution of Imerys Polwhite-E chinacl
downstream from the outflow opening of the header tank(kaolin clay), obtained by linear interpolation between r@gasured
The clay deposits were created by gravitational settling of/2€ classes. D10, D50 and D90 are ju9, 7.9 um and 20.5um,

. . . . . ... respectively.

well-mixed kaolin clay suspensions with three differeri in

tial concentrations. The flume was filled with tap water to

0.36 m above the artificial floor before the pre-mixed clay 0
suspension was poured in and allowed to settle. This cla
mixture was prepared at least one day in advance to allo
the clay to become completely saturated with water. Twc  -20f
barriers on either side of the reservoir prevented the suspe
sion from spreading through the flume, thus constricting sel =
tling to the reservoir section. Li, -40f

Creating the substrate by settling resulted in verticalcon  _gol
centration gradients within the clay deposit (Fig. 3). Dept
averaged volumetric concentrations,, @ere 5.6, 7.8 and
8.8 vol% . The average concentrations in the uppermost 1 7o}
mm of the clay deposit<y, were 2.1, 5.7 and 7.1 vol% ‘ ‘ ‘ ‘ ‘
(Table 1), which is equivalent to 55 kg Th 148 kg m3 0 2 Yol ° 10 12
and 185 kg m? and thus partly within the fluid mud do-
main (Fig. 4). A series of control experiments was carriedrig. 3 Concentration profiles in the clay bed shown for the threfedif

; ; ; 2nt initial conditions in this study, with depth averagedoentrations,
ou.t Wlthha Contt)lnuousfPerlfpex ftl)o(;)r instead of the clay rese%,, of 5.6 (0), 7.8 {A) and 8.8 §) vol% (Table 1). Data were obtained
voIr as the substrate for the turbidity currents. by means of siphon sampling.

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 tAe2 UDVP transducers
bottom-hugging density current. The initial concentrasio
of the uniformly mixed clay suspensions within the headeFlow velocities were measured with Ultrasonic Doppler Ve-
tank (Ct;) ranged between 0.41 and 15.3 vol% (Table 1)locity Profiling (UDVP) (Takeda, 1991; Best etal, 2001), us-
The concentrations of the turbidity currents in the flumeing a set-up developed by Met-Flow SA (Switzerland) con-
were significantly lower due to mixing with the ambient wa- sisting of a UVP-DUO monitor, specialized software and 2
ter. At 5 mm above their base, the currents carried on asMHz acoustic transducers. A UDVP transducer emits an ul-
erage between 0.06 and 3.84 vol% clay in the hé&agl)  trasound pulse and the same transducer receives the echo
and between 0.10 and 5.43 vol% clay in the bo@y ().  reflected off particles in the flow. The velocity information
These are the average concentrations in the head of contiislderived using the Doppler shift frequency (Takeda, 1991,
currents, since it was not possible to determine the clay cor1995). Multiple velocities are measured along a straigig li
centration within flows that interacted with the clay bededu (i.e. measurement window) that is divided into channels.
to potential mixing processes. An HD camcorder was use@he length of the measurement window and the number of
to record the interaction between the turbidity currents anchannels govern the spatial resolution of the velocity data
the clay beds, and to track flow geometry within the flume. (Met-Flow, 2002). At each time-step the transducer mea-
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Table 1 Overview of kaolin clay concentrations used in this study. Table 2 UDVP data acquisition settings.

From left to right: depth-averaged clay concentration facteof the
three types of initial bed (§); average clay concentration within the
upper 10 mm of each type of initial be@y;); average clay concentra-
tions within the header tanlC;); time-averaged clay concentrations
within the lowest 5 mm of the head and body of the control cusat
location B Cn p andCiy p; Fig. 1).

Co Choyt G Cinb Cio,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
101
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Fig. 4 C,; determined for each experiment from sediment sample

taken before each experiment, with averages of 2.1 (0), A)6ahd

Speed of sound in water (M¥ 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 (mms3) -1005.4
Maximum on-axis velocity (mm?¥) 997.6
Velocity resolution (mm@$) 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 studiteig
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 exper
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 stsddy
Felix et al (2005) and Eggenhuisen and McCaffrey (2011).

Four probes were mounted on the frame next to the UDVP

7.1 () vol% (Cpy, Table 1). The solid lines represent the upper andProbes, with the centres of the probes 5, 20, 45 and 80 mm

lower concentration boundaries of the fluid mud domain.

above the artificial floor (Fig. 1b).

The probes were calibrated by measuring the sound wave
attenuation within kaolin clay suspension samples taken du
ing the experiments, which were subsequently weighed and
dried to obtain the clay concentrations. The suspensiorns we
measured in 0.180 L bottles and continuously mixed with a
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magnetic stirrer to prevent settling of the clay. Each snspe there was also no clear sign of erosion or mixing, but the bed
sion was allowed to homogenize for 1 minute and the attenwas plastically deformed in the form of a bulge (or leading
uation was measured with two UHCMs at a time for 20 swave) in front of the flow.
with a 0.1 s resolution. The linear best-fit curves and corre-  This leading wave travelled in front of the turbidity cur-
sponding equations, shown in Fig. 5, were determined usingznt through the reservoir, along the flow-bed interface Th
ordinary least squares regression. 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
3 Results of turbidity currents in experiments that exhibited waves a
the flow-bed interface (Fig. 6b). When mixing and erosion

The flume experiments revealed five types of interaction beoccurred, the leading wave was generally highe2@ mm)
tween the turbidity currents and the clay beds (Fig. 6). N&nd the head of the turbidity current was flush against the
interaction between the flow and the bed was observed iHPstream face of the wave (Fig. 6¢). When mixing and ero-
relatively dilute flows (Fig. 6a). The clay bed did not havesSion processes intensified, the bulge in front of the current
a visible effect on the current shape and the head showed® longer had the shape of a wave, but the current still piled
round, Overhanging geometry, similar to turb|d|w cureent up the CIay in front of it as it eroded into the substrate (Flg
moving over a hard substrate (Middleton, 1993). 6d).
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, elvird Phase diagram of flow-bed interaction
from minor deformation (Fig. 6b) to severe mixing and ero-
sion (Fig. 6d). The present experimental results imply that the type of bed
The waves at the flow-bed interface, caused by soft seddeformation depends upon the concentration contrast be-
ment deformation, were typically 5 to 10 mm high and 20 totween the current and the bed. The interaction is weak or
30 mm long. The waves travelled along the flow-bed boundabsent if this contrast is high, whereas strong erosion and
ary in the direction of the current. Minor erosion was ob-mixing take place if the concentration contrast is low. Ig.Fi
served at the crests of the waves, where small amounts @fthe different types of interaction are classified using C
clay were ripped up from the bed by the current. Upon en{Fig. 4) versusCs p (Table 1), assuming transverse homo-
tering the clay reservoir section, the front of the turlyidit geneity of the turbidity currents.
current changed from having a round, overhanging nose to a The flow-bed interaction types occupy distinct regions in
slightly pointed nose that adhered to the clay bed. The fronthe phase diagram (Fig. 7). No interaction takes place, when
became progressively more pointed as the current movetle near-bed clay concentrations in the turbidity currargs
down the reservoir section (Fig. 6b). relatively low. In the fluid mud domain this is below 0.50
This change in flow geometry was more pronounced forol%, while for higher bed clay concentrations the upper
the ‘mixing and erosion’ interaction type. In addition to-be limit of ‘no interaction’ is above 0.50 vol%. The ‘leading
coming increasingly more pointed, the head of the currenivave only’ type of interaction occurs at intermediate clay
was elongating and flattening as it progressed over the clagoncentrations in the flow and relatively high clay concen-
bed (Fig. 6¢). Waves were still visible at the flow-bed in-trations in the bed, whereas interfacial waves are confimed t
terface, but in general, the boundary was less distinct dueslatively dilute fluid mud beds. For high near-bed current
to strong mixing between the turbidity current and the clayconcentrations in the flow, mixing and erosion is the dom-
bed, accompanied by erosion to a depth between 5 and 2@ant interaction type. Mixing and erosion in the fluid mud
mm into the original clay bed. The mixing and erosion pro-domain is classified as severe, but as the clay concentration
cess increased in intensity with increasing flow concentrain the bed increases, the intensity of the mixing and erosion
tion, and a separate interactive phase of ‘severe mixing andecreases and is restricted<@0 mm below the clay bed
erosion’ was defined for flows that affected the clay bedsurface (Fig. 7).
>20 mm below the bed surface (Fig. 6d). In these cases, the Within the investigated parameter space, Ggp ap-
head of the turbidity current was extremely stretched angears to have the largest effect on flow-bed interaction, as
the waves at the flow-bed boundary were replaced by large, relatively small increase~(1 vol%) in current clay con-
irregular scours and injections, which caused continuaus e centration is sufficient to change from a stable bed (‘no in-
trainment of clay into the turbidity current. teraction’) via wave development to severe mixing and ero-
In the experiment shown in Fig. 6e thg @Qvas increased sion. Increases in i show an opposite trend toward pro-
to 6.40 vol%. This resulted in an additional type of inter-gressively weaker flow-bed interaction. However, none of
action, in which no waves formed underneath the flow andhe experiments were conducted at a sufficiently wide range
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Fig. 5 Calibration curves of each UHCM for kaolin clay (probe 1-4id respectively). Corresponding equations and coroglaefficients are
shown as well. Curves were obtained by measuring and substigweighing and drying sediment samples.

of current clay concentrations to cover the entire range of wherepy; is the density in the top 10 mm of the bed,
interaction types for a single bed clay concentration. Pih.b andpr, p are the average densities in the head and body
The phase diagram in Fig. 7 is based on flow and bedf the control current with the same initial concentratisn a
concentrations which are merely a proxy for the forces thathe interaction experimerd,is the gravitational acceleration
control the interaction between the moving turbidity catre (= 9.81 ms?2), dis the thickness of the mobilized part of the
and the underlying clay bed. A shear stress exists at the flovkaolin clay bed, approximated here by the total thickness (=
bed interface due to an off-balance between the flow forcin0 mm), andJ,, , andUy p, are the time-averaged velocities
and the resisting forces in the bed. The forces applied bin the head and body of the flow.
the flow were approximated by the overall momentum cal- The bulk densities of the bed and the head and body of
culated for the flows’ head and body. The mechanical resighe turbidity current were calculated using the volumetric
tance in the bed comprises the density contrast between tltencentrations and the relative densities of kaolin ctay
flow and the bed and the resistant shear stresses in the top2600 kg nT3) and the ambient watep§ = 1000 kg n3):
the bed. The amount of deformation at the interface should
scale with these forces. Co.
Figure 8 shows a non-dimensional classification of thedbt= (Pk — Pa) * 1—0’0+ Pa 3)
different interaction types described by parametersadlat
to the acting force balance. Ri is defined as a density-tlate

Richardson number in the head (Eg. 1) and body (Eq. 2) of Chp

the flow using the temporal mean velocity and density: ~ Pthb = (P« = Pa) * 755+ Pa 4)
. (Pot— Pi,b)gd =

Rip = ———— 1 Cy
" pmpUs @ Pob = (Pk — Pa) * % + Pa (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

Rip — (Pb,t— Pib,p)9d @

be,bsz,b
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a)

30 cm

Fig. 6 Video stills and corresponding drawings of five experimest®wing the following types of flow-bed interaction: a) mbeiraction; b)
interfacial waves; ¢) mixing and erosion; d) severe mixind arosion; e) leading wave only. Successive points in tirreshown from left to
right. Brown colour denotes clay in the bed, grey colour desiclay in the turbidity current. 3 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%; Dcreased from a to d, with a) 0.41 vol%, b) 2.15 vol%, c) 5.60and d-e) 8.49 vol%.

clay used in this study. Strength related parameters presen

a strong dependence (power-law) on the sediment concen- Pt

tration (e.g. Wan (1982), for kaolinite). Instead of a sggn ~ Pnorm= ——— (6)
parameter, the bed density was used to separate the regions Pgel

in the diagram where the bed had no strength, i.e. below a wherepgel is the gel density (1061 kg M) for a gel
presumed gel concentration of 100 kg#nand where yield concentratl%n of 100 kg .

stresses may be developed. The relative bed density was cal- As in the concentration-based phase diagram, the dif-
culated using: 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 betweay-tdden turbidity currents and soft, muddy substrategdas volumetric
concentrations in the head of the control currét,,, and upper 10 mm of the clay bed, CThe grey area represents the fluid mud domain.
The lines separate the different types of flow-bed intepactino interaction’, ‘interfacial waves’, ‘leading wavenly’, ‘mixing and erosion’ and
‘severe mixing and erosion’.
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Fig. 8 Non-dimensional phase diagram for flow-bed interactiowbeh the head (a) and body (b) of clay-laden turbidity cusrand soft, kaolin

substrates. The parameters, Ri, and prorm 0N the x and y axis are defined in Egs 1, 2 and 6. The differeatantion types are represented by
symbols as in Fig. 7: (0) no interactior\] interfacial waves, (+) mixing and erosion, (x) severe mgxand erosion and (*) leading wave only.
The grey lines indicate the separations between the diffél@v-bed interactions as discussed in the text.
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(Rin and R}p) has a stronger effect on the flow-bed interac-

tion than the resistant forces within the begdm). For a ‘ ‘ ‘ ‘ .
constant bed density, but an increase in Ri caused by ad  35f cthlb=1_13e*6u§::n‘;x t
crease in the mean velocity or flow density, the deformatiot al r=09%8
at the flow-bed interface decreases strongly.
The non-dimensional diagrams consist of aregion wher g 25 «
the density is below the gel concentration and the beds hay £
no strength gnorm <1) and a region for where the density O;f N
is above the gel concentration and the beds have a yie ol
strength pnorm >1). it
In the region for whichonorm < 1, the deformation in- o5k .
creases with decreasing Ri and three zones can be iden .
fied: 1) no interaction for Ri>5 and Rj >8.3; 2) waves % 50 100 150 200 250
at the flow-bed interface, stabilized by the density comtras Up max MM ™)
for 1.8<Rin <5 and 4Rip <8.3; and 3) severe mixing and rig. 9 Maximum in the time-averaged horizontal velocity profiles
erosion at Rj <1.8 and Rj <4. (Unmax Of 7 turbidity currents in control experiments plotted imga

In the region above the gel concentration similar zone&ne average clay concentration in the lowest 5 mm of the héigeo
can be distinguished but the deformation at the flow-bed in¥2™® ¢1eNts (k). The best fit curve is shown as a dotted line.
terface is less pronounced: 1) no interaction fgr Rb and
Ri, >8.3; 2) a leading wave in front of the current due to
plastic deformation but no deformation underneath the cutm the normalised phase diagram (Fig. 8) the same transition
rent for 1.8<Rip <5 and 4&Rip <8.3; and 3) mixing and s present.

erosion restricted to the top 20 mm of the bed fof R1L.8 o _ . _ .
and Rj, <4. 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 t

Before the bed can be affected dynamically and thus ﬂOwlilow gradually decelerates in time (Fig. 10). In the ‘leading

bed interaction occurs, the forcing stresses by the currenteve only’ phase field, however, the bed has a yield stress

need to exceed the resisting stresses in the bed. In thenpresgnd only the relatively high mean and instantaneous forces

. . . at the arrival of the turbidity current are able to deform the
experiments an increase injGncreased the outflow veloc-

ity of the turbidity current in the flume because of an in—bed at the higher resisting forces, but the turbulent stess

creased density difference with the ambient water. A highe?f the current are too low to develop waves at the flow-bed

initial concentration therefore contributed to a higheerav mterfgce. The Qr‘f"d“a' decrease n velocity with time also
. . . explains the shift in phase boundaries for the head and body

age velocity of the flow across the clay reservoir (Middle- . . . . .

ton, 1966). The relationship betweer,§ and maximum of the flow (Fig. 8), since Ri increases with a decrease in the

flow velocity in the headUn may IS plot;[ed in Fig. 9 and velocity at a constant flow concentration (Eqg. 1 and 2).

approximates g ~ U2 Equations 1 and 2 show that
an increase in fgp 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
transitional region between ‘no interaction’ and ‘mixinga
erosion’, where waves form at the flow-bed interface and thi
bed is deformed plastically. This sets cohesive, muddy sut
strates apart from loose, sandy substrates, for which@rosi
occurs immediately when the critical bed shear stress fc o 3w o o & o o
particle movement is exceeded. L)

Soft muddy beds with a density below 1061 kg’:f'n Fig. 10 Velocity time-series showing the gradual decrease in Vigloc
exhibit interaction with the flow in the form of interfacial 2fter arrival of the turbidity current at the UDVP transdtscét = 0

. . . . s) at a fixed height of 50 mm above the bed, for a current wijth-C
waves, while for beds with a higher density, waves are ab5.49 vol%, G = 5.35 vol% and a ‘leading wave only’ interaction type.
sent underneath the current and a single leading wave iis temporal deceleration is present in all turbidity eats discussed
formed in front of the nose of the turbidity current (Fig. 7). in this study.

5 Discussion
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Experimental turbidity currents have a characteristie ver
tical profile of horizontal velocity, which is the result afat)

a)

along the base and the top of the turbidity current (Altimaka T ‘ 5
et al, 1996; Kneller et al, 1999). Interaction of the turbjidi E v
current with the bed increases the drag at the lower bounc ~ %0 E
ary. It is therefore expected that the velocity profile of the %o o S0 100 150 200 250
turbidity current is modified, and that this modification is Uy, (mm s™)
greater if the interaction between the flow and the bed i P v ‘ ‘ ‘
more severe. This hypothesis is confirmed by the velocit ’g 1001 >
data in Fig. 11, which compares the time-averaged head vi ~ °°| =
locities of turbidity currentsly) flowing over the kaolin 2 o 0 100 150 200 20
clay bed with control experiments where the flow advance U, (mms™)
over the artificial floor. These velocity data were collecied €) ‘ ‘ ; ‘
location B (Fig. 1) and the dimensions of the head of eacl & % .
turbidity current were determined from the video, velocity € sof .
and concentration data, following McCaffrey et al (2003). 0 : e e ‘ :
-50 0 50 100 150 200 250
Figure 11a shows the velocity profiles for a flow which U, (mms™)
had no visible interaction with the clay bed. The decrease il 4 - : : : :
velocity near the bed may be due to the clay bed surface br ¢ 109}
ing somewhat rougher than the artificial floor. The velocity € sof .
does not differ significantly from the control run higher in 0 \ \ e e \
-50 0 50 100 150 200 250
the flow. U, (mm s
With the initial interaction between the flow and the bed o) ‘ ‘ ‘ ‘ ‘ ‘
(Fig. 11b), considerable changes in the velocity profile be = 100 \ ]
come apparent. Again, the flow velocity in the lower part of £ 5o} ]
the turbidity current is lower, caused in this case not ogly b ‘ ‘ ‘ e . ‘

-50 0 50 100 150 200 250

the roughness of the clay bed, but also by the energy los U (mms™
h

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’ Fig. 11 Velocity profiles of time-averaged head velocity,j against

interaction type (Fig. 11c). height above the bed)(for turbidity currents flowing over the clay bed

In case of mixing and erosion at the flow-bed boundany2°tted liné) and the artificial floor (solid line) for eachpey of flow-
ed interaction: a) no interaction; b) interfacial wavedpading wave

(Fig. 11d), the velocity profile of the turbidity current s®  only; d) mixing and erosion; e) severe mixing and erosiop i€ a)
a distinct velocity decrease which is inferred to be caused b3.82; b) 3.03; c) 5.35; d) 3.90; and e) 2.93 vol@, is a) 0.16; b)

energy loss due to strong interaction between the flow an#>6: ¢) 1.56; d) 2.36; and €) 3.84 vol%.
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 erosiogreater density difference with the ambient water, the-sedi
(Fig. 11e), the flow thickness is reduced strongly and its veMent carrying capacity of the current will decrease (Hiscot

locity reduced in most parts of the flow. However, the near1994) and it is therefore forced to deposit part of its sedi-
bed flow deceleration, which is characteristic of all otmeri Mentload. This will reduce the density contrast between the

teraction types (F|g 11a_d) and expected to be severeifor thﬂOW and the ambient Watel’, and hence decrease the flow ve-

interaction type, does not exceed 25 % of the near-bed vdocity even further. This positive feedback mechanism doul
locity in the control experiment. This may be at least partlyPotentially lead to a rather rapid collapse of the turbidity
due to the fact that the UDVP transducers measured high&Hrrent.
in the turbidity current relative to the eroding bed surface This paper has classified the main types of interaction
Changes in flow velocity caused by flow-bed interactionbetween clay-laden turbidity currents and soft, muddy beds
could have a significant impact on the run-out distance of #&s such, the results provide a qualitative tool that may help
turbidity current that encounters a soft clay bed. If the curto explain the flow behaviour of fine-grained turbidity cur-
rentis actively slowed down by processes of mixing and erorents and depositional products of such flows in basins where
sion (Fig. 11), as opposed to the common notion that bedlay-rich beds and fluid muds are known to occur, such as
erosion will accelerate the turbidity current as a resulhof muddy estuaries, continental margins and deep oceans. In
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addition, the results of this study increase understanding Cwm,p time-averaged kaolin clay concentration in
fluid mud behaviour and might contribute to fluid mud man- the lower 5 mm of the body in control cur-
agement, for instance in harbours and channels, and ircreas rents (vol%)

understanding of nutrient and contaminant dynamics in the  Cmp  time-averaged kaolin clay concentration in

natural environment (McAnally et al, 2007a,b).

6 Conclusions

the lower 5 mm of the head of currents mov-
ing over the mud bed (vol%)

Cthp 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
Five types of flow-bed interaction are identified for kaolin- mm). . L
- . g gravitational acceleration (= 9.81 rA)s
clay laden turbidity currents that flow over soft kaolinycla . . . .
) . o . | . Rih density-related Richardson number in the
beds: 1) no interaction; 2) interfacial waves; 3) leadingeva
i o s . head of the current (Eq. 1) (-)
only; 4) mixing and erosion; and 5) severe mixing and ero- . . . :
. . } . Rip density-related Richardson number in the
sion. Two phase diagrams are presented: 1) a concentration-
based phase diagram that plots the clay concentrationswith body of the current (Eq. 2) (-)
Up time-averaged head velocity (mm'3

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 agensit
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

Unp time-averaged near-bed velocity in the head
or body of the current (lower 5 mm) (mm
s

Upb time-averaged near-bed velocity in the head
or body of the current (lower 5 mm) (mm
s

Unmax Maximum head velocity (mnT$)
height above the bed (mm)

. A . relative density of the ambient water (= 1000
have important implications for the general flow behaviour Pa kg m-3) y (
and run-out distance of natural turbidity currents. L
Y Po,t density in the upper 10 mm of the bed (kg
m~3)
Acknowledgements This work was carried out as part of a PhD stu- Pth b time-averaged density in lower 5 mm of the
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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 propes'ti Elsewhere in the
ms you are much more subtle, and distinguishes between fludl and soft
deformable mud (1-39/R). Please be consistent, and malgepreference in
the abstract.

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

— 1-26/27L "...over a substrate with fluid-mud propertieblanged to *...over
a soft mud substrate.’

— 1-42/43R Section added before start of the second paragraph
‘Soft, muddy sediments with concentrations between sétedaundreds
of kg m~2 are referred to as fluid mud deposits (e.g. Nichols, 1984; Odd
and Cooper, 1989; Kineke et al, 1996; Whitehouse et al, 200606terw-
erp and van Kesteren, 2004; McAnally et al, 2007). Wintepaand van
Kesteren (2004) defined fluid mud as a cohesive sedimentssispeavith
a concentration at or beyond the gelling point, in the ordeegeral 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 gerdies.’ 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 depositsCy, were 2.1, 5.7 and 7.1 vol% (Table 1), which
is equivalent to 55 kgm?, 148 kgn2 and 185 kgm?®. The deposits
therefore fall into the fluid mud domain, which is typicallgtiveen
20-200 kgm'3, although this value is dependent on cohesiveness of the
sediment and the depositional environment (Whitehousg 2080).
Typical fluid mud concentrations found in estuaries are & dider
of several 10 to 100 kgn? (Winterwerp, 2002; Winterwerp and van
Kesteren, 2004), which is the concentration range of theéd‘ftaud
regime’ used in this study (Fig. 4). Below the gel concedratpre-
sumed close to 100 kg in this study, no structure between the clay
particles has developed and therefore the deposit hasergr’


http://www.editorialmanager.com/odyn/download.aspx?id=38848&guid=ca45d6c2-aa4a-47ff-9608-8d484dcd09d9&scheme=1

Rephrased section‘The average concentrations in the uppermost 10 mm
of the clay depositCy, were 2.1, 5.7 and 7.1 vol% (Table 1), which
is equivalent to 55 kg m?, 148 kg mr3 and 185 kg m® and thus
partly within the fluid mud domain (Fig. 4).

— 5-51/52R ‘Mixing and erosion for fluid-mud beds is classifiedchanged
to ‘Mixing and erosion in the fluid mud domain is classifiéd...

— 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 beddad n
strength (fluid mud regime) and where yield stresses may hel-de
oped.

Rephrased section‘Instead of a strength parameter, the bed density was
used to separate the regions in the diagram where the beddad n
strength, i.e. below a presumed gel concentration of 100 k¢ 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 regioor fwhich
Prorm < 1.0

— 9-1/3R ‘Fluid-mud beds (sensu Winterwerp and van Kested®d pexhibit
interaction...” rephrased: ‘Soft muddy beds with a denkdlow 1061 kg
m~3 exhibit interaction... ’.

— 9-3/4R ‘...while at bed clay concentrations above the geiceatration,
waves...’ rephrased: ‘...while for beds with a higher dignsraves...’

— 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 distifpddfive regimes, but
Fig. 6 contains only four, whereas the text suggests Fig. pictiefive. Please
correct.

— Figure 6 was updated to contain all five interaction reginmgke figure
caption was updated:

Original caption ‘Video stills and corresponding drawings of four exper-
iments, showing the following types of flow-bed interactica) no
interaction; b) interfacial waves; c) (severe) mixing amdséon; d)
leading wave only. Successive points in time are shown frefintd
right. Brown colour denotes clay in the bed, grey colour desalay
in the turbidity current. g was similar for a-c with a) 2.93, b) 2.67
and c) 2.42, but increased in d) to 6.40 vol%; (creased 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 inteiact a) no
interaction; b) interfacial waves; ¢) mixing and erosiopsevere mix-
ing and erosion; e) leading wave only. Successive pointiria are



shown from left to right. Brown colour denotes clay in the pbgoky
colour denotes clay in the turbidity currenty, Gvas similar for a-d
with a) 2.93, b) 2.67, ¢) 2.42 and d) 2.87, but increased i &).40
vol%; G 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 mixj and erosion
(Fig. 6¢). to ‘...evolving from minor deformation (Fig. $ko severe mix-
ing and erosion (Fig. 6d).

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

5-3/4L ‘In the experiment shown in Fig. 6d the Gvas increased to 6.40
vol% and the & to 8.49 vol%.’ to ‘In the experiment shown in Fig. 6e the
Cp 1 was increased to 6.40 vol%.’

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

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

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

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

— The term Kelvin-Helmholtz was removed and page 5 lines 28vafe
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 bddnsity in the
upper 10 mm of the bed is presumed to be below the gel contientra
and thus no plastic deformation or shear waves are able wlajev

Rephrased section‘The waves at the flow-bed interface, caused by soft
sediment deformation, were typically 5 to 10 mm high and 28Qo
mm long.’

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

— Units of g corrected fronm s> tom s 2.



2 Additional changes to the original manuscript

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

e 1-57R‘..mud deposits form through deposition’ changed.tmud deposits may
form through deposition’

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

e Page 4, Table 2 clarified time between measurements: tinvgebatmeasure-
ments = 0.641s in multiplexer mode for 8 probes, whereasithe between
each velocity measurement is 0.08 s.

e 4-59R ‘...within kaolin clay suspensions samples...” dehto ‘...within kaolin
clay suspension samples...

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

e 5-22/23R‘...currentstill ‘piled up’ the clay... changtm'...current still piled up
the clay...

e Equations in Fig. 5 were corrected: the plus signs in the @opugin Fig. 5b
and c were replaced by a minus sign.

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

e 6-40/41R‘...mobilized part of kaolin clay bed..." chandged..mobilized part of
the kaolin clay bed...

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

e Caption Fig. 7: ‘The grey area represents the fluid-mud batied as defined
by Winterwerp and van Kesteren (2004)." changed to ‘The grexa represents
the fluid mud domain.

e 9-41/42L ‘...an increaseiCincreased... changed to ‘...an increase i @-
creased...

e 10-15R ‘...which is characteristic in all other interactitypes...
‘...which is characteristic of all other interaction typées

changed to

e 12-56/57R ‘...profile measurment by..." changed to ‘. fijiganeasurement by...’
e Resolved inconsistent use of fluid-mud versus fluid mud: rerddhe hyphens.

¢ Resolved inconsistent use of spacing for units (in pariclag N1 3).
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