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Abstract

This paper presents the results of laboratory experiments and numerical simulations carried out in order to
understand the mechanism of sediment-wave formation by turbidity currents. Experimental turbidity currents were
generated in a 10-m-long laboratory flume, so as to investigate the topographic effects of slope and ridges on turbidite
deposition. The results indicate that preferential deposition occurs on the upstream side of the ridges. This preferential
deposition is considered to result in possible upstream migration of the topography, a common feature of deep-sea
sediment waves, provided that such deposition were repeated. The preferential deposition occurred under a subcritical
turbidity current, implying that antidune flow conditions (0.844 < Fr < 1.77) are not necessarily required for upstream
migration of the bedforms. A numerical simulation using layer-averaged Navier-Stokes equations is successfully
applied to the laboratory experiments, and then to deep-sea turbidity currents. The numerical model predicts the
formation of a wavy structure in a sequence of thousands of turbidites, with wave dimensions and internal
architecture similar to deep-sea sediment waves. The wavy structure is interpreted to form as a succession of mounds,
each of which grows individually rather than simultaneously as a sinusoidal wave. Each mound is developed by
preferential deposition downstream of a slope break, which in turn generates a new slope break on its downstream
side flank. Upstream migration of the waveform results from differential deposition between the upstream and
downstream sides of the mounds. These results indicate that neither antidunes nor lee-waves are necessary for the
formation and upstream migration of the wavy structure. Wave formation as a series of individual mounds can be
considered as an origin for relatively small sediment-wave fields, because no more than 4-5 crests are formed in the
model predictions. It is suggested that more extensive sediment-wave fields can be developed by turbidite deposition
on an initially undulating bottom, which results in upstream migration by differential deposition, and downstream
extension of the wave field by mound formation progressively further downstream.
© 2002 Elsevier Science B.V. All rights reserved.
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wave heights of tens of metres and wavelengths of
a few kilometres. The crest lines are continuous
for several kilometres and are either perpendicular
or parallel to the current direction, depending on
the mode of formation. These waves have been
interpreted as depositional bedforms produced
by submarine flows due to their regular shape,
and the continuous internal layering indicates up-
stream migration of the waveform through time
(Nakajima, 1997; Nakajima and Satoh, 2001;
Normark et al., 1980; Piper and Savoye, 1993;
Wynn et al., 2000a,b).

Two types of submarine flows, alongslope bot-
tom currents and downslope turbidity currents,
are considered to be responsible for the develop-
ment of sediment waves. The nature of the flow is,
however, considerably different between continu-
ous, almost steady bottom currents and episodic,
short-lived turbidity currents. Different mecha-
nisms have therefore been considered for turbid-
ity-current generated (TC) and bottom-current
generated (BC) sediment waves, even though these
waves apparently display quite similar features.
The most widely accepted model for BC sedi-
ment-wave formation is the ‘lee-wave model’ pro-
posed by Flood (1988). Lee-waves are generated
in a stratified flow crossing over a topographic
high (Queney, 1948; Miles, 1968), and lead to
preferential deposition or less erosion on the up-
stream flank of the wave. Flood (1988) quantified
this process to determine the effects of mean flow
velocity on migration patterns of sediment waves.

For generation of TC sediment waves, on the
other hand, application of the lee-wave model is
considered to be inappropriate (Piper and Savoye,
1993; Wynn et al., 2000b; Nakajima and Satoh,
2001). Lee-waves can form in a stratified flow
only when the stratification Froude number, de-
termined as U/NH where U is the velocity, N is
the buoyancy frequency, and H is the flow thick-
ness, is less than 1/7 (Yih, 1969; Allen, 1982b).
Wynn et al. (2000b) showed, however, that this
criterion was unlikely to agree with the flow con-
ditions for turbidity currents in the Selvage sedi-
ment-wave field. Based on data from seven TC
sediment-wave fields, Wynn et al. (2000b) sug-
gested that lee-waves are not responsible for cre-
ating TC sediment waves.

Alternatively, TC sediment waves have been in-
terpreted to form as giant antidunes, based on
their observed pattern of upstream migration
(e.g. Normark et al., 1980; Wynn et al,
2000a,b). The antidune model is supported by
Hand’s (1974) experiments of antidune-type bed-
forms produced by a supercritical density current
in a laboratory flume. He suggested that anti-
dunes produced by deep-sea turbidity currents
were likely to have wavelengths of tens to hun-
dreds of metres, and inferred the applicability of
his experimental results to deep-sea sediment
waves. Several attempts have been made to esti-
mate palaeocurrent conditions from features of
deep-sea sediment waves by applying the criteria
for laboratory-scale antidunes (Normark et al.,
1980; Piper and Savoye, 1993; Wynn et al.,
2000a,b).

However, the antidune model should be applied
carefully to TC sediment waves, because the wave
theory of bedforms assumes steady flow condi-
tions (Allen, 1982a; Nakajima and Satoh, 2001).
Sediment waves are made up of a number of tur-
bidite beds and are therefore produced by multi-
ple flow events. Each flow is considerably short-
lived compared to the time scale of sediment-wave
formation. Even within each event, a turbidity
current tends to be unsteady, as shown by the
vertical variation of sedimentary structures in tur-
bidites (Bouma, 1962). Although an antidune ori-
gin should not be ruled out, the exact mechanism
of sediment-wave formation by turbidity currents
is still poorly understood.

This paper describes laboratory experiments
and numerical calculations to model the forma-
tion of deep-sea sediment waves by turbidity cur-
rents. The purposes of the present study are to
discuss the applicability of previous models of
sediment-wave formation, and to propose an al-
ternative model based on the results of the labo-
ratory experiments and the numerical simulations.

2. Laboratory experiments
The laboratory experiments were carried out in

a flume of 10 m length, with a rectangular cross-
section 0.2 m wide and 0.5 m deep. For the tur-
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bidity current experiments, a gate box of 0.5 m
length was inserted at the upstream end of the
flume. A surge-type turbidity current was gener-
ated by the instantaneous release of a suspension
cloud from the gate. The lock exchange is a com-
mon method to produce turbidity currents in lab-
oratory experiments (e.g. Middleton and Neal,
1989; Bonnecaze et al., 1993; Gladstone et al.,
1998). The suspension cloud contained 2% of
fine sand by volume fraction, with median settling
velocities of 0.009 m/s (corresponding to 3.2 ¢ in
grain size) or 0.006 m/s (3.5 ¢). To simulate tur-
bidite deposition across sediment waves, a chain
of ridges was added to an otherwise horizontal
bed (Fig. 1). Each ridge had a height of 0.012-
0.036 m and a longitudinal length of 1-2 m. An
initial slope of 0.05-0.1 m height and 1-2 m
length (2.9-5.7°) was added in some runs.

After the sediments had been deposited, the
amount of deposit in a fixed area was measured
along the length of the flume. The sediments col-
lected were dried and then weighed to determine
the ‘deposit density’ (mass per unit bed area) pro-
file along the flume. Details of the experimental
procedure are presented elsewhere.

2.1. Results

Turbidity currents propagated with a typical
flow velocity of 0.1-0.15 m/s in the proximal
area, and travelled over 7 m. The surge-type cur-
rents had a ‘head’ approximately 0.1 m thick and
a ‘body’ or ‘tail’ behind the head. The length of
the head was no more than 1 m, though it was
unable to be measured exactly in the proximal
area. The tail of the flow was so diluted that a
boundary with the ambient water was unclear.
The current velocity in the tail diminished rapidly
while some sediments still remained in suspension.
No observation of a possible hydraulic jump or a
reflected bore at slope breaks could be made, due
to this vague boundary and the rapid waning of
the flow.

Examples of the deposit density profiles are
shown in Fig. 1 where circles represent the results
for turbidity currents carrying coarser sediments
and triangles for currents carrying finer sediments.
There is generally a peak in the deposit density on

the upstream flanks of the ridge, indicating pref-
erential deposition caused by topographic effects.
The preferential deposition occurred under vari-
ous conditions with different ridge heights (0.036
m in panels a and b and 0.012 m in panel c), ridge
lengths (1 m in panels a and ¢ and 2 m in panel b)
and incoming flow conditions controlled by the
initial slope (0.1 in panels a and b and 0 in panel
).

The peaks in the deposit density profiles tend to
be more distinct for turbidity currents with fine
sediments. This tendency implies that these topo-
graphic effects are emphasised in deep-sea turbid-
ity currents, where the relative size of the sedi-
ment is much smaller than in the laboratory-
scale currents.

3. Numerical simulations
3.1. Flow equations

This study employs a layer-averaged, three-
equation model in which equations for conserva-
tion of fluid mass, sediment mass and fluid mo-
mentum are solved simultaneously. This type of
model has been widely used in the simulation of
turbidity currents (e.g., Chu et al., 1979; Parker et
al., 1986; Zeng and Lowe, 1997), and has the ad-
vantage of being less expensive computationally
than a fully two-dimensional model. The layer-
averaged, three-equation flow model is of the fol-
lowing form (Chu et al., 1979; Parker et al., 1986;
Zeng and Lowe, 1997):

conservation of fluid mass

oh 0

conservation of momentum

3 i 27\ _(Ps—Pw)gi 2
at(uh) + ax(u h) = T ax(Ch )+

(ps—pw)ghCS

> Ca(1 + a)u® )

conservation of sediment mass
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Fig. 1. The deposit density profiles of the laboratory experiments and the model predictions with the topography. (a) Initial slope
of 0.1 (5.7°) for the first | m and four ridges of 0.036 m height and 1 m length. (b) Initial slope of 0.1 (5.7°) for the first 1 m
and two ridges of 0.036 m height and 2 m length. (c) A horizontal bottom for the first 1 m and four ridges of 0.012 m height
and 1 m length. The experimental results are plotted as circles for turbidity currents with coarse sediments, and as triangles for
currents with fine sediments. The coarser sediments are represented by a mixture of 20% of the fine sand (ws=1.0 cm/s, ¢=3.0),
50% of very fine sand (ws=0.5 cm/s, ¢=3.5) and 30% of coarse silt (ws=0.3 cm/s, ¢=4.0). The finer sediments are represented
by a mixture of 40% of the fraction representing very fine sand (ws =0.5 cm/s), 50% of coarse silt (ws =0.3 cm/s) and 10% of me-
dium silt (ws=0.1 cm/s, $=5.0). The model predictions for turbidity currents with each sediment size are plotted as solid and
broken lines respectively.
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0

e UCh) = —Fa+ Fe (3)

0
a_t(Ch) +

where u is the flow velocity, /4 is the flow thick-
ness, g is the acceleration due to gravity, E,, is the
water entrainment coefficient, p; and p,, are the
densities of the sediment and ambient water, re-
spectively, C is the volume concentration of the
sediments, S is the bottom slope gradient, Cy is
the drag coefficient, which has a value of 0.0035-
0.005 (Komar, 1971, 1985), « is the ratio of the
drag force at the upper flow surface to that at the
bed, and Fy and F, are the flux of sediment de-
position and erosion, respectively. In Eq. 2, a con-
stant value of 0.43 is used for o (e.g. Komar,
1969), though the value varies with the Froude
number (Middleton, 1966b). The water entrain-
ment coefficient, E, is determined from the em-
pirical relationship (Fukushima et al., 1985):

_0.00153
7 0.0204 + Ri

where the Richardson number, Ri, is defined as

Ri — (ps—pw)ghC
pwU?
Introducing the non-dimensional quantities
X=x/xg, U=uluy and T=1/ty yields for Eqgs. 1-3:

oH 9
ﬁ+ﬁ(UH) =E,U (4)
0 0 )
ﬁ(UH)—'_ﬁ(U H) =
R 0 ) 5

_EQ(CH )+RHCS—Cd(1+O!)U (5)
9 a . —Fq+ F.
G CH) + g (UCH) = =4 6)

where H=hl/xy, R= (ps_pw)/pw, Uy = (ng)l/z, o=
(x0/g)'/?, and xo is the length of the cells in the
numerical calculations.

3.2. Erosion and deposition of sediments

The sediment flux at the bed is determined from
the rates of deposition (F4) and erosion (F;). The
rate of deposition, Fy, is described as the product
of the settling velocity of sediment, ws, and the
fractional concentration of suspension at the
bed, C,. For multiple grain sizes, the sum of
this product for each size population is used as
the net rate of deposition. The sediment concen-
tration at the bed, Cy, can be related to the layer-
averaged concentration, C, by a factor of 2 (Gar-
cia, 1993; Altinaker et al., 1996).

In order to describe the sediment entrainment
from the bed, Fukushima et al. (1985) used a
dimensionless number, Z, determined as

, _ (VReD.D; 2y, ;
B ( v ) Wy @
where Dy is the diameter of the sediment, u, = C(lj/ 2
u is the shear velocity, and v is the kinematic
viscosity of water. The rate of sediment entrain-
ment, Fe, is described as wyEs with:

0 zZ<5
5
E, = 3><101221°<1—2> 5<7<132 (8)
0.3 13.2<Z

Though often used for turbidity current model-
ling (Fukushima et al., 1985; Parker et al., 1986;
Zeng and Lowe, 1997), Eq. 8 is based on an em-
pirical expression for sand-sized sediments. It
should be noted that the bed surface on subma-
rine levees is generally covered with fine-grained
silts and muds that are easily consolidated. In
order to describe the erosion of the deep-sea floor
by turbidity currents, Mulder et al. (1998) as-
sumed that erosion occurs if the shear stress cre-
ated at the bottom of the flow, 7,, exceeds the
shear resistance of the sea bottom sediment, 7,
using the quadratic stress law

2
T, = Capru

and the relationship in which 7, depends on the
depth z:
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Ts=az+b

Assuming that the maximum depth value for
erosion, z=(Cypru*—b)la, occurs over 1 day, the
rate of erosion (m/s) is determined as

F. = (Cqpsi’—b)/(a86400) )

This erosion equation is sensitive to the values
of a and b which must therefore be carefully cali-
brated by measurements. In this study, it is as-
sumed that ¢=3.5 and 5 =0.2 based on the mea-
surements of the shear strength of the marine
sediment of the Saguenay Fjord (Mulder et al.,
1998).

This study uses Eq. 8 for modelling of turbidity
currents in laboratory experiments, in which sand-
sized sediment was used, and Eq. 9 for simulating
deep-sea turbidity currents.

3.3. Computation

The flow system is represented by space-fixed
cells at which flow properties are evaluated. The
temporal evolution of the field properties of the
flow is computed from Eqs. 4-6 with the aid of
Eq. 8 or Eq. 9. The computation employs stag-
gered cells, in which the flow velocity (U) is cal-
culated at the boundary of each cell while the flow
depth (H) and the sediment concentration (C) are
calculated at the centre of the cell. The advan-
tages of this method are ease of discretisation
and conservation of mass in every cell.

For a given Uy, the flow velocity at cell k is
updated using the first-order accurate Euler-for-
ward method as:

oU
Uki172.001 = U1/, +AT(W) (10)
k+1/2.0

where AT is the time increment and 0U/9T is de-
termined from Eq. 5 as

(aU> 17 (BU)
T = T Vk+1)24\ v
oT k+1/2,¢ X k+1/2,t

K(omy ke
2\ X k+1/2,t 2 \X k+1/2,t

R<CS)k+1/2,t_(

Ca(1 + ) U U] +EWU2>
H k+1/2,t

(11)

In the first term on the right-hand side of this
equation, the gradient of the flow velocity is cal-
culated using a first-order upwind difference
scheme. The upwind difference scheme is em-
ployed to avoid numerical oscillation caused by
the central difference scheme.

From Egs. 4 and 6, the flow depth and the
sediment concentration are updated as:

d
Hi = Hi, + AT ——(UH) + E,U
24 k.t

Cror1 = % (Ck,sz,z +AT

k41

0 _Fd+Fe
——(UCH) + —
< E)X( ) Uo )k,z)

The amount of deposited/eroded sediment is
calculated from the sediment flux at the bed,
and converted to bed thickness by assuming sedi-
ment porosity to be 0.5. Effects of post-deposi-
tional compaction are ignored.

The time step is constrained by the Courant—
Friedrichs—Levy condition, i.e., is set not to ex-
ceed the grid interval divided by the flow velocity.
The calculations are continued until the maximum
sediment concentration is below 1% of the initial
value.

3.4. Comparison with laboratory experiments

The numerical model is applied to the results of
the laboratory experiments to check the validity
of the model predictions. The initial and bound-
ary conditions required in the calculations are giv-
en so as to be consistent with the corresponding
laboratory experiments. The flow field in the 8-m-
long flume is represented by 400 cells at 2-cm
intervals. The settling velocity and the diameter
of the sediments are represented by a mixture of
three components: 20% of the fraction represent-
ing fine sand (ws =1.0 cm/s, ¢=3.0), 50% of very
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fine sand (ws=0.5 cm/s, ¢=3.5) and 30% of
coarse silt (ws=0.3 cm/s, ¢$=4.0). The finer sedi-
ments are represented by a mixture of 40% of the
fraction representing very fine sand (ws =0.5 cm/
s), 50% of coarse silt (ws=0.3 cm/s) and 10% of
medium silt (ws=0.1 cm/s, ¢=15.0).

The model predictions in Fig. 1 show good
agreements with the experimental results for the
positions of the peaks in the deposit density pro-
files. The peaks are, however, lower than those in
the laboratory experiments. The higher peaks
shown by the experimental results are likely to
be attributed to effects ignored in the numerical
model, e.g., erosion or reduced deposition at slope
breaks due to increased shear stress associated
with a hydraulic jump.

3.5. Application to natural settings

The model is applied to conditions that closely
simulate spillover turbidity currents on submarine
channel levees. The 20-km-long flow field is rep-
resented by 200 cells at 100-m intervals. A model
turbidity current is generated by supplying sta-
tionary suspension at the upstream end of the
flow field. The stationary suspension is repre-
sented by giving the constant height (H;-;) and
sediment concentration (Cy—;) of suspension for a
given supply duration at the upstream-end cell,
one side of which is bounded by no flux condition
(Uk=1/2=0). The flow velocity at the other side
(Uk=3,2), and then all the parameters at the next
cell, are computed from Egs. 6 and 7.

The initial concentration is set at 0.1 or 0.5%,
sufficiently less than the values used in calcula-
tions of the main head/body of the turbidity cur-
rent in a channel (cf. 5-10% by Komar, 1969; 3—
12% by Van Andel and Komar, 1969; 6% by
Hiscott, 1994, 1-25% by Zeng and Lowe, 1997).
This low concentration is selected in order to
model spillover currents on backslopes of subma-
rine channel levees where TC sediment-wave fields
most commonly occur in nature. The low-concen-
tration turbidity currents are also appropriate to
sediment-wave formation by spreading (uncon-
fined) flows (e.g. Wynn et al., 2000a,b). The initial
height of the suspension is set at 20 or 50 m so as
to be (i) of the same order as, but less than, the

typical value of relief of submarine channels, and
(i) comparable to the difference of relief of the
levees on opposite sides of the channel (Komar,
1969; Normark et al., 1980). The supply duration
is set at 20 or 60 min, comparable to the passage
time of a surge-type flow estimated from the de-
position rate (20-52 min by Allen, 1991). The
sediments are represented by a single grain size
whose settling velocity is 0.002 or 0.5 cm/s.

In simulating sediment-wave formation, the de-
position from turbidity currents is repeated for
multiple flow events. The volume of deposits is
converted to bed thickness by assuming the sedi-
ment porosity to be 0.5. As the bed thickness is
small (<0.15 m) compared to the scale of the
topography, the thickness of a single turbidite
bed is amplified 10 times and then added to the
bed topography. This amplification assumes that
the change of topography by a single turbidite
bed is so little that the same thickness variations
can be used for the next 10 turbidite beds. Post-
depositional compaction and pelagic sedimenta-
tion can be ignored because they affect thickness
in an almost uniform way and have little impact
on the development of the wavy structures, even
though the total thickness of the deposits is in-
creased.

The model predicts the development of wavy
structures by repeated deposition of turbidites
onto an initially flat bed (Fig. 2). The initial con-
ditions employed are 0.5% for sediment concen-
tration, 50 m for suspension height, 20 min for
suspension supply and 0.2 cm/s for settling veloc-
ity of sediments. Each layer represents 50 time
intervals of calculation, corresponding to 500 tur-
bidite beds in Fig. 2a. The wavy form occurs
above the 3000th bed, in which the average slope
gradient is 0.009 (0.5°). Wave formation is initi-
ated by preferential deposition resulting from var-
iation in bottom slope. Fig. 3 shows a clear cor-
relation between the deposit thickness and the
bottom slope gradient. In Fig. 3a, a first increase
in deposit thickness occurs at the end of the steep
slope near the source, and then results in variation
in the bottom slope. The undulating bottom in
turn leads to preferential deposition, as shown
by the inverse correlation seen in Fig. 3, to form
the wavy structure in Fig. 2. The waves, gradually
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Fig. 3. The relationship between topography (dotted line) and thickness variation (solid line) of (a) 3000th and (b) 4000th turbi-
dites in Fig. 2. Note the preferential deposition on the upstream flank of the wavy topography.

varying through time, finally have an apparent
wavelength of 2-3 km and a wave height of 50
m in the 5000th bed. The enlarged Fig. 2b dis-
plays the upstream migration of the waveform, in
which each layer represents 100 turbidites corre-
sponding to the 3100th-5000th beds in Fig. 2a.

The process of wave formation is discussed in de-
tail later with another example.

The crossing of layers in Fig. 2a,b represents
net erosion on the downstream flanks of the
waves, where the slope gradient locally ap-
proaches 0.1 (5.7°). These erosional features are,

Fig. 2. The model prediction showing formation of wavy structures

by repeated deposition of turbidites onto an initially flat bed.

The initial conditions employed are 0.5% for sediment concentration, 50 m for suspension height, 20 min for suspension supply
and 0.2 cm/s for settling velocity of sediments. (a) Each layer represents 50 time intervals of calculation, corresponding to 500
turbidite beds. The waves have an apparent wavelength of 1-3 km and a maximum wave height of 50 m. (b) Enlarged wavy
structure between 3100th and 5000th turbidites in panel a. Each layer represents 100 turbidite beds. (c) Modified wavy structure
by intercalating a uniform layer of 10 cm thickness in between each turbidite interval. This eliminates crossing of layers that

would indicate net erosion.
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however, possibly cancelled out by pelagic sedi-
mentation intercalated with the turbidite beds.
Fig. 2c shows an example where the crossing of
layers is cancelled out by intercalating a uniform
layer of 10 cm thickness in between each turbidite
interval. In Fig. 2c, the total sediment thickness
for wave formation is about 500-600 m.
Temporal evolution of flow conditions and de-
posit thickness are shown in Figs. 4 and 5, for
turbidity currents in the initial (3000th) and devel-
oping (4000th) stage of wave formation, respec-
tively. In each case, the turbidity current travels
over 15 km within 3 h, with maximum flow veloc-
ity reaching 2 m/s. The sediment concentration
decreases with time due to sediment loss by depo-
sition and entrainment of ambient fluid. Due to

the decrease in sediment concentration, the flows
decelerate both with time and distance. The den-
sitometric Froude number, Frq=u/(RCgh)'/?, is
varied with bottom slope and position in the
flow. The calculated Froude number yields unre-
alistically large values in the rear part of the tur-
bidity current due to the decrease in sediment
concentration. The flows in the front part are sub-
critical (Fry4 <1) on a horizontal bottom, and
almost critical to supercritical (Frq=1-1.2) in
the initial stage of wave formation (3000th), while
they are highly variable (Frq=0.6-2.0) with the
variation of bottom slope across wavy topogra-
phy (4000th).

Topographic control on flow conditions is dis-
tinctly seen in the 4000th turbidity current (Fig.
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5). The decrease in flow velocity and the increase
in sediment concentration and flow thickness oc-
curring on the upstream sides of the waves indi-
cate that the flow is blocked at the crests. The
flow is out of phase with the bed surface; the
flow is thicker on the upstream flanks and thickest
near the trough. The ponded sediments are pref-
erentially deposited on the upstream sides and
result in differential deposition between both sides
of the wavy topography (Fig. 3). The differential
deposition is also caused by local erosion or re-
duced deposition on the downstream flanks.
Temporal variation in deposit thickness and
flow velocity at fixed points, 5 and 10 km from
the source, is shown in Fig. 6. The flow velocity

rapidly increases on arrival of the flow to reach
the maximum and then gradually decreases with
time, being halved within 40-50 min at the 5-km
point and within 70 min at the 10-km point, re-
spectively. The flow is decelerating while deposit-
ing its sediment: it takes 110-130 min at the 5-km
point and 170-190 min at the 10-km point, re-
spectively, for the deposit thickness to reach
90% of its final value.

The process of wave formation can be seen bet-
ter in another example in Fig. 7, where the initial
conditions are 0.1% for sediment concentration,
50 m for suspension height, 60 min for suspension
supply and 0.5 cm/s for settling velocity of sedi-
ments. The wavy structure has an apparent wave-
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Fig. 6. Temporal variation of the deposit thickness and flow velocity of (a) 3000th and (b) 4000th turbidity currents in Fig. 2 at
fixed points. Solid dots and lines show the deposit thickness and flow velocity at 5 km from the source, respectively. Open circles
and dashed lines show those at 10 km from the source. The flow is decelerating while depositing its sediments.

length of 1-3 km and a maximum wave height of
70 m. It should be noted that each mound in the
wavy structure develops individually, rather than
as sinusoidal waves forming simultaneously. Each
mound is produced by preferential deposition
downstream from a change in bottom slope. The
wave formation is initiated by the first slope break
at 0.3-0.4 km from the source, which results from
accumulation of concave-up profiles of turbidite
beds on a flat bed (Fig. 7b). The first mound
grows 0.6-0.7 km downstream from the slope

break, and the process is repeated until the devel-
opment of the third mound after deposition of
5000 turbidites.

4. Discussion

4.1. Laboratory experiments

The preferential deposition, if repeated, can re-
sult in upstream migration of the wave-like topog-
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Fig. 7. The model prediction showing formation of wavy structures by repeated deposition of turbidites. The initial conditions
employed are 0.1% for sediment concentration, 50 m for suspension height, 60 min for suspension supply and 0.5 cm/s for set-
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waves have an apparent wavelength of 1-3 km and a maximum wave height of 70 m. (b) Enlarged wavy structure between
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raphy as observed in deep-sea sediment waves.
Possible causes of the preferential deposition in
the experimental results are (i) deceleration of
the flow on the upstream flank, (ii) blocking
(ponding) effects of the topography and (iii) a
hydraulic jump at the end of the downstream
flank. At present, it is not possible to evaluate
each effect independently due to lack of detailed
measurements of the flow conditions and sedi-
mentation process. However, it is clear that the

preferential deposition is not necessarily related
to antidune formation.

Antidunes typically form in flows with an over-
all Froude number around unity. According to
the wave theory of bedforms, which considers
steady flows over sinusoidal bed waves, antidunes
are bedforms that are in-phase with the flow sur-
face, and develop when the Froude number is
between 0.844 and 1.77 (Allen, 1982a). Under
the in-phase conditions the flow is expanded,
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and therefore decelerated, on the upstream flank
and contracted (decelerated) on the downstream
flank. Upstream migration of antidunes occurs as
a result of enhanced deposition on the upstream
flank, matched by reduced deposition or erosion
on the downstream flank.

In the experiments, however, such phase equiv-
alence between the wave-like topography and the
flow surface was not observed in a steady state.
Even if the flow surface could be in-phase tempo-
rarily, i.e., the moving head could be slightly
thicker at the crest and thinner at the trough,
the length of the surge-type current was no
more than the wavelength of the topography.
This is inconsistent with the theory that considers
a sinusoidal waveform at the surface of a steady
flow. In addition, the preferential deposition oc-
curred even when the incoming current was out-
side of the stability field of antidune formation
(Fr >0.84). The Froude number of the turbidity
current starting on a horizontal bottom is about
0.7, as shown by a series of experiments in Mid-
dleton (1966a).

The experimental results indicate that preferen-
tial deposition on the upstream flank is a result of
sea-floor topography. Therefore upstream migra-
tion of the waveform can occur in a turbidite se-
quence deposited over wavy topography, what-
ever the origin of the topography. If this is the
case, the waveform in the turbidite sequence is
likely to overlie the initial topography with little
vertical variation in the wavelength. Such consis-
tency can be commonly observed in fields of deep-
sea sediment waves, which often preserve the ir-
regular form of the underlying topography (e.g.
Nakajima and Satoh, 2001). The origin of the
wavy topography may be either natural undula-
tions of the sea floor, slumps, large dunes or anti-
dunes. For example, Nakajima and Satoh (2001)
interpreted that the TC mudwaves on the levees
of the Toyama deep-sea channel formed on top of
large sand dunes, and their upstream migration
resulted from differential draping of mud-capped
silty turbidites (Fig. 8). Antidune development is
also a possible origin for an underlying wavy to-
pography on a relatively steep slope, though the
relationship with upstream migration should be
interpreted carefully.

4.2. Numerical simulations

The wavy structures in the model predictions
show features similar to deep-sea sediment waves,
regarding the dimensions and the pattern of inter-
nal layering. The numerical model, although over-
simplified to evaluate the wave features quantita-
tively, presents qualitative speculations on the
process of sediment wave formation by turbidity
currents.

The wavy structure grows as a series of individ-
ual mounds that are gradually developed by pref-
erential deposition after a change in bottom slope,
rather than as sinusoidal waves forming simulta-
neously. As a mound grows, a new slope break on
the downstream side of the mound then leads to
generation of a second mound. Under the appro-
priate conditions, this process seems to occur al-
most simultaneously, and the structure appears to
form as a sinusoidal wave (Fig. 2). It should be
noted that any specific fluid motion, such as lee-
waves and phase equivalence between the bed and
fluid surface, is unnecessary for a cyclic, wavy
structure to form. Therefore it is difficult to de-
termine a critical or an appropriate condition for
the wave formation, because the flow conditions
are variable both in time and space.

The flow velocity decreases during sediment de-
position both in time and space (Figs. 4a, 5a and
6). The waning flow observed at a fixed point is
unlikely to form and maintain a single bedform,
as indicated by the typical sequence of sedimen-
tary structures in turbidites. The rapid decelera-
tion suggests that formation of the wavy structure
should not be interpreted as a bedform, e.g. an
antidune, produced under steady and uniform
flow conditions. Antidune development is also
ruled out by a lack of phase equivalence between
the flow and the bed surface. Therefore, the nu-
merical model results indicate that antidune for-
mation is an unlikely or unnecessary origin for the
wavy structure, as shown by the results of labo-
ratory experiments.

Antidune development is, on the other hand,
still a possible origin for wave formation as a
basement undulation underlying sediment waves.
Supercritical turbidity currents are considered to
be common in sediment-wave fields (e.g. Wynn et
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al., 2000b), as they can occur on slopes in the
order of 0.057° (Nakajima and Satoh, 2001).
Antidune flow conditions are likely to be achieved
only if the turbidity current is maintained steadily
across the sea floor. Once an antidune is formed
by an exceptionally steady flow, turbidite deposi-
tion is controlled by the undulations on the bed.
The experimental results show that preferential
deposition occurs on the upstream flank of the
wave-like topography, resulting in upstream mi-
gration of the waves. A hydraulic jump, which
commonly accompanies antidunes, can also take
place and influence deposition under antidune
conditions. It has been reported that maximum
or preferential deposition occurs downstream
from the jump both in open-channel flow (Jopling
and Richardson, 1966) and in density currents
(Hand, 1974 ; Garcia and Parker, 1989). The acute
peaks in the deposit density variation in the ex-
perimental results (Fig. 1) are therefore possibly
attributed to a hydraulic jump, which was too
short-lived to observe visually. It is likely that
antidune development and/or a hydraulic jump
amplifies the preferential deposition, and is a trig-
ger for the formation of sediment waves.

4.3. Limitation of the model

The numerical model, although predicting the
formation of a wavy structure similar to TC sedi-
ment waves in the deep sea, includes some arbi-
trary assumptions for simplification, or due to
lack of thorough understanding of turbidity cur-
rent dynamics. The amplified bed thickness in the
model computation exaggerates the variation in
deposit distribution, causing rapid formation of
the wavy structure. Therefore the number of tur-
bidites and total sediment thickness required for
the wave formation should be evaluated with
care.

Another influential assumption in the model
computation is that the same initial conditions
are used for thousands of turbidity currents. A
variety of size and flow conditions expected for
turbidity currents in nature causes a possible de-
lay of wave formation. Such variety in flow con-
ditions, on the other hand, may play a positive
role in the wave formation by causing non-uni-

formity in topography. For example, specific bed-
forms or localised deposition/erosion by one flow
event would be a base upon which a wavy struc-
ture is developed. The influence of variation in
flow conditions on the formation of TC sediment
waves is complicated and still poorly understood.

The wavy structures in the model predictions
are unlike natural TC sediment waves in that no
more than 4-5 crests are developed during depo-
sition of 5000 turbidite beds, whereas deep-sea
analogues show more continuous waves. For ex-
ample, the sediment waves in Fig. 8§ with more
than 10 crests are considered to consist of 6-
7000 turbidites (Nakajima and Satoh, 2001; Na-
kajima, 1997). In some extensive sediment-wave
fields, such as the La Palma sediment-wave field,
simultaneous growth of waves over a long dis-
tance can be observed (Wynn et al., 2000a). Com-
pared to these examples in nature, formation of
the wavy structure in the model predictions is still
slow, despite the exaggeration by the amplified
bed thickness. Although some effects possibly ac-
celerate the wave formation, the process shown by
the numerical model is unlikely to develop an ex-
tensive, continuous sediment-wave field. This pro-
cess should instead be applied to small wave
fields, or combined with other processes when ap-
plied to extensive wave fields. A most likely com-
bination is, as mentioned earlier, turbidite depo-
sition on an initially undulated bottom, resulting
in upstream migration by differential deposition,
and downstream extension by formation of new
mounds.

5. Conclusions

This study has presented new insights into the
formation of sediment waves by turbidity cur-
rents. The results of the laboratory experiments
indicate that preferential deposition on the up-
stream side of bed undulations can occur under
a subcritical turbidity current. It implies that up-
stream migration of TC sediment waves is not
necessarily related to antidunes but to topo-
graphic effects, such as (1) deceleration of the
flow on the upstream flank of a ridge, (2) blocking
effects of ridges and (3) a hydraulic jump at the
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Fig. 8. An example of TC sediment wave on the levees of the Toyama deep-sea channel. The single-channel airgun reflection pro-
file across the channel shows the internal layering of the sediment waves. The sediment waves are interpreted to form above large
sand dunes, indicated by shorter, steeper, downslope dipping reflectors. Reproduced from Nakajima and Satoh (2001).

end of the downstream flank of a ridge. TC sedi-
ment waves should not be interpreted as anti-
dunes based only on their upstream migration.

The results of the numerical simulation suggest
a possible formation for a wavy structure in tur-
bidite sequences. The wavy structure, very similar
to deep-sea sediment waves, is interpreted as a
series of mounds that are formed individually by
topographic effects. The wave formation is initi-
ated by preferential deposition behind a slope
break and then followed by differential deposition
on both sides of the mound. It is worth noting
that wave formation in the model results requires
no specific fluid motions, such as lee-waves or
phase equivalence in a supercritical flow.

The wave formation as a series of mounds is,
however, incompatible with extensive sediment-
wave fields in nature. This process should only
be applied to small wave fields, unless it is com-
bined with other processes. The most likely com-
bination is turbidite deposition on an initially un-
dulating bottom, resulting in upstream migration
and downstream extension of the undulation.
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