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1 INTRODUCTION 

Highly-variable palaeocurrents have been recorded 
from submarine channel levees in the subsurface and 
from ancient submarine channel levees at outcrop. In 
the levees of the Amazon Fan considerable ‘swing’ 
of palaeocurrents was recorded within individual 
turbidite beds, which was attributed by Hiscott et al. 
(1997, p.64) to “shifting patterns of meandering 
streamlines in the flow as deposition proceeds”. 
Kane et al. (2007), studying the master-bounding 
levee of a submarine channel-complex within the 
Upper Cretaceous Rosario Formation, noted that 
levee sandstones exhibit channel-axis parallel to 
convergent palaeocurrents on the inside of the levee 
crest; beyond the crest palaeocurrents are at first par-
allel to slightly divergent from the channel-axis, then 
with increasing distance from the crest, palaeocur-
rents become seemingly randomly oriented in the 
most channel-distal areas (Kane et al., 2007).  

Experiments performed by Sellin (1964) showed 
that vortices formed over the margins of a sub-
merged open channel during overbank flow. 
Zheleznyakov (1971) determined that as the relative 
depth of overbank flow increased, the strength and 
size of vortices diminished; similar conclusions were 
reached by other workers (e.g., Barishnikov et al. 
1971;  Bousmar & Zech, 1999; Prooijen et al., 
2005). Myers and Brennan (1990) found that turbu-
lence and vorticity generated at overspilling channel 

margins increased flow velocities on the overbank 
area whilst decreasing channel flow velocities. Other 
workers have noted that turbulence intensity in-
creases significantly at the interface between shal-
lower and deeper areas of flooded fluvial channels, 
again these authors report increased turbulence de-
veloping from the margin and spreading outwards 
(Alavian & Chu, 1985; Tamai et al. 1986; Knight & 
Shiono, 1990; Knight et al., 1994; Shiono & Knight, 
1991; Fukuoka & Watanbe, 1996, 1997; Naish & 
Sellin, 1996; Sofialdis & Prinos, 1999; Rowinski et 
al., 2002). The importance of mixing across channel-
overbank transitions in compound channels has been 
investigated both numerically (e.g., Nokes and 
Hughes, 1994; Shiono et al., 2003) and physically 
(Wood and Liang, 1989; Shiono and Feng, 2003; 
Rowiński et al., 2005). Numerical modelling has al-
lowed the large scale motion of these vortices to be 
resolved (Nadaoka & Yagi, 1998; Ikeda et al. 2002). 

The experiments reported here represent the con-
tinuation of some earlier work by Kane et al. (2008) 
on intra-channel deposition within subaqueous chan-
nels; during those experiments, intricate extra-
channel deposit morphologies were produced. The 
results and analysis of those and further experiments 
are presented here; the complex morphologies of 
overbank deposits are linked back to the nature of 
the overspilling flows and the generation of channel 
margin vortices. 
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ABSTRACT: Complex palaeocurrents recorded from recent and ancient submarine channel-levee sands and 
sandstones have generally been interpreted to form in response to topographic deflection of overspilling flows. 
Physical modelling of overspilling sediment-laden turbidity currents within a curved channel model produced 
overbank sediment waves, with complex morphologies. Wave morphologies were linked to the generation of 
horizontal vortices at the channel-overbank transition, these were advected out from the channel causing en-
trained flow to be fully reversed with respect to the ‘normal’ overspill direction. Long-recognised from 
flooded fluvial compound channels, vortices are interpreted to form in response to shear stress imparted on the 
rapidly decelerating overbank fluid by the denser, faster-moving channelised flow. By tracking flow trajecto-
ries from video recordings it is evident that vortices within overspilling flow could account for the sediment 
wave morphologies and that this complex flow behaviour could account for palaeocurrent complexity within 
submarine channel-levee turbidites. 
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1.1 Methodology 

The experiments were performed in a flume tank 1.5 
m deep, 1.7 m long, and 1.7 m wide. The tank has a 
false floor suspended 0.52 m above the tank floor, 
and an inlet channel 0.45 m wide that enters the tank 
on one side; the false floor extends into the channel 
(Fig. 1). A moat surrounds the false floor to create a 
sump preventing reflections and allowing mainte-
nance of the density contrast between the dense cur-
rent and the ambient fluid. To prepare an experimen-
tal run, suspensions are poured into a lock-release 
box with a closed vertical gate and an impeller with 
an electric drill attachment is used to thoroughly mix 
the suspension immediately prior to release. The 
lock-release box feeds into a 1.5 m long, 150 mm 
wide, straight channel, which in turn feeds into a 
continuous radius, curved channel model. The chan-
nel models comprise individual acrylic sheets with 
an identical channel cut-out (Fig. 1). These can be 
stacked to vary channel depth whilst maintaining a 
horizontal overbank area. Channel depth was sys-
tematically varied from 6 to 30 mm, at 6 mm incre-
ments, giving aspect ratios from 25 to 5 (henceforth 
referred to as ar25, ar12, ar8, ar6, ar5), equivalent to 
a wide range of natural systems, e.g., the Indus A 
(aspect ratio 27, Kenyon et al., 1995), to the Ar-
guello (aspect ratio 5, EEZ-Scan Scientific Staff, 
1988). No axial slope was employed. 
 The suspension was created using equal parts of 
two non-cohesive sediment analogues: spherical 
glass beads and crushed silica flour, mixed with tap-
water, giving an initial sediment concentration of 5% 
by volume (1082 kg-3) and a nominal grain-size dis-
tribution of 1.8 µm (D10), 27.3 µm (D50), and 58.9 
µm (D90). Experimental modelling attempts to re-
construct key elements of a natural system and ob-
tain data to enable better understanding of that sys-
tem.  

1.2 Generic modelling approach 

Here a generic modelling approach is adopted in or-
der to recreate a reasonable process similarity to a 
prototype submarine channel, an approach which has 
been utilised successfully in fluvial modelling (e.g., 
Eaton and Church, 2004; Peakall et al., 2007). A de-
gree of dynamic similarity is achieved by maintain-
ing the Froude number for the model at approxi-
mately the same value as in the prototype, (e.g., 
Graf, 1971), and the flow Reynolds number within 
the fully turbulent flow field, i.e., Reynolds number 
>2000 (e.g., Leeder, 1982). This generic modelling 
approach, while not scaling all variables such as dis-
charge and concentration (currently unknown for 
submarine channels), has along with simpler ana-
logue models, proven to be a powerful tool for un-

derstanding sedimentary systems (e.g., Schumm et 
al., 1987; Peakall et al., 1996, 2007; Tal and Paola, 
2007). Representative values for the flow Reynolds 
number and the densiometric Froude number of 
flows entering the model were calculated as 5.6 × 
103 and 0.59 respectively. Estimates from the Ama-
zon (Pirmez and Imran, 2003) and the Northwest At-
lantic Mid-Ocean Channel (Klaucke et al., 1997) 
suggest Froude numbers between 0.4 and 0.8 respec-
tively. 

 
Figure 1. Experimental setup. The plan view (bottom) shows 
the channel model configuration and the location of the sedi-
ment wave profiles illustrated in Fig. 7. Measurements in me-
tres 

1.3 Measurement techniques 

A video camera mounted above the tank was used to 
record the apparent flow path of overspilling sedi-
ment-laden currents. The deposit morphology was 
measured using a Teledictor Ultrasonic depth gauge 
(Best & Ashworth, 1994). Velocity profiles were 
taken within the channel using ultrasonic Doppler 
velocity profilers (UDVP, see Best et al., 2001) 
mounted at heights of 5, 13, 21, 29, 42 and 56 mm 
with the transmitters and receivers facing upstream, 
oriented horizontally and parallel to the local chan-
nel margins. Data were collected at three equally 
spaced points along the channel center line (P1 = 
proximal; P2 = medial; P3 = distal); a separate flow 
was run for each, as the probes are intrusive down-
stream of the measurement point. 

2 EXPERIMENTAL RESULTS 

2.1 Flow morphology and advance 

A single flow was run in each of the channel models. 
Overspill was greater in the shallowest of the models 
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and progressively decreased as the channel depth 
was increased. Velocity profiles taken within the 
channel using UDVP, show a steady decline in the 
downchannel velocity; these are time averaged over 
10 seconds and illustrate the characteristic velocity 
of the body of the flow (Fig. 2).Outlines of the flow 
head at 2 second intervals were extracted from the 
video data and illustrate the rapid lateral spreading 
of the flow as it exits the confinement of the input 
channel (Fig. 3). 
 

 
Figure 2. Velocity profiles from the ar25, ar8 and ar5 models 
(‘ar’ = aspect ratio). Velocity is maintained for greater dis-
tances downchannel in the channels with lower aspect ratios as 
less sediment is lost to the overbank area (compare to Fig. 3). 
 
The spacing of the flow-head contours from the mid-
depth (ar8) channel show an initial decrease in flow 
velocity, followed by a slight increase in velocity, 
particularly within the channel. In broad terms, 
stream lines diverge on the overbank area beyond the 
channel outer-bend and converge on the overbank 
area beyond the inner-bend; despite this, velocity is 
greater on the outer-bend overbank than on the in-
ner-bend due to enhanced overspill at the channel 
outer-bend. A sequence of still-frames taken from 
the overhead video recordings more clearly showed 
the evolution of the flow and the direction of flow 
within the body. Flow vectors, on the outer-bend 
overbank, within the body of the flow and even to-
ward the head of the flow were observed to show 
significant variation to the general direction of flow 
head propagation. Along the channel outer-bend 
margin, large-scale, coherent vortices with sub-
vertical axes were observed to form, usually in the 
form of a large vortex which formed in the early 
stages of flow and vortices of decreased size pro-
duced as the flow waned (Fig. 4).  Vortices did not 
appear to form in the shallowest of the models (ar25) 
but as the aspect ratio was decreased, resulting in a 
greater degree of flow confinement, vorticity became 

more prevalent. In the deeper channels (ar8-ar5) a 
zone of overbank flow, extending overbank a couple 
of millimetres, was observed to follow the path of 
the channelised flow. 

Along the channel inner-bend margin, vortices 
were not observed to form from flows within any of 
the channel models, i.e., inspection of the video re-
cordings and still frames did not show any large-
scale complex flow behaviour, flow vectors ap-
peared to be approximately perpendicular to the ad-
vance of the flow head (Fig. 4). 

2.2 Deposit morphology 

The deposit profiles (Fig. 5) show ridge-like topog-
raphies which are aligned at variable angles to as-
sumed flow-directions (Figs. 3 & 4). On the inner-
bend overbank the flow head advance is generally 
aligned with the lunate crests of the ridges, i.e., the 
flow vectors are perpendicular to the crests of the 
deposits (Figs. 4 & 5). The inner-bend deposit crests 
have smaller radii than that of the channel inner-
bend. On the outer-bend the deposit crests near to 
the channel are relatively straight-crested, but with 
increasing distance from the channel the features be-
come more arcuate but curved away from the chan-
nel and apparently perpendicular to flow head posi-
tion time contours. Towards the most-distal part of 
the outer-bend overbank the deposits exhibit the 
most complexity, generally showing three dominant 
alignments (Fig. 5). Morphologies generally become 
more intricate as the channel depth increases (Fig. 
5). 

2.3 Flow controls on deposit morphology 

Where overspill diverges from the path of channel-
ised flows its velocity decreases rapidly and the re-
sulting cross-flow velocity gradient is inferred to 
create a shear layer inducing the formation of vor-
tices with sub-vertical axes which amplify and spin 
out from the channel. Such phenomena are well 
known from open channel flows but have not been 
documented from subaqueous channels. In subma-
rine channels a similar process of shear-coupling 
was hypothesised to account for the ‘towing’ of di-
lute supra-levee flow by the lower, denser, faster-
moving channelised part of the flow (Peakall et al., 
2000). The deeper channels are associated with the 
production of larger diameter, longer lived vortices; 
which may be related to the greater confinement 
depths promoting velocity maintenance within the 
channel (see Kane et al., 2008) and hence exerting 
greater shear stresses on the overbank portion of the 
flow. This kind of vortex formation may be viewed 
as a type of Kelvin-Helmholtz instability. 
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Figure 3. Propagation of the flow head within the shallowest (ar25), mid-depth and deepest channels (‘ar’ = aspect ratio), contours 
are numbered at 2 second intervals. Note that the deepest channel (ar5) exert much more control on the flow and maintains its veloc-
ity downchannel. Note the most forward position of the flow head varies from the inner-bend in the shallowest channel to the outer-
bend in the deepest channel.  

 

Figure 4. Outline of the flow head advance within the mid-depth (ar8) channel at 4, 10 and 16 seconds. Flow lines traced from stills 
of the overhead videos illustrate the complex behaviour of the body flow. Vortices form from the early stages on the outer-bend 
channel margin, growing laterally as the flow propagates over the overbank area. The vortices are interpreted to be a type of Kelvin 
Helmholtz instability generated by a shear layer that forms between he deeper, denser, faster moving channelised flow and the more 
dilute rapidly decelerating overbank flow.

 
Figure 5. Deposit profiles after individual flow events within the shallowest (ar25), mid-depth and deepest channels. Note that the 
inner-bend morphology generally remains similar for all channel models whilst the outer-bend deposit morphology becomes increas-
ingly complex as the channel model becomes deeper. The deposits are thought to represent sediment waves, their increasing com-
plexity is related to the increased effect of vortex formation in the deeper channels in response to the greater shear stress exerted by 
faster moving flows
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Figure 6. Sediment wave profiles from flows 1-10, run succes-
sively over the mid-depth (ar8) channel. The position of the 
transect is given in Fig. 1. The position of sediment waves is 
visible but to enable visualisation of the crest migration, the 
profiles are flattened (bottom); a component of upstream migra-
tion is clearly visible, suggesting an origin as lee waves formed 
from subcritical flows. 

 
Sellin (1964) noted that lateral banks constraining 
the floodplain of his experimental setup may have 
been important in the spacing of the vortices; in 
subaqueous channels, the flow is generally con-
strained laterally by a mobile barrier – the ambient 
fluid. As such, through time the location and 
strength of this barrier will vary, which would sug-
gest that regular downchannel spacing of vortices 
may not be achieved in subaqueous channels. 

Rotation of flow within these vortices may cause 
relatively rapid deposition as the reversed portion of 
the flow interacts with flow travelling in the ‘nor-
mal’ overspill direction. These observations of flow 
behaviour may explain the apparently counter-
intuitive orientation of the outer-bend overbank 
ridges. The overbank depositional features are 
termed sediment waves based on observations from 
the inner-bend overbank area where the deposit 
crest-lines are formed perpendicular to interpreted 
stream-lines; the more complex geometries and ori-
entation of the outer-bend waves can be explained by 
the formation of vortices and their interaction with 
other parts of the overspill.  The more distal part of 
the outer-bend overbank deposit indicates a zone of 
flow divergence, with more minimal deposition oc-
curring between the sediment waves with diverging 
crest orientations (Fig. 5).  

3 SEDIMENT WAVE EVOLUTION 

Ten nominally identical flows were run in the mid-
depth channel model (ar8), with deposit profiles 
taken between each. As vortex formation is not a 
uniform event on the outer-bend overbank, there is 
considerable variation in depositional focus between 

different flows. For that reason, the sediment waves 
on the inner-bend overbank, which appear to be de-
posited from flows which are more uniform in char-
acter, are focused upon here.  

 
 
 
 Deposition from successive flows formed sedi-

ment waves which amplified during the early stages 
of evolution, but were progressively ‘healed’ 
through deposition. Had the waves exhibited greater 
relief this may not have been the case. In addition, 
deposition within the channel occurred at a slightly 
greater rate than on the overbank leading to a slight 
successive increase in overbank flow volume be-
tween runs. A transect was taken through the inner-
bend waves and the cross sections were measured 
(Figs. 1 & 6). The positions of the waves are clear on 
the deposit profiles and they appear to aggrade verti-
cally, however, the profiles have significant vertical 
exaggeration, flattening the profiles reveals a com-
ponent of upstream (i.e., towards the point of over-
spill) migration. The complex crest-line mophology 
of the waves becomes more uniform through time as 
they coalesce, eventually forming a compound de-
posit mirroring the curve of the channel. 

3.1 Discussion of sediment wave evolution 

Two sediment wave deposition mechanisms are 
commonly cited; i) formation under antidune flow 
conditions which are assumed to lie within the sub-
critical to supercritical boundary (i.e., Froude num-
ber ~1) (Allen, 1970; Normark et al., 1980; Wynn et 
al., 2000); ii) lee waves which associated with sub-
critical flows (i.e., Froude numbers <1) (e.g., Flood, 
1988; Lewis & Pantin, 2002). Froude number calcu-
lations for the channelised part of the flow were in 
the region 0.6, overbank flow is slower than chan-
nelised flow (Fig. 2 & 3) so the presence of antidune 
conditions is ruled out, the alternative explanation 
may therefore be the formation of lee waves with a 
degree of upstream migration of the deposit (e.g., 
Flood, 1988). In their detailed study of sediment 
waves on the Var Fan, Migeon et al. (2000) found 
several styles of sediment wave evolution. Simple 
aggrading levees were found to be related to areas on 
the fan where channel-levees were high, preventing 
high energy spill-over; accordingly, in this experi-
mental study there might be expected a greater de-
gree  of   upslope   migration  of  the  waves   as   the 
confinement decreased due to intra-channel deposi-
tion, unfortunately this could not be reliably con-
strained with the data. The sediment waves illus-
trated here are relatively short-lived features, their 
intricate planforms are soon swamped by sedimenta-
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tion; the key importance of these features was the 
recognition of complex flow behaviour during their 
deposition. The complexity of flow may be masked 
through time as deposition heals the wave topogra-
phy to form approximately channel-parallel deposits 

(levees). However, recognition of such flow behav-
iour may come from analysis of macroscopic pa-
laeoflow indicators and  also of  grain- fabric within 
individual turbidites. 

Figure 7. Summary diagram of the process of vortex formation on submarine channel-levees, and the origin of intra-bed palaeocur-
rent swing. 

 
 

4 DISCUSSION 

Palaeocurrents within levee deposits may be com-
plex. In the Cretaceous Rosario Formation pa-
laeocurrents beyond the position of the inferred 
levee crest were divergent with the channel-axis, at 
a greater distance the palaeocurrents showed con-
siderable scatter; this was attributed to the possible 
presence of topography (Kane et al., 2007). More 
typically a ‘chevron pattern’ of opposing pa-
laeocurrents has been documented from ancient 
channel-levees (e.g., Hesse and Dalton, 1995); 
however, detailed palaeocurrent studies, especially 
intra-bed studies of grain-fabric, which may eluci-
date such behaviour, are generally lacking. In the 
levees of the Amazon Fan, using anisotropy of 
magnetic susceptibility to determine grain-fabric 
orientations, considerable ‘swing’ of palaeocur-
rents within individual turbidite beds was noted 
and attributed to “shifting patterns of meandering 
streamlines in the flow as deposition proceeds” 
(Hiscott et al., 1997, p. 64), based on some earlier 
work on turbidite beds displaying similar patterns 
of palaeocurrent swing (Parkash, 1970; Parkash 
and Middleton, 1970). Hiscott et al. (1997) suggest 
that this palaeocurrent swing may be imparted on 
the flow by levee topography but were not able to 
constrain this with their data. Parkash (1970) and 
Parkash and Middleton (1970) describe a down-

current increase in the ‘sinuosity’ of palaeocurrents 
within individual beds; additionally they noted the 
variation from more uni-directional palaeocurrents 
at the base of beds to a wider spread of palaeocur-
rents towards the tops of beds. 

The formation of vortices provides an alterna-
tive explanation for the observed palaeoflow re-
cord in the ancient and more recent examples given 
above. Irregular levee topography could promote 
vortex formation but these experiments demon-
strate that irregular topography is not necessary. A 
general conceptual model of overspill from a sub-
marine channel levee is illustrated (Fig. 7). Con-
verging overbank flow on the inner-bend resulted 
in sediment waves with crests approximately paral-
lel to the channel bend; converging flow reinforces 
itself helping to maintain the overbank velocity, 
reducing the effects of lateral spreading and of 
shear stress exerted by the through channel flow. 
Hence it may be envisaged that strong overbank 
flow may produce more uniform overbank flow 
and deposits. In the proximal regions of a sinuous 
channel, where flows may be strongly overspilling, 
palaeocurrents may be more unidirectional. Flows 
may reach an equilibrium state with their cross-
sectional geometry through the process of overspill 
in more proximal locations (e.g., Kane et al., 2008; 
Straub et al., 2008), therefore, overspill may be 
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much reduced in distal areas potentially resulting 
in more complex overbank flow behaviour and re-
sultant palaeocurrents. 

5 CONCLUSIONS 

i) Overbank flow behaviour may be complex 
through the generation of vortices and increased 
turbulence at channel margins; this was recognised 
from the deposition of sediment waves with intri-
cate morphologies. 

ii) Resultant deposits, in particular grain-fabrics 
within individual turbidites, may reflect this com-
plex behaviour. 

iii) As overspill and turbulence/vorticity generation 
may be non-uniform, the compound overbank de-
posit (levee) will approximately track the overall 
channel planform. Sediment waves may reflect 
vortex formation in situations where the formation 
of vortices occurs repeatedly through time, e.g., at 
a channel outer-bend in a system dominated by 
flows that fall within a narrow range of volumes.  

iv) Vortex formation bears a similarity of process 
to that of vortex formation in flooded fluvial chan-
nels but also bears a resemblance to atmospheric 
flows encountering topography. 
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