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Erosion patterns in a sediment layer
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We report here on a laboratory-scale experiment which reproduces a rich variety of natural patterns with few
control parameters. In particular, we focus on intriguing rhomboid structures often found on sandy shores and
flats. We show that the standard views based on water surface waves do not explain the phenomenon, and we
evidence a different mechanism based on mud avalanche instability.

DOI: 10.1103/PhysRevE.67.065201 PACS number~s!: 47.54.1r, 47.55.Kf, 83.80.Hj, 92.40.Gc
tu
ui
in

te

s
ti-
n

d

-
r

m
e-
he

p

h
te
ll

ir
m
ss
h
rb
si
th

th
ne

i

ric
n

al
gle
ct
e
bile
t a
-
to
ce.
m-

, the

ery
id
out
or-
for-
ace.
ely,

s
out
ves
w

et-
m

e,
ern
ical
rst,
ilar
ery-
are
edi-

rk.
res-

sed

I
a

si
nic
Many patterns observed@1,2# in natural environments
stem from erosion or deposition processes. These struc
are related to transport of solid granular particles via a fl
phase that can be either a gas, a liquid, or even a flow
granular phase. They span a huge variety of spatial and
poral scales. Examples of these are fractal river basins@2#,
meandering rivers@3#, dune fields@4#, granular avalanche
@5#, and ripple marks@6# on sand banks or on coastal con
nental platforms. Due in part to its economical and enviro
mental impacts, elementary transport processes involve
erosion are still the focus of intense scientific scrutiny.

It is notoriously difficult to provide a fully consistent de
scription of particle laden flows either from a one-phase o
two-phase point of view@7#. Most of the practical knowledge
on erosion comes from empirical laws often derived fro
field measurements@8#. Several tentatives were made r
cently to tackle from the statistical physics point of view t
dynamics of formation of river basins@2#, but many ques-
tions are raised when one attempts to relate basic trans
properties to large-scale pattern forming instabilities.

In this paper, we report on an experimental setup whic
designed to produce a generic situation of a falling wa
level on an erodible sediment layer. This occurs natura
when sea retreats from the shore or when a reservo
drained@1#. We use a plexiglass container with a flat botto
A 1303130 mm2 square plate of depolished plexigla
slides along the bottom, and is pulled by a motor throug
translation stage. The whole setup can be tilted to an a
trary angleu. The first step of the experiment is the depo
tion under water of a sedimented powder layer covering
mobile plexiglass sheet. To this end, the inclination of
whole setup is lowered so that the bottom of the contai
and the sheet are horizontal (u50). A suspension of alumine
oxide powder is then quickly poured into the container. W
use commercial abrasive powder made of rough grains w
mean diameterd.30 mm and densityr.2.75 g/cm3. The
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liquid is demineralized water, to which we add hydrochlo
acid so as to lower thepH of the suspension to about 4 i
order to prevent flocculation of the grains.

After the deposition of a sedimentary layer of typic
height 1 mm, the container and the plate are tilted to an an
u. Part of the liquid is then slowly drained, until the conta
line of the liquid free surface with the tilted bottom of th
container reaches about 1 cm below the top of the mo
sheet. Then, the sliding plate is pulled out of the liquid a
speedV ~see inset of Fig. 1!. The layer is filmed by a charge
coupled device camera. Its position is fixed with respect
the plate and its optical axis is perpendicular to the surfa
This simple setup allows us to observe a variety of pheno
ena and structures depending on two control parameters
angleu and the speedV. The ‘‘phase diagram’’ is sketched in
Fig. 1. When the sedimented granular layer is pulled out v
slowly (V<0.04 cm/s), no pattern is observed. The liqu
seeps out of the sediment, which dries progressively with
being altered. However, above a critical speed and tilt, c
responding to Fig. 1, to empty squares, we observe the
mation of erosive patterns on the granular sediment surf
For decreasing angle, the patterns faint away progressiv
and for a tilt angleu,13°, it is often difficult to witness
their presence.

At velocities greater than'0.1 cm/s, surface structure
appear clearly when the layer is tilted to more than ab
14°. For angles close to this value, the draining liquid lea
a cross-hatched, dense pattern of very small and shallo
channels@see Fig. 2~a!#.

Around 18°, we obtain a branched, disordered river n
work, whose biggest branches have widths of about 1 m
'30d @Fig. 2~b!#. After the passage of the water contact lin
the surface of the sediment is still smooth and the patt
appears with a delay of few tens of seconds. The dynam
evolution of the structure can last as long as 2 min. Fi
small localized structures with a characteristic angle sim
to the previous cross-hatched pattern appear almost ev
where and then, bigger and bigger disordered structures
created as they merge under the action of erosion and s
ment transport. We will call this regime thedisordered re-
gime, refering to the random aspect of the final netwo
Transition between cross hatched and branched is prog
sive.

For velocities higher than 0.1 cm/s and slopes increa
above'19°, there is a sharp (1°→2°) transition to a re-
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gime of dimples with a structural aspect similar to anorange
skin @see Fig. 2~c!#. For steeper slopes, we observe the p
gressive onset of achevron patterncharacterized by a well
defined angle@see Fig. 2~d!#. The cross-over region is indi
cated approximatively by a dashed line on the ph
diagram. The chevron pattern forms quickly~typically
5 s! behind the receding liquid contact line. The rhombo
elements characterizing this structure have a slightly roun
downhill tip and a height profile like fish scales or roof tile
i.e., the sediment is thickest at the downhill tip, with a sh
low decrease uphill, and a sharp lower edge.

Finally, this regime is limited by the maximal stabilit
angleum535° above which the sediment layer would spo
taneously avalanche as a whole. From the present ex
ment, we observe no systematic variation of the chev
wavelengthl with velocity or tilt angle. Nevertheless, th
spacing of the chevrons has a tendency to grow as the
tact line recedes with a mechanism akin to defect fusion;
obtain a mean spacingl5562 mm. On the other hand
systematic experiments at constant angleu530° show

FIG. 1. Phase diagram localizing the different patterns obser
in the erosion experiments in the tilt angleu –velocity V space.
Lines delimiting the domain boundaries are mere guides to the e
Letters and symbols correspond to Fig. 2.
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clearly a decrease of the chevron pattern opening anglw
from 90° to 30° for increasing velocity~see Fig. 3!.

Various rhomboid patterns have already been descri
by geologists in natural environments@1# such as on sea
ward facing beach slopes@9#, in reservoirs or river beds afte
a full drainage of the water. Although there seem to be s
eral distinct types, only few attempts at explaining a possi
mechanism were made@9#. Previous observations and th
few experiments available commonly attribute the format
of chevron patterns to instabilities at the free surface of
flowing water layer~such as hydraulic jumps!, which couple
to the bottom profile@10#. Although this could be true for
certain types of rhomboid ripples in shallow, fast flowin
rivers, it cannot be the case for the chevron regime descr
here. Indeed, the largest estimation for the Froude num
we can make at the chevron onset is Fr5V/Agd55
31022, which certainly rules out factors such as hydrau
jumps of the water layer. Now we seek to clarify the physic
conditions associated with the onset of pattern formation.
estimation of the Darcy flow velocityVD inside the powder
yields VD5gK/n.1025 m/s, which is much smaller than

FIG. 2. Patterns observed in the erosion experiment:~a! crossed
hatched pattern,~b! disordered branched pattern,~c! orange skin,
~d! chevron structure,~e! chevrons with oblique channels, and~f!
localized pulses at chevron onset. The layer appears darker wh
has been eroded because the bottom plate is black. A light sour
the left creates additional shading.

FIG. 3. Chevron alignment angle as a function of velocity. E
rorbars indicate measurement variations.
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the retrieval velocityV. This VD value is obtained with a
permeability K510212 m2 obtained experimentally, and
kinematic viscosityn51026 m2/s. Moreover, the capillary
length corresponding to a 30mm porous medium unde
gravity forces is about 20 cm. It is thus legitimate to consid
that the sediment remains fully soaked with water dur
retrieval of the plate. To estimate the shear exerted by
liquid film at the surface, we calculate its thicknessh(x,t) in
the plate reference frame. The retrieval of the plate begin
t50, andx50 is the initial position of the contact line be
tween liquid surface and sediment. Assuming that the flow
viscous, so that the average local flow velocity is given
V̄(x,t)5g sinuh(x,t)2/3n, the mass conservation equatio
] th1]x@h(x,t)V̄(x,t)#50 yields, for small free flow slopes
a self-consistent solutionh(x,t)5A2nx/tg sinu. That note
we neglected both capillary and hydrostatic pressure te
because of the small thickness and curvature of the flow
layer. This approximation ceases to be valid close to
origin and in the vicinity of the junction with the flat wate
level. Also note that the contact line cannot move within t
approximation, which corresponds to a situation of total w
ting on the sediment. The maximum height, just above
reservoir water level, is thus evaluated to beh
5A(n/g sinu)V510 mm'd. The first conclusion is that the
Reynolds number, Re5hV/n50.03 is small enough to jus
tify the lubrication approximation. Second, the ratio of t
shear exerted by the fluid on a grain at the bottom and
apparent weight yield a common criterion for the onset
erosion called Shield’s number

S5
rwtanu

Dr

h~x,t !

d
.S V

V0
D 1/2

with

V05S Dr

rw
D 2 gd2

n
,

whererw is the density of water andDr5r2rw is the den-
sity contrast between grains and liquid. In Fig. 2 we plot
theV(u) curve correspondingS50.12. The scaling implica-
tions of this formula should be put to test more system
cally, but so far, it seems to reproduce remarkably the sh
of the limit where erosion patterns are evidenced. Note th
Shields number of value 0.12 is marginally large to repres
a situation where a grain would be spontaneously dislod
under the action of viscous shear. On the other hand, w
interpreted in the frame work of the Coulomb criterion f
the sediment layer stability, the shearing strength due to
cous forces could be large enough to trigger an avalanch
wet grains. This is indeed what we observe at an angle ab
around 18°61°. For this purpose, we visualized the expe
ment in the chevron regime by lighting the flow through t
bottom of the setup@Fig. 4~a!#: In this figure, darker spots
corresponding to thicker sediment layers. In Fig. 4~b!, we
present a space-time view of the dynamical process for
sion and chevron formation. Each stripe of actual size
36.1 cm2 corresponds to the central part of a picture such
4~a!. Each successive stripe corresponds to a time lag of
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s. The line labeled by 1 indicates the water line retreating
constant velocity. The line by labeled 2 shows the front o
sediment avalanche triggered at the very top of the soa
layer. Clearly, this avalanche accelerates as grains accu
late at the front, and it eventually catches up with the wa
line. As the avalanche proceeds, a spatially modulated
tern of settling sediment occurs in the wake of the surge~line
3 indicates first chevrons! from top downwards. During this
settlement, a horizontal structure is created with a w
defined spatial selection already visible in the vicinity of t
avalanche onset. This original structure will give rise to t
chevrons pattern since the subsequent sedimented stru
will occur further down with a horizontal spatial shift o
roughly one-half of the wave length. Then, a similar scena
is taking place for the next structures down and so on. A
final settlement of a chevron line, sediment will still flow b
only between adjacent chevrons. Now, instead of an a
lanche flow, we rather have a channel flow which displays
erosive activity sharpening the pattern until it reaches its
nal form. This final erosion process appears as a backw
wave. At larger velocities, the channel flow is sometim
able to erode the layer down to the bottom of the pla
producing a riverlike network as in Fig. 2~e!.

There are many open questions left on why such a st
ture is likely to occur in the wake of the avalanche, and w
it has such a well-defined wavelength. Here, we mention
plausibly relevant paths of thought. Recent experiments
sheared dense suspensions in a rotating drum show th
particle dense flow is instable under shear@11#. Particle seg-

FIG. 4. Dynamics of the chevron formation.~a! Snapshot of the
mud avalanche above the contact line.~b! Spatiotemporal diagram
~split across two lines! showing how chevrons appear in the wa
of an avalanche.
1-3
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regation occurs in the transverse direction, producing reg
denser in solid particles that may enhance in our situatio
localized sedimentary process. Note also that the dynam
aspects related to this mud avalanche bear many similar
with studies on instabilities and pattern formation in fallin
viscous sheets@12#. To our understanding, this chevron r
gime reveals an interesting and open problem of mud fl
and sedimentation wave propagation. Along this line, it
interesting to note that just at the onset of instability, in a t
velocity region, a regime of localized pulses crossing e
other at 90° is observed@see Fig. 2~f!#, which is actually
strongly reminiscent of a nonlinear waves phenomenolog

In conclusion, we presented different results on
laboratory-scale experiment producing a rich variety of p
terns due to erosion or deposition processes. The notio
‘‘phase’’ we use in the scope of this manuscript is qualitat
~based on visual distinction!, and should be defined mor
precisely in terms of an order parameter. We show that c
trarily to previous propositions these structures do not oc
as a consequence of water surface waves, but we post
that these are triggered by water viscous strain in low R
ar
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nolds and Froude numbers regime. The correspond
Shield’s criterion implies certain scalings of the onset w
grain size, viscosity, etc., which are currently investigat
We especially focused here on an intriguing rhomboidl
~chevron! structure organized with a typical distance and
coherent angle between chevrons. This avalanche regim
clearly separated from another erosion mechanism produ
disordered networks of branched or cross-hatched chan
In the chevron regime, we evidence a different mechan
based on the triggering of a dense sediment avalanche.
observed patterns stem from instabilities initiated in t
wake of the avalanche. Erosion and deposition mechani
further develop in order to carve the pattern to its final ch
ron form.
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