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MSC, Université de Paris, Université Paris Diderot, CNRS (UMR 7057), 75013 Paris, France

(Received 7 July 2020; accepted 2 October 2020; published 6 November 2020)

The dissolution of rocks by rainfall commonly generates streamwise parallel channels, yet the
occurrence of these natural patterns remains to be understood. Here, we report the emergence in the
laboratory of a streamwise dissolution pattern at the surface of an initially flat soluble material, inclined and
subjected to a thin runoff water flow. Nearly parallel grooves about 1 mm wide and directed along the main
slope spontaneously form. Their width and depth increase continuously with time until their crests emerge
and channelize the flow. Our observations may constitute the early stage of the patterns observed in the
field.
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Pattern formation arising from mechanical erosion has
been the subject of numerous physics studies [1–3]. In
contrast, morphogenesis due to chemical erosion has
received far less attention outside the geological commu-
nity [4,5]. Yet, it is the dominant erosive process for soluble
rocks such as limestone (CaCO3), gypsum (CaSO4; 2H2O),
and salt (NaCl). When the rock is in contact with a water
flow, it dissolves into the flow and becomes a solute. The
rock erosion rate then depends on the local solute concen-
tration at the dissolving interface. This concentration can
vary due to hydrodynamics, explaining the emergence of
specific dissolution patterns [4,5]. In caves, solutal con-
vection [6–10] and turbulent flows [11–14] shape disso-
lution pits and scallops. At the Earth’s surface, when rock is
exposed to rainfall, the runoff flow typically creates nearly
parallel channels called Rillenkarren in the geomorphology
literature. These channels are directed along the main slope,
and their width ranges from about 1 mm to 1 m [15,16] [see
Fig. 1(a), 1(b)]. Although their occurrence is common in
nature, the physical origin of this streamwise pattern
remains unknown.
At the surface of a granular bed, streamwise grooves can

be generated by counterrotating vortices when the flow is
turbulent [17,18] or by the diffusion-like transport of grains
from the troughs to the crests of the bed in a laminar regime
[19]. Yet, when water flows over a melting, dissolving, or
precipitating bed, stability analyses only predict spanwise
(or transverse) undulations due to a coupling between the
free surface of the flow and the bed [20–22]. Streamwise
patterns on soluble rocks have only been predicted for thin
film flows overhung by the rock, which are destabilized by
the gravity [23–25].
Experimentally, turbulent flows of about 0.5 m=s in a

deep-water regime have been found to generate streamwise
grooves called flutes on plates of plaster [26] (same
chemical composition as gypsum). This streamwise dis-
solution pattern can evolve into a transverse pattern

commonly called scallops, but Allen [26] did not monitor
the pattern change and proposed only qualitative mecha-
nisms. Finally, a single study reports the formation of
streamwise grooves in experimental conditions close to the
Rillenkarren ones [27,28]. Molded blocks of plaster and
salt blocks were subjected to an artificial rain generating a
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FIG. 1. (a) Natural Rillenkarren on limestone (Karst plateau,
Slovenia). Credit: Marko Simic. Width of picture: about 1 m.
(b) Dissolution rills or Rillenkarren on gypsum (Vaucluse,
France). Width of picture: about 20 cm. Credit: Pierre Thomas
(https://planet-terre.ens-lyon.fr). (c)–(f) Experimental dissolution
grooves. Consecutive pictures of a gypsum (plaster of Paris)
block subjected to a runoff flow (inclination 39°, flow rate
Q ¼ 2.8 L=min, U ¼ 0.84 m=s) for increasing times of expo-
sure to the flow. From left to right, t ¼ 2, 7, 19, and 45 h. The
blue lines indicate the position of water injection and the blue
arrows the flow direction (b)–(f). The initial dimensions of the
block are 200 × 100 × 25 mm.
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flow of a few centimeters per second and around 100 μm
deep. After several hundred hours, grooves several centi-
meters wide were obtained. This descriptive study does not
investigate the initiation or the temporal evolution of this
pattern. Moreover, several authors claim that the impact of
the rain droplets on the water film is the condition that
generates the grooves [16,28,29].
Here, we demonstrate experimentally the emergence of

streamwise dissolution patterns created by a water film
flowing on soluble rocks in the absence of rainfall.
Figure 1(c)–1(f) shows the results of an experiment
performed on a block of plaster of Paris (KRONE
Alabaster Modellgips 80, pure gypsum; see Supple-
mental Material [30], which includes Refs. [31–38]).
Millimeter-wide grooves directed along the main slope
appear after several dozens of minutes. Over time, the
characteristic width and depth of the grooves increase
until they are so deep that their crests emerge from the
water film, thus channelizing the flow. At this stage,
these centimetric grooves are similar to the Rillenkarren
observed in the field.
Experiments with limestone are difficult to perform in

reasonable time as limestone dissolves slowly. We also
performed experiments on carved blocks of Himalayan
pink salt (Khewra Salt Mine, Pakistan, 98% sodium
chloride [39]). Although these blocks are natural geological
samples and present a significant heterogeneity in structure,
with chemical defects and cracks, we observed qualita-
tively similar streamwise grooves (see Supplemental
Material [30]).
Figure 2(a) depicts the principle of the experiment.

A constant flow rate Q of tap water is injected on
top of molded rectangular blocks of plaster (200×
100 × 25 mm). Thanks to the excellent wetting properties
of soluble materials, a thin water film of homogeneous
thickness h spans all the block after a transient of a few
seconds. Driven by gravity, the film flows over the top
surface of the block inclined with an angle θ. We measure
the average film thickness h with the flight time of an
ultrasonic beam and then deduce the average velocity U
(Supplemental Material [30]), for the initial flat bed. For
example, with a typical flow rate Q ¼ 2.8 L=min and an
inclination θ ¼ 39°, we measure a thickness h ¼ 560 μm
and calculate a velocity U ≈ 0.84 m=s. The corresponding
Reynolds and Froude numbers are Re ¼ ðUhÞ=ν ≈ 466 and
Fr ¼ U=

ffiffiffiffiffi

gh
p

≈ 11 (with g ¼ 9.81 ms−2 the gravitational
acceleration and ν the kinematic viscosity of fresh water
ν ¼ 1.0 × 10−6 m2 s−1 at 20 °C). According to experimen-
tal [40] and numerical works [41], these thin flowing films
belong to a regime of wall-induced turbulence (Re > 75).
Measuring the topography of a rock while a thin film of

water flows over it is a difficult task. Instead, we regularly
stop the experiment and measure the three-dimensional
topography of the dried eroded surface using a laser
scanner. We thus obtain the surface elevation ηðx; y; tÞ

with an accuracy of 70 μm and a resolution in ðx; yÞ of
0.2 mm at several time steps ranging from 0.5 to 10 h. We
can then analyze the topography evolution of the plaster
blocks. As an example, let us describe a typical 55 h-long
experiment with U ¼ 0.84 m=s and h ¼ 560 μm. As water
dissolves the gypsum and flows downward, the solute
concentration increases. The erosion resulting from this
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FIG. 2. (a) Sketch of the dissolution experiment, side view. A
water film of flow rateQ, velocity U, and thickness h is driven by
gravity and flows over a block of soluble rock of width
W ¼ 100 mm, length L ¼ 200 mm, and inclined at an angle
θ. The block thickness ηðx; y; tÞ progressively decreases as it
dissolves, creating a solute concentration field cðx; y; zÞ in the
flow. (b) As a result, the surface-averaged dissolved depth h−ηi
increases linearly (here during a typical experiment with
U ¼ 0.84 m=s, h ¼ 380 μm). (c) Transverse profiles ηðx; y; tÞ
of the same experiment, measured along y at a distance
x ¼ 20 mm from the water injection and plotted at various times
t. The water level is deduced by flow conservation. Thin grooves
grow over an initially flat surface and finally form channels, their
crests emerging from the flow. (d) As the streamwise pattern
grows, the longitudinal correlation length, which measures the
maximum distance along x between two correlated transverse
profiles, increases until it reaches the length of the block.
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dissolution is thus slower far from the injection, as the
solute concentration gets closer to its saturation value. The
erosion dynamics and the resulting shaping of longitudinal
profiles will be studied in a further work, and we only stress
here that the surface-averaged erosion h−ηðtÞi of the rock is
linear in time, which means that the erosion rate of the
block is constant [Fig. 2(b)].
After 30 minutes of exposure to the flow, streamwise thin

grooves become visible. In Fig. 2(c), consecutive transverse
profiles ηðx; y; tÞ represent the progressive erosion of the
rock at a distance x ¼ 20 mm from the water injection. The
associated water height deduced by flow conservation is
also displayed. As time grows, the grooves’ amplitude and
width increase. The thin grooves progressively merge into
the large ones, which eventually channelize the flow.
At the beginning, the grooves are a few centimeters long

and randomly distributed over the rock surface. Then, they
progressively extend all along the block. We measure the
streamwise coherence of the pattern by measuring the
cross-correlation coefficient between transverse profiles.
As the distance d separating the profiles along the x axis
grows, the correlation coefficient decreases. We define the
correlation length as the distance d where the correlation
coefficient becomes smaller than a threshold, chosen to be
0.2 (see Supplemental Material [30]). Figure 2(d) shows
that the correlation length increases with time and even-
tually reaches, after about 25 h, a saturation value corre-
sponding to the sample size. Then, the grooves span the
whole length of the block.
We measure the typical wavelength of a profile by

computing the weighted average of its Fourier spectrum
(see Supplemental Material [30]). As it is constant over the
length of the block, we estimate the grooves’ typical width
λm as the average profile’s wavelength. Figure 3(a) shows
that it grows during the whole experiment from about 0.6 to
10 mm in 55 h. The pattern amplitude, estimated by the
profile standard deviation ση minus the initial rugosity and
averaged over the length of the block, also increases, almost
linearly, during the whole experiment [Fig. 3(b)].
We now analyze five experiments performed on plaster

with velocities varying from 0.36 to 0.84 m=s and three
block inclinations of 25, 39, and 66° (see Supplemental
Material [30]). Figure 3(c),(d) shows the grooves’ width
and amplitude, respectively, divided by the eroded depth
h−ηðtÞi. With this rescaling, the data belonging to different
runs are gathered.
Finally, the grooves’ aspect ratio seems to be controlled

by the water depth. Indeed, Fig. 3(e) represents λm as a
function of ση, both rescaled by the water depth h, which is
the natural length scale of the problem. The different points
obtained at different times and several velocities all
collapse on to the same curve. The initial value of λm=h
varies from 0.8 to 1.5, showing that the first pattern
wavelength is of order of the water depth. Then, as long
as ση=h≲ 1, λm and ση evolve proportionally, with

λm ≈ 20 ση. When the pattern amplitude exceeds the water
height, i.e., ση ≳ h, λ evolves more slowly than ση, meaning
that the grooves’ aspect ratio is no longer conserved. In this
channelization regime, the channel crests start to emerge
from the water film. The flow thus keeps on dissolving the
troughs while the crests are more preserved such that the
channels’ depth increases faster than their width.
In this experimental study, we demonstrate that stream-

wise dissolution patterns are created by a water runoff flow
of constant thickness. This observation contradicts the
affirmation that the impact of rain drops is required to
create the dissolution rills observed in the field [28]. To our
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FIG. 3. Evolution of grooves’ morphology during five experi-
ments. Blue circle: Q ¼ 2.8 L=min, θ ¼ 39°, U ¼ 0.84 m=s,
and h ¼ 556 μm. Green square: Q ¼ 0.22 L=min, θ ¼ 39°,
U ¼ 0.36 m=s, and h ¼ 101 μm. Orange down-pointing
triangle: Q ¼ 0.86 L=min, θ ¼ 39°, U ¼ 0.57 m=s, and
h¼ 255 μm. Red plus: Q¼1.9L=min, θ ¼ 66°, U ¼ 0.84 m=s,
and h¼ 380 μm. Magenta star: Q¼0.93L=min, θ ¼ 25°,
U ¼ 0.51 m=s, and h ¼ 305 μm. (a) The groove typical
wavelength λm increases with time. (b) The pattern amplitude
σηðtÞ − σηðt ¼ 0Þ grows linearly with time. The error bars display
the standard deviation along the x axis. (c) Grooves’ typical
wavelength rescaled by the dissolved depth λm=jhηij versus time.
(d) Pattern amplitude rescaled by the dissolved depth ση=jhηij
versus time. (e) Grooves’ wavelengths with respect to their
amplitude, both rescaled by the water depth. The aspect ratio
seems to be controlled by the flow depth.
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knowledge, such streamwise dissolution patterns have not
yet been predicted theoretically.
Dissolution patterns result from a spatial heterogeneity

of the erosion rate, which can be caused by local variations
of the flow velocity. Indeed, a larger velocity decreases the
thickness of the solute concentration boundary layer at the
dissolving interface, which increases the local erosion rate.
Thus, we propose two kinds of mechanisms to explain the
pattern emergence.
First, grooves could stem from a feedback mechanism

between the topography and the flow, leading to a destabi-
lization of the bed. For a gravity-driven flow, the local
velocity increases with the water depth. Thus, any initial
perturbation of the bed would be amplified, as displayed in
Fig. 4(a). A simple linear stability analysis in the spanwise
plane indeed predicts that all wavelengths are unstable and
an exponential growth (Supplemental Material [30]).
However, experimentally the pattern grows linearly at short
times. Moreover, the initial grooves’ width could be
imposed by the defects of the dissolving surface like
small-scale roughness or chemical heterogeneities. Yet,
the grooves’ morphology is similar in salt and plaster
experiments (see pictures in Supplemental Material [30])
and on gypsum and limestone [Fig. 1(a), 1(b)]. The
regularity of their morphology on various materials sug-
gests that this pattern does not depend on the material
heterogeneities, which vary from one material to the other,
but rather on a purely hydrodynamic mechanism.
Patterns could also arise because of the hydrodynamics

only, being an imprint of heterogeneities in the flow. If the
velocity profile presents transverse variations, as shown in
Fig. 4(b), the pattern would then appear as a passive
response of the dissolving bed to the flow, which would
impose the initial wavelength λm. A similar scenario has
been proposed for the emergence of dissolution patterns in
solutal convection [9,42]. Here, by taking, for example,
U ¼ U0½1þ β cosðkyÞ� and modeling simply the solute

advection, we predict that the pattern evolution velocity
dση=dt is proportional to the global erosion velocity
djhηðtÞij=dt by a factor β=2 (Supplemental Material
[30]). Although justified only at short times, this model
implies a linear growth of the pattern amplitude and a
constant value of the ratio ση=jhηij, which are both
observed in our experiments [Fig. 3(b),3(d)]. However,
we do not know of such hydrodynamic structures reported
in the literature, such that β and k are unknown. They must
have a sufficient lifetime to have a significant influence, as
the erosion velocity is several orders of magnitude smaller
than the flow velocity. For a turbulent, deep-water flow,
Allen explains qualitatively the appearance of grooves and
furrows on plaster blocks by the presence of turbulent
coherent structures [26], like the turbulent streaks [43,44]
inside the viscous sublayer or the Görtler vortices [45] due
to the substrate curvature. After initiation, the structure
locations could be locked at the positions of the first ridges,
which could fix the phase of the pattern during its
evolution. A decisive proof of the existence of these
structures in the conditions of our experiment is difficult
to obtain, as hydrodynamic measurements in films thinner
than 1 mm are challenging. In the conditions of our
experiments, the flow belongs to a wall-induced turbulence
regime [40,41], and the presence of turbulent structures
cannot be excluded. Yet, the wavelengths of these struc-
tures are predicted theoretically only in semi-infinite
domains. Moreover, such structures have never been
reported in shallow flows, and we must note the absence
of any experimental or numerical velocity field characteri-
zation of turbulent falling films [41]. Our experimental
results suggest that such structures may exist, and thus we
stress that the hydrodynamics of falling films at large
Reynolds numbers still present unknown features that
could strongly affect mass and heat fluxes. The film
thickness h is a natural length scale and seems to control
the morphology of the grooves observed in our experiment.
The emergence and shape of flow structures into a thin
flowing film probably requires one to take full account of
this length scale.
In the field, the Rillenkarren are created by a rainfall-

generated flow, which presents significantly smaller depth
and velocity than our experiments [28]. However, the
impacts of millimetric drops could efficiently induce
small-scale turbulence [46] and generate spanwise pertur-
bations to the velocity field. Once they have emerged at the
earliest stages of the experiment, the grooves then grow
continuously in length, width, and depth. This suggests that
the Rillenkarren observed in the field are probably a
snapshot of a continuous evolution. If this is the case,
the Rillenkarren dimensions would indicate their age, that
is, their time of exposure to rainfall.
Finally, the long-term evolution of the pattern deserves

further study. Our results show that once the grooves’ depth
becomes comparable to the flow depth, their crests emerge

(a)

(b)

FIG. 4. Two scenarios of appearance of a streamwise dissolu-
tion pattern. (a) An initial perturbation of the bed is amplified
because the local velocity increases with the fluid depth for a
gravity driven flow. (b) The flow contains a transverse velocity
variation, which is imprinted on the bed.
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from the flow and the grooves channelize the flow. Then,
they enter a new growth regime where their width grows
much more slowly than their depth. Understanding this
growth regime would need to take into account the feed-
back of the evolving topography on the flow. In deep-water
flows, the dissolution patterns tend to evolve into traverse
patterns called scallops [9,26]. Here, the flow channeliza-
tion may prevent the development of such transverse
instabilities.
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