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Experimental Evidence for Self-Affine Roughening in a Micromodel of Geomorphological Evolution
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An experimental evidence for kinetic roughening in a micromodel of mountain ranges is presented.
We have observed that during the watering of an initially smooth ridge made of a mixture of silica sand
and earthy soil the surface evolves into a shape analogous to actual mountain profiles with self-affine
geometry. For the exponents describing respectively the temporal and the spatial scaling of the surface
width 8=0.9 and @=0.78 =0.05 have been obtained. The latter value is in very good agreement with
a=0.8 = 0.1 we have calculated for genuine transect profiles.

PACS numbers: 92.40.Gc, 05.40.+j, 64.60.Ht

Although mountain ranges were among the first objects
to visually illustrate the fractal aspects of nature’s
geometry [1], their actual self-affine properties have been
demonstrated only recently on a few selected examples
[2,3]. Now that we know that these most common geo-
graphical patterns can be described in terms of fractals,
the fundamental question about the mechanisms produc-
ing fractal surfaces in geomorphological evolution arises
in a natural way. This is a difficult question to answer
because the various processes resulting in the rough sur-
face of mountainous regions are very complex and have a
wide range of origins. One of the difficulties is that the
formation of mountain ranges takes place over an ex-
tremely long period of time, thus direct observations of
erosion mechanisms leading to self-affine ridges are hard-
ly feasible. It is expected that model experiments on the
erosion of mountain ridges should contribute significantly
to our understanding of the emergence of fractal struc-
tures in geomorphological phenomena.

The evolution of a self-affine surface can be described
in terms of two exponents a and B corresponding respec-
tively to the spatial and temporal scaling of the surface
roughness [4]. In this picture the width or the standard
deviation w(L,¢) of the surface of linear extent L scales
as L*® for long times and as t# at the early stages of the
process. According to the corresponding dynamic scaling
theory the width behaves as w(L,t) ~L%f(¢/L*F), where
f(x) is some scaling function. The fractal dimension D
associated with the rough surfaces can be expressed
through a as D =d —«, where d is the embedding dimen-
sion. Kinetic roughening has attracted great interest re-
cently and the framework of dynamic scaling has widely
been used to successfully interpret the related theoretical,
simulational, and experimental results [4]. As concerning
the geomorphological aspects, for a limited number of
cases the exponent a and the fractal dimension (or closely
related quantities) have been determined from mountain
transect profiles or elevation contour lines [2,3]. The
measured a values are in the range between 0.72 and 0.88
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for structures of intermediate size [21. A value 0.57 was
obtained [3] from large scale height correlations (from
the elevation data for extended regions of Switzerland).

It is widely accepted that, at least on some length
scales, the most relevant mechanism responsible for the
ragged surface of mountains is erosion. However, erosion
can affect the surface morphology through various mech-
anisms and it is to be clarified which of these mechanisms
are dominant in the process of fractal roughening. A
number of computer models have been suggested to ac-
count for the morphological consequences of erosion, in
particular, for the evolution of river networks (see, e.g.,
Ref. [5]). As concerning experiments, in an early work
by Purdy [6] the roughening of the surface of limestone
blocks was observed when the blocks were sprayed with
acid. In this case the very inhomogeneous dissolution of
the substrate due to the networks of cracks was the main
reason for the appearance of the rough surface. Water-
ing sand in a recent experiment by Wittmann et al. [7]
resulted in fractal dendritic river patterns and a rough
surface. In neither of these works was the self-affine na-
ture of the resulting surface investigated. On the basis of
our observations the above experiments represent a limit-
ed selection of possible erosion mechanisms. We expect
that on macroscopic length scales a relevant mechanism
of erosion from the point of fractal roughening is the fol-
lowing. Breaking, dissolution, freezing, and other local
effects lead to the disintegration of the material forming
the mountain, and this results in a coherent motion of
larger masses in the form of landslidelike mass gravity
movements of widely scattered magnitude.

In this work we present an experimental evidence for
fractal roughening in a micromodel of mountain ranges.
Our approach allows us to study the dynamic scaling of
fractally rough surfaces in processes analogous to geo-
morphological phenomena. We have observed how by
watering an initially smooth ridge made of a mixture of
silica sand and earthy soil with organic matter the surface
evolves into a shape analogous to actual mountain profiles
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with a self-affine type scaling of the surface width over 2
orders of magnitude. For the dynamic exponent 8 the es-
timate ==0.9 has been obtained, while our measured
a=0.78 =0.05 is in very good agreement with the value
a=0.8 0.1 we have calculated for the transect profile
pictures taken in the Dolomites, Italy.

The experiments were carried out using a micromodel
with the following specifications. Channels were adjusted
to the four edges of a table of linear size 90 cm. Water-
ing was accomplished by implementing a suitably modi-
fied commercial sprayer (we drilled additional holes into
the sprayer originally designed for spraying insecticide,
and applied a combination of periodic and random
motion of the sprayer over the surface). Before each run
of the experiment a ridge was erected across the table
from a mixture of sand and soil. We sifted the sand and
the soil and used mixtures with a well defined sand to soil
ratio close to one (ranging from 0.4 to 0.6). The average
grain size of the sand (regular silica sand used at con-
structions) was about 150 um, while the soil (earthy soil
mixed with organic matter, id. Floravin 1991/87131)
was purchased at a florist’s shop. To have a better
knowledge of the substances we used, the size distribu-
tion of the particles in the mixture has been determined
by taking scanning electron micrographs from the sam-
ples and using digital image processing techniques to
evaluate the pictures. Several other, better defined sub-
stances such as high quality clay and large blocks of su-
gar have also been examined in our experiments; howev-
er, quite remarkably, much better results could be ob-
tained with the above simple mixture. The shape of the
ridge was such that it had one rectangular shaped and
two trapezoid shaped cross sections. The approximaté
elevation, length, and width of the rectangular shaped
plateau were respectively 18, 60, and 4 cm (the actual
sizes scattered around these average values). During
the experiments water was sprayed with an intensity
1500-3000 cc/min over the surface which gradually
roughened as parts of the ridge were taken away by a
combination of “landslides” and the flow of fine grain
suspension.

We took many pictures of the profile of the experimen-
tal surfaces as they eroded under the influence of water-
ing. When digitizing the pictures we used a scanner to
achieve a high (3000X 1500 pixels) resolution. The eval-
uation of the images provided us with a function A(x)
corresponding to the position (height) of the profile above
the table at the point x along the horizontal direction.
We also digitized a number of photos published in a book
on the Italian Dolomites [8].

Figures 1(a) and 1(b) illustrate the actual appearance
of two model “mountains” obtained by spraying the ridge
respectively for 20 and 10 min. (To get a better resolu-
tion, the pictures which were used for actual evaluation
were taken by applying a strong background light provid-
ing a much sharper contrast than in the gray-scale photos
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FIG. 1. (a),(b) Two representative morphologies obtained by
spraying the model ridges of length 65 cm for 20 and 10 min,
respectively. In (c) we display the digitized and rescaled (re-
duced in the horizontal direction by a factor of 4) image ob-
tained from the profile of the picture in (b). (d) For compar-
ison the digitized profile of one of the mountains in the Dolom-
ites is also shown.

shown here.) Figure 1(c) shows the digitized and re-
scaled (reduced in the horizontal direction by a factor of
6) image obtained from the profile of the picture in Fig.
1(b). For comparison [Fig. 1(d)] the digitized profile of
one of the mountains in the Dolomites is also displayed.
For the first glance the two images Figs. 1(b) and 1(d)

2155



VOLUME 71, NUMBER 13

PHYSICAL REVIEW LETTERS

27 SEPTEMBER 1993

seem quite different, however, the remarkable similarity
of Figs. 1(c) and 1(d) reveals that it is only the typical
slopes which are distinct in the two pictures.

The roughness of the digitized surfaces was character-
ized using two methods. We calculated (a) the height
correlations ¢(Ax) =(|h(x+Ax) —Ah(x)]); and (b) the
surface width w(Ax) =((a2—<{h)) 2. [where the
internal averaging is made over A(x) values in the inter-
val [x',x'+Ax]].

The results of the experiments are illustrated in Figs. 2
and 3. In Fig. 2 the spatial scaling of the eroded surface
is examined by plotting the surface width as a function of
Ax on a double logarithmic plot for the digitized profiles
shown in Figs. 1{c) and 1(d). Very similar scalings have
been obtained for the four further experimental ridges we
have investigated by plotting both the widths and the
correlation functions. The self-affine nature of the exper-
imental profiles is well demonstrated by the scaling region
(a nearly straight part of the corresponding curve) ex-
tending over two decades. The roughness exponent corre-
sponding to Fig. 1(b) is 0.81. From averaging over five
plots analogous to Fig. 2 we find for the roughness ex-
ponent of the experimental profiles ¢ =0.78 £0.05 in a
surprisingly good agreement with the estimate 0.8 £0.1
we obtained for the pictures taken from ridges in the
Dolomites [8]. This value is also consistent with other
measurements [2]. We would like to note that our study
is concerned with ridges with a typical length in the range
of a few miles, while in the Switzerland study [3] leading
to @==0.57 the behavior on larger length scales was deter-
mined. In fact, Fig. 3 of Ref. [3] demonstrates that for
the Switzerland data the behavior of the roughness on
smaller length scales crosses over to a scaling with an ex-
ponent considerably higher than 0.57.

The question of stability of the result ¢==0.78 against
changing the experimental conditions rises in a natural
way. We would like to underline that according to our
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FIG. 2. The surface width {(w) for the digitized profiles
displayed in Figs. 1(c) and 1(d). The self-affine nature of the
experimental profile is well demonstrated by the almost perfect
scaling region extending over two decades. The slopes indicate
the roughness exponents corresponding to the given profiles.
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observations the exponent we have found is determined
by the actual roughening mechanism and not by the na-
ture of the composite used for the experiments. We ar-
rived at this conclusion by carrying out a long series of
experiments with a wide selection of materials. We have
observed two major classes of surface development: (i)
roughening through landslides and (ii) other processes.
Remarkably, on the length scale of our experiments, the
more interesting class (i) occurred only for a range of the
sand to soil ratio. Once the roughening took place by
landslides, the various sand to soil ratios (or further com-
posites made of sand and various sticky materials) result-
ed in the same exponent a. As concerning the other sur-
face evolution processes (ii) we have found that no well
pronounced roughening could be observed using compos-
ite ratios very different from one to one or by using vari-
ous other substances such as clay or even a block of su-
gar. Pure sand was simply washed away. Clay and a
large brick of bulk sugar do not let the water penetrate
the main body of the object; in that case surface evolution
was entirely due to dissolution effects along the surface.
Because of wetting and surface tension effects, however,
the characteristic size of the grooves on the surface was
too large (in the range of 10-20 cm) for producing a
rough surface on the scale of our experiment. In con-
trast, when the material of the simulated mountains un-
derwent landslides of widely scattered sizes the scale of
the smallest structures was about 1 mm.

We also studied the scaling of the width of the entire
profile as a function of time in order to get an estimate of
the exponent B. The elapsed time was associated with the
difference between the initial height and the actual aver-
age height of the profiles. At the beginning of the experi-
ment (until the model mountain became completely wet,
and the first landslides could occur) the surface remained
smooth. Then, the dynamics of the surface roughening
was dominated by a combination of gradual roughening

w(L,t)
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FIG. 3. Temporal scaling of the total width of the experi-
mental profiles. These data, averaged over five independent ex-
periments, suggest a scaling in time with an exponent § near to
0.9. The data curve down for large ¢ values because after some
time the total height of the ridge becomes small due to erosion

and the height fluctuations are bound to decrease.
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and massive landslides resulting in large perturbations of
the surface width in time. Because of the lack of an extra
averaging the total width w(z) fluctuates much more as a
function of time ¢ than, for example, the average widths
w(Ax,t>>1) as a function of Ax. Correspondingly, the
scaling in Fig. 3 is less well pronounced than in Fig. 2.
However, Fig. 3 indicates a temporal scaling of the total
surface width according to an exponent =0.9. After
some time the total width saturated at a level depending
on L. We plan to carry out further experiments to inves-
tigate in detail the time dependent correlations during the
"stationary regime of the roughening process.

These results, obtained for our micromodel of geomor-
phological evolution, demonstrate that the erosion of
mountainous regions may lead to self-affine fractal ranges
and the whole roughening process can be described in
terms of dynamic scaling. As concerning the actual
mechanisms for the kinetic roughening of the profiles we
observed the following relevant processes: (a) suspended
material in the ridge region was carried away by the flow-
ing water, (b) small to very large landslides occurred re-
sulting in sharp changes of the profile over a short inter-
val and widely varying length scales, and (c) the material

accumulated at the bottom part due to the landslides was -

carried away by the flowing water. Apparently all three
processes have to take place in order to produce fractal
profiles.

Although the relationship of the processes occurring in
our experiments to the mechanisms leading to the forma-
tion of real mountains with self-affine profiles should be
the subject of further study, we think that our findings
are suggestive about the emergence of fractal surfaces in
geomorphology., We have made several observations
which are likely to be relevant from the point of fractal
roughening of mountainous regions: (i) A mixture of
materials (sand and earthy soil) resulted in more realistic
profiles implying the importance of inhomogeneities in
the erosion processes. (ii) If the conditions were such
that no landslides occurred, no fractally rough surfaces
developed in spite of the appearance of river networklike
patterns on the surface. (iii) The materials we used led
to relatively small characteristic slopes; however, this did

not result in a change as concerning the roughness ex-
ponent, representing an evidence in favor of the universal
nature of the observed behavior. Finally, the landslide
mechanism is likely to play an essential role in the fractal
roughening of ridges only on length scales below a few
miles, and it naturally does not determine the roughness
on scales 10-100 miles, where different processes become
dominant.
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