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We use a quantitative model to examine rock abrasion by direct impacts of sand grains. Two distinct
mechanisms are uncovered (unidirectional and isotropic), which contribute to the macro-scale morpho-
logical characters (sharp edges and flat facets) of ventifacts. It is found that facet formation under condi-
tions of a unidirectional wind relies on certain mechanical properties of the rock material, and we confirm
the dominant role of this mechanism in the formation of large ventifacts. Nevertheless small ventifacts
may also be shaped to polyhedral shapes in a different way (isotropic mechanism), which is not sensitive
to wind characteristics nor to rock material properties. The latter mechanism leads to several ‘mature’
shapes, which are surprisingly analogous to the morphologies of typical small ventifacts. Our model is
also able to explain certain quantitative laboratory and field observations, including quick decay of facet
angles of ventifacts followed by stabilization in the range 20–30�.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

For more than 150 years, the shapes of wind-worn rocks
(ventifacts), including facets and sharp edges, have inspired
researchers to describe the underlying abrasion mechanism
(Blake, 1855). The abundance of such formations on Mars has
renewed interest in this topic.

Ventifact research in the late 19th (Enys, 1878; Stone, 1886;
and others) and early 20th centuries (Bather, 1900; Bryan, 1931;
King, 1936) concentrated in large measure on the morphological
classification and documentation of small ventifacts. While there
is no precise definition of a ‘small’ ventifact, it is generally consid-
ered to be a few centimeters in diameter (Schoewe, 1932;
Wentworth and Dickey, 1935; Needham, 1937), whereas ‘large’
ventifacts may reach heights of several meters (Laity, 2009).
Bather (1900) referred to small wind-eroded rocks as dreikanter,
pyramid-pebbles, or facetted pebbles and, in 1911, Evans proposed
that the term ‘ventifact’ be employed to encompass the multiple
terms then in use. For small rocks in particular, the original faces
of a rock are modified by wind abrasion to form one or more facets
– approximately planar rock surfaces (Bather, 1900; King, 1936;
Sharp, 1949), with a keel (sharp ridge) or keels joining two or more
facets. Early ventifact studies devoted considerable energy to clas-
sification and the number of keels (kante) was used to describe
small ventifacts as einkante, zweikanter, dreikanter (one-, two-,
three-ridged), etc. (Bryan, 1931).

The relationship between ventifact form, wind climate, and the
nature of the abradant has been a longstanding area of inquiry.
Throughout the early period of investigation, debates centered on
whether facets were caused by unidirectional winds, by winds
from two opposing directions, or winds from multiple directions
(termed here: variable winds). Additionally, the degree to which
the shapes of mature ventifacts reflect the initial clast morphology
or the wind direction was considered (see, for example, Wade,
1910; King, 1936; Sugden, 1964). In an extensive review of earlier
investigations into faceted pebbles, Bather (1900) concluded that
(a) facets, polish, and striations are the result of wind-blown sand
and (b) that facets form by the action of the prevailing winds, with
the wind acting at right angles to ridges (keels). More recent
research supports these fundamental findings (Laity and Bridges,
2009). Today, it is widely accepted that ventifact morphology
reflects the local, and in some cases, regional, wind direction and
large ventifacts have been used as indicators of palaeoclimate
and palaeowinds, both on Earth and Mars (Laity, 1987; Bridges
et al., 1999, 2014; Thomson et al., 2008).

The development of individual facets has received considerable
qualitative consideration over the duration of ventifact studies. It is
an established view that every facet of a clast corresponds to a
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sustained period of immobility during the abrasional history,
associated with a constant dominant wind direction relative to
the rock. The principal questions that have been posed are the
effect of the original shape of the rock face on facet development
and the causes of multiple facets. With respect to small ventifacts,
studies as early as Bather (1900) suggest that facet morphology
reflects the shape of the original clast, especially in the early stages
of abrasion. Field observations show that medium- to large-sized
boulders typically have one or two facets or beveled faces
reflecting the dominant wind directions; whereas, smaller
ventifacts often acquire several facets as they are more easily
displaced and a new facet will form with each movement
(Woodworth, 1894; Cooke et al., 1993; Hoare et al., 2002). Causes
of rock displacement include animal disturbance, frost shifting,
undermining by rainwash or the wind, and earthquakes.
Furthermore, King (1936) suggests that attrition of the rock by
sandblasting from two directions may produce a narrow base,
which causes the stone to roll over, providing a fresh face on which
new facets are cut. These conditions apply where the ventifact is
not firmly anchored in the substrate, but is free to move.

In addition to facets and edges, wind direction is reflected in
meso-scale surface patterns, such as flutes, grooves, and pits. The
morphological evolution of these features and the time required
for their formation remain an area of ongoing investigation
(Knight and Burningham, 2003; Bridges et al., 2004; Várkonyi
and Laity, 2012). Understanding such feature evolution provides
important clues to the age and maturity of a wind-eroded land-
scape (Knight, 2008; Gillies et al., 2009; Bridges et al., 2014). A
long-lasting debate in the literature has focused on the relative
importance of saltated sand grains vs. suspended dust particles
in the formation of surface features (Laity and Bridges, 2009).
Today, it is widely accepted that sand dominates abrasion – the
present work also adopts this view. In a recent paper (Várkonyi
and Laity, 2012), we developed a differential equation model of
abrasion to demonstrate that abrasion by direct impacts from sand
grains is able to develop, maintain and enlarge various meso-scale
features such as pits, flutes and grooves.

Only a few attempts have been made to develop quantitative
models of abrasion and study how the evolving rock geometry
and the abrasion process interact with each other (Anderson,
1986; Wang et al., 2011; Várkonyi and Laity, 2012; Barchyn and
Hugenholtz, 2015). Facet evolution has been shown to proceed
by sand abrasion of targets under both laboratory (Kuenen,
1928,1960) and field conditions (Bridges et al., 2004). The facets
developed on large ventifacts may be transitional in form to those
developed on the lower windward faces of yardangs, which evolve
in a similar manner, but are embedded, and thus not subject to
movement. Kuenen’s (1928) laboratory experiments suggested
that the eventual form of the ventifact (ridge-shaped or pyramidal,
for example) is determined by the initial shape of the base, but the
experimental conditions did not allow undermining of the base
and subsequent reorientation of the faces. Schoewe (1932) simu-
lated conditions of overturning and examined both unidirectional
and variable winds (from 16 directions) and noted the develop-
ment of similar end forms, with the triquetous or Brazil-nut type
considered to be the final or most complete shape. The triquetous
and tetrahedron forms (Woodworth, 1894; Bather, 1900) (see
Fig. 1) are thought to represent a shape attained by ‘‘completed”
aeolian action under field conditions (Enys, 1878). In addition to
form experiments, there are some data on the abrasion rate under
various conditions (Selby, 1977; Sharp, 1980; Miotke, 1982;
Greeley et al., 1985; Malin, 1988; Knight, 2003; Knight and
Burningham, 2003). Under conditions of abundant sediment and
persistent winds, the initial form of ventifacts can develop quickly.
However, ventifact form is controlled by the highest velocity winds
in a region, which are infrequent. Thus, mature ventifact forms
may take a centuries or millennia to develop (Anderson and
Anderson, 2010).

Our present goal is to develop a model of abrasion suitable for
numerical simulation, which illustrates the formation of ventifact
macro-scale edges (keels) and facets, and which predicts the
shapes of mature ventifacts. We analyze the formation of facets
on both large and small ventifacts. Large specimens are usually
immobile, and the strongest winds around them very often have
one dominant direction. We demonstrate that the resulting abra-
sion mechanism (which we will call henceforth unidirectional
mechanism) rapidly generates facets and edges due to the special
dependence of the abrasion susceptibility of rock material to
impact angle.

In order to understand the morphological evolution of small
ventifacts, we analyze a simplified model of the abrasion of a spec-
imen that is small enough to get overturned many times. Given the
frequent causes of displacement discussed earlier, it is perhaps
unlikely to rest long enough in one position to acquire well-
defined facets. Our model reveals that this scenario can be modeled
as a continuously varying wind direction relative to the rock, lead-
ing to uniform abrasion over the rock surface. This process induces
facet and edge formation through a different mechanism than the
unidirectional mechanism, which we refer to as the isotropic mech-
anism. Facet formation via the isotropic mechanism is somewhat
less efficient than facet formation via the unidirectional mecha-
nism. At the same time, it is effective on all material types, as it
does not rely on a special dependence of susceptibility to impact
angle. To judge the practical significance of the isotropic mecha-
nism, future work is needed to compare the frequency of rock dis-
placements to the time-scale of abrasion.

The newly uncovered isotropic mechanism transforms any ini-
tial shape to one of three ‘ultimate’ shapes, two of which resemble
the most common mature ventifact morphologies: pyramidal
dreikanters and triquetrous Brazil nut shapes (Fig. 1). Which of
these alternatives emerges depends only on the geometry of the
initial shape as explained in Section 3.2.

In this paper we extend aspects of the methodology in Várkonyi
and Laity (2012), including numerical simulation of ventifact
development using different rock materials. The model subjects
the rock to both unidirectional and variable winds, the latter rep-
resenting the action of wind on a frequently displaced rock. In all
cases, it is assumed that the material is homogeneous and without
cavities. This differs from our previous work, where we examined
the growth of linear features, such as flutes, on large, inhomoge-
neous rocks with cavities that, owing to their mass, were fixed in
position (Várkonyi and Laity, 2012).
2. The abrasion model

Várkonyi and Laity (2012) proposed a partial differential equa-
tion as a model of abrasion. Here we briefly summarize the model.
2.1. Energy flux of impactors

Let the position vector x point to a surface point of an abrading
rock. The area around this surface point experiences impacts from
sand grains of various impact angles (u). Throughout the paper, u
is defined as the angle between the particle’s trajectory and the
tangent plane of the rock surface (i.e., u = 0 for grazing impacts,
and u = 90� for perpendicular impacts). The long-term statistical
distribution and the intensity of impacts can be characterized by
a mean energy flux distribution function F(u,x) with dimension
mass1 time�3. The integration of this function over areas of the
rock surface, and ranges of u, provides the total kinetic energy of
impactors hitting the examined area per unit time, within the



Fig. 1. (A) The three mature shapes of small ventifacts predicted by the model described in this paper. Two views of flat disk with two curvilinear facets and an edge (left);
two views (long axis and end view) of an elongated ‘Brazil nut’ shape with three curvilinear facets and three edges (middle); one view of an arbitrarily shaped tetrahedron
(right). (B) Photos of actual ventifacts: small ventifact from the Libyan desert (middle); and periglacial ventifact from Germany (right). Flat disk-shaped ventifacts appear to be
uncommon in the field. Photos by Matthias Bräunlich.
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given ranges of u. There are theoretical and empirical results on
how the instantaneous energy flux for surfaces facing the wind
depends on wind velocity and height above ground (Bridges
et al., 2005; Anderson and Anderson, 2010). Other important fac-
tors to be considered include the orientation of the surface of the
rock relative to the ground surface and to the instantaneous wind
direction; as well as the availability of sand. To find the long-term
distribution F(u,x), the wind regime of a given location, as well as
displacements in the case of mobile rock specimens should also be
considered. Simple examples of finding F(u,x) are given in
Section 2.3.
2.2. Abrasion susceptibility of rock material

The rate of abrasion of a rock surface is known to be linearly
proportional to the total kinetic energy flux of impactors hitting
it (Greeley et al., 1985). A recent work (Wang et al., 2011) has also
uncovered the dependence of abrasion rate on mechanical proper-
ties of the rock, including Young’s modulus and shear strength.
Finally, the impact angle of the sand particles plays a key role in
abrasion (Greeley et al., 1985). In line with these results, the abra-
sion effect of the impacts is characterized by a susceptibility func-
tion S defined as the volume of the eroded material per unit kinetic
energy of the impacting grains (dimension: length1 mass�1 time2).
S is assumed to take the form S = Cs(u), where C has the same
dimension as S. C is independent of impact angle, but it may
depend on other factors such as mechanical properties of the rock
material, whereas the dimensionless function s(u) incorporates the
effect of impact angle. Throughout the rest of the paper, s(u) is
referred to as the susceptibility function.

Rocks are usually considered as brittle materials, for which the-
oretical models suggest s(u) = constant � sin2(u) (Finnie, 1995,
Fig. 2). Because of S = Cs(u), the constant multiplicator in the for-
mula of s(u) can be chosen arbitrarily and thus the vertical axis
of Fig. 2 is not scaled. Ductile materials (e.g., metals) have a signif-
icantly different susceptibility function due to the different mech-
anisms of abrasion (Fig. 2). Experiments on obsidian by Greeley
et al. (1982, 1985) showed brittle behavior. However, they also
found that many igneous rocks, including basalt, granite, tuff and
rhyolite, behave as a ’combination of brittle and ductile material’.
The behavior of these rocks is best described by an intermediate
susceptibility function, which lies between the brittle and ductile
types and has two susceptibility peaks: we refer to this curve as
a ‘Modelled susceptibility function’ (Fig. 2) (Greeley et al., 1982,
1985). Non-igneous lithologies have not been examined experi-
mentally. It is beyond the scope of this paper to clarify the contra-
diction between Greeley’s experimental results and the fact that
rock is usually considered brittle. Our results are discussed for
Modelled and brittle material.

2.3. Abrasion equation

With the notations introduced above, the long-term mean rate
of abrasion of the rock surface at point x is

_x ¼
Z p=2

u¼0
Fðu; xÞ|fflfflfflffl{zfflfflfflffl}
distribution
of impacts

� C � sðuÞ|fflfflfflffl{zfflfflfflffl}
efficiency
of impacts

du � nðxÞ ð1Þ

where n(x) is the inward pointing unit normal vector of the surface
at x. C is independent of u, thus it can be moved outside the integral
to obtain

_x ¼ C �
Z p=2

u¼0
Fðu; xÞsðuÞdu � nðxÞ ð2Þ

If s(u) and F(u,x) are known, this equation can be used to sim-
ulate the morphological changes of the retreating rock surface,
which is the aim of this paper. C determines the time scale of the
abrasion process, which is less important for our present purpose.

To estimate F(u,x) without a detailed analysis of saltation tra-
jectories and impact events, we use two assumptions:

1. The impactors are much smaller than the rock surface under
abrasion.

2. The trajectory of each grain follows the actual wind direction
represented by a horizontal unit vector w.

Assumption 1 is important, because impacts from large objects
tend to accumulate at strongly curved portions of a rock surface,
fundamentally changing the abrasion process (Várkonyi and
Domokos, 2011). Assumption 2 neglects the fact that saltating sand
grains have slightly curved trajectories, some parts of which devi-
ate significantly from the horizontal. Assumption 2 also neglects



Fig. 2. Shape of the susceptibility function of an ideally brittle material; an ideally
ductile material; and a schematic curve based on Greeley’s (1982) experiments on
the susceptibility of various volcanic rocks, labeled as ‘Modelled material’.
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impactor deviation in the neighborhood of a rock caused by local
perturbations of the airflow, which is realistic because coarse
grains, transported by saltation, tend to decouple from the wind
flow (Anderson, 1986).

While the modeling framework presented in this paper can be
used to simulate arbitrary wind conditions, in the following we
narrow our focus to three idealized scenarios:

Unidirectional wind: Aeolian abrasion is maximized during epi-
sodes of strong winds, wherein the direction tends to show little
fluctuation. To study facet formation in the presence of a unidirec-
tional wind, we assume that all grains move in the same direction
(w) and their flux is independent of x. Then, all impacts hitting at a
given point have the same impact angle, namely 90� minus the
angle between n(x) and w. This angle is denoted by b(x). The dis-
tribution function F can be expressed using the Dirac-delta (D)
symbol: F(u,x) = constant�E(x)max(0,sinb(x))�D(u � b(x)). E(x) is
an exposure function: it is 1 on portions of the surface exposed
to the grain flux and 0 for sheltered parts. The sheltered parts
include all leeward surfaces (sinb(x) < 0) and they may include
some parts of windward surfaces, which are shadowed by other
portions of the rock surface. We restrict our attention to convex
shapes, on which windward areas are always exposed to abraders.
In this case, the abrasion Eq. (2) becomes

_x ¼ constant �maxð0; sin bðxÞÞ � sðbðxÞÞ � nðxÞ ð3Þ
The same equation has been examined in Várkonyi and Laity

(2012); however, the focus of that paper was on the effect of grains
rebounding within cavities of a textured rock surface. In the pre-
sent paper, we discuss smooth surfaces without cavities.

Variable wind: As discussed above, the direction of strong winds,
which activate aeolian abrasion, usually does not fluctuate greatly.
Nevertheless, small rocks may occasionally be displaced during the
decade- or even century-long abrasion process. Each such event
changes the apparent direction of the wind relative to the rock.
Our goal is to model this scenario. If a rock is displaced many times
during the abrasion process, the variable wind directions (relative
to the rock) can be approximated by a continuous probability dis-
tribution. For the sake of simplicity, we assume that this distribu-
tion is uniform, i.e., that the stone rests in all orientations with
equal probability. Under such conditions, a surface point on a sim-
ple, convex rock surface experiences impacts over time from all
directions. F can be determined as an integral over a half-sphere
(i.e., the horizon of the examined surface point). Provided that
the grain flux is again independent of x, F(u,x) = constant � cos
(u)�sin(u) and (Bloore, 1997; Várkonyi and Domokos, 2011). Hence,
in this case, the intensity of abrasion is uniform over the rock sur-
face for any material and any convex geometry. Concave parts of a
rock are partially shadowed by other regions of the rock surface.
The model is not extended to this case.

_x ¼ constant �
Z p=2

u¼0
cosu sinu � sðuÞdu � nðxÞ

¼ constant � nðxÞ ð4Þ
Unidirectional wind with height-dependent intensity: The model

can be made more realistic by taking into account that the inten-
sity of the abrasion depends on the height h(x) above the ground.
Specifically, it is close to 0 at the ground level, increases with
height up to a maximum point, and decreases to 0 again if height
is further increased (Anderson, 1986). For small rocks, the intensity
is roughly proportional to h(x). The corresponding abrasion equa-
tion reads

_x ¼ constant �maxð0; sin bðxÞÞ � sðbðxÞÞhðxÞ � nðxÞ ð5Þ
3. Simulation results

3.1. Facet formation in unidirectional wind

It is likely that the specific susceptibility function of brittle
materials is responsible for the formation of facets facing towards
the prevailing wind direction. This is confirmed and explained by
the present model of abrasion. It can be shown that in the presence
of unidirectional wind, the constant susceptibility function s(u)
would result in a rock surface retreating without changing its shape
(Fig. 3A). At the same time, a local peak in the susceptibility func-
tion at some angle u0 initiates accelerated abrasion in those areas
of the rock, at which b(x) is close to u0. The accelerated abrasion
results in the growth of areas with b(x) � u0. Eventually, flat,
windward-facing facets emerge if u0 = 90� (Figs. 3B and 4B, C),
and facets not perpendicular to the predominant wind direction
are created for other values of u0 (Figs. 3C and 4C, D). Simultane-
ously, edges or vertices may form at the boundaries of quickly
abrading faces.

The ideally brittle and the Modelled materials have peaks of
sensitivity at u = 90�, which explains why most ventifacts have
facets directly facing the wind. In contrast, a ductile material is less
sensitive to high-angle impacts than to impacts of intermediate
angles. Thus, if a vertically standing cylinder is abraded, our abra-
sion model predicts the formation of a vertical edge facing towards
the wind, surrounded by two quickly abrading flat areas. An exam-
ple of this behavior is the butterfly wing-shaped abrasion pattern
of a metal plate cover exposed to sand storms (Fig. 16 of Greeley
et al., 2002). The susceptibility function of the Modelled material
contains a second peak near u = 15�. In such a case, the model pre-
dicts the formation of facets at oblique angles to the wind, but such
occurrences have not been observed in the field. This may indicate
that, contrary to the lab measurements of Greeley et al. (1982),
rocks under field conditions behave more closely to an ideally brit-
tle material.

To illustrate how efficiently abrasion creates polyhedral facets,
we first develop a quantitative measure of ‘‘facetedness” of a geo-
metrical shape. Recall first that the ‘Gaussian curvature’ at a point
of a surface is defined as c = (r1r2)�1 where r1 and r2 are the princi-
pal radii of curvature. It is a widely-known classical result of geom-
etry that the integral of c over the surface area of a solid without
holes is always 4p (Hazewinkel, 2001). Hence, the average value



Fig. 3. (A) Planar illustration of the abrasion of a solid with angle-independent
susceptibility in unidirectional wind: the rock surface retreats without changing its
shape; (B) abrasion of a solid with maximum susceptibility at impact angle 90�; and
(C) abrasion of a solid with a local peak in the susceptibility function at angle /0.
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of c is 4p/S where S is the total surface area. A portion of the rock
surface can be considered as a flat face if c is significantly lower
over this portion than 4p/S. This observation motivates the follow-
ing ‘measure of facetedness’ (MF)

MF ¼ surface area with c < 0:1� 4p=S
S

ð6Þ

yielding a value between 0 (rounded shapes) and 1 (polyhedral
shapes). To study the evolution of the MF, randomly rounded (but
not exactly spherical) initial shapes have been generated by a sim-
ple computer algorithm and abraded according to the differential
equation modeling unidirectional wind. The diagram of MF versus
the remaining volume of the abraded shape is plotted both for ‘brit-
tle’ and for Modelled material (Fig. 5). In both cases, the MF grows
Fig. 4. Numerical simulation of the abrasion of a given shape under various conditions, us
Mitchell (2008). (A) variable wind is modeled by uniform abrasion. This process crea
morphology. For this example, the ultimate shape is an elongated ‘Brazil nut’ with 3
unidirectional wind (Section 3.1). Wind direction denoted by dotted arrows. An ideally br
develops a face perpendicular to the wind (F1) as well as other faces at an angle 10–20
material (D) exhibits an edge facing the wind (E1) and flat areas at angle 10–20� to the
reference level marked by a white curve (E), brittle materials develop a windward facet, w
by the initial clast morphology, especially in early stages of abrasion: specifically, the la
nevertheless, this face disappears later for the brittle material (F3). The smooth initial sha
numerical simulation of the mean curvature flow (non-uniform abrasion with rate linea
rapidly: specimens become significantly faceted after volume loss
of a few percent.
3.2. Facet formation on frequently displaced rocks

Under the ideal conditions described in Section 2, the abrasion
model predicts uniform abrasion over the surface of a rock being
displaced many times during abrasion. It has been noted several
times that uniform abrasion generates polyhedral shapes with a
low number of facets (Schoewe, 1932; Kuenen, 1928, 1960). This
is illustrated by a simple two-dimensional caricature in Fig. 6.
Facet formation can be explained as follows: abrasion removes
material gradually from the outside of a rock during abrasion.
The lifetime of a piece of material within the abrading rock
depends on how deep it is under the initial rock surface. Hence,
the abrading rock shrinks to its deepest internal point. This point
happens to be the center of the largest inscribed sphere of the orig-
inal surface. The largest inscribed sphere touches the surface at 2, 3
or 4 points. (In degenerate cases, the number of points may exceed
4). The ultimate shape of an abrading rock depends on the number
of touching points. If there are 4 points, the ultimate shape is a (not
necessarily regular) tetrahedron with four facets, which preserves
its shape in further abrasion; 3 points correspond to an elongated
‘Brazil nut’ shape with triangular cross-section, two tips, three
edges and three curved faces; and 2 points to a flat disk shape with
two smooth faces and a sharp, elliptic edge connecting them
(Fig. 1A).

It is remarkable that two of the ultimate ventifact shapes pre-
dicted by the abrasion model show close similarity to the classifi-
cation of mature ventifacts shapes. In particular, pyramidal
ing an open-access implementation of Level Set Methods in MatLab environment by
tes polyhedral shapes with positions of the faces determined by the initial clast
curved edges and 3 curvilinear facets (see Section 3.2) (B)–(D) abrasion due to

ittle material (B) develops a flat facet (F1) facing the wind. The Modelled material (C)
� to the wind (F2), reflecting the two peaks of the susceptibility function. A ductile
wind (F2). If the intensity of the abrasion is proportional to the height above the
hich becomes less and less steep. Notice that ventifact shapes are partly determined
rge flattish area of the original clast initiates facet formation for all material types;
pe was obtained by generating a random convex polyhedron and by smoothing it via
rly proportional to the mean curvature of the surface).



Fig. 5. Diagram of facetedness (MF) versus volume of the abraded rock relative to
its initial value for seven random shapes. Empty triangles: brittle material in
unidirectional wind. Filled diamonds: Modelled material in unidirectional wind.
Circles: variable wind. The last curve does not depend on the shape of the
susceptibility function of the specimen. The numerical solver, and the method of
generating initial shapes are described in the caption of Fig. 4

Fig. 6. Planar illustration of ventifact formation by uniform abrasion. The distances
between adjacent curves are constant. Typically, initially rounded objects develop
flat facets at initially flatter portions, and sharp vertices where the initial shape is
more curved. The object shrinks to the internal point furthest from its external
surface, which is the center of the largest inscribed circle in 2D or sphere in 3D
(dashed lines). The shape of the solid becomes polygonal with as many edges as the
number of tangencies of the circle (in this case 3). Three dimensional objects
similarly develop facets, edges and vertices. The number of facets of a worn shape
are determined by the number of tangencies of the inscribed sphere in the initial
state.

Fig. 7. Numerically simulated evolution of the facet angle for brittle material
(continuous curve) and Modelled material (dashed curve).
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dreikanter ventifacts are closely related to tetrahedra, and ‘‘...A
common shape for small faceted ventifacts is a streamlined, almond
or Brazil nut shape dominated by two or three surface facets...”
(Bourke and Viles, 2007). See Fig. 1B for some examples.

Flat disk-shaped ventifacts are uncommon. We suspect that this
discrepancy of the model is caused by the failure of the basic mod-
elling assumption that the stone rests in all orientations with
roughly equal probability. Because its flatness, a disk-shaped ven-
tifact would always rest on one of its flat sides. Thus, horizontally
blowing winds would attack its sharp edge, destroying its morpho-
logical character.

The efficiency of the isotropic mechanism in creating facets has
been tested and compared with the efficiency of the unidirectional
mechanism (Fig. 5). The rate of increase of the MF value is some-
what lower than for unidirectional wind and thus the isotropic
mechanism is less efficient in forming faceted ventifacts. At the
same time, the isotropic mechanism creates the same shapes
regardless of the susceptibility function of the material.

3.3. The decay of facet angles

It has been observed that the steepness of ventifact facets
quickly decays to approximately 20–30�, as the abrasion pro-
gresses (Sharp, 1949; Laity and Bridges, 2009). At this point, the
angle seems to stabilize. Decreasing angles have been explained
by the height-dependent intensity of abrasion (implemented by
Eq. (5)). Our goal is to demonstrate why the angle is stabilized at
20–30�. Let a(t) denote the time-dependent slope angle of a flat
facet facing towards the wind. The surface of the facet is given in
a d (horizontal) h (vertical) coordinate system by the equation d
(h,t) = h cota(t). By (5), the abrasion rate is constant�sina(t)�s(a
(t))h, which means that the surface moves in horizontal direction
with velocity @dðh; tÞ=@t ¼ constant� sðaðtÞÞh. Thus, the time
derivative of the facet angle is

d
dt
aðtÞ ¼ d

dt
½a tanðh=dðh; tÞÞ� ¼ �h � @dðh; tÞ=@t

d2ðh; tÞ þ h2

¼ constant� �sðaðtÞÞ
1þ d2ðh; tÞ=h2

¼ constant� �sðaðtÞÞ
1þ cot2ðaðtÞÞ ð7Þ

The evolution of the facet angle depends on the susceptibility
function s(u). The a(t) curves given by the ordinary differential
Eq. (7) are shown in Fig. 7 for ideally brittle and for Modelled mate-
rials. For brittle materials, a drops quickly to 20–30� and thereafter
the rate of change becomes extremely low. In contrast, facet angles
of the Modelled material continuously decay below 10�. Our
results with brittle materials confirm field observations, whereas
the angle at which facets on rocks with ‘Modelled material’ are sta-
bilized contradicts field observations. This result strengthens the
conclusion of Section 3.1 that rocks under terrestrial conditions
behave as brittle rather than as Modelled materials. However, it
contradicts to some extent Várkonyi and Laity (2012), where



Fig. 8. Scheme (A) and photo (B) of the experimental apparatus; chalk balls before abrasion (C) and three examples of abraded shapes (D) resembling the limit shapes
predicted by the abrasion model (Fig. 1).
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quantitative modeling of meso-scale surface features suggested
that rocks behave more similarly to the Modelled material. Future
work will need to be done to resolve this contradiction and to
better understand the nature of rock behavior under impact.

A more detailed model of height-dependent intensity would
take into account the nonlinear dependence of abrasion intensity
on h(x), i.e., the fact that the intensity increases up to a level, and
then decreases again. Such a model would predict the beveled sur-
faces frequently observed on large ventifacts (Bridges et al., 2005).
4. Experiments

The shape of well-worn, mature ventifacts is one of the main
hallmarks of ventifact formation under multi-directional winds.
The corresponding mathematical model is the isotropic mecha-
nism (defined in the Introduction) and the characteristic mature
ventifact shapes appear in this model as limit shapes, i.e., geomet-
rical shapes approached in the limit as the volume of the abraded
specimen tends towards zero.

In order to verify the model, we compare its limit shapes to
shapes created in table-top experiments, much simpler than those
of Kuenen (1960). In each of 20 experiments, we rolled 5 rounded
chalk pieces of approximately 9.8 mm diameter, surrounded by
quartz sand, in a horizontal glass cylinder of diameter 100 mm at
5 rpm for approximately 5 h (Fig. 8). This process can be regarded
as an approximation of the isotropic mechanism: as the cylinder
turns, both chalk and sand are lifted and dropped periodically, so
the chalks pieces suffer large number of micro-collisions with the
sand grains, distributed uniformly among all directions. The exper-
imental setup can be regarded as an imitation of aeolian abrasion.
Needless to say, our table-top experiment only roughly approxi-
mates aeolian abrasion, but it nevertheless appears to give qualita-
tively correct results. Beyond collisions, abrasion by frictional
contact is also a key component of the experiment, which results
in a strong bias towards flat limit shapes. Sliding friction between
the quartz sand and the abraded chalk particles dominates the pro-
cess in the time intervals when the chalk remains buried in the
sand.

After completing the experiment, we extracted the resulting
chalk pieces and found very good qualitative agreement with theo-
retical predictions of the isotropic mechanism: most pieces could
be uniquely identified as being either disk, ‘‘Brazil nut,” or tetrahe-
dral (see Fig. 8D for visual comparison). We observed that disk
shapes weremost frequent among the limit shapes, and tetrahedral
shapes also tended to be flat; these features can be attributed to
friction. The experiments not only show a good match with natural
ventifacts, we also note the good agreement with computer simula-
tions. Compare the last shape in Fig. 4, panel ‘‘A” (variable wind) to
the Brazil nut shape in Fig. 1 (middle) and Fig. 8D (middle).
5. Discussion, relevance of the results

In this paper we developed and analyzed a partial differential
equation – type mathematical model of rock abrasion by sand
laden wind. The analysis focused on abrasion under unidirectional
wind conditions (‘‘unidirectional mechanism”), as well as abrasion
in the presence of multidirectional winds, spanning all spatial
directions (‘‘isotropic mechanism”).

In the case of the unidirectional mechanism, our results agree
with the established view that the facets and edges of boulders
typically reflect one or two dominant wind directions. If comple-
mented with the concept of height-dependent abrasion intensity
(Anderson, 1986), our model also shows quantitative agreement
with field observations and experimental data (Bridges et al.,
2005), predicting that, for immobile clasts, the angles of facets to
the horizontal quickly decline until they reach the range �20–
30� (Woodworth, 1894; Schoewe, 1932), after which the rate of
change becomes extremely slow (Bryan, 1931; Kuenen, 1928;
King, 1936. Unidirectional abrasion appears also in other geological
scenarios. For example, the evolution of bedrock profiles under
repeated impacts with bedload can be accurately modeled by this
mechanism (Sipos et al., 2010; Domokos et al., 2014.) Here, unlike
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in the case of ventifacts, the abradant size cannot be neglected and
the underlying mathematical models are more complex (Bloore,
1977; Várkonyi and Domokos, 2011).

The isotropic mechanism is unrealistic in terms of a wind
regime, but is a reasonable model of the abrasion of a small spec-
imen, which is frequently overturned. Under these conditions,
whenever the orientation of a rock changes, another side of the
rock is attacked by the wind. As discussed earlier, the isotropic
mechanism transforms any initial shape to one of three ‘ultimate’
shapes, two of which resemble the most common mature ven-
tifact morphologies: pyramidal dreikanters and triquetrous Brazil
nut shapes (Fig. 1). This coincidence of form is our primary evi-
dence that this mechanism may have significant role in shaping
small ventifacts. The isotropic mechanism is also present at a lar-
ger scale: the formation of flat areas and sharp edges on asteroids
was recently explained by micrometeorite collisions with the aid
of the same abrasion model (Domokos et al., 2009).

Our modeling framework can also handle other probability dis-
tributions of wind directions, but such an extension of our investi-
gations is beyond the scope of the paper. We just briefly mention
one relevant example: in the presence of two dominant and oppos-
ing wind directions, the model predicts two facets meeting at a
sharp keel, as observed in field conditions.

By analyzing predictions of the model, we have identified two
distinct mechanisms responsible for the facets and sharp edges of
ventifacts. The most efficient, which we refer to as a ‘‘unidirec-
tional mechanism,” operates on immobile clasts, in the presence
of one or a few dominant wind directions, and it exploits the brit-
tle behavior of the rock material. The role of this mechanism in
facet formation has been recognized by many earlier works, but
our model is the first one to combine wind characteristics and
material abrasion susceptibility into a quantitative description
of the morpho-evolution of abrading rocks. We have also identi-
fied a second mechanism, referred to as ‘‘isotropic mechanism,”
that operates on small ventifacts, which are frequently
overturned during the abrasion process. This is somewhat less
efficient than the unidirectional mechanism, but its effect does
not depend on material behavior (brittle or ductile) or wind char-
acteristics (the presence of dominant directions). The modeled
isotropic mechanism developed a small set of mature ventifact
shapes, which shows agreement with field observations.

This paper is significant in that it addresses long-standing ques-
tions (Travers, 1870; Woodworth, 1894; Schoewe, 1932; Needham,
1937; Kuenen, 1960; Greeley et al., 1982; Anderson, 1986; Bridges
et al., 2004) as to facet formation and the morphological evolution
of faceted ventifacts. Our results agree with both qualitative
(mature shapes of small ventifacts, orientation of facets relative
to the wind on large ventifacts) and quantitative (decay of facet
angles) observations. Furthermore, the numerical modeling ties
in with earlier experimental work on the role of material type
(Greeley et al., 1982). The modeling helps us to visualize geomor-
phic developments that cannot be observed directly in the field
owing to scale and time constraints. Ultimately, our understanding
of the formation of ventifacts enables us to ascertain their value as
criteria of past climatic conditions on Earth and Mars and enhance
our understanding of past wind directions and types of wind
systems.
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