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Abstract. Physical or chemical phase changes in ablation, such as sublimation, melting or dissolution, are
studied in physics for their many engineering applications. At solid/fluid interfaces, the interaction between
a phase change and a flow can lead to pattern formation. In this case, the fluid mechanics associated with
such phase changes play a key role in the evolution of terrestrial and planetary landscapes, observed by
probes orbiting planets and moons. On Earth, sea ice, glaciers and karst plateaus extend over meters or
kilometers. The scale of these landscapes contrasts with the scale of the physical mechanisms that gov-
ern their evolutionary dynamics. Indeed, it is the typical size of atmospheric boundary layers or melt-
water/vapor/solute films that constrain the heat/concentration transfer at the phase change/dissolution
interface, and hence the rate of solid ablation. In many situations, these layers are controlled by fluid
flow, either natural or forced convection. In the former case, the flow may be buoyancy driven by the
melting/dissolution/sublimation itself, resulting in density stratification caused by, for example, tempera-
ture/concentration gradients. This stratification may be stable or unstable. In the second case, the flow
forced by winds or slopes can be considered as a flow of an infinite height or of a finite height, such as shallow
water flow. In all cases, the mass flux modifies topography, which in turn aVects the boundary layer flows and
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thus the ablation rate in a retroactive way. In nature, the positive feedback between geometry and mass trans-
fer drives the spontaneous formation of characteristic patterns at diVerent scales. These patterns are not just
geological curiosities, such as Zen stones or dirt cones but markers of the hydrodynamic processes at work.
Many landscapes are shaped by regular, repeated patterns, whether sharp-edged, scalloped, parallel-crested,
or stepped. By experimentally investigating diVerent modes of flow transport on solid substrates undergoing
physical or chemical phase change, this review aims to highlight the role of the flow transport mode in the
diversity of patterns observed on analogous materials. Understanding the diversity of these patterns is key
to assessing the environmental conditions under which they form on planets such as Mars or Pluto, where
phase changes play a very important geomorphological role.

Résumé. Les processus en ablation, tels que les changements de phase, physiques (sublimation/fusion) ou
chimiques (dissolution), sont étudiés dans de nombreuses applications techniques en physique. Pour les
interfaces solide/fluide, I'interaction entre un changement de phase et un écoulement peut conduire a la
formation de motifs topographiques. Dans ce cas, la mécanique des fluides associée a de tels changements
de phase joue un role primordial dans I'évolution des paysages terrestres et planétaires, observés par les
sondes en orbite autour des planétes et des lunes. Sur Terre, la glace de mer, les glaciers et les plateaux
karstiques s'étendent sur des metres ou des kilometres. L'échelle de ces paysages contraste avec 1'échelle des
mécanismes physiques qui régissent leur dynamique évolutive. C’est en eVet la taille typique des couches
limites atmosphériques ou des films d’eau de fonte/soluté qui limite le transfert de chaleur/concentration a
I'interface de changement de phase/dissolution, et donc le taux d’ablation du solide. Dans de nombreuses
situations, ces couches sont contrdlées par I’écoulement du fluide, de type convection naturelle ou forcée.
Dans le premier cas, la flottabilité de la fonte/dissolution elle-méme, entraine une stratification en densité
causée par des gradients de température/concentration, qui peut étre stable ou instable. Dans le second cas,
I'écoulement forcé par des vents ou des pentes peut étre considéré comme un écoulement de hauteur infinie
ou finie, tels que les écoulements a surface libre. Dans tous les cas, le flux de masse modifie la topographie,
qui en retour impacte les écoulements de couches limites (fines ou épaisses) et donc le taux d’ablation de
maniére rétroactive. Dans la nature, la rétroaction positive entre la géométrie et le transfert de masse entraine
la formation spontanée de formes caractéristiques a diVérentes échelles. Ces formes ne sont pas seulement
des curiosités géologiques, comme le sont par exemple les « Zen stones », ces pierres sur un piédestal de
glace ou encore les cones de poussiére, mais des marqueurs des processus hydrodynamiques en jeu. De
nombreux paysages sont faconnés selon des motifs réguliers et répétés, qu'ils soient pointus, en forme de
cupules, a ligne de crétes paralleles entre elles ou encore en marches d’escaliers. Dans ce papier de synthese,
nous recensons les études expérimentales dédiées a I'étude des motifs générés par diVérents modes de
transport des flux sur des substrats solides soumis a des changements de phase physiques ou chimiques.
Nous souhaitons ainsi mettre en avant le role du mode de transport des flux dans la diversité des motifs
observés sur des matériaux analogues. Comprendre la diversité de ces motifs est essentiel pour évaluer les
conditions environnementales dans lesquelles ils se forment, notamment sur des planétes comme Mars ou
Pluton sur lesquelles les changements de phase jouent un réle géomorphologique majeur.

Keywords. Sublimation, Melting, Dissolution, Natural solid bedforms, Experimental analogues, Pattern
formation, Classification.

Mots-clés. Sublimation, Fusion, Dissolution, Motifs solides naturels, Analogues expérimentaux, Formation
de motifs, Classification.
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1. Ablation by mass transfer on solid substrate submitted to phase change

In engineering applications, mass transfer techniques such as dissolution or sublimation have
been used to constrain fluid/structure interactions. Naphthalene sublimation is a process that
has been widely used in aerodynamics in a broad range of topics such as pollutant dispersion in
urban areas [1] or ablation processes in space capsules [2]. Ablation patterns may appear during
the descent phase of an atmospheric space capsules [3,4], similar to meteorites’ regmaglypts [5],
due to the laminar-turbulent transition of the flow. Other solid substrates such as bitumen,
copper, brass, aluminum or magnetite, when subjected to liquid water flow, develop ablation
patterns [6], which are similar to those appearing on molten ice subjected to water flow or
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sublimated ice subjected to wind flow. Whether the phase change is a solid—gas phase transition
(sublimation), a solid-liquid phase transition (melting) or a dissolution phenomenon, substrate
ablation is strongly linked to a feedback between the fluid flow and the underlying topography;,
which generally leads to the emergence of patterns. Hereafter, we will refer as solid bedforms
to these periodic patterns that are induced by mass transfer built up at the interface between
a moving fluid and a solid surface. Although previous experimental works have observed the
emergence of solid bedforms, their morphology and dynamics were not the main focus of these
engineering applications.

Interest in solid bedforms has been renewed by space missions exploration that have revealed
many surprising landscapes, such as the spiral troughs on the north polar cap of Mars,
interpreted as cyclic steps [7] and the bladed terrain of Pluto, interpreted as penitentes [8].
Sublimation of ice combined with surface flows like wind could be a major geomorphic agent
in explaining these planetary landscapes [9]. On Earth water ice on its solid phase represents
2.4% of the global volume of water, but covers 14% of the Earth’ surface [10]. Water ice on
Earth is subjected to melting and sublimation processes at its surface. However, for most
planetary bodies, excluding Earth and Titan, environmental conditions (pressure, temperature)
at the surface do not allow the existence of three phases of their exotic ice. N, CH4, CO2, NH3
ices [11], are subjected to surface sublimation that prevails in the solar system. Soluble rocks
on Earth also present solid bedforms such as scallops or rillenkarrens that could be found on
limestone, gypsum and salt [12,13]. Solid bedforms therefore have a wide variety of compositions,
environments, shapes and physical phenomena involved.

The apparent regularity of these solid bedforms is surprising, given the complexity of the
mechanisms behind their formation [14]. Lab-scale experiments contribute significantly to
our understanding of their formation and dynamic processes. It requires constant control
of experimental parameters (pressure, temperature, partial pressure/humidity, acidity) to
reproduce natural cases. Often, analogues substrates are selected to accelerate process kinetics to
experimentally more feasible times. So, experimental approaches that simulate rock dissolution
with the aim of creating rillenkarren [15-17], scallops and flutes, rely on the use of plaster [18-20]
or even caramel [21], for example. In many situations, fluid dynamic instabilities [14] (e.g. the
Rayleigh Plateau, Kelvin Helmholtz, Rayleigh Taylor or Rayleigh Bénard instabilities) explain
the emergence of natural patterns with a characteristic scale. For example, the growth of
transverse patterns (perpendicular to the mean flow), like the dissolution waves on limestone
walls in the laminar-turbulent regime [22], or the ripples and cyclic steps on ice due to run-oV
flows [23,24], have been explained as a positive feedback between the topography, the thickness
of the turbulent boundary layer and the ablation rate. Moreover, longitudinal patterns (parallel
to the mean flow), like the Rillenkarren formed by run-oV flows on limestone, could be explained
by a linear stability study of the coupled system of equations involving mass transfer and fluid
motion, that aVect the topography of the bed [17,25,26] under specific boundary conditions.

What environmental conditions are required for the formation of these very large natural
solid bedforms? What physical parameters control their size, shape and spatial distribution?
How can we explain the fact that the same patterns are found in rock and ice on Earth, but
also on other icy planetary surfaces, when the phase changes at work are not always the
same? In order to understand the mechanisms responsible for the formation of solid bedforms
subjected to a surface flow, and to deduce the links between their shape, dimensions and the
characteristics of the environment in which they develop, we describe some experimental results
and if any, the scaling laws that describe the development of these solid bedforms during the
dissolution [17,20,22,27-29], the melting [30,31] and the sublimation [32] processes. Since the
time scales involved for the formation of natural bedforms are too large, experimental models are
used to test formation hypotheses over realistic experimental timescales, in order to reconstruct
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the formation history of these patterns and the environmental conditions under which they
emerged.

The morphological similarities between some solid bedforms resulting from diVerent ablation
processes [6,33] in the case of ice sublimation, ice melting and rock dissolution will be described
in Section 2 for: sharp patterns; polygonal depression; crested bedforms parallel or perpendicular
to the flow; stepped patterns; and debris-covered ice structures. In Section 3, we explore
the positive feedback that influence the evolution of the solid/fluid interface by identifying
the relevant equations of the problem (hydrodynamic-morphodynamic coupling) with a jump
condition at the interface. We will only explore cases where one mechanism is dominant over
the other (e.g. double diVusion is out of the scope of this paper). Analogous modeling presented
in Section 4 can then be used to constrain the role of fluid mechanics in the evolution of these
forms and test hypothesis. The diversity of these patterns is reinforced by the complexity of the
flows that carry a passive scalar such as temperature or concentration: a change in density in a
natural convection flow would give rise to buoyancy instabilities; a disturbance to the topography
in an advective flow can lead to space modulations of concentration. On a large scale, these
mechanisms are responsible for the formation of surprising landscapes when hydrodynamic
surface flows drain through karst environments, or when katabatic winds descend the slopes
of terrestrial and extraterrestrial glaciers. The discussion in Section 5 focuses on the genetic link
between the type of flow and the bedfoms that could be helpful in the classification process. We
propose to discuss the eVect of non-linearity on the resulting bedforms and the perspective to
use some scaling laws in a planetological context.

2. Diversity of natural solid bedforms by phase change on solid substrate

There are a wide variety of natural bedforms carved out of ice or soluble rock. These forms are
fascinating in their uniqueness or repetitiveness. Examples include stones that look as if they
have been placed on a pedestal of ice, blade-like shapes made of ice or soluble rock, steps of ice
or soluble rock in streams of water, gullies that incise the soluble rock with spiky crests, or gentle
undulations on expanses of blue ice, which can take the form of scallops on cave walls. All these
forms are subject to phase changes, whether liquid/solid or solid/vapor for ice, or dissolution
for soluble rock. This section highlights the similarities in shape despite the diVerences in mass
transfer mechanisms, and lists the natural forms that have been observed. Experimental studies
have been carried out to explain some of these shapes, which we review in Section 4.

2.1. Sharp patterns

First described by Charles Darwin in Chile in 1835, penitentes are shapes formed by sublimation
in old, compact ice/snow, either as spikes or as blades pointing skywards (Figure 1(a)). On Earth,
penitentes are mainly located in high altitudes: they have been particularly well described in the
Santiago Highlands, where all snow and icy surfaces above 4000 m are covered with them; on the
summit and flanks of the Tutupaca volcano in Peru [34]; on the Quelccaya Ice Cap in Peru [35];
and on the Tapado Glacier in northern Chile [35]. But similar forms have also been observed
at very low altitudes such as Greenland [36]. Given the climatic conditions that favour their
formation, penitentes are generally found in regions where humidity and temperature are low,
on downslopes where the wind is very weak but sunshine is intense. As a result, similar patterns
on the icy surfaces of other Solar System bodies have been interpreted as penitentes, such as
the Bladed Terrain Deposit of Pluto’s Tartarus Dorsa region [8,37]. It has been suggested that
penitentes as high as 15 m may exist on Europa’s surface [38], although the resolution of currently
available images of Europa’s surface is insuY cient to verify this, but this hypothesis is debated



Sabrina Carpy et al. 99

Figure 1. Penitentes and Tsingy. (a) Penitentes (Rio Blanco, Central Andes of Argentina).
Crédits: P. Dubuc, Arvaki, CC BY-SA 3.0 license. (b) Tsingy of Bemaraha [47,48]. Credits:
A. S. Maloney, CC BY-SA 3.0 license.

because of the low atmospheric pressure on Europa [39,40]. From base to tip, these spikes
can reach heights of a few centimetres [39] to several metres [41], depending on environmental
conditions. The cross-section of the penitentes is rather lenticular, tapering towards the pointed
summit, and their blades are parallel to the sunlight at midday. The horizontal spacing is of the
same order of magnitude as the height of the tips [42]. The orientation of the  penitentes in terms
of azimuth is linked to the local geometry of the insulation [43]. In particular, Matthes et al. [44]
observes aninclination of the penitentes following the elevation of the midday sun. For geometric
reasons, sublimation is more e Vective in hollows. lllumination plays a key role [45], as do heat
transport in the ice and the transport of vapor from the ice [46]. The bedforms detected on the
surface of icy substrates, even if their formation is induced by sublimation, can be interpreted in
diVerent ways. Knowledge of the mechanism of formation of the di  Verent sublimation induced
shapes can help to classify solid bedforms between penitentes and other bedforms, such as
scallops (Figure 2(a)) or transverse linear waves (Figure 3(a)).

Pointed shapes can also be found in the dissolution of rocks, in karst. In that case, the
limestone substrate is rigid and not very porous. One of the most intriguing sharp-edged
landscapes formed by rock dissolution are limestone forests, found at tropical locations such
as in the western part of Madagascar in the area called Tsingy [47,52], in Malaysia [53] or in south
China [54]. Spectacular sharp and vertical pinnacles, tens of meters high, rise from the surface of
a horizontal Karst plateau (Figure 1(b)). The general shape is needle-shaped, with a slope of 15°
to 20°, which remains even when the material has been strongly dissolved. These sharp-edged
karren forms, which develop in groups, have several degrees of evolution: from dragon teeth to
sharp-edged pinnacles before evolving to  Tsingy [55]. The smallest in size belong to the lappies'
family (2—3 m) and the largest, by one order of magnitude, belong to the  mega-lappies' family
(20-30 m). On their slopes, centimeter scale rillenkarren (see Section 2.4) can be observed.
Because the material is pure and not porous, dissolution remains on the surface, not in the
bulk. Formation of the limestone forests appears to be complex, but is believed to be caused by a
dissolution process under the run-o 'V caused by tropical heavy rain. The rainfalls channelized by
large scale fractures are collected into an underground cave network. Subjected to run-o  V ow,
soluble rock are less dissolved as it ows along the slope, such as the layer gain in concentration.
This could preserve the homothetic character of these forms (recession of these faces parallel
to itself). If the material is porous, such as dolomite, then the shape is not sharp-edged, but
resembles a mushroom. In very seldom locations, in very arid area like the Atacama desert in
Chile or the banks of the Dead Sea in Israel, salt pinnacles of few ten centimeters can be observed
on salt deposit [56].
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Figure 2. Scallops on diVerent substrates. (a) Icy scallops formed by sublimation (French
Alps). Credits: A. Mounier. (b) Icy scallops formed by melting on an overturned iceberg
(Paulet Island, Antarctique). Credits: P. Colla. (c) Limestone scallops formed by dissolution
(Grotte de Saint-Marcel d'Ardeche, France). Credits: M. Bordiec/S. Carpy/O. Bourgeois,
reprinted with permission from [49]. (d) Limestone scallops by dissolution (Moulin de
Vogué, France). Credits: M. Bordiec/S. Carpy/O. Bourgeois, reprinted with permission
from [49].

2.2. Polygonal depression

Suncups and ablation hollows are bowl-shaped, circular or oval in plan, and parabolic or tapered

in vertical section, and occur on ice and snow. In comparison to  penitentes on Earth, they
are located at lower altitudes, where the ambient temperature is generally higher (e.g. in the
Alps [45]), and in areas more exposed to winds than those where penitentes develop. With
amplitudes ranging from a few centimetres to half a metre, they do not reach heights comparable

to those of the penitentes, although they are also controlled by solar radiation and in uenced
by albedo and the amount of dust in the ice/snow [45,57]; the role of wind is not clearly
excluded. Suncups could constitute a surface texture found particularly on the North Polar Cap

of Mars [9,58-61] and on the Sputnik plain of Pluto [62]. Similar shapes appear on the walls of
ice caves [63—-65] and are known as “scallops”. Ice caves, although they represent only a tiny
fraction of the Earth's cryosphere, exist on every continent outside the tropics and are de ned

as rock caves containing ice, in seasonal or perennial form [12]. Conceptual models of the
climate prevailing in these ice caves have been built from measurement campaigns conducted
over several decades [66], in particular in the Eisriesenwelt cave (Salzburg, Austria) [65], which is
one of the largest known ice caves in the world, with its more than 40 km of galleries. In winter, the
temperature of this cave is below 0 °C and the air is dry [32], which favors episodes of sublimation,
enhanced by cold, dry air that is blown and circulates through the cave, at speeds not exceeding
0.2 m&i ! [63,65,67]. In most ice caves, the temperature of the ice surface remains relatively
stable throughout the year, with varying rates of sublimation depending on the geometry of the
cave. For example, although ablation is restricted to the winter months when sublimation is most
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