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Ablation waves involve solid substrate such as ice or soluble rocks. Ablation by sublimation or dissolution under turbulent winds or liquid flows may lead to the development of transverse linear bedforms (ablation waves) on volatile or soluble susbtrates. In glaciology, geomorphology, karstology and planetology, these ablation waves may provide relevant morphological markers to constrain the flows that control their formation. For that purpose, we describe a unified model, that couples mass transfers and turbulent flow dynamics and takes into account the relationship between the viscosity of the fluid and the diffusivity of the ablated material, for both sublimation and dissolution waves. From the stability analysis of the model, we derive three scaling laws that relate the wavelength, the migration velocity and the growth time of the waves to the physical characteristics (pressure, temperature, friction velocity, viscous length, ablation rate) of their environment through coefficients obtained numerically. The laws are validated on terrestrial examples and laboratory experiments of sublimation and dissolution waves. Then, these laws are plotted in specific charts for dissolution waves in liquid water, for sublimation waves in N2-rich atmospheres (e.g., Earth, Titan, Pluto) and in CO2-rich atmospheres (e.g., Mars, Venus). They are applied to rock dissolution on the walls of a limestone cave (Saint-Marcel d’Ardèche, France), to H2O ice sublimation on the North Polar Cap (Mars) and to CH4 ice sublimation in Sputnik Planitia (Pluto), to demonstrate how they can be used (1) either to derive physical conditions on planetary surfaces from observed geometric characteristics of ablation waves (2) or, conversely, to predict geometric characteristics of ablation waves from measured or inferred physical conditions on planetary surfaces. The migration of sublimation waves on regions of the Martian North Polar Cap and sublimation waves candidates on Pluto are discussed.
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1 INTRODUCTION
Because there is a large occurrence of volatile ices in the Solar System, mass transfers by sublimation and condensation are likely to shape planetary landforms (Law and Van Dijk, 1994; Kreslavsky and Head, 2002a; Byrne and Ingersoll, 2003; Hagedorn et al., 2007; Mangold, 2011). This kind of mass transfers are effective on the Martian North Polar Cap (MNPC), whose spiral troughs and sedimentation waves have been proposed to be the result of sublimation and condensation, enhanced by the wind (Smith et al., 2013; Herny et al., 2014). While these landforms are remarkable for their size, there are many other smaller landforms like suncups giving the MNPC an overall texture of humps and hollows (Malin and Edgett, 2001; Milkovich, 2006; Banks et al., 2010; Massé et al., 2010; Nguyen et al., 2020). For all these landforms, the main processes involved in their generation are associated with phase changes enhanced by the wind (Howard, 2000) leading to a wind-driven redistribution of surface materials (ice, dust) by condensation (James, 1982; Jakosky, 1985; Fanale et al., 1992) and/or by sublimation (Ivanov and Muhleman, 2000; Ng and Zuber, 2006; Smith and Holt, 2010; Massé et al., 2012; Herny et al., 2014). On Pluto (Moores et al., 2017; Moore et al., 2018), the Bladed Terrain Deposits (BTDs) of CH4 currently undergoing sublimation (Bertrand et al., 2019) seems to be sculpted in regular patterns by aeolian processes. On Sputnik Planitia plain, abundant sublimation pits have been observed (Moore et al., 2017) in areas where the wind seems to be weak (Bertrand et al., 2020) while linear and regularly spaced crests primarily composed of CH4-ice (Telfer et al., 2018) has been revealed in the western region of the plain subject to stronger winds (Bertrand et al., 2020). On Earth, the pressure, temperature and humidity conditions required to allow the sublimation of icy surfaces are only found in a few specific locations. These conditions exist on some tropical glaciers at high altitude during the dry season (Winkler et al., 2009), in the Blue Ice Areas (BIAs) in Antarctica (van den Broeke and Bintanja, 1995) and in some ice caves (Curl, 1966; Obleitner and Spötl, 2011). The paucity of terrestrial observations may be why sublimation redistribution processes under turbulent wind have been poorly studied until the area of planetary space exploration.
Among the patterns generated by sublimation, we are interested in transverse linear bedforms, which are periodic ridges perpendicular to the turbulent wind. Bordiec et al. (2020) shows that sublimation waves: (1) can exist at different scales, depending on the environments and climates in which they develop; (2) can be used as morphological markers of surface-atmosphere interactions as are sand dunes (Courrech du Pont et al., 2014) thanks to scaling laws. The observation of these sublimation waves on planetary surfaces makes it possible to constrain or at least define certain characteristics of the environment: (i) the first law gives the wavelength as a function of the velocity of the flow and its viscosity; (ii) the second law links the erosion rate of the icy substrate to the migration velocity of the bedforms; (iii) the third law relates the growth time to the erosion rate and the wavelength. However, only the first law has been validated on terrestrial natural exemples (Bintanja, 1999; Obleitner and Spötl, 2011) and CO2-ice sublimating experiment in our previous study (Bordiec et al., 2020). We are now looking for new terrestrial field analogues or laboratory experiments to assess the validity of our model in the prediction of the erosion rate. This validation step is necessary for the use of these ablation waves as morphological markers before interpreting the observations on other bodies of the Solar System.
For that purpose, we investigate other solid substrates over which bedforms developed under turbulent flows, coupled with mass transfers. Dissolving soluble rocks are good candidates: among dissolution bedforms (Allen, 1971; Meakin and Jamtveit, 2010), we identify dissolution waves refered to as fluted scallops, flutes, or solution ripples in karstology. Dissolution waves formed on a solid substrate are regularly spaced and parallel ridges, oriented perpendicular to the flow (Ford and Williams, 1989; Ginés et al., 2009), and are slightly asymmetrical in cross-section (Blumberg and Curl, 1974; Hammer et al., 2011). They appear in limestone caves (Curl, 1966; Allen, 1971; Goodchild and Ford, 1972) and their wavelength range varies from a few centimeters to several meters. They can be reproduced experimentally on soluble materials such as platinum (Thorness and Hanratty, 1979) and plaster (Blumberg and Curl, 1974). They are used in karstology to predict flow velocity and direction (Blumberg and Curl, 1974).
Thomas (1979) has compiled various examples of occurrences of bedforms on different solid substrates submitted to ablation processes by mass transfer interacting with a turbulent flow. The shapes described seem for the most part to remain independent of the substrate and the ablation and accumulation process, suggesting that the complexity associated with the chemistry of dissolution or the physics of sublimation plays only a secondary role on the final shape of these objects, possibly controlled by the hydrodynamic conditions. We seek to show that an analogy can be established between these two categories of ablation waves with similarity laws. This effort would help to complement the data set of sublimation waves with dissolution waves in order to use ablation waves as morphological markers. To that end, we combine the instability mechanism proposed by Claudin et al. (2017) for dissolution and that proposed by Bordiec et al. (2020) for sublimation. The coefficients of the scaling laws of the latter are recalculated as a function of the type of ablation (dissolution/sublimation) taking into account the viscosity of the fluid and the diffusivity of the ablated material through the Schmidt number.
A review of observations and experimental measurements are presented for sublimation waves in §2 and dissolution waves in §3. We propose new scaling laws derived from the unified model validated on previous examples in §4. In §5, the laws are plotted in a family of curves enabling to simplify the computations in different environmental conditions: (i) for planetary applications, depending on the pressure and temperature ranges of each planetary body likely to present sublimation waves at its surface and (ii) for dissolution waves in liquid water. In particular, the migration of the sublimation waves of regions of the North Polar Cap of Mars and the case of sublimation waves candidates on Pluto will be discussed. The feasibility of new experiments in terms of growth time and scale could be evaluated using the charts designed for this purpose.
2 SUBLIMATION WAVES ON VOLATILE ICES
Space exploration confirmed the presence of volatile ice, either water ice or ice of different compositions on many other bodies in the Solar System (Figure 1). Apart from the Earth where water is in a liquid state on its surface and evaporates, the most efficient phase transition in the Solar System is sublimation which allows ice to transform directly into vapor. In environments favorable to sublimation enhanced by the wind, a wide variety of solid bedforms, differing both in shape and size are observed. In this section, we identify the bodies in the Solar System for which the environmental conditions are favorable for the generation of sublimation waves and collect morphological and physical characteristics representative of each environment.
[image: Figure 1]FIGURE 1 | Superimposed phase diagrams of the mainly volatiles species (N2, CH4, CO2, NH3, H2O) in the Solar System in (p, T) space, from the Clausius-Clapeyron relation. The mean pressure and temperature conditions of planetary bodies likely to host ice are plotted (on average, shaded areas). The upper part of the figure corresponds to bodies with an atmosphere p >10–2 Pa. The lower part (p <10–6 Pa) contains bodies with little or no atmosphere. Vapour pressure of a species has to be compared to the saturation vapour pressure to determine if sublimation/condensation occur.
2.1 Volatile substrates revealed by space exploration
2.1.1 Inner Solar System
Detection of ice on Mercury is confirmed by surface reflectance measurements combined with images acquired aboard MESSENGER spacecraft. Given its small size and proximity to the Sun, the planet does not have an atmosphere and therefore has extreme temperatures at its surface (from 90 to 700 K), which do not allow ice to exist, with the exception of water ice in the permanently shaded polar regions (Eke et al., 2017). Water ice also exists on the floor of some craters and in cold micro-traps (Deutsch et al., 2017), the origin of which would come from recent impacts (Ernst et al., 2018).
On Venus, the almost exclusive composition of its thick atmosphere in CO2 creates a greenhouse effect such that the temperature of its surface is on the order of 740 K, which makes impossible the presence of ice, whatever its nature, on its surface. Nevertheless there could be an exotic solid substrate deposit: the radar anomalies (high reflectance) linked to the presence of heavy metals (Port et al., 2020), and their deposition in the form of frost (Schaefer and Fegley, 2004) could be enhanced by the aeolian processes proposed on Venus (Kreslavsly and Bondarenko, 2017).
Water ice (seasonal snow, permafrost, pack ice, glaciers) is present in abundance on Earth (Ohmura, 2004) and the atmosphere allows to maintain stable conditions for water ice. The other gases in the atmosphere are unlikely to condense, given their phase diagrams (CO2 and NH3).
Instruments aboard the Lunar Reconnaissance Orbiter (LRO) spacecraft are locating and quantifying water ice on the Moon. Like Mercury, there is no atmosphere and its surface is subject to extreme temperatures and some deep polar cold traps (≃ 3.5%), which never see the Sun’s rays, have exposed ice, in a mixture of ice and regolith (Li et al., 2018).
Among the many martian missions, the Mars Global Surveyor (MGS) and Mars Reconnaissance Orbiter (MRO) missions, and more recently the Trace Gas Orbiter of the ExoMars mission, are providing comprehensive information about the planet’s surface and atmosphere. Currently, the thin atmosphere of Mars composed mainly of CO2 and its distance from the Sun make it a cold planet, well below the solidification point of water, and cold enough to condense CO2. Mars has two imposing polar caps mainly made up of water ice covered with CO2 ice, seasonally for the North, and perennially for the South (Kieffer et al., 1976; James, 1982; Kelly et al., 2007; Byrne, 2009), and there are many other ice reservoirs on its surface outside the poles. Mounds of water ice has been observed on the floor of the deepest craters in the North Polar region (Conway et al., 2012) and the South Polar region (Sori et al., 2019), in which a specific and favorable microclimate allows the accumulation of ice. Moreover, underground ice, more or less covered with dust, exists on nearly a third of the Martian surface (Baker, 2001; Kreslavsky and Head, 2002b).
2.1.2 Outer Solar System
The asteroids Vesta and Ceres have been explored by the Dawn mission. The presence of water ice has been suggested at the north pole of Vesta (Stubbs and Wang, 2012; Scully et al., 2015) and assumed for Ceres from its density and shape (Carroll, 2019).
Galileo is currently the only spacecraft to have orbited Jupiter. In 2023, the ESA mission JUICE flies over and will take a closer look at the three moons Europa, Ganymede and Callisto. It will be followed by Europa Clipper, which will probe the ocean beneath Europa’s ice crust. These moons are covered by a crust of water ice (Anderson et al., 1996; Khurana et al., 1998; Kivelson et al., 2000). The surface of Callisto could contain NH3 and CO2 ices. Io is the only moon of Jupiter’s to have sulphur dioxide ice (SO2) on its surface (Cruikshank et al., 1985).
Cassini-Huygens misson (1997–2017), has revealed among other things, the diversity of the icy surfaces of Saturn’s moons. Most of them are composed mainly of water ice and rock. For example, Mimas and Tethys are mostly water ice, Iapetus and Rhea are 25% rock, and Dione, Enceladus and Titan are 50% rock. Enceladus is notable for its ice geysers (Dougherty et al., 2006) and Titan, the largest of them, has a thick, N2 rich atmosphere. Although water ice is the majority of its internal composition, methane CH4 undergoes a cycle in which its gaseous and liquid phases coexist, making it a water analogue for the Earth, to a certain extent (Lunine and Atreya, 2008).
Never before has a probe orbited Uranus or Neptune, Voyager 2 (1986) and New Horizons are the only probes that have made a flyby of Uranus. Among those satellites, Miranda (Uranus) presents on its surface figures adapted to an interpretation in favor of cryovolcanism and ice canyons (Schenk, 1991) and Triton (Neptune) presents a tenuous atmosphere. Triton is one of the coldest bodies in the Solar System so that N2 condenses there as frost (Strobel and Zhu, 2017). Ice of H2O and CO2 could be found there.
New Horizons was intended to explore Pluto and revealed the richness of the dwarf planet in terms of composition, activity and morphological diversity. With its average temperature of 37 K, Pluto hosts N2 ice in large quantities on its surface, as well as CO and CH4. Apart from these highly volatile species that form its atmosphere (rich in N2), water ice also exists, in extremely rigid form (Grundy et al., 2016). The surface of Charon is approximately the same temperature as Pluto, it contains water ice and NH3 (Grundy et al., 2016) but without atmosphere.
The knowledge acquired on 67P/Churyumov-Gerasimienko comes from the Rosetta mission, led by ESA. Water, CO2 and CO ices have been detected on the surface of this comet (Altwegg et al., 2015; Gulkis et al., 2015).
2.2 Development of sublimation waves
The presence of ice, revealed by space exploration, is conditioned by many parameters such as the distance to the Sun or the presence of an atmosphere. The major species present in the Solar System (N2, CH4, CO2, NH3, H2O) are represented in the form of phase diagrams on Figure 1. The existence of such ice depends on the availability of stable solid-state molecules for the mean pressure and temperature ranges present at the surfaces of the planetary bodies represented by shaded areas in Figure 1. We are interested in planetary bodies with an atmosphere corresponding to the upper part of the figure for which p > 10–2 Pa. Table 1 presents the different composition of atmospheres and substrates that are possibly exposed to sublimation or condensation in those planetary environments. The physical conditions necessary for the formation of sublimation waves are present, if the following conditions are satisfied (Bordiec et al., 2020): (i) the icy surface temperatures of the species has to be lower than that of the triple point and the partial pressure of the species lower than the pressure at saturation given by the Clausius-Clapeyron diagram and calculated at the surface temperature of the icy substrate; (ii) the relative humidity of the species, less than 100%, induces a difference between the saturation vapor pressure and the partial vapor pressure sufficient to allow sublimation, at least over a period of the order of a season, taking into account the physical properties of the species at atmospheric pressure and partial pressure in the atmosphere considered; (iii) mass balances confirm the global sublimation of these icy surfaces over a given period.
TABLE 1 | Main composition of the atmospheres of various planetary bodies likely to undergo sublimation/deposition on their surface.
[image: Table 1]2.3 Planetary examples of sublimation waves
Sublimation waves have been identified as markers of net sublimation by Bordiec et al. (2020) because their morphological and kinematics characteristics (wavelength, migration velocity, erosion rate, formation time) can be linked to their environmental conditions of formation (wind velocity, viscosity, pressure, temperature, diffusion coefficient). On Earth, transverse linear bedforms produced by sublimation are rare. Comprehensive data collected for two terrestrial natural examples and for an original sublimation experiment of CO2 are synthesized in this section. They are completed by new observations on Mars and Pluto, that have vast icy expanses with distinctive linear dune-like patterns. All the data are summarized in Table 2 (white boxes). In all these environments, linear and transverse bedforms appear. However, they are quite different in scales and involve different compositions of the icy substrate and the atmosphere (Table 1). Despite those differences, the winds that flow on these surfaces are always turbulent and of many decades great in height in comparison to the wavelength.
TABLE 2 | Average values of the parameters involved in the three scaling laws of the transverse linear bedforms, for each environment where abalation waves have been observed: the upper part of the table concerns planetary environments (Forget et al., 2017; Millour et al., 2018; Bertrand et al., 2020; Bordiec et al., 2020), the lower part, the terrestrial and experimental analogues in sublimation (Bintanja, 1999; Obleitner and Spötl, 2011; Bordiec et al., 2020) and the third part the analogous experiments in dissolution (Blumberg and Curl, 1974). The values correspond either to measurements (white cells) or to predictions from the laws (grey cells). λ = wavelength, u* = friction velocity, vx migration velocity, q0/ρs = erosion rate, tc = characteristic time, T = temperature, P = pressure, Sc = Schmidt number.
[image: Table 2]2.3.1 Sublimation waves on water-ice - Earth
The first natural terrestrial example is located at Svea station, Antarctica (Figure 2A), on the Blue Ice Areas (BIAs), which are smooth and compact icy surfaces. The atmospheric pressure and ambient temperature conditions are in the range of 800 hPa and 850 hPa and 265 K during the austral summer, respectively (Bintanja, 1999). Mass transfer is induced by sublimation at a rate of q0/ρs ∼ 10 cm ⋅yr−1 estimated in the absence of wind (Bintanja et al., 2001). With such a sublimation rate, the growth time of the sublimation ripples is about [image: image]. For a given turbulent wind speed of about ≃ 2.4 m ⋅s−1 at an altitude z = 6 m and a friction velocity u* ≃ 0.07 m ⋅s−1, the sublimation ripples measured by Bintanja et al. (2001) have an average wavelength of 22 cm with an amplitude of 10 mm and propagate in the wind direction at 2 cm ⋅month−1. It should be noted that the wavelength seems to be inversely proportional to the wind speed since smaller wavelengths were measured on BIAs (Weller, 1969; Mellor and Swithinbank, 1989) during stronger wind events.
[image: Figure 2]FIGURE 2 | Sublimation waves: (A) on Blue Ice areas (Bintanja et al., 2001); (B) on the wall of the Eisriesenwelt ice cave (Obleitner and Spötl, 2011); (C) on CO2 ice in an atmospheric wind tunnel (Bordiec et al., 2020). White arrow indicates the wind direction adapted from (Bordiec et al. 2020).
The second example is the Eisriesenwelt ice cave, Salsbourg, Austria (Figure 2B), where dry, cold air (T = 272 K) from outside (p = 1 atm) also flows in turbulently and causes the walls to sublimate in winter. The dimensions of the sublimation waves of 1.4 m are much larger than those observed in Antarctica while the wind speed of the order of ≃ 0.2 m ⋅s−1 is 10 times lower, so the friction velocity is smaller with u* ≃ 0.01 m ⋅s−1 (Obleitner and Spötl, 2011). Although mentioned, migration has never been measured and the emergence of the waves takes less than 1 year, before ice melts in summer (Curl, 1966), with a sublimation rate q0/ρs ∼ 1.42 cm ⋅yr−1.
2.3.2 Sublimation waves on CO2 ice - Wind tunnel experiment
An analogical experiment to sublimation waves of water ice in Antarctica was proposed by Bordiec et al. (2020) to test whether the coupled action of wind and sublimation can generate bedforms in a windy controlled environment, in the atmospheric wind tunnel in Nantes, France (LHEEA, UMR6598), using CO2 ice as it sublimates at ambient pressure and temperature conditions (p = 1 atm, T = 293 K). In net ablation with a sublimation rate measured in the absence of wind of 1.4 × 10−6 m ⋅s−1, these ice blocks subjected to a turbulent flow at U = 6 m ⋅s−1 with u* ≃ 0.2 m ⋅s−1 presented, after ∼ 4 h, centimeter-scale undulations on their surface about 6 cm in wavelength (Figure 2C). Migration of the ripples could not unfortunately be measured but predicted to be of the order of 1. cm ⋅h−1 by Bordiec et al. (2020).
2.3.3 Sublimation waves on water-ice - Martian North Polar Cap
To explore the possibility that these type of new morphological markers exists among sublimation patterns described on the MNPC, images of the region located at the boundary between Boreales Scopuli and Olympia Cavi (82°N, 120°E) were studied by Bordiec et al. (2020), when water ice is exposed to sublimation for a period between Ls = 90° and Ls = 135°, with a maximum between Ls = 100° and Ls = 120° (Pankine et al., 2010). During this period, surface temperature is (T ≃ 210 K) and vapour pressure (P ≃ 730 Pa) (Pankine et al., 2010) with a sublimation rate estimated at q0/ρs ∼ 2. × 10–10 m ⋅s−1 (Chittenden et al., 2008). These patterns are identified in Figure 3, they are linear and parallel ridges, generally oriented along the North-South direction. Nguyen et al. (2020) suggested that these shapes are different from classical Martian aeolian dunes and Bordiec et al. (2020) propose that the process responsible for their formation is sublimation coupled with a turbulent winds. The turbulent boundary layer thickness about ≃ 10 km (Pankine and Tamppari, 2015) is greater than the observed wavelength with λ ≃ 7 m. The katabatic winds flow in summer (Howard, 2000; Kauhanen et al., 2008; Petrosyan et al., 2011) over the region. We can estimated the wind speed around ≃ 2.5 m ⋅s−1 (u* ≃ 0.08 m ⋅s−1) using GCM data base (Forget et al., 1999; Millour et al., 2018) at 100 m above the surface of this region. The orientation of the prevailing winds in this region, deduced from mesoscale numerical simulations of Smith and Spiga (2018), is east-west. This is confirmed by the orientation of the wind streaks around a crater located in the same region (Bordiec et al., 2020). The bedforms are therefore transverse, perpendicular to the prevailing winds.
[image: Figure 3]FIGURE 3 | Comparison of the location of the crests of the sublimation waves of the MNPC between 2008 and 2009 during the northern Martian summer (Ls =115°). (A) Image ID HiRISE: PSP_009689_2645; credit: NASA/JPL/University of Arizona obtained on 20 August 2008. Spatial resolution is 25 cm/pixel. Crests are highlighted in thick red lines. (B) Image ID HiRISE: ESP_062580_2645; credit: NASA/JPL/University of Arizona obtained on 2 December 2019. Spatial resolution is 25 cm/pixel. Crests are highlighted in thin black lines. (C) Zoom of the surface (PSP_009689_2645, 2008) with superimposed crest lines from figures (A, B). The undulations are considered as close as possible to the crater, which serves as a fixed reference for georeferencing the images. The superimposed crest lines indicate that they have not moved between 2008 and 2019, or by so little that this difference could not be detected.
To complete the morphological analysis with a kinetic study of these objects, we compare all the HiRISE images at the horizontal resolution of 25 cm/pixel, available in the region since the camera was operational in 2008. Ripple crests over this region have been located between 2008 (Figure 3A) and 2019 (Figure 3B) during the northern Martian summer (Ls = 115°). The selected crests are considered to be as close as possible to the crater that serves as a fixed reference for georeferencing the images. Figure 3C shows that the crest lines overlap and does not allow the observation of any evolution in time of these undulations between 2008 and 2019, or by such a small amount that this difference could not be detected.
2.3.4 Candidate sublimation waves on CH4 ice – Sputnik Planitia, Pluto
At present, the mean surface temperature of Pluto is around T = 37 K and an atmospheric pressure between p = 0.5 and 1.5 atm. Pluto shares similarities with Mars: a tenuous atmosphere with a complex climatic system driven by the redistribution cycles of volatile ices. Pluto’s atmosphere is very rich in N2 and the conditions at its surface are such that it is now known that the successive cycles of sublimation and condensation of N2 but also CH4 are not only active processes but also partly responsible for the diversity of landscapes (Figure 4) on the surface (Bertrand et al., 2018; Bertrand et al., 2019). Among the great diversity of landforms on Pluto, Sputnik Planitia (Figure 4A), a large basin covering more than 30° in latitude composed of a complex mixture of N2 ice, and to a lesser extent CO and CH4 ices (Schmitt et al., 2017), is the most emblematic. Sublimation is currently dominant above 15°N, at a rate estimated to q0/ρs ∼ 3 − 7 × 10−12 m ⋅s−1, while condensation dominates below (Bertrand et al., 2018). This plain contains many characteristic shapes (Figure 4B), such as polygonal cells over ≃ 10 km wide interpreted as resulting from thermal convection of the ice (McKinnon et al., 2016; Trowbridge et al., 2016; Morison et al., 2021) and bordered by pits over 100 m deep. These remarkable shapes provide an additional argument to that of the absence of craters on the whole Sputnik Planitia, in favor of the hypothesis of a geologically young and active surface [image: image] (McKinnon et al., 2016; Trowbridge et al., 2016).
[image: Figure 4]FIGURE 4 | Pluto and its regions of interest, 14 July 2015 (credit: NASA/JHUAPL/SwRI). (A) Global view of Pluto in colour, taken by the Ralph/Multispectral Visual Imaging Camera (MVIC) on New Horizons. The “heart” of Pluto is dashed and the region of Sputnik Planitia is highlighted. (B) Image of part of Sputnik Planitia, taken by the Long Range Reconnaissance Imager (LORRI), at a resolution of 77 to 85 m/pixel. (C) Zoom on the linear and regularly spaced crests of the western region of Sputnik Planitia bordered by the al-Idrissi mountains and superimposed on polygonal cells. The crest lines are underlined in black while the white arrow indicates the wind direction deduced from the streaks (in orange) and the surrounding topography (modified from Telfer et al. (2018)).
A surface texture consisting of pits, typical of the circular shapes created by sublimation and regularly distributed in space, is the dominant texture in the southern part of the plain (Moore et al., 2017). To the northwest, the basin is bounded by the al-Idrissi mountains composed of water ice, next to which, over an area of ≃ 75 km from these mountains (latitude ≃ 30°N, longitude ≃ 160°E, Figure 4C), linear ridges regularly spaced (0.4–1 km) were observed by Telfer et al. (2018) on a substrate composed of CH4 and N2. With distance from the mountains, these ridges become spaced further apart and are arranged in patches. Wind streaks behind certain obstacles also attest to the direction of the wind, consistent with the local topography, and that seems to be perpendicular to the orientation of these ridges (Telfer et al., 2018). Indeed, the winds on Sputnik Planitia seem to be locally induced by the condensation and sublimation of N2 (Forget et al., 2017) and by the so-called katabatic gravity flow on topographic slopes that are linked to the temperature difference between the colder surface and the warmer atmosphere. Winds are generally turbulent near the surface (boundary layer of thickness ≃ 15 km) and modeling of their circulation indicates that their speed could reach several meters per second (at 20 m above the surface) although it would generally be less than 1 m per second (Forget et al., 2017). Since the strongest winds are expected to occur where the topographic gradients are greatest the northwestern part of Sputnik Planitia on which the ridges appear would correspond to a very windy region (Telfer et al., 2018) and areas with more widely spaced ridges to more moderate winds.
One of the interpretations proposed so far to explain the formation of the linear ridges in northwestern of Sputnik Planitia is that they are dunes formed by grains of CH4 ice, whose movement would be initiated by sublimation because the friction velocity of the local winds is not strong enough to reach the threshold friction velocity to set the grains in motion, and would then be maintained by local winds (Telfer et al., 2018). Nevertheless, Gunn and Jerolmack (2022) show that even the threshold to maintain grain transport (friction velocity is about u* = 1. m ⋅s−1) is too high for the proposed wind speeds over Sputnik Planitia. By analogy with observations of sublimation ripples in Antarctica, in ice caves and on the MNPC, it would seem that the main ingredients required in each of these environments are also present on Sputnik Planitia, suggesting that an alternative hypothesis could be that these ridges are the result of sublimation (without grain transport) coupled with turbulent winds.
3 DISSOLUTION WAVES ON SOLUBLE ROCKS
Ablation waves occur on solid substrates that are subject to mass transfer at their surface. The flow of liquid like water can dissolve some rocks. If dissolution waves, i.e., flutes/solution ripples are mentioned and visibly widespread (Ford and Williams, 1989; Ginés et al., 2009), complete natural data sets on the subject are paradoxically lacking. The description of their form, occurrence and the environments in which they develop, through natural examples and laboratory experiments, borrowed from a field analysis and the existing literature is the subject of this section. The only complete experiment on the specific subject of flutes/solution ripples on a dissolving solid substrate of which average parameters measured are given in Table 2 (white boxes), is the dissolution laboratory experiments run by Blumberg and Curl (1974).
3.1 Soluble rocks on Earth
Carbonate rock and evaporite outcrops are widespread on Earth and very often form complex systems of landscapes dotted with caves and underground networks in which water circulates. The type of system that is created on these soluble rocks are called karsts. Karst landforms occupy no less than [image: image] of the Earth’s continental surface not covered by ice (Ford and Williams, 1989), and thus represent a significant reservoir of soluble rocks. Evaporites are globally distributed over all continental surfaces but are more common in the Northern Hemisphere (Ford and Williams, 1989). Although they are less exposed than carbonates, there are large evaporite karsts in China, Ukraine, the United States but also smaller ones in many other countries and in various environments (Milanovic et al., 2019). They are formed by homogeneous or heterogeneous precipitation in waters with high concentrations of dissolved ions, induced by partial evaporation. Thus, seawater is quantitatively their most important source, through lagoons or subtidal, intertidal and supratidal areas of salt plains (sebkha). In arid and semi-arid environments, the sources are dry lakes, thus forming the salar, salina or playa (Ford and Williams, 1989).
3.2 Development of dissolution waves
3.2.1 Mineral composition
Soluble rocks and particularly carbonate rocks are composed of minerals such as calcite and dolomite, and evaporitic rocks are composed of sulphates or chlorides. Evaporite karsts are mainly composed of gypsum (CaSO4, H2O), the most common sulphate mineral among evaporites. After carbonates, it is indeed the mineral that precipitates the fastest, before its dehydrated forms (anhydrite CaSO4 and halite NaCl). Since it only appears after gypsum and because the waters of lagoons and intertidal zones are generally renewed before it precipitates, halite is less widespread, except in the case of arid regions where the waters are endoreic, i.e. hydrologically closed lakes that do not drain to the sea. Salt karsts are therefore limited to patches in these deserts and, despite the fact that they are ephemeral and relatively young (for those that currently exist) in view of the high solubility of halite and its fragility, remain little studied (Frumkin, 1994; Frumkin, 2013).
3.2.2 Kinetics of dissolution
The process of accumulation and removal of water-soluble rocks is chemical: dissolution/precipitation reactions are mainly involved. When a rock dissolves in water, some or all of its individual minerals disintegrate into individual ions or molecules that are then diffused into the solution. Calcite, gypsum and halite dissolve by dissociation according to the reactions given in Table 3. They dissolve in water, the viscosity of which depends mainly on the temperature (Kaufmann et al., 2014).
TABLE 3 | Dissolution reactions, orders of magnitude of diffusion coefficients D and dissolution fluxes q0 of the main minerals constituting soluble rocks, at 25°C and 5< pH <9, from Ford and Williams (1989); Morse and Arvidson (2002); Daupley et al. (2015).
[image: Table 3]Classically in chemical kinetics, the dissolution of a solid in a solution is separated into several distinct physical or chemical steps (Morse and Arvidson, 2002): (i) the transport of the reactive agents from the liquid to the solid surface, (ii) the adsorption of reactive substances on the surface, (iii) the chemical reaction between the adsorbed reagents and the solid surface, which may also contain several steps, (iv) the desorption of products into solution, (v) the transport of products and their diffusion in the solution.
The overall kinetics of the transfer is therefore limited by which of these steps is the slowest. For calcite, which has more dissolution-precipitation reactions than gypsum or halite, the kinetics is influenced by numerous parameters, such as the acidity (pH) the partial pressure of CO2 [image: image], the temperature (T), the state of saturation (SI) but also, transport of ions and molecules by a flow (as for sublimation hydrodynamic conditions) and the shape of the surface. The determination of the limiting process therefore depends on the conditions related to the control parameters.
The kinetics of dissolution is thus controlled sometimes by transport, sometimes by chemical reaction, and sometimes both at the same time, that leads to a mixed behaviour. Thereafter, we are interested in processes dominated by the transport of particles (vapour, ions in solution) by advection-diffusion in a flow. In this case, the dissolution rate defined by q0/ρs is very small compared to the friction velocity u* of the flow (Table 2).
3.3 Terrestrial examples of dissolution waves
3.3.1 Dissolution waves on limestone - Saint-Marcel d’Ardèche cave, France
The linear transverse undulations produced by dissolution exist mainly on the walls of caves in soluble rocks, as in the cave of Saint-Marcel d’Ardèche, France, in calcite. It is characterised by large volumes, a rich concretion and shows many forms of dissolution on its walls. The galleries of the network contain a fine detrital filling composed of beige and red mica sands and clays. Between the demarcations linked to the successive sections of the gallery, transverse and linear ridges have developed, among other forms (Figure 5).
[image: Figure 5]FIGURE 5 | Typical shape of the dissolution waves visible on the wavy walls of the Galerie des Peintres of the Cave in St-Marcel d’Ardèche, France. (A) Raster image of the wall, obtained by interpolation of LIDAR point clouds. The black line symbolises the cross-sectional AA’ line that allows the typical profile to be visualised. (B) Typical profile according to section AA’.
In order to characterize these forms morphologically, a few selected walls on network I were scanned using a portable LIDAR, in the Gallerie des peintres or Gallerie des maçons. The topographic data acquired with the LIDAR allowed the production of 3D surfaces by interpolation of point clouds (Figure 5A) and 2D profiles of the shapes (Figure 5B). The general shape of the ripples is not sinusoidal but some periodicity of the peaks is observed. With a wavelength ≃ 1 m and an amplitude ≃ 0.1 m, their aspect ratio is of the order of Ra ≃ 0.1. Their transverse profile is asymmetrical and has a steeper slope on the downstream side than on the upstream side. No information on the formation of these undulations can be acquired so controlled experiments are required to complement Table 2.
3.3.2 Dissolution waves on gypsum - Laboratory experiments
The experiment of Blumberg and Curl (1974) consists in reproducing dissolution waves on a soluble substrate in the laboratory (Figure 6). They study their stability, through the wavelength, the migration, the general temporal evolution, the dissolution rate and more generally, the mass transfer that takes place. Their choice of substrate is gypsum (calcium sulphate hemihydrate), whose dissolution is ensured throughout the experiment by maintaining a reagent concentration at 10% from saturation, by replacing part of the solution with the same volume of fresh water continuously. The experiment is carried out in a hydrodynamic tunnel of cross-section 15.25 cm × 15.25 cm, imposing a hydrodynamic boundary layer of ≃ 7.6 cm. The temperature is continuously monitored and the flow velocity U is measured at all times by pitot tubes. The block of gypsium, of size 76.2 cm × 15.25 cm × 12.7 cm, is placed in the centre of the tunnel.
[image: Figure 6]FIGURE 6 | Dissolution experiment adapted from Blumberg and Curl (1974). (A) Dissolution waves (Exp. 1). The wavelength is 5 cm. The white arrow indicates the direction of flow. (B) Profile and geometrical parametrisation of the dissolution waves. The lower profile corresponds to its evolution over time, after dissolution. ϕ is the propagation angle, and vx the migration velocity.
The authors indicate that the length of the hydrodynamic tunnel is not sufficient to create dissolution waves spontaneously, so grooves transverse to the flow were made on the surface of the block at regular intervals, on which the ripples are supposed to develop. The authors admit that this approach does not allow the exact determination of the equilibrium situation of the dissolution waves, i.e. the growth time at which they should have emerged spontaneously from an initially flat surface. The disturbance of the topography predefined by these grooves seems however not to influence the wavelength and the final profile of the dissolution waves since the various tests carried out by Blumberg and Curl (1974) with several extreme intervals, demonstrate that the ripples develop on the grooves and then evolve by gradually increasing or decreasing the wavelength progressively until a certain common equilibrium is reached.
Due to combined effects of dissolution and different turbulent flow velocities, these dissolution waves have a centimeter spacing (2–5 cm and a millimeter amplitude and migrate at different velocity 1–3.2 × 10−7 m ⋅s−1 in the direction of flow. During their series of experiments, the device allowed the measurement of the parameters ϕ, the propagation angle and vz, as well as the local values of the slopes θ, that allowed them to generalize the shape of the profiles obtained (Figure 6A). Their measurements (see Blumberg and Curl (1974) for details of the methods) provide an estimate of the local vertical dissolution rate vz = q0/ρs, where q0 is the flux density at the wall. Using the measured values of the propagation angle ϕ in the Blumberg and Curl (1974)’s experiments, the horizontal migration velocity can be deduced geometrically (see Figure 6B) as a function of the propagation angle and the sublimation rate:
[image: image]
The main results of these experiments are listed in Table 2 (white cells). It should be noted that the growth times of bedform formation have not been measured but could be estimated. Indeed, all the data collected in Table 2 are complemented by additional calculations (grey cell) from the scaling laws presented in next section 4.
4 SCALING LAWS FOR ABLATION WAVES: A UNIFIED MODEL
Ablation waves involve solid substrates, such as ice (§2), but are also found on soluble rocks (§3). Perturbations of a flat substrate, without characteristic or periodic length, disturb the flow that modifies the mass transfer that in turn modifies the topography. This positive feedback can initiate an unstable system, i.e. one that does not return to its initial state following a disturbance or disturbances. The role of morphogenesis is to consider how to relate the characteristics of topography to those of flow and mass transfer. While several approaches exist, instability theory and in particular linear stability analysis, which relates the growth of disturbances to the growth of instabilities, seems to be the most relevant (Gallaire and Brun, 2017).
4.1 Ablation by sublimation or dissolution: an analogous instability mechanism
Mass transfers shape solid substrates by ablation under a turbulent flow. Sublimation is a physical transformation of phase change between the solid and vapour phase without passing through the liquid phase, whereas dissolution is based on chemical reactions between ions in solution and molecules. These transfers are therefore different in nature but both involve a variation in enthalpy and have a similar formulation of their equilibrium (saturation vapour pressure and equilibrium constant, resp.). The direction of the transfer is in both cases conditioned by the value of a relative quantity that determines whether the system is saturated or not (relative humidity and saturation index, resp.). The kinetics of the transfers can be considered at the microscopic scale (kinetic theory, chemical kinetics, resp.) at the interface or extrapolated to the continuous medium when the transport of particles (vapour, ions in solution, resp.) is based on advection-diffusion in a flow. In both cases, the quantification of the material flow is proportional to the difference between the concentration and the equilibrium concentration, weighted by a kinetic coefficient depending on the type of transfer. This approximation is valid at the macroscopic scale where the transport of vapour or ions in solution, resp., is by advection and diffusion in a turbulent near-wall flow.
The sublimation and dissolution waves could be analogous as long as the instability mechanism responsible for their development is robust (Gallaire and Brun, 2017). If so, their shape and their kinetics depend on a combination of physical parameters, through dimensionless numbers driving the problem, with at least one of these numbers being conserved whatever the type of transfer so that there is similarity. The friction velocity u* and the viscosity ν of the underlying turbulent flow seem to control the characteristic length scale λ of the waves through a coefficient whose value seems to be linked to the type of transfer that is characterized by the ratio between the viscosity of the flow ν and the diffusivity coefficient D of the substrate in the flow. As can be seen in Table 2 (i) the Schmidt number ν/D depends on the type of transfer, from [image: image] in sublimation to 103 in dissolution, this number is therefore a variable of the problem; (ii) the mean value of kν/u* ∼ 10–3 depends slightly on the type of transfer. This latter dimensionless number that is in fact the inverse of a Reynolds number Re−1 related to the wave number [image: image], seems to confer an analogical character of the two mass transfers at first inspection. Furthermore, the angle ϕ is constant in the laboratory dissolution experiment, despite the variation of the Schmidt number. Should we expect this value to be constant also in sublimation? The propagation angle being linked to the migration speed and the erosion rate (Eq. 1), we propose to study these parameters as a function of the dimensionless numbers of the problem (Re−1, Sc) through a stability analysis.
4.2 Stability analysis of the coupled ablative mass transfer and near-wall turbulent flow
The objective of the temporal stability analysis is to study the stability of the solid-substrate/flow interface with time. The interface profile is generally written:
[image: image]
where ζ0 is the amplitude, [image: image] the wavenumber, λ the wavelength and σ the time growth rate associated with the wavenumber k and the pulsation ω. The disturbance of the flow linked to this profile is also sinusoidal and proportional to kζ0.
The ablation wave emerge if σ > 0 (they are unstable), while they disappear if σ < 0 (they are stable). Their migration speed that is equal to −ω/k is in the direction of flow if ω < 0 and in the opposite direction of flow if ω > 0. The determination of the dispersion relation of the system makes it possible to highlight the values of k for which σ > 0 and to identify the most unstable mode for which σ is maximal.
The linear approach works even if the aspect ratio [image: image] is more than 0.03. Kuzan et al. (1989)’s experiment shows even if instantaneous flow reverses direction, the time-averaged flow is non-separated and this depends on [image: image] so that the limit could be bigger for dissolution waves Ra ≃ 0.125 than for sublimation waves Ra ≃ 0.05. If this aspect ratio increases too much, the smooth limit is no longer applicable and the bed roughness linked to the presence of the ablation waves on the substrate must be taken into account (Claudin et al., 2017; Durán et al., 2019). The linear approach is still valuable but roughness introduces a stabilising effect so that the ablation waves can then disappear (σ < 0) if the Reynolds number based on the bed roughness r length scale is such that [image: image]. Above this value, the hydrodynamical response of the flow to the bed topography becomes independent of roughness, and then just depends on the wavelength λ of the bed and the type of the mass transfer.
By studying the stability of the coupled flow dynamics and mass transfer system, it has been shown that the combined effect of winds and sublimation (Bordiec et al., 2020) or water flow and dissolution (Claudin et al., 2017) lead to the formation of ablation waves, i.e. σ > 0, for a given wavelengths range in a transition regime between laminar and turbulent flow for a wall-Reynolds number based on the bedform’s wavelength [image: image]. If the global turbulence of the flow is taken into account according to the RANS statistical method, the wall-Reynolds number based on the wavelength requires the use of a near-wall turbulence RANS model (Knotek and Jícha, 2014) able to better reproduce the evolution of the friction coefficient with the Reynolds number (Manceau et al., 2002; Jakirlić et al., 2009). In our model, we use a closure based on the turbulent viscosity with a mixing length according to the Loyd and Hanratty formulation (Hanratty, 1981), designed for this purpose. Then we perform a linear stability analysis of the model following Claudin et al. (2017) and Bordiec et al. (2020) considering the smooth limit Rr → 0 with a variation of the Schmidt number from [image: image] to 103. The novelty of this study is that we explore all the parameters of the dispersion relation, including the propagation angle, by varying the Schmidt number to deal with both the sublimation and dissolution problems.
4.2.1 Dimensionless numbers of the problem
Afterwards, the following configuration is considered: a flow of many decades great in height with respect to the wavelength of the bedforms, in a hydrodynamically smooth regime (Rr → 0), by limiting to the linear effects of the instability. From the parameters and dimensional considerations, it is possible to highlight four dimensionless numbers characteristic of the problem.
(i) The Schmidt number Sc compares the effects of momentum and mass diffusivity. It is defined by [image: image],
(ii) The dimensionless wavenumber is the one that controls the near wall regime:
[image: image]
(iii) The dimensionless growth time is defined by:
[image: image]
(iv) The dimensionless number pulsation ω+ is defined by:
[image: image]
The ratio −ω+/k+ = tan(ϕ) defines the propagation angle.
4.2.2 Dependance on the Schmidt number
Since the diffusion coefficient is much lower in liquids than in gases, the order of magnitude of Sc is typically 103 in liquids, while it is only unity in gases (Incropera et al., 2007). Although different, the values of the Schmidt number in the different environments described § 2 for sublimation remain of the same order of magnitude (Sc ≃ 1) whereas for dissolution, the experiments described in § 3, the Schmidt number is variable, between 102 and 103 (Table 2). The dispersion relation displayed in Figure 7 explores the instability. In the (Sc, kν/u*) plane, the unstable domain is defined on Figure 7A by a shaded area corresponding to σ+ > 0 for which the scaled wavenumbers k+ belongs to the near-wall regime of laminar-turbulent transition. The maximum growth rate [image: image] (solid lines) corresponds to the most amplified wavelength [image: image] (dashed lines). Thus, it appears that the Schmidt number has little influence on the instability domain and on the most unstable mode. However, it should be noted that the [image: image] range of the band instability considering variations in Schmidt and wall-Reynolds numbers decreases with increasing Sc.
[image: Figure 7]FIGURE 7 | Influence of the Schmidt number on the dimensionless parameters of the dispersion relation. (A) Stability diagram in the (Sc; kv/u*) plane. The shaded area corresponds to the unstable domain (σ+ > 0) and the values displayed are those of the σ+ isocontours. The dashed line represents the most unstable mode [image: image]. (B) Evolution of the dimensionless parameters [image: image] [image: image] [image: image] of the dispersion relation as a function of Schmidt number obtained from the model (symbols). Lines, dashed lines and dotted lines represent the best fit for each parameter ([image: image] [image: image] [image: image] resp.). (C) Coefficient −ω+/k+ as a function of the scaled wave number kv/u*, for different Schmidt numbers. The solid lines correspond to tan(ϕ) (left axis) and the alternate lines to ϕ (right axis). The colors are associated with the Schmidt number. The colored areas are the areas of instability. The vertical dashed lines are the most amplified modes. Finally, the arrows indicate the value of tan(ϕ) and ϕ associated with the most amplified mode in each case.
Figure 7B shows the evolution of the dimensionless numbers of the dispersion relation, characteristic of the instability, as a function of the increasing Schmidt number. The numerical results show that [image: image], [image: image] and [image: image] all depend on the Schmidt number, dividing [image: image] by ≃ 6 and the growth rate [image: image] by ≃ 3 between Sc = 1 and Sc = 103. For [image: image] the obtained values are in accordance with Table 2 over the range 1< Sc < 103 for which this quantity evolves as Sc−1/5. The evolution of [image: image] is the same of [image: image] and depends on Sc−1/5 whereas [image: image] decreases as a function of Sc−1/6. It is therefore necessary to take into account the influence of this Schmidt number in the scaling laws initially proposed by Bordiec et al. (2020) for sublimation in order to establish the similarity between sublimation and dissolution waves.
The experimental propagation angle ϕ, defined in Section 3.3.2 (Figure 6B), appears to be relatively constant (ϕ ≃ 63.5°) in the dissolution experiments (Blumberg and Curl, 1974) for different Schmidt numbers. This can be explained by the fact that [image: image] and [image: image] obtained numerically (Figure 7B) have the same evolution as a function of Sc. Consequently the ratio of these two quantities involved in the definition of the propagation angle (Eq. 1) becomes independent of Sc. The study of the variability of tan(ϕ) as a function of the dimensionless wavenumber for different Schmidt numbers (Figure 7C) show that the value tan(ϕ) = 2 obtained in dissolution [image: image] is exactly the same for sublimation [image: image]. Thus, the propagation angle of the transverse linear undulations appears to be constant, whether the substrate is ablated by sublimation or by dissolution. This allows us to confirm the similarity of these two ablation waves. The dissolution waves can therefore be used to complete the sublimation data set in order to validate scaling laws.
4.3 Validation and prediction
Scaling laws have been developed in sublimation by Bordiec et al. (2020) to relate the morphological and kinematic characteristics of sublimation waves to the characteristics of the environment in which they occur. Since the type of transfer does not affect the instability, the laws can be generalized and are valid for both sublimation and dissolution. However, previously (§4.2.2) shows that the characteristic numbers of the most unstable mode [image: image], [image: image] and [image: image], related to the instability of the ablation waves are Schmidt number dependent. The point is that these characteristic numbers appear explicitly in the expressions of the physical quantities of interest such as wavelength, migration velocity and growth time. The objective of this section is therefore to compare these theoretical scaling laws with the terrestrial analogues and laboratory experiments described in §3 in the framework of a varying Schmidt number. The set of mean values of the parameters involved in the three scaling laws is summarized in Table 2. The values correspond either to measurements used for validation (white cells) or to predictions from the laws (grey cells). In order to verify the analogical character of the dissolution experiment with the terrestrial observations and the sublimation experiment, we now apply the scaling laws we have found numerically.
4.3.1 Wavelength
The first scaling law relates the wavelength λ to the viscous length [image: image]:
[image: image]
where [image: image] is the dimensionless wavenumber of reference numerically obtained for Sc = 1 when the maximum growth rate is reached [image: image]. This first scaling law is represented by solid lines in Figure 8A. It is superposed with the measurements (symbols) made by other authors from natural and experimental data (Curl, 1966; Blumberg and Curl, 1974; Bintanja et al., 2001; Bordiec et al., 2020) for different Schmidt numbers (Table 2). This new formulation given by Eq. 6 allows to take into account the similarity between dissolution and sublimation measurements and to validate this law also by the laboratory experiments of dissolution waves presented in §3.3.2.
[image: Figure 8]FIGURE 8 | Scaling laws (black lines) for the unified model of sublimation waves on Earth (blue symbols: square = ice cave; circle = BIAs; diamond = CO2 experiment) and dissolution waves (orange symbols). Symbols represent measured quantities, black dots are predictions. (A) First theoretical scaling law relating the wavelength λ to the viscous length v/u* (solid line), derived from the dispersion relation and superimposed on the measurements on sublimation waves (in blue) and on dissolution waves (in orange). The dependance on the Schmidt number is included to present an unified model. (B) Second theoretical scaling law relating the migration velocity v to the ablation rate q0/ρs (solid line), derived from the dispersion relation and superimposed on the measurements (symbols) on the natural and experimental systems (orange for the dissolution experiment (Blumberg and Curl, 1974); blue for the BIAs (Bintanja et al., 2001)). The positions of the sublimation waves observed on the surface of the MNPC, in the ice cave of Eisriesenwelt and in the experimental model (v unknown because never measured) are indicated by black dots superimposed on the scaling law. The non-dependance on the Schmidt number shows the analogous character of dissolution waves as a terrestrial analogue of the sublimation waves. (C) Third theoretical scaling law relating the growth time t to the ablation rate q0/ρs and the viscous length v/u* (solid line), derived from the dispersion relation and superimposed on the measurements on the unique measure natural system (on the BIAs (Bintanja et al., 2001)). The positions of the sublimation waves observed on the surface of the MNPC, in the ice cave of Eisriesenwelt, in the experimental model are indicated by black dots superimposed on the scaling law and for the dissolution experiment (Blumberg and Curl, 1974) are indicated by black circles superimposed on the scaling law. The dependance on the Schmidt number is included to present an unified model.
This law shows that the wavelength λ is inversely proportional to the friction velocity u* for a given flow whatever the substrate: the faster the velocity, the smaller the wavelength. This is in accordance of what has been observed for sublimation waves on BIA’s (Weller, 1969; Mellor and Swithinbank, 1989; Bintanja et al., 2001). For higher viscosity, depending on the pressure of the atmosphere as for instance Pluto’s kinematic viscosity that is 40 times higher than martian’s viscosity because of the lower pressure of the atmosphere, larger wavelength have to be found for comparable friction velocity at equivalent Schmidt number [image: image]. In this case, the ratio of the wavelength is directly proportional to the ratio of the viscosity: for sublimation wavelength about [image: image] on Mars, the corresponding wavelength for the same friction velocity of u* = 0.056 m ⋅s−1, is [image: image] on Pluto. The friction velocity can be predicted by the law, knowing the viscosity and the observed wavelength for these environment.
4.3.2 Migration velocity
The second scaling law proposed by Bordiec et al. (2020) related to the migration velocity of the ablation waves is proportional to the average value of the ablation rate [image: image]:
[image: image]
where [image: image], not only for Sc ≃ 1, but also for a set of Schmidt numbers between 102 and 103 (Figure 7C). This explains why the law Eq. 7, represented by solid line on Figure 8B is in line with the measurements on the natural and experimental systems (symbols) without taking into account the Schmidt number, revealing the analogue character of the dissolution experiments. The available measured data (Table 2, white cells) concern the sublimation ripples of the BIA’s in Antarctica represented by blue circles (Bintanja et al., 2001) and the dissolution waves in orange (Blumberg and Curl, 1974). Thanks to the analogue dissolution experiments, this law is validated both in sublimation and dissolution.
Because this law shows that the migration speed of these ablation waves depends only on the ablation rate (Figure 8B), the law can be used to predict the migration rate or, conversely, to estimate an ablation rate if the migration velocity is measured. For example, the predictions for the sublimation waves observed on the surface of the North Polar Cap of Mars, in the ice cave of Eisriesenwelt and in the experimental CO2 model (Table 2, grey cells) are indicated by black dots superimposed on the scaling law. The predictions made where the migration velocity has not been measured are realistic for the ice cave and the CO2 sublimation experiment but remain to be confirmed with further experiments or in situ campaign. Using the measured values of the propagation angle ϕ in the Blumberg and Curl (1974)’s experiments 1-4 (ϕ = 62°; 60°; 59°; 64°, resp.), the migration velocities have been deduced geometrically (see Figure 6B) in Table 2, white cells. They are in perfect agreement with the predictions of the law for experiments 1-4 (1.1 × 10−7, 2.6 × 10−7, 3.4 × 10−7, 3.3 × 10−7, resp.).
4.3.3 Growth time
The third law relates the characteristic growth time to the viscous length and the ablation rate, and is therefore dependent on the flow and type of transfer (Figure 8C):
[image: image]
where [image: image] is the maximum growth rate of reference obtained for Sc = 1. The growth time represents the spontaneous emergence of the ablation waves from an initially flat surface. It constitutes a interesting tool for assessing the order of magnitude of the time scale of development of ablation waves on a solid substrate and to link their growth to their ablation rates. Hence, the law remains a tool for estimating the potential age of surfaces. The predictions are possible but still lack data to confirm them, which could be obtained experimentally. The predicted times for the sublimation of CO2 ice experiments and the dissolution experiments (Table 2) show that they are feasible in practice at the laboratory time scale with characteristic growth times between 1.5 and 20 h. Consequently, this is the approach that should be favored to validate this law because natural examples develop over far too long a period of time. Indeed, the only available measurement for this characteristic growth time is given in Antarctica (Table 2) where ripples appear in 74 days, which is consistent with the predictions [image: image] days. It would take about 1 year for the sublimation waves to be fully developped in the Eisriesenwelt ice caves. For Mars on the MNPC, by setting an average of 35 sols of pure sublimation to have an order of magnitude, it would thus take 44,000 sols to observe well-shaped sublimation waves, which corresponds to about 1,200 Martian years for these landforms to grow. This very large time frame makes it possible to use these sublimation waves as markers of erosion zones on the MNPC as well as for Pluto where growth time are even longer.
5 CHARTS FOR ESTIMATING FRICTION VELOCITY IN DIFFERENT ENVIRONMENTS
The scaling laws presented in the previous section §4 have been developed to propose a unified model of ablation waves for dissolution and sublimation. To create a tool for the direct application of the laws in environments as diverse as ice caves, icy surfaces, laboratory experiments, planetary surfaces, karsts and limestone, gypsum and halite surfaces, we present these results in the form of specific charts. Since the coefficients kc +, ωc + and σc + of the laws differ in dissolution and in sublimation, we design a graphical representation of family of curves for each type of transfer: Figures 9, 10 for sublimation, depending on the composition of the atmosphere (Table 1); Figure 12 for dissolution.
[image: Figure 9]FIGURE 9 | Graphical representation of the first law for sublimation in a N2 rich atmosphere (Sc = 1). Knowing the wavelength of the sublimation waves, one can determine the friction velocity locating the ambient pressure and temperature over the wave field on the planetary body considered. The grey rectangles correspond to the pressure and temperature ranges for Earth, Titan and Pluto. The blue symbols correspond to the natural examples of sublimation ripples studied (square = ice cave; circle = BIAs; diamond = CO2 experiment). The purple symbol is for Pluto.
Considering that the basic quantities measured and/or measurable in the application environments consist mainly of ambient pressure and temperature (Table 2), the calculations to obtain the family of curves have to be adapted to these two parameters. For exemple in Figure 12, by plotting the temperature of water at ambient pressure, it is possible to estimate u* thanks to the first scaling law (Eq. 6) if a measure of λ of dissolution waves exists and vice versa. This presupposes an implicit calculation of the viscosity following different viscosity laws (e.g. Sutherland and Chapman-Enskog, Chapman et al. (1990)). In most cases, the choice of the viscosity law does not affect these estimates because the Sutherland and Chapman-Enskog laws are superimposed for the mean pressure and temperature ranges concerned in most of the relevant planetary environments (Figure 1, grey boxes, p > 10–2 Pa). In sublimation, and by using the first law, the friction velocity can be represented as a function of pressure, temperature and observed wavelength, for all N2-rich atmospheres in Figure 9. This allows application to the Earth, Titan or Pluto. CO2-rich atmospheres in Figure 10 allow applications to Venus and Mars.
[image: Figure 10]FIGURE 10 | Graphical representation of the first law for sublimation in a CO2 rich atmosphere (Sc = 1). Knowing the wavelength of the sublimation waves, one can determine the friction velocity locating the ambient pressure and temperature over the wave field on the planetary body considered. The grey rectangles correspond to the pressure and temperature ranges for Mars and Venus. The red circle represents the environmental condition over the sublimation waves that have been identified on the MNPC.
The other two laws (Eq. 7, 8) are more difficult to represent graphically as a function of pressure and temperature alone. Indeed, these laws imply the ablation rate that can only be constrained on the condition of knowing the temperature T, the pressure p but also the temperature at the interface Tint and a value of relative or specific humidity in the case of sublimation, and the temperature, the solubility, the concentration and the pH in the case of dissolution. To simplify the representation of these laws, they can be combined to give:
[image: image]
[image: image]
with [image: image] and [image: image]. Thus, the ablation rate and the migration velocity can be plotted on the same graph.
5.1 Application to sublimation waves
In icy planetary environments potentially subject to sublimation (§2.2, Table 1), the main gases involved are nitrogen N2 and carbon dioxide CO2. Two charts are proposed for atmospheres rich in N2 (Figure 9) and CO2 (Figure 10). The viscosity of these gases as a function of temperature is relatively well known at standard pressures. This is why a first tool to deduce u* and/or λ is proposed from the knowledge of temperature and pressure. The possible ranges of variation in p and T in the current configuration of each planetary environment are represented by grey areas on Figures 9, 10. Except for Pluto, where pressure changes induce strong viscosity variations, the number of curves crossing the environments is generally small, that induces reduced possibilities of u* − λ combinations at given pressure and temperature.
The natural examples (BIAs, ice cave) and laboratory experiments of CO2 ice presented in §2.3.1 and §2.3.2 are plotted on Figure 9 (see blue symbols) for N2-rich atmospheres. It makes thus possible to find an estimate of u* or λ. For the sublimation waves observed on the MNPC in §2.3.3 (red symbol in Figure 10), knowing the average atmospheric pressure and the temperature near the surface (Table 2) where they have been observed, one can obtain the friction velocity, simply by replacing λ by its value. The value extracted from the corresponding curve is [image: image] thanks to the environments conditions. The calculation of u* ∼ 0.085 m ⋅s−1 with the measured λ = 7 m is in agreement with the predictions for the friction velocity derived from the Martian Climate Database (Forget et al., 1999; Head et al., 2003; Millour et al., 2018) over the region described in §2.3.3.
In Figure 9, the current conditions of Pluto have been indicated by a purple circle in the grey area. The same application as above to the observed wavelength of Sputnik Planitia in §2.3.4 gives [image: image], using the most realistic viscosity laws (i.e Sutherland and Chapman-Enskog). These two different viscosity laws are used to show the potential influence of the choice of their use, for certain ranges of pressure and temperature. Nevertheless, the values extracted from the curve thanks to the environment condition and the measure of λ are in agreement with the predictions from other works (Forget et al., 2017) for Pluto. For wavelengths in the range of 0.4 < λ < 1 km, friction velocity is such that 0.04 < u* < 0.1 m ⋅s−1 noting that lower velocity values are obtained where the walengths are larger. This result is much lower than the friction velocity thresholds estimated for grain transport (Telfer et al., 2018; Gunn and Jerolmack, 2022). Since the strongest winds are expected to be where the topographic gradients are greatest, the northwestern part of Sputnik Planitia would correspond to a more windy region and the regions where the wavelength more widely spaced to more moderate winds. This typical behaviour combined to the wavelength of the sublimation waves that seems to be linked to the viscosity on Pluto 40× greater than on Mars, that could explain the difference in scale observed in these two environments, suggest that the waves observed on the northwest of Sputnik Planitia could be reinterpreted as sublimation waves.
The combination of scaling laws allows the ablation and the migration rates to be plotted on the same graph, independently of the nature of the substrate and the flow. Reading Figure 11 then allows to know the growth time tc from the knowledge of the ablation rate and the wavelength or from the migration velocity and the wavelength. This is relevant for the surfaces of BIAs and on the North Polar Cap of Mars. For the special case of ice caves, where the estimation of the sublimation rate is more difficult, it can be obtained by knowing the growth time and the wavelength.
[image: Figure 11]FIGURE 11 | Combination of the second and third laws for sublimation (Sc =1). Locating the wavelength on the y-axis and drawing a line upward to the curve representing the sublimation rate or the migration velocity, the formation time can be determined by reading thanks to a line drawn vertically. The blue symbols represent the natural examples of sublimation ripples studied (square = ice cave; circle = BIAs; diamond = CO2 experiment) and the red circle represents the sublimation waves identified on the MNPC.
The different validated applications are shown on Figure 11 (see blue and red symbols). As the data collected are isolated points in their parameter scale, given that the environmental conditions and sometimes even the type of icy substrate are different, there is no systematic measurements of bedform’s wavelength change when continuously varying some control parameter. In order to investigate a range of wind velocity and fluid viscosity in a controlled environment, this chart will be helpful tool for scaling laboratory experiments of sublimation. Such experiments would make it possible to characterize these sublimation waves in terms of their growth time, ablation rate and migration velocity.
5.2 Application to dissolution waves
The dissolution rates of limestone, gypsum and halite are widely studied and constrained in various situations (Table 3). The dissolution takes place in water whose viscosity depends mainly on temperature (Kaufmann et al., 2014). Since the temperatures concerned by this type of reaction are temperatures for which the kinematic viscosity of pure water is well known, the viscosity is injected directly into the law. Despite the lack of existing data, Blumberg and Curl (1974)’s experiments (§3.3.2) allow the abacus chart to be validated by entering the values of Table 2 in the form of red symbols in Figure 12A. Choosing this type of graphical representation constitutes a tool for finding the friction velocity u* and the velocity of the flow by extrapolation (Bordiec et al., 2020), as a function of the temperature on the one side and the measurement of a wavelength on the other side. A quick application to the transverse linear undulations observed in the Cave of St-Marcel d’Ardèche (§3.3.1) assuming that Sc = 1,000 and that the temperature is of the order of T = 10°C, the friction velocity u* from figure Figure 12 is ≃ 0.06 m ⋅s−1, which leads to a very low flow velocity at z = 1 m of the wall of the order of [image: image].
[image: Figure 12]FIGURE 12 | Dissolution of rocks soluble in liquid water. The shaded areas correspond to typical ranges of temperature and dissolution rates encountered in natural environments. The orange circles represent the experimental results of Blumberg and Curl (1974). (A) First law (B) Combination of second and third law.
This tool is also useful for the design of new experiments, choosing a couple (u*, T), one can then define the desired wavelength range allowing a scaling of the experiment on an adapted exposure time. We propose to design the chart for dissolution in order to obtain the exposure times of surfaces to a water flow, knowing from Eq. (9) that:
[image: image]
This is relevant to estimate formation time of the dissolution waves (Figure 12B) in the experiments or in natural exemples. For example, the chart does provide growth times of between 4 h and 20 h for the wavelengths obtained by Blumberg and Curl (1974). With the same wavelength and similar hydrodynamic conditions, the growth time, induced by the rate of dissolution, is therefore naturally 100 times greater for calcite than for gypsum, itself 100 times greater than for halite. Considering an average estimate of the calcite dissolution rate such that q0/ρs ≃ 4 × 10−11 (Table 3), the chart provides a characteristic growth time of the dissolution waves of the walls of Grotte de St-Marcel of the order of ≃ 100 years. This enables an estimation of the required minimum residence time for water to form this type of beforms, but also an idea of the velocity of the paleo-flow as a function of the observed wavelength.
6 CONCLUSION
The development of transverse linear ablation bedforms, either by dissolution or sublimation of solid substrates, can be unified in a single analytical model that couples mass transfers and near-wall turbulent flow. The linear stability analysis of the model shows that the propagation angle, defined as the ratio between the ablation rate and the migration velocity, is equal to ≃ 60° for both ablation processes. By contrast, the coefficients of the dispersion relation differ between sublimation and ablation dissolution, because these different ablation processes involve different values of the Schmidt number. Three scaling laws derived from the model relate the geometric and kinematic characteristics of ablation waves to the characteristics of the environment in which they form: (i) bedform wavelengths are related to the ratio viscosity over friction velocity, (ii) bedform migration velocities are related to ablation rates, (iii) bedform characteristic growth times are related to viscous lengths and ablation rates. These scaling laws correctly fit a set of data measured on ablation waves on soluble rocks (by dissolution) and on volatile ices (by sublimation) in terrestrial, extra-terrestrial and experimental settings. They can be used to predict flow velocities, ablation rates and characteristic growth times for other ablation waves. Specific charts derived from the laws allow the model predictions to be used to design new experiments and to be extended to other terrestrial and planetary ablation waves.
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