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Abstract 
This thesis concerns the study of planetary landscapes with the objective of understanding the role of 

volatiles in sculpting these landscapes which falls under the broad theme of planetary 

geomorphology. A general introduction to planetary geomorphology is followed by a summary of the 

research topics of the candidate since their PhD thesis. The primary focus of this research is on 

recent martian surface processes, followed by periglacial terrains on Earth and the evolution of the 

surface of Mercury. Two science questions emerge from this work. 1) What is the role of volatile loss 

in shaping planetary landscapes and how is that loss triggered/modulated? This thesis reveals that 

sublimation is an important process on modern Mars, yet the limits of this process are poorly 

understood. Volatile loss could also be an important contributor to slope processes on other bodies 

but has been largely overlooked. Equally melting ground ice can lead to catastrophic mass 

movements in places on Earth where permafrost was not suspected. 2) What are the limits of 

planetary comparison and in what contexts does insight prevail over misunderstanding? This thesis 

demonstrates that comparative planetology has been important in providing insight into surface 

processes on Mercury and on Mars yet studying gullies on Mars has revealed that equifinality can be 

problematic. Given this context how can planetary bodies be used to learn more about surface 

processes on Earth? The end of the thesis details the candidate’s plans for future work to address 

these science questions, which entail simulations in the laboratory, analysis of orbital image and 

topographic data and fieldwork. 

Résumé français 
Cette thèse concerne l'étude des paysages planétaires avec l'objectif de comprendre le rôle des 

volatiles dans la formation de ces paysages - ce qui s'inscrit dans le thème général de la 

géomorphologie planétaire. Dans ce document, une introduction générale à la géomorphologie 

planétaire est suivie d'un résumé des sujets de recherche du candidat depuis son doctorat. Ils 

portent principalement sur les processus récents de la surface martienne, puis sur les terrains 

périglaciaires sur Terre et l'évolution de la surface de Mercure. Deux questions scientifiques 

émergent de ce travail. 1) Quel est le rôle de la perte des substances volatiles dans le façonnement 

des paysages planétaires ? Cette thèse révèle que la sublimation est un processus important sur 

Mars. La perte de substances volatiles pourrait contribuer de manière importante aux processus sur 

d'autres corps. De même, la fonte du pergélisol peut entraîner des mouvements de masse 

catastrophiques sur Terre où l'on ne soupçonnait pas la présence de pergélisol. 2) Quelles sont les 

limites de la planétologie comparée ? Cette thèse démontre que la planétologie comparée a joué un 

rôle important dans la compréhension des processus de surface sur Mercure et sur Mars, mais 

l'étude des ravines sur Mars a révélé que l'équifinalité peut être problématique. La fin de la thèse 

détaille les plans du candidat pour les travaux futurs visant à répondre à ces questions scientifiques, 

qui comprennent des simulations en laboratoire, l'analyse d'images orbitales et de données 

topographiques, et des travaux sur le terrain.   
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1 Introduction 
This HDR thesis provides a summary of the research I have performed since starting my doctorate, 

which seeks to understand the influence of volatile substances, such as water and carbon dioxide, on 

landscape development on the terrestrial planets. It ties together the separate strands of research 

into a single thematic narrative, which aims to highlight my personal scientific motivation and the 

resulting driving research questions. The manuscript also provided me with an opportunity to 

highlight the aspects of my research I see as future research directions. 

Water plays a vital role in shaping the surfaces of the terrestrial planets, notably Mars and the Earth. 

All three forms of water are found on Earth and it is one of the most important volatiles involved in 

geomorphic processes: physical, chemical and biological. However, as we move away from our 

planet, water’s action becomes more subtle. The surface temperature and pressure conditions of 

other planetary bodies mean that other volatile species start to do more geomorphic work. For 

example, Mars’ surface has an active carbon-dioxide (CO2) condensation and sublimation cycle, 

which create landforms unique to this planet within the solar system (e.g., Thomas et al., 2011). 

Knowledge of the water budget of a planetary body has implications for the composition and 

dynamics of the early Solar System and is a critical component in determining zones of habitability. 

Water changes the rheology of planetary mantles and is thought to be a pre-requisite for plate-

tectonics (Albarede, 2009). The origin of water in the inner Solar System is poorly understood and the 

distribution of water in the interior, crust and atmosphere of a planetary body provide clues as to 

whether the water was incorporated during accretion and/or brought later by icy planetesimals from 

the outer asteroid belt and beyond (Albarede, 2009; Sarafian et al., 2014). A body’s geological history 

records the evolution of its water-budget over time and the surface geomorphology forms part of 

that record. By studying the surface geomorphology of planetary bodies I aim to investigate their 

water budgets and more generally volatile budgets. 

The recognition of process from the resulting shape of the landscape is the central tenant of 

observational geomorphology. The surfaces of the terrestrial planets are shaped by forces from 

within (e.g., tectonics and volcanism), from without (e.g., impacts) and by their own atmosphere (i.e., 

climate). Individual processes, such as water erosion, or micro-impacts, should leave characteristic 

topographic fingerprints and the balance of different processes can be untwined once an 

understanding these “fingerprints” is obtained. The application of geomorphology to the terrestrial 

planets is becoming increasingly relevant due to the quality and quantity of data from existing and 

upcoming missions. Obvious links have already been made - volcanoes are caused by volcanism and 

impact craters by impacts - but I intend to use a geomorphic approach to tease out the individual 

processes connected with volatile species, which are often embedded in more subtle signals. My 

research focuses on the exploitation of topographic data in all its forms: including detailed metre-

scale study, which has only become possible in recent decades (even on Earth), integrated with a 

statistical approach using regional-scale medium- to low-resolution data (which is becoming of better 

quality). 

The majority of my research focuses on Mars where there is abundant data and a large range of 

surface processes, however I also recognise the value of a broad outlook and therefore devote part 

of my research time to other bodies in the Solar System. Firstly and foremost, the Earth, where phase 

change of water ice to liquid in the context of degrading permafrost is becoming a pressing issue for 

evaluating hazard in a changing climate. Secondly, I have considered the influence of water and other 

volatiles on the surface geomorphology of airless rocky planets, moons and asteroids. It is only within 

the last 20 years that we have suspected that such volatile species were present near the surface of 
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the Moon and Mercury. Water-ice was recently found to be present inside the bowls of permanently 

shadowed impact craters on these two bodies and is thought to originate from exogenic (possibly 

cometary) delivery of water to their surfaces (e.g., Feldman et al., 1998; Harmon et al., 2001; 

Lawrence et al., 2013; Spudis et al., 2013). More subtle evidence for volatiles has been reported on 

the asteroid Vesta (Denevi et al., 2012). 

The thesis is made up of a mixture of published and unpublished material. It begins in Chapter 2 with 

a general introduction to planetary geomorphology, which I wrote for volume five of the History of 

the Study of Landforms - an update for the key reference work published by the Geological Society of 

London (Conway, 2022). The heart of the thesis is found in Chapter 3, a modified version of a Chapter 

published in “Martian Enigmas” (brown text was added to provide additional details for this HDR), 

which concerns the action of water and CO2 on sculpting the martian surface (Conway and Stillman, 

2021). This chapter is the most substantive of the thesis as it represents the bulk of my published 

work. Chapter 4 discusses the role of ice to water phase transition in mass movements on Earth, 

encapsulating work on debris flows during my PhD thesis and on landslides in ground ice - a 5 year 

project supported by the French National Funding Agency (ANR). Chapter 5 summarises my work on 

landscapes on Mercury, which has been driven by co-supervision of PhD students at the Open 

University with Prof. David Rothery. Finally Chapter 6 provides a synthesis, with a summary of 

science questions emerging from my work to date and future work envisioned on Mars, the Earth, 

Mercury and other bodies.  
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2 Planetary Geomorphology 

2.1 Abstract 
With the advent of the space age, planetary geomorphology has become a stand-alone discipline. 

This contribution provides a summary of the different processes that have been identified to form 

landscapes and landforms on planetary bodies in our Solar System, including rocky planets, icy 

planets and moons, dwarf planets, comets and asteroids. I highlight the insights these landforms 

have provided into the workings of these bodies and how what has been learnt in space has often 

taught us new lessons about the Earth. Finally, I conclude that despite the limitations imposed by 

remote sensing, planetary geomorphology has a bright future in planning future missions to explore 

our Solar System as well as understanding the data that will be returned. 

2.2 Introduction 
This chapter is rather different from the rest of those in this book. First it is the only one that takes us 

away from our own planet. Secondly, it deals with a topic that was not covered, for obvious historical 

reasons, in the four previous volumes of the History of the Study of Landforms. Thirdly, it does not 

restrict itself to the temporal span of 1965-2000 which is the focus of this book. It reviews progress in 

the study of planetary geomorphology up until the present and shows the progress that has been 

made since the first successful missions were carried out from the mid-1960s onwards - It was in 

1965 that Mariner 4 brought us back the first close-up photographs of another planet: Mars. 

Planetary geomorphology is a branch of planetary science, which was born in the second half of the 

Twentieth Century from astronomy and has foundations in geology, meteorology, chemistry and 

biology. The rise of planetary geomorphology as a discipline goes hand in hand with an increasing use 

of satellite remote sensing data to study our own planet and the associated development of 

techniques to exploit these data.  

The first remote sensing image of the Earth taken from space was in 1946. Only twenty years later, 

the NASA Mariner missions marked the first of a flurry of space missions that have only increased in 

number as the century progressed, bringing us images, topography and other data from all the major 

bodies in the Solar System and more. The objective of this chapter is not to provide a history of space 

exploration, which is done elsewhere (e.g., Burns, 2010), but to highlight the main discoveries and 

associated advances in the understanding of the processes and landforms of other worlds spanning 

the era of robotic and human exploration of space.  

In order for landscapes and landforms to be studied the surface of the body has to be resolved at a 

sufficient resolution (in the author’s opinion at least hundreds of metres per pixel). Hence to date, 

planetary geomorphology is restricted to solid bodies in our Solar System and relies on space probes 

sent to or near to the body of interest. We therefore have geomorphological information on (listed in 

approximate increasing solar distance): 

 Mercury 

 Venus* 

 The Moon* 

 Mars* and its moons Phobos and Deimos 

 Dwarf planet Ceres in asteroid belt 

 Asteroids (Bennu*, Ryugu *, Itokawa*, Vesta, Ida, Eros, Mathilde, Gaspra, Šteins, Toutatis) 

 The satellites of Jupiter (Io, Europa, Ganymede, Callisto) 
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 The satellites of Saturn (Pan, Daphnis, Atlas, Prometheus, Pandora, Epimetheus, Janus, 

Mimas, Enceladus, Tethys, Telesto, Calypso, Dione, Helene, Rhea, Titan*,Hyperion, Iapetus, 

Phoebe) 

 The satellites of Neptune (Proteus, Triton) 

 The satellites of Uranus (Miranda, Ariel, Umbriel, Titania, Oberon) 

 Dwarf planet Pluto and its moon Charon 

 Trans-Neptunian Kuiper belt object “Arrokoth” 

 Comets (Tempel 1*, Churyumov–Gerasimenko 67P*, Borrelly, Wild 2, Hartley 2) 

(A * symbol indicates a landed mission) 

This exploration has revealed a suite of familiar and unfamiliar processes and landforms compared to 

those found on Earth. This review will consider first processes and landforms already known from 

studying the Earth before the space exploration era and then move towards those processes and 

landforms less studied before Planetary Geomorphology became a distinct subdiscipline. Each 

section will highlight lesser-known landforms and knowledge gained from studying other worlds. For 

an exhaustive list of the landforms present on other worlds I refer the reader to the Encyclopaedia of 

Planetary Landforms (Hargitai and Kereszturi, 2015). For brevity only one or two references are cited 

per topic, with the intent that an interested reader can use them to access to the wider relevant 

literature on each topic. 

2.3 Planetary aeolian landforms and processes  
All bodies with an atmosphere have wind and aeolian landforms have been reported from: Mars, 

Venus, Titan and Pluto (Lorenz and Zimbelman, 2014; Telfer et al., 2018), as well as of course Earth. 

For a full review of planetary aeolian landforms and associated processes I refer interested readers to 

Bourke et al. (2019). The observation of aeolian bedforms including ripples, megaripples and dunes 

on other planetary bodies (Figure 2.1a,b) has been very important for understanding the basic 

physics underlying aeolian processes, because these planetary bodies provide different atmospheric 

densities and particle densities spanning a wider range of parameter space than accessible on Earth 

at the landscape-scale (Kok et al., 2012; Lapôtre et al., 2020). Martian aeolian bedforms have a wider 

diversity of form and size than their terrestrial equivalents (e.g., Bourke, 2010; Sullivan et al., 2020), 

which has led to researchers to question whether the basic physics underlying their formation are 

indeed the same. A prime example is the landform called a Transverse Aeolian Ridge (Figure 2.1c) 

which at < 1 m tall are thought to represent megaripples whose morphology is determined by 

grainsize sorting rather than reptation and creep and whose origin remains unknown at larger 

amplitudes (Zimbelman and Foroutan, 2020). Another example comes from radar images of 

longitudinal parallel and occasionally bifurcating ridges have been interpreted to be longitudinal 

dunes (Figure 2.1d) on Venus and Titan. Such dunes on Earth indicate strongly unimodal winds yet 

the “physics of saltation on Titan and Venus is fundamentally different from that on Earth and Mars 

[…] dominated by direct fluid lifting” (Kok et al., 2012). 
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Figure 2.1: Aeolian planetary landforms. a) Dark Dunefield on the floor of a 35-km-diameter crater in 

Aonia Terra on Mars, CaSSIS image MY36_015406_006_0, credit ESA/Roscosmos/Unibe. b) Large 

ripples (spacing 2-2.5 m) superposed by smaller impact ripples on the secondary lee slope of Namib 
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Dune in Gale Crater on Mars. Mosaic of MSL Mastcam images from sol 1192 (Ewing et al., 2017), 

credit NASA/JPL-Caltech/Malin Space Science Systems. c) Transverse aeolian ridges (TARs) on the 

floor of a 17-km-diameter crater in Margaritifer Terra on Mars, CaSSIS image MY36_015406_006_0, 

credit ESA/Roscosmos/Unibe. (d) Cassini Synthetic Aperture radar image of the Shangri-La Sand Sea 

on Titan (PIA20710). Image credit NASA/JPL-Caltech/ASI. (e) Yardangs and an inverted channel in 

Aeolis Mensae region of Mars, CaSSIS image MY34_005683_188_2, credit ESA/Roscosmos/Unibe. (f) 

Dust Devil in Amazonis Planitia on Mars CTX image D02_028082_2155. Credit NASA/JPL/MSSS. North 

is up in all images apart from (b). 

Hence, planetary observations have also revealed aeolian processes that are only experienced on 

extra-terrestrial environments resulting in potentially unique landforms. These include bedforms 

created by ablation (in the form of sublimation of ices – see also Section 2.11) rather than particle 

movements (Bordiec et al., 2020), which have so far only been studied in detail on the Antarctic ice 

cap (van den Broeke and Bintanja, 1995) or in ice caves (Obleitner and Spötl, 2011). Another 

surprising result was the discovery of dunes on the comet 67P Churyumov–Gerasimenko, which has 

no atmosphere (Jia et al., 2017; Thomas et al., 2015). These “dunes” are thought to form at times 

when the comet is close to the sun causing vigorous outgassing and strong winds being setup 

between sunlit and shadowed areas on the surface (Jia et al., 2017). Scouring “upwind” and build-up 

of sediment on the “downwind” of boulders supports this hypothesis (Mottola et al., 2015). 

Abrasion by particles lofted by the wind results in erosional aeolian landforms, such as yardangs and 

the landscape-scale (Figure 2.1e) and ventifacts at the “field” scale (e.g., Wells and Zimbelman, 1997) 

– the orientation of these landforms is used as an important indicator of prevailing wind directions. 

Yardangs have been studied in most detail on Mars, but also have been suggested on Venus (Greeley 

et al., 1995), Titan (Paillou et al., 2016) and as an alternative interpretation of the “dunes” on Pluto 

(Moore et al., 2018).. The study of yardangs on Mars drove a renaissance for their study on Earth 

(Goudie, 2007) where their climate significance is still debated. Ventifacts have been observed at the 

surface of Mars and are remarkably similar to those found on Earth (Knight, 2008; Laity and Bridges, 

2009) and most modern studies of terrestrial ventifacts refer to planetary-driven research on this 

topic. 

Wind can also drive the formation of inverted landforms, which have been of particular importance 

in revealing ancient fluvial processes on Mars (Davis et al., 2016; Day and Kocurek, 

2016)(Section 2.3). Wind is the agent that erodes and deflates the sediments surrounding the 

channel(s) which are more resistant to abrasion (Figure 2.1e). This additional resistance can come 

about from cementation, coarser grainsizes or lava capping (e.g., R. M. E. Williams et al., 2009). 

Particular to Mars are landforms related to the copious dust at its surface, which also influences the 

atmospheric circulation on that body (e.g., Madeleine et al., 2011). Dust via airfall is incorporated in 

sedimentary deposits and ice-deposition landforms (e.g. the polar caps - Kieffer, 1990; or the ice-dust 

latitude dependant mantle - Mustard et al., 2001). Unique to Mars are “Slope Streaks” which are 

landforms associated with dust motion down steep slopes (e.g., Schorghofer et al., 2007; Sullivan et 

al., 2001), see Section 2.7 for further details. Dust Devils are atmospheric vortices which are common 

on Mars (Figure 2.1f) and have been observed by every landed mission (e.g., Ferri et al., 2003; 

Greeley et al., 2006b; Ryan and Lucich, 1983; Thomas and Gierasch, 1985). They can also be found in 

deserts on Earth (Balme and Greeley, 2006), yet on Mars they often remove the dust on the surface 

leaving a tortuous track in their wake which is clearly visible from orbit. Much recent research on 

terrestrial dust devils has been driven by the desire to better understand the phenomenon on Mars 

(e.g., Balme et al., 2012; Reiss et al., 2010). 
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2.4 Planetary fluvial landforms and processes  
The possibility of extraterrestrial fluvial geomorphology was first revealed by the discovery of valley 

networks and channel systems on the surface of Mars (Masursky, 1973) (Figure 2.2a). On Saturn’s 

satellite Titan fluvial landforms in the form of valley networks (Carolyn C. Porco et al., 2005; Tomasko 

et al., 2005) are thought to be formed by flowing liquid methane eroding the ‘bedrock’ of ice (Perron 

et al., 2006)  (Figure 2.2b). Together with the observation of lakes (see Section 2.4), the existence of 

valley networks on Titan has led to the hypothesis of a hydrocarbon-cycle driven by the decade-long 

seasonal cycle and atmospheric synthesis of hydrocarbons. On Venus, the river-like canali could be 

lava channels or carved by, another as-yet unidentified, fluid (Jones and Pickering, 2003; Kargel et al., 

1994; Komatsu and Baker, 1994). Equally dendritic valleys on Pluto have been proposed to be carved 

by flowing liquid nitrogen (Stern et al., 2017) - the favoured alternate interpretation as glacial in 

origin, is described in Section 2.8. 

The observation of valley networks motivated the hypothesis that Mars had a full-hydrological cycle 

early in its history, when its atmospheric density was higher allowing surface liquid water to be stable 

(Pollack et al., 1987). This valley networks are visible in a degraded (Ansan et al., 2008) or inverted 

(Davis et al., 2016) state on the oldest visible surfaces of Mars (Figure 2.2a). Some of these valleys 

have low tributary order/number and by analogy with valleys with similar morphology on Earth have 

been interpreted to originate via groundwater sapping (Luo and Howard, 2008), hence revealing the 

potential presence of aquifers. Some have also been interpreted to originate from sub-icesheet 

drainage (Grau Galofre et al., 2020), attesting to potentially widespread glaciation early in Mars’ 

history (Fastook and Head, 2015). The observation of meandering channel belts on Mars brought into 

question the hypothesis that vegetation was a prerequisite for developing meanders early in Earth’s 

history (Ielpi and Lapôtre, 2020). 

Outflow channels on Mars – thought to represent colossal outbursts of water (Baker and Kochel, 

1979) from pressurised aquifers (W. A. Marra et al., 2015) - reach hundreds of kilometres in width 

and thousands in length (Figure 2.2c). They are characterised by streamlined obstacles and often 

multiple terrace levels indicating several pulses of activity (Warner et al., 2009). The outflow 

channels often originate at “Chaos Terrain” which also exists on Mercury (Rodriguez et al., 2020), 

Europa and Pluto (Skjetne et al., 2021) (Figure 2.2d), and hence is not a landform directly connected 

to fluvial processes. Chaos terrain is thought to form by the fracturing of a layer of crust sliding over a 

lower lubricated layer (water in the case of Mars and Europa and glacial flow of N2 ice for Pluto). 

Alternatively, such outflow channels could be carved by very fluid lava (Leverington, 2011), as is 

thought to be the case for analogous channels found on Mercury (Byrne et al., 2013). 

Mars’ surface hosts many enigmatic discontinuous channel segments, some of which have been 

related to water release by impacts (Mangold, 2012). Others terminate in landforms that resemble 

alluvial fans on Earth, such as Peace Vallis and its fan that was explored by the Curiosity Rover and 

found to contain conglomerates (Williams et al., 2013). These observations, together with those of 

the outflow channels point to surface water occurring only episodically, which contrasts with the 

older valley networks which point to a full-hydrological cycle having existed on Mars. As surface 

liquid water is not thought to have been stable for the last 1 Ga due to low atmospheric pressure and 

humidity, all together this points to Mars’s surface becoming more arid over time. 
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Figure 2.2: Fluvial planetary landforms. a) Evros Vallis, a valley network in Sinus Sabaeus region of 

Mars. The image is the Day IR THEMIS controlled mosaic available from the USGS. b) A synthetic 

aperture radar image of valleys near Titan’s south pole taken by the Cassini spacecraft image 

reference PIA10219, credit NASA/JPL-Caltech/ASI. c) Baetis Chaos leading north into Maja Valles 
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outflow channel on Mars. The image is the Day IR THEMIS controlled mosaic available from the USGS. 

d) Chaos terrain on Europa near Agenor Linea taken by Galileo, image reference PIA23873, credit 

NASA/JPL-Caltech/SETI Institute. e) Two false-colour images of gullies on Mars: left Crater in Terra 

Cimmeria HiRISE image PSP_004019_1420 and right Gasa Crater, HiRISE image PSP_003939_1420, 

credit NASA/JPL/UofA. f) Recurring Slope Lineae in Palikir Crater, HiRISE image ESP_031102_1380, 

credit NASA/JPL/UofA. North is up in all images. 

The smallest planetary landforms thought to be related to fluvial activity are kilometre-scale martian 

gullies (Figure 2.2e) (S. J. Conway et al., 2019; Malin and Edgett, 2000) and the metres-wide and up 

to hundreds of metres long Recurring Slope Lineae or “RSL” on Mars (Figure 2.2f) (McEwen et al., 

2011). Martian gullies resemble first-order drainage systems dominated by debris flow processes on 

Earth, yet present-day flows in martian gullies during local winter argue against a completely fluvial 

origin (Diniega et al., 2010; Dundas et al., 2019a) – see Section 2.11. RSL are low albedo streaks that 

grow in the hottest times of year extending from rocky steep slopes (Ojha et al., 2014) and have been 

suggested to be water or brine seeps (Stillman et al., 2020), however the temporal and spatial limits 

of orbital observations mean their origin remains enigmatic and could represent a uniquely martian 

surface process and landform (F. Schmidt et al., 2017). 

2.5 Coastal, lacustrine and kastic processes and landforms 
Mars is the only planet besides Earth in the Solar System which is suspected to have had ocean-scale 

open bodies of standing liquid (in this case water). Mars’ valley networks and outflow channels 

generally terminate in the northern lowlands and it is around these plains that two or more levels of 

putative shorelines have been identified (Carr and Head, 2019; Parker et al., 1993). These shorelines 

are characterised by a continuously traceable contact (expressed by albedo and/or topographic 

contrasts - Figure 2.3a) over thousands of kilometres and interpreted to represent wavecut 

platform(s). The lack of features typically associated with paleoshorelines on Earth, such as terraces, 

or barrier ridges (Ghatan and Zimbelman, 2006; Malin and Edgett, 1999), means this interpretation 

remains contentious. Variations in their altitude have been attributed to tectonic deformation post-

formation (Citron et al., 2018), and are also used as evidence against the landforms representing 

shorelines (Sholes et al., 2021). The evidence for an ancient ocean is bolstered by the presence of 

deltas whose altitudes are consistent with the ocean levels represented by the shorelines (Di Achille 

and Hynek, 2010). Some of the shoreline landforms are alternately interpreted as the wash-up 

deposits of tsunamis (Figure 2.3b) (Costard et al., 2017; Rodriguez et al., 2016), which also implies 

the presence of an ocean.  

Deltas are also one of the key lines of evidence in favour of the prevalence of paleolakes on ancient 

Mars (N. Mangold et al., 2012) (Figure 2.3c). Other lines of evidence include sedimentary and in situ 

observations by the Mars Science Laboratory rover Curiosity (Stein et al., 2018), spectral 

observations from orbit (Dehouck et al., 2010), and morphological arguments – e.g., channels ingress 

into depressions, but have no outlet or a higher elevation outlet (Cabrol and Grin, 1999; Fassett and 

Head III, 2008; Goudge et al., 2016, 2015). The only other body in the Solar System thought to host 

(or have hosted) seas or lakes is Saturn’s Moon Titan (Figure 2.3d), whose 1.5 bar nitrogen-

dominated atmosphere and -180°C surface temperature means that liquid methane is believed to be 

the main constituent of these lakes or seas, which are mainly located in polar regions. While some of 

these bodies are connected to drainage systems, others are thought to be the result of karstic-type 

dissolution processes  (Mastrogiuseppe et al., 2019). Deposits interpreted to be evaporitic associated 

with basins located at Titan’s tropics are inferred to be paleolakes or paleoseas (Moore and Howard, 

2010), which could have resulted from seasonal (decadal timescales) or longer-term climatic changes 

on Titan (MacKenzie et al., 2014). 



Habilitation à Diriger des Recherches  6 mars 2023 CONWAY, Susan 

14 
 

Numerous sulphate salt deposits exist on Mars and hundred-metre-scale depressions within them 

have been linked to karstic processes (Baioni and Sgavetti, 2013; Sefton-Nash et al., 2012) potentially 

related to groundwater circulation (Grindrod and Balme, 2010). Dissolution has been invoked to 

partly explain the collapse features associated with chaos terrain (described in Section 2.3). 

Pseudokarst is where material is lost by mechanisms other than dissolution e.g. thermokarst which in 

a planetary context has been employed to describe karst-like features caused by temperature 

induced volatile loss in contrast to the terrestrial definition which involves melting of ice-rich 

permafrost. These karstic landforms are described further in Section 2.11 and martian thermokarst 

initially also attributed to melting ice-rich permafrost are referred to in Section 2.8). 

 

Figure 2.3: Coastal and lacustrine planetary landforms. a) Albedo contrast (black arrows) interpreted 

as a shoreline of a former northern ocean on Mars as seen in the Day IR THEMIS controlled mosaic 

available from the USGS. B) Lobate features interpreted to be tsunami runup deposits originating 

from an impact into a former northern ocean. CTX image P17_007835_2249, credit NASA/JPL/MSSS. 

c) CaSSIS false colour image of the inverted distributary channel systems within Eberswalde Crater on 

Mars, interpreted to be eroded remnants of a delta that formed within a lake in the crater. CaSSIS 

images MY34_004384_206_1 and MY34_004384_206_2, credit ESA/Roscosmos/Unibe. d) Cassini 
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false-colour radar image of Ligeia Mare, the second largest known sea of liquid hydrocarbons on 

Titan, credit: NASA/ESA/T. Cornet. North is up in all images. 

 

Figure 2.4: Tectonic planetary landforms. a) The surface of Europa divided into “plates” criss-crossed 

by fractures containing internal parallel ridges. Galileo SSI image 4700R, credit NASA/JPL-Caltech/SETI 

Institute. b) A lobate scarp on Mercury, MESSENGER MDIS NAC image EN1014447282M, credit 

NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution of Washington. c) 

Wrinkle ridge on the Moon, LROC NAC images M181023296 and M104376385, credit 

NASA/GSFC/ASU. d) Graben on Venus, extract of the Venus Magellan SAR FMAP Left Look Global 

Mosaic from the USGS. e) Graben and pit chains on Mars, CTX image B18_016700_2167, credit 
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NASA/JPL/MSSS. f) Limb image of Iapetus, showing the 20 km high equatorial ridge, taken by Cassini 

N1568094172_2. North is up in all images except f. 

2.6 Planetary tectonic landforms and processes 
Tectonic landforms are ubiquitous on planetary surfaces. Even the smallest bodies that have been 

explored, such as comets, show signs of fracturing which result from interior forces (El-Maarry et al., 

2015). However, only the Earth has plate tectonics, whose action profoundly influences its 

landscapes, making it one of the most dynamic surfaces in the Solar System. Europa, which is an icy 

Moon of Jupiter, may have an analogous system of plates, but in this case the plates are made of 

water ice floating on a liquid water “mantle” (Kattenhorn and Prockter, 2014) (Figure 2.4a). The 

detailed morphology of Europa’s plates was key in motivating the dynamic modelling that underpins 

our understanding of this planet’s interior. A similar “jostling plates” model has been advanced for 

Venus based on analogy with deformational structures observed in actively deforming contents on 

Earth (Byrne et al., 2021). Typical compressional tectonic landforms include wrinkle ridges, high relief 

ridges and lobate scarps (Figure 2.4b, c), common on Mercury (Byrne et al., 2014), Mars (Herrero-Gil 

et al., 2019; Nahm and Schultz, 2011), and the Moon (Schleicher et al., 2019; Watters et al., 2010). 

They are thought to be compound landforms representing folds above faults, but not common on 

Earth (Crane, 2020) hampering their interpretation. Global mapping these compressional tectonic 

features on Mercury has provided an independent estimate of its global contraction (Byrne et al., 

2014).  

Typical extensional forms include graben (Figure 2.4d) and are found commonly throughout the solar 

system. Graben systems are sometimes associated with pit-chains, which are thought to be caused 

by fracture dilation (Ferrill et al., 2011) (Figure 2.4e) and whose origin is also interpreted to be 

magmatic (see Section 2.6):  

Extensional tectonic features are very common on the icy moons of Jupiter, Saturn, and Neptune and 

their patterns have been vital in understanding the forces that influence these bodies including tidal 

stresses from their planets, crustal thickness, and mantle motions (Collins et al., 2009). Tectonic 

landforms on these icy satellites can be unique, for example the double ridges on Europa (Figure 

2.4a), or the twisting double ridge-sets on Triton, or the prominent single equatorial ridge on Iapetus 

(Figure 2.4f). 

2.7 Planetary volcanic landforms and processes 
The definition of volcanism has been extended beyond magmatic volcanism in a planetary science 

context, to include also sedimentary volcanism and cryovolcanism and each are thought to produce 

somewhat distinct landforms. Magmatic volcanism requires interior heating and an availability of 

silicates to produce magma, so generally related volcanic landforms are found on terrestrial planets 

of the inner solar system, as well as the Earth’s Moon and Jupiter’s innermost moon Io. Volcanism at 

the largest scale (hundreds to thousands of kilometres) is recognised in the form of volcanic 

constructs, such as Tuulikki Mons on Venus (Basilevsky et al., 2012) (Figure 2.5a) or Olympus Mons 

on Mars (Morris, 1982) and/or volcanic plains, such as the Mare of the Moon (Figure 2.5b) (Stuart-

Alexander and Howard, 1970) or the Northern Plains of Mercury (Denevi et al., 2013). Peculiar to 

Venus are coronae, arachnoids and novae, which are large patterns of fractures (concentric, 

concentric-radial and radial, respectively) believed to be volcanic in origin (Head et al., 1992). Io is 

the only planetary body in the Solar System where volcanic eruptions have actually been observed 

occurring (McEwen, 1998). 
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Figure 2.5: Volcanic planetary landforms. a) Tuulikki Mons a shield volcano on Venus, extract of the 

Venus Magellan SAR FMAP Left Look Global Mosaic from the USGS. b) The lunar maria with portions 
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of embayed impact crater rims visible and the contact with the highlands towards the bottom left. 

LORC WAC global mosaic made available by the USGS. c) Volund dark volcanic field on Io (Veeder et 

al., 2009)using the USGS Io basemap combining Voyager and Galileo images. d) Sinuous rilles on the 

Moon, LROC NAC image M1157998924, credit NASA/GSFC/ASU. e) Skylights on Mars, with the east-

facing walls barely visible. CaSSIS false colour image MY36_015278_162_0, credit:  

ESA/Roscosmos/Unibe. f) Agwo Facula on Mercury, where the central vent is surrounded by smooth 

deposits with an orange coloration in the MDIS enhanced colour mosaic overlain by MDIS WAC image 

EW1012888774, credit NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie 

Institution of Washington. North is up in all images. 

Recognisable at the kilometre to tens of kilometre-scale on Mars, the Moon, Venus and Io are 

individual lava flows (Figure 2.5c – io “dark flow”) and lava channels. On the Moon sinuous rilles 

(Figure 2.5d) – sinuous channels hundreds of metres to kilometres in width and up to 500 km long - 

were initially attributed to water (Peale et al., 1968), but are now generally acknowledged to be lava 

channels carved predominantly by thermal erosion (Hurwitz et al., 2013). “Skylights” (Figure 2.5e) – 

deep nearly vertically walled circular to elliptical depressions – on Mars and the Moon are 

interpreted to represent the collapse of the roof of lava tubes and present considerable interest as 

natural habitats which could be exploited for human exploration (Sauro et al., 2020). Larger pit 

chains are thought to represent collapse on the withdrawal of lava from dikes (Wyrick, 2004) but 

could also be tectonic in origin (see Section 2.5). 

Evidence for explosive volcanism is usually smaller-scale (tens of kilometres) and more subtle in its 

surface expression, taking the form of pits with associated red-colouration on Mercury (Kerber et al., 

2011) (Figure 2.5f), low-albedo markings on the Moon (Gustafson et al., 2012) and km-scale volcanic 

cones on Mars (Brož and Hauber, 2012).  

Sedimentary volcanism (often called mud volcanism) is driven by the circulation of water through a 

planetary crust generally driven by tectonic forces or density contrasts and has been reported on 

Mars (Figure 2.6a). Here, movement of groundwater is thought to have remobilised ancient 

sedimentary deposits creating pitted cones and lobate-fronted flow features (Oehler and Allen, 

2010). On Earth, mud volcanoes are the most commonly expressed landform resulting from 

sedimentary volcanism and differ from their volcanic counterparts in terms of morphology, however 

this distinction is harder to make on other bodies because of differences in environmental conditions 

are difficult to directly infer the potential morphologic impacts (Brož et al., 2020b).  

Cryovolcanism is thought to be more abundant in the icy moons of the outer planets (Ahrens, 2020; 

Kargel, 1995), where liquid water and ice, are thought to substitute almost directly the more familiar 

lava and silicic rocks in the functioning of the volcanic plumbing system. On Ceres, brine driven 

cryovolcanism is thought to explain the  bright faculae, such as Cerealia Facula in Occator Crater 

(Nathues et al., 2020) (Figure 2.6b). Inspired by planetary research cryovolcanic processes have been 

cited as a potential cause for explosive pits that occurred in continuous permafrost on the Yamal 

Peninsula in Russia (Buldovicz et al., 2018). 
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Figure 2.6: Sedimentary volcanism and cryo-volcanic landforms. a) Pitted cones interpreted to result 

from mud volcanism in Acidalia Planitia on Mars. CaSSIS image MY35_009227_048_0 credit:  

ESA/Roscosmos/Unibe. b) Bright faculae in Occator Crater on Ceres interpreted to be salt deposits 

resulting from cryovolcanism. DAWN framing camera image FC21B0070808_16169044543F6C, credit 

NASA/JPL-Caltech/UCLA/MPS/DLR/IDA. c) The enigmatic banded terrain on the floor of Hellas Basin 

on Mars. CaSSIS image MY36_015427_317_0 credit:  ESA/Roscosmos/Unibe. d) The mysterious 

cellular structure of Sputnik Planitia on Pluto, image New Horizons global mosaic from the USGS. 

North is up in all images. 

Diapirism (either compositional or thermal), where a less dense material rises through a denser one 

above it is often associated with sedimentary- or cryo-volcanism. The resulting landforms can be a 

result of tectonic deformation rather than extrusion at the surface. Several enigmatic terrains have 

been attributed to diapirism or associated convection: the honeycomb and banded terrain in Hellas 

basin on Mars (Figure 2.6c - cassis) (Bernhardt et al., 2016), Cantaloupe terrain on Triton (Schenk and 

Jackson, 1993) or the cellular structure of Sputnik Planitia on Pluto (Howard et al., 2017b) (Figure 

2.6d).  
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ESA/Roscosmos/Unibe. e) Granular flows in Kepler Crater on the Moon, LROC NAC images credit: 

NASA/GSFC/ASU. f) Zoom in on the termini of the granular flows in panel e. North is up in all images. 

2.8 Mass movements on planetary bodies 
Landslides have been identified on nearly every solid planetary surface observed in the solar system. 

Notably the long runout landslides observed on bodies as diverse as Mars (Crosta et al., 2018; 

McEwen, 1989), Mercury (Brunetti et al., 2015), the Moon (Boyce et al., 2020), Iapetus (Singer et al., 

2012), Callisto (Moore et al., 1999), Pluto’s moon Charon (Beddingfield et al., 2020), Ceres (Duarte et 

al., 2019) and Comet 67P (Lucchetti et al., 2019)  (Figure 2.7a-c) have inspired a comparative 

planetology approach seeking to understand the physical processes underlying the motion of the 

long-runout landslides. The role that volatiles do or do not play in the mobility of landslides is a key 

recurring theme. On one hand being used as an argument to support inclusion of volatiles on Iapetus 

(Singer et al., 2012) and on the other being used to refute their action on comet 67P (Lucchetti et al., 

2019). For Ceres (Johnson and Sori, 2020; B. E. Schmidt et al., 2017) as for Mars, both cases have 

been presented and no consensus has yet been achieved (Harrison and Grimm, 2003; Johnson and 

Campbell, 2017). 

Peculiar to Mars are a landform called “Slope Streaks” (Figure 2.7d) (Sullivan et al., 2001), which are 

thought to represent avalanches of dust-sized material, taking the form of contrasting albedo, 

downslope-widening streaks, up to several kilometres in length and hundreds of metres wide. Slope 

Streaks usually appear as relatively dark (and sometimes relatively light) downslope oriented streaks 

with barely detectable or negligible relief (Brusnikin et al., 2016; Chuang et al., 2007), which fade to 

the background albedo over time. They often widen from a point source and can be sinuous, 

overcome obstacles and have digitate margins. They can overtop small obstacles (Brusnikin et al., 

2016) yet are generally diverted by topographic irregularities (Miyamoto, 2004), so can form complex 

bifurcating features. The involvement of liquid water has been invoked to explain their mobility on 

low slopes (Bhardwaj et al., 2017), but dry granular mechanisms seem to  also provide an adequate 

explanation (Dundas, 2020). 

Images at better than 1 m/pix on the Moon have revealed a diversity of mass movements on steep 

slopes, including lobate and digitate dry granular flows on Moon (Figure 2.7e,f) (Senthil Kumar et al., 

2013; Xiao et al., 2013). The Moon and Mercury host unique surface textures hinting at slower 

downslope movement of the surface regolith, including “elephant hide texture” on the Moon and 

“chevron texture” on Mercury, whose precise origin is unknown (Zharkova et al., 2020). On Mars, 

tens to hundreds of metre-scale lobate forms on slopes have been associated with the existence of a 

solifluction-type movement on Mars (Gastineau et al., 2020; Johnsson et al., 2012) and are found in 

association with other landforms interpreted to be periglacial in origin (see Section 2.8). 
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Figure 2.7: Planetary Mass Movements. a) Landslides in Valles Marineris on Mars, CTX images 

D20_034988_1669, G19_025850_1688, credit NASA/JPL/MSSS. b) Landslide on Ceres, DAWN FC 

FC21A0061028_16091125549F1D. c) Landslide on Callisto, Galileo SSI image 2840R, credit NASA/JPL-

Caltech/SETI Institute. d) Slope Streaks on Mars, CaSSIS image MY36_015392_011_0 credit:  

ESA/Roscosmos/Unibe. 
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2.9 Planetary glacial and permafrost landforms and processes 
Mars has an extensive suite of landforms at its mid-latitudes which are commonly accepted to be 

debris covered glaciers (Figure 2.8a) dating from the last 1 Ga of Mars’ history. These glaciers can 

cover tens to hundreds of kilometres and reach hundreds of metres thick. Their water ice core has 

been revealed through orbital radar sounding (Petersen et al., 2018; Plaut et al., 2009), and their 

surface textures indicate slow viscous deformation. Modelling studies (Karlsson et al., 2015; Parsons 

et al., 2011) and the general lack of landforms associated with melt imply  that the ice is likely 

perennially frozen to the glacier bed (cold-based glaciers). The rare discovery of ridges interpreted to 

be eskers connected to extant glaciers suggests that this constraint is only occasionally overcome (F. 

E. G. Butcher et al., 2020; Gallagher and Balme, 2015). Isolated eskers and moraine-like ridges have 

been interpreted to be signs of ancient glaciation and/or icesheets (Butcher et al., 2016; Head and 

Marchant, 2003). 

On Pluto the existence of glaciers of N2 ice has been reported (Howard et al., 2017a). These take the 

form of smooth material filling topographic lows in highland terrains with longitudinal albedo 

lineations indicating flow direction, which appear to flow out onto Sputnik Planum at lower elevation 

where the lineations blend into the plains materials (Figure 2.8b). These glaciers are hundreds of 

kilometres in length. The only other planetary body where debris covered glaciers have been 

proposed is the dwarf planet Ceres (B. E. Schmidt et al., 2017), but their ambiguous morphology 

means that landsliding could also be a viable interpretation. 

Permafrost conditions exist on many bodies, particularly those in the outer solar system, yet 

landforms typically associated with permafrost on Earth generally imply the degradation of ground 

ice, or at least cycling of temperatures near water’s triple point to produce terrain modifications e.g., 

periglacial landforms. One exception is the formation of polygon crack patterns in ice-rich soil by 

thermal contraction, which only requires temperature cycling – metre to decametre-scale examples 

of these landforms have been widely reported at latitudes greater than 50°N and S on Mars 

(Mangold, 2005; Mellon et al., 2009) where ground ice is thought to be prevalent (Feldman et al., 

2011). Periglacial landforms have been reported on Mars, implying the action of freeze-thaw cycling 

in the planet’s recent history and hence their interpretation as such remains a subject of debate. 

These landforms include: 

 Gullies, which are alcove-channel-fan systems hundreds of metres to kilometres in 

length, which are found on steep slopes in the mid to high latitudes on Mars (Figure 2.2e) 

(Harrison et al., 2015; Malin and Edgett, 2000). Their resemblance at landscape and 

landform-scale to gullies carved by overland-flow and debris flow on Earth means that 

they have been widely interpreted to form by these processes (Balme et al., 2006; 

Conway and Balme, 2016; de Haas et al., 2015a), and the source of water is likely from 

snow and/or ground ice thaw. Yet their present activity has led to a re-evaluation of this 

interpretation (see Section 2.11 - Sublimation landforms and processes). 

 Surface albedo and/or clast patterns that resemble, and have a similar-scale to, sorted 

patterned ground on Earth, including sorted circles on flat ground and stripes on sloping 

terrain (Gallagher et al., 2011; Soare et al., 2016) (Figure 2.8c). 

 Lobate forms interpreted to be solifluction lobes (see Section 2.7) (Figure 2.8d).  
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Figure 2.8: Planetary glacial and periglacial landforms. a) Debris covered glacier on Mars, CTX Image 

B05_011776_2208, credit NASA/JPL/MSSS. b) Glacial flows on Pluto imaged by New Horizons, taken 

from the Global Mosaic available from the USGS. c) Linear arrangements of boulder propagating 

downslope interpreted to be sorted patterned ground on an impact crater wall in the high northern 

latitudes on Mars, HiRISE image PSP_009580_2485, credit NASA/JPL/UofA. d) Lobate forms on the 

wall of an impact crater on Mars interpreted to be solifluction lobes, HiRISE image ESP_023679_1365, 

credit NASA/JPL/UofA. e) Polygonal fractured ground where the polygon boundaries are raised as 

single or double ridges, termed low centres polygons, HiRISE image PSP_005821_1095 credit 

NASA/JPL/UofA. f) A mound with a fractured summit near Moreaux Crater on Mars interpreted to be 

a pingo, HiRISE image ESP_058140_2225 credit NASA/JPL/UofA. North is up in all images. 
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 Polygonal patterned ground where the centres are lower than the margins and those 

margins form double-ridges implying the existence of ice wedges (Soare et al., 2014a; R.J. 

Soare et al., 2021) (Figure 2.8e). 

 Scalloped depressions (Soare et al., 2008) and polygon junction pits (Costard et al., 2016) 

were initially interpreted to be true thermokarst (i.e. caused by thaw). However, 

together with expanded craters (Viola et al., 2015) are now thought to be caused by 

sublimation (Dundas et al., 2015a), see Section 2.11. 

 Tens to hundreds of metre isolated hills or mounds with summit cracks/depressions 

interpreted to be caused by ice-heave, otherwise known as “pingos” (Burr et al., 2009b; 

Soare et al., 2005) (Figure 2.8f). 

 

 

Figure 2.9: Weathering on planetary surfaces. a) Fractured rocks around Byrgius A Crater on the 

Moon, LROC NAC image M175698856LE, credit NASA/GSFC/ASU. b) Tracks and low albedo “ejecta” 

left by recent rockfalls on a crater wall on Mars, HiRISE image PSP_004110_1640, credit 

NASA/JPL/UofA. c) Multiple rocks which have left depressions behind them while rolling and bouncing 

over the lunar surface, LROC NAC image M1198659818LE, credit NASA/GSFC/ASU. d) Undulating, 

irregular surface texture on Mercury, termed “Elephant hide” (Zharkova et al., 2020) MDIS NAC image 

EN1042186062M, credit NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie 

Institution of Washington. North is up in all images. 
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2.10 Weathering 
Weathering on planetary bodies produces regolith from rock via a range of breakdown processes, 

some of them unknown on Earth. The landscape expression of these weathering processes includes 

softening of primary landforms, such as impact craters, following a generally diffusive trend (Fassett 

et al., 2017; Soderblom, 1970). Landforms directly linked to weathering processes, include regolith 

surface textures and rock shapes, which tend to be expressed at the metre-scale or less. Hence, in 

situ observations are best suited to inferring weathering processes are limited to the Moon, Mars, 

asteroids Bennu and Ryugu and comet 67P. 

On bodies without an atmosphere the surface is subject to a range of processes not experienced at 

Earth’s surface, including solar wind sputtering and micrometeorite impacts. In addition, thermal 

stress and fatigue are greatly accentuated by the high amplitude thermal variations experienced on 

many planetary surfaces compared to Earth (El Mir et al., 2019; Molaro and Byrne, 2012). Cracked 

rocks or “Puzzle rocks” observed on Bennu (Walsh et al., 2019), Ryugu (Sasaki et al., 2021), the Moon 

(Ruesch et al., 2020) and Mars (Eppes et al., 2015; Hörz et al., 1999) have been linked to thermal 

fatigue and/or micrometeorite impacts (Figure 2.9a). On Mars rocks can also be sculpted by the wind  

– producing ventifacts (Bridges et al., 1999; Greeley et al., 2006a; Thomson et al., 2008) (see also 

Section 2.2). Pitted boulder surfaces on Mars have been linked to transient melting of snow (Head et 

al., 2011) and volatile-related processes have been implicated in accelerating rock chute formation 

(Levin et al., 2022) and boulder breakdown (de Haas et al., 2013). 

A consequence of rock breakdown is rockfalls, which have been observed to occur in repeat imaging 

of Mars (Grindrod et al., 2021; Vijayan et al., 2021) (Figure 2.9b). Roll/bounce marks left in the 

regolith in the wake of boulders (Figure 2.9c) have shown rockfall to be a recently active process on 

the Moon (Arvidson et al., 1975; Bickel et al., 2020a). Patterns in the distribution of rockfall tracks 

have been used to provide evidence for rock breakdown by thermal stress on Mars on the timescale 

of < 1Ma (Tesson et al., 2020), seismic activity on Mars (Roberts et al., 2012) and on the Moon 

(Senthil Kumar et al., 2016), as well as inform the regolith strength on the Moon (Bickel and Kring, 

2020). 

Some puzzling aspects of surface regolith appearance have been attributed to surface sintering 

caused by solar irradiation (Zharkova et al., 2020) (Figure 2.9d). 

2.11 Impact Cratering 
The process of impact cratering dominates most planetary surfaces apart from the Earth, Venus, 

Titan and Io which either have dense atmospheres reducing the incoming impactor population 

and/or surface processes that act to erase any crater landforms that are created. Impact craters 

create topographic relief that can serve as a catalyst for other surface processes and they expose 

materials from planetary interiors to active surface processes. For example, impacts can cause 

substantial seismic shaking (Schultz and Gault, 1975) and therefore can initiate mass movements (see 

Section 2.7). 

The shape of an impact crater is primarily a function of the gravity, impactor size and the target 

surface composition (Melosh, 1989). Other factors, such as impact speed and angle, impactor 

composition, or target structure, also play a role in modulating the crater shape, but for the purposes 

of this review will not be considered in further detail. With increasing impactor sizes craters evolve 

from “simple” bowl-shapes towards more “complex”, including flat-floored with a central peak up to 

multi-ringed basins (Figure 2.10a-c). The crater diameter at which the simple-to-complex transition 

occurs varies from planetary body to planetary body and is traditionally represented by plotting the 

population of craters on a logarithmic depth-diameter diagram. For example, on Mars the simple-to-
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complex transition occurs at crater diameters of ~8 km, on Europa it occurs at ~1 km and Vesta at 28 

km (Hiesinger et al., 2016). 

Impact craters eject material from their cavity forming unique morphologies, such as ejecta blankets, 

secondary crater clusters/chains, and visible radial “rays” which can be global in extent 

(Figure 2.10d). Impact melt, found within the cavity and in the ejecta, shares many morphological 

characteristics with lava and in ancient terrains on the Moon and Mercury, the distinction between 

them can be challenging (Denevi et al., 2013). The outcrops located in crater walls and central peaks 

can provide relatively fresh exposures of subsurface materials providing insights into the subsurface 

composition of a body without having to drill in situ (Quantin et al., 2012). 

 

Figure 2.10: Impact craters on Planetary bodies. a) Rachmanioff, an impact basin on Mercury, with 

noticeable multiple rings, MDIS global BDR mosaic, credit NASA/Johns Hopkins University Applied 

Physics Laboratory/Carnegie Institution of Washington. b) Arstillus, a complex crater with central 

peak and wall terraces on the Moon, LRO global WAC mosaic, credit NASA/GSFC/Arizona State 

University. c) ~ 2km diameter simple crater on the floor of Pasteur Crater on Mars, HiRISE image 

ESP_045152_2000, credit NASA/JPL/UofA. d) Petipa, an impact crater with rayed ejecta on Mercury, 

MDIS global enhanced color mosaic, credit NASA/Johns Hopkins University Applied Physics 

Laboratory/Carnegie Institution of Washington. North is up in all images. 
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Impact craters substantially disturb the crust (Kenkmann et al., 2014) and as a result can form a 

structural conduit for endogenic processes that are then expressed at the surface, such as 

hydrothermal circulation (Osinski et al., 2013), explosive volcanism (Thomas et al., 2014a), or 

cryovolcanism (Nathues et al., 2020). 

Impact craters are used as an essential dating tool in planetary science, as their size-frequency 

distribution is a function of the exposure age of a surface (Hartmann and Neukum, 2001). The 

degradation state of the craters, hence the ability to recognise the surface processes that have 

influenced them, is an important factor when interpreting the results of the crater size-frequency 

distribution (Michael and Neukum, 2010). 

2.12 Sublimation landforms and processes 
Environments dominated by sublimation are rare on Earth, hence entire landforms or landscapes 

dominated by this phase change are restricted to other planetary bodies. In particular the icy 

satellites of the outer Solar System have surfaces dominated by various ices and whose sublimation 

is thought to explain some of the most unusual landscapes (Mangold, 2011). For example, the entire 

surface of Jupiter’s moon Callisto is thought to have been extensively modified by the sublimation of 

CO2 and H2O ices at its surface leaving a terrain dominated by dissected ridges and knobs 

(Figure 2.11a) (White et al., 2016). Helene, in the Saturn system, has a sculpted surface attributed to 

remobilisation of a thick layer of particles whose origin is sublimation from the plumes of Enceladus 

(Figure 2.11b) (Hirata et al., 2014).   

Comets are another planetary body where sublimation is the dominant landscape forming process 

every time the comet approaches the sun. The first cometary orbital data from the Rosetta mission 

to comet 67P revealed astonishingly diverse landscapes, including dunes (see Section 2.2), retreating 

steep sided pits and cliffs (Figure 2.11c) (Vincent et al., 2015) and cracks and fissures(El-Maarry et al., 

2015). The  steep sided pits and cliffs  are thought to be correlated to the plumes of outgassing 

(Vincent et al., 2016). Gassy outbursts were also noted to mobilise dust on asteroid Bennu, yet the 

geomorphic effect if any in this setting remains unclear (Lauretta et al., 2019). 

On other bodies, depressions are the most common landform associated with sublimation and can 

be considered akin to karst on Earth. The perennial CO2 ice found at the South Polar cap of Mars, 

undergoes retreat each year in the form of enlarging and coalescing circular to elliptical steep sided 

pits typically several hundred metres in diameter and metres deep, dubbed “swiss cheese” (Buhler et 

al., 2017) (Figure 2.11d). The loss of excess water ice from the ground via sublimation in the mid-

latitudes of Mars results in “scalloped depressions” (Dundas et al., 2015a; Soare et al., 2007) – 

shallow-sloping depressions  of hundreds of metres in extent, with an arcuate and steeper backwall. 

In the some of the same regions, sublimation expands polygonally patterned contraction cracks 

producing chains of pits and possibly cavities (Séjourné et al., 2011). Volatile loss has also been 

invoked to explain shallow, steep-sided depressions on Mercury which are surrounded by a relatively 

bright halo – “hollows” (Blewett et al., 2011) (Figure 2.11e). The discovery of these landforms was 

part of the realisation that Mercury’s crust is not actually depleted in volatiles as once thought 

(Nittler and Weider, 2019). 

The seasonal retreat of the CO2 ice deposits across the surface of Mars results in a uniquely martian 

process caused by basal sublimation of the CO2 ice (Kieffer et al., 2006). CO2 ice is translucent to solar 

radiation, hence the increasing incoming solar radiation in late winter to early spring can heat the 

regolith under the CO2 ice, causing it to sublimate and CO2 gas to be trapped underneath it. The gas 

pressure builds until the ice above breaks, releasing the gas in a jet which deposits dark dust from 

under the ice onto the still bright icy surface. This phenomenon most commonly manifests itself as 
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dark fans or spots (Hansen et al., 2013) and on the steep slopes of dunes can even appear as digitate 

(Gardin et al., 2010). The sediment mobilised under the ice is thought to explain the observation of 

“spiders” – dendritic networks of channels leading to one or more “nodes” (Thomas et al., 2011) 

(Figure 2.11f). Individual spiders can be hundreds of metres in size and they can extend across many 

kilometres. Although spiders have not been observed to grow, similar branching networks have been 

observed to appear and grow on dunes (“furrows”) (Portyankina et al., 2010). Sediment mobilisation 

by sublimating CO2 is thought to explain ongoing sediment motions observed in martian gullies which 

only occur in winter (Dundas et al., 2019a). In particular, a uniquely martian morphology called 

“linear gullies” is thought to be formed by levitating blocks of CO2 ice falling from icy dune crests 

(Diniega et al., 2013). Volatile loss is believed to drive the formation of gully-like-landforms on the 

asteroid Vesta (Scully et al., 2015) and on Mercury (Malliband et al., 2019). 

 

Figure 2.11: Sublimation dominated landscapes and landforms. a) Pinnacle terrain on Callisto Galileo 

SSI image 5214R, credit NASA/JPL-Caltech/SETI Institute.  b) Image of the surface of Helene a moon of 

Saturn taken by the Cassini spacecraft image reference N1687119876_1, credit NASA/JPL-
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Caltech/ASI, scene is about 30 km across. c) A steep pit revealing internal structure, on comet 

67P/Churyumov–Gerasimenko taken by the OSIRIS narrow-angle camera, credit ESA/Rosetta/MPS for 

OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA. d) Siss cheese terrain in the co2 ice on 

the south polar cap of Mars, HiRISE image ESP_057828_0930, credit NASA/JPL/UofA. e) Hollows on 

Mercury, MDIS NAC image EN1042186062M, credit NASA/Johns Hopkins University Applied Physics 

Laboratory/Carnegie Institution of Washington. f) Spiders on Mars, where the dark marks are dust 

fans deposited by seasonal jets, HiRISE image ESP_055604_0930, credit NASA/JPL/UofA.  

2.13 Discussion & Conclusions 
Planetary geomorphology is distinctive from Earth-based geomorphology in that it is very reliant on 

remote sensing and often a more global-scale perspective is taken on unravelling the formation of 

landscapes and landforms. Satellite data of the Earth have spurred a number of studies taking a 

similar planetary-scale perspective on Earth (Chen et al., 2019; Poulos et al., 2012), but more often 

studies are local and/or regional in scale and scope. Planetary geomorphology is enticing to many, 

because of the aspect of exploration and the possibility of making unusual discoveries on alien 

worlds. Planetary geomorphology can drive key advances to better understand our own planet 

(Baker, 1993; Sharp, 1980). 

One of the major limitations of planetary geomorphology is the problem of equifinality and the 

uncertainty of what landforms can be produced by processes unknown on Earth. To infer processes 

from landforms and landscapes is not an exact science and always open to interpretation. Access to 

the field can resolve many ambiguities on Earth, yet in a planetary context this is rarely an option and 

can lead to impasses where researchers just do not have enough data to disambiguate the leading 

hypotheses. Yet, as shown in this contribution, planetary geomorphology remains an essential tool in 

understanding the internal and external forces shaping bodies in the Solar System. 

Planetary Geomorphology is likely to continue to grow, because the ability to interpret process from 

remote sensing data is key to planning future missions, for example deciding where to land or 

acquire certain types of data. Image and topographic data are the cornerstones of every new mission 

and future exploration will only add to our database of new and surprising planetary landforms and 

landscapes. Further, these landscapes have much to teach us about our own planet. 

2.14 Acknowledgements 
SJC is grateful to the CNES for financial support of her involvement in the ExoMars Trace Gas Orbiter 

CaSSIS, MRO HiRISE and BepiColombo missions. SJC received funding from the regional government 

Pays de la Loire scheme “Etoile Montantes” project METAFLOWS. The author thanks the spacecraft 

and instrument engineering teams for the successful completion and operation of CaSSIS. CaSSIS is a 

project of the University of Bern funded through the Swiss Space Office via ESA's PRODEX 

programme. The instrument hardware development was also supported by the Italian Space Agency 

(ASI) (ASI-INAF agreement no. I/018/12/0), INAF/ Astronomical Observatory of Padova, and the 

Space Research Center (CBK) in Warsaw. Support from SGF (Budapest), the University of Arizona 

(LPL) and NASA are also gratefully acknowledged. This study has been supported by the Italian Space 

Agency (ASI-INAF agreement no. 2020-17-HH.0).  



Habilitation à Diriger des Recherches  6 mars 2023 CONWAY, Susan 

30 
 

3 The role of liquid water in recent surface processes on Mars 

3.1 Introduction 
This chapter is taken from Chapter 9 in the book “Mars Geological Enigmas – from the late Noachian 

to the present day” published in 2021 by Elsevier and edited by Richard J. Soare, myself, Jean-Pierre 

Williams and Dorothy Z. Oehler. The Chapter was led by myself and David Stillman assisted with the 

writing of Section 3.7.2 concerning Recurring Slope Lineae. In this modified version, I highlight at the 

end of each of the Sub-Sections of 3.7 in brown-coloured text my contributions to our understanding 

of the described landforms. Two additional sections have been added, Section 3.7.4 addresses the 

action of CO2 on martian gullies, which in the book was dealt with in Chapter 10 by Colin Dundas 

(Dundas, 2021) and Section 3.7.7 addresses the role of water in landslides on Mars, which was not 

included in the original work. 

Here, we provide an up-to-date review on the different landscapes and landforms that have been 

attributed to the action of liquid water in the Amazonian epoch on Mars and the current state-of-

the-art regarding their interpretation. This chapter accompanies Dundas (2021) where the 

counterarguments are presented. The Amazonian epoch is thought to be dominated by hyper-arid 

climate conditions hostile to surface liquid water, and our review reveals that this steady-state is 

likely to be punctuated by episodic appearances of liquid water at the surface. The proposed sources 

of liquid water are varied: groundwater, thawing of surface-ice, deliquescence, ground-ice or 

glaciers, with triggers as variable as microclimates, climate-shifts, geothermal anomalies and impact 

cratering. 

Our review covers recently active surface processes in the form of Slope Streaks, dark dune flows and 

Recurring Slope Lineae, all hypothesised at one point or another to be seeps of liquid water. We then 

cover landscapes and landforms which are proposed to be a result freeze-thaw cycles in the recent 

past, including gullies, lobate forms on hillslopes, pingo-like mounds, low-centred polygons, 

patterned ground and ice-loss landscapes. We present evidence that liquid water has been produced 

at the base of glacial landforms during the Amazonian, resulting in sinuous ridges (eskers) and 

enhanced crater-wall erosion. Liquid water brought up-from depth is thought to have produced mud-

volcanos and other features related to sedimentary volcanism in the Amazonian and small fluvial 

channels amongst other features are thought to be related to melting induced by periodic impact 

events. 

We end by summarising the importance of the search evidence of liquid water on Mars and by 

proposing solutions to the current impasses where progress is hindered due to limitations in data or 

our understanding. 

3.2 Present-day and recent surface conditions on Mars 
Of the planets of the Solar System Mars and Earth are the only two inner planets whose surfaces are 

thought to have hosted abundant liquid water early in their history (4.5-3.5 Ga). Liquid water is key 

for supporting life and seeking it out is a key tenet of astrobiology (Abrevaya et al., 2016). Hence, 

when searching for signs of extra-terrestrial life, space agencies have made Mars one of their 

principal targets. Mars is a rocky planet located outside Earth’s orbit at a solar distance between 1.38 

AU and 1.67 AU and has 1/3 the radius of the Earth (the mean martian radius is 3389.5 km). It orbits 

the sun in 687 earth days (~2 Earth years) and has a very similar day-length to the Earth (24hrs 

37min). Its present-day axial tilt is close to the Earth’s (25.19° compared to 23.44° on the Earth), 

giving rise to similar temporal and spatial patterns of insolation over a martian year. The eccentricity 

of the martian orbit is greater than the Earth (0.0935 compared to 0.0167), and the precession of its 

aphelion/perihelion through the seasons leads to greater seasonal amplitudes and asymmetries than 
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experienced on Earth. For example, with the current position of perihelion, the southern winters are 

relatively cold and short, compared to the southern winters which are less cold and longer. Mars lost 

its internally generated magnetic field approximately 3.6 Ga (Lillis et al., 2008; Milbury et al., 2012) 

that probably led to the loss of the majority of its atmosphere (Jakosky and Phillips, 2001). Surface 

geomorphology and sedimentary composition both point to declining activity of liquid water on 

Mars’ surface over the last 3.5 Ga, which is strongly linked to the loss of Mars’ atmosphere  (Jakosky 

and Phillips, 2001). Mars’ present-day atmospheric pressure ranges from 5-12 mbar (e.g., Hess et al., 

1980; Ordonez-Etxeberria et al., 2019) and its main constituent gas is CO2.  

The low atmospheric pressure combined with the greater solar distance, mean that surface 

temperatures on Mars are on average much lower than on Earth (global mean is ~210K or -60°C) and 

the diurnal variation of temperature much greater. The lowest surface temperature is buffered 

around the condensation temperature of CO2 at around 150K, while peak summer temperatures on 

and directly above favourable surface materials and orientations can exceed 300K (e.g., Stillman et 

al., 2014). The pressure and temperature conditions on present-day Mars mean that water should 

only be stable in solid or gaseous state. Atmospheric humidity on Mars is measured in precipitable 

microns, i.e. if the whole atmospheric column was condensed, only microns of water would result. 

Humidity typically ranges up to hundreds of precipitable microns (Smith, 2002), which is enough to 

generate, thin, yet visible surface frosts (Svitek and Murray, 1990). These general ranges of 

atmospheric pressure, humidity and temperature are below the triple point for liquid water, making 

this phase unlikely to occur in bulk. 

However, there is theoretical and indirect evidence to support the possibility of thin films of water or 

brines developing within the martian soil at the present-day (e.g., Boxe et al., 2012; Jouglet et al., 

2007; Kereszturi and Rivera-Valentin, 2012; Milliken et al., 2007; Möhlmann, 2008) or in the recent 

past (Sizemore et al., 2015). Pores within a regolith where water ice is also present can form 

microenvironments where the sublimation of the water ice can lead to increased humidity conditions 

(beyond those of the atmosphere). Under such conditions even at temperatures below the frost 

point transient liquid water films can form at the regolith or ice grain contacts and surfaces. Since 

data sent by the Phoenix mission (Hecht et al., 2009) perchlorate salts are now thought to be 

widespread on Mars (Glavin et al., 2013a; Navarro-González et al., 2010) and depress the freezing 

point and evaporation rate of water on Mars favouring the formation of thin liquid water films. 

Atmospheric humidity can increase to  levels and beyond near the surface within the diurnal cycle 

(e.g., Maltagliati et al., 2011), and where the soil is in diffusive exchange with the atmosphere this 

could promote the formation of thin films of brine/water by deliquescence (Cull et al., 2014; Pál and 

Kereszturi, 2017). Additionally, even before a water saturated atmosphere is reached, perchlorate 

salts can adsorb water from the atmosphere via deliquesce and can form brines, which then have 

remarkable metastable properties (e.g., Gough et al., 2011; Nuding et al., 2015; Primm, 2018; Primm 

et al., 2018, 2019; Toner et al., 2014a). Whether or not such films constitute habitable environments 

has not reached consensus, but their water activity tends to be too low to support life (Jones and 

Lineweaver, 2012; Martín-Torres et al., 2015). 

Some researchers have theorised that bulk transient liquid water could exist in the recent martian 

climate, either brought-up from underground aquifers (e.g., Gaidos, 2001; Goldspiel and Squyres, 

2011; Malin and Edgett, 2000; Stillman et al., 2016) or melted from ice under extremely rare 

favourable combinations of temperature, and humidity conditions (e.g., Chevrier and Rivera-

Valentin, 2012; Grimm et al., 2014; Hecht, 2002; Kossacki and Markiewicz, 2010). Melting from 

surficial ice is particularly difficult as there is a kinetic barrier to melting even if conditions are 
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conducive: because latent heat is consumed by sublimation at the surface of the ice which prevents 

the temperature from rising sufficiently to allow melting to occur (Mellon and Phillips, 2001).  

 

Figure 3.1: Secular changes in Mars orbital parameters for the last 20 Myr and 5 Myr as calculated by 

Lascar et al. (2004) with initial conditions of Yoder et al. (2003) downloaded from: 

http://vo.imcce.fr/insola/earth/online/mars/La2003-04/index.html 

Many researchers have hypothesised that Mars’ climate was substantially different in the recent past 

and may have been more conducive than at the present-day to the emergence and stability of liquid 

water (e.g., Costard et al., 2002; Richardson and Mischna, 2005). This is because Mars’ orbital 

parameters (Figure 3.1) are much more variable than those of Earth and we already know that 

Earth’s climate undergoes glacial-interglacial cycles as a result of periodic changes in orbital obliquity, 

eccentricity and the solar longitude Ls of perihelion – so called Milankovitch cycles – which change 

the amount and distribution of incoming solar radiation. Hence, the larger variations experienced by 

Mars should have more impact on the climate system than on Earth. Having a lower mass (i.e. 

moment of inertia) than the Earth and without a large Moon to stabilise the planet, Mars’ axial tilt 

(obliquity) has varied between 15° and 40° in the last 5 Ma (compared to ±1.3° around the present 

value for Earth) with a period of 120 ka. Mars’ eccentricity varies between 0 and 0.12 (compared to 0 

to 0.068 for Earth) over 95 ka and Ls of perihelion takes ~51 ka years to return to its starting season 
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(Figure 3.1) (Ward, 1992, 1979, 1974). Global Climate Models (GCMs) have been used to try and 

predict the influence that these orbital changes should have on Mars’ climate. Despite these large 

variations in incoming radiation, the low atmospheric pressure on Mars means that reaching the 

triple point of water is still challenging (Richardson and Mischna, 2005). Using current values for 

atmospheric pressure with obliquity at 35° Richardson and Mischna (2005) predict at most 100 days 

per year of transient liquid water (i.e. the time above the triple point) located at the base of Hellas 

Basin. It is hypothesised that at very high obliquities (>35°) sufficiently intense incoming solar 

radiation, at certain latitudes and times of year, means that ground ice could melt if it is protected 

from the low atmospheric pressure by an overburden slowing heat-loss by sublimation and impeding 

gas diffusion (e.g., K. E. Williams et al., 2009). At such obliquities, the two water ice polar caps are 

sublimated away due to the increased insolation at the poles. This significantly increases the 

atmospheric water vapour concentration (Mellon and Jakosky, 1995) and leads to a massive 

redistribution of water ice by  cold trapping in the mid latitude region that is the coldest. It is also the 

region that experiences the most intense increases in solar radiation, so it is at the mid-latitudes 

where the most intense surface-atmosphere exchange of water is thought to occur. Conversely, at 

obliquities <17, the atmospheric water vapour concentration decreases by more than an order of 

magnitude from the current value (Mellon and Jakosky, 1995) and prevents migration of any 

atmospheric water vapour. The recent discovery of large volumes of CO2 ice sequestered in the south 

polar cap (Bierson et al., 2016; Manning et al., 2019; Phillips et al., 2011), opens up the possibility for 

a slightly higher atmospheric pressure (Buhler et al., 2019; Manning et al., 2006) than assumed by 

previous modelling studies, which would allow liquid water to be stable for a few more degrees 

above freezing before it boils.  

These conditions – that of a hyper-arid cold desert – have thought to have reigned on Mars during 

the whole Amazonian period (since ~3 Ga) even if uncertainties in the orbital solutions do not allow 

us to predict the orbital parameters further than several tens of millions of years in a reliable way.  

3.3 Present-day reservoirs of water on Mars 
Even if surface conditions allow for the presence of liquid water, there must be a source of water (ice 

or vapour) for liquid water to be produced. Precipitation in the form of rain is generally accepted to 

be highly unlikely during the Amazonian (since ~3 Ga). There are three potential reservoirs for water: 

seasonally deposited ices/frosts from vapour in the atmosphere, surface ice reservoirs, or 

underground aquifers. Here, surface ice reservoirs are defined as those ices which can be reasonably 

considered to have exchanged with the atmosphere under Amazonian climate conditions. We discuss 

each of these sources in turn below and their likelihood for generating liquid water.  

3.4 Seasonal ices and frosts  
The most visible manifestation of Mars’ seasonal cycle is the waxing and waning of the seasonal polar 

caps, which were noted even in early telescopic observations (Herschel, 1784). The seasonal polar 

caps comprise atmospherically deposited seasonal ices that brighten the surface. The majority of the 

ice is comprised of CO2 and as a result the deposition of the seasonal ices causes a substantial 

fluctuation in the atmospheric pressure (Haberle et al., 2017). A minor component of water ice is 

included in these ices (Appéré et al., 2011; Brown et al., 2012, 2010). The ices are thought to 

originate as directly condensed frosts or fall as snow (e.g., Giuranna et al., 2008; Hayne et al., 2014), 

with direct observation being hindered by the polar hood (low lighting combined with a hazy 

atmosphere). The continuous seasonal polar caps, comprised of CO2 and a minor component of H2O, 

extend to 50-55° in both hemispheres (e.g., Piqueux et al., 2015) and are thought to reach a thickness 

of metres near the poles (e.g., Karatekin et al., 2006; Smith et al., 2001). Discontinuous deposits of 

ices are found down to latitudes of 30° in both hemispheres (Dundas et al., 2019a; Vincendon et al., 
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2010b, 2010a), where water ice is found to lower latitudes than CO2 ice. Discontinuous CO2 extends 

to 35°S on steep pole-facing slopes in the southern hemisphere (Vincendon et al., 2010b), but its 

extent has not yet been measured in the northern hemisphere. Sublimation of the seasonal ices 

drives peaks in atmospheric water vapour to around tens of precipitable microns (Pankine et al., 

2010; Pankine and Tamppari, 2019). Water ice frost forms an annulus around the retreating seasonal 

ices and as it sublimates is cold-trapped onto the retreating CO2 ice before sublimating again later. 

Exchange of water vapour between hemispheres is strongest during the solstices (Haberle et al., 

2017).   

In general, water frosts and ices deposited seasonally are deemed to be unlikely sources of liquid 

water at the present-day and in the recent past, due to the very small quantities and the kinetic 

barrier to melting discussed in Section 3.2. 

3.5 Surface Ice reservoirs 
Surface ice reservoirs are our most accessible evidence that Mars has abundant water, and these can 

be split into:  

 The polar caps (~106 km3 each) (Plaut et al., 2007; Selvans et al., 2010) 

 Mid-latitude glaciers (~105 km3) (Levy et al., 2014) 

 Ground ice (~104 km3) (Conway and Balme, 2014; Kreslavsky and Head, 2002; Mustard et al., 

2001) 

Radar data have confirmed that the polar caps are almost exclusively water ice (Plaut et al., 2007; 

Selvans et al., 2010). The polar caps are the most voluminous reservoir of water on Mars and form 

upstanding broadly domal landforms with up to three kilometres of relief (Plaut et al., 2007; Selvans 

et al., 2010). The internal structure of the two caps is broadly similar, comprising layers of ice with 

variable dust-contents, visible in surface exposure at internal scarps and at depth via radar sounding 

(e.g., Becerra et al., 2017; Blasius et al., 1982; Fishbaugh and Hvidberg, 2006; Plaut et al., 2007; 

Selvans et al., 2010) and thus are generally accepted to form via atmospheric deposition of water ice. 

Both caps are dissected by spiral troughs which are thought to form during cap accumulation through 

a balance between sublimation and accumulation (Bramson et al., 2019; Smith et al., 2013; Smith 

and Holt, 2010) and they are more marked in the northern cap than in the southern cap. However, in 

the detail the two caps are quite different, likely as a result of the huge difference in altitude 

between the two hemispheres (base at -5000 m in the north and +1000 m in the south), which has a 

profound effect on atmospheric circulation (e.g., Haberle et al., 2017). The northern polar cap has a 

younger surface age than the southern cap (a few thousand compared to ~10 Ma; Herkenhoff and 

Plaut, 2000; Landis et al., 2016), and its bulk is estimated to have formed in the last few millions of 

years (Jakosky et al., 1995; Laskar et al., 2002; Levrard et al., 2007) even though its surface may be 

being continuously renewed (Herkenhoff and Plaut, 2000; Landis et al., 2016). It is thought to 

comprise a lower unit of ice-rich sands and an upper unit of polar layered deposits. It is broadly 

centred on the pole and is surrounded by outliers which formed separately (Bapst et al., 2018; 

Brothers and Holt, 2016; Brown et al., 2008; Conway et al., 2012). Hovius et al. (2008) suggested that 

some re-entrants into the cap represented channels carved by water released by volcanic heating, 

but later work showed these features were more consistent with wind erosion (Brothers et al., 2013). 

In contrast, the southern polar cap is located off-centre with respect to the southern pole and only a 

very small proportion of the cap has exposed water ice at the surface in summer (Hansen et al., 

2005), compared to the complete exposure expressed by the northern cap.  
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Figure 3.2: Global distribution of relevant landforms in the quest for evidence of liquid water on Mars. 

(a) Mars Odyssey Thermal Emission Spectrometer global albedo map overlain by the global 

distribution of Recurring Slope Lineae (RSL), where the legend to the right shows how many RSL 

attributes are displayed at each site, a confirmed RSL site being in red having evidence of incremental 
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lengthening, recurrence and fading. (b) Mars Orbiter Laser Altimeter (MOLA) derived shaded relief 

map overlain with the locations of gullies as published by Harrison et al. (2015). (c) Semi-transparent 

MOLA-derived shaded relief map with water equivalent hydrogen data from Pathare et al. (2018) 

overlain with locations of small-scale lobes from Johnsson et al. (2018). (d) Semi-transparent MOLA-

derived shaded relief map with colour-keyed MOLA-elevation overlain by the locations of glacial 

forms, or VFF as mapped by Levy et al. (2014). 

The bright part of the cap is instead CO2 ice. The deep structure of the polar cap has been harder to 

decode than for the northern cap because there are significantly fewer internal radar reflections. The 

cap is believed to have a series of packets of polar layered deposits with significant zones where CO2 

is thought to be sequestered (Bierson et al., 2016; Manning et al., 2019; Phillips et al., 2011). Much of 

the cap is covered by dust and hence has a lower albedo than exposed ice (Herkenhoff, 2001). The 

surface of the exposed cap is covered by a metres-thick layer of CO2 ice which is currently retreating 

at metres per year (Buhler et al., 2017; Byrne, 2003; Thomas et al., 2009). There are numerous 

outliers of the southern cap and these might represent a more extensive cap in the past (Sori et al., 

2019; Westbrook, 2009). Ancient units that surround the south polar cap (e.g., Fastook et al., 2012; 

Head and Pratt, 2001; Scott and Tanaka, 1987) are thought to represent water production at the 

base of the cap, which will be discussed in more detail in Section 3.7.6 in the context of a recent 

report of sub-glacial lakes found via radar sounding under the southern polar cap (Lauro et al., 2020; 

Orosei et al., 2018). 

The mid-latitude glaciers are common and widespread across areas with topographic relief in the 

mid-latitudes (30-60°; Figure 3.2d) and have been classified by morphology and context into several 

groups including: viscous flow features (VFF), Concentric Crater Fill (CCF), Lobate Debris Aprons 

(LDA), Lineated Valley Fill (LVF) and Glacier-Like Forms (GLF). The glacial origin of all these features 

has now been generally accepted with the most convincing evidence coming from orbital sounding 

radar (Holt et al., 2008; Petersen et al., 2018; Plaut et al., 2009) and further conformed by their 

overall shape/form and surface textures (e.g., Baker and Carter, 2019a, 2019b; Head et al., 2010; 

Karlsson et al., 2015; Levy et al., 2009b; Mangold, 2003; Parsons et al., 2011). These glaciers are 

thought to comprise almost pure ice with a metres- to decametres-thick debris cover derived from 

the headwall and englacial materials. The present-day systems are believed to be out of equilibrium 

with the current climate and show extensive evidence for retreat and downwasting (Brough et al., 

2016). Superposition relationships (Hepburn et al., 2019) and estimations of age derived from crater-

size frequency distributions on their surfaces  suggest that they formed during several “glacial 

maxima” over the last tens to hundreds of millions of years (Baker et al., 2010; Berman et al., 2015; 

Hartmann and Werner, 2010; Morgan et al., 2009). Each individual feature is likely to represent a 

series of ice-accumulation events (Fastook and Head, 2014; Weitz et al., 2018). As a general rule, 

martian glaciers are thought to be cold-based, i.e. no melting occurs near the base as is common in 

terrestrial glaciers, and they move via viscous deformation of the ice, rather than sliding over their 

bed (e.g., Parsons et al., 2011), which is consistent with their form. Possible exceptions to this 

general rule will be discussed in Section 3.7.6. 

Ground ice is extensive on Mars and is spatially associated with surface deposits that tend to drape 

the topography, variously termed “mantling units”, “mantle”, latitude dependant mantle”, “pasted 

on terrain”, ”dust-ice mantle” amongst other terms. The main line of evidence for ground ice comes 

from the neutron spectrometer on Mars Odyssey (Boynton et al., 2002; Feldman et al., 2011, 2008, 

2007, 2004; Maurice et al., 2011; Pathare et al., 2018; Wilson et al., 2018), where the content of ice 

in the top metre of the regolith is estimated to be 50-80%  at latitudes >50°N/S (Figure 3.2c). These 

predictions were shown to be locally valid by the Phoenix lander, which found ice at depths of a few 
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centimetres both in the form of pore-filling ice and excess ice (Mellon et al., 2009). Surface 

temperature data from Mars Climate Sounder and Thermal Emission Imaging System indicate that ice 

occurs within centimetres to tens of centimetres of the surface at latitudes down to 35°N/45°S 

(Piqueux et al., 2019). In addition, high ice-contents from the neutron data correlation spatially with 

the observations of polygonally patterned ground (e.g., Levy et al., 2010b; Mangold, 2005), which is 

generally accepted to be a result of thermal contraction of ice-cemented ground (Mellon, 1997). 

Phoenix landed amongst such polygons and excavated and detected ground ice with a mean depth of 

4.6 cm (Mellon et al., 2009). Additionally, Phoenix also detected segregated ice above the ground ice 

table. New impacts that reveal ice in their ejecta generally confirm this distribution (Byrne et al., 

2009; Dundas et al., 2020, 2014), and even extend to lower latitudes (~40°) where the ice is predicted 

to be deeper than can be detected by the neutron spectrometer. At these latitudes, the surface 

mantling units become dissected, exposing layering and exhibiting pitting (Milliken et al., 2003; 

Schon et al., 2009b). These discontinuous mantles are found preferentially on pole-facing slopes at 

lower latitudes (e.g., Christensen, 2003). This latitude marks the boundary where the topography at 

scales of hundreds of metres becomes measurably smoother where these mantles are present 

(Kreslavsky and Head, 2002, 2000). 

Ground ice is thought to be responsive to climate change and in diffusive equilibrium with the 

current climate (Aharonson and Schorghofer, 2006; Mellon and Jakosky, 1993; Schorghofer and 

Aharonson, 2005). The relationship between the near-surface ground ice detected by the neutron 

and thermal orbital data and the surface mantling units (with their ice content) is ambiguous. In 

some cases such surface mantling units can be locally decametres thick and have evidence for 

massive ice, from geomorphic and radar evidence (Bramson et al., 2015; Conway and Balme, 2014; 

Dundas et al., 2018; Stuurman et al., 2016). Such enrichments cannot come about from atmospheric 

diffusion into the regolith because of self-blocking, even if this can be bypassed by contraction 

cracking (Fisher, 2005) only tens of centimetres depths can be reached (see Section 3.7.5.4). The 

alternative is that these mantles represent units laid down under past high-obliquity climate 

conditions when snow/frost could be directly accumulated at the surface (Head et al., 2003; 

Madeleine et al., 2014, 2009) and protected from later sublimation by the accumulation of a 

sublimation lag of atmospherically derived dust centimetres in thickness. However, a universal 

composition of nearly pure ice for these units is not supported by the geomorphic evidence, which 

rather suggests development of the ground ice within a regolith matrix, i.e. excess ice (e.g., Levy et 

al., 2010b; Pathare et al., 2018; Soare et al., 2015). We discuss the development of excess ice further 

in the context of ice-loss landforms in Section 3.7.5.5.  

Ground ice is generally considered to be an improbable, but still viable source for liquid water in the 

present and recent-past, as the soil above protects it from sublimation, removing some of the 

constraint of the kinetic barrier to melting.  

3.6 Subsurface water reservoirs 
Numerous authors have hypothesised the presence of aquifers on Mars (e.g., Abotalib and Heggy, 

2019; De Toffoli et al., 2019; Gaidos, 2001; Goldspiel and Squyres, 2011; Salese et al., 2019), initially 

as a way to explain the fate of the large quantity of liquid water that is thought to have existed on 

Mars early in its history, as evidenced by the existence of the extensive valley networks (e.g., 

Craddock and Howard, 2002; Hynek et al., 2010; Hynek and Phillips, 2003; Kereszturi and Petrik, 

2020; Luo et al., 2017; Penido et al., 2013; Williams and Phillips, 2001), the clay deposits found in 

Noachian terrains (e.g., Carter et al., 2015; Ehlmann et al., 2011b; Loizeau et al., 2007; Lowe et al., 

2020, 2020; Milliken and Bish, 2010; Poulet et al., 2005), the outflow channels dated to the 

Hesperian or later (Andrews-Hanna and Phillips, 2007; Komar, 1979; Leask et al., 2007; Marra et al., 



Habilitation à Diriger des Recherches  6 mars 2023 CONWAY, Susan 

38 
 

2014; Max and Clifford, 2001; Montgomery and Gillespie, 2005; Vijayan and Sinha, 2017; Wilson, 

2004) and the hypothesised northern ocean (e.g., Baker et al., 1991; Carr and Head, 2019; Clifford 

and Parker, 2001; Palumbo and Head, 2019). Mars is thought to possess a deep cryosphere (Carr, 

1996; Clifford et al., 2010; Grimm et al., 2017; Lasue et al., 2019), where this cryosphere is impinged 

on by the geothermal heat flux, liquid water is thought to exist. Tectonic and surface temperature 

fluctuations perturbing the pressure state of this aquifer are thought to be responsible for the 

hundred-kilometre scale outflow channels which occurred in the Hesperian (Baker, 1979; Carr, 1979; 

Coleman, 2005; Harrison and Grimm, 2008; Marra et al., 2014). Smaller, yet similar perturbations 

have been proposed to explain gullies and RSL (Abotalib and Heggy, 2019; Gaidos, 2001), bringing up 

water from kilometres in depth. Shallower surface aquifers, including perched aquifers, have also 

been proposed (Goldspiel and Squyres, 2011; Marquez et al., 2005), but these are within reach of the 

orbital ground penetrating radars, such as the European Space Agency’s MARSIS and NASA’s ShaRAD, 

which have found no evidence for such bodies of water (Nunes et al., 2010). The non-detection of 

shallow aquifers by orbital radar is not definitive proof of their absence because the penetration of 

these radars into the martian crust is much lower than initially anticipated (Stillman and Grimm, 

2011) and they are limited to detecting interfaces that aquifers may in fact not present (Farrell et al., 

2009; Nunes et al., 2010).  

Circulation of groundwater in the past has been hypothesised from in situ observation of post-

digenetic alteration products, such as veins and nodules (e.g., Chan et al., 2004; L’Haridon et al., 

2018; Stack et al., 2014) found within the sedimentary rocks deposited in impact craters and 

evidence from meteorite studies (Bridges et al., 2001; Gillet et al., 2002; Schwenzer et al., 2016), 

evidence for sedimentary volcanism (e.g., Brož et al., 2019; Gallagher et al., 2018; Oehler and Allen, 

2010; Okubo, 2016; Skinner and Mazzini, 2009; Wheatley et al., 2019), and orbital detection of 

hydrothermal alteration products (e.g., Bishop et al., 2004; Ehlmann et al., 2011a; Viviano et al., 

2013). Hence, present-day impingement of these hypothesised aquifers on the surface is hard to rule 

out and often relies on arguments based around Occam’s razor – the simplest hypothesis is the most 

likely – as proving/disproving the presence of aquifers relies on knowledge of the subsurface that we 

do not have. So, unlike the other reservoirs of water discussed above, the presence of deep or 

shallow aquifers (and the cryosphere) remains purely hypothetical and would require considerable 

progress in our understanding of Mars to prove or disprove. Nevertheless liquid water sourced from 

aquifers is generally perceived to be unlikely to cause present-day or recent (last few millions of 

years) surface modifications, because of arguments based on structural and topographic context that 

will be discussed in Section 3.7.3  (e.g., Treiman, 2003). It is generally considered as a viable source of 

liquid water in the early Amazonian (Baker and Milton, 1974; Dohm et al., 2001; Rodriguez et al., 

2015). 

3.7 What is the evidence for recent liquid water on Mars? 
As detailed above, our knowledge of the current surface temperature, pressure and humidity 

conditions on Mars and our expectations derived from Global Climate Models of the recent past, and 

lack of knowledge regarding the deep subsurface of Mars means that researchers believe that the 

production of surface liquid water is unlikely. Hence, evidence presented in favour of near-surface 

liquid water on Mars is, almost without exception, highly scrutinised. Despite this many surface 

features have been ascribed to the action of surface liquid water often in tight analogy with 

equivalent landforms found on Earth. 

Below each of the major landscape elements that have been used to argue for recent surface water 

on Mars are described, the evidence supporting its generation by liquid water summarised and the 
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current assessment of the likelihood of the liquid water hypothesis described. The topics are 

addressed in a rough chronological order starting at the present-day and working towards the past. 

3.7.1 Slope Streaks and dark dune flows 
Three broad types of low albedo downslope-oriented “streaks” resembling a downslope flow have 

been observed to form at the present-day on Mars: Recurring Slope Lineae, Slope Streaks and dark 

dune flows. All three have been linked to liquid water occurrence at the present-day on Mars. 

Recurring Slope Lineae are detailed in the next section.  

 

Figure 3.3: Examples of dark dune flows and slope streaks on Mars. Each letter represents a location 

while each number represents a different time of year. Please note each panel has been individually 

contrast-stretched to enhance visibility. Panels a1-5 show the evolution of a dark flows emanating 

from dark spots on the slip face of a linear dune in Richardson Crater (72.0°S, 179.4°E) in the southern 

hemisphere from MY27 Ls 210-340°. Note the development of the bright halo, the darker albedo at 

the tip of the flow and the lack of any morphological signature once the frost is removed. Panels b1-5 

show the evolution of a dark flows located on the slip face of a barchan dune at a site informally 

named “buzzel”  (84.0°N, 233.2°E) in the circum-polar erg in the norther hemisphere in MY 29 from Ls 

029-087°. Again, note the lack of morphological signature once activity is over. Panels c1-2 show the 

appearance of new slope streaks on a slope located in the mid-latitude region of Mars (31.1°N, 

226.0°E) in MY 31. HiRISE images: a1 PSP_003175_1080 Ls=210.6°, a2 PSP_003386_1080 Ls=220.7°, 

a3 PSP_003742_1080 Ls=238.1°, a4 PSP_003953_1080 Ls=248.5°, a5 PSP_005931_1080 Ls=340.4°, 

b1 PSP_007193_2640 Ls=28.8°, b2 PSP_007404_2640 Ls=36.3, b3 PSP_007905_2640 Ls=53.7°, b4 

PSP_008248_2640 Ls=65.5°, b5 PSP_008867_2640 Ls=86.6°, c1 ESP_027092_2115 Ls=107° and c2 

ESP_031971_2115 Ls=323°. Credit NASA/JPL/UofA. 
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Slope Streaks (Figure 3.3c) can be metres to kilometres in total length and they originate on steep 

slopes (e.g., Sullivan et al., 2001) in the equatorial regions of Mars. They often originate at a point, 

fan out to reach a maximum width, then terminate in a series of digitate lobes (e.g., Schorghofer et 

al., 2007) yet their detailed morphology seems to depend on the shape of the underlying slope (e.g., 

Dundas, 2020). Unlike RSL and dark dune flows, Slope Streaks show no incremental growth between 

images, but simply appear in any given image at their full extent (e.g., Schorghofer et al., 2007). Also, 

older streaks can appear bright compared to the surrounding terrain (e.g., Aharonson et al., 2003; 

Baratoux et al., 2006), which is unlike RSL and dark dune flows. Slope Streaks seem to remove a thin 

layer of material along their path and may push some material aside (Chuang et al., 2007; Phillips et 

al., 2007). Slope Streaks are found in dusty, low thermal inertia areas of Mars, so are generally 

assumed to be dry avalanches of dust (e.g., Dundas, 2020; Sullivan et al., 2001). The involvement of 

liquid water has been hypothesised, based on their occurrence on slopes whose temperatures can 

exceed 273K (Schorghofer et al., 2002), a bias in their occurrence towards warmer times of year 

(Heyer et al., 2019), interaction with topographic obstacles (Brusnikin et al., 2016; Kreslavsky and 

Head, 2009), extension onto low slopes and correspondence with terrains high in Cl and Fe (i.e. 

availability of salts to produce brines; Bhardwaj et al., 2017). None of these observations are 

completely diagnostic and dry dust avalanches could have a rheology that also satisfies these 

constraints (Bhardwaj et al., 2019a; Dundas, 2020; Miyamoto, 2004). 

Dark dune flows (Figure 3.3a,b) are a strictly seasonal phenomena strongly linked to the defrosting 

phase during the retreat of the seasonal ices in spring and as the name suggests are only found on 

dark sand dunes (near the poles in both hemispheres). They are metres to hundreds of metres in 

overall length and develop from dark spots that appear on the seasonal ice cover. They grow 

incrementally as the seasonal progresses and are no longer visible once the seasonal ice cover has 

sublimated away, which contrasts with RSL which tend to gradually fade (e.g., McEwen et al., 2011) 

and slope streaks that can persist for decades (e.g., Schorghofer et al., 2007). Their development 

follows the same sequence of events: a) development of a dark spot, b) propagation of the flow away 

from the spot, c) development of bright halos in some cases and d) as propagation progresses the tip 

of the flow is darker than the source spot and terminates in a wider section. The general consensus is 

that the initial dark spots are formed by the “Kieffer model” (Kieffer et al., 2006) – this model 

describes the formation jets of CO2 gas generated by basal sublimation of the seasonal translucent 

CO2 slab ice. The basal sublimation builds pressure under the slab ice that when released by cracking 

entrains dust/sand that are then deposited around the crack forming a dark spot/fan at the surface. 

It is proposed that salt can also be included within these deposits and that the dark flows can be 

explained by the propagation of brines generated as interstitial water from cold-trapped water ice 

and preferential heating of the sediments forming the dark spot (Kereszturi et al., 2011b, 2011a, 

2010, 2009; Kereszturi and Appéré, 2014; Kereszturi and Rivera-Valentin, 2016, 2012; Möhlmann and 

Kereszturi, 2010; Möhlmann, 2010, 2008, 2004). However, dry mass wasting phenomena driven by 

sublimation dynamics cannot be ruled out given the morphological, temperature and spectral 

constraints (Gardin et al., 2010; Hansen et al., 2013; Horvath et al., 2009). 

Although water has been proposed for the formation of Slope Streaks and dark dune flows, the 

evidence presented to date favours dry avalanches and CO2 ice sublimation mechanisms respectively. 

My contribution to the state-of-the-art: Although I have not directly published on Slope Streaks and 

dark dune flows, both phenomena are found alongside other ongoing surface processes on Mars 

which I have studied. Slope Streaks associated with rockfalls are part of my ongoing work (Grindrod 

et al., 2021; Vijayan et al., 2021). These works suggest that Slope Streaks are more likely a dry 

phenomenon as they seem to be triggered by rockfall impacts and potentially the same seismic 
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shaking that leads to rockfalls themselves. Dark dune spots and flows occur alongside gullies on 

dunes, which will be discussed in Section 3.7.3. Our work shows that these spots and flows seem 

more likely to be promoted by the “Kieffer model”, as their timing and evolution over time 

corresponds better with climate models predictions of when this effect should occur (Jouannic et al., 

2019). How the spots transform into what appear to be ground-hugging flows remains a subject of 

ongoing research. Our work also suggests that dark flows may be part of the sediment transport 

cascade that promotes activity in gullies in general (Raack et al., 2020). 

3.7.2 Recurring Slope Lineae (RSL) 
Recurring slope lineae are a seasonal phenomenon characterised by downslope propagating 

relatively low albedo streaks up to hundreds of metres in length and generally metres to tens of 

metres in width (Figure 3.4). They were first identified thanks to repeated HiRISE images and are 

distinct from slope streaks and dark dune flows by growing at the warmest times of year (for a given 

slope and slope-orientation) and then fading until the pattern is repeated the following year 

(McEwen et al., 2011). It is this incremental downhill growth that led researchers to initially interpret 

these features as being driven by liquid water. This is because slope streaks and wind streaks, which 

are thought to be produced by dry granular flows (e.g., Chuang et al., 2007; Sullivan et al., 2001) or 

the removal of dust (Vincendon et al., 2015), respectively, do not grow, but are emplaced 

instantaneously (at the temporal scale of orbital observations). Although there may be mechanisms 

by which dry granular flows could mimic this behaviour (Dundas, 2021). RSL occur in exclusively areas 

that have a low abundance of surficial dust (unlike Slope Streaks which only occur on high albedo 

dusty slopes) and tend to originate at rocky outcrops towards the top of steep slopes. They are found 

in dense concentration in the Valles Marineris (VM; Chojnacki et al., 2016; McEwen et al., 2014; 

Stillman et al., 2017), but also on steep slopes in the northern (Stillman et al., 2016) and southern 

mid-latitudes (Stillman et al., 2014; Stillman and Grimm, 2018) (Figure 3.2b) and at tropical latitudes 

outside of VM (Stillman and Grimm, 2018). They often occur in association with mid-latitude or 

equatorial gullies (which are described further in Section 3.7.3): either on gully-interior slopes, or on 

slopes directly neighbouring the gullies.  

RSL can be found individually or occur as dense concentrations and they tend to originate at the 

same place every year. Their overall length varies from year to year and neighbouring RSL can have 

different growth rates, and in certain locations an RSL can lengthen at the same time its neighbour is 

fading (Stillman et al., 2020, 2017). Their path downslope deviates around obstacles 

(Figure 3.4a-c, g-i) suggesting that they have little momentum and that the flow is thin compared to 

the obstacles visible at HiRISE resolution (~25 cm/pix). RSL can come together downslope 

(Figure 3.4c, f), split (Figure 3.4c, k) and have some limited sinuosity (Figure 3.4b, i). In Valles 

Marineris RSL are spatially and temporally associated with slumps in the loose materials over which 

they propagate (Chojnacki et al., 2016; Ojha et al., 2017) (Figure 3.5). Such slumps extend much 

further downslope than RSL, have similar albedos, fading timescale, and slopes (27.5° ± 2.7°; Stillman 

et al., 2020). RSL are most easily identified on materials that are generally smooth at the HiRISE scale 

(no grains >75 cm), but can be found on slopes covered in clasts (Figure 3.4d-f). They can propagate 

down pre-existing channels (Ojha et al., 2014), including gully channels. They tend to be restricted to 

slopes above the angle of repose (Dundas et al., 2017), but are found to extend to lower slopes 

(Schaefer et al., 2019; Stillman et al., 2020; Tebolt et al., 2020). However, RSL form on the upper 

reaches of scree slopes likely formed via mass wasting and are naturally at the angle of repose. Thus, 

just because RSL form on such a feature does not require that RSL be interpreted as a dry sediment 

flow (Tebolt et al., 2020). Isolated dark spots have been observed in rare cases immediately 

downslope of actively growing RSL, argued to be discontinuous RSL (Figure 3.4e) (Ojha et al., 2015; 

Tebolt et al., 2020). Stillman et al. (2017) interpreted such features as the “porpoising” of water flow, 
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where water flowing under the surface was only sucked to the surface via capillarity in locations of 

low albedo. 

  

Figure 3.4: Examples of Recurring Slope Lineae (RSL), north is up in all panels. (a) RSL in the alcoves of 

gullies in Corozal Crater in the southern mid-latitudes with (b) showing multiple RSL coming together 

while deviating around obstacles and (c) showing their termini which often diverge. (a-c) False-colour 
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HiRISE image ESP_023218_1410 where colours have been stretched to best enhance the contrast. (d) 

RSL extending from rocky substrates onto sand on a ridge in Coprates Chasma in Valles Marineris at 

the equator with (e) showing their discontinuous downslope extensions and (f) their lower contrast on 

the upslope rocky materials. (d-f) False-colour HiRISE image ESP_043085_1670 where colours have 

been stretched to best enhance the contrast.(g) RSL on the interior light-toned layered deposits in 

Juventae Chasma in Valles Marineris at the equator with (h) showing their propagation over the 

bedrock with braided sections and (i) showing their extension onto the debris fans, again showing 

sinuosity and braiding. (g-i) HiRISE image PSP_006915_1760 where stretch has been chosen to best 

enhance the contrast.(j) RSL on the central peak of Hale Crater in the southern mid-latitudes in HiRISE 

image ESP_047172_1440 where (k) shows their extension onto lighter albedo “fans”. (l) HiRISE image 

ESP_046605_1440 showing the same location as in panel k, but at a season when the RSL have faded. 

Image credits: NASA/JPL/UofA. 

Concurrent observations of dust devil tracks, boulder tracks, and RSL suggest that the distinctive dark 

albedo of RSL is a result of the removal of dust (Schaefer et al., 2019) and that annual atmospheric 

dust deposition allows their reoccurrence the following year. The dust storm of Mars Year 28 and 34 

resulted in many more candidate RSL being apparent and for RSL to be in general a lot longer than in 

previous years (McEwen et al., 2019; Stillman et al., 2014). An alternate hypothesis is that wicking of 

moisture to the surface or water absorbed into salts could be the cause of the darker albedo (Heinz 

et al., 2016; Massé et al., 2014). In any case it is agreed that RSL do not engender any significant 

downslope sediment transport at the HiRISE-scale. As no sediment transport is involved, they are 

generally thought to represent either subsurface percolation of water, or thin granular flows. 

Apart from the various dry hypotheses for RSL formation, discussed further in Dundas (2021), water-

based hypotheses require a mechanism to replenish the supply towards the top of the slope. They 

therefore focus around two potential mechanisms: i) atmospherically recharged source and ii) origin 

from aquifer seeps, which are discussed further below. 

Mass balance arguments suggest that water ice frosts from the atmosphere are unlikely to be able to 

recharge RSL source areas, with RSL probably requiring metres cubed of water per metre of 

headwall, exceeding that which can be supplied from the dry martian atmosphere (Grimm et al., 

2014).  In addition, the kinetic barrier to melting, detailed in Section 3.2, would be particularly severe 

at the relatively warm locations of RSL occurrence in Valles Marineris – meaning the ices would need 

to somehow be protected by a lag in order to melt. Further, the melting of shallow subsurface ice is 

difficult as temperatures decrease with depth. If salt were present then melting could occur, but such 

melting would then flush these salts. This is unlikely because such a shallow subsurface ice would 

need a mechanism to recharge salt and significant amount of ice so that it could provide a source 

each year giving the recurrent behaviour of RSL (Stillman et al., 2014).  

The surface temperature at which RSL start to grow argues that the water should be briny (i.e., have 

a depressed freezing point Grimm et al., 2014; Stillman et al., 2016) even though the near infra-red 

spectral detection of hydrated perchlorates associated with RSL from orbit (CRISM; Ojha et al., 2015) 

is now generally acknowledged to be due to instrument error (Leask et al., 2018; Vincendon et al., 

2019) and no systematic detection has been made of chlorine bearing salts in thermal spectra 

(Mitchell and Christensen, 2016). The predicted abundance of salts on the martian surface is 

expected to be high, including chlorine-bearing species (Clark, 1981; Gellert, 2004; Keller et al., 2007; 

Kounaves et al., 2010; McSween and Keil, 2000) and notably perchlorates (Glavin et al., 2013b, 

2013b; Hecht et al., 2009; Sutter et al., 2017; Toner et al., 2014b) which have remarkably large 

freezing point depression (e.g., Chevrier and Rivera-Valentin, 2012). This abundance has led 

researchers to propose that RSL could be produced by deliquescence of these salts, i.e. the 
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adsorption of water vapour (from the atmosphere or sublimated from ground ice) leading to the 

fluidisation of the salt (e.g., Bhardwaj et al., 2019b; Dickson et al., 2013). The relative humidity 

required for deliquescing Mars-relevant salts is on the order of >13% at 273 K (Gough et al., 2011; 

Heinz et al., 2016; Nuding et al., 2015; Primm et al., 2017), which for the same reasons as argued 

above seems high for the dry martian atmosphere. However, once these brines have formed they 

can form supersaturated and/or super cooled solutions with significant hysteresis prolonging their 

persistence in the environment (Gough et al., 2016; Primm et al., 2019; Toner et al., 2014a). Although 

temperatures are highest in the middle of the martian day, the relative humidity is at its lowest, so 

the early morning and late evening are more conducive to brine-formation by deliquesce (Gough et 

al., 2011; Primm et al., 2019). If RSL were caused by deliquescent salts, they should have different 

albedos at different times of day. This behaviour has not yet been observed with when comparing 

one morning CaSSIS image with an afternoon HiRISE image (Munaretto et al., 2020), but much more 

extensive analysis is required to substantiate this finding. Additionally, modelled water budgets using 

meso-scale atmospheric models coupled with deliquescence onto calcium perchlorate salts indicate 

an upper limit of 1 micron per sol, which is likely much too low to support any wet-dominated RSL 

formation mechanism (Leung et al., 2020). 

Recharging sufficient salts into the source areas could be envisaged via atmospheric deposition, of 

notably perchlorate salts (Catling et al., 2010; Smith et al., 2014). If the brine comes from 

underground, there is no recharge problem for the salts, because the aquifer itself would be briny. 

However, repeating brine flows would be expected to continually deposit salts towards the ends of 

the RSL and within the subsurface. As no build-up has been detected from orbit there must be some 

unknown removal mechanism, if this hypothesis is true. The difficulty in recharging sufficient water 

(Stillman et al., 2016) and the proximity of RSL to fractures observed in the bedrock at which they 

originate (Abotalib and Heggy, 2019) have been used as arguments to support their origin via 

groundwater. As discussed in Section 3.7.3 for gullies, a groundwater origin is hard to substantiate 

with confidence as we have so little knowledge on the structure of the subsurface of Mars (e.g., 

heatflow, permeability, lithology, fractures, and cryosphere state/structure). Many of the most 

extensive RSL sites are found in locations that are advantageous for groundwater such as: the 

numerous RSL found within craters in the regional depression of Chyrse and Acidalia Planitia 

(Stillman et al., 2016), Garni crater on the floor of Melas Chasma (Stillman et al., 2017), and Palikir 

crater on the floor of the much larger Newton crater (Stillman et al., 2014). These sites could possess 

unconfined or confined/pressurized aquifers that could hydraulically connect to the surface via low 

permeability fractures. It should be noted that RSL are also found in places disadvantageous to 

groundwater access (Chojnacki et al., 2016). Nevertheless, such aquifers would need to possess a 

freezing depression that is greater than or equal to the mean annual surface temperature so that 

they could discharge to the surface only during the warmest part of the year (Stillman et al., 2016). 

Once the brine is discharged, it will then percolate downhill through the regolith. The regolith also 

must have an impermeable barrier to prevent the brine from seeping back into the subsurface before 

it shows a surface expression (Mellon and Phillips, 2001). Due to the large diurnal temperature 

variations, the brine is likely to completely or partially freeze at night, thus slowing its advance 

downhill. As discussed in Dundas (2021) there are also RSL locations that are not likely to be 

connected to an aquifer such as the numerous RSL sites found on Coprates Montes (Chojnacki et al., 

2016). 
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Figure 3.5: 3D rendering of a slump on the same slope as Recurring Slope Lineae (RSL) in Garni Crater. 

(a) Orthorectified HiRISE image ESP_034672_1685 showing the slope with RSL prior to the slump in 

MY32, Ls 65°. (a) Orthorectified HiRISE image ESP_035028_1685 showing the slope with RSL and the 

slump in MY32, Ls 77°, i.e. 26 sols after the image in panel a. Small black arrows point to the location 

of prominent RSL that grow between the two images. Image credits: NASA/JPL/UofA. 

It is possible that liquid water is only the trigger for a motion that is then more granular, for example: 

the volume or weight change brought about by deliquescence could trigger a granular avalanche 

(Wang et al., 2019), or humidification-desiccation (water absorption-desorption) cycles could change 

the cohesive properties of the slope materials (Shoji et al., 2019). Experimental work has shown that 

boiling water or brines can cause grainflows, or eject pellets of damp material (Herny et al., 2019; 

Massé et al., 2016; Raack et al., 2017). These more “exotic” processes rely on the contact of liquid 

water with relatively warm substrates (>280K), as might be envisaged to happen at the edge of a 

propagating RSL flow-front, and vigorous boiling produces gas in the sediment pore-space capable of 

fluidising the granular bed, ejecting particles and even mobilising parts of the saturated mass. Such 

hybrid mechanisms would allow “dry” RSL to follow the seasonal patterns observed for RSL. 

However, similarly the purely dry mechanisms (Dundas et al., 2017; Schaefer et al., 2019; F. Schmidt 

et al., 2017; Vincendon et al., 2019), these granular flows would struggle to imitate the detailed 

growth histories of RSL (Dundas, 2021; Grimm et al., 2014; Huber et al., 2020).  

In summary, the role of liquid water in Recurring Slope Lineae on Mars is supported by their 

temporal and spatial patterns of growth at the intra- and inter-seasonal scale, as well as their 

extension onto slopes lower than the angle of repose. The source of this water is problematic, either 

from the atmosphere or the subsurface. For brine-flows, a mechanism would be needed to remove 

the deposited salts. This outstanding problem for the “wet” hypothesis combined with new theories 

for the “dry” hypothesis has shifted the community’s focus to resolving the issues regarding 

triggering and growth for the possible “dry” processes (e.g., Dundas, 2021). To date, no advanced 

modeling has been able to correlate the dry mechanism hypotheses with the observations. 

My contribution to the state-of-the-art: I have contributed to understanding RSL by performing 

experimental work on the action of boiling water on sediment transport (Herny et al., 2019; Massé et 

al., 2016; Raack et al., 2017). These experiments were important to show that boiling water can in 

fact transport more sediment than stable water so for a given volume of water the transport capacity 

is increased from what we might expect from observing water or brine flows on Earth.  I was involved 

in a UK Space Agency “Aurora” project led by Peter Muller to better understand RSL in Valles 

Marineris using machine learning techniques to improve the quality of topographic data. In 
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summary, existing stereo-derived elevation models paired with corresponding ortho-images are used 

to train a neural network to learn what topographic signal is expected based on the features 

observed in Mars images. The technique is applied to existing terrain models to improve their 

resolution and quality and is best applied in a pyramidal fashion, e.g. HRSC to improve MOLA, 

CTX/CaSSIS to improve HRSC, HiRISE to improve CTX/CaSSIS. Initial testing of the technique has been 

performed in Oxia Planum (Tao et al., 2021c, 2021c, 2021a, 2021d, 2021b) and is planned to be 

applied to Valles Marineris. Attempts to semi-automatically map RSL using image-differencing were 

successful on images which were less than several thousand pixels in any dimension but proved too 

computationally expensive to apply to stacks of HiRISE images, hence was abandoned. I am part of an 

ongoing effort within the CaSSIS team to capture an early morning image of RSL on the same day as 

HiRISE (which takes images around 3pm local Mars time) to reinforce the initial conclusions of our 

study in Hale Crater (Munaretto et al., 2020), which showed no albedo change consistent with dry 

rather than wet flows. 

3.7.3 Gullies 
The term “gully” for Mars encompass a huge variety of landforms, whose uniting attribute is the 

presence of a channel through which material is transported from the source alcove to the debris 

apron or fan (see review by S. J. Conway et al., 2019) (Figure 3.6). Gullies are not to be confused with 

“spur and gully” morphology which was originally reported on Mars in Valles Marineris (e.g., 

Lucchitta, 1987), but in this case the erosional and depositional parts are not connected by a channel. 

Spur and gully morphology with no channelisation is generally attributed to dry mass wasting 

processes which build talus cones in oversteepened landscapes (e.g., Thapa et al., 2017) and will not 

be discussed further here. 

 

 

Figure 3.6: Examples of gullies on Mars. (a) Gullies incised into icy mantling materials on a crater wall 

in the northern hemisphere. Note the well-formed tributary networks, the abandoned alcoves and 

multiple generations of fan-deposits. HiRISE image ESP_018895_2410. (b) Gullies in Galap Crater in 

the southern hemisphere, where the alcoves are incised directly into the bedrock at the crater wall 

and no icy-mantling materials are present. HiRISE image PSP_003939_1420. (c) “Linear” gullies on the 

megadune located on the floor of Russell Crater in the southern hemisphere. HiRISE image 

ESP_038335_1255. Image credits: NASA/JPL/UofA. 
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Gullies, from the top of the alcove to base of the fan, are typically a kilometre in length (ranging from  

a hundred metres to several kilometres) and tens to hundreds of metres wide (ranging from 

decametres to ~kilometre). They were initially interpreted to be a result of liquid water flowing at the 

surface of Mars, because of their similarity to gullies carved by liquid-water on Earth and because of 

their latitude distribution and orientation preference  (Malin and Edgett, 2000). Gullies are found 

primarily on steep slopes at latitudes polewards of 30° north and south (Balme et al., 2006; Bridges 

and Lackner, 2006; Dickson et al., 2007; Harrison et al., 2015; Heldmann et al., 2007; Heldmann and 

Mellon, 2004; Kneissl et al., 2010) (Figure 3.2b) and their variable spatial density in this latitude range 

is mainly a consequence of the availability of steep slopes (Conway et al., 2017). The sloping terrains 

where gullies are found comprise the relief-forming structures on Mars at kilometre-scales: impact 

craters (outer and inner walls, terraces, and central peaks/pits), valleys and graben, mesas, buttes, 

collapse pits and dark sand dunes. At latitudes between 30° and 40° gullies are found primarily on 

pole-facing slopes and >40° they have a preference for equator-facing slopes, but can be found on 

slopes with all orientations (e.g., Conway et al., 2017; Harrison et al., 2015; Heldmann and Mellon, 

2004). Gullies can be found in the equatorial regions, but they are generally small (hundreds of 

metres long for metres in channel-width), rare and only reliably identified in HiRISE images (Auld and 

Dixon, 2016; Thomas et al., 2020), hence are not displayed with the larger landforms in Figure 3.2b. It 

should be noted that Auld and Dixon (2016) classified features with an alcove and an apron but no 

channel as gullies which deviates from the commonly used Malin and Edgett (2000) definition that 

requires the presence of a channel. The latitudinal pattern in distribution and orientation of gullies 

(Figure 3.2b) strongly suggests a climatic factor plays a role in conditioning their formation. 

 

Figure 3.7: Examples of active martian gullies, where the top is the image before the change and at 

the bottom the image after the change. (a) Dark-toned deposit overlying frost in HiRISE image 

ESP_027567_1425 (before ESP_022688_1425). (b) Light toned deposit over an existing fan on HiRISE 

image ESP_031919_1435 (before ESP_014368_1435). (c) New high-relief deposit with no tonal 
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change in HiRISE image ESP_032078_1420 (before PSP_003939_1420). (d) New channel and deposit 

in HiRISE image ESP_032011_1425 (before ESP_013115_1420). Note, the before-after pairs are not 

necessarily the closest in time, but are chosen to best illustrate the changes. Image credits: 

NASA/JPL/UofA. 

Worthy of particular attention are “linear gullies” (Figure 3.6c) which are a very unusual type of 

martian gully, lacking a terrestrial equivalent and is only found on steeply sloping dark sand 

substrates (e.g., Diniega, 2021; Diniega et al., 2013; Reiss and Jaumann, 2003). “Classic” gullies, as 

described above, are also found on dunes. Linear gullies comprise a long linear to sinuous parallel-

walled groove flanked by levees, which trends downslope and does not change appreciably in width 

along its length. The source zone is often marked by many smaller tributary grooves and the 

terminus either blunt or with a series of disconnected pits, but with no obvious depositional 

fan/apron. They are often found near to other “classic” gullies and sometimes have morphologies 

that are transitional with other “classic” gullies (e.g. the channel part resembles a linear gully, 

whereas the source and deposit apron resembles a classic gully) (e.g., Pasquon et al., 2019b). They 

form a relatively small proportion of the overall gully population, but are one of the most active 

types of gully at the present-day (S. J. Conway et al., 2019). 

Although gullies are too small to be dated directly via crater-size frequency distributions, their recent 

formation has been inferred by the lack of superposed impact craters. Dating of the terrains that 

gullies superpose has allowed authors to estimate maximum ages as 1-5 Ma (de Haas et al., 2019; 

Reiss et al., 2004; Schon et al., 2009a). Gullies are composite landforms where overlapping deposits 

demonstrate that gullies have many multiples of formative events (e.g., de Haas et al., 2015a; 

Johnsson et al., 2014; Levy et al., 2010a). Inverted gully fans/channels and re-incision into mantled 

alcoves provide further evidence that significant hiatuses occur between different active periods in 

gullies (e.g., Dickson et al., 2015). 

Monitoring of gullies on Mars has revealed that downslope movements of material are ongoing and 

predominantly occur in local winter (Diniega et al., 2010; Dundas et al., 2012, 2015b, 2019a; Jouannic 

et al., 2019; Malin et al., 2006; McEwen et al., 2007; Pasquon et al., 2016, 2019a, 2019b; Raack et al., 

2015). Gullies on sand dunes are particularly active and most sites show some kind of motion every 

year. Mass balance calculations on dune gullies has highlighted that these features can be formed 

entirely in as little as a few hundreds of years (Pasquon et al., 2019b). Only a few other sites show 

such cadences, with the majority of gullies showing activity having only one change within the last 

few decades of monitoring (e.g., Dundas et al., 2019a). Movements mostly take the form of relatively 

high or low albedo deposits on fans or within gully-channels (Figure 3.7b), with only some 

identifiable by their relief (Figure 3.7c,d). In a few cases the source of the sediment can be tracked 

back to an identifiable scarp (e.g., de Haas et al., 2019; Raack et al., 2020). Channels can be 

evacuated, or back-filled with sediment and new channels carved into fan-surfaces. Sites with gullies 

also often host RSL (Figure 3.4a-c) and often small-scale equatorial gullies are also found at RSL sites 

(Figure 3.4g-i). 

Gullies have been proposed to form via both dry and wet processes, and a summary of the 

arguments in favour of the dry hypotheses can be found in Dundas (2021). Due to present-day 

activity occurring during local winter it is very unlikely that these motions are triggered by liquid 

water. The only exception is that the recent activity in linear gullies does occur at a time of year when 

water ice can be cold-trapped and surface temperatures are rapidly rising towards the melting point 

(Pasquon et al., 2016), but even in this case the link with CO2 ices provides a simpler explanation and 

is more widely accepted (Dundas, 2021). It should be mentioned that some present-day activity 

characterised by the bright deposits, occur at times and places where CO2 ices have not been 
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detected, but H2O ices have (Vincendon, 2015), suggesting that water ice might be playing a role, 

although such deposits are found to be consistent with dry granular flows (Kolb et al., 2010; Pelletier 

et al., 2008). Whether the sediment transport observed at the present-day is representative of the 

processes that have formed the entire gully-landform still remains open to debate as gullies have a 

number of characteristics that are consistent with formation by flowing liquid water, as we detail 

below. 

Martian gullies share many morphological characteristics with water-driven steepland erosional 

systems on Earth. Many of the detailed elements of martian gully morphology can be identified 

within larger terrestrial catchments, but also erosion-deposition systems that share a similar 

morphology can be found in permafrost to arid regions on Earth (Costard et al., 2007; Dickson et al., 

2018; Hartmann et al., 2003; Hauber et al., 2018; Heldmann et al., 2010; Sinha et al., 2018). Sediment 

transport through such systems is typically via a cascade of different processes, including mass 

wasting or landsliding, debris flow and fluvial transport (e.g., Cavalli et al., 2013; Heckmann and 

Schwanghart, 2013; May and Gresswell, 2004). The upper part of martian gullies is often tributary in 

nature, forming an organised, hierarchical network, a typical organisation of fluvial systems on Earth. 

The lower part of martian gullies often comprises a fan, where multiple deposits overlap, a 

characteristic shared by alluvial fans on Earth (de Haas et al., 2018, 2016). Fresh individual deposits 

can be characterised by lobate margins and levees flanking the channel (Johnsson et al., 2014; Lanza 

et al., 2010; Levy et al., 2010a; Sinha et al., 2020), which are characteristic of debris flow processes 

on fans on Earth (e.g., Blair and McPherson, 2009; de Haas et al., 2015b). In-channel deposits can 

show braiding, streamlining, sinuosity, abandoned channel segments, terraces, all typical features of 

sediment-charged streams on Earth (e.g., Bakker et al., 2019). Topographically, both in terms of 

along-channel profiles and in terms of contributory-characteristics martian gullies are 

indistinguishable from terrestrial systems dominated by debris flow or fluvial processes (Conway et 

al., 2011b, 2015; Conway and Balme, 2016; Hobbs et al., 2017; Yue et al., 2014). Stratigraphic analysis 

has revealed that the deposits laid down in martian gully fans indicate a dominance of debris flow 

processes, even though typical debris flow surface morphologies, such as lobes and levees, are 

absent, probably as a result of surface erosion by wind (de Haas et al., 2015c). 

Numerical models and experimental simulations both conclude that once liquid water is generated, it 

would be sufficiently stable to flow the whole length of the gullies and to transport sediment 

(Bargery and Gilbert, 2008; Conway et al., 2011a; Heldmann et al., 2005; Herny et al., 2019; Parsons 

and Nimmo, 2010; Raack et al., 2017). Its metastable state may result in some transport mechanisms 

that are rarely active on Earth, particularly those as a result of boiling, which can result in enhanced 

sediment transport for relatively limited quantities of water (Herny et al., 2019; Massé et al., 2016; 

Raack et al., 2017). 

No matter the source for the liquid water, the proposed release mechanism is a result of the 

insolation conditions experienced by Mars under moderate to high obliquity conditions (>35°), when 

peak temperatures are experienced by steep pole-facing slopes in the mid-latitudes (Christensen, 

2003; Costard et al., 2002; K. E. Williams et al., 2009; Williams et al., 2008). Three sources of water 

have been considered as possible: i) groundwater, ii) ground ice, or iii) surface ice precipitates (snow, 

or frost). 

Groundwater: Both deep (Gaidos, 2001; Grasby et al., 2014) and shallow sources (Heldmann and 

Mellon, 2004; Marquez et al., 2005; Mellon and Phillips, 2001) have been proposed as the source for 

gullies, where in both scenarios seeps of water/brine occur when the incoming radiation is sufficient 

to melt the plug of ice formed where the aquifer reaches the surface, and falling winter 

temperatures reseal this plug. Where the radiation is too strong, water will evaporate rather than 
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flow and where the radiation is not strong enough, the plug will never melt – these factors explain 

the latitude orientation trends shown by gullies (Figure 3.2c). Both sources struggle to explain the 

emergence of gully alcoves at the top of isolated topography, where shallow aquifers would not be 

sufficiently voluminous to repeatedly supply sufficient water and deep aquifers would be improbable 

to emerge (e.g., Balme et al., 2006; S. J. Conway et al., 2019; Treiman, 2003). Although, recent 

arguments derived from RSL-research (Section 3.7.2) maintain that deep, pressurised aquifers could 

emerge at these elevated locations if a permeable pathway exists (Stillman et al., 2016). 

Ground ice: Redistribution of the water ice from the polar caps to lower latitudes under conditions of 

high orbital obliquity is thought to explain the prevalence of ground ice down to 50° north and south 

(Jakosky and Carr, 1985; Madeleine et al., 2014; Mellon and Jakosky, 1995) and its discontinuous 

presence to 30°N and S (Kreslavsky and Head, 2000; Milliken et al., 2003; Mustard et al., 2001). The 

same high obliquity conditions could be conducive to its melting where peak temperatures are 

experienced in the subsurface on pole-facing slopes in the mid-latitudes (Costard et al., 2002; 

Kreslavsky and Head, 2003). In this scenario the distribution and orientation of gullies with latitude is 

a factor of both the availability of ground ice and the conditions required for its melting. Mass 

balance arguments show that ground ice is being lost during gully-formation (Conway and Balme, 

2014), but gullies are found in zones without obvious presence of ground ice (de Haas et al., 2019; 

Johnsson et al., 2014), which argues against this hypothesis. Conversely, the abrupt absence of 

equator-facing gullies at 40° north and south matches surprisingly well with the anticipated absence 

of ground ice at these locations (Conway et al., 2018b). 

Snow/frost: The formation scenario for snow and/or frost (de Haas et al., 2015a; Kossacki and 

Markiewicz, 2004; Williams et al., 2008) is similar to that for ground ice, but the source is seasonal 

surface deposits, rather than ice stored within the soil. For one particular site the debris flow 

cadence revealed by the deposit volumes and the age of the host crater is consistent with millimetres 

of snow over the catchment, which is broadly in accord with climate model predictions for snowfall 

at high obliquity (de Haas et al., 2015a). Whether atmospheric conditions in the past were conducive 

to melting at the surface, however, is a matter of debate. 

In summary, although gullies on Mars strongly resemble terrestrial gullies carved by liquid water, it 

remains under debate as to whether the same processes were active on Mars. There is growing 

evidence that present-day activity almost certainly does not involve liquid water, but whether 

present-day processes are representative of the processes that have contributed to the construction 

of the whole gully-landform is still debated. If current modification processes of gullies cannot 

explain their entire formation, liquid water at high obliquity is the next most likely candidate to 

explain the formation of martian gullies.  

My contribution to the state-of-the-art: My PhD thesis addressed the question of the processes at 

work in forming gullies on Mars and specifically dealt with the evidence for liquid water. I found that 

both the topographic long profiles and hydrological parameters (e.g., relation between the local 

slope and upslope drainage area in the watersheds) of martian gullies were more similar to debris 

flow and fluvial systems on Earth than pyroclastic flows, talus slopes or gully-like features on the 

Moon (Conway et al., 2015, 2011b; Conway and Balme, 2016). Later collaborative work revealed that 

debris flow like morphologies are relatively common in martian gullies (Sinha et al., 2020) and that 

secondary processes are probably accounting for the absence of these morphologies in a, as yet 

unknown, proportion of gully-fans (de Haas et al., 2015c). In one case we were able to estimate for 

the first time the recurrence interval of deposits in martian gullies and we found this cadence could 

be explained by Earth-like processes occurring only during periods of high orbital obliquity (de Haas 

et al., 2015a).  
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We found that the maturity of the gullies (as represented by their catchment size) has no 

relationship with the host-crater age (de Haas et al., 2019) and further that the reason for this was 

erasure by a glacial erosion “event” at ~5 Ma (see Section 3.7.6) (Conway et al., 2018a). We 

established that gullies and recent glacial landforms have a systematic spatial organisation suggesting 

that the ice in the glacial landforms could be promoting the formation of gullies, but also that gullies 

can be found without these landforms.  

We undertook a re-analysis of the global database of martian gullies produced by Harrison et al. 

(2015) and found that the majority of the spatial distribution could be explained by the spatial 

distribution of the available steep slopes (Conway et al., 2017). We also found a remarkable 

transition from pole-facing to equator-facing/mixed at 40°, which can be used as a powerful 

constraint on future modelling. We used this constraint to show that freeze-thaw cycles can better 

explain the gully distribution than the past distribution of CO2 ices (Conway et al., 2018b) using the 

results from a 1D climate model.  

By examining the timing of morphological changes in linear gullies, combined with climate 

simulations we were able to show that liquid water could be produced via rapid heating caused by 

the final sublimation of the seasonal CO2 ices (Pasquon et al., 2019b). Such water would be 

metastable and my experimental work has revealed that both freezing and boiling act to enhance the 

morphological expression of sediment transport, hence that less water would be needed than if 

stable water was considered (Conway et al., 2011a; Herny et al., 2019; Jouannic et al., 2015; Massé et 

al., 2016; Raack et al., 2017). 

 

3.7.4 The role of CO2 sublimation in gully formation  
The present-day activity of gullies occurs at times of year when CO2 is on the surface (Figure 3.8) and 

hence CO2 sublimation is now the leading hypothesis for how sediment is transported in gullies at the 

present-day. However, because there is no terrestrial analogue for this sediment transport process, 

the precise mechanisms for transport remain to be defined. Five main hypotheses have been 

presented for how CO2 sublimation might transport sediment: 

1. Cedillo-Flores et al. (2011) suggested that relatively warm sediment deposited atop a slab of 

CO2 ice would hover over the surface because it would cause sudden sublimation of the 

underlying CO2. Their model was tuned to gullies found in the polar pits on Mars at 75°S, 

where CO2 seasonal cover is known to be thick and hence might not be so applicable to 

gullies outside this region that are also known to be active. However, some flows have been 

observed to propagate over ice cover outside the polar regions (Dundas et al., 2019a). 

2. Similarly for the polar gullies, Hoffman (2002) suggested that their activity could take the 

form of avalanches of CO2 snow that entrain sediment, which are triggered by basal 

sublimation (see description of the “Kieffer” model below). Entrainment of warmer lithic 

material was proposed as a method to promote fluidisation in these mass movements.  

3. Pilorget and Forget (2016) suggested that sediment could be transported by pressurised 

flows underneath a translucent slab of CO2 ice. Inspired by the Kieffer et al. (2006) model for 

spiders. They based their investigation on the linear gullies in the Russell Crater dunefield (at 

57°S), and extrapolated their findings to all gullies. However, slab ice is not found at every 

gully site and dune gullies are a rather special case. Their model makes a good prediction for 

periods where dark spots and flows appear (Section 3.7.1). However, most major movements 

occur at times when the ice-cover is discontinuous and hence do not fit with this model. 
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4. Diniega et al. (2013) suggested that blocks of CO2 could detach from cornices and on contact 

with the warmer substrate downslope would sublimate vigorously at the base, carving a 

channel as they slid downslope. This hypothesis pertains to linear gullies in the effort to 

explain their unusual appearance. This mechanism has shown in experiments to be much 

more effective at low martian pressures (Mc Keown et al., 2017). 

5. Dundas et al. (2019a) suggested CO2 ice and sediment avalanches where sublimation is 

engendered by the release of potential energy and the entrainment (or contact) with warmer 

materials along the flow. 

 

Figure 3.8: Activity of gullies plotted with evidence for seasonal ices obtained from the literature. The 

data on H2O ice in spectra comes from OMEGA and CRISM data presented in Vincendon et al. (2010a), 

the data of ices in images on south-facing slopes comes from HiRISE data presented by Dundas et al. 

(2019a), data for CO2 ice in spectra come from CRISM data presented in Vincendon et al. (2010b), the 

extent of the continuous seasonal CO2 ice deposit come from TES data presented in Piqueux et al. 

(2015) and the gully-change intervals come from Dundas et al. (2019a). Note: that the spectral and 

image observations represent discontinuous patches of ices as well as continuous and the lower 

latitude limit of the lines is determined by the latitude range of the relevant studies and not a non-

observation. 
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My contribution to the state-of-the-art: I co-supervised the PhD of Matthew Sylvest and we 

performed the first lab experiments where sediment transport by sublimating CO2 was investigated 

under martian pressure conditions (Sylvest et al., 2019, 2016). In these experiments we condensed 

CO2 into a sloping regolith and then sublimated the ice by top-down insolation. We found that CO2 

sublimation could trigger failures in these sloping regoliths. Further, highly permeable materials such 

as sand were only susceptible to sublimation triggered failure near the angle of repose. Failure was 

observed down to 15° in a Mars regolith simulant, containing more dust. Failures included single 

grain motions, granular avalanches and gradual downslope creep. These pioneering experiments left 

a number of open questions, including how CO2 sublimation could fluidise a flow in motion. This 

question is being investigated by a PhD student I am co-supervising with Tjalling de Haas in Utrecht 

who performed flume experiments in October 2021 in the Open University Mars chamber where 

mixes of sediment and CO2 ice grains were released down a chute onto an unconfined bed. This work 

has been supported by INSU’s Programme Nationale de Planétologie and a regional grant “Etoiles 

Montantes” from Pays de la Loire. Analysis of the results is in progress but comparison with 

sediment-only experiments reveal significant fluidisation is possible. Further experiments to 

investigate the gas-permeability and heating rates required for this mechanism for comparison to 

climate model simulations is to be investigated in future work. 

During the PhD of Kelly Pasquon (who was also my postdoc on the “Etoiles Montantes” project) and 

of Gwenael Jouannic (both at GEOPS), we investigated a number of gullies on dunes via repeat 

imaging using HiRISE allowing us to follow the seasonal evolution of the ices and what kinds of 

sediment motion were observed (Jouannic et al., 2019; Pasquon et al., 2019a, 2019b, 2016, 2016). 

These papers revealed that gullies on dunes are extremely active, and the masses moved each 

season mean that these gullies can be formed in tens to hundreds of years. The majority of motions 

in linear gullies occur at the very end of the defrosting season, however motions in classic gullies 

occur throughout winter. In classic gullies the motion seems to be triggered by abrupt failures of an 

icy flank, this material falls onto the already-defrosted floor (presumably hotter?), triggering 

sublimation-driven motion. 

Finally, by using a 2.5D code designed to simulate debris flows over complex topography on Earth, 

we compared the simulation outputs with the real deposits observed in remote sensing data of 

martian gullies (de Haas et al., 2019). We input the topography derived from 1 m/pix HiRISE terrain 

models and compared the runout and distribution of erosion and deposition from model runs with 

different realistic friction parameters. This work revealed that new flows in martian gullies are similar 

to terrestrial debris flows in rheology. We estimate that less than 1% of CO2 would be needed to 

achieve this level of fluidisation. An estimation that is presently being tested against lab data. 

In collaboration with Colin Dundas, we have found that present-day flows observed in gullies are can 

explain the materials that form the fans of the gullies (Dundas et al., 2022) suggesting that CO2 driven 

flows could explain the formation of the whole landform and not just present-day changes. Further 

the runout and topographic setting support this conclusion – with this result in consideration at 

Nature Geoscience. 

In summary, my research has revealed that martian gullies bear the topographic signature of 

terrestrial debris flows and that CO2 driven flows can produce such landforms without water. It 

remains to be explored how water and CO2 driven debris flows can be distinguished. 

3.7.5 Periglacial landforms 
Many landforms tightly associated with periglacial conditions on Earth have also been reported on 

Mars, including: solifluction lobes, pingos, low-centred polygons, ice-loss depressions and sorted 
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patterned ground. For a in-depth review of these features on Mars, please refer to Balme et al. 

(2013). Periglacial conditions are those which are dominated by the action of freeze-thaw processes 

and do not necessarily imply permafrost or glacial conditions (French, 2013). Integral to periglacial 

conditions is the occurrence of freeze-thaw cycles and the formation of an active layer – that is a 

layer on top of the permafrost that undergoes annual thaw – hence in apparent contradiction with 

our understanding of the stability of liquid water on Mars. Implicit for the formation of periglacial 

landforms is the presence of ground ice, which as described in Section 3.5, which is a pre-requisite 

relatively easy to fulfil on Mars.  

Below, we summarise the observations pertaining to each of these features and the way in which 

liquid water is thought to be involved in their generation and then introduce the concept of a 

landscape assemblage. 

3.7.5.1  “Solifluction” lobes 

Lobate forms found on hillslopes on Mars have a strong resemblance in form and scale to solifluction 

lobes on Earth (Gallagher et al., 2011; Johnsson et al., 2012, 2018; Soare et al., 2018a) (Figure 3.9). 

Like their terrestrial analogues they can be sheet-like or tongue-like, extending in the downslope 

direction and are bounded at their lower end by a scarp or “tread”. Their margins can be picked out 

by relief or by clasts. The martian lobes can be larger in both width and length than solifluction lobes 

on Earth (generally up hundreds of metres), but their ranges of sizes do overlap and are typically tens 

of metres wide and long (Gastineau et al., 2020). Even though individual lobes are small, they occur 

in groups that can span hundreds of metres to kilometres across and downslope. Martian lobes have 

the peculiarity that they are found on slopes above 10° and on average ~25°, whereas terrestrial 

solifluction lobes can be found on all slopes up to 35° (Gastineau et al., 2020). They occur at latitudes 

poleward of 60° in the northern hemisphere and at latitudes of poleward of 40° in the southern 

hemisphere (Figure 3.2c) and are less common in the southern hemisphere (Johnsson et al., 2018). 

 

Figure 3.9: Examples of lobate forms and pingo-like mounds. (a) Lobate forms outlined by clasts on 

the wall of Heimdal Crater (Gallagher et al., 2011). Downslope is down-image. HiRISE image 

PSP_009580_2485. (b) Lobate forms marked by relief and overprinting polygonal terrain on an impact 

crater wall in the northern hemisphere (Johnsson et al., 2012). Downslope is down-image. HiRISE 

image PSP_010077_2520. (c) Pingo-like mound near Moreux Crater (R. J. Soare et al., 2021b) with 

marked summit cracks. HiRISE image ESP_058140_2225. Credits: NASA/JPL/UofA. 

Solifluction lobes on Earth are sheets of material that move as a result of differential downslope 

movement caused by freeze-thaw cycling in the active layer (Matsuoka, 2001). A range of processes 

lead to the formation of solifluction lobes on Earth, including: gelifluction, plug flow, frost creep and 

retrograde movement (Matsuoka, 2001). The influence of each of these processes on the 

morphology of the lobes has not been isolated, but each requires extensive thaw and considering 
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martian lobes cover hundreds of metres of areal extent, this would require equivalently extensive 

thaw to prevail. The age of these features is uncertain, but is presumed to be late Amazonian as they 

are not overlain by any other feature and there is some evidence of motion today in the form of 

boulder motions on the same slopes (Dundas et al., 2019b). Alternatives to thaw for generating 

lobate forms have not yet yielded convincing results (Gastineau et al., 2020), but some kind of creep 

triggered by CO2 ice-related processes has been suggested, but remains to be substantiated (Dundas 

et al., 2019b). 

3.7.5.2 Pingo-like mounds 

Mounds with spatial extents of tens to hundreds of metres are commonplace on Mars and have been 

attributed to the action of a range of processes, including differential erosion, volcanism (magmatic 

or sedimentary), inverted impact craters and pingos (e.g., Bruno et al., 2006; Burr et al., 2009a). Of 

particular interest for this discussion are those that have been identified as pingos (Figure 3.9) 

(Balme and Gallagher, 2009; Burr et al., 2009b; Dundas et al., 2008; Dundas and McEwen, 2010; R.J. 

Soare et al., 2021; Soare et al., 2014b, 2013a, 2013b, 2005). These landforms have been reported 

mainly in the mid-to-high-latitudes on Mars with the exception of one report near the equator 

(Balme and Gallagher, 2009). 

Pingos on Earth can be formed by the impingement of permafrost upon a near-surface liquid water 

body (talik) generating hydrostatic pressure (closed system) or by artesian pressure developed in a 

talik connected to the surface (open system). Typically closed system pingos are developed when an 

alas, or thermokarst lake, catastrophically drains and the permafrost re-advances into the saturated 

sediments (e.g., Mackay, 2002). Open system pingos develop where sub-permafrost meltwater is 

pushed to the surface by an elevated hydrostatic gradient generated by surrounding topography, for 

example in the forefields of retreating glaciers (Christiansen, 1995; French, 2013). In both cases 

massive ice is formed in the core of the pingo which pushes up the surface above it, forming a 

mound. The mounds can be circular, elongate or form complexes in planform. On Earth, pingos can 

grow to heights of tens of metres with widths of hundreds of metres to nearly a kilometre (Gosse 

and Jones, 2011; Jones et al., 2012). As they grow via injection of water and deformation of the 

ground, they often display summit cracks where the deformation is greatest (e.g., Mackay, 1987). 

Their flanks slopes can increase beyond the angle of repose then causing mass wasting of the flanks. 

The cracks in the overburden can engender the destabilisation of the interior ice, forming a summit 

pit. If the ice at the core melts then the pingo can completely deflate leaving a shallow raised rim 

depression or pingo scar (Flemal, 1976). 

Similarly, pingos on as Mars have been differentiated from other mounds, such as rootless cones, 

principally by their summit cracks (Figure 3.9) and pits, with some displaying flank mass wasting and 

irregular planforms. Such mounds have been reported in closed topographic environments, such as 

crater floors (Soare et al., 2013b), as well as at the base of slopes in more open topographic 

environments (Soare et al., 2014b). The implication of pingos on Mars is that there was sufficient 

melt to generate the talik, but no long-lived sub-surface water is required once they are formed. The 

age of the mounds on Mars is unknown, but they are not superposed by any other feature, so are 

presumably Late Amazonian in age. No alternative mechanism for ground-uplifting has been 

proposed as an alternative to the liquid water hypothesis, but the interpretation of these mounds as 

being a result of heave (and not one of the other potential and numerous mound-forming processes) 

remains under question, as liquid water is considered unlikely. 

3.7.5.3 Patterned ground 

Patterned grounds on Earth are characterised by the separation of the surface soils into relatively 

fine and clastic domains with regular, repeating patterns. These take the form of, sorted stone 
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circles, labyrinths, polygon-nets or piles, which can evolve into clastic stripes on sloping terrain. The 

ratio between the fines and clasts, the amount of confinement and the slope are all factors that play 

a role in determining the patterns that are expressed at the surface (Kessler and Werner, 2003). The 

mechanism that leads to the sorting is a feedback that involves frost heave combined with differing 

thermal inertias of saturated soil and stones (Hallet, 1990) and necessarily involves freeze-thaw 

cycles. On Mars surface patterns resembling those of sorted patterned ground on Earth have been 

identified at the equator (Balme and Gallagher, 2009), but more pervasively in the northern plains at 

>35 °N (Barrett et al., 2018, 2017; Gallagher et al., 2011; Gallagher and Balme, 2011; Soare et al., 

2018b), but also in the southern hemisphere (Soare et al., 2016). The martian landforms include 

clastic polygons, stripes and boulder piles (Figure 3.10) and tend to be at the larger end of the scale 

of the sorted patterned grounds observed on Earth, with length-scales of tens of metres, as opposed 

to metres as usually seen on Earth (Barrett et al., 2018). The patterns follow the expected transition 

to stripes on sloping terrain on Mars as they do on Earth. 

The presence of these landforms on Mars suggests a climatic episode where freeze-thaw cycles were 

common allowing the development of these landforms. An alternate CO2 ice driven process is 

described in other papers (Dundas, 2021; Orloff et al., 2011, 2013), where CO2 slab ice locks boulders 

in place while the ground contracts underneath them in winter, but no experimental or field 

evidence is available to test its efficacy, hence remains difficult to assess its likelihood. Whether 

these landforms are active at the present-day is unknown and their age is difficult to determine but 

given their uncratered and pristine appearance it is assumed to be late Amazonian.  

 

Figure 3.10: Examples of sorted forms on Mars. (a) Sorted stripes in Heimdal crater (Gallagher et al., 

2011), where the stripes arepicked out by clasts, downslope is to the bottom of the image. HiRISE 

image PSP_009580_2485. (b) Sorted circles on the plains outside Heimdal Crater (Gallagher et al., 

2011). HiRISE image PSP_009580_2485. (c) Sorted nets near Lomonosov Crater (Barrett et al., 2017), 

where clasts are arranged into polygonal patterns. HiRISE image ESP_017131_2485. Image credits: 

NASA/JPL/UofA. 

3.7.5.4 Low-centred polygons 

In Section 3.5 we described the prevalence of polygonal patterns in the martian mid-to-high 

latitudes, which are believed to be a direct result of thermal contraction cracking of perennially 

frozen ground (Mellon, 1997). The polygons are generally metres to tens of metres in diameter 

(Mangold, 2005). In many areas the centres of these polygons are at lower elevations than their edge 

often with a double raised rim (Levy et al., 2009c, 2010b; Soare et al., 2014a, 2018a) (Figure 3.11d-f), 

“low-centred polygons”, a phenomenon on Earth that is linked to active ice-wedge or sand-wedge 

polygons. Ice-wedge polygons form when liquid water penetrates cracks formed by thermal 

contraction and expands to both force the crack further apart and pushes up the material above it 
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(MacKay, 2002). Sand-wedges form when sand is repeatedly transported into the contraction crack 

and raised rims can be formed when the thermal re-expansion of the ground pushes against the 

additional material that has accumulated in the wedge causing the soil to be displaced upwards at 

the margin (Murton et al., 2000; Pewe, 1959). Without in situ investigation it remains unknown if the 

low centred polygons on Mars comprise ice or sand wedges and however, the presence of ice-

wedges has been inferred by the landscape context of the low-centred polygons, a concept discussed 

further in Section 3.7.5.6. On their own low-centred polygons are ambiguous and have not been used 

to argue for the action of liquid water, but have been incorporated as part of a landscape assemblage 

that has been used to argue for the action of liquid water, see Section 3.7.5.6. 

3.7.5.5 Ice-loss depressions 

We refer readers Viola (2021) for a complete description of landforms interpreted to be a result of 

ice-loss collapse processes on Mars, but for completeness we provide an abridged description here 

as well. These landforms are often referred to as “thermokarst”, which on Earth refers to landscapes 

created by collapse induced by thaw (increase in temperature), and on Mars this is likely not the 

case, so we do not use this term for Mars. “Cryokarst” is another term that has been used for these 

landforms (Costard, 2007), but is a term usually restricted to collapse features engendered by the 

loss of glacial ice via melting (e.g., Corbel and Gallo, 1970), hence we do not apply this term either. 

For collapse to occur the ground must contain ice in excess of the pore-space (“excess ice”), hence 

when it is lost a decrease in volume occurs. On Earth, ice-loss in thermokarst occurs via thaw, but on 

Mars ice-loss is more likely to occur by sublimation (e.g., Dundas et al., 2015a). This is in accord with 

observations, as no evidence of lakes or drainage channels have been observed. On Earth, 

thermokarst landforms are varied (e.g., Kokelj and Jorgenson, 2013), but of particular relevance to 

Mars are three features: terrain comprised of circular to oblate depressions often filled with water 

“alases” resulting from the degradation of excess ice, high centred polygons resulting from ice-loss at 

the polygon margins and beaded streams that are a result of the melting of ice in ice-wedge 

polygons. So called “scalloped depressions” are found on Mars (Figure 3.11b,c,e) and parallels have 

been drawn between these and alases on Earth (e.g., Lefort et al., 2010; Soare et al., 2008; Ulrich et 

al., 2010). These depressions are found polewards of 40°N (Orgel et al., 2018; Ramsdale et al., 2018; 

Séjourné et al., 2018) and poleward of 35°S (Voelker et al., 2017; Zanetti et al., 2010). A related 

feature is expanded craters (Figure 3.11a), which are circular resembling impact craters yet have an 

identifiable terrace (Viola et al., 2015; Viola and McEwen, 2018), and they have similar latitudinal 

distribution to scalloped depressions. High-centred polygons (Figure 3.11e) are found both in 

association with other ice-loss depressions on Mars and as isolated landforms, but as on Earth are 

associated with ice-loss at the polygon margins (e.g., Levy et al., 2009a; Soare et al., 2014a). On 

Earth, this loss can be from an ice-wedge (e.g., Ulrich et al., 2011), but also simply general loss of 

underlying massive or excess ice focused via the thermal contraction crack at the polygon margin 

(Marchant et al., 2002). Polygon junction pits (Figure 3.11b) are observed in Utopia Planitia (Costard 

et al., 2016; McGill, 1986; Soare et al., 2012, 2011) and parallels have been drawn between these 

expanded polygon margins and degraded ice-wedge polygons on Earth which form beaded-streams. 

All these ice-loss features are found in the mid-latitudes and also show concentrations at certain 

longitudes: Utopia and Acidalia Planitae in the northern hemisphere and Malea Planum in the 

southern hemisphere. The age of the ice-loss depressions is not easy to determine – they superpose 

all other landscape features, so are thought to be Late Amazonian (Viola, 2021). 

Although it is likely that the ice-loss depressions on Mars do not involve the generation of liquid 

water, their presence is a strong indicator of excess ice and the generation of excess ice on Earth 

involves the presence of saturated ground (e.g., Rempel, 2007). Excess ice is differentiated from 

glacial or massive ice as it requires development of ice within the soil column, rather than deposition 
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of ice directly at the surface. Ice-loss terrain cannot develop in glacial ice as there would not be 

sufficient material left behind after thaw/sublimation to maintain the landform relief. Porous ice 

(analogous to firn) has been inferred to be present in areas with ice-loss terrain to depths of around 

a hundred metres from radar sounding data (Bramson et al., 2017, 2015; Stuurman et al., 2016), and 

could have up to 20% lithic material, however this is at odds with geomorphic evidence showing that 

ice could not have been precipitated from the atmosphere (e.g., boulders at the surface; Sizemore et 

al., 2015). Enriching the martian soil column to tens of metres of depth with ice in the absence liquid 

water is challenging because ice diffused into the pore-space tends to seal the underlying soil column 

from further deposition (Jakosky, 1983; Zent et al., 1986), even if migration through thermal 

contraction cracks is taken into account (Fisher, 2005). Segregation ice has been observed at the 

Phoenix landing site and can be generated without thaw (Mellon et al., 2009; Sizemore et al., 2015), 

but such diffusive processes are only thought to be able to produce excess ice in the first metre of 

the soil.  

Note, that a porous medium with salt and ice in its pores will contain some residual liquid. The 

amount of unfrozen water depends on the temperature, salt concentration, salt type, and surface 

area of the medium. This water stays unfrozen due to freezing point depression due to the dissolved 

salts and because of the effects of surface energy along curved interfaces (Rempel, 2012; Sizemore et 

al., 2015). When a porous media with an appreciable amount of unfrozen water and permeability 

below freezing undergoes temperature cycling near 273 K, it can form segregated ice (i.e. ice lenses). 

This process is called cryosuction and occurs under a temperature gradient, where unfrozen water is 

suctioned to colder temperatures when the liquid veins in the colder soil constrict due to the colder 

temperature. This new water is then frozen and more water is drawn into the colder porous media.  

With the very cold temperatures of Mars, temperature cycling near 273 K only occurs within the first 

metre of the soil. 

Hence, although ice-loss depressions are not thought to be engendered by melt, it is still an open 

question as to whether the generation of the terrain hosting these depressions implies enrichment of 

the ground in ice via migration of unfrozen water. The timing of the emplacement of the terrain 

hosting the ice-loss depressions is hard to determine, but is most likely to be during the Amazonian 

(Soare et al., 2015; R. J. Soare et al., 2021b; Viola, 2021; Willmes et al., 2012), although could be 

older. 
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Figure 3.11: Examples of martian ice-loss depressions and different polygonal patterns. (a) Expanded 

secondary craters, where a polygonised basin can be seen extending away from the central bowl-

shaped depression (REF). HiRISE image ESP_028411_2330. (b) “Scalloped” depressions in Utopia 

Planitia intersected by polygon-junction pits. HiRISE image PSP_007740_2250. (d) “Wavy” and 

polygonised depressions associated with gullies in the Argyre Basin. HiRISE image ESP_040974_1395. 

(e) Low-centred polygons on the inter-crater plains in the high southern latitudes. HiRSE image 

ESP_022381_1100. (e) Scalloped depression in Utopia Planitia with low-centred polygons near its wall 

and high-centred polygons on its floor. HiRISE image ESP_034164_2260. (f) Polygon margins marked 

by a double-raised rim. HiRISE image PSP_005821_1095. Image credits: NASA/JPL/UofA. 

3.7.5.6 Landscape Assemblage 

Above, we have examined each landform independently and examined the likelihood that each could 

be a result of processes involving liquid water. However, landforms do not occur in isolation and both 

the context and the association between landforms can favour one interpretation over another. This 

concept of a landscape assemblage (Figure 3.12) has been used to argue for the involvement of liquid 

water in the generation of landscapes on Mars (Balme et al., 2013; Gallagher and Balme, 2011; 

Hauber et al., 2011b, 2011a; Soare et al., 2005, 2014a, 2016, 2018a, 2018b; R. J. Soare et al., 2021b), 

where gullies, sorted patterned ground, lobate forms, low-centred polygons, pingos and/or ice-loss 

depressions are found in close proximity suggesting a common suite of processes in their origin. 

Figure 3.12 outlines such a scenario where freeze-thaw cycles within the materials in the crater wall, 

brings about sorting (to form stripes) and gelifluction to create solifluction lobes – extreme melting 

events lead to generation of gullies, whose melt water drives the formation of pingos at the base of 

the slope. The context of many of these assemblages is interpreted to be post-glacial, because of the 

following attributes: “washboard” texture on slopes (indicative of downslope deformation), 

polygonal surface textures and ice-loss-depressions (indicating high ice content), expanded fractures 

(which could be crevasses), all upslope of arcuate ridges with spatulate depressions (interpreted to 
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be moraines, e.g., Berman et al., 2005) and often stratigraphically above older glacial units (Head et 

al., 2008a; Jawin et al., 2018). 

The fact that CO2 ice processes and sublimation landscape assemblages are not found on Earth 

means an equivalent comparison cannot be made, a point that discussed further in Section 3.7.4.  

  

Figure 3.12: Sketch of landscape assemblage on a crater wall, with (from top to bottom), sorted 

circles leading into sorted stripes then solifluction lobes. Hillslope is incised by gullies, whose fans are 

partially overprinted by extensional fractures. At the base of the gullies are arcuate ridges and in the 

intervening basin, a pingo. 

3.7.5.7 Periglacial contributions 

My contribution to the state-of-the-art: With colleagues I have reported on periglacial landform 

assemblages from various regions of the planet, including Borealis Planitia (Gallagher et al., 2011) , 

Utopia Planitia (R.J. Soare et al., 2021; Soare et al., 2018b, 2013a, 2013b), Argyre Planitia (Soare et 

al., 2016, 2014a, 2014b), and Moreaux Crater in the northern plains (R. J. Soare et al., 2021b, 2021a). 

All these associations suggest that thaw has actively modified the top few metres of the ground on 

geologically recent timescales. Some of these periglacial landscapes may being revealed from lower 

strata meaning they represent a more ancient climate that was conducive to thaw (R. J. Soare et al., 

2021a). Two papers specifically focused on lobate hillslope forms on Mars and we found close 

similarity in morphometry and geomorphology with solifluction lobes on Earth (Gastineau et al., 

2020; Johnsson et al., 2018). In Gastineau et al. (2020) we specifically reported the dissimilarity 

between martian lobes and tiger stripes - patterns of stones formed in the hyperarid Atacama desert 

– an environment considered as one of the best Mars analogues. In Dundas et al. (2019b) we found 

evidence for recent boulder movement associated with some of the lobate forms , suggesting a 

possible formation by CO2 ice driven processes. However, a lack of timing constraint and a definite 

link between the lobes and boulder movements means solifluction is still the leading hypothesis.  

In Tesson et al. (2020) our initial hypothesis was that periglacial processes or at least thermal 

contraction/expansion cycles of ices could be one of the factors triggering rockfalls on Mars. This 
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work revealed that thermal stress was more important and slopes with ice deposits tended to 

produce fewer rockfalls, however latitudes polewards of 20° were not studied. We used this data to 

train a neural network to recognise rockfall tracks automatically in HiRISE images (Bickel et al., 

2020b) and we have a NASA MDAP proposal accepted to use this trained neural network on the 

whole dataset, hence should be able to further examine this hypothesis. 

3.7.6 Evidence for melting of martian icecaps or glaciers 
Evidence for melting of martian icecaps or glaciers spans from the present-day, to contemporaneous 

with gullies (millions of years ago), contemporaneous with extant martian glaciers (hundreds of 

millions of years ago) to much earlier in martian history (billions of years ago). Orosei et al. (2018) 

and Lauro et al. (2020) reported radar evidence which suggested the presence of lakes of liquid brine 

underneath the south polar cap of Mars at the present-day. Recent modelling work has highlighted 

that the position of the proposed lake is not located in a local depression, but is connected to the 

hydrological system, hence is more likely a pocket of brine caused by locally elevated geothermal flux 

(Arnold et al., 2019). While MARSIS detects a significant radar return, it is unfortunate that the higher 

frequency radar sounder SHARAD has not detected this anomaly. SHARAD cannot always image the 

floor of the SPLD, however, given such a large signal one would expect a detection. Hence, although 

not substantiated by other evidence, it remains plausible that liquid water can be generated at the 

base of the martian polar caps, even under present-day conditions. Various lines of evidence already 

point to the fact that the south polar cap has undergone basal melting in the Early Hesperian – Late 

Noachian  (e.g., Kress and Head, 2015). Sinuous ridges emanating away from the boundary of the 

south polar cap have been interpreted to be eskers – deposits laid down in sub-glacial channels 

(Butcher et al., 2016; Kress and Head, 2015; Scanlon et al., 2018, 2015). Scenarios in which elevated 

geothermal heat flux is required in the form of volcano-ice interaction (Ackiss and Wray, 2014; 

Ghatan and Head III, 2002; Wray et al., 2009) and passive climate-driven melting with a generally 

larger Noachian geothermal heat-flux (Fastook et al., 2012) have been explored and found to be 

plausible. 
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Figure 3.13: Evidence of basal melting of glaciers on Mars. (a) Sinuous ridge in Phlegra Montes 

(Gallagher and Balme, 2015) interpreted as an esker, whose parent glacier is located off the bottom 

of the image. CTX Images G20_026224_2116 and P22_009583_2132. (b) Sinuous ridge emerging 

from parent glacier located in lower half of image in Tempe Terra (Butcher et al., 2017). CTX image 

P05_002907_2258. (c) Crater in the southern mid-latitudes in CTX image G09_021563_1427 showing 

evidence of glacial erosion, where the glaciated pole-facing slope in (d) has a lower slope-angle with 

the bedrock spurs planed off (arrows) directly above arcuate ridges interpreted to be moraines, and 

the non-glaciated equator-facing slope in (e) has preserved bedrock spurs exhibiting a higher slope 

angle (Conway et al., 2018a). (d-e) HiRISE image PSP_006663_1425. Image credits: 

NASA/JPL/UofA/MSSS. 

Sub-glacial or sub-ice-cap melting has also been proposed as an alternative to “the warm wet early 

Mars” explanation for the valley networks (Section 2.3) which are a global surface feature (e.g., 

Cassanelli and Head, 2015; Fastook and Head, 2015; Weiss and Head, 2015; Wordsworth et al., 

2013). In contrast, the presently visible glaciers on Mars are generally believed to be cold-based, that 

is, their interior temperature never rises above the freezing point of water, hence their deformation 
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progresses via the plastic deformation of ice integrated over long time periods. As described in 

Section 3.5, the martian mid-latitudes are host to a huge number of glacial forms (Figure 3.2d), which 

are believed to be several tens to hundreds of million years old (see Hepburn et al., 2019 and 

references therein). Some evidence for surface melting of these features comes in the identification 

of tens of small supraglacial and pro-glacial channels (Fassett et al., 2010), but such channels do not 

imply the long-lived liquid water involved in basal melting. Recent work has overturned the cold-

based paradigm for Amazonian glaciers in two ways: firstly examples of Amazonian debris covered 

glaciers directly associated with eskers have been reported (Butcher et al., 2017; Gallagher and 

Balme, 2015), and evidence has been found for enhanced erosion of mid-latitude crater walls which 

is consilient with wet-based glaciation in the last 5-10 Ma (Conway et al., 2018a). 

In Phlegra Montes and Tempe Terra, sinuous ridges emerge from extant debris covered glaciers 

found within fault-bounded graben (Figure 3.13). These ridges are interpreted as being eskers, not 

just because of their intimate association with the glaciers, but because their morphological and 

topographic relationships are consistent with expectations from terrestrial glaciers/ice sheets 

(Butcher et al., 2017; F. E. G. Butcher et al., 2020; Gallagher and Balme, 2015). The formation of 

eskers requires substantial amounts of liquid water and its fate once it emerged from under the ice 

would have likely been quick evaporation and freezing, although no geomorphic evidence is apparent 

to support or refute this inference. It should be noted that on Earth catastrophic outbursts from sub-

glacial conduits do not produce terminal deposits, in contrast to long-lived more stable flows (Burke 

et al., 2012; F. E. G. Butcher et al., 2020). As both systems are within fault-bounded graben, elevated 

geothermal heat flux associated with the crustal-thinning could be the reason that only these 

isolated individual esker systems have been found.  

Analysis of high resolution digital elevation models has revealed systematic lowering of the slopes of 

pole-facing crater walls in the mid-latitudes intimately associated with the removal of bedrock spurs 

and transformation of the texture of the exposed bedrock (Conway et al., 2018a)(Figure 3.13). The 

amount of horizontal retreat required to explain the observed slope-lowering ranged up to 102 

m/Myr and this elevated value is consistent with erosion rates of wet-based glaciers on Earth. Cold-

based glaciers on Earth have erosion rates of tens of metres per million years and rates on Mars are 

expected to similar or lower because of the lower gravity and lower mean average temperature 

making the ice more rigid (Karlsson et al., 2015). The parts of the craters affected by the slope-

lowering are intimately associated with the presence of a “pasted-on” mantling deposit located 

downslope of the removed bedrock, which can be interpreted to be an ice-rich till-like deposit due to 

the presence of downslope lineaments (striations).  Where this mantle-deposit interacts with older 

glacial deposits (LDA or CCF) located on the crater floor there are arcuate ridges interpreted to be 

moraines (Arfstrom and Hartmann, 2005; Berman et al., 2005, 2008; Head et al., 2008a; Jawin et al., 

2018; Whalley and Azizi, 2003). On Earth, terminal moraine ridges are formed by thrusting of the 

basal sediments towards the glacial surface, which is facilitated by the presence of liquid water (e.g., 

Benn and Evans, 2010), but recent research has revealed they can occur due to deceleration in 

entirely frozen cold-based glaciers (Fitzsimons and Howarth, 2020). 

The implication of this work is that widespread, but limited melting occurred within the top 

decametres of the ground in the last 5-10 Ma on Mars. The exact trigger for this “event” is unknown, 

but seems to be related to the shift of Mars to lower average obliquity at 4.5 Ma (Laskar et al., 2004, 

2002). Another possibility is that periglacial processes have caused the observed slope-lowering 

(which would still involve liquid water) or some other process driven by CO2 frost-driven rock-

breakdown, but at present no viable mechanism has been proposed. Given the close association of 
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this suite of landforms with gullies it is tempting to implicate melting for the whole suite of 

landforms, but whether this is reasonable is certainly debatable.  

My contribution to the state-of-the-art: I co-supervised Frances Butcher’s Undergraduate and PhD 

Dissertations where eskers were studied in detail. She reported on the morphometry of ridges in the 

Dorsa Argentea near the south polar cap and concluded they were similar to terrestrial eskers and 

thereby confirming previous interpretations of these representing drainage landforms of a former 

more extensive south polar cap (Butcher et al., 2016). She also studied ridges connected to extant 

glaciers on Mars and concluded that they were eskers resulting from melting of these ice bodies 

caused by exceptional conditions of elevated heat flux (Butcher et al., 2017; F. E. G. Butcher et al., 

2020).  

Modelling performed by collaborator Neil Arnold has revealed that the lakes under the south polar 

cap identified by radar could also be caused by elevated geothermal flux and further, be connected 

to the subglacial hydrological network (Arnold et al., 2019). In a recently accepted Nature Astronomy 

paper we show that subtle variations in the surface topography of the South Polar cap are consistent 

with topographic anomalies above subglacial lakes on Earth – supporting the possibility of basal 

water initially proposed from radar data (Lauro et al., 2020; Orosei et al., 2018), but widely 

contested. 

Finally, I wrote the key paper describing the evidence for widespread glacial erosion associated with 

pasted-on terrain and the implication that this involves widespread melt (Conway et al., 2018a), 

described above.  

 

Figure 3.14 Landslides potentially influenced by water on Earth and Mars. (a) The 1964 Sherman 

Glacier long runout rock avalanche whose longitudinal ridge-and-furrow surface texture is attributed 

to its runout over an ice-body. Photo ID “ake00237” from the USGS photo library. (b) Landslide in a 
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26-km-diameter crater on Mars, whose deposits show a longitudinal ridge-and-furrow surface 

texture. North is up. HiRISE image ESP_043963_1550 overlain on CTX B01_010008_1554, credit 

NASA/JPL/UofA/MSSS. (c) Landslide part way down a 20° crater wall north of Nili Fossae showing 

evidence of viscous deformation (levees, compression ridges) attributed to the action of water. 

3.7.7 Water in landslides 
The potential role of water in landslides on Mars has been an ongoing issue since their discovery (De 

Blasio, 2011; Lucchitta, 1978), because of their extraordinary mobility, i.e. their long run out. In order 

to exceed the nominal run out distance predicted for a given rock mass there has to be a factor that 

reduces the fictional resistance. One possibility is liquid water or ice. In terms of volume only 

submarine landslides compare to the largest landslides on Mars which are found in the Solar 

System’s largest canyon Valles Marineris (Legros, 2002). A recent survey (Crosta et al., 2018) revealed 

> 3000 landslides with areas > 1 km2 found globally whose distribution cannot simply be attributed to 

the distribution of unstable slopes (Roback and Ehlmann, 2021). Only some of these landslides can be 

classified as being long run out. One of the remarkable characteristics of these long run out 

landslides is the presence of a series longitudinal ridges and furrows (e.g., Magnarini et al., 2021) 

(Figure 3.14). These features are also found in long run out landslides onto glaciers on Earth 

(Figure 3.12), which was one of the initial motivations for suggesting the involvement of water in 

these landslides (e.g., Lucchitta, 1978). These long runout landslides formed between 3.5 Gy and 

50 My (Quantin et al., 2004b).  Features of some of the smaller landslides, including a lobate 

terminus and lateral levees, also suggest the involvement of liquid water, because terrestrial debris 

flows involving water also show these features. Many of these smaller landslides are late Amazonian 

in age, so the presence of liquid water becomes more contentious. 

My contribution to the state-of-the-art: I co-supervised Anthony Guimpier’s Masters and PhD 

dissertations, where he found that four landslides (Figure 3.14) within a crater north of Nili Fossae 

had similarities with terrestrial earthflows, which necessarily involve liquid water to form (Guimpier 

et al., 2021; Pajola et al., 2022). These similarities included initiation on a slope around 20° 

inclination, presence of lateral levees, a steep lobate margin and compression ridges. Numerical 

modelling revealed that a dry granular flow could not reproduce this morphology. These landslides 

likely formed in the last few millions of years based on the lack of superposed craters, hence the 

origin of this water is puzzling. We suggest two possibilities: groundwater brought up by recent 

activity in the Nili Fossae system, or local melting of surface ice deposits, but we found no compelling 

evidence to support either hypothesis. 

3.7.8 Sedimentary volcanism 
Sedimentary volcanism is the mobilisation of sediments by groundwater circulation and is usually 

engendered on Earth pressurised aquifers caused by dense sediments overlying less-dense saturated 

sediments. Most eruptions are facilitated by gas production (usually methane) and/or tectonic 

activity. When this process involves clay-sized sediments it is referred to as mud-volcanism. Pitted 

cones interpreted to be mud-volcanoes have been reported in all three basins in the northern plains 

of Mars: Acidalia Planitia (e.g., Hemmi and Miyamoto, 2018; Oehler and Allen, 2010; Figure 3.15a), 

Chryse Planitia (e.g. Brož et al., 2019; Komatsu et al., 2016; Martínez-Alonso et al., 2011) and  Utopia 

Planitia (e.g., McGowan, 2011; Skinner and Tanaka, 2007) (Figure 3.15b). These basins are at a lower 

elevation than the southern highlands (Figure 3.2d) and form a depositional trap for the sediments 

eroded from the highlands by the valley networks and outflow channels (e.g., Tanaka et al., 2005). At 

other sites, such as Candor and Coprates Chasmata (Okubo, 2016) and  Terra Sirenum (Hemmi and 

Miyamoto, 2017) the pitted cones are located in sedimentary fill in other smaller basins. Sedimentary 

volcanism is thought to mobilise the sediments accumulated in these various basins to form cones 
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and flows. In Acidalia the mud-volcanoes are also associated with polygonal patterns tens of 

kilometres in diameter, which could represent fluid expulsion pathways (Allen et al., 2013). Fractures 

and spatially associated pitted cones are also interpreted to be a result of sedimentary volcanism in 

the Galaxias region (Figure 3.15c) (Gallagher et al., 2018) and sedimentary volcanism is a common 

interpretation of such enigmatic assemblages of km-scale polygonal fractures, ridges and aligned-

cones (e.g., De Toffoli et al., 2018; Ivanov et al., 2014; Salvatore and Christensen, 2014; Skinner and 

Mazzini, 2009).  

 

Figure 3.15: Examples of evidence for sedimentary volcanism on Mars. (a) Pitted cones in Acidalia 

Planitia with a fracture-junction visible top-left. CaSSIS image MY35_009369_141_0 with channels 

NIR, PAN and BLU mapped to RGB. (b) Pitted cones and ridges in southern Utopia Planitia. HiRSE 

image ESP_053364_2135. (c) Aligned cones in Galaxias region, CTX image B05_011746_2156. Image 

credits: NASA/JPL/UofA/MSSS/ESA/Unibe. 

Present-day detections of methane in the martian atmosphere are still heavily debated (e.g., 

Webster et al., 2018 and references therein), but the discussion of methane has reignited interest in 

finding and analysing the surface expression of sedimentary volcanism on Mars, as methane gas can 

be a key driver of sedimentary volcanism on Earth. However, many of these features are estimated 

as being Amazonian in age or older (Ivanov et al., 2014; Komatsu et al., 2016; Oehler and Allen, 2010; 

Senthil Kumar et al., 2019), and in general are older than gullies and the most recent periglacial and 

glacial landforms, which means they cannot be directly linked to present-day atmospheric methane 

detections. Sedimentary volcanism implies a source of pressurised liquid water underground whose 

supply could be engendered by a wide-range of processes including: the impingement of the 

cryosphere on the hydrosphere due to long-term climate-shifts, destabilisation of clathrates (e.g., De 

Toffoli et al., 2019) via localised increases in geothermal heat flux or seismic/tectonic/magmatic 

activity, or simply diapirism of trapped saturated sediments (see summary in Skinner and Tanaka, 

2007). 

Sedimentary volcanism and by association liquid water, is not the only hypothesis for the generation 

of this suite landforms. Mud-volcanoes could easily be confused with magmatic cones, especially as 

the behaviour of mud is not well-constrained under martian surface conditions (Brož et al., 2020b) 

and similarly the associations of cones, ridges and fractures have been attributed to a range of 

processes, e.g. volcanic (e.g., Fagents et al., 2002; Frey and Jarosewich, 1982; Ghent et al., 2012), 

tsunamigenic (Costard et al., 2017) and glacial (e.g., Guidat et al., 2015; Kargel et al., 1995; 

Rossbacher and Judson, 1981). These alternates also imply liquid water, as the volcanic hypothesis 

requires volatile enrichment to cause the explosive eruptions making the cones (lava-ice or lava-

water interaction). The alternates generally imply short-lived episodes of water generation, as 

opposed to the long-lived aquifer implied in sedimentary volcanism. Liquid water is consistent with 
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the morphology of these features and it is difficult to assess if the sub-surface conditions of Mars 

could have been conducive to their formation via sedimentary volcanism, as we know so little about 

the internal structure of Mars (cf. Section 3.6). 

My contribution to the state-of-the-art: Czech collaborators performed the first experimental 

exploration of the effects of the martian environment on the behaviour of mud flows (Brož et al., 

2020a, 2020b). These experiments revealed that boiling and freezing combine to produce features 

analogous to those found in terrestrial lava flows. This has two implications: first diagnostic 

morphologies of mudflows and mud volcanism on Earth cannot necessarily be used to identify their 

analogues on Mars; second many Martian features initially interpreted as resulting from magmatic 

volcanism may result from sedimentary volcanism. In Brož et al. (2022) , we report on a series of 

subtle topographic landforms associated with mud volcanism in Chryse Planitia on Mars. These new 

landforms were only identifiable in elevation data at 1 m/pix derived from HiRISE images. We also 

revealed a complex suite of landforms in Galaxias Chaos (Gallagher et al., 2018), comprised of 

disaggregated landscape when fractures transition to ridges, pits chains to mound-chains and divided 

mesas. These landforms represent fracturing and sliding of blocks of more coherent material over a 

mobile saturated sedimentary layer that in places descended between the blocks and in other places 

was extruded onto the surface. Downslope of this assemblage lies a series of drainage channels 

leading to the northern plains. 

3.7.9 Liquid water morphologies associated with impacts 
Hypervelocity impacts by bolides into planetary surfaces deposit huge amounts of energy into the 

target body, of which most is converted into heat (Melosh, 1989). The lack of substantial atmosphere 

on Mars means that bolides reach the surface with greater energy than they do on Earth. As 

discussed in Section 3.3 we know that there are substantial amounts of water ice in the near-surface 

of the martian crust and potentially a deep cryosphere, and so the heat deposited into the crust by 

impacts could generate liquid water by melting. This could be melting immediately during the impact 

in the cavity and the ejecta (e.g., Boyce et al., 2012; Newsom, 1980; Weiss and Head, 2016), 

vaporisation of the ice could inject vapour into the surrounding atmosphere and create a transient 

and localised hydrological cycle (e.g., Kite et al., 2011; Segura, 2002; Segura et al., 2008; Steakley et 

al., 2019) and finally the thermal anomaly could maintain hydrothermal circulation within the crust 

for thousand or millions of years post impact (e.g., Abramov and Kring, 2005; Barnhart et al., 2010; 

Osinski et al., 2013; Rathbun and Squyres, 2002). 
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Figure 3.16: Crater-related liquid water morphologies. (a) Pits on the floor of <10 Ma Tooting Crater 

(Mouginis-Mark and Boyce, 2012). CTX image P01_001538_2035. (b) Double-layered ejecta crater in 

northern plains, with lobate margins and radiating grooves (Weiss and Head, 2014). Top HRSC image 

h2878_0000 and bottom CTX image P20_008833_2149. (c) Multilayer ejecta crater in southern 

hemisphere with channels incised into its ejecta blanket (Mangold, 2012). Top, HRSC image 
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ha313_0000, bottom CTX image B16_015984_2149. (d) Hale Crater with channels incising the ejecta. 

Top HRSC images h2526_0001 and h0533_0000, bottom CTX image P03_002220_1418. (e) Lyot 

Crater with clastic polygonal networks in the ejecta. Top THEMIS day IR controlled mosaic image from 

the USGS and bottom HiRISE image ESP_016985_2315. (f) Mojave Crater with alluvial fans on the 

inner craters slopes. Top HRSC images hd605_0000 and h1991_0000 and bottom HiRISE image 

ESP_012834_1875. Image credits: NASA/JPL/MSSS/ESA/DLR/UofA. 

Geomorphological evidence for these processes in the Amazonian epoch is abundant. Craters only a 

few million years old display pits on their floors (Figure 3.16a) and within their ejecta materials 

interpreted to be a result of volatile-release as steam (Boyce et al., 2012; Morris et al., 2010; 

Mouginis-Mark and Boyce, 2012; Tornabene et al., 2012). These pits can be associated with incised 

channels, alluvial fans (Figure 3.16f) and debris lobes emanating from high points inside the crater 

cavity, thought to represent the flow of water-rich materials immediately post-impact, e.g. alluvial 

fans in Tooting and Mojave Craters both dated to < 10 Ma (Goddard et al., 2014; Morris et al., 2010; 

Williams and Malin, 2008). Channels incising into and emanating from ejecta blankets are used as 

evidence for water escaping from the melting cryosphere beneath (Figure 3.16c,d) (El-Maarry et al., 

2013; Harrison et al., 2010; Jones et al., 2011; Mangold, 2012; Weiss et al., 2017). Clastic polygonal 

networks in the ejecta of Lyot Crater (Figure 3.16e) even suggest that water in the ejecta blanket 

could result in longer-term ice-segregation processes (Brooker et al., 2018) and conical landforms in 

the ejecta flows at Hale Crater may also be suggestive of longer-term ice-loss processes (S. Conway et 

al., 2019). 

Lobate ejecta morphologies (e.g., multi-layer ejecta, double-layer ejecta - Figure 3.16b) are 

interpreted to be the result of fluidisation and are observed almost exclusively at the mid- to high-

latitudes (e.g., Barlow, 2006, 2005; Barlow and Perez, 2003; Costard, 1989; Mouginis-Mark, 1981, 

1979). Numerical models generally find this morphology to be consistent with either melting or a 

volatile-rich layer (e.g., Baratoux et al., 2002; Oberbeck, 2009; Weiss and Head, 2014, 2013). 

However, other modelling studies find that the fluidisation is unrelated to water and could be due to 

increased fragmentation (Rager et al., 2014) or the presence of an erodible surface (Wada and 

Barnouin-Jha, 2006) –yet both require preconditioning of the surface by water or water ice to explain 

the latitudinal distribution. 

Spectral evidence for hydrothermal alteration is common in craters prior the Amazonian, but is 

lacking in Amazonian craters (Turner et al., 2016). Similarly, evidence for crater-bound paelolakes, 

which could result from hydrothermal circulation are lacking particularly from the late Amazonian 

epoch (e.g., Cabrol and Grin, 1999).  

Craters also host numerous fluvial channels or fans that cannot necessarily directly be linked to the 

impact event itself but could be formed as a result of the impact’s topography (microclimate, and/or 

sink) or its interaction with groundwater. Examples include: regional drainage networks of Lyot 

Crater linked to surface ice accumulation and melt in a climatic microenvironment (Dickson et al., 

2009), valleys draining into craters’ central pit (Peel and Fassett, 2013), and alluvial fans dated to 

around ~1 Ga resulting from prolonged runoff  (e.g., Grant and Wilson, 2011; Kite et al., 2019, 2017; 

Nicolas Mangold et al., 2012). 

In summary, impact crater related morphologies in the late Amazonian represent very transient 

melting of ground ice mobilised by the impact event, with more substantial evidence for sustained 

liquid water environments tending to come from the early Amazonian. In essence, most of these 

landform interpretations are consistent with our expectations for the existence of liquid water on 
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Mars, as impacts are almost intuitively expected to cause melting if they interact with ice, but some 

of the details of exactly how much water and its origin are more the focus of debate. 

My contribution to the state-of-the-art: In Brooker et al. (2018), we examined the hundred metre 

scale polygonal network found in amongst the ejecta deposits of Lyot Crater, the impact that 

penetrates the deepest into the northern plains. These polygons are formed by metre-scale clasts 

that are often aligned along the polygon margins, they are found at a consistent range from the 

crater centre and only in the ejecta to the E and NE of the crater. They are found in the hollows of 

the ejecta. We hypothesized that these polygons could represent post emplacement freeze-thaw 

cycling of parts of the ejecta particularly enriched in water. We found no evidence to support 

periglacial process at work, nor desiccation cracking but rather that these polygons are large thermal 

contraction polygons filled by cementing material that later broke up. 

In a further paper under consideration (see abstract - Conway et al., 2020), we examine the ejecta 

deposits of Hale crater (Masters project of Coralie Peignaux), which have evidence for fluidisation 

and dewatering reported in other papers (Collins‐May et al., 2020; El-Maarry et al., 2013; Jones et al., 

2011). Here, we report on fields of cones associated with these fluidised ejecta and we make an 

analogy with molards on Earth (Section 4.3) to suggest that the Hale impact ejected blocks of ice 

cemented sediment several to tens of decametres in size that were subsequently transported in the 

more viscous part of the fluidised ejecta. 

3.7.10 Other evidence for liquid water in the Amazonian 
Other morphological evidence for liquid water dates to the early Amazonian with both valley 

networks and outflow channels having been reported to have been active at this time. It is generally 

acknowledged that water in such systems was short-lived and ephemeral in contrast to the Noachian 

valley networks (e.g., Hauber et al., 2013; Wilson et al., 2016). For example, shallow snowmelt has 

been proposed to explain valleys in Gorgonum and Newton basins (Howard and Moore, 2011), for 

Kārūn Valles (Adeli et al., 2016) and valley networks on the flanks of martian volcanos (Fassett and 

Head III, 2008). A liquid water origin for these landforms represents the consensus even if its source 

is debated and varied. 

Some of the martian outflow channels are also dated to the Amazonian (particularly those on the 

flanks of the martian volcanos) and their interpretation is less consensual. A detailed discussion of 

the competing hypotheses can be found in Levington (2021) and Gallagher and Bahia (2021). In brief 

the crux of the debate is whether these outflow morphologies can be ascribed to outpourings of 

water or mud triggered by lava-ice interaction (e.g., Balme et al., 2011; Burr, 2002; Vijayan and Sinha, 

2017; Wilson and Head, 2002) or deep aquifer sources (e.g., Hanna and Phillips, 2006; Marra et al., 

2014; Wouter A. Marra et al., 2015), or low viscosity lava (Leverington, 2011, 2009). The debate 

arises from the observation that these outflow channels are covered in basalt and are not apparently 

covered by sedimentary facies, as might be expected from outpourings of liquid water.  

3.8 Synthesis and outlook 
The reason that the debate around the evidence for liquid water in Mars is still a hot topic is because 

the search is motivated by not only scientific curiosity, but can be framed in the larger question of 

whether life exists or arose elsewhere in the Solar System. In the search for present or past life 

beyond our planet, finding evidence of present or past liquid water on Mars has been a 

preoccupation of planetary scientists since the beginning of orbital observations and has been the 

reason that various space agencies have sent missions to Mars ( and NASA’s motto “follow the 

water”; Hubbard et al., 2002; e.g., ESA’s ExoMars missions; Kereszturi et al., 2016; Vago et al., 2017). 

Without a protective atmosphere the surface of Mars is bathed in ionising radiation and solar 
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particles, making it a particularly challenging surface environment for life at the present-day (e.g., 

Teodoro et al., 2018). However, finding evidence that liquid water has appeared periodically at the 

surface could indicate that Mars has subsurface water reservoirs that could be harbours for extant 

life. Recent activity of liquid water also bolsters the probability of liquid water activity in the past and 

the longevity of habitable conditions. The presence of habitable conditions also increases the chance 

that the space probes we send to Mars could contaminate these likely uninhabited habitats (Cockell 

et al., 2012) and out of this concern have arisen planetary protection regulations (National 

Aeronautics and Space Administration, 2005). These regulations determine the level of sterilisation 

to which a spacecraft must be submitted to reduce the likelihood of cross-contamination. This 

effectively prohibits the direct exploration of zones that could have liquid water, for example sites 

with RSL and gullies are subject to these rules (Kminek et al., 2010; Rummel et al., 2014). Water is 

also an important resource for future human investigations, even in its solid state (e.g., Heldmann et 

al., 2014) and hence finding zones where relatively pure water ice would be easily accessible has 

attracted some recent attention (e.g. SWIM project; Perry et al., 2019). 

While none of the features described here have been proven beyond all doubt to require the activity 

of liquid water, in the aggregate it is challenging to explain all of them without any liquid water on an 

ice-rich planet that has straddled the triple point of water for all of the Amazonian. Liquid water is 

more generally agreed to be responsible for early Amazonian features including valleys, channels, 

alluvial fans and deltas, most of which are thought to originate from punctual or rare events. 

However, a consensus view has not been reached over the role, or not, of sedimentary volcanism in 

building landforms over this period. In the late Amazonian to present-day, the role of water is much 

less certain, with practically all landforms interpreted as being linked to liquid water having 

substantial alternate hypotheses. The exceptions are solifluction lobes and pingos where to-date 

there is no alternate hypothesis to those involving liquid water has been proposed. The evidence for 

sub-glacial melting in the Late Amazonian is a topic that has only recently been opened and will likely 

receive more attention as more observations are collected. For presently active features, the focus is 

currently on processes that do not involve liquid water, but the behaviour of certain downslope flows 

means that liquid water has not been entirely ruled out. RSL continue to be the most likely of 

presently active surface features to be linked to liquid water. For the reasons outlined above it is 

important to continue studying these landforms and continually assess the balance of evidence as 

new data are collected. 

The long-lived and ongoing debate over the presence of recent liquid water at the martian surface 

raises a couple of important questions for planetary science: 

 What level of knowledge do we need to determine (with a reasonable level of confidence) 

whether liquid water could be present at the surface? 

 Are we being misled by Earth analogues and our a priori knowledge of terrestrial 

geomorphology? 

For the existence of present-day liquid water, RSL are the primary focus of debate, although 

periodically other features are proposed (Bhardwaj et al., 2017; Heyer et al., 2019; Kossacki and 

Markiewicz, 2010; Kreslavsky and Head, 2009). Progress on RSL is being hindered by: 

 Lack of high temporal resolution monitoring (imaging, SAR, IR and VIS-NIR spectral) at the 

spatial resolution of CaSSIS-HiRISE, observations at different times of day or even better 

continuous monitoring  
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 Lack of knowledge of the near-surface atmosphere apart from the handful of places where 

we have landed missions with meteorology instruments. This limits our knowledge on the 

influence of micro-environments in the steep topography where RSL are found. 

 Lack of knowledge of the basic attributes of the martian subsurface, including the crustal 

heat flow, porosity, permeability of the regolith with depth, the presence and structure of a 

potential cryo-hydro-sphere. 

Debates over water in the recent past also depend on the above lacunae and we can also add: 

 Limits/uncertainties in our ability to model the martian climate at the present-day are 

magnified when applied to the past and limit our ability to understand past environments. 

Hence, we are reliant on geomorphic evidence for informing us about the activity of liquid 

water at the surface, which in and of itself is reliant on our knowledge of what processes 

form landscapes on Earth. 

The existing hardware in orbit around Mars and on its surface combined with their operational 

constraints and observational modes cannot resolve these problems. New hardware could address 

some of these issues, for example in orbit: a CaSSIS-HiRISE imager on a spacecraft with a lower 

orbital inclination to provide higher frequency imaging and time of day coverage (McEwen et al., 

2012) , high-resolution (10 m/pix) thermal imager to better constrain thermal inertia and possibly the 

temperature of shallow brine, Synthetic Aperture Radar (SAR) with high resolution (18 m/pix) orbital 

radar to detect shallow ice or liquid water, or an imaging spectrometer capable of distinguishing ices 

and their structure at high resolution. Surface measurements could include: a network of heat flow 

probes to determine how heat flow varies over Mars and better constrain its value, to measure the 

volume of subsurface ice (Grimm and Stillman, 2015), ground penetrating radar (GPR) to detect the 

structure of segregated ice and possibly any shallow aquifers, a transient electromagnetic sounder 

(TEM) capable of detecting aquifers to a depth of a few kilometres (e.g., Stamenkovic et al., 2020), or 

use of the magnetotelluric (MT) method to passively sense deep conductive bodies and is capable of 

detecting a subsurface aquifer within the first 5 km of the crust (Grimm, 2002; e.g., Grimm et al., 

2020).  

Our knowledge from terrestrial geomorphology inevitably leaves us with a biased view of the 

landscapes and landforms we find on Mars. Not only that, but even on Earth multiple processes can 

lead to similar looking landforms “equifinatlity” – a problem usually resolved on Earth by employing a 

multidisciplinary investigation. For example, hummocky landforms can be the result of rock 

avalanches or be the vestiges of glacial terminal moraines (e.g., McColl et al., 2019; McColl and 

Davies, 2011). These conundra are resolved using sedimentology, stratigraphy, geophysical 

techniques and cosmogenic or other dating techniques, in combination with field and remote sensing 

observations (e.g., images, digital terrain models). On Mars we only have remote sensing data to rely 

on and sometimes even with images, spectral data, radar and digital terrain models the 

interpretation can remain ambiguous. We are also confronted with an environment where the 

processes acting on it could, and should, be quite different to those on Earth. For example, the lack 

of plate tectonics on Mars means that evidence of surface processes is preserved longer at the 

surface than we are used to on Earth, meaning landforms with a “fresh” appearance could date to 

hundreds of thousands if not millions of years. The generation of relief on Earth is dominated by the 

continuous action of plate tectonics and its associated volcanism, whereas on Mars the relief is 

created by stochastic impact events and in the past the development of outsized volcanoes and fault-

systems. This means the overall structure of the landscapes of the two planets is fundamentally 

different starting at the continental scale.  
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Despite these differences, as demonstrated in Section 3.3, remarkably similar landscapes and 

landforms are found on the two planets at scales of kilometres to metres. Terrestrial analogues have 

therefore helped us to deduce what kinds of processes are active to produce these landscapes. A 

philosophical analysis of the utility of Earth analogues for informing planetary investigations is 

beyond the scope of this work, but interested readers are referred to the analyses of Baker (2014). 

Nevertheless, whether or not “something else” can produce the same landscapes and landforms as 

liquid water is unknown and is one of the core uncertainties stemming from our use of terrestrial 

analogues. For example, for martian gullies we know the flows at the present-day are fluidised to the 

same degree as water-saturated debris flows on Earth (de Haas et al., 2019), but we do not know if 

sublimating CO2 could mimic this fluidisation despite being controlled by different physics (de Haas et 

al., 2019).  

Another method of addressing the range of environmental conditions under which water (or brine) 

can result in landform development is to perform controlled laboratory experiments. Such 

experiments need to have two complementary outlooks. Firstly, experiments to address basic 

physical questions (how fast can brines form by deliquesce in presence of Mars sediments?) in order 

to test our parameterisation and understanding of the physical laws underpinning the kinetics of 

individual processes. The aim is to understand the basis physics in a realistic transient environmental 

setting for Mars. Additionally, understand the metastability of brine can be very important as brine 

can remain liquid for an extended period of time (e.g., Gough et al., 2011; Primm et al., 2019, 2017; 

Toner et al., 2014a). Secondly, more complex simulations, analogous to flume experiments, where 

processes can be transient and interlinked in order to address the open questions in an empirical 

fashion. For example, laboratory work can be used to compare the action of water as a fluidising 

agent to that of gas supported flows. Particularly in this second case, care needs to be taken to 

appropriately scale the experiments and consider the limits of their application to Mars (Paola et al., 

2009).  

3.9 Conclusions 
If we used geomorphological arguments in isolation the case for liquid water on Mars would be hard 

to counter. The main argument against liquid water is that martian environmental conditions should 

not allow its production, so either we have some fundamental misunderstanding of the martian 

surface/subsurface conditions at the present and/or in the recent past, or some other agent(s) is(are) 

acting like liquid water does on Earth. For some of the landforms examined in this chapter alternative 

processes have been identified, but for others, namely “solifluction” lobes and pingo-like mounds, 

liquid water remains the only suggested agent. The lack of agent does not imply one does not exist, 

but it could remain to be elucidated. We maintain that liquid water is a viable contender to explain 

the present-day activity of RSL, the recent formation of gullies, periglacial landforms and subglacial 

landforms and the formation of certain impact-related features and sedimentary volcanism in the 

deeper past. The implication being that, although a lot less active than in the past, liquid water 

remains an active geomorphological agent on Amazonian Mars. In order to consolidate this position, 

we argue that the most progress can be made in the short-term by focussing research efforts on 

experimental work informed by remote sensing observations and in the long-term by better 

equipped Mars-missions in the future. Additionally, sending a small mission to determine, if Mars still 

possesses deep groundwater would be greatly beneficial as it can serve as an end member for the 

likelihood of water to have survived in the ground for 100 Ma to Ga. 
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4 Mass movements in periglacial terrains on Earth 

4.1 Introduction 
Mass movements occur when the balance between resistive forces (cohesion, friction) and 

gravitational forces within surface materials are disturbed. In this chapter we will only discuss mass 

movements in surficial materials and not those that are rooted in bedrock. Periglacial terrains can be 

particularly susceptible to mass wasting of surficial materials, because of the frequent phase changes 

of water which cause large variations and strong gradients in saturation which directly influences 

their cohesion. In particular, periglacial conditions in post-glacial landscapes, which have high relief, 

discontinuous permafrost and abundant fine and coarse sediments (moraine, scree, etc), can lead to 

both rapid and slow mass movements. Please note that in this chapter “permafrost” refers to the 

thermal condition where the ground is below freezing for two or more years and so does not refer to 

the presence or absence of ice, although permafrost is often used to refer to terrain containing 

ground ice. Slow mass movements involve slow creeping movements and in periglacial environments 

often develop into solifluction lobes or sheets (which are dealt with elsewhere, see Section 3.7.5.1). 

Rapid mass movements in surficial materials include debris flows and landslides, which will be the 

two foci of this chapter.  

 
Figure 4.1: A debris flow that occurred above the town of Ísafjörður in 2006. Photo on the left taken 

by Armelle Decaulne and on the right by Nicolas Mangold. The coloured arrows indicate the location 

of the same boulders in each image. They were transported in the flow and are 0.5-1 m in size. The 

abundant fines that initially coated the boulders have been quickly removed by subsequent rainfall. 

4.2 Debris flows 
Debris flows are mixtures of sediment and water (usually up to ~ 40 %) that surge downhill in 

response to gravity (Iverson, 1997). They occur in steep terrain and either propagate over hillslopes 

or through pre-existing channel networks (torrents). They produce characteristic deposits including 

lobate snouts and lateral levees. They are triggered, and their motion is maintained by, excess pore-

pressure in the sediments. This can be brought about in nominally stable hillslope (or torrent) 

materials by unusual precipitation events (e.g., prolonged and /or intense rainfall or snowmelt), or 

disturbances in the upslope hydrology (e.g., forest fire, infrastructure or land use changes). In torrent 

systems the cadence of debris flow events is also conditioned by the supply of material to the system 

which depends on local climate and geology and can be slow and continuous (e.g., frost shattering) 

or sudden (e.g., a landslide). The complex interaction between granular material (which can be 
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metres in size) , fines (silt, clay) and water, leads to dynamic, transient and difficult to predict 

behaviour, such as surging, granular flow fronts, self-blocking, etc. (Ancey, 2007; Iverson, 2014). The 

fact that debris flows can transport large granular debris (Figure 4.1) makes them dangerous and 

they pose a risk because they are hard to predict, in terms of when/where they might occur and how 

big they could be (volume and travel distance). Debris flows also play a role in landscape evolution, 

as part of the sediment cascade, and their long term influence leaves a detectable mark in the 

morphology of upland first order catchments (e.g., Lague and Davy, 2003) and on alluvial fans (e.g., 

Blair, 1999). 

Debris flow torrents give rise to alluvial fans where they emerge onto the plains or valley floor.  

These are often sites of human construction as they are raised above the flood level of the main 

river, yet present relatively level terrain in mountain environments. Debris flows on the fan are 

infrequent enough to be forgotten or controlled. Alluvial fans can also be constructed by fluvial 

processes, but differences in the sediment transport mechanisms leads to significant differences 

between debris flow dominated and fluvial-dominated fans in their internal architecture and surface 

morphology. Debris flow fans tend to be steeper (>15°) and have little internal structure compared to 

fluvial fans (Blair, 1999; de Scally and Owens, 2004; Wilford et al., 2004). 

Hillslope debris flows tend to be smaller in volume than torrent-based debris because they are less 

likely to erode and incorporate additional sediment along their path than torrent debris flows. Debris 

flows can bulk up to several times their original volume in this way (e.g., de Haas et al., 2022; Santi et 

al., 2008). Hillslope debris flows deposit at much higher slope angles (Fannin and Wise, 2001) than 

those confined to torrents attesting to the high losses of energy in hillslope systems compared to 

torrent systems. Hence, the generally lower volume, lower energy hillslope debris flows pose less risk 

to human lives and habitation than debris flows in torrent systems and are subsequently less studied. 

Efforts to understand the risk posed by debris flows and assist local authorities in planning take two 

main approaches:  

 Susceptibility analysis on a regional scale. Such studies typically use records of debris flow 

events and relate them to spatial variations in geology, steepness, vegetation cover, etc. to 

determine which catchments are most susceptible (e.g., Blais-Stevens and Behnia, 2016; 

Kneisel et al., 2007; Kritikos and Davies, 2015; Xu et al., 2013). Meteorological conditions can 

also be included in such analyses and can then be used to estimate threshold conditions 

(rainfall intensity and location). Such assessments are commonly undertaken by institutes 

such as geological surveys.  

 Modelling individual flows in known debris flow catchments. Such models use a stream 

profile or full 3D representation of the terrain and an input volume or hydrograph to predict 

the run out and deposit thickness of a debris flow event (e.g., Calligaris et al., 2008; Christen 

et al., 2007; Pudasaini, 2012). Debris flows are usually considered as a Bingham type fluid, 

but models can include more complex rheologies, such as considering the fluid and solid 

phases separately. These models open require an expert practitioner to obtain robust results 

and this can discourage use by local authorities.  

An alternative version of the second approach is to use data on previous events to establish empirical 

laws for debris flow propagation over topography (e.g., Fannin and Wise, 2001). These empirical 

models are easier for non-expert uses to implement and require little or no specialist software. My 

PhD thesis was entitled “Debris flows on Earth and Mars” and the first published contribution was a 

paper that established an empirical propagation “law” for debris flows above the town of Ísafjörður 

in NW Iceland (Conway et al., 2010). Using detailed topographic data from LiDAR and differential GPS 
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we were able to accurately track patterns in erosion and deposition along the debris flow track and 

relate them to the slopes experienced along those tracks. We could then run this relation to simulate 

a realistic range of debris flow sizes and behaviours to establish which parts of the town were most 

at risk (Figure 4.2). Since this work was published the defensive barriers have been increased in 

height and they also protect from snow avalanches. 

 
Figure 4.2: Model debris flow paths derived from different relations between the normalised 

cumulative deposition thickness and cumulative average slope derived in Conway et al. (2010) 

overlain on the air photo mosaic of Ísafjörður taken by NERC ARSF. 

By differencing of LiDAR data taken in 2007 and 2012 we were able to establish two modes of debris 

flow triggering above Ísafjörður (Morino et al., 2018): the firehose effect – where debris accumulates 

within the bedrock chutes before being remobilised as a debris flow – this produced larger events, 

and hillslope triggered debris  flows, smaller flows which were entirely confined to the talus slope. 

This work highlighted how repeat high resolutions topographic surveys can highlight processes that 

contribute to debris flows before they occur. 

4.3 Landslides involving ground ice 
Landslide is a general term for a large collection of mass movement features, which sometimes also 

includes debris flows. Many systems have been used to organise these mass movements into logical 

categories but often the terminology applied is confused and sometimes contradictory. The most 

widely applied is the updated Varnes classification (Hungr et al., 2014) which divides mass 

movements by type of motion and material involved where different morphological characteristics 

can be assigned to failures in each class – I will adhere to this system here. 

This section will touch on (rotational) debris slides, and debris avalanches which are the types of 

landslide where involvement of ground ice has been reported. It should be noted that the interaction 

between landslides and glacial ice (rather than ground ice) has been more extensively studied, from 

the point of view of their influence on glacial dynamics and glacial sediment transport (e.g., Dunning 

et al., 2015; Hewitt, 2009), as well as from the point of view of increased mobility/hazard of such 

landslides (e.g., Dufresne et al., 2019; Sosio et al., 2012).  
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Retrogressive thaw slumps are a common type of mass movement in continuous permafrost 

environments with extensive excess ground ice, where wholescale detachment of the active layer 

results in large-scale mudflows/slides, which can be active for decades (e.g., Burn and Friele, 1989; 

Swanson and Nolan, 2018). Retrogressive thaw slumps have received much attention as they are a 

very visible sign of the degradation of the arctic permafrost due to increased global surface 

temperatures over the last decades (e.g., Lacelle et al., 2010; Lantz and Kokelj, 2008). Their impact on 

human population remains low at the moment, but do pose risk to roads, pipelines and other 

infrastructure. 

  

Figure 4.3: Formation of a molard, modified from Morino et al. (2019) . Top: Side-view schematic 

evolution of a molard, from the block of clast-supported imbricated talus deposits cemented by 

ground-ice (bluish colour) to the collapsed conical mound of debris, preserving sorted gravel deposits 

on its surface (dark brown), with fine deposits (light brown) being leached out. The inset shows the ice 

cement between the grains (walking pole for scale). Bottom-left: the largest block of ice-rich 

sediments that fell during the Móafellshyrna event. The deposits are composed of imbricated 

boulders, cobbles, and pebbles embedded in brown to red sandy to silty clay Note the person as a 

scale on the right. Bottom-right: the resulting molard three years after the failure, note the person as 

a scale on the left. 

In contrast, the involvement of ground ice in landslides occurring in areas of discontinuous 

permafrost in periglacial environments and post-glacial landscapes, is harder to identify. Such zones 

often have habitation because the valley floors are the only places to build even if populations are 

sparse. Discontinuous mountain permafrost can occur in a wide range of physiographic settings, 

including: fjordlands (Norway, Iceland), mountain chains (Alps, Rockies, Himalaya), and volcanic 

edifices (Rockies in North America, Kamchatka). 

Discontinuous permafrost can form in a wide variety of materials and have different configurations – 

favourable settings include pole-facing rockwalls (Magnin et al., 2015). The release of rock 

avalanches and rockfalls caused by the melting of structurally important ice in steep and/or sub-

vertical rockwalls has been receiving increasing attention in the Alps, as it visibly affects tourist sites 

and can be destructive to infrastructure (e.g., Deline et al., 2013; Draebing et al., 2017). The 
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involvement of melting ice in these failures can only be ascertained by examination of their source 

areas and has not been reported to influence the dynamics of the mass movement (ice only makes 

up a minor component of the overall mass). Ice can be present in larger fractions in debris or soils in 

permafrost areas, compared to bedrock. Yet, because there is little existing knowledge of which 

landslides in zones of discontinuous permafrost contain ground ice it is challenging to assess the 

influence of ground ice on the behaviour of the mass movement – hence an important knowledge 

gap exists. 

  

Figure 4.4: Northern hemisphere permafrost map from Obu et al. (2019) overlain by locations of 

landslides with molards collated during the PERMOLARDS project. Landslides located in the southern 

hemisphere, notably the Andes, are omitted. 

Ground ice in talus and moraine materials is often located in perched positions and have no 

outwardly visible signs of their internal ice content (Morino et al., 2019), researchers therefore often 

rely on geophysical techniques to determine the ice content and its distribution (e.g., Langston et al., 

2011; Scapozza et al., 2011). Finding examples of landslides occurring in ice cemented sediments is 

challenging in the literature, with only a few cases directly reporting the involvement of such 

materials (Brideau et al., 2009; Milana, 2015). However, such landslides can show a distinctive 

landform that indicates the presence of ground ice within the mobilised materials – these are called 

“molards”. Molards are cones of debris which represent the former location of ice cemented blocks 

of sediments that collapsed once the supporting ice melted (Figure 4.3). Molards have been reported 

in landslides in only a handful of locations, including Argentina, Canada and Tibet and in only two 

cases was the presence of ground ice linked directly to their occurrence (Brideau et al., 2009; Milana, 

2015). We published a recent key paper (Morino et al., 2019) which brought these landforms back 

into the spotlight as potential harbingers of a hidden hazard linked to climate change in zones of 

discontinuous permafrost, but also as landforms that could indicate the past distribution of 

discontinuous permafrost conditions. 
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Hence, these newly “rediscovered” landforms are the subject of an accepted ANR project 

PERMOLARDS, of which I am PI running from 2019 to 2024. We have already catalogued 51 sites 

where molards are found in landslide deposits in practically every area of discontinuous permafrost 

in the world (Figure 4.4). This catalogue was established from personal communication from other 

researchers who saw presentations of our work and a small number from serendipitous finds on 

Google Earth. 

We are currently working on understanding if certain source lithologies are prone to molard 

formation and if any other systematic factors link the molard bearing landslides other than the 

occurrence of ice cemented ground. In parallel we are establishing criteria to differentiate these 

landforms from hummocks which occur in rock avalanches. To perform these tasks, we are using 

satellite remote sensing data to examine the distribution of molards in the landslide deposits, to 

estimate the landslide volume, and to establish the topographic setting (e.g., orientation of source 

area, hydrological connectivity, hillslope gradient, etc.). 

4.4 Ongoing work  
Using recent InSAR data we have been able to study in more detail the perched debris on top of the 

bench above Ísafjörður and in concordance with the geomorphological evidence those materials are 

creeping. We do not know if this site will have more frequent debris flows or if such a setting could 

experience a mass decollement and release a landslide. However, there is other evidence for 

detachments of rock glaciers (i.e. creeping masses of ice cemented sediment), so we think this is an 

urgent area of future research. Some molard-forming landslides have originated as detachments of 

rock glaciers (Milana, 2015; Ravanel, 2009). We aim to publish this discovery in the first half of 2023. 

We are exploring the possible parallels between glacier and rock glacier detachments that lead to 

landslides and this could lead to a further publication. 

The PERMOLARDS project is at its midpoint, and three main tasks remain. First, analogue 

experiments simulating the development of molards from the initial blocks of ice commented 

sediments. This is the PhD project of Calvin Beck who started at the University of Caen in November 

2021. He benefits from preliminary experiments done by PhD student Meven Philippe and three 

interns, who showed gravel sized materials were more conducive to molard formation than sand-

sized, molards formed underwater are shorter and that both individual grain fall and grain 

avalanches are important. Calvin is preparing these initial results for publication in 2022. He will 

continue to study the effect of grainsize and will monitor the temperature as well as shape during 

molard formation. The novel apparatus consisting of an array of Raspberry Pi and cameras to capture 

time lapse images to then create time lapse photogrammetric 3D models of the analogue molards 

will be written up as a technical contribution by Meven Philippe. 

Second, reduced access to the field means that we have not been able to gain insight into the 

longevity of molards in the landscape by cosmogenic dating. This is one of the main objectives for the 

2022 field season. Third, we were able to place temperature sensors in Iceland which will enable us 

to model the permafrost conditions around recent moIard bearing landslides. These data were 

retrieved in June 2022 and are pending analysis.  

Finally, it is clear that the PERMOLARDS project will leave many questions unanswered. One of the 

most important is the configuration of the ground ice within the source areas of these landslides. The 

effort and cost associated with simply reaching these areas (helicopter) makes deploying the usual 

geophysical methods challenging (e.g., GPR, ERT). This aspect of the project will form the basis for 

future applications for funding.  



Habilitation à Diriger des Recherches  6 mars 2023 CONWAY, Susan 

81 
 

5 Volatiles on Mercury 

5.1 Introduction 
Mercury is the innermost planet in the solar system. It has a higher average density than the other 

terrestrial planets, which is a result of a much larger iron core compared to its mantle/crust 

compared to the other planets. Models to explain this anomaly include high-temperature processes 

that would also remove volatile elements, e.g. stripping by an early active Sun (e.g., Cameron, 1985), 

or giant impacts (e.g., Benz et al., 1988). Hence, the expectation prior to the arrival of NASA’s 

MESSENGER spacecraft in orbit around Mercury in 2011 was that the planet would be volatile 

depleted in composition, which turned out not to be the case (e.g., Nittler et al., 2018). In parallel to 

these geochemical discoveries, the images returned by MESSENGER also revealed a number of 

geomorphological signs of these volatile elements, including numerous hollows (e.g., Blewett et al., 

2011), and explosive volcanic vents and associated faculae (e.g., Head et al., 2008b; Kerber et al., 

2009) found across the whole planet. The permanently shadowed areas at Mercury’s poles are host 

deposits of water ice and organics, cold-trapped volatiles which may be partially endogenic in origin 

(e.g., Chabot et al., 2013; Lawrence et al., 2013). We have also interpreted conical landforms in the 

Caloris impact basin as a consequence of the volatile enrichment of the crust (Wright et al., 2020). 

Finally “slope lineae”, as yet unreported in the peer-reviewed literature may also result from volatile 

driven processes (Malliband et al., 2019). These surface features have been the focus of ongoing 

collaborative work with Open University through co-supervision of 7 PhD students with David 

Rothery and other collaborators (see detailed CV in the Annex). Each of these science themes will be 

briefly described in the following sections, with a focus on the advances made by these students. Five 

of these students also prepared a quadrangle geological map using MESSENGER data as part of their 

thesis as part of an ongoing effort to prepare for the arrival of BepiColombo in orbit in December 

2025 (Figure 6.1). These maps provide context for the observations of BepiColombo and will be an 

integral part of planning the observations.  

 

Figure 6.1: The Mercury quadrangles coloured by status as of November 2021. Credit: Annie Lennox. 
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5.2 Hollows 
One of the most remarkable geomorphological discoveries of the MESSENGER mission was that of 

“hollows” (see also Section 2.12; Figure 2.11e): steep-sided, flat-bottomed depressions usually 

surrounded by a relatively bright and blue halo. Hollows can occur individually or in groups. 

Individual hollows can have a diameter up to several kilometres and have been observed in the 

highest resolution images of Mercury at ~1.5 m/pix so seem to have no smallest size (Zharkova et al., 

2020). Depths are generally Limited to several decametres independent of their diameter (Blewett et 

al., 2016; Fassett, 2016; Thomas et al., 2014b). Fields of hollows can span many tens of kilometres. In 

plan-view hollows have irregular shapes with cuspate edges and where many hollows are tightly 

clustered they give the surface an etched appearance. Hollows surrounded by a halo are interpreted 

to active and those without a halo, as inactive (Blewett et al., 2011), but no growth has actually been 

observed.  

 

Figure 6.2: Taken from Thomas et al. (2014b), global occurrence of hollows, vents with facula and 

spectrally red pitted ground. Yellow: hollows; black: vents with facula; red: spectrally red pitted 

ground; grey: area not imaged at <180 m/px. (Base mosaic: MESSENGER global colour v3.) 

The relatively small relief of hollows and the inferred fast resurfacing rates on Mercury (Fassett et al., 

2017) suggest these features are young, which is further supported by the fact they can occur in 

rayed craters whose age is thought to be <1 Ga (Blewett et al., 2018) and do not have superposed 

impact craters (Blewett et al., 2016). Recent analyses suggest they could be as young as 100 ka 

(Wang et al., 2020). The formation of hollows by scarp retreat supported by their morphology 

(Blewett et al., 2011) and correlated patterns in spectral properties (Barraud et al., 2020).  

Our mapping (Thomas et al., 2014b) confirmed that of Blewett et al. (2011) that hollows are found 

globally (Figure 6.2), yet seem to have an association with the so-called “Low Reflectance Material”. 

LRM has a darker than average albedo and its distribution indicates that it has been emplaced at the 

surface by huge impact events and then redistributed by smaller ones (Rivera-Valentin and Barr, 

2014) – it is thought to represent a near-global subsurface layer enriched in a dark component, likely 

graphite (Peplowski et al., 2016). Our work on the spectral properties of hollows in Eminescu crater 

(Thomas et al., 2016) provide supporting evidence that the LRM is graphite-rich and in addition 

suggest (Ca- or Mg-) sulphides are a component of the volatile material lost in the hollow-forming 

process. However, other studies point to elemental sulphur as the lost-volatile (Phillips et al., 2021), 
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others to chloride (Lucchetti et al., 2021) and yet others to carbon (Wang et al., 2020). The bright 

halos around hollows have diffuse boundaries and our work suggested that they are likely composed 

of finer grained materials than the regolith in general (Thomas et al., 2016). 

5.3 Vents 
Mercury’s surface is dominated by effusive lava plains of various ages as confirmed by our mapping 

(e.g., Wright et al., 2019). This effusive activity is thought to have stopped around 3.5 Ga because of 

the onset of global contraction of the planet as it cooled (e.g., Byrne et al., 2014) which leads to magma 

ascent being blocked. As shown by our work (Figure 6.2), hundreds of volcanic vents resulting from 

explosive eruptions are found globally (Thomas et al., 2014b, 2014c). These vents are circular to 

irregularly shaped depressions without a substantially raised rim which are in general around tens of 

kilometres in diameter. Many are associated with facula – red-coloured spectral anomalies with diffuse 

margins – interpreted to be pyroclastic deposits (Goudge et al., 2014; Kerber et al., 2011). These 

deposits mantle the surrounding terrain (Figure 2.5). The lack of atmosphere and low gravity mean 

that explosive eruptive products are not expected to build relief, but instead spread fine particles in a 

blanket across the surface (Barraud et al., 2021; Besse et al., 2020; Brož et al., 2018). Our work has 

revealed only one possible exception – two possible volcanic cones with a summit pits (Wright et al., 

2018). However, the possibility that these are a fortuitous alignments between a hill and a smaller 

impact crater cannot be ruled out with current data. 

 

Figure 6.3 Vents that show evidence for multiple events. (a) MDIS NAC image EN0219817290M  (b) 

MDIS NAC images EN0220591242M and EN0220591249M. For both panels the MESSENGER MDIS 

Enhanced Color Mosaic at 665 m/pix is in semi-transparent. 

Our work has revealed that these vents have been active repeatedly as shown by their compound 

internal structure (Figure 6.3) (Pegg et al., 2021a; Rothery et al., 2014). The fact that different sub-

vents have different degradation states attests to the longevity of this eruptive style on Mercury. Our 

observations of superposition with young craters and by using crater-size frequency distributions 

revealed that the most recent events could be as little as 1 Ga (Thomas et al., 2014a). The fact that 

explosive eruptions can occur on Mercury, that this style of eruption has been ongoing throughout the 

planet’s history and that the most recent activity is so young are three discoveries that changed the 

way we think about Mercury’s history and structure. Explosive eruptions require a volatile component 

in the rising magma to form the gases that drive the eruption – exactly what form this volatile takes is 
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currently unknown, but is thought to be distinct from the volatile that is lost in hollow-formation 

(Lucchetti et al., 2021). 

Our finding that that vents occur on faults or crater-related structures suggests that the path taken by 

magma exploits crustal weaknesses (Rothery et al., 2014; Thomas et al., 2014c) and it is possibly the 

volatile component to the eruption that can overcome compressive crustal stresses caused by global 

contraction. 

5.4 Cones and slope lineae 
Caloris basin is over 1500 km in diameter making it one of the largest impact basins in the Solar 

System and dates to 3.8-3.9 Ga. The basin itself is floored with lava plains which are cut by radial 

graben whose origin is unknown. The rim materials have around 2 km of relief and the ejecta 

deposits have a number of unique features. One of these features is the occurrence of conical 

mounds inside the Odin Formation. We found that these mounds share traits with molards on Earth 

(Chapter 5), although larger in size, they have similar flank slopes and overall shape (Wright et al., 

2020). We also found evidence that they had spread over time, covering small impact craters 

(Figure 6.4a,b). We concluded that they likely formed from initially blocky ejecta material that on 

losing a volatile component degraded into cones. This suggests that the crustal material ejected by 

the Caloris impact was enriched in volatiles and therefore is in agreement with the findings of other 

studies showing that the crust of Mercury is volatile enriched. 
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Figure 6.4: Examples of conical mounds (a,b) and slope lineae (c,d) on Mercury. (a) MDIS NAC image 

EN1045703411M, (b) MDIS NAC images EN1045674609M and EN1045674594M. (c) MDIS NAC image 

EN1044173928M. (d) MDIS NAC image EN1004160887M. 

Slope lineae were first noted as associated with hollows by Blewett et al. (2018). They downslope 

oriented features generally picked out as higher relative albedo, but also picked out as alcove-

channel, systems in relief (Malliband et al., 2019). First studied in the Derain Quadrangle by PhD 

student Chris Malliband, undergraduate intern Camile Aubry performed a global-scale survey in 2019 

(Aubry et al., 2021) where we found no specific spatial pattern to their distribution (Figure 6.5). In 

addition, although they are often found with hollows, this is not systematic and the same can be said 

for spur and gully terrain. Spur and gully terrain is typically caused by bedrock outcropping near a 

crater rim (Levin et al., 2022). Mercury’s regolith is thought to be very thick (Kreslavsky et al., 2014), 

so finding even tens of examples is unexpected given they do not correlate with recent volcanic 

plains. On the Moon spur and gully features are extremely rare despite the regolith being 

approximately three times thinner (up to tens of metres). These results are being prepared for a 

publication in 2022. 
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Figure 6.5: Global map of Mercury using the MESSENGER WAC image mosaic overlain in green by the 

distribution of NAC image better than 100 m/pix available in the survey area (-25 to 65° N) and the 

locations of lineae and/or spur and gully morphology. 

5.5 Lobate ejecta and permanently shadowed areas 
On Mars and icy satellites impact crater ejecta with lobate margins is interpreted to represent 

fluidisation of the ejecta blanket by volatiles (e.g., Barlow and Perez, 2003; Boyce et al., 2010). Such 

ejecta deposits are not generally found on the Moon. Similar lobate ejecta have been reported on 

Mercury (Xiao and Komatsu, 2013) and are being investigated by Annie Lennox, a PhD student I am 

co-supervising at the Open University. She has already found several additional examples not 

reported in Xiao and Komatsu (2013) (Figure 6.6) and all examples seem to be a result of the 

influence of topography, so perhaps an impact induced landslide fluidised by the crater-forming 

process, similar to acoustic fluidisation (Collins and Melosh, 2003; Melosh, 1979). The involvement of 

volatiles does not seem to be necessary and requires further analysis to rule out. 

 



Habilitation à Diriger des Recherches  6 mars 2023 CONWAY, Susan 

87 
 

Figure 6.6: Examples of lobate ejecta on Mercury. (a) ‘Brooksbank’ crater is located near the South 

Pole at 70.4°S, 1.5°E. (b) A small unnamed crater near the equator at 12.7°S, 56.0°E.Basemap is the 

MESSENGER MDIS Global 166m/pix monochrome mosaic. 

Recent discoveries have highlighted water’s presence in permanently shadowed impact craters on 

the surface of Mercury and the Moon using combined evidence from radar and neutron flux data 

(Chabot et al., 2013; Feldman et al., 1998; Harmon et al., 2001; Lawrence et al., 2013; Spudis et al., 

2013). The deposits on Mercury are thought to be thicker than those on the Moon and images from 

MESSENGER show these deposits in the north have a distinct albedo and smooth texture meaning 

they are geologically young (Chabot et al., 2016, 2014). This is supported by timescales of impact 

gardening which estimate the ice cannot be more than 200 Ma old (Costello et al., 2020). Hence, the 

favoured origin is delivery by a comet impactor and cold trapping in the permanently shadowed 

regions, but an endogenic source cannot be ruled out. The permanently shadowed area in the south 

polar area is approximately twice as large as in the north (Chabot et al., 2018), yet MESSENGER data 

from this hemisphere is sparse and of lower resolution due to the spacecraft’s elliptical orbit. These 

south polar permanently shadowed regions fall within the mapping quadrangle of Annie Lennox 

currently under my co-supervision as a PhD student at the Open University. Her work on the 

geomorphology of the area will help to plan detailed observations of these zones for BepiColombo. 

5.6 Catenae, faults, and graben 
Catenae are alignments of circular-overlapping to irregular elongate pits, which can form semi-

continuous troughs, usually without a significant raised rim. Most catenae on Mercury are aligned 

radially to large impacts and hence can be most readily interpreted as chains of secondary impacts. 

However, many orphan catenae exist and were investigated during the PhD of Emma Fegan who I co-

supervised (Figure 6.7a,b). On the Galilean satellites isolated catenae have been attributed to comet 

impacts, where the comet was tidally disrupted into a string of small impacting bodes just prior to 

collision (Melosh and Schenk, 1993). We surmised that this is a plausible explanation for catenae on 

Mercury which have a linear alignment but could not be associated with a primary impact site. Pit 

chains are found on the flanks of the martian volcanoes and are thought to be related to collapse 

above evacuated dikes (e.g., Mège, 2003), or a result of collapse in a purely tectonic (graben, or 

normal faults) context (e.g., Ferrill et al., 2011, 2004), or collapse of lava tubes (e.g., Sauro et al., 

2020). Extensional stresses are believed to explain the existence of orphan catenae on Ceres (Scully 

et al., 2017). We attributed catenae on Mercury that curved around craters or other features to be 

volcano-tectonic in origin, but without being able to conclude on the precise mechanism. 
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Figure 6.7: Example catenae and graben on lobate scarps. (a) Catena in the MESSENGER MDIS Global 

166m/pix mosaic. (b) Catena in MDIS WAC image EN1004216498M. (c) Graben (white arrow) on a 

lobate scarp in MDIS NAC image EN1014965470M. (c) Graben (white arrow) on a lobate scarp in 

MDIS NAC image EN1014447282M. 

Tectonic forces are a major geomorphic agent on Mercury, which is thought to have contracted by up 

to 7 km in diameter (0.1%) since its formation (Byrne et al., 2014). This global contraction manifests 

itself as lobate scarps and high relief ridges – surface folds located over a thrust fault tip. Wrinkle 

ridges are another common tectonic feature but are only thought to affect the volcanic plains which 

they deform. The estimate of the shortening represented by lobate scarps is the method by which 

global contraction is estimated and is therefore sensitive to the assumptions made about the 

geometry of these structures, including their dip-angle (Byrne et al., 2014; Watters, 2021). David 

Pegg, a PhD student I co-supervised at the Open University, discovered an example of a lobate scarp 

crossing a volcanic vent, meaning for the first time the 3D geometry of the fault under the lobate 

scarp could be directly measured (Pegg et al., 2021b). We found the dip angle to be 28° ± 5, 

consistent, but with the higher end for previous estimates favouring higher estimates for global 

contraction. Ben Man, another PhD student I co-supervise at the Open University, discovered the 

existence of small graben on the backs of lobate scarps (Figure 6.7c,d) and is currently mapping their 

global distribution. These small graben have little relief and are not superposed by craters meaning 
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that the host lobate scarp must have had geologically recent displacement, due to the rapid erasure 

of surface topography (Fassett et al., 2017), which somewhat contradicts models predicting slowing 

of global contraction towards the present day (Crane and Klimczak, 2017). 

5.7 Synthesis and outlook 
MESSENGER data have revealed a surprising geomorphological diversity on Mercury’s surface- in 

turn revealing a planet with an unsuspected active or recently active surface processes, as 

highlighted by the small sampling of the discoveries summarised in this chapter. The sparse low 

altitude MDIS images gave an enticing glimpse of what surprises may he revealed by the higher 

resolution images of the SIMBIO-SYS cameras aboard BepiColombo which will start collecting data in 

late 2025. SIMBIO-SYS comprises:  

 STC – Stereo Channel: global colour coverage of the surface in full stereo at 50-100 m/pixel 

resolution with four spectral channels (panchromatic (650) + 550, 700, 880 nm). 

 HRIC – High spatial Resolution Imaging Channel at 5 m/pixel covering ~10% of the surface, 

with the same four bands as STC. 

 VIHI – Visible Infrared Hyperspectral Imager Channel at 100-400 m/pix with a wavelength 

range of 400 – 2000 nm with possible extension to 2200 nm and a spectral sampling every 

6.25 nm). 

The discoveries and mapping performed by the students I supervise are being used as integral 

datasets in planning the acquisition of data by the science team of SIMBIO-SYS, specifically for the 

targeting of HRIC and high resolution VIHI images. My experience in martian exploration tells me that 

higher resolution images will reveal features that are as yet unsuspected on the surface of Mercury. 

Hence, in the coming decade I aim to continue to explore MESSENGER data to its full until 

BepiColombo arrives, when a new era of Mercury exploration will begin. 
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6 Synthesis and future work  

6.1 Synthesis 
Over the last 15 years l have sought to understand the workings of our planet and other worlds by 

studying their landscapes to deduce the processes that shape them.  

An issue that I have confronted during my research has been the issue of equifinality – the formation 

of similar landforms by different processes – an important confounding factor when trying to use 

landscapes to infer formation process. I initially started with the conviction that gullies on Mars were 

carved by liquid water, mainly because their 3D morphology resembles so closely debris flow systems 

on Earth (Conway et al., 2011b; Conway and Balme, 2016). However, recent monitoring shows 

martian gullies are active when the ground is too cold for liquid water (e.g. Dundas et al., 2019a) and 

our experiments with sublimation driven flows show that this process can resemble a wet debris flow 

(results in preparation for publication). Detailed examination of the topography and morphology of 

recent flows with collaborator Colin Dundas has revealed present-day flows can do sufficient 

geomorphic work to explain the development of whole gully-systems in reasonable timescales 

(Dundas et al., 2022). This realisation means that my future work on gullies will focus on sublimation 

driven processes and understanding how they do geomorphic work. I will seek to understand 

whether wet debris flows can be distinguished from gas-fluidised flow using remote sensing data 

alone. It still remains possible that liquid water was at the origin of the gully-landform, and CO2 

sublimation is only remodelling the landform today – a possibility that must be kept in the back of 

one’s mind. Equally it is intriguing and exciting to explore the possibility that a gas-supported flow 

could entirely produce landforms so similar to those created by wet debris flows on Earth. Are wet 

debris flows on Earth and CO2 sublimation driven flows on Mars truly equifinal? The fact that these 

flows are governed by different fundamental physics argues this should not be the case. On one hand 

water is an incompressible fluid, and on the other CO2 gas is compressible and being produced during 

the flow – this should result in distinct behaviours of the flows and in the resulting deposits. Granular 

flows are challenging to simulate numerically, and even more so when other phases are introduced 

and changes in phase, which require an inclusion of thermal exchange in the model. To date we have 

used single-rheology models to simulate flows observed in Martian gullies (de Haas et al., 2019). 

These models use friction parameters combined with empirical parameters, which describe the flow 

behaviour in sufficient detail to explain the observed run out lengths and pattern of erosion and 

deposition. However, these parameters are an abstraction allowing efficient calculation, and have 

limited physical meaning. It seems that in the short term numerical modelling of granular flows will 

not allow us to distinguish wet and gas-driven flows. A deeper knowledge of the driving physical 

processes, which in my opinion can only come from laboratory simulation, is a prerequisite for 

progress in this area – see next section for ideas on future work. 

Exploring the geomorphic work that can be done by gas-supported flows also contributes knowledge 

to the wider field of geophysical granular flows. An example is pyroclastic density currents which are 

challenging to study in situ, because of their extreme temperature and speed. A flow driven by 

sublimating particles could be used as an analogue for the gas production in pyroclastic density 

currents which lead to high pore pressures and velocities (e.g., Brosch et al., 2021). Equally, it is 

thought that phase changes are important during snow avalanches (e.g., Bartelt and Lehning, 2002). 

Hence, sublimation driven flows could be used as an analogue to gain insight into other geophysical 

granular flows. 

Considering now the landscape-scale influence of punctual gas-driven flows, one point of contention 

is the question of how such flows could result in tributary networks, which are generally 
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acknowledged to be the result of a distributed input (e.g. precipitation; Gulick et al., 2019). Water 

flowing over the landscape naturally flows and collects downslope, whereas single mass flows do not 

collect downslope. Shelef and Hilley (2016) found that discrete flows released stochastically with 

variable size could form tributary networks, as they collect downslope over long averaging 

timescales. Implementing such flows into a landscape evolution model could give insights into the 

size-frequency distribution required to construct fluvial-like tributary networks by gas-driven flows. 

Other landforms on Mars remain enigmatic and to me it seems most likely that periglacial landforms, 

such as solifluction lobes, and sorted patterned ground will prove to be the key evidence for liquid 

water – especially because we now know perchlorates are common on Mars and have substantial 

freezing point depression (Chevrier et al., 2009; Primm et al., 2017) favouring the formation of melt-

water. Such landforms probably only require thin films of liquid water to form episodically (Sizemore 

et al., 2015) and perhaps take many millennia to form. The processes underlying solifluction and 

sorted patterned ground are not completely understood on Earth and the influence of salts on these 

process is totally unknown. This is an area of fundamental research which would require 

considerable resources in order to explore these processes experimentally. There are challenges 

related to precise temperature control and measuring and characterising thin films of water in 

granular media. We cannot try to numerically model these processes, which would enable us to scale 

the process to Mars, until these basic experimental results have been obtained.  

In general, a better understanding of the deposition, migration and sublimation of ice that results in 

ice-related landforms is needed to unlock the potential for liquid water and also to better prepare for 

future robotic missions, such as Mars Ice Mapper. Such knowledge has important knock-on 

implications for future human exploration, because water ice is key to sustaining humans and 

generating the fuel needed to return to Earth. Identifying the locations of easily accessible clean ice 

at latitudes where astronauts would not be subject extreme environmental conditions (e.g. extremes 

of temperatures at the poles) was one of the motivations for the Mars Ice Mapper mission (Davis et 

al., 2021). 

My work to-date has highlighted the important role of debris covered glaciers on shaping the surface 

of Mars. In Conway et al. (2018a) we highlighted the potential for glacial erosion to have modified 

large portions of the martian mid-latitudes. However, we did not explore whether the amount of 

erosion varied with latitude, which is a key variable to understand the processes underlying the 

erosion. We might expect water production, that we posit drives the sub-glacial erosion, to be 

sensitive to average surface temperature, which varies systematically with latitude. We are preparing 

a paper for publication that reports on the discovery of the first vertical section into a debris covered 

glacier revealed by a gully-incision (Frances E. G. Butcher et al., 2020). Yet, the exact relation 

between gullies and debris covered glaciers remains ambiguous. In Conway et al. (2018a) we found 

that the glacial erosion was sufficient to erase any previously existing gullies. Gullies that erode into 

debris covered glaciers themselves make little impact on the underlying terrain meaning once the ice 

is removed then their signal would be lost. Hence gullying is only an effective landscape modifying 

process on slopes without ice deposits. Otherwise the morphology of the ice deposits dominate over 

that of the gullies over long time-scales. If gullies are indeed formed by CO2 sublimation processes 

and we also know that ground-ice modulates its deposition/condensation (Vincendon et al., 2010b), 

but we do not know how water ice modulates the action of this CO2 sublimation processes at the 

hillslope scale. Recent work by Khuller and Christensen (2021) revealed that new erosional scarps in 

the walls of gullies might be exposing heavily dust-contaminated ice. Such scarps could reveal ice 

that is relatively easy to access for human explorers compared to that buried in debris covered 

glaciers. 
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In summary, the integration of Mars’ glacial history with that of its gully-systems and other 

potentially periglacial landforms is an important area requiring further work to clarify the potential 

for liquid water associated with these landforms and also to better understand the ice distribution 

and its nature at the martian mid-latitudes. 

On Earth, I have sought to better understand hazard from mass movements in periglacial 

environments, which led to studying the role of ground ice in mass movements. In the current 

context of rising average global temperatures, understanding how ice-degradation leads to mass 

movements is of increasing importance. Periglacial terrains are often characterised by discontinuous 

permafrost and surface materials can show little or no surface indication that there is ground ice. 

Discontinuous permafrost environments are by definition at the limits of permafrost stability and are 

most sensitive to degradation. These characteristics make these terrains both challenging to study 

and at the same time an urgent area of research. This difficulty in detecting ground ice and its 

sometimes subtle action is illustrated by the debris flows I have investigated since my PhD in 

Ísafjörður in NW Iceland. We have realised that the debris flows that I initially studied during my PhD 

may be a result of the motion of a rock-glacier like mass of ice cemented sediment perched on a 

topographic bench – this provides a good explanation for the unusually high cadence of debris flows 

at this location. In compiling the global inventory of molard-hosting landslides for the PERMOLARDS 

project, we have realised that mass movements involving ground ice are more diverse than we 

initially expected. Further, techniques I have developed for use in studying gullies and landslides on 

planetary bodies, we are now using to study these terrestrial landslides. Hence, in my future work I 

aim to take this approach one step further and use planets as a test-bed for understanding terrestrial 

hazards – see the next section. The question of the precise mechanism(s) that trigger the landslides 

that generate molards has so far been left open in the PERMOLARDS project because of the difficulty 

in accessing the source areas of these landslides. This remains an important open question because it 

is this knowledge that permits the prediction of where and when future landslides could occur. The 

PERMOLARDS project is providing us with the necessary background knowledge on the types of 

terrain (lithology, soil, topographic setting) susceptible to such landslides, but only the most basic 

information on the state of the local cryosphere in these locations. The fact that portions of ground 

ice are mobilised by these mass movements and their often high water content is highly suggestive 

of the role of permafrost melting in the triggering and dynamics of these mass movements, but 

remains speculative. 

One of the aims of the PERMOLARDS project was to determine the longevity of the molards in the 

landscape with the aim of using paleo-molards as a marker of past permafrost and its degradation. 

The influence of glacial retreat on mass movements has been the topic of much research (see McColl, 

2012 and references therein) – it falls within the general envelope of paraglacial processes. According 

to Ballantyne (2002) paraglacial processes are those “directly conditioned by former glaciation and 

deglaciation”. The effect of retreating permafrost could be considered part of the paraglacial 

paradigm, and its effect on rockwalls in generating rock avalanches has been studied (e.g., Bottino et 

al., 2002; Deline, 2009), yet less so the degradation of ice-cemented ground to form debris 

avalanches. Our research during the PERMOLARDS project has revealed that landslides in Iceland 

have very diverse morphologies (Jónsson et al., 1957) compared to those located in other countries 

e.g. they often have multiple lobes/tongues, longitudinal ridges, levees and complex surface 

textures. The influence of the soil/rock conditions in creating these morphologies has not been 

explored in detail and could be a consequence of the paraglacial conditions in Iceland. Hence, 

studying these landslides may help us to better understand landslides on Mars, where the influence 

of liquid water is under much debate – see next section.  
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On Mercury, the work of the PhD students I have supervised has revealed a more diverse and 

recently active surface than could have been anticipated prior to the MESSENGER mission. From 

these discoveries that of the hillslope lineae (Section 6.4, Figure 6.4) reinforces the outcomes of my 

work on martian gullies – that of equifinality. Many of these downslope features could be explained 

by differential mass wasting of slope materials with different compositions resulting in different 

colours. Others are more intriguing: notable those with notable alcoves and lobes in Nathair facula 

and those on low slopes (e.g. Figure 6.4). No easy explanation can be found for these landforms 

without invoking additional fluidisation of the downslope movement, which on Mercury could be 

brought about by sudden volatile loss invoked previously for the formation of hollows (Section 6.2; 

Blewett et al., 2011). A liquid as a fluidising agent is extremely unlikely to explain the formation of 

these gully-like landforms on Mercury and my research on Mars (Section 3.7.4) has revealed gas 

supported flows can mimic attributes of liquid-supported flows. What exactly this volatile species is 

on Mercury and how it is lost (sublimation or another solar-wind driven mechanism) will probably 

have to await further data to be gathered by BepiColombo. The discovery of downslope lineae or 

gullies on Mercury opens up other landforms on other bodies for reinterpretation – for example the 

“gullies” on Vesta interpreted to be caused by transient liquid water (Scully et al., 2015) may be more 

likely explained by explosive sublimation of water ice. Downslope lineae have been reported on 

numerous other bodies (e.g., Phoebe - C. C. Porco et al., 2005; Ceres - Sam and Bhardwaj, 2022; 

Phobos - Shi et al., 2016) and the lineae on Mercury may form a template for their interpretation.  

In summary, the main science questions that have emerged and evolved from my ongoing work are: 

 What is the role of volatile loss in shaping planetary landscapes and how is that loss 

triggered/modulated? Sublimation is an important process on modern Mars, yet the limits of 

this process are poorly understood. Volatile loss could also be an important contributor to 

slope processes on other bodies, but has been largely overlooked. Equally melting ground ice 

can lead to catastrophic mass movements in places on Earth where permafrost was not 

suspected and requires more investigation.  

 Comparative planetology has been important in providing insight into surface processes on 

Mercury and on Mars, yet my experience in studying gullies on Mars has revealed that 

equifinality can be problematic. What are the limits of planetary comparison? Where does 

insight prevail over misunderstanding? Over what temporal and spatial timescales are 

comparisons useful and/or valid? How can we combat subjectivity (one person’s “looks-like” 

can be “completely different” to another person) using quantitative measures? Can 

planetary bodies be used to learn more about surface processes on Earth? 

6.2 Future work 
In the immediate future, I envision two projects as PI to further pursue my research in planetary 

geomorphology. The first is a project submitted to the French National Funding Agency (ANR) for the 

2021 call but was rejected after round 2 despite positive reviews and in 2022 did not pass round 1. 

The project acronym was “HowDryisMars” and work will continue on this topic without the support 

of the ANR at a slower cadence, while reapplying. Part of this project is being pushed forward by PhD 

student Lonneke Roelofs at Utrecht who I co-supervise with Tjalling de Haas funded by NWO. 

This project was entitled “How does dry ice sublimation modify gullies on Mars: can it mimic flowing 

water?” and would aim to shed light on landscape evolution on extra-terrestrial bodies caused by 

sublimation of ices. It is challenging to study the effects of sublimation on slope processes directly in 

the field on Earth as it is a marginal process. Yet, a better understanding of this process could lead to 

fundamental reinterpretations of extra-terrestrial landforms, such as gullies on Mars. We may be 
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mistakenly interpreting martian gullies as derived from liquid water, because processes driven by 

sublimation may be able to mimic flowing water, with a knock-on impact on our understanding of the 

planet’s recent habitability and potential resources available for future (human) exploration. More 

widely, understanding sublimation’s landscape signature will result in better planning of future 

observations on Mars and other Solar System bodies. The objectives would be to: 

● Define the processes underlying, and the limits of, sediment transport by CO2 ice sublimation in the 
laboratory. Including both limits of material properties and environmental parameters.  
● Make the first spatially resolved measurements of the volumes mobilised of recent slope 

movements in gullies on Mars using new photogrammetry methods developed in the consortium 
(Figure 7.1). Combined with observations of the timing, topographic/geologic setting and amount 
of CO2 and H2O ice present we aim to quantify the landscape impact of the sublimation-driven 
transport. 
● Bridge the gap in spatial and temporal scales and environment between the sediment motions 

observed in the laboratory and the observations on Mars using numerical modelling combining 
2.5D flow dynamics models with an advanced global climate model for Mars. 

 

Figure 7.1: Pilot work demonstrating the potential of photoclinometry techniques developed at IPAG 

(Douté and Jiang, 2020; Jiang et al., 2017) to make volume change measurements in gullies. (a) 

Gullies in Galap Crater on Mars with area of interest outlined. B) image before change, c) image after 

change, d) same as c with change outlined, e and f) hillshaded relief of the photoclinometry 
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reconstructed topography before and after the change, respectively and g) estimated height 

difference between the two reconstructions. Note that this method is still under development, so 

areas marked as erosion (brown) are artifacts that we aim to eliminate through better tuning the 

model to take into account the reflectance properties of the surface. 

The second project was submitted for an ERC consolidator grant in March 2021, its title is “Planetary 

Science informing hazard on Earth” (PSIHazE). It did not get to the second step. This project would 

use data and knowledge from planetary bodies to better understand gravitational mass movements 

on Earth. Events such as rockfalls or rock avalanches are stochastic and therefore rarely 

instrumented. Researchers instead rely on traces left by the event, such as deposits, or impact marks. 

On Earth these can rapidly be altered or removed by secondary processes e.g., rainfall, plant growth. 

On other planetary bodies surface process are much less active meaning that pristine morphologies 

related to gravitational mass movements are better preserved. This presents two advantages : i) 

pristine morphologies can he more readily studied and ii) many more examples can be studied as 

even morphologies related to ancient events are well-presumed. This project would focus on three 

processes where planetary data have the potential to unlock key insights: 

1. Rockfalls. Rockfalls that have occurred in recent decades on Mars and the Moon leave 

behind them bounce-marks and furrows in the substrate which are surrounded by albedo 

markings representing the fallout of the dust cloud ejected by the passage of the rock 

fragment(s) (Grindrod et al., 2021; Vijayan et al., 2021). These ejecta give information on the 

energy of the impacts (speed + direction). Such ejecta are visible during rockfalls on Earth, 

but are not preserved. Hence, the project would use lunar and Martian rockfall ejecta to 

improve models of rockfall propagation on Earth (Figure 7.2).  

2. Landslides. The project would use landslides on Mars with a similar size to those on Earth – 

although many are much bigger (McEwen, 1989; Quantin et al., 2004a). The project would to 

study both debris avalanches and rock avalanches, of which hundreds of examples exist in 

the relevant size-range (Crosta et al., 2018),  to improve our understanding of how such mass 

movements propagate over complex 3D surfaces, without the added complication of the 

involvement of water on Mars. This would be the first time so many landslides could be used, 

providing an excellent test for existing models. 

3. Pyroclastic density flows and potentially dry snow avalanches. For this workpackage we 

would take inspiration from studying sublimation-driven flows on Mars (Dundas et al., 

2019a) in order to perform laboratory experiments to understand gas supported flows on 

Earth. Pyroclastic flows are usually simulated in the laboratory by providing gas from a 

porous bed (because natural conditions are hard to reproduce, with temperatures generally 

exceeding 200°C). We would instead use sublimation which supplies gas from the particles 

involved in the flow as would be the case in nature. Our initial experiments in simulating 

flows in martian gullies have already revealed some key similarities with pyroclastic flows. 
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Figure 7.2: (a-c) Images captured from a video of a field-experiment involving a smart-rock (painted 

orange) from https://twitter.com/SLFDavos_RAMMS/status/1276515021913231360 showing the 

“splash” in panel c that is not preserved on Earth. (d) A rockfall path on Mars where downslope is down-

image showing the preserved splash marks. (e) A 3D view of a martian slope using a 1 m/pixel HiRISE 

DTM showing in blue the positions of splash marks on the slope – this project would map these in detail. 

The PERMOLARDS project concerned mass movements that mobilised ice-cemented sediments. 

Some of these mass movements were caused by the collapse of rock-glaciers (Milana, 2015). Since 

the start of this project in 2019 there has been a growing interest in mass movements triggered by 

the catastrophic detachment of glaciers (Kääb et al., 2021), particularly brought into focus by the 

Kolka event in 2002 in the Caucasus (Haeberli et al., 2004) and most recently the Chamoli slide in 

India that caused widespread destruction and loss of life (Shugar et al., 2021). These phenomena are 

linked by the involvement of the warming cryosphere in triggering these events. The precise 

mechanisms of detachment, however, remain unknown and we intend this to be the focus for a 

future project. This project would leverage the network of collaborators we have established during 

the PERMOLARDS project (~10 researchers from ~8 countries). We envisage an ERC Synergy Project 

or similar, where we would deploy networks of thermal monitoring stations to establish baseline 

data to do permafrost modelling (Magnin et al., 2015), geophysical investigation and 

geochemical/isotope analysis (Lacelle and Vasil’chuk, 2013) to study the types/origin/nature/age 

(e.g. lenses/intergranular) of the ground ice and permafrost in the source areas of molard-generating 

landslides and secondly infer the modes of ice detachment via analogue modelling.  

The discovery of widespread glacial erosion on Mars that I reported in Conway et al. (2018a), left 

many open questions, regarding the exact mechanism and duration of the erosional event. In future 

work, therefore, we plan to leverage CTX DTMs to enable the exploration of the erosion intensity 

with latitude evaluated along the walls of valleys and fossae which traverse different latitude bands, 

including Mamers, Dao, Harmakhis and Reull Valles, and fossae on Elysium and the Tharsis Montes. 

In addition, analysis of HiRISE DTMs will be performed in locations where evidence for glaciation is 

weak, yet disrupted bedrock is still present in order to evaluate the potential role of periglacial rather 

than glacial processes in bedrock breakdown. 

I am working closely with Giulia Magnarini (currently a postdoc at the Natural History Museum, 

London) to prepare a project concerning landslides in Iceland for submission to the European 

Research Council Marie Skłodowska-Curie Fellowhsip programme in September 2022. The project 

would date and characterise the morphology of landslides in Iceland that have longitudinal ridges. 

These ridges are found in martian landslides and have been linked to fluidisation by water (De Blasio, 

2011) or hydrated minerals (Watkins et al., 2015), because of their close resemblance to supraglacial 

https://twitter.com/SLFDavos_RAMMS/status/1276515021913231360
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landslides on Earth (Lucchitta, 1987). However, the landslides with these ridges in Iceland were 

paragalcial and not supraglacial in origin (Coquin et al., 2015; Feuillet et al., 2014; Mercier et al., 

2017). Hence, the origin of these longitudinal ridges in Iceland is unknown. It is possible that these 

landslides contained significant ice and there are reports of landslide bodies continuing to move 

post-emplacement similarly to rock glaciers (Owen et al., 2010). In fact many landslide deposits in 

Iceland have been interpreted by certain workers as rock glaciers (Lilleøren et al., 2013). However, 

periodic longitudinal ridges is not a deformation feature usually associated with rock glaciers, so even 

if these deposits were formed in this context the presence of longitudinal ridges remains enigmatic. 

The project would have important implications for understanding the dynamics of long runout 

landslides in general and specifcally whether glacial retreat is an important triggering factor – 

particularly important considering that most of Earth’s glaciers are currently retreating. 

 

Figure 7.3. Dust devil locations and CTX image coverage for all Mars Years at different seasons (denoted 

by Ls ranges) showing concentrations of large dust devils around 60° latitude, north and south. Effective 

diameter is estimated from the bounding box size and is subject to error. 

In terms of collaborative projects, I am involved in two machine learning based projects with Valentin 

Bickel (postdoc at ETH Zurich). The first has been accepted for funding by a NASA Mars Data Analysis 

Programme funding call 2022, led by Ingrid Daubar, entitled “Rockfalls on Mars - Indicators of 

Seismicity, Impacts, Volatiles, or Thermal Fatigue?”. It concerns the automatic detection of rockfall 

tracks with associated boulders in all HiRISE images (greatly expanding the inital work of Bickel et al., 

2020b), we will then analyse the data to determine the role of volatiles, seismicity, or other relevant 

triggers. The second project involves the detection of dust devil vortices in the global CTX dataset, 

where the detection and validation work has been done producing preliminary results (Figure 7.3), 

but the scientific analysis is ongoing (Conway et al., 2022). An undergrad intern in spring 2022 used 

the Zooniverse platform to make initial measurements on the detected dust devil dataset, including 

diameter, shadow-length, and relative opacity. Collaboration with Derek Jackson is completing this 

data collection with further undergard interns during summer 2022. This is the first global scale 

dataset spanning multiple Mars Years and we will compare the results on dust devil frequency, 

diameter, height and opacity with climatological parameters such as wind-speed, surface 
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temperature and atmospheric vorticity. Next steps include expanding the study to other imaging 

sensors, such as HRSC, THEMIS, HiRISE and CaSSIS, enabling a wide temporal and spatial-scale 

sampling as well as access to different times of day. Dust devils are important for understanding 

Mars’ current climate, specifically atmospheric dust loading, which plays a pivotal role in modulating 

atmospheric circulation. Dust loading can indirectly influence CO2 and H2O seasonal/diurnal ice 

distributions at the surface and their phase transitions. 

I will continue collaborating with members of the the CaSSIS and HiRISE science teams, including 

programming observations and joint observations between instruments. The science focusses 

include investigation of low latitude frost occurrences with Colin Dundas which is enabled by the 

colour channels of these instruments – (Figure 7.4). I will also continue to monitor gully locations, 

with the CaSSIS side driven by a PhD student Vidhya Rangarajan who I co-supervise with Livio 

Tornabene at Western University in Canada. Future monitoring will be driven by the sites mapped by 

my former engineer Axel Noblet (Noblet and Conway, 2022). Joint CaSSIS-HiRISE observations will 

continue to be focussed on active processes, such as defrosting features on dunes, gullies and 

spiders, icy scarps, RSL and isolated frost occurrences. These observations are exploratory to some 

degree, but have the common aim of understanding the diurnal influence on volatile-driven surface 

activity on Mars.  

For Mercury the arrival of BepiColombo has the potential to revolutionise our understanding of 

surface processes on planetary bodies. Even with relatively low-resolution images at 50-100 m/pix 

we have been able to reveal kilometre scale features, such as spur and gully morphology and slope 

lineae, which were not expected prior to NASA’s MESSENGER mission. The geological mapping using 

MESSENGER data in which I have been involved is on track to finish before BepiColombo starts 

imaging the surface and the whole surface will therefore have been scoured for any unusual 

remaining surface features at this resolution. I anticipate this strand of my research will have a short 

quiescent period until a critical mass of public data have been acquired and released by the 

BepiColombo team (~2027). 
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Figure 7.4: Low latitude frost patches (black arrows) visible in the pole-facing shadows as bluish 

coloration in the COLOR IRB products of HiRISE stretched linearly to “see into” the shadowed portions. 

ESP_035820_1710 at 9°S and Ls=104°, ESP_026682_1700 at 10°S and Ls=93°, ESP_027038_1710 at 

9°S and Ls=105°, ESP_027170_1700 at 10°S and Ls 110°, PSP_008907_1710 at 9°S and Ls=88°. 
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