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Water Ice at Mid Latitudes on Mars 

Frances E. G. Butcher1 

1Department of Geography, The University of Sheffield, Winter Street, Sheffield, S10 2TN 

Summary 

Mars’ mid latitudes, corresponding approximately to the 30–60° latitude bands in both 

hemispheres, host abundant water ice in the subsurface. Ice is unstable with respect to 

sublimation at Mars’ surface beyond the polar regions, but can be preserved in the subsurface 

at mid-to-high latitudes beneath a centimetres-to-metres-thick covering of lithic material. In 

Mars’ mid latitudes, water ice is present as pore ice between grains of the martian soil (termed 

‘regolith’), and as deposits of excess ice exceeding the pore volume of the regolith. Excess ice 

is present as lenses within the regolith, as extensive layers tens to hundreds of metres thick, 

and as debris-covered glaciers with evidence of past flow. Subsurface water ice on Mars has 

been inferred indirectly using numerous techniques including numerical modelling, 

observations of surface geomorphology, and thermal, spectral, and ground-penetrating radar 

analyses. Ice exposures have also been imaged directly by orbital and landed missions to Mars. 

Shallow pore ice can be explained by the diffusion and freezing of atmospheric water vapour 

into the regolith. The majority of known excess ice deposits in Mars’ mid latitudes are, 

however, better explained by deposition from the atmosphere (e.g., via snowfall) under climatic 

conditions different from the present day. They are thought to have been emplaced within the 

last few million to 1 billion years, during large-scale mobilisation of Mars’ water inventory 

between the poles, equator and mid-latitude regions under cyclical climate changes. Thus, 

water ice deposits in Mars’ mid latitudes probably host a rich record of geologically-recent 

climate changes on Mars. Mid-latitude ice deposits are leading candidate targets for in situ 

resource utilisation of water ice by future human missions to Mars, which may be able to 



sample the deposits to access such climate records. In situ water resources will be required for 

rocket fuel production, surface operations, and life support systems. Thus, it is essential that 

the nature and distribution of mid-latitude ice deposits on Mars are characterised in detail. 
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Introduction 

Mars is an icy planet. Its polar ice caps were studied by 17th–20th century observers using 

ground-based telescopes (e.g., Herschel, 1784). Advancements in Mars observation (including 

the first flybys, orbital missions, and landings) during the second half of the 20th century 

revealed that Mars’ middle and high latitude regions also host water ice (Figure 1) in the 

subsurface, potentially in volumes equivalent to a global layer of water several metres deep 

(e.g., Head et al., 2003; Levy et al., 2014). 

In the present day, perennial water ice cannot exist at the surface equatorward of Mars’ polar 

regions. This is because, for a significant portion of the martian year, surface temperatures 

exceed the sublimation point of water ice under Mars’ low atmospheric pressure (~6 mbar on 

average). Above the sublimation point, ice transitions straight to a gas without passing through 

the liquid phase. Therefore, any seasonal water ice frost that accumulates at the surface in 

winter sublimates back into the atmosphere in spring. However, a centimetres-to-metres-thick 

covering of lithic material (dependent on latitude and local surface properties) can inhibit 

sublimation sufficiently to allow perennial stability of ice in the subsurface. The focus of this 

article is on subsurface water ice in Mars’ mid-latitude regions, corresponding approximately 

to the regions between ~30–60° latitude in the northern and southern hemispheres. 



 

Figure 1: Examples of some of the non-polar ice deposits that will be discussed in this article. 

(A) Phoenix Lander image of subsurface water ice in a ~15 cm-wide trench, which it excavated 

at ~68°N. After Mellon et al. 2009. (B) Orbital image of subsurface water ice exhumed by a 

small, fresh impact crater at ~46°N, identified by Byrne et al. (2009). High Resolution Imaging 

Science Experiment (HiRISE) false colour image ESP_011494_2265. (C) Orbital image of a 

scarp identified by Dundas et al. (2018), exposing a hundred-metre-thick layer of buried water 

ice at 58.1°S. HiRISE false colour image ESP_040772_1215. (D) Orbital image of a ‘glacier-

like form’ thought to have formed by the flow of debris-covered glacial ice at 38°S. After 

Milliken et al. (2003). Mars Orbiter Camera image M1800897. 

Image credits: F. Butcher with data from: (A) NASA/JPL/University of Arizona/Texas A&M 

University. (B) and (C) NASA/JPL/University of Arizona. (D) NASA/JPL/Malin Space Science 

Systems. MOC image: Malin, K. S. Edgett, S. D. Davis, M. A. Caplinger, E. Jensen, K. D. 

Supulver, J. Sandoval, L. Posiolova, and R. Zimdar, M1800897, Malin Space Science Systems 



Mars Orbiter Camera Image Gallery (http://www.msss.com/moc_gallery/), Release date: 4 

April 2001 

Water ice exists in the subsurface in Mars’ mid latitudes as pore ice between regolith grains, 

and as segregated deposits of relatively pure excess ice. Excess ice exists as: lenses within the 

martian soil (e.g., Figure 1A); thicker, more extensive layers up to hundreds of metres thick 

(e.g., Figure 1C); and as debris-covered glaciers with evidence for past flow (e.g., Figure 1D). 

These ice deposits are thought to have been emplaced at various times within the last 1 billion 

years, recording large-scale mobilisation and redistribution of Mars' water inventory in 

response to relatively recent, cyclical climate changes. 

Motivations for Study 

Mars research has long been motivated by the search for water and its implications for 

palaeoclimate and habitability. The prediction and subsequent discovery of widespread 

subsurface water ice during the second half of the 20th century was, therefore, intriguing. Much 

interest in Mars’ mid-latitude ice deposits has been on their distribution, the nature and 

environmental drivers of their deposition and evolution; the volume of ice they contain; and 

their implications for the availability of water earlier in Mars’ history. Mars’ known mid-

latitude ice deposits are thought to have been emplaced as a result of cyclical climate changes 

during Mars’ most recent geologic period: the ‘Amazonian’. These climate changes are thought 

to have occurred long after the main period of water activity on Mars (the Noachian 

period, >3.7 billion years ago), generating features with modelled ages ranging from 

<1 million, to hundreds of millions of years. Therefore, it is likely that Mars’ mid-latitude ice 

deposits contain records which could be used to reconstruct complex variations in 

palaeoenvironmental conditions in Mars’ recent geologic history. 



Subsurface ice deposits are protected from the harsh radiation environment at Mars’ surface, 

and landforms associated with them have raised the question of whether they have ever 

produced meltwater, which is considered essential for life. Therefore, mid-latitude ice deposits 

are also of interest in the search for recently-habitable environments on Mars (e.g., Cabrol, 

2021). 

Water ice deposits in Mars’ mid latitudes are also prime targets for in situ resource utilisation 

by future crewed missions to the surface of Mars (e.g., Morgan et al., 2021; Putzig et al., 

Submitted). Human missions to Mars will require in situ water resources for vital systems, 

including rocket fuel production. While the polar caps contain abundant water ice, they are 

unlikely to provide suitable landing sites for early crewed missions. Greater insolation and less 

extreme environmental conditions at Mars’ mid latitudes have made these regions more 

favourable for crewed exploration than the martian poles. 

Evolution of Studies 

Early Hypotheses of Mid-Latitude Water Ice on Mars 

Early suggestions that Mars’ non-polar regions host buried ice emerged from attempts to 

explain light and dark areas observed on Mars’ surface from ground-based telescopes (e.g., 

Baumann, 1909; Lederberg & Sagan, 1962). Vegetation was thought to be one viable 

explanation for these features, and ground ice was considered as a potential source of water to 

sustain it (Lederberg & Sagan, 1962; Salisbury, 1966; Strughold, 1967). However, data 

returned during the Mariner program (e.g. Leighton et al., 1965, 1969; McCauley et al., 1972; 

Sagan et al., 1972), which included the first flyby of Mars by Mariner 4 in 1965 (Leighton et 

al., 1965; Kliore et al., 1965), demonstrated that Mars hosts a harsh, barren surface 

environment, and that inorganic processes provided better explanations for the light and dark 



areas (e.g., Sagan et al., 1972). This negated the requirement for non-polar water ice to sustain 

vegetation, but the distribution of ices on Mars remained a topic of significant interest. 

Theoretical Predictions of Ground Ice after the 1965 Mariner 4 Flyby of Mars 

Enduring theories on the nature and distribution of water ice in Mars’ mid latitudes emerged 

following the first flyby of Mars by NASA’s Mariner 4 spacecraft. Mariner 4 observations of 

Mars’ atmosphere (Kliore et al., 1965) suggested that, at mid-to-high latitudes, water vapour 

in the atmosphere would tend to diffuse into the pore space within the martian soil (termed 

‘regolith’) and freeze as ground ice (Leighton & Murray, 1966). Based on thermal modelling, 

Leighton and Murray (1966) predicted the presence of perennial ground ice in areas where the 

annual mean vapour pressure in the subsurface was in equilibrium with the atmosphere, 

corresponding to regions poleward of 40–50°N/S. Leighton and Murray (1966) predicted that 

the top of a perennial ice table was in the very shallow subsurface at high latitudes, deepening 

to 1–2 m depth towards the mid latitudes. At shallower depths above the perennial ice table, 

later described as the ‘tempofrost’ zone by Farmer and Doms (1979), ice would be unstable 

with respect to the atmosphere (at least seasonally), and any seasonal ice deposited during the 

winter (e.g. as frost) would be lost to the atmosphere by sublimation during the warmer seasons. 

At lower latitudes, ice would be unstable at depth unless vapour diffusion to the atmosphere 

was inhibited by overlying materials. Several refinements to the modelled depth, nature, and 

distribution of mid-latitude ice (and its spatiotemporal variations) were made in the decades 

following the Leighton and Murray model (e.g., Fanale, 1976; Farmer & Doms, 1979; 

Rossbacher & Judson, 1981; Fanale et al., 1986; Mellon & Jakosky, 1993; Mellon et al., 2004). 

However, the fundamental theory has remained broadly similar. Figure 2 shows a schematic 

representation of this concept.  



 

Figure 2: Schematic of the theoretical latitude distribution of present-day ice reservoirs on 

Mars. The horizontal dashed lines (right) mark changes in vertical scale. Dotted lines delimit 

zones of seasonal ice stability. Note that water ice comprises a minor component of seasonal 

surface frosts, which are predominantly CO2 ice. An example of relict ice that has been 

preserved due to isolation from the atmosphere is shown; such relict ice deposits exist in both 

hemispheres. This illustration represents a supply-limited scenario, where subsurface ice does 

not extend down to the melting point isotherm. 

Image Credit: Redrawn and modified by F. Butcher from Butcher (2019). 

Theoretical Predictions of Ground Ice after the Viking Program 

Mariner-era (and many Viking-era) numerical models of Mars’ subsurface ground ice 

distribution focussed primarily upon latitudinal variations in the depth to the top of the ice 

table. They typically assumed uniform regolith properties across Mars’ surface, and that the 

dominant process of ice emplacement was by vapour diffusion from the atmosphere (Leighton 

& Murray, 1966; Fanale, 1976; Farmer & Doms, 1979; Rossbacher & Judson, 1981; Fanale et 

al., 1986). 

The subsequent generation of models, facilitated by more detailed observations from the 

Viking program, scrutinised the mid-latitude ground ice distribution in more dimensions. For 



example, Mellon and Jakosky (1993) predicted 20–30° variations in the latitudinal boundary 

of near-surface ice stability resulting from longitudinal variations in the thermal inertia and 

albedo of the regolith. The top of the ice table deepened and the boundary of the stable zone 

moved to higher latitudes within high thermal inertia/low albedo ice-free materials (Mellon & 

Jakosky, 1995; see also Paige, 1992). 

Viking-era thermal models highlighted that water vapour from the atmosphere may only supply 

ground ice to depths of ~10 m, where geothermal heating from the planet’s interior begins to 

dominate over annual temperature fluctuations at the surface (e.g., Clifford & Hillel, 1983; 

Clifford, 1991; Mellon & Jakosky, 1993). Water vapour at greater depths would tend to diffuse 

upwards towards the surface along the geothermal gradient, thus inhibiting thickening of an ice 

layer derived directly from diffusion from the atmosphere. This did not, however, mean that 

ice was absent at greater depth. Mechanisms proposed for the emplacement of ice beyond the 

shallow zone of vapour diffusion from the atmosphere included: (1) freezing of groundwater 

sourced from depth (Clifford, 1991; Mellon & Jakosky, 1993), and/or (2) the deep burial of 

surface ice deposits (e.g., Mellon & Jakosky, 1993). 

Another dimension to explore was that of time. How long would it take for vapour diffusion to 

emplace and remove near-surface ground ice, beyond depths influenced by seasonal 

temperature variations? How could deposits (whether emplaced by vapour diffusion or other 

mechanisms) be affected by cyclical climate changes induced by variations in Mars’ obliquity 

(its axial tilt) and the eccentricity of its orbit (i.e., how elliptical the orbit is) over the last few 

million years? Mellon and Jakosky (1995) adapted their earlier model (Mellon & Jakosky, 

1993) to include insolation variations driven by a model varying planetary obliquity and 

eccentricity. They found that obliquity, which they modelled to have varied between 15° and 

35° during ~100 kyr cycles, exerted the most significant control on variations in near-surface 

ground ice distribution. During periods of high modelled obliquity, vapour diffusion from the 



atmosphere generated stable ground ice deposits at all latitudes. In contrast, during periods of 

low modelled obliquity, ice was removed from the upper 1–2 m of the subsurface equatorward 

of 60–70° latitude (Mellon & Jakosky, 1995). Notably, however, deeper deposits in the mid 

latitudes survived through low obliquity intervals. Thus, the model demonstrated a long-term 

accumulation of shallow ground ice in the mid latitudes, and that ice could survive in these 

regions in the present day as relicts of a past climatic regime. At more equatorial latitudes 

<30°N/S, all ice deposited during a given high-obliquity excursion was removed during the 

subsequent low-obliquity episode, and the regolith became desiccated (Mellon & Jakosky, 

1995). 

Observations of Ice-Related Landforms by the Mariner and Viking Missions 

The data returned from the Mariner missions to Mars, and later the Viking orbiters and Viking 

2 lander (Mutch et al., 1977; Snyder, 1979), provided hints that subsurface water ice is indeed 

present in Mars’ mid latitudes, and has played a significant role in the modification of the 

landscape. 

‘Terrain Softening’ by Mantling Deposits. 

In a planet-wide survey using Mariner 9 images, Soderblom et al. (1973) tentatively identified 

latitude-dependent blankets of material (termed ‘mantle’) which draped terrain poleward of 

~30° in each hemisphere. They suggested that these deposits comprised debris transported by 

wind from the polar regions. The involvement of ice was later suggested on the basis of Viking 

orbiter images (Carr & Schaber, 1977; Squyres & Carr, 1986). A global survey conducted by 

Squyres and Carr (1986) revealed that, in places, the deposits appeared to have convex slopes, 

rather than the concave slopes that would be expected by windblown deposits draping 

topography. They argued that the deformation of ice derived from atmospheric vapour 

diffusion into the deposits offered a better explanation. Data from the late 1990s onwards, 

however, suggests that ice in these latitude-dependent mantling deposits was derived from 



climatically-driven cycles of dust and snow deposition in Mars’ mid-to-high latitudes, rather 

than vapour diffusion into near-surface layers (e.g., Head et al., 2003). 

Ice-Rich Viscous Flow Features 

Another notable early observation from Mariner 9 images was of deposits within broad, steep-

sided valleys in Mars’ northern mid latitudes (Sharp, 1973). More extensive, higher-resolution 

(decametre-scale) imaging by the Viking orbiters (Figure 3) revealed that these features were 

deposits with lineated surface morphologies suggestive of ice-assisted flow of materials along 

valley floors and away from steep slopes (Squyres, 1978, 1979). The observed features had 

lengths of tens of kilometres and thicknesses of hundreds of metres, and occurred within ~25°-

wide latitude bands centred around 40°N and 45°S (Squyres, 1978, 1979; Squyres & Carr, 

1986). The latitudinal pattern of their distribution suggested some climatic control on the 

supply of ice. Where these deposits filled valleys, they were named ‘lineated valley fill’ (Figure 

3A); where they extended from the base of isolated hills and mesas, they were named ‘lobate 

debris aprons’ (Figure 3B–C); and where they infilled impact craters, they were named 

‘concentric crater fill’ (Figure 3D; Squyres, 1978, 1979).  



 

Figure 3: Viking Orbiter Images of Ice-Rich Viscous Flow Features. Illumination from left 

in all images. (A) Lineated valley fill at ~33.6°N. Viking orbiter image 84A73. (B) Lobate 

debris aprons extending from a flat-topped mesa at ~45°N. Faint flowlines are visible on the 

surfaces of the features. Viking orbiter image 58B55. (C) Lobate debris aprons extending 

radially from isolated mesas at ~44°N. Viking orbiter image 675B42. (D) Concentric crater 

fill filling an impact crater at 41.5°N, and hosting concentric flowlines on its surface. The black 

dots are not real surface features. Viking orbiter image 10B70. 

Image credit: F. Butcher, with data from NASA/JPL. 

Most Mariner and Viking-era studies suggested that these viscous flow features comprised bulk 

debris derived from adjacent hillslopes, and <50% (perhaps 10–30%) ice content by volume in 

between clasts (Sharp, 1973; Carr & Schaber, 1977; Squyres, 1978, 1979; Rossbacher & 

Judson, 1981). Multiple formation mechanisms involving ice-assisted flow were proposed, 



including creep of ground ice (Sharp, 1973), ice-rich landslides (Lucchitta, 1984), ice-assisted 

debris flows (Rossbacher & Judson, 1981; Kochel & Peake, 1984), and rock glaciers (Squyres, 

1978, 1979; Squyres & Carr, 1986). Data from early 21st century missions has called into 

question the debris content of these features, suggesting instead that they are debris-covered 

glaciers comprising bulk water ice covered by a thin (<10 m) layer of surficial debris (e.g., 

Head et al., 2005; Holt et al., 2008; Plaut et al., 2009; Petersen et al., 2018). 

Scalloped Depressions interpreted as Thermokarst Terrain 

Thermokarst terrain comprises surface depressions formed by the loss of segregated subsurface 

ice. Segregated (or ‘excess’) ice exceeds the pore space of the regolith (i.e. comprising >50% 

of its volume), and cannot be explained by vapour diffusion from the atmosphere alone. The 

formation of excess ice requires either migration of water through the substrate, or deposition 

by precipitation and subsequent burial. The existence of thermokarst terrain in Mars’ mid 

latitudes was postulated on the basis of Mariner 9 images (e.g., Gatto & Anderson, 1975). 

While the thermokarst hypothesis did not endure for these specific features, more convincing 

thermokarst terrains were later identified from Viking orbiter images of kilometre-scale 

scalloped depressions (e.g., Figure 4) in Utopia and Acidalia Planitiae (Costard & Kargel, 

1995). This suggested that massive ice existed in the shallow subsurface. 



 

Figure 4: Scalloped Depressions in Utopia Planitia. These features (located at ~45.5°N) were 

interpreted by Costard and Kargel (1995) as thermokarst terrain formed by loss of excess ice 

in the subsurface. Viking orbiter image 466B96. 

Image credit: F. Butcher, with data from NASA/JPL. 

Polygonal Patterned Ground 

The NASA Viking 2 lander, which touched down in Utopia Planitia (~48°N) in 1976 (Figure 

5), was the first lander to operate successfully within the zone of predicted subsurface ice 

stability. The earlier Soviet Mars 3 lander failed seconds after landing in the mid latitudes 

(45°S) in 1971. The Viking 2 lander imaged networks of trough-bounded polygonal landforms 

(<10 m wide; Figure 5) on the surface, which were interpreted as either cracks formed by the 

desiccation of formerly water-saturated materials, or thermal contraction within frozen ground 

(Mutch et al., 1977). Excavations to depths of ~15 cm by the lander did not reach the predicted 



depth to the perennial ice table (~24cm; Mellon et al., 2004; Byrne et al., 2009), and indeed no 

perennial ice was found. 

 

Figure 5: Polygonal trough networks observed by the Viking 2 lander. (A) Lander 

photomosaic of a trough (yellow arrows). (B) Schematic map of troughs observed around the 

lander. Yellow star approximates the location of the star in panel A. (C) High Resolution 

Imaging Science Experiment (HiRISE) image of the Viking 2 lander (red dotted circle) taken 

in 2006, showing traces of polygonal landforms observed from orbit at 25 cm/pixel resolution. 

Image Credit: (A) F. Butcher, with data from NASA/JPL/University of Arizona. (B) Redrawn 

by F. Butcher from Mutch et al. (1977). (C) F. Butcher, with data from NASA/JPL/University 

of Arizona. 

Numerous large-scale polygonal (50 m–10 km wide) landforms were also identified from 

Viking orbiter images (e.g., Carr & Schaber, 1977; Lucchitta, 1981). However, it was 

recognised that their large scales (up to two orders of magnitude larger than thermal contraction 

polygons formed in ice-rich terrains on Earth) called into question whether they could be 

attributed to the presence of ice (Carr & Schaber, 1977; Pechmann, 1980; Seibert & Kargel, 

2001). 



New Insights from Mars Global Surveyor 

The arrival of Mars Global Surveyor (MGS) in Mars’ orbit in 1997 drove significant leaps in 

our understanding of Mars’ surface and its topography. The Mars Orbiter Camera (MOC) 

instrument (Malin & Edgett, 2001) provided high-resolution (~2–12 m/pixel) images of the 

surface (albeit with limited coverage), revealing a suite of small-scale landforms (Figure 6) 

which provided strong support for the presence of near-surface ice in Mars’ mid-to-high 

latitudes (e.g., Mustard et al., 2001; Seibert & Kargel, 2001; Milliken et al., 2003; Mangold et 

al., 2004). In addition, the Mars Orbiter Laser Altimeter (MOLA) instrument (Smith et al., 

2001) provided the first high-precision global view of Mars’ topography. 

 

Figure 6: Small-scale landforms identified in MOC images and interpreted as being related 

to the presence of ice. Illumination from left in all images. (A) Pitted and degraded mantling 

deposits which drape circular mounds at ~43.3°S. MOC image FHA01450. (B) Small-scale 

polygonal landforms on scalloped depressions interpreted as thermokarst in Utopia Planitia 

(~45°N). MOC image M0305694. (C) Gullies incising smooth mantling deposits on a crater 

wall at ~43°S. MOC image M1900651. (D) Viscous flow feature extending down a crater wall 

at ~38°S. MOC image M1800897. 



Image credit: F. Butcher, with data from NASA/JPL/Malin Space Science Systems. MOC 

images from M. C. Malin, K. S. Edgett, S. D. Davis, M. A. Caplinger, E. Jensen, K. D. Supulver, 

J. Sandoval, L. Posiolova, and R. Zimdar, (A) FHA01450, (B) M0305694, (C) M1900651, and 

(D) M1800897, Malin Space Science Systems Mars Orbiter Camera Image Gallery 

(http://www.msss.com/moc_gallery/), Release dates: (A) and (B) 22 May 2000, (C) 8 October 

2001, (D) 4 April 2001. 

Mantling Deposits and Terrain Softening 

Using MOC images, Mustard et al. (2001) described a decametre-thick mantle of young 

material, which draped and muted underlying topography and exhibited evidence of an ice-rich 

composition and latitude-dependent (interpreted as climate-controlled) degradation at latitudes 

between 25–60° (Figure 6A). This was broadly consistent with the distribution of mantling 

deposits identified in earlier Mariner and Viking images (Soderblom et al., 1973; Carr & 

Schaber, 1977; Squyres & Carr, 1986). Analyses of MOLA topography confirmed the ‘terrain 

softening’ effect of the mantling unit (Kreslavsky & Head, 2000) that was proposed by Squyres 

and Carr (1986). Mustard et al. (2001) initially suggested that the mantling deposit comprised 

young deposits of airfall dust that was subsequently cemented by ground ice emplaced by 

vapour diffusion. Head et al. (2003) later argued that the combined results of the Mars Global 

Surveyor and Mars Odyssey missions (see ‘Into the 21st Century’) supported formation of the 

mantling deposits by cyclical deposition of excess ice via airfall during periods of high 

planetary obliquity within the last 2 Myr. 

Polygonal Patterned Ground, Scalloped Depressions, and Gullies 

MOC images also revealed small-scale (10s metres wide) polygonal terrain (Figure 6B) similar 

to the trough-bounded polygons previously imaged by the Viking 2 lander (Figure 5). The 

polygons were interpreted as having formed by thermal contraction of ice-rich ground (Seibert 

& Kargel, 2001; Mangold et al., 2004). Seibert and Kargel (2001) highlighted a high 



concentration of small-scale polygons in Utopia Planitia, including within the scalloped 

depressions (Figure 6B) interpreted as thermokarst terrains from earlier Viking orbiter images 

(Figure 4; Costard & Kargel, 1995). This added support for the involvement of ground ice in 

the formation of both landforms. A global survey of MOC images by Mangold et al. (2004) 

demonstrated a latitudinal control on the distribution of polygonal terrains, which occurred at 

latitudes poleward of 55°N/S. The involvement of liquid water in the formation of polygonal 

terrains on Mars became a topic of prolonged discussion (see e.g., Levy, Marchant, et al., 

2010). The existence of ice-wedge polygons (which form by the migration of meltwater to 

polygon margins) has been proposed in some locations, including in early analyses of the 

Viking 2 landing site (Mutch et al., 1977), but more extensive subsequent investigations 

suggest the infilling of polygon margins by sand wedges was probably the dominant process 

over large regions (e.g., Levy, Head, et al., 2010). 

Another intriguing type of landform revealed in MOC images was young (less than a few 

million years old), kilometre-scale gullies on steep slopes such as crater walls (Figure 6C; 

Malin & Edgett, 2000). Gullies comprise an erosional alcove, a transportation channel, and a 

depositional fan. Malin and Edgett (2000) initially proposed that gullies on Mars were carved 

by liquid water discharged from perched groundwater aquifers. However, subsequent MOC-

era studies (Christensen, 2003; Milliken et al., 2003) noted that they are commonly associated 

with (and often carve into) ice-rich mantling materials similar to those identified by Mustard 

et al. (2001). This led to the inference that geologically-recent melting of ice within the 

mantling deposits supplied liquid water for gully formation (Christensen, 2003; Milliken et al., 

2003). The discovery of gullies sparked a decades-long debate over the involvement of water 

in their formation. Could gully-forming flows of liquid water exist on recent Mars (e.g., 

Knauth, 2000; Hecht, 2002), or could gullies be explained by other mechanisms relating to 

carbon dioxide processes (e.g., mass wasting triggered by carbon dioxide phase changes which 



do not occur naturally on Earth; e.g., Musselwhite et al., 2001; Hoffman, 2002)? If water was 

required, what were its potential sources (e.g., Malin & Edgett, 2000; Costard et al., 2002; 

Christensen, 2003; Milliken et al., 2003)? This debate has not been completely resolved. 

Ongoing mass movement activity has been observed within gullies (e.g., Reiss and Jaumann, 

2003; Malin et al., 2006), leading to suggestions that liquid water is not essential, at least for 

their contemporary evolution (e.g., Diniega et al., 2010; Dundas et al., 2010). It is possible that 

multiple mechanisms (including those involving water ice and carbon dioxide ice) have 

influenced gully evolution as climate conditions have varied over time. The reader is directed 

to Conway et al. (2018) for a comprehensive review. 

Ice-Rich Viscous Flow Features 

In a global survey of MOC images, Milliken et al. (2003) identified kilometre-scale landforms 

termed ‘viscous flow features’ (Figure 6D) within ice-rich materials similar to those described 

by Mustard et al. (2001). These features, which host surface lineations suggestive of flow, are 

bounded at their downslope ends by arcuate ridges of deformed material, occur exclusively 

within Mars’ mid latitudes (between 30–60°N/S), and are most common at ~40°N/S. Milliken 

et al. (2003) suggested that the latitude-dependence of these flows resulted from temperature-

dependence of ice-assisted creep, which prevented similar flow of ice-rich materials at colder, 

higher latitudes (Milliken et al., 2003). Independent analyses of topographic concavity by 

Kreslavsky and Head (2002) identified a distinctive band of concave topography in the ~30–

60°N/S latitude band, which they interpreted as having been generated by the flow of ice-rich 

materials. 

Milliken at al. (2003) suggested that the small viscous flow features could be small-scale end-

members of the larger lineated valley fills, lobate debris aprons, and concentric crater fills 

identified in earlier Mariner and Viking orbiter images (Figure 3). They argued that the small-

scale viscous flows might have originated as ice-rich deposits which accumulated by the 



cyclical deposition of ice and dust layers by airfall (i.e. as dusty snow deposits), during recent 

episodes of high planetary obliquity. 

Several workers also returned to analyses of the larger scale lineated valley fills, concentric 

crater fills and lobate debris aprons (Figure 3) using Mars Global Surveyor data. However, 

these studies seemed unable to resolve the debate over the origins of these features and the 

original ice content required to form them. While Colaprete and Jakosky (1998) argued that 

they originated with high ice contents (up to 80% by volume), most studies supported a debris-

rich composition derived from mass wasting processes (e.g., Mangold & Allemand, 2001; Mest 

& Crown, 2001; Mangold et al., 2002; Pierce & Crown, 2003), perhaps with ice contents as 

low as ~30% by volume (Mangold et al., 2002). 

Into the 21st Century 

The arrivals of NASA’s Mars Odyssey (orbital entry: 2001), ESA’s Mars Express (orbital 

entry: 2003), NASA’s Mars Reconnaissance Orbiter (orbital entry: 2006), and NASA’s 

Phoenix lander (which touched down at 68°N in 2008) drove significant advances in our 

understanding of water ice in Mars’ mid latitudes.  

Improvements in the resolution and coverage of orbital imaging of Mars’ surface (e.g., near 

global 6 m/pixel coverage from the Context Camera (CTX; Malin et al., 2007), and 25 cm/pixel 

coverage of smaller areas with the High Resolution Imaging Science Experiment (HiRISE; 

McEwen et al., 2007) instruments, both onboard NASA’s Mars Reconnaissance Orbiter) have 

enabled more detailed estimations of the ages mid-latitude ice deposits. The ages of planetary 

surfaces can be modelled based on statistics of the number and size of impact craters within a 

given area (e.g., Hartmann & Neukum, 2001; Ivanov, 2001; Hartmann, 2005). Dating of young 

ice deposits on Mars is affected by significant uncertainties (e.g., Hartmann, 2005; Michael et 



al., 2012; Warner et al., 2015), but it is possible to obtain first-order estimates of their relative 

ages and minimum absolute ages. 

Subsurface Ice at Depths Shallower than 1 m 

The distribution of shallow (<1 m depth) ice identified on Mars is in general agreement with 

early theoretical predictions (e.g., Leighton & Murray, 1966). The Gamma Ray Spectrometer 

(GRS; Boynton et al., 2004) suite on board NASA’s Mars Odyssey and the Fine Resolution 

Neutron Detector (FREND; Mitrofanov et al., 2018) on ESA-Roscosmos ExoMars Trace Gas 

Orbiter (orbital entry: 2016) detected neutrons released from hydrogen atoms in Mars’ 

subsurface following excitement by cosmic rays. These detections were used to generate maps 

(with spatial resolutions of several tens to hundreds of kilometres) of water-equivalent 

hydrogen (ice) content in the upper 1 m of Mars’ subsurface (e.g., Figure 7). The maps suggest 

that excess ice (>50% up to 100% by volume) is present within 1 m of the surface poleward of 

~50°N/S, extending down to ~45° latitude in the Arcadia Planitia and Promethei Terra regions 

of the northern and southern hemispheres, respectively (Boynton et al., 2002; Feldman et al., 

2004; Kuzmin et al., 2004; Mitrofanov et al., 2004; Feldman et al., 2011; Pathare et al., 2018; 

Malakhov et al., 2020). The distribution of polygonal landforms (e.g., Figure 5 and 6B), which 

are interpreted as thermal contraction polygons formed in ice-rich ground, agrees well with the 

latitudinal boundary of shallow ice detections (Mangold et al., 2004). 



 

Figure 7: Map of Subsurface Ice at Depths <1 m from Mars Odyssey Neutron Spectrometer. 

Colours represent the weight percentage of subsurface ice, where values >25 likely represent 

excess ice exceeding the pore space of the regolith (the boundary of which is indicated by the 

dotted line). Plotted with data from Deconvolved {N=16} Solution Wdn values in Table S1 of 

Pathare et al. 2018. 

Image Credit: F. Butcher, with data from Pathare et al. (2018). 

Independent shallow ice maps generated from thermal analyses using various orbital 

spectrometer instruments broadly agree with the GRS and FREND maps (Bandfield & 

Feldman, 2008; Bandfield, 2007; Piqueux et al., 2019). In a higher (10s of kilometres) 

resolution map generated from the Mars Climate Sounder  spectrometer (McCleese et al., 2007) 

onboard Mars Reconnaissance Orbiter, Piqueux et al. (2019) noted an additional detection of 

shallow ice extending down to a latitude of ~35°N in the Deuteronilus-Protonilus Mensae 

region which did not appear in earlier, lower-resolution maps. The presence of discontinuous 



near-surface ice at latitudes as low as ~24°N/S was predicted by Aharonson and Schorghorfer 

(2006), whose thermal modelling suggested that metre-scale topographic roughness could 

permit the stability of near-surface ice deep into the mid latitudes. Spectral observations of 

seasonal carbon dioxide frost deposition in the southern hemisphere also support the presence 

of subsurface water ice towards the low mid-latitudes (Vincendon et al., 2010). Vincendon et 

al. (2010) observed that seasonal CO2 frosts do not extend as far towards the equator as might 

be expected in the absence of near-surface water ice. 

NASA’s Phoenix lander, which touched down at ~68°N in 2008, provided the first direct 

imaging of subsurface ice beyond Mars’ polar regions (Figure 8; Mellon et al., 2009; Smith et 

al., 2009). Phoenix excavated ground ice (Figure 8A) in terrain hosting thermal contraction 

polygons (Figure 8B), at an average depth of ~4.6 cm (Mellon et al., 2009; Smith et al., 2009). 

While 90% of the ice excavated by the lander was pore-filling ice, ~10% was present in 

segregated lenses of excess ice which could not be explained by vapour diffusion from the 

atmosphere alone (Mellon et al., 2009). A 10% excess ice composition was, however, lower 

than the predominantly excess ice composition predicted in the Mars Odyssey GRS maps 

(Figure 7). 



 

Figure 8: Evidence for Ground Ice at the Phoenix Landing Site at ~68°N. (A) A trench 

(~15 cm wide) excavated by the Phoenix Lander revealing excess ice centimetres beneath the 

surface. (B) A view across the landscape from the Phoenix landing site, showing extensive 

polygonal trough networks interpreted as thermal contraction cracks. 

Image credit: NASA/JPL-Caltech/University of Arizona/Texas A&M University/F. Butcher 

Pathare et al. (2018) reanalysed the Mars Odyssey GRS data, this time modelling ice contents 

based on a 3-layer model of the upper 1 m of the subsurface (in contrast to simpler 2-layer 

models used to generate earlier maps). Pathare et al. (2018) suggested that the orbital detections 

for the Phoenix landing site could be explained by the presence of a thin desiccated surface 

layer (confirmed by the lander) which overlies a layer of predominantly pore-filling ice (also 

confirmed by the lander), which overlies a layer of pure excess ice at a depth of 19.2 cm. The 

depth to the pure ice layer in the updated GRS analyses is 0.9 cm deeper than the maximum 

depth excavated by the Phoenix lander (Mellon et al., 2009), and could explain why the it 

encountered predominantly pore-filling ice (Pathare et al., 2018). 



High-resolution (25 cm/pixel) orbital images from the HiRISE camera provide independent 

confirmation that excess ice is indeed abundant in the upper metre or so of the subsurface in 

Mars’ mid latitudes (Byrne et al., 2009; Dundas et al., 2014, 2021). Small (typically 1–25 m 

diameter) fresh impact craters (which penetrate up to ~2 m into the subsurface, depending on 

the size of the impact) exhumed bright ice deposits (Figure 9) in regions >~40°N/S (Byrne et 

al., 2009; Dundas et al., 2014, 2021). Repeat imaging demonstrated that, as expected, the ice 

sublimated away within a few months (Byrne et al., 2009). 

 

Figure 9: Excess ice exposed by small, fresh impacts in Mars’ mid latitudes. Illumination 

from left in both panels (A) A small, fresh impact crater identified by Byrne et al. (2009), which 

has exhumed bright ice in terrain hosting thermal contraction polygons at ~46°N. HiRISE false 

colour image ESP_011494_2265. (B) A small, fresh, ice-exposing impact crater identified by 

Dundas et al. (2021). The impact crater is on the surface of a lineated valley fill-type viscous 

flow feature at ~41°N. The impact has exhumed large blocks of high purity ice, which could be 

derived from buried glacial ice. HiRISE false colour image ESP_046707_2220. 

Image Credit: NASA/JPL/University of Arizona/F. Butcher 



Subsurface Ice beyond ~1 m Depth 

There is also abundant evidence for the presence of subsurface ice beyond ~1 m depth in Mars’ 

mid latitudes. Identified deposits are predominantly within the upper tens to hundred metres of 

the subsurface. Deeper ice deposits might be present (derived, for example, from burial of 

surface deposits or freezing of deep groundwater), but signatures of such deep deposits remain 

elusive to (or out of reach of) existing techniques (e.g., Clifford et al., 2010). 

Global reflectivity maps from the Mars Advanced Sounder for Ionosphere and Subsurface 

Sounding (MARSIS; Picardi et al., 2004) on board ESA’s Mars Express, which characterise 

the dielectric properties of the upper tens of metres of Mars subsurface, suggest that this layer 

hosts 50–100% water ice by volume at latitudes >40°N/S (Mouginot et al., 2010). 

Subsurface returns detected by the Mars Reconnaissance Orbiter Shallow Radar (SHARAD; 

Seu et al., 2007) instrument have also been used to infer decametre-thick buried layers of 

subsurface ice in the plains of Arcadia Planitia (Bramson et al., 2015) and Utopia Planitia 

(Stuurman et al., 2016). However, independent analyses of the strengths of SHARAD radar 

echo signals with different frequencies have also been used to suggest that high-ice-purity 

materials might be restricted to a relatively shallow layer in these regions (Campbell & Morgan, 

2018; see also Morgan et al., 2021). Despite this, the radar detections do coincide with 

numerous observations suggestive of the presence of a significant volume of subsurface ice. 

The radar detections in Utopia Planitia coincide with scalloped depressions such as those 

identified in Viking and MOC images (Figure 4 and 6B; Costard & Kargel, 1995; Seibert & 

Kargel, 2001). The radar detections in Arcadia Planitia coincide with a regional maxima in 

Mars Odyssey near-surface (<1 m) ice detections (e.g., Pathare et al., 2018), and unusual crater 

morphologies including ‘expanded’ impact craters interpreted to have been modified by 

sublimation thermokarst processes (Viola et al., 2015), and craters with terraced interior 

morphologies interpreted as having formed by the penetration of an impactor into a subsurface 



layer hosting excess ice (Bramson et al., 2015; Martellato et al., 2020). Age determinations 

from impact crater counting suggest that subsurface ice in Arcadia Planitia could be tens of 

millions of years old (Viola et al., 2015). 

Scalloped depressions and expanded impact craters have also been identified in other mid-

latitude regions, including in the southern hemisphere (e.g., Morgenstern et al., 2007; Lefort et 

al., 2009, 2010; Zanetti et al., 2010; Viola & McEwen, 2018). They are most widely attributed 

to the decay of excess subsurface ice by insolation-driven sublimation (e.g., Morgenstern et al., 

2007; Lefort et al., 2009; Séjourné et al., 2011; Dundas et al., 2015), although melting of ground 

ice has also been proposed as a formation mechanism (e.g., Soare et al., 2008). 

Latitude-Dependent Mantle 

The latitude-dependent mantle (LDM) is a young ice-rich deposit in Mars’ mid-to-high 

latitudes (Figure 10). It drapes terrain (Figure 10A) with near-continuous coverage at 

latitudes >55°N, and becomes thinner, more degraded and discontinuous towards the mid-

latitude boundaries of its distribution (~30°N and 25°S; Mustard et al., 2001; Head et al., 2003). 

Here, it is preferentially preserved on cooler pole-facing slopes and crater walls (Christensen, 

2003; Schorghofer & Aharonson, 2005; Conway & Mangold, 2013). Kreslavsky and Head 

(2002) estimated that the LDM covers ~23% of Mars’ surface. Deposit thicknesses measured 

using HiRISE images (and ~1 m/pixel resolution 3D elevation models generated from them) 

of natural incisions through the LDM (Figure 10B–C) demonstrate that it reaches tens of 

metres, up to ~100 m in thickness (e.g., Conway & Balme, 2014; Dundas et al., 2018, 2021). 



 

Figure 10: The latitude-dependent mantle (LDM). Illumination from left in all panels. (A) 

Layers identified by Head et al. (2003) in the margins of discontinuous LDM deposits at 35.1°S, 

which drape topography including impact craters. CTX image 

P08_003992_1469_XN_33S174W. (B) False colour HiRISE image looking into a hundred-

metre-high scarp identified by Dundas et al. (2018) at 58.1°S. The scarp exposes thick, bright, 

high-purity ice deposits in the LDM. HiRISE image ESP_040772_1215. (C) A gully incising 

into LDM at 32.9°S. The inset shows bright materials within the gully alcove, which are 

interpreted by Khuller and Christensen (2021) as exposed water ice. HiRISE image 

ESP_013067_1470. 



Image Credit: F. Butcher, with data from: (A) NASA/JPL-Caltech/Malin Space Science 

Systems, (B) and (C) NASA/JPL/University of Arizona 

Ice Content of the Latitude-Dependent Mantle 

As suggested by Milliken et al. (2003), there is evidence that the LDM hosts a substantial 

volume fraction of water ice in excess of that which can be expected from vapour diffusion 

from the atmosphere alone, suggesting instead that it was deposited via airfall. 

The surface of the LDM hosts extensive fields of small-scale polygons similar to those 

observed at the Viking 2 and Phoenix landing sites (Figure 5 and 8; Mutch et al., 1977;. Mellon 

et al., 2009), which are widely interpreted as thermal contraction cracks formed in buried ice 

or ice-cemented materials (e.g., Mutch et al., 1977; Seibert & Kargel, 2001; Mellon et al., 2009; 

Smith et al., 2009; Levy, Head, Marchant, et al., 2009; Levy, Marchant, et al., 2010). 

Striking (albeit spatially-restricted) visual evidence for a bulk ice composition comes from 

exposed cliffs with heights of up to ~100 m within mid-latitude mantling deposits (Figure 10B), 

which are actively retreating due to ice sublimation from the cliff faces (Dundas et al., 2018, 

2021; Harish et al., 2020). In some locations, the cliffs expose thick, bright materials that are 

spectrally consistent with high-purity ice (Dundas et al., 2018, 2021). The locations of ice-

exposing scarps are, however, concentrated around the southern rim of the Hellas basin and 

within Arcadia Planitia, and may not be typical of wider LDM materials (Dundas et al., 2021). 

Smaller exposures of bright materials interpreted as dusty water ice have also been identified 

in the alcoves of gullies (Figure 10C) incised into polygonised LDM deposits at latitudes down 

to ~33°S (Khuller & Christensen, 2021). 

The LDM becomes increasingly dissected, hummocky and pitted towards the mid-latitude 

boundary of its distribution (Figure 6A), which likely reflect the degradation of its ice content 

by sublimation towards warmer latitudes (e.g., Mustard et al., 2001; Head et al., 2003). 



Estimates of the ice content of the LDM suggest that it hosts the equivalent of a global layer of 

water ~2.5 m deep (Head et al., 2003; Levy, Marchant, et al., 2010). 

Age of the Latitude-Dependent Mantle 

Modelled ages derived from impact crater size-frequency statistics suggest that most of the 

latitude-dependent mantle was emplaced since 2 Myr ago (Kostama et al., 2006; Levy, Head, 

& Marchant, 2009a; Schon et al., 2012). Layering observed in the margins of LDM deposits 

(Figure 10A) suggests that it was emplaced in multiple episodes (Head et al., 2003; Schon et 

al., 2009). The modelled ages become younger towards higher latitudes, being 1–2 Myr at ~30–

50°N/S, hundreds of thousands of years in the mid-to-high latitudes, and <100 kyr approaching 

the polar regions (Kostama et al., 2006; Levy, Head, & Marchant, 2009a; Schon et al., 2012). 

Ice-Rich Viscous Flow Features 

The term viscous flow feature is used to refer to both the large lobate debris aprons (Figure 

11A), lineated valley fills (Figure 11A–B), and concentric crater fills (Figure 11C) first 

identified in Mariner and Viking orbiter images (Figure 3; Sharp, 1973; Squyres, 1978, 1979), 

and the smaller flow features (Figure 6) identified in MOC images by Milliken et al. (2003). 

The small-scale viscous flow features (Figure 11D) were termed ‘glacier-like flows’ by 

Arfstrom and Hartmann (2005), and later renamed as ‘glacier-like forms’ by Hubbard et al. 

(2011). In many locations these features merge into one-another in various configurations 

(Figure 11A), forming integrated, composite flows (Head et al., 2006). Towards the higher mid 

latitudes, their surfaces are superposed by younger latitude-dependent mantle deposits (e.g., 

Mangold, 2003; Levy, Head, & Marchant, 2009b; Baker & Carter, 2019a). 



 

Figure 11: Context Camera image mosaics of Viscous flow features in and around 

Protonilus Mensae. (A) A complex of lobate debris aprons (the same features shown in earlier 

Viking orbiter images in Figure 3B) extending from a flat-topped mesa. The lobate debris 

apron towards the top of the image is fed from the east by a lineated valley fill. The southern 

slopes of the mesa host kilometre-scale alcoves containing glacier-like forms (black box shows 

extent of panel D). (B) Lineated valley fill. (C) Concentric crater fill. (D) Two glacier-like 

forms.  



Image Credit: F. Butcher, with data from NASA/JPL-Caltech/Malin Space Science Systems 

Glacier-like forms (Figure 11D) are the smallest end-member of VFFs. They are typically 

located in high-relief areas, originating from kilometre-scale bedrock alcoves, and extending 

up to ~10 km downslope before terminating at raised arcuate ridges which bound their termini 

(Souness et al., 2012). The arcuate ridges are morphologically similar to terminal moraine 

ridges on Earth, which comprise lithic material transported by the flow of glacial ice (Arfstrom 

& Hartmann, 2005; Milliken et al., 2003; Souness et al., 2012). 

Lineated valley fills (Figure 11B) are larger valley-confined features with lengths of up to 

hundreds of kilometres and widths of tens of kilometres. Their surfaces host extensive valley-

parallel lineations and features similar to medial moraines on Earth (which transport bands of 

debris down-flow in valley-parallel ridges). Where lineated valley fills reach the outlets of their 

host valleys, they commonly transition into lobate debris apron-type viscous flow features 

(Figure 11A).  

Lobate debris aprons (Figure 11A) have lengths of tens of kilometres and are often wider than 

they are long. They are typically hundreds of metres thick, and are similar to piedmont glaciers 

on Earth, which spread out over flat plains due to a lack of topographic confinement. Lobate 

debris aprons often originate at steep headwalls and extend over flat plains, commonly forming 

radial complexes around isolated hills and mesas. 

Concentric crater fills (Figure 11C) cover the floors of mid-latitude impact craters (e.g., Levy, 

Head, et al., 2010). They typically have concentric ridges and troughs on their surfaces. Where 

they attain sufficient thickness to fill the depth of the host crater, they often flow out via 

topographic lows in the host crater rim, and can merge with other viscous flow feature subtypes. 

In the lower mid latitudes, viscous flow features within impact craters often do not fill the entire 

floor of their host craters, and instead are more similar to lobate debris aprons extending part 



way across crater floors (often from their pole-facing walls; e.g., Dickson et al., 2012; Levy, 

Head, et al., 2010). 

Global-scale and regional-scale mapping efforts, have revealed the detailed distributions of 

each of these features (Figure 12; e.g., Souness et al., 2012; Dickson et al., 2012; Levy et al., 

2014; Berman et al., 2021). Viscous flow features are concentrated in the mid-latitude regions, 

between ~25–60°N/S. Concentric crater fills are almost ubiquitous within these regions, but 

the other three subtypes are concentrated in regions such as Deuteronilus Mensae, Phlegra 

Montes, Tempe Terra, Promethei Terra, Charitum Montes, and Nereidum Montes (Figure 12).  

 

Figure 12: The distribution of mid-latitude viscous flow features on Mars. Glacier-like forms 

were mapped by Souness et al. (2012), and larger lineated valley fills, lobate debris aprons, 

and concentric crater fills were mapped by Levy et al. (2014). Additional, assorted Viscous 

Flow Features were mapped by Berman et al. (2021) in Nereidum Montes. The basemap is 

MOLA shaded relief overlain by a Viking Orbiter Colourised Mosaic. 



Image credit: F. Butcher, with data from Souness et al. 2012, Levy et al. 2014, Berman et al. 

2021,NASA, and USGS. 

Ice Content of Viscous Flow Features 

Images returned from the High Resolution Stereo Camera (HRSC; Neukum et al., 2004; 

Jaumann et al., 2007) on board ESA’s Mars Express, which provided more extensive coverage 

than earlier MOC images (albeit at lower resolutions of >10 m/pixel), prompted Head et al. 

(2005) to challenge earlier hypotheses that viscous flow features were debris rich. They argued 

that such extensive flows could not be accounted for by mass-wasting from adjacent hillslopes 

as the dominant source of material (Head et al., 2003). Further analyses of the features have 

revealed surface structures that are strikingly similar to flow-related structures on glaciers on 

Earth (including flow deformation patterns, crevasses and moraine ridges comprising debris 

emplaced by the flow of glacial ice e.g.; Head et al., 2006, 2010; Hubbard et al., 2011). 

Ground-penetrating radar observations from SHARAD provide strong support for the debris-

covered glacier model. Subsurface reflectors interpreted as the beds of lobate debris apron-type 

features have been used to infer dielectric properties consistent with bulk water ice 

compositions in several locations (Holt et al., 2008; Plaut et al., 2009; Petersen et al., 2018; 

Gallagher et al., 2021). Instrument constraints mean that SHARAD has not been able to provide 

insight on the subsurface properties of smaller (kilometre-scale) or crater/valley-confined 

viscous flow features. However, the morphological and distributional similarities between 

viscous flow feature subtypes (e.g., Souness et al., 2012; Levy et al., 2014), and the fact that 

they commonly flow into one-another (Figure 11A; e.g., Head et al., 2006), suggests that they 

have similar origins. SHARAD has also been unable to detect the interface between the 

supraglacial debris cover and the underlying massive ice, leading to the inference that this 

interface is shallower than the minimum depth (~10–20 m) that the instrument can resolve 

(Holt et al., 2008; Plaut et al., 2009; Petersen et al., 2018; Gallagher et al., 2021). Blocks of 



high purity ice (Figure 9B) exhumed by fresh impacts into the surfaces of lineated valley fill 

(Dundas et al., 2021) and lobate debris aprons (Byrne et al., 2009) could have been derived 

from the top of the glacial ice, at depths of ~1–2 m. 

Volume estimates for viscous flow features on Mars suggest that, in the present day, they could 

host ice in volumes equivalent to a global layer of liquid water ~2.6 m deep (Levy et al., 2014; 

Brough et al., 2019). However, there is evidence that viscous flow features have thinned and 

retreated somewhat from thicker, more extensive deposits in the past (e.g., Dickson et al., 2010; 

Hauber et al., 2008; Hubbard et al., 2011; Dickson et al., 2012; Souness & Hubbard, 2013; 

Brough et al., 2016; Hepburn et al., 2020). Some workers suggest that viscous flow features 

are the much-receded remnants of kilometre-thick ice sheets that formerly inundated 

topography before retreating into confined valleys and craters (e.g., Dickson et al., 2008, 2010; 

Fastook & Head, 2014; Baker & Head, 2015; Baker & Carter, 2019a). A lack of widespread, 

landscape-scale evidence for melting strongly suggests that the majority of ice loss has been 

by sublimation. However, rare landforms such as fresh, shallow valleys on and around viscous 

flow features (Fassett et al., 2010; Hobley et al., 2014), and candidate eskers (ridges of sediment 

deposited by meltwater flowing through tunnels beneath glacial ice; Gallagher & Balme, 2015; 

Butcher et al., 2017, 2020, 2021) have been posited as evidence for rare, localised melting in a 

handful of locations. The larger viscous flow features have convex topographic profiles (e.g., 

Pierce & Crown, 2003) suggesting that they retain substantial cores of glacial ice in the present 

day. Many of the smaller glacier-like forms have more concave topographic profiles and may 

have lost a substantial proportion of their original ice content (e.g., Milliken et al., 2003; 

Hubbard et al., 2011; Brough et al., 2016). Glacier-like forms may be more sensitive to climatic 

changes than the larger viscous flow feature subtypes due to their small initial volumes and 

steep topographic settings (Brough et al., 2016). 



Ages of Viscous Flow Features 

Stratigraphic relationships and age estimations from impact crater size-frequency statistics both 

demonstrate that viscous flow features are older than the latitude-dependent mantle (e.g., Levy, 

Head, & Marchant, 2009b; Baker & Carter, 2019a). However, modelled ages still place the 

formation of viscous flow features in Mars’ relatively recent geologic history. Modelled ages 

for the lobate debris aprons, lineated valley fills and concentric crater fills range between 

hundreds of millions and 1 billion years (e.g., Levy et al., 2007; Levy, Head, et al., 2010; Baker 

& Head, 2015; Gallagher & Balme, 2015; Butcher et al., 2017; Baker & Carter, 2019b). In 

some locations, glacier-like forms superpose larger viscous flow features rather than merging 

continuously into them (Brough et al., 2015; Hepburn et al., 2020), and have correspondingly 

younger modelled ages (clustering around 2–20 and 45–65 Myr; Hepburn et al., 2020; see also: 

Arfstrom & Hartmann, 2005; Hartmann et al., 2014; Hepburn et al., 2020). This suggests that 

Mars has experienced multiple phases of glaciation within the last 1 billion years and that ice 

has been preserved through multiple cycles (e.g., Brough et al., 2015; Hepburn et al., 2020). 

Emplacement of Mid-Latitude Ice Deposits 

It is widely agreed that, in general, the thick subsurface ice deposits identified in Mars’ mid 

latitudes were probably deposited by precipitation (e.g., as snow), with vapour diffusion 

emplacing only shallow pore-ice deposits to shallow depths (e.g., Head et al., 2003; Milliken 

et al., 2003; Head et al., 2005; Holt et al., 2008; Bramson et al., 2015; Dundas et al., 2021). 

The dominant control on the mobilisation and redistribution of ice on Mars over time has been 

its axial tilt (obliquity), which has undergone much higher-magnitude variations (between 15 

and 45° in the recent past; Laskar & Robutel, 1993; Touma & Wisdom, 1993; Laskar et al., 

2004) than Earth (~±1.3°; Laskar et al., 1993). Mars’ orbital parameters are best constrained 

back to 20 Myr ago (Laskar et al., 2004) and are illustrated in Figure 13. 



Figure 13: Variations in Mars’ Obliquity back to 20 Million Years Ago.  

Image Credit: Redrawn by F. Butcher from Laskar et al. 2004 

General circulation models have simulated the redistribution of ice on Mars under different 

orbital parameters (e.g., Mischna et al., 2003; Forget et al., 2006; Levrard et al., 2007; 

Madeleine et al., 2009). At current obliquity, surface ice is stable in the polar regions (Levrard 

et al., 2007). However, it becomes destabilised under warmer temperatures at obliquities ~>30° 

(Levrard et al., 2007). At intermediate obliquities (~35°), ice is preferentially stable in the mid 

latitudes (e.g., Mischna et al., 2003; Levrard et al., 2004, 2007; Madeleine et al., 2009), and at 

high obliquities (~45°), it is preferentially stable in the equatorial regions (Mischna et al., 2003; 

Levrard et al., 2004; Forget et al., 2006). Modelling by Madeleine et al. (2009) demonstrates 

foci of mid-latitude ice deposition at ~35° obliquity in regions broadly coincident with 

observational evidence for excess subsurface ice. Modelled foci of equatorial ice deposition at 

45° obliquity (Forget et al., 2006) coincide with features interpreted as relicts of past glaciers 

on the flanks of the large equatorial volcanoes (e.g., Head et al., 2005; Shean et al., 2005, 2007; 

Kadish et al., 2008). 



Between ~5 and 20 Myr ago, Mars’ average obliquity was ~35°, varying between ~25 and 45° 

in ~120 kyr cycles (Figure 13). This likely permitted the long-term accumulation of ice in 

Mars’ mid latitudes, with periodic remobilisation to equatorial and high latitudes. 

Between ~5 Myr and ~400 kyr ago, Mars’ average obliquity was ~25° (Figure 13). This likely 

drove the long-term accumulation of Mars’ present polar caps at the expense of non-polar ice 

reservoirs (Levrard et al., 2007). Approximately 30 cyclic excursions to intermediate obliquity 

punctuated this period and may have permitted short episodes of ice accumulation in the mid-

to-high latitudes (e.g., Head et al., 2003; Levrard et al., 2004, 2007). The relative quiescence 

of Mars’ obliquity, at around 25°, since ~400 kyr ago (Figure 13) is thought to have permitted 

steady accumulation of ice at the polar caps and a particularly prolonged period of ice loss from 

the mid latitudes (Levrard et al., 2007; Smith et al., 2016). 

While Mars’ precise obliquity history is not well constrained beyond 20 Myr ago, the modelled 

ages and stratigraphy of mid-latitude ice deposits are broadly consistent with theoretical 

predictions. Based on a qualitative assessment of the youthful age of latitude-dependent mantle 

deposits, Head et al. (2003) proposed that they formed within the last few million years, with 

peaks of accumulation during excursions towards intermediate (~35°) obliquity, and a period 

of desiccation and degradation since ~400 kyr ago. This is in agreement with modelled ages of 

~1–2 Myr for the mid-latitude portion of the LDM (e.g., Levy, Head, & Marchant, 2009b; 

Schon et al., 2012). The cyclic nature of deposition is consistent with observations of layering 

within the LDM. As suggested by early studies (e.g., Mellon & Jakosky, 1995), layers of 

subsurface ice could be preserved through low-obliquity episodes beneath protective lags of 

dust (e.g., Mellon and Jakosky, 1995; Head et al., 2003; Schon et al., 2009). 

The older modelled ages of mid-latitude viscous flow features, on the order of hundreds of 

millions to 1 billion years, are consistent with their formation prior to the shift in Mars’ average 



obliquity ~5 Myr ago (Figure 13). While the precise obliquity solutions prior to 20 Myr ago 

are not known, statistically, the most likely obliquity over Mars’ geologic history is ~40° 

(Laskar et al., 2004). This suggests that conditions similar to the 5–20 Myr period might have 

been more common throughout Mars history than those that have prevailed since 5 Myr ago. 

Indeed, mid-latitude glaciation on Mars might be a more typical state than polar glaciation. 

Joining the Dots: Integrated Mapping of Ice Deposits and Potential for In Situ 

Resource Utilisation 

It has long been recognised that water ice deposits in Mars’ mid latitudes have potential as in 

situ resources for applications including rocket fuel production and life support systems for 

future crewed missions to the martian surface (e.g., Ramohalli et al., 1987; Paige, 1992; Mellon 

& Jakosky, 1993; Hoffman et al., 2017). Viscous flow features (putative debris-covered 

glaciers) in Mars’ northern mid latitudes have been identified as prime targets among mid-

latitude ice deposits (e.g., Hoffman et al., 2017; Baker & Carter, 2019a). 

Morgan et al. (2021) noted that individual studies through the late 20th century and first two 

decades of the 21st century had focussed on specific areas or regions, on specific features, 

and/or on a limited range of datasets and techniques. Recognising the potential for a more 

integrated approach in planning for in situ resource utilisation, Morgan et al. (2021) and Putzig 

et al. (Submitted) began to join the dots. They combined datasets with suitable coverage for 

global-scale analyses, to produce an integrated subsurface water ice map (the ‘SWIM’ map) of 

Mars for areas <60°latitude and <1 km elevation (Figure 14). Areas above 1 km elevation are 

not included in the map because they are deemed as currently inaccessible to spacecraft which 

require aerobraking during descent through the atmosphere. The SWIM map describes the 

consistency of a range of techniques (neutron detections, thermal analyses, geomorphic 

mapping, and radar analyses of the surface and subsurface) with the presence of subsurface ice 



in a given location. It broadly confirms the findings of earlier studies, and identifies the 

Deuteronilus Mensae, Arcadia Planitia, and Phlegra Montes regions of the northern hemisphere 

as particularly promising areas for in situ resource utilisation (Morgan et al., 2021). 

 

Figure 14: The SWIM 2.0 Combined Ice Consistency Map for latitudes <60° and 

elevations >1 km. The colour scale is based on ‘Combined Ice Consistency’ (Ci) values 

0.2≤Ci≤1 in the SWIM 2.0 combined ice consistency map from Putzig et al. (Submitted). See 

also Morgan et al. (2021). The basemap is a shaded relief map from MOLA topography. 

Image Credit: F. Butcher, with data from swim.psi.edu (last updated 24/02/2021). 

Conclusions and Future Directions 

Mars’ mid latitudes host water ice in several forms, including as: shallow pore ice emplaced 

by vapour diffusion from the atmosphere; lenses of excess ice in the soil; extensive, thick buried 

layers of excess ice (perhaps with admixed dust); and high-purity debris-covered glaciers. 

Collectively, these deposits host ice in volumes equivalent to a global layer of water several 

metres thick. The majority of known subsurface ice deposits in Mars’ mid latitudes are within 



hundreds of metres of the present surface. Pore ice within the upper metres can be explained 

by vapour diffusion processes, but known excess ice deposits (which attain thicknesses of 

hundreds of metres in places) were likely derived from atmospheric precipitation of snow 

during cyclical excursions of Mars’ obliquity up to ~35°, and subsequently buried by dust and 

debris. Deeper ice deposits (perhaps to depths of kilometres) might be present on Mars, 

including ice emplaced by freezing of deep groundwater within the regolith (e.g., Clifford et 

al., 2010). However, existing techniques are not well suited to the detection of such deposits. 

A majority of the instruments deployed to study Mars’ surface and subsurface during the 

second half of the 20th century and the first two decades of the 21st century were optimised for 

sensing to depths of less than ~1 m. Thus, the nature and distribution of ground ice at depths 

shallower than 1 m has been characterised by a variety of techniques. However, many of these 

techniques provide indirect observations, generalise near-surface properties over scales of 

kilometres to hundreds of kilometres, and/or require some assumptions to constrain ice 

properties. Constraints on the specific depth, configuration, and nature of near-surface ice in 

specific localities are limited to small (metres-wide) sites explored by the Phoenix lander (and 

to a lesser degree the Viking 2 lander), and happenstance excavations of substantial (i.e. larger 

than 25 cm) ice deposits, for example by small, fresh impact craters observed in the highest-

resolution orbital images. Inferences about localised properties of near-surface ice elsewhere 

remain highly dependent upon numerical modelling and the interpretation of the metre-scale 

geomorphology of the surface using orbital images. 

Studies of subsurface deposits to depths of hundreds of metres rely on a narrower range of 

datasets: orbital ground-penetrating radar and observations of the possible geomorphic and 

topographic signatures of these deposits at the surface. Nonetheless, abundant evidence has 

been found for extensive accumulations of thick, high-purity water ice buried to depths >1 m 

in Mars’ mid latitudes, including direct imaging of natural exposures at a handful of locations. 



The types of deep mid-latitude ice deposits identified to date can be broadly divided into three 

categories: (1) young (~5 Myr old) ice-rich mantling deposits termed the ‘latitude-dependent 

mantle’ (LDM) in Mars’ mid-to-high latitudes (30–70°N, 25–65°S; Mustard et al., 2001; Head 

et al., 2003); (2) older (tens Myr) buried ice in plains regions such as Arcadia Planitia (e.g., 

Bramson et al. 2015) and Utopia Planitia (e.g. Stuurman et al. 2016); and (3) viscous flow 

features (10s Myr–1 billion year, typically 100s Myr old) thought to be analogous to debris-

covered glaciers, which occur exclusively in Mars’ mid latitudes (~30–60°N; Squyres, 1979; 

Levy et al., 2014). 

A valuable addition to the datasets available to study Mars’ mid-latitude ice deposits would be 

an orbital ground-penetrating radar capable of resolving the properties of the 1–20 m deep layer 

of the subsurface. Instruments deployed to Mars in the 20th century and the first two decades 

of the 21st century were unsuited for sensing these depths, and interpretations have been 

strongly dependent upon inferences from geomorphology, numerical modelling, and 

interpolation between shallow (<1 m) and deep (>20 m) detections. Characterisation of this 

intermediate layer will be essential for planning for future in situ resource utilisation by crewed 

missions to Mars, which would be likely to target excess ice deposits within this depth range. 

However, even crewed missions to Mars surface will be limited to relatively small exploration 

zones. Therefore, orbital remote sensing and numerical modelling techniques are likely to 

remain as keystones in our investigative toolset. Improvements in the coverage, resolution, and 

capabilities of orbital instruments, and the representation of complex physical processes 

(including aspects of Mars’ subsurface and climate history which have not yet been 

constrained) in numerical models will be essential for the continued refinement of our 

understanding of water ice in Mars’ mid latitudes. 
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