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Abstract 32 

The long-term cyclicity and temporal succession of glacial-periglacial (or deglacial) 33 

periods or epochs are keynotes of Quaternary geology on Earth. Relatively recent work has begun 34 

to explore the histories of the mid- to higher-latitudinal terrain of Mars, especially in the northern 35 

hemisphere, for evidence of similar cyclicity and succession in the Mid to Late Amazonian Epoch. 36 

Here, we carry on with this work by focusing on Protonilus Mensae [PM] (43-490 N, 37-37 

590 E). More specifically, we discuss, describe and evaluate an area within PM that straddles a 38 

geological contact between two ancient units: [HNt], a Noachian-Hesperian Epoch transition unit; 39 

and [eHT] an early Hesperian Epoch transition unit. Dark-toned terrain within the eHt unit 40 

(HiRISE image ESP_028457_2255) shows continuous coverage by structures akin to clastically-41 

sorted circles [CSCs]. The latter are observed in permafrost regions on Earth where the freeze-42 

thaw cycling of surface and/or near-surface water is commonplace and cryoturbation is not 43 

exceptional. 44 

The crater-size frequency distribution of the dark-toned terrain suggests a minimum age of 45 

~100 Ma and a maximum age of ~1 Ga. The age estimates of the candidate CSCs fall within this 46 

dispersion. Geochronologically, this places the candidate CSCs amongst the oldest periglacial 47 

landforms identified on Mars so far. 48 

Unit HNt is adjacent to unit eHt and shows surface material that is relatively light in tone. 49 

The coverage is topographically irregular and, at some locations, discontinuous. Amidst the light-50 

toned surface, structures are observed that are akin to clastically non-sorted polygons [NSPs] and 51 

polygonised thermokarst-depressions on Earth. Terrestrial polygon/thermokarst assemblages 52 

occur in permafrost regions where the freeze thaw cycling of surface and/or near-surface water is 53 

commonplace and the permafrost is ice-rich. The crater-size frequency distribution of the light-54 
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toned terrain suggests a minimum age of ~10 Ma and a maximum age of ~100 Ma. The age 55 

estimates of the candidate ice-rich assemblages fall within this dispersion. Geochronologically, 56 

this places them well beyond the million-year ages associated with most of the other candidate ice-57 

rich assemblages reported in the literature. 58 

Stratigraphically intertwined with the two possible periglacial terrains are landforms and 59 

landscape features (observed or unobserved but modelled) that are indicative of relatively recent 60 

glaciation ( ~10 Ma - 100 Ma) and glaciation long past (≥~1 Ga) to decametres of depth: glacier-61 

(cirque) like features; viscous-flow features, lobate-debris aprons; moraine-like ridges at the fore, 62 

sides and midst of the aprons; and, patches of irregularly shaped (and possibly volatile-depleted) 63 

small-sized ridge/trough assemblages. Collectively, this deeply-seated intertwining of glacial and 64 

periglacial cycles suggests that the Mid to Late Amazonian Epochs might be more Earth-like in 65 

their cold-climate geology than has been thought hitherto. 66 

1. Introduction 67 

At the mid- to relatively high-latitudes of Mars’ northern plains, surface textures, landscape 68 

features, landforms and spatially-continuous landform assemblages reminiscent of current and/or 69 

relict periglacial terrain on Earth have been reported widely (e.g. Costard and Kargel, 1995; 70 

Mustard et a., 2001; Seibert and Kargel, 2001; Soare et al., 2008, 2014, 2017, 2018; Balme et al., 71 

2009; Levy et al., 2009a, b, 2010; Ulrich et al., 2010; Gallagher et al., 2011; Hauber et al., 2011; 72 

Séjourné et al., 2011, 2012; Barrett et al., 2017, 2018; Johnsson et al., 2018; Gastineau et al., 2020). 73 

Almost invariably, the terrain is nested in smooth and sparsely cratered material that mutes and 74 

blankets or mantles the local topography. This mantle(s) is(are) metres to decametres thick and 75 

is/are thought to be: 1) composed of ice, dust or a combination derived therefrom; 2) relatively 76 

youthful, i.e. almost present day - ≤ ~10 Ma, although some age estimates are slightly higher than 77 
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this; 3) accumulated cyclically at the Martian surface by way of atmospheric precipitation; and, 4) 78 

engendered by periodic variances in the spin-axis tilt and orbital eccentricity of Mars (e.g. Mustard 79 

et al., 2001; Head et al., 2003; Milliken et al., 2003; Laskar et al., 2004; Schon et al., 2009). 80 

Surface textures, landscape features, landforms and spatially-continuous landform 81 

assemblages reminiscent of current and/or relict glacial-regions on Earth are observed at or near 82 

the Mars dichotomy and throughout the mid-latitudes of the northern plains (e.g. Kargel and Strom, 83 

1992; Head et al., 2002, 2003; Forget et al., 2006; Dickson et al., 2008; Morgan et al., 2009; Baker 84 

et al., 2010, 2015; Souness and Hubbard, 2013; Hubbard et al., 2014; Sinha and Murty, 2015; 85 

Brough et al., 2016; Hepburn et al., 2020; Soare et al., 2021b, c). Their estimated ages shows 86 

greater variance (almost present day - ~1 Ga) than the candidate periglacial terrain referenced 87 

above (e.g. Head et al., 2003; Morgan et al., 2009; Baker et al. 2010; Souness and Hubbard, 2013; 88 

Hubbard et al., 2014; Sinha and Murty, 2015; Brough et al., 2016). 89 

The long-term cyclicity and temporal succession of periglacial-glacial periods or epochs 90 

are keynotes of cold-climate geology on Earth, especially as it pertains to the Quaternary Period. 91 

Relatively recent work has begun to explore terrain at or close to the Mars dichotomy for 92 

geological/geomorphological evidence of similar cyclicity and succession (e.g. Dickson et al., 93 

2008; Morgan et al., 2009; Baker et al., 2010; Head et al., 2010; Souness and Hubbard, 2013; Levy 94 

et al., 2014; Sinha and Murty, 2015; Hepburn et al., 2020). 95 

Here, we carry on with this work by exploring an area within Protonilus Mensae [PM] that 96 

lies to the east of the Lyot impact crater, to the north of the Moreux impact crater, and adjacent to 97 

the Mars crustal-dichotomy (Fig. 1). The latter is a global geological-boundary that separates the 98 

ancient southern highlands (Late Noachian-Early Hesperian or Middle Noachian Epochs (McGill 99 
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and Dimitriou, 1990 and Frey et al., 2002, respectively) from the relatively young northern-100 

lowland plains (Early Amazonian Epoch) (Head et al., 2002; Tanaka et al., 2014). 101 

The focus of our interest is a sub-region of PM that straddles a geological contact (45.06o 102 

N and 42.20o E) between two ancient units: [HNt], a Noachian-Hesperian Epoch transition unit; 103 

and [eHT] an early Hesperian Epoch transition unit (Tanaka et al., 2014) (Fig. 2). Here, complex 104 

cross-cutting relationships and relative stratigraphies (inferred from and supported by modelling), 105 

complimented by a suite of crater-size frequency distribution [CSFD] age estimates, point to 106 

possible glacial and deglacial (or periglacial) cycles having taken place as far back into the 107 

Amazonian Epoch as ~1 Ga, possibly even earlier than that. 108 

2. Methods 109 

The High Resolution Imaging Science Experiment [HiRISE] image ESP_028457_2255 110 

(from the Mars Reconnaissance Orbiter [MRO], McEwen et al., 2007) and Context Camera [CTX] 111 

image F21_044083_2248_XI_44N317W, also from the MRO, Malin et al., 2007) frame our study 112 

region. Crater counts were conducted on the HiRISE image (25 cm pix-1). The CraterTools plug-113 

in for the ESRI ArcGIS was used to measure crater diameters (Kneissl et al., 2011). A 45 km2 114 

region of dark-toned and slightly elevated terrain north-northwest of the geomorphologic contact 115 

was identified for crater counts. The population of candidate craters with D < 80 m were divided 116 

into four classifications based on the presence or absence of morphologic characteristics diagnostic 117 

of an impact origin to rank the features from low to high confidence of an impact origin. Crater 118 

diameters were binned to generate cumulative and differential crater size-frequency distributions 119 

[CSFDs]. They were compared with modeled crater-retention age isochrons from Hartmann 120 

(2005) to provide estimates of crater retention ages. 121 
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With the aforementioned CTX image, we mapped the geomorphology in our study region 122 

in ESRI ArcGIS Pro. In total, seven units were mapped, distinguished according to systemic 123 

variations in surface texture visible at a 1:10,000 scale. The uncertainty in area associated with our 124 

mapping is less than a few percent, assuming a uniform 1-pixel (~5 m) misidentification along 125 

each boundary. For features with a curvilinear expression (e.g., supra-viscous-flow feature 126 

structure), individual landforms were digitized using a line along their length according to a 127 

perceived centerline, planform features were digitized using polygonal boundaries delineating 128 

their extent. HiRISE image ESP_028457_2255 was used to supplement our interpretation; 129 

however, we note that with only partial HiRISE coverage in our study region comprehensive 130 

mapping at the higher 25 cm pix-1 resolution is not possible. Finally, elevation data was taken from 131 

the High-Resolution Stereo Camera [HRSC] (Neukum et al., 2004) Digital-elevation model [DEM] 132 

H1578_0000 (100 m pix-1) referenced to the areoid. The vertical uncertainty associated with the 133 

HRSC-DEM is estimated to be 10 m. We compared all HRSC elevation measurements to the lower 134 

resolution (but more vertically accurate, ~3 m) Mars Orbiter Laser Altimeter [MOLA] point data 135 

(Zuber et al., 1992). 136 

The regional mapping of Tanaka et al. (2014) does not account for or comprise extant 137 

masses or bodies of icy materials at or near the surface of a geological unit let alone to depth. To 138 

estimate the reach of viscous flow-features possibly buried beneath the surface of unit NHt (see 139 

section 9.2) we used a 2D model of perfect plasticity calculate ice thickness on Earth (e.g. Ng and 140 

al., 2010; Benn and Hulton 2010) and Mars on (e.g. Parsons et al., 2011; Fastook et al., 2014; 141 

Karlsson et al., 2015; Schmidt et al., 2019; Hepburn et al., 2020a). The parabolas produced by 142 

these 2D approximations are good fits for contemporary lobate debris-apron topography. By 143 
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inverting one such model for bed topography Karlsson et al., (2015) derived a mean yield stress 144 

for lobate debris aprons of τy = 22 kPa. 145 

The model we use generates an estimated surface profile for a given glacier-reach informed 146 

by the mapping described above. We prescribe a driving yield stress of τy = 22 kPa, and assume 147 

the bed geometry is flat, a common assumption made when modelling ice masses on Earth (e.g. 148 

Hulton and Mineter, 2000; Cliffe and Morland, 2004). The model surface profile was then 149 

compared to the measured surface profile from the MOLA elevation data. 150 

3. Observations 151 

3.1 Unit eHt: surface structures and their morphologies 152 

Adjacent to the western border of the geological contact separating units eHt from HNt, 153 

relatively dark-toned terrain is observed (Fig. 2). The terrain is covered continuously by two 154 

principal landscape features: 155 

1) Circular to sub-circular structures (~10-20 m in diameter), sometimes open/sometimes 156 

closed (Fig. 3a); their distribution is continuous and limited to unit eHT. The structures 157 

have elevated margins or shoulders comprised of boulders (observed) and rock particles 158 

of lesser diameter (unobserved but deduced). Unobserved but deduced because the 159 

HiRISE camera cannot clearly resolve structures whose diameters are ˂~91 cm and, 160 

based on possible terrestrial analogues, it would be highly unusual for the margins not 161 

to comprise disparately-sized rock particles (e.g. Kleman and Borgström, 1990). The 162 

centre-fill material appears smooth, albeit at HiRISE resolution. As such, smooth fill 163 

could comprise rock-particle sizes anywhere below the near-metre scale of HiRISE 164 

resolution. 165 
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2) A second type of feature is more consistently circular and closed. It also has higher 166 

depth-to-width ratios, is bowl shaped and displays a greater variance of diameter than 167 

the first feature (Figs. 3a-e). Some of these structures show inward-oriented terraces or 168 

benches and central mounds (Figs. 4a-d). A possible sub-class of these structures 169 

(typically D > 100 m) comprise subdued, shallow circular depressions with fractures, 170 

and scarps (Fig. 4d). 171 

3.2 Unit HNt: surface structures and their morphologies 172 

To the east of the geological contact separating units eHt and HNt lie multiple massifs 173 

covered discontinuously and surrounded (in an apron-like manner) by surface material that is 174 

relatively light in tone (Figs. 2, 5a, d). The apron is demarcated at the fore, midst and sides by 175 

bouldered ridges that are roughly linear or curvilinear (Figs. 5a-b, d). Upslope of the ridges and 176 

apron, and constrained within some massif valleys, possible flow lineations are observed (Figs. 177 

5a-b). Accumulations of snow, ice or debris cover that exhibit amphitheatre-like shape seem to 178 

head the candidate flow-lines near the massif summits (Figs. 5a-b). Patchily distributed but 179 

spatially continuous assemblages of small-sized and geometrically-irregular ridges and troughs 180 

also occur throughout the basin (Figs. 5a, c). Individual ridges and troughs are metres in elevation, 181 

metres to decametres in width and aggregated as closed or open structures (Fig. 5e). 182 

Polygonised and closed structures slightly smaller in diameter than those on the dark-toned 183 

terrain are nested patchily within the light-toned surface material (Fig. 6). The polygons lack raised 184 

margins, let alone margins punctuated with boulders, and exhibit no apparent clastic sorting. 185 

However, some of the polygons are high-centred relative to their margins. At some locations, the 186 

polygons incise clustered and circular/sub-circular to elongate depressions that are metres deep 187 

(Fig. 6). 188 
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4. Periglacial landscapes on Earth 189 

4.1 Clastically-sorted circles 190 

Clastically-sorted circles [CSCs] are a type of patterned ground uniquely associated with 191 

permafrost landscapes. Individual units, in the main, are  ≤~10 m in diameter. CSCs are readily 192 

discerned by: a) the sharp contrast of rock particle sizes in the circle centres and margins; and, b) 193 

the positive elevation of the circle margins compared to the relatively-flat centres (Fig. 7a) (e.g. 194 

Ballantyne and Mathews, 1982, 1983; Washburn, 1989; Schlyter, 1992; Kruger, 1994). Typically, 195 

the centres comprise relatively fine-grained and frost susceptible particles with poor drainage 196 

potential (e.g. clays to silts to fine-sands); circle margins are elevated, relative to the centres, and 197 

are composed of rock particles or clasts that are larger than the centres (e.g. pebbles, cobbles or 198 

boulders) Ballantyne and Mathews, 1982, 1983; Washburn, 1989; Schlyter, 1992; Kruger, 1994). 199 

CSC distribution ranges from isolated, patchy or discontinuous to continuous and extensive, 200 

covering multiple square kilometres of terrain at some locations (e.g. Ballantyne and Mathews, 201 

1982, 1983; Schlyter, 1992; Kruger, 1994). 202 

The conditions or requirements needed for the origin and development of CSCs include 203 

(e.g. Ballantyne and Mathews, 1982, 1983; Kruger, 1994; Kling, 1996; Van Vliet-Lanoe, 1998): 204 

a) relatively high soil moisture (at least intermittently); 205 

b) iterative or episodic freeze-thaw cycling in the active layer of permafrost; 206 

c) ice and soil segregation; 207 

d) cryoturbation; and, possibly, 208 

e) antecedent thermal-contraction (Kruger, 1994; Kling, 1996) or desiccation cracking 209 

(Ballantyne and Mathews, 1982, 1983). These processes facilitate the coalescence of 210 

cobbles or boulders into marginal patterns of distribution. 211 
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Interestingly, field observations in Scandinavia have shown that clastic sorting preceded 212 

coverage by Holocene-period glaciers at some locations (Whalley et al., 1981; Kling, 1996) and 213 

succeeded deglaciation at others (Ballantyne and Mathews, 1982, 1983; Kruger, 1994). 214 

The mechanics of periglacially-constrained sorting are complex. One of the leading 215 

hypotheses is based on: a) water undergoing iterative freeze-thaw cycling; b) soil circulation and 216 

clastic up-freezing within the active layer of permafrost transporting larger sized clasts to the 217 

surface; and, c) radial displacement of the cobbles or boulders to the border or margins (Washburn, 218 

1989; Pissart, 1990). 219 

During top-down active-layer freezing, liquid water migrates towards the descending 220 

freezing-front and transient ice lenses form at various depths. As the descending freezing-front 221 

passes clasts, they are heaved upwards by the newly-formed ice lenses (e.g. Miller, 1972). During 222 

thaw, wet-fines flow and settle through clast interspaces. In subsequent episodes of freeze-thaw, 223 

clasts and fines are iteratively segregated, and clasts uplifted, by this ratcheting mechanism (e.g. 224 

Ballantyne and Harris, 1994). Also, as the freezing-front passes downwards through the active 225 

layer, size sorting may be achieved or aided by the different rates at which the freezing-front passes 226 

through clasts and wet, frost-susceptible fines. The pore-water surrounding wet fines must freeze 227 

before the freezing-front can pass through them but latent-heat transfers retard this process (e.g. 228 

Ballantyne and Harris, 1994). In clasts, the freezing-front propagates without this impediment and, 229 

consequently, moves more quickly than through a comparable volume of wet fines. As such, ice 230 

lenses can form and induce heave preferentially beneath clasts. 231 

During subsequent episodes of freeze–thaw, and the iterative heaving and segregation of 232 

fines from clasts, vertical clasts collapse and creep horizontally outwards from uplifted centres of 233 

heave. This can lead to clast depletion over the heaving and slightly-elevated centres but clast 234 
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concentration in a radially-expanding creeping front (e.g. Hallet et al., 1988). As neighbouring 235 

circles or polygons converge, clasts may be forced to build upward, forming raised and possibly 236 

imbricated clastic-borders (e.g. Dahl, 1966; Kessler and Werner, 2003). 237 

4.2 Clastically non-sorted polygons 238 

Clastically (non-sorted) polygons [NSPs], like CSCs, are ubiquitous features amidst 239 

permafrost landscapes on Earth (e.g. Lachenbruch, 1962; Czudek and Demek 1970; Washburn, 240 

1973; Mackay, 1974; Rampton and Bouchard, 1975; Rampton, 1988; French, 2007) (Fig. 7b). 241 

Generally ≤25 m in diameter, the polygons are produced by the tensile-induced fracturing of frozen 242 

sediment. This occurs when the latter undergoes a sharp drop of sub-zero (Celsius) temperatures 243 

(de Leffingwell, 1915; Lachenbruch, 1962). Fracturing, or thermal-contraction cracking, opens 244 

up shallow, narrow and vertical veins (Lachenbruch, 1962).  245 

Iterative in-filling prevents the cracked ground from relaxing and returning to its initially 246 

seamless state as temperatures rise, diurnally or seasonally. As the iterative cycles increase in 247 

number, the shallow and narrow vertical veins may evolve into metres-wide and decametre-deep 248 

(vertically-foliated) wedges (e.g. Lachenbruch, 1962; Washburn, 1973; Mackay, 1974; French, 249 

2007). Each of the foliations comprises the work of one fill cycle. 250 

Fill-types vary. They are constrained by local or regional boundary conditions and by the 251 

availability of: 1) meltwater derived of thawed snow or ice; vs, 2) winter hoarfrost; vs, 3) 252 

windblown sand, mineral-soil, or a mixture of the two (e.g. de Leffingwell, 1915; Péwé, 1959; 253 

Lachenbruch, 1962; Washburn, 1973; Sletten et al., 2003; Hallet et al., 2011). 254 

As wedge-cracks become progressively dense in their distribution they intercept one 255 

another and form polygons (Lachenbruch, 1962). Some polygon networks are expansive, covering 256 

tens if not hundreds of km2 in places like the Tuktoyaktuk Coastlands (e.g. Rampton , and Mackay, 257 
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1971; Mackay, 1974; Rampton, 1988) and are produced by countless iterations of seasonal or 258 

diurnal cracking and filling (e.g. Black, 1954; Lachenbruch, 1962; Washburn, 1973; Mackay, 259 

1974). 260 

Wedge growth, regardless of the fill type, is vertical and horizontal. As wedges aggrade at 261 

the polygon margins, their sedimentary overburden rise above the elevation datum of the polygon 262 

centres; this forms low-centred polygons [LCPs] (Péwé, 1959; Washburn, 1973; Harris et al., 263 

1988; Rampton, 1988; French, 2007). Degradation, by thaw in the case of ice wedges or aeolian 264 

erosion in the case of sand or mineral wedges, depletes the wedge volume and mass and deflates 265 

the marginal overburden. High-centred polygons [HCPs] develop if and when this depletion and 266 

deflation lowers the polygon margins below the elevation of the centres (Péwé, 1959; Washburn, 267 

1973; Harris et al., 1988; Rampton, 1988; French, 2007). 268 

Some polygons, be they underlain at the margins by ice or sand, show neither elevated nor 269 

deflated margins. This is due to one of three conditions: 1) wedge nascency, whereby marginal 270 

wedges have evolved insufficiently to show overburden uplift; 2) truncated or stagnated growth, 271 

the result of thermal-contraction cycles having ended; or, 3) a transitional stage between 272 

aggradation and degradation with the latter being insufficiently evolved for the margins to fall 273 

below the elevation of the centres. 274 

4.3 Thermokarst and ice-rich permafrost 275 

Thermokarst is a terrain type and a periglacial process (Harris et al., 1988). As the former, 276 

it references permafrost comprised of ice-rich sediments or excess ice. Excess ice references the 277 

volume of ice in the ground that exceeds the total pore-volume that the ground would have were 278 

it not frozen (Harris et al., 1988; also, see Taber, 1930; Penner, 1959; Rampton and Mackay, 1971; 279 

Washburn, 1973; Rampton, 1988; French, 2007). 280 
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Excess ice forms by way of ice segregation. Ice segregation, in turn, is the result of 281 

cryosuction pulling pore water to a freezing front where the ice consolidates interstitially into thin 282 

lenses and, over time, into more substantial and possibly tabular bodies of ice (Taber, 1930; Black, 283 

1954; Penner, 1959; Rampton and Mackay, 1971; Rampton, 1988; French, 2007). Relatively fine-284 

grained sediments, i.e. clays to silts to fine-sands, are particularly adept at hosting ice segregation 285 

(e.g. Washburn, 1973; French, 2017). 286 

As the ice lenses aggrade, thermokarst terrain heaves; as the lenses degrade, the terrain 287 

settles (Taber, 1930; Penner, 1959; Hussey, 1966; Hughes, 1974; Rampton, 1988; Osterkamp et 288 

al., 2009; Farquharson et al., 2020). Hummocky and ice-rich permafrost often is indicative of ice 289 

depletion and may be due to mean-temperature disequilibrium within the region. However, the 290 

latter could also be connected with and the result of (larger-scaled) rises of mean temperature (e.g., 291 

Péwé, 1954; Czudek and Demek, 1970; Murton, 2001; Grosse et al., 2007; Osterkamp et al., 2009; 292 

Schirrmeister et al., 2013). 293 

The time-frames of excess-ice aggradation and degradation, or of ice-induced heave and 294 

settlement, need not be proximal (e.g. Rampton and Mackay, 1971; Rampton, 1988; Farquharson 295 

et al., 2020). For example, most of the thermokarst lakes (filled with ice-derived meltwater) and 296 

alases (thermokarst-lake basins emptied of water by evaporation or drainage) in the Tuktoyaktuk 297 

Coastlands developed in the Holocene Era (e.g. Rampton and Mackay, 1971, Rampton 1988. 298 

Contrarily, the radiocarbon dating of wood ensconced in segregation-ice lenses and beds that are 299 

metres to tens of metres beneath the elevation datum of the region point to region-wide ice-300 

enrichment having taken place thousands and possibly tens of thousands of years ago during the 301 

middle to late Wisconsinian glacial period (Rampton and Bouchard, 1988). This means that the 302 
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geochronological offset of time between ice enrichment and depletion can be substantial, here, and 303 

possibly on Mars. 304 

Thus, ice enrichment of the thermokarst-like terrain observed at the northern and southern 305 

mid-latitudes of Mars could have been enriched by the freeze-thaw cycling of water much earlier 306 

in the Amazonian Epoch than today, when boundary conditions were more clement; and, if the 307 

youthful mantle estimates at some locations on Mars are correct, then the ice-rich terrain could 308 

have been depleted by sublimation much later in the Amazonian Epoch, if not close to the present 309 

day, when thaw-associated boundary conditions at these locations seem improbable. 310 

5. Possible periglacial landscapes in Protonilus Mensae 311 

5.1 Clastically-sorted polygons? 312 

In the case of the polygons and circular to sub-circular structures that populate the dark-313 

toned terrain in unit eHt to the west of the geological contact separating it from unit HNt, origin 314 

cannot be deduced unambiguously from structure and form. However, the size, shape, networked 315 

distribution, bouldered margins and (presumed) sub-boulder sized centre-fills are distinctly similar 316 

to clastically-sorted circles observed in wet periglacial landscapes on Earth where the freeze-thaw 317 

cycling of water and cryoturbation take or have taken place (Fig. 7a) (also see Balme et al., 2009; 318 

Gallagher et al., 2011; Soare et al., 2014; Barrett et al. 2017). In as much as degraded basalts are 319 

widely present at the Martian mid-latitudes (e.g. Christensen et al., 2000; Poulet et al., 2007; Soare 320 

et al., 2015), it would not be implausible to ascribe a basaltic and relatively fine-grained 321 

composition to the centre fill of the candidate CSCs in unit eHt. This, too, would be in keeping, 322 

analogically, with the possibility of the candidate landforms on Mars being CSCs. 323 

5.2 Impact craters 324 
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Other landforms in the dark-toned terrain show some morphological similarities with the 325 

candidate CSCs (see section 3.1). However, there are sufficient dissimilarities between these 326 

landforms and the candidate CSCs to discount a periglacial origin and sufficient similarities with 327 

small-sized impact craters to suggest synonymy with the latter (Figs. 3b-e). 328 

5.3 Clastically non-sorted polygons and thermokarst-like depressions 329 

The polygons observed within the relatively light-toned surface material in the massif-330 

centred basin exhibit size, shape, networked distribution and margins that are consistent with 331 

polygons formed by thermal-contraction cracking in permafrost regions on Earth (e.g. 332 

Lachenbruch, 1962; Washburn 1973; French, 2017) (Fig. 7b) and, it is thought, elsewhere on Mars 333 

(Pechmann, 1980; Costard and Kargel, 1995; Seibert and Kargel, 2001; Morgenstern et al., 2007; 334 

Soare et al., 2008; Levy et al., 2009a,b; Séjourné et al., 2011, 2012; Oehler et al., 2016). 335 

The origin of thermal-contraction polygons is rooted in cyclical and sharp drops of below 336 

zero temperatures in permafrost (Lachenbruch, 1962). The related stresses, strains and relaxation 337 

associated with these cycles occur regardless of whether the affected terrain is ice-rich or ice-poor 338 

(Lachenbruch, 1962). Water undergoing cyclical changes of phase is not a requirement of this 339 

process, or of the derivative formation of polygonised terrain. 340 

As seen above, polygonised, clustered and irregularly-shaped depressions that are rimless 341 

and metres- to decametres-deep also punctuate the relatively light-toned surface material, here 342 

(Fig. 6) and throughout the mid-latitudes of the northern plains (e.g. Costard and Kargel, 1995; 343 

Morgenstern et al., 2007; Soare et al., 2007, 2008; Lefort et al., 2009; Ulrich et al., 2010; Séjourné 344 

et al., 2011, 2012; Dundas et al., 2015; Barrett et al., 2017; Dundas, 2017). Often described as 345 

thermokarst, these structures are deemed to be akin to thermokarst on Earth and are assumed to 346 

comprise excess ice. When NSPs are observed in their midst, regardless of whether the polygons 347 
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show high or low centres, there is a relatively high degree of probability, based once again on 348 

candidate Earth analogues, that the surface and near-surface material are ice rich (e.g. Costard and 349 

Kargel, 1995; Morgenstern et al., 2007; Soare et al., 2007, 2008; Lefort et al., 2009; Ulrich et al., 350 

2010; Séjourné et al., 2011, 2012; Dundas et al., 2015; Barrett et al., 2017; Dundas, 2017). 351 

5.3.1. Excess ice origin? 352 

Currently, liquid water is not stable with regard to the triple point at the mid- to -higher-353 

latitudes of Mars (Mellon and Jakosky, 1993, 1995). This would seem to discount the plausibility 354 

if not the possibility of the candidate thermokarst-landforms having developed by the freeze-thaw 355 

cycling of water (Morgenstern et al., 2007; Lefort et al., 2009; Cull et al., 2010; Ulrich et al., 2010; 356 

Séjourné et al., 2010, 2011; Dundas et al., 2015; Dundas, 2017). In its place, ice-enrichment 357 

hypotheses tend to invoke dry processes such as those involving adsorption-diffusion cycles (e.g. 358 

Mellon and Jakosky, 1993, 1995; Mellon et al., 2004. Morgenstern et al., 2007; Lefort et al., 2009; 359 

Dundas et al., 2015; Dundas, 2017). 360 

We acknowledge and agree that the simplest and most plausible way to explain the 361 

devolatilization of thermokarst under current or recent conditions would have to be by sublimation. 362 

Similarly, adsorption-diffusion cycles would seem to be the most plausible means to explain the 363 

ice enrichment or volatilization of permafrost. On the other hand, the geothermal gradient in the 364 

sub-surface precludes ice-adsorption below a skin depth of a metre or so; in addition, adsorption 365 

saturates near-surface pore space early on in the process; this forms an impermeable barrier below 366 

which no further adsorbed ice can develop (e.g. Clifford, 1993; Mellon and Jakosky, 1993, 1995). 367 

By default, the iterative or episodic freeze-thaw cycling of water is the only widely-recognised 368 

process by which ice-enrichment to decameters of depth, a depth that is not unusual for 369 
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thermokarst-like depressions in regions such as Utopia Planitia (e.g. Morgenstern et al., 2007; 370 

Séjourné et al 2011), can take place. 371 

Three further points also favour the freeze-thaw cycling hypothesis. First, ice-enrichment 372 

and ice-depletion need not be coeval. Some thermokarst landscapes on Earth (see section 4.3) show 373 

offsets of tens of thousands of years between the periods of ice aggradation and degradation. 374 

Similarly, ice-enrichment on Mars could have preceded its depletion by far, occurring at a time 375 

when water was more stable at or near the surface than today. Second, as long as water is available 376 

and boundary conditions are appropriate the development of thermokarst by freeze-thaw cycling 377 

could occur quickly, as it does on Earth, occasionally. 378 

For example, within five years of a thermokarst lake having been drained artificially in the 379 

Tuktoyaktuk Coastlands on Earth, ice wedging, polygonization and nascent pingo formation were 380 

observed (e.g. Mackay, 1997; Mackay et al., 2002). The geographical reach of meta-stable regions 381 

at the middle latitudes could well have wandered stochastically throughout the Mid Amazonian 382 

Epoch (e.g. Haberle et al., 2001; Hecht, 2002), by way of their geographical reach and their 383 

temporal span. Third, this would be the case especially were near-surface perchlorate brines 384 

present (e.g. Gallagher et al., 2011; Barrett et al., 2017; 2018; Soare et al., 2018, 2021a; also, see 385 

brine references in, e.g. Renno et al., 2009; Martinez et al., 2017; Primm et al., 2019; Chevrier et 386 

al., 2020). 387 

6 Glacial landscapes on Earth 388 

6.1 Glacial ice, cirques, flows, debris aprons and moraines (Fig. 8) 389 

Glacial ice, be it within an ice sheet, ice cap or mountain glacier, accumulates by iterative 390 

ice/snowfall deposition, the subsequent burial, compaction and recrystallisation of which generates 391 

its primary structure (Jennings and Hambrey 2021). Secondary structure, manifesting as folds, 392 
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foliation, and crevassing, is produced as deep ice undergoes ductile deformation (Hambrey and 393 

Müller, 1978) or shallow ice undergoes brittle deformation and fracture (Colgan et al., 2016). 394 

Gravity and the internal deformation of the ice are the principal mechanisms of glacial ice-395 

flow, irrespective of size and thermodynamic state (e.g. Cuffey and Paterson, 2010; Barry and 396 

Gann, 2011). Cirques are amphitheatre-like erosional hollows or scars, presently or formerly 397 

occupied by glacial ice at or close to mountain summits, and are characterized by steep headwalls 398 

and over-deepened floors (Barr and Spagnolo 2015) (Figs. 8a-b). Geographically, they can mark 399 

the origin of glacial flow. 400 

At lower (relative) elevations glacial-flow surfaces and margins can demarcated by debris-401 

laden ridges or moraines (e.g. Martini et al., 2001) (Fig. 8a). Moraines are created and modified 402 

by a range of processes that include but are not limited to: bulldozing/pushing and gravity-driven 403 

movements (e.g. Benn and Evans, 2010). Generally speaking, moraine types are characterized by 404 

their location within or adjacent to flow surfaces and bodies at the fore, side or in the midst of 405 

these surfaces. 406 

For example, terminal moraines delimit the maximum horizontal extent of a glacier. They 407 

are composed of till and reworked stratified material, form at the front of actively moving glaciers 408 

or of stagnant ice, and are curvilinear or lobate (e.g. Martini et al., 2001). Recessional moraines 409 

form on the lee or background of the terminal moraines. They are younger, sometimes serialized 410 

and often less massive than terminal moraines. They form to the lee or in the background of 411 

terminal moraines as their recession pauses or stands-still (e.g. Hambrey, 1994). Other moraine 412 

types include lateral moraines, framing glacial flow on either of its sides normal to the flow front; 413 

medial moraines, occurring where lateral moraines merge at the confluence between ice-flow 414 
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units; and, ground moraines, i.e. low-relief and topographically uneven terrain deposited by 415 

retreating glaciers (e.g. Hambrey, 1994; Martini et al., 2001). 416 

Where debris sources from adjacent topography, i.e. valley walls, is particularly high, 417 

debris-covered glaciers may develop. Debris cover above a threshold minimum-thickness acts to 418 

retard melt-rates, dampening the response of these features to warming climate (e.g. Anderson and 419 

Anderson 2016, Immerzeel et al., 2020). 420 

Morphologically, glacial cycles end with a mass loss by ablation and the fragmentation of 421 

ice deposits. 422 

6.2 Glacial landscapes in Protonilus Mensae? 423 

Numerous surface features radial to the massifs within the central basin of our study region, 424 

discussed above (see section 3.2), conform morphologically, geographically, and in their spatial 425 

association with glacial landscapes on Earth and no less so with candidate glacial-landscapes 426 

elsewhere on Mars (e.g. Souness and Hubbard, 2013; Hubbard et al., 2014; Baker and Head, 2015; 427 

Brough et al., 2016; Hepburn et al., 2020a, b; Gallagher et al., 2021). 428 

Collectively, the term viscous-flow features [VFFs] refers to the group of constrained 429 

surface materials whose (topographically) draping planform, slope angles and consistency with 430 

the flow laws of ice point to ice-based viscous deformation possibly on Mars as on Earth (e.g. 431 

Milliken et al., 2003). Globally, VFFs are characterized by muted (underlying) terrain and 432 

adjacency to massifs, scarps or crater walls (e.g. Levy et al., 2009a; Milliken et al., 2003; Hepburn 433 

et al., 2020a). Some VFFs are incised by longitudinal and/or transversal fractures (e.g. Mangold 434 

et al., 2003; Pedersen and Head, 2010; Hubbard et al., 2014) and/or polygonised terrain (e.g. Levy 435 

et al., 2009a; Sinha and Murty, 2015; Soare et al., 2021c). Where ice-loss or ablation is thought to 436 

have occurred, VFFs are discontinuous, morphologically irregular (e.g. Milliken et al., 2003; Levy 437 
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et al., 2009a; Pedersen and Head, 2010; Brough et al., 2016) and show decametres-scale patches 438 

of small ridge/trough assemblages or brain terrain (e.g. Levy et al., 2009a). 439 

Originally, only features observed debouching from alcoves were termed VFFs (Milliken 440 

et al., 2003). However, the definition has since been revised and, following Souness et al. (2012), 441 

we use VFF as an umbrella term encompassing a range of landforms subdivided according to their 442 

size and context. Two types of VFFs are particularly relevant to our work: 443 

a) Glacier-like forms [GLFs] are the lowest order form of VFFs and are similar in planform 444 

appearance to valley glaciers or debris-covered glaciers on Earth (Souness et al., 2012). 445 

They originate in cirque-like alcoves at or near glacier summits, funnel through narrow 446 

valleys and are demarcated downslope by moraine-like ridges [MLRs] (e.g. Arfstrom and 447 

Hartmann, 2005; Pedersen and Head 2010; Souness and Hubbard, 2013; Sinha and Murty, 448 

2015; Brough et al., 2016). 449 

b) Lobate debris-aprons (LDAs) are larger VFFs which demarcate the collective distribution 450 

of flow, be it continuous or discontinuous, from the summit or near-summit cirques through 451 

to marginal, terminal or recessional moraine-like ridges (e.g. Souness and Hubbard, 2013; 452 

Brough et al., 2016; Hepburn et al., 2020b). Underlying or buried ice may be present, 453 

stabilised by debris or a sublimation lag (e.g. Mellon and Jakosky, 1993, 1995; Milliken et 454 

al., 2003; Levy et al., 2009a; Pedersen and Head, 2010; Hubbard et al., 2014; Baker and 455 

Head, 2015; Sinha and Murty, 2015; Hepburn et al., 2020b). 456 

7. The periodicity of icy and of ice-rich landscapes? 457 

As noted above (see Introduction), there is general agreement that the mid- to high latitudes 458 

of the northern hemisphere of Mars are draped by an atmospherically-precipitated and metres-459 

thick mantle(s); the mantle(s) is/are thought to be composed of icy and/or ice-rich material and/or 460 
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a sublimation lag (e.g. Mellon and Jakosky, 1995; Mustard et al., 2001; Milliken et al., 2003; Head 461 

et al., 2003; Forget et al., 2006; Dickson et al., 2008; Madeleine et al., 2009; Souness and Hubbard, 462 

2013; Baker and Head, 2015; Soare et al., 2021a, b). 463 

On Earth, glacial ice and the landscapes derived therefrom, require no phase transition of 464 

water to develop. By contrast, ice-rich (permafrost) landscapes comprise excess ice, which is 465 

interstitial. Interstial ice, as discussed above, requires meltwater migration into the pore space of 466 

the host material to develop. 467 

On Earth, particularly during the Quaternary Period, glacial/deglacial (or periglacial) 468 

cycles occurred regularly, as have associated variances in regional and/or global mean-469 

temperatures. Below, we use the Tanaka et al. (2014) description of the geological units that frame 470 

our study region and crater-size frequency distributions to contextualise the possibility that the 471 

intertwining of periglacial and glacial periods is no less present on Mars than on Earth, at least 472 

during the Mid to Late Amazonian Epochs. We also suggest that this intertwined periodicity 473 

extends far more deeply into the history of Mars than has been shown hitherto in the literature. 474 

8. Age-dating of the icy vs ice-rich landscapes in our study region 475 

8.1 Age estimates of morphologically similar terrain elsewhere 476 

Crater-based age estimates of the VFFs at or near the Mars dichotomy describe a temporal 477 

reach from the recent past back through to the mid-Amazonian Epoch i.e. ~1 - ~100 Ma (e.g. Head 478 

et al., 2003; Morgan et al., 2009; Souness and Hubbard, 2013; Hubbard et al., 2014; Sinha and 479 

Murty, 2015; Brough et al., 2016); ~100 Ma - ~1 Ga (e.g. Morgan et al., 2009; Baker et al. 2010; 480 

Sinha and Murty, 2015; Butcher et al., 2017, 2021) and, perhaps, even earlier than that, ~1 Ga 481 

(Levrard et al., 2004). 482 
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By means of contrast, most crater-based age estimates of possible periglacial landscapes 483 

inclusive of NSPs and thermokarst-like depressions at/near the Mars dichotomy or at the mid- to 484 

high- northern latitudes, show relatively short and youthful age ranges: ˂~0.1 Ma (Mustard et al., 485 

2001; also, Milliken et al., 2003); ~0.1 Ma to ~1 Ma (Levy et al., 2009b; Mangold, 2005); ~0.4 - 486 

~2.1 Ma (Head et al., 2003); ≤~3.0 Ma (Kostama et al., 2006). Recently, Soare et al. (2020) 487 

reported a minimum age-estimate of ~100 Ma for possible periglacial terrain at the mid-latitudes 488 

of Utopia Planitia and immediately to the north of the Moreux impact-crater. Exceptionally, small-489 

sized outcrops of possible thermal-contraction polygons thought to have formed in the Hesperian 490 

Epoch have been observed at the Gale Crater (Le Deit et al., 2013; Oehler et al., 2016). 491 

Most of the surface-age estimates associated with candidate CSCs reported elsewhere, as 492 

with the NSPs, are youthful: ~0.1 Ma, at the high latitudes of the Heimdal Crater (Gallagher et al., 493 

2011); and, ~2.0 - ~8.0 Ma, at the near-equatorial latitudes of Elysium Planitia and Athabasca 494 

Valles (Balme et al., 2009, inferred from Burr et al., 2005). Below, we show that the candidate 495 

CSCs in unit eHt could be 1 - 2 orders of magnitude older than the candidate CSCs referenced 496 

above. 497 

8.2 Age estimates of units eHt and HNt 498 

Absolute model ages of units eHt and HNt are estimated to be 3.59 – 3.69 Ga and 3.70 – 499 

3.99 Ga respectively by Tanaka et al (2014) assuming the chronology model of Ivanov (2001) 500 

(Fig. 9). These ages represent extensive units mapped at a global scale with ages based on several 501 

crater-count locations in widely disconnected and disparate areas. However, they are generally 502 

consistent with our observations of the local underlying material. 503 

To the northeast of HiRISE image ESP_028457_2255 four craters are located within a 504 

highly-localised topographical depression (Fig. 10a, also see Fig. 9 and 11a), so named because 505 
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of its abrupt loss of elevation, i.e. ~70 m (Fig. 11a). The elevation loss occurs where unit eHt is 506 

thin and/or discontinuous (Fig. 10a; also Fig. 2). It is reasonable to assume that these craters incise 507 

the underlying basement unit, presumably HNt in the Tanaka et al. (2014) map; this is consistent 508 

with a model age of ~3.7 Ga. 509 

The largest crater in CTX image F21_044083_2248_XI_44N317W has a diameter of ~5 510 

km (Fig. 2). A single crater of this size within the area represented by the CTX image is consistent 511 

with the model crater-retention age of a divot-like topographic depression (Fig. 10), as a crater of 512 

this size would be predicted to form within ~3.5 Gyrs using the Hartmann 2005 model, or ~3.7 513 

Gyrs using the Ivanov (2001) model. 514 

8.3 The dark-toned terrain: impact cratering and age estimates 515 

 The population of candidate impact-craters in the dark-toned terrain, immediately adjacent 516 

and to the west/north-west of the geological contact separating units eHt from HNt, was catalogued 517 

(Fig. 12) and the crater size-frequency distributions (CSFDs) compared with model crater-518 

retention age isochrons (Fig. 13). The depressions with diameters < 80 m were broadly classified 519 

based on morphology as Types 0 - 3, from least-likely to be impact related to most-likely impact 520 

related. Larger unambiguous craters were identified as well as apparent buried and ghost craters. 521 

Type 0 depressions are shallow, often irregular or elliptical in planform, with no sharply 522 

defined edge (Fig. 3b). An impact origin for these depressions is highly unlikely. These features 523 

were excluded from evaluation and are not included in our figures or discussion. Type 1 524 

depressions are circular in planform giving them the appearance of a heavily-eroded crater and 525 

they could be impact-related (Fig. 3c). However, their muted topographic expression and lack of 526 

a sharply-defined edge makes their identification as remnant impact craters ambiguous given the 527 

overall texture of the surrounding terrain. Type 2 depressions are circular with uplifted rims and 528 
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steeper interior wall slopes than typical of the surrounding depressions, i.e. possible CSCs, making 529 

them strong candidates for degraded, remnant impact craters (Fig. 3d). Type 3 depressions are 530 

bowl-shaped with sharp edges or rims and steep inward slopes (Fig. 3e). They are all smaller than 531 

~50 m and many occur in tight clusters. These are confidently Identified as relatively-fresh impact 532 

craters that have experienced minimal post-formation modification. 533 

Where they are distributed densely they resemble crater clusters formed by the 534 

fragmentation of impactors during passage through the Martian atmosphere (e.g. Ceplecha et al., 535 

1998; Artemieva and Shuvalov, 2001; Popova et al., 2003; 2007; Williams et al., 2014) as 536 

commonly observed among the population of newly formed craters identified by CTX image 537 

temporal pairs throughout the MRO mission (Daubar et al., 2013, 2019). 538 

At larger scales, >~80 m, impact craters are confidently identified due to their size, even 539 

when heavily modified or filled (Fig. 4), as their size exceed the characteristic length-scale of the 540 

terrains polygonal texture. These craters can be either filled or unfilled. The unfilled craters incise 541 

the current surface and likely were formed after the lithic unit was emplaced as they retain a bowl-542 

shape with little infilling material. A subset of these craters appear to have topographic benches 543 

outlining the lower portion of the crater interiors (Figs. 4a-b). This could result from a transition 544 

in target properties and represent a stratigraphic horizon at depth (e.g. Oberbeck and Quaide, 1967; 545 

Prieur et al., 2018; Martellato et al., 2020). These craters have a narrow range of diameters, 106 - 546 

126 m, suggesting the transition occurs at a depth ~20 m. 547 

The largest crater in the population (D = 350 m) has a clearly identifiable edge and ejecta 548 

material that appears to superpose the surrounding terrain (Fig. 4b). This crater likely post-dates 549 

the emplacement of the terrain rather than extending through from beneath or being embayed. 550 

Though the crater interior has accumulated material, it does not contain the same polygonal 551 
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morphology as the lithic unit and the rim remains well preserved and exposed. The abrupt 552 

truncation of polygons of the dark-toned unit at the ejecta edges also suggest the ejecta overlays 553 

the polygons. The overall topographic relief of the crater and its ejecta is in stark contrast to an 554 

observed population of subdued, shallow circular depressions typically ~>100 m with arcuate 555 

ridges, fractures, and scarps (Fig. 4d). These are interpreted to be ghost craters representing the 556 

pre-existing craters on the older underlying surface. 557 

A smaller class of circular features, frequently tens of meters in diameter, has also been 558 

identified with central mounds forming a circular moat (Fig. 4c). If these represent impact craters, 559 

these would have formed prior to the emplacement of the current surface materials and could thus 560 

be synformational craters embedded within the volume of material. 561 

The differential CSFDs of these different classes of craters are plotted in (Fig. 13). The 562 

Type 3 craters (Fig. 13d) plot near the 1 Ma isochron for D > 10 m suggesting the current surface 563 

has not experienced substantial modification in the last ~1 Ma. The roll off at smaller diameters 564 

usually is observed in CSFDs as the crater diameters approach the image resolution limit. The 565 

CSFD of the Type 2 craters (Fig. 13c), which have a more degraded appearance relative to the 566 

Type 3 craters, is between the ~10 Ma and ~100 Ma isochron at D > 20 m and shallows in slope at 567 

smaller diameters suggesting surface modification has preferentially removed the smaller craters 568 

from the population (e.g. Öpik 1965; Chapman et al., 1969; Hartmann et al. 1971; Smith et al., 569 

2008; Williams et al., 2018; Palucis et al., 2020). The Type 1 craters (Fig. 13b) have a peak in 570 

crater density at D ~ 10 – 40 m with a steeper CSFD slope at D > 20 m than the model isochrons. 571 

At smaller diameters (D ≲ 10 m) there is a downturn in the CSFD down to D ~ 6 m before 572 

increasing again at smaller diameters. Since the texture of the terrain occurs at this length-scale, 573 

and their morphology made the identification of the origin of the Type 1 craters ambiguous, this 574 
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suggests that many of the features in this category have been misidentified. Thus this class of 575 

features has been excluded from further consideration. However, their exclusion makes little 576 

difference on the age interpretation. 577 

There are 13 large, D > 80 m, unfilled craters which, due to their size and depth, are 578 

confidently identified as impact craters. These craters, along with the Type 2 and 3 craters, provide 579 

a total population of 404 features confidently identified as impact craters. The combined 580 

differential and cumulative CSFDs are shown in (Fig. 14). The largest craters suggest the age of 581 

the dark-toned terrain is >~100 Ma with the largest crater, D = 350 m, expected to form on a 582 

surface >~1 Ga. The age implied by the single large crater should be viewed with caution as dating 583 

surfaces using just a single, or a few large craters, can lead to erroneously old model ages and 584 

uncertainties in model surface ages grow with smaller areas due to a loss in statistical precision 585 

(e.g. van der Bogert et al., 2015; Warner et al., 2015; Palucis et al 2020). However, given the 586 

overall population of craters, it is unlikely the age of dark-toned terrain is younger than <~100 Ma 587 

although it could be as old as ~1 Ga. 588 

8.4 The light-toned terrain: impact cratering and relative age estimates 589 

At the geological contact to the west of the basin-centred massifs in HiRISE image 590 

ESP_028457_2255 some of the light-toned moraine-like ridges intercept unit eHt and, seemingly, 591 

have piled up at disparate contact locations (Fig. 5d). This suggests that the moraine-like structures 592 

post-date unit eHt. Based on age estimates of the light-toned terrain this means that the MRLs and 593 

other candidate glacial features are ~10 - ~100 Ma (Fig. 15). This is consistent with some of the 594 

other estimates of possible glacial landscapes in the region (e.g. Head et al., 2003; Morgan et al., 595 

2009; Souness and Hubbard, 2013; Hubbard et al., 2014; Sinha and Murty, 2015; Brough et al., 596 

2016). 597 
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However, using the sharply-delineated contact between unit HNt (possibly comprised of 598 

degraded or relict glacial material) and unit eHt (possibly composed of ice-rich material) as a 599 

putative terminus (Figs. 11a-b) and an assumed (basin-floor) flat-bed, we applied a 2D perfect 600 

plasticity model of glacial flow to the observed LDA in the massifs-centred basin (Fig. 11b). We 601 

found that the modelled profile is a poor fit for the measured profile of the LDA and a thicker ice 602 

mass is predicted based upon our initial assumptions. The discrepancy between the measured and 603 

modelled profile suggests one of three things: 604 

1) Our assumed LDA terminus is incorrect and the true (buried and underlying) LDA 605 

terminus extends beyond the apparent visible-boundary contact beneath the dark-toned 606 

terrain; 607 

2) Our flat-bed assumption is a poor representation for the underlying topography; or, 608 

3) The LDA (and GLF) surfaces have deflated significantly since a previous glacial 609 

maximum. 610 

We cannot rule out 2) without SHARAD but based on the surrounding terrain this seems 611 

unlikely. The massif may not transition to a vertical profile at the intersection with the LDA, and 612 

the gently sloping profile of the massif here may hint at its continuation beneath the LDA. 613 

However, extrapolating the unknown massif topography from the visible topography is unlikely 614 

to affect our modelled profile because the model initialises at the putative terminus and propagates 615 

up-glacier. Changing bed topography towards the upper margin of the LDA would have no effect 616 

on the shape of the profile prior and the profile overall would remain concave. We rule out 3) as 617 

this would be inconsistent with the observed interception of the darker-toned terrain by the lighter-618 

toned (possible) terminal or push moraines. Moreover, models of perfect plasticity used elsewhere 619 
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in the contiguous Deuteronilus-Protonilus Mensae regions are a good fit for contemporary lobate 620 

debris-apron surfaces (e.g. Karlsson et al., 2015; Schmidt et al., 2019). 621 

If the unobserved LDA extends beyond the geological contact separating unit eHt from unit 622 

HNt and underlies the former, then we can infer that it predates unit eHt and must be ≥ ~100 Ma 623 

and, possibly, ~1 Ga. This would also suggest that the LDA and GLF frame or bracket unit eHt, 624 

stratigraphically and temporally. 625 

The massifs-centred basin, as discussed above, also hosts (clastically non-sorted) 626 

polygonised terrain punctuated by thermokarst-like depressions. Wherever these assemblages are 627 

observed the texture of the terrain incised by them is relatively smooth (at least at the HIRISE-628 

scale of resolution) and the underlying topography is muted. 629 

This could be the result of being nested within atmospherically precipitated and relatively 630 

recent icy or periglacially-revised ice-rich terrain, i.e. ~10 - ~100 Ma (Fig. 15). Similar albeit 631 

slightly more youthful age estimates of mantled terrain have been reported elsewhere at the mid- 632 

to higher-latitudes of the northern plains (e.g. Mustard et al., 2001; Head et al., 2003; Milliken et 633 

al., 2003; Mangold et al., 2005; Levy et al., 2009b; Mangold, 2005; Kostama et al., 2006). This 634 

would also suggest that the observed and buried/unobserved but hypothesised VFFs in the massifs-635 

centred basin of unit HNt constitute a temporal or geochronical gap that separates the formation 636 

age of the candidate CSCs in the relatively dark-toned terrain of unit eHt and the NSPs in the 637 

former. 638 

9. Discussion & Conclusion 639 

9.1 Relative stratigraphy and geochronology 640 

Based on the putative observation of VFFs at the surface of the massifs-centred basin in 641 

unit HNt and the hypothesized presence of buried VFFs on the floor of this basin, we surmise the 642 
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presence of (at least) two stacked and temporally-distinct periods of glacial activity within the 643 

basin. 644 

We suggest that the reach of the modelled but buried and unobserved VFFs extended to 645 

the geological contact separating unit HNt from unit eHt and beyond, geographically. In this 646 

regard, we propose that the inward-oriented benches or terraces observed within some of the 647 

candidate impact craters in unit eHt exhume unit HNt. If so, then this would suggest two things. 648 

First, unit eHt and the putative CSCs that incise it overlie unit HNt and, derivatively, postdate it, 649 

as Tanaka et al. (2014) have argued. Second, our crater-based age estimates of the observed, 650 

surface VFFs of unit HNt point to a formation age that is younger, substantially so, than unit eHt. 651 

9.2  Principal findings 652 

As such, 653 

1) If the periglacial categorisation of the CSCs is correct and were the min/max age 654 

estimates (~100 Ma - ~1 Ga) of the dark-toned terrain incised by them valid, then the 655 

CSCs would comprise the oldest sorted periglacial features reported in the literature. 656 

2) If the periglacial categorisation of the NSPs/thermokarst-like depressions is correct, 657 

and were the min/max age estimates (~10 Ma - ~100 Ma) of the light-toned terrain 658 

incised by them valid, then the range of age that separates the periglacial landscapes 659 

comprised of the CSCs and the NSPs/thermokarst like features would be much greater 660 

than at any other location reported in the literature. 661 

3) The temporal intertwining of the two proposed glacial periods (based on the observed 662 

and modelled flow of the massif-centred VFFs in our study region) amidst the two 663 

proposed periglacial periods (based on the age estimates of the dark and light-toned 664 
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terrains) comprises a ~1 Gyr reach into the Amazonian Epoch and its paleo-climatic 665 

record. 666 

4) The last point highlights the extent to which relative stratigraphy, tied to crater-based 667 

age estimates, can be used to identify the cyclicity if not the alternance of 668 

glacial/deglacial boundary conditions in Protonilus Mensae and, perhaps, elsewhere on 669 

Mars through a significantly long period of the planet’s late geological history. 670 

Acknowledgements and funding 671 

We are grateful for the extremely positive and supportive comments made by each of the two 672 

anonymous reviewers of this chapter. FEGB is part of the PALGLAC team of researchers and 673 

received funding from the European Research Council (ERC) under the European Union’s 674 

Horizon 2020 research and innovation programme (Grant agreement No. 787263). 675 

References 676 

Anderson, L.S., Anderson, R.S., 2016. Modeling debris-covered glaciers: response to steady  677 

debris deposition. The Cryosphere 10 (3), 1105-1124, doi:10.5194/tc-10-1105-2016. 678 

Arfstrom, J., Hartmann, W.H., 2005. Martian flow features, moraine-like ridges, and gullies:  679 

Terrestrial analogs and interrelationships. Icarus 174, 321-335, https://doi:10.1016/j. 680 

icarus.2004.05.026. 681 

Artemieva, N.A., Shuvalov, V.V., 2001. Motion of a fragmented meteoroid in the planetary  682 

atmosphere. J. Geophys. Res. 106, 3297-3310, https://doi.org/10.1029/2000JE001264. 683 

Baker, D.M.H., Head, J.W., Marchant, D.R., 2010. Flow patterns of lobate debris aprons and  684 

lineated valley fill north of Ismeniae Fossae, Mars. Icarus 207, 186-209, https://doi.org/ 685 

10.1016/j.icarus.2009.11.017. 686 

Baker, D.M.H., Head, J.W., 2015. Extensive Middle Amazonian mantling of debris aprons and  687 



31 

 

plains in Deuteronilus Mensae, Mars: Implications for the record of mid-latitude glaciation. 688 

Icarus 260, 269-288, https://doi.org/10.1016/j.icarus.2015.06.036. 689 

Ballantyne, C.K., Matthews, J.A., 1982. The development of sorted circles on recently  690 

deglaciated terrain, Jotunheimen, Norway. Arct. Alp. Res. 14 (4), 341-354. 691 

Ballantyne, C.K., Matthews, J.A., 1983. Desiccation cracking and sorted polygon development,  692 

Jotunheimen, Norway. Arct. Alp. Res. 15 (3), 339-349. 693 

Ballantyne, C.K., Harris, C., 1994. The Periglaciation of Great Britain. Cambridge University  694 

Press, Cambridge. 695 

Balme, M.R., Gallagher, C.J., Page, D.P., Murray, J.B., Muller, J-P., 2009. Sorted stone circles  696 

in Elysium Planitia, Mars: Implications for recent Martian climate. Icarus 200, 30-38, 697 

:10.1016/j.icarus.2008.11.010. 698 

Barr, I.D., Spagnolo, M., 2015. Glacial cirques as paleoenvironmental indicators: Their  699 

potential and limitations. Earth-Science Reviews 151, 48-78, https://doi.org/10.1016/j. 700 

earscirev.2015.10.004. 701 

Barrett, A.M., Balme, M.R., Patel, M.R., Hagermann, A., 2017. Clastic patterned ground in  702 

Lomonosov crater, Mars: examining fracture controlled formation mechanisms. Icarus 703 

295, 125-240, .doi.org/10.1016/j.icarus.2017.06.008. 704 

Barrett, A.M., Balme, M.R., Patel, M.R., Hagermann, A., 2018. The distribution of putative  705 

periglacial landforms on the Martian northern plains. Icarus 314, 133-148, .org/ 10.1016 706 

/j.icarus.2018.05.032. 707 

Barry, R.G, Gan, T-Y., 2011. The global cryosphere: past, present and future. Cambridge  708 

University Press, Cambridge. 709 

Benn, D., Evans, D., 2010. Glaciers and glaciation. London, UK, Hooder Education. 710 



32 

 

Benn, D.I., Hulton, N.R.J., 2010. An Excel spreadsheet program for reconstructing the surface  711 

profile of former mountain glaciers and ice caps. Computers and Geosciences 36 (5), 712 

605-610, https://doi.org/10.1016/j.cageo.2009.09.016. 713 

Black, R.F., 1954. Permafrost - a review. Bull. Geol. Soc. Am. 85, 839-856. 714 

Brough, S., Hubbard, B., Hubbard, A., 2016. Former extent of glacier-like forms on Mars. Icarus  715 

274, 37-49, .org/10.1016/j.icarus.2016.03.006. 716 

Burr, D.M., Soare, R.J., Wan Bun Tseung, J.-M., Emery, J.P., 2005. Young (late Amazonian), 717 

near-surface, ground ice features near the equator, Athabasca Valles, Mars. Icarus 178 (1), 718 

56-73, https://doi.org/10.1016/j.icarus.2005.04.012. 719 

Butcher, F.E.G., Balme, M.R., Gallagher, C., Arnold, N.S., Conway, S.J., Hagermann, A.,  720 

Lewis, S.R., 2017. Recent Basal Melting of a Mid-Latitude. J. of Geophys. Res. 122, 2445-721 

2468, .org/10.1002/2017JE005434. 722 

Butcher, F.E.G., Balme, M.R., Conway, S.J., Gallagher, C., Arnold, N.S., Storrar, R.D., Lewis,  723 

S.R., Hagermann, A., Dabis, J.D., 2021. Sinuous ridges in Chukhung crater, Tempe Terra, 724 

Mars: Implications for fluvial, glacial, and glaciofluvial activity. Icarus 357, 114131, 725 

https://doi.org/10.1016/j.icarus.2020.114131. 726 

Ceplecha, Z., et al., 1998. Meteor phenomena and bodies. Space Science Reviews 84, 327-471,  727 

:10.1023/A:1005069928850. 728 

Chapman, C.R., Pollack, J.B., Sagan, C., 1969. An analysis of the Mariner-4 cratering statistics.  729 

Astro. J. 74, 1039-1051. 730 

Chevrier, V.F., Rivera-Valentin, E.G., Soto, A., Altheide, T.S., 2020. Global Temporal and  731 

Geographic Stability of Brines on Present-day Mars. Planet. Sci. Journ. 1 (64), Error! 732 

Hyperlink reference not valid..org/10.3847/PSJ/abbc14. 733 



33 

 

Christensen, P.R., Bandfield, J.L., Smith, M.D., Hamilton, V.E., Clark, R.N., 2000. Identification  734 

of a basaltic component on the Martian surface from Thermal Emission Spectrometer data. 735 

J. Geophys. Res. 105, 9609-9621, https://doi.org/10.1029/1999JE001127. 736 

Cliffe, K.A., Morland, L.W., 2004. Full and reduced model solutions of unsteady axisymmetric  737 

ice sheet flow over a flat bed. Continuum Mechanics and Thermodynamics, 16(5), 481-738 

494, doi:10.1007/s001610100059. 739 

Clifford, S.M., 1993. A Model for the Hydrologic and Climatic Behavior of Water on Mars.  740 

Geophys. Res. 98(E6), 10,973-11,016. 741 

Colgan, W.R., Rajaram, H., Abdalati, W., McCutchan, C., Mottram, R., Moussavi, M.S.,  742 

Grigsby, S., 2016. Glacier crevasses: Observations, models, and mass balance 743 

implications. Reviews of Geophysics 54 (1), 119-161, https://doi.org/10.1002/2015RG00 744 

0504. 745 

Costard, F.M., Kargel, J.S., 1995. Outwash plains and thermokarst on Mars. Icarus 114 (1), 93- 746 

112, .10.1006/icar.1995.1046. 747 

Cuffey, K.M., Paterson, W.S.B., 2010. The physics of glaciers ,4th ed. Butterworth- 748 

Heinemann/Elsevier. 749 

Cull, S., Arvidson, R.E., Mellon, M.T., Skemer, P., Shaw, A., Morris, R.V., 2010. Compositions  750 

of subsurface ices at the Mars Phoenix landing site. Geophys. Res. Lett. 37 (L24203), 751 

:10.1029/2010GL045372. 752 

Czudek, T., Demek, J., 1970. Thermokarst in Siberia and its influence on the development of  753 

lowland relief. Quat. Res. 1, 103-120. 754 

Dahl, R., 1966. Block fields, weathering pits and tor-like Forms in the Narvik mountains,  755 

Nordland, Norway. Geogr. Ann. Ser. A: Phys. Geog. 48 (2), 55-85. 756 



34 

 

Daubar, I.J., McEwen, A.S., Byrne, S., Kennedy, M.R., Ivanov, B., 2013. The current Martian  757 

cratering rate. Icarus 225 (1), 506-516, https://doi.org/10.1016/j.icarus.2013.04.009. 758 

Daubar, I.J., Banks, M.E., Schmerr, N.C., Golombek, M.P., 2019. Recently formed crater  759 

clusters on Mars, J. Geophys. Res. 124, 958-969, htps://doi.org/10.1029/2018JE005857. 760 

De Leffingwell, E., 1915. The dominant form of ground-ice on the north coast of Alaska. J.  761 

Geol. 23 (7), 635-654. 762 

Dickson, J.L, Head, J.W., Marchant, D.R., 2008. Late Amazonian glaciation at the dichotomy  763 

boundary on Mars: Evidence for glacial thickness maxima and multiple glacial phases. 764 

Geology 36 (5), 411-414, :10.1130/G24382A. 765 

Dundas, C.M., 2017. Effects of varying obliquity on Martian sublimation thermokarst landforms.  766 

Icarus 281, 115-120, .doi.org/10.1016/j.icarus.2016.08.031. 767 

Dundas, C.M., Byrne, S., McEwen, A.S., 2015. Modeling the development of Martian  768 

sublimation thermokarst landforms. Icarus 262, 154-169. 769 

Farquharson, L.M., Romanovsky, V.E., Cable, W.L., Walker, D.A., Kokelj, S.V., Nicolsky, D.,  770 

2019. Climate Change Drives Widespread and Rapid Thermokarst Development in Very 771 

Cold Permafrost in the Canadian High Arctic. Geophys. Res. Lett. 6681-6689, https://doi. 772 

Org/10.1029/2019GL082187. 773 

Fastook, J.L., Head, J.W., Marchant, D.R., 2014. Formation of lobate debris aprons on Mars:  774 

Assessment of regional ice sheet collapse and debris-cover armoring. Icarus 228, 54-63, 775 

.doi.org/10.1016/j.icarus.2013.09.025. 776 

Forget, F., Haberle, R.M., Montmessin, F., Levrard, B., Head, J.W., 2006. Formation of glaciers  777 

on Mars by atmospheric precipitation at high obliquity. Science 311, 368-371,  778 

doi:10.1126/science.1120335. 779 



35 

 

French, H.M., 2007. The periglacial environment, 3rd ed., J. Wiley & Sons, West Sussex,  780 

England. 781 

French, H.M., Guglielmin, M., 2000. Frozen ground phenomena in the vicinity of Terra Nova  782 

Bay, northern Victoria Land, Antarctica: a preliminary report. Geogr. Ann. Ser. A: Phys. 783 

Geogr., 82, 513-526. 784 

Frey, H.V., Roark, J.H., Shockey, K.M., Frey, E.L., Sakimoto, S.E.H., 2002. Ancient lowlands  785 

on Mars. Geophys. Res. Lett. 29 (10), 1384, .1029/2001GL013832. 786 

Gallagher, C, Balme, M.R., Conway, S.J., Grindrod, P.M., 2011. Sorted clastic stripes, lobes and  787 

associated gullies in high-latitude craters on Mars: Landforms indicative of very recent, 788 

polycyclic ground-ice thaw and liquid flows. Icarus 211, 458-471, https://doi:10.1016/j. 789 

icarus.2010.09.010. 790 

Gallagher, C.J., Butcher, F.E.G., Balme, M., Smith, I., Arnold, N., 2021. Landforms indicative of  791 

regional warm based glaciation, Phlegra Montes, Mars. Icarus 355 (114173), https://doi. 792 

Org/10.1016/j.icarus.2020.114173. 793 

Gastineau, R., Conway, S.J., Johnsson, A., Eichel, J., Mangold, N., Grindrod, M., Izquierdo, T.  794 

2020. Small-scale lobate hillslope features on Mars: A comparative 3D morphological 795 

study with terrestrial solifluction lobes and zebra stripe lobes. Icarus 342, 113606,  796 

https://doi.org/10.1016/j.icarus.2019.113606. 797 

Grosse, G., Schirrmeister, L., Siegert, C., Kunitsky, V.K., Slagoda, E.A., Andreev, A.A.,  798 

Dereviagyn, Y., 2007. Geological and geomorphological evolution of a sedimentary 799 

periglacial landscape in northeast Siberia during the late Quaternary. Geomorphology 86, 800 

25-51, .10.1016/j.geomorph.2006.08.005. 801 

Haberle, R.M., McKay, C.P., Schaeffer, J., Cabrol, N.A., Grin, E.A., Zent, A.P., Quinn, R.,  802 



36 

 

2001. On the possibility of liquid water on present-day Mars. J. Geophys. Res. 106 (E10), 803 

23,317 -23,326, https://doi.org/10.1029/2000JE001360. 804 

Hallet, B., et al. 1988. Surface soil displacements in sorted circles, western Spitsbergen. In:  805 

Proceedings of the 5th International Conference on Permafrost, 1, Trondheim, Norway, 806 

770-775. 807 

Hallet, B., Sletten, R., Whilden, K., 2011. Micro-relief development in polygonal patterned  808 

ground in the Dry Valleys of Antarctica. Quat. Res. 75, 347-355, https://doi.org/10.1016/ 809 

j.yqres.2010.12.009. 810 

Hambrey, M.J., 1994. Glacial environments. UBC Press. 811 

Hambrey, M.J., Müller, F. 1978. Structures and Ice Deformation in the White Glacier, Axel  812 

Heiberg Island, Northwest Territories, Canada. Journal of Glaciology 20 (82), 41-66,  813 

Harris, S.A., French, H.M., Heginbottom, J.A., Johnston, G.H., Ladanyi, B., Sego, D.C., van  814 

Everdingen, R.O., (eds.), 1988. Glossary of permafrost and related ground-ice terms. 815 

Technical Memorandum 142, Permafrost Subcommittee, National Research Council of 816 

Canada, 154 p. 817 

Harish, N., Vijayan, S., Mangold, N., Bhardwaj, A., 2020. Water‐Ice Exposing Scarps Within the  818 

Northern Midlatitude Craters on Mars. Geophys. Res. Lett. 47, .org/10.1029/2 819 

020GL089057. 820 

Hartmann, W.K., 1971. Martian cratering III: Theory of crater obliteration. Icarus 15, 410-428,  821 

https://doi.org/10.1016/0019-1035(71)90119-9. 822 

Hartmann, W.K., 2005. Martian cratering 8: Isochron refinement and the chronology of Mars.  823 

Icarus 174, 294-320, https://doi.org/10.1016/j.icarus.2004.11.023. 824 

Head, J.W., Kreslavsky, M.A., Pratt, S., 2002. Northern lowlands of Mars: Evidence for  825 



37 

 

widespread volcanic flooding and tectonic deformation in the Hesperian Period. J. 826 

Geophys. Res. 107 (E1), 5003, https://doi.org/10.1029/2000JE001445. 827 

Head, J.W., Mustard, J.F., Kreslavsky, M.A., Milliken, R.E., Marchant, D.R., 2003. Recent ice  828 

ages on Mars. Nature 426, 797-802, .10.1038/nature02114. 829 

Head, J.W., Marchant, D.R., Dickson, J.L., Kress, A.M., Baker, D.M., 2010. Northern mid- 830 

latitude glaciation in the Late Amazonian period of Mars: criteria for the recognition of 831 

debris-covered glacier and valley glacier land-system deposits. Earth Planet. Sci. Lett., 294, 832 

306-320, .10.1016/j.epsl.2009.06.041. 833 

Hecht, M.H., 2002. Metastability of liquid water on Mars. Icarus 156, 373-386, https://doi:10.  834 

1006/icar.2001.6794. 835 

Hepburn, A. J., Ng, F., Livingstone, S. J., Holt, T., Hubbard, B., 2020a. Polyphase mid-latitude  836 

glaciation on Mars: Chronology of the formation of superposed glacier-like forms from 837 

crater-count dating. J. Geophys. Res. 125 (e2019JE006102), doi.org/10.1029/2019JE006 838 

102. 839 

Hepburn, A.J., Ng, F.S.L., Holt, T.O., Hubbard, B., 2020b. Late Amazonian Ice Survival in  840 

Kasei Valles, Mars. J. Geophys. Res., 125 (11), .org/10.1029/2020JE006531. 841 

Hubbard, B., Souness, C., Brough, S., 2014. Glacier-like forms on Mars. The Cryosphere 8,  842 

2047-2061, doi:10.5194/tc-8-2047-2014. 843 

Hughes, O.L., 1974. Geology and permafrost in relation to hydrology and geophysics, in  844 

Proceedings of Workshop Seminar, 1974. Ottawa, Canadian National Committee, 845 

International Hydrological Decade, 21-30. 846 

Hulton, N.R.J., Mineter, M.J. 2000. Modelling self-organization in ice streams. Annals of  847 

Glaciology 30 (1997), 127-136, .org/10.3189/172756400781820561. 848 



38 

 

Hussey, K.M., Michelson, R.W., 1966. Tundra relief features near Point Barrow, Alaska. Arctic  849 

19 (2), 162-184. 850 

Immerzeel, W.W., Lutz, A.F., Andrade, M., Bahl, A., Biemans, H., Bolch, T., Hyde, S., Brumby,  851 

S., Davies, B.J., Elmore, A.C., Emmer, A., 2020. Importance and vulnerability of the 852 

world’s water towers. Nature 577 (7790), 364-369, .org/10.1038/s41586-019-1822-y. 853 

Jennings, S.J.A., Hambrey, M.J., 2021. Structures and Deformation in Glaciers and Ice Sheets.  854 

Reviews of Geophysics, 59 (3), 1-135, https://doi.org/10.1029/2021RG000743. 855 

Kargel, J.S., Strom, R.G., 1992. Ancient glaciation on Mars. Geology 23, 3-7. 856 

Karlsson, N.B., Schmidt, L.S., Hvidberg, C.S., 2015. Volume of Martian midlatitude glaciers  857 

from radar observations and ice flow modeling. Geophysical Research Letters 42 (8), 2627-858 

2633, https://doi:10.1002/2015GL063219. 859 

Kessler, M.A., Werner, B.T., 2003. Self-organisation of sorted patterned ground. Science 299,  860 

380-383, https://doi.org/10.1126/science.1077309. 861 

Kling, J., 1996. Relict sorted patterned ground in Rostu, Northernmost Sweden. Geogr. Ann., A:  862 

Phys. Geog., 78 (1), 61-72. 863 

Kneissl, T., van Gasselt, S., Neukum, G., 2011. Map-projection-independent crater size- 864 

frequency determination in GIS environments - new software tool for ArcGIS. Planet. 865 

Space Sci. 59, 1243-1254, https//doi.org/10.1016/j.pss.2010.03.015. 866 

Kostama, V.-P., Kreslavsky, M.A., Head, J.W., 2006. Recent high-latitude icy mantle in the  867 

northern plains of Mars: Characteristics and ages of emplacement. J. Geophys. Res. 33, 868 

L11201, doi:10.1029/2006GL025946. 869 

Krüger, J., 1994. Sorted polygons on recently deglaciated terrain in the highland of  870 

Mælifellssandur, South Iceland. Geogr. Ann. Ser. A: Phys. Geogr., 76 (1-2), 49-55. 871 



39 

 

Lachenbruch, A.H., 1962. Mechanics of Thermal Contraction Cracks and Ice-wedge Polygons in  872 

Permafrost. In: GSA Special Paper 70 (69). GSA, New York. 873 

Laskar, J., Correia, A.C.M., Gastineau, M., Joutel, F., Levrard, B., Robutel, P., 2004. Long term  874 

evolution and chaotic diffusion of the insolation quantities of Mars. Icarus 170, 343-362,  875 

doi:10.1016/j.icarus.2004.04.005. 876 

Le Deit, L., Hauber, E., Fueten, F., Pondrelli, M., Pio Rossi, A., Jaumann, R., 2013. Sequence of  877 

infilling events in Gale Crater, Mars: Results from morphology, stratigraphy, and 878 

mineralogy. J. Geophys. Res. 118, 2439–2473, doi:10.1002/2012JE004322. 879 

Lefort, A., Russell, P.S., McEwen, A.S., Dundas, C.M., Kirk, R.L., 2009. Observations of  880 

periglacial landforms in Utopia Planitia with the High Resolution Imaging Science 881 

Experiment (HiRISE). J. Geophys. Res. 114 (E04005), https://doi.10.1029/2008JE0032 64. 882 

Levrard, B., Forget, F., Montmessin, F., Laskar, J., 2004. Recent ice-rich deposits formed at high  883 

latitudes on Mars by sublimation of unstable equatorial ice during low obliquity. Nature 884 

431, 1072-1075, https://doi.org/10.1038/nature03055. 885 

Levy, J., Head, J., Marchant, D., 2009a. Concentric crater fill in Utopia Planitia: History and  886 

interaction between glacial “brain terrain” and periglacial mantle processes. Icarus 202, 887 

462-476, https://doi.10.1016/j.icarus.2009.02.018. 888 

Levy, J., Head, J., Marchant, D., 2009b. Thermal contraction crack polygons on Mars:  889 

Classification, distribution, and climate implications from HiRISE observations. J. 890 

Geophys. Res. 114 (E01007), https://doi:10.1029/2008JE003273. 891 

Levy, J.S., Fassett, C.I., Head, J.W., Schwartz, Watters, J.L., 2014. Sequestered glacial ice  892 



40 

 

contribution to the global Martian water budget: Geometric constraints on the volume of 893 

remnant, midlatitude debris‐covered glaciers. J. Geophys. Res. 119, 2188-2196, https:// 894 

doi.org/10.1002/2014JE004685. 895 

Mackay, J.R., 1974. Ice wedge cracks, Garry Island, Northwest Territories. Can. J. Earth Sci. 11,  896 

1366-1383, https://doi.org/10.1139/e74-133. 897 

Mackay, J.R., 1997. A full-scale field experiment (I978-I995) on the growth of permafrost by  898 

means of lake drainage, western Arctic coast: a discussion of the method and some results. 899 

Can. J. Earth Sci. 34, 17-33, https://doi.org/10.1139/e17-002. 900 

Mackay, J.R., Burn, C.R., 2002. The first 20 years (1978-1979 to 1998-1999) of ice-wedge  901 

growth at the Illisarvik experimental drained lake site, western Arctic coast, Canada. Can. 902 

J. Earth Sci. 39, 95-111, https://doi:10.1139/E01-048. 903 

Mackay, S.L., Marchant, D.R., Lamp, J.L., Head, J.W., 2014. Cold‐based debris‐covered  904 

glaciers: Evaluating their potential as climate archives through studies of ground‐905 

penetrating radar and surface morphology. J. Geophys. Res. 119 (11), 2505-2540, 906 

https://doi:10.1002/2014JF003178. 907 

Madeleine, J-B., Forget, F., Head, J.W., Levrard, B., Montmessin, F., Millour, E., 2009.  908 

Amazonian northern mid-latitude glaciation on Mars: a proposed climate scenario. Icarus 909 

203, 390-405, https://doi.org/10.1016/j.icarus.2009.04.037. 910 

Malin, M.C., et al., 2007. Context Camera Investigation on board the Mars Reconnaissance  911 

Orbiter. J. Geophys. Res. 112 (E05S04), https://doi.org/10.1029/2006JE002808. 912 

Mangold, N., 2003. Geomorphic analysis of lobate debris aprons on Mars at Mars Orbiter  913 

Camera scale: Evidence for ice sublimation initiated by fractures. J Geophys. Res., 108 914 

(E4), 8021, doi:10.1029/2002JE001885. 915 



41 

 

Mangold, N., 2005. High latitude patterned grounds on Mars: Classification, distribution and  916 

climatic control. Icarus 174, 336-359, doi:10.1016/j.icarus.2004.07.030. 917 

Marchant, D.R., et al., 2002. Formation of patterned ground and sublimation till over Miocene  918 

glacier ice in Beacon Valley, southern Victoria Land, Antarctica. Geol. Soc. Am. Bull. 114 919 

(6), 718-730, https://doi.org/10.1130/0016-7606(2002)114<0718:FOPGAS>2.0.CO; 2. 920 

Martellato, E., Bramson, A.M., Cremonese, G., 2020. Martian ice revealed by modeling of  921 

simple terraced crater formation. J. Geophys. Res. 125, https://doi.org/10.1029/2019JE00 922 

6108. 923 

Martinez, G.M., et al., 2017. The Modern Near-Surface Martian Climate: A Review of In-situ  924 

Meteorological Data from Viking to Curiosity. Space Sci. Rev. 212, 295-338, doi:10. 925 

1007/s11214-017-0360-x. 926 

Martini, I.P., Brookfield, M.E., Sadura, S. 2001. Principles of glacial geomorphology and  927 

geology. Prentice Hall, Upper Saddle River, USA. 928 

McEwen, A.S., et al., 2007. Mars Reconnaissance Orbiter's High-Resolution Imaging Science  929 

Experiment (HiRISE). J. Geophys. Res. 112 (E05S02), https://doi.org/10.1029/2005JE00 930 

2605. 931 

McGill, G.E., Dimitriou, A.M., 1990. Origin of the Martian global dichotomy by crustal thinning  932 

in the Late Noachian or Early Hesperian. J. Geophys. Res. 95, 12,595-12,605, https://doi. 933 

org/10.1029/JB095iB08p12595. 934 

Mellon, M.T., Jakosky, B.M., 1993. Geographic Variations in the Thermal and Diffusive  935 

Stability of Ground Ice on Mars. J. Geophys. Res. 98 (E2), 3345-3364. 936 

Mellon, M.T., Jakosky, B.M., 1995. The distribution and behavior of Martian ground ice during  937 



42 

 

past and present epochs. J. Geophys. Res. 100, 11781-11799, https://doi.org/10.1029/95J 938 

E01027. 939 

Mellon, M., et al., 2004, The presence and stability of ground ice in the southern hemisphere of  940 

Mars. Icarus 169, 324-340, https://doi:10.1016/j.icarus.2003.10.022 941 

Miller, R.D., 1972. Freezing and heaving of saturated and unsaturated soils. In: Frost action in  942 

soils. Transport Research Board, National Academy of Highway Research Board 393, 1-943 

11. 944 

Milliken, R.E. Mustard, J.F., Goldsby, D.L., 2003. Viscous flow features on the surface of Mars:  945 

Observations from high-resolution Mars Orbiter Camera (MOC) images. J. Geophys. Res. 946 

108 (E6), 5057, https://doi:10.1029/2002JE002005. 947 

Morgan, G.A., Head, J.W., Marchant, D.R., 2009. Lineated valley fill (LVF) and lobate debris  948 

aprons (LDA) in the Deuteronilus Mensae northern dichotomy boundary region, Mars: 949 

Constraints on the extent, age and episodicity of Amazonian glacial events. Icarus 202 (1), 950 

22-38, https://doi.org/10.1016/j.icarus.2009.02.017. 951 

Morgenstern, A., Hauber, E., Reiss, D., van Gasselt, S., Grosse, G., Schirrmeister, L., 2007.  952 

Deposition and degradation of a volatile-rich layer in Utopia Planitia, and implications for 953 

climate history on Mars. J. Geophys. Res. 112 (E06010), https://doi.10.1029/2006JE0 954 

02869. 955 

Murton, J.B., 2001. Thermokarst sediments and sedimentary structures, Tuktoyaktuk Coastlands,  956 

western Arctic Canada. Glob. Planet. Chang. 28, 175-192, https://doi.org/10.1016/S0921-957 

8181(00)00072-2. 958 

Mustard, J.F., Cooper, C.D., Rifkin, M.R., 2001. Evidence for recent climate change on Mars  959 



43 

 

from the identification of youthful near-surface ground ice. Nature 412, 411-414, https:// 960 

doi.10.1038/35086515. 961 

Neukum, G., Jaumann, R., 2004. HRSC: The high-resolution stereo camera of Mars Express. In  962 

 Mars Express: The Scientific Payload 1240, 17-35. 963 

Ng, F.S.L, Barr, I.D., Clark, C.D. 2010. Using the surface profiles of modern ice masses to  964 

inform paleo-glacier reconstructions. Quaternary Science Reviews 29 (23-24), 3240-3255, 965 

https://doi.org/10.1016/j.quascirev.2010.06.045. 966 

Oberbeck, V.R., Quaide, W.L., 1967. Estimated thickness of a fragmental surface layer of  967 

Oceanus Procellarum. J. Geophys. Res. 72 (18), 4697-4704. 968 

Oehler, D., Mangold, N., Hallet, B., Fairén, .G., Le Deit, L., Williams, A.J., Sletten, R.S.,  969 

Martínez-Frías, J., 2016. Origin and significance of decameter-scale polygons in the lower 970 

Peace Vallis fan of Gale crater, Mars. Icarus 277, 56-72, https://doi.org/10.1016/j. 971 

icarus.2016. 04.038. 972 

Öpik, E.J., 1965. Mariner IV and craters on Mars. Irish Astronomical Journal 7, 92-104. 973 

Osterkamp, T.E., Jorgenson, M.T., Schuur, E.A.G., Shur, Y.L., Kanevskiy, M.A., Vogel, J.G.,  974 

Tumskov, V.E., 2009. Physical and Ecological Changes Associated with Warming 975 

Permafrost and Thermokarst in Interior Alaska. Permafr. Periglac. Process. 20, 235-256, 976 

https://doi:10.1002/ppp656. 977 

Palucis, M.C., Jasper, J., Garczynski, B., Dietrich, W.E., 2020. Quantitative assessment of  978 

uncertainties in modeled crater retention ages on Mars. Icarus 341 (113623), Error! 979 

Hyperlink reference not valid.. 980 

Parsons, R.A., Nimmo, F., Miyamoto, H., 2011. Constraints on martian lobate debris apron  981 

evolution and rheology from numerical modeling of ice flow. Icarus 214 (1), 246-257, 982 



44 

 

http://dx.doi.org/10.1016/j.icarus.2011.04.014. 983 

Pechmann, J.C., 1980. The origin of polygonal troughs on the northern plains of Mars. Icarus 42,  984 

185-210. 985 

Pedersen, G.B.M., Head, J.W. 2010. Evidence of widespread degraded Amazonian-aged ice-rich  986 

deposits in the transition between Elysium Rise and Utopia Planitia, Mars: Guidelines for 987 

the recognition of degraded ice-rich materials. Planet. Space Sci. 58, 1953-1970, 988 

doi:10.1016/j.pss.2010.09.019. 989 

Penner, E., 1959. The mechanism of frost heaving in soils. Highway Research Board, Bulletin  990 

225, 1-22. 991 

Péwé, T., 1959. Sand-wedge polygons (tessellations) in the McMurdo Sound region, Antarctica-  992 

a progress report. Am. J. Sci. 257, 545-552. 993 

Pissart, A., 1990 Advances in periglacial geomorphology. Zeitschrift für Geomorphologie 79,  994 

119-131. 995 

Popova, O., Nemtchinov, I., Hartmann W.K., 2003. Bolides in the present and past Martian  996 

atmosphere and effects on cratering processes. Meteorit. Planet. Sci. 38, 905-925, 997 

10.1111/j.1945-5100.2003.tb00287.x 998 

Popova, O., Hartmann, W.K., Nemtchinov, I., Richardson, D.C., Berman, D.C., 2007. Crater  999 

clusters on Mars: Shedding light on Martian ejecta launch conditions. Icarus 190, 50-73,  1000 

https://doi.org/10.1016/j.icarus.2007.02.022. 1001 

Poulet, F., Gomez, C., Bibring, J-P., Langevin, Y., Gondet, B., Pinet, P., Belluci, G., Mustard, J.,  1002 

2007. Martian surface mineralogy from Observatoire pour la Minéralogie, l’Eau, les Glaces 1003 

et l’Activite´ on board the Mars Express spacecraft (OMEGA/MEx): Global mineral maps. 1004 

J. Geophys. Res. 112, E08S02, https://doi:10.1029/2006JE002840. 1005 



45 

 

Prieur, N.C., Rolf, T., Wünnemann, K., Werner, S.C., 2018. Formation of simple impact craters  1006 

in layered targets: Implications for lunar crater morphology and regolith thickness. J. 1007 

Geophys. Res. 123, 1555-1578, https://doi.org/10.1029/2017JE005463. 1008 

Primm, K.M., Stillman, D.E., Michaels, T.I., 2019. Investigating the hysteretic behavior of Mars- 1009 

relevant chlorides. Icarus 342, 113342, https://doi.org/10.1016/j.icarus.2019.06.003. 1010 

Rampton, V.N., 1988. Quaternary geology of the Tuktoyaktuk Coastlands, Northwest  1011 

Territories, Geological Survey of Canada, Memoir 423, (98 p). 1012 

Rampton, V.N. Mackay, J.R., 1971. Massive ice and icy sediments throughout the Tuktoyaktuk  1013 

Peninsula, Richards Island, and nearby areas, District of Mackenzie, Geological Survey of 1014 

Canada, Paper 71-21, 16 p. 1015 

Rampton, V.N., Bouchard, M., 1975. Surficial geology of Tuktoyaktuk, District of Mackenzie,  1016 

Geological Survey of Canada, Paper 74-53, 16 p. 1017 

Renno, N.O., et al. 2009. Possible physical and thermodynamical evidence for liquid water at the  1018 

Phoenix landing site. J. Geophys. Res. 114 (E00E03), https://doi:10.1029/2009 JE0033 62. 1019 

Schirrmeister, L. Froese, D., Tumskoy, V., Grosse, G., Wetterich, S., 2013. Yedoma: late  1020 

Pleistocene ice-rich syngenetic permafrost of Beringia. eds. S.A. Elias & C.J. Mock, 1021 

Encyclopedia of Quaternary Science, 2nd ed., 3, 542-552. 1022 

Schlyter, P., 1992. Large sorted stone polygons, and ventifact distribution, in the Syrkadal Area, 1023 

Scania, S. Sweden. Geogr. Ann. Ser. A: Phys. Geogr. 74 (2/3), 219-226. 1024 

Schmidt, L.S., Hvidberg, C.S., Kim, J.R., Karlsson, N.B., 2019. Non-linear flow modelling of a  1025 

Martian Lobate Debris Apron. Journal of Glaciology 65 (254), 889-899, https://doi.org 1026 

/10.1017/jog.2019.54. 1027 

Seibert, N.M., Kargel, J.S., 2001. Small scale Martian polygonal terrain: implications for liquid  1028 



46 

 

surface water. Geophys. Res. Lett. 28 (5), 899-902, https://doi.org/10.1029/2000GL012 1029 

093. 1030 

Séjourné, A., Costard, F., Gargani, J., Soare, R.J., Fedorov, A., Marmo, C., 2011. Scalloped  1031 

depressions and small-sized polygons in western Utopia Planitia: a new formation 1032 

hypothesis. Planet. Space Sci. 59, 412-422, https:doi:10.1016/j.pss.2011.01.007. 1033 

Séjourné, A., Costard, F., Gargani, J., Soare, R.J., Marmo, C., 2012. Evidence of an eolian ice- 1034 

rich and stratified permafrost in Utopia Planitia, Mars. Planet. Space Sci. 60, 248-254. 1035 

https://doi.org/10.1016/j.pss.2011.09.004. 1036 

Shakesby, R.A., 1989. Variability in Neoglacial moraine morphology and composition,  1037 

Storbreen, Jotunheimen, Norway: within-moraine patterns and their implications. Geogr. 1038 

Ann. Ser. A: Phys. Geogr. 71 (1-2), 17-29. 1039 

Sinha, R.K., Murty, S.V.S., 2015. Amazonian modification of Moreux crater: Record of recent  1040 

and episodic glaciation in the Protonilus Mensae region of Mars. Icarus 245, 122-144,  1041 

https://doi.org/10.1016/j.icarus.2014.09.028. 1042 

Sletten, R.S., Hallet, B., Fletcher, R.C., 2003. Resurfacing time of terrestrial surfaces by the  1043 

formation and maturation of polygonal patterned ground. J. Geophys. Res. 108 (E4), 8044, 1044 

https://dx.doi.org/10.1029/2002JE001914. 1045 

Soare, R.J., Osinski, G.R., Roehm, C.L., 2008. Thermokarst lakes and ponds on Mars in the very  1046 

recent (late Amazonian) past. Earth Planet. Sci. Lett. 272 (1-2), 382-393, https://doi.10. 1047 

1016/j.epsl.2008.05.10. 1048 

 1049 

Soare, R.J., Horgan, B., Conway, S.J., Souness, C., El-Maarry, M.R., 2015. Volcanic terrain and  1050 



47 

 

the possible periglacial formation of “excess ice” at the mid-latitudes of Utopia Planitia, 1051 

Mars. Earth Planet. Sci. Lett. 423, 182-192, https://dx.doi.org/10.1016/j.epsl.2015.04. 033. 1052 

Soare, R.J., Conway, S.J., Gallagher, C., Dohm, J.M., 2016. Sorted (clastic) polygons in the  1053 

Argyre region, Mars, & possible evidence of pre- & post-glacial periglaciation in the Late 1054 

Amazonian Epoch. Icarus 264, 184-197, https://doi.org/10.1016/j.icarus.2015.09.019. 1055 

Soare, R.J., Conway, S.J., Gallagher, C., Dohm, J.M., 2017. “Ice-rich” (periglacial) vs “icy”  1056 

(glacial) depressions in the Argyre region, Mars: a proposed cold-climate dichotomy of 1057 

landforms. Icarus 282, 70-83, https://doi.10.1016/j.icarus.2016.09.009. 1058 

Soare, R.J., Conway, S.J., Gallagher, C.J., Williams, J.-P., Osinski, G.R., 2018. Paleo-periglacial  1059 

and “ice-rich” complexes in Utopia Planitia, chapter 7. In: Soare, R.J., Conway, S.J., 1060 

Clifford, S.M. (Eds.), Dynamic Mars, Recent Landscape Evolution of the Red Planet. 1061 

Elsevier, p. 464. 1062 

Soare, R.J., Conway, S.J., Williams, J.-P., Gallagher, C., Mc Keown, L.E., 2020. Possible  1063 

(closed-system) pingo and ice-wedge/thermokarst complexes at the mid latitudes of Utopia 1064 

Planitia, Mars. Icarus 342, 113233, https://doi.org/10.1016/j. icarus.2019.03.010. 1065 

Soare, R.J., Conway, S.J., Williams, J-P, Phillipe, M., Mc Keown, L.E., Godin, E. Hawkswell, J.,  1066 

2021a. Possible ice-wedge polygonisation in Utopia Planitia, Mars and its latitudinal 1067 

gradient of distribution. Icarus 114208, https://doi.org/10.1016/j.icarus.2020.114208. 1068 

Soare, R.J, Conway, S.J., Williams, J-P, Hepburn, A.J., 2021b. Possible polyphase periglaciation  1069 

and glaciation adjacent to the Moreux impact-crater, Mars. Icarus 362, 114401, https:// 1070 

doi.org/10.1016/j.icarus.2021.114401. 1071 

Soare, R.J., Williams, J-P, Conway, S.J., El-Maarry, M.R., 2021c. Pingo-like mounds and  1072 



48 

 

possible polyphase periglaciation/glaciation at/adjacent to the Moreux impact crater 407-1073 

435, https://doi.org/10.1016/B978-0-12-820245-6.00014-8. In: Mars geological enigmas, 1074 

from the late Noachian Epoch to the present day. Elsevier, 554 p. 1075 

Souness, C., Hubbard, B., Milliken, R.E., Quincey, D., 2012. An inventory and population-scale  1076 

analysis of Martian glacier-like forms. Icarus 217 (1), 243-255, https://doi.org/10.1016/j. 1077 

icarus.2011.10.020. 1078 

Souness, C.J., Hubbard, B., 2013. An alternative interpretation of late Amazonian ice flow:  1079 

Protonilus Mensae, Mars. Icarus 225, 495-505, https://doi.org/10.1016/j.icarus.2013.03. 1080 

030. 1081 

Taber, S., 1930. The mechanics of frost heaving, 9-26, in Historical perspectives in frost heave  1082 

research: the early works of S. Taber and G. Beskow. Special report 91-23, U.S. Army 1083 

Corp of Engineers, (eds.) P.B Black and M.J. Hardenburg, 1991, 159 p. 1084 

Tanaka, K.L., et al., 2014. U.S. Geological Survey Scientific Investigations Map 3292, scale  1085 

1:20,000,000, pamphlet, 43 p. 1086 

Ulrich, M., Morgenstern, A., Günther, F., Reiss, D., Bauch, K.E., Hauber, E., Rössler, S,  1087 

Schirrmeister, L., 2010. Thermokarst in Siberian ice-rich permafrost: comparison to 1088 

asymmetric scalloped depressions on Mars. J. Geophys. Res. 115 (E10009), https://doi: 1089 

10.1029/2010JE003640. 1090 

van der Bogert, C., Michael, G., Kneissl, T., Hiesinger, H., Pasckert, J., 2015. Effects of count  1091 

area size on absolute model ages derived from random crater size-frequency distributions. 1092 

In: Lunar and Planetary Science Conference, abstract 1742. 1093 

Van Vliet-Lanoë, B., 1998. Frost and soils, implications for paleosols. Paleoclimates and  1094 

stratigraphy. Catena 34, 157-183. 1095 



49 

 

Warner, N.H., Gupta, S., Calef, F., Grindrod, P., Boll, N., Goddard, K., 2015. Minimum  1096 

effective area for high resolution crater counting of Martian terrains. Icarus 245, 198-240, 1097 

https://doi.org/10.1016/j.icarus.2014.09.024. 1098 

Washburn, A.L., 1973. Periglacial Processes & Environment. St Martin’s Press, New York, NY. 1099 

Washburn, A.L., 1989. Near-surface soil displacement in sorted circles, Resolute area,  1100 

Cornwallis Island, Canadian High Arctic. Can. J. Earth Sci. 26, 941-955. 1101 

Watson, C., Quincy, D., Smith, M., Carrivick, J., Rowan, A., James, M., 2017. Quantifying ice  1102 

cliff evolution with multi-temporal point clouds on the debris-covered Khumbu Glacier, 1103 

Nepal. J. Glaciol. 63 (241), 823-837, doi:10.1017/jog.2017.47 1104 

Whalley, W.B., Gordon, J.E., Thompson, D.L., 1981. Periglacial features on the margins of a  1105 

receding plateau ice cap, Lyngen, North Norway. J. Glaciol. 27 (97), 492-496. 1106 

Williams J-P., Pathare A. V., Aharonson, O., 2014. The production of small primary craters on  1107 

Mars and the Moon. Icarus 235, 23-36, https://doi.org/10.1016/j.icarus.2014.03.011. 1108 

Williams, J-P., van der Bogert, C.H., Pathare, A.V., Michael, G.G., Kirchoff, M.R., Hiesinger,  1109 

H., 2018. Dating very young planetary surfaces from crater statistics: A review of issues 1110 

and challenges. Meteorit. Planet. Sci. 53 (4), 554-582, doi.org/10.1111/maps.12924. 1111 

Zuber, M.T., Smith, D., Solomon, S.C., Muhleman, D.O., Head, J.W., Garvin, J.B., Abshire,  1112 

J.B., Bufton, J.L., 1992. The Mars Observer laser altimeter investigation. J. Geophys. Res. 1113 

97 (E5), 7781-7797, https://doi.org/10.1029/92JE00341. 1114 

Figures 1115 

Fig. 1: The geographical footprint of our study area (red rectangle) in the Protonilus Mensae  1116 

[PM] region of Mars (extent shown by black box in inset of global elevation map of Mars). 1117 

The black dashed-line highlights the Mars crustal dichotomy and the proximity of our 1118 



50 

 

footprint to it. Background colour comprises MOLA global-elevation (Zuber et al., 1992) 1119 

in an equirectangular projection. MOLA data credit: MOLA Science Team, Arizona State 1120 

University. 1121 

Fig. 2: CTX image F21_044083_2248_ XI_44N317W of geological units eHt and HNt in the PM  1122 

region. The two units are separated by a contact first identified by Tanaka et al. (2014) and 1123 

refined, here. The white line coincides with Tanaka’s original boundary, derived of a large 1124 

regional-scale map; the black line marks the updated contact. Age estimates of the large 1125 

crater (serrated circle) suggest that it intercepts the floor of HNt at depth (Soare et al., 1126 

2022b). The red rectangle represents the footprint of HiRISE image ESP_028457_2255. 1127 

Stars mark the sample locations of (candidate) clastically-sorted circles in unit eHt (see 1128 

Fig. 3a) and polygonised but not clastically-sorted thermokarst-like depressions in unit 1129 

HNt (see Fig. 6). North is up. CTX image credit: NASA/JPL/Arizona State University. 1130 

HiRISE image credit: NASA/JPL/University of Arizona. 1131 

Fig. 3: a) Example of ubiquitous surface-coverage of unit eHt by decametre-scale circular to  1132 

sub-circular or quasi-polygonised structures, elevated at the margins. The margins are 1133 

punctuated by boulders and show a slightly lighter tone than the terrain circumscribed by 1134 

them. HiRISE image ESP_028457_2255. Examples of four morphologic categories of 1135 

depressions based on similarities to impact craters. b) Type 0 - unlikely: shallow, often 1136 

irregular, or elliptical in shape with no apparent rim. c) Type 1 - possible but ambiguous: 1137 

similar to Type 0 but are circular in planform making them candidates for being impact 1138 

related. d) Type 2 - probable: circular with uplifted rims and steeper interior wall slopes 1139 

than typical of the surrounding depressions. e) Type 3 - unambiguous: bowl-shaped with 1140 

sharp edges or rims and steep inward slopes. Scale bars are 20 m. North is up in all panels. 1141 
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HiRISE ESP_028457_2255. North is up in all panels. Image credit: NASA/JPL/University 1142 

of Arizona. 1143 

Fig. 4: a) Larger, unfilled bowl-shaped depressions confidently identified to be impact craters  1144 

due to their size and depth. The lower crater is an example of a subset of these craters that 1145 

have terraces in the interior wall outlining their center near the floor, possibly resulting 1146 

from a transition in target properties. b) Largest crater (D = 350 m) identified in the count 1147 

region with a clearly visible rim and surrounding ejecta material that appears to overlay the 1148 

adjacent terrain. c) Example of a class of depressions with central mounds that may 1149 

represent buried impact craters formed prior to the emplacement of the current exposed 1150 

surface materials and could thus represent embedded craters exposed by exhumation. d) 1151 

Class of subdued, shallow circular depressions with arcuate ridges, fractures, and scarps 1152 

typically D > 100 m. These may represent ghost craters from a preexisting population of 1153 

craters on an older underlying surface. North is up in all panels. HiRISE image 1154 

ESP_028457_2255. Image credit: NASA/JPL/University of Arizona. 1155 

Fig. 5: a) Magnification of CTX (massifs-centred) context image. The black line demarcates the  1156 

western margin of the principal lobate-debris apron [LDA] in the image. b) Amphitheatre-1157 

shaped depression heading possible VFFs through a valley and towards a series of moraine-1158 

like ridges [MLRs] on the valley floor. Note possible medial MLRs in the midst of the VFFs. 1159 

c) Degradational contact between the dark-toned terrain and the LDA. The degradational 1160 

contact appears to have eroded backwards, revealing underlying textures consistent with 1161 

the upper reaches of the LDA. d) A series of candidate push moraines associated with the 1162 

alcove sourced glacier-like form. The possible moraines appear to pile up at the contact 1163 

with unit eHt and the topographical profile of this location indicates that the former are at 1164 
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a higher elevation than the latter (see Fig. 11a). This would be consistent with CSFD-based 1165 

age estimates suggesting that unit eHt predates the light-toned surface of unit NHt. e) 1166 

Small-sized ridge/trough assemblages that are open or closed, possibly formed by ablation 1167 

and/or devolatilization and erosion. 1168 

Fig. 6: Segment of light-toned terrain in which high-centred polygons and polygonised  1169 

depressions occur. North is up. HiRISE Image credits: NASA/JPL/University of Arizona. 1170 

Fig. 7: a) Clastically-sorted circles, Kvadehukken, Svalbard. Photo credit and permission to  1171 

reproduce granted: Ina Timling, Geophysical Institute, University of Alaska Fairbanks, 903 1172 

Koyukuk Drive, Fairbanks, Alaska, USA 99775). b) Oblique view of thermokarst-lake 1173 

basin (alas) incised by polygons with centres slightly more elevated than the margins 1174 

(Husky Lakes, midway between the coastal village of Tuktoyaktuk and Inuvik, on the 1175 

eastern embankment of the Mackenzie River delta. Image credit: R. Soare. 1176 

Fig 8: a) Grosser Aletschgletscher glacier, Switzerland from the International Space Station  1177 

(Image ISS013-E-77377) looking NNE. Labelled are the source cirque (i), medial moraines 1178 

generated as debris from adjoining basins coalesces (ii), and a latero-frontal moraine 1179 

marking the terminus of the glacier (iii). b) Cwm Cau, a cirque on the eastern face of Cadair 1180 

Idris, Wales. c) A ‘degraded’ glacial surface on Khumbu glacier, Nepal. Spatial 1181 

heterogeneity in debris thickness leads to high local ablation where debris is thinnest and 1182 

the subsequent development of ice cliffs and meltwater ponding (e.g., Watson et al., 2017). 1183 

Panel b) and c) are reproduced with permission from https://www.swisseduc.ch/glaciers/, 1184 

photo credit: M.J. Hambrey. 1185 

Fig. 9: Geologic units mapped by Tanaka et al (2014) centered on Protonilus Mensae and  1186 



53 

 

overlying MOLA shaded relief. Unit boundaries are marked with black lines, dashed where 1187 

inferred. The larger white rectangle is the image boundary of CTX image 1188 

F21_044083_2248_XI_44N317W; the smaller white rectangle is the image boundary of 1189 

HiRISE image ESP_028457_2255. Red star marks the location of the topographical 1190 

depression possibly exposing the basement of unit eHt. The relative elevation of the 1191 

depression (see Fig 11a) is lower than the two other reference elevations for the dark and 1192 

light-toned terrains at their geological contact immediately to the southwest (Fig. 11a). 1193 

Image credit NASA/JPL/Arizona State University. 1194 

Fig. 10: a) Magnified CTX image of divot-like topographic depression (~10 km2 area) referenced  1195 

in Fig. 9. Four partially exposed craters D ≥ 300 m (purple) are observed. b) The 1196 

cumulative CSFDs for the craters compares well with a 3.7 Ga model isochron from 1197 

Hartmann (2005) and with the age of the eHt unit identified by Tanaka et al., (2014). 1198 

Fig. 11: a) Planimetric view and contour profile of units HNt/eHt based on CTX image. Contours  1199 

derived from the global MOLA elevation dataset (Zuber et al., 1992). North is up. Image 1200 

credit: NASA/JPL/Arizona State University. b) Modelled and measured surface profiles for 1201 

the VFF shown in a). Red line derived from 2D model of perfect plasticity, black line 1202 

derived from MOLA elevation along the profile shown in a). The modelled profile is a poor 1203 

fit for the measured profile of the VFF and a thicker ice mass extending beyond the 1204 

geological contact is predicted based upon our initial assumptions. 1205 

Fig. 12: Crater count area in (sample) segment of dark-toned terrain (outlined in black) (HiRISE  1206 

image ESP_028457_2255). Crater colours indicate crater class: red -Type 3, orange - Type 1207 

2, yellow - Type 1, green - Large (D > 80 m), unfilled, blue - filled ghost/buried (see Figs. 1208 

13-14). Type 0 craters are excluded as their impact origin is highly uncertain. The Type 3, 1209 
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Type 2, and the large, unfilled craters represent a population of craters confidently 1210 

identified as having accumulated on the surface of the lithic unit (red, orange, and green 1211 

markers) and are used to generate the combined CSFDs in Fig. 13. Image credit: 1212 

NASA/JPL/University of Arizona. 1213 

Fig. 13 a) Differential Crater Size-Frequency Distribution (CSFD) of each categorized crater  1214 

class excluding Type 0 because it is not deemed to be impact related. Marker colors 1215 

correspond to colors of the mapped craters in Fig. 12. For clarity, (b-f) show the CSFDs 1216 

individually: b) Type 1, c) Type 2, d) Type 3, e) unfilled large D ≳ 80 m, and f) filled 1217 

(buried/ghost) craters. Type 3 (red) craters represent smaller, fresh craters and suggest the 1218 

upper surface has been stable for ~1 Myr against erosion and modification. Type 2 craters 1219 

are heavily modified but still visible after 10’s of Myr. The larger unfilled craters (D > 80 1220 

m) suggest the material is at least ~100 Ma. The CSFD of the Type 1 craters b) peak at D 1221 

~ 10 - 40 m. Since the texture of the terrain occurs at this length-scale this could indicate 1222 

that many of the features mapped as Type 1 craters have been misidentified. Thus, this class 1223 

of craters has been excluded in the combined isochrons in Fig. 14. Their exclusion makes 1224 

little difference on the age interpretation. Model isochrons (gray) are for ~1 Ma, ~10 Ma, 1225 

~100 Ma, ~1 Ga for all figures. 1226 

Fig. 14: a) Differential and b) cumulative CSFDs of the craters confidently interpreted as impact  1227 

related in the dark-toned unit (Types 2 and 3, and the large unfilled craters from Fig. 4a. 1228 

The largest craters (D > 80 m) suggest the dark-toned unit is >~100 Ma. 1229 

Fig. 15: Cumulative CSFD of the light-toned surface (area mapped as 'Lobate debris apron' in  1230 
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Fig. 11a) representing an area that is 893 km2. A total of 33 craters were identified as 1231 

unambiguously impact related based on size and morphology suggesting a crater retention 1232 

age ~10 - ~100 Ma for craters D > 100 m. 1233 
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