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Permafrost molards as an analogue for ejecta-ice interactions at Hale Crater, Mars

When the Hale impact crater penetrated the martian cryosphere 1Ga, landforms indicating post-impact volatile mobilisation were generated. We have found landforms in the ejecta blanket of Hale Crater similar to 'permafrost molards' found in periglacial environments on Earth, and probably related to the past or present presence of volatiles at/near the surface. Permafrost molards are conical mounds of debris associated with landslide deposits, resulting from the degradation of blocks of ice-rich material mobilized by a landslide in periglacial terrains. Here we analyse the spatial and topographic
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Journal Pre-proof distribution of conical mounds around the Hale crater at regional and local scales, and compare them to those of molards on the deposits of the Mount Meager debris avalanche in Canada. Hale Crater's conical mounds are located at the distal boundary of the thickest ejecta blanket, which is the closest to the main crater. We observe a similar spatial arrangement of molards along the distal parts of the terminal lobe of the Mount Meager debris avalanche. We then compare the morphology and morphometrics of the conical mounds on Hale Crater to those of terrestrial molards on the Paatuut and Niiortuut rock avalanches in western Greenland. We find that morphology and setting of conical mounds within Hale Crater ejecta are consistent with the formation pathway of molards on Earth.

We infer that they originated from blocks of ice-cemented regolith that were produced by the Hale-crater-forming impact, transported by the ejecta flows, and finally degraded to cones of debris (molards) on loss of the interstitial ice. The similarities in distribution between the ejecta flows of Hale and Mount Meager debris avalanche on Earth suggest that the mounds resulted from the rheological separation of the ejecta flows, with a relatively fluid-poor phase that allowed the volatile-rich blocks to survive transport. This supports the prevailing hypothesis that the Hale impact event penetrated the martian cryosphere, providing important constraints on the rheology of martian ejecta deposits.

Introduction

Ground ice is common at mid to high latitudes on Mars [START_REF] Carr | The surface of Mars[END_REF][START_REF] Schorghofer | History and anatomy of subsurface ice on Mars[END_REF]. Its presence has been observed through direct observations within fresh impact craters, exposed scarps, and excavations by the Phoenix lander [START_REF] Byrne | Distribution of mid-latitude ground ice on Mars from new impact craters[END_REF][START_REF] Dundas | Exposed subsurface ice sheets in the Martian midlatitudes[END_REF][START_REF] Dundas | HiRISE observations of fractured mounds: Possible Martian pingos[END_REF][START_REF] Mellon | Periglacial landforms at the Phoenix landing site and the northern plains of Mars[END_REF], and its widespread occurrence is indicated by gamma ray spectrometry, neutron fluxes, and radar data [START_REF] Boynton | Distribution of hydrogen in the near surface of Mars: Evidence for subsurface ice deposits[END_REF][START_REF] Feldman | Global distribution of neutrons from Mars: Results from Mars Odyssey[END_REF][START_REF] Putzig | SHARAD soundings and surface roughness at past, present, and proposed landing sites on Mars: Reflections at Phoenix may be attributable to deep ground ice[END_REF]. Further, ground-ice-related landforms, such as thermokarst terrain, patterned ground, and lobate crater ejecta morphologies constitute morphological evidence of the presence of subsurface ice on Mars [START_REF] Costard | Outwash plains and thermokarst on Mars[END_REF][START_REF] Cull | Seasonal H2O and CO2 ice cycles at the Mars Phoenix landing site: 1. Prelanding CRISM and HiRISE observations[END_REF][START_REF] Lefort | Scalloped terrains in the Peneus and Amphitrites Paterae region of Mars as observed by HiRISE[END_REF][START_REF] Mellon | Periglacial landforms at the Phoenix landing site and the northern plains of Mars[END_REF][START_REF] Squyres | Geomorphic evidence for the distribution of ground ice on Mars[END_REF].
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Hale Crater is located on the north-eastern rim of the Argyre Basin in Mars' southern hemisphere (35°41'59.94"S, 36°24'0.07"W) and has a model age of 1 Ga (Early to Middle Amazonian ;[START_REF] Hartmann | Martian cratering 8: Isochron refinement and the chronology of Mars[END_REF][START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF]. It is characterised by an elliptical shape and an asymmetrical expression of its central peak. Hale Crater is surrounded by lobate ejecta containing channels; its interior is filled with materials that are pervasively pitted, and numerous alluvial fans terminate on its floor. These landforms are thought to have been formed immediately after the impact and indicate an ice-rich composition of the target surface/subsurface [START_REF] Barlow | Martian impact crater ejecta morphologies as indicators of the distribution of subsurface volatiles[END_REF][START_REF] El-Maarry | Morphology and evolution of the ejecta of Hale crater in Argyre basin, Mars: Results from high resolution mapping[END_REF][START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF][START_REF] Tornabene | Widespread crater-related pitted materials on Mars: Further evidence for the role of target volatiles during the impact process[END_REF].

Conical mounds are common in the south-eastern part of Hale Crater's ejecta flows [START_REF] Collins-May | Postimpact Evolution of the Southern Hale Crater Ejecta, Mars[END_REF] and are not found on any other parts of the ejecta, yet the precise origin of these mounds is unknown. Given the previously demonstrated role of ice in Hale's formation, this work aims to test if these conical mounds could form in analogous way to molards on Earth. Molards in permafrost terrains are conical mounds of debris on landslide deposits [START_REF] Morino | Molards as an indicator of permafrost degradation and landslide processes[END_REF]. They result from ice-consolidated blocks of debris that are generated and transported by landsliding, or a similar event that could result in the detachment of blocks of permafrost. The interstitial ice then thaws, and the debris consequently no longer forms a coherent block and collapses, forming a conical mound.

Molards are described on Earth as rounded to pointy conical mounds that can be 0.3 to 12 m high, and up to 40 m in diameter [START_REF] Milana | Molards and Their Relation to Landslides Involving Permafrost Failure[END_REF][START_REF] Morino | Molards as an indicator of permafrost degradation and landslide processes[END_REF][START_REF] Saemundsson | The triggering factors of the Móafellshyrna debris slide in northern Iceland: Intense precipitation, earthquake activity and thawing of mountain permafrost[END_REF]. Their final morphology can vary depending on the initial ice content, the size and rheology of the material (reflecting the surrounding lithology), and the topographic and climatic context.

In this study, we test the hypothesis that the conical mounds in Hale crater are molards.

We propose that they formed from the degradation of blocks of ice-cemented ground transported by the ejecta flows, suggesting that not all the ice was melted by the impact and that the ice itself was contained within the pores of the soil, rather than masses of glacial ice. In the following sections, we: i) present a regional geomorphological map of the south-eastern ejecta of Hale Crater; ii) analyse the spatial and topographic distribution of the Hale mounds at regional and local scales, and compare it to those of molards on the deposits of Mount Meager debris avalanche in Canada; and iii) compare the J o u r n a l P r e -p r o o f morphology and morphometrics of 2181 conical mounds at Hale Crater to those of terrestrial molards on the Paatuut and Niiortuut rock avalanches in Centralwest Greenland.

Geological settings

Hale Crater setting

The study area on Mars (36°30'8.95"-38°8'28.67"S, 35°28'24.51"-32°19'52.61"W) is located south-east of Hale Crater, an impact crater with an elliptical shape (125 km across, 150 km wide), which has a central peak and several wall terraces [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF][START_REF] Melosh | Impact cratering: A geologic process[END_REF]. Its rim is elongated along the north-westsouth-east axis, likely because the impactor came from the south-east heading towards the north-west [START_REF] Schultz | The oblique impact Hale and its consequences on Mars[END_REF]. This hypothesis is supported by the asymmetrical features of its central peak and ejecta blankets [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF]. In general, ejecta blankets are thicker and continuous near the original crater, and farther away become thinner and sparser [START_REF] Melosh | Impact cratering: A geologic process[END_REF]. Moreover, the size of debris particles decreases with the distance from the main crater [START_REF] Melosh | Impact cratering: A geologic process[END_REF]. Ejecta blanket morphology varies with the impactor velocity, the presence of an atmosphere and mostly with the target nature and ice content [START_REF] Chapman | The geology of Mars: evidence from earth-based analogs[END_REF].

Ejecta almost continuously covers the areas close to the rim of Hale Crater and was termed Type 1 ejecta by [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF]. A more localised and discontinuous coverage of ejecta deposits characterises a wide region of Nereidum Montes, in which Hale Crater is located and was termed Type 2 (Fig. 1). The ejecta blankets show evidence of an icerich composition of the target surface, because they have lobate margins and are characterised by channels and polygonal patterns [START_REF] Collins-May | Postimpact Evolution of the Southern Hale Crater Ejecta, Mars[END_REF][START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF]. It has been proposed that particularly large volumes of ground ice could have formed here because the Hale impact bisects Uzboi Valles (Fig. 1), which is thought to have transferred 150,000-450,000 m 3 s -1 of water between the Argyre Basin and the northern plains of Mars during the Late Noachian and Early Hesperian epochs [START_REF] Grant | Drainage evolution in the Margaritifer Sinus region, Mars[END_REF][START_REF] Grant | The nature and emplacement of distal aqueous-rich ejecta deposits from Hale crater, Mars[END_REF]. Channels transported ejecta materials from Hale J o u r n a l P r e -p r o o f crater, so are found within or originating from Hale's ejecta, radiating from Hale in all directions and reaching as far as 460 km from Hale's southwestern rim. Their highest concentration is south-southwest of Hale, on the northern slope of Argyre basin. They are up to a few kilometres across, flow downhill and around obstacles, are generally immature, and many are braided [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF]. Pre-existing channels and valleys funnelled Hale ejecta material too [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF]. Mounds are located within the Hale ejecta, and are sometimes characterised by angular boulders embedded at their tops and sides. Some also have craters or pits on their surfaces [START_REF] Collins-May | Postimpact Evolution of the Southern Hale Crater Ejecta, Mars[END_REF].

There are also polygonally patterned surfaces comprising cracks and ridges forming sunken and raised rim polygons, respectively. Coalescing groups of sub-circular ponded and pitted material are found on the floor of and in the ejecta deposits of Hale crater [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF]. This pitted-ponded material is thought to indicate volatiles escaping from a mixture of impact melt and lithic clasts, forming suevite, i.e., impact-melt breccias [START_REF] Bray | Measurement of small-scale pits in the Corinto crater, Mars[END_REF]McEwen et al., 2007b;[START_REF] Tornabene | Impact melting and the role of subsurface volatiles: Implications for the formation of valley networks and phyllosilicate-rich lithologies on early Mars[END_REF][START_REF] Tornabene | Impact melting and the role of subsurface volatiles: Implications for the formation of valley networks and phyllosilicate-rich lithologies on early Mars[END_REF]. 
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Mount Meager setting

The Mount Meager volcano (50°37'22.8"N, 123°30'3.6"W, 2554 m a.s.l.) is a partially glacier-covered volcanic complex located in the southern Coast Mountains of southwest British Columbia, 150 km north of Vancouver and approximately 65 km northwest of the town of Pemberton. It is part of the Mount Meager Volcanic Complex (MMVC), which consists of several coalesced stratovolcanoes ranging in age from Pliocene to Holocene, of which Mount Meager is the youngest [START_REF] Read | Mount Meager Complex, Garibaldi Belt, southwestern British Columbia[END_REF][START_REF] Read | Geology, Meager Creek geothermal area[END_REF]. Highly fractured, weak, and hydrothermally altered volcanic rocks, including pyroclastic rocks, lava flows, and rhyodacite domes, compose the volcanic complex [START_REF] Read | Mount Meager Complex, Garibaldi Belt, southwestern British Columbia[END_REF][START_REF] Read | Geology, Meager Creek geothermal area[END_REF]. The area was covered by the Cordilleran Ice Sheet during the last Pleistocene glaciation [START_REF] Clague | Pleistocene Glaciation of British Columbia[END_REF], and currently hosts numerous small alpine glaciers. Glacier erosion and retreat and consequent slope stress changes, the recent degradation of mountain permafrost, and the low strength of the fractured and altered volcanic rocks have all contributed to the gravitational instability of the area [START_REF] Evans | Recent climatic change and catastrophic geomorphic processes in mountain environments[END_REF][START_REF] Geertsema | An overview of recent large catastrophic landslides in northern British Columbia[END_REF][START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF][START_REF] Schwab | Catastrophic rock avalanches, west-central BC, Canada[END_REF]. The area is one of the most prone to mass movements in Canada, being affected by prehistoric, historic and recent landslides [START_REF] Friele | Hazard and risk from large landslides from Mount Meager volcano[END_REF][START_REF] Friele | Paraglacial geomorphology of Quaternary volcanic landscapes in the southern Coast Mountains, British Columbia[END_REF].

The most recent landslide in MMVC occurred on 6 August 2010, mobilising about 50 ×10 6 m 3 of material [START_REF] Guthrie | The 6 August 2010 Mount Meager rock slide-debris flow, Coast Mountains, British Columbia: characteristics, dynamics, and implications for hazard and risk assessment[END_REF][START_REF] Roberti | Precursory slope distress prior to the 2010 Mount Meager landslide[END_REF]. The landslide was a channelised debris avalanche, in which a variety of deposits can coexist [START_REF] Hungr | The Varnes classification of landslide types, an update[END_REF]Iverson J o u r n a l P r e -p r o o f et al., 2015). It originated from the southern peak of Mount Meager, travelling for 13 km down the valleys of Capricorn and Meager creeks and into the Lillooet River valley [START_REF] Allstadt | Extracting source characteristics and dynamics of the August 2010 Mount Meager landslide from broadband seismograms[END_REF][START_REF] Guthrie | The 6 August 2010 Mount Meager rock slide-debris flow, Coast Mountains, British Columbia: characteristics, dynamics, and implications for hazard and risk assessment[END_REF][START_REF] Moretti | Numerical modeling of the Mount Meager landslide constrained by its force history derived from seismic data[END_REF][START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF]. The debris avalanche was characterised by a complex and high mobility, as the failing mass divided during transport into a faster water-rich phase and a slower water-poor phase [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF]. The debris avalanche might have been caused by elevated pore water pressures [START_REF] Delcamp | Water in volcanoes: evolution, storage and rapid release during landslides[END_REF] caused by glacier melt and permafrost thaw at the end of the summer, a phenomenon already observed in other failures at Mount Meager [START_REF] Bovis | The July 29, 1998, debris flow and landslide dam at Capricorn Creek, Mount Meager Volcanic Complex, southern Coast Mountains, British Columbia[END_REF][START_REF] Holm | The landslide response of alpine basins to post-Little Ice Age glacial thinning and retreat in southwestern British Columbia[END_REF][START_REF] Mokievsky-Zubok | Glacier-caused slide near Pylon Peak, British Columbia[END_REF]. Tens to hundreds of molards characterise the landslide deposits; they are 1-8 m in height and 1 m 3 to ∼2000 m 3 in volume [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF]. Flow structures and spreading and extension along the flow direction suggest that the cones behaved as rigid portions of the landslide mass and came to rest before the surrounding material [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF]. The Mount Meager debris avalanche represents a rare case of landslide where a fluid-dominated phase separated from a more solid-dominated phase. This characteristic, coupled with the presence of molards, makes the Mount Meager debris avalanche a good analogue-case for comparing its transport dynamics to those of the ejecta with mounds around Hale Crater on Mars.
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Journal Pre-proof White arrows show transport direction; the dotted grey rectangle shows the extent of Fig. 8 where the molards are located.

Paatuut and Niiortuut settings

The Paatuut (70°15'33.53"N, 52°46'55.74"W) and Niiortuut (70°20'37.36"N, 53°10'54.80"W) rock avalanches are located in central west Greenland, on the southwestern coast of the Nuussuaq Peninsula, facing the Vaigat Strait. The area is composed of the Palaeogene Vaigat and Maligât Formations, characterised by a series of hyaloclastite breccias and subaerial lava flows, that overlie Cretaceous-Palaeocene Atane and Danian Quikavsak Formations, formed of sandstones, mudstones and coal J o u r n a l P r e -p r o o f seams [START_REF] Dam | Sedimentological evolution of a fault-controlled Early Paleocene incised-valley system[END_REF][START_REF] Pedersen | The nonmarine Cretaceous of the West Greenland basin, onshore west Greenland[END_REF]. Despite the lack of active faulting in the Vaigat Strait [START_REF] Voss | Seismic hazard assessment of Greenland[END_REF], the setting of underlying prevalently unconsolidated sedimentary rocks overlaid by hard volcanic rocks is particularly prone to the generation of mass movements [START_REF] Dahl-Jensen | Landslide and tsunami 21 November 2000 in Paatuut, West Greenland[END_REF].

The south-western slope of Nuussuaq Peninsula is a landslide "hot spot" in Greenland, hosting 67% of the post glacial landslides affecting the whole island [START_REF] Svennevig | Preliminary landslide mapping in Greenland[END_REF], being favoured by slope deformations in response to glacial over-steepening [START_REF] Pedersen | Tsunami-generating rock fall and landslide on the south coast of Nuussuaq, central West Greenland[END_REF]. Permafrost degradation is thought to be one of the main causes for the occurrence of landslides in this area. The most recent is a frozen debris avalanche, described in a recent publication by [START_REF] Svennevig | A frozen debris avalanche entraining warming permafrost ground -the June 2021 Assapaat landslide[END_REF], which occurred in June 2021 between the Niiortuut and the Paatuut rock avalanches, and whose deposits are characterised by molards. [START_REF] Svennevig | A frozen debris avalanche entraining warming permafrost ground -the June 2021 Assapaat landslide[END_REF] hypothesised that the rock avalanche was conditioned, and possibly triggered by permafrost degradation in the talus slope in the source area.

The Paatuut rock avalanche occurred on 21 November 2000 at 1000-1400 m a.s.l. The 90 M m 3 mass was initially mobilised as a fall, evolved into a rock avalanche, entered the sea, and continued as a submarine slide, generating a tsunami [START_REF] Dahl-Jensen | Landslide and tsunami 21 November 2000 in Paatuut, West Greenland[END_REF][START_REF] Pedersen | Tsunami-generating rock fall and landslide on the south coast of Nuussuaq, central West Greenland[END_REF]. The trigger for the failure is thought to be repeated freeze and thaw cycles of water in surface cracks due to air temperature fluctuations in the days prior to the event [START_REF] Dahl-Jensen | Landslide and tsunami 21 November 2000 in Paatuut, West Greenland[END_REF]. Extensive fields of molards are present on the rock-avalanche deposits [START_REF] Benjamin | Transferability of a calibrated numerical model of rock avalanche run-out: Application to 20 rock avalanches on the Nuussuaq Peninsula, West Greenland[END_REF], as well as longitudinal pressure ridges, whose occurrence has been linked in other landslides to the incorporation of ice into the flow [START_REF] Huggel | The 2002 rock/ice avalanche at Kolka/Karmadon, Russian Caucasus: assessment of extraordinary avalanche formation and mobility, and application of QuickBird satellite imagery[END_REF].

Very little is known about the December 1952 Niiortuut rock avalanche except for brief mentions of the events in the publications on the Paatuut rock avalanche [START_REF] Dahl-Jensen | Landslide and tsunami 21 November 2000 in Paatuut, West Greenland[END_REF][START_REF] Pedersen | Tsunami-generating rock fall and landslide on the south coast of Nuussuaq, central West Greenland[END_REF].The onshore area of the rock avalanche is 1.70 M m 2 and the rock avalanche deposits are covered by molards. The Niiortuut rock avalanche is a historical landslide that detached on the 15th of December 1952 around 14:00 local West-Greenland time near Niiortuut mountain in the Nuussuaq Peninsula. The rock avalanche mobilised several million cubic metres of deposits, resulting in a tsunami that hit the town of Qullissat 30 km away, causing minor damage to the town and one casualty. 
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Data and Methods

Data for Hale Crater

Three data sets have been used to create the geomorphological maps at different scales of the study area in the south-east part of the Hale Crater ejecta. All data and images were downloaded from the PDS Geosciences Node Mars Orbital Data Explorer (ODE) and are listed in Supplementary Table 1. The regional map was made using data and have associated DEMs with a spatial resolution up to 1 m/pixel. These DEMs cover Zone A (37°29'16.31"-37°51'54.53"S, 35°48'30.18"-35°21'44.58"W) and Zone B (37°10'29.21"-37°17'41.14"S -33°23'18.98"-33°18'6.42"W), marked with white rectangles in Fig. 1.

These are the two zones where morphometric measurements were made.

Data for Mount Meager

Oblique digital photos of the accumulation zone were collected one year after the occurrence of the landslide. A Canon EOS 30D with 28 mm lens, and a Canon EOS Digital Rebel XT and 50 mm were used from helicopter overflights at about 500 m elevation: 705 photos of the landslide were taken and used to generate three-dimensional models in Agisoft Photoscan (e.g., [START_REF] Fonstad | Topographic structure from motion: A new development in photogrammetric measurement[END_REF][START_REF] James | Straightforward reconstruction of 3D surfaces and topography with a camera: Accuracy and geoscience application[END_REF][START_REF] Westoby | Structurefrom-Motion" photogrammetry: A low-cost, effective tool for geoscience applications[END_REF]. Due to challenging field access, a field GPS campaign was not feasible; to georeference the model, control points were taken from 5 m resolution Geoeye-derived orthophoto and DEM. A high-resolution orthophoto (0.08 m/pixel ground resolution) and a DEM (0.34 m/pixel ground resolution) were extracted [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF].

Data for Paatuut and Niiortuut

In order to produce a DEM and orthophoto of the Paatuut and Niiortuut rock avalanche sample areas, oblique photogrammetry data were collected of the south-western slope of the Nuussuaq Peninsula in July-August of 2019. Images were acquired following the workflow described in [START_REF] Svennevig | From oblique photogrammetry to a 3D model-Structural modeling of Kilen, eastern North Greenland[END_REF]. The camera used was a handheld digital Single-Lens Reflex (SLR) Canon EOS-1Ds Mark III equipped with a calibrated Canon EF 35 mm f/1.4L USM lens. The focal length of the lens was fixed to infinity to ensure that all photos were taken with the same focal length and that the whole scene is sharp. The photos were taken at a resolution of 21 megapixels (5616x3744) and stored in RAW 

Regional geomorphological mapping of the south-east part of Hale Crater

Geomorphological units from [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF] were remapped using CTX images at a scale of 1:25,000 compared to 1:500,000 of the original map. We used a sinusoidal projection centred at -34°41'49.32"W, the centre longitude of the study zone and using the Mars2000 IAU datum.

All craters > 60 m diameter were mapped in the area. These were used to examine the crater densities on the different units and to estimate the Hale ejecta thickness.

The estimation of the Hale ejecta thickness was made using craters that had fresh, sharp rims and that were filled with ejecta from the Hale impact, including craters superposing the ejecta and those covered by ejecta. Our aim was to use craters that were fresh when the Hale impact occurred and were then partly filled with the ejecta from Hale. For these craters we measured the crater diameters by firstly estimating the radii using the mean distance between the centre point of each crater and points extracted every 5 m along their rim. Diameters were then calculated by doubling the radii. The mean crater diameters were used to estimate the initial crater depth, calculated with Equation 1 for a simple Martian crater (Garvin et al., 2003).

𝑑 = 0.21𝐷 0.81
Eq. 1

With: 𝑑: crater depth and 𝐷: crater diameter.

A mean elevation was calculated within a 25 m buffer around the centre point of each crater from the HRSC DEM. The mean elevation of the crater rim was also extracted from the DEM. The theoretical centroid elevations (calculated using equation Equation 1) were compared to the measured centroid elevations. The estimated Hale ejecta thickness corresponds to the difference between these elevations.

Morphometric analyses of the conical mounds

We performed measurements of the morphometric characteristics of the conical mounds in Zones A and B of the Hale crater ejecta (Fig. 1). Measurements were made in a J o u r n a l P r e -p r o o f

sinusoidal projection centred at -35°21'34.51"W for Zone A, and -33°20'51.40"W for Zone B. Every mound visible at this scale was mapped as a polygon using 1 m contour lines generated from the HiRISE DEM, with the bottom contour line of the mound taken as the polygon outline. Conical mounds were measured if: i) their contours lines form ellipsoidal to circular closed lines and ii) loose blocks of rocks were observed either near or on their flank slopes.

The area, height, and flank slope angle of the isolated conical mounds were measured (Supplementary Figure 1). Due to the gradual transition of these conical mounds into the surround terrain, a slight over-or underestimation of their area is possible. The area of the conical mounds was found by calculating the area of each mound's polygon (Supplementary Figure 1). The heights of the cones were estimated from the difference between the highest and the lowest elevation points contained within the polygon for each mound (Supplementary Figure 1). The slope map derived from the DEM was used to calculate the slope angle of the mounds. This was extracted along the line segment perpendicular to the long axis passing through the point of maximum elevation of each cone. A buffer of 50 cm was made around the maximum elevation point and these parts of the segments were removed, in order to eliminate the near-zero slope-values close to the summit. Then the clipped line segments were buffered by 1 m, and slopes were calculated using the mean value of the slope map derived from the DEM within these buffers.

For the morphometric measurements of the molards in the Paatuut and Niiortuut rock avalanches, we selected respectively 471 and 158 molards in a sample area of 0.6 km 2 and 0.4 km 2 (Fig. 3). The same method used for measuring the mounds on Hale was adopted, with every mound visible at 1:300 scale being mapped.

Results

Geomorphological features of Hale Crater south-east area

In the regional geomorphic map of the area south-east of the Hale Crater, we distinguished four geomorphological Units: "Type 1 to 3 Ejecta" and "Bedrock". These
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Journal Pre-proof correspond to those used by [START_REF] Jones | A geomorphic analysis of Hale crater, Mars: The effects of impact into ice-rich crust[END_REF] ("Types 1 and 2 Ejecta" Units and "Bedrock"). For simplicity, we hereafter consider Types 2 and 3 as the "Outer Ejecta Unit", respectively "continuous" and "discontinuous", and Type 1 Ejecta Unit becomes the "Inner Ejecta Unit". This is because our ejecta thickness estimation (Fig. 6) based on crater diameter seems to show that Type 1 -Inner Ejecta is the thickest type of ejecta, whereas Type 2 -Outer Ejecta and 3 -Outer Ejecta have a similar thickness and geomorphological features. The Type 3 -Outer Ejecta Unit can be considered as the discontinuous extension of Type 2 -Outer Ejecta Unit, showing the same ejecta blanket characteristics despite a difference in spatial coverage.

We also mapped the areas characterised by the presence of conical mounds, polygonal patterns, the main channels, and pre-existing valleys of the area (Fig. 5).
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Journal Pre-proof The Inner Ejecta Unit is the closest to the main crater and spreads in lobes up to 110 km from the crater rim towards the eastern ejecta boundary (Fig. 4). It seems to have flowed downhill and around obstacles in lobes, as it is visible on Figure 5. Its surface can either appear rough (Fig. 5) or smooth, and is slightly cratered. Craters are mostly small (25 to J o u r n a l P r e -p r o o f geological unit, and are filled with ejecta. The thickness of the Inner Ejecta blanket is estimated to be around 65 m (Fig. 6; see Section 3.4 for the method). Almost all mounds are located in this Unit.

In its continuous sections the Outer Ejecta Unit is thinner than the Inner Ejecta Unit (around 45 m, Fig. 6) and spreads up to 200 km from the crater rim (Fig. 4). Its surface is smoother than Inner Ejecta Unit, but is more cratered and, as the Inner Ejecta Unit, hosts

Transverse Aeolian Ridges (TARs; [START_REF] Balme | Transverse aeolian ridges (TARs) on Mars[END_REF][START_REF] Chapman | The geology of Mars: evidence from earth-based analogs[END_REF][START_REF] Geissler | The morphology of transverse aeolian ridges on Mars[END_REF][START_REF] Zimbelman | Transverse aeolian ridges on Mars: First results from HiRISE images[END_REF] in some locations (Fig. 5b).

The Outer Ejecta Unit transitions to discontinuous deposits 200 km from the main crater.

In this region it appears either dusty and smooth or rocky and rough. Thin layers of ejecta deposits (estimated thickness is about 40 m; Fig. 6) can be observed, as in Figure 5b,

where ejecta seems to have flowed over an obstacle and was stopped by the topography.

J o u r n a l P r e -p r o o f

Journal Pre-proof The last geomorphological unit is "Bedrock" (Fig. 4). It is characterised by exposed rocky materials found at highest elevation zones throughout the study area, appearing rough nearer the main crater and smoother farther from it. The Unit shows clear discontinuous boundaries with ejecta units, which seem to have flowed around it.

Conical mound fields are present at the distal parts of the Inner Ejecta Unit, where the main channels are also found, and a few mounds are located inside these channels (Fig. 4,5). These channels do not show evidence for erosion into the underlying terrain, but seem to be within the ejecta materials. The conical mounds range from 3 to 320 m in J o u r n a l P r e -p r o o f diameter, have pointy or rounded tops (Fig. 8), and they can be isolated or merged to form a succession of mounds. Conical mound fields are found in relatively low elevation areas, on surface slopes between 0° and 17°. Associated with the conical mounds are polygonal patterns and TARs. Polygonal patterns are at the distal boundaries of the conical mound fields at 37°20'39.67"S, 33° 1'15.13"W (Fig. 5c) and 37°31'12.00"S, 34° 4'47.99"O (Fig. 5d), and sometimes they intersect the mounds (Fig. 5c-5d). The polygons are 50 to 150 m in diameter. TARs can be found around and between conical mounds (Fig. 5d), and at the surface of Outer Ejecta Units, particularly at the boundaries of its more continuous part (Fig. 5b). Channels are linear to sinuous and have a lower relative elevation than the surrounding terrain (Fig. 4; depth up to 11-12 m, width 0.7-1.8 km).

Their main orientation is roughly NE-SW. They can be isolated or joined-up to form small network. Two ~40 km wide pre-existing valleys filled with different ejecta types are located a) on the western side of the study area (having a N-S orientation), and b) on the northeastern side of the study area (with a NW-SE orientation).

More than 7,185 craters greater than 275 m diameter can be found in the study area.

They are circular to elliptic elevated rim structures that can be fully, partially or not filled with ejecta. The density of visible craters is less on the inner ejecta compared to the outer ejecta, specifically at the smallest diametersthis can be explained by the thicker inner ejecta having completely covered pre-existing smaller craters.

Distribution of conical mounds in Meager debris avalanche

J o u r n a l P r e -p r o o f To understand the distribution of conical mounds on the deposits of the Meager debris avalanche, we mapped the rheological phases observed in the field by [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF] on the eastern side of the landslide deposits, and marked the perimeter of conical mounds from interpretation of the high-resolution (0.08 m/pixel) orthophoto and the shaded relief map from the 0.34 m/pixel DEM. In the Mount Meager debris avalanche, [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF] were able to distinguish two main rheologies=, a "Water-rich Phase" and a "Water-poor Phase". The water-poor phase produced up to 15-metres thick deposits with numerous conical mounds and lobate boundaries (Fig. 7b-c). The waterrich phase formed flood-like deposits with no lithic debris and sparse tree trunks amid standing trees, which is particularly evident at the margin of the debris-avalanche deposits. The "Intermediate phase" is well represented in a terraced area, interpreted by [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF] as an interaction zone between the other two main phases, being water-rich enough to run over the terrace and being water-poor enough to support hummocks and generate compressional structures.

The map in Figure 7 shows the position of the conical mounds within the deposits left by each phase of the debris avalanche. The majority of the conical mounds (146 of 174 mounds) are concentrated in the deposits left by the water-poor phase (Fig. 7b-c). This zone had enough rheological strength to support the transfer and deposition of the blocks that formed the mounds. The area is characterised by ridges and shear zones (Fig. 7c) resulting from multiple generation of compressional, extensional, and transtensional movements (for more details see [START_REF] Roberti | Rheological evolution of the Mount Meager 2010 debris avalanche, southwestern British Columbia[END_REF]. Relatively few (14 for each phase) conical mounds are recognisable in the water-rich and intermediate phase.
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Geomorphological and morphometric analyses of conical mounds

We analysed and measured the characteristics of conical mounds in Zone A and B (Fig. 8) in the SE ejecta of Hale Crater. show the number of mounds in each population.

Discussion

Thickness and characterization of ejecta units and Meager debris avalanche

The Inner and Outer Ejecta Units show two different patterns of crater retention, where the inner ejecta lacks small craters as they have been entirely erased by the thicker ejecta here. Both ejecta units have lobate margins, and show evidence of fluidization, especially around obstacles (Fig. 4 and5). This geomorphology has been described as characteristic of impact craters into volatile-rich target surface [START_REF] Osinski | Effect of volatiles and target lithology on the generation and emplacement of impact crater fill and ejecta deposits on Mars[END_REF][START_REF] Senft | Impact crater formation in icy layered terrains on Mars[END_REF]. During the impact, the presence of volatiles, i.e. water ice, in or on the target surface modifies the excavation processes and alter the speed and trajectory of projected and ground-hugging ejecta, which then spreads viscously. Since the Outer Ejecta Unit has spread further than the Inner one and is thinner, it can be interpreted as more fluid than the Inner Ejecta Unit and, therefore, has probably spread quicker than it.

The majority of mounds are concentrated on the surface of the Inner Ejecta Unit compared to the Outer Ejecta Unit. This also points towards the Inner Ejecta Unit being They suggest that the ejecta moved across the landscape with different liquified components, so that the coarser components separated from the fines of the flow through particle segregation and kinetic sieving [START_REF] Johnson | Grainsize segregation and levee formation in geophysical mass flows[END_REF], leaving higher-standing mounds. The pristine state of the deposits is due to low erosion rates after the formation of Hale crater [START_REF] Grant | The nature and emplacement of distal aqueous-rich ejecta deposits from Hale crater, Mars[END_REF], similar to those that characterised other regions of Mars during the Amazonian [START_REF] Farley | In situ radiometric and exposure age dating of the Martian surface[END_REF][START_REF] Golombek | Erosion rates at the Mars Exploration Rover landing sites and long-term climate change on Mars[END_REF][START_REF] Warner | Late Noachian to Hesperian climate change on Mars: Evidence of episodic warming from transient crater lakes near Ares Vallis[END_REF]. The impact in Hale did not affect regional geomorphic activity or climate in the long term [START_REF] Grant | The nature and emplacement of distal aqueous-rich ejecta deposits from Hale crater, Mars[END_REF], therefore the presence and morphology of the mounds is directly attributable to the emplacement of the ejecta.

We 

Characteristics and possible nature of conical mounds in comparison with terrestrial molards

Our measurements of both Hale Crater mounds and Greenlandic molards have been compared (Fig. 10). Martian cones are generally taller and larger in area than Niiortuut and Paatuut molards', yet the flank slopes are comparable. This size difference could have two explanations. The first is that the size difference is linked to the composition of the original ice-consolidated layer. If these martian conical mounds are molards, they J o u r n a l P r e -p r o o f

were at first angular blocks of sediments consolidated by ground-ice. [START_REF] Morino | Molards as an indicator of permafrost degradation and landslide processes[END_REF] suggested that the initial ice content has a direct impact on the final molard height, flank slopes and summit morphology: high ice content blocks should form short, spread-out (i.e., small flank slope) and rounded molards. The estimated ice-content of Icelandic molards is about 15-20% of the initial block [START_REF] Morino | Molards as an indicator of permafrost degradation and landslide processes[END_REF][START_REF] Saemundsson | The triggering factors of the Móafellshyrna debris slide in northern Iceland: Intense precipitation, earthquake activity and thawing of mountain permafrost[END_REF] and their heights range from few centimetres up to 10-12 m with flank slopes of 5-38°. Because the flank slopes do not substantially differ between Earth and Mars, the icecontent cannot explain the differences. The sediment granulometry should also have an impact on the molard morphology based on the particle angle of repose [START_REF] Kleinhans | Static and dynamic angles of repose in loose granular materials under reduced gravity[END_REF][START_REF] Morino | Molards as an indicator of permafrost degradation and landslide processes[END_REF], but should only influence the flank slopes.

A second possible explanation of the size difference relates to differences in the initial frozen layer thickness. [START_REF] Morino | Molards as an indicator of permafrost degradation and landslide processes[END_REF] showed that the frozen layer thickness of the source material mobilised by a landslide has a direct impact on final molard size.

Therefore, since the Inner Ejecta Unit is estimated to be between 60-70 m thick, it could transport larger initial blocks than either the Mount Meager debris avalanche or the Niiortuut and Paatuut avalanches, which had thinner deposits and less frozen source material.

In summary, Hale crater's conical mounds are morphologically similar to terrestrial molards, but morphometrically different as they show higher values for almost every measured feature, except for flank slopes. This observation could be explained by a thicker initial frozen layer. On Earth, before degrading into molards, frozen blocks are transferred downslope by hundreds of metres to a few kilometres, so are subject to high energy during transport. In Hale, blocks experienced the maximum energy upon impact, but their subsequent transport occurred on low-gradient slopes, allowing the frozen blocks to be preserved during transport and to be degraded after coming to a rest position.

Furthermore, the distribution of mounds in the most proximal part of the ejecta units indicates low-energy transport due to the less mobile, thicker and fluid-poor Inner Ejecta Unit.

The presence of martian conical mounds in Hale's ejecta has two important implications.

First, that at least some of the ice involved in the impact was present as ice within the pores of the regolith and not as massive ice, thus providing the first constraints on the J o u r n a l P r e -p r o o f nature of the cryosphere at the time of the Hale impact. Second, the fact that icecemented sediment blocks were transported within the ejecta places important constraints on the nature/rheology of the flowing ejecta and its temperature. Although outside the scope of this work, these constraints could be used in hydrocode modelling to better understand the structure of the cryosphere.

Our geomorphological observations allow us to add more details to what happened after the impact in Hale. Ice-cemented blocks were projected by the impact, which were transported on the ejecta, particularly in its thicker and fluid-poor sections. During transport of the blocks, channels were active, and sometimes they contributed to the transport of the blocks, as some mounds are found in the channels too. These channels only show evidence of erosion into the ejecta materials. The surrounding pitted surfaces suggest loss of the volatiles from the ejecta materials, which is supported by the presence of fractures cross-cutting the conical mounds and polygonal patterns, which could represent desiccation [START_REF] El Maarry | Desiccation mechanism for formation of giant polygons on Earth and intermediate-sized polygons on Mars: Results from a pre-fracture model[END_REF]. Some of the polygonal patterns could be due to thermal contraction while the materials were still ice cemented (Mangold, 2005).

Ice-loss caused the blocks to degrade into conical mounds. TARs were formed from ejecta materials remobilised by the wind after volatile loss and successively deposited between the mounds.

Conclusions

The Hale Crater conical mounds are almost exclusively observed on the thickest part of the ejecta blanket, which is the closest to the main crater. This terrain shows landforms, such as polygonal patterns, lobate margins, internal channels, and pitted surface textures, suggesting the presence of a volatile during its emplacement and its subsequent loss.

Hale Crater mounds have similar flanks slopes to molards on Earth, and are generally taller with a larger area. The setting of the conical mounds within the lobate deposits of Hale Crater ejecta flows are consistent with that in the Mount Meager debris avalanche, where a fluid-poor phase supported the transport and deposition of blocks that formed conical mounds. We infer that Hale mounds result from blocks of ice-cemented ground that were thrown out in the impact and transported by the ejecta flows, which then degraded into cones of debris on loss of the interstitial ice. Comparison with terrestrial J o u r n a l P r e -p r o o f

Figure 1 -

 1 Figure 1 -Location of the study zone. a: Location of Hale crater on Mars. Inset map shows the location of the study area in panel b on a global view of Mars. Background is colourised and hillshaded relief from MOLA global mosaic (MOLA Science Team/Arizona State University); b: Study area located south-east of Hale Crater. Background is HRSC images H0489_000_nd4 and H0511_0000_nd4 (ESA/DLR/FU Berlin). White rectangles indicated as Zone A and Zone B are HiRISE image footprints (HiRISE credits: NASA/JPL/University of Arizona), black rectangles indicate the study areas with the locations of Fig. 5a-d. Inset map shows a simplified map of Ejecta type 1 and 2 of Hale crater, modified after Jones et al. (2011) on the THEMIS day-infrared global mosaic (NASA/JPL/ASU).

Figure 2 -

 2 Figure 2 -Mount Meager area showing the boundary of the Mount Meager 2010 debris avalanche (dashed white line). Basemap Pléiades true colour satellite image from 2017 (DS_PHR1A_201508121923233_FR1_PX_W124N50_0718_02305, © Airbus Defence and Space 2015). Inset map shows the location of the study area in western Canada.

Figure 3 -

 3 Figure 3 -The south-western slope of Nuussuaq Peninsula, showing the rock avalanches and molard field boundaries identified by field and airborne image observations. The black squares indicate the studied areas of Paatuut and Niiortuut rock avalanches. The basemap is vertical aerial photographs of the south coast of Nuussuaq Peninsula from 1985, available from SDFI (The Danish Agency for Data Supply and Infrastructure). Inset map shows the location of the study area within western Greenland.

  images from the High Resolution Stereo Camera (HRSC, Mars Express; Neukum and Jaumann 2004). Two images with a spatial resolution of 25 m per pixel were used to cover the entire zone. The associated Digital Elevation Models (DEM) have a spatial resolution of 125-150 m per pixel. The HRSC images were used as a base for georeferencing 25 Context Camera images (CTX, Mars Reconnaissance Orbiter; Malin et al., 2007). These images allow a full coverage of the south-east part of the ejecta of Hale Crater with a spatial resolution of 6 m/pixel. While HRSC and CTX provide a complete coverage of the study area, only a few HiRISE images (High Resolution Imaging Experiment; McEwen et al., 2007) at 25-50 cm/pixel are present in the zone, and only two J o u r n a l P r e -p r o o f

  photographs taken in 1985 (5 m) combined with the 2 m/pixel ArcticDEM.

Figure 4 -

 4 Figure 4 -Geomorphological map of the south-East area of Hale Crater. The area mapped is the same as for Fig. 1b. Polygonal patterns are buffered to 1500 m so they are visible at this scale. The black dots show the locations of Fig. 9a and b.

Figure 5

 5 Figure 5a: Close-up (location visible in Fig. 1) of the boundary between the lobed Inner Ejecta and Outer Ejecta continuous Units. CTX images: B03_010896_1425_XI_37S034W, B10_013665_1423_XN_37S035W, B11_013731_1426_XN_37S035W; b: Close-up (location visible in Fig. 1) of the boundary between the Outer Ejecta continuous and Outer Ejecta discontinuous Units with the presence of TARs. CTX image: J04_046262_1434_XN_36S031W; c: Close-up (location visible in Fig. 1) of the association between conical mounds and polygonal patterns in the Inner Ejecta Unit. CTX image: G14_023858_1429_XI_37S033W; d: Close-up (location visible in Fig. 1) of the association between conical mounds, polygonal patterns and TARs in the Inner Ejecta Unit. CTX image: B01_010118_1433_XI_36S034W. CTX credits: NASA/JPL/MSSS. J o u r n a l P r e -p r o o f

Figure 7

 7 Figure 7a. Orthophoto of the eastern side of the Mount Meager debris avalanche deposits. Black arrows show the general transport direction. b. Map of the eastern side of the Mount Meager debris avalanche deposits and molards, overlaying the shaded relief of the 0.34 m/pixel DEM. The black box outlines the extent of panel c. In both a and b the base map layer is shaded relief of DEM at 1 m per pixel resolution. c. Map of the main structures (ridges and shear zones) of the water-poor phase of the eastern side of the Mount Meager debris avalanche.

Figure 8 -

 8 Figure 8 -Close up of conical mounds in Zone A and B. a -Conical mounds in Zone A, with pitted surface texture, polygonal patterns and fractures. The black line corresponds to the cross-section A of one of the conical mounds. HiRISE image ESP_013665_1420. b -Conical mounds in Zone B. The black line corresponds to the cross-section B of one of the conical mounds. HiRISE image ESP_057708_1425. HiRISE credits: NASA/JPL/UofA

  J o u r n a l P r e -p r o o f more fluid-poor, which is in agreement with the hypothesis of Collins-May et al. (2020).

  Figure 11a. View of the edge of one ejecta flow of the Inner Ejecta Unit with mounds on its surface (yellow arrow), Hale Crater, Mars. Ridges are visible towards the edge of the flow (red arrow). b. Orthophoto of the limit between a water-rich area (right of the dashed white line) and an intermediate-water-content area whose surface is scattered by molards (yellow arrow), Mount Meager, Earth. Ridges are visible at the contact between the two areas (red arrow).
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analogues reveals important geomorphological similarities between the ejecta flows of Hale and debris-and rock avalanches in periglacial environments on Earth, where substantial quantities of water derived by ground-ice are involved.

Both environmental characteristics and conical mound geomorphology seem to suggest that Hale Crater conical mounds could be the first Martian molards described, and that the volatile present in the target surface was in the form of ground-ice in the pores and not massive ice. Based on our observations, we suggest the following chronological history of Hale Crater ejecta and molard formation. About 1 Ga ago, Hale Crater was formed by the oblique of a projectile into an ice-rich target substratum. This impact induced several synchronous events: the formation of two types of ejecta blankets and the formation of ice-cemented-blocks projected by the impact. The two types of ejecta blankets were: a less mobile, thicker and fluid-poor Inner Ejecta Unit and a more mobile, thinner and fluid-rich Outer Ejecta Unit. Some of the bigger ice-cemented-blocks were incorporated in the Inner Ejecta Unit and were then transported in the flow of the ejecta to its distal end. Channels were simultaneously active and reworked some of the ejecta.

Successively, loss of volatiles produced fractures and polygonal patterns and caused the degradation of volatile-rich blocks into molards. Finally, wind remobilised the fine component of the ejecta, forming TARs between the molards, at the distal boundary of the Inner Ejecta Unit and on the surface of the Outer Ejecta Unit.