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Ice on Noachian and Hesperian Mars: Atmospheric, Surface, and Subsurface Processes

. In this chapter, we review the predicted distribution of surface ice under various early Mars climate scenarios, compare these hypothetical ice sheets to the locations on Mars where geological evidence of ancient glaciations has been described, and consider the extent to which valley networks are consistent with an ice-related origin. Finally, we consider the sequestration of ice beneath the surface of Mars as the climate cooled following the time of valley network incision. The abundance of new data from Mars exploration by satellites and rovers in recent decades, along with advances in climate modeling, has allowed for novel insights about the role of ice on early Mars.

I. Introduction

Mars is a cold planet relative to Earth (mean global surface temperature of approximately -65°C), located between Earth and the asteroid belt at 1.5 AU from the Sun.

The geological history of over 4.5 Ga (Figure 1) is better preserved on Mars than on Earth, given a lack of plate tectonics and exceedingly slow erosion rates [START_REF] Carr | The surface of Mars[END_REF]. With a large water inventory (thought to have been even more significant in early periods of its history; e.g. as observed in [START_REF] Carr | Martian surface/near-surface water inventory: Sources, sinks, and changes with time[END_REF], [START_REF] Lasue | Quantitative assessments of the martian hydrosphere[END_REF], [START_REF] Jakosky | Atmospheric loss to space and the history of water on Mars[END_REF]), a thicker early atmosphere, and chaotic obliquity/eccentricity variations throughout history (e.g., Baker., 2001[START_REF] Laskar | Long term evolution and chaotic diffusion of the insolation quantities of Mars[END_REF][START_REF] Carr | Martian surface/near-surface water inventory: Sources, sinks, and changes with time[END_REF][START_REF] Wordsworth | The climate of early Mars[END_REF], Mars poses a fascinating case study for the evolution of ice on a terrestrial planet and its influence in shaping surface morphology.

Figure 1: Geologic timeline showing the three major divisions in Mars' history (Noachian, Hesperian, Amazonian), with focus on the 'early Mars' Noachian and Hesperian eras, described in this chapter. A summary of the most representative events, as well as the timing of major glacial episodes, is shown in the figure. Age boundaries presented follow the Neukum chronology system [START_REF] Hartmann | Cratering chronology and the evolution of Mars[END_REF].

The topography of Mars (Figure 2) is primarily a product of volcanism and impact cratering (e.g. [START_REF] Smith | Mars Orbiter Laser Altimeter: Experiment summary after the first year of global mapping of Mars[END_REF], rather than of plate tectonics as on Earth (e.g. [START_REF] Black | Global drainage patterns and the origins of topographic relief on Earth, Mars, and Titan[END_REF]. In the absence of a sea level, elevations for points on Mars are given relative to a reference equipotential surface [START_REF] Smith | Mars Orbiter Laser Altimeter: Experiment summary after the first year of global mapping of Mars[END_REF]. The dichotomy boundary, coinciding roughly with the 0 m reference elevation, divides the planet into lowland plains in most of the northern hemisphere and crater-studded highlands in the southern hemisphere. The crustal dichotomy is generally thought to be the result of a large impact or series of impacts in the early Noachian era [START_REF] Marinova | Mega-impact formation of the Mars hemispheric dichotomy[END_REF][START_REF] Pan | The stratigraphy and history of Mars' northern lowlands through mineralogy of impact craters: A comprehensive survey[END_REF], but a mantle plume hypothesis is also plausible (e.g. [START_REF] Šrámek | Martian crustal dichotomy and Tharsis formation by partial melting coupled to early plume migration[END_REF]Zhong., 2012, Citron et al., 2018). The equatorial Tharsis bulge (e.g. [START_REF] Phillips | Ancient geodynamics and global-scale hydrology on Mars[END_REF][START_REF] Bouley | Late Tharsis formation and implications for early Mars[END_REF]) is a volcanic construct with elevation up to +7 km and upon which the Tharsis Montes volcanoes stand up to +18 km. Two large impact basins, Hellas and Argyre, occur in the southern hemisphere (e.g. Hiesinger andHead, 2002, Bernhardt et al., 2016). The floor of Hellas basin, with elevations ~5 -8 km below the reference surface, is the lowest point on the planet.

Figure 2: Geography of Mars as referenced in this chapter. THEMIS daytime IR 100 m global basemap [START_REF] Edwards | Mosaicking of global planetary image datasets: 1. Techniques and data processing for Thermal Emission Imaging System (THEMIS) multi-spectral data[END_REF] with Mars Orbiter Laser Altimeter (MOLA) elevation color overlay [START_REF] Smith | Mars Global Surveyor laser altimeter mission experiment gridded data record[END_REF]. Valley networks as mapped by [START_REF] Hynek | Updated global map of Martian valley networks and implications for climate and hydrologic processes[END_REF] are shown in blue-green. This chapter explores the glacio-geological history of early Mars, including atmospheric, glacial and deep cryospheric processes. We use the term "glaciation" to describe the suite of processes involving the accumulation of surface crystalline ice. We use the term "deep cryosphere" to describe ice and ice-rich substrate located below the depth of direct interaction with the atmosphere. The Noachian and Hesperian eras are thought to have been characterized by a thicker atmosphere, lower insolation, and a larger water budget than present day (Wordsworth, 2016, Carr andHead, 2015). Characteristics such as a lower surface gravity than Earth, a north-south topographic dichotomy, and chaotic obliquity/eccentricity variations have remained throughout Mars' history. To describe the current knowledge of glacial and ground ice on early Mars, we consider three questions:

1. How was ice distributed at the surface of Mars in the Noachian and Hesperian?

In the thin present-day Martian atmosphere, the ground surface temperature at any point on the planet is determined almost entirely by the sunlight absorbed at that point (e.g. [START_REF] Read | The Martian climate revisited: atmosphere and environment of a desert planet[END_REF]. As such, at the present-day spin-axis obliquity of ~25°, surface ice is stable only at the north and south poles. If early Mars had a higher surface pressure, as geomorphologic, geochemical, isotopic, and escape rate evidence suggest it did (e.g. [START_REF] Manga | Wet surface and dense atmosphere on early Mars suggested by the bomb sag at Home Plate, Mars[END_REF][START_REF] Kite | Low palaeopressure of the Martian atmosphere estimated from the size distribution of ancient craters[END_REF][START_REF] Bristow | Low Hesperian P CO2 constrained from in situ mineralogical analysis at Gale Crater, Mars[END_REF][START_REF] Warren | Through the thick and thin: New constraints on Mars paleopressure history 3.8-4 Ga from small exhumed craters[END_REF][START_REF] Kite | Geologic constraints on early Mars climate[END_REF][START_REF] Jakosky | Atmospheric loss to space and the history of water on Mars[END_REF], the greater heat capacity of the atmosphere would allow much more heat exchange between the atmosphere and the surface (or the greater greenhouse effect would result in more longwave radiation to the surface from the atmosphere; cf. [START_REF] Fan | Why are Mountain-Tops Cold?-The Decorrelation of Surface Temperature and Topography Due to the Decline of the Greenhouse Effect on Early Mars[END_REF]. In this case, ground surface temperatures would decrease with altitude as atmospheric temperatures do, and ice would be expected to accumulate at high altitudes [START_REF] Forget | 3D modelling of the early martian climate under a denser CO2 atmosphere: Temperatures and CO2 ice clouds[END_REF], Wordsworth et al., 2013). We will describe the scenarios currently under study by climate modelers, and the geologic evidence for ice in Noachian and Hesperian terrains (Figure 3). generally agreed to have formed by the action of liquid water (e.g. [START_REF] Carr | The Martian drainage system and the origin of valley networks and fretted channels[END_REF], et al., 1999[START_REF] Gulick | Origin of the valley networks on Mars: A hydrological perspective[END_REF][START_REF] Craddock | The case for rainfall on a warm, wet early Mars[END_REF], Hynek et al., 2010, Fassett and Head, 2008b[START_REF] Goudge | Classification and analysis of candidate impact crater-hosted closed-basin lakes on Mars[END_REF], but there is less consensus as to whether that water fell to the surface as rain or resulted from snow and/or ice melt. Some researchers have argued that the Martian valley networks and crater lakes could have been carved primarily by meltwater, either as snowmelt (e.g., Carr andHead, 2003, Wordsworth et al., 2015), as top-down melting from a hypothesized ice sheet covering the highlands (e.g., [START_REF] Fastook | Glaciation in the Late Noachian Icy Highlands: Ice accumulation, distribution, flow rates, basal melting, and top-down melting rates and patterns[END_REF], or as subglacial channelized melt from a similar environment (e.g. Grau Galofre et al., 2020a). Others hold that they indicate a relatively temperate climate in the Noachian-Hesperian with rainfall and/or groundwater seepage (e.g., [START_REF] Carr | The Martian drainage system and the origin of valley networks and fretted channels[END_REF][START_REF] Gulick | Origin of the valley networks on Mars: A hydrological perspective[END_REF][START_REF] Craddock | The case for rainfall on a warm, wet early Mars[END_REF], Howard et al., 2005, Irwin et al., 2005, Hynek et al., 2010[START_REF] Irwin | Topographic influences on development of Martian valley networks[END_REF][START_REF] Ramirez | The geological and climatological case for a warmer and wetter early Mars[END_REF][START_REF] Kite | Geologic constraints on early Mars climate[END_REF]. We will review the evidence for both endmembers, and consider intermediate scenarios.

How did the subsurface water inventory and cryosphere evolve with time, and

what is its effect on the global water inventory? Finally, we consider the possibility of ice beneath the surface of Mars, modeling the thickness and depth of the subsurface cryosphere as a function of latitude, brine composition, and orbital parameters. We discuss the proportion of the total Martian water inventory that could be confined in the subsurface and the observational evidence on which these calculations are based. This informs the availability of ice for processes on recent Mars (as discussed by [START_REF] Koutnik | Glacial Deposits, Remnants and Landscapes on Amazonian Mars: Using setting, structure, and stratigraphy to understand ice evolution and climate history[END_REF]).

To preface our in-depth discussion of early Mars glacial geology, we note that precise dating of glacial and periglacial landscapes is not without controversy. In addition to the broader uncertainties in dating the surface of Mars with impact crater size-frequency distributions (e.g. [START_REF] Robbins | Large impact crater histories of Mars: The effect of different model crater age techniques[END_REF], three problems arise with the dating of glacial terrains on Mars. First, these techniques provide the modelled age of a terrain, not of landforms within it, which can be much younger. Buffered crater counting methods, such as those developed for valley networks and eskers (e.g., Fassett andHead, 2008a, Kress andHead, 2015), provide more accurate constraints on the age of a landform than crater counting of the underlying geology, but are not always feasible given the small areal extent 2). Scenarios that have been considered in GCM studies fall into one of three categories:

Thick atmosphere, CO2/H2O only. Researchers working with the Laboratoire de Météorologie Dynamique [START_REF] Forget | 3D modelling of the early martian climate under a denser CO2 atmosphere: Temperatures and CO2 ice clouds[END_REF], Wordsworth et al., 2013), MarsWRF [START_REF] Mischna | Effects of obliquity and water vapor/trace gas greenhouses in the early martian climate[END_REF], NCAR CAM-based [START_REF] Urata | Simulations of the martian hydrologic cycle with a general circulation model: Implications for the ancient martian climate[END_REF], CCSR/NIES/FRCGC [START_REF] Kamada | A coupled atmosphere-hydrosphere global climate model of early Mars: A 'cool and wet'scenario for the formation of water channels[END_REF], and ROCKE-3D [START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF] GCMs found that in simulated atmospheres with similar composition to present-day Mars but much greater CO2 partial pressure, ice migrates over time to cold traps in the southern highlands, southern polar regions, and the equatorial Tharsis bulge. In simulations where spin-axis obliquity is varied [START_REF] Wordsworth | Global modelling of the early martian climate under a denser CO2 atmosphere: Water cycle and ice evolution[END_REF][START_REF] Mischna | Effects of obliquity and water vapor/trace gas greenhouses in the early martian climate[END_REF], ice is most stable at the south pole when obliquity is low (≤ ~25°), and at Tharsis when it is high (≥ ~42°).

CO2/H2O with CH4, H2 and/or another effective greenhouse gas: Since thick CO2/H2O atmospheres can account for large quantities of ice migrating to the equatorial locations where fluvial features are observed, but not the temperatures required to melt ice or allow rainfall in those regions, subsequent GCM studies investigated the efficacy of additional greenhouse gases. Sulfur dioxide, a favored candidate in earlier work given its production in volcanic eruptions (e.g. [START_REF] Halevy | A sulfur dioxide climate feedback on early Mars[END_REF][START_REF] Johnson | Sulfur-induced greenhouse warming on early Mars[END_REF], was found by more recent studies to produce only a small warming effect [START_REF] Mischna | Effects of obliquity and water vapor/trace gas greenhouses in the early martian climate[END_REF], Kerber et al., 2015). Theoretical calculations of collision-induced absorption (CIA) in CO2-CH4 or CO2-H2 atmospheres (Ramirez et al., 2014, Wordsworth et al., 2017) showed that 1D models of the early Mars atmosphere are substantially warmer when the effect of CIA between CO2 and either CH4 or H2 is included in radiative transfer calculations. Later laboratory measurements, extrapolated theoretically to a broad temperature range and incorporated into a 1D climate model, determined that warming due to CO2-CH4 CIA is not sufficient to bring the annual mean surface temperature of early Mars above freezing for reasonable CO2 surface pressure or CH4 concentrations, but CO2-H2 CIA could plausibly do so (Turbet et al., 2019[START_REF] De Blasio | Frontal Aureole Deposit on Acheron Fossae ridge as evidence for landslide-generated tsunami on Mars[END_REF], Godin et al., 2020).

In 3D simulations of an early Mars warm enough to experience significant rainfall, whether due to an idealized "grey gas" whose absorptivity does not vary with wavelength [START_REF] Wordsworth | Comparison of "warm and wet" and "cold and icy" scenarios for early Mars in a 3-D climate model[END_REF] or CH4 and H2 [START_REF] Kamada | A coupled atmosphere-hydrosphere global climate model of early Mars: A 'cool and wet'scenario for the formation of water channels[END_REF][START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF], annual mean temperatures remain below freezing in the Tharsis plateau. In cooler but still rainy climates, substantial ice accumulation also occurs at latitudes below 60° S [START_REF] Kamada | A coupled atmosphere-hydrosphere global climate model of early Mars: A 'cool and wet'scenario for the formation of water channels[END_REF].

In 3D GCM simulations of a warm early Mars at 25° or 42° obliquity and with modern topography [START_REF] Wordsworth | Comparison of "warm and wet" and "cold and icy" scenarios for early Mars in a 3-D climate model[END_REF][START_REF] Kamada | A coupled atmosphere-hydrosphere global climate model of early Mars: A 'cool and wet'scenario for the formation of water channels[END_REF], the Margaritifer Sinus region is dry due to a rain shadow east of Tharsis, despite being well-dissected by valleys in reality. Recent work found much better correspondence between rainfall and valley network drainage density, provided spin-axis obliquity is very low (0°; [START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF]. While ice accumulation in the 0° obliquity warm early Mars scenario is not described, snowfall maxima occur on Tharsis and in the southern polar highlands.

CO2/H2O with an effective greenhouse gas and/or additional, non-atmospheric factors: In an alternative "true polar wander" scenario, Tharsis formed north of the equator after most valley network incision had already occurred, and the spin axis of the planet reoriented over tens of millions of years to position the Tharsis load at the equator [START_REF] Bouley | Late Tharsis formation and implications for early Mars[END_REF]. In simulations using pre-Tharsis topography and the corresponding spin axis orientation, precipitation patterns closely resemble the observed distribution of valley networks at a broader range of obliquities [START_REF] Bouley | Late Tharsis formation and implications for early Mars[END_REF][START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF], and the lack of the Tharsis cold trap leaves more of the Martian water inventory available to circulate as precipitation and runoff [START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF]. Regions favorable for ice accumulation in the CO2-only true polar wander scenario are at the north paleo-pole in Scandia Colles, the south paleo-pole in Malea Planum, and a band corresponding to the paleo-equator [START_REF] Bouley | Late Tharsis formation and implications for early Mars[END_REF]. [START_REF] Mischna | Effects of obliquity and water vapor/trace gas greenhouses in the early martian climate[END_REF] simulated warming only by CO2, SO2 and H2O, but found that by prescribing a lower-than-current albedo-approximating that of unweathered basalt or an ice-free ocean-in the northern lowlands, they could maintain surface temperatures in Hellas and the lowlands above freezing for 30-70% of the year. In these scenarios, Tharsis, the south pole, and much of Promethei Terra still remained below freezing yearround. In the first early Mars GCM study featuring a coupled dynamical ocean model, [START_REF] Schmidt | Circumpolar ocean stability on Mars 3 Gy ago[END_REF] found that an ice-free ocean could remain stable on early Mars even with global mean temperatures below 273 K due to heat transport within the ocean. In this scenario, extensive surface ice was present from Alba Mons across Tharsis to Terra Sirenum, at Elysium Mons, at the south pole, in the high terrain ringing Hellas, and along the dichotomy boundary from Isidis to Arabia Terra.

Comparing the predictions of these models, several key areas emerge where model predictions converge or diverge: Tharsis, the poles, and the highlands.

The Tharsis rise: Ice accumulation in Tharsis is a robust, recurring feature of early Mars GCM simulations, but the search for evidence of early Martian glaciation in the region is complicated by lava flows that have resurfaced the region in the Amazonian (e.g. [START_REF] Werner | The global martian volcanic evolutionary history[END_REF]. Direct morphological evidence of ancient ice in the Tharsis region is scant at present. A Late Hesperian landform assemblage near the Oudemans crater has been interpreted as glacial [START_REF] Yin | Landform evolution of Oudemans crater and its bounding plateau plains on Mars: Geomorphological constraints on the Tharsis ice-cap hypothesis[END_REF], and the "Northwestern Slope Valleys" (NSVs)

adjoining the Tharsis rise have been hypothesized to result from erosion by a late Noachian early Amazonian ice stream [START_REF] Kite | Did ice streams shape the largest channels on Mars?[END_REF].

The Olympus Mons basal escarpment has been interpreted as evidence that the volcano was constructed within an ice sheet [START_REF] Hodges | The subglacial birth of Olympus Mons and its aureoles[END_REF][START_REF] Helgason | Formation of Olympus Mons and the aureole-escarpment problem on Mars[END_REF][START_REF] Cassanelli | Glaciovolcanism in the Tharsis volcanic province of Mars: Implications for regional geology and hydrology[END_REF], but it is also plausible that Olympus Mons and its scarp formed underwater (e.g. De [START_REF] De Blasio | The pristine shape of Olympus Mons on Mars and the subaqueous origin of its aureole deposits[END_REF][START_REF] De Blasio | Frontal Aureole Deposit on Acheron Fossae ridge as evidence for landslide-generated tsunami on Mars[END_REF] or that the scarp is a result of subaerial landslides lubricated by ground ice (e.g. [START_REF] Lopes | Origin of the Olympus Mons aureole and perimeter scarp[END_REF][START_REF] Tanaka | Ice-lubricated gravity spreading of the Olympus Mons aureole deposits[END_REF]. Relatedly, the distribution of regional faults and outflow channels indicate that the shape of the Thaumasia Plateau southeast of Tharsis may be the result of gravity spreading enabled by buried salts and ground ice [START_REF] Montgomery | Continental-scale salt tectonics on Mars and the origin of Valles Marineris and associated outflow channels[END_REF].

Grooves and streamlined islands in Echus Chasma and Kasei Valles [START_REF] Zealey | Glacial, periglacial and glacio-volcanic structures on the Echus Plateau, upper Kasei Valles[END_REF], Chapman et al., 2010, Neukum et al., 2010[START_REF] Cassanelli | Glaciovolcanism in the Tharsis volcanic province of Mars: Implications for regional geology and hydrology[END_REF] are attributed to voluminous floods originating from Tharsis in the late Noachian and early Hesperian. [START_REF] Cassanelli | Sources of water for the outflow channels on Mars: Implications of the Late Noachian "icy highlands" model for melting and groundwater recharge on the Tharsis rise[END_REF], noting the [START_REF] Wordsworth | Global modelling of the early martian climate under a denser CO2 atmosphere: Water cycle and ice evolution[END_REF] prediction of abundant water ice in Tharsis and the capacity of ice cover to raise the melting isotherm in the underlying cryosphere, found that basal melting of a 1500 m thick Tharsis ice sheet could only recharge the aquifer with less than half the volume of water inferred to have carved the smallest outflow channels. However, these calculations assumed a 224 K surface temperature for the Tharsis region [START_REF] Wordsworth | Global modelling of the early martian climate under a denser CO2 atmosphere: Water cycle and ice evolution[END_REF]; recharge volumes could be much larger in a climate where Tharsis surface temperatures are closer to the freezing point [START_REF] Cassanelli | Sources of water for the outflow channels on Mars: Implications of the Late Noachian "icy highlands" model for melting and groundwater recharge on the Tharsis rise[END_REF]. Subsequent GCM studies have shown that Tharsis, while consistently below 273 K, can experience annual average temperatures tens of degrees above 224 K in climate scenarios warm enough for rain near the equator (e.g. Guzewich et al., 2021, Figures 5 and16, Turbet et al., 2017).

The highlands and the dichotomy boundary: In discussions of a hypothetical cold early Mars, the highlands glaciation predicted by GCMs is often idealized as a globally uniform ice cover at every point on the surface at elevation above +1 km. However, it must be emphasized that stable locations for surface ice depend not only on annual maximum, minimum, and mean surface temperature (which themselves vary with total atmospheric pressure, greenhouse gas composition, and orbital parameters including eccentricity and spin-axis obliquity) but on wind patterns and, in the shorter term, the distribution of water vapor sources. For example, in early Mars ice flow simulations where mass balance was idealized as a function of elevation only [START_REF] Fastook | Glaciation in the Late Noachian Icy Highlands: Ice accumulation, distribution, flow rates, basal melting, and top-down melting rates and patterns[END_REF], the ice inventory of Mars was spread across the entire highlands; no basal melting occurred and flow velocities were minimal. In simulations with the same ice flow model, ice inventories, and comparable mean annual temperatures, but where mass balance was instead derived from the spatially varying potential sublimation [START_REF] Wordsworth | Comparison of "warm and wet" and "cold and icy" scenarios for early Mars in a 3-D climate model[END_REF] predicted by the LMD MGCM, ice sheets were confined to smaller regions of the highlands, flow velocities were greater, and basal temperatures were higher [START_REF] Scanlon | Ice sheet melting throughout Mars climate history: Mechanisms, rates, and implications[END_REF][START_REF] Fastook | Hellas Basin, Mars: A Model of Rim and Wall Glaciation in the Late Noachian and Predictions for Enhanced Flow, Basal Melting, Wet-Based Glaciation and Erosion, and Generation and Fate of Meltwater[END_REF]. This is especially important at Hellas and Argyre, where steeper slopes at the basin edges and warmer temperatures at lower altitudes result in relatively fast modeled flow into the basin and strong modeled basal melting within them, and could explain the prevalence of ancient, potentially glacial or glaciofluvial features reported in the two basins (Banks et al., 2009[START_REF] Bernhardt | Putative eskers and new insights into glacio-fluvial depositional settings in southern Argyre Planitia, Mars[END_REF][START_REF] Dohm | Geological and hydrological histories of the Argyre province, Mars[END_REF][START_REF] Bernhardt | The honeycomb terrain on the Hellas basin floor, Mars: A case for salt or ice diapirism[END_REF], Weiss and Head, 2017[START_REF] Bernhardt | The banded terrain on northwestern Hellas Planitia: New observations and insights into its possible formation[END_REF].

Several collections of landforms along the dichotomy boundary have been interpreted as glacial in origin. Large outflow channels located in Chryse Planitia have bedforms consistent with ice sculpture [START_REF] Lucchitta | Chryse Basin channels: Low-gradients and ponded flows[END_REF], 1982, 2001, Chapman et al., 2010a and b), which could suggest that an ice stream occupied the canyons for an unknown period of time. Features interpreted as eskers, drumlins, kettles, and glaciovolcanic constructs are present where the channels meet the lowlands (Martinez-Alonso et al., 2011). The Isidis basin features numerous late Hesperian to early Amazonian landforms that resemble terrestrial assemblages of moraines, kettle holes, eskers, tunnel valleys, and other glacial features (e.g. [START_REF] Ivanov | Major episodes of geologic history of Isidis Planitia on Mars[END_REF][START_REF] Erkeling | Landscape formation at the Deuteronilus contact in southern Isidis Planitia, Mars: Implications for an Isidis Sea?[END_REF], Guidat et al., 2015, Souček et al., 2015), as well as evidence for damming of a ~3.4 Ga lava flow by kilometers-thick ice [START_REF] Matherne | Multistage ice-damming of volcanic flows and fluvial systems in Northeast Syrtis Major[END_REF]. Ice sheet simulations of the Isidis basin closely replicate the flow lines inferred from the orientation of hypothesized glacial landforms and suggest that the region's characteristic ~3 Ga "thumbprint terrain" is a field of ribbed moraines resulting from a ring of basal melting between the center and edges of the ice sheet [START_REF] Souček | A 3 Ga old polythermal ice sheet in Isidis Planitia, Mars: Dynamics and thermal regime inferred from numerical modeling[END_REF].

Terra Sabaea, an elevated region of the equatorial highlands northwest of Hellas which is robustly glaciated in GCM simulations, is the site of several proposed valley networks related to ice melt. Numerous anabranching inverted channels in an unnamed Noachian crater in Terra Sabaea (Irwin et al., 2018, Boatwright andHead, 2021) originate beneath upslope-facing scarps and crater wall alcoves and terminate in a basin with no outlet or erosional inlet channels. [START_REF] Boatwright | A Noachian proglacial paleolake on Mars: fluvial activity and lake formation within a closed-source drainage basin crater and implications for early Mars climate[END_REF] argued that their distribution is most consistent with an origin by top-down melting of a cold-based glacier whose terminal moraines formed the present-day scarps. [START_REF] Bouquety | Morphometric evidence of 3.6 Ga glacial valleys and glacial cirques in martian highlands: South of Terra Sabaea[END_REF][START_REF] Bouquety | Glacial landscape and paleoglaciation in Terra Sabaea: Evidence for a 3.6 Ga polythermal plateau ice cap[END_REF] found that late Noachian valleys in Terra Sabaea at elevations between +1 km and +3 km have short length-to-width ratios and U-shaped cross-sectional profiles, and in many cases originate from cirques, consistent with glacial erosion. Lower-altitude valleys are more frequently V-shaped and do not head in cirques, and are hypothesized to originate from the melting of a ~6200 km 2 ice cap on the plateau [START_REF] Bouquety | Glacial landscape and paleoglaciation in Terra Sabaea: Evidence for a 3.6 Ga polythermal plateau ice cap[END_REF].

Another approach to the question is through statistical analysis of crater degradation and other attributes. [START_REF] Weiss | Crater degradation in the Noachian highlands of Mars: Assessing the hypothesis of regional snow and ice deposits on a cold and icy early Mars[END_REF] suggested that many of the attributes of degraded Noachian craters that have been attributed to rainfall could instead be a consequence of impacts into ice, and suggested that the greater frequency of craters with sharp rims and preserved ejecta at high altitudes [START_REF] Craddock | Geomorphic evolution of the Martian highlands through ancient fluvial processes[END_REF]) could be the result of protection by overlying cold-based ice sheets. A later study [START_REF] Clark | A review of sample analysis at Mars-Evolved Gas Analysis Laboratory analog work supporting the presence of perchlorates and chlorates in Gale Crater[END_REF] found that the degradation state of impact craters does not significantly differ above and below 1 km elevation, i.e. within or outside of an idealized uniform highlands ice sheet, but ongoing tests for differences in crater preservation across the highlands should consider the predicted variations in ice cover.

The poles: Due to its low elevation, the present-day North Pole is not among the strongest cold traps in early Mars climate simulations except at relatively low surface pressure or very low spin-axis obliquity (e.g. [START_REF] Wordsworth | Comparison of "warm and wet" and "cold and icy" scenarios for early Mars in a 3-D climate model[END_REF]. However, as discussed above, there is widespread agreement between GCMs that the South Pole is a highly favorable location for ice accumulation at higher-than-present surface pressure and low to moderate spin-axis obliquity. The early Hesperian-aged Dorsa Argentea Formation (DAF; Figure 5), with two lobes extending up to 30 degrees of latitude northward from the south pole of Mars along the 0°W and 90°W meridians, has long been interpreted as the remnants of a large former ice sheet (Allen, 1979[START_REF] Howard | Etched plains and braided ridges of the south polar region of Mars: Features produced by basal melting of ground ice?[END_REF][START_REF] Kargel | Ancient glaciation on Mars[END_REF][START_REF] Head | Extensive Hesperian-aged south polar ice sheet on Mars: Evidence for massive melting and retreat, and lateral flow and ponding of meltwater[END_REF]. While the asymmetric shape of the DAF had previously been attributed to differential erosion (Head andPratt, 2001, Kite et al., 2009), GCM and ice flow model simulations indicate that an extensive south polar ice sheet would have this footprint as a natural consequence of regional topography in a thicker atmosphere [START_REF] Scanlon | The Dorsa Argentea formation and the Noachian-Hesperian climate transition[END_REF]. The flat-topped, steep-sided Sisyphi Montes are interpreted as englacial volcanoes recording a minimum ice thickness of 1400 meters at the time of eruption [START_REF] Ghatan | Candidate subglacial volcanoes in the south polar region of Mars: Morphology, morphometry, and eruption conditions[END_REF]. This hypothesis is further supported by spectroscopic evidence for hydrothermal alteration (Ackiss andWray, 2014, Ackiss et al., 2018). The "Dorsa

Argentea" ridges for which the formation is named [START_REF] Head | Extensive Hesperian-aged south polar ice sheet on Mars: Evidence for massive melting and retreat, and lateral flow and ponding of meltwater[END_REF][START_REF] Kress | Late Noachian and early Hesperian ridge systems in the south circumpolar Dorsa Argentea Formation, Mars: Evidence for two stages of melting of an extensive late Noachian ice sheet[END_REF][START_REF] Butcher | Are the dorsa argentea on mars eskers?[END_REF][START_REF] Scanlon | The Dorsa Argentea formation and the Noachian-Hesperian climate transition[END_REF], steep-walled pits or "cavi" in the plains of the DAF (Ghatan et al., 2003, Dickson andHead, 2006), and outflow channels [START_REF] Ghatan | Regional drainage of meltwater beneath a Hesperian-aged south circumpolar ice sheet on Mars[END_REF]) and breached basins (Milkovich et al., 2002, Dickson andHead, 2006) at the margins of the DAF are interpreted as glaciofluvial features that together record widespread melting of the ice sheet. Figure 5: A. The Dorsa Argentea Formation, with units as mapped by [START_REF] Tanaka | The digital global geologic map of Mars: Chronostratigraphic ages, topographic and crater morphologic characteristics, and updated resurfacing history[END_REF] and hypothesized glacial, glaciovolcanic, and glaciofluvial features as mapped by [START_REF] Scanlon | The Dorsa Argentea formation and the Noachian-Hesperian climate transition[END_REF]. B. The flat-topped, steep-sided Sisyphi Montes are interpreted as subglacial volcanoes, or tuyas [START_REF] Ghatan | Regional drainage of meltwater beneath a Hesperian-aged south circumpolar ice sheet on Mars[END_REF]; MOLA altitude shading [START_REF] Smith | Mars Global Surveyor laser altimeter mission experiment gridded data record[END_REF] on THEMIS daytime IR 100 m global basemap [START_REF] Edwards | Mosaicking of global planetary image datasets: 1. Techniques and data processing for Thermal Emission Imaging System (THEMIS) multi-spectral data[END_REF]. C. The Cavi Angusti are interpreted as glacial melt features [START_REF] Ghatan | Cavi Angusti, Mars: characterization and assessment of possible formation mechanisms[END_REF]; MOLA altitude shading on THEMIS daytime IR 100 m global basemap.

The hypothesis that the Dorsa Argentea ridges are eskers, i.e. the depositional remnants of subglacial channels (Figure 3, upper panels; e.g. [START_REF] Cuffey | The physics of glaciers[END_REF], is particularly well-supported: the distribution of length and sinuosity among the ridges are statistically similar to those of Canadian eskers formed beneath the Laurentide Ice Sheet (Figure 3, upper right panel; [START_REF] Butcher | Are the dorsa argentea on mars eskers?[END_REF][START_REF] Storrar | A map of large Canadian eskers from Landsat satellite imagery[END_REF], 2014, 2015), and the relationship of ridge height to underlying topography is as expected if the ridges were deposited in pressurized subglacial channels (Head andHallet, 2001, Butcher et al., 2016).

The LMD GCM and University of Maine Ice Sheet Model (UMISM) only predict a large south polar ice sheet with 0° and 90°W lobes like those of the DAF when the Tharsis bulge is present and the poles are in their present location [START_REF] Scanlon | The Dorsa Argentea formation and the Noachian-Hesperian climate transition[END_REF], and the crater ages for the exposure of the Dorsa Argentea eskers (3.83 -3.41 Ga; [START_REF] Kress | Late Noachian and early Hesperian ridge systems in the south circumpolar Dorsa Argentea Formation, Mars: Evidence for two stages of melting of an extensive late Noachian ice sheet[END_REF] and the cessation of activity in the equatorial valley networks (3.81 -3.45 Ga;Fassett and Head, 2008a) closely overlap. This is difficult to reconcile with the hypothesis [START_REF] Bouley | Late Tharsis formation and implications for early Mars[END_REF] that the valley networks formed before the Tharsis bulge. If the valley networks predate Tharsis but the south circumpolar ice sheet only has the shape and location of the DAF if Tharsis is in place, the DAF eskers should be younger than the valley networks, and their exposure ages younger still. Given the inherent uncertainties in crater dating, one could speculate that valley network cessation might predate the removal of the ice overlying the DAF eskers despite the similar ages from crater counts (i.e. that valley network cessation, true polar wander, and the construction and retreat of the DAF all occurred within a shorter time span than the margin of uncertainty in the crater ages), or that valley network activity might have continued in the "rain shadow" east of Tharsis after the completion of true polar wander due to low-obliquity excursions or the melting of ice that had been emplaced before true polar wander. Alternatively, true polar wander may not be necessary to explain the distribution of valley networks (cf. [START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF].

For reasonable estimates of the total Noachian/Hesperian water inventory, some degree of warming above the CO2/H2O baseline was likely required for basal melting of a south polar ice sheet [START_REF] Scanlon | The Dorsa Argentea formation and the Noachian-Hesperian climate transition[END_REF]. Along with the strong likelihood of Tharsis glaciation in any warm climate, this underscores that even if the climate of early Mars was warm enough for rainfall in some regions, glacial processes would still have played an important role in others. It is increasingly clear [START_REF] Wordsworth | Healthy debate on early Mars[END_REF][START_REF] Kamada | A coupled atmosphere-hydrosphere global climate model of early Mars: A 'cool and wet'scenario for the formation of water channels[END_REF][START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF][START_REF] Schmidt | Circumpolar ocean stability on Mars 3 Gy ago[END_REF]) that both the "warm and wet" and "cold and icy" endmembers are tools for understanding the complex whole of ancient Mars paleoclimate rather than complete pictures in themselves.

III. Question 2: What fraction of observed fluvial geology on Mars is due to ice melt?

Thousands of valley networks incise the southern Martian highlands, speaking of a past with surface water activity. Whereas the community has largely interpreted these drainage systems in terms of a 'warm and wet' environment, the possibility that a more or less significant fraction of these valleys formed through glaciofluvial processes related to an 'Icy Highlands' ice sheet has been increasingly considered [START_REF] Fastook | Glaciation in the Late Noachian Icy Highlands: Ice accumulation, distribution, flow rates, basal melting, and top-down melting rates and patterns[END_REF][START_REF] Cassanelli | Glaciovolcanism in the Tharsis volcanic province of Mars: Implications for regional geology and hydrology[END_REF][START_REF] Bouquety | Morphometric evidence of 3.6 Ga glacial valleys and glacial cirques in martian highlands: South of Terra Sabaea[END_REF]and 2020, Grau Galofre et al., 2020a). In this scenario, the formation of valley networks involves sporadic or continued production of meltwater, encompassing different degrees of ice cover that include melting of snowpacks, ice marginal streams sourced from supraglacial meltwater, and subglacial streams. This hypothesis is supported by statistical analyses of valley network morphometry, by erosion rates of analogue snow and ice melt valleys in Antarctica, and by the presence of morphological characteristics (constant width downstream, longitudinal profile undulations, discontinuous valley segments, etc) that are consistent with subglacial, but not fluvial, erosion [START_REF] Lee | Possible analogs for small valleys on Mars at the Haughton impact crater site, Devon Island, Canadian High Arctic[END_REF], Fastook and Head, 2015[START_REF] Cassanelli | Glaciovolcanism in the Tharsis volcanic province of Mars: Implications for regional geology and hydrology[END_REF], Grau Galofre et al., 2020a).

In the 'warm and wet' hypothesis, the origin of the martian valleys is generally attributed to rainfall and surface runoff, which may or may not involve contributions from groundwater seepage [START_REF] Malin | Groundwater formation of Martian valleys[END_REF][START_REF] Gulick | Origin of the valley networks on Mars: A hydrological perspective[END_REF][START_REF] Craddock | The case for rainfall on a warm, wet early Mars[END_REF], Howard et al., 2005, Hynek et al., 2010[START_REF] Lamb | Can springs cut canyons into rock?[END_REF][START_REF] Irwin | Topographic influences on development of Martian valley networks[END_REF]. Support for this hypothesis comes from the similarity in planform morphology to possible analogue rivers on Earth, as well as morphometrical quantities such as drainage density, network topology, and relationship with drainage divides (e.g., Craddock andHoward, 2002, Hynek et al., 2010). This environmental endmember often contemplates the existence of a northern ocean, which would have occupied the northern lowlands extending north from the dichotomy boundary, along two proposed shorelines: Deuteronilus and Arabia. This hypothesis is consistent with the distribution of deltas, the elevation of the equipotential curve, and possible tsunami deposits (Baker et al., 1991[START_REF] Perron | Evidence for an ancient martian ocean in the topography of deformed shorelines[END_REF][START_REF] Di Achille | Ancient ocean on Mars supported by global distribution of deltas and valleys[END_REF][START_REF] Rodriguez | Tsunami waves extensively resurfaced the shorelines of an early Martian ocean[END_REF][START_REF] Costard | Modeling tsunami propagation and the emplacement of thumbprint terrain in an early Mars ocean[END_REF], Costard et al., 2019[START_REF] De Blasio | Frontal Aureole Deposit on Acheron Fossae ridge as evidence for landslide-generated tsunami on Mars[END_REF]. However, rainfall and/or melt of snowpacks fail to explain aspects of valley network morphology, in particular the lack of dissection between consecutive drainage basins, and the invariant widths along the valleys (Grau Galofre et al., 2020a).

Grau Galofre et al. (2020a) studied the origin of a subset of the global database of valley networks and classified them by their most likely origin based on statistical morphometry. The study found that, whereas rivers and sapping valleys explain a large percentage of valley network morphologies, a fraction of them is most consistent with channels formed under ancient ice sheets, akin to the Finger Lakes in New York, or the subglacial channel networks found on Devon Island (Canadian Arctic Archipelago, [START_REF] Lee | Possible analogs for small valleys on Mars at the Haughton impact crater site, Devon Island, Canadian High Arctic[END_REF], Grau Galofre et al., 2020a). Morphological similarities between valley networks and subglacial channels, noted also regionally in [START_REF] Bouquety | Morphometric evidence of 3.6 Ga glacial valleys and glacial cirques in martian highlands: South of Terra Sabaea[END_REF][START_REF] De Blasio | Frontal Aureole Deposit on Acheron Fossae ridge as evidence for landslide-generated tsunami on Mars[END_REF], as well as the spatial correlation of valley network locations with the near-marginal regions of a proposed late Noachian icy highlands ice sheet provide support for the existence of such an ice sheet with presence of localized basal melt [START_REF] Fastook | Glaciation in the Late Noachian Icy Highlands: Ice accumulation, distribution, flow rates, basal melting, and top-down melting rates and patterns[END_REF][START_REF] Bouquety | Morphometric evidence of 3.6 Ga glacial valleys and glacial cirques in martian highlands: South of Terra Sabaea[END_REF]and 2020, Grau Galofre et al., 2020a). Whereas the exact origin of the Martian valley networks is still disputed, there is a general consensus that they were not active for a long period of time, and that they did not achieve a large degree of landscape modification (Fassett and Head, 2008a, Som et al., 2009[START_REF] Penido | Scaling relationships and concavity of small valley networks on Mars[END_REF], Grau Galofre et al., 2020b).

Fretted terrain, located in the transitional zone between the southern highlands and the northern lowlands, and in particular Aeolis Mensae and Deuteronilus-Protonilus Mensae (133º-147ºE and 15º-55ºE), display enigmatic terrains consisting of mesas of complex planimetric configuration and sinuous valleys [START_REF] Parker | Transitional morphology in west Deuteronilus Mensae, Mars: Implications for modification of the lowland/upland boundary[END_REF][START_REF] Carr | Mars Global Surveyor observations of Martian fretted terrain[END_REF], Head et al., 2006a). Whereas the exact origin of this terrain is under debate, some hypotheses have brought forward the idea of Hesperian aged wet-based glaciation. In (Head et al., 2006a and b). Whereas some of these characteristics, such as present-day valley infill and lineated patterns, are Amazonian in age, erosion by wet-based glaciation is required to sculpt cirques, aretes, and U-shaped valleys (e.g., [START_REF] Eyles | Modern Icelandic glaciers as depositional models for «hummocky moraine» in the Scottish Highlands[END_REF][START_REF] Benn | Glaciated valley landsystems[END_REF][START_REF] Harbor | A numerical model of landform development by glacial erosion[END_REF][START_REF] Brook | Cirque development in a steadily uplifting range: rates of erosion and long-term morphometric change in alpine cirques in the Ben Ohau Range, New Zealand[END_REF][START_REF] Davila | Evidence for Hesperian glaciation along the Martian dichotomy boundary[END_REF]. Substantial ice covers, ranging from 1000-2500 m thick, and dated from the Late Noachian to the Early Hesperian, have been suggested to explain the morphology, high flow lines, orientation, and extent of the fretted valleys [START_REF] Davila | Evidence for Hesperian glaciation along the Martian dichotomy boundary[END_REF][START_REF] Dickson | Late Amazonian glaciation at the dichotomy boundary on Mars: Evidence for glacial thickness maxima and multiple glacial phases[END_REF][START_REF] Morgan | Lineated valley fill (LVF) and lobate debris aprons (LDA) in the Deuteronilus Mensae northern dichotomy boundary region, Mars: Constraints on the extent, age and episodicity of Amazonian glacial events[END_REF].

A key missing piece of geological evidence for a late Noachian icy highlandsice sheet is the existence of scouring marks and lineated features, such as drumlins, mega-scale glacial lineations, or ribbed moraines, which map the direction of glacial sliding, and which are common indicators of the extent of terrestrial Quaternary ice sheets (e.g., [START_REF] Svendsen | Late Quaternary ice sheet history of northern Eurasia[END_REF][START_REF] Fowler | An instability theory for the formation of ribbed moraine, drumlins and mega-scale glacial lineations[END_REF], Fastook and Head, 2015[START_REF] Wordsworth | The climate of early Mars[END_REF], Ramirez and Craddock, 2018, Gallagher et al., this volume).

Three explanations for this lack of features have been proposed. First, the late Noachian icy highlandsice sheet did not exist [START_REF] Ramirez | The geological and climatological case for a warmer and wetter early Mars[END_REF], requiring an unknown greenhouse gas that would maintain surface temperatures above freezing and inhibit the nucleation of significant portions of surface snow, preventing the ice-albedo feedback. Second, a late Noachian icy highlands ice sheet existed but was fundamentally cold-based, preventing glacial sliding except in very localized areas, and thus the development of any characteristic lineated landform and the areal scouring of the substrate (Fastook andHead, 2015, Wordsworth, 2016). This scenario hints at surface temperatures at or below freezing, an ice cover up to 2 km thick, and a water inventory under 5X present GEL (Global Equivalent Layer). The third possibility involves the role of surface gravity in setting the dominant mode of glacial drainage. Even if water accumulated under a late Noachian icy highlands ice sheet, the development of high efficiency drainage channels under ice could prevent significant glacial sliding from developing on Mars in comparison to Earth, producing a geological record that would differ from that characteristic of Quaternary glaciation (Grau [START_REF] Grau Galofre | Valley networks and the record of glaciation on ancient Mars[END_REF]. The third hypothesis is also consistent with the lack of sliding recorded in the DAF.

IV. Question 3: How did the subsurface water inventory and cryosphere evolve with time, and what is its effect on the global hydrologic cycle?

Onset of a Noachian cryosphere and its impact on the hydrologic cycle. As discussed in the previous sections, strong evidence points to the fact that liquid water must have been more abundant on Mars' surface during the Noachian than at any time since.

Therefore, the early Mars hydrology may have been similar to relatively arid environments on present-day Earth, where precipitation, surface runoff and infiltration led to the existence of standing bodies of water, lakes and possibly oceans (e.g. [START_REF] Palumbo | Oceans on Mars: The possibility of a Noachian groundwater-fed ocean in a sub-freezing martian climate[END_REF][START_REF] Guzewich | 3D Simulations of the Early Martian Hydrological Cycle Mediated by a H2-CO2 Greenhouse[END_REF][START_REF] Schmidt | Circumpolar ocean stability on Mars 3 Gy ago[END_REF], and an associated underlying groundwater system [START_REF] Clifford | A model for the hydrologic and climatic behavior of water on Mars[END_REF][START_REF] Clifford | The evolution of the Martian hydrosphere: Implications for the fate of a primordial ocean and the current state of the northern plains[END_REF]. While early Mars may have been warm and wet, the less degraded nature of post-Noachian terrains suggests a geologically rapid transition to less erosive conditions, similar to those that exist on Mars today (Carr, 1999, Kreslavsky andHead, 2018). As the planet transitioned to a colder climate, a freezing front developed from the planet's surface through its crust, creating a growing cold-trap for both atmospheric and subsurface H2O-a region known as the cryosphere as illustrated in Figure 6. The downward propagation of this freezing front, in response to the planet's long-term decline in geothermal heat flux, had two important consequences for the nature of the planet's hydrologic cycle and the state and distribution of subsurface water.

First, ice condensed in the pores of the near-surface regolith would seal away any groundwater from the atmosphere. This would result in a ground-ice depth distribution primarily governed by the thermal structure of the crust, in effect mirroring to the first order the local surface topography as illustrated in Figure 6. Taking into account reasonable values of crustal permeability (i.e., column averaged values of ~10 -15 m 2 within the top 10 km, [START_REF] Clifford | A model for the hydrologic and climatic behavior of water on Mars[END_REF][START_REF] Manning | Permeability of the continental crust: Implications of geothermal data and metamorphic systems[END_REF][START_REF] Clifford | The evolution of the Martian hydrosphere: Implications for the fate of a primordial ocean and the current state of the northern plains[END_REF], the elimination of atmospheric recharge would rapidly lead to the decay of any precipitationdriven influence on the shape of the global water table in 10 6 to 10 8 years. In the absence of major seismic or thermal disturbances of the crust (such as those caused by large impacts, earthquakes and volcanic activity), the liquid water at depth would have constituted an aquifer in hydrostatic equilibrium, saturating the lowermost porous regions of the crust. Due to the large range in surface altimetry on Mars (Aharonson et al., 2001), the vertical distance between the base of the cryosphere and the groundwater table may have varied considerably, creating an intervening unsaturated zone (also called vadose zone), whose thickness was maximized in regions of high elevation and minimized (or absent) at low elevation.

Second, as the cryosphere extent deepened with time (by decreasing geothermal flux and surface equilibrium temperatures), the condensation of ice behind the advancing freezing-front would have created a growing sink for the planet's inventory of groundwater. Where the cryosphere and water table were in direct contact, the groundwater would have frozen to the base of the cryosphere as the freezing front propagated downward with time. However, in many locations throughout the highlands, the vertical distances separating the base of the cryosphere from the water table may have been several kilometers or more. Under such conditions, the depletion of groundwater is expected to have occurred via the thermally induced diffusion of vapor from warmer depths to the colder pores under the advancing freezing-front [START_REF] Clifford | The role of thermal vapor diffusion in the subsurface hydrologic evolution of Mars[END_REF]and 1993[START_REF] Clifford | The evolution of the Martian hydrosphere: Implications for the fate of a primordial ocean and the current state of the northern plains[END_REF]. The vadose zone is a potential subsurface zone where saline groundwater exchanges with the bottom part of the cryosphere by unsaturated vapor circulation. The lower level of the cryosphere is calculated from the subsurface heat propagation model with a geothermal flux of 60 mW m -2 and a 273K melting point of water (Surface topography from MOLA; [START_REF] Smith | Mars Orbiter Laser Altimeter: Experiment summary after the first year of global mapping of Mars[END_REF]; cryosphere depth from [START_REF] Schwenzer | Puncturing Mars: How impact craters interact with the Martian cryosphere[END_REF]; Figure adapted from [START_REF] Clifford | A model for the hydrologic and climatic behavior of water on Mars[END_REF].

Potential extent of the Late Noachian cryosphere. We use a one-dimensional finite difference thermal model of the subsurface [START_REF] Clifford | Depth of the Martian cryosphere: Revised estimates and implications for the existence and detection of subpermafrost groundwater[END_REF], Schwenzer et al., 2012) to calculate Martian mean annual surface temperatures and the insolation heat wave propagation through the Late Noachian cryosphere. The calculations assume that: (1) the thermal conductivity of ice-saturated basalt varies with temperature following a simple inverse law [START_REF] Clifford | Depth of the Martian cryosphere: Revised estimates and implications for the existence and detection of subpermafrost groundwater[END_REF][START_REF] Hobbs | Ice Physics[END_REF]; (2) the mean value of Late Noachian geothermal heat flux can be deduced from estimates of the rheologic properties of the Martian lithosphere necessary to support the relief of the Noachian topography [START_REF] Mcgovern | Localized gravity/topography admittance and correlation spectra on Mars: Implications for regional and global evolution[END_REF]and 2004[START_REF] Grott | High heat flux on ancient Mars: Evidence from rift flank uplift at Coracis Fossae[END_REF]; (3) the Martian atmosphere at that time did not induce a significant greenhouse effect as compared to current surface conditions and (4) the variations in Martian obliquity and orbital eccentricity were comparable to those of today. This last assumption's validity is largely dependent on the early developmental state of Tharsis at that time which would have led to true polar wander of the orientation of the planet. A late growth of Tharsis would lead to significant shifts in the position of the deep cryosphere border, while not influencing majorly the overall results regarding the global cryosphere extent and trapped water inventory [START_REF] Bouley | Late Tharsis formation and implications for early Mars[END_REF][START_REF] Ward | Past obliquity oscillations of Mars: The role of the Tharsis uplift[END_REF].

Figure 7 illustrates the variation in the depth of the cryosphere as a function of latitude based on the average and extreme obliquity and orbital eccentricity values of [START_REF] Laskar | Long term evolution and chaotic diffusion of the insolation quantities of Mars[END_REF], combined with an assumed Noachian geothermal heat flux of 60 mW m -2 [START_REF] Mcgovern | Correction to "Localized gravity/topography admittance and correlation spectra on Mars: Implications for regional and global evolution[END_REF][START_REF] Grott | High heat flux on ancient Mars: Evidence from rift flank uplift at Coracis Fossae[END_REF] and three groundwater freezing temperatures depending on its salt content. The brine models considered correspond to pure water (273 K) and eutectic brines of NaCl (252 K) and of Mg(ClO4)2 (203 K). One expects salty brines as groundwater on Mars from the combination of crustal rock leaching over hundreds of million years, vadose zone hydrothermal circulation of liquid water and the reduction of groundwater volume in response to the cryosphere growth with time [START_REF] Clifford | Depth of the Martian cryosphere: Revised estimates and implications for the existence and detection of subpermafrost groundwater[END_REF]. In situ observations have shown that martian soil could contain up to 25wt.% of salts [START_REF] Clark | The salts of Mars[END_REF]. The study of salt abundances in fractures of Nakhlite meteorites have also indicated the evaporative salt deposition from concentrated brines as well as dilute brines giving constraints on the fluid salt concentration on Mars [START_REF] Rao | Clues to Martian brines based on halogens in salts from nakhlites and MER samples[END_REF]and 2008[START_REF] Bridges | The nakhlite hydrothermal brine on Mars[END_REF]. NaCl has been detected on Mars and is expected to be a common salt, with a eutectic freezing temperature of 252K. This corresponds to the first brine considered in our model.

Chloride and sulfur rich salts are also expected with varying freezing depression points typically lower than the one for NaCl brines, for example it is 238K for a eutectic solution of MgCl2 and 218K for a eutectic solution of CaCl2 [START_REF] Burt | Electrically conducting, Ca-rich brines, rather than water, expected in the Martian subsurface[END_REF]Knauth, 2003, Fairén et al., 2009). However, the concentrations of the different salt species in martian underground water are not well constrained. The detection of perchlorate in the regolith of Mars [START_REF] Hecht | Detection of perchlorate and the soluble chemistry of martian soil at the Phoenix lander site[END_REF][START_REF] Clark | A review of sample analysis at Mars-Evolved Gas Analysis Laboratory analog work supporting the presence of perchlorates and chlorates in Gale Crater[END_REF] and its ability to be readily dissolved suggest it may have infiltrated in the underground water system of Mars [START_REF] Clifford | Depth of the Martian cryosphere: Revised estimates and implications for the existence and detection of subpermafrost groundwater[END_REF]. The strong freezing depression point of perchlorates (as low as 203K for Mg(ClO4)2) is used as our second brine model for the cryosphere, as an extreme case to determine the limits of validity of the cryosphere extent. While it is unlikely that brines fully saturated in magnesium perchlorate salts exist globally on the planet [START_REF] Hecht | Detection of perchlorate and the soluble chemistry of martian soil at the Phoenix lander site[END_REF][START_REF] Glavin | Evidence for perchlorates and the origin of chlorinated hydrocarbons detected by SAM at the Rocknest aeolian deposit in Gale Crater[END_REF][START_REF] Kounaves | Evidence of martian perchlorate, chlorate, and nitrate in Mars meteorite EETA79001: Implications for oxidants and organics[END_REF], the simulations using such a low freezing depression point give a lower limit to the depth of the cryosphere that can be reached by groundwater brines with mixed salts located in the underground.

. [START_REF] Laskar | Long term evolution and chaotic diffusion of the insolation quantities of Mars[END_REF], Schwenzer et al., 2012) The calculated equilibrium depths of a pure water cryosphere are represented in Figure 6. The cryosphere maximum depth ranges from 2.3 km at the equator to 5.6 km near the poles (assuming a pure water depression freezing point of 273 K). This latitudinal variation is due to the colder average annual temperatures near the poles resulting from both a lower insolation and the higher albedo of the seasonal and perennial polar ice deposits, compared to Mars' typical regolith. The polar deposits are assumed to be similar in extent to today's polar caps. The depth of the cryosphere would be much reduced under the conditions relevant for brines. For example, in the case of a solution saturated in magnesium perchlorate (i.e., 203 K), the cryosphere extent would reach its maximum of 2.5 km around the poles and continuously decrease with lower latitudes until it completely disappears at latitudes of less than about 30-35°, where mean annual temperatures exceed the assumed perchlorate-depressed freezing point of groundwater.

On Figure 7, the colored thickness of the lines corresponds to simulations of the high and low extreme 1σ Mars orbital parameters (obliquity and eccentricity) assuming a 20 Ma obliquity history equivalent to the nominal current model of [START_REF] Laskar | Long term evolution and chaotic diffusion of the insolation quantities of Mars[END_REF].

Such variations in orbital parameters translate into a 0.5 km depth change at the equator and a 1 km depth change at the poles, these two changes compensating on average one another due to the change in obliquity of the planet.

Water content in the Noachian cryosphere. Once established and stabilized, the global planet cryosphere would act as an underground cold-trap in the pore volume of the Martian crust for the available water. Assuming a surface porosity of 0.2 and a typical exponential depth decay constant of 2.82 km [START_REF] Clifford | A model for the hydrologic and climatic behavior of water on Mars[END_REF][START_REF] Clifford | The evolution of the Martian hydrosphere: Implications for the fate of a primordial ocean and the current state of the northern plains[END_REF], we can calculate the total pore volume available for this cold-trap over the entire planet at the depth where the cryosphere reaches its maximum extent. The pure water Noachian cryosphere model described in Figure 7 could have cold-trapped about 446 m (+/-8 m)

GEL. As freezing-point depression salts are included, the depth of the cryosphere decreases as well as the potential volume of water trapped. In the case of a NaCl saturated aquifer (T=252K), the cryosphere could trap 390 m (+/-15 m) GEL and for the more extreme perchlorate saturated brine (T=203K), a volume corresponding to 104 m (+/-13 m) GEL.

As we do not expect the aquifer water to be entirely saturated in salts, this is certainly enough to trap a significant fraction or even the totality of the available liquid water inventory expected at the end of the Noachian, as discussed in other studies [START_REF] Carr | Martian surface/near-surface water inventory: Sources, sinks, and changes with time[END_REF]and 2019[START_REF] Palumbo | Groundwater release on early Mars: Utilizing models and proposed evidence for groundwater release to estimate the required climate and subsurface water budget[END_REF].

Local variations in the cryosphere thickness and state. The calculations presented above correspond to the ideal case of a global cryosphere in equilibrium with the planet surface and interior conditions. It is expected that local variations in geothermal heat flow, and heat produced by volcanic activity as well as impacts, would locally temporarily affect the extent of the cryosphere, or melt it entirely. Such heat events could generate specific hydrothermal systems and have been suggested as a possible source for some of the fluvial features detected on Mars [START_REF] Gulick | Magmatic intrusions and a hydrothermal origin for fluvial valleys on Mars[END_REF]2001). Even with a global cryosphere extent as shown in Figure 7, it would have been thermally penetrated by relatively small impactors, the heat generated by the impact being sufficient to melt the cryosphere over its whole thickness. Calculations based on a model developed by Abramov and Kring (2005) and applied to a two-layer Mars subsurface have shown that a 2-km thick cryosphere, like around the equator, can be thermally penetrated by an impactor as small as 0.6 km in diameter, while the thicker 6-km cryosphere below the poles would be thermally penetrated by projectiles as small as 1.8 km in diameter [START_REF] Schwenzer | Puncturing Mars: How impact craters interact with the Martian cryosphere[END_REF]. Such impacts would also occur more frequently during the Noachian era and lead to the generation of local hydrothermal systems with liquid water lasting up to 10 million years due to the time necessary for the dissipation of heat in the system [START_REF] Schwenzer | Puncturing Mars: How impact craters interact with the Martian cryosphere[END_REF]. This would also further enable exchanges between the deep underground aquifers and the atmosphere.

Local changes in the depth of the cryosphere are expected due to local changes in the geothermal heat flux of the planet. To this day, the average heat flux is around 25 mW m -2 but can still increase to 50 mW m -2 in some locations [START_REF] Plesa | How large are present-day heat flux variations across the surface of Mars?[END_REF]. Such high heat flux may have resulted in geothermally induced melting at the base of the cryosphere in the past. Such events can be linked with surficial meltwater features such as valley networks and the location of hydrous minerals on Mars [START_REF] Ojha | Groundwater production from geothermal heating on early Mars and implication for early martian habitability[END_REF]. There is also evidence that such processes have continued in the relatively recent past as candidate eskers have been identified in Amazonian terrains, Phlegra Montes and Tempe Terra, for which an origin from basal melting due to enhanced geothermal heat flux was suggested [START_REF] Gallagher | Eskers in a complete, wet-based glacial system in the Phlegra Montes region, Mars[END_REF][START_REF] Butcher | Recent basal melting of a mid-latitude glacier on Mars[END_REF][START_REF] Koutnik | Glacial Deposits, Remnants and Landscapes on Amazonian Mars: Using setting, structure, and stratigraphy to understand ice evolution and climate history[END_REF]. Under such conditions, it could even be envisioned that liquid water could accumulate as a northern ocean fed by groundwater under sub-freezing Martian surface climate [START_REF] Palumbo | Oceans on Mars: The possibility of a Noachian groundwater-fed ocean in a sub-freezing martian climate[END_REF]. The existence of an ocean with a frozen surface would be consistent with the relatively low level of erosion of Hesperian age terrains, but would be inconsistent with reported geological evidence for tsunami emplacement [START_REF] Costard | Modeling tsunami propagation and the emplacement of thumbprint terrain in an early Mars ocean[END_REF][START_REF] Rodriguez | Tsunami waves extensively resurfaced the shorelines of an early Martian ocean[END_REF], Costard et al., 2019).

As the cryosphere would continue to extend, and conditions for melting became rarer, it is possible that the ice-cemented cryosphere (the part of the cryosphere where pores are completed saturated by ice) would seal away liquid groundwater at depth that could remain there to this day, without the possibility of escape [START_REF] Grimm | On the secular retention of ground water and ice on Mars[END_REF]. However, there has been no detected evidence of such a global reservoir of ice and liquid water at depth to date, either from radars [START_REF] Clifford | Depth of the Martian cryosphere: Revised estimates and implications for the existence and detection of subpermafrost groundwater[END_REF] or from seismometry [START_REF] Manga | No Cryosphere-Confined Aquifer Below InSight on Mars[END_REF]. The morphology of the Hesperian-Amazonian-aged single-layered ejecta crater indicate a smaller extent of cemented cryosphere at the Hesperian to Amazonian transition, with an estimated maximum depth of 1.3 km at the equator and 2.3 km at the poles (Weiss and Head, 2017). The volume considered corresponds to 200 m GEL assuming ~20% porosity at the surface. Comparing it to the results given in Figure 7, it would mean that the available pore volume that could be filled by ice was supply limited in the cases of the pure water ice (446 m GEL), or saturated NaCl brine (390 m GEL) cryospheres which never reached saturation. The single-layered ejecta crater observations can be consistent with a perchlorate salts brine (104 m GEL) fully saturated cryosphere; though this remains an extreme case of salt saturation that is certainly less likely. This would mean that the majority of subsurface water inventory of Mars during the Hesperian, up to 200 m GEL from the single-layered ejecta crater observations, would have been fully trapped in the expected cryosphere volumes (Weiss and Head, 2017). As a consequence, no underground extensive liquid water aquifers probably exist today on the planet while about 30 m GEL of water still exists above the surface to form the currently visible polar caps (Lasue et al., 2012[START_REF] Carr | Martian surface/near-surface water inventory: Sources, sinks, and changes with time[END_REF][START_REF] Villanueva | Strong water isotopic anomalies in the martian atmosphere: Probing current and ancient reservoirs[END_REF]. This is also consistent with the seismic velocity investigations made by the InSight mission on Mars, indicating that there is no pore ice saturation of the upper 10 km of the Martian crust at Elysium Planitia [START_REF] Manga | No Cryosphere-Confined Aquifer Below InSight on Mars[END_REF].

V. Conclusions

While the extent of surface ice on early Mars remains as uncertain as the rest of the climate, the use of three-dimensional GCMs to investigate possible climates continues to mechanisms, provides another window to how water ice interacts with volcanic, atmospheric, impact and aeolian processes to affect the Martian geologic record [START_REF] Koutnik | Glacial Deposits, Remnants and Landscapes on Amazonian Mars: Using setting, structure, and stratigraphy to understand ice evolution and climate history[END_REF].

Figure 3 :

 3 Figure 3: Example terrestrial analogue features (a,b) and martian equivalent landforms (c,d). (a) Terrestrial esker centered around 66.21N, 111.78W (Kugluktuk land, NU, Canada). (b) Glacial cirques at 62.64N, 128.57W (Nááts'įhch'oh National Park Reserve, AK, United States). Credit: Esri/Maxar/ArcGIS. (c) Dorsa Argentea eskers, centered around 76.81S, 317.9E. Credit: CTX/MSSS/NASA. (d) Putative glacial cirques in the Charitum Montes, southern Argyre rim (center: 55.41S, 307.8E). Credit: THEMIS/ASU/JPL-Caltech/NASA. 2. What fraction of observed fluvial geology on Mars is due to ice melt? The crater

Figure 4 :

 4 Figure 4: Cartoon illustrating the issues of crater dating surface modification in icecovered surfaces. Panel (a) shows an originally emplaced, pristine surface 4 Ga ago, aged 4 Ga. Panel (b) corresponds to the same surface covered by an ice sheet at 3.8 Ga. Fresh craters on land and ice are shown, and a glacial landform (e.g., esker) emerges from under the ice. Panel (c) shows ice retreat 3.6 Ga ago, exposing more of the original landform and a second one. Fresh and recent craters are shown on land and ice. Panel (d) shows the final surface after ice retreat, at t = 3.4 Ga. Crater size distribution and density change from the surface that was always fully exposed, to that covered by an ice layer, yielding apparently different age dates. The emplacement ages of eskers (1) and (2) are unknown, whereas exposure ages are given by crater counting techniques.Figure4illustrates these issues. The age of the surface is 4 Ga (panel a), but crater

  particular, fretted valleys such as Mamers, Auqakuh, or Clasia Vallis, display characteristics typical of integrated valley glacial systems on Earth, including multiple theater-headed, alcove-like accumulation areas, U-shaped or box-shaped cross-sections, sharp arete-like ridges (see glacial valleys and analogues shown in Figure 3, bottom panels), converging patterns of downslope valley flow, valley lineation patterns typical of ice deformation, streamlines indicative of flow around obstacles, and broad piedmont-like lobes in the valley termination

Figure 6 :

 6 Figure 6: Hypothetical meridian cross section of the Noachian Martian crust (along 0°E, a longitude representative of the global North-South dichotomy). The figure illustrates the

Figure 7 :

 7 Figure 7: Depth of the Martian cryosphere as a function of latitude assuming a Noachian geothermal heat flux of 60mW m -2 . The three colored lines correspond to the average cryosphere depth for different brine salt contents: pure water (273K); NaCl brine (252K) and perchlorate brine (203K). The colored area around the average depth corresponds to statistical variations due to the orbital parameters of Mars with time[START_REF] Laskar | Long term evolution and chaotic diffusion of the insolation quantities of Mars[END_REF], Schwenzer et al., 2012) 

  generate hypotheses for geologists to test. The glacial geomorphological record corresponding to early Mars is notoriously difficult to interpret, as many features that have possible glacial interpretations are ambiguous, are heavily degraded, and/or are covered in later deposits (e.g. the latitude-dependent mantle, LDM). In particular, even very large cold-based Noachian or Hesperian ice sheets may never have left evidence capable of surviving to the present day, save for possible effects on volcanic flows that encountered them or on the impact cratering record. It is a worthwhile exercise to consider what any given observed Amazonian glacial landform[START_REF] Koutnik | Glacial Deposits, Remnants and Landscapes on Amazonian Mars: Using setting, structure, and stratigraphy to understand ice evolution and climate history[END_REF] might look like after 3 Ga of impact cratering, aeolian erosion, and subsequent glacial cycles. Still, case studies of regional landform assemblages lend increasing support to the presence of Noachian and Hesperian ice sheets in regions such as the Isidis basin and the high southern latitudes, and global statistical studies of valley morphometry and impact crater degradation are a promising avenue for greater clarity on the prevalence of ice across space and time. Furthermore, recent work has highlighted the discrepancies that should be expected between terrestrial and Martian glacial landscapes, warranting a fresh examination of Martian glacial geology, both ancient and modern.During the Noachian to Hesperian transition, it is expected that the decreasing geothermal heat flux and global surface temperatures induced the onset of a global subsurface cryosphere formation, which would have cold-trapped subsurface Martian water in the crustal pore system. The extant surface water ice of modern Mars, having decreased in abundance throughout the Hesperian and into the Amazonian by this and other

  

  

  

  of individual landforms. Second, glacial landscapes formed in the Noachian and Hesperian have undergone over 3 Ga of degradation, including crater gardening, mass wasting, intermittent glacial/fluvial erosion, and mantling, among other processes. Therefore, the interpretation of glacial landform assemblages as part of a group of the same age is further hindered due to the different levels of degradation of individual features, including older craters. The third issue involves the role of an ice cover in preventing smaller impacts from penetrating to the surface. The decoupling of surface and atmosphere by an ice layer is

	numbers require modelling
	efforts that have not yet been performed for Mars, and are thus a necessary future line of
	research.

indeed a major issue for dating glacial landscapes even on Earth, where isotopic dating of terrains provides ages of ice retreat and not erosion rates or dates of landform emplacement (e.g.,

Balco et al., 2011 and references within)

. Modelled ages derived from crater counting in regions with extensive ice cover may record the time-integrated effect of intermittent surface cover, resulting in a crater counting age much younger than the true age of the landscape due to ice cover filtering of smaller impacts. Furthermore, crater counting dates would reflect the timing of ice retreat from a subglacial landform and not of subglacial landform emplacement. This ice-crater filtering effect depends at least on ice sheet thickness and projectile momentum upon impact, but concrete

II. Question 1: How was ice distributed at the surface of Mars in the Noachian and Hesperian?

  

	(represented by color changes; panel d) further complicates the dating of individual
	landforms. Landforms (1) and (2) could have formed simultaneously under the ice sheet,
	but their age dates according to crater counting techniques display 0.2 Ga of age difference,
	due to the different exposure times. Similarly, any dating of glacial landforms will refer to
	'exposure dates' and not reflect the time of emplacement or formation. This challenge
	becomes more acute if a surface has been influenced by multiple glacial cycles and/or
	postglacial revision. Accurate dating of glacial landforms is a major unresolved issue in
	early Mars glacial geomorphology.
	While the MAVEN mission confirmed that the inventory of water on early Mars
	was five to twenty times larger than on present-day Mars (Jakosky, 2021), geologic
	constraints on the atmospheric composition and pressure of Early Mars are few and
	imprecise (Kite, 2019). However, climate hypotheses can also be tested by comparing the
	observed locations of geologic features to the surface temperature patterns and distribution
	of volatiles modeled by three-dimensional global climate models (GCMs) under various
	paleoclimate scenarios. Most Early Mars 3D GCM studies thus far have focused on climate
	conditions under which the valley networks could have formed (e.g. as mapped by Hynek
	et al., 2010; Figure
	Figure 4 illustrates these issues. The age of the surface is 4 Ga (panel a), but crater
	dating landforms (1) and (2) yields at best ice retreat ages (3.6 Ga; panel c) and not the
	time of emplacement (3.8 Ga; panel b). Degradation of craters and subsequent resurfacing
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