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Abstract

Multiple nations and private entities are pushing to make landing humans on Mars a reality. The
majority of proposed mission architectures envision “living off the land” by leveraging Martian water-ice
deposits for fuel production and other purposes. Fortunately for mission designers, water ice exists on Mars
in plentiful volumes. The challenge is isolating accessible ice deposits within regions that optimize other
preferred landing-site conditions. Here, we present the first results of the Mars Subsurface Water Ice
Mapping (SWIM) project, which has the aim of searching for buried ice resources across the mid-latitudes.
Through the integration of orbital datasets in concert with new data-processing techniques, the SWIM
project assesses the likelihood of ice by quantifying the consistency of multiple, independent data sources
with the presence of ice. Concentrating our efforts across a significant portion of the northern Hemisphere,
our composite ice consistency maps indicate that the broad plains of Arcadia and the extensive glacial
networks across Deuteronilus Mensae match the greatest number of remote sensing criteria for accessible
ice-rich, subsurface material situated equatorward of the contemporary ice-stability zone.

Introduction

Within the constraints imposed by current propulsion technology, mass represents the ultimate
premium for space travel. Harvesting Martian water to refuel human spacecraft prior to the return trip to
Earth results in a significant cost saving in terms of initial launch mass reduction, and this activity has been
a common element of mission concepts since the late twentieth century [1-2]. The most substantial
accumulations of ice on Mars are found in kilometers-thick polar ice caps. These ice deposits would provide
an ample feedstock for rocket propellant, but their high latitudes are extremely challenging for landed
missions (see Box 1). Presently, consensus is lacking as to the full extent and depth of accessible (meters-
deep) ice nearer to the equator than the high-latitude zones of ice stability.

In this Perspective we aim to explore the extent to which existing remote-sensing datasets can be
applied to the search for buried, non-polar ice resources. To date, most investigators have concentrated their
efforts in either isolated regions [e.g. 3] or working primarily with single datasets [e.g. 4], including the
recent assessment of ice distribution by [5] using Mars Climate Sounder (MCS) data, typically with shallow
(< ~1 m) sensing depths. Taking an integrated data approach, the aim of the SWIM project is to leverage
the full suite of ice-sensitive datasets and techniques to search for areas of Mars that present the most lines
of evidence for ice. We use neutron, thermal, image, elevation, and radar data to develop a flexible
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methodology for data assimilation that helps constrain the limitations of the current datasets and is open to
community refinement. Of course, safely delivering humans to Mars and ensuring their survival requires
many other considerations beyond in situ utilization of water resources, including landing-site safety and
solar/thermal specifications (Box 1). Defining such site requirements is beyond the scope of the SWIM
project and would be premature, given that all human Mars mission plans are still in the conceptual stage.
However, due to the fundamental importance of water resources, we provide a hemispheric perspective of
ice distribution to support initial landing-site studies and enable the community to explore the range of
Martian terrains that host ice (Fig. 1).

Searching for ice on Mars

Subsurface ice that is accessible as a resource within the scope of technology currently in
development (upper few meters) is predicted to have been deposited from atmospheric water vapor and to
be stable presently from the poles down to the upper mid-latitudes [6-8]. Numerical modelling work,
leveraging both measured surface conditions (elevation and thermal properties) and calibrated via neutron-
spectrometer measurements [9], has provided detailed maps of the current, shallow (1-3 m deep) ice
stability zone (Figure la) [8]. While understanding the location of ice that is in equilibrium with the
atmosphere at present day is of value to mission planners, significant amounts of ice could exist out of
equilibrium and the pore spaces of theoretically stable zones could be incompletely filled with ice.

Our evolving understanding of recent climate change has revealed the dynamic nature of Martian
ice stability, including the occurrence of “ice ages” corresponding to near-global deposition of surface ice
[10]. Research drawn from Mars missions has found evidence of extensive, relict ice-rich deposits in the
middle and lower mid-latitudes of Mars. Glacial deposits, some >1 km thick, have been discovered through
a combination of geomorphologic [e.g. 11-12] and radar sounding [e.g. 13-14] studies. Additionally, the
recent identification of mid-latitude subsurface ice sheets [15], combined with ice-exposing impacts [16-
17] and a prevalence of smaller-scale periglacial landforms [e.g. 18] within these latitudes, further hint at
the widespread preservation of ice deposited during previous climate regimes. Maps of ice resources
therefore need to include all available shallow ice deposits, irrespective of the age and emplacement
mechanisms of the ice.

Box 1. From robots to humans: defining an acceptable landing site.

To date, nine missions have successfully landed and operated at least briefly on the surface of Mars.
The choices of landing site for these missions represent compromises made between science goals and
available technology. Regardless of the specifics, mission designers also have to contend with two main
considerations: (1) ensuring the landing-zone properties are within the engineering thresholds of the descent
and landing system and (2) identifying a landing-site environment conducive to surface operations. With
regards to the former, attention needs to be given to surface roughness (on a range of scales from >100 m
baselines down to <1 m boulder distributions [e.g. 38]) in addition to ensuring the density of the near surface
is sufficient to provide accurate altimetry from the descent radar system [e.g. 39]. As every past Mars lander
has used a parachute to reduce velocity during transit through the Martian atmosphere, the atmospheric
pressure places a critical limit on landing sites: no successful mission has touched down on the surface
above an altitude of -1380 m (except for the Soviet Mars 3 probe, which failed after an initial surface
transmission). When contemplating surface operations, insolation is a critical factor, not only for missions
reliant on solar power, but also to provide a manageable thermal environment. For example, despite the
continuous electricity generated by Curiosity’s radioisotope power system, balancing the onboard heating
budget (essential to support rover operations, from electronic functionality to actuator lubricant viscosity
[40]) with that of the energy needs of the science payload dictated a landing site at latitudes below 30° [39].

Many of these landing-site considerations are also applicable to future human missions. As a
consequence, ice resources at lower latitudes (higher annually averaged solar zenith angle, i.e., higher
insolation and temperatures) and lower elevations (i.e., thicker atmosphere) will be considered of the
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highest “value” to mission architects. The constant presence of orbital robotic missions at Mars since the
1990s has afforded us a detailed understanding of the surface environment. Thus, it is possible to accurately
predict available solar-power resources for any spot on the planet [e.g. 42-42] as well as to explore the
surface conditions required for landing safety at sub-meter resolutions [e.g. 43]. The vital missing piece of
the puzzle for human-mission planners is the location and properties of available water-ice resources.

Mars Subsurface Water Ice Mapping (SWIM) project

In 2015, NASA hosted a Human Landing Site Selection (HLS2) Workshop to facilitate community-
led landing-site suggestions. In addition to hosting targets of scientific significance, each landing-site
proposal was required to identify a source of H.O feedstock (ice and/or hydrated minerals). At this first
HLS2 Workshop, 46 locations were put forward, spanning a broad range of terrain types. With the aim of
further refining site selection, NASA commissioned pilot studies in 2017 that led to the Mars SWIM project
in 2018 to provide the community with ice-resource map products. The Mars SWIM team set out to (1)
produce maps of shallow ice distribution (upper 5 m) through data assimilation and, where possible, (2)
quantify ice volume through thickness estimates of potential ice-rich deposits.

Our methodology leverages five independent remote sensing techniques, including neutron
spectroscopy, thermal analysis, radar surface analysis, radar subsurface compositional (dielectric) analysis,
and geomorphic mapping of periglacial features. In our analysis of each of these five datasets, we attempt
to isolate distinct properties of the subsurface that provide proxies for the presence (or absence) of ice (see
Ice Characterization Techniques subsection below). For example, we use the thermal datasets to look for
regions with high subsurface thermal inertia, consistent with ice, whereas we apply the radar surface
analysis to track evidence of ice-like low-density materials. The majority of these techniques also represent
significant advancements on previous, similar methodologies. For instance, our thermal analysis provides
a factor of 4 improvement in resolution and enhanced coverage relative to that of [19] and our radar
subsurface dielectric analysis pioneered the use of regional networks of topographical controls to improve
compositional estimates relative to that of [20].

To establish the feasibility of our approach, we concentrated our mapping efforts in the Martian
northern plains from the equator to 60°N and from 290°E to 225°E (Fig. 1a). This lower latitude, lower
elevation study region was chosen to broadly satisfy mission landing and operational considerations (Box
1) and because of previous detections of potentially extensive ground ice [e.g. 20]. The region also accounts
for almost half (20) of the 46 locations presented at the HLS2 workshop.

Ice Characterization Techniques

Here we review the orbital datasets and methodology behind each technique. The specific
conversion to individual ice consistency values is explained in the Supplementary Material.

Neutron detection (“N”): The energy spectrum of (top of the atmosphere) neutron flux is highly
sensitive to the presence of hydrogen atoms within the upper meter of the surface [21] and thus can be used
to search for buried H.O. We used the global two-layer maps of water-equivalent hydrogen (WEH)
calculated by [4], which were derived from Mars Odyssey Neutron Spectrometer (MONS) data using the
crossover technique devised by [9]. Specifically, we incorporated the values of W.., (the WEH of the lower
layer), which is the parameter most relevant to the water-ice content of the subsurface [4].

Thermal analysis (“T”): Thermal inertia, as derived from surface temperature observations, is
influenced by rock abundance and the size, distribution, and induration of surface and subsurface granular
materials [22] and can be used to constrain such physical properties of the near surface [e.g. 23]. Employing
data from the Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) and the Mars Odyssey
Thermal Emission Imaging System (THEMIS), our technique exploits seasonal variations in apparent
thermal inertia (ATI) to glean information about the heterogeneity of the Martian surface [19; 23]. By
comparing variations in ATI derived from observations to that from numerical thermal models of
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heterogeneous surfaces, we can distinguish layers and horizontal mixtures of different materials—including
the presence of subsurface ice or ice-cemented soil—at each pixel (see Supplementary Fig. 1).

Geomorphic Mapping (“G”): The morphology of the Martian landscape can be surveyed to search
for evidence of subsurface ice. Using Mars Reconnaissance Orbiter (MRO) Context Camera (CTX) image
mosaics [24], we applied a modified grid-mapping approach [25] to survey the presence of 10 periglacial
landforms and terrain types proposed to contain ice (see Supplementary Information).

Radar surface analysis (“RS”): MRO Shallow Radar (SHARAD) echoes returned from the
“surface” (upper 5 m) of Mars are a function of Fresnel reflectivity, which in turn provides a measure of
near-surface density. Due to the low density of ice, measuring reflectivity offers a strategy to search for
near-surface ice-rich deposits. To isolate Fresnel reflectivity from the multiple parameters contained in the
power return [26] (including surface roughness) we followed a methodology first attempted with MARSIS
sounder data [27] and later applied to SHARAD data [26; 28]. Taking a new direction, we normalized the
power using the SHARAD roughness parameter [29] (see Supplementary Information).

Radar subsurface dielectric analysis (“RD”): Following on the technique developed in [13], we
examined the complete SHARAD coverage of the study region to search for subsurface reflections
produced by dielectric contrasts (see Supplementary Fig. 2). Taking advantage of all available topographic
controls to estimate the depth of the reflectors we used the radar-measured time delay to constrain the
relative dielectric permittivity (€’) of the subsurface, which in turn can inform the ice content (see
Supplementary Information).

Assessing ice distribution through consistency mapping

Inferring the presence of shallow ice with high confidence from multiple, independent techniques
is challenging, because the supporting datasets: (1) probe to different depths into the subsurface (see
Supplementary Fig. 3), (2) have different footprints, (3) have varying coverage/quality, and (4) possess
distinct caveats associated with distinguishing ice from other materials. Nevertheless, such an endeavor is
not without precedent within the terrestrial literature. To reconcile contrasting views of the state of the
(near-inaccessible) base of the Greenland ice sheet, [30] tracked areas of agreement between remote sensing
datasets and models. Following the rationale that mutually confirming signatures of basal melt hold more
significance than a single positive result enabled the production of a new, congruent map of the base of the
entire ice sheet. Taking a similar approach, we have developed a means to quantify values of “ice
consistency” (C), a parameter that tabulates the degree to which each technique supports or refutes the
presence of near-surface ice. As each technique is based on actual instrument measurements, combining
the collective results (see Supplementary Fig. 4) for a specific location provides a tangible representation
of the cumulative evidence of accessible ice. To that end, we have developed the SWIM equation (Eq. 1)
to calculate composite ice consistency, C:

C=(C+C+C+CutCu)/S5 (1)

Each subscript of the individual consistency terms refers to the relevant ice characterization
technique outlined above. Rather than apply a binary result — ice/no ice - to each of the terms in Eq. 1, we
instead convert the values measured by each remote sensing technique into consistency values that range
from -1, meaning wholly inconsistent with ice, to +1, meaning wholly consistent with ice. A value of 0
means the data are inconclusive or missing. The conversion process is specific to each ice-detection
technique and is outlined in the Supplementary Information (see Supplementary Table 1). We note that C,
should be interpreted as an indication of the consistency of the evidence for ice across multiple data sets
and does not itself indicate anything about abundance or distribution of ice (within the collective probing
depths of the techniques: >5m). The evidence from each data type should be assessed independently to
facilitate such interpretations.
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When interpreting C: values, it is important to note the variable depth of information of each
technique (see Supplementary Fig. 3), their relative sensitivity to the presence of ice, and the potential to
produce false negatives and positives. For example, neutron data are very sensitive to the presence of water
ice down to concentrations as low as 1%, but a relatively thin dry overburden on the order of 50 cm would
prevent even a pure 100% ice deposit from being detected. Conversely, the radar surface return is a proxy
for bulk density over the upper 5 m, and thus an ice-rich regolith can appear indistinguishable from meters-
thick accumulations of low-density material such as dust. Considering the properties of each technique, a
maximum C, value of +1 requires that all techniques unequivocally support the presence of ice, and would
translate to a nearly pure ice deposit that is >5 m in thickness and exhibits a recognized Martian ice-related
morphology. While such a scenario would be highly advantageous to human missions, ice in lower
concentrations and/or buried by a thin overburden also constitutes viable resources.

C. values of at least +0.2 would be equivalent to one technique registering a high confidence in the
presence of ice and the other four being agnostic. Any C, value >0.2 therefore requires that more than one
technique supports the presence of ice. Similarly, C, values >0.5 require a majority of techniques (at least
three of the five) to register high individual ice consistency values. Thus, we consider C, = 0.2 a minimum
threshold for initial mission planning and C,> 0.5 to represent areas of the maximum interest. It should be
noted that we treat negative and positive values equally, hence, in the case of map pixels that register both
negative and positive inferences of ice, it will be the mean degree of confidence in these inferences that
determine whether the final C, value is positive or negative.

Our mapping shows that positive C, pixels correlate, to an extent, with previous ice-stability
modeling (Fig. 1). For most longitudes, significant C, values (>0.2) form a band poleward of 50° that is
contained within the zone of ice stability as predicted by [8]. In contrast, within the Arcadia Planitia —
Phlegra Montes region, the high C band extends significantly beyond the modeled ice stability zone, and
other, less pervasive patches of C.> 0.2 exist farther south.

Comparison with fresh ice-exposing impact sites.

To evaluate our ice consistency methodology, we applied a form of ground-truth assessment by
comparing our mapping results to the locations of fresh, ice-exposing impacts [16-17] (Fig. 2). Within our
study region, 14 of the 15 ice-exposing impacts are located within pixels of positive C, values, including
the lowest latitude (39°N) impact site (average C. value of 0.26 +/- 0.16; see Supplementary Table 2). The
one exception is in a pixel that has a low negative (essentially inconclusive) C, value of -0.05 but is
surrounded by positive C, pixels. In good agreement with our mapping, all of the ice-exposing impacts
located outside of the predicted ice-stability zone are clustered within the region of elevated C: in Arcadia
Planitia — Phlegra Montes (Fig. 2).

Measuring potential ice deposit thickness

Depending on the exact mission parameters and available technology, deeper, voluminous expanses
of ice may be preferable to thin, shallow deposits. Producing volume estimates of ice resources was
therefore a priority of the SWIM project and was achieved as part of the SHARAD subsurface mapping
efforts, which form the basis of the RD analysis. To generate depth estimates of ice-rich deposits, we
selected SHARAD subsurface reflectors that matched the following criteria: (i) they are located in regions
of positive C. and (ii) they express low dielectric permittivity values (and thus are compatible with the
presence of ice). The corresponding dielectric permittivity estimates were used to constrain the thickness
of units that exhibit an elevated ice content (relative to the surrounding terrain) by converting the time delay
of the reflectors to depth (Fig. 3—4).

Most promising regions
High C. values (>0.5) are found both as a broad concentration within the Arcadia southern excursion
as well as within more discretely distributed patches across the study area (Fig. 1, 2, and 4). Regarding the
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latter, high C. values are associated with the ejecta blankets of impact craters in eastern Utopia Planitia,
including the 100 km diameter Mie crater, though the most southern (~35° N) elevated Ci values are
correlated with glacial features within Deuteronilus Mensae [e.g. 12] (Fig. 3). Previous radar studies of
Deuteronilus [14, 31] measured high bulk ice content within the glacial deposits. Our mapping expanded
upon these studies and returned further support for the presence of massive ice (average € of 3.4+0.5). We
also built upon radar studies of mantling units located in the plains adjacent to the glaciers by [32] (Fig. 3).
Our €’ estimate for the mantles of 4.0+1.0 is higher than that of the glaciers (though less well constrained),
but is still consistent with the presence of ice. Interestingly, the newly developed RS technique, displays
contrasting results from the mantle and the glacial units (Fig. 3). Low-power returns suggestive of low-
density material is measured over the glaciers. Because the RS is sampling only the upper ~5m, this suggests
that either the glacial ice is buried by a very thin (<2m) debris cover or alternatively the overburden is
composed of meters-thick, highly porous material. In contrast, the mantling units exhibit higher-power RS
returns, which argue against the presence of ice (Fig. 3), possibly indicating that any ice still preserved in
these deposits is buried at greater depth, below a desiccated surficial layer.

In the case of Arcadia, the high C values extend across young volcanic terrains including possible
>1800 km long, pre-aureole Olympus Mons lava flows [33]. The high C; values also spatially correlate with
the widely distributed subsurface reflector described by [20], which was interpreted to consist of a mantling
unit comprising massive ice (dielectric constant, &', of 2.5+0.3). Through our new RD mapping, the
reflector was found to be more spatially extensive, extending down to 36° N and expressing depths of 15 to
>100 m (Fig. 4). Building upon [20], we applied a more widely distributed network of topographic controls
to estimate the permittivity of the material bounded by the reflector. Our revised &£’ estimate for the mantling
material is 4.6+1.2. While higher than the dielectric constant of the Deuteronilus Mensa glacial deposits
(~3), the mean Arcadia value is significantly lower than that of lava flows studied in other Amazonian
volcanic regions [34-35]. This suggests a moderately compacted sedimentary unit as opposed to a
weathered lava flow complex. The loss tangent values in several thicker locations are likewise about a
factor of 3 higher than those of the Deuteronilus deposits [36], so any ice must be at a low overall fraction
rather than extending from the surface to the depth of the reflector. The sounder data do not preclude a
modest component of ice, and as the independent N, T, and G techniques have high confidence levels in
this region, we infer that ice is present close to the surface in Arcadia.

Perspectives and future applications

Our multi-technique ice-consistency map advocates for the availability of ice resources
equatorward of the modeled zone of ice stability [e.g. 8]. The diverse nature of the most promising mid-
latitude regions suggests a range of potential landing site environments will be available for future selection.
Undertaking an integrated approach has provided new insights into the nature and spatial distribution of
ice, even in regions that had previously been the focus of investigations such as Deuteronilus and Arcadia.
Leveraging the different probing depths of the individual techniques has also enabled us to constrain the
concentration of ice within the vertical column, further demonstrating the benefits of multi-dataset
assimilation. From a science perspective, the likely presence of such diverse, ice-rich deposits equatorward
of the current ice stability zone also provide a means with which to track climatic fluctuations through
Martian history.

This Perspective also serves as a broad assessment of the utility of existing datasets in searching
for ice within the upper few meters of the Martian subsurface. A significant knowledge gap exists for depths
between 0.5 m and 15 m. While SHARAD surface analysis offers valuable insight into the upper ~5 m, the
returned measurements provide bulk estimates, preventing a finer-scale delineation of the dry overburden
that shields ice deposits out of equilibrium with the current climate. New instrumentation, including (but
not limited to) higher-frequency synthetic-aperture imaging and sounding radars, would provide a critical
advance toward assessing shallow ice content for both resource and science applications [37].
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Fig. 1 | Mars SWIM Project study region and ice consistency results. (a) Study region (purple shading)
and estimated areal extent of northern hemisphere theoretical 3-m ice stability (grey shading) under current
atmospheric conditions [8]. (b) Map of composite ice consistency, C.. Positive (blue) pixels are consistent
with presence of ice, negative (red) pixels are consistent with the absence of ice. All map products are
overlain on Mars Orbiter Laser Altimeter (MOLA) shaded relief (grey background) in a north polar
orthographic projection.
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Fig. 2 | Correlation between ice-exposing, fresh impacts and positive C, values. Map of positive C,
(consistent with the presence of ice) across the study area overlain by the location of ice-exposing fresh
impacts (white dots). The insert contains an example of an ice-exposing impact within Arcadia (HiRISE
image ESP_ 025840 2240).
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Fig. 3 | Radar analysis (RS/RD) of glaciers and mantle deposits within Deuteronilus Mensae (a)
Depth to base of glacial deposits and mantle units and (b) corresponding radar surface analysis of the
region. Note, low-power returns (consistent with the presence of ice in the upper 5 m) correlate with the
surfaces of the glaciers.
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- 15 m
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Fig. 4 | Spatial extent and thickness of deposits identified within the high C, (ice-rich) Arcadia region.
Comparing the individual response of the different techniques suggests that ice is concentrated in the near
surface. C, map overlaid with deposit isopachs determined from mapped subsurface radar reflectors.

Data availability

The ice consistency and thickness maps (as both GIS-compatible GeoTIFFs and browse images)
along with the constituent data for each ice-detection technique are available on the Subsurface Water Ice
Mapping (SWIM) Project website at: https://swim.psi.edu. All of the instrument datasets used to derive our
ice detection techniques are available on the NASA Planetary Data System:_https://pds.nasa.gov/. The
Dickson et al [24] CTX mosaic used to tabulate the geomorphology ice consistency values can be found on
the Caltech Murray Lab website at:_http://murray-lab.caltech.edu/CTX/index.html. Updates of new SWIM
products can be found at_https://twitter.com/RedPlanetSWIM.
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