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Abstract

Water ice, abundant in the outer solar system, is volatile in the inner solar system. On the
largest airless bodies of the inner solar system (Mercury, the Moon, Ceres), water can be an
exospheric species but also occurs in its condensed form. Mercury hosts water ice deposits
in permanently shadowed regions near its poles that act as cold traps. Water ice is also
present on the Moon, where these polar deposits are of great interest in the context of future
lunar exploration. The lunar surface releases either OH or H,O during meteoroid showers,
and both of these species are generated by reaction of implanted solar wind protons with
metal oxides in the regolith. A consequence of the ongoing interaction between the solar
wind and the surface is a surficial hydroxyl population that has been observed on the Moon.
Dwarf planet Ceres has enough gravity to have a gravitationally-bound water exosphere,
and also has permanently shadowed regions near its poles, with bright ice deposits found
in the most long-lived of its cold traps. Tantalizing evidence for cold trapped water ice and
exospheres of molecular water has emerged, but even basic questions remain open. The rel-
ative and absolute magnitudes of sources of water on Mercury and the Moon remain largely
unknown. Exospheres can transport water to cold traps, but the efficiency of this process
remains uncertain. Here, the status of observations, theory, and laboratory measurements is
reviewed.
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1 Introduction

The abundance of water ice in permanently shadowed craters on the Moon is key to the
future exploration of the lunar surface. The underlying idea was formulated a long time ago
(Watson et al. 1961a,b): water from exogenic or endogenic sources is transported laterally
through the exosphere and then trapped in permanently shadowed regions (PSRs) near the
lunar poles. No part of this process has yet been confirmed. The primary source of water

Surface-Bounded Exospheres and Interactions in the Inner Solar System
Edited by Anna Milillo, Menelaos Sarantos, Benjamin D. Teolis, Go Murakami, Peter Wurz and Rudolf
von Steiger

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11214-021-00846-3&domain=pdf
https://orcid.org/0000-0002-5821-4066
https://orcid.org/0000-0002-2770-4820
https://orcid.org/0000-0001-9494-1626
https://orcid.org/0000-0002-8252-9922
https://orcid.org/0000-0002-6704-1064
https://orcid.org/0000-0002-9885-0809
https://orcid.org/0000-0002-2422-4506
https://orcid.org/0000-0001-8369-8587
https://orcid.org/0000-0002-8235-5440
https://orcid.org/0000-0002-0715-0955

74 Page2of35 N. Schérghofer et al.

on the Moon is unknown. The efficiency of the water exosphere as a transport process is
controversial. And studies of the abundance and distribution of ice in lunar PSRs have re-
sulted in divergent answers. What is established is that the cold traps of the planet Mercury
are filled with water ice, and cold traps on the Moon contain at least some, but perhaps
not much, ice. Research over the last decade has provided a great deal of new information.
The MESSENGER spacecraft orbited Mercury from 2012 to 2015. The Lunar Reconnais-
sance Orbiter (LRO) has continuously provided data since 2009, and the Lunar Atmosphere
and Dust Environment Explorer (LADEE) orbited in the equatorial plane of the Moon from
2013 to 2014. The Chandrayaan-1 mission ended in 2009, but some of its measurements
have only been analyzed more recently. Ceres, a large asteroid that also has PSRs, was vis-
ited by the Dawn spacecraft from 2015 to 2018. These three airless bodies of the inner solar
system (Mercury, the Moon, and Ceres) each have (nearly) ice-free surfaces, PSRs, and
(at least potentially) gravitationally-bound water exospheres. Here we summarize recent re-
sults from orbital measurement campaigns, physical chemistry, and theoretical models about
water group exospheres. Some of the measurement techniques do not distinguish between
water (H,0O) and hydroxyl (OH), so “water group” (OH or H,O) is a frequently used term
in this review.

The surface-bounded exospheres of Mercury and the Moon have been reviewed by Killen
and Ip (1999) and Stern (1999). The exosphere and polar deposits of Mercury after MES-
SENGER have been reviewed by Killen et al. (2018), McClintock et al. (2018), and Chabot
et al. (2018a). Reviews of surface volatiles on the Moon are available by Basilevsky et al.
(2012) and Hayne et al. (2014). Lawrence (2017) summarizes our understanding of polar
volatiles on Mercury and the Moon. Table 1 lists some of the pertinent observational dis-
coveries.

2 Models of H, H;, and OH Interactions on Planetary Surfaces

Observations of water products bound to airless bodies like the Moon, Mercury, and Ceres
are infrequent and possess sparse temporal and global coverage. Therefore, theoretical mod-
els are required to understand the driving dynamics and sources of surficial and exospheric
water group molecules. Zeller et al. (1966) demonstrated proton-induced hydroxyl for-
mation experimentally. Extraordinary theoretical studies carried out by Starukhina (2001)
of solar wind implantation and H atom diffusion predicted the presence of a widespread
OH/H,0 IR 2.8 um feature well before it was observed in 2009 (Pieters et al. 2009; Sun-
shine et al. 2009; Clark 2009). Likewise, Johnson (1971), Hodges (1973) and Hartle and
Thomas (1974) carried out pioneering studies that predicted the presence of H, in the lunar
exosphere sourced from the solar wind and primarily lost by thermal escape. In this section
we review recent theoretical studies aimed at examining how exogenic hydrogen sources are
partitioned within surficial and exospheric inventories of the lunar environment.

2.1 Surface Diffusion Models

Starukhina and Shkuratov (2000) predicted that solar wind protons implanted in oxygen
bearing regolith become both physically trapped in defects and chemically trapped as OH,
based on experimental evidence (e.g., Zeller et al. 1966; Mattern et al. 1976). The solar
wind bombardment simultaneously frees trapped hydrogen, which diffuses to the surface
and thermally desorbs into the exosphere as H, (Starukhina 2006). This process can be
characterized as a diffusive process and the surface concentration of OH molecules and the
H, desorption flux are proportional to ~ exp(—E,/kT), where E, is the activation energy,
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Table 1 Selected observations relevant to water group exospheres and the surface reservoirs they interact
with

Planetary Instrument Spacecraft or Major discoveries
Body or Method Observatory (time

period of data

collection)
Mercury radar Goldstone, Arecibo, polar ice deposits

and Very Large Array
(1991-1992)

Mercury various MESSENGER relation between ice and permanently
(2011-2015) shadowed regions
The Moon  neutron spectrometer  Lunar Prospector polar regions are enriched in hydrogen
(1998-1999)
The Moon  near infrared, visible, LCROSS (2009) H,0O and OH detected in impact plume
UV spectrometers above cold trap
The Moon M3 (Moon Chandrayaan- 1 diurnal and latitude variation in OH-band
Mineralogy Mapper) (2008-2009) strength, HpO exposed in cold traps
The Moon  Diviner LRO (2009-now) detailed mapping of cold traps
The Moon  NMS (Neutral Mass LADEE (2013-2014)  water group exosphere detected, correlates
Spectrometer) with meteoroid streams
Ceres Long-wavelength International UV detection of temporary OH exosphere
prime camera Explorer (1990-1991)
Ceres GRaND and Framing ~ Dawn (2015-2018) ice-rich subsurface, permanently shadowed
Camera regions
Ceres far infrared Herschel Space detection of temporary H, O atmosphere
Observatory

(2011-2013)

k is the Boltzmann constant and T is the local surface temperature. This interpretation is
consistent with the observations of the lunar OH/H,O veneer (Pieters et al. 2009; Sunshine
et al. 2009; Clark 2009; Li and Milliken 2017; Wohler et al. 2017b), further described in
Sect. 4.1.

Irradiation of regolith grains leads to a dynamic equilibrium between the formation of
dangling bonds (immobile atoms with an unsatisfied valence), which are chemical trapping
sites, and diffusing hydrogen (Griscom 1984; Fink et al. 1995; Farrell et al. 2015). Farrell
et al. (2015, 2017) highlighted that diffusion of hydrogen is best characterized by consid-
ering a distribution of activation energies, because exposed grains are known to be defect
rich in the top 100 nm due to the space environment (Noble et al. 2005). They found this
approach is qualitatively consistent with the latitudinal trends and diurnal modulation of
the observed 2.8 um OH/H,O feature over the lunar surface (Sunshine et al. 2009; McCord
etal. 2011). Farrell et al. (2015, 2017) review the solution of the continuity equation for the
steady state hydrogen surface concentration balanced by the solar wind implantation against
diffusive losses and retention in the regolith by formation of OH, and the implementation
of Monte Carlo models of H retention in the surface using a Gaussian distribution of acti-
vation energies to characterize diffusion. These models solely considered the steady state
concentration of hydrogen, and all surface loitering H atoms are presumed to be trapped
as OH.

Grumpe et al. (2019) adapted the continuity model applied in the Farrell et al. studies
to include time dependence, the OH continuity equations in addition to the H continuity
equation, and the surface photolysis of OH. A micrometeoroid source of OH and H,O was
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also included, but solar wind implantation was found to be the dominant source. The Grumpe
et al. continuity model was constrained to the inferred OH surface densities from Moon
Mineralogy Mapper M? spectra using the thermal correction model applied in Wohler et al.
(2017b), which inferred hydroxyl abundances on order of 1 — 10 ppm with mild diurnal and
latitudinal variations. For comparison, the water concentration in Apollo samples is typically
around 40 — 50 ppm (Li and Milliken 2017), but could potentially have been affected by
terrestrial contamination. Grumpe et al. (2019) fit the variation of the 3 um band depth
versus local time of day to extract the H diffusion activation energy, OH photolysis lifetime
and region specific OH activation energies.

2.2 H; Exospheric Models

Molecular hydrogen was first detected in the lunar exosphere by the Lyman Alpha Map-
ping Project (LAMP) UV spectrograph on LRO (Stern et al. 2013), and later confirmed by
the Chandrayaan-1 Altitudinal Composition Explorer (CHACE) mass spectrometer (Thampi
et al. 2015). Hurley et al. (2017) used an exospheric Monte Carlo model to track the den-
sity and spatial distribution of H, on the Moon produced by micrometeoroid bombardment,
solar wind knock-on sputtering and chemical sputtering. Micrometeoroid impacts volatilize
implanted hydrogen atoms which may chemically combine as H, and thermally desorb from
the surface at temperatures > 600 K (Cintala 1992) with a Maxwell Boltzmann flux speed
distribution (Brinkmann 1970). Knock-on sputtering occurs via momentum transfer dur-
ing direct collisions from solar wind ions with regolith atoms and molecules. The sputter
ejecta are released from the surface assuming a Sigmund-Thompson energy distribution
roughly consistent with sputter theory (Johnson 1990). Hurley et al. (2017) determined that
both micrometeoroid vaporization and solar wind sputtering were too energetic to reproduce
H, exospheric densities of 1200 & 400 cm 3 observed by LAMP, because the solar wind
source of protons is insufficient. Solar wind plasma bombardment also releases physically
and chemically trapped H atoms which diffuse and thermally desorb from the surface as
H; at the local surface temperature with a Maxwell Boltzmann flux speed distribution. This
process is referred to as chemical sputtering. Hurley et al. estimated H, chemical sputtering
at rates of ~19 g/s consistent with both the LAMP observations and the solar wind source
of protons ~31.5 g/s.

2.3 Coupled Surface Diffusion - Exospheric Models

The abundance of water group exospheric gases is directly linked to the subsurface diffu-
sion and chemistry of hydrogen atoms with regolith oxides. Tucker et al. (2019) coupled
the Farrell et al. Monte Carlo model (using a distribution of activation energies to char-
acterize H atom diffusion) to a time dependent global Monte Carlo model of exospheric
degassed H,. When applying a Gaussian distribution of diffusive activation energies with
a peak centered at ~0.5 eV and width of ~0.1 eV the model simultaneously fit the Moon
Mineralogy Mapper M? latitudinal and diurnal OH surface concentrations as interpreted
from the thermal correction model applied in Li and Milliken (2017), the LAMP H, exo-
spheric densities (1200 % 400 cm™3), and the CHACE exospheric H, surface densities as a
function of latitude (~400 cm~> — 800 cm™3, latitudes 20° — 80°) obtained while the Moon
was in the geomagnetic tail (Tucker et al. 2021). For a peak activation energy of 0.7 eV the
model surface was hydrogen retentive and the surface concentration was a couple of orders
of magnitude larger, whereas the exospheric H, densities were an order of magnitude lower.
Likewise, for a peak activation energy of 0.3 eV the surface was hydrogen emissive and
significantly underestimated the Li et al. data at mid to high latitudes.

@ Springer



Water Group Exospheres and Surface Interactions on the Moon... Page50f35 74

A) Neutralization/
Reflection H,(g)
Recombinative /
i H Desorption Escape
/\ \ / Aron
\ SR H,0 (g) Photodissociation
Diffusion \/ \
_—
Dissociative H,0 (S).
Adsorption Adsorption/
Desorption
Proton
Implantation

Fig. 1 A) Kinetic scheme for the solar-wind-induced water cycle on the surface of Mercury. B) Illustration
of mineral surface of magnesium silicate with saturated hydroxyls. Upon heating, a reaction takes place
between neighboring OH sites (encircled with green) resulting in the formation of gas phase water and an
oxygen bridge between cations. Figures adapted from Jones et al. (2020), copyright by AAS

Second order recombinative desorption (RD) of neighboring hydroxyls on surface grains
has recently been investigated as an important pathway of gas phase water production on the
Moon and other airless bodies (Jones et al. 2018, 2020; Fig. 1), see Sect. 3. Implanted pro-
tons react with metal oxides forming bound hydroxyls (M-OH, where M represents a metal
atom). Over time, the hydroxyl sites diffuse to the surface where they can recombine with
other surficial hydroxyls and desorb as gas phase water. RD is not efficient for silicate grains
(50 wt%. of the regolith) at temperatures < 600 K, and the maximum surface temperature
on the Moon is about 400 K, but such temperatures can be obtained during micrometeoroid
impacts. Jones et al. (2018) derived an upper limit for the dayside H,O exospheric density
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of 60 cm~3, consistent with the abundances inferred from LADEE measurements, described
in Sect. 5 below.

At Mercury the dayside temperatures at local noon exceed 600 K, and RD may be an
important process for HO production and transport of water to polar cold traps (Jones
et al. 2020). Jones et al. developed a forward model by using the degassed H,O flux from
a surface diffusive-kinetic Monte Carlo model of OH RD in an exospheric transport Monte
Carlo model of H,O to examine its transport to the poles. The model predicts a global H,O
degassing rate of 3 x 10°* molecules per Mercury day (4 g/s). At this source rate, RD is
a constant replenishing source of water to the poles and cold traps, and could account for
a significant portion of the total water mass trapped as ice over geological time periods,
supplementing other potential sources such as comets and meteoroid impacts.

3 Hydroxylation & in-Situ Generation of H,0

Potential sources of lunar water group species (H,O and —OH) include: primordial water
(Hui et al. 2013; Robinson et al. 2016), water delivered via comets and meteoroids (Arnold
1979; Greenwood et al. 2011) and captured during the impact event (Daly and Schultz 2018;
Stopar et al. 2018), and implantation from solar wind (Zeller et al. 1966). A prevalent mech-
anism for the formation of molecular water on the surfaces of airless bodies may be a ther-
mally activated process known as recombinative desorption (RD) or associative desorption
(AD) of hydroxyl (-OH) defects that were made by implantation of solar wind protons.

The formation of chemically bound hydroxyls is a well-known consequence of proton
implantation (Zeller et al. 1966; Mattern et al. 1976; Burke et al. 2011; Ichimura et al.
2012; Managadze et al. 2011; Schaible and Baragiola 2014). These solar wind implanted
hydroxyls are attributed to the infrared absorption feature centered at 2.8 um observed on
the lunar surface (McCord et al. 2011). Over time, the implanted OH defect sites will diffuse
to the surface of the regolith grain in a relatively short amount of time with respect to the
planetary and lunar rotation timescales, e.g., within a few lunar hours given the OH diffusion
constants (Starukhina and Shkuratov 2000).

Following the buildup of terminal hydroxyl sites on the regolith grain, water can form
through RD. Here, RD is a surface-mediated process that describes a chemical reaction be-
tween neighboring or interacting termination sites followed by desorption of the molecular
product. For example, consider neighboring species representing dangling M-OH bonds (M
being a generic metal cation, e.g., Si, Al, Fe, Mg, Ti, etc.). M-OH sites will react to form
H, O while concurrently healing the oxygen bridge defect:

M-OH + M-OH — M-0O-M + H,0 (g).

We note that RD on the surface is not completely necessary for the production of molecular
water. Recent proton irradiation and thermal annealing studies have shown molecular water
to form within the irradiation layer (Zhu et al. 2020; Zeng et al. 2021). The ejection occurs
at thermal velocities and is controlled by the local surface temperature. The most probable
ejection velocity at 300 K is 610 ms~!. (For comparison, the escape velocity of the Moon
is 2.4 km/s.) The porosity and fractal nature of the regolith might affect the ejection angles
and velocities.
If a trapped H-atom is present, it can possibly react with a M-OH site forming H,. The

M-OH+M---H— M-O-M + H; (g)
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reactions can involve both surface and sub-surface sites. However, previous experimental
work has shown that formation of molecular hydrogen is only relevant near the saturation
limit (~10'7 H* ¢cm~2) (Mattern et al. 1976; Blanford et al. 1985). In addition, molecular
hydrogen was suggested to form (Starukhina 2006) via

M-OH + M-OH — M-0-O-M + H; (g).

However, experimental work has shown the energy barrier for formation of molecular hy-
drogen via terminal hydroxyl sites is considerably higher than that of water formation, re-
sulting in nearly 100% yield of water via RD on a highly hydroxylated metal oxide surface
(Du et al. 2012). While the experimental conditions are not fully representative of regolith
on an airless body, the overall mechanism and the disparity of activation energies/kinetics
are validated with proton irradiation studies; Crandall et al. (2019) demonstrated that only
2% of the implanted protons resulted in the formation of H,.

Alternative pathways of in situ water formation through chemical sputtering have also
been identified as a possible source term for water on airless bodies (Crider and Vondrak
2000; Gibson 1977; Potter 1995). In particular, a small yield of water ions directly sputtered
under keV D* bombardment from the surface of oligoclase was measured at 10~ D,O7
per incident D* (Blanford et al. 1985) and 10~* D,O™ per incident D* from the surface of
SiO, (Managadze et al. 2011). Similarly, water formation was observed from reactions of
hydrogen atoms with an oxide layer of stainless steel (Ishibe and Oyama 1979).

In summary, proton implantation into any airless body composed of regolith enriched
in minerals of various metal oxides will result in the formation of bound hydroxyls. Upon
heating, this results in the formation of molecular hydrogen, and water (Fig. 1). The rate of
each is controlled by the local surface temperature, concentration profiles, and the associated
activation energies. Since RD and chemical sputtering both require the solar wind, they can
be considered solar wind water formation processes.

Typically, the temperature required for complete conversion of the implanted OH via RD
is much greater than the highest temperature reached on the lunar surface. For example, the
water formation rate via RD from SiO, peaks at ~600 K (Gun’ko et al. 1998). However,
other metal oxides have significantly lower peak RD temperatures, e.g., TiO, is ~250 K
(Henderson 1994), MgO is 225 K (Stirniman et al. 1996), and Al,O3 is ~350 K (Nelson
et al. 1998). In addition, time is on the side of water formation on these airless bodies as they
often exhibit long diurnal cycles. Consequently, despite the slow reaction rate at 300—400 K,
the amount of time the regolith experiences dayside temperatures compensate for the low
production rate of water. While the minerals identified above do not exist in pure form
in the lunar regolith, the necessary activation energies can be approximated based on the
assumption that at the microscopic scale, the lunar regolith will behave in a similar fashion
to their respective pure representatives, e.g., the MgO network in pyroxene is similar to pure
MgO.

Jones et al. (2018) demonstrated that a minor fraction (~30%) of the total sites produced
by the solar wind on an Apollo mare sample (10084) were available for recombinative des-
orption during typical noontime temperatures on the Moon. Activation will remove some
OH sites but not all, resulting in a latitude dependent IR signature (Jones et al. 2018) that
has been observed in some interpretations of the M? data set (McCord et al. 2011; Li and
Milliken 2017; Wohler et al. 2017b). Overall, RD on the lunar surface results in the polar
regions exhibiting the highest concentration of chemically trapped hydrogen in the form of
bound hydroxyls, with a latitude dependent OH signal and a relatively (A ppm < 1) constant
OH signal at all longitudes. In addition, given both the high temperatures on Mercury and
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the amount of time the regolith experiences those temperatures, recombinative desorption is
estimated to account for 10% of the ice on Mercury trapped in the permanently shadowed
regions (Jones et al. 2020).

Water formation following a simulated micrometeoroid impact has been demonstrated in
the lab as well. Zhu et al. (2019) exposed anhydrous olivine (Mg,Fe),SiO4 samples to a D5
ion beam. (Deuterium is used instead of regular hydrogen to distinguish any resulting hy-
droxyl or molecular water from potential background sources.) After the ion exposure, the
samples were exposed to a pulsed infrared laser, followed by temperature-programmed des-
orption (TPD). The pulsed laser generates intense heating events with temperatures that can
reach higher than 1,400 K, similar to temperatures produced by micrometeoroid impacts.
Simulations of micrometeoroid impacts were conducted at temperatures of 10 and 300 K.
These laboratory simulation experiments demonstrated that water can be generated and re-
leased from anhydrous minerals implanted with solar-wind protons through rapid energetic
heating, as would occur during micrometeoroid impacts.

In summary, water can be formed in sifu by thermally induced reactions of solar wind
implanted hydroxyls on grain surfaces on airless bodies. A fraction of the water formed from
this mechanism is expected to accumulate in cold PSRs (Sect. 8).

4 Observations of Hydroxyl on the Lunar Surface

Lunar rocks are made up of minerals and glasses, with only trace amounts of water (Papike
et al. 1991; Greenwood et al. 2011). Some of the hydrogen identified in Apollo samples is
indigenous (Saal et al. 2008; Boyce et al. 2010). Hydroxyl found in glasses in Apollo sam-
ples has isotopic ratios indicating it is derived from solar wind, rather than from meteoroids
or terrestrial contamination (Liu et al. 2012). Native H,O may be found in the amorphous
rims formed on silicate grains through solar wind irradiation, as identified by Bradley et al.
(2014) on interplanetary dust particles.

4.1 Spectroscopic Observations of OH/H,0

The Moon Mineralogy Mapper (M?) was a hyperspectral imaging spectrometer onboard
the Indian Chandrayaan-1 spacecraft launched in 2008 (Green et al. 2011). It measured
the spectral reflectance on the lunar surface from 0.43 to 3.0 um which was split into 260
continuous spectral bands (~10 nm sampling interval) (Green et al. 2011). The M? images
cover over 95% of the lunar surface. The spectral bands of M? data near 3 um were used
to assess the hydration features on the lunar surface. The fundamental stretching of OH and
the first overtone of the molecular water vibration both occur near 3 um. The absorption
strength of the reflectance data near 3 um can be directly linked to the absolute OH/H,O
content.

Lunar surface hydroxyl or water was assessed globally through analyzing the absorption
features of OH and H,O near 3 um seen by three different missions/instruments, namely
Chandrayaan-1 Moon Mineralogy Mapper (M?) (Pieters et al. 2009), EPOXI near infrared
spectrometer (Sunshine et al. 2009), and Cassini Visual and Infrared Mapping Spectrometer
(VIMS) (Clark 2009). Both M? and EPOXI data (280 m/pixel and 60 km/pixel, respectively)
suggest that the 3 um absorption strength shows strong latitudinal dependence from the mid-
latitude to the poles and no pronounced absorptions near 3 um were seen near the equator
(Pieters et al. 2009; Sunshine et al. 2009). It might be due to the much lower spatial resolu-
tion of the VIMS data (175 km/pixel) that the OH/H,O absorptions near 3 um exhibit only
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OHIBD [%]
14

Fig.2 Depth of the 3-um absorption band (OHIBD) inferred from M3 data and overlaid on M3 1.579 ym
reflectance. In the morning (left), the OHIBD slightly increases from the equator toward the poles. At midday
(middle), the OHIBD decreases globally and does not show a dependence on latitude. In the afternoon (right),
the OHIBD increases globally and shows a dependence on latitude similar to the morning. At all times of day,
the OHIBD is higher in the highlands than in the maria. Image reproduced with permission from Grumpe et al.
(2019)

weak latitudinal variation. The estimates of total OH/H,O content from the three datasets
at the strongest 3 um absorption are consistent with each other at ~1000 ppm at the polar
region (Clark 2009; Pieters et al. 2009; Sunshine et al. 2009). Diurnal variation of the 3 um
absorption strength is observed in the M® and EPOXI data (Pieters et al. 2009; Sunshine
et al. 2009).

Further improved thermal correction of the M? data also suggest that the OH/H,O ab-
sorptions near 3 um show strong latitudinal variation and diurnal variation (Li and Milliken
2017; Wohler et al. 2017b). Li and Milliken (2017) performed laboratory experiments using
basaltic glasses and anorthosite that are related to the lunar surface composition to link the
3-um absorptions strength with the absolute water group content (OH + H,O). The results
suggest that the absolute abundances of OH/H,O at the lunar surface varies from < 20 ppm
near the equator to ~1000 ppm near the pole (Li and Milliken 2017). The diurnal variation
of OH/H,O near the equator is very weak, which could be due to the low water content at
this latitude zone. The strongest diurnal variation of OH/H,O is seen in the mid latitude be-
tween ~25° — 60° (up to 200 ppm), while no obvious diurnal variation is seen at latitudes >
~60° at both the northern and southern hemispheres (Li and Milliken 2017). The integrated
time regolith was exposed to the micrometeoroid and solar wind environment is known as
“maturity” (McKay et al. 1991). A strong correlation between the maturity of lunar regolith
and mapped OH/H, O content is observed at the mid-high latitudes of the Moon (Li and Mil-
liken 2017). However, different approaches for correcting the thermal effect of the M? data
result in vastly different spatial and temporal variation of the 3 um absorption. Bandfield
et al. (2018) developed a new method for removing the thermal emission component from
the M? reflectance spectra and found that there is no latitudinal or diurnal variation in the
3-um absorption strength.

Wohler et al. (2017a) processed the M? data using thermal and topographic corrections.
The 3-um band depth maps constructed by Wohler et al. (2017a) for the southern high-
latitude area around the crater Boguslawsky indicate that the 3-um band is stronger at lunar
morning than at midday. Wohler et al. (2017b) constructed nearly global OH integrated band
depth (OHIBD) maps (Fig. 2). In the lunar morning (07:00-08:00), the 3-um band depth
in the polar highlands exceeds the value in the equatorial highlands by 20-30%. The lunar
maria exhibit OHIBD values lower by 10-15% than the highlands, where high-Ti mare basalt
have the lowest OHIBD. At lunar midday (10:00-14:00), the dependence of the OHIBD
on latitude vanishes, and the OHIBD in the equatorial highlands is 10-15% lower than in
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the morning. All maria are associated with low OHIBD values, with the lowest OHIBD
occurring in high-Ti maria. In the lunar afternoon (16:00-17:00), the OHIBD is similar to
but slightly lower than in the morning. The relative OHIBD decreases by ~30% between
morning and midday in the polar highlands, whereas it is nonzero and nearly invariable
with time of day in the low-latitude highlands. In high-Ti mare areas, much stronger time-
of-day-dependent relative OHIBD variations of ~50-70% can be observed. Wohler et al.
(2017b) explained these observations by the superposed effects of a time-of-day-dependent,
weakly bounded OH/H,O component built up by H adsorption from the solar wind and
later removed by thermal evaporation and photolysis, plus a strongly bounded OH/H,0
component that is stable against thermal evaporation and photolysis.

Pieters et al. (2009), McCord et al. (2011), Li and Milliken (2017), Wohler et al. (2017b),
and Bandfield et al. (2018) each found widespread presence of surficial OH/H,O based on
M3 spectral reflectance data, consistent with observations made through other near-infrared
spectrometers (Clark 2009; Sunshine et al. 2009; Honniball et al. 2020). McCord et al.
(2011), Starukhina (2012), and Bandfield et al. (2018) concluded the diurnal variation may
be an observational artifact, consistent with the hydroxyl dynamics expected from physical
chemistry (Sect. 3). The degree of latitude dependence varies among authors. Recent earth-
based observations by Honniball et al. (2020) also suggest that the 3 um band varies with
latitude, composition, and local time of day.

The speciation (OH or H,O or both) on the lunar surface is still unclear from M? mea-
surements. The OH vibration band is centered between 2.65 and 2.9 um and the funda-
mental stretching vibration band of OH near 2.8 ym, while the 3.0 um absorption band of
H,O corresponds to the first overtone of its bending vibration. The presence of H,O makes
the whole 3 um spectra broader and more symmetric, whereas OH exhibits an asymmetric
absorption band extending well beyond 3 um. However, an OH absorption band may also
occur at wavelengths of >2.9 um, depending on the energy characterizing the binding of the
hydroxyl with the respective cation; thus, a broad OH absorption band may well be present
in the range between 2.65 and 3.5 um (e.g., Dyar et al. 2010). The wavelength range of M?
is too limited to accurately determine the full shape and maximum absorption point in the
3 wm region, making it difficult to differentiate between OH and H,O, particularly if both
species are present. The EPOXI and VIMS data cover a wider spectral range, but the pos-
sible thermal residual and low spatial resolution complicate the interpretation of the 3 um
band shape and make it difficult to discriminate OH from H,O in these two datasets. Re-
cent observations in the 6-micron region (Honniball et al. 2021) confirm H,O is present in
a sunlit region (Clavius crater) at abundances of 100-400 ug/g. This water may be stored in
glasses, as observed in Apollo samples.

Measurements by LAMP (the Lyman Alpha Mapping Project instrument) in the far-UV
also provide evidence for surface hydration on the Moon varying in abundance with both
terrain type and local time (Hendrix et al. 2012, 2019). Highlands regions are more hydrated
than mare regions, consistent with the results from M?3. Hendrix et al. (2019) interpret the
variations in the far-UV spectra as a partial monolayer of water thermally adsorbing and
desorbing, but OH is not ruled out. When the Moon crosses the Earth’s magnetotail, where
the solar wind source of protons is absent, no decrease in surface hydration was observed by
LAMP. Recently, Wang et al. (2021) also found that the hydration level in the polar regions
remains unchanged during passage through Earth’s magnetotail, based on their analysis of
M3 data.
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4.2 Local Anomalies

Lunar swirls are bright structures uncorrelated with topography, which are associated with
local magnetic fields. A commonly accepted hypothesis is that lunar swirls exist due to
shielding of the surface by a preexisting magnetic field, leading to the prevention of soil
maturation (e.g., Hood and Schubert 1980; Glotch et al. 2015). An alternative hypothesis is
that they were induced by external processes, such as interaction with cometary gas, leading
to regolith compaction and/or removal of the uppermost regolith layer (e.g., Schultz and
Srnka 1980; Shevchenko 1993; Pinet et al. 2000).

Similar to previous studies (e.g., Kramer et al. 2011; Li and Milliken 2017; Li and
Garrick-Bethell 2019), recent results by Hess et al. (2020) indicate a weaker 3-um band
at the swirl locations than on the surrounding surface. This finding supports the assumption
that the magnetic field locally reduces the flux of solar wind protons, leading to a reduced
rate of OH/H, O formation in the regolith. However, Hess et al. (2020) also showed that the
spectral appearance of the northeastern parts of the Reiner Gamma swirl can be better ex-
plained by regolith compaction rather than by immature soil, due to the absence of variations
in spectral reddening and in the depth of the mafic absorption bands between on-swirl and
off-swirl surfaces. Furthermore, they described a small swirl structure in the western part of
Mare Moscoviense that is not associated with a magnetic anomaly and does not show re-
duced OHIBD values compared to the surrounding surface. These findings provide evidence
that external processes might be relevant for the formation of swirls, such as the interaction
with cometary gas, which Shevchenko (1993) compared to the effect of a landing rocket jet
on the lunar regolith. This would lead to soil compaction and, according to the model by
Hapke (2008), increased surface albedo without changing the mafic band depths and spec-
tral slope. Additionally, the cometary gas may also remove the uppermost, highly matured
regolith layer and reveal immature material, which would be consistent with the observa-
tion by Hess et al. (2020) that spectra indicating a low surface maturity occur at all studied
swirls. Using spectra of the lunar surface acquired by the Yutu rover at different distances
from the Chang’E-3 lander, Wu and Hapke (2018) demonstrated that a landing rocket jet
causes exactly this effect. These considerations suggest that the magnetic field appears to
be relevant for extending the lifetime of the swirls by keeping their surfaces immature and
bright, rather than for their actual formation.

M3 data also provided evidence of lunar interior water. An enhanced hydration feature
was observed in the central peak of Bullialdus crater and such hydration anomalies were
attributed to the lunar interior origin (Klima et al. 2013). Excessive water group signature is
observed in almost all large pyroclastic deposits near the equatorial regions, where the M?
data were acquired under low phase angles and are thus more reliable, which is consistent
with an endogenous origin (Milliken and Li 2017). Analysis results from Milliken and Li
(2017) also suggest that high-Ti pyroclastic deposits show higher water content than low-
Ti ones, indicating either different water contents in magma sources, different degassing
history, or both.

5 Observations of the Water Group in the Lunar Exosphere
During the Apollo missions, several exospheric species were identified by the LACE mass
spectrometer, such as He, Ar, and CHy4. The Apollo 14 Suprathermal Ion Detector Exper-

iment (SIDE) detected ions of mass 18 amu/q during an event of approximately 14 hours
duration (Freeman et al. 1973). Freeman and Hills (1991) concluded that the most probable
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Fig. 3 Identification of sporadic water group events linked to meteoroid streams in the NMS data. The data
reveals atypical peaks (data points colored based on their statistical significance) with statistical significance
>6 x Median Absolute Deviation (MAD). Solid arrows denote the timing of established streams. Six dashed
arrows (labeled “UNI”) do not correspond to any established streams. Streams #15, 34, 35, and 37 (labeled
“NEW?”) are believed to correspond to new streams. Stream groups A and B occurred while NMS was not
operational. Established stream C was undetected. The dotted line reflects the median observed intensity. The
uncertainty error bars (black) reflect 3o due to counting statistics and data processing. Image reproduced with
permission from Benna et al. (2019)

source of these water ions was the Lunar Module (Stern 1999). CHACE (Chandra’s Alti-
tudinal Composition Explorer) was a mass spectrometer on the Moon Impact Probe (MIP),
which was released from Chandrayaan-1 on November 18, 2008. Based on measurements
by CHACE, Sridharan et al. (2010, 2015) inferred H,O densities on the order of 106 cm™3,
which far exceeds the upper limit measured later by LADEE, and this interpretation of the
data is not widely accepted.

Over the course of its relatively short mission (8 months), the LADEE spacecraft col-
lected measurements of the composition of the lunar exosphere using the Neutral Mass
Spectrometer (NMS) instrument. While other key volatiles were rapidly identified (Benna
et al. 2015a; Hodges 2016), initial data analyses did not yield direct detection of water group
species. An upper limit density for H,O of 9 cm™ at 4 km altitude above the sunrise termi-
nator was established based on the observed average instrument background (Benna et al.
2015b).

Subsequent analyses revealed that small changes in the instrument’s water background
captured faint variations in water released into the exosphere, well below what could be
detected by direct (instantaneous) observations. These new observations revealed that water
fluctuates in the lunar exosphere between a background level of 0.6 cm ™3 and peak densities
of ~40 cm™~3. The temporal variation of OH/H,O is dominated by episodic and short-lived
intense events (Fig. 3). These high-intensity events are predominant in the period between
November and January during which the Moon encounters a series of well-known, annu-
ally occurring, strong meteoroid streams (e.g., Leonids, Geminids, and Quadrantids). Benna
et al. (2019) demonstrated that these events captured the signatures of water releases into
the lunar exosphere by meteoroid strikes on the lunar surface. The NMS instrument cannot
resolve whether the parent exospheric molecule of the measured water is H,O or OH. Inci-
dent hydroxyl radicals would be rapidly converted to H,O by reaction with atomic hydrogen
on the instrument internal surfaces.
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Fig. 4 The lunar water cycle as suggested by the NMS observations. Solar wind-implanted hydrogen is the
main exogenous source of water production. Synthesized water is extracted by the far-reaching shock waves
generated by large micrometeoroids that strike the surface. The liberated water escapes or is redeposited
elsewhere. In order to sustain the water loss from meteoroid impacts, the hydrated soil might require replen-
ishment from a deeper ancient water reservoir. Image reproduced with permission from Benna et al. (2019)

A comparison of the NMS measurements with those of the Lunar Dust EXperiment
(LDEX) and an exosphere model shows that the mass flux of released OH/H,O is largely
generated by meteoroids in the 0.15 g — 10® g mass range, with smaller meteoroids hav-
ing minimal contribution to the water group exosphere (Benna et al. 2019). The lack of
efficiency of smaller impactors was attributed to the presence of a few-centimeter thick des-
iccated top layer that shielded hydrated regolith below. Only meteoroids larger than 0.15 g
are able to pierce this dry stratum and excavate deeper soils. The hydration of the regolith
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at depth was estimated to be 220 — 520 ppm by weight of H,O-equivalent based on the
intensity of the observed water events.

While the presence of a desiccated top layer is expected based on the spectral observa-
tions of the lunar equatorial region (Li and Milliken 2017), the NMS measurements showed
that its thickness extends beyond the top millimeter of the soil. The derived thickness of the
desiccated regolith layer is commensurate with the depth at which diurnal equatorial tem-
perature swings are 220 — 255 K. This implies that OH/H,O has a short lifetime within the
surface thermally active layer because it is rapidly transported by thermal desorption and
diffusion upward to the surface, where it can be lost, or downward deeper in the soil where
it can be sequestered.

The NMS observations also reveal that, in order to account for the relatively large inten-
sities of the detected events, impacts must yield an amount of water 5-13 times the impactor
mass. Therefore, the released water cannot originate from structural water in hydrous miner-
als, which requires high shock pressures in order to devolatilize as part of melts and vapors.
Instead, it most likely comes from water desorbed from regolith grains by the shock wave
that expands across the impact site, well beyond the confines of the volume of the excavated
crater (Fig. 4).

If the regolith has a specific surface area of 0.5 m?>g~' and a density of 1.7 gcm™
at 10 cm (Vasavada et al. 2012), then the maximum amount of adsorbed water would be
~150 ppm using the standard definition of a saturated monolayer (1 x 10" molecules m~2).
However, the temperature of the lunar regolith at 8 cm depth still reaches 260 K over a
diurnal cycle (Vasavada et al. 2012). Temperature programmed desorption measurements
(Poston et al. 2015; Jones et al. 2020) have shown that regolith does not contain enough high
energy binding sites to adsorb water at these temperatures. RD following a meteoroid impact
into the solar wind implanted regolith can potentially explain the LADEE observations.

By aggregating all NMS observations, Benna et al. (2019) estimated that the water loss
rate due to meteoroid impact is 3.4 — 8.1 gs~!, which is larger than estimates of water
synthesis rate by solar wind (Housley et al. 1973; Arnold 1979). The balance between solar
wind production and loss by micrometeoroids would imply that the Moon is in a net water
loss regime.

1

6 Observations of Surface Reservoirs and an Exosphere on Ceres
6.1 lce Reservoirs

(1) Ceres is the largest of the asteroids, with diameters of 964 x 964 x 892 km and a rotation
period of 9.07 h. It is situated in the middle asteroid belt, 2.77 AU from the sun. Ceres has
an effective temperature of 166 K and a subsolar temperature of 235 K. Its low density of
2.16 g/cm?® reveals that water ice is a major constituent, as silicates and iron have a much
higher density and the bulk porosity of such a large body could not be large. It also has
hydrated minerals, consistent with extensive aqueous alteration during its early history, and
spectrally it is a dark, carbonaceous asteroid (McSween et al. 2017). Due to its “roundness”,
presumably caused by topographic compensation during its early history of radiogenic heat-
ing, Ceres is also classified as a dwarf planet.

As an ice-rich body, Ceres has a steady supply of water that can feed an exosphere. For
this reason, Ceres must have a water exosphere, the remaining question being how tenuous.
With an escape velocity of 0.51 km/s, many species are gravitationally bound at thermal
speeds.
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Thanks to the Dawn spacecraft, which orbited Ceres 2015-2018, our knowledge of Ceres
has expanded dramatically. The Gamma-Ray and Neutron Detector (GRaND, Prettyman
et al. 2011) measured the hydrogen concentration within the top ~1 m of the surface (Pret-
tyman et al. 2017). The non-icy portion of Ceres’ carbon-bearing regolith contains similar
amounts of hydrogen as those present in aqueously altered carbonaceous chondrites. At
moderate and high latitudes, the regolith contains high concentrations of hydrogen, consis-
tent with broad expanses of water ice. The latitudinal dependence of the hydrogen concen-
tration is far stronger than the longitudinal dependence, suggesting that the ice content is
temperature driven, with no ice within the sensing depth of GRaND at the relatively warm
equatorial regions and ice very near the surface in the cold polar regions. Fanale and Salvail
(1989) had long predicted an ice table at shallow and latitude-dependent depths. Remark-
ably, ice has survived at shallow depths over billions of years, despite continuous sublima-
tion and impact bombardment. Based on thermal inertia measurements, Ceres is covered by
a dust mantle (Rivkin et al. 2011). Small grain sizes can act as a strong barrier to vapor
diffusion, and quantitative estimates place the grain size at one micron to be consistent with
the low rate of vapor diffusion (Prettyman et al. 2017; Li et al. 2019). The GRaND mea-
surements, combined with models, suggest that the equatorial regions are ice-free to at least
1 m depth whereas the polar regions may have ice even at cm depth (Schorghofer 2016;
Prettyman et al. 2017; Landis et al. 2017, 2019).

The shallow depth of ice suggests that Ceres has lost ice to space only slowly, and on a
long-term average the supply to the exosphere is therefore small. If loss is by sublimation
only, then the ice table corresponds to a current outgassing rate of only 0.003 kg/s, but
excavation of deeper ice by impacts and ice delivered by impactors also contribute to the
water exosphere.

In stark contrast to the shallow subsurface, very little ice is exposed on the surface. The
large relatively bright spots seen on the surface of Ceres consist mostly of salts. Water ice
was detected spectroscopically by Dawn only at a handful of locations (Combe et al. 2016,
2019; Sizemore et al. 2019), and these occurrences are at fresh craters near rim shadows
and sometimes associated with landslides. Landis et al. (2019) estimated the number of ice-
exposing impacts, and found that impact craters that remain bright (exposed to the surface)
could supply 0.08-0.56 kg/s of water vapor on a time average.

With an axis tilt of only 4° relative to the normal of the orbital plane, Ceres has peren-
nially shadowed craters in its polar regions (Hayne and Aharonson 2015, Schorghofer et al.
2016). Within some of these PSRs, bright deposits have been identified that most likely
consist of water ice (Platz et al. 2016). This topic will be further reviewed in Sect. 8.

6.2 Observations of an Exosphere (or Lack Thereof)

Numerous attempts have been made to detect an exosphere around Ceres with earth-based
and space telescopes (Table 2). Most of these observations resulted in no detection, but the
upper bounds that could be obtained were often very high. Two sets of telescopic observa-
tions resulted in positive detections. A’"Hearn and Feldman (1992) observed escaping OH. If
this OH formed by photodissociation of H,0O, the H,O production rate is roughly 10%¢ s~!.
With the Herschel Space Observatory, Kiippers et al. (2014) detected H,O three out of four
times. Combined with modeling they estimate the outgassing rate to be 2 x 10%6 s=! (6 kg/s).
The last observation listed in Table 2 was carried out when Ceres was near perihelion, when
any sublimation driven activity can be expected to be enhanced, but no gaseous OH was
detected within the sensitivity of the measurement.

The Dawn spacecraft found no direct evidence for an exosphere around Ceres, nor did
it carry an instrument designed for that purpose. Reports of a haze (Nathues et al. 2015;
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Table2 List of searches for an atmosphere around Ceres. See text for further description

Authors Instrument Species Abundance (s_l)
A’Hearn and Feldman (1992) Int. UV Explorer OH [H,O] =~ 1026
Rousselot et al. (2011) Very Large Telescope OH [OH] < 7 x 1025
Kiippers et al. (2014) Herschel Space Observatory H,O [HyO] =~ 1026

Roth et al. (2016) Hubble Space Telescope o) [H,0] < 4 x 1020
Jia et al. (2017) Dawn GRaND (electrons) [HrO] =~ 6 x 102 (@)
McKay et al. (2017) Apache Point Observatory 0 [H,0] < 5 x 1028
Roth (2018) Hubble Space Telescope H,0,S [H,0] < 4 x 1026
Rousselot et al. (2019) Very Large Telescope OH [HyO] <2 x 1026

Thangjam et al. 2016) were quickly attributed to measurement uncertainties (Schroder et al.
2017). There were however mysterious electron bursts on three consecutive orbits (Russell
et al. 2016). One of several possible explanations for such events would be a bow shock from
the interaction of a solar energetic particle (SEP) event with an atmosphere. Jia et al. (2017)
modeled such a situation, finding that about 6 x 10% s~! (2 kg/s) water vapor production
would be required to form such a shock.

Villarreal et al. (2017) found a correlation between detections of an exosphere and the
inferred presence of solar energetic protons (SEP) at Ceres. Overall, the observations suggest
that a transient exosphere, or even atmosphere, may appear sporadically on Ceres, but the
intensity, frequency, and cause of such events are uncertain.

6.3 Exosphere Models of Ceres

On Ceres, the thermal speed of water molecules is comparable to the escape speed, and
there is significant gravitational fallback. An exosphere or atmosphere around Ceres has
a gravitational scale height (a few hundred km) much smaller than the Hill radius. This
situation contrasts with comets, where molecules radially stream away from the body. The
Cerean exosphere has been modeled with several different types of numerical models, often
with disparate results.

Tu et al. (2014) and Schorghofer et al. (2016, 2017a) modelled the exosphere as an en-
semble of ballistic trajectories, assuming the molecules thermally accommodate when in
contact with the surface. This yields a half-life of the water exosphere of about 7 hr. On av-
erage, a water molecule undergoes 3 ballistic hops before it is lost by gravitational escape.
These authors also quantified the delivery of water molecules to PSRs, demonstrating that a
sizable fraction of outgassed water will end up in cold traps.

In connection with the Herschel Space Observatory observations, Kiippers et al. (2014)
simulated a collisional atmosphere with a Direct Simulation Monte Carlo (DSMC) model,
which resulted in an outgassing rate of 6 kg/s. Formisano et al. (2016) used a comet Single
Particle Hydrodynamics model for a vapor-dust mixture, and predicted that an optically thin
atmosphere could be maintained for tens of days after an outgassing event.

Fanale and Salvail (1989) and Hayne and Aharonson (2015) explored the possibility
that Ceres might have polar water ice caps, and concluded that, with realistic parameters,
no polar ice caps are to be expected, consistent with the subsequent observations by the
Dawn spacecraft. However, Ceres may have optically thin seasonal caps. Molecular resi-
dence times at polar temperatures are long enough to allow the seasonal buildup of water
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Fig.5 Ballistic hops of water Mercury The Moon Ceres
molecules according to model
calculations. On Mercury and the
Moon, water molecules are
eventually lost due to
photo-destruction; on Ceres most
are lost through gravitational
escape. Image reproduced with
permission from Schorghofer
etal. (2017a)

molecules delivered by the exosphere even beyond polar winter (Schorghofer et al. 2017a).
This seasonal water reservoir is, at this point, purely a theoretical prediction.

7 Lateral Transport in the Water Exosphere

The lateral transport of water molecules on nominally airless bodies is hypothesized to occur
through ballistic hops, punctuated by encounters with the planetary surface (e.g., Watson
et al. 1961a,b; Butler 1997).

How water group molecules interact with planetary regoliths remains a subject of ac-
tive investigation, and a source of significant uncertainty in numerical simulations of water
transport. Molecules encountering a planetary surface may be scattered or adsorbed to the
surface. Adsorption can take several forms: molecules may be held by van der Waals forces
(physisorption), chemically bound (chemisorption) or break apart (dissociative adsorption).
The residence time of a molecule on the surface is sensitive to both surface temperature
and composition. Laboratory results (e.g., Poston et al. 2015) indicate that surface residence
times of water molecules can be characterized by a distribution of desorption activation en-
ergies, but in situ activation energies remain to be definitively determined (e.g., Hendrix
et al. 2019).

Most volatile transport models assume that molecules fully accommodate to the local sur-
face temperature such that upon desorption, molecular velocities may be drawn from a distri-
bution characteristic of that temperature. Two different velocity distributions for molecules
released from a surface commonly appear in the literature: (i) the Maxwell-Boltzmann dis-
tribution of velocities for a gas in thermal equilibrium, and (ii) the Maxwell-Boltzmann flux
distribution for velocities of molecules crossing a surface (e.g., Brinkmann 1970). From a
volatile transport perspective, both approaches appear to yield very similar results (Butler
1997; Schorghofer et al. 2017a). Figure 5 illustrates the repeated ballistic hops of water
molecules on Mercury, the Moon, and Ceres according to these models. The average hop
distances and hop durations of H,O molecules launched on the dayside at thermal speeds
are about 150 km (4 minutes) on Mercury, 200 km (7 minutes) on the Moon (Schorghofer
2015), and on the order of the body diameter (one hour) on Ceres.

The primary loss mechanisms that act on a migrating water vapor exosphere are pho-
todestruction and gravitational escape. On the Moon and Mercury, photolysis is the domi-
nant loss process. Solar ultraviolet radiation can break apart water molecules into a variety
of neutral and charged species, with the primary reaction being dissociation of H,O into H
and OH (Huebner and Mukherjee 2015). The excess energy of dissociation imparts mean
velocities of ~1 km/s and ~18 km/s to OH and H, respectively (Crovisier 1989).

Barring losses to photolysis or surface processes, lateral migration of water molecules
continues until a molecule reaches cold traps where surface temperature is sufficiently low
that water ice may remain stable over geological timescales, unless otherwise mobilized
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by impact vaporization or plasma sputtering (Farrell et al. 2019). The fraction of water
molecules delivered to a planetary surface that are ultimately cold-trapped depends on the
size (gravity) and proximity of the body to the Sun, and the areal coverage of cold traps. On
the Moon ~10% of all water delivered to the surface by various sources is predicted to reach
polar cold traps through lateral transport in the exosphere (e.g., Schorghofer 2014). When
a comet impact creates a dense atmosphere, between ~20% to nearly 100% of impact-
delivered water that remains gravitationally bound is predicted to reach cold traps at the
poles (Berezhnoi and Klumov 1998; Stewart et al. 2011; Prem et al. 2015). In contrast,
Ceres’ low gravity and Mercury’s proximity to the Sun are anticipated to result in less effi-
cient exospheric transport of water to cold traps (Butler 1997; Schorghofer et al. 2017a).

The structure of a water vapor exosphere on the Moon may initially reflect the nature of
an episodic source (e.g., Goldstein et al. 2001), but soon approaches a quasi-steady state,
characterized by an enhancement of exospheric and surface water at the dawn terminator.
On many airless bodies, but particularly the Moon and Mercury, surface temperature rises
rapidly at sunrise, causing adsorbed water molecules to desorb. Some of this newly mobi-
lized water falls back to the night side of the dawn terminator while the remainder moves
towards the day side, causing the surficial and exospheric enhancements that are seen in
model calculations (Schorghofer et al. 2017b; Prem et al. 2018).

It is important to note that steady-state exospheres of molecular water have not yet been
observed to exist on the Moon, Mercury, or Ceres, and the behavior described above is cur-
rently a model-based prediction rather than an observational fact. (The detection by LADEE
could be due to OH or H,O; those detected on Ceres are sporadic outbursts, see Sects. 5
and 6). Model results also suggest that diurnal variations in surface concentration and exo-
spheric density may be more pronounced at higher latitudes (Sect. 4). Besides diurnal vari-
ability, seasonal trends in the lateral transport of water vapor on the Moon have also been
recently examined; model results indicate that the cold traps in the northern hemisphere
may accumulate more water per unit area than those in the southern hemisphere (Kloos
et al. 2019).

As water is photodestroyed and cold-trapped, the mass of a water vapor exosphere decays
over time. The photo-dissociation timescale 1 au from the sun is 22 hours at normal solar
activity (Crovisier 1989). The decay of the total mass of the exosphere is slower than that
due to hiding of water molecules on the night side (or even in topographic shadows of the
daytime polar regions). This introduces the length of the solar day as a relevant time scale
(Berezhnoy et al. 2003; Prem et al. 2018; Schorghofer et al. 2017b).

Exosphere models have addressed whether collisionless transport can distribute water un-
evenly between relatively nearby cold traps. Moores (2016) predicted that cold traps farther
from the pole accumulate far more water per unit area, while others find the variations to be
small (Schorghofer 2014; Prem et al. 2018). An updated version of Moores’ model (Kloos
et al. 2019) also predicts nearly uniform infall in the polar region, leading to a consensus
among models. Cold traps are too small to have any “rain shadow” effect. The average hop
distance at lunar dayside temperatures is about 200 km; for comparison the diameter of
Shoemaker Crater is 51 km.

Although exospheric models agree in many respects, there are some current points of
disagreement. One question that remains to be definitively addressed is the nature of the
interaction between water molecules and pristine and radiation damaged grain surfaces.
Watson et al. (1961a,b) envisioned that water molecules thermally accommodate when
in contact with the surface. Hodges (1991, 2002) argues that water molecules will be
chemisorbed instead, preventing them from leaving the surface until released by a more
energetic event, such as sputtering or meteoroid impacts. That would effectively shut down
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lateral transport by the exosphere. Long-term exospheric monitoring by orbital and surface
instrumentation could contribute to addressing this question (e.g., Prem et al. 2020). Another
partially unresolved question is the significance of isotopic fractionation during the trans-
port of water. Current models for the Moon agree that D/H fractionation during transport
is likely to be small, but differ on whether cold traps may be enriched (Crider and Vondrak
2000) or depleted (Schorghofer 2014) in deuterated water. Our understanding of these as-
pects of volatile transport will likely advance as models continue to leverage experimental
and observational data.

Water molecules can also migrate into the porous subsurface, by hopping between grain
surfaces. In this sense, the exosphere extends into the subsurface. This process has not been
fully explored with models, but under some temperature conditions, subsurface diffusion
can lead to the sequestration of ice outside of cold traps (Schorghofer and Taylor 2007;
Schorghofer and Aharonson 2014).

8 Cold Traps and Permanently Shadowed Regions
8.1 Temperature and Volatile Stability

Cold traps are special regions on airless bodies where volatiles such as water ice can be
stable (Urey 1952; Watson et al. 1961a,b; Arnold 1979). Many cold traps are transient, such
as the night side surfaces of slow-rotating airless bodies that are cold enough only for part
of the diurnal cycle before temperatures rise and volatiles mobilize. On the other end of
the spectrum, some cold traps exist for billions of years in permanent shadow and contain
temperatures low enough to trap water ice on these geologic time scales. Here we discuss
cold traps capable of sequestering volatiles on Mercury, the Moon, and Ceres.

Low obliquity of the spin axis relative to the ecliptic is a critical component of producing
stable cold traps. Without low obliquity, the spin axis will periodically orient in the direction
of the sun, warm, and devolatilize cold traps.

Sunlit surfaces on Mercury and the Moon are too warm for water ice to be stable. On
these bodies there can be no “ice caps.” Therefore, topographic relief, often in the form of
impact craters, is the critical second component for stable cold traps. Even shallow craters
provide sufficient relief to create regions where the sun does not rise above the local horizon
(Vasavada et al. 1999). Scattered visible light and emitted infrared radiation from illuminated
surfaces near cold traps contribute to the surface energy balance in shadowed regions. For
a bowl-shaped crater the equilibrium temperature of the shadowed region can be calculated
analytically (Buhl et al. 1968; Ingersoll et al. 1992); the lower the depth-to-diameter ratio,
the colder the shadowed surface. Diviner on LRO has mapped the temperatures on the lunar
surface in detail. Figure 6 shows maximum surface temperatures in the south polar region
near summer and winter solstice.

Efforts to evaluate the sublimation rates of volatiles under vacuum (e.g., Watson et al.
1961b; Vasavada et al. 1999; Zhang and Paige 2009) differ in detail but agree that at temper-
atures below about 110 K, water ice will sublimate slowly enough to be stable on geologic
timescales. At 110 K, the sublimation rate is about 10 cm/Gyr. Some volatiles, such as Hg
and S are less volatile than water ice and thus can be cold trapped at higher temperatures
(Watson et al. 1961b). Other volatiles, such as CO, and NH3, are more volatile than water
ice (“supervolatiles”) and require cold traps with temperatures below 54 K and 66 K respec-
tively (Zhang and Paige 2009; Fig. 7). A loss rate of 1 m/Gyr corresponds to 1 nm (about 3
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Fig. 6 Summer and winter surface temperatures in the south polar region of the Moon based on Diviner
temperature measurements. The maximum is taken with respect to local time, and the data were divided into
six seasonal bins for the draconic year, as in Schorghofer and Williams (2020). Shown is the region poleward
of 80°S latitude, with black contours for 110 K, the approximate threshold value for cold traps
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Fig.7 Vacuum sublimation rates as a function of temperature for various organic and inorganic compounds.
Except for sulfur, the volatility of common inorganic compounds is lower than that of water. Image repro-
duced with permission from Zhang and Paige (2009)

monolayers of H,O) per year. Hence, water molecules might still move around even though
the macroscopic loss rate is negligible.

Ice exposed on the surface is lost not only by sublimation, but also by Lyman-« (UV)
radiation from the very local interstellar medium (Morgan and Shemansky 1991) and by
sputtering from solar wind directly or from the tail of Earth’s magnetosphere (Arnold
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Fig. 8 Ice deposits within PSRs on Mercury and Ceres. A) High-reflectance surface within Prokofiev crater
on Mercury; the radar-bright region (yellow contour) is located within a PSR (red). Image adapted from
Chabot et al. (2014); copyright by GSA. B) Bilwis crater on Ceres with a bright crater floor deposit. Colored
contours are boundaries of PSRs at various values of the axis tilt &. No comparable relation between ice
deposits and PSRs has yet been identified on the Moon. Image adapted from Ermakov et al. (2017), copyright
by AGU

1979; Lanzerotti et al. 1981). Surface ice is further eroded by meteoric impact vaporization
and meteoric impact ejection (Farrell et al. 2019), although impact ejecta can also protect
volatiles from further sublimation. The surfaces of airless bodies experience a statistical
turnover due to meteor impacts (Gault et al. 1974; Arnold 1975; Morris 1978; Crider and
Vondrak 2003; Costello et al. 2020).

8.2 Mercury

The axis tilt of Mercury is currently only 2 arc minutes and has remained near zero for at
least the past 3.5 Gyr, so it has been anticipated that Mercury has permanently shadowed
regions that may have trapped water ice (Thomas 1974). Modeling predicted the surface
temperatures in these hypothetical shadowed regions would be low enough for water ice
to be stable (Paige et al. 1992; Vasavada et al. 1999). Radar observations revealed highly
reflective regions near Mercury’s north and south pole with a high circular polarization ra-
tio (Slade et al. 1992; Harmon and Slade 1992; Butler and Muhleman 1993; Harmon et al.
1994). Analysis of these radar data suggest water ice deposits which are very pure and at
least several meters thick. Radar observations alone are not a definitive indicator of water
ice; for instance, Starukhina (2001, 2012) suggested the dielectric properties of silicates are
uncertain at low temperatures and may be an alternative explanation of the radar observa-
tions (“cold silicate hypothesis”). However, observations by the MESSENGER spacecraft
support the presence of water ice.

The MESSENGER spacecraft found enhanced hydrogen concentrations in the polar re-
gion from neutron measurements (Neumann et al. 2013) and optical evidence for water ice
on the surface in the PSRs (Chabot et al. 2014, 2018a). The areas of high radar backscatter
are strongly correlated with areas that are in permanent shadow (Fig. 8A) and with the pre-
dicted abundance of thermally stable water ice (Paige et al. 2013; Chabot et al. 2018b). Ac-
cording to MESSENGER near-infrared reflectance measurements of the surface, the coldest
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areas are bright, whereas areas with higher predicted temperatures, where water ice is ex-
pected to be short-lived on the very surface but long-lived at shallow depth, are dark (Paige
et al. 2013). The dark surface deposits may be devolatilized sublimation lag deposits (Neu-
mann et al. 2013; Paige et al. 2013; Hamill et al. 2020) or due to radiation processing of
various cold-trapped species (Crites et al. 2013; Delitsky et al. 2017). Mercury’s polar de-
posits have sharp boundaries, which suggests that the deposits are geologically young or
that their boundaries are refreshed by an ongoing process (Chabot et al. 2018a). Radar data
suggest that the ice deposits must be at least a few meters thick (several radar wavelengths),
and they are likely no more than tens of meters thick (Susorney et al. 2019).

8.3 The Moon

PSRs can be mapped by illumination modeling (ray-tracing) with digital elevation maps,
and have been identified down to a latitude of ~60° (McGovern et al. 2013). PSRs poleward
of 80° cover 1.6 x 10* km? in the south polar region and 1.3 x 10* km? in the north polar
region (Mazarico et al. 2011; McGovern et al. 2013). Vice versa, some areas are sunlit up to
89% of time (Noda et al. 2008) and known as “peaks of eternal light”, although the direct
solar illumination is not perfectly continuous.

Cold traps, which lie within PSRs, have been mapped based on surface temperatures mea-
sured by the Diviner instrument on LRO (Paige et al. 2010a,b; Hayne et al. 2015; Williams
et al. 2019; Schorghofer and Williams 2020; Fig. 6). Near the poles, the Moon’s 1.54° oblig-
uity induces significant seasonal changes in surface temperatures, where seasons are defined
by the 347 day draconic year. Summer cold traps, which are truly permanently shadowed,
cover 1.3 x 10* km? poleward of 80°S and 0.53 x 10* km? poleward of 80°N when de-
fined by a peak temperature of 110 K (Williams et al. 2019). This amounts to 0.05% of the
global surface area. In winter, these areas increase by factors of 2.8 and 4.3, respectively
(Fig. 6). The temperatures of near-pole crater Faustini is ~30-40 K in winter and ~45-70 K
in summer. While these temperatures are well below the threshold for water ice stability,
they have significant effects on more volatile molecules, such as CO,. The lowest temper-
atures measured by Diviner are about 20 K, and may be limited by the regional heat flow
from the lunar mantle. On the other extreme, non-polar permanently shadowed regions at
mid-latitudes have significant scattered light and can be as warm as ~216 K with average
temperatures of ~134 K.

Radar observations did not reveal signs of pure near-surface ice deposits as they did on
Mercury (Nozette et al. 1996; Stacy et al. 1997; Simpson and Tyler 1999; Campbell et al.
2003), but neutron spectroscopy found the hydrogen concentration is enhanced in the polar
regions (Feldman et al. 1998, 2000, 2001; Mitrofanov et al. 2010). The LCROSS impact into
Cabeus crater released a variety of volatiles (including H,O, H,S, NH3, SO,, and C,Hy)
and therefore provided direct evidence for these species in lunar cold traps (Colaprete et al.
2010). The concentration of water ice at the impact site was an estimated 5.6+2.9% by mass.
There is also evidence for water ice beyond Cabeus crater, based on neutron counts (Feldman
et al. 1998, 2000, 2001; Mitrofanov et al. 2010), ultraviolet spectroscopy (Gladstone et al.
2012; Hayne et al. 2015), near infrared spectroscopy (Fisher et al. 2017; Li et al. 2018),
and depth-to-diameter ratios of craters (Rubanenko et al. 2019). The locations identified
by these individual studies are sometimes inconsistent and contain some identifications of
water ice beyond known cold traps in apparently illuminated terrain; ambiguities remain in
the interpretation of these datasets.
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8.4 Ceres

The axis tilt of Ceres is small, and Hayne and Aharonson (2015) predicted the presence of
PSRs before Dawn’s arrival. Dawn determined the axis tilt to be 4.03°, and the PSRs of the
northern polar region were mapped in two ways. Stereo imaging, more specifically stereo
photogrammetry, was used to construct topographic shape models, and these were used to
calculate the extent of shadows. In this way, the northern PSRs were mapped and found to
cover 1,800 km? or 0.13% of the hemisphere (Schorghofer et al. 2016). Another approach
was to stack images from various local times acquired close to the northern summer solstice.
This method, of higher spatial resolution, identified hundreds of PSRs totalling 2,200 km?
of area. Due to illumination conditions, no comparable analyses could be carried out for the
southern polar region, but statistically the topographies of the polar regions are similar.

Some scattered light is available even within shadowed regions, and searches were con-
ducted for ice deposits within PSRs. Bright deposits were discovered in a small number of
PSRs (Platz et al. 2016; Ermakov et al. 2017). The largest bright deposit is within Bilwis
crater (Fig. 8B). In Zatik crater, bright material extends into sunlight, where it was spectro-
scopically identified as H,O ice (Platz et al. 2016). Observations by Dawn also led to an
accurate measurement of the moments of inertia of Ceres, which made it possible to reliably
backward integrate the obliquity history. The obliquity (axis tilt) of Ceres varies between 2°
and 20° with a period of 24.5 kyr (Bills and Scott 2017; Ermakov et al. 2017). These oblig-
uity oscillations may also explain why only a small fraction of PSRs has bright deposits. At
maximum axis tilt only a handful of PSRs remain (Ermakov et al. 2017).

8.5 Micro Cold Traps

While orbital measurements have succeeded in predicting and observing cold traps on scales
of 100 s of meters to 10 s of kilometers, the prevalence of cold traps on smaller scales has to
be inferred statistically. At finer resolution the area of PSRs increases, because the shadow
of a large hill is still a contiguous shadow when viewed at finer resolution and shadows of
smaller hills are added (Petrov et al. 2003; Gldser et al. 2014). Hayne et al. (2021) found that
10% of the PSR area on the Moon is in patches smaller than 100 m in diameter. The regolith
on airless bodies is sufficiently insulating to at least cm-scales, assuming typical roughness
values, to maintain temperature gradients of more than 100 K (Bandfield et al. 2015). In
theory, this should create heterogeneous terrains of illuminated surfaces and “micro” cold
traps extending to vast regions beyond the larger “macro” cold traps (Rubanenko et al. 2018;
Hayne et al. 2021). The effects of regolith physical properties on micro cold traps and the
subsurface temperatures are areas for future study.

9 Water Cycles

In lieu of a summary, we consider the water cycle from source to sink, or rather semi-cycle,
since the water molecules are not recycled.

9.1 Sources
Molecular water can originate from exogenic and endogenic sources. Exogenic sources are

comets and hydrated meteoroids. In the long-term, the mass flux of the impactor population
is dominated by the largest objects, so there is a probabilistic factor in the amount delivered.
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For example, Mercury’s massive ice deposits could have resulted from a recent large comet
impact (Moses et al. 1999; Ernst et al. 2020; Chabot et al. 2018a), which would explain the
apparent difference in the abundance of cold trapped ice compared to the Moon.

In solar-wind generated water, the hydrogen is exogenic and the oxygen endogenic. The
solar wind contains almost no deuterium (Stephant and Robert 2014), and an isotopic mea-
surement (D/H) of ice deposits could therefore constrain its origin. Formation and retention
of OH, H,, and H,O are ongoing surficial processes (Sects. 2-4). Solar-wind implantation
of hydrogen induces the formation of hydroxyls. Hydroxyls can then combine to form H,O.
This recombinative desorption requires high temperatures, such as those reached on the day-
side of Mercury, or heating by impacts, which occurs on all large airless bodies. Many ques-
tions remain. On the Moon, only relatively large meteoroids release water group species,
whereas dust-sized impactors do not, suggesting a desiccated layer is present (Sect. 5). The
amplitudes of diurnal and latitude variations of the surficial hydroxyl concentration are in-
sufficiently understood, as results of various spectroscopic analyses are inconsistent with one
another and with some of the theoretical kinetics derived from laboratory measurements.

Endogenic outgassing of primordial water is more likely in the distant past than in recent
history (Needham and Kring 2017; Deutsch et al. 2019; Head et al. 2020). At this point, the
major source of molecular water has not been determined on either Mercury or the Moon.
In the case of Ceres (Sect. 6), its own ice-rich crust is presumably the major source of its
cold-trapped water. Even dry impactors can release water vapor on Ceres and even without
impactors, indigenous water molecules slowly diffuse through the overlying ice-free surface
layer. Further in the past, cryovolcanoes may have brought ice from greater depths to the
surface of Ceres (Ruesch et al. 2016).

9.2 Exospheric Transport and Sinks

On large airless bodies, water molecules undergo ballistic hops rather than escaping to space
(Sect. 7). Through a sequence of such hops, water may be transported from any location on
the surface to cold traps. The nature of the interaction of returning water molecules upon
contact with the pristine surface is uncertain. In one extreme the molecules thermally accom-
modate and leave the surface again, in the other they are chemically adsorbed. The massive
ice deposits in the cold traps of Mercury must have arrived there somehow, but that ice could
have resulted from a rare recent comet impact rather than been delivered steadily through
exospheric transport. Observations of water group exospheres are rare. Nevertheless, a ther-
mally accommodated water exosphere remains the standard theory awaiting confirmation or
disproof.

Water molecules are lost due to gravitational escape, photo-destruction, cold-trapping,
and possibly by dissociative chemisorption. On Mercury, photo-destruction is thought to be
the major loss process, due to its proximity to the sun and high gravity. On Ceres, gravi-
tational escape dominates. From that perspective, the Moon is expected to transport water
more efficiently to the polar cold traps than these two other planetary bodies, yet the Moon
appears to have a lower concentration of cold-trapped water ice than the other two bodies.

At low temperature, volatiles can accumulate over time even when exposed to vacuum.
Permanently shadowed regions (PSRs) are closely related to cold traps, although they never
perfectly coincide (Sect. 8). Thick ice deposits are found in the Hermean cold traps, often
covered by a dark lag deposit. On the Moon, very little ice has been detected on the very
surface of cold traps, but the LCROSS impact experiment and two sets of neutron spec-
troscopy measurements (one by the Lunar Prospector and the other by LRO) have provided
clear evidence for a bulk-enrichment of hydrogen in the polar regions. On Ceres, the spin
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axis tilt varies periodically, so the present-day PSRs and cold traps are larger than the truly
permanent PSRs and cold traps. Bright crater floor deposits are seen in several of the truly
permanent PSRs. Cold-trapped water may subsequently be destroyed by space weathering
(Farrell et al. 2019).

9.3 Outlook

The study of the Hermean, lunar, and Cerean water cycles has only just begun. Theories
have been in place for decades, but they are far from established and some might not survive
at all. Whereas interactions of solar wind protons with the surface have long been discussed,
the quantitative aspects (such as mineral-dependent diffusivities of hydrogenated molecules
and the corresponding activation energies, and the efficiency of H, and H,O formation)
are only slowly becoming clear. There were also observational surprises, such as the ex-
istence of a latitude-dependent hydroxyl population on the Moon and the fact that water
group species are released during meteoroid showers, in excess of the water contained in the
impacting meteoroids. Lateral transport in the gravitationally-bound surface-bounded water
exospheres of the large airless bodies remains a theoretical concept, as there is insufficient
observational data to put these models to a test. Observations that distinguish between sur-
ficial OH and H,O and exospheric water group neutrals and ions would provide important
constraints to decipher the driving physics. Cold trapping of water ice is expected to occur
on all three bodies, but the question is confounded by significant discrepancies among proxy
measurements of the water content in the lunar polar regions.

This last topic will surely benefit from in-situ measurements by upcoming landed mis-
sions to the polar regions of the Moon. The Polar Resources Ice Mining Experiment-
1 (PRIME-1), MoonRanger and NASA’s Volatiles Investigating Polar Exploration Rover
(VIPER) will explore the south polar region of the Moon in 2022 and 2023. Understand-
ing the distribution of water ice at the lunar poles is of major international interest; further
planned missions to the south pole include the Lunar Polar Exploration Mission (LUPEX,
a collaboration between the Japanese and Indian space agencies), Chang’e 6 and 7 (by the
Chinese National Space Administration), Luna 25 (by Russia’s Roscosmos), and Luna 27
(a collaboration between Roscosmos and the European Space Agency). Commercially op-
erated lunar landers currently under development also plan to carry science payloads that
will characterize the lunar exosphere and surface thermal environment at and beyond the
poles. Several innovative orbital instruments will also search for volatiles. Observations
of the lunar surface (over an extended infrared spectra range and new radar wavelengths)
and exosphere by the Chandrayaan 2 orbiter are underway since 2019. A group of thirteen
CubeSats, including Lunar Flashlight, Lunar IceCube, and LunaH-Map, is expected to be
launched in 2021. ShadowCam on the Korea Pathfinder Lunar Orbiter, launching in 2022,
is designed to image shadowed regions using scattered light. Lunar Trailblazer will carry a
short-wave infrared imaging spectrometer that is an improvement over M>. With or with-
out these new missions, laboratory experiments using simulants and returned samples along
with comprehensive and capable theoretical models are important tools for developing an
understanding of the processes that govern the presence of water on the surfaces and in the
exospheres of the large airless bodies of the inner solar system.
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