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13.1 INTRODUCTION

Two and a half decades ago, the discovery of Mercury’s polar
deposits provided the first evidence for the possibility of water
ice on the solar system’s innermost planet. Radar observations
in 1991 with the Goldstone 70-m radio antenna as the transmit-
ter and the Very Large Array as the receiving instrument
revealed a highly reflective region near Mercury’s north pole
with a high same-sense to opposite-sense circular polarization
ratio (Slade et al., 1992). The high reflectivity and circular
polarization ratio of the observed radar-bright feature resembled
the distinctive radar characteristics of the icy Galilean satellites
(Campbell et al., 1978; Ostro et al., 1980; Hapke, 1990; Hapke
and Blewett, 1991) and at the south polar cap of Mars
(Muhleman et al., 1991), and so were interpreted as evidence
for ice in Mercury’s north polar region. The north polar radar-
bright feature was subsequently identified in Arecibo observa-
tions, confirming the Goldstone discovery, and soon afterwards
Arecibo observations led to the discovery of a south polar radar-
bright feature as well (Harmon and Slade, 1992). In particular,
the south polar radar-bright feature was estimated to lie within
the large impact crater Chao Meng-Fu, suggesting that the
radar-bright material favored the shadowed, low-temperature
environment of this crater’s interior, a setting consistent with
the presence of long-lived water ice on Mercury. Evidence for
the presence of water ice was also supported by thermal model
calculations, which showed that the maximum temperatures in
permanently shadowed regions within high-latitude craters on
Mercury could provide thermal environments where water ice
is stable for billions of years (Paige et al., 1992; Ingersoll et al.,
1992). Analysis of the radar data further indicated that the
water ice deposits are at least several meters in depth and
that the ice layer itself must be very pure, with less than
about 5% silicates by volume, leading to the suggestion that
the ice was deposited onMercury over a relatively short period
of time (Butler et al., 1993).
Water ice within permanently shadowed cold traps had pre-

viously been proposed on theoretical grounds for the Moon
(Urey, 1952; Watson et al., 1961) and also for Mercury
(Thomas, 1974), but the Earth-based radar measurements of
Mercury provided the first observational evidence to support
the presence of such deposits. In contrast, Earth-based radar
observations of the Moon did not reveal similar polar deposits
(Stacy et al., 1997). Subsequent Earth-based radar measure-
ments greatly improved the spatial resolution of the Mercury
radar images, resolving many individual radar-bright spots near
both of Mercury’s poles and confirming the high radar

reflectivity and circular polarization ratio of the features
(Harmon et al., 1994, 2001, 2011; Harcke, 2005; Harmon,
2007). Many radar-bright deposits were identified as lying
within specific impact craters imaged by Mariner 10 in 1974–
1975, but many other radar-bright features could not be mapped
to craters or other geologic features because Mariner 10
acquired images covering only slightly less than half of
Mercury’s polar regions (Davies et al., 1978).
In parallel with the acquisition of radar images of

Mercury’s polar regions at increasingly improved resolution,
more detailed modeling refined the quantitative understand-
ing of the thermal environments of candidate host craters.
Large permanently shadowed craters near the poles, such as
Chao Meng-Fu, were concluded to have maximum surface
temperatures conducive to the long-term stability of water ice
at the surface (Salvail and Fanale, 1994; Vasavada et al.,
1999). In contrast, the many radar-bright host craters located
more than about 10° in latitude from the pole were found to
have maximum surface temperatures that exceeded 110 K,
and under such conditions water ice at the surface would be
rapidly lost to thermal sublimation (Vasavada et al., 1999).
However, burial of the deposits below a layer tens of centi-
meters thick was found to insulate water ice deposits to the
point that they could remain stable for billions of years
(Vasavada et al., 1999). Radar observations acquired at dif-
ferent wavelengths also were suggestive of a thin layer cover-
ing the deposits (Harmon et al., 2011). Although a thin layer
of overlying regolith could enable water ice deposits to be
thermally stable, how the deposits were buried sufficiently
rapidly to prevent the complete loss of water ice at expected
rates of impact gardening of the regolith was seen to be
problematic (Harmon et al., 2001). An alternate suggestion
was that a slightly dirty ice deposit might sublimate until its
contaminant load formed a thin insulating lag deposit at the
surface (Vasavada et al., 1999).
Small, simple craters on Mercury, which have diameters

generally <10 km, posed a separate thermal challenge.
Thermal models suggested that such craters could not host
thermally stable water ice if located more than 2° in latitude
from the poles, even if such deposits were buried by an insulat-
ing layer (Vasavada et al., 1999), yet Earth-based radar obser-
vations identified small craters farther from the pole that host
radar-bright deposits (Harmon et al., 2001). Additionally, radar-
bright features were discovered at latitudes as far from the pole
as 67°N (Harmon et al., 2001), locations at which interior
conditions were thought to present potentially challenging ther-
mal environments for the stability of water ice, though the
geologic setting of the majority of these lower-latitude deposits
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could not be identified as they were in the hemisphere of the
planet not imaged by Mariner 10.
Overall, Arecibo observations showed that Mercury’s

radar-bright deposits are extensive, covering ~12,500 km2 in
the north polar region, with comparable deposits also in the
south (Harmon et al., 2011), motivating questions about the
formation and evolution of the material if it consists mostly of
water ice. Simulations showed that water ice could migrate to
cold traps at Mercury’s poles with ~10% efficiency (Butler,
1997) and suggested that asteroids, comets, or interplanetary
dust could have provided sufficient water to account for
Mercury’s radar-bright deposits, though impacts by a few
large comets or asteroids were favored (Moses et al., 1999).
Frommodels of burial by regolith gardening, it was concluded
that Mercury’s polar deposits must have been emplaced geo-
logically recently, within the last 50 Myr, in order that such
deposits not be more deeply buried (Crider and Killen, 2005).
Materials other than water ice were also suggested for the
radar-bright deposits, including sulfur (Sprague et al., 1995)
and silicates with dielectric properties altered at very low
temperatures (Starukhina, 2001). The stark contrast between
Mercury’s extensive radar-bright deposits and the lack of any
similar deposits on the Moon also raised a question. Thus,
Earth-based radar observations and Mariner 10 images pro-
vided provocative but limited evidence to constrain the nature
of Mercury’s radar-bright polar deposits.

One of the six major science questions that motivated the
MESSENGER mission (Chapter 1) was “What are the radar-
reflective materials at Mercury’s poles?” In the course of the
mission’s more than four Earth years of operations in orbit about
Mercury, MESSENGER acquired multiple data sets to address
this question. In this chapter, we reviewMESSENGER’s obser-
vations of Mercury’s polar deposits and discuss the resulting
implications.

13.2 MESSENGER OBSERVATIONS
OF MERCURY’S POLAR DEPOSITS

13.2.1 Mapping Results and Illumination Conditions

Whereas MESSENGER’s three flybys of Mercury were equa-
torial and did not provide new views ofMercury’s polar regions,
upon entering orbit about Mercury, MESSENGER provided
complete imaging of Mercury’s surface with its Mercury Dual
Imaging System (MDIS) (Hawkins et al., 2007). This global
imaging enabled the first complete identification of the geologic
features that host radar-bright deposits.
One of the earliest studies completed in orbit regarding

Mercury’s polar regions was a mapping of regions of permanent
shadow near Mercury’s south pole (Chabot et al., 2012). The
MESSENGER spacecraft had a highly eccentric orbit about
Mercury, which during the mission’s first year of orbital opera-
tions had a minimum altitude of ~200 km inMercury’s northern
hemisphere and a maximum altitude of 15,000 km in the south-
ern hemisphere (Chapter 1). At the higher altitudes, MDIS’s
wide-angle camera (WAC) was able to capture the entire sunlit
region from Mercury’s south pole to a latitude of ~73°S in a
single image. Such imaging was repeated approximately every

other Earth day, for an entire Mercury solar day (176 Earth
days), producing a data set of 89 images that captured
Mercury’s south polar region at a spatial scale of 1.7 km/pixel
under all illumination conditions. By thresholding each
image into sunlit and shadowed regions, an illumination map
of Mercury’s south polar region was created, as shown in
Figure 13.1.
Many regions of permanent shadow from 73°S to the south

pole are evident in Figure 13.1, covering a total area of
~43,000 km2. It is Mercury’s low obliquity of 2.04 arcminutes
(0.034°) (Margot et al., 2012) that accounts for the large area of
terrain in shadow during a solar day. Moreover, regions in
shadow in a single solar day remain in shadow indefinitely
because the obliquity is stabilized by Mercury’s 3:2 spin–orbit
resonance, and these shadowed regions likely date to the times
of formation of their host craters given that Mercury was prob-
ably captured into its current spin–orbit resonance early in solar
system history (Peale, 1988).
The highest-resolution Earth-based radar image obtained of

Mercury’s south polar region is also shown in Figure 13.1.
These data were acquired on 24–25 March 2005 at the
Arecibo Observatory in S-band (12.6-cm wavelength) with a
range resolution of 1.5 km (Harmon et al., 2011). All of the
Arecibo radar-bright features either collocate with the regions
identified as permanently shadowed or are within a few kilo-
meters of an area of permanent shadow, consistent with the
registration and resolution limitations of the MDIS and
Arecibo data sets (Chabot et al., 2012). As originally identified
by Harmon and Slade (1992), the ~180-km-diameter crater
Chao Meng-Fu hosts an extensive radar-bright deposit, which
is both the largest radar-bright region and the largest perma-
nently shadowed area on the entire planet.
Goldstone X-band (3.5-cm wavelength) radar observations

have also been acquired of Mercury’s south polar region, with a
range resolution of 6 km (Harcke, 2005). Though the Goldstone
data are lower in resolution than the Arecibo observations, they
were acquired from a viewing direction nearly opposite to that
of the 2005 Arecibo image and were used to catalog radar-bright
features beyond the Arecibo radar horizon of the 2005 observa-
tions. All of the Goldstone radar-bright features also correspond
to areas identified as in permanent shadow from the MDIS data
set (Chabot et al., 2012).
Given MESSENGER’s highly eccentric orbit, images

acquired of Mercury’s north polar region were at considerably
higher resolution than those of the south polar region, allowing
detailed identification of geologic features that host radar-bright
deposits. However, a single MDIS WAC image could not cap-
ture the entire sunlit northern polar region to enable mapping of
permanently shadowed regions, as was completed for
Mercury’s south polar region. Instead, from ~6,500 images of
Mercury’s north polar region that were acquired during
MESSENGER’s one-year primary orbital mission, regions of
“persistent shadow” – meaning surfaces in shadow during all
images acquired – were identified (Chabot et al., 2013). Even
from this limited one-year data set, radar-bright features in
Mercury’s north polar region (Harmon et al., 2011) were
found to be associated with locations persistently shadowed in
MDIS images. Subsequently, with over 16,000 images from
MESSENGER’s full orbital mission, Deutsch et al. (2016)

13.2 MESSENGER Observations of Polar Deposits 347



further confirmed the association of radar-bright and persis-
tently shadowed regions and substantially improved the identi-
fication of persistently shadowed regions within 4° of the north
pole.
Additionally, the lower spacecraft altitude enabled topo-

graphic measurements by MESSENGER’s Mercury Laser
Altimeter (MLA) (Cavanaugh et al., 2007) at northern high
latitudes that were not possible at comparable latitudes in the
south. The solar illumination at Mercury’s north polar region
was modeled with MLA topographic data in a manner similar to
that used to investigate permanently shadowed regions on the
Moon (Mazarico et al., 2011), and regions of permanent shadow
were identified from insolation models independent of the ima-
ging data (Mazarico et al., 2014; Deutsch et al., 2016). Figure
13.2 shows the regions modeled as permanently shadowed with
an MLA-based elevation model obtained from data acquired
over MESSENGER’s full orbital mission. There is good agree-
ment between regions mapped as permanently shadowed by
MLA and persistently shadowed by MDIS (Deutsch et al.,
2016).
Also shown in Figure 13.2 is the highest-resolution radar

image yet produced of Mercury’s north polar region, with a
range resolution of 1.5 km (Harmon et al., 2011). The radar
image was assembled from multiple Arecibo observations
obtained at S-band from 1999 to 2005, covering a wide range
of viewing geometries that serve to reduce regions in radar
shadow or beyond the radar horizon, in contrast to the south
pole radar image of Figure 13.1 that was obtained from a single

observing run. As seen in Figure 13.2, all of the well-defined
radar-bright features near Mercury’s north pole are associated
with regions of permanent shadow.
Although all of the radar-bright features near both of

Mercury’s poles are associated with permanently shadowed
regions, not all permanently shadowed regions also host radar-
bright features. For water ice deposits, permanent shadow is a
necessary but not sufficient condition to host such material, as
the temperature within permanently shadowed regions can still
be too high for the long-term stability of water ice, depending on
the host crater’s shape, latitude, longitude, and other factors
(Paige et al., 1992; Vasavada et al., 1999). However, for perma-
nently shadowed regions within complex craters located within
10° of the pole, the thermal environment is expected to be
generally conducive to the long-term stability of surface or
buried water ice (Vasavada et al., 1999). On Mercury, the
transition with increasing diameter between simple and com-
plex crater morphologies for primary craters occurs at a dia-
meter of ~10 km (Pike, 1988; Barnouin et al., 2012; Susorney
et al., 2016). For craters >10 km in diameter within 10° of
Mercury’s north pole that also contain regions of permanent
shadow, 65% host radar-bright deposits (Deutsch et al., 2016).
Similarly, in the south polar region, most, but not all, shadowed
craters host radar-bright deposits (Chabot et al., 2012). In the
north polar region, for example, Burke (29-km diameter) and
Sapkota (27-km diameter) craters, labeled in Figure 13.2, have
interiors that are almost in complete shadow, yet neither hosts
an extensive radar-bright deposit, in contrast to similarly sized

Figure 13.1. Mercury’s south polar region colored by the percentage of illumination time (Chabot et al., 2012), with areas of high radar
backscatter in the highest-resolution Arecibo radar image (Harmon et al., 2011) overlain in white.
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neighboring craters. Thus, Burke, Sapkota, and other craters may
lack radar-bright deposits, indicating that not all of Mercury’s
available cold-traps are currently occupied by water ice.
Alternatively, such deposits may be present but were not
observed during the Arecibo measurements or are buried too
deep to be detected. As discussed by Deutsch et al. (2016),
consideration of the Arecibo radar viewing opportunities does
not support the view that the lack of extensive radar-bright
deposits in these craters is a result of limited radar coverage,
though the observed longitudinal distribution of permanently
shadowed craters that lack radar-bright deposits is not correlated
with thermal conditions, possibly suggesting some sort of view-
ing or detection limitation with the radar observations.
Because of Mercury’s 3:2 spin–orbit resonance, the “hot

pole” longitudes of 0°E and 180°E always experience local
noon at Mercury’s perihelion, resulting in a ~130 K higher
temperature at the equator than experienced for local noon at
the “cold pole” longitudes of 90°E and 270°E (Vasavada et al.,
1999). For locations farther than 10° from the poles, there is a
preference for radar-bright features to be located along the cold-
pole longitudes, as noted from the radar observations (Harmon
et al., 2001, 2011). MESSENGER observations have confirmed
that for regions >10° latitude from the poles, the radar-bright
deposits do not uniformly occupy all permanently shadowed
regions but rather show a preference for longitudes near the 90°

E and 270°E cold-pole longitudes (Chabot et al., 2012, 2013).
At these longitudes, radar-bright features have been identified in
craters at latitudes a considerable distance from the poles; in the
south, the most equatorward radar-bright deposit is at about 74°
S (Figure 13.1), and in the north (Figure 13.2) Egonu (67°N) and
Monk (66°N) are the lowest-latitude craters to host radar-bright
deposits.
Thermal models prior to MESSENGER measurements indi-

cated that the interiors of simple bowl-shaped craters experience
considerably warmer temperatures than flatter-floored complex
craters because of increased indirect heating from scattering off
crater walls (Vasavada et al., 1999). From a model of an idea-
lized bowl-shaped simple crater, <10 km in diameter with a
depth-to-diameter ratio of 5:1, Vasavada et al. (1999) concluded
that simple craters on Mercury cannot host long-lived water ice
except if located within 2° latitude of the pole. MESSENGER
images have shown that there are numerous radar-bright depos-
its within small craters <10 km in diameter located considerably
farther from the poles than 2° in both the north and south polar
regions (Chabot et al., 2012, 2013; Ernst et al., 2014; Deutsch
et al., 2016), in addition to the few noted previously by Harmon
et al. (2001) from Mariner 10 images. In particular, many of the
small craters surrounding Prokofiev host radar-bright deposits,
and secondary craters on Mercury are generally shallower than
primary craters (Susorney et al., 2016). Assessments of the

Figure 13.2. A MESSENGER mosaic of Mercury’s north polar region, overlain with the highest-resolution Arecibo radar image in green
(Harmon et al., 2011) and with a map of regions of permanent shadow in red (Deutsch et al., 2016). Regions that are both in permanent shadow and
radar-bright are colored yellow.
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morphology of these small craters from MLA measurements
indicate that they are shallower than was assumed for the ther-
mal model of Vasavada et al. (1999) (Ernst et al., 2014), which
could affect the thermal stability of water ice in their shadowed
interiors.
The thickness of the radar-bright deposits is poorly con-

strained. A minimum thickness of several meters is implied by
the absence of a clear drop in radar cross section with increasing
wavelength for observations at 3.5-cm, 12.6-cm and 70-cm
wavelengths, indicating that the scattering layer is many wave-
lengths thick at all three wavelengths (Black et al., 2010). A
maximum thickness of a few hundredmeters has been estimated
from statistical similarities between the depths and diameters of
craters that host radar-bright deposits and those that do not, as
determined by MLA measurements (Talpe et al., 2012). From a
pre-MESSENGER study of 12 craters that host radar-bright
deposits, Vilas et al. (2005) concluded that these craters were
shallower than normal, but MESSENGERMLA measurements
have not supported that result (Talpe et al., 2012), likely illus-
trating the greater accuracy of laser altimetry compared with
topographic information derived fromMariner 10 imaging data.
From a digital elevation model (DEM) produced from MLA
measurements to compare the topography of six craters that host
radar-bright deposits and six craters that do not, Eke et al. (2017)
estimated a maximum thickness of the radar-bright deposits of
150 m, with a typical excess height associated with the radar-
bright deposits of 50 ± 35 m (one standard deviation, or 1σ).
From individual MLA tracks that cross the boundaries of two
radar-bright deposits, Susorney et al. (2017) did not detect any
statistically significant change in topography associated with the
radar-bright deposits in either Prokofiev or Desprez craters,
reporting deposit thickness limits of 33 ± 60 m and 45 ± 38 m,
respectively (1σ uncertainties). Susorney et al. (2017) con-
cluded that the natural topographic variability of the crater
floors, e.g., from younger and smaller impact craters, boulders,
and variations in impact melt thickness, may be on the same
scale or larger than the thickness of the radar-bright deposits.
Additionally, from a characterization of the depths and dia-
meters of nine small impact craters imaged within radar-bright
regions, Deutsch et al. (2017b) estimated that the radar-bright
deposits in those regions may have a maximum thickness of 24–
95 m if the small craters predate the emplacement of the radar-
bright deposits. Overall, the fact that these studies have not been
able to measure directly the thickness of the radar-bright depos-
its but rather have placed increasingly smaller limits on the
maximum thickness suggest that the thickness of the radar-
bright deposits may be toward the lower end of the current
estimated range, e.g., tens of meters or even less.

13.2.2 Neutron Spectrometer Measurements

To test the hypothesis that Mercury’s polar deposits are com-
posed mostly of water, the MESSENGER spacecraft was
equipped with a Neutron Spectrometer (NS) as part of the
Gamma-Ray and Neutron Spectrometer instrument (Goldsten
et al., 2007). Planetary neutron spectroscopy is a robust techni-
que for measuring hydrogen concentrations on airless or nearly
airless planetary bodies (Prettyman, 2007), and the high hydro-
gen abundance in water ice relative to other candidate radar

reflective materials allows neutron spectroscopy to constrain the
radar-bright material (Feldman et al., 1997). This technique
involves measurement of the neutrons created by nuclear spal-
lation reactions when galactic cosmic rays (GCRs) strike a
planetary surface. These neutrons have a broad spectrum of
kinetic energy En that is typically divided into three energy
ranges: thermal (En < 0.4 eV), epithermal (0.4 eV < En <
0.5 MeV), and fast (En > 0.5 MeV). A hydrogen atom has nearly
the same mass as a neutron, which allows a highly efficient
momentum transfer from the spallation neutrons, resulting in
strong neutron moderation or downscatter in energy. This effect
causes the number of epithermal neutrons to be depressed, so
that variation of the epithermal count rate with location can be
used as a sensitive indicator of the presence of hydrogen in
planetary materials.
In contrast to techniques that measure surficial properties,

such as spectral reflectance or X-ray spectroscopy, neutron
spectroscopy is sensitive to the composition of planetary mate-
rials to a depth of tens of centimeters. Planetary epithermal
neutrons were first measured at the Moon with the Lunar
Prospector mission, and their fluxes permitted the conclusive
identification of hydrogen enhancements at both lunar poles in
the vicinity of permanently shadowed craters (Feldman et al.,
1998). Neutron spectroscopy has also been used to measure and
map hydrogen concentrations at Mars (Feldman et al., 2002)
and the asteroid Vesta (Prettyman et al., 2012).
For Mercury, neutron spectroscopy provides a means to char-

acterize the polar deposits that is complementary to other tech-
niques in that it measures the bulk composition, in contrast to
surface reflective (Section 13.2.3) or morphologic (Section
13.2.5) properties. If the radar-bright deposits are dominantly
composed of hydrogen, then the polar regions should have an
epithermal neutron flux that is lower than non-polar regions that
have little to no hydrogen (Feldman et al., 1997). If, to the
contrary, the radar-bright regions are dominantly composed of
sulfur, as suggested by Sprague et al. (1995), then Mercury’s
polar regions should have a decreased thermal-neutron flux
compared with non-polar regions but very little change in
epithermal neutrons. Finally, if non-compositional effects,
such as the alteration of the dielectric properties of silicate
materials by unusually cold temperatures (Starukhina et al.,
2001), are responsible for the radar-bright properties, then
there should be no difference in neutron flux between polar
and non-polar regions.
Although the neutron signatures for these different hypoth-

eses are, in principle, clear and unambiguous, the actual neutron
measurements proved to be challenging owing to several
aspects of the MESSENGER mission. Planetary neutron mea-
surements are generally count-rate limited, and therefore opti-
mum measurements require specific measurement parameters.
These parameters include close proximity to the target of inter-
est (in this case the north polar radar-bright deposits), constant
and/or regularly changing viewing geometry with a clear field
of view to the target to enable simple and well-behaved view-
ing-geometry corrections, and multi-day to multi-week accu-
mulation times to provide measurements with high statistical
precision. Because MESSENGER operated at Mercury in an
eccentric near-polar orbit with a constantly changing altitude
and limited time near the north pole, and because of the multiple
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types of measurements conducted by the MESSENGER
spacecraft, the viewing geometry for the NS sensor was highly
variable. None of the measurement parameters was fully opti-
mized for NS observations. As a consequence, substantial ana-
lysis and data reduction were required to successfully obtain
MESSENGER’s north polar neutron measurements. From pre-
orbit-insertion predictions of the orbital mission ephemeris,
Lawrence et al. (2011) estimated that if the northern perma-
nently shadowed regions contained extensive amounts of water
ice, epithermal neutrons would show a count-rate decrease of
4% or less poleward of 60°–70°N compared with count rates at
lower latitudes. The challenging aspect of this measurement was
that this small signal variation had to be identified on top of
systematic and non-compositional variations of between 200%
and 300%. In addition, because of the spacecraft’s high altitude
(>200 km) above the radar-bright deposits, Lawrence et al.
(2011) concluded that none of the radar-bright deposits would
be individually spatially resolved, but rather the latitudinal
variation of epithermal neutrons would be the primary signature
of a polar hydrogen enhancement.
A full analysis of epithermal and fast neutron data from the

first 10 months of the MESSENGER orbital mission was
presented by Lawrence et al. (2013). The problem of detecting
a <4% signal within the >200% non-compositional variations
was solved by carrying out a quantitative simulation of the NS
neutron-detection performance. This simulation accounted
for the planetary neutron creation and transport with the
Monte Carlo particle transport code MCNPX (Pelowitz
et al., 2005). The neutron transport from the planet to the
spacecraft was calculated from the analytic expressions of
Feldman et al. (1989). Finally, the angular- and energy-depen-
dent response of the NS was modeled with an MCNPX-based
geometry model of the full MESSENGER spacecraft. Further
details of these simulations were given by Lawrence et al.
(2011, 2013).
The measured epithermal neutron count-rate data were com-

pared with simulated rates for two end-member cases of hydro-
gen concentrations within the polar deposits identified by
Earth-based radar: 100 wt% water-equivalent hydrogen (WEH)
and 0 wt% WEH. This comparison is shown in Figure 13.3a,
where the measured and simulated values are plotted versus
latitude. The monotonic equator-to-pole variation is due mostly
to the latitude-dependent radial neutron-velocity Doppler effect
(Feldman and Drake, 1986). This effect is removed (Figure
13.3b) by normalizing both the 100 wt% WEH simulation
results and the measurements to the no-water simulation values.
The dominant remaining signal in the measured epithermal
neutron data is a relative count-rate decrease versus latitude
poleward of approximately latitude 70°N. The magnitude and
latitude profile of this variation closely matches that of the
simulated count rate for a thick, surficial layer of 100 wt%
water ice at all of the radar-bright regions identified from
radar observations (Harmon et al., 2011).
Given the highest-latitude value as the maximum polar sig-

nal, the epithermal neutron data show ameasured polar signal of
0.976 ± 0.0025 (two standard deviations, or 2σ), relative to an
equatorial neutron signal of 1. After accounting for remaining
systematic variations due to background counts from energetic
electron events and possible subsurface temperature variations,

Lawrence et al. (2013) concluded that the epithermal neutron
data provide strong evidence that Mercury’s north polar radar-
bright regions contain high concentrations of hydrogen, consis-
tent with the presence of water ice. If it is assumed that the water
ice is located within the radar-bright regions as a single thick
layer, then the epithermal neutron data are consistent with the
presence of up to 100 wt% WEH within these regions. That the
2σ uncertainty of the measurements extends to a slightly larger
signal than is given for the hydrogen-rich simulation indicates
that the epithermal neutron data are consistent with (but do not
require) a larger total area than is specified by regions identified
as radar-bright by Harmon et al. (2011).
The NS also measured fast neutrons, which depend on hydro-

gen concentration, but with less sensitivity and diagnostic spe-
cificity than epithermal neutrons. Fast neutrons have a different
sensitivity to hydrogen-rich material buried under tens of
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Figure 13.3. (a)Measured (red) and simulated (black, blue) epithermal
neutron count rates averaged over 2°-wide latitude bins and plotted as a
function of latitude. All corrections except for a radial Doppler effect
have been applied to the data. Counts are normalized to the mean count
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epithermal neutron count rates after correcting for the radial Doppler
effect, which is accomplished by normalizing to the simulation with no
hydrogen. From Lawrence et al. (2013).
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centimeters of hydrogen-poor material than epithermal
neutrons, and the combination of epithermal and fast neutron
measurements can constrain the burial depth of a hydrogen-rich
layer under a hydrogen-poor layer (Feldman et al., 2007; Miller
et al., 2014). When the epithermal and fast neutron measure-
ments are combined, the inferred polar hydrogen enhancements
are consistent with an average two-layer stratigraphy
in which the hydrogen concentration in the upper layer is
0–25 wt% WEH, the hydrogen concentration in the lower
layer is 12–100 wt% WEH, and the effective surface density
of the upper layer is 12–35 g/cm2 (Lawrence et al., 2013). If a
typical planetary regolith density of 1.5 g/cm3 is assumed
(Carrier et al., 1991), this surface density corresponds to a
physical thickness of 8–23 cm.
The results from radar and neutron observations give a

consistent picture of the polar deposits. Specifically, the
identification from neutron data of large concentrations of
hydrogen within the radar-bright regions strongly supports
the idea that the high radar backscatter of the polar deposits is
the result of nearly pure water ice (Harmon et al., 2011).
Multi-wavelength radar data also support the interpretation
that the water-rich layer, on average, is buried beneath an
insulating layer of ~10 cm thickness (Harmon et al., 2011).
This thickness falls within the range 8–23 cm inferred from
the neutron data. Finally, because the neutron simulations
used the same locations of radar-bright features as
MESSENGER illumination studies (Chabot et al., 2013;
Deutsch et al., 2016; also Section 13.2.1), the combined
results provide a self-consistent basis for interpreting the
locations of hydrogen, permanent shadow, and radar-bright
deposits.

13.2.3 Laser Reflectance Measurements

MESSENGER’s Mercury Laser Altimeter (MLA) (Cavanaugh
et al., 2007) obtained the first topographic measurements of
Mercury’s surface (Chapter 3), which contributed to identifying
regions of permanent shadow near Mercury’s north pole, as
discussed in Section 13.2.1. Additionally, MLA measured the
reflectance of the surface at the laser wavelength of 1064 nm,
providing key new insights into Mercury’s polar deposits.
The single-beam time-of-flight MLA ranging system mea-

sured the surface elevation at 8 Hz (~400-m intervals) as well as
zero-phase reflectance at 1064-nm wavelength during much of
the orbital mission. Brief (~6 ns) laser pulses with ~20–100-m-
diameter footprints were reflected from the surface and colli-
mated by four telescopes into a single detector photodiode,
converted to an electronic signal, and amplified. As little as
0.1 fJ of detected return signal energy sufficed to make a
range measurement. The laser output, range, and incidence
and emission angles all affect the reflectance intensity, and to
determine the surface reflectance all of these factors must be
considered. The energy of the return pulse as a fraction of the
outgoing laser pulse energy provides the reflectance, which is
obtained by solving the lidar link equation:

Erx ¼ Etxηr
Arx

R2

rs
π
; ð13:1Þ

where Erx is the received signal pulse energy, Etx is the trans-
mitted laser pulse energy, ηr is the receiver optics transmission
at the laser wavelength, Arx is the receiver telescope aperture
area, R is the distance from theMESSENGER spacecraft to the
illuminated surface, and rs is the target surface reflectivity
(relative to a Lambertian sphere, i.e., an ideal, diffusely
reflecting surface). A narrow, 0.3-nm-wide transmission win-
dow rejects almost all background solar radiation. The energy
of the outgoing pulse was measured directly after attenuation
through the laser output turning mirror. In ground testing, the
laser energy varied as a function of temperature from ~14 to 22
mJ and was recorded by the energy monitor with ~10%
precision. The return pulse energy was inferred from the
differential pulse width of detector signal triggers measured
simultaneously at low- and high-voltage thresholds (Sun and
Neumann, 2015). Although less precise than a direct measure-
ment, the dual-threshold detection scheme maximized the
range sensitivity and provided an estimate of pulse spreading
as well. The detector electronics incorporated programmable
gain and threshold settings that allowed operation nominally
between 200 and 1500 km range. Under optimal conditions,
the energy measurement had a 25% precision at one standard
deviation. Ground calibration of detector parameters provided
a conversion of electrical signal to energy. TheMLAmeasure-
ments could be made in complete darkness as well as sunlight
and were virtually unaffected by background solar flux,
but required near-nadir incidence to produce a suitable pulse.
Off-nadir measurements generally involved ranging to longer
distances, which resulted in the laser footprint being wider, its
radiance being fainter, and the higher incidence angle com-
bined with the slope of the terrain spreading the return signal
energy over a longer interval than the response time associated
with the detector circuit. Thus, off-nadir observations often
resulted in signals too low to trigger both thresholds.
Moreover, the steepest poleward-facing slopes are hidden
from MLA measurements, and overall the MLA coverage
was limited by spacecraft geometry. Detection of ground
returns over steep slopes was aided by a matched filter design
for the receiver, allowing detection of surface returns at high
angles but without energy measurements. Over the steepest
and darkest surfaces, the very few dual-threshold returns indi-
cated a very low reflectance.
The north polar region was densely sampled byMLA at nadir

incidence from altitudes of ~250 to 460 km over the course of
four years and more than 4000 orbits. A map of the surface
reflectance (Neumann et al., 2013; Deutsch et al., 2017a) in
regions of high density and good signal determined from
MESSENGER’s full orbital data set is shown in Figure 13.4,
which can be compared with the image mosaic in Figure 13.2.
Reflectance measurements north of 84°N required off-nadir
observations, due to the spacecraft’s orbital inclination, and
hence these measurements are noisier than the nadir observa-
tions at lower latitudes. Along with the reflectance measured
off-nadir, the sampling at latitude >84°N was also sparse,
resulting in an overall degradation of the data quality and an
inability to determine precisely the reflectance contrast in this
northernmost region.
Whereas Mercury’s sunlit regolith in the north polar region

has an average surface reflectivity value rs of 0.17, it is apparent
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from Figure 13.4 that the large majority of permanently sha-
dowed surfaces within polar craters contain material with con-
siderably lower reflectance (rs < 0.1). The low-reflectance
surfaces within the craters are preferentially located on pole-
ward-facing slopes and are not found in regions that experience
direct solar illumination. The lowest reflectance values represent
only an upper bound, because such surfaces attenuate or extin-
guish laser returns to levels below the sensitivity of the detector.
Neumann et al. (2013) noted that, where coverage was available,
all radar-bright regions at latitudes <84°N have low-reflectance
surfaces, a finding confirmed by subsequentMESSENGERMLA
observations from the entire orbital mission.
Examples of craters with low-reflectance shadowed surfaces

are shown in Figure 13.5 for Laxness and Fuller. Portions of
these flat-floored, central-peak craters (Figure 13.5a) have
regions of permanent shadow (Figure 13.5b) and high radar
reflectivity (Figure 13.5c), and in these regions the reflectance
is lower than in the surrounding illuminated areas (Figure
13.5d). The location of the low-reflectance boundary is not
distinctly defined, but the low-reflectance surface includes the
radar-bright region in Figure 13.5c and is generally consistent
with the region of permanent shadow inferred from topography.
Low-reflectance surfaces are also found in many small, sim-

ple craters where pre-MESSENGER thermal models predicted
that water ice could not be stable at the surface or near subsur-
face (Vasavada et al., 1999). The 6-km-diameter, bowl-shaped

crater near Laxness, labeled “L4” in Figure 13.5, is one such
example. The poleward-facing interiors of many similarly sized
craters, even some at latitudes south of 70°N, also have very
low-reflectance signals as measured by MLA. Low-reflectance
surfaces are found in permanently shadowed regions other than
crater interiors, such as on the poleward-facing scarp at 83°N,
270°E, which crosses craters Qiu Ying and Bechet.
Additionally, scattered areas on the northernmost flanks of
some craters also have lower reflectance values in the MLA
map, as is seen for Laxness and Fuller in Figure 13.5. These
areas do not host large regions of permanent shadow, but it is
possible that small shadowed regions, with dimensions below
the spatial resolution of current shadow maps (Mazarico et al.,
2014; Deutsch et al., 2016) or Arecibo observations (Harmon
et al., 2011), are present, perhaps as a result of surface roughness
and the limited sunlight that illuminates this location. In fact, a
gradual poleward darkening of the surface from ~72°N to
~85°N in the MLA reflectance map has been attributed to the
presence of low-reflectance volatile deposits in “micro-scale
cold traps,” which are at spatial scales below those resolved
by MLA (Paige et al., 2014; Neumann et al., 2017). Modeling
suggests that surface roughness can result in an areal fraction for
micro-scale cold traps of up to ~20% for Mercury’s north polar
region (Rubanenko et al., 2017).
In contrast to the low-reflectance surfaces identified within

the majority of permanently shadowed craters, the permanently

Figure 13.4. The bidirectional reflectance (rs) ofMercury’s north polar region at 1064-nmwavelength (Neumann et al., 2013; Deutsch et al., 2017a),
median binned at 0.4-km resolution using nearest-neighbor interpolation. Lower reflectance values within many permanently shadowed craters, such
as Laxness and Fuller, are evident, as are higher-reflectance regions, such as those within Prokofiev. The MLA reflectance measurements in regions
poleward of Prokofiev were acquired at off-nadir viewing geometries and were more limited because of the spacecraft’s orbital inclination.
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shadowed interior of the 112-km-diameter Prokofiev crater
contains an anomalously high-reflectance surface, as seen by
the red area in Figure 13.4. DuringMESSENGER’s second year
of orbital operations, several MLA profiles were obtained with
off-nadir targeting at modest incidence angles (<10°) through
Prokofiev, and these profiles showed areas of enhanced reflec-
tance. The precise boundary of the high-reflectance region is
not well resolved, but the average reflectance in this region
is rs = 0.3, unusually high for Mercury, and is interpreted as
indicating a surface exposure of water ice (Neumann et al.,
2013). The northernmost large craters, Kandinsky, Tolkien,
Chesterton, and Tryggvadóttir (Figure 13.2), which have per-
manently shadowed interiors conducive to stable surface water
ice (Paige et al., 2013; Section 13.2.4), also display evidence for
high-reflectance surfaces (Deutsch et al., 2017a) but from more
limited and scattered MLA reflectance data than Prokofiev, as
seen in Figure 13.4. Additionally, four small but resolvable
areas 2–5 km in diameter within 8° of Mercury’s north pole

have been shown to exhibit clusters of high MLA reflectance
values, consistent with the presence of surface ice exposed in
small cold traps in these locations (Deutsch et al., 2017a).
Overall, the MLA reflectance map shows an increase in the
latitudinally averaged reflectance value from ~85°N to
Mercury’s north pole, interpreted to be the result of increasing
amounts of surface water ice present in micro-scale cold traps
(Neumann et al., 2017).
MLA topography and reflectance measurements for the low-

reflectance surface observed in Fuller crater and the high-reflec-
tance surface detected in Prokofiev crater are shown in Figure
13.6. As shown in Figure 13.6a for Fuller, the ~2-km-deep
crater wall on the left is too steep (>27° slope) for successful
reflectancemeasurements, but the interior has reflectance values
lower than the surrounding plains by a factor of at least 2. For
Prokofiev (Figure 13.6b), the steeper walls of the crater have
low reflectance, but the floor has much higher reflectance than
the surroundings.

Figure 13.5. (a) MLA topography of complex
craters Laxness (26-km diameter) and Fuller (27-
km diameter) and a 6-km-diameter crater northeast
of Laxness denoted L4. Red circles denote rim
crests. Polar stereographic projection of height
relative to a 2440-km-radius spherical datum. (b)
Percentage of time illuminated by sunlight
determined fromMLA topography (Mazarico et al.,
2014; Deutsch et al., 2016). (c) Radar reflectivity
(Harmon et al., 2011). Contours of topography are
shown at 0.2-km intervals. (d) MLA reflectance
(rs). Dashed lines show the location of the profile
through Fuller in Figure 13.6.
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13.2.4 Thermal Modeling Results

Measurements fromMLA enabled major advances in construct-
ing thermal models of Mercury’s surface and near surface from
the measured topography (Chapter 3). Previous thermal model-
ing work had necessarily relied on idealized crater shapes (Paige
et al., 1992; Ingersoll et al., 1992; Salvail and Fanale, 1994;
Vasavada et al., 1999). MESSENGER’s MLA measurements
led to the production of a digital elevation model that was used
for thermal model calculations of Mercury’s north polar region
(Paige et al., 2013). The thermal model results were obtained
from three-dimensional ray-tracing calculations that yielded
surface and near-surface temperatures, as described by Paige
et al. (2013), and were similar to thermal models determined
earlier for the Moon (Paige et al., 2010). The resulting biannual
maximum surface temperatures and biannual average tempera-
tures at 2-cm depth are shown in Figure 13.7. Biannual maxima
and averages are shown because it takes Mercury two orbits
about the Sun to complete the full thermal cycle experienced by
the planet. The results in Figure 13.7 are similar to those pub-
lished by Paige et al. (2013) but generated from an MLA-
derived DEM with more complete coverage than was available
previously.
The thermal model results indicate that the maximum surface

temperatures in large craters at high latitudes are sufficiently
low to permit water ice deposits to be stable at the surface for

geologically long intervals (Figure 13.7c). The results suggest
that substantial water ice may be expected on the surfaces of the
interiors of craters Kandinsky, Tolkien, Chesterton,
Tryggvadóttir, and Prokofiev (Figure 13.2), consistent with the
observation of higher surface reflectance values measured by
MLA in these permanently shadowed regions (Figure 13.4).
However, the results also show that the majority of permanently
shadowed craters near Mercury’s north pole experience biann-
ual maximum surface temperatures that are greater than ~110 K,
values too high for water ice to be stable at the surface (Figure
13.7c).
On Mercury, biannual average temperatures can be inter-

preted as close approximations to the nearly constant subsurface
temperatures that exist below the penetration depths of the
diurnal temperature wave, which is tens of centimeters for a
lunar-like regolith (Paige et al., 2013). Many permanently sha-
dowed craters in Mercury’s north polar region have average
temperatures conducive to the thermal stability of subsurface
water ice (Figure 13.7c), and these locations correlate with
regions that are also radar-bright (Figure 13.7d). Conversely,
regions with average temperatures higher than ~110 K are not
observed to host substantial radar-bright deposits (Paige et al.,
2013). This result suggests that the radar-bright deposits are
dominantly composed of a volatile species that is not thermally
stable at temperatures higher than 110 K, providing strong
evidence for water ice as the major component of Mercury’s
polar deposits.
Additionally, in these locations conducive to the thermal

stability of subsurface water ice, MLA measurements consis-
tently have shown low-reflectance surfaces (Figure 13.4).
Comparison of the MLA reflectance measurements with the
thermal model results indicate that low-reflectance surfaces
are absent in regions with biannual average temperatures greater
than 210 K and biannual maximum temperatures greater
than 300 K, leading to the conclusion that the distribution of
low-reflectance substances must be controlled by the presence
of volatile compounds that are not thermally stable above these
temperatures (Paige et al., 2013). Combining the evidence for
subsurface water ice with that for a low-reflectance layer of a
higher volatility temperature, Paige et al. (2013) concluded that
the low-reflectance deposits form as sublimation lags, even-
tually insulating the water ice below, similar to the earlier
suggestion of Vasavada et al. (1999) that the ice deposits
might sublimate until their contaminant load formed thin insu-
lating layers. In such a scenario, a source of both water ice and
low-reflectance volatiles is required, both of which migrate to
the polar cold traps, leading to the suggestion that the low-
reflectance volatiles, stable only below ~300 K, are organic-
rich compounds derived from asteroidal or cometary impacts
(Paige et al., 2013). Figure 13.8 (Zhang and Paige, 2009, 2010)
illustrates that a range of organic compounds found in primitive
meteorites (Botta and Bada, 2002), such as aromatic hydrocar-
bons, linear amides, and carboxylic acids, are potential com-
pounds to consider for the identity of the low-reflectance layer
covering most of Mercury’s polar deposits.
One important issue to address with future thermal models is

that of small simple craters. On the basis of pre-MESSENGER
thermal models, derived for idealized bowl-shaped craters,
it was concluded that simple craters on Mercury (<10-km
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diameter) could not host long-lived water ice except if located
within 2° of the pole (Vasavada et al., 1999). Yet mapping of
radar-bright host craters (Section 13.2.1) indicates that many
small craters contain radar-bright deposits, and MLA

measurements show these deposits to have low-reflectance sur-
faces (Figure 13.5, Section 13.2.3). Such craters are shallower
(Ernst et al., 2014) than was assumed for the earlier thermal
models. Thermal models based on MESSENGER

Figure 13.7. Results from thermal model calculations (Paige et al., 2013) for (a) biannual maximum surface temperatures and (b) biannual
average surface temperatures at 2-cm depth for Mercury’s north polar region. (c) Calculated depths at which water ice would be lost to sublimation at
a rate of less than 1 kg m−2 per billion years given an insulating cover of lunar-like regolith; white regions indicate locations where water ice is
thermally stable at the surface, and colored regions show the minimum depths at which water ice must be buried below the surface to be thermally
stable. (d) Arecibo radar image from Harmon et al. (2011), to which the figure in (c) bears strong resemblance.
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measurements of the topography of these small simple craters
can yield insight into whether such craters can provide long-
term stable environments for water ice or whether Mercury’s
water ice must be relatively young. Extending thermal models to
cover the potentially challenging thermal environments experi-
enced by the lowest-latitude craters that host radar-bright mate-
rial, such as Egonu and Monk (Figure 13.2), could also provide
insights into water ice stability on Mercury.
Currently, no thermal model calculations that include

Mercury’s surface topography have been performed for
Mercury’s south polar region, since MLA measurements were
limited largely to Mercury’s northern hemisphere. Studies with
MDIS-derived DEMs, and suitable assumptions to deal with
permanently shadowed surfaces within such DEMs, may yield
thermal modeling results for Mercury’s south polar region and
enable comparison with the north polar results.

13.2.5 Direct Imaging of Polar Deposits

Directly imaging the permanently shadowed surfaces of
radar-bright deposits was not a measurement objective of
MESSENGER’s one-year primary mission nor a required mea-
surement for the MDIS instrument. However, as the spacecraft
continued to operate and the mission was given extensions
(Chapter 1), new measurement objectives were added, and
one such addition was a campaign to image the surfaces of
Mercury’s polar deposits. Such observations are challenging,
as the permanently shadowed surface is illuminated only by
very low amounts of sunlight scattered off nearby terrain.
Similar imaging had successfully revealed the permanently
shadowed surfaces inside lunar craters (Haruyama et al., 2008;
Speyerer and Robinson, 2013), indicating that attempts by
MESSENGER might be successful. The MDIS WAC was
equipped with 11 narrow-band filters (4–20-nm bandpasses)
and one broadband clear filter (600-nm bandpass) centered at
700 nm (Hawkins et al., 2007). Designed with the main purpose
of obtaining calibration images of stars, the WAC broadband

filter yielded images that quickly saturated when viewing
Mercury’s sunlit surface but provided high sensitivity to the
low light levels necessary to image shadowed regions. To reveal
details within shadowed areas, such regions had to be targeted
on the edge of the WAC charge-coupled device (CCD) that was
read out first, so that the low signal would not be compromised
by saturation effects from the surrounding saturated terrain.
With this approach, MESSENGER was able to image the
radar-bright surfaces within a number of north polar craters;
the spacecraft’s highly eccentric orbit, with an altitude about 20
times higher above the south polar region than the north, did not
enable a similar WAC broadband imaging campaign for
Mercury’s south polar radar-bright deposits.
The largest crater that hosts extensive radar-bright deposits in

Mercury’s north polar region is Prokofiev (112 km in diameter),
the shadowed interior of which, as discussed above, exhibits
evidence for surficial water ice, on the basis of high MLA
reflectance measurements (Neumann et al., 2013) and thermal
model predictions for water ice stability (Paige et al., 2013).
Two WAC broadband images revealed that a portion of
Prokofiev’s floor has a higher reflectance than the surrounding
surface (Chabot et al., 2014), as seen in Figure 13.9. The higher-
reflectance surface is located in the portion of Prokofiev that
hosts the large radar-bright deposit, consistent with surface
water ice at this location. In the WAC broadband images, the
higher-reflectance region has only 4–5% greater relative reflec-
tance than the immediately neighboring surface, but the illumi-
nation conditions during these images are complicated: grazing
sunlight at high solar incidence angles scatters off multiple
surfaces, contributing to the combined illumination on each
portion of the scene. Given the complex illumination condi-
tions, the determination of absolute reflectance values from
the WAC broadband images would require highly detailed
modeling of the multiply scattered sunlight incident on each
surface. In contrast, MLA measurements were obtained at a
phase angle of zero and provided a more direct measurement
of absolute reflectance values for regions within Prokofiev.
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Such measurements indicate that the geometric albedo within
the radar-bright region of Prokofiev is approximately a factor of
2 higher than Mercury’s average surface value at the near-
infrared wavelength of the laser (Neumann et al., 2013).
The WAC broadband images also reveal the surface texture

of the radar-bright region in Prokofiev. At the 85 m/pixel scale
of the images, the surface texture appears similar to that seen on
the neighboring portions of the crater floor that regularly receive
direct solar illumination. This result indicates that if the higher-
reflectance region is water ice exposed at the surface, its thick-
ness does not noticeably affect the texture of the surface at this
scale. In particular, the water ice is not sufficiently thick to make
the covered surface appear smoother than the uncovered surface
at 85 m/pixel. Small craters dominate the surface within
Prokofiev, and yet the higher-reflectance region is fairly uni-
form in its surface reflectance properties. The images do not
show evidence that higher-reflectance material is covered in
local regions by ejecta from any of the small craters widely
distributed across the floor of Prokofiev. This observation sug-
gests that the higher-reflectance material in Prokofiev was
emplaced after the small craters formed.
The higher-reflectance region in Prokofiev identified in the

WAC broadband images is located within but is slightly smaller
than the radar-bright region, as seen in Figure 13.9c. The higher-

reflectance surface is offset inward by ~3 km relative to the
boundary of the radar-bright deposit, and the intervening ~3-
km-wide region has a relative reflectance that is not distinguish-
able from the portions of Prokofiev’s floor that receive direct
solar illumination. Studies of mare–highland contacts on the
Moon indicate that impact gardening has achieved lateral trans-
port over a scale of ~4–5 km (Li and Mustard, 2000), a scale
comparable to the difference in boundary position between the
higher-reflectance and the radar-bright regions in Prokofiev.
Lateral mixing at lunar mare–highland contacts has operated
over billions of years. It is possible that the higher frequency and
generally higher velocity of impacts at Mercury relative to the
Moon (Cintala, 1992; Borin et al., 2009, 2016) or a sufficiently
thin deposit within Prokofiev could yield similar lateral trans-
port effects on a shorter timescale. In general, if the ~3-km
offset boundary between the higher-reflectance and radar-bright
regions in Prokofiev is the result of lateral mixing having cov-
ered the outermost edge of surface ice with regolith, the empla-
cement of the water ice occurred sufficiently far in the past to
allow the effects of lateral transport to develop undisturbed.
Alternatively, the thermal environment in Prokofiev may sup-
port a large area of surface ice surrounded by a marginal zone of
subsurface ice, which is a general pattern often predicted in
thermal models (Paige et al., 2010, 2013). Up to now, thermal

Figure 13.9. Prokofiev (112-km diameter) crater, with the rim outlined in cyan. All images are in stereographic projection about the north pole,
with 180°E to the top. (a) Arecibo radar data are shown in yellow (Harmon et al., 2011); variations in radar backscatter across the permanently
shadowed portion of the crater floor are related to topography. Two WAC broadband images, (b) EW1020581108B and (c) EW1019169411B, for
which sunlit portions are saturated, reveal a higher-reflectance surface for the permanently shadowed, radar-bright region (Chabot et al., 2014). The
pink arrows denote the approximately 3-km offset between the outer boundaries of the radar-bright region and the higher-reflectance surface.
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models have focused on global studies ofMercury’s entire north
polar region (Paige et al., 2013), and the precise region of
permanent shadow within Prokofiev has not been determined
with sufficient accuracy to address this offset region (Deutsch
et al., 2016). A higher-resolution, localized study of the topo-
graphy and thermal conditions in the Prokofiev region, at a scale
approaching that of theWAC broadband images, would provide
information key to interpreting the 3-km offset observed
between the higher-reflectance and radar-bright regions.
WAC broadband images were also obtained of the radar-

bright, permanently shadowed interiors of the four largest cra-
ters nearest Mercury’s north pole: Chesterton, Kandinsky,
Tolkien, and Tryggvadóttir (Figure 13.2). Although thermal
models predict that these four craters, like Prokofiev, are cap-
able of sustaining long-lived water ice at the surface (Figure
13.7c), the WAC broadband images showed that the floors of
these craters do not look atypical forMercury, and, in contrast to
Prokofiev, no clear regions of differing reflectance properties
were noted (Chabot et al., 2014). However, unlike Prokofiev,
the entire floors of these high-latitude craters are in permanent
shadow, so clear reflectance boundaries across their floors are
not expected. Thus, the current analysis of the WAC broadband
images of these four craters neither supports nor negates the
possibility that water ice is exposed at the surface in these
locations.
In contrast to Prokofiev and the few other large craters nearest

Mercury’s north pole, the polar deposits in the large majority of
host craters have low-reflectance surfaces as measured by MLA
at 1064 nm (Neumann et al., 2013) and are predicted to sustain
long-lived water ice only if covered by an insulating layer a few
tens of centimeters in thickness (Paige et al., 2013). As dis-
cussed above, this evidence has led to the interpretation that the
insulating layer is a lag deposit composed of low-reflectance,
cold-trapped, organic-rich volatile compounds stable at tem-
peratures somewhat higher than water ice (Figure 13.8). WAC
broadband images were acquired for many of these lower-lati-
tude craters and, in total, reveal numerous examples of radar-
bright locations with low-reflectance surfaces (Chabot et al.,
2014, 2016). In the images, the low-reflectance surfaces are
~20% lower in relative reflectance than the nearby crater floor,
but, as discussed for Prokofiev, the complex illumination con-
ditions during these images complicates any determination of
absolute reflectance values. The zero-phase-angle MLA reflec-
tance measurements are better suited to provide this information
and indicate that the low-reflectance deposits are approximately
a factor of 2 lower in reflectance thanMercury’s average surface
(Neumann et al., 2013).
The best images of low-reflectance, radar-bright deposits

were obtained during the final year of MESSENGER’s orbital
operations, when data were acquired at lower altitudes than in
prior years (Chapter 1). The low altitudes enabled data sets of
progressively higher spatial resolution for many instruments,
including WAC broadband imaging within Mercury’s sha-
dowed polar craters. The low-altitude imaging opportunities
were limited in area, however, and did not enable higher-resolu-
tion imaging within Prokofiev or other high-latitude craters.
However, WAC broadband images were acquired of lower-
latitude craters at resolutions as good as 24 m/pixel (Chabot
et al., 2016), with examples shown in Figure 13.10.

A striking feature observed in the WAC broadband images of
the low-reflectance deposits is the sharpness of the boundaries.
These well-defined boundaries of the low-reflectance deposits
align extremely closely with the boundaries of the permanently
shadowed regions. In many cases, the boundaries of the radar-
bright deposits are also similar, but in some locations, such as at
Fuller crater, Arecibo radar data do not indicate an extensive
radar-bright signal in the crater (Figure 13.2), but the crater
shows a sizable low-reflectance deposit (Figure 13.10a).
Though an absence of ice in such craters is one possibility,
viewing or detection limitations of the radar observations can
also affect the completeness of the identification of radar-bright
features in Arecibo images. In fact, all of the 35 distinct craters
with permanently shadowed surfaces revealed during the low-
altitude imaging campaign show low-reflectance surfaces with
well-defined boundaries (Chabot et al., 2016). This observation
supports the suggestion that all of Mercury’s available cold
traps are occupied by volatiles. The well-defined boundaries
of the low-reflectance deposits are not confined to topographic
lows. To the contrary, the low-reflectance boundaries shown in
Figure 13.10 extend up crater walls to just below the rim,
notwithstanding that elsewhere on Mercury relatively bright
material can be exposed on crater walls by slumping.
Transects of relative surface brightness across the boundaries
of the low-reflectance deposits show a transition zone approxi-
mately 400-mwide with intermediate brightness values (Chabot
et al., 2016). This transition zone could be due to mixing
between the low-reflectance compounds and regolith, or it
could be due to variations in the amount of sunlit and perma-
nently shadowed areas in this region on a scale smaller than the
spatial resolution of the images.
If impact gardening of a low-reflectance deposit tens of

centimeters thick exposed or thermally disturbed an underlying
layer of water ice, any water ice exposed at the surface would
quickly sublimate (1 m in 1 Myr at 130 K, and 1 m in 1000 yr at
150 K; Vasavada et al., 1999; Paige et al., 2013). While rapidly
restoring the disturbed region to a stable configuration, new lag
deposits of low-reflectance compounds would likely be formed,
and this ongoing process could continually maintain well-
defined boundaries. Such a process would not be active in colder
permanently shadowed regions where water ice is stable at the
surface, such as in Prokofiev, and hence it might account for the
difference between the 3-km offset of the boundaries between
the higher-reflectance region and the radar-bright material in
Prokofiev and the sharp boundaries of the low-reflectance
deposits in other craters. Regardless of the precise process, the
well-defined boundaries of the low-reflectance deposits, even
when imaged at resolutions of tens of meters, support the con-
clusion that the low-reflectance deposits are geologically young
relative to the timescale for lateral mixing by impacts. This
inference points either to delivery of volatiles to Mercury in
the geologically recent past or to an ongoing process that
restores the deposits and maintains sharp boundaries.
From the first WAC broadband images to resolve the low-

reflectance deposits, Chabot et al. (2014) concluded that the
reflectance of the deposits appeared uniform rather than patchy.
However, subsequent higher-resolution WAC broadband
images revealed that the low-reflectance deposits do display
variations in brightness, such as seen in the example images of
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Ensor and Laxness in Figures 13.10c and 13.10d. In some
craters, these brightness variations are correlated with variations
in the modeled biannual maximum surface temperature, sug-
gesting that the brightness variations are thermally controlled
(Chabot et al., 2016). Control of surface reflectance variations
by temperature could be the result of multiple volatile species
that differ in reflectance and are stable to different maximum
temperatures, implying the presence of multiple low-reflectance
volatile compounds within Mercury’s polar deposits. In con-
trast, in other craters, some of the small-scale brightness varia-
tions look as if they could be related to small impact craters that
have disturbed the surfaces of the low-reflectance regions
(Chabot et al., 2016), and such an observation may be incon-
sistent with these deposits being geologically young, as sug-
gested by their well-defined boundaries. Higher-resolution

localized topography and thermal modeling studies of these
craters could provide additional insights for interpreting the
evolution of the low-reflectance deposits.

13.3 IMPLICATIONS

13.3.1 Evaluation of Pre-MESSENGER Hypotheses

Measurements and observations by multiple MESSENGER
instruments, specifically NS, MLA, and MDIS, have greatly
increased our knowledge about Mercury’s polar deposits. These
new data sets, combined with the Earth-based radar observations
and thermal modeling results, enable an evaluation of previously
proposed hypotheses for the composition of the polar deposits.

Figure 13.10. MDIS WAC broadband images, outlined in green, of Mercury’s low-reflectance polar deposits (Chabot et al., 2016). Crater rims
are outlined in magenta. All images are in stereographic projection about the north pole, with 180°E to the top. (a) Fuller crater (27-km diameter,
82.63°N, 317.35°E, EW1047206595B). (b) Unnamed crater at 80.30°N, 293.47°E (18-km diameter, EW1068017709B). (c) Ensor crater (25-km
diameter, 82.32°N, 342.47°E, EW1051458815B). (d) Laxness crater (26-km diameter, 83.27°N, 309.96°E, EW1052529039B).
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One proposed hypothesis was that Mercury’s polar deposits
are composed largely of elemental sulfur (Sprague et al., 1995).
Sprague et al. (1995) preferred sulfur rather than water ice as the
material in Mercury’s polar deposits because of its stability to
slightly higher temperatures and because there were good rea-
sons to expect a sufficient abundance of sulfur at Mercury.
Indeed, once MESSENGER entered orbit about Mercury and
obtained compositional measurements of the surface, a high
level of 1–4 wt% sulfur was discovered (Nittler et al., 2011).
Although sulfur is now confirmed to be present on Mercury’s
surface, there is no quantitative study showing that a layer of
elemental sulfur would create the high reflectivity and circular
polarization ratio measured by the Earth-based radar observa-
tions, such as modeled by Black et al. (2001) for water ice on the
Galilean satellites. Further, the complete sublimation of a 1-m-
thick deposit of elemental sulfur over 1 Gyr would require a
surface temperature of ~220 K, which is considerably higher
than the corresponding ~110 K temperature for water ice
(Vasavada et al., 1999). Whereas the higher stability tempera-
ture could support long-lived deposits even in the higher tem-
peratures experienced within small simple craters (Vasavada
et al., 1999), it also supports a polar cap of elemental sulfur
exposed at the surface within 1° latitude of the pole and buried
beneath the surface within 4° latitude of the pole (Butler, 1997;
Vasavada et al., 1999). Neither Earth-based radar observations
nor MESSENGER data sets support the existence of such an
exposed or buried polar cap at either Mercury’s north or south
poles, however. In particular, the radar-bright regions identified
from the highest-resolution radar images (Harmon et al., 2011)
collocate with permanently shadowed regions even very near
the pole (Figures 13.1 and 13.2), suggesting that the volatiles
that compose the polar deposits require the colder thermal
environments provided by the permanently shadowed regions.
Additionally, MESSENGER’s discovery of high-reflectance
surfaces within craters that thermally can support long-lived
water ice at the surface but low-reflectance surfaces for craters
whose temperatures require water ice to be buried to be stable
(Figures 13.4 and 13.7) indicates a transition temperature for the
volatile material that is consistent with that of water ice but not
with the higher stability temperature of sulfur. Lastly,
MESSENGER’s detection of enhanced hydrogen in Mercury’s
north polar region (Figure 13.3) is strong evidence that water ice
is the dominant volatile in Mercury’s polar deposits; polar
deposits of sulfur provide no explanation for the enhanced
polar hydrogen measured by MESSENGER.
Another hypothesis proposed forMercury’s radar-bright mate-

rials is that the high-radar-backscatter signals originate from the
altered dielectric properties of silicates by very low temperatures
(Starukhina, 2001). Although this hypothesis is consistent with
the fact that the radar-bright materials are found in locations that
experience the lowest temperatures on Mercury, it is not the best
explanation for other observations. For example, the permanently
shadowed regions of the Moon, which are even colder than those
on Mercury (Paige et al., 2010), lack similar strong radar-back-
scatter signals, though this difference has been suggested as due
to the different silicate compositions of the two bodies
(Starukhina, 2001). However, the altered-dielectric-properties
hypothesis does not offer an explanation for the high-reflectance
and low-reflectance surfaces measured in the radar-bright regions

by the MLA and MDIS instruments. Finally, enhanced polar
hydrogen abundances are not predicted by the altered-dielec-
tric-properties hypothesis, as this hypothesis predicts no compo-
sitional difference between neighboring radar-bright and non-
radar-bright surfaces.
The original hypothesis put forward to explain the first radar

detections (Slade et al., 1992; Harmon and Slade, 1992; Butler
et al., 1993) was that Mercury’s polar deposits are dominantly
composed of water ice, and multiple MESSENGER observa-
tions now provide further support for this interpretation. The
enhanced hydrogen abundance measured in Mercury’s north
polar region by MESSENGER’s NS is strong evidence for the
presence of water ice (Lawrence et al., 2013). The determination
that radar-bright deposits in both Mercury’s north and south
polar regions lie within regions of permanent shadow (Chabot
et al., 2012, 2013; Mazarico et al., 2014; Deutsch et al., 2016) is
consistent with the prediction of the water ice hypothesis.
Thermal modeling with theMESSENGER-determined topogra-
phy of Mercury’s north polar region shows that the permanently
shadowed regions have temperatures conducive to the long-
lived stability of water ice deposits, either at the surface or in
the near subsurface (Paige et al., 2013). Additionally, in regions
where thermal models predict that surface water ice would be
stable, higher reflectance surfaces are observed by both active
near-infrared reflectance measurements by MLA (Neumann
et al., 2013; Deutsch et al., 2017a) and visible-wavelength
imaging by MDIS (Chabot et al., 2014) and are interpreted as
evidence for water ice exposed at the surface. In regions where
the thermal models predict that water ice is stable only if buried
a few tens of centimeters below the surface, the same measure-
ments reveal low-reflectance surfaces, interpreted to be a thin
covering of volatile, organic-rich material that developed as a
sublimation lag deposit and that insulates the water ice beneath
it. Thus, the body of evidence from Earth-based radar and
MESSENGER observations provide complementary and com-
pelling evidence to answer MESSENGER’s major science
question: “What are the radar-reflective materials at Mercury’s
poles?” Mercury’s polar deposits are dominantly composed of
water ice.

13.3.2 Constraints on the Source of Mercury’s
Polar Water Ice Deposits

MESSENGER’s observations of Mercury’s polar deposits pro-
vide more than just evidence that the deposits are composed of
water ice. Data fromMESSENGER also yield new insights into
the source, and hence the age and evolution, of water ice on
Mercury and the history of volatiles in the inner solar system.
Below are four key constraints, followed by discussion of the
implications and consideration of the possible sources of
Mercury’s polar water ice deposits.

13.3.2.1 Constraints

(1) Mercury’s Polar Deposits Are Dominantly
but Not Solely Water Ice
One of the key new insights obtained from MESSENGER data
is that although Mercury’s polar deposits are dominantly water
ice, they also contain other volatile materials. Although there
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are no measurements of the composition of these other vola-
tiles, they are thought to be the key constituents of the low-
reflectance insulating layer observed in permanently sha-
dowed regions that have surface temperatures greater than
~110 K, where surface water ice is not stable. The surfaces
of this material have very low reflectance values, approxi-
mately half that of Mercury’s normal regolith surface as
measured by MLA at 1064 nm (Neumann et al., 2013), and
surface brightness variations suggest the presence of multiple
low-reflectance compounds in the deposits (Chabot et al.,
2016). The low-reflectance surfaces are located only in
permanently shadowed regions, suggesting that the low-
reflectance layer is not stable in environments with maximum
temperatures exceeding ~300 K. These combined observa-
tions support the hypothesis that the low-reflectance layers
are composed of carbon-rich materials that have low reflec-
tance values, and, while volatile, are stable to higher tempera-
tures than water ice (Paige et al., 2013). Organic compounds
vary widely in their volatilities, but those that are stable to
sublimation at higher temperatures than water ice are complex
and have high molecular weights, in contrast with most simple
organic compounds, which are more volatile than water
(Figure 13.8; Zhang and Paige, 2009, 2010). Such complex
organic molecules are found in primitive meteorites (Botta
and Bada, 2002), leading Zhang and Paige (2009, 2010) to
suggest that if such materials were found in the polar cold
traps on Mercury or the Moon, an impact origin for their
source would be implied. The formation of higher-order
organic compounds in Mercury’s polar deposits through the
chemical processing of simple ices by energetic magneto-
spheric particles, GCRs, and other sources has also been
suggested (Crites et al., 2013; Delitsky et al., 2017). Paige
et al. (2013) proposed that the low-reflectance layers could
have formed rapidly after an impact on Mercury delivered
both water and organic compounds to cold traps in the same
permanently shaded locations. Subsequent evolution of these
cold traps would have favored the sublimation of near-surface
water ice, leaving a surface lag of complex organic material
having higher volatility temperature and lower reflectance.
Simulations of large impact events suggest that most of this
organic material would be destroyed during the impact, but
some fraction may survive, depending on impact conditions
(Pierazzo and Chyba, 1999, 2006), though such simulations
have not yet been specifically conducted for Mercury.
The presence of volatile materials other than water ice is an

important constraint on the source of Mercury’s polar deposits.
If Mercury’s water were predominantly formed by interaction
of surface regolith with protons from the solar wind, such
interactions would produce OH or H2O but the production of
other volatiles is not predicted (McCord et al., 2011).
Outgassing of volatile materials from Mercury’s interior is

also an option for the source of Mercury’s polar deposits.
MESSENGER found considerable evidence for past volcanic
activity on Mercury, including features interpreted as vents
surrounded by pyroclastic deposits interpreted to be the pro-
duct of explosive volcanic eruptions driven by exsolution of
volatiles in ascending magma (Chapter 11). Additionally,
MESSENGER determined that Mercury is not depleted in
volatile elements, with both sulfur and carbon measured on

the surface (Chapter 2). Graphite and amorphous carbon are
not volatile but rather stable at temperatures across Mercury’s
surface (Bruck Syal et al., 2015), whereas the volatility tem-
peratures of CO2 and SO2 are lower than that of H2O, as are
those of simple C-bearing molecules (Figure 13.8; Zhang and
Paige, 2009, 2010). Hence, such materials cannot account for
the low-reflectance surfaces observed on Mercury’s polar
deposits. However, elemental S is volatile but also stable to
a higher temperature, as noted by Sprague et al. (1995) and
shown on Figure 13.8, generally consistent with the biannual
maximum surface temperatures experienced by the low-
reflectance deposits.

Although indirect evidence supports the inference that the
low-reflectance volatiles are organic compounds, determining
the chemical and molecular composition of the low-reflectance
volatile material would resolve this question and provide critical
information on the source and evolution of Mercury’s water ice
deposits.

(2) Mercury’s Polar Deposits Have Distinct Surface
Reflectance Values and Sharp Boundaries
Another key new observation from MESSENGER about
Mercury’s polar deposits is that the surfaces of the deposits
have distinctive reflectance characteristics that differ from the
rest of Mercury’s surface. The existence of these reflectance
differences, and the fact that regolith gardening or other pro-
cesses have not destroyed them, provides a constraint on the age
of the deposits. Crider and Killen (2005) modeled the burial of
water ice on Mercury through regolith emplacement and con-
cluded that 20 cm of regolith would cover the water ice deposits
in <50 Myr if water ice is lost from Mercury’s surface by
meteoroid impacts. Whereas migration simulations suggest
that 98% of water molecules in polar cold traps are likely to
recondense in those traps if disturbed (Butler et al., 1993),
rendering the specific age estimated by Crider and Killen
(2005) uncertain, MESSENGER observations indicate that
Mercury’s polar deposits are not dominantly buried by regolith
but rather by material lower in reflectance than normal regolith,
and the low-reflectance deposits show well-defined boundaries
(Figure 13.10). The preservation of these distinctive reflectance
properties and sharp boundaries indicates a geologically young
age for the deposits.
The purity of the water ice exposed on the floor of Prokofiev

is not known, but laboratory studies indicate that, depending on
the ice particle size and viewing conditions, ice concentrations
less than ~50% do not provide strong effects on the reflectance
at visible to near-infrared wavelengths (Yoldi et al., 2015).
Thus, since MLA zero-phase-angle observations and MDIS
high-phase-angle imaging were both able to detect the higher-
reflectance surface within Prokofiev, the majority of the surface
must be composed of exposed water ice, placing a limit on the
silicate regolith mixed into the region. Additionally, the tem-
peratures within Prokofiev are sufficiently low that water mole-
cules have very little diffusive mobility, and hence a diffusion
process cannot account for the high-reflectance surface (Paige
et al., 2013).
Other processes that would alter the water ice deposits on

Mercury have also been proposed, including destruction by
Lyman alpha photodissociation (Morgan and Shemansky,
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1991), organic synthesis within ice bombarded by GCRs and
solar energetic particles (Crites et al., 2013; Delitsky et al.,
2017), and chemical reactions induced by magnetospheric
charged particles funneled onto Mercury’s surface at high lati-
tudes that could produce organic compounds and dark refractory
materials in the ice (Delitsky et al., 2017). Of these potential
energy inputs that might initiate chemical reactions in Mercury’s
polar ices to yield new heavier-molecular-weight organic pro-
ducts, Delistky et al. (2017) concluded that magnetospheric par-
ticle energy deposition is two ormore orders of magnitude greater
than each of the other potential energy sources. However, the fact
that Mercury has polar deposits with both higher-reflectance
surfaces, such as in Prokofiev (Figure 13.9), and lower-reflec-
tance surfaces, such as shown in Figure 13.10, argues against the
idea that the surface reflectance of the deposits is produced
dominantly by a weathering or alteration process, which would
be expected to affect all of Mercury’s polar deposits in a rela-
tively uniformmanner. Instead, thewell-preserved surface reflec-
tance properties, with both high- and low-reflectance surfaces,
and the sharp boundaries of the polar deposits suggest that they
are geologically young. The implication for the source of the
water ice is that the material was either recently delivered to the
planet or is actively refreshed and maintained, either from exter-
nal sources or local redistribution.

(3) Mercury’s Polar Deposits Are Relatively Pure
and Extensive
The conclusion that Mercury’s polar deposits are relatively pure
water ice is not a new inference, but it remains an important
constraint on the source, age, and evolution of water ice on
Mercury. Radar observations of materials with a high circular
polarization ratio and high radar reflectivity are indicative of icy
materials on other solar system objects. Such deposits produce
coherent backscatter effects from the essentially transparent
nature of ice at radar wavelengths that results in multiple
volume scattering with little radar energy absorption (Hapke,
1990; Hapke and Blewett, 1991). The volume scattering occurs
from variations in density, which can be caused by silicate
inclusions or fractures and voids. However, calculations indi-
cate that to match the observed radar properties fromMercury’s
north polar region, even a small volume fraction of silicates
mixed with the ice would contribute substantial absorption,
leading to the conclusion that the ice inMercury’s polar deposits
must be nearly pure, estimated at less than ~5% silicates by
volume (Butler et al., 1993). The high radar reflectivity and
circular polarization ratio have been observed at radar wave-
lengths of 3.5, 12.6, and 70 cm. If many multiple scatterings are
required to yield the bright radar returns, then the scattering
layer must be many wavelengths thick, implying that the ice has
a minimum thickness of several meters (Black et al., 2010).
However, the maximum possible thickness of Mercury’s water
ice deposits is poorly constrained by radar or MESSENGER
observations and has been estimated to range from a few hun-
dreds of meters to tens of meters or less (Section 13.2.1).
That Mercury’s extensive water ice is relatively pure has also

been interpreted to suggest that the water ice was likely depos-
ited over a relatively short time period, because silicate particles
would otherwise be present in larger amounts within the depos-
its (Butler et al., 1993). An episodic source, such as the impact

of a large comet or asteroid, is favored by such an argument,
rather than a more nearly continuous source forMercury’s water
ice. More continuous sources, such as sustained planetary out-
gassing or micrometeoroid delivery, are less likely to build up
relatively pure water ice deposits, given that regolith gardening
processes operate concurrently. However, the ability to produce
pure water ice deposits would depend on the specific rates for all
processes involved in the evolution of the deposits. Specific
models that examine quantitatively the purity of water ice
deposits that could be produced by micrometeoroid impacts or
planetary outgassing on Mercury have yet to be developed.
Improved constraints on the thickness of the water ice deposits
and their purity could also provide limits on the total volume of
material delivered and the timing of its emplacement.

(4) Polar Deposits Similar to Those on Mercury
Are Not Seen on the Moon
TheMoon, likeMercury, has regions of permanent shadow near
its poles (Bussey et al., 1999, 2005, 2010; Noda et al., 2008;
Mazarico et al., 2011; Speyerer and Robinson, 2013), and, also
as on Mercury, these regions are sufficiently cold to host ther-
mally stable water ice (Paige et al., 2010). However, in contrast
to Mercury, Earth-based radar observations of the Moon do not
show extensive radar-bright deposits in these shadowed regions
(Stacy et al., 1997; B. A. Campbell et al., 2003; D. B. Campbell
et al., 2006). Spacecraft radar observations, although suggestive
of the potential for patchy occurrences of lunar ice, have not
shown evidence for lunar water ice deposits in quantities com-
parable to the deposits in the polar regions of Mercury (Nozette
et al., 1996; Simpson and Tyler, 1999; Spudis et al., 2010; Neish
et al., 2011; Thomson et al., 2012). Neutron spectrometer mea-
surements indicate enhanced hydrogen in the polar regions of
the Moon, but the inferred concentrations are substantially
lower than those observed at Mercury (Feldman et al., 1998,
2000, 2001; Lawrence et al., 2006; Teodoro et al., 2010;
Mitrofanov et al., 2010; Basilevsky et al., 2012; Miller et al.,
2012). Similarly, water vapor detected in the ejecta plume from
the Lunar Crater Observation and Sensing Satellite (LCROSS)
suggested 5.6 ± 2.9% by mass for water ice in the lunar regolith
at the permanently shadowed impact site within Cabeus crater
(Colaprete et al., 2010), a weight fraction considerably lower
than Mercury’s relatively pure water ice deposits. While it is
possible that higher concentrations of water ice are buried in the
lunar subsurface, as a result of the downward migration of water
ice from impact gardening, temperature oscillations, or chan-
ging thermal environments during the Moon’s orbital evolution
(Schorghofer and Taylor, 2007; Siegler et al., 2011, 2015,
2016), similar measurements conducted at both bodies indicate
that Mercury’s polar regions contain substantially more water
ice than the polar regions on the Moon.
Furthermore, whereas laser reflectance measurements at

1064 nm for Mercury have revealed both low-reflectance and
high-reflectance surfaces for the polar deposits, similar observa-
tions at the Moon have shown permanently shadowed surfaces
with reflectance values only ~10% higher than average, indica-
tive of modest amounts of water frost or a reduction in the
effectiveness of space weathering (Lucey et al., 2014). No
permanently shadowed regions with low-reflectance surfaces
at 1064 nm have been seen on the Moon. Visible-wavelength
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imaging of permanently shadowed lunar craters has not
revealed surfaces with anomalously high- or low-reflectance
surfaces (Haruyama et al., 2008; Speyerer and Robinson,
2013), such as those seen in comparable images of Mercury’s
polar deposits. Observations at far-ultraviolet wavelengths of
permanently shadowed lunar craters indicate redder, low-reflec-
tance surfaces, consistent with high porosity and ~1–2 wt%
water frost (Gladstone et al., 2012).
Although theMoon presently shows evidence for water ice in

its polar regions, the form of the deposits is qualitatively differ-
ent from that of polar deposits on Mercury (Lawrence, 2017).
Thus, there is a fundamental difference between the volatile
inventories ofMercury and theMoon, and resolving this enigma
is central to advancing our understanding of the evolution of
volatiles across the inner solar system.

13.3.2.2 Implications for the Source

The proposed sources for Mercury’s water ice can be divided
into four major categories: interactions with the solar wind,
outgassing from Mercury’s interior, delivery by micrometeor-
oids, or delivery by one or more large impact events. Table 13.1
summarizes some implications of the observational constraints
discussed in the previous section for each of these proposed
sources. It is possible, of course, that a combination of processes
has acted together to deliver water to Mercury’s polar regions,
and it is also possible that different processes have provided the
dominant source of water ice on Mercury and the Moon.
Solar wind interactions that could create water molecules

are expected on both Mercury and the Moon, and Mercury’s

proximity to the Sun and the stronger interplanetary magnetic
field could result in differences between the two bodies.
However, solar wind interactions face other difficulties as
the dominant source of Mercury’s polar deposits. In particu-
lar, the production of other volatile materials to create the low-
reflectance deposits observed on Mercury is not predicted.
Additionally, an ongoing and steady production of water
molecules by solar wind interactions, and their migration to
the polar cold traps, has not been shown to be consistent with
the extensive and relatively pure nature of Mercury’s polar
water ice deposits.
Mercury and the Moon have different surface chemical com-

positions and volcanic histories. Different histories of planetary
outgassing could therefore be envisioned for the two bodies,
potentially providing different amounts of water and other vola-
tiles available to be cold-trapped in the polar regions. From
MESSENGER, we now know that Mercury is more enhanced
in volatiles than previously expected (Chapter 2), that volcan-
ism, including pyroclastic eruptions that released magmatic
volatiles, was a widespread process in shaping the planet
(Chapter 11), and that some volatile loss may indeed still be
occurring on Mercury at present, as evidenced by hollows
(Chapter 12). The sharp boundaries and distinct surface reflec-
tance of the polar deposits would require planetary outgassing
within Mercury’s recent past to maintain these characteristics.
The rate of accumulation of water ice in Mercury’s polar cold
traps from outgassing would have to be considerably higher
than that of regolith gardening and other surface modification
processes to produce the high purity of water ice in Mercury’s
polar deposits. Whereas Mercury’s surface composition is now

Table 13.1. Implications for possible sources of Mercury’s water ice from observational constraints of the planet’s polar deposits.

Constraints on Mercury’s polar water ice deposits

Source Not solely water ice
Distinct surface reflectances
with sharp boundaries Relatively pure water ice Not seen on the Moon

Solar wind
interactions

Not predicted Ongoing process may
maintain reflectances, but
low-reflectance surfaces
are not predicted

Regular and steady
process not expected
to produce pure
deposits

Solar wind interactions
occur on both but may
manifest differently on
Mercury and the Moon

Planetary outgassing Low-reflectance deposits
are volatiles from
volcanic eruptions

Would need to be active at
present or in recent past
to explain surface
reflectances

Rate of accumulation
from outgassing would
have to be faster than
regolith mixing

Different compositions
and volcanic histories
can result in different
outgassing

Micrometeoroids Low-reflectance deposits
are organic
compounds and
volatiles from
micrometeoroids

Ongoing process may
maintain surface
reflectances and sharp
boundaries

Regular and steady
process not expected
to produce pure
deposits

Flux of micrometeoroids
on Mercury is much
larger than on the
Moon

Large impact events Low-reflectance deposits
are organic
compounds and
volatiles from comets
or asteroids

Occurred geologically
recently to account for
the sharp boundaries and
surface reflectances

Episodic process can
produce pure deposits
by emplacement of
large volumes of ice at
one time

Mercury experienced a
recent large impact
event; the Moon has
not but may have in the
past
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known to include volatiles, measurements of surface elemental
abundances indicate that the planet’s chemical composition is
highly reduced (Chapter 2). An examination of the nature of
possible magmatic volatiles that are expected given Mercury’s
chemically reduced conditions suggests that its interior is
depleted in H and H2O, and that a combination of C-, S-, Cl-,
and Ni-bearing gases drove its pyroclastic activity (Zolotov,
2011). If interior is depleted in water, planetary outgassing
would not be likely to produce the broad distribution and dom-
inantly water ice composition of polar deposits that are
observed.
Differences between the populations of regularly impacting

micrometeoroids could also deliver different amounts of water
to Mercury and the Moon, accounting for the different volatile
inventories in the polar regions of the two bodies. With an
analytical approach, Cintala (1992) calculated that the micro-
meteoroid flux is 5.5 times greater at Mercury than at the
Moon. More recently, with a numerical approach, Borin
et al. (2009, 2016) concluded that substantially more micro-
meteoroids impact Mercury than the Moon, with a flux that is
~58 times higher than that reported by Cintala (1992). Borin
et al. (2009, 2016) assumed that the source of micrometeoroids
was the main asteroid belt, whereas dynamical modeling work
by Nesvorný et al. (2010) suggests that >90% of inner solar
system micrometeoroids arise from Jupiter-family comets.
This different source for the micrometeoroids would require
the numerically modeled impact rate at Mercury to be scaled
(Borin et al., 2009); one estimate gives the flux at Mercury as
~39 times greater than that at the Moon (Bruck Syal et al.,
2015). However, cometary particles would also each contain
greater amounts of water for delivery toMercury. Monte Carlo
models indicate that 20–50% of water molecules emplaced
anywhere on the lunar surface will migrate to lunar cold traps,
whereas Mercury’s cold traps would capture 5–15% of such
molecules (Butler, 1997). From simulations that account for
the impacting populations, impact velocity, impact angle, and
material properties, Bruck Syal and Schultz (2015) concluded
that micrometeoroids provide >99% of Mercury’s delivered
water whereas water delivery to the Moon is dominated at
>95% by asteroids. However, although a steady and ongoing
process such as micrometeoroid bombardment can be envi-
sioned to regularly refresh the surfaces of Mercury’s polar
deposits, perhaps creating the distinctive reflectances and
sharp boundaries observed, it may be challenging for this
process to build up extensive water ice deposits that have the
purity determined on Mercury. Thus, while there is general
agreement that substantially more micrometeoroids impact
Mercury than the Moon, quantitatively robust models are
needed to understand the delivery of water to Mercury by
micrometeoroids, the subsequent evolution of that water, and
the rate of its accumulation in polar cold traps relative to other
processes, as well as to investigate whether micrometeoroids
are a dominant source for the delivery of water to either object.
Alternatively, an episodic source, such as the impact of one

or several large comets or volatile-rich asteroids, could yield
the differences in the water ice concentrations observed in the
polar regions of Mercury and the Moon. Monte Carlo simula-
tions by Moses et al. (1999) indicated that a small number of
massive objects might have delivered most of Mercury’s water

inventory, with Jupiter-family comets in particular having the
potential to deliver large amounts of water to the planet. If a
small number of large impacts were the dominant source for
water ice on Mercury or the Moon, then differences between
the inventories of these two bodies would be expected,
depending on how long ago the most recent such impact
occurred on each object. In such a scenario, Mercury’s pre-
sently extensive water ice deposits could indicate that a large
impact delivered water to the planet in the relatively recent
past, whereas the Moon may have experienced such events in
the more distant past, perhaps as much as billions of years ago
(Siegler et al., 2015, 2016). The differences in characteristics
of water ice deposits among different lunar polar cold traps has
been suggested as evidence for an episodic rather than steady-
state source (Spudis et al., 2010; Miller et al., 2014). A rela-
tively recent event, such as the impact of a large comet or
asteroid in the recent past, provides a natural explanation for
Mercury’s relatively pure water ice deposits with their sharp
boundaries and their distinctive surface reflectances arising
from low-reflectance, organic-rich volatile compounds deliv-
ered by the impactor at the same time as the water ice.
A major question for a large comet or asteroid impact source

is whether the water ice can survive the energetic impact event.
Modeling the volatile retention from cometary impacts on the
Moon, Ong et al. (2010) found that impacts at low velocities
(~5 km/s) retain nearly all of the water but at high velocities
(~60 km/s) nearly all of the water is lost. Overall, Ong et al.
(2010) concluded that asteroids provide six times more water
to the Moon than comets and that such delivery could match
the measured lunar concentrations of water ice. However,
impacts on Mercury have a higher average impact velocity
and span a larger overall range of impact velocities (Le
Feuvre and Wieczorek, 2008; Marchi et al., 2009), which
could decrease water retention during the impact event, though
the larger surface gravitational acceleration could increase
retention relative to the Moon. On the basis of a comet-impact
simulation on the Moon that began with the impact event and
followed the water until it was lost or deposited in a lunar cold
trap, Stewart et al. (2011) concluded that ~0.1% of the come-
tary water was retained on the Moon in polar cold traps. They
also concluded that migration of water molecules by hopping
on the lunar surface, such as modeled by Butler (1997), is not
the most important process for the transport and deposition that
occurs during a large impact, given the density of the initial gas
in the comet impact and the potential for the creation of a
transient atmosphere (Stewart et al., 2011). Impact simulations
at 45°N and 45°S latitudes predicted trapping of water mole-
cules near both the lunar north and south poles (Stewart et al.,
2011), suggesting that a large impact event could be respon-
sible for water ice being transported to both polar regions.
Subsequent numerical simulations indicated that a transient,
impact-generated lunar atmosphere could be sufficiently dense
that its lower layers are shielded from photodestruction,
prolonging the lifetime of water molecules and allowing
greater amounts of water to reach lunar polar cold traps
(Prem et al., 2015). Similar modeling of a large impact event
on Mercury would provide valuable insight into the possibility
that Mercury’s water ice was delivered by a large impact,
especially considering the differences in the gravitational
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acceleration, impact velocity, rotation rate, and thermal envir-
onment between the Moon and Mercury.
Given that Mercury’s total water ice abundance is estimated

at ~1016–1018 g (Moses et al., 1999; Lawrence et al., 2013) and
that estimates for the amount of impacting water captured in
polar cold traps range from ~0.1% (for a cometary impact on the
Moon rather than Mercury) (Stewart et al., 2011) to ~1% (for
Monte Carlo modeling of Jupiter-family comets impacting
Mercury followed by random-hop migration) (Butler, 1997;
Moses et al., 1999), a single impacting object would have to
contain 1018–1021 g of water. Given that a comet of pure water
ice without porosity provides a lower limit to the size of such an
impacting object, an impactor diameter of at least ~10–100 km
would be needed. The diameter of the crater associated with
such an impact would be approximately an order of magnitude
larger than that of the impacting object and would depend on
impact conditions (e.g., Collins et al., 2005). There are consid-
erable uncertainties associated with this simple estimate, but if a
single impact event delivered all of the water ice observed in
Mercury’s polar deposits, such an impact should have produced
a sizable crater. The 96-km-diameter crater Hokusai is distinc-
tive, as it is one of Mercury’s youngest large craters and its
formation generated the planet’s longest set of rays, which
extend for thousands of kilometers (Xiao et al., 2016). The
size of Hokusai crater is on the lower end of estimates for the
source crater of Mercury’s water ice deposits (Ernst et al.,
2016), but size alone is insufficient to rule out Hokusai as a
source-crater candidate because of the uncertainties currently
associated with estimates for the retention of volatiles on
Mercury during impact events. In general, if the sources of
Mercury’s water ice deposits were large, recent impact events,
investigations to identify the corresponding crater or craters
should be pursued.
In summary, a recent large impact event can most easily

account for the observed constraints on Mercury’s polar depos-
its, but there is much work left to be done to examine the
proposed source hypotheses further, given the new results
from the MESSENGER mission.

13.4 FUTURE EXPLORATION

Results from the MESSENGER mission, combined with pre-
vious Earth-based radar observations, provide multiple lines
of evidence that Mercury’s polar deposits are composed of
substantial amounts of water ice. Moreover, the characteris-
tics of the water ice deposits, such as the presence of low-
reflectance volatiles, the distinctive surface reflectances, the
relative purity of the water ice, and the contrast with the polar
regions on the Moon, provide constraints on the source of the
water, and hence on its age and evolution. Future research can
provide important insights into the origin and evolution of
water ice on Mercury and the delivery of volatiles throughout
the inner solar system.
Further analyses of MESSENGER data are needed. These

include, but are not limited to, high-resolution studies to
explore specific water-ice-bearing craters, analyses to con-
strain the depth and thickness of the water ice deposits,

investigations of small craters that host water ice deposits,
and models of the reflectance properties of the deposits in
relation to their purity and surface composition. The
MESSENGER results also provide a clear rationale for mod-
eling efforts to simulate the wide-ranging processes that have
been hypothesized as the source of Mercury’s water ice.
Additional Earth-based radar observations could provide
insight into the similarities and differences between individual
deposits and improve overall coverage, especially in the south
polar region.
BepiColombo, a joint mission of the European Space

Agency and the Japan Aerospace Exploration Agency
(Benkhoff et al., 2010), which is currently scheduled to
launch in 2018 and to insert two spacecraft into orbit about
Mercury in 2025, has the opportunity to provide new obser-
vations of Mercury’s water ice deposits (Chapter 20). The
majority of MESSENGER’s observations of Mercury’s polar
deposits were limited to the north polar region because of the
spacecraft’s highly eccentric orbit and high northern periap-
sis, whereas BepiColombo’s Mercury Planetary Orbiter
(MPO) will have a near-equatorial periapsis and should pass
at similar altitudes over both of Mercury’s poles. Depending
on the final altitude of MPO, BepiColombo could provide the
first neutron spectrometry, laser altimetry, and visible-wave-
length imaging of the shadowed surfaces of the water ice
deposits in Mercury’s south polar region. Such measurements
would be complementary to similar measurements made by
MESSENGER for the north polar region. Additionally, the
Mercury Radiometer and Thermal Infrared Spectrometer
(MERTIS) instrument on BepiColombo’s MPO includes an
infrared spectrometer that will operate in the wavelength
range 7–14 µm and a radiometer that will operate in the
wavelength range 7–40 µm, and there are plans to operate in
a special “polar mode” to enable measurements of Mercury’s
polar deposits (Hiesinger et al., 2010). No such measure-
ments were made by MESSENGER, so MERTIS has the
potential to provide new compositional and thermal measure-
ments of Mercury’s polar deposits. In particular, MERTIS
spectral measurements may constrain the composition of
the low-reflectance layer that covers the majority of
Mercury’s polar deposits. Such information could test
hypotheses for the source of Mercury’s water ice and would
have implications for the distribution of volatiles in the solar
system.
Future exploration of Mercury by spacecraft after

BepiColombo that are focused on understanding Mercury’s
water ice deposits or the inventory of inner solar system
volatiles may use landed payloads, providing sensitive
chemical and isotopic measurements not possible from
remote orbital observations. Resolving the differences
between Mercury’s extensive water ice deposits and the
polar volatile deposits measured on the Moon remains a
fundamental question tied to the overarching goal to under-
stand the sources and evolution of water in the inner solar
system. In situ measurements of water on both the Moon and
Mercury will be key to resolving these questions and gaining
this larger understanding, including an understanding of the
sources of water on Earth.
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