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Introduction

Ariel N. Deutsch

Department of Earth, Environmental and Planetary Sciences, Brown University,

Providence, RI1 02912, USA



Despite similar thermal environments, Mercury and the Moon show distinct
differences in the abundance and purity of ice cold-trapped in regions of permanent
shadow. Both bodies have permanently shadowed regions (PSRs), which are thermally
stable environments for water ice on geologic timescales (Vasavada et al., 1999) due to
the small axial tilt of each body. While both Earth-based (Harmon et al., 2011) and orbital
(Lawrence et al., 2013; Neumann et al., 2013; Paige et al., 2013; Chabot et al., 2014;
Deutsch et al., 2016, 2017, 2018a) observations indicate that there are extensive water-ice
deposits within Mercury’s PSRs, data suggest that water-ice detections on the Moon
(Stacy et al., 1997; Lawrence et al., 2006; Campbell et al., 2006; Haruyama et al., 2008;
Spudis et al., 2010; Colaprete et al., 2010; Thomson et al., 2012; Zuber et al., 2012;
Hayne et al., 2015; Fisher et al., 2017; Li et al., 2018) are smaller in extent and less
concentrated than those on Mercury.

For example, neutron suppression measured at the north polar region of Mercury
suggests that polar deposits are composed of nearly pure H>O ice (Lawrence et al., 2013).
While some ice deposits closest to the pole are exposed at the surface (Neumann et al.,
2013; Deutsch et al., 2017), the majority of ice deposits on Mercury are insulated by 10—
30 cm (Lawrence et al., 2013) of low-reflectance materials that are interpreted to be
composed of volatiles other than water (Zhang and Paige, 2009; Paige et al., 2013;
Chabot et al., 2016; Delitsky et al., 2017). Radar observations of Mercury’s poles suggest
that the ice deposits are at least several meters thick (Harmon, 2007; Black et al., 2010;
Eke et al., 2017; Deutsch et al., 2018a; Rubanenko et al., 2019; Susorney et al., 2019),

and modeling of the radar data suggests that these deposits are composed of ~95% pure
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water ice (Butler et al., 1993). Images (Chabot et al., 2014, 2016) and reflectance
measurements (Neumann et al., 2013; Deutsch et al., 2017) of Mercury’s PSRs reveal
spatially coherent ice deposits with distinct albedos and sharp reflectance boundaries that
align with boundaries of permanent shadow (Deutsch et al., 2016; Chabot et a., 2018).
Even under the most favorable accumulation conditions, ice flow velocities are estimated
to be very low (4 x 108 m yr!) and, with the exception of a sublimation lag deposit, the
ice deposits are not predicted to leave any evidence of glaciation on the terrain (Fastook,
Head, and Deutsch, 2019).

In contrast, neutron spectrometer data of the lunar polar regions are suggestive of
concentrations of only ~1.5 % water ice by mass in the upper ~1 m of the lunar regolith
(Lawrence et al., 2006). Furthermore, the Lunar CRater Observation and Sensing
Satellite detected only ~6 wt. % water ice in the ejecta plume resulting from an impact
into the south polar, permanently shadowed Cabeus crater (Colaprete et al., 2010). Earth-
based radar observations do not show evidence for concentrated water ice on the Moon
(Stacy et al., 1997; Campbell et al., 2006) and spacecraft radar observations are
suggestive of only patches of ice (Spudis et al., 2010; Thomson et al., 2012; Patterson et
al., 2017). Finally, imaging (Haruyama et al., 2008) and reflectance (Zuber et al., 2012;
Hayne et al., 2015; Fisher et al., 2017; Li et al., 2018; Qiao et al., 2019) campaigns of the
lunar poles have not revealed thick, coherent ice deposits, but instead are suggestive of a
patchy distribution of water frost in some locations. Thus, ice on Mercury appears to be

purer and more extensive than any ice on the Moon.



The cause for the differences between ice on Mercury and the Moon is not well
understood and has motivated the work presented in this dissertation. In the following
chapters, we explore how differences in delivery time and sources may explain the stark
differences between surface ice on these two airless bodies. Resolving the differences
between polar ice on Mercury and the Moon has implications for understanding the
source, evolution, and ultimate fate of volatiles throughout the inner Solar System.

We begin these investigations in Chapter 1 (Deutsch et al., 2019a) with an
analysis of the ages of surface ice on Mercury using a combination of observations of
polar deposits and numerical probability models. Specifically, we quantify crater
densities on polar deposits for the first time using MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) images and model the time-resolved
probability of possible ages using Poisson statistics. Our results indicate that the polar
deposits have geologically young surface ages, and we conservatively estimate that ice
was delivered to the surface of Mercury within the last 330 Myr (Deutsch et al., 2019a).
These results provide important context for the remainder of the thesis. If ice on Mercury
is young (10’s to 100’s of Myr old), a recent delivery may help explain the high purity
and abundance of the ice. Over time, ice is expected to be broken up and buried as it is
exposed to the space weathering environment (Hurley et al., 2012). In contrast to ice on
Mercury, surface ice on the Moon is much less abundant (Eke et al., 2009; Li et al., 2018)
and appears to be a heterogeneous mixture of species (Colaprete et al., 2010); perhaps

this is related to an older age of lunar ice.



In order to understand how the timing of volatile delivery compares on Mercury
and the Moon, we analyze the ages of lunar ice-bearing craters in Chapter 2 (Deutsch et
al., 2020). Crater density statistics of the diffuse, lunar ice detections (Li et al., 2018) are
not feasible, but age dating of the environments that host these detections provide a
relative age of the ice. We find that the majority of surface ice is contained in
geologically old craters > ~3.1 Gyr, where the majority of cold-trapping area exists on the
Moon (Deutsch et al., 2020). We also identify a group of ancient craters that does not
host surface ice, even though these craters are present-day cold traps. These specific
ancient craters would not have been thermally stable for the cold-trapping of water ice
before the onset of true polar wander (TPW), as suggested by Siegler et al. (2016),
suggesting that the present-day distribution of surface ice at the lunar poles may be
controlled not only by ice supply rates and destruction rates, but also by some additional
factor that affects the long-term stability of volatiles in individual cold traps, such as
TPW. We note that the age of ice in Nobile and Shackleton craters can place a lower limit
on the timing of TPW because while these craters host surface ice today (Li et al., 2018),
they are not predicted to have been thermally stable for the retention of surface ice before
the onset of TPW (Siegler et al., 2016).

In Chapter 2 (Deutsch et al., 2020), we also discuss that surface ice is present
within some smaller impact craters (with diameters between ~1 and 15 km) that are too
small to allow for robust cratering statistics. Very small craters on the Moon are all
expected to be relatively young, given that older, smaller craters are predicted to have

been resurfaced by subsequent impacts (e.g., Basilevsky, 1976; Neukum et al., 2001).
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Some of the smaller ice-bearing craters that we identify appear to have relatively sharp
rim crest morphologies suggestive of younger ages. Ice in young craters is particularly
interesting because it suggests that there is some recent and perhaps ongoing mechanism
that is delivering or redistributing water to polar cold traps. Therefore, understanding if
ice is present within young craters (and not only old craters) is of essential importance to
understanding the sources of lunar ice, and we explore this theme in the next chapter.

In Chapter 3 (Deutsch et al., accepted-a), we take a new approach to
understanding the ages of these small polar cold traps: analyzing the roughness properties
of small ice-bearing craters. The roughness properties of impact craters are valuable
indicators of crater degradation and can provide insight into crater ages. In this chapter,
we quantify the roughness of lunar craters from different geologic eras, confirming that
young, Copernican craters are distinctly rougher than older craters (e.g., Neumann et al.,
2015; Wang et al., 2019). We find a population of ice-bearing craters that is likely to be
post-Nectarian in age, although no ice-bearing craters are within the Copernican-only
domain in roughness space. Interestingly, all of the 15 rough, permanently shadowed
craters that are found within the Copernican-only domain lack water-ice detections (Li et
al., 2018), suggesting that either ice has not been delivered to these young craters, or that
it has since been destroyed. These results suggest that that perhaps Copernican craters are
not capable of hosting surface ice, or that the lunar water ice detected by Li et al. (2018)
is older than Copernican in age.

If ice on the Moon is indeed relatively ancient, as suggested by its diffuse and

patchy spatial distribution (Haruyama et al., 2008; Hayne et al., 2015; Fisher et al., 2017;
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Li et al., 2018), by the ages of ice-bearing craters (Deutsch et al., 2020), and by the lack
of ice in Copernican craters (Deutsch et al., accepted-a), then the mechanism(s) that
delivered the ice must have been active earlier on in lunar history. Various processes may
be responsible for the delivery or formation of ancient volatiles on the Moon, including
impact bombardment (Nesvorny et al., 2017; Pokorny et al., 2019), in-situ interactions
between the solar wind and lunar regolith (Crider and Vondrak, 2000; Jones et al., 2018),
and volcanic outgassing (Crotts and Hummels, 2009; Needham and Kring, 2017), which
is understood to be a primary pathway for delivering interior volatiles to the surfaces of
various terrestrial bodies, including Earth (Moore, 1970; Cavosie et al., 2005), the Moon
(Saal et al., 2008; Milliken and Li, 2017), and Mars (Greeley, 1987). In fact, it has been
suggested that volcanism released substantial volatiles on the Moon during the
production of the maria lava plains and that these released volatiles may have contributed
significantly to the lunar polar deposits (Needham and Kring, 2017). If abundant volatiles
were released during volcanic outgassing and ever cold-trapped on the Moon, then
perhaps it is possible that substantial volatiles were also released on Mercury during the
production of its volcanic plains, albeit with different chemical species and abundances
(Nittler et al., 2011; Zolotov et al., 2013).

In Chapter 4 (Deutsch et al., in review), we explore the possibility that ancient
volcanic eruptions on Mercury contributed some fraction of volatiles to polar cold traps.
These volatiles would be distinctly different in age and composition from the relatively
young (Crider and Killen, 2005; Deutsch et al., 2019a), H>O-ice (Butler et al., 1993;

Lawrence et al., 2013) deposits observed at the surface today. In this chapter we estimate
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the flux and timing of volcanism on Mercury. We discuss the potential fate of the erupted
volatiles by analyzing the frequency of eruptions and the durations of possible
volcanically-derived, transient atmospheres. We find that eruptions on Mercury may have
resulted in the transient production of enhanced atmospheric pressures with lifetimes
between ~500 and 40,000 years, which may have been longer than the time between
individual eruptions (estimated to be between 270 and 53,000) years. The wide span in
estimates reflects the extensive parameter space that we explored for oxygen fugacity
conditions (Zolotov, 2011; McCubbin et al. 2012a, 2017; Zolotov et al., 2013; Namuer et
al., 2016), degassed volatile content (Zolotov et al., 2013; Armstrong et al., 2015;
Anzures et al., 2017), and eruption volumes and rates (Wilson and Head, 2008). If
volcanically-derived volatiles did ever become cold-trapped at Mercury’s poles, we
estimate they would exist as a diffuse, weathered layer that is buried at least ~16 m below
the subsurface. In contrast to the thick, pure deposits observed at the surface of Mercury,
diffuse and buried volcanically-derived ice would be more similar to subsurface lunar ice
in spatial distribution.

Next, in Chapter 5 (Deutsch et al., accepted-b), we discuss the importance of
future reflectance measurements of volatiles, and analyze how surface temperature
influences measurements of surface reflectance on airless bodies. This is particularly
important given that enhanced surface reflectance has been used to characterize the
presence of surface ice both on Mercury (Neumann et al., 2013; Chabot et al., 2014;
Deutsch et al., 2017) and the Moon (e.g., Zuber et al., 2012; Fisher et al., 2017; Qiao et

al., 2019), as well as on other planetary objects including smaller airless bodies (e.g.,
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Platz et al., 2016; Ermakov et al., 2017) and Mars (e.g., Smith et al., 1998; Bell et al.,
1999). In this chapter, we quantify temperature-dependent spectral changes of the lunar
surface as measured from orbit by the Lunar Orbiter Laser Altimeter (LOLA) at 1064
nm. We couple LOLA measurements of normal albedo with measurements of surface
temperature from the Diviner Lunar Radiometer Experiment, analyzing the maria and
highlands terranes between +£50° in 1°x1° spatial bins. We provide the first evidence of
temperature-dependent spectral changes on the lunar surface from orbital observations,
finding that the majority of the lunar surface between 50°N and 50°S demonstrates a
small, yet measurable, negative change in normal albedo at 1064 nm with temperature (-
AR/AT). The measurable effect is on the order of a few percent change in reflectance per
~80 K, indicating temperature changes do not have a large effect on measurements of
albedo at the sensitivity of the LOLA instrument. Stronger -AR/AT values tend to be
associated with regions with elevated orthopyroxene levels, and the maria typically have
higher levels of orthopyroxene and stronger -AR/AT values than the highlands. Our
results suggest that single-wavelength lasers may be powerful tools for understanding the
distribution of particular minerals on the lunar surface. As new, higher-resolution orbital
lasers are designed and operated, the surface temperature of the target body should be
taken into account as measurements are acquired and calibrated.

In the sixth and final chapter, I present a synthesis of the preceding chapters in
order to frame the implications and importance of this dissertation toward understanding
the nature and evolution of water cycles on Mercury and the Moon. I outline major

outstanding questions regarding volatile cycles on Mercury and the Moon and suggest
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paths for future investigation. For example, this particular work has motivated a more
detailed analysis of the possibility of volcanically-induced transient atmospheres on the
Moon in order to understand the possible contribution of outgassed water to lunar polar
cold traps (Head, Wilson, Deutsch, et al., in prep.). There are numerous additional
measurements that can be taken to help further constrain lava flow thicknesses, volumes,
ages, and volatile contents to address this question, and detailed studies of lunar volcanic
complexes, such as Marius Hills (Deutsch et al., in prep.), can help refine our
understanding of local eruption histories and repose periods, especially by coupling
geologic and geophysical models (e.g., Deutsch et al., 2019b).

Particularly motivated by the excitement of future exploration, in Chapter 6 |
outline how new measurements can address some of these outstanding questions,
building upon previous frameworks we have developed for science exploration
architectures (Deutsch et al., 2018b; Palumbo and Deutsch et al., 2019). With
BepiColombo en route to Mercury (Benkhoff et al., 2010), and numerous upcoming
missions planned for the Moon — including the Volatiles Investigating Polar Exploration
Rover (VIPER; Colaprete et al., 2020), the Korean Pathfinder Lunar Orbiter (Robinson et
al., 2018), and several smaller missions with NASA’s Commercial Lunar Payload
Services (CLPS) — I discuss how future exploration can help better resolve the sources,
evolution, and current state of polar volatiles on Mercury and the Moon.
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Abstract
Surface ice at the poles of Mercury appears as several-m-thick deposits that are
composed of nearly pure water. We provide new age estimates of the surfaces of
Mercury's polar deposits from combined analyses of Poisson statistics and direct
observations of crater densities within permanently shadowed, radar-bright regions
imaged by the MESSENGER spacecraft. These age estimates conservatively suggest that
ice was delivered to Mercury within the last ~330 Myr. The geologically young ages
suggest that the surfaces have been recently refreshed, and this may be accomplished by
the delivery of ice in a young impactor or impactors. A single, recent impactor is more
consistent with the relative purity of the ice, as suggested by the Earth-based radar
observations. In contrast to ice on Mercury, observations of the lunar poles are suggestive
of a highly patchy distribution of surface frost. The patchiness of lunar polar deposits is
consistent with long exposure times to the space weathering environment. Given enough
time, the polar deposits on Mercury may age into a more heterogeneous spatial
distribution, similar to that on the Moon.
1. Introduction

The polar terrains of Mercury are characterized by permanently shadowed regions
(PSRs) that are thermally stable environments for water ice on geologic timescales
(Vasavada et al., 1999, Paige et al., 2013). Observations from both Earth-based radar and
the MErcury Surface, Space ENvironment, GEochemisty, and Ranging (MESSENGER)
spacecraft have demonstrated that water-ice deposits occupy such PSRs (Fig. 1) (Deutsch

et al., 2016, Chabot et al., 2018). For example, radar observations of Mercury's poles are
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suggestive of ice deposits that are at least several meters thick (Harmon, 2007, Black et
al., 2010), and modeling of the radar data suggests that these deposits are composed of
~95% pure water ice (Butler et al., 1993). Neutron data acquired by the MESSENGER
spacecraft of the north polar region of Mercury is also consistent with a near pure water-
ice composition (Lawrence et al., 2013). While some ice deposits closest to the pole are
exposed at the surface (Neumann et al., 2013, Chabot et al., 2014; Deutsch et al., 2017),
the majority of ice deposits on Mercury are insulated by 10-30 cm (Lawrence et al.,
2013) of low-reflectance materials that are interpreted to be a sublimation lag composed
of carbon-rich material (e.g., Zhang and Paige, 2010, Paige et al., 2013). Finally, images
(Chabot et al., 2016, Chabot et al., 2014) and reflectance measurements (Neumann et al.,
2013, Deutsch et al., 2017) of Mercury's PSRs reveal spatially coherent ice deposits with
distinct albedos and sharp reflectance boundaries that align with boundaries of permanent
shadow.

Understanding the ages of Mercury's polar deposits is important when considering
the possible source(s) and evolution of the ice. An early pre-MESSENGER analysis used
regolith gardening models to constrain the age of Mercury's polar ice (Crider and Killen,
2005). Because Earth-based radar observations suggest that the radar-bright ice deposits
on Mercury's surface have <5% volume fraction of silicates (Butler et al., 1993), it is
likely that the ice deposits were emplaced relatively recently in order to maintain this
high degree of purity through time (Butler et al., 1993, Crider and Killen, 2005). The
regolith gardening models suggest that the ice deposits are <50 Myr in age, given that 20

cm of regolith is expected to cover the deposits in this timeframe, which is not observed
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(Crider and Killen, 2005). Similarly, Lawrence et al. (2013) used the average thickness of
the upper layer of ice inferred from neutron spectrometry and models of surface
modification to predict that ice was delivered to the poles in the last 18 to 70 Myr.

Data acquired by the MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) spacecraft support the hypothesis that the ice on Mercury may
be relatively young. For example, images of the north polar region show that the ice
deposits are not buried by regolith (Chabot et al., 2016, Chabot et al., 2014).
Furthermore, images (Chabot et al., 2016, Chabot et al., 2014) and reflectance
measurements (Neumann et al., 2013) reveal sharp reflectance boundaries delineating
coherent deposits, suggesting that volatiles were delivered relatively recently or are
actively restored.

Here we estimate the surface ages of specific ice deposits on Mercury using
crater-counting methods and Poisson statistical analyses and discuss possible sources for
ice on Mercury. We conclude by discussing the differences between ice at the poles of
Mercury and the Moon, and suggest that differences in ages of the ice may be an
important factor contributing to the stark differences in surface characteristics between
ice on these two airless bodies.

2. Methods
2.1. Surface age estimates for polar deposits on Mercury

During MESSENGER's low-altitude campaign, high-resolution images (pixel

resolution <100 m) were acquired of 35 host craters at the north polar region of Mercury

(Chabot et al., 2016). These broadband Wide-Angle Camera (WAC) images use sunlight

26



scattered from nearby illuminated peaks to image within PSRs. The permanently
shadowed floors where radar-bright ice deposits are located can be resolved in these
images, and the images sometimes reveal central crater structures or small impact craters
superposing the host crater. Identified superposing impact craters are all < a few km in
diameter, but are typically much smaller, between 100 and 300 m. While the majority of
small craters (< a few km in diameter) observed in the PSRs may have formed before the
deposition of the ice (Chabot et al., 2016, Deutsch et al., 2018), some anomalous small
impact craters are associated with high-reflectance rings, suggestive of excavated
material (Fig. 2). If these anomalous craters associated with high-reflectance material are
superposing the ice, then they can be used to estimate the ages of the ice surfaces.

Each of the analyzed craters is located below ~86°N and has a low-reflectance
layer of materials within its PSR. Low-reflectance layers are found exclusively within
Mercury's PSRs, specifically in regions where biannual average surface temperatures are
>110 K (the temperature at which water ice is stable) but still <210 K, suggesting that the
distribution of these low-reflectance materials is thermally controlled and that the
composition of these materials is volatile (Paige et al., 2013). Materials with a lower
volatility than water can form as sublimation lags and help insulate water-ice deposits
beneath (Paige et al., 2013), and the reflectance properties of Mercury's low-reflectance
materials are consistent with organic-rich compounds such as those present in comets and
primitive meteorites (e.g., Zhang and Paige, 2010, Paige et al., 2013). After the initial

emplacement of ice, it is possible that any disturbance to the ice (e.g., bombardment)
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would result in the formation of new lag deposits, restoring the ice to a stable
configuration.

We analyze all high-resolution MDIS images of the 35 host craters at the north
polar region of Mercury that were acquired during MESSENGER's low-altitude
campaign (Chabot et al., 2016). The PSRs of each crater (Deutsch et al., 2016) are
visually inspected for the presence of any impact craters that are associated with high-
reflectance rings suggestive of excavated material. Larger-scale brightness variations in
polar craters correlate with variations in modeled maximum surface temperature,
suggesting that multiple volatile species are contained within the surficial lag deposits
that insulate the majority of polar deposits on Mercury (Chabot et al., 2016). The
brightness variations associated with the craters selected for this study are smaller in size
than the brightness variations that are suggestive of different volatiles, and they are also
not correlated with any predicted temperature variations (Chabot et al., 2016). However,
the thermal models presented by Chabot et al. (2016) have a spatial scale of 1 km, and
therefore cannot predict variations at the spatial scale of these high-reflectance rings
associated with small craters (between 100 m and 300 m in diameter).

If small craters associated with high-reflectance rings are identified in >2 images,
then we interpret these small craters as superposing the ice deposit and we interpret the
high-reflectance rings as crater ejecta. Thus, even if high-reflectance rings associated
with small craters appear to be present in an image, if the remaining images are unclear
due to poor lighting conditions or non-ideal viewing geometries, then we do not use the

host craters in our analysis. For the majority of host craters analyzed (29 of 35 craters),
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the available images do not adequately resolve the permanently shadowed floors such
that the presence or absence of high-reflectance rings can be confidently identified in
association with small craters. If small craters associated with high-reflectance rings are
not identified in any images (and >2 images) that clearly resolve the host crater floor,
then we interpret the host crater as having no small craters that superpose the ice deposit.

We identify 3 north polar craters that host small impact craters (~100-300 m)
associated with high-reflectance ejecta rings: Ensor, Laxness, and Bechet (Fig. 1; Table
1). The images used to identify high-reflectance material for these 3 craters were acquired
at phase angles between 77.2° and 118.3°, incidence angles between 82.8° and 84.7°, and
emission angles between 0.3° and 34.0°. For each of these 3 craters, count areas for crater
statistics are measured for the regions of the crater floors that could be resolved in all of
the images. All small impact craters >100 m that are associated with high-reflectance
rings are identified.

Using CraterStatsIl (Michael and Neukum, 2010), crater size-frequency
distributions (CSFDs) are derived for the ice surfaces by fitting models of the crater-
derived retention ages to the chronology and production curves for Mercury (Le Feuvre
and Wieczorek, 2011). We estimate surface ages for each ice deposit from the
CraterStatslI output age model.

We also describe the relative likelihoods of possible ages of the ice surfaces using
Poisson statistics, which do not require data binning or curve fitting techniques (Michael
et al., 2016). In contrast to fitting best-fit model isochrons to some crater population,

which results in an approximate evaluation of the crater chronology model prediction,
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this approach yields an exact evaluation of a crater chronology model using Poisson
statistics and Bayesian inference (Michael et al., 2016). It is exact given that it does not
rely on approximation in evaluating the predictions of the crater chronology model
(although uncertainties inherent to the model itself remain). Poisson statistics determine
the time-resolved probability of a given observation within the chronology model, where
uncertainties stem from the predictions of the chronology model (Michael et al., 2016).
With this technique, order-of-magnitude ages can even be estimated for surfaces that
show no craters. The likelihood function for the set of observed craters, D, as divided into
n bins for any given time, t, is expressed by Michael et al. (2016) in their Eq. (8):
pr(D, t) o exp (—A[C(d, )]g™" {C(d = 1,D)}"» (Eq. 1)

where A is the crater accumulation area, C(d, t) is the cumulative form of the production
function, and d is crater diameter. The spread of possible ages and their relative
likelihoods is equally valid for surfaces that have no craters, only a few craters, or many
craters (Michael et al., 2016). Errors are reported as 1-o of the median to include 68% of
the function describing the likelihood that the surface has a particular age (Michael et al.,
2016).
2.2. Statistical and observational biases affecting crater counts of ice deposits on
Mercury

A variety of statistical and observational biases can affect the estimated absolute
model ages (AMAs) of the ice deposits. For example, low image resolution and non-ideal
illumination conditions can render crater identification difficult (Williams et al., 2018).

Different illumination geometries can influence the apparent reflectance within individual
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images. To mitigate this issue, all of the small craters (~100-300 m) included within our
counts are associated with high-reflectance deposits in >2 individual images.

The surface areas of the polar ice deposits (<150 km?) require counting smaller
craters, and production functions are less certain at smaller crater sizes (Williams et al.,
2018). Due to the small size of the identified counted craters (~100-300 m), it is possible
that some of the small craters are the result of secondary impacts. However, when
excluding obvious secondary chains and clusters, age dating using small-crater statistics
has been shown to be within the statistical uncertainty (e.g., Hartmann, 2007).

It is also possible that the identified craters are subject to modification, given that
small craters are more sensitive to variation (Williams et al., 2018). Previous workers
investigating the importance of viscous flow at the martian north polar layered deposits
found that present-day impact craters are too small and cold for viscous relaxation to play
an important role in controlling crater dimensions, and that this effect may be ignored in
analyses of crater size-frequency distributions (Sori et al., 2016). Here, we choose to
neglect viscous relaxation as an important modification factor given that the craters on
Mercury's polar deposits that we analyze are similarly small and located in crater
interiors, away from steep slopes or warmer topographies. Furthermore, analysis of flow
conditions within permanently shadowed craters on Mercury suggests that the extremely
cold conditions and limited thickness of the ice prevent substantial flow (Fastook et al.,
2019).

The crater counts are completed for individual ice deposits, which have limited

count areas (Williams et al., 2018). CSFDs can vary across a putative uniform geologic
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unit when count areas become small (Warner et al., 2015); however, small count areas
down to 4 km? have been shown to be consistent with model ages derived from larger
(100 km?) count areas, although with lower accuracy (Pasckert et al., 2015). The count
areas analyzed here are between 79 and 109 km?, and thus we consider errors due to
limited count areas negligible.

Finally, chronology and production curves for Mercury are derived for impact
craters in regolith (Le Feuvre and Wieczorek, 2011). Given that the AMAs estimated
here are derived from impact craters assumed to be in ice, we estimate AMAs after
scaling the superposed impact craters to estimate the sizes of these craters as if they were
in regolith. Impact experiments suggest that craters in ice are found to have final
diameters 2 to 3 times larger than craters in competent rocky materials (e.g., Croft et al.,
1979; Koschny and Griin, 2001). Thus, we estimate ages of the ice surfaces from crater
populations that are 1 (unscaled), 1/2, and 1/3 times the size of the measured crater
diameters.

2.3. Stability of ejected high-reflectance material in Mercury's PSRs

We use crater scaling laws (Eq. (2)) (Croft, 1981) to estimate the depth of
material excavated by impacts into Ensor, Laxness, and Bechet, the three craters that are
identified as hosting small impact craters that are located within PSRs and are associated
with high-reflectance ejecta rings (Fig. 2). The identified small craters used in our crater-
counting analysis range in size from 100 to 300 m in diameter, and the average diameter
for all superposed craters is 211 m. We estimate the depth from which material is

excavated (dexcqvation) from the measured final crater diameter (Dyjpq,):

32



dexcavation = 7= (Dpinat)  (EQ.2)
We estimate that impactors resulting in craters with diameters between 100 m and 300 m
would have excavated material from depths of 10 m and 30 m.

We also estimate the depth of material excavated by impacts after scaling the
impacts in order to account for target properties. As discussed above, the crater scaling
laws (Eq. (2)) are derived for impacts into silicate material. Here we scale the diameters
of the identified craters by a factor of 1/3 in order to estimate the minimum final crater
diameters for equivalent impacts into regolith. This endmember scaling scenario results
in a range of crater diameters from 33 m to 100 m and an average scaled diameter of 70
m. From Eq. (2), we estimate that small impact craters between 100 m and 300 m in
diameter (scaled to new diameters between 33 m and 100 m) superposing a pure ice
deposit would have excavated between ~3 m and ~8 m below the ice surface,
respectively, with an average excavation depth of ~6 m expected for all identified
craters.

The thickness of water-ice deposits on Mercury is estimated to be several m
(Harmon, 2007, Black et al., 2010, Talpe et al., 2012), although possibly extending
deeper with maximum thicknesses estimated of tens of m (Eke et al., 2017, Deutsch et al.,
2018, Susorney et al., 2019). Most recently, an analysis of the changes in topography
across radar-bright and non-radar-bright deposits resulted in an upper limit thickness of
15 m for Mercury's water-ice deposits (Susorney et al., 2019). Assuming a water-ice
thickness of several (~5) m (Harmon, 2007, Black et al., 2010), then all small impactors

resulting in craters >180 m (scaled regolith diameter of 60 m) may have excavated both
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ice as well as underlying regolith. If the sizes of the impact craters superposing Mercury's
polar deposits do not differ substantially in size from impact craters in Mercury's regolith
(given that the ice deposits may be only several m thick), then it is possible that all
impactors resulting in the craters identified here have excavated both ice and regolith.

Exposed surface water ice and typical mercurian regolith are factors of 4 and 2
brighter, respectively, than the average reflectance of low-reflectance lag deposits that
insulate the majority of ice deposits on Mercury, including all of the 35 ice deposits
analyzed here (Neumann et al., 2013). Therefore, both water ice and excavated regolith
would appear as anomalously bright ejecta superposing the ice deposits. Pure water ice
may sublimate away on top of the low-reflectance lag deposit, but the rate of sublimation
is relatively slow in comparison to the ages of the ice that we estimate (Sec. 4); 1 m of
water ice sublimates in 1 Gyr at 110 K (Vasavada et al., 1999). Importantly, any ejected
regolith would of course not sublimate away. While the morphologies of craters
impacting into pure ice differ from the morphologies of craters that impact through ice
into underlying regolith (e.g., Bramson et al., 2015), the spatial resolution of the images
analyzed here is too low in order to observe the morphologies of any of the small craters
(100-300 m in diameter). From the estimates of excavation depths above, all impact
craters that superpose the ice deposits and have a preserved final diameter >180 m should
be associated with high-reflectance materials, assuming an average ice deposit thickness
of 5 m and that the preserved final diameters are 1/3 the size of craters from similar
impacts into regolith.

3. Results: surface age estimates for Mercury's ice deposits
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Here, we suggest that brightness variations associated with small impact craters
(100-300 m in diameter) that appear bright in multiple images of different viewing
geometries are indicative of excavated material. Under this assumption, we estimate the
surface ages of specific ice deposits on Mercury using impact craters that superpose
individual ice deposits (Fig. 2). Although high-resolution images of 35 north polar ice
deposits have been acquired, only three individual ice deposits, hosted by Ensor, Laxness,
and Bechet craters (Table 1, Supplementary Materials), show clear evidence for high-
reflectance material associated with individual small craters (Fig. 2). The remaining ice
deposits either show no small craters associated with high-reflectance ejecta rings using
the aforementioned criteria (3 craters), or there are not multiple clear images for these
craters that allow the PSRs to be resolved (29 craters).

Despréz, Fuller, and V2 craters host the three ice deposits in which no high-
reflectance materials are identified in association with small craters (Fig. 3). These three
north polar ice deposits were imaged multiple times (Table S1, Supplementary Materials)
during MESSENGER's low-altitude imaging campaign. In none of the images do we
identify high-reflectance material in association with impact craters (Fig. 3). Given that
(1) ice is not expected to sublimate away quickly within these PSRs and (2) impact
craters are expected to have excavated both ice and regolith (Sec. 2), the lack of high-
reflectance ejecta materials suggests that the craters observed in these PSRs formed
before the ice was emplaced (e.g., Deutsch et al., 2018). Furthermore, the lack of high-
reflectance ejecta materials suggests that these polar ice deposits are very young, and that

no impacts that can be observed at the spatial scale of these images have occurred since
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ice deposition. It is also possible that the top ice layer has been recently restored, thus
erasing any visible brightness variations on the surface, and this scenario would also
favor a very young age of the surface ice. Finally, it is possible that unfavorable viewing
conditions have impeded our ability to identify bright ejecta, however we note that the
images of these three craters (Despréz, Fuller, and V2) were acquired under viewing
conditions similar to those of the three craters in which bright materials are identified
(Ensor, Laxness, and Bechet). Specifically, the images of Despréz, Fuller, and V2 that
were analyzed were acquired at phase angles between 74.4° and 129.2°, incidence angles
between 80.5° and 87.0°, and emission angles between 1.6° and 42.2°, in comparison to
the images of Ensor, Laxness, and Bechet, which were acquired at phase angles between
77.2° and 118.3°, incidence angles between 82.8° and 84.7°, and emission angles
between 0.3° and 34.0°.

Absolute model ages (AMAs) (Le Feuvre and Wieczorek, 2011) derived from
superposed impact craters on Ensor, Laxness, and Bechet (Table 1) suggest that the
surficial layers of the ice deposits are geologically young (Fig. 4a), and were delivered in
the most recent Kuiperian period. The specific AMAs estimated for the surface ice in
Ensor, Laxness, and Bechet are 210 + 60 Ma, 29 £+ 10 Ma, and 47 &+ 20 Ma before scaling
the impact craters. There is overlap in the estimated surface ages between ice hosted by
Laxness and Bechet when doubling the reported error to consider a 2-¢ deviation. When
the impact craters are scaled by 1/2 to represent craters impacting into pure ice, the
estimated ages of all three craters overlap within a 2-c deviation of the mean. Finally,

when the impact craters are scaled by 1/3, then the estimated ages of ice surfaces within
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Ensor and Bechet overlap within a 2-c deviation of the mean, and the estimated ages of
ice surfaces within Bechet and Laxness overlap as well. The reported errors for crater
counting statistics are from counting statistics alone (Michael and Neukum, 2010), and as
discussed in detail in Sec. 2.2, a variety of other statistics and observational biases may
affect crater counting on Mercury's ice deposits. Thus, the errors reported here are
considered to be a minimum.

Poisson analyses are used to describe the relative likelihoods of possible ages of
the surface ice deposits (Michael et al., 2016). These analyses suggest that surface ice
deposits hosted by Ensor, Laxness, and Bechet craters are 137 = 15 Myr, 100 + 18 My,
and 81 = 19 Myr, respectively, and that any ice deposits that lack superposing impact
craters are likely to be <10 = 1 Myr (Fig. 4b). Considering a 2-c deviation of the mean,
the ice surfaces in Ensor, Laxness, and Bechet overlap in age.

Relatively young ages for the ice deposits are consistent with stratigraphic
relationships of host craters and contained polar ice. Global mapping of craters >40 km in
diameter reveals that craters from the Mansurian period (280 Ma—1.7 Ga) are located
within both the north and south polar regions (Prockter et al., 2016) and these craters host
radar-bright materials indicative of water ice, placing an upper bound on the delivery of
surface water ice (Deutsch et al., 2016, Chabot et al., 2018). Large Kuiperian craters (280
Ma-today) have not been mapped in the north polar region, and the only two Kuiperian
craters mapped in the south polar region have not been well-imaged by Earth-based radio

observations (Harmon et al., 2011, Chabot et al., 2018).
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In conclusion, ages derived from both crater-counting statistics and Poisson
statistics suggest that the surfaces of the individual ice deposits analyzed here are very
geologically young. Even the most conservative crater-counting estimates (in which
craters are not scaled for impacting into ice, and given a 2-c uncertainty) suggest that the
surface ice was delivered within the last ~330 Myr.

4. Discussion
4.1. Implications of geologically young ice surfaces

Importantly, the age estimates presented here, derived both from crater-counting
statistics as well as Poisson statistics, give constraints on the surface ages of the ice. If ice
deposits accumulated from a single event, then the age of the surface is representative of
the age of the whole deposit. Alternatively, if ice deposits have accumulated over time,
then the surface age does not reflect the deposit age. It is not possible to determine which
is the case from the current orbital data, however the high purity of the radar observations
is suggestive of delivery in a single event. Analysis of the Earth-based radar data
indicated that the ice deposits must be extremely pure, with less than ~5% silicates by
volume (Butler et al., 1993). This high degree of purity is consistent with the ice being
delivered in a relatively short period of time (Butler et al., 1993), and is difficult to
explain by a more continuous process in which ice accumulates over time. As discussed
earlier, regolith gardening models suggested that all of the ice deposits are <50 Myr in
age because 20 cm of regolith is predicted to cover the ice in this timeframe, which is not
observed (Crider and Killen, 2005). An independent analysis of surface modification

models also concluded that all of the ice deposits are relatively young (18—70 Myr old)
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using constraints on the average thickness of the upper layer of ice deduced from
MESSENGER's neutron data (Lawrence et al., 2013). In line with these previous studies,
we favor the hypothesis that all of the several-m thick ice deposits imaged by
MESSENGER are young and may have been emplaced during a single event. However,
it is certainly possible that there is additional older ice hidden beneath the visible ice
deposits, gardened deep in the subsurface, and we discuss this in detail in Sec. 4.2. If all
of the ice was emplaced in a single event, then the ages derived for the surface ice
presented here are representative of the entire ice deposits. Alternatively, if the ice has
accumulated over time in more than one event, then the ages we derived for the surface
ice represent an age of the most recent emplacement episode.

A single event that led to the emplacement of surface ice in each of the analyzed
craters is not favored if the error statistics reported here for crater counting are precise
and thus the ages of all of the individual ice deposits do not overlap. In such a case, the
surfaces of these individual ice deposits must have been emplaced by recent and discrete
delivery mechanisms, such as individual, young impacts. However, given the fact that
reported errors for crater counting are from counting statistics alone, and also given the
overlap in estimated AMAs between two or three of the craters in all cases, we also find
it worthwhile to consider the possibility that the ice analyzed here was emplaced at the
same time. In such a case, we may consider an average AMA for polar ice on the basis of
these three specific host craters; the average AMA is 95 Ma =+ 33 Ma before scaling the

impact craters and 4.2 Ma + 1.2 Ma after scaling the impact craters by 1/3, where the
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reported uncertainties are 1-c standard errors derived from counting statistics alone
(Table 1).

Overall, a relatively recent delivery or deliveries may explain why ice deposits on
Mercury have sharp reflectance boundaries, coherent surfaces (Neumann et al., 2013;
Chabot et al., 2014, Chabot et al., 2016), and high radar backscatter (Butler et al., 1993;
Harmon et al., 2011). If the ice deposits have accumulated over time via multiple events,
the delivery rate must exceed the regolith overturn rate given the sharp reflectance
boundaries observed for all ice deposits on Mercury (Neumann et al., 2013; Chabot et al.,
2014, Chabot et al., 2016). Relatively young surface ages of the ice are inconsistent with
volcanic outgassing delivering volatile species to Mercury's poles given that the bulk of
volcanic activity on Mercury ceased >3.5 Ga (Byrne et al., 2016), and recent, localized
pyroclastic eruptions (Jozwiak et al., 2018) are not expected to have produced 3.45 x 107
g of water, which is the mass of ice calculated for Mercury (Susorney et al., 2019).

4.2. Comparison to lunar polar ice

Mercury and the Moon show distinct differences in the abundance and purity of
ice cold-trapped at their poles, despite both bodies having PSRs that are thermally stable
environments for water ice on geologic timescales (Vasavada et al., 1999) due to the
small axial tilt of each body. While both Earth-based (Harmon et al., 2011) and orbital
(Lawrence et al., 2013, Neumann et al., 2013, Paige et al., 2013; Chabot et al., 2014;
Deutsch et al., 2016, Deutsch et al., 2017) observations indicate that there are extensive
water-ice deposits within Mercury's PSRs (Fig. 1), data suggest that water-ice deposits on

the Moon (Lawrence et al., 2006, Colaprete et al., 2010; Campbell et al., 2006, Spudis et
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al., 2010, Thomson et al., 2012, Haruyama et al., 2008, Zuber et al., 2012, Hayne et al.,
2015, Fisher et al., 2017, Li et al., 2018) are smaller in extent and less concentrated than
those on Mercury.

For example, neutron spectrometer data of the lunar polar regions are suggestive
of concentrations of only ~1.5% water ice by mass in the upper ~1 m of the lunar
regolith (Lawrence et al., 2006). Furthermore, Lunar CRater Observation and Sensing
Satellite detected only ~6 wt.% water ice in the ejecta plume resulting from an impact
into Cabeus crater (Colaprete et al., 2010). Earth-based radar observations do not show
evidence for concentrated water ice on the Moon (e.g., Campbell et al., 2006) and
spacecraft radar observations are suggestive of only patches of ice (e.g., Thomson et al.,
2012). Finally, imaging (Haruyama et al., 2008) and reflectance (Zuber et al., 2012,
Hayne et al., 2015, Fisher et al., 2017, Li et al., 2018) campaigns of the lunar poles have
not revealed thick, coherent ice deposits, but instead are suggestive of a spatially
heterogeneous, or patchy, distribution of water frost. Thus, ice on Mercury appears to be
purer and more extensive than any ice on the Moon. The cause for the differences
between ice on Mercury and the Moon is not understood. One possibility is that
differences in delivery time may explain the stark differences between surface ice on
these two airless bodies.

Impact gardening can produce spatial heterogeneities in ice distribution due to the
loss and redistribution of volatiles through time (e.g., Hurley et al., 2012). Impacts
introduce heterogeneity into the system because they remove volatiles via vaporization,

and also preserve volatiles through the emplacement of ejecta, with a net effect of
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breaking up and burying the ice through time (e.g., Hurley et al., 2012). Because these
processes take time, heterogeneity is inherently related to the age of the ice.

Hurley et al. (2012) present Monte Carlo simulations of the evolution of ice in
PSRs on the Moon. They find that, statistically, individual locations on the Moon
experience more burial events than excavation events and they estimate an average burial
rate of | mm/Myr. Using this average burial rate, we extrapolate backwards in time from
the present day (0 Myr) into the past (4500 Myr), starting with a present-day ice thickness
of 1 mm. If an initial ice layer on the Moon was ever similar in thickness to the ice
deposits observed at the poles of Mercury (and thus at least several meters thick
(Harmon, 2007, Black et al., 2010)), then the ice observed at the surface of the Moon
today must have been delivered very early on in lunar history. For example, in order for
regolith gardening processes to rework a 4 m-thick layer of ice into a present-day 1-mm
thickness on the surface, then the 4 m of ice should have been accumulated by ~4 Ga.
Interestingly, the average burial rate of 1 mm/Myr (Hurley et al., 2012) cannot account
for an initial thickness of ice in the lunar PSRs that exceeds, on average, 4.5 m, which
may be thinner than what is observed on Mercury today; lower estimates for the thickness
of Mercury's polar ice deposits are at least several meters (Harmon, 2007, Black et al.,
2010, Talpe et al., 2012, Susorney et al., 2019), while maximum estimates approach ~50
m (Eke et al., 2017, Deutsch et al., 2018). Thus, the regolith gardening simulations
presented by Hurley et al. (2012) suggest that the ice on the Moon is relatively ancient,
that less ice has been delivered to the Moon than has been delivered to Mercury through

time, or that additional loss processes are very efficient on the Moon.
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5. Conclusion

Unlike surface water ice on the Moon, surface water ice on Mercury appears as
coherent deposits whose distinct reflectance boundaries align directly with regions of
permanent shadow (Chabot et al., 2014, Chabot et al., 2016, Chabot et al., 2018; Deutsch
et al., 2016). If ice deposits on Mercury are relatively young, then they have not been
exposed to extensive space weathering processes that would break up, destroy, or bury
the ice. A relatively young age, as estimated here from both superposed impact craters on
the ice surfaces and Poisson analyses, is consistent with (1) regolith gardening models
that suggest the ice deposits were emplaced <50 Ma (Crider and Killen, 2005), (2)
analyses of high-resolution images of the polar deposits that uniformly reveal sharp
reflectance boundaries and spatial coherence within PSRs (Chabot et al., 2016, Chabot et
al., 2014), and (3) the presence of ice in micro-cold traps (Rubanenko et al., 2018). If the
ages and error statistics presented here are precise and not all individual ice surfaces
overlap in age, then the surface ice must have been delivered by a multitude of young,
discrete emplacement events. However, if the errors do overlap, it is possible that the
surface ice was delivered by a single, young impact (e.g., Chabot et al., 2016, Rubanenko
etal., 2018; Ernst et al., 2018). Recently, an analysis of Mercury's Hokusai (a 97-km
Kuiperian crater) estimated that the Hokusai impact event could account for the entire ice
inventory on the planet, strengthening the viability of a single-impact delivery scenario
(Ernst et al., 2018).

To date, it is not clear why polar ice on the Moon is relatively less pure and

extensive than polar ice on Mercury, which has a water-ice cold-trapping efficiency of
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only 50% of the Moon (Schorghofer et al., 2016). It is possible that these differences may
be related to the age of the ice. Surface ice on the Moon is characterized by a substantial
degree of spatial heterogeneity within and between PSRs (Hayne et al., 2015). If the ice
observed at the lunar poles today was delivered early on during the Moon's history, it has
undergone substantial impact bombardment, leading to a spatially heterogeneous surface
distribution (e.g., Hurley et al., 2012). The ice deposits that show the greatest spatial
heterogeneity on the surface may have substantial vertical heterogeneity as well, with
additional ice buried in the subsurface (e.g., Hurley et al., 2012).

The same impact bombardment and space weathering processes operate on
Mercury and the Moon, and Mercury's regolith may be overturned even more frequently
than the lunar regolith (e.g., Domingue et al., 2014) due to higher impact rates and speeds
(e,g., Borin et al., 2009). Thus, it is possible that relatively ancient, degraded ice deposits
exist below the extensive, pure deposits observed on Mercury's surface today. The lunar
polar deposits therefore provide an interesting opportunity to inform us about the ultimate
fate of mercurian polar deposits, as well as ices on other airless bodies.

This work has provided new surface age estimates of Mercury's polar ice deposits,
which provide critical insight into the possible delivery mechanism(s) for the ice. We find
that individual ice surfaces on Mercury are all <330 Ma, and possibly as young as only a
few Ma. These young ages are suggestive of recent comet impacts, or a single impact if
larger errors on the estimated ages are considered. As BepiColombo prepares to enter its
orbit around Mercury, this work will serve as an important test as the first high-resolution

images of the south polar PSRs are acquired.

44



Acknowledgments
We thank Michael Sori and an anonymous reviewer for their helpful reviews and

William McKinnon for his editorial handling of this manuscript. This work is supported

by NASA (Grant number NNX16AT19H) issued through the Harriett G. Jenkins

Graduate Fellowship to A.N.D., by the Solar System Exploration Research Virtual

Institute (Grant number NNA14ABO1A) to J.W.H., and by the NASA Discovery

Program and Goddard Space Flight Center Internal Science Funding Model to G.A.N.

We gratefully acknowledge Greg Michael for assistance in Poisson statistical analyses

and Carle Pieters for helpful discussion about this work.

References

G.J. Black, D.B. Campbell, J.K. Harmon. Radar measurements of Mercury's north pole at
70 cm wavelength. Icarus, 209 (2010), pp. 224-229, 10.1016/j.icarus.2009.10.009.

P. Borin, G. Cremonese, F. Marzari, M. Bruno, S. Marchi. Statistical analysis of
micrometeoroids flux on Mercury. Astron. Astrophys., 503 (2009), pp. 259-264,
10.1051/0004-6361/200912080.

A.M. Bramson, S. Byrne, N.E. Putzig, S. Sutton, J.J. Plaut, T.C. Brothers, J.W. Holt.
Widespread excess ice in Arcadia Planitia, Mars. Geophys. Res. Lett., 42 (2015),
pp- 6566-6574, 10.1002/2015GL064844.

B.J. Butler, D.O. Muhleman, M.A. Slade. Mercury: full-disk radar images and the
detection and stability of ice at the North Pole. J. Geophys. Res., 98 (1993), pp.

15003-15023, 10.1029/93JE01581.

45



P.K. Byrne, L.R. Ostrach, C.I. Fassett, C.R. Chapman, B.W. Denevi, A.J. Evans, C.
Klimczak, M.E. Banks, J.W. Head, S.C. Solomon. Widespread effusive
volcanism on Mercury likely ended by about 3.5 Ga. Geophys. Res. Lett., 43
(2016), Article 2016GL069412, 10.1002/2016GL069412.

D.B. Campbell, B.A. Campbell, L.M. Carter, J.-L. Margot, N.J.S. Stacy. No evidence for
thick deposits of ice at the lunar south pole. Nature, 443 (2006), pp. 835-837,
10.1038/nature05167.

N.L. Chabot, C.M. Ernst, B.W. Denevi, H. Nair, A.N. Deutsch, D.T. Blewett, S.L.
Murchie, G.A. Neumann, E. Mazarico, D.A. Paige, J.K. Harmon, J.W. Head, S.C.
Solomon. Images of surface volatiles in Mercury's polar craters acquired by the
MESSENGER spacecraft. Geology, 42 (2014), pp. 1051-1054,
10.1130/G35916.1.

N.L. Chabot, C.M. Ernst, D.A. Paige, H. Nair, B.W. Denevi, D.T. Blewett, S.L. Murchie,
A.N. Deutsch, J.W. Head, S.C. Solomon. Imaging Mercury's polar deposits
during MESSENGER's low-altitude campaign. Geophys. Res. Lett., 43 (2016),
pp- 9461-9468, 10.1002/2016GL070403.

N.L. Chabot, E.E. Shread, J.K. Harmon. Investigating Mercury's south polar deposits:
Arecibo radar observations and high-resolution determination of illumination
conditions. J. Geophys. Res., Planets, 123 (2018), pp. 666-681,
10.1002/2017JE005500.

A. Colaprete, P. Schultz, J. Heldmann, D. Wooden, M. Shirley, K. Ennico, B. Hermalyn,

W. Marshall, A. Ricco, R.C. Elphic, D. Goldstein, D. Summy, G.D. Bart, E.

46



Asphaug, D. Korycansky, D. Landis, L. Sollitt. Detection of water in the
LCROSS ejecta plume. Science, 330 (2010), pp. 463-468,
10.1126/science.1186986.

D. Crider, R.M. Killen. Burial rate of Mercury's polar volatile deposits. Geophys. Res.
Lett., 32 (2005), Article L12201, 10.1029/2005GL022689.

S.K. Croft. Relationships between the apparent crater, transient crater and excavation
cavity of a simple crater. B. Odette, J. Horz, F. Horz (Eds.), Workshop on Apollo,
vol. 16, Lunar and Planet Inst., Houston, Tex. (1981), pp. 40-44.

S.K. Croft, S.W. Kieffer, T.J. Ahrens. Low-velocity impact craters in ice and ice-
saturated sand with implications for Martian crater count ages. J. Geophys. Res.,
Solid Earth, 84 (1979), pp. 8023-8032, 10.1029/JB084iB14p08023.

A.N. Deutsch, N.L. Chabot, E. Mazarico, C.M. Ernst, J.W. Head, G.A. Neumann, S.C.
Solomon. Comparison of areas in shadow from imaging and altimetry in the north
polar region of Mercury and implications for polar ice deposits. Icarus, 280
(2016), pp. 158-171, 10.1016/j.icarus.2016.06.015.

A.N. Deutsch, J.W. Head, N.L. Chabot, G.A. Neumann. Constraining the thickness of
polar ice deposits on Mercury using the Mercury Laser Altimeter and small
craters in permanently shadowed regions. Icarus, 305 (2018), pp. 139-148,
10.1016/j.icarus.2018.01.013.

A.N. Deutsch, G.A. Neumann, J.W. Head. New evidence for surface water ice in small-

scale cold traps and in three large craters at the north polar region of Mercury

47



from the Mercury Laser Altimeter. Geophys. Res. Lett., 44 (2017), pp. 9233-
9241, 10.1002/2017GL074723.

D.L. Domingue, C.R. Chapman, R.M. Killen, T.H. Zurbuchen, J.A. Gilbert, M. Sarantos,
M. Benna, J.A. Slavin, D. Schriver, P.M. Travni¢ek, T.M. Orlando, A.L. Sprague,
D.T. Blewett, J.J. Gillis-Davis, W.C. Feldman, D.J. Lawrence, G.C. Ho, D.S.
Ebel, L.R. Nittler, F. Vilas, C.M. Pieters, S.C. Solomon, C.L. Johnson, R.M.
Winslow, J. Helbert, P.N. Peplowski, S.Z. Weider, N. Mouawad, N.R. Izenberg,
W.E. McClintock. Mercury's weather-beaten surface: understanding Mercury in
the context of lunar and asteroidal space weathering studies. Space Sci. Rev., 181
(2014), pp. 121-214, 10.1007/s11214-014-0039-5.

V.R. Eke, D.J. Lawrence, L.F.A. Teodoro. How thick are Mercury's polar water ice
deposits? Icarus, 284 (2017), pp. 407-415, 10.1016/j.icarus.2016.12.001.

C.M. Ernst, N.L. Chabot, O.S. Barnouin. Examining the potential contribution of the
Hokusai impact to water ice on Mercury. J. Geophys. Res., Planets, 123 (2018),
pp. 2628-2646, 10.1029/2018JE005552.

J.L. Fastook, J.W. Head, A.N. Deutsch. Glaciation on Mercury: accumulation and flow of
ice in permanently shadowed circum-polar crater interiors. Icarus, 317 (2019), pp.
81-93, 10.1016/j.icarus.2018.07.004.

E.A. Fisher, P.G. Lucey, M. Lemelin, B.T. Greenhagen, M.A. Siegler, E. Mazarico, O.
Aharonson, J.-P. Williams, P.O. Hayne, G.A. Neumann, D.A. Paige, D.E. Smith,
M.T. Zuber. Evidence for surface water ice in the lunar polar regions using

reflectance measurements from the Lunar Orbiter Laser Altimeter and

48



temperature measurements from the Diviner Lunar Radiometer Experiment.
Icarus, 292 (2017), pp. 74-85, 10.1016/].icarus.2017.03.023.

J.K. Harmon. Radar imaging of Mercury. Space Sci. Rev., 132 (2007), pp. 307-349,
10.1007/s11214-007-9234-y.

J.K. Harmon, M.A. Slade, M.S. Rice. Radar imagery of Mercury's putative polar ice:
1999-2005 Arecibo results. Icarus, 211 (2011), pp. 37-50,
10.1016/j.icarus.2010.08.007.

W.K. Hartmann. Martian cratering 9: toward resolution of the controversy about small
craters. Icarus, 189 (2007), pp. 274-278, 10.1016/j.icarus.2007.02.011.

J. Haruyama, M. Ohtake, T. Matsunaga, T. Morota, C. Honda, Y. Yokota, C.M. Pieters,
S. Hara, K. Hioki, K. Saiki, H. Miyamoto, A. Iwasaki, M. Abe, Y. Ogawa, H.
Takeda, M. Shirao, A. Yamaji, J.-L. Josset. Lack of exposed ice inside lunar south
pole Shackleton crater. Science, 322 (2008), pp. 938-939,
10.1126/science.1164020.

P.O. Hayne, A. Hendrix, E. Sefton-Nash, M.A. Siegler, P.G. Lucey, K.D. Retherford, J.-
P. Williams, B.T. Greenhagen, D.A. Paige. Evidence for exposed water ice in the
Moon's south polar regions from Lunar Reconnaissance Orbiter ultraviolet albedo
and temperature measurements. Icarus, 255 (2015), pp. 58-69,
10.1016/j.icarus.2015.03.032.

D.M. Hurley, D.J. Lawrence, D.B.J. Bussey, R.R. Vondrak, R.C. Elphic, G.R. Gladstone.

Two-dimensional distribution of volatiles in the lunar regolith from space

49



weathering simulations. Geophys. Res. Lett., 39 (2012), Article L09203,
10.1029/2012GL051105.

L.M. Jozwiak, J.W. Head, L. Wilson. Explosive volcanism on Mercury: analysis of vent
and deposit morphology and modes of eruption. Icarus, 302 (2018), pp. 191-212,
10.1016/j.icarus.2017.11.011.

D. Koschny, E. Griin. Impacts into ice—silicate mixtures: crater morphologies, volumes,
depth-to-diameter ratios, and yield. Icarus, 154 (2001), pp. 391-401,
10.1006/icar.2001.6707.

D.J. Lawrence, W.C. Feldman, R.C. Elphic, J.J. Hagerty, S. Maurice, G.W. McKinney,
T.H. Prettyman. Improved modeling of Lunar Prospector neutron spectrometer
data: implications for hydrogen deposits at the lunar poles. J. Geophys. Res., 111
(2006), Article E08001, 10.1029/2005JE002637.

D.J. Lawrence, W.C. Feldman, J.O. Goldsten, S. Maurice, P.N. Peplowski, B.J.
Anderson, D. Bazell, R.L. McNutt, L.R. Nittler, T.H. Prettyman, D.J. Rodgers,
S.C. Solomon, S.Z. Weider. Evidence for water ice near Mercury's north pole
from MESSENGER neutron spectrometer measurements. Science, 339 (2013),
pp- 292-296, 10.1126/science.1229953.

M. Le Feuvre, M.A. Wieczorek. Nonuniform cratering of the Moon and a revised crater
chronology of the inner Solar System. Icarus, 214 (2011), pp. 1-20,
10.1016/j.icarus.2011.03.010.

S. Li, P.G. Lucey, R.E. Milliken, P.O. Hayne, E. Fisher, J.-P. Williams, D.M. Hurley,

R.C. Elphic. Direct evidence of surface exposed water ice in the lunar polar

50



regions. Proc. Natl. Acad. Sci. USA, 115 (2018), pp. 8907-8912,
10.1073/pnas.1802345115.

G.G. Michael, T. Kneissl, A. Neesemann. Planetary surface dating from crater size-
frequency distribution measurements: Poisson timing analysis. Icarus, 277 (2016),
pp- 279-285, 10.1016/j.icarus.2016.05.019.

G.G. Michael, G. Neukum. Planetary surface dating from crater size—frequency
distribution measurements: partial resurfacing events and statistical age
uncertainty. Earth Planet. Sci. Lett., 294 (2010), pp. 223-229,
10.1016/5.epsl.2009.12.041.

G.A. Neumann, J.F. Cavanaugh, X. Sun, E.M. Mazarico, D.E. Smith, M.T. Zuber, D.
Mao, D.A. Paige, S.C. Solomon, C.M. Ernst, O.S. Barnouin. Bright and dark
polar deposits on Mercury: evidence for surface volatiles. Science, 339 (2013),
pp- 296-300, 10.1126/science.1229764.

D.A. Paige, M.A. Siegler, J.K. Harmon, G.A. Neumann, E.M. Mazarico, D.E. Smith,
M.T. Zuber, E. Harju, M.L. Delitsky, S.C. Solomon. Thermal stability of volatiles
in the north polar region of Mercury. Science, 339 (2013), pp. 300-303,
10.1126/science.1231106.

J.H. Pasckert, H. Hiesinger, C.H. van der Bogert. Small-scale lunar farside volcanism.
Icarus, 257 (2015), pp. 336-354, 10.1016/].icarus.2015.04.040.

L.M. Prockter, M.J. Kinczyk, P.K. Byrne, B.W. Denevi, J.W. Head, C.I. Fassett, J.L.

Whitten, R.J. Thomas, D.L. Buczkowski, B.M. Hynek, L.R. Ostrach, D.T.

51



Blewett, C.M. Ernst, MESSENGER Mapping Group. The first global geologic
map of Mercury. Lunar Planet. Sci., 47 (2016), Abstract 1245.

L. Rubanenko, E. Mazarico, G.A. Neumann, D.A. Paige. Ice in micro cold traps on
Mercury: implications for age and origin. J. Geophys. Res., Planets, 123 (2018),
pp- 2178-2191, 10.1029/2018JE005644.

N. Schorghofer, E. Mazarico, T. Platz, F. Preusker, S.E. Schroder, C.A. Raymond, C.T.
Russell. The permanently shadowed regions of dwarf planet Ceres. Geophys. Res.
Lett., 43 (2016), pp. 6783-6789, 10.1002/2016GL069368.

M.M. Sori, S. Byrne, C.W. Hamilton, M.E. Landis. Viscous flow rates of icy topography
on the north polar layered deposits of Mars. Geophys. Res. Lett., 43 (2016), pp.
541-549, 10.1002/2015GL067298.

P.D. Spudis, D.B.J. Bussey, S.M. Baloga, B.J. Butler, D. Carl, L.M. Carter, M.
Chakraborty, R.C. Elphic, J.J. Gillis-Davis, J.N. Goswami, E. Heggy, M.
Hillyard, R. Jensen, R.L. Kirk, D. LaVallee, P. McKerracher, C.D. Neish, S.
Nozette, S. Nylund, M. Palsetia, W. Patterson, M.S. Robinson, R.K. Raney, R.C.
Schulze, H. Sequeira, J. Skura, T.W. Thompson, B.J. Thomson, E.A. Ustinov,
H.L. Winters. Initial results for the north pole of the Moon from Mini-SAR,
Chandrayaan-1 mission. Geophys. Res. Lett., 37 (2010), Article L06204,
10.1029/2009GL042259.

H.C.M. Susorney, P.B. James, C.L. Johnson, N.L. Chabot, C.M. Ernst, E.M. Mazarico,

G.A. Neumann, M.J. Kinczyk. The thickness of radar-bright deposits in Mercury's

52



northern hemisphere from individual Mercury Laser Altimeter tracks. Icarus, 323
(2019), pp. 40-45, 10.1016/j.icarus.2019.01.016.

M.J. Talpe, M.T. Zuber, D. Yang, G.A. Neumann, S.C. Solomon, E. Mazarico, F. Vilas.
Characterization of the morphometry of impact craters hosting polar deposits in
Mercury's north polar region. J. Geophys. Res., 117 (2012), Article EOOL13,
10.1029/2012JE004155.

B.J. Thomson, D.B.J. Bussey, C.D. Neish, J.T.S. Cahill, E. Heggy, R.L. Kirk, G.W.
Patterson, R.K. Raney, P.D. Spudis, T.W. Thompson, E.A. Ustinov. An upper
limit for ice in Shackleton crater as revealed by LRO Mini-RF orbital radar.
Geophys. Res. Lett., 39 (2012), Article L14201, 10.1029/2012GL052119.

A.R. Vasavada, D.A. Paige, S.E. Wood. Near-surface temperatures on Mercury and the
Moon and the stability of polar ice deposits. Icarus, 141 (1999), pp. 179-193,
10.1006/icar.1999.6175.

N.H. Warner, S. Gupta, F. Calef, P. Grindrod, N. Boll, K. Goddard. Minimum effective
area for high resolution crater counting of martian terrains. Icarus, 245 (2015), pp.
198-240, 10.1016/j.icarus.2014.09.024.

J.-P. Williams, C.H. van der Bogert, A.V. Pathare, G.G. Michael, M.R. Kirchoff, H.
Hiesinger. Dating very young planetary surfaces from crater statistics: a review of
issues and challenges. Meteorit. Planet. Sci., 53 (2018), pp. 554-582,

10.1111/maps.12924.

53



J.A. Zhang, D.A. Paige. Correction to “Cold-trapped organic compounds at the poles of
the Moon and Mercury: implications for origins”. Geophys. Res. Lett., 37 (2010),
Article L03203, 10.1029/2009GL041806.

M.T. Zuber, J.W. Head, D.E. Smith, G.A. Neumann, E. Mazarico, M.H. Torrence, O.
Aharonson, A.R. Tye, C.I. Fassett, M.A. Rosenburg, H.J. Melosh. Constraints on
the volatile distribution within Shackleton crater at the lunar south pole. Nature,

486 (2012), pp. 378-381, 10.1038/nature11216.

54



Table 1. Craters hosting water-ice deposits that do and do not have small craters
identified as superposing the ice on the basis of high-reflectance ejecta rings.

Host craters identified as having superposing craters from high-reflectance ejecta rings

Host crater Ensor Laxness Bechet
Diameter (km) 25 26 18

Location 82.3°N, 342.5°E 83.3°N, 310.0°E 83.1°N, 266.3°E
Absolute model 210 + 60* 29 £+ 10* 47 £ 20*

ages (Ma) of 23 £ 6** 5.1 &£ 5%* 7.9 + 3**
surfaces 8.4 £ 2¥** 1.5+ 0.5%** 2.7 £ 1%**

derived from

crater-counting

statistics’

Estimated 137+ 15 100 £ 18 81+£19

likely ages

(Ma) of

surfaces

calculated from

Poisson

statistics

Count area 109 79 86

(km?)

Total craters 17 8 6

superposing ice

Host craters identified as not having any superposing craters from high-reflectance ejecta

rings

Host crater Despréz Fuller V2

Diameter (km) 47 27 18

Location 81.1°N, 258.8°E 82.6°N, 317.4°E 80.3°N, 293.2°E

Estimated <10+ 1 Myr <10+ 1 Myr <10+ 1 Myr

likely ages

(Ma) of

surfaces

calculated from

Poisson

statistics
TReported errors are 1- ¢ from the mean.
*Crater diameters used in crater-counting statistics are the diameters measured from
images.
**Crater diameters are scaled by ' to represent possible sizes of craters impacting into
pure ice (Croft et al., 1979; Koschny and Griin, 2001).
*#* Crater diameters are scaled by 1/3 to represent the minimum possible sizes of craters
impacting into pure ice (Croft et al., 1979; Koschny and Griin, 2001).
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Figure 1. Water-ice deposits located at the north polar region on Mercury. Distribution o
water ice at the north polar region of Mercury from 80°—90°N. Regions of permanent
shadow (Deutsch et al., 2016) are shown in blue and radar-bright materials (Harmon et
al., 2011) are shown in yellow. Host craters identified as having craters associated with
high-reflectance rings in their PSRs are circled in green and host craters identified as
lacking craters associated with high-reflectance rings are circled in red.
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Laxness | Bechet

Figure 2. Brightness variations associated with impact craters suggest these impact
craters superpose the ice deposits on Mercury. Low-altitude WAC broadband images
reveal the interiors of (a) Ensor crater (25 km diameter; 82.3°N, 342.5°E), (b) Laxness
crater (26 km diameter; 83.3°N, 310.0°E), and (c) Bechet crater (18 km diameter; 83.1°N,
266.3°E). Yellow arrows point to small craters (100—300 m in diameter) in the PSRs
associated with high-reflectance material.
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Despréz Fuller \/2

Figure 3. The lack of high-reflectance rings associated with impact craters suggests that
no craters superpose these ice deposits. Low-altitude WAC broadband images reveal the
interiors of (a) Despréz crater (47 km diameter; 81.1°N, 258.8°E), (b) Fuller crater (27
km diameter; 82.6°N, 317.4°E), and (c) V2 crater (18 km diameter; 80.3°N, 293.2°E).
None of the craters in the PSRs is associated with high-reflectance material.
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Figure 4. Estimated surface ages of water-ice deposits on Mercury are relatively young.
a, Crater size-frequency distributions of ice deposits hosted by Ensor (blue), Laxness
(red), and Bechet (green) craters. Crater counts include all craters >100 m that occur
within permanently shadowed, radar-bright deposits and that are associated with high-
reflectance rings suggestive of ejected material. b, Estimated ages of the ice surfaces
hosted by Ensor (blue), Laxness (red), Bechet (green), and of an ice surface with no
superposing craters (yellow). The probability distribution is calculated for 0.001 Gyr time

intervals, and represents the likelihood (y-axis) that each surface has a particular age (x-
axis).
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Supporting material

Table S1. Images analyzed to identify the presence or absence of craters that superpose

ice deposits.

Host craters identified as having superposing craters from high-reflectance ejecta rings

Host crater
Diameter (km)
Location
Images
analyzed
(pixel
resolution)

Count area
(km?)

Total craters
superposing ice
Diameters of
superposed
craters (km)

Ensor

25

82.3°N, 342.5°E
EW1051458815B (37.6
m)

EW1067153761B (64.5
m)

EW1046946306B (90.3
m)

109
17

0.15
0.15
0.17
0.19
0.19
0.19
0.20
0.20
0.20
0.20
0.20
0.22
0.22
0.22
0.24
0.27
0.27

Laxness

26

83.3°N, 310.0°E
EW1052529039B (46.1
m)

EW1052586891B (48.0
m)

EW1067392056B (55.2)
EW1067451645B (57.4
m)

79

0.11
0.14
0.14
0.15
0.16
0.22
0.23
0.28

Bechet

18

83.1°N, 266.3°E
EW1068017656B (55.0
m)

EW1068077244B (58.0
m)

EW1053138269B (71.5
m)

EW1052528979B (32.8
m)

EW1068107038B (59.2
m)

EW1068136833B (60.6
m)

86

6

0.17
0.21
0.22
0.23
0.24
0.29

Host craters identified as not having any superposing craters from high-reflectance ejecta

rings

Host crater
Diameter (km)
Location

Despréz
47
81.1°N, 258.8°E

Fuller
27
82.6°N, 317.4°E

60

V2
18
80.3°N, 293.2°E



Images
analyzed (pixel
resolution)

EW1068404967B (70.7
m)
EW1068434759B (71.0
m)
EW1068732711B (40.4
m)
EW1067540944B (38.4
m)

EW1067451658B (61.0
m)
EW1047206595B (44.2
m)
EW1051950532B (37.7
m)
EW1062636818B (44.5
m)

61

EW1051776921B (24.3
m)
EW1063405740B (45.7
m)
EW1067123879B (41.9
m)
EW1068017709B (37.7
m)



The following supporting material documents images analyzed to identify the presence or
absence of craters that superpose ice deposits.

Figure S1. Stretched WAC image EW1051458815B (pixel resolution of 37.6 m)
reveals the permanently shadowed interior of Ensor (82.3°N, 342.5°E).
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Figure S2. Stretched WAC image EW1067153761B (pixel resolution of 64.5 m)
reveals the permanently shadowed interior of Ensor (82.3°N, 342.5°E).
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Figure S3. Stretched WAC image EW1046946306B (pixel resolution of 90.3 m)
reveals the permanently shadowed interior of Ensor (82.3°N, 342.5°E).
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Figure S4. Stretched WAC image EW1052529039B (pixel resolution of 46.1 m)
reveals the permanently shadowed interior of Laxness (83.3°N, 310.0°E).
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Figure S5. Stretched WAC image EW1052586891B (pixel resolution of 48.0 m)
reveals the permanently shadowed interior of Laxness (83.3°N, 310.0°E).
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Figure S6. Stretched WAC image EW1067392056B (pixel resolution of 52.2 m)
reveals the permanently shadowed interior of Laxness (83.3°N, 310.0°E).
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Figure S7. Stretched WAC image EW1067451645B (pixel resolution of 57.4 m)
reveals the permanently shadowed interior of Laxness (83.3°N, 310.0°E).
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Figure S8. Stretched WAC image EW1068017656B (pixel resolution of 55.0 m)
reveals the permanently shadowed interior of Bechet (83.1°N, 266.3°E).
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Figure S9. Stretched WAC image EW1068077244B (pixel resolution of 58.0 m)
reveals the permanently shadowed interior of Bechet (83.1°N, 266.3°E).
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Figure S10. Stretched WAC image EW1053138269B (pixel resolution of 71.5 m)
reveals the permanently shadowed interior of Bechet (83.1°N, 266.3°E).
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Figure S11. Stretched WAC image EW1052528979B (pixel resolution of 32.8 m)
reveals the permanently shadowed interior of Bechet (83.1°N, 266.3°E).
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Figure S12. Stretched WAC image EW1068107038B (pixel resolution of 59.2 m)
reveals the permanently shadowed interior of Bechet (83.1°N, 266.3°E).
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Figure S13. Stretched WAC image EW1068136833B (pixel resolution of 60.6 m)
reveals the permanently shadowed interior of Bechet (83.1°N, 266.3°E).
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Figure S14. Stretched WAC image EW1067540944B (pixel resolution of 38.4 m)
reveals the permanently shadowed interior of Despréz (81.1°N, 258.8°E).
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Figure S15. Stretched WAC image EW1068404967B (pixel resolution of 70.7 m)
reveals the permanently shadowed interior of Despréz (81.1°N, 258.8°E).
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Figure S16. Stretched WAC image EW1068434759B (pixel resolution of 71.0 m)
reveals the permanently shadowed interior of Despréz (81.1°N, 258.8°E).
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Figure S17. Stretched WAC image EW1068732711B (pixel resolution of 40.4 m)
reveals the permanently shadowed interior of Despréz (81.1°N, 258.8°E).
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Figure S18. Stretched WAC image EW1047206595B (pixel resolution of 44.2 m)
reveals the permanently shadowed interior of Fuller (82.6°N, 317.4°E).
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Figure S19. Stretched WAC image EW1051950532B (pixel resolution of 37.7 m)
reveals the permanently shadowed interior of Fuller (82.6°N, 317.4°E).
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Figure S20. Stretched WAC image EW1062636818B (pixel resolution of 44.5 m)
reveals the permanently shadowed interior of Fuller (82.6°N, 317.4°E).

81



Figure S21. Stretched WAC image EW1067451658B (pixel resolution of 61.0 m)
reveals the permanently shadowed interior of Fuller (82.6°N, 317.4°E).
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Figure S22. Stretched WAC image EW1051776921B (pixel resolution of 24.3 m)
reveals the permanently shadowed interior of V2 (80.3°N, 293.2°E).
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Figure S23. Stretched WAC image EW1063405740B (pixel resolution of 45.7 m)
reveals the permanently shadowed interior of V2 (80.3°N, 293.2°E).
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Figure S24. Stretched WAC image EW1067123879B (pixel resolution of 41.9 m)
reveals the permanently shadowed interior of V2 (80.3°N, 293.2°E).
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Figure S25. Stretched WAC image EW1068017709B (pixel resolution of 37.7 m)
reveals the permanently shadowed interior of V2 (80.3°N, 293.2°E).
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Abstract

Surface water ice in the permanently shadowed polar regions of the Moon has a patchy
surficial distribution and is not found within all available cold-trapping areas. To date it is
not well understood when the ice was delivered, which has important implications for the
surficial characteristics of the ice as well as for possible delivery mechanisms. Here we
present absolute model ages for 20 south polar craters that host surface water ice,
providing maximum estimates of the ages of surface ice contained within these craters.
We quantify the amount of available cold-trapping surface area that is occupied by water
ice in order to examine the relationship between the patchiness of ice within each crater
and the age of each host crater. The majority of surface ice is contained in old craters
>~3.1 Gyr, where the majority of cold-trapping area on the pole exists. The ice is these
ancient craters is very patchy in surficial distribution, occupying <11.5% of cold-trapping
surface area available in individual craters. This patchy distribution of ice in old craters is
likely to be due to impact bombardment and regolith overturn within the polar regions.
Interestingly, surface ice is also located within smaller craters (<15 km in diameter),
whose sharp crater rim crest morphologies suggest that they may be relatively young. Ice
in fresh-looking craters suggests that ice has been delivered to the lunar surface more
recently, perhaps from micrometeorites or through solar wind interactions with the lunar
regolith. Finally, we also analyze a group of ancient craters that does not host surface
water ice, even though these craters are present-day cold traps. These specific ancient
craters would not have been thermally stable for the cold-trapping of water ice before the

onset of true polar wander suggested by Siegler et al. (2016). If true polar wander did
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occur on the Moon, then the ages of ice-bearing craters presented here set an upper limit
for the age of post-true polar wander hydrogen emplacement of 4.1 0.1 Gyr.
1. Introduction

Due to the small axial tilt of the Moon, there are some regions within impact
craters that do not receive any direct sunlight (Arnold, 1979; Mazarico et al., 2011).
These shadowed regions are characterized by extremely low surface temperatures that are
limited only by heat flow from crater interiors and scattered sunlight reflected from
nearby topography (Vasavada et al., 1999; Salvail and Fanale, 1994; Ingersoll et al.,
1992). Of both scientific and exploration interests, these low surface temperatures
(<110 K) are predicted to be conducive to the cold-trapping of water ice over geologic
timescales (Watson et al., 1961; Paige et al., 2010).

Over the last several decades, ground- and spacecraft-based observations have
provided data to support the presence of water ice within these permanently shadowed
regions (PSRs) at the poles of the Moon. For example, analysis of thermal and epithermal
neutron counting rates suggest that the average hydrogen abundance at both poles is 100—
150 ppm, and is likely to be buried beneath ~10 cm of dry lunar soil (Lawrence et al.,
2006). If this hydrogen is in the form of water ice, then it is predicted that ~1.5% water
ice by mass is present in the upper ~1 m of the lunar regolith (Lawrence et al., 2006).
The Lunar CRater Observation and Sensing Satellite (LCROSS) detected ~6 wt.% water
ice in the ejecta plume resulting from an impact into Cabeus crater (Colaprete et al.,
2010). The relatively low abundances of water ice predicted from these data are
consistent with both Earth-based radar observations, which do not show evidence for
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concentrated water ice on the Moon (Stacy et al., 1997; Campbell et al., 2006), and also
spacecraft radar observations, which are suggestive of only patches of ice (Spudis et al.,
2010; Thomson et al., 2012).

Interestingly, polar ice at the surface of the Moon appears to be spatially
heterogeneous in distribution. Imaging (Haruyama et al., 2008) and reflectance
(e.g., Zuber et al., 2012; Hayne et al., 2015; Fisher et al., 2017) campaigns of the lunar
poles have not revealed thick, coherent ice deposits, but instead these data are suggestive
of a patchy distribution of water frost in some locations. For example, mapping of UV
albedo spectra and surface temperature measurements reveal a highly spatially
heterogeneous distribution of water frost within PSRs (Hayne et al., 2015). The degree of
spatial heterogeneity also appears to differ between individual cold traps. Enhanced
surface albedo suggestive of water frost (Fisher et al., 2017; Qiao et al., 2019) also
indicates a patchy distribution of surface water ice. Finally, analysis of reflectance spectra
acquired by the Moon Mineralogy Mapper (M?) instrument reveal diagnostic near-
infrared absorption features of water ice, which indicate both a low abundance and a
patchy distribution of exposed surface water ice (Li et al., 2018).

Impact gardening can produce spatial heterogeneities in ice distribution by
causing loss and redistribution of volatiles (Crider and Vondrak, 2003; Hurley et al.,
2012). Impacts remove volatiles via vaporization and also preserve volatiles through the
emplacement of ejecta, with a net effect of breaking up and burying the ice (Crider and
Vondrak, 2003; Hurley et al., 2012). Because these processes take time, the spatial

heterogeneity of ice is highly likely to be related to the exposure age of the ice.
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Here we estimate the ages of 20 lunar host craters at the south polar region of the Moon
to determine how the ages of host craters are related to the spatial heterogeneity of lunar
ice. The estimated crater ages provide upper limits for any surface ice (Li et al., 2018)
contained within the craters. Given the results of our age analyses, we discuss possible
sources for lunar water ice and compare ice on the Moon to ice on Mercury.

2. Methods

2.1. Age estimates for lunar cold traps

From crater-counting statistics, we estimate ages of 20 south polar lunar craters
that are located between 80°S and 90°S (Table 1). Tye et al. (2015) previously reported
estimates of Haworth, Shoemaker, Faustini, and Shackleton craters. By providing new
age estimates for 20 additional polar craters, we present a catalogue of 24 large polar
craters (Table 1) that can be used to analyze the surface ages of south polar craters on the
Moon. The 20 craters analyzed here are selected on the basis of three criteria: location
(between 80°S and 90°8S), size (count areas >100 km?), and slope (<10°).

In our analysis, superposing impact craters are counted on flat (<10° slope)
regions of each crater's floor to minimize effects of mass wasting that may contaminate
crater-counting statistics. To analyze the slopes of the south polar craters, we utilize data
from Lunar Orbiter Laser Altimeter (LOLA) (Smith et al., 2010), which has a pixel
resolution of 5-20 m at the pole (http://pds-geosciences.wustl.edu/missions/lro/lola.htm).
The count areas are in permanent shadow, so we create artificially illuminated hillshade
maps (pixel resolution of 20 m) at various azimuth angles from a gridded digital elevation

model that was derived from LOLA data (http://pds-
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geosciences.wustl.edu/missions/Iro/lola.htm). For each of the 20 craters analyzed, we
catalogue superposing craters (Fig. 2). Obvious secondary craters (those that appear
elongated in form, or in chains or clusters) are systematically excluded from the counts.
Crater size-frequency distributions (CSFDs) are produced using identified craters with
diameters >200 m, and are fit to models of the lunar production function (Neukum et al.,
2001) in order to estimate absolute model ages (AMAs) of 20 south polar craters
(Table 1; Fig. 3) using CraterStatsIl (Michael and Neukum, 2010). The AMAs of
Haworth, Shoemaker, Faustini, and Shackleton craters have been estimated previously
by Tye et al. (2015) and are included in Table 1. The AMAs of the polar host craters
provide a maximum age of any surface ice contained within each crater.
Because we require count areas to be >100 km? with slopes <10°, not all south polar
impact craters (particularly smaller impact craters) can be analyzed using crater-counting
statistics. However, many of these smaller impact craters have surface water ice
detections (Li et al., 2018) (Fig. 5), and thus we are still interested in the ages of these
small craters. While we cannot estimate AMAs for this population, we assess the
morphology of individual craters to identify fresh-looking craters from the presence of
crisp crater rims. To do this, we utilize images acquired by the narrow- and wide-angle
images from the Lunar Reconnaissance Orbiter Camera (LROC) (Robinson et al., 2010)
(https://www.Iroc.asu.edu/).

An additional strategy for estimating the age of smaller craters stems from
quantifying crater morphology and estimating the degree to which the crater has degraded

through time (Fassett and Thomson, 2014). Specifically, topographic diffusion models
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can be used to estimate the ages of craters, given that craters have a well-understood
initial morphology (Fassett and Thomson, 2014). This method cannot be applied in this
study to polar ice-bearing craters because topographic analyses of lunar polar craters
demonstrate that small impact craters 100 m—1 km (Kokhanov et al., 2015) and 3 km—

15 km (Rubanenko et al., 2019) show shallowing with latitude suggestive of infill, which
the authors interpret to be ice.

As discussed in Section 2.1, we only estimate AMAs of south polar craters that
have flat-floored regions >100 km? in area so that robust crater statistics could be
obtained. Although we found no surface water ice within any large crater that is
<3.1 Gyr, it is possible that some smaller impact craters that are not included in the age
analysis are relatively young and do host surface water ice. We identify 100 small impact
craters in the study region (<~15 km in diameter) that are present-day cold traps and
appear to be relatively young on the basis of crisp rim crest morphologies (Fig. 5). These
present-day cold traps are characterized by maximum surface temperatures <110 K
(Paige et al., 2010).

2.2. Patchiness of lunar surface ice within individual craters

The patchiness of surface water ice within each of the 24 south polar craters

analyzed here (Table 1) is quantified in Eq. (1) as the percent of the cold trap surface area

occupied by surface water ice:

#of pixels of surface ice detections

% Ice Occupancy = ( ) * 100% (Eq.1).

#of pixels of stable cold traps for surface ice
Cold traps are defined as surface areas with maximum surface temperatures <110 K, as

measured by the Diviner Lunar Radiometer Experiment (Paige et al., 2010), representing
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temperatures at which surface water ice is stable. Direct detections of exposed surface
water ice (Li et al., 2018) are used as surface ice detections. These surface water ice
detections were made using NIR data acquired by the M?instrument, specifically from
diagnostic overtone and combination mode vibrations of water ice that occur near 1.3,
1.5, and 2.0 um (Li et al., 2018). These unique ice absorptions are consistent with annual
maximum surface temperatures <110 K, enhanced LOLA albedo (Fisher et al., 2017), and
high UV ratios (Hayne et al., 2015) suggestive of surface water ice (Li et al., 2018).
3. Results

The majority of surface water ice at the lunar south pole (Li et al., 2018) is found
in large, old (>~3.1 Gyr) craters, which comprise the majority of the cold-trapping area
available (Fig. 1). The surface ice deposits are distributed in a spatially heterogeneous
manner, with a highly patchy appearance. No more than ~11.5% of the surface areas of
the polar craters in this study are occupied by water ice (Fig. 4; Table 1). On average,
only ~4.1% of cold trap surface areas are occupied. The precise surface areas of cold
traps occupied by water ice may be even less, given that an M3spectrum suggestive of
only ~30% water ice is classified as a positive ice detection, resulting in a single
detection at the spatial scale of an M? pixel (~280 m x 280 m). We do not find a
statistically significant trend between the age of the host crater and the patchiness of
surface ice. Instead, the ice occupancy (%) shows a wide variety between all of the host
craters; individual large craters that do host surface water ice (ranging in AMAs from
~3.1-4.2 Gyr) have between 0.1 and 11.5% of their cold-trapping surface areas occupied
by surface ice (Fig. 4; Table 1).
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We find that 76% (76/100) of these small craters lack surface water-ice
detections. The remaining 24% (24/100) of smaller craters that appear fresh have at least
one pixel with a positive water ice detection. While surface water ice is predominantly
located in ancient craters (Fig. 1), surface water ice is present in relatively young craters
as well, and it is possible that many additional surface ice deposits are cold-trapped
below this resolution (e.g., Hayne et al., 2018; Rubanenko et al., 2018), both in ancient
and young craters.

4. Discussion
4.1. Possible sources of water ice at the Moon's poles

The source(s) of volatiles trapped at the lunar poles is not currently well
understood, but the AMASs of host craters estimated here can provide critical insight into
this question. The majority of detected surface water ice (Li et al., 2018) is confined to
large, ancient (>~3.1 Gyr) cold traps and appears to be re-worked (Figs. 1,4; Table 1),
given its very patchy spatial distribution within individual cold traps. The high degree of
patchiness that we find for south polar host craters (Fig. 4; Table 1) is consistent with
impact gardening models, suggesting that ancient ice deposits have a patchy distribution
of surface ice due to their exposure to high rates of impact bombardment early on, and a
longer exposure to the space-weathering environment through time (Crider and
Vondrak, 2003; Hurley et al., 2012). The early lunar history (especially the Pre-Nectarian
and Nectarian eras) is characterized both by relatively high impact rates of comets and
asteroids (Nesvorny et al., 2017), which are suggestive of high ice delivery rates, as well

as by relatively high impact rates of micrometeorite bombardment
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(Cintala, 1992; Marchi et al., 2005), suggestive of high regolith gardening rates
(Costello et al. 2018a,b). Thus, the patchy distribution of surface water ice observable in
the older craters (Table 1) may be the artifact of ancient ice that has been broken up
through time (Crider and Vondrak, 2003; Hurley et al., 2012, Costello et al., 2018a,b).
Because we also identify a population of small (<~15 km) ice-bearing craters that
appear to be relatively young on the basis of their small size and sharp rim morphologies
(Fig. 5), there must be some mechanism that has delivered or redistributed surface water
ice to these south polar craters more recently. One possibility is that the surface ice was
delivered to these small craters after their formation, and thus the ice is relatively fresh.
The presence of ice in fresh craters suggests that ice delivery rates are greater than the
rates of ongoing destructive and burial processes at these specific cold traps. One
candidate for the recent delivery of surface ice is solar wind interactions with the lunar
regolith (e.g., Crider and Vondrak, 2000). However, this process may be expected to
deliver ice rather homogeneously across available cold traps (Crider and Vondrak, 2000),
yet the majority of small craters lack surface water ice (Fig. 5). A second candidate for
the recent delivery of surface ice is micrometeorite delivery (e.g., Mandt et al.,
2016; Szalay et al., 2018; Pokorny et al., 2019), which may result in a stochastic
distribution. A third is volcanic outgassing, which is discussed in detail in Section 4.2.
Another possibility is that the surface ice was delivered to the south polar region prior to
the formation of these small craters, and was redistributed to these small craters after
their formation. The majority of small craters that do host surface water ice (circled in

blue in Fig. 5) are located in regions that have higher concentrations of surface water ice
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(yellow pixels in Fig. 5). Older surface ice may have been redistributed to younger craters
by the transportation of impact ejecta or condensation of impact vapors (e.g., Crider and
Vondrak, 2003; Hurley et al., 2012; 2017; Farrell et al., 2015; Mandt et al.,

2016; Szalay et al., 2018). However, if this is the case, an explanation is required in order
to explain why all of the small, young craters proximal to higher concentrations of
surface water ice do not host surface water ice (Fig. 5). Overall, understanding why some
small, young craters host surface water and why others do not is an important open
question.

Recently, analysis of the icy regolith surface layer in lunar PSRs detected by the
Lyman Alpha Mapping Project (LAMP) UV instrument suggested that the icy regolith,
which is sensed to a depth of <1 um, must be <2000 years old (Farrell et al., 2019). The
authors suggest that older surface ice would be eroded by plasma sputtering, meteoric
impact vaporization, and meteoric impact ejection (Farrell et al., 2019). If this is the case,
then the surface ice within the large, older craters (Fig. 1) and within the small, younger
craters (Fig. 5) may be explained by the same, ongoing delivery mechanism.

It is an outstanding question why not all available cold traps on the surface today are
occupied by ice. For the larger cold traps that are estimated to be relatively ancient
(Table 1; Fig. 4), this may be related to some re-orientation of the lunar spin-axis, given
that these cold traps appear to be spatially grouped (Section 4.2). Furthermore, they are
not predicted to have been stable for the cold-trapping of surface water ice when the
Moon was on its paleo-axis predicted by Siegler et al. (2016) (Section 4.2). However, for

the smaller cold traps that are interpreted to be relatively young on the basis of crater
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morphology, paleo-thermal conditions do not appear to be a driving factor. For example,
the smaller, younger craters that lack ice show a wide spatial distribution across the polar
region (Fig. 5). Furthermore, if these craters are relatively young, then they are likely to
have formed after the re-orientation of the Moon. Thus, the presence of surface ice in
some but not all young cold traps suggests that ice delivery and destruction processes are
not in equilibrium across the lunar south pole.
4.2. Constraints on the timing of potential TPW

There are also some large ancient craters that are present-day cold traps, but do
not host surface water ice (Figs. 1 and 4). Analysis of the M3 data that are used here to
identify the presence of surface ice suggests that there are no biases in data acquisition
related to these craters (Li et al., 2018). Previously, it has been suggested that the present-
day distribution of lunar ice may be affected not only by the current distribution of cold-
trapping area, but also by the ancient distribution of cold-trapping area (Siegler et al.,
2016). Siegler et al. (2011; 2015) argue that long-term orbital changes have resulted in
substantial variations in the polar thermal environment on the Moon, and that a high-
obliquity period would have resulted in the loss of ice to space or the migration of ice
into the subsurface. True polar wander (TPW) refers to the physical reorientation of the
spin axis relative to the Moon's present-day poles, and has been suggested to have
reoriented the Moon by ~5.5° since its formation (Siegler et al., 2016). The chronology
of potential TPW is uncertain and Siegler et al. (2016) found it to be highly dependent on
the evolution of mantle temperatures, the compensation state of the lithosphere, and the

emplacement and relaxation of mare basalts. The representative models presented
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by Siegler et al. (2016) predicted a passage through the paleopole prior to 3.5 Gyr,
although this is currently not well constrained.

Under the predicted paleo-conditions, the thermal surface environments of some
present-day cold traps would not have been stable for the survival of surface water ice
(Siegler et al., 2016). Siegler et al. (2016) found that the polar hydrogen concentrations
sensed by the Lunar Prospector Neutron Spectrometer are best matched by a combination
of hydrogen deposits being delivered pre-TPW (57%) and post-TPW (43%). This
hypothesis is consistent with the presence of ice both in large, older craters (Fig. 1) and
also in small, younger craters (Fig. 5).

We find that our age-dating analysis strengthens the interpretation that the
retention of volatiles within cold traps may have been affected by the stability of these
cold traps on long timescales, possibly related to TPW (Siegler et al., 2016; Li et al.,
2018). This is because the large craters that are present-day cold traps are not predicted to
have been thermally stable for the cold-trapping of water ice when the Moon was on its
paleo-axis. Therefore, even if ice was delivered to these craters early on, the ice would
not have remained on the surface due to average surface temperatures exceeding 110 K.
Thus, the distribution of surface ice at the lunar poles today may be controlled not only
by ice supply rates and impact destruction rates, but also some additional factor that
affects the long-term stability of volatiles in individual cold traps, such as TPW. The lack
of surface ice in these specific craters suggests that either the major flux of polar volatiles
occurred pre-TPW, or that there has been a very asymmetrical delivery and/or destruction

of volatiles since the onset of polar wander.
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Importantly, our age estimates of south polar craters provide constraints on the
timing of potential TPW on the Moon. For example, surface ice is not predicted to have
been stable before the onset of TPW in Nobile (85.3°S, 53.3°S; 79.3-km diameter) or
Shackleton (89.7°S, 129.8°S; 20.9-km diameter) (Siegler et al., 2016), yet surface ice is
present within these craters (Fig. 1). For ice to be present at the surface of Nobile or
Shackleton, the Moon must have already reoriented to its current spin-axis before ice was
delivered to these craters. The AMAs of Nobile and Shackleton, respectively, are
4.1 £0.1 Ga (estimated here) and 3.15 + 0.05 — 0.08 Ga (estimated by Tye et al., 2015).
The ages of Nobile and Shackleton place an upper constraint on the age of the surface ice
contained by each crater. The age of the hydrogen in Nobile and Shackleton craters can
place a lower limit on the timing of TPW to help constrain TPW models (i.e., TPW must
have occurred before hydrogen was emplaced within these craters) (Siegler et al., 2016).
It has previously been suggested that volcanic outgassing has contributed water to the
lunar poles (Crotts and Hummels, 2009). Recent analysis of the volume of effusive
basalts on the Moon's surface suggests that peak mare emplacement ~3.5 Ga may have
released ~10' g of volatiles around the Moon, resulting in a transient atmosphere that
may have aided in the migration and delivery of volatiles to the poles (Needham and
Kring, 2017). We find that 21/24 of all large craters hosting surface water ice analyzed
here have AMAs >3.5 Gyr, and therefore it is possible that ice was delivered to them
during this peak of volcanism 3.5 Ga. However, Unnamed Crater 3, Wiechert J, and
Shackleton have AMAs younger than Gyr, and thus mare-vented volatiles can not easily

explain the ice detected within these specific craters. The lack of ice in many present-day
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cold traps (Figs. 1, 4; Table 1) suggests that ice was not delivered at high rates with
respect to ice destruction rates after the onset of TPW. Thus, if mare volcanism was the
source of the surface ice detected by Li et al. (2018), and if TPW did occur on the Moon,
then TPW must have occurred more recently than 3.5 Gyr. If TPW occurred before

3.5 Ga, then the lack of ice in ancient craters that are present-day cold traps suggests that
peak mare volcanism either (1) did not deliver substantial water ice to the lunar poles, or
(2) delivered water ice to the poles, which has since been destroyed.

4.3. Comparison of ice at the poles of the Moon and Mercury

The low percentages of cold trap surface areas that host surface water ice on the
Moon are in stark contrast to the host craters on Mercury that are interpreted to be
occupied by laterally contiguous ice deposits (Neumann et al., 2013; Chabot et al.,

2014, 2016). While the surface areas of lunar cold traps are occupied by <12% surface
water ice, cold traps on Mercury that host surface water ice are interpreted to be nearly
100% occupied (Deutsch et al., 2016; Chabot et al., 2018). To date, it is not well
understood what causes this discrepancy in the amount of surface ice on the Moon and
Mercury.

One possibility is that the surface ice on Mercury is much younger than the
surface ice on the Moon. If ice deposits on Mercury are relatively young (Crider and
Killen, 2005; Lawrence et al., 2013; Chabot et al., 2016; Rubanenko et al.,

2018; Ernst et al., 2018; Deutsch et al., 2019), then they have not been exposed to
extensive regolith gardening that would break up, destroy, or bury the ice. The same

impact bombardment and space weathering processes operate on Mercury and the Moon,
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and differences in impact flux on these two bodies can affect the regolith overturn rate. If
Mercury's regolith is overturned even more frequently than the lunar regolith due to
higher impact rates and speeds (Domingue et al., 2014), then the laterally contiguous
(Chabot et al., 2014; 2016) ice deposits composed of ~95% pure water ice (Butler et al.,
1993) require for the ice to have been deposited within the last tens of Myrs (Crider and
Killen, 2005; Lawrence et al., 2013; Deutsch et al., 2019). With such regolith gardening
rates, it is possible that relatively ancient, degraded ice deposits exist below the extensive,
pure deposits observed on Mercury's surface today. The lunar polar deposits therefore
provide an important opportunity to inform us about the ultimate fate of mercurian polar
deposits, as well as ices on other airless bodies.

Alternatively, it is possible that the regolith overturn rate at the Moon is higher
than it is on Mercury. Costello et al. (2018a,b) find that the Moon has deeper gardening
and a faster gardening rate when using the impact fluxes specifically for impactors of
diameters between 1 cm and 100 m (Marchi et al., 2005) and modeling secondary
impacts. Thus, while the regolith gardening rates on Mercury may allow for meters-thick
ice deposits to remain intact for 2-3 Gyr, meters-thick ice deposits on the Moon are
expected to have been gardened to the patchy distribution observed today over the same
time scale (Costello et al., 2018a,b).

Interestingly, our analysis indicates that there is not a simple correlation between
the patchiness of surface water ice and the AMAs of large lunar host craters (Fig. 4). If
the surface ice in these large craters detected by Li et al. (2018) is relatively old, then

there may be some saturation point at which gardening overturns materials without
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efficiently removing ice. However, the presence of surface ice in small, fresh-looking
craters requires a model that can distribute (or re-distribute) ice on the lunar surface more
recently.
5. Conclusions

The poles of the Moon are of high interest to both the scientific and exploration
communities due to the presence of water ice. As we are beginning to understand the
surficial distribution of this ice (e.g., Hayne et al., 2015; Fisher et al., 2017; Li et al.,
2018), important questions regarding the ages and sources of the ice have emerged.
Understanding when the ice was delivered to the lunar surface as well as the physical
delivery mechanisms are of critical importance to unraveling the nature of these ice
deposits, which has implications for the source and evolution of volatiles on other airless
bodies and across the inner Solar System.

Here we have analyzed the ages of 20 large craters at the south polar region of the
Moon that host surface water ice, as detected from overtone and combination vibrations
in M3 data (Li et al., 2018). Following stratigraphic principles, the estimated ages of the
host craters provide a maximum age of the ice contained within them. We find that the
majority of surface ice is hosted by ancient craters >3.1 Gyr. This ice appears to be very
patchy in surface distribution, with no more than ~11.5% of cold-trapping areas being
occupied by water ice. This patchy distribution of ice in old craters may be due to impact
bombardment processes that work to break-up and bury the ice with time (Crider and

Vondrak, 2003; Hurley et al., 2012).
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There are also many ancient craters that are present-day cold traps that lack
surface water ice (Fig. 1). If ice was delivered to the pole early on when the Moon was on
its paleo-axis, then ice would not have been stable in these specific craters given the
surface temperatures of these craters predicted for pre-TPW conditions. Our age analysis
presented here can help constrain the chronology of TPW models given that the surface
environments of Nobile (85.3°S, 53.3°S; 79.3-km diameter) and Shackleton (89.7°S,
129.8°S; 20.9-km diameter) are not predicted to have been stable for surface ice pre-
TPW, yet surface ice is present (Fig. 1). The ice observed within Nobile crater places an
upper constraint on the age of post-TPW hydrogen emplacement at 4.1 + 0.1 Ga. If mare
volcanism resulted in the surface ice observed at the poles today, then TPW must have
occurred after 3.5 Ga (estimated age of peak mare emplacement); however, we also
identify craters that host ice that are younger than this peak in volcanism, suggesting that
mare-vented water cannot explain all of the surface ice observed at the lunar south pole.

Finally, while the majority of surface ice may be contained by ancient craters,
where the majority of cold-trapping area on the pole exists, we also identify a population
of small (<~15 km) craters that appear to be morphologically fresh and host surface
water ice. Ice within fresh, relatively young craters suggests that ice has been delivered to
the lunar surface more recently, perhaps from micrometeorites or through solar wind
interactions with the lunar regolith.

The history of surface water ice on the Moon is complex and its lengthy story
may not be over. Surface water ice on the Moon may be a combination of both old and

younger volatiles, which are likely to have been delivered by more than one source given
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that the flux of volatiles from different delivery mechanisms has changed substantially

over the course of lunar history. As exploration of the Moon continues, chemical

measurements or samples of the water ice will be essential in more precisely describing
the ages and origin of the ice.
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Table 1. Lunar south polar craters analyzed within the study.

Crater name Latitude | Longitude | Diameter | Absolute Surface area
(Label) (°S) (°E) (km) model age* | occupied by
(Ga) surface water
ice (%)
Haworth (Ha) | 87.5 354.8 51.4 4.184+0.02, |54
—0.02 [**]
Shoemaker 88.1 45.9 51.8 4.15+0.02, | 7.0
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—0.03 [**]
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S | Wiechert P 85.1 151.8 38.6 3.8+.1,—1 [0.0
“5 (WiP)
E Scott E (ScE) | 81.2 35.7 29.2 3.8+.1,—1 [0.0
2 | Wiechert (Wi) | 84.0 164.7 40.8 3.7+.1,-2 [ 0.0
Q
hoj
E Idel’son (Id) | 81.3 112.7 59.8 35+1,-5 [ 0.0
£ | Wiechert U 83.4 149.0 30.0 3.4+.1,-7 |0.0
S (WiU)
Amundsen C | 80.8 85.2 242 1.8+2,-2 |0.0
(AmC)

*The reported 1-sigma uncertainties are derived from counting statistics alone, and thus
do not incorporate systematic errors associated with the chronology function. This is
consistent with the statistical uncertainties reported by Tye et al. (2015).

**Estimated model ages as reported by Tye et al. (2015).
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Figure 1. Distribution of south polar craters on the Moon for which AMAs are estimated
in this study. Please refer to Table 1 to interpret the abbreviated name labels associated
with each host crater. Water-ice detections from Li et al. (2018) are shown in yellow,
where each colored dot represents a single M? pixel (~280 m x 280 m). Craters for which
we estimate AMAs that host surface water ice are outlined in blue and those that do not
host surface water ice are outlined in red. Present-day cold traps are defined by cyan
contours outlining regions with maximum surface temperatures <110 K (Paige et al.,
2010). Basemap is LROC WAC mosaic in polar stereographic projection between 80°S
and 90°S.
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between 80°S and 90°S that have count areas >100 km? with slopes <10° (Table 1). The
count areas for these 20 craters are outlined in green and the individual impact craters
used to estimate AMAs are outlined in pink. Only impact craters >200 m in diameter are
used in crater size-frequency distributions (Fig. 3).

119



Craters that do host surface water ice Craters that do not host sun‘ac water ice
10

10 3 T e
E | £
b 1E 1F
2 i )
c (e
) [}
3 =
g 01F o 01 F
= =
8 8
© 001f © 001
o [&]
o
T 0.001} J0.001 F
= E 3
£ €
S >
O 1 | 1 O

-10 10 1 1
Diameter (km) Diameter (km)

Figure 3. Crater size-frequency distributions (CSFDs) of count areas >100 km? with
slopes <10° for 20 south polar craters analyzed in this study (Fig. 2; Table 1). CSFDs for
craters that do host surface water ice are shown on the left and CSFDs for craters that do
not host surface water ice are shown on the right. These dated craters are outlined in blue
and red, respectively, in Fig. 1. Only impact craters >200 m in diameter are considered in
CSFDs. We utilize the lunar chronology and production functions

from Neukum et al. (2001).
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Figure 4. The percentage of specific cold traps occupied by water ice is plotted with
respect to the estimated absolute model ages of the host craters. Please refer to Table 1 to
interpret the abbreviated name labels associated with each host crater. The modeled
impact flux for the Moon (Nesvorny et al., 2017) is plotted in the thick dashed line and
the estimated effusive volcanic flux (Needham and Kring, 2017) is plotted in the thin
black dashed line. Lunar geologic eras are separated by vertical lines.
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Figure 5. Distribution of south polar simple craters that have crisp-looking rim
morphologies, are too small to date using robust crater counting, and are present-day cold
traps. Cold traps are defined by cyan contours outlining regions with maximum surface
temperatures < 110 K (Paige et al., 2010). As in Fig. 1, water-ice detections

from Li et al. (2018) are shown in yellow. Craters that host surface water ice are circled
in blue and craters that do not host surface water ice are circled in red. Basemap is LROC
WAC mosaic in polar stereographic projection between 80°S and 90°S.
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Abstract

The roughness properties of impact craters are valuable indicators of crater degradation
and can provide insight into crater ages. We evaluate the roughness of lunar craters from
different geologic eras, confirming that young, Copernican craters are distinctly rougher
than older craters. We evaluate the potential age of small (<~15 km) craters that are
thought to host surface ice by quantifying the roughness inside these craters, as well as
outside. Interior roughness may be subdued by slope processes or the presence of
volatiles. The distribution of ice-bearing craters is skewed toward roughness values
higher than those of pre-Imbrian craters, although no ice-bearing craters are within the
Copernican-only domain in roughness space. All of the 15 rough, permanently shadowed
craters that are found within the Copernican-only domain lack water-ice detections,
suggesting that either ice has not been delivered to these young craters, or that it has since
been destroyed.

Plain language Summary

When a planetary surface is struck by an impactor, the pre-existing surface is disturbed as
rocks and boulders scatter from the high-energy collision. Over time, the surface texture
becomes smoother as these rocks and boulders are broken up into smaller pieces and
begin to diffuse away. Surface texture is thus a powerful tool for evaluating the
degradation of impact craters, given that young, fresh craters tend to be rougher than old
craters due to the presence of rocks and boulders on the recently disturbed surface. Here
we quantify the surface texture of lunar craters of different geologic eras and establish a

relationship between the roughness and age of craters. We evaluate the roughness of
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small craters that host near-polar surface ice, and find a population of craters likely to be
post-Nectarian in age. However, the youngest polar craters lack surface-ice detections.
1 Introduction

The lunar poles provide a fascinating thermal environment capable of cold-
trapping water ice on geologic timescales (Vasavada et al., 1999; Schorghofer &
Aharonson, 2014; Siegler et al., 2016; Williams et al., 2017). Water ice has been reported
to be present on permanently shadowed surfaces, as detected from diagnostic near-
infrared absorption features of water ice in reflectance spectra acquired by the Moon
Mineralogy Mapper (M?) instrument (Li et al., 2018). While there have been various
observations indicating the presence of water ice at the lunar surface (Hayne et al., 2015;
Fisher et al., 2017; Li et al., 2018), it is still not clear when this ice was delivered. The
timing of volatile deposition provides important constraints on the origin of lunar ice
because different delivery mechanisms have been active at different times throughout
lunar history (e.g., Siegler et al., 2016; Lawrence, 2017). For example, impact
bombardment and volcanic outgassing are capable of delivering water to the lunar
surface, but both were more active early on in lunar history and have significantly
declined toward the present (e.g., Hiesinger et al., 2011; Head & Wilson, 2017; Needham
& Kring, 2017; Nesvorny et al., 2017; Pokorny et al., 2019). Interactions between the
solar wind and the lunar regolith can also form water on the surface, and this process is
still very active today (Crider & Vondrak, 2002; Jones et al., 2018).

To date, the origin of polar volatiles remains a major outstanding question in lunar

science, but the age of the ice can provide important constraints. One approach to
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describing the age of the reported ice detections (Li et al., 2018; from here on referred to
as “the ice”) is to use relative dating to analyze the stratigraphic record of the ice and its
host craters. We previously took this approach, using crater density statistics to estimate
the ages of ice-bearing craters at the south pole of the Moon (Deutsch et al., 2020). The
derived ages of the host craters provide an upper limit for the ages of the ice contained
within the craters. While all of the craters that we dated have estimated model ages >2.8
Ga, some ice-bearing craters were too small to allow for robust cratering statistics and
were excluded from the age-dating analysis (Deutsch et al., 2020). Interestingly, some of
these small (<10 km) craters have morphologies suggestive of relatively young ages, on
the basis of crisp crater rim crests. Ice in young craters is particularly interesting because
it suggests that there is some recent and perhaps ongoing mechanism that is delivering or
redistributing water to polar cold traps. Therefore, understanding if these small, ice-
bearing craters are indeed young is essential in understanding the age and source of
volatiles on the Moon.

Here we take a new approach to understand the ages of these small polar cold
traps: analyzing the roughness properties of small ice-bearing (Li et al., 2018) craters. It
is understood that impact crater properties evolve with time due to a variety of geologic
and space-weathering processes; young, pristine craters can be characterized by sharper
rim crest morphologies and greater depth-to-diameter ratios than old, degraded craters
(Basilevsky, 1976; Pike, 1977; Offield & Pohn, 1980; Pohn & Offield, 1980; Fassett &
Thomson, 2014; Agarwal et al., 2019). Younger craters are also associated with lower

surface porosities (Mandt et al., 2016) and higher rock abundances, which tend to
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decrease with age (Ghent et al., 2014; Li et al., 2017; Mazrouei et al., 2019).
Additionally, the topographic roughness of a crater and its ejecta evolves with time and
can help provide insight into the age of the crater (Kreslavsky et al., 2013; Neumann et
al., 2015).

Topographic roughness is a measurement of the local deviation from the mean
topography, providing a measurement of surface texture, and is a powerful tool for
evaluating surface evolution over geologic time (Kreslavsky & Head, 2000; Rosenburg et
al., 2011; Kreslavsky et al., 2013; Neumann et al., 2015). Neumann et al. (2015)
demonstrated that Copernican craters typically have high surface roughness at the small
spatial scales (~dm—m) of multi-beam laser spots. More recently, Wang et al. (2019)
analyzed various lunar impact craters that span in stratigraphic age from the Pre-
Nectarian through the Copernican eras, and found that the youngest craters could be
identified on the basis of greater roughness, as well as greater rock abundances and
higher soil temperatures. They showed that these properties tend to decrease toward
equilibrium with crater age (Wang et al., 2019).

Here, we seek to understand whether any craters that host surface ice on the Moon
are geologically young, using roughness as a proxy for crater age. We first analyze the
roughness properties of a variety of circumpolar craters from all geologic eras to establish
the dependence of crater roughness on crater age. We then analyze the roughness
properties of small (<~15 km) ice-bearing craters that may be geologically young

(Deutsch et al., 2020) and compare them to the roughness properties of different-aged
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lunar craters. Understanding the timing of water delivery to the Moon is a critical step in
understanding the nature of the lunar volatile cycle and how it is evolving with time.
2 Methods and results

We analyze the roughness of the lunar surface using the Lunar Orbiter Laser
Altimeter (LOLA; Smith et al., 2010, 2017) Digital Roughness Maps
(LDRM_40S_1000M; LDRM 40N _1000M; http://imbrium.mit.edu/DATA/LOLA GDR
/). In these data products, surface roughness was derived from the root mean square
(RMS) variation in the surface elevation of the five adjacent spots returned from a single
laser pulse acquired by LOLA (Neumann et al., 2015; Smith et al., 2017). For each group
of returned spots, the local slope was removed and the roughness, R, was estimated from
the residual heights:

1

n-v
In Eq. 1, n is the number of LOLA spots (five), v is the number of degrees of freedom
(three) used to find the surface height and slope, and z is the height residual for a given
spot. The RMS height represents an unbiased estimate of surface roughness of a random
topographic field at the center of each LOLA spot (Neumann et al., 2015; Smith et al.,
2017).

As explained in detail in the documentation of the LDRM
(http://imbrium.mit.edu/DATA/LOLA_GDR /), the data account for changes in
spacecraft altitude during data acquisition, residual uncorrelated noise of the instrument

range measurements, and drift in system parameters over the course of the LRO mission
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that causes deviations from a flat measurement. The five-spot LOLA data were median-
averaged at a pixel resolution of 1000 m for the lunar surface between +40° to each pole.
The separation between the five-spot footprints is ~15-25 m. The 1-km scale analyzed
here could be refined in future studies of small regions.

2.1 The roughness of lunar craters as an indicator of age

We analyze the roughness of over 400 impact craters located between +40°N and
190°N (Table S1). These craters, identified using the LPI lunar crater database (Losiak et
al., 2009), have previously been catalogued into lunar geologic eras. We find the mean
roughness value for the interior of each crater and for rings extending 2 kilometers from
the crater rim. We find that, at a distance of 2 km, the mean roughness outside of a crater
is relatively similar to the mean roughness within a crater (Fig. 1). The roughness
becomes increasingly less distinct with distance from the crater (Fig. 1).

The distinctness of roughness properties not only decreases with distance from the
crater (Fig. 1), but also with crater age (Fig. 2). Figure 2a shows that Copernican craters
have distinctly rougher interiors than older craters, consistent with previous work (Wang
et al., 2019). This is also consistent with work that demonstrates that younger craters
have higher circular polarization ratios (CPR) suggestive of higher surface roughness (Fa
& Eke, 2018; Fassett et al., 2018). The interior roughness of different-aged craters is
generally more distinct than the exterior roughness, as external units tend to reach
equilibrium more quickly. However, the exterior units of Copernican-aged craters are
also distinctly rougher (at a distance of 2 km from their rims) than the exterior units of

older craters (Fig. 2b).
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The major differences in roughness domains exist between Copernican craters and
craters of older eras (Fig. 2). However, there are still statistically-significant differences
(a0=0.001) in surface roughness between the oldest lunar craters (Pre-Imbrian) and
craters formed within the Imbrian and Eratosthenian periods (Fig. 3).

We note that while geologically young craters have distinct roughness properties
(Fig. 2), as well as thermophysical (Ghent et al., 2014; Li et al., 2017; Mazrouei et al.,
2019; Wang et al., 2019) and morphological properties (Pike, 1977; Fassett & Thomson,
2014; Agarwal et al., 2019), the roughness of a crater cannot independently establish its
age. Instrument noise (Neumann et al., 2015; Smith et al., 2017), the natural variability
and non-uniform degradation of individual craters (Head, 1975), and differences in target
properties (Cintala et al., 1977) result in roughness variations between individual craters
of similar stratigraphic age, and even statistical overlap between craters of different
geologic eras (Wang et al., 2019). However, surface roughness remains an important tool
in evaluating crater degradation and age (Kreslavsky & Head, 2000; Rosenburg et al.,
2011; Kreslavsky et al., 2013; Neumann et al., 2015; Wang et al., 2019), specifically for
the youngest, most pristine craters, which we are interested in here.

In addition to quantifying the roughness properties of lunar craters of different
geologic eras, we also analyze the roughness properties with respect to crater size. We
find that the roughness of craters does not vary with crater size in a statistically
significant trend, either for the interiors or exteriors of craters (Fig. S1). Therefore, even
though the craters included in the LPI database (Losiak et al., 2009) are all larger than the

small ice-bearing craters that we are interested in here (typically <15 km), it is

130



appropriate to directly compare the roughness properties of craters from both groups
(Section 2.2).
2.2 The roughness of small ice-bearing craters on the Moon

Using reported ice detections from analyses of diagnostic vibrations of water ice
(Liet al., 2018), we identify 82 small (<~15 km) ice-bearing craters that are located
between £80° and £90° (Table S2). If all ice on the Moon was deposited early on in lunar
history, we would expect ice to be present only in old, smooth craters. We compare the
roughness of ice-bearing craters to the roughness of old craters of Nectarian and Pre-
Nectarian age (Fig. 4). Although the histograms of both populations peak at similar
roughness values (R = 0.43 m), the distribution of the ice-bearing craters is skewed
toward higher interior roughness values. The Kolmogorov-Smirnov statistical test
indicates that the difference between the interior roughness-frequency distribution is
statistically significant with high confidence (p-value = 0.002). This indicates that the
population of ice-bearing craters contains some rougher craters that are likely to be post-
Nectarian.

Importantly, surface roughness within a crater may be lowered by either mass
wasting (e.g., Zuber et al., 2012; Fassett & Thomson, 2014) or the presence of frozen
volatiles (Kreslavsky & Head, 2000; Putzig et al., 2014). Additionally, at the spatial
resolution of the LDRM, our roughness measurements are likely sampling more of the
sloping crater walls for the relatively smaller ice-bearing craters than for the different-
aged craters from the LPI crater database, and crater walls are relatively smoother than

other impact crater units (Zuber et al., 2012). Furthermore, smaller impact craters may
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degrade and become smoother more quickly than larger craters of the same formation age
(Bart & Melosh, 2010a, 2010b; Basilevsky et al., 2018; Mahanti et al., 2018). Due to
these multiple variations between the small, ice-bearing craters and the larger craters
analyzed, the roughness values that we find for the interiors of ice-bearing craters are
likely to be lower than the roughness values of similarly-aged craters that lack ice. The
ice-bearing craters that have higher interior roughness values than Nectarian or Pre-
Nectarian craters (Fig. 4a) are therefore highly suggestive of post-Nectarian ages given
that they are likely to have been subdued by the presence of surface ice (Kreslavsky &
Head, 2000; Putzig et al., 2014; Moon et al., 2019). It is possible that some additional
craters are also post-Nectarian, but that their roughness properties have been altered by
surface ice such that they appear smoother and thus older.

Because the interior roughness properties of ice-bearing craters may be subdued
(Kreslavsky & Head, 2000; Putzig et al., 2014; Moon et al., 2019), we also analyze the
roughness outside of ice-bearing craters, for an exterior ring extending 2 kilometers from
the rim (Fig. 4b). We find that although the surface roughness at a distance of 2 km from
relatively large craters (~10—100 km in diameter) is a reasonable representation of crater
roughness (Fig. 1) and appears to vary with crater age (Fig. 2), it is not a reliable
measurement of degradation for relatively small impact craters (~1-15 km) at the
resolution of the analyzed LDRM data. The roughness data have a pixel resolution of
1000 m (Neumann et al., 2015; Smith et al., 2017); therefore, the mean surface roughness
values calculated for the exterior portions of the small impact craters rely on only a few

individual roughness values. While expanding the analyzed area surrounding the crater
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would improve the number of values incorporated in calculating the mean, we find that
the surface roughness becomes increasingly less distinct with distance from the crater and
is not a good proxy for the crater’s degradation state (Fig. 1).
2.2 Distinctly rough polar craters that lack ice

We find that none of the small craters analyzed here that are identified as ice-
bearing (Li et al., 2018) have roughness properties that belong to a Copernican-only
domain in the roughness space (Fig. 5). Interestingly though, we identify 15 polar craters
between £75° and £90° that do not have positive detections of water ice (Li et al., 2018)
but do have enhanced roughness values suggestive of Copernican ages (Table S3). All of
these 15 craters have permanently shadowed surfaces, suggesting they may be thermally
stable for the cold-trapping of water ice (Mazarico et al., 2012). The roughness values of
these 15 craters are statistically distinct from Pre-Imbrian craters (Fig. 4b,c) and lie
within the Copernican-only domain (Figs. 4b,c, 5).
3 The age of lunar surface ice

Overall, the statistical difference between the roughness-frequency distribution of
pre-Imbrian and ice-bearing craters (Fig. 4a,b) suggests that some ice-bearing craters are
post-Nectarian in age. The ages of the host craters provide an upper constraint on the age
of the surface ice they contain, and it is possible that the small post-Nectarian craters
identified here host ice that was delivered relatively recently. In fact, it has been
suggested that perhaps all of the surface ice observed at the lunar poles is geologically
young; analysis of the icy regolith detected by the Lyman Alpha Mapping Project

(LAMP) UV instrument suggests ice was deposited very recently (Farrell et al., 2019).
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Specifically, the ongoing rates of plasma sputtering and meteoric impact vaporization and
ejection on the Moon suggest that the ice present at the surface or near-surface of regolith
particles (as sensed by LAMP to a depth of <1 um) must be <2000 years old (Farrell et
al., 2019). Relatively young surface ice can be delivered to the Moon from
micrometeorite bombardment (Ong et al., 2010; Pokorny et al., 2019; Szalay et al., 2019),
or formed in-situ from the ongoing interactions between solar wind protons and oxygen
in the lunar regolith (e.g., Crider & Vondrak, 2000; Dyar et al., 2010). Ice delivered
during the Eratosthenian or Copernican eras is not predicted to be volcanic in origin,
given that the bulk of lunar volcanism occurred prior to these eras (e.g., Needham &
Kring, 2017).

Curiously, our analysis reveals that all of the polar impact craters with roughness
properties that lie distinctly within a Copernican-only domain do not have positive water-
ice detections by Li et al. (2018). All of these 15 impact craters have permanently

shadowed surfaces (http://imbrium.mit.edu/BROWSE/EXTRAS/ILLUMINATIONY/), but

it is possible that they are not thermally stable environments for the cold-trapping of
surface ice (Ingersoll et al., 1992; Rubanenko et al., 2019). If these permanently
shadowed surfaces are in fact stable to the cold-trapping of ice, then this finding suggests
that (1) perhaps water ice has not been cold-trapped in the youngest polar craters on the
Moon, which would imply that the most recent episodes of ice delivery occurred prior to
the formation of these impact craters or (2) ice that was delivered to these particularly
rough craters has since been destroyed. However, if these permanently shadowed

surfaces are not stable to the cold-trapping of ice, then the youngest ice-bearing craters on
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the Moon appear to be Imbrian—Eratosthenian in age, on the basis of surface roughness
(Fig. 4) and crater-density statistics (Deutsch et al., 2020).
4 Conclusion

It has been well demonstrated that the roughness properties of impact craters are
valuable indicators of crater degradation states, and provide important insight into the
ages of craters (Fig. 2) (Kreslavsky & Head, 2000; Rosenburg et al., 2011; Kreslavsky et
al., 2013; Neumann et al., 2015; Wang et al., 2019). Here we find that the distribution of
ice-bearing craters on the Moon is skewed toward roughness values that are higher than
those of pre-Imbrian craters (Fig. 4a) (p-value = 0.002). It is possible that these ice-
bearing craters are of relatively young ages, given that their surface textures are likely to
be subdued by the presence of surface ice (Kreslavsky & Head, 2000; Putzig et al., 2014;
Moon et al., 2019). We do not identify any ice-bearing craters that are within the
Copernican-only domain in roughness space; in fact, all of the 15 rough polar craters
(£75° to £90°) that are found within this domain lack water-ice detections (Li et al.,
2018). If surface ice is stable in these permanently shadowed craters, then either ice has
not been delivered to these young craters since their formation, or it has since been
destroyed. If these craters, however, are not thermally stable environments for surface
ice, then the youngest ice-bearing craters on the Moon appear to be Imbrian—
Eratosthenian in age, on the basis of surface roughness (Fig. 4) and crater-density
statistics (Deutsch et al., 2020).

Determining the timing of water delivery to the Moon is a critical step in

understanding the nature of the lunar volatile cycle and how it is evolving with time. The
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rough, ice-bearing craters identified here, as well as even smaller cold traps (Rubanenko
& Aharonson, 2017; Hayne et al., 2018; Rubanenko et al., 2018), are excellent
exploration candidates for studying the most recent history of volatile delivery to the
Moon. Determining the abundance and precise chemical composition of volatiles within
younger cold traps is essential in determining the recent fluxes and sources of volatiles to
the lunar surface, providing insight into how the lunar volatile system is actively
evolving.
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Figure 1. The roughness properties within Copernican craters (blue), and for 2-km-thick
rings that are centered at various distances from the crater rim crest. Horizontal lines
show the mean roughness values.
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Figure 2. The mean roughness (a) within and (b) surrounding impact craters (Table S1)
of different geologic eras. The box plots show the spread of data for each geologic era,
increasing in age to the right: Copernican (C), Eratosthenian (E), Upper Imbrian (UI),
Lower Imbrian (LI), Nectarian (N), and Pre-Nectarian (PN). For each era, the box
denotes the innermost 50% of the analyzed crater population, the red line within each box
denotes the median, and the dashed lines extending from the box denote the entire data
range, from minimum to maximum.
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Figure 3. Histograms of the mean (a) interior and (b) exterior roughness values of Pre-
Imbrian (Pre-Nectarian and Nectarian) craters in blue and of Imbrian—Eratosthenian
craters in green.
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Figure 4. Histograms of the mean (a) interior and (b) exterior roughness values of 82
small ice-bearing craters (Li et al., 2018) in both polar regions and 206 craters of
Nectarian and Pre-Nectarian age. Histograms of the mean interior roughness values of 15
craters lacking positive water-ice detections (Li et al., 2018) and (¢) 206 Pre-Imbrian
craters and (d) 20 Copernican craters.
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Figure 5. The mean interior roughness of craters analyzed. Ice-bearing craters (Li et al.,
2018) are shown in black, and craters of different geologic eras are colored with respect
to age: Copernican (red), Eratosthenian (orange), Upper Imbrian (yellow), Lower Imbrian
(green), Nectarian (light blue), and Pre-Nectarian (blue). Craters that lack positive water-
ice detections (Li et al., 2018) and lie distinctly within the Copernican-only domain of
roughness space are denoted by red X’s.
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Supporting material
Introduction

In the following sections, we discuss in detail how the LPI crater database is used
to determine the ages of lunar craters and potential limitations with the database. We then
discuss how crater roughness does not depend on crater diameter in a statistically
significant manner.
Determining the ages of lunar craters

In order to determine the surface roughness properties for craters formed in
different geologic eras, we utilize the LPI lunar crater database, which was originally
developed in 2008 by various LPI summer interns and has since been updated and revised
in various years, through 2015. Details regarding the construction of this database are
discussed in the Losiak et al. (2009) LPSC abstract
(https://www.lpi.usra.edu/meetings/Ipsc2009/pdf/1532.pdf), and the “Lunar Impact
Crater Database (2015)” that we utilize is publically available for download at

https://www.lpi.usra.edu/scientific-databases/.

The comprehensive database provides a wealth of information on lunar impact
craters, most fundamentally the names, diameters, and locations of the craters. The
database also includes various measured or calculated physical and morphological
characteristics (e.g., crater dimensions, and transient cavity, ejecta, melt, and central peak
properties). For some craters, the database also includes crater age classifications (Pre-
Nectarian, Nectarian, Lower Imbrian, Upper Imbrian, Eratosthenian, or Copernican). All

ages included in the database are compiled from previous works, including Wilhelms
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(1987), Wilhelms (personal communication, 2008), and Wilhelms and Byrne (2009).
These original studies use various geologic principles of stratigraphy for relative dating
(Wilhelms, 1987; Wilhelms and Byrne, 2009). These studies do not utilize surface
roughness as a tool for estimating the formation period of the craters, although sometimes
use crater morphologies (sharp vs. degraded) or slope measurements (steep vs. gentle) in
absence of good stratigraphic control (Wilhelms, 1987; Wilhelms and Byrne, 2009).

In our analysis, we utilize impact craters from the LPI crater database that are
<100 km in diameter, thereby avoiding larger peak-ring or multi-ring basins (Baker et al.,
2012, 2017). All of the craters that we analyze (Table S1) are between 40°N—90°N or
40°S-90°S, covering the entire extent of the Lunar Orbiter Laser Altimeter (LOLA)
Digital Roughness Maps that we use (LDRM_40S 1000M; LDRM_40N_1000M;
http://imbrium.mit.edu/DATA/LOLA_GDR /). We do not include any impact craters that
have more than one age classification reported for its age (e.g., Upper Imbrian and Lower
Imbrian) and we do not include craters that are reported in the database to have qualifiers
(e.g., “Possibly Nectarian” or “Probably Upper Imbrian™).

Variation in crater roughness with crater size

We analyze the roughness properties of lunar craters (~10—100 km) with respect
to their size, and find that crater roughness does not depend on crater diameter in a
statistically significant manner (Fig. S1). Therefore, we find it appropriate to directly
compare the roughness properties of 10—100 km-diameter craters from the LPI database

(Losiak et al., 2009) that have been classified into geologic eras to the roughness
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properties of smaller (<~15 km in diameter) craters that are not included in the LPI

database.
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Table S1. The location, size, and formation era of impact craters analyzed in this study.

Latitude Longitude Diameter
Crater name (°N) (°E) (km) Age
Schomberger A -78.61 23.52 29.44 Copernican
Zucchius -61.38 -50.65 63.18 Copernican
Rutherfurd -61.15 -12.25 49.98 Copernican
Fechner T -58.74 122.82 14.33 Copernican
Reimarus H -49.26 62.23 11.17 Copernican
Guthnick -47.76 -94.04 37.03 Copernican
Janssen K -46.19 42.31 15 Copernican
Tycho -43.3 -11.22 85.29 Copernican
Anaxagoras 73.48 -10.17 51.9 Copernican
Philolaus 72.22 -32.88 71.44 Copernican
Carpenter 69.52 -51.23 59.06 Copernican
Hayn 64.56 83.87 86.21 Copernican
Bel'kovich K 63.63 93.61 47.03 Copernican
Thales 61.74 50.27 30.75 Copernican
Birkhoff Z 60.98 -145.88 28.63 Copernican
Harpalus 52.73 -43.49 39.77 Copernican
Burg 45.07 28.21 41.04 Copernican
Eudoxus 44.27 16.23 70.16 Copernican
Wiener F 41.19 149.97 44.92 Copernican
Wiechert J -85.2 -177.64 34.89 Eratosthenian
Moretus -70.63 -5.95 114.45 Eratosthenian
Helmholtz D -66.38 54.09 44.59 Eratosthenian
Grotrian -66.15 128.28 36.78 Eratosthenian
Hommel B -55.34 36.94 33.02 Eratosthenian
Biela C -54.28 53.5 26.89 Eratosthenian
Rydberg -46.43 -96.43 48.03 Eratosthenian
Rozhdestvenskiy
K 82.19 -147.01 42.87 Eratosthenian
Scoresby 77.73 14.13 54.93 Eratosthenian
Ricco 74.92 177.05 65.83 Eratosthenian
Kirkwood 68.34 -156.66 68.12 Eratosthenian
Hayn E 67.02 66.1 41.64 Eratosthenian
Pythagoras 63.68 -62.98 144.55 Eratosthenian
Archytas 58.87 4.99 31.95 Eratosthenian
Tsinger Y 57.68 175.25 32.36 Eratosthenian
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Rowland J 52.72 -155.84 49.85 Eratosthenian
Aristoteles 50.24 17.32 87.57 Eratosthenian
Sharp A 47.62 -42.67 17.26 Eratosthenian
Petrie 45.14 108.47 32.86 Eratosthenian
Cepheus 40.68 45.78 39.43 Eratosthenian
Schomberger -76.64 24.69 85.8 Upper Imbrian
Le Gentil A -74.63 -52.63 37 Upper Imbrian
Hale -74.13 91.71 84.42 Upper Imbrian
Neumayer M -71.73 80.36 35.44 Upper Imbrian
Doerfel S -69.77 -120.48 29.12 Upper Imbrian
Antoniadi -69.3 -173.06 137.92 Upper Imbrian
Lyman -64.96 162.47 83.25 Upper Imbrian
Pontecoulant J -61.74 64.26 39.54 Upper Imbrian
Hagecius K -61.26 52.08 31.36 Upper Imbrian
Pikel'ner -48.37 124.25 40.96 Upper Imbrian
Faraday G -45.92 10.06 29.62 Upper Imbrian
Carver L -45.78 128.8 24.61 Upper Imbrian
Lovelace 82.08 -109.51 57.06 Upper Imbrian
Plaskett 81.63 176.71 114.34 Upper Imbrian
Schjellerup 69.04 158.24 62.82 Upper Imbrian
Gamow U 66.39 136.6 32 Upper Imbrian
C. Mayer 63.26 17.31 37.54 Upper Imbrian
Timaeus 62.91 -0.55 32.81 Upper Imbrian
Democritus 62.31 34.99 37.78 Upper Imbrian
van't Hoff F 61.18 -126.78 45.16 Upper Imbrian
Xenophanes A 60.07 -84.83 43.18 Upper Imbrian
Endymion C 58.37 60.55 32.74 Upper Imbrian
Stormer 57.14 146.65 68.62 Upper Imbrian
d'Alembert Z 55.25 165.77 41.7 Upper Imbrian
Endymion A 54.61 62.56 29.75 Upper Imbrian
Markov 53.43 -62.84 39.92 Upper Imbrian
Keldysh 51.23 43.65 32.75 Upper Imbrian
Bianchini 48.78 -34.37 37.59 Upper Imbrian
McLaughlin U 47.06 -96.99 31.63 Upper Imbrian
Rayet 44.65 114.5 27.76 Upper Imbrian
Perrine T 41.94 -130.33 33.71 Upper Imbrian
Mairan 41.6 -43.5 39.49 Upper Imbrian
Lacchini 41.29 -107.83 57.95 Upper Imbrian
Von Neumann 40.28 153.25 74.83 Upper Imbrian
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Boguslawsky F -75.42 52.97 31.05 Lower Imbrian
Schrodinger -74.73 132.93 316.39 Lower Imbrian
Zeeman Y -72.47 -137.7 32.21 Lower Imbrian
Wexler -68.88 90.71 52.44 Lower Imbrian
Dawson -66.99 -135.05 44 .32 Lower Imbrian
Watson G -63.2 -120.26 31.17 Lower Imbrian
Scheiner B -59.7 -33.57 29.1 Lower Imbrian
Hommel Q -56.18 38.31 28.18 Lower Imbrian
Vlacq G -55 38.01 27.11 Lower Imbrian
Mendel J -51.51 -107.2 57.59 Lower Imbrian
Grissom M -49 -148.42 38.73 Lower Imbrian
Alder -48.63 -177.88 82.12 Lower Imbrian
Crocco G -47.43 152.52 40.18 Lower Imbrian
Brianchon T 75.28 -99.31 29.25 Lower Imbrian
Karpinskiy 72.61 166.8 91.4 Lower Imbrian
Desargues M 68.42 -74.42 27.47 Lower Imbrian
Fontenelle 63.42 -18.96 37.68 Lower Imbrian
Babbage A 59.14 -55.65 32.28 Lower Imbrian
van't Hoff N 57.62 -132.88 46.96 Lower Imbrian
Protagoras 56.02 7.34 21.05 Lower Imbrian
Kramers U 53.9 -133.03 38.58 Lower Imbrian
van Rhijn T 52.13 140.11 32.96 Lower Imbrian
Slipher 49.28 160.27 74.65 Lower Imbrian
Egede 48.72 10.64 34.18 Lower Imbrian
Campbell Z 48.58 153 23.78 Lower Imbrian
Millikan R 45.75 117.84 48.99 Lower Imbrian
Montgolfier P 45.71 -161.29 36.24 Lower Imbrian
Gullstrand 44 .95 -129.67 45.05 Lower Imbrian
Fowler C 44.78 -142.1 35.05 Lower Imbrian
Bragg H 41.47 -101.35 36.61 Lower Imbrian
Wiechert P -85.13 151.76 38.62 Nectarian
De Forest N -79.17 -165.76 40.09 Nectarian
Boussingault A -69.96 53.87 75.4 Nectarian
Curtius -67.08 4.4 99.29 Nectarian
Cysatus -66.21 -6.34 47.77 Nectarian
Pentland C -65.06 16.43 32.13 Nectarian
Curtius B -63.76 4.63 40.26 Nectarian
Lyman V -62.74 152.88 37.19 Nectarian
Lemaitre S -61.8 -156.81 34.51 Nectarian
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Lemaitre F -61.51 -148.53 33.94 Nectarian
Lemaitre -61.36 -149.98 93.7 Nectarian
Moulton H -61.16 100.64 50.65 Nectarian
Zach -60.92 5.25 68.54 Nectarian
Jacobi C -59.85 10.49 33.91 Nectarian
Priestley K -58.96 110.41 33.74 Nectarian
Chamberlin -58.83 96.04 60.41 Nectarian
Fechner -58.25 125.03 59.32 Nectarian
Haret C -57.6 -173.7 28.47 Nectarian
Rosenberger D -57.6 43.04 46.58 Nectarian
Hommel C -54.91 29.82 51.41 Nectarian
Poincare Z -53.9 164.31 34.88 Nectarian
Longomontanus
C -53.49 -19.11 31.54 Nectarian
Boyle -53.29 177.89 57.13 Nectarian
Baco A -52.99 20.21 38.71 Nectarian
Karrer -52.06 -142.28 55.56 Nectarian
Bayer -51.62 -35.14 48.51 Nectarian
Pikel'ner K -51.01 125.48 33.25 Nectarian
Hopmann -51.01 159.23 87.84 Nectarian
Tseraskiy P -50.96 139.33 38.34 Nectarian
Pitiscus -50.61 30.57 79.85 Nectarian
Lebedev K -50.02 109.36 20.99 Nectarian
Cassegrain B -49.57 114.64 26.97 Nectarian
Garavito Q -49.37 153.93 45.93 Nectarian
Hagen J -49.23 137.91 42.79 Nectarian
Lyot A -48.99 79.94 38.39 Nectarian
Noggerath -48.82 -45.84 32.12 Nectarian
Vlacq D -48.73 36.17 31.93 Nectarian
Tseraskiy -48.66 142.64 65.59 Nectarian
Mallet B -46.71 52.17 32.04 Nectarian
Spallanzani -46.38 24.73 30.86 Nectarian
Lockyer -46.27 36.59 35.08 Nectarian
Licetus F -46.07 0.94 28.89 Nectarian
Nansen A 82.83 65 44.92 Nectarian
Sylvester 82.65 -81.22 59.28 Nectarian
De Sitter M 81.11 37.57 75.52 Nectarian
De Sitter 79.81 38.57 63.79 Nectarian
Poncelet A 79.58 -75.58 30.96 Nectarian
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Milankovic E 77.57 -177.49 49.3 Nectarian
Petermann D 77.15 66.52 33.57 Nectarian
Milankovic 76.53 171.35 94.21 Nectarian
Shi Shen 75.78 104.13 46.52 Nectarian
Merrill 74.83 -117.45 56.99 Nectarian
Petermann 74.35 67.89 76.95 Nectarian
Shi Shen Q 73.99 96.18 33.85 Nectarian
Cusanus 71.82 69.4 60.87 Nectarian
Hippocrates 70.26 -146.54 59.24 Nectarian
Schwarzschild L 69.08 121.83 45.38 Nectarian
Schjellerup R 68.61 151.5 49.75 Nectarian
Roberts N 68.39 -175.91 49.15 Nectarian
Hayn F 68.01 85.75 62.54 Nectarian
Epigenes 67.5 -4.62 54.51 Nectarian
Schwarzschild K 67.35 124.81 40.97 Nectarian
Nother 66.35 -114.18 64.8 Nectarian
Gamow V 66.13 139.26 44 .96 Nectarian
Nother T 65.95 -121.86 44.9 Nectarian
Dugan 64.12 103.11 49.65 Nectarian
Emden U 64.1 178.24 39.07 Nectarian
Emden D 63.87 -171.25 44 .85 Nectarian
Dyson B 63.33 -118.27 49.64 Nectarian
Hayn A 63.01 71.11 52.28 Nectarian
Paneth 62.6 -94.63 60.92 Nectarian
Oberth 62.49 154.84 49.52 Nectarian
Zsigmondy A 62.48 -102.42 61.2 Nectarian
Strabo 61.94 54.42 54.72 Nectarian
Yablochkov U 61.88 120.28 30.73 Nectarian
Cleostratus F 61.53 -80.58 49.22 Nectarian
Dyson 60.87 -121.71 63.14 Nectarian
Cleostratus 60.32 -77.4 63.23 Nectarian
Smoluchowski 60.22 -96.91 84.26 Nectarian
C. Mayer B 60.19 15.44 32.7 Nectarian
Endymion B 59.86 67.75 59 Nectarian
Zsigmondy 59.52 -105.3 66.88 Nectarian
Olivier 58.72 138.44 78.45 Nectarian
Bel'kovich A 58.65 87.41 57.26 Nectarian
Dyson M 58.17 -121.53 31.5 Nectarian
Birkhoff K 57.4 -144 .81 58.23 Nectarian
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Coulomb C 57.17 -111.38 34.17 Nectarian
Tsinger 56.54 175.71 4421 Nectarian
van't Hoff M 56.41 -132.51 39.95 Nectarian
Birkhoff L 56.34 -145.34 35.15 Nectarian
Coulomb 54.46 -115 89.72 Nectarian
Regnault 54.04 -87.88 51.31 Nectarian
Paraskevopoulos
Y 52.95 -150.88 48.09 Nectarian
Ellison P 52.62 -110.08 31.91 Nectarian
Compton R 52.52 91.06 34.37 Nectarian
van Rhijn 52.47 146.37 46.16 Nectarian
Mercurius M 50.85 74.12 41.52 Nectarian
Boss L 50.85 82.48 40.95 Nectarian
Repsold G 50.55 -80.65 43.98 Nectarian
Coulomb P 50.26 -117.74 35.7 Nectarian
Debye E 50.11 -170.83 40.97 Nectarian
Weber 50.06 -123.79 43.95 Nectarian
De Moraes 49.38 143 54.41 Nectarian
Sarton 49.12 -121.14 71.33 Nectarian
De Moraes S 48.75 140.48 43.19 Nectarian
Duner A 47.12 179.78 37 Nectarian
Perkin 47.02 -175.73 62.48 Nectarian
Chernyshev 47.01 174.41 59.31 Nectarian
Millikan 46.76 121.52 93.97 Nectarian
Mercurius 46.66 66.07 64.3 Nectarian
Wegener 45.21 -113.81 95.78 Nectarian
Zeno 45.15 72.98 66.78 Nectarian
Schlesinger M 45 -138.71 44.15 Nectarian
Pawsey 44.24 145.29 59.98 Nectarian
Langevin 44.17 162.69 57.8 Nectarian
Millikan Q 43.74 118.67 324 Nectarian
Bridgman 43.39 136.98 81.89 Nectarian
Chandler G 43.23 175.71 32.12 Nectarian
Wegener K 43.18 -112.26 31.16 Nectarian
Quetelet 42.66 -135.3 54.77 Nectarian
Quetelet T 42.52 -137.99 46.98 Nectarian
Becquerel X 42.02 128.21 34.24 Nectarian
Perrine S 41.97 -128.87 61.6 Nectarian
Chandler P 41.54 170.15 65.59 Nectarian
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Schneller 41.34 -163.73 56.87 Nectarian
Hooke 41.14 54.86 34.35 Nectarian
Becquerel E 40.95 131.45 30.45 Nectarian
Ehrlich 40.82 -172.27 33.58 Nectarian
Kurchatov W 40.14 140.31 31.85 Nectarian
Newton G -78.08 -18.96 62.47 pre-Nectarian
Alekhin -67.94 -131.85 74.82 pre-Nectarian
Curtius D -64.7 8.35 57.19 pre-Nectarian
Gill -63.77 75.95 63.9 pre-Nectarian
Nearch -58.58 39.01 72.79 pre-Nectarian
Jeans N -58.52 90.62 66.69 pre-Nectarian
Hagecius A -58.26 47.1 54.33 pre-Nectarian
Asclepi -55.19 25.52 40.56 pre-Nectarian
Hess -54.47 174.19 90.44 pre-Nectarian
Vlacq -53.39 38.69 89.21 pre-Nectarian
Brisbane Z -52.89 72.82 64.73 pre-Nectarian
Rosenberger C -52.28 42.2 46.67 pre-Nectarian
Rosenberger B -52.06 46.21 33.76 pre-Nectarian
Lyot H -51.5 78 63.59 pre-Nectarian
Cuvier -50.29 9.69 77.3 pre-Nectarian
Brisbane E -50.26 71.41 57.35 pre-Nectarian
Brisbane -49.2 68.76 44.32 pre-Nectarian
Peirescius D -48.17 72.11 42.8 pre-Nectarian
Reimarus -47.69 60.42 47.62 pre-Nectarian
Licetus -47.19 6.54 75.42 pre-Nectarian
Peirescius -46.4 67.8 61.53 pre-Nectarian
Peary 88.63 24.4 78.75 pre-Nectarian
Rozhdestvenskiy
\\ 85.89 114.64 74.96 pre-Nectarian
Byrd 85.43 10.07 97.49 pre-Nectarian
Nansen F 84.95 62.44 61.62 pre-Nectarian
Poinsot 78.9 -146.21 65.11 pre-Nectarian
De Sitter L 78.86 34.52 69.4 pre-Nectarian
Mouchez 78.38 -26.82 82.78 pre-Nectarian
Poncelet C 77.56 -74.5 67.95 pre-Nectarian
Euctemon 76.26 30.57 62.7 pre-Nectarian
Poncelet 75.91 -54.57 67.57 pre-Nectarian
Thiessen 74.86 -169.5 66.39 pre-Nectarian
Baillaud 74.61 37.35 89.44 pre-Nectarian
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Philolaus D 74.37 -27.66 91.35 pre-Nectarian
Seares 73.74 147.23 99.5 pre-Nectarian
Anaximenes 72.49 -44.98 81.12 pre-Nectarian
Meton D 72.16 24.46 78.77 pre-Nectarian
Mezentsev 71.77 -129.64 84.51 pre-Nectarian
Philolaus C 71.23 -32.82 98.14 pre-Nectarian
Roberts 70.66 -174.25 89.37 pre-Nectarian
Meton C 70.45 18.87 86.12 pre-Nectarian
Desargues 70.25 -73.42 84.85 pre-Nectarian
Mezentsev M 68.29 -127.59 84.62 pre-Nectarian
Anaximander B 68.08 -61.21 79.1 pre-Nectarian
Arnold 66.98 35.83 93.13 pre-Nectarian
Anaximander 66.97 -51.44 68.71 pre-Nectarian
Anaximander D 65.78 -50.68 96.63 pre-Nectarian
Boole 63.79 -87.29 61.34 pre-Nectarian
Boole H 61.73 -88.83 82.4 pre-Nectarian
Tikhov 61.66 172.29 83.97 pre-Nectarian
Birkhoff X 61.62 -150.42 76.58 pre-Nectarian
Zsigmondy S 59.36 -107.28 66.76 pre-Nectarian
Dyson Q 59.19 -126.13 93.24 pre-Nectarian
Babbage D 58.65 -61.17 70.96 pre-Nectarian
Omar Khayyam 58.21 -102.22 68.64 pre-Nectarian
Yamamoto 58.16 161.87 77.46 pre-Nectarian
Oenopides 57.13 -64.2 73.47 pre-Nectarian
Olivier N 56.63 137.08 60.77 pre-Nectarian
Chappell 54.53 -176.77 73.92 pre-Nectarian
Endymion J 53.51 50.71 66.05 pre-Nectarian
Kramers 53.28 -127.98 61.59 pre-Nectarian
von Bekesy 51.92 126.73 96.25 pre-Nectarian
Paraskevopoulos 50.09 -150.34 98.87 pre-Nectarian
Chapman 50.09 -100.47 76.83 pre-Nectarian
Paraskevopoulos
S 48.57 -155.26 71.45 pre-Nectarian
McLaughlin C 48.17 -91.79 57.55 pre-Nectarian
Esnault-Pelterie 47.41 -141.83 76.79 pre-Nectarian
Schlesinger 47.12 -138.98 97.28 pre-Nectarian
Montgolfier 47.06 -160.08 83.71 pre-Nectarian
McLaughlin 47.01 -92.83 75.29 pre-Nectarian
Rynin 46.78 -103.73 77.88 pre-Nectarian
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Duner 44.68 179.46 65.07 pre-Nectarian
Schumacher 42.42 60.81 61.31 pre-Nectarian
Bragg 42.33 -103.44 77.21 pre-Nectarian
Von Zeipel 42.19 -141.93 83.41 pre-Nectarian
Becquerel 40.79 129.5 62.86 pre-Nectarian
Alexander 40.25 13.69 94.8 pre-Nectarian
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Table S2. The location and size of small craters analyzed in this study that do have
surface water-ice detections (Li et al., 2018).

Crater name Latitude (°N) Longitude (°E) | Diameter (km)
Kuhn -84.48 207.52 16.6
- -84.89 -153.89 12.67
- -84.55 -150.63 6.3
- -85.31 -150.05 6.99
- -85.51 -119.86 1.59
- -85.61 -119.56 2.51
- -86.73 -127.67 2.96
- -86.79 -127.02 2.6
- -86.57 -15.98 4.98
Ibn Bajja -86.3 284.96 11.98
- -84.27 -13.05 10.48
- -85.8 -15.34 5.65
- -86.57 -18.05 5.76
- -87.53 -24.8 5.55
- -87.56 -26.51 5.76
- -87.5 -12.34 6.14
- -89.51 -80.28 15.06
- -89.23 -18.5 3.98
- -88.7 -13.11 14.3
- -87.6 -47.2 13.35
- -87.87 -132.74 4.87
- -79.93 -171.56 2.35
- -84.08 176.98 4.97
- -87.99 166.52 3.69
- -88.27 156.15 6.04
- -88.05 89.15 2.72
- -88.58 85.59 2.39
- -89.3 19.9 3.99
- -89.39 16.77 3.92
- -88.46 57.9 5.73
- -87.84 40.32 2.79
- -88.28 39.13 2.33
- -87.98 55.76 3.6
- -88.04 50.78 7.56
- -88.73 165.15 14.88
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- -87.63 28.35 4.11

- -87.13 40.97 8.11

- -86.98 32.53 4.76

- -87.11 26.79 2.29

- -87.03 15.03 4.17
- -86.39 31.46 13.59

- -84.61 30.42 4.3

- -86.79 53.38 6.93

- -83.81 60.88 6.35

- -86.79 77.67 2.21
Malinkin -87.22 75.94 8.28
- -84.27 55.96 15.97

- -82.34 60.71 2.58

- 81.52 -146.28 941

- 82.36 -162.63 16.9

- 81.38 121.17 6.32
- 82.84 141.19 10.87
- 84.44 -91.08 12.34

- 88.26 -170.78 5.46
Aepinus 87.96 250.31 16.74
- 87.79 125.52 12.2
Bosch 86.81 133.54 19.58
- 87.41 110.01 6

- 87.57 113.9 2.15
- 84.39 97.79 15.99

- 81.26 107.78 8.51
- 83.77 85.69 10.15
Nansen E 83.36 72.7 15.12
- 84.13 76.75 14.57
Nansen D 83.88 65.81 21.66
- 88.22 45.03 3.59

- 88.26 25.29 7.01
Erlanger 86.99 28.62 10.93
- 86.34 53.48 10.49

- 88.11 -8.19 4.72

- 87.12 -33.46 6.81

- 87.01 -36.93 5.37

- 87.4 -29.25 3.79

- 87.18 -61.15 5.83
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Hermite A 87.94 308.98 19.86
- 87.13 -86.35 8.49

Grignard 84.54 284.17 12.95
Gore 86.18 297.69 941
Poncelet Q 79.93 299.42 14
Fibiger 86.14 37.13 21.1

- 82.26 64.22 18.23

- 79.21 41.24 6.52
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Table S3. The location and size of small impact craters analyzed in this study that do not
have surface water-ice detections (Li et al., 2018) and have enhanced roughness
properties suggestive of Copernican ages.

Crater name Latitude (°N) Longitude (°E) | Diameter (km)
Wapowski -83.08 53.79 11.45
Simpelius J -75.86 8.11 17.54

- -77.07 96.47 5.11
- -77.42 120.46 10.56

- -81.93 135.44 9.15

- -82 156.94 5.28

- -76 115.27 4.17
Schomberger A -78.61 23.52 29.44
- -83.13 24.22 3.06
Sylvester N 82.41 291.32 19.98
Whipple 89.14 120.02 14.53
Main L 81.44 22.73 14.32

- 84.85 35.72 9.77
- 75.44 140.93 14.21

- 79.97 -81.2 3.7
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Figure S1. The mean roughness for the (a) interior and (b) exterior of different-sized
impact craters from different geologic eras (Table S1), as well as craters identified as ice-
bearing (Table S2; Li et al., 2018). Error bars associated with each surface roughness
measurement are plotted, representing the standard deviation from the mean. Also shown
are formal linear regression lines, however correlation between roughness and diameter is
not statistically significant for any data subset. Note that crater diameter is shown on a

log-scale.
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Abstract
The surface of Mercury is dominated by extensive, widespread lava plains that primarily
formed early in its history. The emplacement of these lavas was accompanied by the
release of magmatic volatiles, the bulk of which were lost to space via thermal escape or
photodissociation. Here we consider whether these erupted volatiles left any trace by
quantifying the volumes of erupted volcanic plains and the associated volumes of erupted
volatiles. The actual volatile species present within Mercury’s magmas remain unknown,
but we use a variety of experimental petrology studies to predict the dominant species
and their abundances. We provide estimates for both low-gas and high-gas scenarios for
oxygen fugacity (fO») values between iron-wiistite-3 and -7. The volumes of erupted
volatiles are greater under lower fO> conditions. We calculate that the average duration of
a transient volcanic atmosphere would be between ~500 and ~40,000 years, depending on
the volume, degassed volatile content, and eruption rate of an individual eruption, as well
as the fO, conditions. If a transient dense atmosphere was surface-bound long enough for
the released volatiles to be transported to and cold-trapped at Mercury’s polar regions, the
volatiles are predicted to exist as a diffuse layer beneath at least 16 m of regolith. These
volatiles would have a composition and age distinctly different from the H>O-ice deposits
observed at the poles of Mercury today.
1 Introduction

Discovering that Mercury is volatile rich is one of the most exciting findings of
the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)

mission given its heliocentric distance. Mercury has abundant and widely distributed
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pyroclastic deposits indicative of volatile-rich eruptions (e.g., Head et al., 2009; Kerber et
al., 2009). The size of these deposits suggests that they formed from an eruptive process
that was even more volatile-rich than the process that formed lunar pyroclastic deposits
(Kerber et al., 2009). Mercury also has intriguing hollows, which are bright, irregularly-
shaped depressions suggestive of sublimation, implying that abundant volatiles are
present beneath the surface (Blewett et al., 2011). Additionally, MESSENGER X-Ray
Spectrometer (XRS) and Gamma-Ray Spectrometer (GRS) measurements revealed
elevated abundances of the volatiles K, C, S, Na, and Cl, indicating that the planet is
volatile-rich (e.g., Nittler et al. 2011; Peplowski et al. 2012, 2014; Evans et al. 2015).

Mercury has been extensively resurfaced by large expanses of lava plains (Fig. 1)
(Head et al., 2009, 2011; Denevi et al., 2013; Byrne et al., 2016, 2018) and magmatism is
a primary mechanism by which volatiles are transferred from the interiors of planets to
the surface (e.g., Moore, 1970; Greeley, 1987). For example, laboratory analyses of
Apollo samples revealed the presence of volatiles (H>O as well as CO», F, S, and Cl)
trapped in primitive magmas (e.g., Saal et al., 2008), suggesting that lunar volcanism has
effectively transferred indigenous volatiles to the surface of the Moon. Understanding the
overall flux of volatiles delivered to the lunar surface has important implications for the
geochemical, thermal, and atmospheric evolution of the Moon.

Needham and Kring (2017) recently estimated that ~10'¢ kg of CO and S and
~10'* kg of H,O were released during the formation of lunar lava plains (the maria), with
the bulk of volatiles being released during peak mare emplacement ~3.5 Ga. The mare-

erupted volatiles may have even been present in sufficient volumes to produce a transient
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atmosphere (Needham and Kring, 2017), although the duration of and intervals between
mare-forming eruptions have an important control on the density and lifetime of any
volcanically-derived atmosphere (Wilson et al., 2019). Interestingly, the production of a
substantially dense atmosphere would aid in the transport of volatiles to cold-trapping
regions, and volcanically-derived volatiles are predicted to be cold-trapped at the lunar
poles today (e.g., Arnold, 1979; Crotts and Hummels, 2009; Needham and Kring, 2017).

If volcanism released substantial volatiles on the Moon during the production of
the maria (Needham and Kring, 2017), it is possible that substantial volatiles were also
released on Mercury during the production of volcanic plains, albeit with different
chemical species and abundances (Nittler et al., 2011; Zolotov et al., 2013). Here we seek
to understand the flux, timing, and potential fate of the erupted volatiles. We analyze the
flux of volcanism that produced the widespread plains on Mercury, and estimate the flux
of released gases associated with these eruptions, specifically for volatiles predicted to be
indigenous to the planet. We discuss the potential fate of erupted volatiles and their
relationship to volatiles observed in high-latitude cold traps on Mercury (e.g., Lawrence
etal., 2013).
2 Methods
2.1 Flux of volcanism on Mercury

Similar to the approach used by Needham and Kring (2017) to estimate the flux of
lunar mare volcanism, we estimate the production of basalt released through time during

the emplacement of volcanic plains on Mercury. Establishing this production function
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requires knowledge of the volume (Section 2.1.1) and timing (Section 2.1.2) of plains-
forming eruptions.
2.1.1 Volume of erupted basalts

Figure 1 shows the distribution of volcanic plains on Mercury. Smooth plains
(SPs) are widely distributed across the planet and were originally suggested to be
volcanic due to their tendency to embay other features and pond in topographic lows
(e.g., Murray et al., 1974; Strom et al., 1975). Observations of these plains with
MESSENGER later revealed a variety of volcanic landforms and morphologies, such as
ridge-like structures and smooth textures (Head et al., 2009, 2011; Byrne et al., 2016;
Denevi et al., 2013). The combination of embayment relationships, compositional
properties (Denevi and Robinson, 2008), and morphologic properties indicate that the
SPs are volcanic, interpreted to be from effusive, flood-mode eruptions (Head et al.,
2009, 2011; Byrne et al., 2016, 2018).

Figure 1 also delineates intercrater plains (ICPs), the most spatially dominant unit
on Mercury. The ICPs are more heavily cratered than the SPs, suggesting they are
relatively older (Whitten et al., 2014), and are also rougher than the SPs with a
hummocky texture (Fa et al., 2016). The ICPs were originally suggested to be volcanic
because they occupy large volumes and because there is no obvious impact basin from
which they may have been sourced as ejecta (e.g., Murray et al., 1974; Strom et al.,
1975). It has been suggested that ICP regions were once more reminiscent of SPs and
have since been modified by impact cratering (Denevi et al., 2013; Whitten et al., 2014;

Byrne et al., 2018) because the color properties of ICPs and SPs are similar (Murchie et
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al., 2015), and many of the contacts between ICPs and SPs exist as gradational
boundaries (Whitten et al., 2014). Overall, it is likely that much of the ICP unit is
volcanic, emplaced in multiple, large-volume effusive flows (similar to the SPs) and has
since been modified by impacts. However, the origin of the ICPs is still unclear and so
we treat two different scenarios for estimating the total flux of effused basalts: first
considering only the SPs and then also including the ICPs.

For these two scenarios, we estimate the volume of basaltic material forming the
plains shown in Fig. 1 by multiplying the surface area of each plains deposit by its
estimated thickness (Byrne et al., 2018 and references therein). Previous analyses indicate
that the majority of volcanic plains on Mercury are between 0.5 km and 4 km thick
(Byrne et al., 2018 and references therein). For plains that do not have previously
resolved thicknesses, we estimate their thicknesses for three cases: (1) low volume
(assuming a plains thickness, 7, of 0.1 km), (2) high volume (7=4 km), and (3)
intermediate volume (7=1.1 km).

2.1.2 Timing of erupted basalts

The ages of each volcanic unit are informed from previous analyses of unit ages
when possible (Byrne et al., 2018 and references therein). Crater density statistics
indicate that the majority of large SPs have surface ages between 3.7 and 3.9 Gyr (Byrne
et al., 2018 and references therein) and that plains-forming eruptions largely ceased by
~3.5 Gyr (Byrne et al., 2016). Here, we determine the ages of five of the largest SP
deposits that were previously undated: Otaared Planitia, Utaridi Planitia, and plains

located south of Nathair Facula, north of Lange crater, and around Holbein crater (Fig. 1).
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Dating these five deposits removes some uncertainty in the timing of the eruptions of the
remaining SPs on Mercury, as they represent an additional ~4% of SP surface area
(shaded blue in Fig. 1).

In each of the five volcanic deposits dated here, we identify impact craters > 10
km in diameter and derive crater size-frequency distributions (Fig. 2). Models of the
crater-derived retention ages are fit to the chronology and production curves for Mercury
(Le Feuvre and Wieczorek, 2011) to estimate absolute model ages (AMAs) for each
plains deposit.

Four of the five previously undated plains deposits have AMAs between ~3.5 and
~3.7 Gyr (Fig. 2), aligning well with previously estimated ages of SP deposits (Byrne et
al., 2018 and references therein). The fifth unit that we dated has a lower crater density
and a slightly younger AMA of 3.08 Ga *3-37 &2 (Fig. 2). From all of the dated terrains
(including those dated in previous studies and those dated here), we establish a
production function of SP-forming eruptions on Mercury. We estimate the volumes of the
remaining undated SPs following the methods in 2.1.1, and then distribute these volumes
following the production function as a best estimate for when they formed. For the
scenario in which we include ICPs in our analysis (interpreting them to be of volcanic
origin), we model the flux of ICP-forming eruptions as a constant flux, although it is
possible the flux was increasing over time until peak SP-forming activity ~3.8 Ga
(Whitten et al., 2014).

Note that the surface age of any plains unit does not accurately describe the age of
the entire volcanic deposit, given that each unit is likely to include older volcanic

174



deposits that formed earlier (Head et al., 2009; 2011; Whitten et al., 2014; Byrne et al.,
2016). Without sequence stratigraphy of the volcanic deposits, it is not possible to
accurately describe the volume of basalt released at different times. However, using the
surface age to describe the age of the entire deposit provides a maximum estimate of the
volume of basalt effused at any single time.
2.2 Mercury’s magmatic volatile content

In contrast to the Moon, we do not currently have any samples of Mercury’s
volcanic deposits which would allow for the determination of its degassed volatile
content. By exploring a wide parameter space of degassed contents and oxygen
fugacities, we aim to provide reasonable estimates for the flux of gas released on
Mercury. XRS and GRS measurements of Mercury’s surface and near-surface can
provide some insight into Mercury’s volatile content. These measurements - indicating
elevated abundances of K (Peplowski et al., 2012), C (Murchie et al., 2015), S (Nittler et
al., 2011), Na (Peplowski et al., 2014), and Cl (Evans et al., 2015) - have been used
widely in experiments and petrologic modeling to infer the melting conditions and mantle
source compositions for surface lavas (e.g., Namur et al., 2016). The measurements of
elevated S abundances (up to 4 wt. % at the surface; Nittler et al., 2011) also allow for the
calculation of the planet’s oxygen fugacity (fO2), which is estimated to be between IW-3
and IW-7 (where IW-3 is 3 log units below the iron-wiistite oxygen buffer), indicating
that Mercury is the most reduced terrestrial planet (Zolotov et al., 2013; Namuer et al.,

2016; McCubbin et al., 2017).
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At such reducing conditions, S is an important element that affects volatile
partitioning and speciation of melts (Zolotov et al., 2013; Armstrong et al., 2015;
Anzures et al., 2017), and it is the first species we consider as a potential component of a
mercurian melt. Sulfide stability at highly reducing conditions promotes high S solubility,
and has been measured in a variety of experimental petrology studies (McCoy et al.,
1999; Namur et al., 2016; Anzures et al., 2017). Ion probe analyses indicate that S
solubility in a sulfide-saturated experimental mercurian mantle melt increases from ~1
wt. % to ~7 wt. % as fO decreases from IW-3 to IW-7 (Anzures et al., 2017). At present,
how much of this S will degas from the magma (versus precipitating as sulfide) is not
known. In this study, we consider two cases: Model A, a low-gas scenario in which only
1% of the S content degasses, and Model B, a high-gas scenario in which 10% of the S
content degasses. The S contents in the melts are assumed to be the experimentally-
measured sulfur concentrations at sulfide saturation (SCSS) for a given fO> (Table 1).

For Mercury’s interior, a major consideration is how elevated S abundances
influence the melt, given that S saturation affects the bonding environment of other
species, particularly in a low-O system. Measurements of sulfide-saturated experimental
melts indicate that there is an increase in Cl solubility with decreasing fO> (Anzures et al.,
2017). From these experiments, we estimate that Cl may be present in mercurian melts at
abundances between 1,300 ppm and 1,700 ppm for fO, values between IW-3 and IW-7,
respectively. Again, it is not yet understood how much of any specific volatile species is
released during eruptions on Mercury, so we estimate degassed contents for Cl of 10%

and 100% for our low-gas (Model A) and high-gas (Model B) models.
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Armstrong et al. (2015) studied the solubility and speciation of dissolved volatiles
in mafic glasses quenched from high pressure, specifically for C-O-H-N species. Their
experiments were conducted over a range of fO> conditions down to IW-3.65, which is
similar to the higher values predicted for Mercury’s interior conditions (Zolotov et al.,
2013; Namuer et al., 2016). Notably, the experiments of Armstrong et al. (2015) included
the presence of H>O, which is not predicted to be stable in Mercury’s interior (Nittler et
al., 2011; Zolotov et al., 2013). However, these experiments still provide valuable insight
into what C-O-H-N species may be stable in mercurian melts: CH4 (methane) and N-H.

To estimate CH4 melt content, we use the C content measured in experimental
melts. As with S and Cl, C content increases with decreasing fO» in a sulfide-saturated
system (Anzures et al., 2017). We estimate a CH4 abundance of 200 ppm for IW-3 and
2,000 ppm for IW-7 and use degassing contents of 10% and 100% for Models A and B,
respectively.

The other major volatile group that Armstrong et al. (2015) predicted to be stable
at high pressure and reducing conditions is N—H complexes, consistent with previous
studies. Here we model N—H from the predicted N content under reducing conditions.
Libourel et al. (2003) measured N solubility in sulfur-free basaltic melts at a range of O
values between IW-1.3 and IW-8.3. We estimate N content for IW-3 and IW-7 from
these experiments and use N—H magma concentrations of 10 and 100 ppm (Table 1). We
again estimate a degassing content of 10% and 100% for Models A and B, respectively.

We estimate the total mass of volatiles delivered to the surface during plains

eruptions on Mercury. We use the terms “delivered to the surface” and “released” to

177



describe all of the volatiles that reach the surface, including both the volatiles that were
outgassed to the atmosphere during initial pyroclastic activity and those that remain
locked in the solidified magma (e.g., vesicles, etc.) and diffuse out over much longer time
scales (e.g., Wilson and Head, 2017). With our best estimates of species released during
mercurian eruptions (Table 1), we calculate the total mass of released volatiles, G, for
each volcanic plains deposit from

G=VXp,Xn (Eq. 1),
where V is the erupted volume, p,,, is the bulk density of volcanic deposits on Mercury
(~3014 kg m™), and n is the estimated mass of volatiles delivered to the surface (Table
1).

We stress that Table 1 represents our best estimates of the possible volatiles that
were released during plains eruptions on Mercury, but the actual volatile species and their
degassed content remain unknown. We examine a wide parameter space of degassed
contents and oxygen fugacities in order to derive reasonable estimates for the flux of gas
released on Mercury during plains eruptions. As discussed in Section 5, future in-situ
analyses are essential for more accurately describing the volatile speciation and content
of mercurian lavas.

3 Results
3.1 Volume of erupted basalts through time

The total volume of erupted basalts estimated for Mercury’s SPs ranges between
~1.7 x 107 and 7.1 x 107 km? depending on the estimated thicknesses of the plains (Fig.
3). If we consider the ICPs to also be large volcanic flows (Murray et al., 1974; Strom et
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al., 1975; Denevi et al., 2013; Whitten et al., 2014; Byrne et al., 2018), then the estimated
volume of erupted basalts increases by up to two orders of magnitude; the total erupted
SP and ICP volume is estimated to be ~3.6 x 107-6.5 x 10° km? (Fig. 3). The total volume
of erupted basalts on Mercury is at least an order of magnitude higher than that predicted
for the Moon (8.9 x 10° km?; Needham and Kring, 2017), and up to 3 orders of
magnitude if the ICPs on Mercury are indeed volcanic plains. In a manner similar to mare
volcanism on the Moon (Needham and Kring, 2017), the volume of SP volcanism on
Mercury peaks at ~3.8 Ga (Fig. 3).

Uncertainties in the erupted volume stem from uncertainties associated with the
estimates of volcanic plains thicknesses. While the thicknesses of some individual plains
units have been resolved from stratigraphy (Byrne et al., 2018 and references therein), the
thicknesses of the majority of plains units have not been analyzed in detail. Individual
plains units are not predicted to be uniform in thickness; they vary in thickness as a
function of eruption conditions, magmatic flux, viscosity, and geologic setting (Wilson
and Head, 2008, 2017; Head et al., 2009, 2011; Denevi et al., 2013). To account for these
uncertainties, as discussed in Section 2.1.1, here we have computed the volume for three
different volume scenarios. Additionally, as discussed in Section 2.1.2, the production
function of these eruptions relies on the estimates of plains ages, and many plains
deposits are not yet dated (Fig. 1). The time-resolved flux in Figure 3 represents a general
trend in the production function of erupted basalts on Mercury.

3.2 Mass of erupted volatiles through time
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We calculate the time-resolved mass of effused volatiles on Mercury (Fig. 4)
using estimates of total erupted basaltic material for the low-volume, high-volume, and
intermediate cases (Fig. 3). First, we consider only the volatiles released during SP-
forming eruptions. Assuming an upper fO, of IW-3 in the intermediate case, we estimate
that ~1 x 10'® kg of S and Cl, ~2 x 10" kg of CH4, and ~1 x 10'* kg of N-H were
released during the formation of SPs in a low-gas scenario (Model A). When assuming a
lower fO, of IW-7 for Model A, these estimates increase to ~7 x 10'® kg for S, ~2 x 10!
kg for Cl and CHa, and ~1 x 10" kg for N-H.

In Model B, we consider higher degassing rates (Table 1). For both fO» scenarios,
the estimated masses of volatiles released during SP-forming eruptions increase by an
order of magnitude in this high-gas scenario (Fig. 4).

If the ICPs are indeed volcanic (Murray et al., 1974; Strom et al., 1975; Denevi et
al., 2013; Whitten et al., 2014; Byrne et al., 2018), then the estimated masses of released
volatiles would be even greater. For example, for the intermediate case and an fO; of IW-
3, we estimate that ~6 x 10'7 kg of S, ~8 x 10'7 kg of Cl, ~1 x 10'7 kg of CH4, and ~6 x
10" kg of N-H were released in Model A when including the contributions from both
SP-forming and ICP-forming eruptions. When assuming a lower fO, of IW-7 for Model
A, these estimates increase to ~4 x 10'® kg for S, ~1 x 10'® kg for Cl and CHa, and ~6 x
10'® kg for N-H. Again, for both fO, scenarios, these estimated masses increase by an
order of magnitude in Model B.

For our intermediate-volume case, the most abundant volatile species predicted

for Mercury (S, Cl, and CH4) released during SP eruptions are up to 3 orders of
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magnitude more abundant than what is predicted for the most abundant volatiles released
during lunar mare eruptions (CO, S, and H,O; Needham and Kring, 2017). When
considering the ICP eruptions as well, the released volatiles predicted for Mercury are 1
to 5 orders of magnitude more abundant.

The difference in the abundance of released volatiles between Mercury and the
Moon is largely a function of the total volume of erupted basalts, which is substantially
greater on Mercury (Section 3.1). As discussed in detail in Section 2.2, volatile speciation
and degassing content are still unknown quantities for Mercury, and here we provide a
range of estimates informed by experimental petrology studies (Libourel et al., 2003;
Armstrong et al., 2015; Anzures et al., 2017). Overall, the large volumes of erupted
basalts on the surface imply that the plains-forming eruptions released at least ~10'¢ kg of
volatiles over time.
4 The potential for volcanically-derived, transient atmospheres

Although abundant volatiles are predicted to have been released during the
formation of lava plains on Mercury (Fig. 4) and the Moon (Needham and Kring, 2017),
the fate of these volatiles is an important open question. It has been proposed that large
volumes of released volatiles on the Moon could produce a transient atmosphere that
would aid in the transport of volatiles to cold-trapping regions (Needham and Kring,
2017). Critically, the possibility of such an atmosphere is dependent not only on volatile
abundances, but also on eruption lifetimes, atmospheric gas dynamics, and atmospheric

loss rates.
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The Moon, for example, was very volcanically active between ~4 and 3.5 Ga on
geologic timescales, but individual eruptions occurred on relatively short (~100 day)
timescales (Wilson and Head, 2017, 2018), implying that there were significant periods
of inactivity between eruptions. We estimated this repose time for lunar eruptions,
assuming that three times as much magma was erupted between 3 and 4 Ga than was
erupted between 2 and 3 Ga (Wilson et al., 2019). With ~30,000 to 100,000 eruptions
occurring over this whole 2-Gyr period, there would be an average of 13,000 to 40,000
years between eruptions (Wilson et al., 2019).

Here, we perform similar calculations for Mercury to solve for the average time

interval between eruptions, 7;, from

ni=5-  (Eq.2).

where 7 is the timespan of volcanic activity (estimated to be ~2 Gyr; Byrne et al., 2018),
V is the total erupted volume of basaltic plains (estimated to be ~107 km?* for SPs and
~10° km? for SPs and ICPs in Section 3.1), and V,, is the average volume of a single
eruption (estimated to be ~200-400 km?; Wilson and Head, 2008). If we assume that
volcanic activity was relatively constant over 7, the average time interval between
eruptions is estimated to be between ~40,000 and 80,000 years for SP-forming eruptions,
but between ~400 and 800 years when also considering ICP-forming eruptions. As with
the Moon, it is likely that the frequency of eruptions was higher at the start of 7 and then
decreased through time, given the thermal and crustal evolution of the planet (e.g.,
Wilson and Head, 2008; 2017). Therefore, we again assume that three times more magma

was released during the first billion-year period of activity than in the following billion-
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year period. Such a flux suggests that earlier SP-forming eruptions took place every
~27,000 to 53,000 years, and that as the flux of eruptions decreased with time, there were
longer time intervals between the eruptions. When considering ICP-forming eruptions as
well, T may have been as short as ~270 to 530 years.

Released volatiles must remain in the atmosphere for sufficient durations in order
to migrate and become cold-trapped before they are photochemically destroyed or lost to
space (Section 5). In order to determine the duration of volcanically-derived transient

atmospheres on Mercury, we first calculate the average eruption duration, 7., from
14
Te = F (Eq 3)5
l

where V, as in Eq. 1, is the volume of erupted lava and F; is the flux of erupted lava. For
typical eruptions on Mercury, V is between 200 and 400 km? and F; is between 10° and
107’ m* s'! (Wilson and Head, 2008); thus, 7, is estimated to be between ~2,300 and 4,600
days for low-flux eruptions, and < 1 day for extremely high-flux eruptions (Table 2).

From 7, we calculate the flux of erupted gas, Fj, using

G
Fp=% (Eq4).

e

where G is the mass of gas released for an average eruption. While we estimate that the
total estimated mass of erupted volatiles on Mercury ranges between ~10'* and 10'° kg
(Section 3.2), it will inevitably be less for individual eruptions. Wilson and Head (2008)
estimate that the average volume of a single eruption is between ~200 and 400 km?,
which implies that the total gas released, G, for average mercurian eruptions is ~1.5 x

10'-3.0 x 10" kg assuming an fO, of IW-3 and ~6.5 x 10''-1.3 x 10'3 kg assuming an
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SOz of IW-7 (Table 2). With these values, F; is estimated to be ~750-7.5 x 10" kg s™! for
IW-3, and ~3,300-3.3 x 108 kg s*! for IW-7 (Table 2).
We next estimate the scale height, H, of a volcanically-derived atmosphere to be

31 km from

QXT
mxg

H =

(Eq. 5),

where Q is the universal gas constant (8.314 kJ mol"! K!), T is Mercury’s mean surface
temperature (~440 K), m is the mean molecular mass of erupted volatiles (~32 kg kmol-!
assuming a S atmosphere), and g is the gravitational acceleration at Mercury’s surface
(3.7 m s72). Note that because of Mercury’s greater surface gravity, H is less than the
estimated H for a lunar volcanically-derived atmosphere (48 km; Wilson et al., 2019).

We use H to solve for the surface density of a volcanically-derived atmosphere,

Ps, using

_ G
41 R2ZXH

Ps (Eq. 6),
where R is the planet’s radius (2440 km). For IW-3, p, is estimated to be ~6.5 x 10%-1.3
x 106 kg m™ and for IW-7, p, is estimated to be ~2.8 x 107-5.6 x 10 kg m™ (Table 2).
The pressure of this atmosphere, P, is calculated using
P, =ps XxgxH (Eq. 7).
We estimate P, to be ~7.5 x 10-3-0.15 Pa for IW-3 and ~3.2 x 10->-0.64 Pa for IW-7

(Table 2).
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Finally, the flux of gas released during individual eruptions can be compared with
the loss rate of gases into the atmosphere. We estimate the total duration of a

volcanically-derived atmosphere, 74, from

G

Tqg = (Eq 8)5

Fesc

where the rate of atmospheric escape, F,., is estimated to be 10 kg s from Vondrak
(1974). Solving for 74 implies that a typical volcanically-derived atmosphere would
decay within ~500 to ~40,000 years (Table 2). Above we estimated the average time
between eruptions on Mercury, 77, to be between ~27,000 and 53,000 years, although
possibly as short as ~270-530 years if the ICPs are volcanic. Comparisons between 7,4
and 71 indicate the following:

1. If SPs are the only volcanic plains on Mercury, then a transient, volcanic
atmosphere would likely have dissipated prior to a subsequent eruption for a low-
volume, low fO, scenario. It is possible that transient, volcanic atmospheres co-
existed in low fO> (IW-7) and high-gas (Model B) conditions given that the
predicted lifetime of volcanically-derived atmospheres would have been longer.

2. In the more likely case that ICPs, like the SPs, are volcanic (Denevi et al., 2013;
Whitten et al., 2014; Byrne et al., 2018 and references therein), then we predict
that the duration of almost any transient, volcanic atmosphere would have
exceeded the duration between individual eruptions, suggesting that the frequency
of eruptions may have resulted in the combination of denser, longer-lived
atmospheres. Only for a low-volume, low-gas, and high fO, scenario would this

not be the case.
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Determining the ultimate fate of volatiles in transiently dense atmospheres on
nominally airless bodies requires detailed modeling that depends on eruption dynamics,
atmospheric loss rates, and gas dynamics in an atmosphere that is evolving on
geologically rapid timescales (e.g., Prem et al., 2015). This modeling is an important next
step in assessing how volcanic eruptions altered Mercury’s atmospheric density and
composition, and how the collisional dynamics of transiently dense atmospheres affected
volatile transport and retention on Mercury.

5 Buried volatiles at the poles of Mercury?

Needham and Kring (2017) point out that only a fraction of the predicted water
released from mare formation (~10'* kg) is needed to account for all of the remotely
sensed water at the lunar poles (~10'! kg). If mare volcanism did deliver ice to the lunar
poles, it is likely to be buried in the subsurface (e.g., Needham and Kring, 2017).
Interestingly, we find that Mercury released even greater volumes of volcanic material
over time than the Moon (Fig. 3), and therefore greater volumes of volatiles were likely
released (Fig. 4). Is it possible that some fraction of erupted volatiles was deposited in
polar cold traps on Mercury?

It is well-understood that ices are cold-trapped at the poles of Mercury today.
These ices have highly reflective radar properties indicative of a nearly pure H.O
composition, with <5% silicates by volume (Butler et al., 1993). The detection of
enhanced neutron suppression at Mercury’s north polar region are also consistent with a
nearly pure H>O composition (Lawrence et al., 2013). The ice deposits have not been

covered by regolith gardening processes (Butler et al., 1993; Crider and Killen, 2005) and
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have distinct reflectance properties (Chabot et al., 2016), sharp geologic contacts (Chabot
et al., 2016), and crater densities (Deutsch et al., 2019) suggestive of geologically young
ages between 10’s and 100’s of Myr (Crider and Killen, 2005; Lawrence et al., 2013;
Deutsch et al., 2019).

Importantly, the composition and age of these surface ice deposits indicate that
they are not derived from volcanism. At mantle pressures and Mercury’s extremely
reducing conditions, H>O is not predicted to be present in the magma (e.g., Nittler et al.,
2011; Zolotov et al., 2013) and the very young surface age of the ice (Crider and Killen,
2005; Deutsch et al., 2019) is inconsistent with the timing of Mercury’s volcanic activity.
The H>O-ices observed at the surface of the poles are more likely to have been delivered
by an external, cometary impactor (e.g., Butler et al., 1993; Paige et al., 2013; Chabot et
al., 2016; Ernst et al., 2018; Deutsch et al., 2019).

However, given our analysis here, we find it important to consider the possibility
that volatiles other than H,O were released from Mercury’s interior and contributed some
fraction of materials to polar cold-traps. These volatiles would be distinctly different
from the polar deposits observed today, raising the question: Where would they be and
how could they be identified?

Any volatiles that are deposited on the surface of Mercury (whether indigenous in
origin or externally delivered) must face the space weathering environment, including
strong irradiation and thermal stresses (e.g., McCord and Clark, 1979; Domingue et al.,
2014) and high micrometeorite fluxes with high-velocity impactors (e.g., Borin et al.,

2009; Domingue et al., 2014). Interestingly, these harsh environmental factors may aid in
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the efficiency of volatile-trapping in the regolith. The regolith is predicted to have
relatively abundant lattice defects due to the high radiation stresses imparted on the
surface (e.g., Bennet et al., 2013; Domingue et al., 2014) and is predicted to be composed
of fine grain sizes due to the high impact velocities and bombardment flux (e.g., Borin et
al., 2009). Lattice defects and larger surface-to-volume ratios are more efficient sinks for
volatiles (Krdhenbiihl et al. 1977; Domingue et al., 2014), and the elevated elemental
abundances of volatiles on Mercury (Nittler et al., 2011; Peplowski et al., 2011, 2012;
Evans et al., 2012) suggest that perhaps the regolith is indeed effective at trapping
volatiles.

The high impact rates on Mercury also aid in the preservation of surface materials
by burying them through regolith overturn. Regolith gardening rates describe the
timescales of surface modification and can be used to estimate how quickly surficial
material is buried to a given depth. Crider and Killen (2005) estimated that the present-
day regolith burial rate on Mercury is ~0.43 cm Myr™!. We use this regolith gardening
rate to predict the depth of potential volcanically-derived volatiles.

If we assume that a layer of volcanically-derived volatiles was cold-trapped at
Mercury’s poles at 3.8 Gyr (during the peak of volcanism), then the regolith gardening
rate derived by Crider and Killen (2005) suggests that the peak concentration of remnant
volatiles would be concentrated ~16 m in the subsurface today. We consider this depth to
be a lower estimate, given that the regolith gardening rate derived by Crider and Killen
(2005) is for the recent past (<100 Ma) and the volcanism we analyze here was most

active before ~3.5 Ga, when impact rates were much higher (e.g., Le Feuvre and
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Wieczorek, 2011). The volatiles would have a highly heterogeneous spatial distribution
due to the stochastic impact gardening process (e.g., Crider and Killen, 2005). A diffuse
layer of indigenous volatiles buried at least 16 m within the subsurface would not have
been detectable by MESSENGER, given that its spectrometers had sensing depths of less
than ~1 m.

While measuring volatile deposits sequestered many meters in the subsurface was
not feasible with MESSENGER, the detection of volcanically-derived volatiles would
provide important new insight into Mercury’s volcanic history, interior geochemical
conditions, and exospheric/atmospheric evolution. Here we outline a variety of
measurements that may be considered in future missions, such as BepiColombo
(Benkhoff et al., 2010) and beyond (Ernst et al., 2020), for testing the hypothesis of cold-
trapped volcanically-derived volatiles:

1. Plains morphometry. BepiColombo topographic measurements and stereo images
(Benkhoff et al., 2010) of plains stratigraphy can improve estimates of the
thicknesses, extent, and topographic variability of volcanic plains units in order to
better constrain the volume of erupted basalts.

2. Surface chemistry. Additional elemental measurements (particularly of S) using
BepiColombo’s various spectrometers (Benkhoff et al., 2010) can help refine
geochemical models used to estimate the oxygen fugacity of Mercury’s interior
(e.g., Nittler et al., 2011; Zolotov et al., 2013; McCubbin et al., 2017). We found
that changing the fO; value from IW-3 to IW-7 could change the estimated

degassed mass by an order of magnitude.
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3. In-situ petrology. Sample analyses of Mercury’s volcanic plains are essential to
directly measure the speciation and degassed volatile content of volcanic basalts.
Landed surface operations are essential to better understand the geochemistry and
mineralogy of the surface (e.g., Ernst et al., 2020).
4. In-situ geochronology. Analyses of the geochemical and isotopic properties of
major surface units on Mercury would help refine our understanding of the ages
of the various surface units, including SP units, as well as ICPs, which represent
some of the oldest terrains on Mercury and whose timing is not well-resolved.
Such analyses are again supportive of landed science investigations (e.g., Ernst et
al., 2020).
6 Conclusion

On the Moon, volcanism may represent a substantial pathway for the transport of
volatiles to the lunar surface (e.g., Saal et al., 2008). It has been predicted that volatiles
released during the formation of the lunar maria may have been present in sufficient
volumes to produce a transient atmosphere capable of aiding in the transport of H>O to
cold-trapping regions (Needham and Kring, 2017). At mantle pressures and with
Mercury’s extremely reducing conditions, H>O is not predicted to be present in mercurian
magmas (Nittler et al., 2011; Zolotov et al., 2013); however, volatiles other than H>O are
predicted to be stable (Libourel et al., 2003; Zolotov et al., 2013; Armstrong et al., 2015;
Anzures et al., 2017), though without sample analyses of mercurian lavas, the precise

speciation and degassed content of erupted basalts remain important open questions.
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Here we provide the first comprehensive estimates of the flux of predicted
volatiles (S, Cl, CHs, and N-H) released on Mercury via volcanic plains-forming
eruptions using a variety of fO, conditions, degassing scenarios, and basaltic volume
estimates. We find that an order of magnitude more basalts were erupted to form smooth
plains on Mercury than erupted to form the lunar maria. Importantly though, a critical
open question is the origin of Mercury’s intercrater plains, which are the most spatially
dominant geologic unit on the planet (Whitten et al., 2014). If these are also volcanic, as
previously suggested (Murray et al., 1974; Strom et al., 1975; Denevi et al., 2013;
Whitten et al., 2014; Byrne et al., 2018), then potentially up to 3 orders of magnitude
more basalts were erupted to form volcanic plains on Mercury than erupted to form the
lunar maria. The large volumes of erupted basalts on Mercury imply that large volumes
of volatiles were released during the eruptions, which may have resulted in the transient
production of enhanced atmospheric pressures with lifetimes between ~500 and ~40,000
years.

It is possible that these atmospheric lifetimes were greater than the time of repose
between average mercurian eruptions (~270-53,000 years), therefore aiding the
conditions necessary for volatiles to migrate across the planet and increasing the
probability of the volatiles being cold-trapped. For volatiles that did become cold-trapped
at Mercury’s poles, we estimate that they would exist as a diffuse, weathered layer that is
buried at least ~16 m below the subsurface. Such sequestered volatiles would be

distinctly different from the polar H>O-ice deposits observed on Mercury’s surface today,
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both in composition (Butler et al., 1993; Lawrence et al., 2013) and in age (Crider and

Killen, 2005; Lawrence et al., 2013; Deutsch et al., 2019).
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Table 1. Predicted volatile species for mercurian magmas. S abundances are estimated to
be 1% of the estimated sulfur concentration at sulfide saturation (SCSS) for Model A and
10% of the estimated SCSS for Model B. CH4, Cl, and N-H abundances for Models A
and B are estimated from degassing amounts of 10% and 100%, respectively.

Estimated Mass of Volatiles Delivered to the Surface, n (ppm)
IW-3 IW-7
Species Model A Model B Model A Model B
S 100 1,000 700 7,000
CH4 20 200 200 2,000
Cl 130 1,300 170 1,700
N-H 1 10 10 100
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Table 2. Predicted values to describe mercurian eruptions and resulting volcanically-

derived atmospheres, including average volume of a single eruption (1,), oxygen fugacity
(fO2), mass of total erupted gas (G), eruption rate (F;), eruption duration (z,), gas release
rate (Fy), transient atmospheric surface density (ps), transient atmospheric surface

pressure (F;), and transient atmosphere duration (7).

v, Degassing | G F 2 F, os P, 7y
() | /22 | Model ko) | @is) | (day9) | (kgsh) | (kemd) @®a) | (vears)
Low-Flux Scenario]

Low- W3 A 1.5x 5_“ 2.300 q.mo a.m X _o.m NM x 10-3 480
volume 200 B 15x1012 7.500 6.5x _o.“ 75x Ho.w 4.800
scenario W7 A 6.5 x 101 3.300 2.8x 107 3.2x102 2.100

B 6.5 x 1012 103 33,000 | 2.8x10% 0.32 21,000

Hich. W3 A 3.0x 10U 4.600 750 1.3x107 1.5x 102 950
volume 400 B 3.0x 1012 7.500 W.w X _o&u 0.15 9.500
scenario W7 A 1.3x1012 3.300 5.6x 107 6.4x102 4.100

B 1.3x108 33,000 | 56x10% 0.64 41,000
High-Flux Scenario

Low- W23 A 1.5x 101 0.23 .\.mﬁow m.m X _o.m .\.M x 1073 480
volume 200 B 1.5x1012 Nuv&ob 6.5x S._,. 7.5x 102 4.800
scenario W7 A 6.5 x 101! 3.3x107 | 2.8x 107 32x102 2.100

B 6.5 x 1012 107 33x108 | 28x 105 0.32 21,000

Hich. W3 A 3.0x 10U 0.46 va&om 1.3x107 1.5x102 o.mo
volume 400 B 3.0x 1012 Nuﬁob m.w X Ho.m 0.15 _ 9.500
scenario W7 A 1.3x1012 3.3x107 | 5.6x107 6.4x102 4,100

B 1.3x108 33x10% | 56x10% 0.64 41,000
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0°N

0°N  60°N
Figure 1. The global distribution of intercrater plains (ICPs) and smooth plains (SPs) on
Mercury (modified from Byrne et al., 2018). ICPs are shaded in orange, mapped by
Prockter et al. (2016). SPs that were dated in this analysis are shaded in blue: Otaared
Planitia (OP), Utaridi Planitia (UP), south of Nathair Facula (NF), north of Lange crater
(LC), and surrounding Holbein crater (HC). SPs that were dated in previous analyses
(Fassett et al., 2009; Denevi et al., 2013; Whitten et al., 2014; Ostrach et al., 2015) are
shaded in yellow and those that remain to be dated are in light gray.

204



10.3 * AONLS \ \\\ZL | ’ SRR SR s | . LR | ’ A
@ NF: 17 craters, 9.5x1C* km?
+0.1 Gyr
3.50 Gyr_; 5 eyr
X LC: 12 craters, 1.2x10° km?

+0.1 Gyr
3.5 Gy o7 gyr

A HC: 62 craters, 3.7x10° km?

+0.2 Gyr
3.69 Gyr” 0.02 Gyr

V OP: 15 craters, 8.2x104 km?

+0.04 Gyr
3.64 Gyr o oy

) \ B UP; 42 craters, 4.5x10° km?

+0.4 Gyr
3.08 Gyr’ s o

10+

LR |
Lol

10

T T T TTTT]
Ll

Cumulative crater frequency (km?)

T
1

10¢ PP | M AN M M
1 10 102 103 104

Diameter (km)

Figure 2. The estimated absolute model ages for five previously undated SP deposits:
Otaared Planitia (OP), Utaridi Planitia (UP), south of Nathair Facula (NF), north of
Lange crater (LC), and surrounding Holbein crater (HC). The ages are derived from
fitting crater size-frequency distributions of the SP surfaces (N > 10) to the chronology
and production curves for Mercury (Le Feuvre and Wieczorek, 2011).
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Figure 3. Estimates of the volume of erupted basalts on Mercury at specific times, as
inferred from the surface ages of the SPs (solid) and ICPs (dashed), interpolated over
time from 4.5 Ga to 0.7 Ga. Volume estimates are calculated for low-volume (blue),
high-volume (black), and intermediate-volume (red) cases. The predicted volume of
erupted basalts on the Moon is shown in green using the data from Needham and Kring
(2017). Note that the volume is shown on a log scale.
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Figure 4. Estimates of the mass of S (blue), CH4 (red), CI (green), and N—-H (black)
released on Mercury at specific times, as inferred from the surface ages of the volcanic
plains units. For fO, values of IW-3 and IW-7, estimates are computed for low-gas
(Model A) and high-gas (Model B) scenarios. Estimates are calculated for three different
plains-volume scenarios by exploring a range in estimated plains thicknesses: (a) low
volume, (b) intermediate volume, and (c) high volume. Estimates are derived for volatiles
released both during SP-forming eruptions, and also ICP-forming eruptions (shaded in
grey in each panel). These estimates can be compared to (d) the predicted mass of
volatiles released during the formation of the maria by Needham and Kring (2017).

207



Chapter 5

Temperature-dependent changes

in the normal albedo of the lunar surface at 1064 nm

Ariel N. Deutsch?, James W. Head I1I?, Gregory A. Neumann®, Paul G. Lucey®

aDepartment of Earth, Environmental and Planetary Sciences, Brown University,
Providence, RI1 02912, USA

"NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA

“Hawaii Institute of Geophysics and Planetology, University of Hawaii at Manoa,

Honolulu, HI, 96822

Accepted for publication in Journal of Geophysical Research: Planets
Deutsch, A. N., Head, J. W., Neumann, G. A., Lucey, P. G., Accepted. Temperature-
dependent changes in the normal albedo of the lunar surface at 1064 nm. Journal of

Geophysical Research: Planets.

208



Abstract

Over the extreme temperature variations experienced in a single lunar day (AT=300 K),
particular minerals common to the lunar surface show spectral changes at discrete near-
infrared wavelengths in laboratory settings (Singer and Roush, 1985; Roush and Singer,
1986, 1987). Variations in temperature can cause variations in the size and shape of
crystallographic sites, which control the position, shape, and depth of crystal field
absorptions. At an observation wavelength of 1064 nm, the Lunar Orbiter Laser Altimeter
(LOLA) should be highly sensitive to temperature-dependent changes of orthopyroxene.
Here we analyze temperature-dependent spectral changes of the lunar surface as
measured from orbit by LOLA. We couple LOLA measurements of normal albedo with
measurements of surface temperature from the Diviner Lunar Radiometer Experiment,
analyzing the maria and highlands between £50°. We provide the first evidence of
temperature-dependent spectral changes on the lunar surface from orbital observations,
finding that the majority of the surface between +£50° demonstrates a small, yet
measurable, negative change in 1064-nm-albedo with temperature (-AR/AT). The
measurable effect is on the order of a few percent change in reflectance per ~80 K,
indicating temperature changes do not have a large effect on measurements of albedo at
the sensitivity of the LOLA instrument. Stronger -AR/AT values tend to be associated
with regions with elevated orthopyroxene, and the maria typically have higher levels of
orthopyroxene and stronger -AR/AT values than the highlands. Our results suggest that
single-wavelength lasers may be powerful tools for understanding the distribution of

particular minerals on the lunar surface.
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Plain language summary
In a single day, the surface temperature of the Moon varies over 300 K (540°F). This
massive swing in temperature can affect the ways in which we measure light that is
scattered from the lunar surface. The properties of scattered light are important tools for
understanding the color and mineralogy of the Moon’s surface; therefore, understanding
the influence of temperature on these properties is particularly important in interpreting
the presence of different rock-forming minerals or ices on the Moon. Here we measure
the effect that temperature has on measurements of surface reflectance specifically for the
Lunar Orbiter Laser Altimeter, which is an instrument onboard the Lunar Reconnaissance
Orbiter and currently orbiting the Moon. We find that there is a small, yet measurable
effect where surfaces tend to appear brighter when the surface is colder. This change is
consistent with previous laboratory studies of lunar minerals and soils that detected a
temperature-dependent change in reflectance properties.
1. Introduction

The thermal environment of the lunar surface is extreme due to the lack of any
appreciable atmosphere, the Moon’s slow rotation, and the highly insulating nature of the
surface (Vasavada et al., 2012). As a result, equatorial surface temperatures drop ~300 K
between local noon and night (Williams et al., 2017). Interestingly, over this great
temperature range, mafic rock-forming minerals common to the lunar surface (pyroxene
and olivine) show spectral changes in the near-infrared (IR) wavelengths (e.g., Singer and

Roush, 1985; Roush and Singer, 1986, 1987; Hinrichs and Lucey, 2002). Variations in
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temperature cause variations in the size and shape of crystallographic sites, which control
the position, shape, and depth of crystal field absorptions (Singer and Roush, 1985).

Multiple laboratory studies have demonstrated the near-IR spectral changes that
pyroxene and olivine show with respect to temperature (Singer and Roush, 1985; Roush
and Singer, 1986, 1987; Hinrichs and Lucey, 2002). For a constant mineralogy, higher
temperatures (red colors in Fig. 1) produce a broader absorption band at near-IR
wavelengths. In contrast, lower temperatures (blue colors in Fig. 1) result in site
contraction, producing a narrower absorption band, an increase in the crystal field
splitting energy, and an increase in reflectance (Singer and Roush, 1985; Roush and
Singer, 1986, 1987; Hinrichs et al., 1999). The spectral dependence on temperature with
wavelength is referred to as the thermo-reflectance spectrum, and can be quantified as the
change in reflectance with temperature as a function of wavelength, AR/AT, in units of K
! (Hinrichs and Lucey, 2002). Hinrichs and Lucey (2002) demonstrated that the thermo-
reflectance spectra of pyroxene and olivine are distinct, and the wavelengths that are most
sensitive to the AR/AT of each mineral are unique.

The unique thermo-reflectance spectra of pyroxene and olivine have been used
previously to characterize the mineralogy of small airless bodies. For example, the
spectral properties of Eros as measured by the NEAR-Shoemaker spacecraft were
observed to vary with temperature in the near-IR (Lucey et al., 2002). These variations
were used to assess the abundance of olivine, and to suggest that Eros has a surface
composition similar to that of an LL chondrite (Lucey et al., 2002). Temperature-

dependent spectral effects have also been used to explain the differences between the
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spectra of olivine-rich A-asteroids (observed at low temperatures in space) and the
laboratory spectra of olivines (measured in ambient conditions); the spectra of A-
asteroids were most similar to laboratory measurements of low-Fe olivines acquired at
low temperatures reasonable for the heliocentric distance of the main asteroid belt (Lucey
et al., 1998).

Temperature-dependent spectral effects of different rock-forming minerals are
dependent on wavelength and one of the largest changes for pyroxene overlaps with the
1064-nm observation wavelength of the Lunar Orbiter Laser Altimeter (LOLA; Smith et
al., 2010; 2017) (Fig. 1). Fig. 2 demonstrates how temperature has a drastic effect on the
measured reflectance of pyroxene specifically at LOLA’s observing wavelength. Over
the range of temperatures experienced by the lunar surface during the course of a single
day (AT=300 K), low-calcium pyroxene varies in spectral reflectance at 1064 nm by a
factor greater than 1.5. Fig. 2 illustrates that at its observation wavelength of 1064 nm,
LOLA should be highly sensitive to temperature-dependent changes of orthopyroxene,
although not to olivine.

LOLA is also expected to not be sensitive to temperature-dependent changes of
most high-Ca pyroxenes, although temperature-dependent spectra have not been collected
for such samples. Using Gaussian fits to pure pyroxenes from Denevi et al. (2007), we
produce Figure 3 that shows the predicted wavelengths for the maximum temperature
effect as a function of pyroxene composition. These wavelengths are calculated assuming
that the principal temperature activity of any pyroxene occurs on the long wavelength

side of the 1-pm absorption, at the position of the full width-half maximum of the
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absorption band, as is true for orthopyroxene. LOLA should be sensitive to pyroxenes
with maximum temperature-dependent changes between 1.014 and 1.114 um, given that
such changes are within a factor of 2 (50 nm) of the laser’s wavelength (1064 nm). This
includes essentially all orthopyroxenes as well as the most-magnesian, least-calcic
clinopyroxenes (magnesian pigeonite) (Fig. 3). The sensitivity of LOLA to temperature-
dependent changes in all other clinopyroxenes is low.

On the lunar surface, which is a complex mixture of many components, there is
naturally a more complicated relationship between temperature and reflectance at this
wavelength. The abundance of minerals other than pyroxene and also space weathering
effects dilute the strong temperature-dependent spectral effects of the pyroxene content.
Hinrichs and Lucey (2002) analyzed 11 Apollo soils and found a measureable
temperature-dependent spectral effect for the lunar soils (Fig. 2). The change in relative
reflectance with temperature was on the order of 1% or less per 100 K, which is
substantially less than the 5-10% per 100 K for ordinary chondrites and HEDs or the
~35% per 100 K for pure minerals (Hinrichs and Lucey, 2002). The relative weakness of
the AR/AT measured in these specific Apollo samples is likely to be related to (1) the
masking effect of submicroscopic iron present in the highly mature soils, (2) the overall
low levels of iron in the analyzed samples, and (3) the low sensitivity of the
measurements relative to the low-reflectance of the soils analyzed (Hinrichs and Lucey,
2002).

Overall, the few percent variation in reflectance at 1064 nm measured in the

Apollo soils over the 100400 K temperature range is close to the noise level of a single
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LOLA observation (Section 2.1). However, LOLA has been acquiring measurements of
the Moon’s surface reflectance for nearly a decade (e.g., Smith et al., 2010; Smith et al.,
2017), and the tens of millions of LOLA observations enable statistically significant
analyses of temperature-dependent changes (Table S1).

Understanding how the reflectance of the lunar surface varies in response to the
Moon’s drastic thermal environment is important in our interpretations of remotely
sensed data, as well as our understanding of the mineralogy of the surface. Specifically,
understanding the thermal response of the lunar surface to solar forcing is important in
the characterization of regolith structure and thermophysical properties (e.g., Vasavada et
al., 1999, 2012; Hayne et al., 2017; Williams et al., 2017), surface roughness (e.g.,
Lawrence et al., 2013; Bandfield et al., 2015), and surface rock abundance (Bandfield et
al., 2011, 2014; Ghent et al., 2014) and the photometric behavior of the lunar surface
(e.g., Barker et al., 2016; Domingue et al., 2018), and the optical properties of lunar soils
are highly relevant to studies of other airless bodies (e.g., Pieters et al., 2000).
Understanding the temperature-dependent spectral behavior of the lunar surface can also
help constrain the distribution of specific minerals important in the crustal evolution of
the Moon (e.g., Klima et al., 2008, 2011; Lemelin et al., 2019). Furthermore, as
additional payloads (with higher resolution and precision) are being prepared to support
lunar science and exploration, future remote sensing measurements of the lunar surface
should account for temperature changes experienced during observations. This is of
particular interest to the volatiles community, given that enhanced reflectance is often

used as observational support for the presence of frost and water on airless bodies (e.g.,
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Zuber et al., 2012; Neumann et al., 2013; Deutsch et al., 2017; Ermakov et al., 2017,
Fisher et al., 2017).

Thus, here we are interested in how the surface reflectance of the Moon, as
measured from orbit by LOLA, changes over the course of a lunar day during the extreme
temperature fluctuations. We couple LOLA measurements of lunar surface reflectance
with Diviner measurements of lunar surface temperature in order to analyze temperature-
dependent changes in highlands and maria reflectance. We discuss implications for using
single-wavelength remote sensing instruments as mineralogical sensors, and the
importance of accounting for temperature-dependent spectral effects in future exploration
of the Moon.

2. Methods and data
2.1. Diurnal changes in the lunar surface reflectance at 1064 nm

LOLA measures the Moon’s surface reflectance via the strength of the returned
altimetric laser pulse (Smith et al., 2010). Measurements are acquired from nadir at a
wavelength of 1064 nm, which is coincident with a diagnostic absorption feature of
pyroxene (centered near 1 um) due to the presence of Fe?* in the M2 site of the crystal
(Adams, 1974). The M2 site refers to one of two octahedral sites in the crystallographic
structure (the “M” nomenclature is used to designate a “metal” or cation site without
specifying the cation that occupies the site) (Morimoto, 1988). At LOLA’s wavelength,
this iron absorption feature has been observed in laboratory studies to reveal strong
temperature-dependent spectral changes (Fig. 1) (e.g., Roush and Singer, 1987; Hinrichs

et al., 1999).
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We analyze the normal albedo of the lunar surface using LOLA data acquired by
Detector 3 on Laser 1 during the Nominal Mission Phase (LRO _NO 01 through
LRO NO 13) and the Science Mission Phase (LRO_SM 02 through LRO SM 17). The
normal albedo is defined as the ratio of brightness of a surface observed at zero phase
angle (where the angle between the illumination source, surface, and detector is zero)
from an arbitrary direction to the brightness of a perfectly diffuse surface located at the
same position, but illuminated and observed perpendicularly (Hapke, 2012). The normal
albedo is measured independent of illumination conditions, and is not influenced by the
local surface topography (Hapke, 1993; Smith et al., 2010; Lucey et al., 2014).

Previously, Lemelin et al. (2016a) produced calibrated LOLA data that were
acquired during the first 10 months of the Nominal Mission Phase. These data were
corrected for the sensitivity drift of the lasers with time (i.e., the natural degradation of
the lasers) and for anomalous data, which were primarily acquired when the received
energy was < 0.14 fJ, when the spacecraft was pointing off-nadir, or when the range was
> 70 km (Lemelin et al., 2016a). The data were scaled to the normal albedo presented by
Lucey et al. (2014), who calibrated LOLA reflectance measurements to Kaguya
Multiband Imager observations acquired at zero phase angle at 1050 nm.

In order to increase the spatial and temporal data coverage for this analysis, we
supplement Nominal Mission Phase (NO) data with Science Mission Phase (SM) data.
Including these additional data more than doubles the coverage in local time (Table S1),
allowing for a more robust statistical analysis. All of the data we use are calibrated to

agree with the Lemelin et al. (2016a) data, by accounting for the long-term drift of
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Detector 3 during NO and SM via a cubic polynomial, with a step function offset
between the nominal and science mission phases (Fig. S1).

In this calibration, we utilize all daytime data (solar incidence <89°) and discard
observations that were acquired >3° off nadir or during the few days during NO 01 when
the laser gains were not fixed (GAINS=FSW). We correct each observation for drift in
each mission month and hour of local time (between 07:00 and 16:00) by the polynomial
function, and bin the data in 1°x1° spatial bins in order to minimize intrinsic reflectance
variations and to suppress anomalies associated with the laser thermal blanket. The data
in each local hour for each mission month are regressed between £25° latitude against the
Gridded Data Record Albedo Map LDAM 4
(https://ode.rsl.wustl.edu/mars/pagehelp/quickstartguide/index.html?lola gdrdam.htm) to
obtain the best linear fit to the normal albedo map. The regression coefficients are
mapped to the fraction of the LOLA mission month (NO or SM) that they represent, and
we fit a cubic polynomial to the slope and a linear polynomial to the intercept to remove
the long-term drift in a manner similar to Lemelin et al. (2016a), as shown in the
Supplemental Material. We use our calibration on both the nominal and science mission
phases data to produce our final dataset of lunar normal albedo (Fig. S1).

During the nine years of still ongoing operations, LOLA has nominally collected
data throughout the lunar day, although returns are minimal when the LRO spacecraft
crosses the terminator due to an artifact introduced from instrument cooling and
contraction (Smith et al., 2010); thus, the bulk of calibrated LOLA reflectance data have

been acquired between the local hours of 07:00 and 16:00. Our data analysis is limited to
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local hours of 08:00 and 15:00 to avoid times where the laser blanket anomalies are
strongest. Here we analyze the LOLA data for differences in mean normal albedo during
the cycle of the lunar day (between the local hours of 08:00 and 15:00) at 1-hr bins by
sorting the data based on the local hour at which the data were acquired. Each local hour
represents the beginning time of each hourly bin.

The mean normal albedo at each grid cell (1°x1°) is computed from several
thousand individual observations, and our analysis utilizes more than 53 million LOLA
observations to enable statistically significant albedo variations (Table S1). We quantify
the systematic error by estimating the standard error of the linear comparison of the
gridded data with the Terrain Camera(TC)-calibrated data (Lucey et al., 2014) and
estimate that the error for our LOLA normal albedo is <3% error. Lemelin et al. (2016a)
found that the greatest absolute errors in normal albedo (3—4 %) stem from off-nadir
geometries and so here we exclude off-nadir observations from our analysis.

Our analysis covers the lunar surface between 50°N and 50°S, latitudes between
which temperature fluctuations are greatest (Williams et al., 2017). We find that beyond
these latitudes, the laser thermal blanket anomalies strongly interfere with the laser’s
measurements of normal albedo. The data are binned in 1°x1° spatial bins, representing
surface areas that are ~30x30 km?. Latitude-dependent reflectance variations associated
with space weathering have been observed with LOLA (Lucey et al., 2014; Hemingway
etal., 2015; Lemelin et al., 2016a; Smith et al., 2017), and thus we limit the extent of
each analyzed spatial cell. We also analyze how diurnal changes differ between the

highlands and maria, given that these terrains have intrinsically different reflectance
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properties (e.g., Pieters, 1978; 1986; McEwen and Robinson, 1995; Lucey et al., 2014).
We use the lunar maria boundaries as mapped by Nelson et al. (2014) from a 643-nm
monochromatic Lunar Reconnaissance Orbiter Camera (LROC) Wide-Angle Camera
(WAC) image mosaic generated from the ratio of band 1 (321 nm) and band 3 (415 nm),
and a Clementine color ratio product.

Note that for simplicity, we use the term “reflectance” to mean the normal albedo
of the lunar surface, describing the bidirectional reflectance of the surface at zero phase
angle; thus, these measurements are independent of illumination conditions.

2.2. Diurnal changes in the lunar surface temperature

The Diviner Lunar Radiometer Experiment characterizes the Moon’s thermal
environment by mapping the thermal emission from the lunar surface over complete
spatial (latitude, longitude) and temporal (diurnal, seasonal) ranges (e.g., Paige et al.,
2010; Williams et al., 2017). With the Diviner instrument, we estimate the surface
temperature at 1-hr bins between the local hours of 08:00 and 15:00 in order to
complement the local time-of-day reflectance measurements from LOLA. We use
bolometric temperature data from the Diviner global cumulative product, which provides
data at a spatial resolution of 0.5° and a temporal resolution of 0.25 h local time
(http://pds-geosciences.wustl.edu/lro/lro-1-dlre-4-rdr-v1/Irodlr 1001/data/gcp/). The
bolometric temperature is derived from the brightness temperatures of the individual
Diviner spectral channels that measure the Moon’s radiance, and is thus a measure of the
spectrally integrated flux of IR radiation emerging from the lunar surface (Paige et al.,

2010; Williams et al., 2017).
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The surface temperature at each grid cell (1°x1°) is calculated from a dataset
composed of more than 10 million Diviner observations to enable statistically significant
temperature variations. The greatest standard deviations of the Diviner temperature
measurements are associated with higher latitude observations, but here our analysis
targets only the latitudes between 50°N and 50°S, where associated errors are smallest
(Williams et al., 2017). The one-sigma standard deviation of the mean indicates an error
of <1.5%.

3. Results
3.1. Temperature-dependent changes in the lunar surface reflectance

Measurements of lunar surface reflectance and temperature for local hours
between 08:00 and 15:00 are shown in Fig. 4. During this time window, the surface
experiences a maximum temperature change of ~80 K, with peak temperatures around
local noon. There is an asymmetry around these peaks due to the thermal inertia of the
lunar regolith, such that the surface is slightly warmer in the afternoon (Williams et al.,
2017).

Between the hours of 08:00 and 15:00, there are subtle yet recognizable changes
in the measured surface reflectance as measured by LOLA at 1064 nm (Fig. 4).
Specifically, the surface appears to have a relatively lower reflectance when it is warmest
at 12:00, and appears to have a relatively higher reflectance when the surface is coldest,
around 08:00 or 15:00. The most distinctive changes are easily identifiable in the maria
and in the regions immediately adjacent to the maria (Fig. 4).

3.2. The strength of temperature-dependent reflectance changes
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We quantify the mean thermo-reflectance value at each individual degree of
latitude between +£50°, separately for the highlands and maria, in order to (1) minimize
latitude-dependent reflectance variations associated with space weathering (Lucey et al.,
2014; Hemingway et al., 2015; Lemelin et al., 2016a; Smith et al., 2017) and (2)
disentangle intrinsic reflectance differences between the two major geologic terrains
(e.g., Lucey et al., 2014). The mean thermo-reflectance value at each degree of latitude is
calculated from a few hundred thousand LOLA observations (thousands of individual
observations at each local hour between 08:00 and 15:00) (Table S1). The temperature-
dependent change in surface reflectance at 1064 nm is, on average, stronger in the maria
(AR/AT*1000 = -0.36) than in the highlands (AR/AT*1000 = -0.20) (Table S2).

In Fig. 5, we show examples of thermo-reflectance spectra for the highlands and
maria. For example, the first row in Fig. 5 shows the temperature-dependent changes in
surface reflectance at 1064 nm specifically for the latitudinal region between 10°N and
11°8S, for both the highland and mare surfaces. The least-squares fit to the slop is plotted
in grey, representing the mean thermo-reflectance value (AR/AT*1000). In the
subsequent rows of Fig. 5, we show the same data, but for groups of latitudinal bins. For
each degree of latitude between 50°N and 50°S within the highlands and maria, we plot
the mean surface reflectance at 1064 nm for each local hour between 08:00 and 15:00
with respect to the mean surface temperature for each local hour between 08:00 and
15:00. Again, for each degree of latitude, we solve for a least-squares fit to the hourly
points (grey lines in Fig. 5). The data are displayed in subplots based on latitudinal

groups in order to view the AR/AT with more clarity.
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The average thermo-reflectance value (AR/AT*1000) reported in each subplot is
calculated from the temperature-reflectance relationship of a single degree of latitude, for
both the maria and the highlands. As discussed in Section 2, the systematic error of these
data is estimated to be <2%. From the associated error of the LOLA and Diviner
measurements, we estimate that the uncertainties of our derived thermo-reflectance
values to be on the order of 2.5%.

We find that the majority of the lunar surface between 50°N and 50°S
demonstrates a small, yet measurable, negative change in the surface reflectance at 1064
nm with temperature, consistent with the presence of pyroxene. For 9 of the 10 subplots,
the mean AR/AT has a negative slope, indicating a general darkening in the surface
reflectance with a warming of the surface. The outlier to this trend is the highlands group
between 30°N and 50°N. The maria consistently show stronger AR/AT values than the
highlands, meaning that they show a more drastic temperature-dependent change in the
measured surface reflectance at 1064 nm (Table S2). For the maria, the mean
AR/AT*1000 values are on the order of ~-0.2 to -0.5 K-!. The lunar highlands also tend to
show a negative AR/AT trend, although the AR/AT*1000 values of the highlands are
relatively lower (~0 to -0.4 K™!) than those of the maria. However, for some latitudinal
bands, these highland values are nearly equivalent in strength to the AR/AT of the lunar
maria (Fig. 5). Pure orthopyroxene has a AR/AT*1000 of ~-0.9 K-! at 1064 nm for the
temperature range that is experienced by the lunar surface between the local hours of

08:00 and 15:00 (Fig. 2).
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In Table S2, we document the maximum thermo-reflectance values for the
highlands and maria, analyzed at a spatial resolution of 1 latitudinal degree (see
Supporting Information). We find that, overall, the maria have a stronger (more negative)
AR/AT*1000 value (-0.36) in comparison to the highlands (-0.20). Overall, the highlands
show the strongest temperature-dependent changes in the equatorial region (15°N — 15°S)
and southern mid-latitudes (15°S—30°S). The maria also show the strongest temperature-
dependent changes within these regions, although similarly strong changes were detected
for the maria between 30°N and 50°N as well. A coarse spatial correlation between the
terrane type (Fig. 6b) and the strength of temperature-dependent reflectance changes in
reflectance (Fig. 6a) can be observed in Fig. 6.

This negative relationship between surface reflectance and temperature changes is
depicted in Fig. 6(a), where the mean AR/AT*1000 values are shown for 1°x1° spatial
bins. These values typically range from ~0 to -1 K™!. There are also some anomalous
regions on the surface area (shown in white) that experience either a positive or no
change in surface reflectance with temperature changes. These regions are typically
found along the latitudinal fringes of the study area, where laser thermal blanket
anomalies are most prevalent in the data (Fig. 4).

4. Discussion
4.1. Temperature-dependent spectral changes in the highlands and maria

The results presented here provide the first evidence for temperature-dependent

spectral changes of the lunar surface. These results are consistent with laboratory studies

that observe a temperature-dependent spectral change for common lunar minerals (Singer
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and Roush, 1985; Roush and Singer, 1986) and Apollo samples (Hinrichs and Lucey,
2002). Measurements of returned lunar soils revealed a change in relative reflectance
with temperature of ~1% or less per 100 K at near-IR wavelengths (Hinrichs and Lucey,
2002). This is similar to the AR/AT that we measure (Fig. 5). We find that this change
may be indicative of the mineralogy of the surface (Section 4.2), which suggests
important opportunities for understanding surface mineralogy remotely at a single
wavelength.

We find that the majority of the lunar surface between 50°N and 50°S
demonstrates a small, yet measurable, negative change in the surface reflectance at 1064
nm with temperature; however, our entire study region does not reveal this measurable
AR/AT relationship. One factor complicating this analysis is the sensitivity of the LOLA
instrument in detecting these extremely small changes in surface reflectance, which are
on the order of a few percent change. This change is detected by co-adding the LOLA
data that features single shot uncertainty of 12% (Smith et al., 2010), but importantly
results from analyzing statistical datasets that include >17 million individual laser shots
for each of the local hour groups (Table S1). Thus, we find that our analysis is
statistically robust and note that the extremely small changes measured here are
comparable to the change in relative reflectance with temperature measured for Apollo
soils, which was on the order of 1% or less per 100 K (Hinrichs and Lucey, 2002).

It is also possible that LOLA does not observe a uniformly strong temperature-
dependent reflectance change across all the maria or all the highlands due to differences

in optical maturity (Hinrichs and Lucey, 2002). Mature soils show less contrast due to the
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attenuating effect of submicroscopic iron that has accumulated through time from space
weathering processes (e.g., Pieters et al., 2000; Hapke, 2001; Pieters and Noble, 2016).
The cumulative amount of submicroscopic iron affects the optical properties of measured
and modeled soils, resulting in spectral darkening and reddening and subdued absorption
bands in the near-IR (e.g., Pieters et al., 2000). Additionally, surfaces that are low in
pyroxene will show a weaker temperature-dependent spectral change at LOLA’s
wavelength (Hinrichs and Lucey, 2002). Changes in absorption band symmetry at 1064
nm occur as Fe?* crystal field absorptions become narrower with decreasing temperature,
and these changes are due to the intrinsic absorbance properties of the minerals (Singer
and Roush, 1985; Roush and Singer, 1986, 1987; Schade and Wasch, 1999; Moroz et al.,
2000; Hinrichs et al., 1999). Finally, the surface reflectance measured by LOLA may also
be affected by grain size effects given that varying grain size can cause variations in
absolute reflectance at near-IR wavelengths (Adams and Filice, 1967; Pieters, 1983;
Clark and Roush, 1984; Pieters et al., 1993; Hapke, 1993, 2012; Mustard and Hays, 1997;
Milliken and Mustard, 2007). However, grain size is effectively normalized by the
process of regolith formation (Fischer and Pieters, 1994) and Lucey (2006) demonstrated
that empirical methods for the derivation of elemental abundances that depend on
spectral-elemental correlations (e.g., Lawrence et al., 2002) require a narrow grain size to
function, and would be ineffective if grain sizes varied significantly at the 100-m scale.
Overall, variations in maturity and grain size may affect measurements of surface
reflectance at 1064 nm, but are not expected to substantially influence our analysis of the

lunar surface between £50°. Importantly, variations in maturity and grain size are not
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expected to produce temperature-dependent effects. Absorbing species other than
orthopyroxene, however, can limit or even prohibit temperature-dependent changes in the
1064-nm surface reflectance at the sensitivity of the LOLA data.
4.2. LOLA as a mineralogical sensor

As discussed in Section 1, different minerals have unique thermo-reflectance
spectra that are wavelength-dependent, which have been used in the past to characterize
the mineralogy of asteroids (Lucey et al., 1998, 2002). The observation wavelength of
LOLA is particularly sensitive to temperature-dependent spectral changes of low-calcium
pyroxene (Fig. 2). While it is not commonly considered to be a mineralogical sensor, our
results suggest that future laser altimeters as well as LOLA could be used to map the
relative abundance of particular minerals (here, pyroxene) from detections of
temperature-dependent reflectance changes. Pyroxenes are the most prevalent mafic
mineral on the Moon, and are commonly used as a tool for understanding the magmatic
source, composition, and cooling history of remotely sensed surfaces (e.g., Adams, 1974;
Cloutis and Gaffey, 1991; Sunshine and Pieters, 1993; Greenhagen et al., 2010; Klima et
al., 2008, 2011; Yamashita et al., 2012). Understanding the distribution of pyroxene
mineralogies is important to our understanding of the crustal evolution on the Moon.

There is substantial heterogeneity in the distribution and absolute abundance of
orthopyroxene at the lunar surface (Fig. 6¢). Analyses of Kaguya Multiband Imager data
indicate that low-calcium pyroxene is abundant (up to ~50 wt.%) in the Procellarum
KREEP Terrane and in Mare Tranquilitatis, and is the dominant mafic mineral in the

South Pole-Aitken basin (Fig. 6¢; Lemelin et al., 2016b; 2019). We find that the parts of
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the surface that do have higher levels of orthopyroxene, indeed show a negative AR/AT
relationship (Fig. 6), consistent with laboratory studies (Singer and Roush, 1985; Roush
and Singer, 1986; Hinrichs and Lucey, 2002). However, we observe temperature-

dependent reflectance changes even on parts of the surface that are orthopyroxene-poor.

In Figure 7, we show the correlation between the amount of orthopyroxene (wt.
%) and the thermo-reflectance spectra (K™!) for the highlands (red) and maria (blue). In
general, the maria have higher abundances of orthopyroxene exposed at the surface than
do the highlands (Lemelin et al., 2016b, 2019). We find that, on average, the maria also
have stronger negative AR/AT values, as indicated by the spread of data shifted to the left
in the box plot below Fig. 7. This trend suggests that the mare surfaces show a slightly
larger change in the surface reflectance at 1064 nm between the local hours or 08:00 and
15:00 than do the highlands.

We also note that there is considerable overlap between the AR/AT values
calculated for the maria and highlands. Thus, there are likely to be other factors that are
influencing how different regions of the surface experience the changes of surface
reflectance as measured by LOLA during these different times of day. Figure 6 shows
that the greatest temperature-dependent changes in reflectance are concentrated near the
boundaries of the maria. There are likely to be some mixing effects between the
boundaries of the maria and highlands, given that these contacts are diffuse due to mixing
processes through time (Fischer and Pieters, 1995; Li and Mustard, 2000, 2003, 2005).
Spectral mixture analyses indicate that large impact craters have resulted in highland

contamination of the spectral properties of mare surfaces (Li and Mustard, 2003), as
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lateral transport is more efficient than vertical transport during mixing along these
boundaries (Li and Mustard, 2000).

As discussed in Section 4.1., other factors that complicate thermo-reflectance
spectra may include differences in iron levels, grain size, or optical maturity. For
example, the absorption features of mature surfaces are relatively subdued as a result of
space weathering processes (e.g., Pieters et al., 1993; 2000; Lucey et al., 2000; Noble et
al., 2001). The optical maturity index derived by Lucey et al. (2000) indicates that lunar
surface maturity is partly dependent on geologic setting, given that crater interiors tend to
mature more slowly compared to their ejecta and that larger ejecta features tend to mature
more slowly than smaller features. Generally, Copernican surfaces are relatively more
immature compared to older surfaces (Lucey et al., 2000), and are associated with lower
surface porosities (Mandt et al., 2016), higher rock abundances (Ghent et al., 2014;
Mazrouei et al., 2019) and rougher surfaces (Neumann et al., 2015). The most immature
surface on the lunar surface today include surfaces near Tycho, Stevinus, Giordano
Bruno, and some northern highlands, between De La Rue, Hayn, and Bel’kovich craters.
These regions tend to show stronger AR/AT values (Fig. 6), consistent with the
understanding that more immature surfaces exhibit stronger contrast in absorption
features.

Importantly, variations in maturity and grain size are not expected to result in
temperature-dependent variations in surface reflectance. Therefore, while variations in

these factors may help explain why particular surfaces exhibit more subdued
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temperature-dependent spectral changes, variations in these factors are not expected to
contribute to the presence of temperature-dependent spectral changes.

We also observe heterogeneity in the strength of AR/AT values within the mare
deposits (Fig. 6a), which vary in orthopyroxene abundances (Fig. 6¢; Lemelin et al.,
2016b; 2019) as well as in age (e.g., Hiesinger et al. 2003; 2010; 2011). The mineralogy
of mare basalts shows both temporal and spatial heterogeneity. For example, young
Oceanus Procellarum basalts are rich in olivine and show a stratigraphic gradation with
underlying units of lower olivine abundance, while young Orientale basalts are olivine-
poor and rich in high-Ca pyroxene (Varatharajan et al., 2014). This heterogeneity
suggests variability in FeO content in younger basalts across the Moon (Varatharajan et
al., 2014), and such heterogeneity may affect the strength of the temperature-dependent
signal detected here.

5. Conclusions

We have documented the first evidence of temperature-dependent spectral
changes on the lunar surface from orbital observations. Our statistical analysis,
incorporating more than 53 million individual LOLA shots, indicate that temperature
variations do have a measurable effect on the reflectance of the surface at 1064 nm
wavelength. Specifically, measurements of higher reflectance were acquired by LOLA
when the surface temperatures of the Moon were lower. The measurable effect discussed
here is on the order of a few percent change in reflectance per ~80 K, indicating that
temperature changes do not have a large effect on measurements of the lunar surface at

the sensitivity of the LOLA instrument.
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An ability to understand how the lunar surface varies with temperature will
provide important constraints for future remote sensing observations of the Moon. Such
observations can help assess the relative abundance of particular rock-forming minerals
(here, pyroxene) that exhibit a change in spectral reflectance with temperature, using a
single-wavelength laser.

Temperature-dependent spectral changes have important implications for future
remotely sensed observations of the Moon, as additional spectrometers and single-
wavelength lasers with higher resolution and precisions are designed and operated. These
results suggest that additional laser wavelengths targeted at olivine can provide
independent data for the distribution of that mineral. For example, a laser with an
observation wavelength at 1460 nm should be sensitive to temperature-dependent spectral
changes of olivine, although not pyroxene. However, as discussed in detail in Sections 1
and 4, there are various factors that can potentially complicate orbital measurements of
temperature-dependent spectral changes, such as iron levels, grain size, or surface
maturity. Of particular interest is understanding these effects on interpretations of the
presence of surface volatiles. Both the science and exploration communities have strong
interests in the presence of surface ice on the Moon (and beyond). Enhanced surface
reflectance has been used to characterize the presence of surface ice not only on the
Moon (e.g., Zuber et al., 2012; Fisher et al., 2017; Qiao et al., 2019), but also on Mercury
(Neumann et al., 2013; Chabot et al., 2014; Deutsch et al., 2017), smaller airless bodies

(e.g., Platz et al., 2016; Ermakov et al., 2017), Mars (e.g., Smith et al., 1998; Bell et al.,
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1999), and beyond. Thus, understanding how temperature affects observations of surface
reflectance has widespread importance in the planetary community.
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Figure 1. The reflectances of orthopyroxene (En88) samples that were wet-sieved to 45—
90 um and measured at temperatures between 80 and 400 K by Hinrichs et al. (1999) in
the near-IR wavelengths (0.4-2.4 um). The observation wavelength of LOLA (1064 nm)
is marked by the dashed vertical line. At LOLA’s wavelength, higher reflectances are
measured for orthopyroxenes at lower temperatures than orthopyroxenes at higher

temperatures.
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Figure 2. The thermo-reflectance spectra of lunar minerals and soils at 1064 nm, which is

the observation wavelength of LOLA. The reflectances of orthopyroxene (En86) and
olivine (Fo86) were measured by Hinrichs et al. (1999) and the reflectances of Apollo
sample 67711 were measured by Hinrichs and Lucey (2002) for a range of temperatures
between 80 K and 400 K. LOLA’s observation wavelength is strongly sensitive to
temperature-dependent spectral changes in orthopyroxene, although not to olivine.
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Figure 4. The LOLA-derived normal albedo (referred to in the text as “surface
reflectance”) at 1064 nm (left) and Diviner-derived temperatures (right) of the lunar
surface vary throughout the lunar day. Each row displays the data acquired at a specific
hour of local time, between 08:00 and 15:00, and black grids depict regions for which no
LOLA data exist. The cylindrically projected maps are centered at 0°E and include
latitudes between 50°S and 50°N.
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Figure 5. The 1064-nm surface reflectance of the lunar highlands (left) and maria (right)
are shown with respect to the surface temperature during the time of data acquisition. The
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individual data are plotted as circles and lines of best fit (each derived from a few
hundred thousand observations (Table S1)) are shown for each degree of latitude between
50°N and 50°S, representing a single thermo-reflectance value (AR/AT). Different
latitude ranges are displayed in subplots for clarity. The annual mean surface
temperatures for each terrain type for each degree of latitude are correlated by time-of-
day to the LOLA data.
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Figure 6. The temperature-dependent changes in lunar reflectance in panel (a) are
compared to the distributions of lunar highlands and maria in panel (b) and of low-
calcium pyroxene in panel (¢). Specifically, panel (a) expresses the magnitude of
temperature-dependent reflectance changes (AR/AT*1000). All colored pixels (1° x 1° in
spatial extent) have higher reflectances at lower temperatures and white pixels either
show no change or have lower reflectances at lower temperatures. Black pixels indicate
regions with insufficient temporal LOLA coverage for the analysis, and lineations are an
artefact from the data coverage. Panel (b) displays the normal albedo of the lunar surface
calibrated by Lemelin et al. (2016a). Boundaries of the maria are outlined in green, as
mapped by Nelson et al. (2014). Panel (¢) displays the absolute orthopyroxene abundance
on the lunar surface, expressed as weight percent (wt. %), as derived from the Kaguya
Lunar MI (Lemelin et al., 2016b, 2019). Panel (d) shows the temperature-dependent
reflectance changes specifically within regions with elevated orthopyroxene abundances.
All four maps are in a cylindrical projection centered at 0°E and include latitudes
between 50°S and 50°N.
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Figure 7. The correlation between temperature-dependent reflectance changes
(AR/AT*1000) and orthopyroxene abundance (wt. %) within the lunar highlands (red)
and maria (blue). The box plots show the spread of orthopyroxene values (left) and

AR/AT*1000 values (bottom) for the highlands (red) and maria (blue). For each box plot,
the box denotes the innermost 50% of the data and the line within each box denotes the
statistical median of the data. The dashed whisker lines extending from each box denote
the outermost 25% of the data, on either side of the median. The small, black dots beyond

the dashed lines represent statistical outliers of the dataset, which are determined as
values that are less than [q; —w X (g3 — q1)] or greater than [q; + w X (g3 — q1)],
where g, and g5 are the 25" and 75™ percentiles of the data, respectively, and w is the

maximum whisker length.
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Supporting material
Introduction

The supplemental materials provide additional information on the calibration of
the reflectance data from the Lunar Orbiter Laser Altimeter (LOLA) instrument (Fig. S1)
and details on the spread of LOLA data utilized in this statistical analysis (Table S1). The
supplementary data also include a list of the maximum temperature-dependent 1064-nm
reflectance changes found for the highlands and maria for each degree of latitude
between £50°. Finally, we provide examples that illustrate LOLA time-of-day patterns
both for surfaces with strong temperature-dependent changes and also for surfaces with
weak/no temperature-dependent changes (Fig. S2).
Description of methods: Calibration of LOLA 1064-nm reflectance data

The LOLA data used in this and the previous referenced studies were obtained
from the LOLA RDR collection, calibrated for post-launch changes in the instrument as
incorporated into the software programs (http://imbrium.mit.edu/SOFTWARE/). The
normal albedo was obtained for each profile in each mission phase that operated on laser
1, using the option “B”, for “bidirectional reflectance” and “3” for Detector 3. The
software can be configured to select for nominal incidence angle conditions and
instrument settings.

As output by the software programs, we analyze the normal albedo of the lunar
surface using LOLA data acquired by Detector 3 on Laser 1 during the Nominal Mission
Phase (LRO NO 01 through LRO NO 13) and the Science Mission Phase

(LRO_SM 02 through LRO SM 17). LOLA observations are corrected for drift in each
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LOLA mission month (Nominal Mission Phase (NO) or Science Mission Phase (SM)) by
a cubic polynomial function with a step function offset between the NO and SM phases
(Fig. S1). The linear fit to the regression intercept (in mission months) is polynomial:

Yy = —0.0407031024479 + 0.00150450253316 * m (Eq. S1).
For the nominal mission phases, the cubic fit to the regression slopes is:

Y,

ohase = 1.33324536294 + 0.00306123514405 *+ m — 0.0047453967058 * m* +

0.000101223404893 * m3 (Eq. S2).
For the science mission phases, the cubic fit to the regression slopes is:

Y,

ohase = 1.13324536294 + 0.00306123514405 * m — 0.0047453967058 * m? +

0.000101223404893 * m® (Eq. S3).
The coefficients Y, and Y45, are evaluated for each mission month subset and used to
rescale the apparent reflectance to match the Lucey et al. (2016) map in the PDS via the

formula:

[albedo] = LOLADIT0 g o).

Y phase—Step
where step=0 during Nominal Mission months and step = 0.2 during Science Mission
months.

In order to analyze the LOLA 1064-nm reflectance data, we use both Nominal
Mission Phase (NOMGRD) and Science Mission Phase (SCIGRD) data. These data
provide strong spatial and temporal coverage of the lunar surface due to the hundreds of
thousands of individual observations (Table ST).

Results: The strength of temperature-dependent reflectance changes
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Table S2 documents maximum thermo-reflectance values (AR/AT*1000) for the
highlands and maria, analyzed at a spatial resolution of 1 latitudinal degree, between the
latitudes of +50°. These maximum values are determined by first finding the hours
between which the greatest difference in surface temperature exists (individually for each
1°bin), as measured by Diviner. We then determine the corresponding change in 1064-nm
surface reflectance. The ratio of these two values (multiplied by 1000) allows us to find
the maximum AR/AT*1000 for each spatial bin.

Additionally, in Figure S2 we provide examples to illustrate LOLA time-of-day
patterns, contrasting surfaces with strong temperature-dependent changes (more negative

values) and surfaces with weak/no temperature-dependent changes.
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Table S1. The number of individual LOLA observations utilized for this statistical
analysis, divided by phase of data acquisition and local time of day. Table available at the
Brown Digital Repository and can be accessed at https://doi.org/10.26300/y5ep-4j46.

Local Time Mission Phase Mission Month Number of LOLA ots
08:00 03 8858508
NOMGRD 09 12117607
03 10311044
SCIGRD 09 7809286
10 3233635
16 10967911
09:00 NOMGRD 09 8923350
02 9108857
03 1999123
SCIGRD 09 11175819
15 3099038
16 6393027
10:00 NOMGRD 01 5055197
02 11197387
SCIGRD 09 1223020
15 8141911
11:00 01 5599733
NOMGRD 07 6174418
02 401127
SCIGRD 07 782747
15 4925580
12:00 01 68169
NOMGRD 07 11838993
13 1239757
SCIGRD 07 10682889
13:00 01 691065
NOMGRD 07 4162239
13 12625063
06 1617555
SCIGRD 07 8791281
13 9019401
14:00 NOMGRD 13 8156525
06 11134889
SCIGRD 12 363418
13 12392194
15:00 NOMGRD 05 8775505
SCIGRD 05 4374966
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06 6293350
12 8546987
13 405022
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Table S2. The maximum thermo-reflectance values (AR/AT*1000) for the highlands and
maria (£50°N), analyzed at a spatial resolution of 1 latitudinal degree. Table available at
the Brown Digital Repository and can be accessed at https://doi.org/10.26300/y5ep-4j46.

Maximum dR/dT*1000 (K)
Central Latitude (°) Highlands Maria
50.5 0.11 -0.76
49.5 0.09 -0.04
48.5 -0.09 -0.04
47.5 -0.09 0.10
46.5 -0.09 0.12
45.5 -0.15 -0.54
44.5 0.05 -0.43
43.5 -0.22 -0.52
42.5 -0.25 -0.59
41.5 0.13 -0.58
40.5 0.08 -0.55
39.5 0.09 -0.56
38.5 0.09 -0.56
37.5 0.08 -0.56
36.5 0.06 -0.52
35.5 0.06 -0.51
34.5 0.05 -0.46
33.5 0.05 -0.43
32.5 0.03 -0.38
31.5 0.03 -0.37
30.5 0.04 -0.35
29.5 0.03 -0.39
28.5 0.09 -0.40
27.5 0.15 -0.40
26.5 0.03 -0.37
25.5 0.00 -0.27
24.5 0.01 -0.23
23.5 -0.02 -0.25
22.5 0.04 -0.29
21.5 -0.05 -0.33
20.5 -0.03 -0.30
19.5 0.05 -0.23
18.5 -0.03 -0.22
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17.5 -0.07 -0.28
16.5 -0.22 -0.32
15.5 -0.28 -0.40
14.5 -0.27 -0.41
13.5 -0.24 -0.41
12.5 -0.27 -0.38
11.5 -0.25 -0.39
10.5 -0.27 -0.45
9.5 -0.36 -0.46
8.5 -0.37 -0.41
7.5 -0.35 -0.25
6.5 -0.34 -0.31
5.5 -0.31 -0.30
4.5 -0.36 -0.30
3.5 -0.40 -0.33
2.5 -0.40 -0.39

1.5 -0.36 -0.35
0.5 -0.37 -0.34
-0.5 -0.33 -0.33
-1.5 -0.36 -0.39
-2.5 -0.35 -0.38
-3.5 -0.35 -0.41
-4.5 -0.35 -0.35
-5.5 -0.37 -0.31
-6.5 -0.45 -0.34
-7.5 -0.35 -0.32
-8.5 -0.45 -0.44
-9.5 -0.41 -0.55
-10.5 -0.40 -0.71
-11.5 -0.48 -0.53
-12.5 -0.42 -0.51
-13.5 -0.44 -0.49
-14.5 -0.47 -0.45
-15.5 -0.44 -0.44
-16.5 -0.41 -0.56
-17.5 -0.41 -0.54
-18.5 -0.40 -0.35
-19.5 -0.40 -0.46
-20.5 -0.44 -0.45
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-21.5 -0.39 -0.46
-22.5 -0.41 -0.55
-23.5 -0.40 -0.52
-24.5 -0.41 -0.67
-25.5 -0.40 -0.30
-26.5 -0.36 -0.34
-27.5 -0.32 -0.57
-28.5 -0.34 -0.40
-29.5 -0.36 -0.55
-30.5 -0.36 -0.36
-31.5 -0.33 0.04
-32.5 -0.32 -0.45
-33.5 -0.30 -0.10
-34.5 -0.32 -0.42
-35.5 -0.31 -0.11
-36.5 -0.30 -0.25
-37.5 -0.25 -0.29
-38.5 -0.21 -0.30
-39.5 -0.15 -0.25
-40.5 -0.16 -0.16
-41.5 -0.18 -0.01
-42.5 -0.14 -0.11
-43.5 -0.10 -0.14
-44.5 -0.05 -0.16
-45.5 -0.02 -0.20
-46.5 -0.02 -0.13
-47.5 0.00 -0.14
-48.5 -0.01 -0.21
-49.5 0.04 -0.12
-50.5 0.05 -0.57
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Figure S1. The blue symbols show the regression intercept and the red symbols show
the regression slope. The regression coefficients are mapped to the fraction of the LOLA
mission month that they represent. The plus symbols are the slope data before shifting
upwards by a step-function to achieve a reasonable cubic fit.
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Figure S2. LOLA surface reflectance at 1064 nm is shown for highland (left) and mare
(surfaces). For each subplot, the data are for a single degree of latitude, centered at the
latitude identified in the upper left corner. The dark purple lines show the mean surface
reflectance at each local hour and the shaded region shows all data between quartiles 1
and 3. The top row shows examples of surfaces that revealed a strong temperature-
dependent change in surface reflectance at 1064 nm., as quantified by the thermo-
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reflectance value (AR/AT*1000). The bottom row shows examples of surfaces that did
not show a strong temperature-dependent change in surface reflectance at 1064 nm.
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Chapter 6

Synthesis and forward thinking: Open questions regarding polar volatiles on

Mercury and the Moon and opportunities with future exploration

Ariel N. Deutsch

Department of Earth, Environmental and Planetary Sciences, Brown University,
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1. Introduction

In the last decade, our understanding of the Moon as a dry rocky body has been
transformed by discoveries of water (H>O and OH) in the lunar interior, trapped in
primitive magmas and lunar rocks (e.g., Saal et al., 2008; Boyce et al., 2010; McCubbin
et al., 2010; Greenwood et al., 2011; Hauri et al., 2011, 2015; Chen et al., 2015; Milliken
& Li, 2017), and cold-trapped in polar shadows (e.g., Colaprete et al., 2010; Li et al.,
2018). Similarly, the MErcury Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) spacecraft has revolutionized our understanding of the innermost planet
to be volatile rich, with abundant and widely distributed pyroclastic deposits (e.g., Head
et al., 2008; Kerber et al., 2009, 2011; Goudge et al., 2014; Weider et al., 2016; Jozwiak
et al., 2018), intriguing hollows suggestive of recent sublimation (Blewett et al., 2011;
2013; Thomas et al., 2014), elevated abundances of the volatiles K, C, S, Na, and Cl in
the surface/near-surface (Nittler et al., 2011; Evans et al., 2015; Peplowski et al. 2012,
2014, 2015, 2016), chaotic terrains potentially indicative of devolatilization (Rodriguez et
al., 2020), and thick (e.g., Deutsch et al., 2018) hydrogen-rich deposits (Lawrence et al.,
2013) cold-trapped in polar regions of permanent shadow (Deutsch et al., 2016; Chabot et
al., 2018).

The water inventory cold-trapped at the poles of Mercury and the Moon are
particularly fascinating because they may represent multi-billion-year records of the
supply of water to the inner Solar System. A detailed understanding of the distribution of
polar water is essential in understating the nature of water cycles on Mercury and the

Moon, and the processes that govern the supply, retention, modification, and loss of
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volatiles. The poles of each body may harbor volatiles from comets and asteroids (e.g.,
Ong et al., 2010; Stewart et al., 2011; Prem et al., 2015), which would provide important
constraints on the chemistry of outer Solar System materials, and volatiles from early
volcanic outgassing (e.g., Crotts and Hummels, 2009; Needham and Kring, 2017;
Deutsch et al., in review). Chemical measurements of ancient ices could help provide
insight into water delivered to early Earth (Chyba, 1987; Morbidelli et al., 2000; Owen
and Bar-Nun, 2001; Drake, 2005; Hartogh et al., 2011; McCubbin and Barnes, 2019).
Additionally, the poles of Mercury and the Moon may contain volatiles delivered by
ongoing micrometeorite bombardment (e.g., Szalay and Hordnyi, 2016; Pokorny et al.,
2019) or derived from in-situ interactions between the regolith and the solar wind (e.g.,
Crider and Vondrak, 2000; McCord et al., 2011; Tucker et al., 2018; Jones et al., 2020).
The age and chemical composition of polar volatiles on Mercury and the Moon will
provide critical information regarding the timing and sources of volatile delivery, and in-
situ chemical analyses (e.g., Byrne et al. 2018; Vander Kaaden et al., 2019; Colaprete et
al., 2020; Ernst et al., 2020) and sample return (e.g., Mitchell et al., 2020) should be
priorities in future exploration.

The work explored in this dissertation directly links the scientific and exploration
interests of NASA through a detailed scientific analysis of polar volatile resources on
Mercury and the Moon. The work presented in the preceding chapters helps to address
larger cross-cutting themes related to NASA’s planetary science objectives, including (1)
building new worlds (What governed the accretion, supply of water, and chemistry of the

inner planets and the evolution of their atmospheres?), (2) planetary habitats (What were
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the primordial sources of organic matter?), and (3) workings of Solar Systems (How have
the myriad chemical and physical processes that shaped the Solar System operated,
interacted, and evolved over time?) (National Academies, 2011). This dissertation also
helps address strategic knowledge gaps outlined by the Human Exploration and
Operations Mission Directorate (HEOMD) to understand lunar resource potential and
how to work on the lunar surface (LEAG, 2012) and is directly related to Space Policy
Directive-1 (National Academies, 2019). Furthermore, the work in the preceding chapters
and the proposed future investigations outlined in this chapter are aligned with several
cornerstone reports developed by the scientific community (National Academies., 2007;
LEAG, 2014, 2017, 2018; Byrne et al., 2018), helping address critical steps in furthering
the scientific understanding of inner Solar System volatiles, and in developing a
sustainable program of exploration of the Moon and beyond.

In this chapter, I highlight some of the major findings of Chapters 1-5 in order to
frame the importance of this dissertation toward understanding the nature and evolution
of polar volatiles on Mercury and the Moon. I also discuss major outstanding questions in
this field and suggest paths for future investigation to better understand water cycles on
Mercury and the Moon (Sections 2—6), especially in the context of the upcoming
BepiColombo mission to Mercury and the Volatiles Investigating Polar Exploration
Rover (VIPER) mission to the Moon (Section 7).

2. Chapter 1: Age constraints of Mercury's polar deposits suggest recent delivery of

ice
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In Chapter 1, we provided the first quantitative estimates of the ages of polar
deposits on Mercury from direct observations of the ice surfaces (Deutsch et al., 2019).
This work is particularly exciting because prior to our analysis, quantitative age estimates
relied on the analysis of Earth-based radar data (Crider and Killen, 2005) or indirect
estimates of ice thickness from neutron spectrometry (Lawrence et al., 2013). We found
that individual ice surfaces on Mercury are all conservatively <330 Ma, and possibly as
young as only a few Ma (Deutsch et al., 2019). With these quantitative constraints on the
age of ice surfaces, our work provides critical insight into the possible delivery
mechanism(s) for the ice. This is an important framework for assessing the contributions
of recent impact events or a single impact. It has previously been suggested that the
Hokusai impactor may account for all of the water ice observed at the surface of Mercury
today (Ernst et al., 2018). Intriguingly, Hokusai is Kuiperian in age and thus aligns with
our estimates of ice surface ages derived in Chapter 1.

2.1. Outstanding questions and opportunities for future investigation

One of the major outstanding questions regarding the derived ice surface ages is
how representative our ages are of all ice deposits on Mercury. In our analysis, we were
only able to derive ages for six specific north polar craters due to limitations of
MESSENGER image coverage. Therefore, it is important to determine what the ages of
the remaining ice deposits are, and how they compare to the age estimates presented in
Chapter 1 (Deutsch et al., 2019).

If the error statistics from our crater counting are precise, then the surface ages of

all of the individual ice deposits do not overlap, suggesting that the analyzed ice surfaces
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may have been replenished in multiple discrete, recent episodes. However, the derived
errors are from counting statistics alone (i.e., do not take into account errors associated
with the chronology and production functions), and we found that our derived ages
overlap between at least 2/3 of the craters in all cases. Therefore, the possibility that the
surface ice was delivered by a single impact event (e.g., Chabot et al., 2016; Rubanenko
etal., 2018; Ernst et al., 2018) cannot be ruled out.

One of the strongest arguments for the delivery of a single impactor on Mercury
relies on the assertion that the ice deposits are astonishingly pure; modeling of Earth-
based radar observations suggests that the radar-bright ice deposits have <5% volume
fraction of silicates (Butler et al., 1993). It is difficult to maintain such high degree of
purity through time if the ice has accumulated over multiple discrete events. With the
advent of more recent observations of the radar-bright polar deposits on Mercury
(Harmon et al., 2011; Chabot et al., 2018; Rivera-Valentin et al., 2020), further modeling
of these ice observations is warranted in order to derive additional constraints on ice
purity. If higher fractions of silicates are predicted to be mixed within the ice, perhaps the
ice has been delivered and resupplied in multiple discrete events (as suggested by
individual ages), which would suggest ice replenishment on Mercury has been relatively
active in the last few 100 Myrs.

As BepiColombo (Benkhoft et al., 2009) prepares to enter its orbit around
Mercury, our results (Deutsch et al., 2019) will serve as an important test for
understanding the age of ice deposits on Mercury, as the first high-resolution images of

the south polar permanently shadowed regions (PSRs) are acquired. By imaging
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permanently shadowed surfaces with the Spectrometers and Images for MPO
BepiColombo Integrated Observatory System (SIMBIO-SYS) (Flamini et al., 2010),
BepiColombo can help determine crater populations within southern PSRs, allowing us to
compare absolute surface ages between northern (Deutsch et al., 2019) and southern ice
deposits.

Beyond BepiColombo, there are several important investigations regarding the
age and origin of ice on Mercury that can likely only be resolved with in-situ (landed)
exploration. These include:

e How does the surface age of an ice deposit compare to the age of the deposit as a
whole?

e What is the chemical stratigraphy of ice deposits on Mercury?

e What is the chemistry of the low-reflectance materials that insulate lower-latitude
ice deposits?

e How do the chemistries of the ice and low-reflectance materials compare to the
chemistries of outer Solar System objects, including carbonaceous chondrites and
Jupiter-family comets?

e Asice deposits are exposed to the space weathering environment at Mercury, how
do the chemistry and abundance of ices evolve with time?

3. Chapter 2: Analyzing the ages of south polar craters on the Moon: Implications
for the sources and evolution of surface water ice

In Chapter 2, we provided quantitative estimates of the ages of south polar impact

craters on the Moon (Deutsch et al., 2020) that both do host and do not host water-ice
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detections (Li et al., 2018). This analysis provided an important framework for
understanding the timing of ice delivery on the Moon. Notably, we found that (1) ice is
predominantly contained in ancient craters, which provide an upper estimate for the age
of the contained surface ice. We also found that (2) ice is not found within particular
permanently shadowed ancient craters that would not have been stable for the cold-
trapping of ice prior to the true polar wander (TPW) predicted by Siegler et al. (2016),
suggesting that ice may not have been delivered in sufficient quantities to these craters
post-TPW, or that such ice has since been destroyed. Additionally, we found that (3)
there are water-ice detections (Li et al., 2018) within Nobile and Shackleton craters,
which are present-day cold traps, but not predicted to have been paleo cold traps on the
basis of TPW simulations by Siegler et al. (2016). Therefore, ice in these craters can help
provide constraints on post-TPW hydrogen emplacement. Finally, we found that (4) there
are some individual craters that host ice that are younger than the predicted peak of lunar
volcanic activity that occurred at 3.5 Gyr, suggesting that mare-vented water cannot
explain all of the surface ice observed at the lunar south pole, as suggested by Needham
and Kring (2017). All of these results help us to construct an important framework in
understanding the timing and sources of water-ice delivery to the Moon.
3.1. Outstanding questions and opportunities for future investigation

A natural follow-on to our work presented in Chapter 2 (Deutsch et al., 2020) is to
analyze the ages of north polar craters. A comprehensive understanding of the ages of
circumpolar craters is essential in reconstructions of the evolution of polar topography

and cold-trapping areas on the Moon, and this work is currently underway (Cannon,
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Deutsch, et al., 2020). The goal of this ongoing work is to understand how the time-
history of impact formation influences the delivery, removal, and burial of ice.
Specifically, we are working to (1) extend the age dating of large polar craters from the
south pole (Deutsch et al., 2020) to the north pole, (2) assess the burial effects of ejecta
from large craters (>20 km) on the stratigraphy of polar ice deposits, (3) estimate the
combined deposition of water ice derived from impactors, volcanic sources, and solar
wind-regolith interactions over time, and (4) model realistic stratigraphies of ice and
ejecta, assessing the variations between different cold traps and within individual cold
traps. In carrying out these goals, we can derive estimates for the total amount of water
ice delivered to the poles, and the fraction of this ice that may be accessible for near-
surface exploration in the future (Cannon, Deutsch, et al., 2020). Preliminary work
indicates that Haworth crater (87.5°S, 354.8°E; 51.4-km diameter) is a promising
exploration target due to the sequestration of near-surface ice reservoirs.

The work in Chapter 2 (Deutsch et al., 2020) also highlights multiple candidate
targets for future exploration that can help better constrain the timing and sources of
water-ice delivery to the Moon. Excitingly, extensive in-situ exploration of the Moon is
being planned with various landed missions expected to explore the polar regions this
decade (e.g., Colaprete et al., 2020), as well as human missions supported by NASA’s
Artemis program, which will allow for the analysis of polar samples returned to Earth
(e.g., Mitchell et al., 2020). Important samples for future in-situ and/or returned analysis

include:
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Samples delivered post-TPW. Nobile (85.3°S, 53.3°E; 79.3-km diameter) and
Shackleton (89.7°S, 129.8°E; 20.9-km diameter) craters are not predicted to have
been stable for surface ice before the onset of TPW (Siegler et al., 2016), yet
surface-ice detections (Li et al., 2018) are present within both craters. Therefore,
the age of ice observed within these craters can place an upper constraint on the
age of post-TPW hydrogen emplacement.

Samples delivered post-peak volcanic activity. Unnamed 3 (83.9°S, 338.3°E;
22.3-km diameter), Wiechert J (85.2°S, 182.4°E; 34.9-km diameter), and
Shackleton (89.7°S, 129.8°E; 20.9-km diameter) craters all have estimated
formation ages younger than 3.5 Gyr, which is the time when the Moon is
expected to have been experiencing a peak in volcanic activity. Needham and
Kring (2017) previously suggested that the water vented during mare volcanism
may be sufficient to explain all of the hydrogen observed at the lunar poles.
Sampling ice in craters that formed after this volcanic peak would help us to
determine what mechanisms delivered ice to the surface of the Moon more
recently.

Samples from the oldest thermal environments. It is possible that lunar ice
detections (Li et al., 2018) represent a heterogeneous mixture of cold-trapped
volatiles derived from various sources. Exploration of some of the oldest lunar
cold traps may provide the opportunity to sample volatiles of different origins, as
they have been bearing witness to the volatile flux for billions of years. Some of
the oldest cold traps we identified that were stable to the cold-trapping of ice

274



before the onset of predicted TPW (Siegler et al., 2016) and through today include

Haworth (87.5°S, 354.8°E; 51.4-km diameter), Shoemaker (88.1°S, 45.9°E, 51.8-

km diameter), and Faustini (87.2°S, 84.3°E, 42.5-km diameter).
4. Chapter 3: Assessing the roughness properties of circumpolar lunar craters:
Implications for the timing of water-ice delivery to the Moon

In Chapter 3 (Deutsch et al., accpeted-a), we analyzed the roughness
characteristics within and surrounding small (<~15 km in diameter) polar craters. We
found that the distribution of craters that host water-ice detections (Li et al., 2018) is
slightly skewed toward roughness values that are higher than those of pre-Imbrian
craters, with a statistically significant difference between the two populations (p-value =
0.002). This skew suggests that some ice-bearing craters (and thus the ice they contain)
may be younger than Nectarian in age, especially because their surface textures are likely
to be subdued by the presence of surface ice (Kreslavsky and Head, 2000; Putzig et al.,
2014; Moon et al., 2019). Interestingly, we did not identify any ice-bearing craters that
are within the Copernican-only domain in roughness space. All of the 15 rough polar
craters (between +£75° and £90°) that are found within the Copernican-only roughness
domain lack water-ice detections (Li et al., 2018). If surface ice is stable in these
permanently shadowed craters, then the lack of surface ice in rough craters interpreted to
be of Copernican age suggests that either ice has not been delivered to these young
craters since their formation, or that it has since been destroyed. If these craters, however,

are not thermally stable environments for surface ice, then the youngest ice-bearing
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craters on the Moon appear to be Imbrian—Eratosthenian in age, on the basis of surface
roughness (Deutsch et al., accepted-a) and crater-density statistics (Deutsch et al., 2020).
4.1. Outstanding questions and opportunities for future investigation

To help address some of the uncertainties in this work, higher-resolution
roughness data could greatly improve the statistics analyzed here. The roughness data
that we analyzed (Deutsch et al., accepted-a) have a pixel resolution of 1000 m
(Neumann et al., 2015; Smith et al., 2017); therefore, the mean surface roughness values
calculated for the exterior portions of the small impact craters rely on only a few
individual roughness values. Higher-spatial-resolution roughness products would allow
us to better probe the roughness properties within and surrounding small craters.
Additional work integrating measurements of rock abundance and thermal inertia from
the Diviner Lunar Radiometer Experiment and circular polarization ratios from the
Miniature Radio Frequency (Mini-RF) instrument could help probe surface
characteristics of small circumpolar craters on the Moon.

Overall, the results of Chapter 3 (Deutsch et al., accepted-a) have produced some
interesting questions regarding the distribution of surface ice on the Moon. For example,
we found that no Copernican craters host surface water ice. Are these Copernican craters
capable of hosting surface ice? If these craters are thermally stable environments for the
survival of water ice, then the absence of ice within them would place a very important
constraint on the age of surface ice — specifically, the first lower bound on the age of
water-ice detections by Li et al. (2018). Alternatively, if Copernican craters are not

thermally stable environments for water ice, then where are the youngest cold traps on
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the Moon, and are they occupied by ice? Future investigation is needed to determine how
the lifetimes of polar cold traps compare to the timescales of volatile supply,
modification, and destruction processes.
5. Chapter 4: The flux of volcanic eruptions on Mercury: Potential contributions to
transient atmospheres and buried polar deposits

In Chapter 4 (Deutsch et al., in review), we provided the first comprehensive
estimates of the total erupted magma on Mercury through time, and the estimated
associated production of lunar volatiles by exploring a wide parameter space of oxygen
fugacities and degassed content informed from experimental petrology studies (Libourel
et al., 2003; Armstrong et al., 2015; Anzures et al., 2017). We find that if the intercrater
plains (ICPs) on Mercury are volcanic in origin (e.g., Murray et al., 1974; Strom et al.,
1975; Spudis and Guest, 1988; Denevi et al., 2009; Whitten et al., 2014), then it is
possible that the duration of volcanically-derived, transient atmospheres exceeded the
time of repose between average mercurian eruptions. With buildup of sufficient densities,
transient atmospheres may have aided the migration and delivery of volatiles to polar
cold traps. We estimate that if any volcanically-derived volatiles were ever cold-trapped
at the poles of Mercury, then they would exist as a diffuse, weathered layer buried at least
~16 m in the subsurface. Such sequestered volatiles would be distinctly different from the
polar H>O-ice deposits observed on Mercury’s surface today, both in composition (Butler
et al., 1993; Lawrence et al., 2013; Paige et al., 2013) and in age (Crider and Killen,
2005; Lawrence et al., 2013; Deutsch et al., 2019).

5.1. Outstanding questions and opportunities for future investigation
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The study presented in Chapter 4 (Deutsch et al., in review) explores an extremely
wide parameter space of oxygen fugacities and degassed volatile contents given that these
values remain relatively unconstrained for Mercury and the actual volatile species
degassed during mercurian eruptions remain unknown. In order to refine the history of
densities, flux, and timescales of any volcanically-derived atmospheres on Mercury,
future in-situ analyses (e.g., Ernst et al., 2020) are critical for more accurately describing
the volatile speciation and content of mercurian lavas. With better estimates of
atmospheric characteristics, future work can evaluate the ultimate fate of volatiles in
transiently dense atmospheres on nominally airless bodies. Such work requires detailed
modeling that incorporates eruption dynamics, atmospheric loss rates, and gas dynamics
in an atmosphere that is evolving on geologically rapid timescales (Stewart et al., 2011;
Prem et al., 2015, 2018, 2019) and is an important next step in assessing how volcanic
eruptions altered Mercury’s atmospheric density and composition, and how the
collisional dynamics of transiently dense atmospheres affect volatile transport and
retention on Mercury.

In Chapter 4 (Deutsch et al., in review), we outlined various measurements that
could assist in testing the hypothesis of cold-trapped, volcanically-derived volatiles,
including:

o Measurements of volcanic plains morphometry. Topographic measurements
acquired by the BepiColombo Laser Altimeter (BELA; Thomas et al., 2007) and
stereo images acquired by the SIMBIO-SYS instrument (Flamini et al., 2009) of

plains stratigraphy can help improve our estimates of the thicknesses, extent, and
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topographic variability of volcanic plains units in order to better constrain the
total volume of erupted basalts on Mercury.

Measurements of surface chemistry. Elemental measurements (particularly of S)
can help refine geochemical models used to estimate the oxygen fugacity of
Mercury’s interior (e.g., Nittler et al., 2011; Zolotov et al., 2013; McCubbin et al.,
2017). We found that changing the fO, value from IW-3 to IW-7 could change the
estimated degassed mass by an order of magnitude. BepiColombo is equipped
with various spectrometers that can help in these measurements, including the
MErcury Radiometer and Thermal Infrared Spectrometer (MERTIS; Hiesinger et
al., 2009), the Mercury Gamma-Ray and Neutron Spectrometer (MGNS;
Mitrofanov et al., 2010), and the Mercury Imaging X-ray Spectrometer (MIXS;
Fraser et al., 2009).

In-situ petrologic measurements. Sample analyses of Mercury’s volcanic plains
are essential to directly measure the speciation and degassed volatile content of
volcanic basalts. Landed surface operations are essential to better understand the
geochemistry and mineralogy of the surface (Byrne et al., 2018; Vander Kaaden
etal., 2019; Ernst et al., 2020).

In-situ measurements of geochronology. Analyses of the geochemical and isotopic
properties of major surface units on Mercury would help refine our understanding
of the ages of different surface units, and thus the eruption histories and time-
evolution of Mercury’s surface. This is important for both major SP units, as well
as ICPs, which represent some of the oldest terrains on Mercury and whose timing
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is not well-resolved. Such analyses are again supportive of landed science

investigations (e.g., Byrne et al., 2018; Vander Kaaden et al., 2019; Ernst et al.,

2020).

Chapter 4 (Deutsch et al., in review) highlights the critical importance that
understanding the potential contributions of outgassed species to polar cold traps requires
much more than an understanding of the total volume of volatiles released through time.
Assessing the potential contributions requires a fundamental understanding of individual
eruption characteristics (flow volume, timing, flux, and volatile content) and the repose
periods between individual eruptions. Building upon these acknowledgements, we have
utilized forward-modeling of individual lunar basaltic eruptions with the observed
geologic record to predict the magma volumes, eruption frequency, and rates of volcanic
volatile release on the Moon to determine whether lunar conditions were ever favorable
for the formation of volcanically-induced, transient atmospheres on the Moon (Head,
Wilson, Deutsch, et al., in prep.). We found that only under exceptional circumstances,
such as with the largest known lunar eruption (Schroter’s Valley), would sufficient
volatiles have been released in a single eruption to form a tenuous atmosphere that lasted
more than a few thousand years. These new results suggest that volcanically-derived,
transient atmospheres on the Moon were not sufficient in the production, transportation,
and delivery of volatiles to lunar polar cold traps. As with Mercury, multiple
measurements can help refine our estimates of erupted magma volumes and rates and the

associated release of volatiles. These include additional detailed measurements of lava
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flow thicknesses, areal extents, volumes, ages, and volatile contents as well as the
identification and analyses of discrete flow units.

Finally, one of the more interesting observations from the Gamma-Ray
Spectrometer (GRS) onboard MESSENGER is that there is an enhancement of sodium (a
moderately volatile element) concentrated at the north polar region of Mercury
(Peplowski et al., 2014). There has been considerable debate in the scientific community
regarding the nature of this concentration, and it has been proposed to be due to a unique
elemental composition of the northern volcanic smooth plains (SPs) (e.g., Peplowski et
al., 2014). Interestingly though, this sodium enhancement is also consistent with
temperature-induced mobilization of sodium (Peplowski et al., 2014), which does not
require compositional variability between the northern SPs and other volcanic SPs on
Mercury. If the sodium has migrated to the north polar region due to sublimation-
desublimation processes, then the sodium anomaly is an example of a volatile migrating
to the poles, as we propose could have happened with outgassed species early on in
mercurian history. A critical test of the competing origin hypotheses for the northern
sodium anomaly will be BepiColombo measuring the abundance of sodium at the south
polar region of Mercury, where there is no large volcanic plains unit, but there is a
thermal environment similar to that of the north pole that would allow for the cold-
trapping of volatiles.

6. Chapter 5: Temperature-dependent changes in the normal albedo of the lunar

surface at 1064 nm
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In Chapter 5 (Deutsch et al., accepted-b), we emphasize the important of
temperature-dependent reflectance changes in future measurements of surface reflectance
of airless bodies. We provided the first evidence of temperature-dependent spectral
changes on the lunar surface from 1064-nm orbital observations, finding a small, yet
measurable, negative change in normal albedo at 1064 nm with temperature (-AR/AT).
The measurable effect is on the order of a few percent change in reflectance per ~80 K,
indicating that surface temperature variations do not have a large effect on measurements
of surface reflectance at the sensitivity of the Lunar Orbiter Laser Altimeter (LOLA)
instrument. However, as future instruments of higher resolution and precision are flown,
temperature-dependent changes will be essential to take into account in reflectance
measurements and calibrations. Our results also suggest that single-wavelength lasers
may be helpful tools in assessing the relative abundance of particular rock-forming
minerals (here, pyroxene) that exhibit a change in spectral reflectance with temperature.
For example, a laser with an observation wavelength at 1460 nm should be sensitive to
temperature-dependent spectral changes of olivine, although not pyroxene.

6.1. Outstanding questions and opportunities for future investigation

The results presented in Chapter 5 (Deutsch et al., accepted-b) are particularly
interesting to the volatile community because surface reflectance is an important tool for
characterizing the presence and nature of surface ice, and has been employed to study
surface ice both on the Moon (e.g., Zuber et al., 2012; Fisher et al., 2017; Qiao et al.,
2018) and Mercury (Neumann et al., 2013; Deutsch et al., 2017), as well as on smaller

airless bodies (e.g., Platz et al., 2016; Ermakov et al., 2017), Mars (e.g., Smith et al.,
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1998; Bell et al., 1999), and beyond. Thus, understanding how temperature affects
observations of surface reflectance has widespread importance in the planetary
community. While laboratory analyses have been successful in deriving temperature-
reflectance relationships down to ~80 K (Hinrichs et al., 1999; Hinrichs and Lucey,
2002), the permanently shadowed environments where ice is cold-trapped are
characterized by freezing temperatures that can approach ~20 K (Vasavada et al., 1999;
Paige et al., 2010, 2013; Williams et al., 2017, 2019). Therefore, characterizing the
temperature-dependent spectral changes for common minerals at discrete wavelengths
specifically at these extremely low temperatures remains an outstanding priority.
7. Future exploration

Two of the most exciting opportunities for continuing the study of polar volatiles
on Mercury and the Moon in the near future include the BepiColombo mission to
Mercury (Benkhoff et al., 2010), a joint ESA-JAXA mission expected to insert orbit
around Mercury in 2025, and the Volatiles Investigating Polar Exploration Rover
(VIPER) mission to the Moon (Colaprete et al., 2020), a prospecting mission developed
through NASA’s Lunar Discovery and Exploration Program expected to land in 2023. In
the final section of this dissertation, I would like to highlight a few of the major
outstanding questions regarding volatiles on Mercury and the Moon and discuss how
these two upcoming missions can help address them.
7.1. Future exploration of Mercury with BepiColombo

BepiColombo consists of two spacecrafts: the ESA-led Mercury Planetary Orbiter

(MPO) to study the surface and composition of Mercury and the JAXA-led Mercury
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Magnetospheric Orbiter (MMO) to study Mercury’s magnetosphere. Launched in 2018,
the spacecrafts are predicted to arrive in Mercury orbit in late 2025, at which time both
spacecrafts will enter polar orbits that are particularly favorable to the continued study of
mercurian polar volatiles. In fact, one of the primary mission objectives of BepiColombo
is to investigate the composition and origin of polar deposits on Mercury, and thus the
MPO is equipped with a highly capable payload that can address some of the greatest
open questions regarding polar ice on Mercury (Benkhoff et al., 2010). Previously, I
outlined some specific measurements that can help constrain the ages of mercurian polar
deposits (Section 2.1) and potential contributions of volcanically-derived volatiles to
polar cold traps (Section 5.1), and here I will highlight some additional investigations that
can help address the composition, nature, and extent of polar ice on Mercury with
BepiColombo.
7.1.1. Composition of polar deposits on Mercury

Understanding the composition of Mercury’s ice is important to determine the
processes that originally delivered ice to Mercury’s poles and processes that have since
modified the ice. The payload of BepiColombo includes various spectrometers that will
assist in determining the composition of polar volatiles, including MERTIS (Hiesinger
and Helbert, 2010) and SIMBIO-SY'S (Flamini et al., 2010).

While the most poleward ice deposits on Mercury are exposed at the surface and
have high-reflectance properties (Neumann et al., 2013; Deutsch et al., 2017), the
majority of ice deposits are insulated by a ~10-30 cm-thick layer of low-reflectance

materials (Lawrence et al., 2013). Images revealed brightness variations within these low-
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reflectance deposits that sometimes correlate with variations in surface temperature,
suggesting that the low-reflectance deposits may contain multiple volatile compounds
(Chabot et al., 2016). The reflectance properties and the thermal environments of these
materials suggest that they are composed of a volatile other than water, such as
macromolecular carbonaceous material or simple organic compounds (e.g., Ar, SO»,
H>0, CsHoNOo, S, Co4Hi2) (Zhang and Paige, 2009; Paige et al., 2013; Delitsky et al.,
2017). SIMBIO-SY'S and MERTIS will provide the first compositional measurements of
these curious low-reflectance surfaces, and understanding their composition is paramount
to understanding the origin of the ice.

Additionally, MERTIS will enable studies of surface temperature variations and
thermal inertia (Hiesinger and Helbert, 2010), which will help us determine the thermal
controls on the presence and composition of ice so that processes that act to retain and
modify the ice can be better understood. Measurements of surface temperatures within
north and south polar PSRs will also help to determine the extent to which thermal
environments vary between and within PSRs at each pole.

7.1.2. Nature of polar deposits on Mercury

In addition to resolving the chemical composition of Mercury’s polar deposits,
BepiColombo can help us better understand the physical nature of the ice, including its
surface age, stratigraphy, and roughness. Investigating the physical nature of the ice is
essential both in determining the age and origin of the ice and also in determining

processes that have acted to modify or deplete the ice since its original delivery.
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For example, imaging the permanently shadowed surfaces at the north and south
polar regions with SYMBIO-SYS will help (a) determine the stratigraphy within
Mercury’s PSRs, including that of ice, impact craters, regolith, ejecta, and mass wasting
materials so that relative ages can be derived for the ice and so that the modification of
ice surfaces by impact cratering and regolith gardening can be observed, (b) determine
the crater populations within Mercury’s PSRs so that absolute surface ages can be
derived for Mercury’s ice, (¢) determine the extent to which surface characteristics vary
between north and south polar ice deposits so that a global understanding of the nature of
Mercury’s ice can be provided, and (d) determine the geologic characteristics of the
albedo boundaries of Mercury’s ice so that the modification of ice contacts can be
studied.

Additionally, the BepiColombo Laser Altimeter (BELA; Thomas et al., 2007) will
be useful in measuring the topography of polar environments and cold-trapped ice
deposits. These measurements can be used to help determine the thickness of the ice
(especially in the south polar region) so that we can refine estimates of ice volume —
important constraints for determining ice delivery mechanisms (Harmon, 2007; Black et
al., 2010; Eke et al., 2017; Deutsch et al., 2018a; Rubanenko et al., 2019; Susorney et al.,
2019). Furthermore, topographic measurements may allow for the characterization of
surface roughness properties, which can provide insight into surface modification
processes and the physical weathering history of the volatile deposits (Kreslavsky and
Head, 2000; Putzig et al., 2014; Moon et al., 2019).

7.1.3. Extent of polar deposits on Mercury
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Finally, understanding the extent of ice on Mercury is important to determine the
distribution and total quantity of ice, which has distinct implications for delivery
mechanisms (Deutsch et al., 2016; Chabot et al., 2018). With the first low-altitude
observations of Mercury’s south polar region, BepiColombo can help (1) map the
presence of anomalously high- and low-reflectance surfaces within south polar PSRs
using BELA and SYMBIO-SYS, (2) measure the thickness of ice deposits within
southern PSRs using BELA, (3) measure elemental composition of the shallow
subsurface within the south polar region using MGNS, and (4) measure the surface
temperatures within north and south polar PSRs using MERTIS. All four of these
objectives will help provide a detailed global view of Mercury’s polar environments and
a comprehensive understanding of the planet’s total ice inventory.

7.2. Future exploration of the Moon with VIPER

VIPER is a volatiles prospecting mission that will land on and rove one of the
lunar poles, likely arriving in late 2023. The primary mission goal is to evaluate the
potential for in-situ resource utilization (ISRU) in order to inform future NASA and
commercial spaceflight architectures (Colaprete et al., 2020). By targeting polar regions
with particularly short lunar nights, the nominal mission duration is 90 Earth days, during
which the rover is expected to traverse > 20 km in distance. An exciting aspect of this
mission will be the combined power of both pre-flight planning and real-time decision
making, enabled by real-time Earth-rover communications, that will facilitate informed
and efficient exploration of the lunar pole. Although VIPER is a prospecting mission and

not a science-directorate mission, it will provide critical information on the distribution,
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abundance, and form of volatiles at the lunar poles. Thus, in line with the goals of this
dissertation, VIPER will contribute significant scientific knowledge to our understanding
of the sources, evolution, and current state of polar volatiles.
7.2.1. Distribution of polar ice on the Moon

Along with a sampling drill, there are three prospecting instruments onboard
VIPER that will continuously function during rover driving operations. (1) The Neutron
Spectrometer System (NSS) will provide insight into the estimated subsurface hydrogen
abundance through measurements of epithermal neutron fluxes, as well as the bulk
regolith chemistry through measurements of thermal and epithermal neutron fluxes
(Elphic et al., 2015, 2017; Ennico-Smith et al., 2020). (2) The Near InfraRed Volatiles
Spectrometer System (NIRVSS) is a compound instrument that will help characterize the
lunar surface composition, thermophysical properties, and morphology with near-infrared
spectrometry and thermal radiometry (Roush et al., 2015). In addition to its roving
observations, the NIRVSS will directly observe VIPER drill cuttings as they are
deposited on the surface (Colaprete et al., 2019; Ennico-Smith et al., 2020). (3) Finally,
the Mass Spectrometer observing lunar operations (MSolo) instrument will provide
critical insight into the speciation, relative abundance, and isotopic ratios of polar
volatiles by differentiation of low molecular-weight volatiles between atomic mass units
of 1 and 100 (Ennico-Smith et al., 2020). MSolo will also be able to detect volatiles that
sublimate from VIPER drill cuttings. Overall, the continuous ground operations of these
three prospecting instruments will provide important ground truthing of various orbital

observations of the lunar poles (e.g., Feldman et al., 1998; 2000; 2001; Eke et al., 2009;
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Colaprete et al., 2010; Paige et al., 2010; Miller et al., 2012; Fisher et al., 2017; Li et al.,
2018) and detailed measurements of the lateral and vertical distribution of polar volatiles
at unprecedented spatial scales.

The lateral and vertical distribution of lunar ice is critically tied to understanding
the source and evolution of the ice (e.g., Siegler et al., 2016; Deutsch et al., 2020), and
provides key information regarding processes that control the emplacement, retention,
modification, and loss of polar volatiles. Additionally, the distribution of lunar ice
provides insight into the overall resource potential and resource inventory of the Moon
(e.g., Anand et al., 2012), which will inform future landing site decisions, rover transects,
and drilling sites.

7.2.2. Composition of polar ice on the Moon

Excitingly, VIPER is also equipped with The Regolith and Ice Drill for
Exploration of New Terrains (TRIDENT), which is a 1-m drill that captures subsurface
samples in ~10-cm intervals (Zacny et al., 2013, 2019). The delivery of drill cuttings to
the surface will allow the NIRVSS and MSolo instruments to directly observe subsurface
polar samples, providing in-situ chemical measurements of lunar subsurface volatiles.
The composition and relative abundance of cold-trapped volatiles provide critical
information regarding the sources of volatile delivery to the Moon. Chemical
measurements of these ices could help provide insight into the nature of water delivered
to early Earth (Chyba, 1987; Morbidelli et al., 2000; Owen and Bar-Nun, 2001; Drake,
2005; Hartogh et al., 2011; McCubbin and Barnes, 2019).

7.2.3. Cold-trapping environments on the Moon
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In addition to enabling detailed measurements of the form of lunar volatiles,
TRIDENT will measure the vertical distribution of subsurface temperature. Temperature
is a primary control on the distribution of volatiles (Vasavada et al., 1999; Paige et al.,
2010; Hayne et al., 2015, 2019; Siegler et al., 2016) and modulates the rates of volatile
diffusion and sublimation (Hibbitts et al., 2011; Schorghofer and Aharonson, 2014).
Therefore, in-situ measurements of polar temperature profiles will provide key
information regarding volatile sinks, as well as retention and modification processes.

Finally, TRIDENT will provide key insight into the strength of the polar lunar
regolith, and how regolith strength varies with depth. These measurements will provide
essential insight into the form of cold-trapped volatiles, such as whether the volatiles are
distributed as ice particles mixed within the regolith or whether the subsurface is an ice-
cemented ground (Ennico-Smith et al., 2020; Sargeant et al., 2020).
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