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1.0 INTRODUCTION
1.1 PURPOSE

One of NASA’s Moon to Mars Objectives is to determine the distribution, abundance, and composition
of lunar volatiles. These volatiles have been detected from orbital instrumentation, but much is still
unknown regarding details of how abundance and composition varies with location. The purpose of this
document is to summarize what is known regarding composition of volatiles that might be encountered
by crew during Artemis surface operations, to address concerns regarding development of hardware for
sample collection and preservation, as well as regarding understanding the safety risks of bringing
collected volatile-bearing samples back into a crewed cabin.

Initial assessments of what returning volatiles could look like used volatile abundance and composition
data returned from the LCROSS mission, which characterized one of the deepest, coldest permanently
shadowed regions on the Moon. However, these data are not necessarily applicable to locations where
Artemis crew will explore, driving potentially unnecessary levels of hazard control, which in turn may
affect volatile container design and how much sample can be returned. This document informs on the
volatile composition and abundance in samples likely to be collected by crew during the Artemis IlI
mission to the lunar south polar region.

1.2 SCOPE

This document provides the geologic context and current understanding of volatile stability and
accumulation in micro cold traps expected to be accessible on the Artemis Ill mission. This document
provides assessments from Apollo and subsequent data that suggest a low likelihood of sampling
volatile species that could pose hazards to crew. Finally, this document provides a list of the volatile
compounds that could be present in the samples we expect to take on Artemis Il and the abundance of
those volatiles.

1.3 CHANGE AUTHORITY/RESPONSIBILITY

NASA Office of Primary Responsibility (OPR) identified for this document is Science Mission
Directorate (SMD) Exploration Science Strategy and Integration Office (ESSIO). Proposed changes to
this document shall be submitted via a Change Request (CR) to SMD ESSIO for consideration and
disposition.
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2.0 DOCUMENTS
2.1 APPLICABLE DOCUMENTS
The following documents include specifications, models, standards, guidelines, handbooks, and other

special publications. The documents listed in this paragraph are applicable to the extent specified
herein.

Document

Number Document Title

2.2 REFERENCE DOCUMENTS

The following documents contain supplemental information to guide the user in the application of this
document. Additional references to data sources in this document can be found in Appendix C.

Document Document Title
Number
CaRI 010 Contamination and Research Integrity (CaRl) Team

Adjudication on Lunar Volatiles
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3.0 DEFINITIONS AND ASSUMPTIONS
3.1 DEFINITIONS
Here we define terms relevant to this document.

Lunar regolith: The fragmental and unconsolidated rock material that covers the entire lunar surface.

This layer is the result of the continuous impact of meteoroids and the steady bombardment of charged
particles from the sun and stars. The regolith is generally about 4-5 m thick in mare regions and 10-15
m in highland areas and contains all sizes of material from large boulders to sub-micron dust particles.

Lunar soil: Lunar soil is defined as the subcentimeter fraction of the regolith. However, it is commonly
used interchangeably with regolith. Lunar soil contains no organic matter and is not formed through
biologic or chemical means as terrestrial soils are, but strictly through mechanical comminution from
meteoroids and interaction with the solar wind and other energetic particles.

Lunar dust: Refers specifically to particles in the soil or regolith that are ~10 microns in diameter or
smaller.

Volatiles: Compounds that exist primarily as vapor or liquid at and above Earth ambient conditions
(20°C or 293K, 1 bar atmosphere) but condense at lower temperatures. On the Moon, these
compounds sublimate directly from a solid to a gas due to the low surface pressure.

Permanently Shadowed Region (PSR): Region that does not experience direct sunlight (likely for
billions of years).

Transiently Shadowed Region (TSR): Region that only has limited direct sunlight (few days of sun per
month).

Cold Trap: Location cold enough that volatile species could be thermodynamically stable at the surface
or near subsurface for geologically long timescales. Cold traps can be as small as 1 cm which is the
smallest area that can remain cold enough for volatiles due to lateral heat transfer through the regolith.

Stability: The condition where the sublimation rate of a volatile compound is low enough such that ice
can exist for geologically long timescales (loss rate of <1 mm/billion years).

Volatile stability at the surface and in the subsurface is primarily driven by peak and minimum surface
temperatures over the lunar year. The surface temperature is largely determined by direct photons
(sunlight) and secondarily photons reflected and scattered from nearby terrain. The varying topography
and resultant scattered light can lead to a gradient in both temperature and lighting in shadowed
regions and from the rim to the floor of larger craters. For smaller shadowed regions, lateral heat
transfer through the regolith becomes the dominant heat source driving temperature and the minimum
cold trap size is ~1 cm; at smaller sizes the lateral heat dominates and the region is too warm for
volatile sequestration (Hayne et al. 2015).

Due to these processes influencing the lunar thermal regime, the term “PSR” is not the most useful
framework for considering volatile stability, because this terminology conflates lighting and thermal
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conditions. Instead, in this document we consider thermodynamically favorable regions for volatiles to
collect and persist at both poles of the Moon. Temperature is a necessary condition for sequestering
volatiles, but cold temperatures does not mean volatiles HAVE to be there, depending on the geologic
setting and history.

3.2 ASSUMPTIONS FOR ARTEMIS Il AND IV

The Artemis Il mission will return samples from a landing site within 6° of the south pole of the Moon,
within one of the 13 regions defined by NASA.

Most of the Artemis Il samples will be rock and regolith samples that have been or currently are
exposed to sunlight, like those collected during Apollo.

The South Polar region is geologically most akin to the Apollo 16 mission, with mature regolith
developed over extensively cratered highlands bedrock.

The astronauts will likely go into the coldest area available within the explorable zone and collect a
sample to be returned under ambient conditions. These small areas may be places where the local
topography protects the surface from incident photons, so the temperature would remain below that of
the nearby surface.

4.0 VOLATILES

Understanding the origins, ages, and evolution of lunar polar volatiles are key science objectives that
benefit substantially from the use of environmentally controlled sample stowage and curation. Here,
“volatiles” refers to compounds such as water, carbon dioxide, methane, etc. that exist primarily as
vapor or liquid at and above Earth ambient conditions (20°C or 293K, 1 bar atmosphere) but condense
at lower temperatures. On the Moon, the low surface pressure means that these compounds sublime
directly from a solid to a gas.

There are multiple potential sources and sinks of lunar volatiles, including contributions from early
volcanic outgassing, asteroid impacts, comet impacts, solar wind interactions with regolith, and/or
ongoing meteoroid bombardment (see, for example, Anand, 2011; Lucey et al., 2022). Studying these
compounds will allow us to determine whether volatiles were emplaced early in Solar System history
and are ancient, have been delivered continuously throughout lunar history, or are a recent
phenomenon (or some combination of the three). Once the volatiles were emplaced, the volatile
deposits likely experienced subsequent maodification and evolution. Processes such as solar wind
sputtering, cosmic ray-induced chemical reactions, thermal diffusion and lateral heat conduction, and/or
orbital effects such as true polar wander (and the resulting volatile migration) may all affect the present-
day observed volatile distribution and characteristics. The scientific value in understanding the origins,
ages, and evolution of lunar volatiles extends beyond the Moon; understanding volatile delivery history
and processes on the Moon is also key for elucidating processes occurring across the Solar System
such as on Mars, Mercury, Ceres, asteroids, and ocean worlds.

Studies of lunar polar volatiles are also key to enabling sustained human exploration of the Moon via in
situ resource utilization (ISRU). The Artemis missions to the lunar south pole are designed to take
advantage of the resources that may be found there, particularly abundant sunlight, favorable thermal
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conditions, and access to potential stores of water and other volatile compounds. As with terrestrial
mining practices, the exploration of such potential resource deposits requires an understanding of the
origin of the volatiles, their lateral and vertical distribution, form, and abundance (Cannon and Britt,
2020; Casanova et al., 2020). These fundamental science goals will build the necessary predictive
capabilities to enable assessments of lunar volatile resources, such as the replenishment rates,
locations, grade, and processing needs, and will allow for optimal design and operation of ISRU
architectures and hardware elements.

In addition to the host of community reports, two NASA-commissioned reports, the Artemis III (Alll)
Science Definition Team (SDT) Report (Weber et al., 2020) and the Lunar Water ISRU Measurement
Study (LWIMS) (Kleinhenz et al., 2020) defined goals for volatiles science and preparation for ISRU,
many of which require cold/cryogenic sample return. The goals of the Artemis Ill SDT and the Artemis
Il Geology team are considered in this white paper. We note, however, that subsequent landed
missions during the ‘sustainable’ phase of Artemis should have increased capabilities for cold sample
return (e.g., mass, temperatures, sample volumes, etc.). As such, the considerations for sample
collection, type, and nature will change for those missions.

4.1 OBSERVATIONS AND ORIGIN OF LUNAR VOLATILES

The lunar surface at the poles experiences both direct sunlight and indirect radiation from topography —
a situation similar to the equatorial sites visited by Apollo, but with muted intensity. A rough guide to the
equilibrium surface thermal conditions at the equator vs pole is that fully sunlit surface regolith near the
equator experiences temperatures from -150 to +100°C (123 to 373 K) in shade and sunlight, whereas
sunlit polar regions experience -200 to 0°C (73 to 273 K).

A more granular understanding of the lunar thermal environment comes from the Diviner Lunar
Radiometer Experiment aboard NASA'’s Lunar Reconnaissance Orbiter (Paige et al., 2010) and models
of the poles that account for the solar ephemeris and local topography. These models noted as far back
as the 60's that the topography at the poles would be such that direct sunlight would be blocked from
some large craters and even some smaller depressions (“permanently shadowed”). Coupled with the
low internal heat flow of the Moon measured by Apollo surface experiments, the implication is that the
surface temperature in these areas would remain lower than surrounding sunlit regions. This thermal
environment could serve as “cold traps,” or regions where volatile species could be stable at the
surface or near surface because the long-term average surface temperature is below the sublimation
temperature of several volatile species that may have been delivered to the Moon via lunar outgassing,
solar wind, or comet and asteroid impact.

Large PSRs can have surface temperatures as low as 40K in their interiors. These interior areas within
large craters such as Shoemaker, Faustini, Haworth, and Cabeus, are unreachable under the slope
and hazard guidelines for human exploration during the early Artemis missions. However, thermal
modeling based on orbital surface temperature measurements suggests that small cold areas may exist
at relatively shallow depths (few cm to 10s of cm and deeper) both within and outside of PSRs (Hayne
et al., 2021; Zhang and Paige, 2009). These “micro-cold-traps” are on the order of meters in diameter
and exist because of shadowing by local lunar topography and are likely to be geologically young
features. Micro-cold-traps exist at or near all Artemis lll candidate landing regions and sites and are
considered important to include in potential EVA activities.
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Adsorbed volatile species likely exist in lunar soils at all latitudes and seasons. The solar wind implants
protons (H) and noble gases (He, Ne, Ar) into the top 20-30 nm of lunar regolith grains (Wieler, 1998;
Wieler, 2016). Water and OH- molecules form during the interaction of the solar wind and cosmic rays
with silicates in the regolith (Crites et al., 2011; Dartnell, 2011, Liu et al., 2012; Walker, 1975). From
orbit, these OH- or H20 molecules are detectable in the upper micrometer of lunar grains (Clark, 2009;
Pieters et al., 2009; Sunshine et al., 2009) across the lunar surface, exhibiting seasonal and possibly
even diurnal variabilities.

Condensed volatile species (i.e., ices) are known to occur in the subsurface and surface regolith in
polar regions on the Moon. Radar and neutron spectrometer data map hydrogen content (water
equivalent hydrogen) Lunar Prospector and LRO neutron spectrometer (NS) results show decreased
neutron density at lunar poles — consistent with ~150 ppm enhanced hydrogen - if water ice were
confined to PSRs alone, this translates to about 0.5 wt% (Campbell et al., 2003; Feldman et al., 2000;
Feldman et al., 2001, Livengood et al., 2018; Mitrofanov et al., 2016; Nozette et al., 1996; Sanin et al.,
2017; Sanin et al., 2012). Neutron results are most consistent with a desiccated layer some 10s of cm
thick at the surface, and water ice residing below that depth.

The LCROSS mission excavated material to tens of meters of depth in the permanently-shadowed
interior of Cabeus crater. This region was targeted because it was observed by the LRO and LP NS as
one of the most hydrated regions of the south pole. The onboard spectrometers observed regolith with
5-10 wt.% water, along with other volatile substances, including ammonia and simple carbon
compounds (Colaprete et al., 2010; Heldmann et al., 2012). We do not know the exact form of the
water ice in these deposits (inter-granular ice, mixed with regolith, etc.), however, future human and
robotic missions may help constrain the form and composition of volatiles by measuring the volatiles
and probing the regolith geotechnical properties in and around these large PSRs.

Surface volatiles (e.g., frost) have been detected from orbit in patchy regions within some PSRs (Fisher
et al., 2017; Hayne et al., 2015; Li et al., 2018). Surface ice distribution is “patchy” rather than
contiguous over regions with similar thermal environments. However, ShadowCam has not found any
definitive evidence of high albedo associated with water ice frost anywhere within the South Polar
region (Ando et al., 2025). Contrast this with Mercury where obvious surface water frost correlates
nearly perfectly with thermal contours at the poles (Chabot et al., 2012; Deutsch et al., 2016).

In cold traps, temperature and age are the key drivers that dictate whether volatiles may be present
within lunar regolith — that is, geologic terrains that are older and have been kept at lower temperatures
can potentially have accumulated a higher abundance and a wider range of volatile compounds
(Cannon et al., 2020; Deutsch et al., 2020; Farrell et al., 2019). However, the word “cold trap” itself
denotes a supply side issue — molecules must be delivered to these regions to be trapped and
accumulate. For this to happen, the supply of water and other volatile molecules from sources must
exceed their escape rate, and photodissociative escape must be slow compared to ballistic migration.
However, this does not appear to be the case. The LADEE Neutral Mass Spectrometer (NMS) and
UltraViolet Spectrometer (UVS) identified the primary atmospheric constituents at altitude, their density,
and variability (Benna et al., 2015; Hodges Jr., 2016). Water and OH- were only observed in the
exosphere during meteor stream events (Benna et al., 2019), rather than a continual background
supply. In addition, the diurnal cycle of argon into the exosphere implies empty bonding sites on lunar
surface grains that water should preferentially occupy if supply were available (Hodges, 2002). These



Revision: A Document No: SMD-LUN-102
Effective Date: May 25, 2025 Page: 11 of 27

Title: SCIENCE MISSION DIRECTORATE (SMD)
EXPECTED VOLATILE AND DUST HAZARDS IN ARTEMIS 1lIl AND IV SAMPLES

results imply that the current lunar surface is largely desiccated and that the Moon is currently in a net
volatile-loss regime, rather than net accumulation.

The deep lunar polar volatile locations correlate with a paleopole orientation > 2 billion years old
(Siegler et al., 2016). The implication is that the deep volatiles reservoirs on the moon are leftovers
from a large, volatile-rich object that impacted the Moon > 2 Ga ago and has been being gardened and
lost ever since. This also is consistent with the lack of frost filling all observable PSR cold traps at the
lunar surface. Transient exposure and short-scale transport of buried volatiles is more consistent with
available observational data than continuous resupply of volatiles (i.e., via ballistic hopping) to polar
cold traps.

Adsorption of solar wind-derived volatiles occurs in all lunar soil regardless of surface temperature. The
supply of solar wind has been effectively constant throughout geologic time, so more mature (older)
lunar regolith contains higher abundances of solar wind volatiles. We know that the south pole of the
Moon is some of the oldest terrain on the Moon, similar to what was sampled by Apollo 16, for example.
These volatile species can be adsorbed, or loosely bound, to grain surfaces.

4.2 VOLATILES IN APOLLO SAMPLES

The six Apollo missions collected 382 kg of sample, including ~115 kg of regolith, from the equatorial
regions of the Moon. The regolith samples included a range of sample types, including:

e Regolith scoops sampling down to 30 cm deep
o Drive Tubes of regolith sampling down to 70 cm deep
o Deep drill regolith cores sampling down to 2.8 m deep

¢ Vacuum sealed regolith samples collected at the surface (SESC and GASC) and up to ~60 cm
depth (CSVC -Core Sample Vacuum Container)

e Apollo regolith samples were returned in (1) sealed ALSRCs (Apollo Lunar Sample Return
Container); and (2) Unsealed Sample Containment Bags. Most ALSRCs held a vacuum; they
contained a variety of rock & regolith sampling to ~70 cm depth.

Analysis of the gas when the samples were opened showed only trace amounts of solar wind gases
(e.g., H, He, Ne, Ar). Historic measurements on GASC and SESC containers also showed only trace
amounts of adsorbed solar wind gases. The deep drill core samples, sample equatorial material at cold
temperatures down to 2.8 m in depth, were returned unsealed in the Apollo cabin during the multi-day
Moon-Earth transit; no adverse effects from those core samples (or the 50+ kg of other unsealed Apollo
samples on the Apollos 15-17 missions) were ever reported.

In 2022, gas was extracted for the first time from the CSVC of Apollo 17 sample 73001 that was
collected in a double drive tube assembly (73002/73001) on the presumed landslide deposit on the
floor of the Taurus-Littrow Valley, at the rim of Lara Crater and the surface expression of the Lee-
Lincoln Scarp during the second EVA of the Apollo 17 mission. This 70 cm long double drive tube that
was hammered into the surface to record and preserve any potential subsurface stratigraphy and to
collect any gasses that may have been emanating from the lunar interior along the Lee-Lincoln scarp.
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73001 was the lower part of the drive tube (35-70cm) and was returned inside the CSVC and stored
under vacuum inside a secondary sealed container on Earth until it was opened in 2022 as part of the
ANGSA (Apollo Next Generation Sample Analyses) initiative. Preliminary analyses of the ANGSA gas
showed that trace amounts of H2O, Hz, CO2, Ar, and Ne were present. The project is still ongoing; more
information can be found in Gross et al. (2025); Parai et al. (2022); and Sharp et al. (2022).

Solar wind gases are some of the most well-studied species in lunar samples. Curran et al. (2020)
compiled the abundance of solar-wind gas abundance in rocks and lunar soils. Most of these
measurements are made by heating the rocks or soils to release the gases, which is not analogous to
the situation under consideration, which is the unconditioned collection and return of samples in the
crew capsule. However, several measurements exist for both rocks and soils using low-temperature
(100°C) releases for the noble gases, which are reported in Table 1. For nitrogen, Table 1 reports the
yield using only mechanical agitation (crushing), without heating (Gibson and Andrawes, 1978). Hz is
difficult to measure in a way that reflects its native (surface) abundance, because of its extreme
volatility and propensity to release upon agitation such as during collection. We calculated H;
abundance (Table 1) as an upper limit from its solar wind ratio to He (Heber et al., 2021).

4.3 ARTEMIS Il ENVIRONMENTS

The low angle between the Moon’s rotational axis and the normal to the ecliptic plane plus the low
inclination of Earth’s orbit around the Sun, coupled with lunar topography, enable environmental
conditions (including thermal and lighting) that can create thermodynamically favorable regions for
volatiles to collect and persist to exist at both poles of the Moon. The Artemis Ill candidate landing sites
are all within the southern highlands within the south polar region. These sites are heavily cratered on
ancient terrain undergoing continual impact gardening, which produces relatively young surface
topography and extensive regolith mixing (Costello et al., 2021; Denevi et al., 2023; Szalay et al.,
2019). The geologically young nature of the present-day terrain indicates that any shadowed regions
have not persisted for extensive periods of time and thus have not had adequate time to collect and/or
sequester a wide variety of volatile species.

Thermal models based on LRO Diviner temperature measurements provide the best estimate for
surface and subsurface temperatures within the candidate Artemis landing regions. The nature of the
lunar topography in the south polar region (formation processes and age) is coupled with a physics-
based understanding of heat flow and thermal diffusion through regolith, plus contributions from
scattered light, are combined to produce the current best estimate of lunar surface and near surface
thermal conditions. The resultant understanding of lunar thermal conditions in these regions provides
important information for mission planning. For example, shape-from-shading topographic models and
Diviner high-resolution models of the lunar surface are useful to show the thermal distribution at specific
landing sites. Based on analysis conducted for the Nobile Rim East and Malapert candidate landing
sites, the temperatures are expected to remain at or above 100K (x15K) within the 1 km walkback
distance of the lander (Fig. 1).
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Figure 1. Diviner models for the surface temperature of Artemis Ill candidate landing regions Nobile
Rim East (-83.94S, 57.18E) and Malapert (35.82S, 3.46E). When landing sites are selected, meter-

scale models will be made of actual landing sites.
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The landing site selection process for Artemis preferentially downselects to regions that do not contain
the oldest and coldest PSRs, and as a result the candidate landing sites are expected to not contain
these ultra-cold regions. The actual landing site candidates for Artemis Ill are not available yet, but

once available the detailed surface model will be used to predict surface temperatures at these specific

sites to validate this preliminary analysis.
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The temperature range experienced by these sites would only be stable for solar wind volatiles and
water ice; additional volatile species require colder temperatures for sequestration. Figure 2 shows the
temperature dependence of volatile stability. For Artemis Ill, based on using temperature as a proxy for
the possibility of volatile sequestration, only solar wind volatiles (also collected during Apollo) and water
ice are expected to be encountered within the candidate landing sites and mission constraints (e.g., 1
km walkback distance, surface to ~70 cm depth sampling) for Artemis IIl.

Sublimation temperature
points on the lunar surface

300
2715

250
225

= Apollo samples (successfully
~ returned in unsealed containers,

Apollo 15-17

Artemis samples = Apollo + water

Not relevant for Alll

Figure 2. Profile of volatile stability as a function of temperature. Only solar wind volatiles (also
collected during Apollo) and water ice are expected to be encountered with Artemis III.
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The best upper limit for possible abundance of water at the Artemis landing sites is derived from a
cross-correlation between orbital observations of Water Equivalent Hydrogen (WEH) across the lunar
south polar regions constrained by the LCROSS measurement of water ice at one location within
Cabeus Crater. WEH is measured by the LEND instrument onboard LRO and is sensitive to WEH in
the upper ~1 m of the regolith (Sanin et al., 2017). As shown in Figure 3, the LCROSS site contains
the highest concentration of WEH in the region at ~0.55%. This WEH corresponds to a measured water
ice concentration from LCROSS of 5.6 + 2.9% by mass (Colaprete et al., 2010). Figure 3 shows that
the candidate Artemis landing regions are at half (or less than half) of the LCROSS WEH. Since WEH
is our best measurement for water ice concentration, we expect the candidate Artemis landing regions
to be able to host less than half of the water abundance measured at the LCROSS site. Therefore, a
reasonable assumption for the candidate Artemis landing sites is no more than 2.0% water by mass.
However, this is an upper limit. Additional remote sensing data (discussed in Section 4.1) do not
suggest elevated levels of surface frost or ice within the Artemis candidate landing zones.
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Figure 3. WEH (Water Equivalent Hydrogen) of the south polar regions with the LCROSS impact site
and Artemis Il candidate landing regions.
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4.1 SUBSURFACE TEMPERATURES

The surface temperature changes in response to the lunar day (day-night cycle) and year (seasonal)
The thermal signal at the surface propagates into the subsurface to around 50 cm depth (Fig. 4). That
means that the lowest annual surface temperature propagates to about 50 cm below the surface.
Deeper than that, the subsurface temperature remains constant as a result of a balance between the
surface temperature and the Moon’s interior heat diffusion. This means that the temperatures below the
surface will never be colder than the lowest yearly surface temperature.

At the nearside Apollo sites, the subsurface mean temperatures were ~250K. At the polar regions, the
combination of cooler surface temperatures and potentially lower internal heat flow mean that the
subsurface material may be somewhat (~10s of degrees) cooler.
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Figure 4. Temperature variation in the lunar subsurface as a function of depth measured at the Apollo
15 and 17 sites. The temperature scale on the x-axis does not capture the wide range of surface
temperature variations at the equatorial sites. The hatched areas from 30 to 70 cm depth are the
envelopes of day-night variations. Below ~50 cm there is essentially no temperature variation due to
the lunar day-night temperature cycles, and the steady temperature gradients recorded are due to
internal lunar heat flow (see Ch. 3 in (Heiken et al., 1991).
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4.2 HLS CONTRIBUTIONS

In addition to the naturally-occurring solar wind and water expected within the Artemis landing regions,
the HLS will also be emitting gases that can potentially be adsorbed or implanted on the upper layer of
lunar regolith. The Starship HLS is equipped with six Raptor engines (liquid oxygen + methane) that will
be used during launch and much of the landing and ascent phases. Within 100 meters of the lunar
surface, HLS plans to use high-thrust landing engines located in the mid-body section of the spacecraft
to avoid plume impingement with the lunar regolith. These landing engines burn gaseous oxygen and
methane. CH4/O, combustion products are mainly CO, and H,O, whose low molecular weight would
cause them to rapidly diffuse over large areas. There may be trace products created from fuel additives
or catalysts (as seen in the Apollo samples (Flory and Simoneit, 1972). The exact composition and ratio
of the HLS engine fuel and oxidizer is not available at this time but can be incorporated into the analysis
of volatiles once provided.

4.3 EXPECTATIONS FOR VOLATILES IN ARTEMIS Il AND IV SAMPLES

The presence or absence of volatile compounds depends not only on the surface temperature but also
the geologic history of the surface itself and the supply of volatile species over time. As an example, an
area might be cold enough for water to be stable, but if no water were delivered to that area in the time
it could be stable, the area would be cold but dry. The reason it is important to sample these areas is
because it is difficult to create a unique model of geologic history and surface supply. Therefore, we
adopt temperature as our primary means of predicting whether volatiles might be present.

For hazard analysis, we assume volatiles would be present in the maximum ratios and abundances that
could be stable under the thermal regime. These abundances are in Table 1.

Table 1. Volatile species and abundance that may be present in Artemis Il returned samples.

Species Rocks (cc/g) Regolith (cc/g) | Source Samples
H2 2.14E-03 5.76E-03 Solar Wind All

‘He 4.28E-05 1.15E-04 Solar Wind All

2ONe 8.30E-08 2.76E-07 Solar Wind All

40Ar 6.68E-07 2.75E-07 Solar Wind All

N2 5.00E-09 1.90E-07 Solar Wind All

H20 trace 2.52E-02 Polar cold trapping + Combustion Sealed
CO2 trace 2.00E-07 Combustion All
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5.0 DUST
5.1 ARTEMIS GEOLOGIC SETTING

The Apollo 16 landing site was the only Apollo site in purely highlands terrain, where the surface is
older, lighter in color, and more heavily cratered, in contrast to the darker basalts of the maria. The
Cayley plains and Descartes mountains are Imbrian in age, significantly older than the surfaces at the
other Apollo sites on younger mare features (Hodges and Muehlberger, 1981). The lunar south polar
sites under consideration for the Artemis Ill and 1V landing sites are in areas that are at least as old as
the Apollo 16 site, if not older (Boazman et al., 2022; Spudis et al., 2008). Therefore, we use the known
geologic processes in play at the Apollo 16 site as a proxy for the Artemis Il and IV sites.

The processes that create the lunar regolith, impacts and space exposure, comminute (or break up)
particles in the regolith over time, a process called maturation. Lunar soil evolves over time as it is
exposed to the harsh environment of space. Continuous impacts result in finer grain sizes as a soil
“‘matures”. However, the destructional process of comminution is balanced by the constructional
process of agglutinate formation, allowing mature soils to eventually reach a steady state particle size
distribution (McKay et al., 1974).

Bulk regolith or soil samples collected in sealed and unsealed containers will contain the full range of
particle sizes including lunar dust, or particles <10 um in diameter, that can represent a hazard to
humans via inadvertent inhalation. The fraction of particles at or below this size threshold is an
important consideration. We use Apollo 16 returned regolith samples as the clearest analogy to lunar
polar regolith to calculate this relevant size fraction.

5.2 PARTICLE SIZE DISTRIBUTION IN APOLLO 16 SAMPLES

The mean grain size of typical lunar soils ranges from 40-800 um with most falling between 45-100 pm
(McKay et al., 1991). In terrestrial terms, most lunar regolith samples would correspond to pebble- or
cobble-bearing silty sands, however, it is difficult, and probably dangerous, to apply such terrestrial
terminology to lunar soils because their formation mechanisms are so different. Generally, about 10%
of lunar soil is greater than 1 mm, about 50% is greater than 100 um, and about 90% is greater than 10
pm.

The generalized patrticle size distribution (PSD) curve of lunar regolith has been previously constrained
to encompass the <1 cm soil size fraction of surficial and subsurface Apollo samples (Carrier, 2003;
Graf, 1993). These distribution curves do not include the pebble-sized rock fraction of the regolith
samples that was sieved out by the Lunar Sample Laboratory Facility at NASA JSC as part of the lunar
sample curation process. The separation and cataloging of samples into a finer (i.e., <1 cm — soil) and
coarser (>1 cm — e.g., unconsolidated regolith, polymict breccia, cataclastic anorthosite, etc.) size
fraction has led to confusion on how to bound the physical characteristic of the lunar regolith, both for
simulant manufacturing and engineering testing and modeling purposes.

Recent work to incorporate the sieved out >1 cm coarse-grained fraction provides a more
comprehensive characterization of surficial lunar regolith grain sizes (Kovtun et al., 2024). The
accumulated subsample masses by size fraction that were missing because of curatorial processing
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were back added to previously tabulated sieve data (wt% by sieve size in microns) to produce new
comprehensive PSDs. This study produced a composite, lunar highlands-specific particle size
distribution based on 25 surficial Apollo 16 regolith samples (Fig. 4). These samples were selected for
their compositional congruity with the surface materials anticipated to be encountered in the lunar south
polar region, the focal point of near-future Artemis missions. Additionally, this dataset solely reflects
surface samples to disentangle potential noise in trends between surficial, near-surface, and sub-
surface samples. A qualitative check was performed on the relativeness of the back added PSD
datapoints by reviewing the context under which the pertinent samples were sampled, processed, and
catalogued. Furthermore, to create an upper limit particle size threshold for the dataset, a careful
review of photographs and measurements of the coarse fraction (i.e., rocks, pebbles < 1cm) was
required.
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Figure 4. Apollo 16 soil sample particle size distribution with red curve as the average distribution
(Kovtun et al., 2024).
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5.3 EXPECTATIONS FOR DUST IN ARTEMIS Il AND IV SAMPLES

Based on the careful work to fully reconstruct the particle size distribution of Apollo 16 bulk lunar
regolith, we recommend the fractions in Table 2 for particle size-based assessments, including lunar
dust toxicology assessments.

Table 2. Bulk regolith abundance as weight % by sieve size (cumulative)

Particle size threshold (um) Amount (wt%)
<500 71.2%
<10 7.9%

6.0 FINDINGS

Based on extensive study of Apollo samples, the volatile budget of regolith is likely to be dominated by
adsorbed solar wind gases (H, N, and noble gases). Because of the unique thermal regime of the
South Polar region, regolith samples could contain more significant amounts of water than the Apollo
samples.

The thermal regimes relevant to Artemis Il are not cold enough or geologically old enough to support
the stability of other volatile species other than water. Based on our best current knowledge,
compounds of concern to human health (e.g., CHa, H2S, etc.) cannot exist in significant amounts in the
Artemis Il landing sites or samples.

The Artemis Il EVA plan includes visiting the coldest available area in the landing site and collecting
regolith samples to test models of volatile origin and distribution. Based on thermal analysis of
candidate landing sites, the coldest accessible areas are in the thermal regime where they could retain
enhanced amounts of water but are not stable to more volatile compounds. Such samples may be
expected to contain additional water and should be collected in sealed containers to maximize their
science value.

Sample return from colder regions will require additional analysis and planning. Data from the LCROSS
mission, future experiments that would make measurements, and initial results of Artemis Ill and
Artemis IV samples will help constrain the issues associated with sample return from these locations.

Bulk regolith samples collected in sealed and unsealed containers will contain lunar dust. We
recommend using the Apollo 16 lunar regolith average of 7.9 wt% of the bulk sample as the fraction
that is 10 um or smaller.
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APPENDIX A
ACRONYMS AND ABBREVIATIONS

TABLE A1-1 ACRONYMS

AIST Artemis Internal Science Team

ALSRC Apollo Lunar Sample Return Container

ANGSA Apollo Next Generation Sample Analysis Program
csvC Core Sample Vacuum Container

EVA Extravehicular Activity

GASC Gas analysis sampling container

ISRU In Situ Resource Utilization

LADEE Lunar Atmosphere Dust and Environment Explorer
LCROSS Lunar Crater Observation and Sensing Satellite
LPNS Lunar Prospector Neutron Spectrometer

LRO Lunar Reconnaissance Orbiter

LWIMS Lunar Water ISRU Measurement Study

NMS Neutral Mass Spectrometer

NS Neutron Spectrometer

PSR Permanently Shadowed Region

S&MA Safety & Mission Assurance

SESC Special Environment Sample Container

Uvs UltraViolet Spectrometer

VIPER Volatiles Investigating Polar Exploration Rover
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APPENDIX B: SUPPORTING CALCULATIONS FOR EHMST

Total lunar sample mass = 47.5 kg of rocks and regolith (half the allocated utilization mass)

Individual samples will be contained in either a sealed container or an unsealed Teflon sample bag.
Maximum volume or mass per sample = 2 kg of regolith in a small sample bag; 1 kg of bulk regolith in a
drive tube container.

Unsealed bags:

Unsealed bags can contain bulk regolith, sieved rake samples, or individual rocks.

Multiple unsealed bags will be contained in an EVA transfer liner, one for each EVA.The EVA
transfer liners will be contained in a soft-goods container.

If the outer box opened, all samples would still be in their individual containers and the EVA
liners.

If the outer box opened AND an EVA liner bag split open, all samples would be in their
individual containers.

If the outer box opened AND an EVA liner bag split open AND an individual bag opened, then
only that amount would be spilled, which is a maximum 2 kg of regolith.

Sealed containers:

Sealed containers are drive tubes and PSCs that contain bulk regolith.

Sealed containers will be returned in a Secondary Sealed container.

If the Secondary Sealed container opened, all samples would be contained in their primary
container.

If the Secondary Sealed container opened AND a primary container opened, then only that
amount would be spilled, which is a maximum 1 kg of regolith.

Volatile release based on full release from total sample mass:

Vapor density (molecular mass based on fractional abundances) = 0.641 g/L at STP
Total volume 1.23 L (at STP)
Total pressure 1.54E4 Pa (assuming 8L return container)

Species Molar mass Vapor Density Concentration (cc/g) Total abundance
P (g/mol) (g/L at STP) 9 (cc)

H> 2 0.089 5.76E-03 2.74E+02
4He 4 0.178 1.15E-04 5.47E+00
2ONe 20 0.892 2.76E-07 1.31E-02
4OAr 40 1.785 2.75E-07 1.30E-02

N2 28 1.249 1.90E-07 9.03E-03

Water 18 0.803 2.00E-02 9.50E+02
CO: 46 2.052 2.00E-07 9.50E-03
2.59E-02 1.23E+03
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