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In-depth analysis of lunar volatiles requires landing in a 
PSR

• Human activity on the Moon
- Lunar volatiles needed for future human missions
- Abundance, distribution and composition are a critical 

Strategic Knowledge Gap (SKG)

• Science potential
- Origin of volatiles in the inner solar system
- Transport and trapping of volatiles
- Unique environment

• The first LEAG Volatile Specific Action Team 
(VSAT) focused on areas adjacent to PSRs (right) 
rather than inside of PSRs

The greatest exploration and science potential is found within a PSR 
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In 2016 we reported discovery of two “geologically young” craters in Faustini 
and Slater PSRs using observations from LRO-LAMP and LRO-Mini-RF

We found that the craters’ ejecta had higher Lyman-⍺ albedo (left) and Circular Polarization Ratio 
(CPR-right) than the surrounding PSR, indicating lower porosity and higher surface roughness
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< 420 Myr
based on dust 
transport model

> 75 Myr
based on no 
discontinuous 
halo 

~16 Myr based 
on extent of 
discontinuous 
halo Mandt et al. (2016)



Each location has unique advantages for exploration
These craters have sharper rims in LROC 

images, but do not stand out in LOLA NA or 
average temperature
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• Either crater
- Provides in situ access to PSR volatiles 
- Provides in situ access to a geologically young crater in an 

unique environment 

• Faustini
- Age of young crater less constrained
- Another crater within Faustini is one of the coldest areas 

and has higher LOLA Normal Albedo

• Slater
- Youngest of the two ”fresh” craters

• Science objectives divided into three categories
- Volatiles
- Regolith processes
- Impact processes

Mandt et al. (2016)

Mobility is necessary to maximize the 
science return of a mission to these craters



Focused objectives on Lunar Volatiles
• How does water ice vary spatially and with depth within a PSR?

- Relevant to origin and retention of water in lunar cold traps

• What is the bulk composition of other volatiles relative to water?
- Origin of water on the Moon and in the Earth system

• How does the PSR environment influence volatile stability?
- Transport of volatiles in exosphere
- Illumination conditions within the PSR
- Temperature variability with space and depth

Colaprete et al. (2010; above) and Gladstone et al. (2010; right) 
report a rich volatiles composition within the LCROSS Plume 30 January 2018 5

vations of total water concentration and the errors
from individual measurements for each of the
three periods shown in Fig. 3, the mean water
concentration is 5.6 T 2.9% by mass (36). These
high values suggest that a substantial amount of
the hydrogen observed by LPNS and LEND was
in the form of water ice in the crater. LEND
neutron data suggests that the floor of Cabeus
contains >2 weight percent water (18), or about
a third the value derived from LCROSS. Sev-
eral important caveats need to be considered: (i)
the LEND result is strongly model dependent
(e.g., assumptions about the desiccated top layer
thickness); (ii) the LCROSS sample depth was
possibly deeper than neutron spectroscopy can
effectively sample (deeper than ~0.7 m); (iii) the
persistent conduction of impact heat into the reg-
olith resulted in a continued release of volatiles
(23); and (iv) the neutron LEND and LPNS in-
strument footprints were never smaller than 10 km
across; thus, spatial gradients smaller than 10 km
are smoothed. The LCROSS result when com-
bined with LEND and LPNS suggests that there
is some spatial heterogeneity at scales <10 km.

As implied in Fig. 3, other hydrogen-bearing
compounds are also likely to be present. Obser-
vations from the Lyman Alpha Mapping Project
(LAMP) on LRO suggest that ~140 kg of H2

was released at impact, corresponding to an ini-
tial regolith concentration of 1.4% (31). The to-
tal hydrogen sensed by LPNS and LRO LEND
would logically include not only the water
measured by LCROSS’s spectrometers but also
H2 measured by LRO-LAMP and any other
hydrogen-containing volatiles (e.g., CH4) mea-
sured by LCROSS.

The abundances of volatile species other than
water vapor were also derived using HITRAN
[local thermal equilibrium (LTE) at room temper-
ature, 1 atm] cross sections convolved to the
instrument resolution. Given the caveat that the
LCROSS impact plume contained low-density
and rapidly cooling gases, probably far from
equilibrium, the abundances are derived and
given (Table 2). Of interest is the indication from
this preliminary analyses that some volatiles
other than water are considerably more abundant

(some by orders of magnitude) than the ratios
found in comets, in the interstellar medium, or
predicted from gas-gas reactions in the protoplan-
etary disk (37). Rather, the H2S/H2O, NH3/H2O,
SO2/H2O, and CO/H2O (31) are more commen-
surate with the abundances of those molecules
in molecular hot cores (38). In hot cores, gas-
phase abundances are enhanced by the release of
molecules that have formed on cold grain sur-
faces in previous stages of the prenatal cloud.
In the persistently shadowed region (PSR) of
Cabeus, molecule formation on cold grain sur-
faces could enhance abundances compared with
water. One can infer that the reservoir of volatiles
that LCROSS struck may partly have cometary
and/or asteroidal origins but probably also has
volatile molecules that may have formed in situ
on cold grain surfaces in the PSR. Molecules
forming on grain surfaces in cold, dense mo-
lecular clouds occur primarily through neutral-
neutral reactions because the gas is very weakly
ionized by cosmic rays that penetrate deep into
the cloud. Conversely, the solar wind and plasma
environment of the lunar exosphere is expected
to have some charged species.
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find here, based on gradients measured in Apollo
samples (19).
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Table 1. Elemental contributions to the plume spectrum observed by the LAMP. Relevant information on
each element’s brightest one or two resonance lines in the LAMP bandpass is given, including wavelength,
oscillator strength, and g-factor. A least-squares fit or 2s upper limits to the line-of-sight column density
are given, along with the corresponding soil mass abundance (assuming a heated soil mass of 10,000 kg).
These abundances are for the atomic formof each element only (except for H2 and CO); other forms of each
element may also be present in the plume. LTV, low-temperature volatile (<600 K); HTV, high-temperature
volatile (600 to 1300 K); CON, early condensate; SIL, silicate; MET, metal (25). N/A, not applicable.

Element Type Wavelength
(nm)

Oscillator
strength

g-factor
(photons s−1)

Least-squares fit
column density

(cm−2)

Soil mass
abundance*

(%)
H LTV 102.57

121.57
0.07906
0.41588

3.84 × 10–06

2.88 × 10–03
<4.3 × 109 (See H2)

B LTV 182.59
182.64

0.14893
0.13550

9.14 × 10–05

8.15 × 10–05
<3.2 × 1011 <0.04

C LTV 156.03
165.69

0.07603
0.13397

3.67 × 10–06

1.97 × 10–05
<6.2 × 1011 <0.09

N LTV 119.96
120.02

0.12940
0.08569

9.30 × 10–07

5.55 × 10–07
<3.9 × 1013 <6.6

O LTV, SIL 130.49
130.60

0.04818
0.04786

8.01 × 10–06

8.08 × 10–06
<8.3 × 1010 <0.02

Mg SIL 182.79 0.05495 3.20 × 10–05 1.3 × 1012 T 5.3 × 109 0.4
Al CON 176.64

176.91
0.72101
0.15415

2.03 × 10–04

4.91 × 10–05
<2.8 × 1010 <0.009

Si SIL 169.62
184.55

0.25170
0.27353

3.32 × 10–05

1.60 × 10–04
<6.0 × 1010 <0.02

P MET 177.50
178.28

0.15415
0.10208

5.05 × 10–05

3.85 × 10–05
<9.3 × 1010 <0.04

S HTV 180.73
182.62

0.12051
0.10965

6.61 × 10–05

6.63 × 10–05
<1.5 × 1011 <0.06

Cl LTV 116.72
133.57

0.20321
0.02500

4.06 × 10–07

7.38 × 10–06
<4.7 × 1011 <0.2

Ca CON 178.63
188.32

0.01016
0.01698

3.99 × 10–06

1.62 × 10–05
3.3 × 1012 T 1.3 × 1010 1.6

Sc CON 173.90
174.47

0.10494
0.10136

1.93 × 10–05

2.24 × 10–05
<1.7 × 1011 <0.09

V CON 192.94 0.00310 4.11 × 10–06 <4.0 × 1012 <2.4
Mn HTV 178.53

178.55
0.01236
0.00912

4.83 × 10–06

3.57 × 10–06
<1.9 × 1012 <1.3

Fe MET 185.17
190.34

0.02222
0.00706

1.24 × 10–05

8.21 × 10–06
<7.6 × 1011 <0.5

Co MET 181.42
182.24

0.01072
0.02234

5.57 × 10–06

1.36 × 10–05
<1.5 × 1012 <1.0

Zn HTV 145.76
158.96

0.02897
0.12190

2.09 × 10–07

3.77 × 10–06
<4.0 × 1012 <3.1

As MET 188.20
189.04

0.00250
0.79057

2.24 × 10–06

8.67 × 10–04
<2.0 × 1010 <0.02

Au MET 169.93
187.98

0.05000
0.02506

6.87 × 10–06

2.18 × 10–05
<6.8 × 1011 <1.6

Hg LTV 184.95 1.15080 6.29 × 10–04 5.0 × 1011 T 2.9 × 108 1.2
H2 LTV 110–170 N/A N/A 5.8 × 1013 T 1.0 × 1011 1.4
CO LTV 139–181 N/A N/A 1.7 × 1013 T 1.5 × 1011 5.7
*Estimated weight percent of element thermally desorbed in atomic form (plus H2 and CO), assuming that 10,000 kg of soil was
impact-heated to a temperature of 1000 K.
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Focused Objectives on Regolith and Impact Processes in 
the unique environment of a PSR
• Regolith processes

- How does the PSR plasma 
environment compare to sunlit areas?

- How does grain size and porosity in 
the PSR compare with sunlit regions?

- How is space weathering different in a 
PSR?

- Does dielectric breakdown occur?
- What is the rate of dust transport?

• Impact processes
- What are the exact ages of these 

craters and what do they tell us about 
impact rates at the poles?

- Do craters in PSRs form and degrade 
differently?

- What happens to volatiles in impacts?

Regolith and impact processes within PSRs may be different. Studying state of the regolith in these 
PSRs and the ejecta blankets of these craters would address high priority objectives
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Short Term Experiments and Long Term Monitoring
• Short term reconnaissance and surface 

science experiments (less than one day)
- Water abundance with depth at and near landing 

site
- Volatile composition with depth at and near 

landing site
- Regolith properties with depth at and near landing 

site
- Minerology of regolith at and near landing site 

relative to ejecta blanket extent of young crater

• Short term measurements used to 
characterize
- Landing site to constrain local characteristics
- A site near the landing site to evaluate differences 

and constrain the influence of landing on the local 
environment

Short term reconnaissance would address some objectives, but long term 
monitoring is needed to maximize the science return

• Long term monitoring (days, months)
- Water abundance and volatile composition with 

depth at multiple locations
- Volatile abundance and composition with distance 

from young crater
- Regolith properties and minerology of regolith at 

multiple locations relative to ejecta blanket extent 
of young crater

- PSR environment including atmosphere, dust 
transport and plasma conditions

• Long term monitoring used to characterize
- Volatile abundance and composition throughout 

the PSR
- Age of young crater and crater formation in PSRs 

compared to sunlit areas
- Plasma environment and search for dielectric 

breakdown
- Illumination and thermal conditions
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The Unique Environment of a PSR Requires Technology 
development

• Power sources 
- Major concern in a PSR – no solar power 
- Batteries have limited life
- APL/Penn State developing combustion-based 

power that could work in extreme 
environments from Venus to Europa to PSRs

The APL/Penn State Rankine power system could 
provide power for 240 hours in an extreme 

environment
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Summary
• A landed mission inside a PSR is needed to 

maximize understanding of lunar volatiles
• Faustini and Slater PSRs: high value 

environment for volatiles and regolith and impact 
cratering processes

• Mobility is necessary to maximize the science
• Technology development in the area of power 

supply is critical – work is ongoing

These geologically young craters provide a 
unique environment for lunar science
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