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Volatile stability in permanently shadowed lunar polar regolith

there is a wide range of volatile organic and inorganic
compounds that potentially could be cold-trapped. This
suggests that the detection of these non-water volatiles could
provide valuable additional information regarding volatile
sources and cold-trap history.
[11] Table 2 shows a notional summary of potentially

significant sources of cold-trapped volatile species. The
multiplicity of potential water sources means that a positive
detection of cold-trapped water may not necessarily shed
light on its origin(s). Detection of cold-trapped sulfur for
instance would point to volcanism and outgassing sources,
whereas the detection of carbon dioxide would point to either
volcanism and outgassing, or impacts. The detection of
organics would point to impacts as they are the only plausible
source, with the possible exception of organics synthesized in
the cold-trap environments [Lucey, 2000].
[12] If cold-trapped organics are detected, then their

distribution of volatilities should place constraints on the

Figure 1. Calculated vacuum evaporation rates as a function of temperature for representative organic and inorganic
compounds. The shaded areas show the range of evaporation rates calculated for the compounds shown in the figure legend.
With the exception of sulfur, most inorganic volatiles are less volatile than water. Most simple organics and clathrates are also
more volatile than water, whereas aromatic hydrocarbons, linear amides and carboxylic acids are less volatile than water. Very
large molecules such as Fullerene (not shown on graph) are much less volatile than water.

Figure 2. Volatility temperature (TV) versus molecular
mass for the organic and inorganic compounds described in
Figure 1. TV is the temperature at which the pure solid would
evaporate to a vacuum at a rate of 1 mm per billion years.

Table 2. Significant Sources of Potential Cold-Trapped Volatile
Species on Mercury and the Moon

Volatile
Species

Volatility Relative
to Water

Solar
Wind

Volcanism
and Outgassing Impact

H2O - X X X
S Low X
Ar High X
CO2 High X X
Organics Low-High X
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Volatiles buried in permanently shadowed polar regolith

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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smaller scales were intentionally removed from the map by
smoothing, because they are dominated by statistical noise.
Variations at larger scales, which are visible on the maps,
may be produced by real variations of lunar neutron emis-
sion or by statistical noise. The goal of this paper is to test
these local variations and to determine which are associated
with the physical variations of neutron emission.
[10] The observed signature of EPSEN may represent the

contribution of two distinct physical effects at the lunar
poles; it could be produced by the smooth decrease of epi-
thermal neutron emission toward the poles due to the gradual
increase of hydrogen content in the cold regolith (effect I), or
it could be explained by a number of locally suppressed
areas of epithermal neutron emission representing individual
spots of water-rich permafrost (effect II). One does not know
a priori, what proportion of effects I and II actually con-
tribute to the observed phenomenon of EPSEN, and one may
consider two logical limits that either one or another domi-
nate on the Moon. It is also probable that the true case is
somewhere between these two limits. It has already been
shown from LEND data [Droege et al., 2011] that the dis-
tribution of epithermal neutron count rate at the lunar poles
is bimodal. The larger peak of this distribution is thought to
be contributed by effect I. A second smaller peak shows
larger suppression of neutrons, which is likely associated
with effect II and contributed by areas with enhanced
hydrogen content. Therefore, we should try to resolve local
spots on the surface containing these areas, which are

associated with effect II of the epithermal neutron emission
at the lunar poles.
[11] There were several earlier attempts to use Lunar

Prospector data to study lunar neutron emission with high
spatial resolution of several tens of kilometers [e.g., Elphic
et al., 2007]. The Pixon method of image processing was
used for the analysis of epithermal neutron data from the
omni-directional sensors of LPNS. PSRs were tested by this
method to estimate the most probable content of hydrogen
inside them. However, this method of deconvolution of the
Lunar Prospector omni-directional data for higher resolution
was based on the assumption that the PSRs are the dominate
contributor to the EPSEN, and the obtained results reflect
this bias (see more criticism in McClanahan et al. [2010]).
Indeed, it is impossible to distinguish between the extended
suppression of neutrons over a large area of thousands of
kilometers (effect I) and contributions of many smaller spots
of suppression (effect II), if the detector does not have the
spatial resolution required to resolve each individual spot.
[12] So, to test effect II, one should test both local Neutron

Suppression Regions (NSRs) and Neutron Excess Regions
(NERs) without any assumptions about their locations.
These spots could be directly resolved from LEND data
provided they have size >10 km. Two complementary
methods of analysis of LEND data are presented in this
paper and in M/WB, which describe the different techniques
for mapping and smoothing the LEND polar data, calculat-
ing and propagating statistical uncertainties from the raw to
the mapped data, applying background corrections, and

Figure 1. LEND map of epithermal neutrons at the lunar poles above 70! latitude. Raw counting rate
maps are smoothed to decrease random fluctuations. Smoothing scale increased outward from the poles
to produce similar counting statistics at all latitudes. Black spots and contours of the maps represent the
boundaries of PSRs according to LOLA data [Mazarico et al., 2011]. The scale of LEND spatial resolu-
tion "10 km (FWHM) corresponds to "0.3! of latitude. The counting rate is presented in counts per
second.
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E.A. Fisher et al. / Icarus 292 (2017) 74–85 83 
creases proportional to latitude. Since maximum temperature and 
average incident solar flux are proportional,the general reflectance- 
temperature correlation we observe are consistent with this solar- 
wind dependent space weathering. 

There is also evidence that the space weathering process itself 
is affected by temperature. Space weathering simulated in the lab- 
oratory using pulsed laser irradiation by Corley et al. (2016) found 
that particulate samples irradiated at ∼100 K darkened less than 
samples irradiated at 300 K for the same amount of exposure to 
laser irradiation. This dependence of space weathering efficiency 
on temperature may be influencing the general temperature- 
reflectance trends we observe. 
4.5. Distribution of candidate ice locations 

This study has argued that the onset of a sudden increase in 
reflectance at temperatures below 110 K is an indication of the po- 
tential presence of surface water ice; this argument mirrors that 
of Paige et al. (2013 ), who related a sudden increase in reflectance 
at 110 K with the presence of water ice on Mercury. Based on this 
reasoning, we developed an algorithm to partially map the distri- 
bution of potential ice-rich locations at the lunar poles. 

We note that making definitive statements about whether par- 
ticular locations host ice is difficult because of the strongly over- 
lapping reflectance distributions of cold ( < 110 K) ice-brightened 
and ice-free areas, which are likely distributed heterogeneously 
within PSRs. However, we are able to identify areas that are so 
reflective that they are quite unlikely to be members of the back- 
ground variation in reflectance due to ordinary lunar geologic pro- 
cesses. We identify those areas by first computing the statistics of 
the reflectance distribution of polar areas with maximum temper- 
atures too warm to support the presence of surface ice. We then 
compare the reflectance distribution of polar areas cold enough to 
support surface ice with the statistics of the ‘ice-free’ reflectance 
distribution defined above. 

The general trend of increasing reflectance with decreasing 
temperature ( Fig. 1 ) complicates use of the simple metric of 
anomalous reflectance as an indicator of the presence of ice. Un- 
der the assumption that this general trend is unrelated to pro- 
cesses involving surface water frost in areas with maximum tem- 
peratures greater than 125 K, we fit the reflectance-temperature 
data of ice free ( > 125 K) areas at each pole with a linear trend. 
We then removed this linear trend from the entire reflectance dis- 
tribution of each pole, resulting in temperature-corrected normal 
albedo free of temperature correlated brightening effects unrelated 
to the presence of ice. This removes the general bias toward higher 
reflectance present at both poles to the degree that the trend is 
linear. 

For each pole, we then selected all areas with maximum tem- 
peratures between 125 and 175 K to represent the statistics of 
the ice-free polar background and its variations in reflectance im- 
posed by geologic processes. We calculated the mean and stan- 
dard deviation of the temperature-corrected normal albedo for 
these background areas, then compared the reflectance distribu- 
tion of polar areas cold enough to support surface ice with the 
statistics of the ‘ice-free’ reflectance distribution defined above. Ar- 
eas with maximum temperatures below 110 K that were 2-sigma 
more reflective than the mean reflectance of the ice-free dis- 
tribution at each pole, and with surface slopes less than 10 °, 
are identified as potentially hosting surface water frost; these 
anomalously bright pixels are mapped for the North and South in 
Fig. 11 . 

Fig. 11 shows that in the South Pole the distribution of anoma- 
lously reflective locations is consistent with our observations re- 
garding the shape of the reflectance temperature curve and lati- 
tude as described in Section 3.2 . The anomalous reflectance sig- 

Fig. 11. Detection maps of anomalously bright pixels in the north (top) and south 
(bottom). Cyan pixels are show the locations of surfaces that are brighter than 2- 
sigma than the mean of the 125–175 K population of pixels that have maximum 
temperatures between 125 and 175 K, and have maximum temperatures less than 
110 K and slopes less than 10 ̊. At both poles there are concentrations of pixels that 
indicate a common brightening process. Being brighter than 2-sigma, these clusters 
are unlikely to be part of the background ice-free population. 
nal appears to be limited to surfaces within 5 ° of the South Pole, 
and that the great majority of anomalously reflective pixels oc- 
cur within the craters Shoemaker, Haworth, Faustini, Shackleton, 
de Gerlache, Sverdrup and Slater, as well as small unnamed craters 
within the perimeter formed by these larger craters. 

At the North Pole anomalous pixels are also present, a re- 
sult that is not unexpected because some pixels within the ice- 
free background’s reflectance distribution will necessarily deviate 
more than 2 sigma from the background reflectance mean. How- 
ever, these anomalous pixels are not randomly distributed, but are 
largely concentrated in a small irregular region of scattered per- 
manent shadow within a triangle formed by the craters Aepinus, 
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Evidence for surface water frost in lunar south pole cold traps
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Permanently shadowed regions (PSRs) persist at the lunar poles due to the Moon’s low axial tilt. Crater inte-

stability of surface volatiles [1]. Evidence from recent observations of the lunar poles by instruments aboard 
NASA’s Lunar Reconaissance Orbiter is focused on isolating potential signatures of such volatiles, following 
the detection of water and other volatiles after the LCROSS impact into Cabeus crater [2].

Results to date yeild a relatively inconclusive answer to the question of volatile abundance at the surface, 
with most techniques indicating either a very thin veneer of water ice frost [3] or signatures that may also 
represent freshly exposed/weathered regolith [4, 5, 6].

We present new maps constructed from more than three years of observations by LRO’s Diviner Lunar Radi-
ometer Experiment [7], a 9 channel infra-red/visible spectrometer. Complete spatial coverage of the South 

We show both the maximum (Figure 1) and total range (Figure 2) of observed bolometric brightness tem-
perature, which is the wavelength-integrated radiance in all seven thermal Diviner channels expressed as 
the temperature of an equivalent blackbody [8].
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Recent albedo (1064nm) measure-
ments by the Lunar Orbiter Laser Al-
timiter (LOLA) show that there is some 
correlation between high albedo and 
low temperatures (Figure 3). However, 
not all cold places are bright, and 
many bright places are also warm.

Plausible causes of high 1064nm albedo 
and low ultraviolet albedo (as measured 
by LAMP) (e.g. in Shackleton Crater) in-
clude regolith brightening by mass wast-

low temperatures or minor amounts of 
surface ice [3, 5]. Comparison of 
Shackleton’s LOLA albedo with a broad 
crater population sampled from PSRs 
and equatorial regions indicate that it is 
not anomalously bright, suggesting that 
surface volatiles are not required to ex-
plain its appearance [4].

Further investigation requires isolation 
of super cold areas and correlation of 
bolometric temperature with albedos 
from both LOLA and LAMP (alpha 
lyman) albedo. Consideration of sub-

surface expression of volatiles, i.e. a 
sparse surface or sub-surface distribu-

albedo at the scale of measurement 
footprints.

Figure 3: Diviner Channel 8 maximum brightness temperature at the South 
Pole. White pixels are where LOLA 1064nm albedo is > 0.375 and bright-
ness temperatures are commensurate with a surface never above 130K.
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Many PSRs show maximum bolometric temperatures < 100K throughout the year (Figure 1), and there are many 

and thus bolometric temperatures become dependant predominantly on the brightness temperature of the lon-
gest wavelength channels (8 and 9).

Shackleton  Crater: Relatively high maximum temperatures (80-110K) are seen in Shackleton, as well as a wide 
thermal range compared to other major PSRs, with the exception of the poleward crater wall, which exhibits a 
comparatively narrowed thermal range. Haworth crater: For some large areas in Haworth crater, maximum tem-
peratures never appear to exceed ~40K. This is also the region with the lowest temperature range, indicating a 
persistantly stable thermal regime. Faustini crater: Within 
Faustini a smaller crater is positioned near the 
northeast rim and is doubly-shadowed; 
sheilded from minor thermal emissions 
by Faustini’s walls. Similar to some 
features in Haworth, we here 
observe year-round thermal 
stability at < 50K.
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Permanently shadowed regions (PSRs) persist at the lunar poles due to the Moon’s low axial tilt. Crater inte-

stability of surface volatiles [1]. Evidence from recent observations of the lunar poles by instruments aboard 
NASA’s Lunar Reconaissance Orbiter is focused on isolating potential signatures of such volatiles, following 
the detection of water and other volatiles after the LCROSS impact into Cabeus crater [2].

Results to date yeild a relatively inconclusive answer to the question of volatile abundance at the surface, 
with most techniques indicating either a very thin veneer of water ice frost [3] or signatures that may also 
represent freshly exposed/weathered regolith [4, 5, 6].

We present new maps constructed from more than three years of observations by LRO’s Diviner Lunar Radi-
ometer Experiment [7], a 9 channel infra-red/visible spectrometer. Complete spatial coverage of the South 

We show both the maximum (Figure 1) and total range (Figure 2) of observed bolometric brightness tem-
perature, which is the wavelength-integrated radiance in all seven thermal Diviner channels expressed as 
the temperature of an equivalent blackbody [8].
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clude regolith brightening by mass wast-

low temperatures or minor amounts of 
surface ice [3, 5]. Comparison of 
Shackleton’s LOLA albedo with a broad 
crater population sampled from PSRs 
and equatorial regions indicate that it is 
not anomalously bright, suggesting that 
surface volatiles are not required to ex-
plain its appearance [4].

Further investigation requires isolation 
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from both LOLA and LAMP (alpha 
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Figure 3: Diviner Channel 8 maximum brightness temperature at the South 
Pole. White pixels are where LOLA 1064nm albedo is > 0.375 and bright-
ness temperatures are commensurate with a surface never above 130K.
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gest wavelength channels (8 and 9).

Shackleton  Crater: Relatively high maximum temperatures (80-110K) are seen in Shackleton, as well as a wide 
thermal range compared to other major PSRs, with the exception of the poleward crater wall, which exhibits a 
comparatively narrowed thermal range. Haworth crater: For some large areas in Haworth crater, maximum tem-
peratures never appear to exceed ~40K. This is also the region with the lowest temperature range, indicating a 
persistantly stable thermal regime. Faustini crater: Within 
Faustini a smaller crater is positioned near the 
northeast rim and is doubly-shadowed; 
sheilded from minor thermal emissions 
by Faustini’s walls. Similar to some 
features in Haworth, we here 
observe year-round thermal 
stability at < 50K.
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What is PROSPECT?



PROSPECT on Luna 27 (launch 2022)

PROSPECT =  
   ProSEED drill 
+ ProSPA analysis package

Luna 27
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ProSPA: 3 science questions and analysis modes

Sample  
Sealing/ 
Heating 

Sample  
Imaging 

Sample from drill 

5	

L:	Rosetta	Philae	Ptolemy	
ion	trap	mass	spectrometer	
10	x	10	x		10	cm;			for	
ProSPA:	2-200	amu;			
~500	gram		

R:	Thermal	release	of	
volatiles	from	Apollo	14	
soil.	Gibson	E.K.,	Jr.	et	al.	
(1972)	Proc.	Lunar	Sci.	Conf.	
2029-2040	

L:	Magnetic	sector	CAD	
	
R:	Preliminary	ProSPA	
breadboard	data	
(A	Verchovsky,	F	Abernethy,	
J	Mortimer)	

 FeTiO3 + H2 →Fe + TiO2 + H2O 

1:  Is water released and how much? What else? 

2:  Where did it come from? Comets? Asteroids? etc 

3:  Can we extract it to support exploration / ISRU? 

Evolved gas to 
science lab. 

3 
1 

2 

Courtesy of S. Barber (OU)
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Drilling and Sampling
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Drill testing

Two variants of lunar highland simulant NU-LHT-2M from USGS (right) and Zybek 
(Left) with very different mechanical properties (image Leonardo, Italy)

Significant differences in particle properties observed (K. Donaldson Hanna Oxford and D. Martyn & K. Joy 
(Manchester) 
Currently assessing new ESA simulant EAC-1 as a mechanical simulant for testing
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• Monitor drilling and transfer operations  

• Estimate sample quantity in ovens 

• LED emission spectra to maximise opportunistic 
science 

• Selected band passes centered at 415, 675, 750, 
825, 900, 950 nm 

• (Upper) RELAB reflectance spectra of common lunar 
minerals and (lower) a suite of lunar soils of varying 
maturities (N. Schmitz and K. Donaldson-Hanna)

Imaging
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Extraction and chemical analysis

Soil 69961,33 data courtesy of E. Gibson  
Digitised by Spaceship EAC – database of release curves available 
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Isotopic Analysis



ESA UNCLASSIFIED - For Official Use



ESA UNCLASSIFIED - For Official Use

Solid Inlet 
System

Evolved 
Gas 

Analyser

Magnetic 
sector MS

Gas processing

Gas 
supply

Exits
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ISRU Roadmap, increasing lunar habitability

ISRU 
technology and 

end-to-end 
Process 

demonstration 
and validation 

on Earth

Flight 
demonstration 

and qualification 
of critical ISRU 
technologies 

and end-to-end 
process

In-situ and fully 
scalable pilot 

plant providing 
“useable” 
resources

Full ISRU 
system in 
support of 

human lunar 
surface 

exploration

PROSPECT on Luna-27, embedded in 
international strategy, 2022

Terrestrial ISRU 
system 

demonstrator 
by 2020

ISRU demonstration 
mission 
by 2025

Human lunar 
surface campaign 

by 2030

Sustained human 
lunar operations 

by 2040

Prospecting and validation of key process 
steps and assumptions

Courtesy of J. Carpenter
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PROSPECT  
Science &  
Exploration 
Knowledge Gain  

Drilled 
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Resource extraction demonstration

Map of polar water ice stability within 1m  
(Paige et al. 2010.) Courtesy of J. Carpenter
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Future ISRU systems

Compatible with Human Precursor 
mission architecture from Deep Space 
Gateway 
ESA IRSU system study + technology 
led by OHB-CGS with Poli. Di Milano 
Solid-gas phase carbothermal reduction

Courtesy of J. Carpenter


