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Introduction: The recent “Lunar CRater Observa-

tion and Sensing Satellite” (LCROSS) mission has 
provided evidence for significant amounts of cold-
trapped volatiles in Cabeus crater near the Moon’s 
south pole [1]. Moreover, LRO/Diviner measurements 
of extremely cold lunar polar surface temperatures 
imply that volatiles can be stable outside of areas of 
strict permanent shadow [2]. These discoveries suggest 
that orbital neutron spectrometer data point to exten-
sive deposits at both lunar poles.  

The physical state, composition and distribution of 
these volatiles are key scientific issues that relate to 
source, emplacement, and retention mechanisms. From 
an in-situ resource utilization (ISRU) perspective, 
however, the main question is, “Do the benefits gained 
from the resource justify the infrastructure required to 
exploit it?” To answer this, we need to know several 
things about the resource: Where is it? What form is it 
in? How much is there? and How do we extract it? 

A robotic prospecting mission can help answer 
these questions. To execute such a mission, however, 
key parameters need to be defined in order to select a 
landing site, plan surface operations, and acquire 
needed measurements. To address this need, we have 
conducted an initial feasibility study for a future lunar 
mission, assuming the use of a solar-powered lander 
and robotic rover at a persistently-shadowed location. 

Mission Goals and Objectives: A landed volatile 
prospecting mission should address two primary goals: 
(1) confirm evidence of subsurface and “surface 
bound” lunar volatiles and determine their spatial dis-
tribution (as indicated by remote sensing observa-
tions); and (2) determine if volatiles are exploitable 
(i.e., ground truth form and accessibility).  

To satisfy these goals, the following measurement 
objectives must be met: (a) determine the abundance of 
hydrogen-bearing volatiles, at greater than 0.5 wt% 
water-equivalent, in the top at least 5 cm of regolith; 
(b) detect the presence of at least 1 wt% water-
equivalent hydrogen buried under up to 1 m of dry 
regolith; (c) determine the volumetric abundance and 
distribution of surficial H2O and OH bound to rego-
lith [3]; and (d) measure surface  conditions (tempera-
ture, mineralogy, etc.) where volatiles are found. 

Landing Site Selection: The ideal landing site 
should maximize the likelihood of several key parame-
ters: (1) subsurface temperatures conducive to long-
term retention of cold-trapped volatiles; (2) orbital 
neutron spectrometer signature indicating elevated 
hydrogen; (3) daylight illumination sufficient for sev-

eral days of solar-powered surface operations; (4) ge-
ometry suitable for direct-to-Earth (DTE) communica-
tion (visibility and link margin); and (5) reasonably 
traversable terrain, with moderate slopes and a limited 
areal density of sizable blocks. 

Regions of Volatile Stability: Figure 1 shows a 
map of the modeled depth to a “minimal ice loss iso-
therm”, the temperature at which the ice sublimation 
rate is 1 kg/m2 per billion years [2]. Areas of perma-
nent shadow permit ice stability starting just below the 
surface, with large areas for stability within 20 cm 
depth. This is the case in a large area of Cabeus floor, 
near the LCROSS impact site. 

 
Figure 1. Depth (m) to the 1 kg/m2 per billion year ice 
loss isotherm, from [2]. White denotes stability within 
1 cm of the surface, beige indicates stability below 1m. 

Solar Illumination: Figure 2 is a similar map 
showing the days of sunlight for May 2017. This illu-
mination map is based on LRO / Lunar Orbiter Laser 
Altimeter (LOLA) topography and the lunar ephemeris 
for the epoch. The map shows that there are many 
large areas with both near-surface ice stability and 
multi-day sunlight. Locations of longer sunlit intervals 
can be found, but these tend to be where average sub-
surface temperatures are too high for volatile retention. 

Direct-to-Earth Visibility, Slopes and Traffica-
bility: Figure 3 shows terrain slopes derived from 
Goldstone Solar System Radar (GSSR) data. This map 
indicates that low slopes can be found in places such as 
Cabeus floor. In addition, large portions of Cabeus 
support DTE communications. In fact, the LCROSS 
impact site has been observed directly from Earth. 
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Figure 2.  Days of sunlight (May 2017). The color 
scale runs from 0 to 28 days. Parts of Cabeus floor 
have more than 5 days of contiguous sunlight 
 

 
Figure 3.  Goldstone radar map of slopes. The interior 
floor of Cabeus has large smooth areas of low slope. 
This map also indicates that these interior locations are 
visible from Earth at some apparitions. 

The slopes throughout the northern interior of 
Cabeus are low, typically less than 10 deg at radar 
resolution. In addition, LRO / Lunar Reconnaissance 
Orbiter Camera (LROC) imagery of the crater interior 
reveal the expected rolling topography seen at another 
highlands landing site, the Cayley Plains of Apollo 16. 
Figure 4 is an LROC image mosaic, which shows that 
a part of Cabeus possesses the expected saturated cra-
ter and block densities for a lunar highland site. 

Distribution of volatiles: The distribution of sub-
surface volatiles is believed to be governed by a proc-
ess of “impact gardening”, which mixes regolith 
through repeated meteoroid impacts over many mil-
lions of years [4]. This process causes volatiles to be 
clumped into non-uniform localities. 

 
Figure 4. LRO/LROC NAC image mosaic of a loca-
tion in the northern interior of Cabeus. 

Monte Carlo modeling of impacts indicates that the 
“mixing” time scale increases with depth due to infre-
quent large impactors. As a result, it is hypothesized 
that lateral spatial uniformity should decrease with 
depth, i.e., near-surface volatiles will be distributed in 
isolated patches. Consequently, surface mobility is 
required to access and sample these volatiles. Figure 5 
illustrates a notional crater distribution model for a 100 
million year old impacted surface. 

 
Figure 5. Crater model: D indicates diameter (m), N 
indicates the number per 1 km2. These craters provide 
access to subsurface volatiles, but mobility is required 
to traverse and sample. 

Conclusion: Substantial remote sensing data indi-
cates that subsurface and surface-bound volatiles exist 
in the polar regions of the Moon. In order to under-
stand the cost, benefits, and requirements for exploit-
ing these resources, prospecting must be performed to 
map and measure these volatiles. 

A short-duration, solar-powered mission to a poten-
tial hydrogen volatile-rich site is possible. The north-
ern floor of Cabeus has a number of locations with 
subsurface temperatures favorable for shallow depth 
(< 20 cm) to permafrost, DTE visibility, 4+ days of 
sunlit operations, and manageable terrain. 
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