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Science Concept 4: The Lunar Poles Are Special Environments That 

May Bear Witness to the Volatile Flux Over the Latter Part of Solar 

System History 

 
Science Concept 4: The lunar poles are special environments that may bear witness to the 

volatile flux over the latter part of solar system history 

 

Science Goals: 

a. Determine the compositional state (elemental, isotopic, mineralogic) and compositional 

distribution (lateral and depth) of the volatile component in lunar polar regions. 

b. Determine the source(s) for lunar polar volatiles. 

c. Understand the transport, retention, alteration, and loss processes that operate on volatile 

materials at permanently shaded lunar regions. 

d. Understand the physical properties of the extremely cold (and possibly volatile rich) polar 

regolith. 

e. Determine what the cold polar regolith reveals about the ancient solar environment. 

 

INTRODUCTION  

The presence of water and other volatiles on the Moon has important ramifications for both science and 

future human exploration.  The specific makeup of the volatiles may shed light on planetary formation and 

evolution processes, which would have implications for planets orbiting our own Sun or other stars.  These 

volatiles also undergo transportation, modification, loss, and storage processes that are not well understood 

but which are likely prevalent processes on many airless bodies.  They may also provide a record of the 

solar flux over the past 2 Ga of the Sunôs life, a period which is otherwise very hard to study.  From a 

human exploration perspective, if a local source of water and other volatiles were accessible and present in 

sufficient quantities, future permanent human bases on the Moon would become much more feasible due to 

the possibility of in-situ resource utilization (ISRU).  In turn, this would enable further exploration and use 

of the lunar environment.  However, before ISRU missions can be considered the distribution and physical 

properties of volatiles and of the regolith in which they lie must be more fully understood. 

Background 

A review of the current understanding of lunar polar volatiles is required in order to determine potential 

locations to address each Science Goal, as well as sites that would address all Science Concept 4 goals.  We 

begin with a review of key terminology, in order to better define the scientific importance of the lunar 

poles.  We then give brief recounts of the geology and exploration context of the lunar polar regions to 

further explain why these regions are ñspecial environmentsò (NRC, 2007). 

Definitions of key terms within Science Concept 4 

In order to meaningfully discuss the topics addressed in Science Concept 4 Science Goals, some general 

terminology must first be defined.  The following subsections highlight major terms used in the NRC 2007 

document and throughout this section.  
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Permanently Shadowed Regions (PSRs) 

Because the Moonôs axis of rotation is nearly perpendicular to the plane of its orbit around the Sun (axis 

inclination ~1.5°) (Spudis et al., 1998), the Sun always appears at or near the horizon in polar regions.  The 

very small obliquity causes some high topographic features near the lunar poles to be constantly 

illuminated by the Sun, while some topographic depressions are permanently shaded from sunlight (and in 

some areas, reflected earthshine).  These regions may act as ócold trapsô for volatiles migrating across the 

lunar surface (Fig. 4.1).  Volatiles enter PSRs and then are unable to escape due to extremely low 

temperatures (e.g., Watson et al., 1961).  

Polar regions 

In order to study polar environments, the extent of the polar region must be considered.  As an initial 

constraint, the Lunar Prospector neutron spectrometer detected elevated levels of hydrogen above ±70° 

latitude (Feldman et al., 1998).  This area includes Schrödinger basin, which is interesting geologically and 

exhibits large fissures that might be good traps for volatiles.  This region also includes the southernmost 

portion of the South Pole ï Aitken basin (SPA), the largest basin on the moon.  SPA is also very old, and 

interesting in terms of both lunar geologic and volatile history.  The locations of PSRs serve as an 

additional constraint, as they are not found at latitudes lower than ±80° (MIT, 2011).  We thus restrict our 

study to the latitudes of ±80ï90° (Fig. 4.2). 

The ages of polar volatiles can be constrained by the Moonôs orbital and polar history.  As the lunar 

orbit increased in radius, lunar obliquity varied up to 77° (Siegler et al., 2011), but the current obliquity 

regime has been reasonably constant for the past ~2 Ga (Siegler et al., 2011a, 2011b; Ward et al., 1975).  In 

addition to obliquity variations with time, there is also a possibility that the Moon has undergone true polar 

 
FIGURE 4.1 Schematic showing the position of the Sun low on the horizon over a lunar crater, and how 

the sunlit areas (yellow) never reach the Permanently Shadowed Region (PSR, red). 

 
FIGURE 4.2 Extent of our study area at the lunar poles (see following sections for explanation). 
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wander during its history.  Grimm et al. (1986) examined fault abundances and orientations, but their work 

did not yield conclusive evidence of polar wander.  Magnetic anomaly data from Apollo 16 and 17 

magnetometers, however, suggests polar wandering of 90° early in lunar history (Fig. 4.3).  Such extreme 

polar wandering could be explained by changes in the moment of inertia due to early bombardment 

(Runcorn et al., 1980).  Because of the possibility of polar wander and obliquity changes, we place a time 

constraint of 2 Ga on the modern lunar obliquity and polar locations.  PSRs are therefore taken to be no 

older than 2 Ga directly at the poles, and younger still with decreasing latitude (Siegler et al., 2011a).  

Thus, the oldest obtainable polar volatiles are likely to be no older than 2 Ga.  

Volatiles 

In the lunar science community, volatiles are defined as chemical elements and compounds that become 

unstable and vaporize, sublimate, or are otherwise mobilized at low temperatures (Table 4.1).  Lunar 

volatile elements can be divided into two groups, vapor-mobilized and solar-wind-implanted.  The latter 

group includes H, C, N, and the noble gases (He, Ne, Ar, Kr, Xe); study of these elements can have 

important implications for understanding radiation history, lunar outgassing, and solar history (Haskin et 

al., 1991).  Solar-wind-implanted volatiles are most likely to be found in permanently shadowed regions 

(PSRs) at the lunar poles (Haskin et al., 1991) due to ócold trappingô, though the implantation process is 

globally homogeneous. 

Table 4.1 Sublimation point of various substances at lunar surface pressures.  Sublimation temperature 

values from Zhang and Paige (2010). 

Chemical 

Formula 
Name 

Sublimation 

Temperature 

(K) 

Sublimation 

Temperature 

(°C) 

Cut off 

Temperature 

(°C) 

N2 Nitrogen 16.20 -257.0 16 

CO Carbon monoxide 18.20 -255.0  

Ar Argon 19.50 -253.7  

CH4 Methane 22.00 -251.2  

Kr Krypton 24.50 -248.6  

Ar-6H2O Argon clathrate 28.90 -244.3  

 

FIGURE 4.3 Depiction of polar wander, showing how the location of the axis of rotation for the Moon 

may have changed in relation to the surface over time. This is distinct from obliquity changes, where the 

axis is moving relative to the orbital plane instead of the bodyôs surface. 
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Xe Xeon 36.10 -237.1  

H2S Hydrogen sulfide 50.60 -222.6  

CO2 Carbon dioxide 54.30 -218.9 54 

SO2 Sulfur dioxide 62.30 -210.9  

NH3 Ammonia 65.50 -207.7  

C5H12 Penthane 73.60 -199.6 70 

HCN Hydrogen cyanide 80.50 -192.7  

C7H8  Toluene 87.60 -185.6  

NH4SH  
Ammonium 

hydrosulfide 
96.10 -177.1  

H2O Water 106.6 -166.6 100 

S Sulfur 201.5 -71.65  

 

Vapor-mobilized elements are transferred from solid materials to a coexisting vapor-phase at moderate 

temperature.  This group includes S, Cu, Zn, As, Se, Ag, Cd, In, Te, Hg, Tl, Pb, Bi, and the halogens (F, Cl, 

Br, I).  The vapor-mobilized volatiles are mostly added by small impactors, and so should be deposited 

fairly uniformly throughout the lunar regolith (Haskin et al., 1991). 

Lunar regolith 

Regolith is a general term for the layer of fragmented and unconsolidated rock material that mantles 

bedrock and covers the whole lunar surface.  The regolith layer develops from the continuous impact of 

meteoroids and the steady bombardment of charged solar and extrasolar particles (McKay et al., 1991). 

As soon as fresh bedrock becomes exposed, it begins to break down through impact and particle 

bombardment processes.  The regolith layer that exists shortly after bedrock has been exposed is relatively 

thin (< a few cm), and various-sized impactors are able to penetrate the regolith and excavate new bedrock 

(McKay et al., 1991).  The regolith increases in thickness with time (up to a few meters), and then only 

less-frequent, larger impactors can penetrate the regolith and excavate new bedrock.  During this stage, 

small, frequent impactors only disturb and ógardenô the existing regolith layer, so the overall regolith 

thickness increases more slowly (McKay et al., 1991). 

At the poles, the regolith has been extensively gardened and reworked and is consequently extremely 

fine-grained. Such grain sizes provide greater surface area for volatile adsorption.  The volatile-rich upper 

layers of the polar regolith are then buried at greater depths by small impact processes.  This preserves the 

volatiles by protecting them from atomic particle bombardment.  

Geologic context 

The polar regions are part of the most ancient terrains on the Moon, though they have been modified by 

subsequent cratering.  The geology of the north and south poles is briefly described below. 

North Pole 

The geology of the region poleward of 80°N is mostly composed of crater fields approaching geometric 

saturation.  The craters in this region are at most a few kilometers in diameter. The region also contains 

several large (D > 70 km) flat-floored craters, such as Peary.  No craters lying entirely north of the 80° 

latitude line exhibit central peaks. The terrain in the study area on the nearside is mostly Imbrian-aged 

basin and plains material.  On the farside, it is mostly Nectarian basin material and ancient pre-Nectarian 

cratered terrain, with dense crater clustering (USGS, 2009a). 
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South Pole 

The region poleward of 80°S is almost entirely within the South Pole-Aitken (SPA) basin (Mest et al., 

2011), the largest and oldest discernible impact basin on the Moon.  The study area is dominated by heavily 

degraded impact craters ~20ï100 km in diameter.  The large craters are mostly flat-floored, with the 

exception of two craters that exhibit central peaks.  Fresh, bowl-shaped craters are rare, although 

Shackleton is a prime example of a crater of this type.  The terrain at the South Pole is mostly pre-Nectrain 

basin and crater material, but also includes some Nectarian and Orientale basin materials (USGS, 2009a). 

Exploration context 

The era of lunar exploration began in the late 1950s with the Soviet Luna and American Pioneer 

missions, and continued into the 1970s with the Ranger, Zond, Lunar Orbiter, Surveyor, and Apollo 

programs.  After the 1970s, there was a hiatus in lunar exploration until the 1990 launch of the Japanese 

Hiten spacecraft.  Since that time, there has been a renewed widespread interest in returning to the Moon, 

and in the past two decades, American, Japanese, European, Chinese, and Indian spacecraft have begun to 

return large amounts of new data on the lunar polar regions. 

Clementine: In 1994 a backscatter radar experiment was performed to remotely detect the presence of 

ice at depth under the lunar surface. Radio waves were beamed from Clementine into polar areas, reflected 

from the surface, and received on Earth by the Deep Space Network. One orbit was directly over a PSR at 

the South Pole, and it produced coherent backscatter consistent with the presence of water ice (Spudis et 

al., 1998).  

Lunar Prospector: A neutron spectrometer was flown on Lunar Prospector in 1998, and measured 

epithermal-, thermal-, and fast-neutron fluxes. Maps of the epithermal- and fast-neutron fluxes were 

produced, and depressions in epithermal-neutron fluxes were observed at both poles within PSRs. 

However, no measureable depression in fast neutrons was observed at the poles. This data is consistent 

with deposits of hydrogen in the form of water ice at depths of ~50 cm under the lunar regolith at PSRs 

(Feldman et al., 1998). 

Chandrayaan-1: The Indian Space Research Organization launched the Chandrayaan-1 craft in 2008, 

which was equipped with a VIS/NIR spectrometer, the Moon Mineralogy Mapper (M
3
).  This instrument 

detected absorption features indicative of hydroxyl (both lone OH and possibly H-OH, or H2O) near 2.8 to 

3.0 ɛm at the surface (upper 1-2 mm of regolith), with the 3.0 ɛm feature appearing strongest at high 

latitudes (Pieters et al., 2009).  Chandrayaan-1 also obtained polarimetric radar data with the instrument 

Mini -SAR, which measured coherent backscatter levels in various craters on the lunar surface.   

Specifically, it returned information on the ratio of radar signals returned with right- versus left-circular 

polarization, known as the Circular Polarization Ratio (CPR).  Most high CPR readings covered an area 

including both a craterôs interior and surrounding regions, indicating a rough or fresh surface.  However, 

there were some anomalous craters in PSRs with elevated CPR values in crater interiors without elevated 

values exterior to the crater, consistent with the presence of water ice at depth in these craters (Spudis et al., 

2010). 

Lunar Reconnaissance Orbiter: New LRO data are also greatly enhancing our understanding of lunar 

volatiles.  These data sets include high-resolution imagery, topography, temperature, and hydrogen data. 

We have used the most current existing versions of these data sets at the time this study was conducted.  In 

2009, the Centaur stage of LROôs Atlas V rocket was impacted into Cabeus crater, chosen because it was a 

PSR at the South Pole with elevated hydrogen levels.  A shepherding satellite flew through the ejecta 

plume and observed spectra that corresponded with the presence of the volatile compounds H2O, OH, H2S, 

SO2, C2H4, CO2, CH4, CH3OH. 



240 

DATA SETS AND METHODS  

In order to find sites that will address all Science Goals within Science Concept 4, we developed the 

following method which we divided in three main steps: pre-processing, classification and weighting in 

ArcMap, and post-classification analysis (Fig. 4.4).  Each of those steps has been done for all five Science 

Goals in order to produce a map of recommendation sites for each Science Goal separately.  Then, 

overlapping of maps for each Science Goal allowed us to produce a final map of landing site 

recommendations to achieve all five Science Goals within Science Concept 4.  Various geospatial datasets 

were processed using ArcGIS 10 and ISIS software.  

Datasets 

Different datasets have been used in order to accomplish the pre-processing, classification, and post-

classification analysis of the lunar polar regions.   Some of them are in raster format, or images, and some 

of them are in vector format, or polygons.  

Raster layers 

Table 4.2 summarizes data images from Lunar Prospector, Lunar Reconnaissance Orbiter and 

Chandrayaan-1 that have been used in this study.  Many image types were used and had different spatial 

resolution and coverage. 

 

 

 

 

FIGURE 4.4 Overall methodology flowchart, showing the progression from data sets, at the top, down to 

final products, at the bottom.  The main steps involved are the classification and weighting of datalayers in 

ArcMap for each Science Goal, the post-classification analysis, and finally the integration of the five 

Science Goals results.  The outputs are preliminary maps showing acceptable sites to address each Science 

Goal, site final maps showing the recommended sites and a map showing the recommended sites to 

address all Science Goals at once.    
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TABLE 4.2 Raster layers used for Science Concept 4 studies. 

Spacecraft Instrument  Layer Name Type 

Coverage 

Poleward of ± 

Latitude  

Spatial 

resolution 
Units 

Lunar 

Prospector 

Neutron 

Spectrometer 

(NS) 

Hydrogen Thematic global 30323 m 
ppm by 

weight 

Lunar 

Reconnaissance 

Orbiter 

Laser 

Altimeter 

(LOLA)  

Digital 

Elevation Model 
Scientific 60° 120 m Meters 

Slope Thematic 60° 120 m Degrees 

Roughness Thematic 45° 1895 m Meters 

Permanently 

Shaded Regions 
Thematic 80° 240 m Binary 

Shaded mosaic Base map 75° 240 m - 

Diviner 

Maximum 

Annual 

Temperature 

Thematic 80° 240 m Kelvin 

Wide Angle 

Camera 

(WAC) 

 

WAC mosaic Base map 60° 100 m - 

Chandrayaan-1 Mini -SAR 

Circular 

Polarization 

Ratio 

 

Thematic 80° 75 m Ratio 

 

Hydrogen map (LP-NS) [Plate I] The half degree hydrogen abundance image contains data from the Lunar 

Prospector Neutron Spectrometer. The abundances, available for the entire Moon, were derived from 

epithermal neutron counts that have been corrected by thermal neutron data (Feldman et al. 1998; 2001).  

The dataset reflects the count of epithermal neutrons that have escaped from approximately 50 cm deep up 

to the surface.  The total uncertainties related to the low-altitude epithermal neutron data poleward of ±70 

degrees latitude, including systematic and statistical contributions, are less than ~1%. 

Digital Elevation Model (DEM) (LRO-LOLA) [Plate II] This DEM is based on altimetry data acquired by 

the LOLA instrument through mission phase ñLRO_SM_05ò.  The spatial resolution is 120 meters per 

pixel (horizontal), true at the poles in polar stereographic projection; elevation accuracy is ~1 m (MIT, 

2011).  The elevation values for the South Pole vary approximately from -8000 m to 8000 m and from -

6000 m to 3000 m for the North Pole. 

Slope map (LRO-LOLA-DEM) [Plate III] We derived a slope image from the LOLA DEM image using the 

ñSlope toolò in ArcGIS 10.  For each cell, this tool calculates the maximum rate of change in value from 

that cell to its eight direct neighbors.  The maximum change in elevation over the distance between the cell 

and its neighbors identifies the steepest downhill descent from the cell.  The lower the slope value is, the 

flatter the terrain is; the higher the slope value is, the steeper the terrain is.  If there is a cell location in the 

neighborhood with a ñNoDataò elevation value, the elevation value of the center cell will be assigned to the 

location.  At the edge of the image, at least three cells outside the imageôs extent will contain ñNoDataò 

values.  These cells will be assigned the center cellôs elevation value, which will result in a flattening of the 

3 × 3 plane fitted to these edge cells, and will lead to a reduction in the slope.  Slope is commonly 

measured in degrees, which uses the algorithm: 

    (4.1) 
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The slope image created is of the same spatial resolution as the DEM image, which is 120 m/pixel.  The 

slope values vary between 0 and ~80° for both poles.  

Roughness map (LRO-LOLA) [Plate IV] This data product is an image of the surface roughness of the 

Moon at a resolution of 16 pixels per degree (~1895 m/pixel) in a simple cylindrical projection re-projected 

into polar stereographic.  This image is based on LOLA altimetry data from Laser 1 and 2 through mission 

phase ñLRO_SM_05ò.  To derive roughness, the LOLA science team averaged the residual standard 

deviation of altitudes from three successive laser shots.  Depending on orbital velocity, probability of 

detection, and spacecraft altitude, the slope baseline may vary from 30 to 120 meters.  The pixel values are 

interpolated by the nearest-neighbor method for missing values (NASA, 2011c).  Roughness values on the 

Moon vary between ~0.192 to 7.466 RMS m. 

Permanently Shadowed Regions (PSR) map (LRO-LOLA) [Plate V] This data product is an image of PSRs 

at the lunar poles at a resolution of 240 m/pixel, true at the poles in polar stereographic projection.  The 

calculations have been made by the LOLA science team, based on the LOLA DEM ñLDEM_75N_240Mò 

as described in Mazarico et al. (2011).  The values are binary and indicate whether or not a given pixel is in 

permanent shadow (MIT, 2011). 

Shaded relief mosaic (LRO-LOLA) [Plate VI] The shaded relief mosaic has been downloaded from the 

Lunar Mapping and Modeling Project Portal (NASA, 2011a).  This 240 m/pixel  image is a shaded relief 

topographic model derived from LRO-LOLA altitude data. 

Maximum annual temperature (LRO-Diviner) [not shown] Each pixel in this image represents the 

maximum annual bolometric brightness temperature over a lunar year, which corresponds to 13 LRO 

mapping cycles.  These data represent the wavelength-integrated radiance in seven infrared Diviner 

channels expressed as the temperature of an equivalent blackbody (Paige et al., 2010).  Data provided by 

Dr. David Paige (personal communication). 

Minimum annual temperature (LRO-Diviner) [not shown] Each pixel in this image represents the minimum 

annual bolometric brightness temperature over a lunar year. 

Wide Angle Camera (WAC) mosaic (LRO-LROC) [Plate VII]  The Wide Angle Camera (WAC) mosaic 

from the Lunar Reconnaissance Orbiter Camera (LROC) onboard LRO is derived from the Reduced Data 

Record (RDR), Level 5 Version 1.0.  The spatial resolution is ~100 m/pixel with global coverage.  The 

principal limitation of LROC imagery is that it is illumination-dependent, a disadvantage when studying 

areas in permanent shadow. 

Circular Polarization Ratio (CPR) (Chandrayaan-1-Mini -SAR) [Plate VIII] From February to April 2009 

the Chandrayaan-1 Mini-SAR (Synthetic Aperture RADAR) instrument mapped over 95% of the lunar 

poles at a wavelength of 12.6 cm, in the S band (Spudis et al., 2010).  The Circular Polarization Ratio 

(CPR) values have been derived from the radar backscatter measurements by the Johns Hopkins University 

Applied Physics Laboratory.  CPR values correspond to the ratio of power of the received signal in the 

same circular polarization sense (as transmitted by Chandrayaan-1) to the power of the signal received in 

the opposite sense.  Those values are usually an indication of surface roughness on the same scale as the 

radar wavelength (12.6 cm). However, a high CPR value can be attributed to multiple internal reflections 

and/or coherent backscatter produced by low-loss material such as water ice up to a few meters deep.  A 

high CPR value found only inside a crater could be an indication of the presence of water ice, whereas a 

high CPR value found both inside and outside a crater may instead be caused by a rough (i.e. fresh) surface.  

The average CPR of the lunar surface is 0.2ï0.4 at a 45° incidence, for typical terrains.  Above 0.4, CPR 

values are considered óhighô.   

Vector layers 

Geographical shapes in Geographical Information Systems (GIS) are often expressed as vectors, such as 

points, lines and polygons.  For this study, we used the polygons of geologic units created by the United 

States Geological Survey (USGS) and the Lunar Impact Crater Database from the Lunar and Planetary 

Institute (LPI) (Table 4.3). 

TABLE 4.3 Vector layers used for Science Concept 4 studies. 
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Layer Name Type Geometry 

Coverage 

Poleward of ± 

Latitude  

Unit  

USGS Geology Thematic Polygons 45° geology units 

Crater database Thematic Points (global) - 

Geologic units (USGS) [Plates IX and X] Geologic unit layers ñL-1162 Geologic Map of the South Side of 

the Moonò and ñL-1062 Geologic Map of the North Side of the Moonò were downloaded from the USGS 

Planetary GIS Web Server, PIGWAD (USGS, 2009a).  These maps are part of a complete geologic 

reconnaissance mapping of the Moon at 1:5,000,000 scale that was meant to summarize the current state of 

lunar geologic knowledge as developed from the USGS Systematic Lunar Mapping Program.  The maps 

were created mostly from Lunar Orbiter photography, supplemented in places by Zond 7 and Mariner 10 

images.  For our study, we used USGS geologic maps for minor descriptive purposes only. 

Crater database (LPI) [Plate XI and XII] The database of impact craters was created as part of the Lunar 

Exploration Summer Intern Program at the Lunar and Planetary Institute in 2008 and updated in May 2011.  

The database contains 8,713 craters with their age and several physical characteristics (e.g. ejecta blanket 

thickness, crater volume, or melt volume). 

Landing site selection  

Landing site selection was completed using the Spatial Analyst Tools in ArcMap.  First, relevant layers 

were imported and pre-processed.  New data sets were derived from existing layers, reclassifying each data 

set for subsequent weighting.  Data sets were combined according to different criteria for each Science 

Goal in order to find suitable sites for each Science Goal.  Finally, results for each Science Goal were 

overlapped to find suitable sites that address Concept 4 as a whole.  Post-processing analysis for each result 

led to selection of the highest priority sites.  



244 

 

 



245 

 

 



246 


