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Integration of lunar polar remote-sensing data sets: 
Evidence for ice at the lunar south pole 

Stewart Nozette, • Paul D. Spudis, 2 Mark S. Robinson, 3 D. B. J. Bussey, 
and Robert Bonner 4 

Chris Lichtenberg, 

Abstract. In order to investigate the feasibility of ice deposits at the lunar south pole, we 
have integrated all relevant lunar polar data sets. These include illumination data, Arecibo 
ground-based monostatic radar data, newly processed Clementine bistatic radar data, and Lunar 
Prospector neutron spectrometer measurements. The possibility that the lunar poles harbor ice 
deposits has important implications not only as a natural resource for future human lunar 
activity but also as a record of inner solar system volatiles (e.g., comets and asteroids) over the 
past billion years or more. We find that the epithermal neutron flux anomalies, measured by 
Lunar Prospector, are coincident with permanently shadowed regions at the lunar south pole, 
particularly those associated with Shackleton crater. Furthermore, these areas also correlate with 
the • = 0 circular polarization ratio (CPR) enhancements revealed by new processing of 
Clementine bistatic radar echoes, which in turn are colocated with areas of anomalous high 
CPR observed by Arecibo Observatory on the lower, Sun-shadowed wall of Shackleton crater. 
Estimates of the extent of high CPR from Arecibo Observatory and Clementine bistatic radar 
data independently suggest that •10 km 2 of ice may be present on the inner Earth-facing wall 
of Shackleton crater. None of the experiments that obtained the data presented here were 
ideally suited for definitively identifying ice in lunar polar regions. By assessing the relative 
merits of all available data, we find that it is plausible that ice does occur in cold traps at the 
lunar south pole and that future missions with instruments specifically designed to investigate 
these anomalies are worthy. 

1. Introduction 

The lunar poles have long been theorized to harbor ice 
deposits in permanently shadowed regions because these regions 
can act to cold trap volatile compounds, including water 
introduced into the lunar environment [Watson et al., 1961]. 
This is a fascinating possibility both because such deposits 
would serve as a natural resource for future human lunar activity 
and because the plausible sources of lunar water (e.g., comets 
and asteroids) are of inherent interest. In fact, modeling the 
temperatures of shadowed craters near the poles [Ingersoll et al., 
1992; Salvail and Fanale, 1994; Vasavada, 1998] shows temper- 
atures low enough to cold trap materials substantially more 
volatile than water ice. Studies of the transport and retention 
of water ice and other volatiles also support the possibility of 
water ice being present at the pole [Butler, 1997; Morgan and 
Shemansky, 1991 ]. The latter work suggested that sputtering was 
rapid enough to destroy slow continuous deposits of water ice, 
for example, from micrometeorite water, or water produced from 
reduction of lunar surface materials to produce water from solar 
wind hydrogen but that thick deposits of ice introduced by 
comets or large "wet" asteroids might survive by sequestering 
of ice by regolith overturn. 
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No conclusive evidence of water ice currently exists, but 
several data sets provide evidence that is suggestive of the 
presence of water. The least equivocal of these data sets are the 
results of the Lunar Prospector [Binder, 1998] neutron spectro- 
scopy experiment, which shows the presence of regions of 
anomalously low epithermal neutron flux near the lunar poles 
[Feldman et al., 1998, 1999]. The low neutron flux is interpreted 
to be due to the presence of hydrogen, which moderates neutron 
energies efficiently. While a solar wind source for these hydrogen 
anomalies cannot be ruled out, water ice is a plausible carrier of 
this hydrogen. 

The startling discovery of deposits with radar properties con- 
sistent with water ice at the poles of Mercury [Harmon et al., 
1994], also associated with permanently shadowed craters, led to 
several radar measurements of the lunar poles in the hopes of 
detecting similar deposits. These results are much more equivocal 
than the Mercury results. Initially, Arecibo monostatic circular 
polarization ratio (CPR) radar observations in the region of the 
lunar south pole were interpreted to possibly indicate the presence 
of ice deposits on the lower Earth-facing interior wall of Shackle- 
ton crater [Stacy, 1993]. Data collected by the Clementine bistatic 
radar experiment [Nozette et al., 1996, 1997; Lichtenberg, 2000] 
also revealed anomalous polarization ratios in the Shackleton 
region, suggesting the presence of patchy, "dirty" ice deposits. 
Subsequently, the same Arecibo data utilized by Stacy [1993] were 
reported to be inconsistent with this interpretation [Stacy et al., 
1997]. There it was suggested that all anomalous high CPR areas 
observed by Arecibo, near the lunar south pole, were caused by 
rough surfaces, as only some portions of the anomalies were 
believed to be permanently shadowed. Additionally, Simpson and 
Tyler [1999] postulated that the Clementine polarization anomaly 
was due to roughness and/or random noise in the data and not by 
the presence of ice. These radar results, which are still a matter of 
some controversy [Nozette et al., 1998], have led some workers to 
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Plate 1. Overall view of the lunar south pole showing locations of Clementine radar sampling targets for orbits 234 
and 235 overlain on an Arecibo radar reflectivity image [Stacy, 1993]. The frequency spectra were collected during 
analysis into 4 s wide bins within which each frequency bin was 3.05 Hz wide. The width of the colored regions along 
the beta zero track depicts the overlap of all bins containing the targets during the almost 200 s that each was within 
+1 o of [3 = 0 ø. The breadth of the colored regions across track is the limit of the +1 ø constraint; blue to red represents 
1 o to 0 ø, respectively. The yellow lines indicate the [3 = 0 track for each orbit, and the red circle shows the approximate 
size of the Lunar Prospector 2 ø data [Feldman et al., 1999, 2000]. S indicates the location of Shackleton crater; U1 
and U2 refer to craters called out by Feldman et al. [2000] as possible sources of neutron spectrometer anomalies. 

the general conclusion that the Mercury polar cold traps are "full" 
while the lunar cold traps are "empty" [e.g., Vasavada, 1998]. 

The "Moon empty, Mercury full" interpretation rests heavily 
upon the radar and may not be warranted after considering all the 
available data. In fact, observations of the lunar poles from the 
Earth for detection of ice are greatly hampered by the grazing 
incidence angle. At these incidence angles the reflectivity enhance- 
ment and polarization anomalies caused by the Coherent Back- 
scatter Opposition Effect (CBOE) in the presence of ice are largely 
suppressed. It is little recognized that the observations of Mercu- 
ry's poles are at a much more favorable geometry than observa- 
tions of the Moon, so a weak detection or nondetection at the 
Moon does not necessarily exclude the presence of localized 
Mercury-like deposits. In addition, much of the lunar poles remains 
in radar shadow, so no conclusions can be drawn from these 
regions regarding radar properties. Such deposits could be detect- 
able from Earth on crater walls which have lower local angle of 
incidence (e.g., Shackleton). 

The interpretation of these data sets in the context of the possible 
presence of water ice requires careful intercomparison of the data. 
For example, the suggestion by Feldman et al. [1998] that 1% 
water ice by weight might be present at the south pole is dependent 
upon the estimate of total area of permanent shadow within the 
neutron anomaly; the actual value of the detected anomaly suggests 
much lower abundances (at the 60 km resolution of the experi- 
ment). This paper will present all available data sets (Lunar 
Prospector neutron data, Arecibo radar, lighting estimates of 
permanent shade based on analysis of Clementine imaging, and 
the Clementine bistatic radar experiment) relevant to the question 
of lunar polar ice, all coregistered to a newly updated lunar 
cartographic control system for the lunar poles. Less accurate 
control networks hampered previous analyses [e.g. Stacy et al., 
1997]; thus we use an improved control network [Bussey et al., 
1999a, 1999b] to compare data. We will also show the interior wall 
of Shackleton crater to be unique. Both the Clementine and 
Arecibo reported radar anomalies are coincident with permanent 
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Plate 2. (a) Clementine bistatic radar response plots and sampled regions for targets 1-4 from orbit 235 overlain on 
the Arecibo radar image shown in detail (see overall location and explanation in Plate 1). Orbit 235 radar sampling 
regions contain little to no resolved permanently shadowed regions and thus serve as control for data from orbit 234. 
(b) Clementine bistatic radar targets 14-17 from orbit 234. Note the gradual increasing and sharpening of the signal 
as the f3 = 0 track passes over Shackleton crater, the same region where Arecibo right circular polarized (RCP) data 
first showed the crater wall to be anomalous [Stacy, 1993]. On the response plots, the solid line represents the circular 
polarization ratio (CPR), and the top dashed line is left circular polarized (LCP), while bottom dashed line is RCP (for 
all plots in Plates 2a and 2b). The rest of the orbit 234 and 235 samples are presented in Appendix A. 
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Plate 2. (continued) 
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Plate 3. (top left) Arecibo radar reflectance image [Stacy, 1993] of the lunar south pole region. S indicates the 
location of Shackleton crater; U I refers to a crater called out by Feldman et al. [2000] as a possible source of neutron 
spectrometer anomaly. (top fight) Same radar image as in the top left with RCP/LCP ratio anomalies identified from 
image published by Stacy [1993]. (bottom left) Ultraviolet visible (UVVIS) summation map indicating relative 
amount of sunlight per pixel during one lunar day. Brighter pixels indicate greater illumination, and black represents 
shadowed regions (during lunar winter) [Bussey et al., 1999a]. (bottom right) Composite overlay of radar brightness 
(background), UVVIS summation light map, Arecibo RCP/LCP anomaly (red to orange dots) with a more 
conservative threshold (,-•0.9-1.0) than shown in the top right, Clementine orbit 234 bistatic radar • = 0 track (blue 
line). Also shown are the Earth-based radar shadow regions derived from the same source as in the top left (stipple 
pattern). 

shadow derived from Clementine imaging and the hydrogen 
anomaly detected by Lunar Prospector. This integrated data set 
can be used to support future exploration of the poles from 
spacecraft or Earth-based observations. 

2. Description of Data Sets 
2.1. Control Network 

Previous correlations of radar features and shadowed terrain 

were not optimal because of the preliminary control networks then 
available. Specifically, Arecibo radar images of the poles were tied 
to the Lunar Orbiter control network [Stacy et al., 1997], resulting 
in poor correlation when comparing features observed in Clem- 
entine and Arecibo radar data, resulting in mislocation of more 

than 10 km [Bussey et al., 1999a]. During construction of illumi- 
nation maps it was determined that the previous U.S. Geological 
Survey (USGS)-RAND global Clementine control network 
[Edwards et al., 1996] was not optimal within a few degrees of 
the poles [Bussey et al., 1999a, 1999b]. In order to locally improve 
the network, Arecibo radar images (one each at the north and south 
poles, from Stacy et al. [1997]) that represented the maximum 
surface coverage of the polar regions (from 80 ø to the pole on the 
nearside, with lesser coverage on the farside) available in single 
images were used. They were controlled to the USGS basemap 
[Edwards et al., 1996] in the vicinity of 800-85 ø, where the global 
control network is more reliable. Near the poles (850-90 ø ) the 
Clementine images were then tied to the newly controlled radar 
images [Bussey et al., 1999a, 1999b]. Subsequent improvements in 
the polar control network and the addition of Clementine High- 
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Resolution Camera (HIRES) image data allowed improved limits 
to be placed on the location and distribution of pennanently 
shadowed terrain [Bttssey et al., 1999a, 1999b]. 

2.2. Lunar Prospector Neutron Spectrometer Data Set 

Lunar Prospector neutron spectrometer data sets were obtained at 
low altitude (30 km) during the extended mission [Feldman et al., 
1999], including both epithermal and fast neutron flux measure- 
ments. We coregistered and plotted as a color-coded map the 
epithermal neutron counts arising from latitude/longitude cells 
projected on the lunar polar regions. The resolution of these data 
is •60 kin. 

2.3. Solar Illumination Data Set 

Bussey et al. [1999a, 1999b] created an illumination map by 
coadding all the images near the pole that had common overlap 
and then looking for areas that receive no illumination, enabling 
better isolation of areas likely to be in pennanent shadow. Their 
best current estimate of the maximum extent of shadow at the 

south pole is 3300 km 2 within 1.5 ø of the pole. An initial estimate 
for the north pole was 530 km 2 [Nozette et al., 1996] based on the 
area of a few craters close to the pole that appear to be 
pennanently shadowed. Subsequent work has shown that features 
such as small crater floors and north facing crater rims might be 
in pennanent shadow [Bussey et al., 1999b]. This appears to be 
true for features all the way out to 80øN. A preliminary darkness 
map shows that there are numerous small outcrops of shadow 
with a total area of •10,000 km 2 within 10 ø of the north pole 
[Busse,v et al., 1999b]. 

2.4. Clementine Bistatic Radar Data Set 

The Clementine bistatic radar experiment and data processing 
methodology is described in detail by Lichtenberg [2000]. This 
experiment measured the radar-scattering properties of the lunar 
surface as a function ofbistatic angle •3 (the angle subtended by the 
radar boresight and the sub-Earth vector at the lunar surface [see 
Nozette et al., 1996, Figure 1]). Initial analysis of the bistatic radar 
data [Nozette eta!., 1996] used averages over broad areas of polar 
terrain. Nev• processing has improved the spatial resolution and 
allows geographic correlation of anomalies with specific terrain 
features. Plate I shows the locus of points sampled by Clementine 
during orbits 234 and 235. These data are overlaid on top of an 
Earth-based radar image in order to provide geographical context. 
The C!ementine bistatic radar data was dynalnically processed to 
extract an average CPR versus • for specific surlhce areas 
[Lichtenberg, 2000]. The areas that contain the •3 = 0 track were 
sampled at a range of •3 angle. To detect CBOE, terrain lnust be 
sampled around •3 = 0 ñ 1ø-2 ø. Only CBOE originating from 
terrain visible by the F_arth receiving stations, lying along the 
Clementine l:• = 0 ground track, will be detectable in the Clem- 
entine bistatic radar data set. Rainbow-colored areas (Plates 1, 2, 
and Plate A1) show the regions sampled where [3 has a value 
between +1 ø and -1 ø, with terrain sampled at minimum beta lying 
under the • = 0 track, for orbit 234 and orbit 235. The most reliable 
CBOE measurements come from the center of these regions. The 
colored horseshoe-shaped areas represent the territory over which 
the average sample was taken over time. Orbit 235 does not sample 
any areally significant polar shadowed terrain and thus serves as a 
control orbit. 

Plates 2a and 2b show some of the bistatic radar results in 

more detail (the remaining sample sites are presented in Appen- 
dix A for completeness). These data indicate the nature of the 
radar return for several of the sampling stations for both orbit 234 
and orbit 235. Target 17 in orbit 234 covers the Earth-facing 
inner wall of Shackleton crater. Plate 2b shows that target 17 has 
the highest enhancement of CPR at [3 = 0 of any of the 
C!ementine targets. Target 16 in orbit 234, which covers a large 
fraction of the floor of Shackleton crater, as well as the inner wall 

Plate 4. Close-up of the south pole region showing the anomalous 
Arecibo high CPR areas (orange to red dots) in Shackleton crater 
(big arrow), analogous returns in nearby shadowed craters (small 
arrows), the radar shadowed region (tan), and the Clementine orbit 
234 bistatic radar [3 = 0 track (blue line), overlain on the UVVIS 
summation light map. The white circle is approximation to LPO 
neutron spectrometer footprint. 

that faces away from Earth (and therefore cannot be observed by 
Earth-based radar ground stations) also has a detectable CPR as •3 
approaches zero. 

2.5. Arecibo Monostatic Radar Data Set 

The Arecibo monostatic right circular polarized (RCP), left 
circular polarization (LCP), and CPR images for the lunar south 
pole were first published by Stacv [1993]. These data give a much 
better picture of the geography around the pole than can be seen in 
the Clementine images owing to the large amount of solar 
shadowing. The shadowing at the south pole was at a maximum 
during the Clementine mission, as it was southern winter. Despite 
the poor viewing geometry of the lunar poles from Earth, the radar 
data can see into solar shadowed regions in many areas (Plate 3). 
Near the pole the radar advantage diminishes, and only a sliver of 
the solar shadowed area on the inner Earth-facing wall in Shackle- 
ton can be seen in the radar images [Stac3; 1993]. Of special 
interest are the areas of overlap between solar shadowed terrain and 
areas visible to Earth-based radar receivers. Such area(s) are the 
only possible sources of ice signals (if ice exists at the poles) in the 
radar data sets. The CPR image was thresholded to isolate CPR 
regions in the range 0.9-1.1 (Plate 3, bottom right) identified by 
Stacy [1993] as potentially emanating from ice-bearing materials. 
The largest concentration of the CPR anomalies is related to the 
Earth facing inner wall of Shackelton. Examination of solar 
shadow data and the CPR map shows that •46 km 2 of solar 
shadowed terrain within Shackleton crater can be observed. This 

estimate is in agreement with independent estimates derived from 
ground-based radar interferometry topography [Mat•ot et al., 
1999]. 

3. Discussion 

By combining the radar, illumination, and neutron spectrometer 
data sets, we can constrain the distribution and physical state of 
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putative ice deposits. The coregistered data sets are presented in 
Plates 3-5. Plate 4 consists of a south pole composite image of 
shadowed areas, the orbit 234 •3 = 0 ground track, and the 
Arecibo CPR • 1 areas. Plate 5 shows the Lunar Prospector 
neutron spectrometer flux measurements from Feldman et al. 
[1999] with the location of Shackleton and neighboring craters 
also shown. The neutron data (Plate 5) show a general regional 
epithermal neutron deficit correlated with areas of permanent 
shadow at the poles [Feldman et al., 1998, 1999]. The Lunar 
Prospector neutron spectrometer data reveal three distinct anoma- 
lies associated with Shackleton crater and two adjacent craters 
[Feldman et al., 2000]. One of the three anomalous neutron 
spectrometer sample elements at the south pole covers a major 
portion of Shackleton crater (Plate 5). Approximately 1 km 2 of 
relatively pure ice (10-20% regolith), with a shallow regolith 
covering 10-20 cm, should be detectable by the Clementine 
bistatic radar experiment [Simpson and Tyler, 1999]. Therefore a 
few percent of the Lunar Prospector estimated ice area should be 
detectable by Clementine bistatic radar, given favorable location 
and geometry. 

The areas of high CPR (•1) observed by Arecibo occur in 
both shadowed and illuminated areas, as previously noted 
[Stacy et al., 1997]. However, these areas are not all identical 
in morphology and geological context. The large arrow in Plate 
4 shows the largest area of contiguous high CPR on the lower 
wall of Shackleton crater. The correlation of the largest con- 
tiguous observed area of high CPR and the close coincidence 
of the Clementine orbit 234 •3 = 0 track are also shown in 
Plate 4. The largest area of contiguous high CPR is associated 
with the shadowed lower wall of Shackleton crater, which we 
estimate to be 10 + 6 km 2 on the basis of a range of pixel 
counts and thresholds from the region. The •1 dB, 3 = +1 ø, 
bistatic CPR enhancement in target 17 (Plate 2b) is the most 
CBOE-like found in the Clementine bistatic radar data set. It 

also samples the same location (Plate 4), which contains the 
anomalous high CPR areas reported in the lower Earth-facing 
rim of Shackleton [Stacy, 1993]. Of the Clementine bistatic 
analysis targets, target 17 has the closest, nonoverlapping 
proximity to the Earth-facing wall of Shackleton crater. The 
area sampled by target 17, •3 + 1 ø, is calculated to be 5130 
km 2. This is the average of the sampled area for which 3 is 
+1 o and for which a Doppler frequency bin coincides with that 
of target 17. 

Target 17 is the target that best covers the Earth-facing inner 
wall of Shackleton, specifically including the areas of Arecibo 
high CPR. Plate 2b shows that target 17 has a high Clementine 
CPR enhancement approaching •3 = 0. Additionally, target 16 
(Plate 2b) shows a noticeable Clementine CPR enhancement 
approaching 3 = 0. It covers a large portion of the floor of 
Shackleton as well as the crater wall that faces away from Earth 
(not visible from Earth-based radar receivers), both regions that 
are permanently shadowed and therefore possible locations of ice 
deposits. A series of targets (1-10) obtained during Clementine 
orbit 235 sample virtually no polar shadowed terrain, which is 
otherwise similar to the orbit 234 ground track terrain, in that both 
are cratered highlands (Plate 2a). Orbit 235 serves as a control 
area. These areas show no statistically significant (3•, 0.3 dB) 3 + 
1 øCPR enhancements. 

The method applied to estimating the fractional ice area on 
Mercury [Butler et al., 1993] was applied to target 17 (orbit 234, 
Plate 2b). Using the specific radar cross sections of average 
illuminated lunar surface measured during Clementine control 
orbit 235 for a region of latitude -80 ø to -82 ø and •3 + 1 ø , 
radar properties attributed to ice on Mercury, and the relative 
CPR enhancement in orbit 234 target 17 (1 + 0.3dB), a 
fractional area for the observed ice surface area is estimated. 

The fractional ice area that could produce the observed target 17 
•3 + 1 øCPR enhancement is • 10-16 km 2. This estimate is in 
agreement with the area of anomalously high CPR observed in 
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Figure 1. Peak broadening and amplitude suppression of 
Coherent Backscatter Opposition Effect (CBOE) resulting from 
the nonideal incidence angles when observing both the poles of the 
Moon (85 ø) and Mercury (79 ø) from the Earth into a pure ice target 
(adapted from Lichtenberg [2000]) [see also Peters, 1992; 
Mishchenko, 1992a, 1992b, 1996a, 1996b]. Note that while still 
poor, the viewing angle and thus CBOE peak is more well defined 
for the Mercurian rather than the lunar case and that the Mercurian 

observing angles actually range from •70 ø to 80 ø. 

Shackleton crater by Arecibo (10 + 6 km:) and is an order of 
magnitude greater than the minimum Clementine detection 
threshold. It is likely the high CPR regions in Shackleton 
contribute to the average CPR enhancement reported by Nozette 
et al. [1996] and the sporadic CPR enhancements reported 
subsequently [Simpson and Tyler, 1999]. The Clementine bistatic 
CPR enhancement is largely due to enhanced RCP (Plate 2, 
Appendix A), suggesting that the high radar backscatter is due to 
CBOE (M. I. Mischenko, personal communication, 1997). RCP 
is more indicative of surface composition for measurements at 
large incidence angles (M. I. Mischenko, personal communica- 
tion, 1997). 

It has been argued on theoretical [Arnold, 1979; Ingersoll et 
al., 1992; Butler, 1997] and observational [Butler et al., 1993] 
grounds that "dirty" ice deposits are present in the permanently 
shadowed regions near the north pole of Mercury. It was 
suggested [Harmon, 1997] that if ice deposits of the magnitude 
postulated for Mercury are present on the Moon, they should be 
detectable by Earth-based radar. Feldman et al. [1998] argues 
that lunar polar radar ice measurements are indeterminate owing 
to a covering of high-FeO regolith (not found on Mercury). No 
direct compositional data exist for Mercury; however, remote- 
sensing measurements indicate that the Mercurian crust is most 
likely similar to lunar highlands material (low-FeO anorthositic 
material [•las, 1988; Sprague et al., 1994; Blewett et al., 
1997]). Finally, FeO regolith content has been shown to have 
little effect on 13 cm radar observations probing similar depth 
as the neutron spectrometer measurements [Campbell et al., 
1997]. 

An important difference between the lunar and Mercurian radar 
observations is the observing geometry. The relatively high angle 
of incidence of existing lunar radar measurements (•85 ø for 
Arecibo and Clementine versus •70-80 ø for Mercury) limits the 
observable shadowed area. More important, high radar incidence 
angles (•85 ø) and a slightly higher regolith mixing fraction will 
suppress the lunar polar CBOE effect [Mishchenko, 1996a, 1996b] 
(Figure 1), so the suggestion by Harmon [1997] that lunar ice 
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Plate A1. Remainder ofbistatic radar response plots and sampled regions for targets (a) 5-8 and (b) 9 and 10 from 
orbit 235 overlain on the Arecibo radar image (see overall location and explanation in Plate 1). Orbit 235 radar 
sampling regions contain little to no resolved permanently shadowed regions and thus serve as control for data from 
orbit 234. Targets 1-4 are shown in Plate 2. On the response plots, the solid line represents CPR, and the top dashed 
line is LCP, while the bottom dashed line is RCP. 
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Plate A1. (continued) 

deposits similar in character to those on Mercury should be 
detectable is not correct. 

Summary and Conclusions 

The coregistration of lunar south pole remote-sensing data sets 
shows the interior wall of Shackleton crater to be unique. Refined 
processing of the Clementine bistatic radar data into higher- 
resolution geographic bins shows that the highest bistatic CPR 
enhancement around [3 = 0 originates in this anomalous region in 
the lower Earth-facing wall Shackleton crater. The geographic 
coincidence of the Clementine bistatic [3 = 0 track directly with 
the Arecibo high CPR anomaly discovered by Stac)' [1993] is 
coincident with the enhanced CPR observed by the Clementine 
bistatic radar experiment for orbit 234. Areal estimates of high 
CPR from pixel counts of Arecibo data, and independent esti- 
mates based on the Clementine radar results, using the fractional 
area of high CPR (0.9-1.0) required to yield the observed 1 dB 
CPR enhancement for the area sampled in Clementine target 17, 
are consistent. The bistatic dependence of CPR and RCP supports 
the conclusion that the high CPR observed in the monostatic and 
bistatic radar data sets, containing the lower Earth-facing wall of 
Shackleton, is suggestive of CBOE and therefore of "dirty" ice 
rather than wavelength- (centimeter-) scale roughness. When the 
high-resolution Lunar Prospector neutron spectrometer data 
[Feldman et al., 1999] are integrated with the radar and Sun 
shadow data sets, the results show that Shackleton crater is 
contained within the anomalous epithermal and fast neutron 
deficit region adjacent to the lunar south pole. 

While the data set integration provides supporting evidence for 
the presence of ice on the lower wall of Shackleton [Stacy, 1993; 
Nozette et al., 1996], it is not conclusive. Corroboration of this 

hypothesis requires additional data. Earth-based radar experiments 
(as well as orbiters that use an Earth receiver, e.g., Clementine) 
are limited in that the surface visible from Earth represents only a 
small portion of the permanently shadowed terrain, e.g., <10% in 
the case of Shackleton. The grazing incidence angle means that 
CBOE is muted (Figure 1) and back and forward scattering 
mechanisms are likely dominated by surface structure (e.g., 
centimeter-scale roughness) rather than composition. The opti- 
mum incidence angle to detect CBOE would be near 45 ø , where 
neither the quasi-specular nor the diffuse backscatter components 
dominate the echo. This could be accomplished by an orbiting 
synthetic aperature radar that measures CPR and RCP and LCP 
for a range of incidence angles around 45 ø, with a resolution of 
100 m or better. Such an experiment could distinguish ice from 
dry lunar surface by optimal viewing of all permanently shadowed 
regions. Such observations when combined with higher-resolution 
neutron spectrometer data would allow optimum targeting of in 
situ measurements to determine the detailed nature of lunar polar 
volatile deposits, thus conclusively determining the composition, 
origin, and areal distribution of the anomalies (ice?) identified at 
the lunar poles, allowing for the next steps of exploration and 
utilization by humans. 

Appendix A 

During processing the Clementine bistatic radar data set was 
sampled in discrete geographic bins (17 bins for orbit 234 and 10 
bins for orbit 235). For completeness, the remaining sampling bins 
are presented in Plates A I and A2 (see Plate 2 for orbit 234 bins 
1-4 and orbit 235 bins 14-17). 
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Plate A2. Clementine bistatic radar targets (a) 1-4, (b) 5-8, (c) 9-12, and (d) 13 from orbit 234. Targets 14-17 are 
shown in Plate 2 (see overall location and explanation in Plate 1). On the response plots, the solid line represents CPR, 
and the top dashed line is LCP, while the bottom dashed line is RCP. 
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Plate A2. (continued) 



NOZETTE ET AL.: LUNAR POLAR REMOTE-SENSING DATA SETS 23265 

Orbit 234 Target 9 

-•,2_.i•![ ; ; ; _; ; ; ; ! ;..; .........._-;--; •8 t ..... Ii ! •.•.•'•' !"-' -': i ! ! '-.L,?'•--• '• 
,:, = • ; ! L-".•,.-:• .'-- • -': ! [ '-: -: ! -= -: : ! :16 

Beta degrees 

Orbit 234 Target 10 

,-- RCP I! ': i := • i • :. .• .: .: .• • i i i 17 
I ........ LCPr• i i • i_.!...i..4'-,,} i i i i -.: ..' • 

-c ß • ..- .: :.•,. •: ...• .: x.. .= ... .. : •,, j,:_ ..? :•: /•...j 

i !'., ................ 

Beta degrees 

Orbit 234 Target 11 
-2[ ..2_-CF;R li • f [ [ [ [ [ ! [ .,..= [ [ ,: .,_: 18 

RCP: : = : : : =' =' ': '1 " '" '• '= '" " ß '- ; -: [ ; • : : : : : : : ; : : : 17 

ß ' ' : 5 • : • :' '•?"- : : ; : : '-' : ; 1• 

• : :-'- : : ' : : : : : : : : 1,3 

• •' • i._.:•-b; ' "• -i !-?'?...•W½½.!,.•! "' 

Beta degrees 

Orbit 234 Target 12 

....... : : i ; -' ; .'- =. ;... .• :: ! ;16 

Beta degrees 

Plate A2. (continued) 

-4 

-8 

'10 

'1 

"13 

.8 

13 

-8 

'.1 

-1 



23266 NOZETTE ET AL.: LUNAR POLAR REMOTE-SENSING DATA SETS 

Orbit 234 Target 13 

• .... RCP I•.. - • • '--' i • i i • • i • i i • :.-' •17 
i ....... LOP Ji [ i [ i [ [ i :: i [ • i i :.' i J 
' ß - - • '-' -= '-' • -" -= " -: -= -• [ • :: [ i !16 

Beta degrees 

Plate A2. (continued) 

' 1.3 

14 

-1 

'- .• 

Acknowledgments. This manuscript benefited from useful discussions 
with W. Feldman, A. Binder, D. B. Campbell, N.J. S. Stacy, R. A. Simpson, 
G. H. Pettengill, I. I. Shapiro, R. Jurgens, and M. Slade. We thank N.J. S. 
Stacy for providing the Arecibo radar data. The Advanced Systems Office, 
NASA Johnson Space Center, under contract T-250W, supported this work. 
Additional support was furnished by the Naval Research Laboratory. This 
paper is Lunar and Planetary Institute contribution 99-1059. 

References 

Arnold, J. R., Ice in the lunar polar regions, o r. Geophys. Res., 84, 5659- 
5668, 1979. 

Binder, A. B., Lunar Prospector: Overview, Science, 281, 1475-1477, 
1998. 

Blewett, D. T., P. G. Lucey, B. R. Hawke, G. G. Ling, and M. S. Robinson, 
A comparison of Mercurian reflectance and spectral quantities with those 
of the Moon, Icarus, 129, 217-231, 1997. 

Bussey, D. B. J., P. D. Spudis, and M. S. Robinson, Illumination conditions 
at the lunar south pole, Geophys. Res. Lett., 26, 1187-1190, 1999a. 

Bussey, D. B. J., M. S. Robinson, and P. D. Spudis, Illumination conditions 
at the lunar poles, Lunar Planet. Sci. (CD-ROM), XXX, abstract 1731, 
1999b. 

Butler, B., The migration of volatiles on the surfaces of Mercury and the 
Moon, d. Geophys. Res., 102, 19,283-19,291, 1997. 

Butler, B., D. O. Muhleman, and M. Slade, Mercury: Full disc radar images 
and the detection and stability of ice at the north pole, d. Geophys Res., 
98, 15,003-15,023, 1993. 

Campbell, B. A., B. R. Hawke, and T. W. Thompson, Regolith composition 
and structure in the lunar mafia: Results of long-wavelength radar studies, 
d. Geophys. Res., 102, 19,307-19,320, 1997. 

Edwards, et al.K.E., Global digital mapping of the Moon (abstract), Lunar 
Planet. Sci., XXVII, 1996. 

Feldman, W. C., S. Maurice, A. B. Binder, B. L. Barraclough, R. C. Elphic, 
and D. J. Lawrence, Fluxes of fast and epithennal neutrons from Lunar 
Prospector: Evidence for water ice at the lunar poles, Science, 281, 
1496-1500, 1998. 

Feldman, W. C., S. Maurice, D. J. Lawrence, I. Getenay, R. C. Elphic, B. L. 
Barraclough, and A. B. Binder, Enhanced hydrogen abundances near 
both lunar poles, in New I4ews of the Moon II: Unde•wtanding the Moon 
Through the h•tegration of Diverse Datasets [CD-ROM], abstract 8051, 
Lunar and Planet. Inst., Houston, Tex., 1999. 

Feldman, W. C., D. J. Lawrence, R. C. Elphic, B. L. Barraclough, S. 
Maurice, I. Getenay, and A. B. Binder, Polar hydrogen deposits on the 
Moon, d.. GeoptLvs Res., 105, 4175-4195, 2000. 

Harmon, J. K., Mercury radar studies and lunar comparisons, Adn Space 
Res., 19(10), 1487-1496, 1997. 

Harmon, J. K., M.A. Slade, R. A. V6lez, A. Crespo, M. J. Dryer, and J. M. 
Johnson, Radar mapping of Mercury's polar anomalies, Nature, 369, 
213-215, 1994. 

Ingersoll, A. P., T. Svitek, and B.C. Murray, Stability of polar frosts in 
spherical bowl-shaped craters on the Moon, Mercury, and Mars, Icarus, 
100, 40-47, 1992. 

Lichtenberg, C. L., Bistatic radar observations of the Moon using the 
Clementine spacecraft and Deep Space Network, Ph.D. thesis, Johns 
Hopkins Univ., Baltimore, Md., 2000. 

Margot, J. L., D. B. Campbell, R. F. Jurgens, and M. A. S!ade, Topography 
of the lunar poles from radar interferometry: A survey of cold trap loca- 
tions, Science, 284, 58-60, 1999. 

Mishchenko, M. l., Polarization characteristics of the coherent backscatter 
opposition effect, Earth Moon Planets, 58, 127-144, 1992a. 

Mishchenko, M. I., The angular width of the coherent back-scatter opposi- 
tion effect: An application to icy outer planet satellites, Astrophys. Space 
Sci., 194, 327-333, 1992b. 

Mishchenko, M. I., Diffuse and coherent backscattering by discrete random 
media, I, Radar reflectivity, polarization ratios, and enhancement factors 
for a half-space of polydisperse, nonabsorbing and absorbing spherical 
particles, d. Quant. Spectrosc. Radiat. Transfer, 56, 673-702, 1996a. 

Mishchenko, M. 1., Physically based computations of coherent backscatter, 
d. Quant. Spectrosc. Radiat. 7•-ansfer, 57, 767-777, 1996b. 

Morgan, T. H., and D. E. Shemansky, Limits to the lunar atmosphere, o r. 
Geophys Res., 96, 1351-1367, 1991. 

Nozette, S., C. L. Lichtenberg, P. Spudis, R. Bonner, W. Ort, E. Maleret, M. 
Robinson, and E. M. Shoemaker, The Clementine bistatic radar experi- 
ment, Science, 274, 1495-1498, 1996. 

Nozette, S., E. M. Shoemaker, P. Spudis, and C. L. Lichtenberg, The 
possibility of ice on the Moon, Science, 278, 144-145, 1997. 

Nozette, S., C. L. Lichtenberg, R. Bonner, P. Spudis, and M. Robinson, 
Comments on radar search for ice at the lunar south pole by R. Simpson 
and G.L. Tyler, in Integrated Remote Sensed Geophysical and Sample 
Datasets, LPI Contrib. 958, pp. 60-61, Lunar and Planet. Inst., Houston, 
Tex., 1998. 

Peters, K. J., The coherent backscatter effect: A vector formulation account- 
ing for polarization and absorption effects and small or large scatterers, 
Phys. Rev. B, 46, 801 - 809, 1992. 

Salvail, J. R., and F. P. Fanale, Near surface ice on Mercury and the Moon: 
A topographic thermal model, Icarus, 111, 441-455, 1994. 

Simpson, R. A., and G. L. Tyler, Reanalysis of Clementine bistatic radar 
data for the lunar south pole, d. Geophys Res., 104, 3845-3862, 1999. 

Sprague, A. L., R. W. H. Kozlowski, F. C. Witteborn, D. P. Cruikshank, and 
D. H. Wooden, Mercury: Evidence for anorthosite and basalt from mid- 
infrared (7.3-13.5) spectroscopy, Icarus, 109, 156-197, 1994. 

Stacy, N.J. S., High-resolution synthetic aperture radar observations of the 
Moon, Ph.D. thesis, Cornell Univ., Ithaca, N.Y., 1993. 

Stacy, N.J. S., D. B. Campbell, and P. G. Ford, Arecibo radar mapping of 
the lunar poles: A search for ice deposits, Science, 276, 1527-1530, 
1997. 

Vasavada, A. R., l, Temperatures of polar ice deposits on Mercury and the 
Moon; II, Jovian atmospheric dynamics from Galileo imaging, doctoral 
thesis, 103 pp., Califi Inst. of Technol., Pasadena, Calif., 1998. 

Vilas, F., Surface composition of Mercury from reflectance spectrophoto- 
metry, in Me•vu•% edited by F. Vilas, C. Chapman, and M. S. Mathews, 
pp. 59-76, Univ. of Ariz. Press, Tucson, 1988. 

Watson, K., B.C. Murray, and H. Brown, The behavior of volatiles on the 
lunar surface, d. Geophys. Res., 66, 3033-3040, 1961. 

D. B. J. Bussey and M. S. Robinson, Department of Geological Sciences, 
Northwestern University, Locy Hall 309, 1847 Sheridan Road, Evanston, 
IL 60208. (benbussey@hotmail.com; robinson@earth.nwu.edu) 

R. Bonner, Protasis Inc., 207 Ramsay Alley, Alexandria, VA 22314. 
C. Lichtenberg and S. Nozette, Naval Research Laboratory, Mail Code 

8131, Building 209, Room 361, 4555 Overlook Avenue, SW, Washington, 
DC 20375. (nozette•ssdd.nrl.navy. mil) 

P. D. Spudis, Lunar and Planetary Institute, 3600 Bay Area Boulevard, 
Houston, TX 77058. (spudisd•lpi.jsc.nasa.gov) 

(Received October 24, 2000; revised October 24, 2000; 
accepted December 18, 2000.) 


