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No evidence for thick deposits of ice at the lunar
south pole
Donald B. Campbell1, Bruce A. Campbell2, Lynn M. Carter2, Jean-Luc Margot1 & Nicholas J. S. Stacy3

Shackleton crater at the Moon’s south pole has been suggested as
a possible site of concentrated deposits of water ice, on the basis
of modelling of bi-static radar polarization properties and inter-
pretations of earlier Earth-based radar images1,2. This suggestion,
and parallel assumptions about other topographic cold traps,
is a significant element in planning for future lunar landings.
Hydrogen enhancements have been identified in the polar
regions3, but these data do not identify the host species or its local
distribution. The earlier Earth-based radar data lack the resolu-
tion and coverage for detailed studies of the relationship between
radar scattering properties, cold traps in permanently shadowed
areas, and local terrain features such as the walls and ejecta of
small craters. Here we present new 20-m resolution, 13-cm-wave-
length radar images that show no evidence for concentrated depos-
its of water ice in Shackleton crater or elsewhere at the south pole.
The polarization properties normally associated with reflections
from icy surfaces in the Solar System4–6 were found at all the
observed latitudes and are strongly correlated with the rock-
strewn walls and ejecta of young craters, including the inner wall
of Shackleton. There is no correlation between the polarization
properties and the degree of solar illumination. If the hydrogen
enhancement observed by the Lunar Prospector orbiter3 indicates
the presence of water ice, then our data are consistent with the ice
being present only as disseminated grains in the lunar regolith.

The possible presence of water-ice deposits in the polar areas of the
Moon has been a controversial issue since the mid-1990s. The 1.6u
inclination of the Moon’s rotation axis to the normal to the ecliptic
plane means that there are areas near the poles, primarily the floors
and lower interior walls of impact craters, that are in permanent
shadow from the Sun. Several researchers7,8 have pointed out that
ice could be stable at the low temperatures (,100 K) expected in
these shadowed areas, and the idea was given significant impetus
by the discovery of probable ice deposits at the poles of Mercury by
Earth-based radars9,10. The radar echoes from Mercury’s poles were
interpreted as reflections from water ice on the basis of their similar-
ity to the unusual properties of radar echoes from the icy Galilean
satellites of Jupiter4. Low-temperature water-ice surfaces can exhibit
a very strong opposition effect; that is, they preferentially scatter the
incident energy back towards the radar. They also preferentially
reflect the same sense of circular polarization that was transmitted,
leading to a circular polarization ratio (CPR, the ratio of the reflected
power in the same circular (SC) sense of polarization transmitted to
that in the opposite (OC) sense) greater than unity. A mirror-like
reflection would have a CPR of zero, and most geological surfaces
have a CPR of less than unity11. It is thought that these properties of
the radar reflection are related to the very small propagation loss of
low-temperature water ice by means of a coherent backscatter
opposition effect (CBOE), the coherent addition of a ray that

propagates into the ice, is scattered and emerges in the direction of
the radar, with its path-reversed twin12. Laboratory experiments
using lasers on assemblages of particles indicate that volume scatter-
ing in a low-loss medium is not necessarily required; the CBOE can
also be exhibited by a rough scattering surface13. The polar deposits
on Mercury are thought to be water ice or some other condensate14

because they are located only on those parts of impact crater floors
that are in permanent shadow15.

The first reports that there might be deposits of water ice at the
lunar south pole arose from bi-static radar observations of very low
spatial resolution in 1994, with the 13-cm-wavelength telemetry sys-
tem of the Clementine orbiter as a transmitter and one of the 70-m
NASA/Deep Space Network antennas to receive the echo1. The south
pole was observed at a viewing angle of 4.5–5.5u (the angle of the
70-m DSN antenna above the horizon at the lunar south pole) over a
small range of bi-static phase angles centred on zero (that is, on
opposition). A ,25% increase in the CPR was observed as the
bi-static angle passed through zero. This increase was observed only
for the pass over the south pole and was interpreted as indicating the
probable presence of low-loss volume scatterers such as water ice1.
Subsequent analysis of the bi-static data led to the suggestion that
,10 km2 of ice might be present on the lower, permanently sha-
dowed, part of the Earth-facing inner slope of the 19-km-diameter
south pole crater, Shackleton2. This location was selected to be coin-
cident with an area of high CPR discovered in 125-m-resolution
radar imagery obtained in 1992 with the 13-cm radar system on
the US National Science Foundation’s (NSF’s) Arecibo telescope in
Puerto Rico16. The Arecibo observations were made at a south pole
viewing angle of 6.1u. However, in addition to the Earth-facing inner
wall of Shackleton crater, many small, probably fresh, craters exhib-
ited CPRs with values ranging from 1.0 to 2.4 (ref. 16). Similar CPR
values were observed for several small areas in Sinus Iridum that are
clearly sunlit (at latitude ,47u N), leading to the suggestion that the
high CPRs were due to scattering in very rough or blocky terrain16.

To investigate further the radar scattering properties of the terrain
at the south pole of the Moon, and of Shackleton crater in particular,
we have made radar imaging observations at spatial resolutions as
fine as 20 m. In April and October 2005 we used the Arecibo telescope
to transmit a right circularly polarized signal at 13 cm wavelength and
received the echo in both senses of circular polarization with the
NSF’s 100-m Robert C. Byrd Green Bank Telescope (GBT) in West
Virginia, USA. The GBT is ,2,300 km from Arecibo, corresponding
to a bi-static angle of 0.37u. Results of our observations on 16 April
and 24 October 2005, when the viewing angle for the south pole was
close to maximum at ,6.5u, are reported here. The April data pro-
vided imagery, with a high signal-to-noise ratio, at 20 m resolution,
significantly higher resolution than for any previous observations.
However, the relative calibration between the channels was poor,
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making absolute measurements of the CPR difficult. Well-calibrated
100-m-resolution data from October were used to calibrate the CPR
values obtained from the April data.

Figure 1a is the OC radar backscatter image from October covering
the south pole and terrain on the lunar nearside north to about 68u S.
The CPR values overlaid on this image are shown in Fig. 1b. The
geology of the south-pole region is dominated by highland terrain
formed by overlapping ejecta from nearby craters and the major
basins. Shackleton (Fig. 2a) seems to be younger than neighbouring
craters such as de Gerlache, Shoemaker or Faustini, and probably
dates to the Eratosthenian period, consistent with earlier geological
mapping17. Low-lying areas between the highland massifs (for
example the region to the west of de Gerlache), and many of the
radar-visible older crater floors, are characterized by smooth-tex-
tured terrain that has been mapped as basin-related ejecta, most
probably from Orientale18,19. These deposits have high CPRs relative
to the surrounding terrain at both 13-cm (Fig. 1b) and 70-cm wave-
lengths18, indicating a greater abundance of centimetre-scale to deci-
metre-scale rocks within the upper few metres of the regolith.

Figure 1b shows many locations with CPRs ranging from 1.0 to 1.5
or more. The measured values of the CPR are within 20% of those
obtained from the 1992 lower-spatial-resolution 13-cm imaging16. As
was postulated on the basis of the lower-resolution data16, there is a
clear correlation between high values of the CPR and the walls and
ejecta deposits of both large and small craters. These high values raise
two questions: first, are they in any way indicative of the presence of
water ice, and second, if not water ice, then what combination of
surface morphology and scattering mechanism is responsible?

Shackleton crater (Fig. 2a) is of considerable interest for NASA’s
lunar exploration programme because of the suggested presence of
water ice on its Earth-facing inner slope2, and because a few locations

on its rim may be permanently sunlit for periods of up to 200 days
each year, making them suitable for extended human habitation20.
The upper portion of Shackleton’s Earth-facing inner rim can be seen
in both Lunar Orbiter and Clementine visible imagery, indicating
that it is sunlit at least part of the time; any detected ice deposits
would have to be located on areas lower down on the wall. Our new,
high-resolution data (Fig. 2b) show that there is no systematic vari-
ation in the CPR with distance down the (radar) visible part of the
inner slope, and high CPR values occur in seasonally sunlit regions of
the crater wall and the near-rim ejecta blanket.

Shackleton is morphologically similar to the 17 km crater
Schomberger G (77.1u S, 7.7u E; Fig. 2c). Both seem to have layered
outcrops, or terraces, within the upper few hundred metres of their
interior rim deposits, which could make access to the interior walls
very challenging. The CPR values for the inner Earth-facing slope of
Schomberger G (Fig. 2d), which is sunlit during the lunar diurnal
cycle, are almost identical to those of Shackleton. The inner and outer
walls and floor of the nearby 31-km Copernican-period crater
Schomberger A (78.8u S, 24.4u E) have CPR values of 1.5 and greater
(Fig. 1b), as do many other smaller young craters. It is clear that CPR
values greater than 1 do not require the presence of water ice and are
therefore not necessarily indicative of the presence of ice. For
Schomberger A and G, and numerous other craters, the high ratios
must instead be associated with scattering from the rocks and blocky
material that comprise the proximal ejecta or that have cascaded
down the steep inner slopes. This scattering could exhibit an opposi-
tion effect that, like its optical counterpart, includes a component
arising from a CBOE. High CPR values are not confined to the Moon.
They have also been observed for three near-Earth asteroids with
measured values between 1.0 and 1.2 (ref. 21), for Maxwell Montes
on Venus with similar values22, and for the SP lava flow near Flagstaff,
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Figure 1 | Radar image data from 24 October
2005, for a region covering the south pole and
the nearside to latitude ,686 S. The south pole
is on the left rim of Shackleton. North is 3.5u
anticlockwise from the centreline of this image
(0u longitude grazes the east rim of Moretus).
Spatial resolution 100 m per pixel; polar
stereographic projection. a, OC radar image at
100 m resolution. Major craters labelled: Sh,
Shoemaker; Fa, Faustini; dG, de Gerlache; WJ,
Wiechert J. b, CPR at 500 m resolution presented
as a colour overlay on the radar backscatter
image. Note the very high CPRs for Schomberger
A and many other smaller craters.
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Arizona, USA, which has CPR values of up to 2.0 at 24 cm wave-
length23. Water ice clearly has no function in radar scattering from
these surfaces.

Strong evidence that the CPR values in Shackleton are due to a
component of volume-scattering ice must certainly include a high
degree of correlation between the occurrence of high CPR values and
the transition from seasonally sunlit to permanently shadowed por-
tions of the crater wall. Although available topographic data24 do
not show the precise location of this transition, it is within the area
viewed by our mapping. The area of strongest CPR within Shackleton
(at about the 8 o’clock position in Fig. 2b), cited as supporting the
existence of a CBOE effect in the shadowed terrain on the basis of the
lower-resolution 1992 data2, is resolved here into a collection of high-
CPR points that occur in both permanent shadow and seasonal illu-
mination. In the absence of any strong difference in properties with
solar illumination, the possibility that these features are linked with
rocky debris, as observed at Schomberger G and elsewhere, remains
the more likely explanation.

Neutron spectrometer measurements from the Lunar Prospector
orbiter in 1998 indicated the presence of significant concentrations of
hydrogen in the lunar regolith at the south pole3. Assuming that the
hydrogen is in the form of water molecules, modelling25 shows that
the neutron measurements are consistent with a concentration of
1.5 6 0.8% by mass of ice in the upper 1 m or so of the lunar regolith.
If this ice is distributed as grains in the regolith at this concentration,
or locally at higher concentrations, then it would not be observable
with radar. If it is in the form of deposits of ice that are decimetres to
1 m or more thick, then it might be observable with radar by means of
the CBOE.

Our high-resolution radar data show no evidence that high CPR
values in Shackleton, or elsewhere in the south polar region, are
correlated with solar illumination conditions. Rather, these high
CPR values are associated with the rugged inner walls and proximal

ejecta of impact craters. This is consistent with the presence of any
water ice being only as disseminated grains at 1–2% abundance25.
Any planning for future exploitation of hydrogen at the Moon’s
south pole should be constrained by this low average abundance
rather than by the expectation of localized deposits at higher con-
centrations.
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Figure 2 | Comparison of the radar-scattering properties of Shackleton and
Schomberger G craters from the 16 April 2005 data. a, The SC radar image
at 20 m resolution for the 19-km diameter Shackleton crater at an incidence
angle of ,83.5u. c, A similar image for the 17-km Schomberger G crater at an
incidence angle of ,70u. The two craters seem to be of similar ages. Terraced
structures can be seen in the top few hundred metres of the interior deposits,
and the inner wall of Schomberger G shows evidence for down-slope mass
wasting. b, d, The CPRs for Shackleton (b) and Schomberger G (d) at 220 m
resolution overlaid on the radar images. The CPRs have been adjusted to be
identical to the calibrated but lower-resolution values of Fig. 1 (see the text).
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