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Topography of the Lunar Poles
from Radar Interferometry: A

Survey of Cold Trap Locations
J. L. Margot,"{ D. B. Campbell,’{ R. F. Jurgens,? M. A. Slade?

Detailed topographic maps of the lunar poles have been obtained by Earth-
based radar interferometry with the 3.5-centimeter wavelength Goldstone
Solar System Radar. The interferometer provided maps 300 kilometers by 1000
kilometers of both polar regions at 150-meter spatial resolution and 50-meter
height resolution. Using ray tracing, these digital elevation models were used
to locate regions that are in permanent shadow from solar illumination and may
harbor ice deposits. Estimates of the total extent of shadowed areas poleward
of 87.5 degrees latitude are 1030 and 2550 square kilometers for the north and

south poles, respectively.

Topographic depressions near the lunar poles
provide a low-temperature environment that
is a potential reservoir of water ice deposits
(I, 2). The case for lunar ice was recently
strengthened by the detection of a hydrogen
signature near the polar regions by the neu-
tron spectrometer aboard the Lunar Prospec-
tor (LP) spacecraft (3). However, it is still
unknown whether the excess hydrogen mea-
sured by LP correlates with regions where the
thermal conditions are compatible with the
presence of water ice. Here, radar-derived
topographic maps of the lunar poles are used
to locate shadowed regions that may act as
cold traps for ice deposits.

Studies of the behavior of volatiles on
the moon have suggested that water ice
deposits might survive for billions of years
in cold traps near the lunar poles (/, 2). The
possible source mechanisms for that water
include cometary and meteroidal impacts,
reduction of FeO by hydrogen derived from
the solar wind, and degassing of the interior
(1, 2). Water molecules liberated on the
moon assume ballistic trajectories (/, 2, 4)
until they are destroyed in flight or trapped
in low-temperature regions (5). Ice on the
lunar surface is subject to destructive pro-
cesses, including solar photon—induced de-
sorption (2, 6), erosion by sputtering (2, 6,
7), and photodissociation by interstellar
hydrogen Lyman-a radiation (6). These
surface loss processes imply that any ice
deposits would have to be protected by a
thin regolith layer.

The first attempts to provide observational
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evidence of lunar ice deposits used radar
techniques (8, 9). Icy bodies in the solar sys-
tem exhibit abnormal radar signatures, high
backscatter cross sections, and a ratio of same
sense—to—opposite sense circular polarization
that is larger than unity. These characteristics
have been observed unambiguously in Earth-
based radar echoes from permanently shad-
owed craters near the poles of Mercury (10),
but the lunar observations were much less
conclusive. A study of Clementine radar data
resulted in a report of a possible detection of
water ice on the moon (&), but a separate
analysis of the same data did not find a
distinctive ice signature (/). Earth-based ra-
dar observations of the lunar poles did not
show evidence of ice deposits (9).

Because the lunar poles have never been
observed over the entire possible range of
solar illumination conditions (/2), establish-
ing the correlation between the hydrogen sig-
nature detected by LP (3) and the locations of
terrain in permanent shadow has been diffi-
cult. We used Earth-based radar interferom-
etry to obtain topographic maps of the lunar
polar regions at 150-m spatial and 50-m
height resolutions. These digital elevation
models (DEMs) were used to simulate solar
illumination conditions to determine the lo-
cations of the lunar cold traps, which are
possible reservoirs of water ice. Unlike pre-
vious estimates of the extent of shadowed
areas at the lunar poles (8, 13), this survey
took into account the entire solar illumination
cycle.

Detailed topographic maps of the lunar
surface can be acquired with an Earth-based
radar interferometer (/4, 15). The measure-
ments rely on range differences between
points on the lunar surface and two receivers
located on Earth. Changes in elevation are
observable because they affect the relative
phase between the two radar echoes (/4).

The antennas of the Deep Space Network
(DSN) at Goldstone, California, were used to

observe the lunar poles in October 1997. The
70-m parabolic dish was used to transmit a
pulsed binary-coded waveform at a wave-
length of 3.5 cm; two 34-m antennas separat-
ed by 20 km formed the receiving interferom-
eter. Separate maps of the (complex) radar
backscatter were produced from each receiv-
ing site by means of the conventional delay-
Doppler technique (/6). The interferometric
phase was then extracted on a per pixel basis
and translated to topographic changes.

The viewing geometry at the time of our
observations was such that the radar line of
sight rose 6° to 7° above the horizon at the
lunar poles, which is close to the maximum
allowed by the Earth-moon geometry. At
these angles, a fraction of the lunar landscape
in the field of view was not illuminated by the
radar because of shadowing effects. It was
not possible to determine the altitudes of
these areas of radar shadow.

We verified the validity and accuracy of
the elevation maps by comparing our radar-
derived topography to Clementine laser al-
timetry measurements at latitudes between
70° and 80° (/7). This comparison, yielding
~100-m root mean square deviations be-
tween the two techniques, provided absolute
height references and also permitted the re-
moval of small residual slopes from our
DEMs. Slope corrections of 0.07° and 0.1°
were applied to the north and south pole
DEMs, respectively.

Given a model for the topography of the
lunar poles, the problem of finding regions of
permanent shadow becomes purely geomet-
ric, because the Earth-moon orbital parame-
ters and the orientation of the moon’s spin
axis are known. Because the orientation of
the lunar spin vector is fixed with respect to
the ecliptic, the limb of the sun rises a max-
imum of 1.85° above the horizon at the lunar
poles. Although the moon’s axial tilt may
have had large variations in the past, it is
thought to have been in its present configu-
ration for the past ~2 billion years (/8). We
implemented a ray-tracing procedure that
simulates solar illumination conditions in the
polar regions, with the finite angular size of
the sun and latidunal effects taken into ac-
count (/9). Points that are surrounded by
topography that blocks sunlight at all times
were marked as permanently shadowed ter-
rain. All other areas were marked as illumi-
nated terrain, except for regions of unknown
topography, which were left undefined (20).

Because illumination conditions in re-
gions of radar shadow, and hence unknown
topography, could not be determined by the
ray-tracing procedure, we visually inspected
the illumination map and marked additional
regions that are believed to lie in permanent
shadow. This extrapolation was performed
only for craters that contained radar-shad-
owed terrain adjacent to sun-shadowed ter-
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rain and only when crater rim heights were
roughly uniform. Such regions are accounted
for separately in the calculation of areal cov-
erage of terrain in permanent shadow.

Topographic maps of the lunar polar re-
gions (Figs. 1 and 2) show that the north polar
area displays relatively little topographic ex-
pression, whereas the south polar region pre-
sents much more rugged terrain. The range of
elevations characterizing the south polar re-
gion is roughly 2.5 times that at the north.

The extent of permanent shadow was esti-
mated at both poles for rectangular areas ap-
proximately encompassing the 85° latitude line
(Fig. 3). The amount of permanent shadow for
a region 375 km by 225 km centered on the
north pole is 2650 km?, which is about half the
5100 km? area estimated for a region 325 km
by 285 km at the south pole (Table 1).

For the north polar area, shadowed re-
gions are concentrated at the bottom of large
craters, forming a crescent in the wall and
floor areas that are furthest from the pole.
This is observed for Hermite (86.0°N, 270°E)
and two other craters (at 85.0°N, 63°E and
85.9°N, 115°E). For high-latitude craters, this
shadowing is consistent with a source of il-
lumination that remains almost parallel to the
equatorial plane. The characteristic crescent-
shaped shadowed region is similar to the
appearance of a region of strong radar return

Fig. 1. Digital elevation model (top) and radar
backscatter map (bottom) of the north polar
region. Absolute elevations with respect to a
sphere with a radius of 1738 km are shown.
Maps are stereographic projections and use
east longitudes.
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observed for a large polar crater on Mercury
(21). Several small lunar craters on the floor
of Peary (88.6°N, 33°E) and three larger cra-
ters aligned roughly along the 315° longitude
line are also protected from sunlight. These
five regions constitute the largest potential
deposits at the north pole and would be ex-
pected to display an excess of hydrogen in
neutron flux data (3) if they contained ice.
Many small shadowed areas in a region of
complex topography between 160° and 300°
of longitude are unlikely to meet the thermal
requirements for long-term stability of ice,
because scattered and emitted thermal energy
from surrounding terrain would be significant
in this environment.

At the south pole, virtually all of the floors
of three craters with diameters in the 39- to
51-km range appear to be in shadow: crater
Faustini (87.3°S, 77°E), and craters at 88.1°S,
45°E and 87.5°S, 356°E. There is a high
probability, based on measurement and mod-
eling, that the south pole crater Shackleton
(89.7°S, 110°E) and a crater at 88.5°S, 273°E
have shadowed floors and hence are also cold

Fig. 2. Digital elevation model (top) and radar
backscatter map (bottom) of the south polar
region. Absolute elevations with respect to a
sphere with a radius of 1738 km are shown.
Maps are stereographic projections and use
east longitudes.

traps. Cabeus (85.5°S, 45°E) contains addi-
tional regions of permanent shadow, although
their outlines cannot be specified because
they are dependent on the unknown height of
the northern part of the floor. There are po-
tential cold traps in several other areas, but
the large topographical variations in the south
polar region mean that extensive areas are in
radar shadow, making it difficult to deter-
mine whether they are also in permanent
solar shadow.

Earth-based radar interferometry can pro-
vide topographic maps of the moon with
~150 m horizontal spacing or less and ~50
m height resolution. However, parts of the
moon that are never visible from Earth or are
in radar shadow cannot be measured. Com-
pared to the quasi-global Clementine laser
altimetry data set (/7), the radar DEMs offer
a factor of 10* increase in the number of
elevation points per unit of area. The detailed
topography afforded by the radar has appli-
cations in cratering studies and, if used in
combination with high-resolution gravity
models, can provide insights about lunar in-
ternal structure. The radar measurements
complement existing topographic data sets of
the moon by providing absolute elevation
levels over the polar regions. They can be
used to refine global models of lunar topog-

Fig. 3. Locations of cold traps at the lunar north
(top) and south (bottom) poles. Areas that
were visible to the radar and are in permanent
shadow from solar illumination have been
marked with white pixel values. Several other
regions, which were not visible to the radar
(that is, in radar shadow), have been depicted
with gray pixels to indicate that they are pre-
dicted, on the basis of the topography of the
surrounding terrain, to also be in permanent
shadow.
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Table 1. Extent of areas in permanent shadow at the north and south poles. Surface areas were measured ~ 10. M. A. Slade, B. J. Butler, D. O. Muhleman, ibid. 258,
for cold traps that were visible to the radar and were estimated on the basis of modeling for regions that 635 (1992); ). K. Harmon and M. A. Slade, ibid., p. 640;

were not visible to the radar. Estimates for regions within 2.5° of the pole are given for comparison with B. ). Butler, D. O. Muhleman, M. A. Slade, J. Geophys.

Clementine results (8) Res. 98, 15003 (1993); ). K. Harmon et al., Nature
369, 213 (1994).

11. R. A. Simpson and G. L. Tyler, /. Geophys. Res. 104,
3845 (1999).

12. The selenographic latitude of the sun oscillates be-

Measured (km?) Estimated (km?) Total (km?)

North pole, imaged area 2080 570 2650 tween 1.6°, with a period roughly equal to 95% of
South pole, imaged area 3150 1950 5100 a terrestrial year. By collecting data during about
North pole, latitude =87.5° 690 340 1030 one-sixth of this illumination cycle, the Clementine
South pole, latitude =87.5° (23) 1480 1070 2550 spacecraft provided the longest continuous observa-
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raphy (/7), which currently rely on interpo-
lation over the polar areas. Here we are dis-
cussing the use of the radar DEMs to locate
cold traps that may harbor ice deposits.

Areas of permanent shadow near the lunar
poles occur mostly in crater floors and, at
lower latitudes, in crescent-shaped regions on
the equatorward, interior areas of crater walls
and floors. Several regions of permanent shad-
ow are located at least 5° from the pole, and
it is conceivable that shadowed regions could
be found at lower latitudes. The existence of
permanent shadow in large craters 2° or more
from the poles is not in agreement with the
results of Zuber and Smith (22), who consid-
ered only crater centers in their analysis.

Nozette et al. (8) examined illumination
conditions within 2.5° of the lunar poles
using Clementine images and estimated
that 530 km? around the north pole and at
least 6361 km? around the south pole were
not illuminated by the sun. Our estimates
for the north and south poles are 1030 km?
and 2550 km?, respectively (Table 1), with
an upper bound of 4000 km? for the south
pole (23). The difference at the north pole
may be due to the fact that our simulations
delineate many small shadowed areas in the
complex region between 160° and 300° of
longitude. The large discrepancy in esti-
mates for the south pole is undoubtedly due
to the fact that many regions that are in
shadow on Clementine images are not in
permanent shadow. Clementine observed
the moon during southern hemisphere win-
ter, when the south polar region was poorly
illuminated. The lighting conditions would
have been markedly different during south-
ern hemisphere summer.

The larger amount of shadow at the south
pole than at the north pole is potentially
inconsistent with the higher hydrogen abun-
dances at the north pole reported by Feldman
et al. (3) on the basis of LP data. If all cold
traps at the lunar poles are equally likely to
harbor ice deposits, then the discrepancy with
LP neutron data may imply that some of the
hydrogen at the poles is not in the form of
water ice. Alternatively, ice deposits at the
north and south poles may exhibit different
signatures in the LP data as a result of differ-
ent impact histories or differences in burial
depths.

The LP neutron energy spectra for the
polar regions were interpreted in (3) as being
consistent with pure water ice deposits,
possibly up to 1.6 m thick, buried under a
40-cm regolith layer. Such meter-thick de-
posits of clean ice at shallow depths would
be expected to manifest themselves in radar
returns, but no convincing ice signature
was found in either our data or in earlier
Arecibo data (9). Several regions of perma-
nent shadow are clearly visible with an
Earth-based radar (Fig. 3). Moreover, the
penetration depth of the radar waves would
be ~30 cm and ~1 m at the 3.5-cm and
12.6-cm wavelengths of the Goldstone and
Arecibo instruments, respectively (24). Ice
at depths greater than 1 m may not be
detectable by either the radar or the LP
neutron spectrometer. A few options can be
examined in an attempt to reconcile the
radar and LP observations: (i) all of the ice
deposits happen to be located in regions not
visible from Earth, a coincidence that ap-
pears unlikely; (ii) the deposits are ice
mixed in with regolith or crystals of ice
dispersed through the regolith, in which
case they would not be observable by radar
techniques; (iii) the deposits contain thin
alternating layers of relatively pure ice and
regolith representing different episodes of
deposition (6). Feldman et al. (3) indicate
that their model of pure ice overlain with
regolith is not unique, opening the possi-
bility that models such as (ii) and (iii) may
also be consistent with LP data.
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