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Signal analysis of Galileo images of the Moon suggests the presence of an absorption band centered near
0.7 μm in the reflectance spectra of areas located adjacent to the equatorward walls of lunar craters at latitudes
ranging from −58 to −78◦, and areas contained in the South Pole-Aitken Basin. We propose three potential
explanations: an Fe2+→Fe3+ charge transfer transition in oxidized iron in clinopyroxenes (high-Ca bearing
pyroxenes) or phyllosilicates (Fe- and Mg-bearing sheet silicates containing adsorbed H2O and interlayer OH−),
or an effect of titanium in ilmenite (a common lunar opaque material). No identification of the mineralogy is
conclusive. The presence and nature of the absorption feature could be confirmed using AMICA images of
the lunar far side from the Japanese mission Hayabusa, spectroscopic results from the Japanese mission Selene
scheduled for launch in 2007, or the Moon Mineralology Mapper on the Indian mission Chandrayaan-1.
Key words: Moon, lunar surface composition, spectral reflectance, lunar mineralogy, lunar remote sensing.

1. Motivation and Background for Search for
Lunar Phyllosilicates

Spectral observations of reflected sunlight from the sur-
face of a planetary regolith serve as a remote sensing probe
of surface mineralogical composition and particle state.
Variations from the solar spectrum in the spectrum of a
planetary regolith, apparent in the form of broad absorption
features, reflect the presence of electronic charge transfers
and vibrations between ions governed by structural spacing
within crystals of a specific mineralogy (c.f., Burns, 1993).
By identifying and analyzing these spectral variations, the
underlying mineralogy of the planetary regolith can be de-
termined. The identification of different minerals provides
clues to the processes that formed or altered these solar sys-
tem bodies. On the Moon, regolith particles of diameters
≤25 μm dominate the remotely-sensed spectral properties
of the surface over the visible/near-infrared wavelength re-
gion (Pieters et al., 1993a).
Water ice has long been postulated to exist in perma-

nently shaded areas at the lunar poles (c.f., Watson et al.,
1961; Arnold, 1979). Recent observations provide con-
flicting evidence for the presence and form of lunar polar
water ice. Clementine bistatic radar detected a weak sig-
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nal at the lunar South pole attributed to water ice (Nozette
et al., 1996), while Lunar Prospector has recently detected
large amounts of H at both poles (Feldman et al., 2000,
2001). Conversely, ground-based radar searches show no
bright signal suggesting water ice at either pole (Stacy et al.,
1997), and Campbell et al. (2006) find no evidence of thick
deposits of ice at the South pole. Reanalysis of the Clemen-
tine radar data by Simpson and Tyler (1999) suggest that
the radar reflection results were caused by underlying vari-
ations in terrain. Galileo near-infrared spectra detected no
sign of the prominent 3.0-μm absorption feature due to ad-
sorbed and interlayer H2O in phyllosilicates along a swath
30-km wide in the North polar region (Kieffer, 1995). The
directed impact of the Lunar Prospector into a permanently-
shadowed crater at the lunar South pole did not produce the
expected water release (Isbell et al., 1999).
We undertook a search for the presence of water-bearing

minerals near the lunar South pole resulting from the pro-
cess of aqueous alteration. Our motivation for this study
was that—if successful—this search could provide addi-
tional backing for the existence of H2O at or near the lunar
poles at some time in lunar history.
In this study, we used Galileo Solid State Imager (SSI)

images taken through the GRN (central wavelength =
560 nm, width = 60 nm), RED (670 nm, 60 nm), 756 nm
(18 nm), and 889 nm (120 nm) broadband filters to search
for spectral evidence of aqueous alteration near the lunar
South pole by detecting signs of a broad (∼260 nm wide)
yet weak (expected absorption of 2–5%) absorption fea-
ture in the lunar reflectance spectrum centered near 0.7 μm.
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This feature, attributed to an Fe2+→Fe3+ charge transfer
transition in six-fold coordination in oxidized iron in phyl-
losilicates, is present in reflectance spectra of many ter-
restrial phyllosilicates, CM2 carbonaceous chondrite me-
teorites, and many low-albedo asteroids (c.f., Vilas and
Gaffey, 1989; Vilas et al., 1994; King and Clark, 1989).
The 0.7-μm feature is not, however, unique to iron-bearing
phyllosilicates. It also appears in the reflectance spectra of
high-calcium iron-bearing terrestrial clinopyroxenes (c.f.,
Cloutis and Gaffey, 1993). An absorption feature in lab-
oratory reflectance spectra of some lunar samples contain-
ing titanium-bearing ilmenite also has very similar spectral
characteristics (c.f., Pieters and Taylor, 1989; Tompkins and
Pieters, 1999). This proposed titanium feature is not well
understood (c.f., Pieters and Taylor, 1989; Tompkins and
Pieters, 1999). All three of these minerals could be present
in the lunar surface material; none of these minerals dom-
inates the lunar surface material in the mineralogical state
that produces the absorption feature near 0.7 μm. In our
search for lunar phyllosilicates, we anticipated that phyl-
losilicates would be located in surface regolith near to loca-
tions on the moon where we expected water would survive
long enough for the action of aqueous alteration to occur.
We therefore expected to see the 0.7-μm absorption feature
signature near the lunar poles, and not near the lunar equa-
tor. We report the results of our search in this paper.
Prior to the Lunar Prospector mission, evidence from

Clementine bistatic radar (Nozette et al., 1996) suggested
that ice is present at the South pole. Therefore, we initially
focused on this region. Lunmap 14 comprises a sequence
of whole-disk images from the Galileo Earth-Moon pass 1
(EM1) taken through the seven filters of the Galileo SSI
(c.f., Gaddis et al.). Gaddis et al. (1995) recalibrated im-
ages taken from six of the seven filters, describing in de-
tail the reprocessing of these images, including “(1) incor-
poration of upgraded calibration files from the Jet Propul-
sion Laboratory (JPL) into radiometric calibration proce-
dures, (2) subpixel coregistration, (3) application of a scat-
tered light removal technique, (4) geometric control and
reprojection, (5) photometric-function normalization, and
(6) calibration to Earth-based spectral data.” They used
Hapke photometric-function parameters derived for disk-
integrated lunar observations by Helfenstein and Veverka
(1987), and empirically adapted these parameters for the
Galileo EM1 data. These are therefore the most rigorously
calibrated images covering terrain near the lunar South pole
that we can use to delineate the 0.7-μm absorption feature
in spectral space (Gaddis et al., 1995). These images form
the basis of the analysis in our paper. We note that the tra-
jectory of the Galileo Earth-Moon pass 1 limited the observ-
able lunar latitudes to those below ∼+60◦, so that a similar
analysis near the lunar North pole could not be conducted
with Lunmap 14 or other images from EM1.

2. Data Analysis
The transmission curves of the four Galileo filters (ob-

tained from T. Hiroi, personal communication) were mod-
eled using a technique described by Vilas et al. (1997)
where piecewise fits to the transmission response at dif-
ferent wavelengths are created across the passbands of the
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Fig. 1. Sample absolute reflectance spectra, and synthetic Galileo fil-
ter values made from these spectra, of four materials (top to bottom)
(a) anorthosite [plagioclase feldspar: (Ca,Na)(Al,Si)AlSi2O8] (open
squares), (b) 33% olivine—67% anorthosite combination (closed cir-
cles), (c) olivine [(Mg,Fe)2SiO4] (open circles), and (d) antigorite [(Mg,
Al, Fe)6(Si,Al)4O10(OH)8)] (closed triangles). Only the antigorite—a
phyllosilicate—correctly shows an absorption feature that could be at-
tributed to the 0.7-μm absorption. Note that identification of the 0.7-μm
feature accommodates significant variations in overall spectral slope.
Reflectance spectra have a dispersion of 50 Å per element. Spectra are
from the USGS mineral library (Clark et al., 2003) and King and Clark
(1989).

four individual filters. For each Galileo filter, synthetic
Galileo photometry was then calculated for ground-based
reflectance spectra of asteroids and laboratory reflectance
spectra of meteorite and terrestrial rock samples, both with
and without the 0.7-μm absorption feature. This was done
by combining the individual points of the higher spectral
resolution reflectance spectrum of the desired object (e.g.,
asteroid, laboratory sample) with the modeled Galileo filter
transmission (Fig. 1). This process allows us to demon-
strate how these higher spectral resolution reflectance prop-
erties of Solar System objects or laboratory mineral samples
would appear through the Galileo broadband filters. We can
then compare them with Galileo lunar photometry (Gaddis
et al., 1995). As seen in these synthetic reflectance spectra,
the 0.7-μm absorption feature is weak (2 to 5% depth from
the background continuum). When a spectrum contain-
ing the 0.7-μm feature is coupled with the “reddened” lu-
nar spectrum (reflectance increasing with increasing wave-
length), the 0.7-μm feature might not be identified using
only a simple ratio of images in two different filters. This
is because the much greater spectral slope could mask the
weaker absorption feature, if the background continuum is
not removed (see Vilas, 1994, for a discussion of this issue).
In the selected areas of Lunmap 14 outlined in Fig. 2, the

images were first visually aligned to each other, pixel by
pixel, in order to correct the slight changes in Galileo’s po-
sition between image acquisitions. Counts for each pixel
from all four Galileo images were then smoothed using
a 3-pixel × 3-pixel running box average to remove any
noise effects at these scales. We next converted these pixel
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Fig. 2. The Lunmap 14 GRN (560 nm) image with areas that were searched for the 0.7-μm feature in Galileo photometry outlined (Gaddis et al.,
1995). Strips near the edge of the image were excluded from this study where we felt that the fidelity of the photometry was insufficient. The spatial
resolution is 8 km/pixel, sub-spacecraft coordinates are latitude = −20.7◦, longitude = 98.3◦, with a 20◦ phase angle (Gaddis et al., 1995).

counts to Moon/Sun reflectance values for each filter us-
ing the conversion factors listed in table I of Gaddis et al.
(1995). Finally, for each pixel location, the four Galileo
filter values were scaled to 1.0 at 560 nm (GRN). The rela-
tive reflectance values were then examined. The presence
or absence of the absorption feature near 0.7 μm would
be manifested by a negative inflection in the value of the
RED filter compared to the linear background defined by
the GRN and 756 filter values (c.f., Fig. 1). The presence of
two other spectral attributes that dominate the spectral re-
flectance properties across the Moon can also be identified
in the photometry from these four Galileo filters. First, the
lower-wavelength side of the M1 mafic silicate absorption
feature, indicating the presence of iron-bearing pyroxenes
or olivines or both, would be manifested by a decrease in the
889 filter value relative to the 756 filter value (c.f., Clark,
1957; Burns, 1993; Adams and McCord, 1972). Second,
the presence and magnitude of a reddened slope in a lunar
spectrum indicate the effects of the creation of nanophase
iron from micrometeoroid impact, solar wind impact, or
energetic cosmic and solar rays (c.f., Pieters et al., 2000;
Hapke, 2001; Allen et al., 1993). This broadband photom-
etry does not have sufficient spectral resolution for detailed
study of the underlying mineralogy. In Fig. 1, we plot the
absolute reflectance spectra of four sample materials and
their synthetic Galileo filter values, in order to demonstrate
how these materials would appear if their reflectance prop-
erties were measured using these broadband filters.
The majority of Lunmap 14 pixels show the spectral sig-

natures expected for lunar regolith showing spectral red-
dening combined with the effects of the Fe2+ absorption
at 0.9–1.0 μm in pyroxene. We report here the identifica-
tion of concentrations of pixels adjacent to the north (equa-
torward) walls of large, degraded craters with absorptions

Table 1. Craters with phyllosilicates on adjacent walls.

Marker Crater1 Longitude (◦) Latitude (◦)
a Gruemberger 10 W −66.9

b Klaproth 26 W −69.8

c Blancanus 21.4 W −63.8

d Clavius 15 W −49

e Drygalski 84.9 W −79.3

f Zeeman 133.6 W −75.2

g Ashbrook 112.5 W −81.4

h Rocky terrain ENE of Drygalski est. 65 W est. −76

i Unnamed crater N. of Boltzmann 75.7 W −74.6

j De Forest 162.1 W est. −77.3

1Crater identification (where known) and central coordinates from USGS
tabulation in the NASA Planetary Data System.

suggesting a center near 0.7 μm superimposed on the typ-
ical Moon/Sun spectrum at latitudes ranging from ∼−58◦

to −78◦ (Table 1, Fig. 3). We note that some pixels in the
South Pole-Aitken (SPA) Basin region also have signatures
suggesting the 0.7-μm absorption feature (Fig. 3). Closer
to the equator, the SPA regions with 0.7-μm absorption fea-
tures do not correlate with walls of large craters.

3. Testing the Veracity of the Absorption Feature
Signature

We tested the registration among the images in all four
filters in order to determine if the detection of the absorp-
tion feature was a function of potential misregistration of
the images. In a remotely-sensed image of an atmosphere-
less planetary body such as the Moon, the underlying to-
pography contributing to the signal in each pixel can cause
large albedo variations between adjacent pixels. For the
areas of Lunmap 14 that we sampled as part of this study
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Fig. 3. Lunmap 14 pixels testing positively for the presence of a 0.7-μm feature are colored in green in regions G, H, I, J. These subsets shown are from
the Lunmap 14 GRN image. The spatial resolution is 8 km/pixel (Gaddis et al., 1995). Locations where the images test positively for the 0.7-μm
feature have been marked with alphabetical letters that are listed alongside the crater tabulation in Table 1.
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Fig. 4. Scaled reflectance photometry showing the presence and absence
of the 0.7-μm feature represented in Galileo filters: dark triangles are
samples from near South pole region I with feature; dark squares are
samples from South Pole-Aitken Basin region G with feature; open
squares are a sample of lunar photometry from area J without feature
(the most common reflectance signature across Lunmap 14); open cir-
cles are result of linear mixing model with 33% antigorite [(Mg, Al,
Fe)6(Si,Al)4O10(OH)8)] particles (particle size >250 μm) (King and
Clark, 1989), and 67% Galileo lunar photometry from region J not con-
taining the 0.7-μm absorption feature. Error bars shown for one sample
of Galileo photometry (open triangles) from region I are the standard de-
viation of the statistical mean for the 9 pixels measured in the running
box average. A more detailed discussion of SSI data errors is presented
in Pieters et al. (1993b). All photometry is scaled to 1.0 for the GRN
filter. Different photometric groups discussed here are offset by a factor
of 0.05 in reflectance for clarity.

(Fig. 2), our first check was to ratio the images in each filter
to images in each other filter, as a quick look to identify any
possible misregistration. If the images are correctly regis-
tered, variations in intensity across the image will not show

large albedo variations between adjacent pixels. Only the
889-filter image in region I (closest to the lunar South pole)
showed apparent misalignment to the region I images taken
through the other three filters. Since the intensity of val-
ues acquired through the 889 filter affects the identification
of the presence and strength of the M1 absorption feature,
but not the identification of the 0.7-μm feature, this will not
affect our determination of the 0.7-μm feature in region I.
Second, the veracity of the possible 0.7-μm absorption was
tested by shifting pixels in one filter image up, down, left,
or right by one pixel with respect to the other three im-
ages. Shifting images in the GRN, 756, or 889 filters did
not change the pixel locations of any identified 0.7-μm ab-
sorptions. In contrast, shifting the RED filter image caused
pixel locations showing 0.7-μm absorption features to shift
one pixel in the same direction that the RED filter image
was shifted.
This shows that the cause of the absorption tracks with

the Galileo filter value that would reflect the presence of an
absorption feature having the width and central wavelength
of the 0.7-μm absorption feature. Therefore, the absorption
feature is real and not an artifact of registration. Examples
of lunar Galileo photometry comparing the presence and
absence of this absorption feature are shown in Fig. 4.

4. Identification and Location of Regions Showing
the Proposed 0.7-μμμμμμμμm Feature

The areas outlined on Lunmap 14 (Fig. 2) were searched
in order to sample different areas of the lunar surface for
similar spectral signatures showing the presence of the 0.7-
μm feature. Among the four northern hemisphere regions
(A, B, C, D) sampled, we examined large-diameter craters,
and terrains of contrasting albedo as seen in these four
Galileo filters. These areas include maria. Near the equator,
a large area including Mare Orientale (E) was selected. Re-
gion E covers terrains of widely contrasting albedo. Here,
areas were sampled where the surface temperatures are too
great to allow water to remain on the surface long enough to
allow aqueous alteration to proceed. Our intention here was
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Fig. 5. Scaled synthetic Galileo filter values of seven samples of lunar
melts containing ilmenite that have reflectance spectra showing an ab-
sorption feature near 0.6–0.7 μm (Tompkins et al., 1997). All pho-
tometry is scaled to 1.0 for the GRN filter. Reflectance spectra have a
dispersion of 50 Å per element.

to determine if we would identify the presence of the 0.7-
μm feature in terrain where we had no possible expectation
of aqueous alteration; such an identification would rule out
the presence of phyllosilicates as a cause of the absorption
feature. An area encompassing Grimaldi was also sampled
(F), in order to include a region of contrasting albedo that
has been well studied by earth-based telescopic measure-
ments (c.f., Hawke et al., 1991). None of the lunar regions
tested in the northern hemisphere (A, B, C, D) or around
the equator (E, F) showed any sign of an absorption feature
near 0.7 μm.
Region I was chosen to approach the South pole as

closely as feasible. Areas of the Moon covering parts of the
South Pole-Aitken Basin and adjacent lunar highlands ter-
rain (G, H) close to the lunar limb and at varying distances
from region I were sampled. An area located at southern
latitudes near the Moon’s limb comprising large, complex
lunar craters (J) was also tested. Areas adjacent to the north
(equatorward) walls of some large, complex craters in re-
gions I and J showed signatures indicating an absorption
feature near 0.7 μm. The portions of these regions closest
to the limb were not considered in order to avoid data with
large photometric variations across the pixels.
Areas of the Moon covering parts of the South Pole-

Aitken Basin and adjacent lunar highlands terrain (G, H)
close to the lunar limb were sampled. Here, we found pix-
els in the South Pole-Aitken Basin region (G, H) that also
indicate an absorption feature centered near 0.7μm (Fig. 4).
Closer to the equator, regions G and H do not correlate with
walls of large craters. The FeO content of the SPA appears
greater than the surrounding areas, as evidenced by analy-
ses of Clementine photometry suggesting that orthopyrox-
enes and some olivines are present in the SPA region (c.f.,
Lucey et al., 1998). The identification of pixels having this
spectral feature in the SPA suggests that the cause of this

(a)(a)

(b)(b)(b)

Fig. 6. Clementine images of some regions near the lunar South pole
where the 0.7-μm absorption feature has been identified in Galileo
imagery. (a) Partial coverage of region I centered on crater Drygalski.
(b) Partial coverage of region J centered on crater Clavius. Locations
where the images test positively for the 0.7-μm have been marked
with alphabetical letters that are listed alongside the crater tabulation
in Table 1.

absorption feature might not be phyllosilicates.
We explored the detection method to determine the min-

imum percentage of the Fe2+ → Fe3+ absorption feature
necessary to produce a spectral signal suggesting the ab-
sorption at 0.7 μm. We used a linear mixing model to
combine Galileo reflectance values of highlands terrain near
the larger craters in regions I and J with synthetic Galileo
photometry made from the available laboratory spectrum of
a terrestrial antigorite (a phyllosilicate) sample (King and
Clark, 1989). A spatial unit represented by a pixel contain-
ing 25 to 33% antigorite produces the RED filter inflection
we found near the lunar South pole. Below 25%, the antig-
orite signature is not strong enough to be spectrally appar-
ent. Above 33%, other signatures rarely if ever found in the
Galileo data dominate the mixing samples.
The Clementine spacecraft obtained images of the Moon

at much higher spatial resolution, but in VNIR filters of 415,
750, 900, 950, 1000 nm. These filters are not spectrally
distributed to be able to show the presence of the 0.7-μm
feature, however, the images provide a more detailed view
of the underlying topography in the regions where we see
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the 0.7-μm feature in the Lunmap 14 image. Near the lunar
South pole, these regions all consist of rough, hilly terrain
separate from the equatorward walls of large craters (ex-
amples are shown in Fig. 6), representing areas where the
surface material appears to have been churned through pre-
vious surface event or events. The extreme illumination an-
gles at which the inflection in the RED filter was observed in
the Galileo photometry motivated a study by Domingue and
Vilas (2006) to consider the effects of underlying lunar sur-
face topography on photometry. The purpose of this study
was to address whether extreme lighting conditions on the
lunar surface (as existed near the lunar South pole when the
Lunmap 14 images were acquired by Galileo) could artifi-
cially cause absorption features in lunar reflectance spectra.
While the depth of existing absorption features and strength
of apparent slope of VNIR reflectance spectra can be altered
by the extreme illumination angles, no absorption feature
was artificially created by the effects of underlying topogra-
phy (Domingue and Vilas, 2006). Thus, the inflection in the
RED filter is not an artifact of photometric effects caused by
unresolved lunar topography.

5. Possible Origins for the Observed Absorption
Feature

We propose here three possible explanations for the ori-
gin of the RED filter absorption feature in lunar regolith.
None is a perfect candidate for the underlying mineralogy
that would produce this absorption feature. We do not favor
any specific explanation in this paper.
5.1 Clinopyroxenes
Ferric iron (Fe3+) in terrestrial clinopyroxenes produces

an absorption feature centered near 0.6–0.7 μm due to an
Fe2+ → Fe3+ charge transfer transition in six-fold coordi-
nation in oxidized iron (Cloutis and Gaffey, 1991, 1993),
whose presence and depth are not necessarily tied to the
characteristics of the Fe2+ absorption feature centered near
1 μm (Cloutis and Gaffey, 1993). Although clinopyroxene
is a major component of the lunar soil, the returned lunar
samples are very reduced with no apparent Fe3+ (c.f., Tay-
lor, 1981; Heiken et al., 1991). In order to create the Fe3+

in the more oxidized clinopyroxenes necessary to produce
this absorption feature, the lunar rock material would need
to be completely melted. Terrestrial clinopyroxenes require
heating to temperatures >1100◦C before recrystallization,
in order to create highly oxidized clinopyroxenes (Deer et
al., 1966). This requires a lunar thermal event that would
produce temperatures high enough to melt rock in these ex-
tremely localized places on the lunar surface where we ob-
serve evidence of this absorption feature. A smaller, local-
ized event is difficult to envision. Material that has been cre-
ated in a larger lunar geological (likely, impact), and which
was subsequently buried, could have become partially ex-
posed through surface erosion or gardening processes over
time.
5.2 Ilmenite
Pieters and Taylor (1989) observe an absorption feature

that is centered near 0.6 μm of uncertain origin in spectra
of some lunar clasts. They suspected that the origin of the
feature was submicroscopic ilmenite, although they could
not confirm the identification. Tompkins et al. (1997) ob-

serve absorption features centered near 0.6 μm in labora-
tory reflectance spectra of lunar impact melts. Tompkins
et al. (1997) also attribute these absorption features to fine-
grained ilmenite, and note that the strength of this absorp-
tion feature could depend more strongly on grain shape and
size than on mineral abundance. Neither Pieters and Tay-
lor (1989), nor Tompkins et al. (1997), propose a specific
charge transfer or crystal field transition to explain the ab-
sorption. We created synthetic Galileo filter photometry for
the reflectance spectra of seven lunar impact melt samples
measured by Tompkins et al. (1997), and the inflection in
the RED filter is present for all seven samples (Vilas et al.,
1999) (Fig. 5). Thus, the preservation of ilmenite mixed
with glasses as observed by Tompkins et al. (1997) around
impact craters is a viable possibility for the origin of these
absorption features. We looked for the 0.7-μm absorption
feature signature in and near young craters with bright sur-
rounding material present in the Lunmap 14 images: the
signature that we observed near the lunar South pole is not
observed near the craters closer to the lunar equator.
5.3 Phyllosilicates
Near the lunar South pole, we see the RED filter signature

in rough terrain located adjacent to older, complex craters
in regions I and J. An explanation for the 0.7-μm spectral
signature on the equatorward sides of these craters was of-
fered by Vilas et al. (1999). We do not believe that this ex-
planation is sufficient for the detections of the spectral sig-
natures in areas of the SPA, nor necessarily correct for the
0.7-μm signatures near the lunar South pole. Water is deliv-
ered to the lunar polar regions through solar wind reduction
of iron in the lunar regolith (c.f. Housley et al., 1973, 1974;
Allen et al., 1993), or comet or water-bearing meteor im-
pact (c.f., Gibson and Moore, 1973), or both. The hydrogen
is implanted in the lunar soil and reacts with the iron oxide
in minerals and glasses (FeO + H2 → Fe + H2O), creat-
ing minor amounts of water vapor and iron metal (Hous-
ley et al., 1973, 1974). The Fe metal produced serves as
a darkening agent for the lunar regolith. Across most of
the Moon, especially nearer the equator, the water vapor
created by these events would sublime quickly from the
surface due to the high surface temperatures (although 5–
10% could migrate to any permanently shadowed regions
of the Moon at the poles (see the explanation of mecha-
nism by Hunten et al., 1988)). At or near the lunar poles,
theoretical studies suggest that temperatures in the perma-
nently shadowed regions of craters would be low enough to
retain water ice across the lifetime of the Moon (Hodges,
1980). Larger, flat-shaped complex craters with more verti-
cal crater walls would also generate lower internal temper-
atures than simple, bowl-shaped craters due to differences
in the internal radiometry generated by the crater structure
(Hodges, 1980; Paige et al., 1992; Ingersoll et al., 1992;
Butler et al., 1993). Hence, the equatorward (cooler, some-
times shadowed) walls of the large, complex craters located
near the poles could retain water vapor, liquid or ice over
longer time scales. A lunar surface temperature of 100 K
not in shadow will retain water for∼100 yr; 50 K will retain
water for billions of years (Hodges, 1980). At latitudes of
±60◦–80◦ on the Moon, temperatures ≤100 K would be ex-
pected in shaded portions of larger craters (Hodges, 1980).
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On any planetary surface that is a vacuum (asteroids,
the moon), ice or liquid water will be subject to losses
from sublimation or Lyman α radiation and sputtering (c.f.,
Arnold, 1979; Lanzerotti et al., 1986; Morgan and She-
mansky, 1991), if it is not buried. On the moon, burial
by regolith gardening would trap the ice or liquid water.
Once buried, the aqueous alteration process creating phyl-
losilicates can occur freely. The time scales for aqueous
alteration reactions vary, requiring hours to years, depend-
ing on temperatures, compositions, and water:rock ratios of
the starting materials. We propose that over the lifetime of
these older craters, buried phyllosilicates in small quantities
have been produced at the equatorward walls of the craters
and, through gardening due to continuous micrometeoroid
impact, laterally mixed with the anhydrous silicate surface
material near the surface rim, and exposed over the lunar
lifetime. The adsorbed water in phyllosilicates could be lost
to Lyman α radiation, however, the interlayer water will be
retained (M. Zolensky, personal communication). The ev-
idence from reflectance observations of aqueously-altered
asteroids (c.f., Rivkin et al., 2002) shows that dessication
from the lack of a protective atmosphere would not affect
phyllosilicates on the lunar surface.
In an extensive laboratory study, Cocks et al. (2002)

have demonstrated that adsorbed water on extremely fine-
grained (0.05 μm) gamma alumina (Al2O3) powder (used
as a proxy for ilmenite), and goethite (FeO-OH) powder
(an iron oxide), buried below the lunar surface, can pro-
duce hydrated minerals and adsorbed water stable over the
lunar geologic lifetime. Cocks et al. (2002) suggest that this
mechanism could explain the H detected at the lunar North
pole and part of the lunar South pole.

6. Spacecraft Evidence for the 0.7-μμμμμμμμm Feature:
Present and Future

Independent confirmation of the presence of the 0.7-μm
feature is necessary. No additional Galileo data can be pro-
cessed to the extent of Lunmap 14: the spacecraft ephemeris
files have been accidentally lost for both Earth-Moon passes
and cannot be recreated. Spectral reflectance data from
present and future lunar missions can confirm (or negate)
the presence of this absorption feature.
6.1 Hayabusa and Selene missions
The best immediate confirmation of this signature is of-

fered by two Japanese Space Agency space probes. The
Japanese mission Hayabusa used an Earth-Moon gravity
assist on May 19, 2004, to reach the near-Earth asteroid
25143 Itokawa in September, 2005. The Asteroid Multi-
band Imaging Camera (AMICA) imaged the lunar far side.
Filters chosen for the AMICA instrument were selected to
match the Eight-Color Asteroid Survey (ECAS) filters. Vi-
las (1994) determined an algorithm to identify the 0.7-μm
feature in ECAS asteroid spectra. We propose that these
signatures could be confirmed by the Hayabusa AMICA im-
ages of the Moon, if they covered the target areas near the
lunar South pole. The Hayabusa data were made accessible
to the public by JAXA in spring, 2007, and plans exist to
deposit these data in the Planetary Data System.
The Japanese mission Selene is targeted to launch in July,

2007, to orbit theMoon and study its properties. Mineralog-

ical composition data can be acquired by the Spectral Pro-
filer, which will obtain spectra across the wavelength region
of 0.5 to 2.6 μm at a spectral resolution of 60 to 80 nm over
a footprint size of 500 m, and should detect this absorption
feature if it is present. Coupled with the elemental compo-
sitional instruments, the nature of the hydrogen at the lunar
poles should be resolved. The Multiband Imager will have
9 broadband filters spaced across the 0.4- to 1.6-nm with an
increased-resolution footprint of 20 m (Ohtake et al., 2006),
however, the spectral locations of these filters will not de-
lineate the 0.7-μm feature.
6.2 Chandrayaan-1 mission
The Indian space agency mission Chandrayaan-1 will

carry a U.S. instrument to map lunar mineralogy (the Moon
Mineralogy Mapper) across a spectral range of 430 to
3000 mm at a resolution of 20 nm, and search for ice at
the lunar poles (the Miniature Synthetic Aperture Radar),
in addition to a European X-ray spectrometer. These instru-
ments could confirm the presence or absence of this feature
and the state of hydrogen at the lunar poles.

7. Summary
We searched for the spectral signature of an absorption

band frequently seen in the reflectance spectra of phyllosil-
icates, and centered spectrally near 0.7 μm, in Galileo Lun-
map 14 images of the moon. We detected the presence of
material having this signature near the outer (equatorward)
walls of lunar craters located at southern declinations, and
also at locations within the South Pole-Aitken Basin. The
identification of this absorption feature at locations closer to
the lunar equator suggests that it is not necessarily caused
by the presence of phyllosilicates. Three possible explana-
tions for the underlying material that causes the absorption
include clinopyroxenes, phyllosilicates, and fine-grained il-
menite. Japanese and Indian robotic missions scheduled to
study the moon within the next two years include spectro-
graphs that can resolve the presence and nature of this ab-
sorption feature.
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