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Introduction: Recently, three spacecraft (Chan-
drayaan, Cassini, and Deep Impact) detected adsorbed
hydroxyl and/or water (up to several hundred ppm)
over almost the entire lunar surface based on near-
infrared spectroscopic observations [1-3]. The hydrox-
yl and/or water probably originated from solar wind
proton implantation [4-6]. Water molecules formed at
lower latitudes may migrate to higher latitudes and be
trapped in cold areas [4-7]. Therefore, permanently
shadowed areas (PSAs) of the lunar polar regions have
been regarded as possible reservoirs of water on the
Moon. Ground-based observations [8-10] and optical
investigation by the Terrain Camera (TC) [11] on the
Japanese lunar orbiter SELENE (nicknamed Kaguya,
launched in 2007) indicated very low to no possibility
of water ice at the floor surface of the south-pole
Shackleton crater, whereas the Clementine bastatic
radar experiment suggested the presence of water ice
in such craters [12]. Recently, the near-infrared spec-
troscopy instrument on board the LCROSS spacecraft
successfully detected a water plume after the Centaur
impact on a target in a PSA of the Cabeus crater [13].
Thus water could be buried in the polar regions, al-
though it is not visible at the surface. If solar wind
proton implantation is a realistic phenomenon on the
Moon, the deep lunar holes discovered by the TC
could also be good reservoirs of water on the Moon.

Deep Holes on the Moon: The first deep hole dis-
covered in the 10 m resolution TC data is located at
(303.3°E, 14.2°N), in the Marius Hills of the Oceanus
Procellarum [14]. Two additional large, deep holes
(~100 m of diameter and ~50 — 100 m of depth) were
discovered by a global survey of a TC dataset with
solar elevation angles exceeding 40 degrees in which
deep holes are recognized as completely dark spots
[15]. The newly discovered holes are located at Mare
Tranquillitatis (33.2 °E, 8.3 °N) and at Mare Ingenii
(166.0 °E, 35.6 °S)(Fig. 1). These are possible sky-
lights of lava tubes [14, 15]. Subsequently, the Narrow
Angle Camera on the Lunar Reconnaissance Orbiter
that was launched in 2008 successfully imaged the
holes with 0.5 - 1m resolution (Fig. 2). LRO found
additional smaller pits of a few tens of meters in di-
ameter (see LROC Home Page). There may be numer-
ous other shallower and smaller pits. However, the TC
data with solar elevation angles exceeding 40 degrees
covered more than 95% of the lunar mare regions.

Therefore, large hole structures of several tens of me-
ters in diameter or larger are probably rare.

Water on the floors of lunar holes?: As Haruyama
et al. [15] suggested, if the holes opened simultaneous-
ly with or just after the formation of surrounding sur-
faces (the ages of MHH, MTH, and MIH are 3.5Gyr
[14], 3.7Gyr [16], and 3.2Gyr [17], respectively), and
the solar proton flux was similar to the current flux of
4x10* /em?/sec [6], the maximum integrated amount of
protons inside MHH, MIH, and MIH and their con-
nected lava tubes would be 5.2 x 10%, 1.6 x 10°, and
1.1 x 10* tons, which would correspond to water of 4.7
x 10°, 1.4 x 10°, and 9.8 x 10° tons. (These values have
been re-estimated from [15].) While these abundances
are not entirely protected from loss, the holes are pos-
sibly better reservoirs of H" and/or H,O molecules
than the lunar surface for several reasons. First, angles
through which trapped molecules on the bottoms of the
holes can escape to space are smaller than the 27 at the
surface. Second, there are some areas within theholes
that are reached by solar wind protons but not UV rad-
iation. Third, small dust particles ejected from the in-
ner walls of holes by micrometeorite impacts have
continuously fallen to the bottoms of the holes and
prevented H" and/or H,O molecules from being de-
stroyed by UV and escaping to space. Fourth, more
mild temperatures of shadowed floors of the holes
would retain more H™ and/or H,O molecules than at
the surface. Fifth, H and/or H,O molecules may have
diffused into possible connecting lava tubes and depo-
sited there.

Determining the origin of water on the Moon is a si-
ginicantly interesting objective. Comets, meteorites,
and/or interstellar dust may have brought water to the
Moon. In fact, materials of possibly cometary origin
were reported in the plume from the LCROSS experi-
ment [13, 18]. Solar wind protons do not contain deu-
terium, so the deuterium to hydrogen ratio of water
trapped at the bottoms of the holes could be a clue to
the origin of water on the Moon. Furthermore, it is
important to study the rocks composing lava tubes that
possibly connect to lunar holes when considering wa-
ter on the Moon. Such rocks have not been subjected
to solar wind implantation or meteorite impacts. There-
fore, any water contained in the rocks probably origi-
nated from the lunar interior.
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LINK: LROC Home Page (for small pits)
http://Iroc.sese.asu.edu/news/index.php?/archives/253-
How-Common-are-Mare-Pit-Craters.html

Figure 1. The locations of three lunar holes; Marius Hills Hole, Mare Tranquillitatis Hole and Mare Ingenii Hole are indi-
cated by *MHH (303.3 °E, 14.2 °N), *MTH (33.2 °E, 8.3 °N), and *MIH(166.0 °E, 35.6 °S,). The back-ground is the
SELENE Terrain Camera observation coverage at solar elevation angles > 40°. (from Haruyama et al. 2010[14])
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Figure 2. Images of lunar holes taken by LRO Narrow Angle Camera: a) MHH (image ID: M122584310L), b) MTH (image
ID: M126710873R), ¢c) MIH (image ID: M123485893R). Based on shadow measurements, the depths from inner edges of
holes are estimated to be ~45m, ~105m, and ~ 45m for MHH, MTH, and MIH, respectively.



