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Introduction: The Moon Mineral Mapper (M3) 

carried on the Chandrayaan-1 spacecraft into orbit 
about the Moon observed broad and complex absorp-
tion features in the reflectance spectrum near 3 µm that 
were interpreted as being due to OH and possible H2O 
[1]. These spectral features and their interpretation 
were confirmed and strengthened by directed observa-
tions by the extended Deep Impact spacecraft extended 
mission (EPOXI) [2] and by previous observations by 
the Cassini Mission’s Visual and IR Mapping Spec-
trometer (VIMS) [3]. Later, the Lunar Crater Observa-
tion and Sensing Satellite (LCROSS) impacted its 
spacecraft into a permanently shadowed crater on the 
south pole region of the Moon and reported evidence 
of water and “other materials” in the ejecta. We pro-
ceed with investigating the sources and explanations 
for the M3 and related observations, namely the 3-µm 
spectral feature, without the benefit of the LCROSS 
data and findings. In any case, the M3 results concern 
volatiles in the very surface (~ few mm) of the lunar 
soil and are Moon-wide wereas the LCROSS results 
are from a polar crater and seem to concern a much 
deeper source. 

 The spectral feature is shown in Fig. 1 for each of 
the three observations. This feature is interpreted by 
the observational teams as being due to O-H stretch 
fundamentals near 2.8 and 2.9 µm and is more or less 
typical for materials containing hydroxyl groups (OH). 
Thus, the feature does not require the presence of H2O.  
However, there are also overtones of H-O-H bend in 
this spectral region and the resulting spectra for mix-
tures of O-H and H-O-H can be quite complex and 
difficult to disentangle on an oxygen-rich surface, such 
as occurs on the Moon (~45 wt% oxygen).  We are 
exploring this process and the M3 data characteristics 
that might support it. 

Possible sources of water/hydroxyl on the Moon: 
Water and hydroxyl on/in the Moon have been pro-
posed from a number of sources.  Water may exist in 
the interior from formation, as suggested by recently 
reported detection of water in ancient glasses from the 
lunar mantle [4].  Also, infalling meteorites and comets 
may deliver volatiles if they survive the impact 
process. But, until recently, little to no evidence of 
water/hydroxyl is detected in the returned lunar sam-
ples [5], which may not be a representative sample of 
the lunar surface materials. A more interesting potential 
source to us is surface chemistry, due to irradiation by 
solar wind protons on an oxygen-rich surface. We are 

exploring this process and the M3 data characteristics 
that might support it [6]. An abstract in this volume 
also addresses this subject (Zent et al.). 

Surface Chemistry: The solar wind irradiates the 
sunlit lunar surface with ~1 KeV/amu protons, elec-
trons and lesser numbers of heavier elements. The lu-
nar surface material is very chemically reactive [7], 
with huge, clean surface areas per footprint due to par-
ticle sputtering and meteorite bombardment in an ex-
treme vacuum and with dramatic temperature changes. 
The surface material is rich in oxygen and sputtering 
and impacting particle would cause crystal damage and 
leave unsatisfied (dangling) O-bonds. The protons en-
ter the surface and are mobile, diffusing easily and 
available for reacting. It is probable that some O-H and 
even H-O-H groups would form.  In fact, this is not a 
new suggestion Zeller et al. [8] gave experimental evi-
dence of proton-induced hydroxyl formation and re-
lated the process to the Moon. Later, Starukhina and 
Shkuratov, 2000 and Starukhinak, 2001 [9] gave de-
tailed descriptions of these processes and refered back 
to a number of studies [10] that proposed these reac-
tions soon after the discovery of the solar wind. Recent 
laboratory work [11] has demonstrated that the bulk 
effect of solar wind-like radiation is to distrupt the 
crystal structure (e.g., defects, holes and amorphiza-
tion), producing unsatisfied oxygen bonds and spread-
ing bonding energies in silicates. One recent calcula-
tion [12] suggests that 10% of incident H+ creates OH 
and 2% creates H2O and that some leaves the surface 
and migrates to cooler locations (shadows) where con-
ditions for the Lunar Prospector neutron spectrometer 
observations might be created in as little as 7 myrs. 

Observational and experimental support: We are 
exploring the surface chemistry explanation for the M3 
O-H absorption in the lunar surface reflectance spec-
trum in two ways. We are analyzing the 3-µm spectral 
feature in the M3 data for associations and correlations 
that might indicate the feature’s origin, and we are 
conducting laboratory experiments of solar wind radia-
tion upon lunar soils and simulants. 

One might expect the formation of O-H to be tem-
perature dependent and related to the exposure of the 
surface to the solar wind.  In fact, the feature seems 
concentrated near the (cooler) lunar poles [1].  Sun-
shine et al. [2] reported hydration varied with tempera-
ture, rather than cumulative solar radiation, and exhi-
bited a diurnal cycle: greatest in morning and evening 
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and least at noon, with mare showing a greater varia-
tion that highlands.  

We have found the spectral feature to vary with il-
lumination but the M3 data set so far does not allow 
conclusive disentanglement of correlations with tem-
perature and composition, as we will show. For exam-
ple, Fig. 2 shows a comparison of the 3-µm absorption 
strength for the same region in Mare Orientale ob-
served at about 8:00 am (OP1) and again at about 4:00 
pm (OP2) lunar time. The less well illuminated surfac-
es (due to surface element slope) show stronger absorp-
tion.  This effect could of course be attributed to tem-
perature but the M3 data does not allow determination 
of temperature for cooler surfaces (< 200 K) due to 
lack of spectral coverage longward of 3 µm. Similarly, 
Fig. 3 compares a relatively smooth highlands region 
under morning and afternoon lighting and again the 
areas of strongest 3-µm band strength move to remain 
correlated with lowest lighting. 

Conclusions: Our analysis of the M3 data to date 
demonstrates that the 3-µm feature is stronger with 
higher latitude (as previously shown [1]) and for lower 
illuminations.  The feature may be stronger and more 
persistent for highland than for mare material and may 
be associated with lower temperatures but the M3 data 
set so far do not allow clear disintanglement of these 
various potential correlations. These observations to 
date are consistent with the implied O-H groups being 
created by surface chemistry effects probably due to 
irradiation by solar wind protons. 
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Fig 1. The three data sets analyzed for the 3-µm feature 
are shown here for comparison. EPOXI-panel A, B [2], 
VIMS-panel C [3], M3-panel D [1],. 

 
Fig 2. Observations of M3 3-µm band strength for an 
area in Mare Orientale at two times of lunar day (about 
8:00 am [OP1] and 4:00 pm[OP2]) are shown.  Note 
the difference in band strength with lower illumination 
levels that are controlled by surface slope. In the dif-
ference images—right panels (morning – afternoon), 
bright/red is associated with stronger 3-µm band in the 
moring and dark/blue with stronger in the afternoon. 

 
Fig 3. Observations of M3 3-µm band strength for a 
highland region showing the absorption anticorrelated 
with lighting strength. OP1-morning; OP2-afternoon.  
Two methods of measuring band depth are used, with 
similar results. E.g., note difference for crater at top. 
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