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Introduction: Background:  LCROSS mission 

revealed that significant quantities of water and other 
volatiles are hidden under the shadows at the lunar south 
pole [1]. In addition, these frozen volatiles are more than 
just surficial; they occur in layers at depth based on the 
emergence of different species with time [2].  The 
presence of heavy volatile elements (e.g., Ag and Hg) 
reflects the role of impacts, while the presence of 
organic compounds implicates contributions from 
volatile-rich bodies, especially comets.  Solar wind 
implantation must contribute to the lunar regolith, both 
daily and annually, yet 20% of the OH-bearing 
agglutinates have D/H ratios consistent with comets [3]. 
Consequently, evidence for signatures of volatile-rich 
impactors (including comets) might exist on the Moon.  
On the Earth, however, compositional signatures of 
impactors typically occur as traces (measured in parts 
per million), with the exception of the East Clearwater 
Lake where percentages can reach 4-6% [4].  But their 
survival and retention in exposed impact products 
depends on impact angle, speed, target, and location 
within the melt [5].  

Observations: The Infrared Spectrometer on 
Chandrayan-1’s Moon Mineralogy Mapper, M3 has 

revealed a complex distribution of H-bearing species 
(OH and H2O) with both latitudinal and daily variations 
in abundances [6,7]. As noted in [7], most fresh craters 
create holes in regional patches of elevated water, 
especially at higher latitudes.  However, this appears to 
be only part of the story.  Several large (> 50 km) 
craters, such as Plato, Copernicus, and Bullialdus, 
exhibit elevated levels of OH (100 to 200 ppm).  The 
elevated levels around the crater Plato may relate to OH-
bearing pyroclastics from vents (sinuous rille source 
vents). Other correlations with numerous craters, 
however, may be associated with signatures from the 
impactor. The observations here emphasize lower-
latitude craters, away from elevated OH at high latitudes 
(within 30°of the pole) regions. (a) OH Halos: The fan-
shaped concentration of hydrous materials in 
Copernicus (Fig.1) correlates with previously reported 
Mg-rich pyroxene materials extending over the NW 
floor, wall, and rim [8]. At greater distances to the NW 
water is elevated (100-200 ppm) relative to the 
surroundings but is patchy due to secondary crater fields 
that form gaps. While some patches relate to dark 
mantle materials, the fan NW of Copernicus occur over 
a wide range of compositions including mare basalts 

and highland materials.  The Copernican crater Glushko 
(43 km) also has a well-preserved bright rays that form 
gaps in an elevated halo of water (Fig. 2). The crater was 
oblique (NW-SE) with a butterfly pattern. (b) OH-
Bearing Ejecta Deposits: Unlike Copernicus, the 132 
km crater Langrenus exhibits elevated OH 
corresponding to its continuous ejecta, as well as its 
interior, with rays that disrupt its halo. There are several 
older (Eratosthenes-age) craters without rays that 
exhibit ejecta with elevated OH, such as Pythagoris (142 
km), Bürg (40 km), and Le Verrier (22 km). (c) OH-
bearing Central Peaks and Rings: Bullialdus (65 km) 
exhibits elevated levels OH associated with the central 
peaks [9], but the new analysis [7] reveals that the 
hydration signature (approaching 250 ppm) not only 
extends from the central peaks to the NE inside the 
crater (consistent with a W-E oblique trajectory also 
indicated by ejecta) but also disrupted halo. Both 
Crisium and Moscoviense basins (and perhaps 
Orientale) also exhibit elevated OH levels that correlate 
with Mg-rich spinels, olivine, orthopyroxenes) along 
their inner rings.  (d) Small Craters: Several small 
craters (10 km) correlate with significantly elevated OH 
(200 ppm).  In these cases, ejecta deposits do not cover 
or disrupt the OH signature. (e) Swirls: In general, 
elevated water abundance anti-correlates with low-
latitude lunar swirls [7], e.g., Reiner Gamma (Fig. 2).  

Discussion:  For impact angles higher than 45° 
impact vapor is temporarily contained in the transient 
cavity before expanding at high speeds [e.g., 10,11]. 
Lower angle impacts, however, result in the vapor 
component expanding downward across the surface 
(e.g., 11,12].  This is more pronounced for volatile-rich 
impactors where more of the projectile component 
separates from the cavity. More generally, oblique 
impacts can result in significant fractions of the 
impactor surviving complete destruction and dispersed 
as measurable signatures (e.g., [5, 13, 14]).  

New observations also indicate that Copernicus 
resulted from a modestly (30°-40°) oblique impact 
(from the SE): asymmetry of the inner ejecta (thicker 
and broader deposits to the NW), wider distribution of 
ejecta to the NW, enhanced collapse of the SE rim, and 
evolving flow field expressed by ejecta flow patterns 
and isolated secondary scours.  Consequently, the 
elevated OH within and around Copernicus impactor is 
interpreted as remnants of a volatile-rich body that left 
remnants in its central peak and across the NW floor and 
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rim, while the OH halo resulted from the downrange-
expanding vapor plume that deposited a veneer of OH, 
subsequently disrupted/covered by later arriving 
excavated ejecta (rays and secondary craters). This 
process also would account for the disrupted halos 
around the craters Bullialdus and Glushko (Fig. 2).  The 
OH-bearing ejecta deposits around older craters 
(Langrenus, Pythagoris, Bürg, and Le Verrier), 
however, may represent slower speed OH-bearing 
impacts (Jupiter-Family comets at 17 km/s or spent 
comets, i.e., asteroids) where the OH halo is now 
missing due gradual recycling due to impact gardening. 
Elevated OH associated with certain small fresh craters, 
however, likely indicates adsorbed or not-yet-recycled 
OH-bearing melt-breccias. 

Based on models and experiments, portions of the 
impactor should occur along the inner ring and 
downrange [14]. Consequently, OH signatures within 
central peaks and inner rings are consistent with an 
impactor component incorporated into melts that lined 
the transient cavity (e.g., Crisium and Moscoviense 
basins, both produced by oblique impacts [14, 15]). 
Consequently, the curious correlation between the 
elevated OH and distinct unusual mineralogies is 
consistent with remnants of large primitive impactors 
(e.g., primitive asteroids, cometary nuclei) with water-
bearing minerals (e.g., serpentine, phyllosilicates and an 
assortment of preserved low-temperature minerals).  

Collisions by active comets not only involve the 
nucleus but also the coma, which interacts before, 
during, and after a crater-forming impact by the nucleus 
[16,17]. As a result, adsorbed volatile components may 
temporarily remain within the regolith or trapped in 
agglutinates until released by impact gardening, 
sputtering, or thermal release.  Based on models, 
however, the colliding coma compresses with densities 
sufficient to scour the surface, thereby removing (or 
masking) OH-bearing surface melts, just like ejecta 
deposits and rays from Copernican-age craters.  Such a 
process could account for the low OH levels associated 
with low-latitude swirls, such as Reiner Gamma and 
around Goddard A.   

Conclusions:  The Moon (as well as Mercury [18]) 
preserves signatures of OH-bearing impactors.  Based 
on dynamical models [19] and wind-streak craters on 
Mars [12], comets should account for 38 craters >10 km 
and 10 craters >20 km over the last 1 Ga. This is 
generally consistent with observations here. The 
contrasting expressions and OH concentrations likely 
reflect crater age and different impact speeds and source 
regions: OH ejecta (JF comets and cometary asteroids); 
OH halos (fast HT and LP cometary impacts); OH-
blank areas (active HT and LP cometary impacts).  
More detailed analysis may be able to not only 
differentiate among types but also provide an estimate 

of the cometary flux, which has implications for the 
impact hazard on Earth. 

    
Fig. 1: OH distribution around Copernicus crater (lower right) 
from M3 spectral infrared [7] showing the elevated OH over 
part of Copernicus and an OH halo disrupted by rays. 

           
Fig. 2: OH distribution in western Oceanus Procellarum [7] 
from [7] with elevated OH levels (100 ppm). Reiner Gamma 
and secondary craters from Glushko and disrupt the OH. 
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