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 Introduction:  We report geochemical evidence that 
enhanced concentrations of hydrogen-bearing volatiles, 
likely in the form of water-ice, are broadly distributed 
within the Moon’s south polar Permanently Shadowed 
Regions (PSR), > 78° S.  Results show that the lunar epi-
thermal neutron emission flux is suppressed for most of 
the observed population of 468 Permanently Shadowed 
Regions (PSR) with areas ³ 2km wide pixels, relative to 
the significantly contrasting non-PSR pixel population.  
Results were derived from the Lunar Exploration Neutron 
Detector’s (LEND), Collimated Sensor for EpiThermal 
Neutrons (CSETN), which is onboard the Lunar Recon-
naissance Orbiter (LRO) [1,2]. Widespread PSR hydro-
genation is evidenced by instrumental blurring of their 
contrasting neutron suppression. The process creates a 
correlation between a PSR’s detection significance, which 
is a function of the intensity of its locally contrasting neu-
tron suppression, its area fraction of CSETN’s fixed 30 
km diameter collimated footprint area and coverage time. 
Increasing epithermal neutron emission flux suppression 
is correlated to increasing hydrogen-bearing volatile con-
centration in the surface top 1 m.   

Three independent lines of evidence quantify a com-
prehensive understanding of CSETN’s detection of the 
PSR’s, as derived from its collimated detection signifi-
cance map, > 80° S.  Significantly contrasting end-mem-
ber pixel populations 1, 2 are reviewed here.  The popula-
tions are defined by: 1) Significantly neutron-flux sup-
pressed, likely hydrogenated, pixels sourced to cold sur-
faces on poleward-facing slopes that exist within or are 
immediately adjacent to the largest area PSR’s. 2) Signif-
icantly neutron-flux enhanced pixels that are likely rela-
tively anhydrous and correlated to warmer non-PSR loca-
tions spatially distant from PSR. 3) Our presentation quan-
tifies the correlation between a PSR’s detection signifi-
cance and PSR diameters as they increase from 2 km pix-
els to 36 km diameter, thereby unifying the transition be-
tween the contrasting 1 and 2 end-member populations.  
The joint results imply an expectation of relatively en-
hanced hydrogen-bearing volatile concentrations in per-
haps all PSR’s consistent with the seminal hypothesis of 
Watson et al., 1961 [3].   

Co-registered LRO maps from the Lunar Observing 
Laser Altimeter (LOLA) topography and the Diviner radi-
ometer are critical products used to map the PSR’s loca-
tions and their areas, as well as to understand and test 
CSETN’s observations against factors that influence near 
surface hydrogen-bearing volatile retention [4,5,6,3].    

Background and Methods:  Watson et al., 1961 first 
proposed theoretical evidence that the stable cryogenic lu-
nar surface temperatures < 100 K within the near-polar 
PSR could provide unique conditions for water-ice to be 
sequestered near the surface [3].  Lunar Prospector Neu-
tron Spectrometer (LPNS) first detected a suppression of 
the lunar neutron emission flux, geochemical evidence 
that enhanced hydrogen concentrations exist towards the 
poles [7]. However, LPNS broad spatial resolution pre-
cluded the PSR’s direct detection and claim that they are 
the source of the observed polar neutron suppression.  

The LRO mission and its instrument suite began oper-
ations in July 2009 with an objective to investigate the lu-
nar surface resource potential. In the ensuing decade 
LEND and CSETN observed the Moon’s lunar epithermal 
neutron emission flux and its PSR’s in high spatial reso-
lution, spanning the last solar cycle. Studies by the LEND 
team claimed statistically significant detections of hydro-
gen-bearing volatiles associated the largest area PSR’s 
[8,9,10]. However, those claims were disputed in subse-
quent studies that claimed that CSETN is detecting signif-
icant contributions from uncollimated neutrons that de-
grade CSETN’s collimated spatial resolution and its de-
tection capabilities [11,12,13]. These disparate results are 
still unresolved.  

We reconcile these studies by showing CSETN’s 
field-of-view is bimodal, detecting both collimated and 
uncollimated lunar neutrons, at high and low spatial reso-
lution, respectively.  CSETN’s high spatial resolution map 
is isolated here by quantifying and subtracting its uncolli-
mated lunar neutron map, using a spatial band-pass filter. 
The filter was designed using our GEANT4 neutron 
transport model of the LEND system [14].  CSETN’s col-
limated detection significance map d shows statistically 
significant detections of pixel clusters within the largest 
area PSR’s. Where, d = (e - 1)/(1-h), e is the collimated 
neutron suppression map, h is the statistical uncertainty 
map, both terms are relative to CSETN’s averaged colli-
mated, single detector count rate = 0.25 counts sec-1 [9].   

With the benefit of 10.5 years of south polar coverage 
now, the joint likelihood that these independent PSR de-
tections might be due to random statistical variation, as 
claimed in [12], is extremely unlikely as PSR pixels con-
stitute just 4.85% of the lunar south pole > 80° S, using 2 
km wide pixels. This PSR detection evidence is strongly 
augmented below, which shows that these significant 
large PSR area detections define just the extreme negative 
end-member population of a PSR detection significance 
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continuum. This continuum is induced by instrumental 
blurring of PSR contrasting areas by CSETN’s collimator.   

Results:  Fig. 1 Shows the pixel distribution derived 
from CSETN’s collimated neutron suppression detection 
significance map d.  All 2 km wide pixels > 80° S were 
classified using the LOLA average illumination map as ei-
ther PSR blue or non-PSR red pixels, population size n = 
[3517, 69060], respectively.  Pixels were quantified on the 
y-axis by their co-registered Diviner maximum tempera-
tures. PSR and non-PSR d population means are signifi-
cantly different, µPSR, µnon-PSR = [-0.84±1.3, -0.07±1.1]. 
Results also show significantly contrasting end-member 
pixel populations, Neg £-3d or Pos ³+3d.  Nearly half of 
the Neg population is cold PSR vs warmer non-PSR pix-
els, n = [175, 176], respectively. Combined the Neg pop-
ulation has a maximum temperature [µ, s] of 142 ± 84 K. 
It is highly improbable that this population distribution is 
from a random process – as just 4.85% of the map is PSR. 
Conversely, the Pos pixel population is nearly exclusively 
non-PSR pixels with n = [1, 221] being PSR and non-PSR 
pixels, respectively. The Pos population has a maximum 
temperature [µ, s] of 237 ± 42 K.  The Neg and Pos pop-
ulations maximum temperature distributions are statisti-
cally significantly different at the p < 0.01 level, using the 
non-parametric Kolmogorov-Smirnov (KS) test.  

Study #2 (not shown) indicates the topographic slope-
azimuth angle map, derived from the LOLA topography, 
is a stronger discriminator of the Neg and Pos populations 
than maximum temperature. The Neg population is 
strongly dominated by pixels spatially correlated to Pole-
ward-Facing Slope (PFS) locations. In contrast the Pos 
population is weakly dominated by Equator-Facing Slope 
(EFS) pixels and within crater basins away from PSR.  

Fig. 2 shows the map locations of the contrasting Neg 
and Pos pixel populations on the LOLA topography. The 
study shows that the dominant proportion of the Neg pop-
ulation, increasing in detection significance from green to 
blue bands is spatially correlated with the cold surfaces of 
the largest PSR at Cabeus, Haworth, Shoemaker, Faustini 
and Sverdrup craters – and in the larger PSR towards their 
colder northern sides, and at PFS. 70 of 176 of the Neg 
populations non-PSR pixels are spatially adjacent to Ca-
beus PSR, at its PFS. The Pos population orange to red is 
nearly exclusively warmer non-PSR that are biased to-
wards EFS, with some pixels within large crater basins.   
      Conclusions:  We reviewed evidence for significantly 
contrasting Neg and Pos end-member populations in 
CSETN’s detection significance map that are indications 
of widespread hydrogenation within PSR’s at the ob-
served range of PSR spatial scales from 2 km to 36 km 
diameter. Our presentation will unify these results show-
ing the impact of instrumental blurring on a PSR’s detec-
tion significance, as it expectedly increases with their di-
ameters from +3d to -3d, using all 468 observed PSR’s. 
The correlation implies nearly all PSR’s are only partially 
detected – where PSR hydrogenated area < CSETN’s 
footprint area.  Thereby most PSR hydrogen observations 
are underestimated. The observed correlation implies an 

expectation of roughly uniform PSR hydrogenation > 78° 
S, with anomalously more hydrogen in Cabeus PSR.  
       Primary results show that the Moon’s polar neutron 
suppression is due to PSR [7].  Results show widespread 
evidence for relatively enhanced PSR hydrogenation, 
likely as water-ice, confirming Watson et al., 1961.   
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Fig 1. Distribution of CSETN detection significance 
map d pixels plotted by their classification as PSR 
(blue) and non-PSR (red), and their co-registered Di-
viner maximum temperatures. d bin averages for the 
All-pixels, PSR and non-PSR populations d bin aver-
ages black, in 1d increments. 

                          
 

Fig 2. Significant Neg and Pos end-member pixel loca-
tions and their d colored on LOLA topography, grey.  
Neg pixels are correlated with cold PSR and poleward-
facing slopes. Contrasting Pos pixels are correlated with 
significantly warmer non-PSR surfaces and spatially iso-
lated from PSR.  PSR boundaries are olive colored. 
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