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Introduction:  Evidence for water ice or other hy-

drogen-bearing species at the lunar poles is seen in sev-
eral data sets. These include: a decrease in epithermal 
neutron count rate in Lunar Prospector (LP) Neutron 
Spectrometer data [1]; UV reflectance ratios measured 
by the Lyman Alpha Mapping Project onboard the Lu-
nar Reconnaissance Orbiter (LRO) [2]; high reflectance 
values at 1064 nm wavelength from Lunar Orbiter Laser 
Altimeter (LOLA) measurements [3]; and diagnostic 
near-infrared absorption features indicative of water ice 
in reflectance spectra acquired by the Moon Mineralogy 
Mapper [4].  Of these various techniques only neutron 
spectroscopy is sensitive the bulk hydrogen abundance 
in the top few 10s of cm and so able to reveal the pres-
ence of buried hydrogen.   

Neutron Spectroscopy and Lunar Polar Hydro-
gen: Neutron spectroscopy uses the detection of the 
products of nuclear interactions to characterize the com-
position of a planet’s surface. These nuclear reactions 
are the result of interactions of the top meter of the sur-
face with high energy cosmic rays.  Intermediate energy 
‘epithermal’ neutrons are most sensitive to the presence 
of hydrogen showing a decrease where excess hydrogen 
is present. 

As the neutron spectrometers on LP are omnidirec-
tional, its footprint is proportional to the spacecraft’s al-
titude. The low-altitude data have a 45 km FWHM foot-
print so are unable to resolve variations across features 
that are tens of km in size, such as polar craters and their 
surroundings.  However, on larger scales interesting 
trends have been observed.  Siegler et al. [5] showed 
that the hydrogen distribution at the poles does not 
match expectations based on present lunar temperatures.  
Additionally, the maxima of the distributions  near the 
poles are antipodal to one another [6].   This observation 
provides evidence that the spin axis of the Moon has 
shifted since the hydrogen was deposited.  This ‘paleo-
pole’ is taken to be coincident with the hydrogen distri-
bution maxima at 84.5° N, 138° E and 84.5° S, 318° E. 

 Models of ice stability that assume an admixture of 
thermal environments from the current and paleopole 
orientations lead to a better description of the hydrogen 
distributions than does the current environment alone 
[6].   

Pixon Reconstruction:  The pixon method is a spa-
tially adaptive image reconstruction process that aims to 
produce the simplest image consistent with the data 

[7,8]. The pixon method’s adaptive smoothing algo-
rithm works such that regions of the image with a higher 
signal to noise ratio are given the freedom to vary on 
small scales and those with low signal to noise ratio vary 
only on larger scales. This is done to create an image 
with a spatially constant information content, which has 
the effect of precisely maximizing the entropy of the re-
constructed image.  The result of a pixon reconstruction 
of the LP low-altitude epithermal data is shown in the 
top left panel of Figure 1. 

Decoupled Reconstructions: In addition to the 
measured data that are being reconstructed we can add 
information from other sources.  Eke et al. and Teodoro 
et al. [9,10] used Clementine- and Kaguya-derived maps 
of the Permanently Shaded Regions (PSRs) to identify 
areas that might contain water-ice and therefore show a 
discontinuous epithermal neutron flux at their bound-
ary. This information was added to the reconstructions 
by allowing counts in the PSRs to be independent of 
those outside.  Analysis of the residuals from these re-
constructions showed that the data require such ‘decou-
pling’ regions [9,10]. 

However, choosing the PSRs as the decoupled re-
gions implicitly assumes that only present-day stability 
is important to the current distribution of hydrogen.  If 
the hydrogen exists not only in the PSRs (as ice), but as 
dispersed hydrated minerals then the surface distribu-
tion may be better described with alternative decoupled 
regions. 

Here we update this reconstruction approach based 
on water-ice depth to stability maps from [6], which ex-
ist for both present and paleopole ice-stability.   The re-
constructions based on a number of scenarios are pre-
sented in Figure 1.   

The ‘Present Stability’ and ‘Paleopole Stability’ 
maps allow decoupled regions where the present/paleo 
depth to ice stability is less than 20 cm (the approximate 
mean depth to the origin of the detected neutrons).  
These correspond to scenarios where all of the hydro-
gen-bearing material was deposited when the Moon had 
its present spin pole or paleopole.  The second of these 
is not considered likely but is included for complete-
ness.  

The ‘Present OR paleopole’ map decouples regions 
that may have held stable ice either now or before the 
true polar wander.  Physically this describes to a sce-
nario where the hydrogen-bearing material that is laid 
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down is able to persist perhaps because it is in the form 
of a hydrated mineral rather than ice. 

If the hydrogen is present in the form of near-surface 
water ice that was deposited during the paleopole era 
and persists to the present we would expect it to be 
found only in regions where water ice was stable both  
now and before the true polar wander. These regions are 
decoupled in the  ‘Present AND paleopole’ map.  Due 
to the smaller size of these regions compared to the pre-
vious reconstruction a lower count rate (corresponding 
to a greater hydrogen abundance) is seen. 

The final plot, ‘Separate present and paleopole sta-
bility’, contains two decoupled regions in addition to the 
background.  The first overlaps with present day stabil-
ity and the second is those regions where water ice is 
not currently stable but was before the true polar wan-
der.  

Distinguishing Paleopole Ice Deposition Hypoth-
eses:  Examination of the residuals (defined as the dif-
ference between the data and the smoothed reconstruc-
tion divided by the errors on the measurement) imply 
that decoupling is required as the residuals from the cou-
pled reconstruction show a systematic positive bias 
within the potential decoupled regions.  At the north 
pole (shown in Figure 1) any of the decoupling schemes 

are sufficient to achieve a good fit.  At the south pole 
the simple paleopole decoupling is ruled out but all  
other cases are allowed.  

By construction all of the decoupled reconstructions 
presented in Figure 1 are consistent with LP neutron 
data.  However, they represent qualitatively different 
present distributions of hydrogen (possibly as water ice) 
and deposition and retention mechanisms.   Although 
current data are not sufficient to distinguish between 
these scenarios, scenario discrimination would be pos-
sible with a higher-resolution neutron dataset that could 
be obtained from mission that makes low-altitude neu-
tron measurements [11,12]. 
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Figure 1: Reconstructions of Lunar Prospector epithermal neutron data at the north pole with decoupled regions 
defined by regions in which water ice is stable within the top 20 cm of the regolith.  The coupled reconstruction 
has no separated regions.  The other decoupled regions are explained more fully in the text.  LOLA relief map un-
derlies the plots. 
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