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Introduction:  In recent years, our understanding 
of  hydrogen (H), water, and other volatile materials on 
the Moon has changed dramatically [1].  This new un-
derstanding has resulted from: 1) new measurements 
and analyses of enhanced H concentrations at the lunar 
poles [e.g., 2,3,4]; 2) new orbital measurements show-
ing exogenic and endogenic enhancements of H2O/OH 
in non-polar lunar regions [5,6]; and 3) new sample 
measurements revealing unexpectedly high amounts of 
water in lunar samples [7].  Despite these advances, 
there does not yet exist a large-area, non-polar map of 
bulk lunar H abundances across the lunar surface.  
Such a map would be important and useful as a tie 
point to lunar sample studies as well as for understand-
ing processes that relate to all aspects of global lunar 
volatiles.  Previous ambiguities of the interpretation of 
Lunar Prospector Neutron Spetrometer (LP-NS) data 
with respect to non-polar hydrogen concentrations 
have been resolved by comparing the LP-NS data with 
maps of the 750 nm albedo reflectance, optical maturi-
ty, and the wavelength position of the thermal infrared 
Christiansen Feature (CF). 

Global Epithermal Neutron Data:  Cosmic ray-
generated epithermal neutrons provide a strong meas-
ure of planetary H concentrations [8].  The global lunar 
map of epithermal neutrons derived from LP-NS data 
[9,10] can be divided into three primary regions: 1) 
polar regions; 2) Procellarum KREEP Terrane (PKT); 
and 3) Feldspathic Highlands Terrane (FHT). The po-
lar regions show decreases in epithermal neutron count 
rates that are indicative of enhanced H concentrations.  
These polar data have been extensively studied and 
maps of H concentrations have been derived [10,11].  
The PKT shows a strong epithermal neutron decrease 
that is spatially-correlated with Th, Fe, and Ti concen-
trations.  Lawrence et al. [10] argued that these count-
rate decreases are not primarily related to H concentra-
tions but to neutron absorbers that modify thw low-
energy epithermal neutron flux.  However, the magni-
tude of these decreases is not fully understood, a signa-
ture indicative of H is also present in the PKT [12].   

The behavior of epithermal neutrons in the FHT are 
also not fully understood.  There is an expectation that 
epithermal neutrons in this region should be related to 
the concentrations of solar wind-implanted H.  If this is 
the case, then young craters, which have relatively 
little exposure to solar wind, should be depleted in H 
and enhanced in epithermal neutrons.  However, high-
lands variations in Fe concentrations can also cause 

variations in epithermal neutrons, thus complicating 
the interpretation of the FHT epithermal neutrons.  
Nevertheless, in this study we focus on the epithermal 
neutron data in the FHT, as these data have the fewest 
ambiguities with respect to count rate decreases from 
non-H neutron absorbers. 

Epithermal Neutron vs. Reflectance and CF da-
ta:  Three datasets can provide new understanding for 
epithermal neutrons in the FHT: the 750 nm albedo 
[14], optical maturity (OMAT)[14], and a thermal in-
frared emissivity maximum known as the Christiansen 
Feature (CF)[15].  Each of these datasets are compared 
with LP-NS epithermal neutron data in the FHT.  The 
goal in carrying out this comparison is to assess the 
level of correlation and try to isolate the dominant fac-
tor that causes the count-rate variation of epithermal 
neutrons across the FHT.   

Figures 1, 2 and 3 show a direct comparision be-
tween albedo, OMAT, and CF wavelength and epi-
thermal neutrons.  To equalize the spatial footprint of 
and achieve good statistical precision, all data were 
resampled to pixles with a size of 5ºx5º at the equator 
(or 150 km x 150 km). The CF data have the most re-
strictive latitude coverage (±60º latitude), so a latitude 
cutoff of ±58º is used to reduce edge effects near 60º 
latitude.  Within this latitude band, unrestricted (whole 
Moon) data are shown as black points; FHT-restricted 
data (gray points) are selected by identifying locations 
with thorium concentrations [Th] less than 1 ppm [16].   

A comparison of each of the three datasets with ep-
ithermal neutrons shows clear trends in almost all cas-
es.  For unrestricted data, both the 750 nm albedo and 
CF wavelength data are clearly correlated.  However, 
the comparison of unrestricted OMAT versus epither-
mal neutron data shows little-to-no correlation.  In all 
cases, the FHT-restricted data show a good correlation.  
Various statistical analyses (correlation coefficients; 
scatter about the correlation lines) show that in the 
FHT, all four measurements – albedo, OMAT, CF, and 
epithermal neutrons – are linked by a single, common 
factor in the FHT.  In the case of albedo and CF, both 
are sensitive to variations in both maturity and iron.  
However, for FHT, OMAT was derived to be sensitive 
only to maturity.  Because maturity is related to sur-
face exposure and solar wind hydrogen implantation, 
we conclude that hydrogen is the dominant factor that 
controls epithermal neutron count rate variations with-
in the FHT. 
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We can test the consistency of this conclusion with 
lunar sample data by calculating the implied dynamic 
range of hydrogen concentrations if the FHT-restricted 
epithermal neutron count rate variations are due only 
to hydrogen.  The FHT epithermal neutron count rate 
change within the FHT, where epithermal neutrons 
correlate with albedo, OMAT, and CF data, is 18.8 – 
17.7 = 1.1 cps.  Based on equation 2 of [10], this count 
rate change corresponds to a hydrogen concentration 
variation of 113 ppm, which is consistent with the 
range measured in lunar samples [17]. 

FHT Map of H Concentrations: After correcting 
the epithermal neutrons for small, residual Fe varia-
tions, a map of H concentrations is derived using the 
calibration procedure of [10].  Regions having thorium 
concentrations greater than 1 ppm are shown in black.   

Summary: The average hydrogen concentration 
across the lunar highlands and away from the lunar 
poles is 65 ppm.  The highest hydrogen saturation val-
ues range from 120 ppm to just over 150 ppm.  These 
values are consistent with hydrogen concentrations 
from soils and regolith breccias at the Apollo 16 high-
lands landing site.  Based on the correlation of epi-
thermal neutrons and orbit-measured optical maturity 
parameters, the new highlands hydrogen concentration 
represents a new global maturity index that can be used 
for studies of the lunar soil maturation process. Due to 

the interpretation that these hydrogen maps represent a 
bulk soil property related to the long-term impact of 
the space environment on the lunar surface, these hy-
drogen concentrations are not likely related to the surf-
icial enhancements (top tens to hundreds of microns) 
or local time variations of OH/H2O measured with 
spectral reflectance data. 
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Fig. 1.  Scatter plot of 750 nm albedo [14] versus epithermal 
neutrons.  Black data points show unrestricted data, and the gray 
data points show values from the FHT that have thorium con-
centrations less than 1 ppm. 

Fig. 2.  Scatter plot of OMAT [14] versus epithermal neutrons.  
Data labels are the same as in Fig. 1. 

Fig. 3.  Scatter plot of CF wavelength [15] versus epithermal 
neutrons.  Data labels are the same as in Fig. 1. 

Fig. 4.  Map of bulk hydrogen concentrations in the FHT.  The 
black regions indicate locations where Th concentrations are 
greater than 1 ppm and therefore excluded from this analysis. 
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