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The presence of hydrogen (H), most likely in the 

form of water ice, is well established in Mercury's per-
manently shaded polar craters. But lower concentrations 
that may exist away from the poles have not previously 
been well constrained. We have used data from the 
MErcury Surface, Space ENvironment, GEochemistry, 
and Ranging (MESSENGER) Gamma-Ray and Neu-
tron Spectrometer to produce a map of the absolute H 
abundance in Mercury's northern hemisphere. We find 
a mean abundance of 400 ±	%&'(&'	ppm and a latitudinal 
trend that agrees with earlier results showing enhanced 
hydrogen contained within Mercury's radar bright cra-
ters. Additionally, we observe a middle- and low-lati-
tude variation in H abundance that is strongly correlated 
with maximum temperature 20 cm beneath Mercury's 
surface. 

Introduction:  Since the early 1990s, it has been 
thought that water ice is present in the permanently 
shadowed craters at Mercury's poles. The data returned 
by MESSENGER [1] have strengthened the association 
between the PSRs and water ice. At the north pole, neu-
tron measurements from MESSENGER's Gamma-Ray 
and Neutron Spectrometer  revealed the presence of H-
rich material that is consistent with the presence of 50–
100 wt% water ice within Mercury's north polar PSRs 
[2].  

Lawrence et al. (2013) [2] made use of intermediate-
energy, epithermal neutrons, which provide a sensitive 
measure of the bulk H abundances of near-surface plan-
etary materials. They are produced by nuclear spallation 
reactions when galactic cosmic rays (GCRs) collide 
with nuclei in planetary surfaces. H atoms have a strong 
effect on the flux of epithermal neutrons due to their 
ability to moderate neutrons, a consequence of the 
similarity in mass between the neutron and H nucleus. 
Moderate amounts of H variability (i.e., a few hundred 
parts per million H) can cause detectable variations in 
epithermal neutrons.  

In addition to neutron measurements, gamma-ray 
measurements can provide information about H 
abundances. This is usually accessed via the 2,223-keV 
gamma-ray line associated with the inelastic collision of 
neutrons with H nuclei. However, due to the low 
abundance of H on Mercury, an alternative route, first 
demonstrated in [3], is required. Here the ratio of 
gamma-ray lines produced from inelastic collision and 
neutron-capture processes from a single element is 
combined with knowledge of the total macroscopic 
neutron absorption cross section (Σa) to estimate the H 
abundance. Maps have been published of both the 
MESSENGER thermal neutron data [4] and the inferred 
Σa. 

 

The epithermal neutron map, showing a conversion to hydrogen abun-
dances, is presented in Figure 8. This map has also been smoothed with
a Gaussian kernel whose width matches the resolution of the instrument,
which changes with latitude. This smoothing was done to reduce the vis-
ibility of the noise that can be seen in Figure 6a. At the resolution of the
MESSENGER neutron measurements, the footprint‐averaged increase
in hydrogen seen at the north pole is ~75 ppm, which is consistent with
earlier work showing a 50‐ to 100‐ppm H increase at high latitudes
(Lawrence et al., 2013). Using both epithermal and fast neutron data, this
earlier result was shown to be consistent with the radar‐bright regions
containing a hydrogen‐rich layer buried beneath a desiccated layer 10–
30 cm deep. In the midlatitudes. the hydrogen abundance appears to vary
periodically with wavelength of 180° in the longitudinal direction. It is
interesting to note that maximum and mean surface and near‐subsurface
temperatures on Mercury also vary with latitude due to its 3:2 spin‐orbit
resonance. This resonance leads to the presence of hot poles (at 0°E and
180°E) that always experience noon at perihelion and cold poles (at
90°E and 270°E) that experience noon at aphelion (Vasavada et al.,
1999). The hydrogen lows of ~ 365 ppm are approximately coincident with
the hot poles, and the highs (~400 ppm) are approximately collocated with
the cold poles. A hydrogen correlation with mean or maximum tempera-
ture might be explained as a thermal stability/mobility effect, the result of

implantation differences, or as the effect of mineralogy. These and other correlations are examined further in
the next section.

4. Comparison of Hydrogen Abundance and Other Data

In this section we will examine the correlation between the hydrogen abundance as revealed by the GRS and
epithermal neutron data and other data sets. As observed in the previous section there appears to be a rela-
tionship between hydrogen abundance and surface/near‐surface temperature. This might be explained by a
temperature‐dependent stability effect in controlling where hydrogen is present in Mercury's near subsur-
face. However, additional trends might also be expected. For example, on the Moon a correlation is seen
between epithermal measured hydrogen abundance and other measures of maturity including crater density
and optical maturity, which is explained as the result of solar wind proton implantation over time
(Lawrence, Patrick, et al., 2015). In addition, one might expect correlations between hydrogen and other

Figure 7. The silicon photon ratio and total macroscopic neutron absorp-
tion cross section, Σa, for the regions defined in Table 1. The cross section
is shown in units of Elphics defined as 10−4 cm2/g1.The grid shows the
result of MCNPX simulations with three different regolith types and the
various hydrogen abundances indicated in the figure. The ellipses show the
1‐σ errors on the measurements.

Figure 8. Northern hemisphere Robinson projection showing the smoothed epithermal flux with a conversion to hydro-
gen abundance in parts per million based on Gamma‐Ray Spectrometer results and particle transport modeling. The
grayed out region south of 30°N highlights the low signal‐to‐noise ratio data.
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Figure 1: Northern hemisphere Robinson projection showing the smoothed epithermal flux with a conversion 
to H abundance in parts per million (ppm) based on GRS results and particle transport modelling.  The greyed 
out region south of 30° N highlights the low signal to noise ratio data.  The contours show maximum tempera-
ture at 20 cm depth. 
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Data and Methods:  All five years of 
MESSENGER GRS and epithermal data measured by 
the borated plastic sensor are used in this study.  This 
large dataset provides sufficient statistical precision to 
produce a robust map of the epithermal neutron flux. 

The data reduction is detailed in [5].  Empirical cor-
rections were made for variations in GCR flux, space-
craft attitude and solid angle subtended by the planet.  
Additionally, a correction was made for the Doppler-in-
duced count rate variation based on the spacecraft ve-
locity.  This correction was unimportant for the fast neu-
tron data but is important for the epithermal neutron data 
as the lower energy epithermal neutrons have a speed 
comparable to that of the spacecraft. As in [3] the effi-
cacy of these corrections was verified by performing 

similar corrections on a mock data set to determine the 
size of residual systematic errors. 

Results:  Figure 1 shows the mapped, corrected ep-
ithermal neutron data.  The absolute northern hemi-
sphere average H abundance was determined from the 
GRS data to be 400 ±	%&'(&'	ppm. The conversion from 
neutron flux to H abundance was based on the GRS re-
sult and particle transport modeling. As expected, the 
flux is low at the north pole implying an increased abun-
dance of  H and consistent with the presence of water 
ice in the permanently shaded craters.  Significant addi-
tional variation is seen at equatorial to mid latitudes.  
Antipodal highs in epithermal flux are seen at ~30°W 
and ~150°E, which corresponds approximately to Mer-
cury’s hot poles as shown by the contours in Figure 1.   

The correlation between near-surface temperature 
and epithermal neutron counts in the midlatitudes is 
shown clearly in Figure 2a. A strong positive trend is 
seen in the data, which corresponds to decreasing H 
abundance with increasing temperature. The correlation 
between temperature and epithermal neutron flux was 
found to be strongest for the maximum temperature at 
20-cm depth, the mean depths from which neutrons 
originate (with Pearson correlation coefficient of 0.6 ± 
0.02 compared with 0.5 ± 0.02 for correlation with sur-
face temperature). 

Correlation between epithermal flux and other pa-
rameters is weak.  Figures 2b and 2c show the variation 
in neutron flux with crater density and Mercury Ma-
turity Index, which are both proxies for surface age. 
Taken together these correlations seem to imply that the 
thermal stability effects outweigh the effect of increas-
ing solar wind implantation with time.  
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Figure 2: Plots of (a) maximum surface temperature, 
(b) crater density and (c) Mercury Maturity Index 
against corrected measured epithermal neutron count 
rate normalized to a mean of one. The plots are re-
stricted to latitudes between 30° and 60° N to avoid 
the effects of the polar hydrogen deposits and low-
SNR region close to the equator. 
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