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Introduction:  When looking for water in the solar 
system, there are a limited number of tools currently 
available. Varieties of spectrometers [1] can be used to 
identify atmospheric water vapor as well as hydrogen-
rich surface materials that might be due to water ice. 
For ice within the subsurface (< 1 meter deep), gamma 
ray and neutron spectrometers become the tool of 
choice for their ability to detect hydrogen beneath the 
dust that mantles most rocky bodies. This study will 
examine epithermal neutron counts from the Mars Od-
yssey Neutron Spectrometer (MONS) [2-4]. 

While neutron counts are generally binned before 
conversion to weight percent Water Equivalent Hydro-
gen (WEH) [5], it is also possible to resample the 
count data to create meaningful maps for smaller areal 
studies. This paper examines the hydrogen abundance 
on a small section of Mars’ Meridiani Planum, specifi-
cally Opportunity’s next major target, Endeavour Cra-
ter. 

Methodology:  We have used neighborhood mov-
ing window (boxcar) algorithms to develop raster maps 
of hydrogen abundance in eastern equatorial Mars. We 
approximated the 118 km (2°) square bins (dashed 
box, Fig. 1) previously used [3] by selecting a 50 km 
radius circle for our window. For this study, we set the 
node distance at 231.54 meters to complement the 
pixel size of the THEMIS daytime infrared mosaic [6] 
we chose as our base map.  

In addition, we calculated a smoothed raster for the 
area. By pairing the same 50 km radius circular win-
dow with a slightly larger 463 m node spacing, then 
passing the same window over the initial raster and 2 
successive rasters, we produced a 4th iteration ap-
proximate of the Gaussian mean. After conversion 
from epithermal counts to WEH this raster was used to 
create contour lines of equal hydrogen abundance, iso-
cons, for the wider map overview.  

Regional Observations:  Figure 1 illustrates the 
general gradient of hydrogen from relative abundance 
(14 wt.% WEH) in the northeast to a low of 10 wt.% 
WEH on the western edge of the mapped area. Oppor-
tunity is currently located south of Victoria Crater, 
which is too small to be seen at this scale. The label for 
Victoria Crater straddles the smoothed 12 wt.% WEH 
isocon, so we can expect hydrogen abundances fairly 
close to this value in the detail map. In this figure, the 
elevation ranges from ~100 m along the highest point 
of Mädler’s rim, to ~-3500 m in the deepest craters 
(light to medium blue). The -1000 m contour occurs 
where darker green becomes brownish.  

In the southern two-thirds of the map, the surface 
displays dendritic drainage patterns, some deeply in-
cised. The unnamed crater in the northwest corner of 
the map contains a domed feature of a type thought to 
be geomorphically related to spring mounds [7] or pin-
gos [8]. All of these features indicate the existence of 
fluid interactions at some point in Mars’ past, an ideal 
setting for the search for localized hydrogen that may 
be discernable with our technique. 

 

 
Endeavour’s Rim:  A closer look at Opportunity’s 

neighborhood (solid box, Fig. 1; map Fig. 2) confirms 
the proximity of Victoria Crater to the 12 wt.% isocon. 
Localized hydrogen enrichment appears to drape 
across the northwest rim of Endeavour. A sample of 
nine contiguous nodes along rim reveals an average of 
12.67 wt.% WEH. If the resampling technique is valid 
and robust, it would be logical to expect the best loca-
tion for Opportunity to look for signs of water at En-
deavour would be the 4 km stretch along the crater’s 
northwestern rim. 

Figure 1 – Lines of equal concentration cross Meridiani 
Planum and equatorial Mars. Elevation ranges from 100 
m in the southeast to -3500 m in deepest craters (blue). 
Box at Victoria Crater shows the location of Fig. 2. 
Dashed box at bottom is 118 km square.  
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Statistical assessment:  We used two methods to 

check how far the WEH calculation is likely to deviate 
from the true value at that location. The general case 
relies on the weak law of large numbers. Due to the 
number (~104) of epithermal count measurements av-
eraged in the nodes at this location there is a 96% cer-
tainty that the population average falls within half a 
standard deviation of the count averages. The upper 
and lower bounds translate into a range of 10.7 to 15.4 
wt.% WEH for Endeavour’s northwest rim.  

The second method of interval estimation provides 
a tighter confidence interval and uses the equation 
 

€ 

x α / 2,n−1
s
n

   (eq.1) 
 
where 

€ 

x  is the nodal mean, t α/2,n-1  is the value of the 
t-distribution with degrees of freedom equal to n-1, 
such that the area to the right of t is α/2, and s is the 
standard deviation of the total counts from the n meas-
urements at each node.  

To find the 99% confidence interval along Endeav-
our’s rim we set α/2 = 0.005 and solved for the average 
values of our 9 sample nodes. Converting total counts 
to WEH produces a confidence interval of 11.6 to 14.0 
wt.%.  

With such a wide confidence interval relative to the 
means within the map area, it was necessary to deter-
mine whether the resampling process was preserving 
localized variation in hydrogen abundance or merely 
generating random values. To quantify the amount of 
clustering vs the likelihood of complete spatial ran-
domness we selected several weighting techniques 
(Rook and Queen Contiguity, K Nearest Neighbor, and 
distance weighting) and calculated the Moran’s I value 
for the mapping area. Moran’s I values range from 1 
(complete clustering) to -1 (regular checkerboard spac-
ing) with values around 0 indicating Complete Spatial 
Randomness (CSR). For each weighting method the 
Moran’s I value was above 0.94. The Rook’s 1st order 
contiguity weighting had the highest outcome, 0.9836. 
From this, and the thousands of reference distributions 
produced we can infer that there is a less than 1% like-
lihood that the patterns produced by this resampling 
technique can be due to randomness.  

Conclusions:  While resampling the epithermal 
neutron data does not change the spatial resolution of 
the instrument itself [9], this form of aggregation does 
provide a method for extracting sub-kilometer hydro-
gen abundances with a high clustering pattern that is 
unlikely to be due to complete spatial randomness. 
Confidence is calculated based on the number of neu-
tron measurements within the resampling radius, so as 
the number of datapoints available for sampling in-
creases the confidence interval on the hydrogen abun-
dances will improve. This allows for the production of 
robust, sub-kilometer hydrogen abundance maps to 
guide mission planning and allow for remote explora-
tion of hydrogen and determination of its association 
with geomorphic and structural features, providing a 
higher return for money already invested. 
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Additional Information:  A python script for the 
conversion of epithermal neutron counts will be made 
available at the conference.  

 

Figure 2 – Local variations in water equivalent hydro-
gen along Opportunity’s drive from Victoria Crater (tiny 
crater east of the label) toward Endeavour. Note the 
darker blue on the northweast rim. 
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