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[1] Neutron data observed using the Neutron Spectrometer aboard 2001 Mars Odyssey
provide a lower limit to the global inventory of Martian water-equivalent hydrogen.
Hydrogen-rich deposits ranging between about 20% and 100% water-equivalent by mass
are found poleward of ±50� latitude, and less rich, but significant, deposits are found at
near-equatorial latitudes. The equatorial deposits between ±45� latitude range between
2% and 10% water-equivalent hydrogen by mass and reach their maximum in two regions
that straddle the 0-km elevation contour. Higher water abundances, up to �11%, are
required in subsurface regolith of some equatorial regions if the upper 10 g/cm2 of regolith
is desiccated, as suggested on average by comparison of epithermal and fast neutron data.
The hydrogen contents of surface soils in the latitude range between 50� and 80� north
and south are equal within data uncertainties. A lower-limit estimate of the global
inventory of near surface hydrogen amounts to a global water layer about 14 cm thick if
the reservoir sampled from orbit is assumed to be 1 m thick. INDEX TERMS: 5410
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1. Introduction

[2] Prime objectives of the Neutron Spectrometer (NS)
component of the Gamma-Ray Spectrometer suite of instru-
ments aboard 2001 Mars Odyssey are to identify the major
reservoirs of hydrogen on Mars, determine their relative
contributions to the total water inventory, and estimate that
portion of the current inventory that is near the surface.
Measurements of epithermal and fast neutron currents can
provide a lower limit to hydrogen abundances in the
uppermost meter of Mars.
[3] Observations from the Viking orbiters and landers

positively identified two of these reservoirs: the polar
deposits and the atmosphere. By far the largest is in the
polar residual water-ice caps and their surrounding layered
deposits, which are thought to contain sufficient water to
cover Mars with a global-equivalent layer (GEL) about 30 m
deep [Carr, 1986; Smith et al., 1999]. The second is
contained in the atmosphere, which if deposited on the

surface, would cover Mars with a thin film of water about
10�5 m thick [Jakosky and Farmer, 1982]. Although
negligible in comparison, the fact that an atmospheric
reservoir exists shows that it can provide a conduit that
links transient reservoirs of near-surface water molecules
[Jakosky and Haberle, 1992; Mellon and Jakosky, 1993].
[4] It has long been speculated that Mars has had, and

may still retain, a far larger reservoir of water. Geomorphic
features such as rampart craters, collapsed chaotic terrain,
massive outflow channels, and valley networks provide
strong support for the past existence of large quantities of
surface and near-surface water [Squyres, 1989; Baker, 2001;
Carr, 1986, 1996; Jakosky and Phillips, 2001]. Analysis of
geomorphic features with probable aqueous origins led to an
estimate of a total water inventory equivalent to a GEL
between 100 and 500 m thick [Carr, 1986]. Measurements
of the D/H ratio suggest that between 5 and 50 m of this
inventory has been lost to space [Yung et al., 1988; Luhman
et al., 1992; Carr, 1990; Jakosky, 1991; Leshin, 2000].
Altogether, these estimates lead to between 50 and 495 m of
unaccounted water from the ancient Martian inventory.
[5] First analyses of Mars Odyssey neutron and gamma-

ray data showed that large reservoirs of hydrogen do indeed
exist in the uppermost meter of Martian soils poleward of
about ±50� latitude [Boynton et al., 2002; Feldman et al.,
2002b; Mitrofanov et al., 2002; Tokar et al., 2002]. Mars
Odyssey neutron observations also revealed a near equato-
rial hydrogen reservoir [Feldman et al., 2002b].
[6] Quantitative estimates of hydrogen abundances in

these investigations were originally normalized to an as-
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sumed 1% H2O content by mass for the Viking 1 landing
site [Biemann et al., 1977; Anderson and Tice, 1979].
However, a recent analysis of the seasonal variation of the
CO2 frost cover at both poles has allowed an independent
absolute calibration of the three neutron energy bands
measured using the Mars Odyssey NS [Feldman et al.,
2003; Prettyman et al., 2004]. This calibration now allows a
reinterpretation of neutron fluxes measured globally to
provide a lower limit to the hydrogen abundance within
about 1 m of the Martian surface. We note that although
neutron spectroscopy as applied here is sensitive only to the
abundance of hydrogen regardless of its molecular associ-
ations, we will quantify our measurements throughout this
paper in terms of water-equivalent hydrogen (WEH) mass
fraction (or just plain H2O mass fraction) in order to
conform to common usage in the current literature. Hope-
fully this should not be misleading.
[7] Even though our newly calibrated results are more

accurate, a more complete determination of H2O requires
knowledge of the stratigraphy and spatial heterogeneity of
H2O-bearing layers. The presence of an overlying relatively
desiccated layer can mask enhanced abundances within
lower layers [Feldman et al., 1993, 2003], and heterogene-
ity of H2O abundances within the NS field of view appears
as a nonlinear average abundance. Hence the interpretations
presented here generally provide lower limits to H2O
abundances in the major H2O-bearing layers within the
uppermost meter of Mars. However, there are places on
Mars, such as the high-latitude northern terrain surrounding
the residual water-ice cap near the north pole, that are so
spatially heterogeneous, multilayered in depth near the
surface, and topographically variable (thereby leading to
large spatial variations in atmospheric thickness) that errors
in interpreting the measured neutron counting rates in terms
of water-equivalent-hydrogen can lead to large, and at
present, unquantifiable uncertainties.

2. CO2 Frost-Free Epithermal and Fast Neutron
Counting Rates

[8] The sensor element of the NS is a segmented block of
borated plastic scintillator [Feldman et al., 2002a; Boynton
et al., 2004]. This design allows measurements of upward
currents of thermal (energies, E, less than 0.4 eV), epither-
mal (0.4 eV < E < 0.7 MeV) and fast (0.7 < E < 1.6 MeV)
neutrons. Absolute calibration of all three energy ranges
was made using counting rates measured when the space-
craft was poleward of ±85� latitude. The calibration at
latitudes >+85� was made during a time interval centered
at an areocentric longitude, LS = 10� [Feldman et al., 2003],
when the northern seasonal CO2 frost cap was near its
maximum. This calibration consisted of equating the ther-
mal, epithermal, and fast counting rates measured poleward
of +85� to those predicted by simulations using Monte
Carlo Neutral Particle computer code, MCNPX, fitted with
a special planetary boundary patch developed for Mars
[Prettyman et al., 2004], coupled to a model of the instru-
ment response function (determined from calibrations in the
laboratory before launch [Feldman et al., 2002a]). The
model of the seasonal CO2 frost cover at maximum used
as input the thickness determined from measurements of the
attenuation of hydrogen 2.223 MeV capture gamma-rays.

The calibration at latitudes <�85� was made near Ls = 150�,
when the southern seasonal CO2 frost cap was likewise near
its maximum [Prettyman et al., 2004].
[9] CO2 frost-free maps of thermal, epithermal, and fast

neutron counting rates constructed from data measured
between 19 Feb. 2002 and 20 April, 2003 are shown in
Figure 1. The procedure used to remove data that were
contaminated by seasonal deposits of CO2 frost was to
separate the total data set into three parts. Those data
measured before the autumnal equinox in the south
(corresponding to an areocentric longitude of Ls = 0�) were
used to generate the portion of the data set poleward of a
longitudinal-dependent southern boundary given by the
dashed white line in Figure 1. This boundary was deter-
mined from a break in the magnitude of RMS variations of
epithermal neutron counting rates constructed using the
entire data set. Spatial locations on Mars having a high
RMS variation were judged to be subject to seasonal
variations in the CO2 frost cover that is apparent in the
epithermal-neutron counting rates. A similar procedure for
the northern boundary used data measured after Ls = 100�.
Data within the middle band of latitudes were averaged over
the entire data set. Correction of all counting rates for
variations in cosmic ray flux, global variations in atmo-
spheric thickness, and effects of variations in the NS high
voltage were made by normalizing peak areas for each
measured neutron energy spectrum, to the average counts
summed over ±0.5 day when the spacecraft was equator-
ward of ±30� latitude [Prettyman et al., 2004]. Corrections
were also made for variations in atmospheric thickness due
to topography by normalizing all measurements made
within 45� of the equator to what should be expected for
the neutron currents at the top of a 16 g/cm2 thick atmo-
sphere [Prettyman et al., 2003b]. No such corrections were
made poleward of ±45� latitude.
[10] An overview of Figure 1 shows that Mars can be

separated into three spatial domains that have very different
character. The first domain north of about +50� latitude is
marked by very low thermal, epithermal, and fast neutron
counting rates. The minimum rate surrounds the north pole
and a secondary minimum is centered at about �125�
longitude (a positive east-longitude convention is used here)
between +65� and +75� latitude. This domain of low
counting rates is pinched off, being narrowest at about
�45� longitude just north of Acidalia in the Vastitas
Borealis formation. In the second spatial domain south of
about �50� latitude, the maps are also dominated by low
counting rates in a broad ellipse with its long axis centered
on about +100� longitude. In the third spatial domain at
near-equatorial latitudes between ±50�, a mixed pattern of
both low and high counting rates exists, having relative
minima along the equator near Arabia Terra between about
0� to +50� longitude, and along �10� latitude, crossing the
180� longitude meridian.

3. Derivation of H2O Mass Fractions From
Counting Rates and Their Uncertainties

[11] The connection between measured neutron counting
rates and neutron energy distributions was made by com-
bining our absolute calibration with simulations of counting
rates using MCNPX. These simulations assumed a three-
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Figure 1. Thermal, epithermal, and fast neutron CO2 frost-free maps of Mars. Data north of the
northern white dashed wavy line were measured after the northern summer solstice (100� < Ls < 151�),
and data south of the southern dashed wavy line were measured during the late summer in the south
(329� < Ls < 1.7�). The 0-km elevation contour (black line) is shown for reference. The solid white lines
separate the poleward regions having water abundances larger than about 11% by mass from those at near
equatorial latitudes that have abundances that are less than 11%.
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layered model of the Martian surface and atmosphere as
shown in Figure 2. Three parameters were varied in these
simulations: the thickness of the atmosphere, in g/cm2, the
thickness of the uppermost layer of soil, D, assumed to
contain 2% H2O by mass, in g/cm2, and the mass percent of
H2O in a semi-infinite lower layer, X. The composition of
the atmosphere was assumed to be that measured by Owen
et al. [1977], and the composition of the soil was that
measured at Mars Pathfinder [Wänke et al., 2001]. Normal-
ization of all our measurements to a 16 g/cm2 atmosphere as
just mentioned, thereby reduces the number of free param-
eters in the model in Figure 2 from three to two, D and X,
respectively.
[12] The relationship between the mass fraction of water-

equivalent hydrogen (MH2O) of soil and the calibrated
epithermal neutron [Epi] and fast neutron [Fast] counting
rates (given by the variable Z), can be fit quite well by the
product of polynomial and power law functions,

MH2O ¼ B Zp½ �S Ai Z
i; ð1Þ

for 0.02 < MH2O < 1.0, and 0 � i � 5. The parameters of
equation (1) are given in Table 1, and an overlay of both
functions and the simulated counting rates for a range of
MH2O values between 0.02 and 1.0, are shown in Figure 3.
The fits are seen to be excellent.
[13] The parameters for both epithermal and fast neutrons

in equation (1) correspond to a 16 g/cm2 atmosphere and no
dry upper soil layer of 2% H2O (D = 0). Similar simulations
using a wide range of surface compositions have shown that
the relationship given by equation (1) for epithermal neu-
trons is minimally sensitive to the host soil composition
[Feldman et al., 1993; Prettyman et al., 2003a]. However, it
does depend on both the abundance of water and its gradient
with depth, which according to the model illustrated in
Figure 2, corresponds to variable thicknesses, D, of a 2%
H2O layer. Enhanced abundances of H2O buried beneath
layers having lower H2O abundance will generally appear
from orbit as having some intermediate abundance that
depends on D.

[14] For fast neutrons, equation (1) will change somewhat
for other soil compositions because the fast neutron flux
varies linearly with the average atomic weight, hAi, of
surface soils [Maurice et al., 2000; Gasnault et al., 2001].
Nevertheless, this variation should be less than that detected
on the Moon (which amounted to ±15% full-width at full
maximum, FWFM) because in dust-covered areas, aeolian
processes are expected to homogenize the composition of
Fe and Ti, which are the dominant contributors to hAi.
Where the dust cover is light, the abundance of Ti is
generally low and that of Fe does not appear to vary much
[Bandfield et al., 2000]. Although the abundance of Cl may
be variable on Mars, it should not affect hAi because its
abundance is thought to be generally lower than about 1%
[Wänke et al., 2001; Foley et al., 2003]. However, we
caution that if these expectations are not met in reality, then
interpretations of measured fast neutron currents are subject
to possible ±15% relative errors in counting rates. Subse-
quent errors on other dependent parameters derived from
these counting rates may then be likewise higher.
[15] The uncertainties in H2O abundances derived from

analyses of epithermal and fast neutron currents have

Figure 2. A simple model of the stratigraphy of water-
equivalent hydrogen deposits near the surface of Mars.

Table 1. Parameters for Equation (1)

Parameter Epithermal Neutrons Fast Neutrons

Z [Epi] [Fast]
B 1.061 0.07535
p �1.567 �2.476
A0 0.6991 0.96
A1 0.3291 �0.8696
A2 �0.1152 +3.034
A3 0.01986 �2.553
A4 �0.001651 0.5917
A5 5.12 � 10�5 0

Figure 3. The correlation between mass fraction of H2O
and epithermal and fast neutron counting rates simulated for
an assumed semi-infinite soil stratigraphy having the base
composition measured at the Pathfinder landing site.
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several contributions. These include (1) statistical uncer-
tainties in the average counting rate due to the random
nature of counting experiments; (2) systematic errors in the
data reduction algorithm; (3) uncertainties in the calibration
constants; and (4) uncertainties in models of the Martian
surface and atmosphere. We address each of these in turn:
[16] 1. The counting rates used to carry out our analysis

of water abundance are averages over 19.75 s measurement
intervals. The standard deviation of these averages for
selected regions is given by the population standard devi-
ation divided by the square root of the number of observa-
tions [Bevington and Robinson, 1992]. The uncertainty
depends on the number of samples and the counting rate.
In the north, the standard deviation in the mean summertime
epithermal counting rate poleward of +85� was determined
to be less than 1% from measurements made over a
4.5 month period. Away from the pole, at +60�, the standard
deviation was about 2.5% for a 5� equal angle pixel. In the
south, the standard deviation in the mean summertime
epithermal counting rate poleward of �85� was about 1%
and a typical 5� equal angle pixel at �60� was 6.5%. The
uncertainty is lower in the north due to the fact that only a
portion of the southern summer was observed during
mapping to date. In comparison, the uncertainty for a 5�
equal area pixel at the equator is 1%.
[17] 2. Systematic errors in the data reduction algorithm

include errors in determining the peak area, mostly intro-
duced by fluctuations in the gain of the spectrometer,
uncertainties introduced by the cosmic ray normalization
algorithm, errors in our atmospheric correction algorithm,
and uncertainties in determining the background counting
rate. We assumed the background counting rate resulting
from cosmic ray interactions with spacecraft material to be
zero for epithermal neutrons because it was measured
during cruise to be insignificant [Feldman et al., 2002a].
Errors in peak area determination apply to epithermal
neutrons only, and are expected to be largest at high
latitudes where the counting rate is near the background
(far from the conditions encountered during calibration).
[18] 3. The calibration constant may contain a systematic

error due to the assumption that the CO2 frost during
northern winter is uniform in thickness over the footprint
of the spectrometer for data acquired poleward of +85�. In
addition, the thickness of the frost used to calibrate the
spectrometer was determined from measurements of the
attenuation of the hydrogen 2.223 MeV capture gamma
ray. An effective attenuation coefficient for this analysis was
determined using a Monte Carlo radiation transport model,
which can also introduce systematic errors due to the use of
various assumptions, including the cosmic ray input energy
and angle distribution, the intranuclear cascade model
(which produces the primary high energy neutrons), and
cross section data sets used to model neutron transport. By
carrying out a variational analysis on the input parameters
for the Monte Carlo model, we conclude that the uncertainty
in the footprint-averaged frost thickness based on gamma-
ray attenuation is less than ±5%.
[19] 4. To determine minimum water abundance, we

assumed that the surface consists of a single, semi-infinite
layer. We then contrasted the minimum water abundance as
determined by epithermal and fast neutrons. Differences
encountered between ±45� latitude were explained (as will

be described later) by a model in which the average soil
consists of two layers, a dry upper layer covering a relatively
hydrogen-rich lower layer that is close enough to the surface
to be sensed by the spectrometer. We have applied this model
only to latitudes equatorward of ±45� in this study because
the heterogeneity and stratigraphy of water ice at more polar
latitudes may be considerably more complicated than that
pictured in Figure 2 [Farmer and Doms, 1979; Paige, 1992;
Mellon and Jakosky, 1993]. In our analysis, we assumed that
the non-hydrogen composition of the surface is that of
Pathfinder soil. This assumption could affect the interpreta-
tion of the fast neutrons, and hence our estimate of depth, as
previously mentioned. Other more complex physical models
of the surface are possible and perhaps likely, but cannot be
fit with the two observable parameters used in this study.
Finally, the counting rate of the surface physical models is
determined using a Monte Carlo radiation transport calcula-
tion combined with the spectrometer response function, both
of which can be in error.
[20] Our attempt to estimate, correct for, and thereby

control systematic effects associated with the reduction of
data is an ongoing process of continuous improvement. At
present, we believe that our total relative uncertainty in
deriving counting rates from raw epithermal neutron data
binned into 5� � 5� quasi-equal-area spatial elements is less
than about ±10%. We find that the uncertainty in the
calibration constants amounts to about ±5% for epithermal
neutrons [Feldman et al., 2003] and <±10% for fast neutrons
[Prettyman et al., 2004]. An exploration of variations in input
parameters used for MCNPX shows that relative uncertain-
ties in translating measured counting rates in 5� � 5� quasi-
equal area surface elements equatorward of ±82.5� amounts
to less than about 7% on average. If the foregoing contribu-
tions to uncertainties are folded together in quadrature, the
result leads us to expect that our estimates of H2O mass
fractions from epithermal neutron counting rates are accurate
to less than about ±15% relative uncertainty.
[21] Of course, these uncertainties are in addition to those

caused by the fact that our results are non-unique. We are
interpreting two measured quantities (epithermal and fast
neutron counting rates) to determine the concentration of
H2O near the Martian surface, which in reality, requires more
than two parameters to describe. In addition to the hydrogen
concentration as a function of depth, we also need to know
the elemental composition as a function of depth and the
heterogeneity of all variables over the 300 km radius FWHM
spatial footprint of the Mars Odyssey Neutron Spectrometer.
In terms of our simple model illustrated in Figure 2, we
therefore need to determine the H2O mass fraction of both
the top and bottom layers, the thickness of the top layer, and
the composition of a possible two-layer model (for example,
to account for the presence of a duricrust layer) whose
boundary may not necessarily coincide with the boundary
of the two-layered H2O abundance model.
[22] In summary, because of the excellent counting sta-

tistics of neutron data, we believe that the relative hydrogen
abundances that we have found are a robust result. Absolute
abundances, however, are harder to determine, and we
recognize that there could be some difficult-to-quantify
uncertainties in absolute abundances due to systematic
effects. One approach to estimating such systematic effects
would be to examine our derived H2O abundance for an ice-
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rich locale like the northern residual H2O cap. The mini-
mum counting rates of epithermal and fast neutrons
observed within 300 km radius spatial elements poleward
of 82.5� latitude are 0.97 ± 0.1 and 0.44 ± 0.06 cps,
respectively, which yield a WEH of 103 ± 16% and 58 ±
22% when entered into equation (1). The size of the residual
cap, however, is smaller than the footprint of the NS, and
allowance needs to be made for the surrounding terrain in
the footprint. We have attempted some simple modeling of
the influence of this terrain, and the result has been WEH
values substantially lower than those quoted above. This
discrepancy could result from shortcomings in our model,
of course, but it also could be indicative of unrecognized
systematic effects in equation (1). We leave the resolution of
this apparent discrepancy to future work. And while these
uncertainties encourage us to be cautious in the interpreta-
tion of our derived absolute H2O abundances, we retain a
high confidence in the spatial variability in near-surface
H2O on Mars that we have found.

4. Maps of Lower-Limit Estimates of Hydrogen
on Mars

[23] The epithermal-neutron counting-rate map in the mid-
dle panel of Figure 1was converted to lower-limit abundances
of water-equivalent hydrogen using equation (1). We expect
this conversion will yield water abundances that are less than
what may exist deeper below the surface. According to
the model stratigraphy shown in Figure 2, our derived
abundances then only approximate that of the lower semi-
infinite soil layer. The surface dust cover (which in our model
corresponds to the uppermost 2% H2O-bearing layer) will be
subject to larger temperature variations in response to diurnal
and seasonal variations in solar insolation, and should
therefore be less able to retain its water inventory [Leighton
and Murray, 1966; Farmer and Doms, 1979; Mellon and
Jakosky, 1993]. A Robinson projection of the resultant
water-equivalent hydrogen map is shown in Figure 4. The
color scale was chosen to be logarithmic to provide adequate
resolution of the large range in H2O abundance encountered
over the planet. A shaded relief map of Martian topography

from data measured using the Mars Orbiter Laser Altimeter
(MOLA) [Smith et al., 1999] is superimposed to allow a
cross reference between the various water-abundance and
surface terrain features.
[24] Inspection of Figure 4 shows that the two largest

discrete reservoirs of hydrogen-rich soils near the equator
occur at approximately antipodal longitudes. That in the
neighborhood of Arabia Terra is centered near the equator at
+25� longitude, and the other is just below the equator at
about +185� longitude. These reservoirs have longitudinal
extension that appear to follow the 0-km contour line
(shown later in Figure 9) for a considerable longitudinal
distance before they connect to northerly directed hydrogen-
rich lanes that follow the western slopes of Olympus, Arsia,
and Pavonis Mons in the west, and through the center of
Elysium Mons in the east. Northeast of the hydrogen rich
lane that skirts the western edge of Tharsis is a relative
maximum that is centered on Alba Patera.
[25] We note also from Figure 4 that the lowest apparent

abundance of water-equivalent hydrogen is 2% by mass.
This result was used to set the water-equivalent hydrogen
abundance in the uppermost, relatively desiccated layer in
Figure 2 at 2% by mass. In this case the two-layer model
reduces to one semi-infinite layer.
[26] Orthographic north and south polar projections pole-

ward of ±50� latitude of the epithermal-neutron H2O maps
are shown in the top panels of Figures 5 and 6, respectively.
Because the data volume used for both polar domains was
less than that available for the near-equatorial domain (due
to selection of a reduced high-latitude data subset to
eliminate seasonal CO2 frost contamination), both high-
latitude maps were smoothed using a 4� arc-radius circular
box-car filter. The global map in Figure 4 was similarly
smoothed for consistency. The bottom panels of both
Figures 5 and 6 overlay maps of the Martian topography
measured using MOLA [Smith et al., 1999] with contours of
constant water-equivalent hydrogen mass fraction. The
outermost contour in both figures corresponds to 10%
H2O by mass, and successive poleward contours correspond
to 20%, 30%, 40%, 50%, and 60% mass fractions. Inspec-
tion of the top panel of Figure 5 shows that H2O abundances

Figure 4. A Robinson projection of the water-equivalent hydrogen content of the semi-infinite layer of
water-bearing soils derived from epithermal-neutron counting rates.

E09006 FELDMAN ET AL.: NEAR-SURFACE HYDROGEN ON MARS

6 of 13

E09006



around the north pole range up to about 100 ± 16% by mass,
while those in the south range between 20% and about 50%
by mass (as shown in Figure 6). Apparent abundances of
H2O equatorward of these contours (the third reservoir)
range between about 2% and 10% by mass as shown in
Figure 4, with an average value of about 5%.

5. Stratigraphy of H2O Mass Fraction
Equatorward of ±45�� Latitude
[27] A first-order approximation to the depth of burial of

the major H2O-containing layer can be determined through
a combined study of epithermal- and fast-neutron counting
rates. As mentioned previously, conversion of both count-
ing-rate maps in Figure 1 to H2O using equation (1), yields
lower limits. However, the fast-neutron limit is expected to

be lower than the epithermal limit because the fast signature
of hydrogen drops off more rapidly with depth. This fact is
demonstrated in Figure 7. Input to the MCNPX simulation
given by the uppermost straight line is for a 16 g/cm2

atmosphere and no upper layer of 2% H2O soil. The slope
of this line is unity and its intercept is zero so that the
apparent mass fraction of H2O through applications of
equation (1) is equal to that of the semi-infinite water-
bearing layer. The next two curves show the relationship
between the apparent and actual mass fraction of H2O of a
semi-infinite water-bearing layer that is buried beneath a
10 g/cm2 2% H2O layer. Note that the prediction of H2O
mass fraction from fast neutrons is less than that from
epithermal neutrons. Both curves meet at 2% H2O mass
fraction because at that point, there exists only a single
semi-infinite layer. The lowest two curves are from simu-
lations of a 20 g/cm2 uppermost 2% H2O layer. Note that

Figure 5. Orthographic projection of lower-limit abun-
dances of water-equivalent hydrogen at latitudes poleward
of +50�. Dashed circles correspond to latitudes of 60�, 70�,
and 80�. Contours of water abundance corresponding to
10% (outermost contour), 20%, 30%, 40%, 50%, 60%,
80%, and 100% (inner contour) by mass are overlaid on a
MOLA map of topography in orthographic projection in the
bottom panel.

Figure 6. Orthographic projection of lower-limit abun-
dances of water-equivalent hydrogen at latitudes poleward
of �50�. Dashed circles correspond to latitudes of 60�, 70�,
and 80�. Contours of water abundance corresponding to
10%, 20%, 30%, 40%, and 50% by mass are overlaid on a
MOLA map of topography in orthographic projection in the
bottom panel.
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predictions of the apparent H2O mass fractions for both
epithermal and fast neutrons are reduced further while
maintaining a higher H2O mass fraction from epithermal
neutrons. As the thickness of the uppermost desiccated layer
gets larger than about 100 g/cm2, both curves flatten out to a
constant prediction of 2% H2O. In other words, a water-rich
soil layer buried beneath a relatively desiccated layer can no
longer be detected from orbit through measurements of
escaping neutrons if its physical thickness is larger than
about one meter.
[28] The results shown in Figure 7 are summarized in

Figure 8 in a form that will be used later in our analysis.

Here we plot the relationship between the apparent mass
fraction of H2O from measured fast neutron currents to
that determined from measured epithermal neutrons. The
uppermost straight line with unit slope and zero intercept
corresponds to no uppermost 2% H2O layer. The next
three lines are for 10, 20, and 40 g/cm2 2% H2O layers.
These lines apply only for H2O in the lower layer that is
less than 20% by mass. Their MH2O(Epi) = 0 intercepts,
Ao, and slopes, A1, are given in Table 2. Note that the
slopes decrease monotonically with increasing thickness
of the uppermost layer, that all lines cross over at a
percentage mass fraction of 2% H2O, and the apparent
percentage mass fractions for a given water content of the
semi-infinite layer decrease monotonically with increasing
thickness. Although not shown here, at thicknesses greater
than about 40 g/cm2 of 2% H2O, the slopes remain
constant.
[29] Maps of the percentage mass fractions of H2O

constructed from epithermal and fast neutron counting

Figure 7. The relationship between apparent mass frac-
tions (using equation (1)) and the actual mass fractions of
H2O in the lower semi-infinite layer simulated using
MCNPX for the stratigraphy model illustrated in Figure 2.

Figure 8. The relationship between mass fractions of H2O
determined from measured fast and epithermal neutron-
counting rates using the stratigraphy model in Figure 2.

Table 2. Parameters for the Equation MH2O(Fast) = Ao + A1

MH2O(Epi) for Various Thicknesses of an Assumed 2% H2O

Overburden

Thickness of 2% H2O Layer Ao A1

0 g/cm2 0.0 1.0
10 g/cm2 0.00615 0.7208
20 g/cm2 0.00805 0.6094
40 g/cm2 0.00939 0.5276

Figure 9. Lower-limit estimates of the water abundance
on Mars. The map in the top panel is derived from
epithermal neutron counting rates using equation (1) with
parameters from the epithermal-neutron column in Table 1,
and that in the bottom panel is derived from fast neutron
counting rates using equation (1) with parameters from the
fast-neutron column in Table 1. Both maps are in cylindrical
projection. The elevation contour at 0 km is superimposed
on both maps. Regions poleward of the wavy red lines have
water-equivalent hydrogen abundances larger than 11%.
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rates are shown in the top and bottom panels of Figure 9,
respectively. Three different reservoirs are evident. The
components having H2O abundances larger than 11% by
mass poleward of ±45� latitude correspond to terrain
poleward of the red wavy contours in both panels. This
contour was smoothed and included in the counting-rate
maps of Figure 1 as solid white lines. The 0-km contour
of constant elevation as measured by MOLA (solid black
and white line) is also drawn in Figure 9.
[30] In order to provide quantitative context for the

information contained in Figure 9, measured counting rates
equatorward of ±45� were binned into 5� latitude quasi-
equal area spatial elements. The longitudinal widths of each
spatial element at a given latitude are adjusted such that
there are an integral number in each 360� circle, but each
has a width such that their areas are close to that for a 5�
latitude by 5� longitude square element at the equator.
Although a preliminary analysis of many MCNPX simu-
lations shows that thermal neutrons should be more sensi-
tive to burial depth than are fast neutrons, we are purposely
avoiding them at this point because a unique interpretation
of thermal neutrons requires knowledge of the composition
of surface soils (specifically, the abundances of the strongest
neutron absorbers, Fe, Ti, Cl, Gd, and Sm). These abun-
dances are not presently available from Mars Odyssey
gamma-ray observations. Scatterplots of 5� � 5� fast-
neutron and epithermal-neutron counting rates are shown

in Figure 10. Inspection shows a strong correlation. The
linear regression is

Fast½ � ¼ 0:074 Epi½ � þ 0:75; ð2Þ

with a correlation coefficient of R = 0.92.
[31] Superimposed on the measurements in Figure 10 are

simulations of counting rates for a semi-infinite soil having
the Pathfinder composition and variable H2O weight per-
cent (the lower-most arc that is labeled with% H2O).
Three different two-layer models having variable thickness
(in g/cm2) of 2% H2O above 10%, 7%, and 4% H2O semi-
infinite soils (the three uppermost arcs that connect 10%,
7%, and 4% H2O with 2% H2O), respectively, are also
shown. Inspection shows that most of the measured fast-
and epithermal-neutron counting rates fall within the simu-
lation boundaries of possible counting rates consistent with
a two-layer model. The fact that most of the data fall above
the single layer model suggests that most water-equivalent
hydrogen at near-equatorial latitudes is buried below a
relatively desiccated layer. This conclusion is reinforced
from the correlation between the H2O abundances derived
from fast and epithermal neutrons shown in Figure 11. The
solid red line giving the linear regression is seen to have a
slope that is less than unity (given by the black line), but

Figure 10. Measured fast and epithermal neutron counting
rates within quasi equal-area spatial elements equivalent to
5� � 5� latitude by longitude squares at the equator. These
data are overlaid by MCNPX simulations of counting rates
under the assumption of a single, semi-infinite soil layer
having Pathfinder composition modeled with varying mass
fractions of water-equivalent hydrogen (given by the bottom
right-hand arc). Also superimposed are Pathfinder composi-
tion simulations that correspond to the burial of a relatively
water-rich layer beneath a relatively desiccated layer
containing 2% H2O (given by the three arcs at the top
left). Measured counting rates for the selection of nine
midlatitude sites listed in Table 3 are included.

Figure 11. Correlation between water-equivalent hydro-
gen derived from fast and epithermal neutron counting rates
using equation (1). Data points correspond to measured
counting rates between ±45� latitudes in quasi equal-area
spatial elements each having areas equal to 5� � 5� latitude
by longitude squares at the equator. The solid red line gives
the linear regression between fast and epithermal water-
equivalent hydrogen estimates given by MH2O(Fast) =
0.67 MH2O(Epi) + 0.008, with a correlation coefficient of
R = 0.92. The solid black line gives MH2O(Fast) =
MH2O(Epi); the blue, green, and purple lines give model
results for 10, 20, and 40 g/cm2 of soil containing 2% H2O.
The numbered crosses give the selected near-equatorial sites
listed in Table 3.
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closely equal to that predicted for a 10 g/cm2 thick layer of
2% H2O that overlies a semi-infinite H2O-bearing layer
(blue line from Figure 8). Also shown in green and purple
are the regressions predicted for overlying 20 and 40 g/cm2

thick layers from Figure 8.
[32] The good agreement between the blue and red lines

in Figure 11 then favors the model of equatorial and mid
latitudes shown in Figure 2, in which a semi-infinite layer
containing X% H2O is buried beneath a 2% H2O layer
having an average thickness of about 10 g/cm2. However,
this thickness may vary from place to place because, while
measured epithermal neutrons are not sensitive to composi-
tion, measurements of fast neutron currents from the Moon
revealed variability at the ±15% FWFM level [Feldman et
al., 1998; Maurice et al., 2000; Gasnault et al., 2001].
Indeed, the vertical widths of H2O from fast neutrons in
Figure 11 amounts to about 30% FWFM at mid range.
[33] The regression line for a 10 g/cm2 2% H2O layer

shown in Figure 8 can be used to convert the map of H2O
generated from measured epithermal neutron currents to one
for the mass fraction of H2O in the lower semi-infinite
water-bearing layer. The relation between actual and appar-
ent H2O mass fractions (see Figure 7) can be fit quite well
(having a correlation coefficient of R = 0.996) by the
polynomial

MH2O Actualð Þ ¼ 4:3510�4 þ 0:998 MH2O Apparentð Þ
þ 1:784 M2

H2O Apparentð Þ: ð3Þ

6. Data Summary

[34] About one year of Mars Odyssey NS epithermal and
fast neutron data have been used to construct CO2 frost-free
maps of Mars. These data provided input for a map of
water-equivalent hydrogen concentrations within about one
meter of the Martian surface. Three major reservoirs (other
than the minimal atmospheric reservoir) are readily delin-
eated. The two reservoirs that surround the poles extending
down to about ±50� latitude have relatively rich deposits of
water-equivalent hydrogen. Lower limits of H2O mass
fractions range between 20% and 100%. The third is an
equatorial/mid latitude reservoir that is maximized at two
locations near the equator. These locations are approximately
antipodal and bisect the 0-km elevation contour. H2O mass
fractions in this reservoir range between 2% and 10%, with
an average of about 5%.
[35] The north and south high-latitude reservoirs of

hydrogen are presented in Figures 5 and 6, respectively.
Outstanding features are the residual caps that appear to
contain up to about 100% H2O in the north, and lower
values of apparent H2O in the south. These data are
consistent with previous inferences that the residual north
polar cap is nearly pure water ice near its surface [Kieffer et
al., 1976], and water ice covered by a relatively thin veneer
(but thick with regard to neutron transport) of CO2 ice in the
south [Kieffer, 1979]. Contours of H2O mass fractions are
superimposed on the MOLA topography poleward of +50�
and �50� latitudes in the lower panels of Figures 5 and 6,
respectively. Inspection reveals resolved relative maxima in
both hemispheres. The maximum in the north is centered on

about +70� latitude and �125� longitude, and that in the
south is centered on about �70� latitude and 100� longi-
tude. Both maxima are close to a lower-limit abundance of
45% H2O by mass. These maxima presently have no
correspondence with any special surface feature that has
been identified. However, the longitudes of pinched-off
contours in the lower panel of Figure 5 occur within the
deepest portion of the Vastitas Borealis formation near the
mouth of chasma borealis. In addition, a relative minimum
in H2O abundance is centered on Olympia Planitia at about
79� latitude and �175� longitude.

7. Discussion

[36] As mentioned previously, a realistic appraisal of the
hydrogen content of the top-most layer of the Martian
surface from measured fluxes of epithermal and fast neu-
trons requires knowledge of the stratigraphy of hydrogen-
bearing layers. A unique determination of stratigraphy from
neutron data, in turn, requires knowledge of the elemental
composition of these layers. We start first with a discussion
of stratigraphy.

7.1. Stratigraphy

[37] Any attempt to determine the stratigraphy of equa-
torial/midlatitude hydrogen concentrations faces two
obstacles. In principle, the most sensitive measure of
hydrogen stratigraphy is provided by correlated variations
in thermal and epithermal neutrons. However, application of
this technique in practice requires knowledge of the com-
position of the major thermal-neutron absorbing elements,
Fe, Ti, Cl, Gd, and Sm [Feldman et al., 2000]. This
composition is not presently available from Mars Odyssey
gamma-ray observations. Nevertheless, the measured corre-
lation between fast and epithermal counting rates equator-
ward of ±45� seems to be consistent with hydrogen-bearing
deposits that are buried on average, by about 10 g/cm2 of
soil containing 2% H2O by mass.

7.2. H2O Mass Fractions at Selected
Equatorial//Midlatitude Sites

[38] Lower-limit estimates of the H2O abundance for nine
selected near-equatorial latitude sites are collected in
Table 3. These sites are identified separately by number in
Figures 10 and 11. Only three of these sites can be
compared individually with estimates made previously,
those at the three landing sites. It is important to bear in
mind that the exploration scale of the Viking and Pathfinder
landing sites (a few meters) is dwarfed by the large neutron
footprint of Mars Odyssey (�600 km), thereby limiting any
direct correlation between observed abundances. Initial
estimates of the H2O content of two soil samples at
Viking 1 were between 0.1 and 1% mass fraction, and
those for two samples at Viking 2 were between 0.8 and
1.0% [Biemann et al., 1977]. A later reanalysis of these data
using the engineering model of the Viking Gas Chromato-
graph Mass Spectrometer (GCMS) in the laboratory on
Earth yielded 1.1% and 3.0% for the two samples at
Viking 1, and 1.6% and 1.9% at Viking 2 [Anderson and
Tice, 1979]. The average at Viking 1, 2.1%, is close to our
estimate from Mars Odyssey NS data, 3.0 ± 0.4% (3.2% ±
0.4% using the 10 g/cm2 stratigraphy model given in the
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rightmost column in Table 3), but that at Viking 2, 1.8%, is
much less than our estimate of 6.4 ± 1.0% (7.2% ± 1.1%
using the 10 g/cm2 stratigraphy model). Finally, a recent
analysis of Alpha, Proton, and X-Ray Spectrometer (APXS)
data from Mars Pathfinder used stoichiometry arguments to
estimate H2O abundances from observed excess oxygen,
yielded an average H2O mass fraction for soils ranging up to
1.7% (but generally desiccated), and for rocks ranging
between 0.1 ± 1.3% and 4.3 ± 1.3% [Foley et al., 2003].
The high end of the rock estimate is in the range of our
estimates of 2.8 ± 0.4% (3.0 ± 0.4% using the 10 g/cm2

stratigraphy model), while the soil values are mostly lower
than our estimates.
[39] Analysis of near infrared spectra measured from

above the terrestrial atmosphere [Houck et al., 1973]
yielded an average H2O abundance of Martian soils that
amounts to 1% by mass, within a factor of three. Further,
their analysis showed that the soil grains that carried this
water had a mean particle radius that ranged from 10 to
300 m (clay-size to fine silt). Fines at the very surface likely
dominate the infrared spectra; it is unlikely that duricrusts
under the surface dust or anything deeper can be seen by
this method. This analysis is supported by a later analysis of
data measured using the Imaging Spectrometer aboard the
Phobos 2 spacecraft [Yen et al., 1998], which yielded a
maximum H2O abundance of 4% by mass. We note that
both of these ‘‘global’’ upper-limit estimates are close to,
but slightly less than our midlatitude average lower estimate
of 5%.
[40] While the measured H2O abundances of surface

samples in the vicinity of Viking 1 and Pathfinder are in
range of those estimated from epithermal neutron data, the
surface-sample and orbital estimates at Viking 2 are clearly
out of range. Assumption of a different elemental compo-
sition cannot account for the difference because our estimate
of 6.4 ± 1.0% (7.2% ± 1.1% using the 10 g/cm2 stratigraphy
model), is clearly larger than the surface estimate of 1.8%.
A likely resolution of this difference can be inferred from
the map in Figure 4. Here, it can be seen that Viking 2 (at
+47.7� latitude, +134.1� longitude) lies at the southern
margin of the north-polar water-rich terrain, inferred to be
buried beneath a relatively hydrogen poor cover, as is
inferred from the position of the Viking 2 sample (the data
point labeled #9) in Figures 10 and 11. However, we also
note that the Odyssey neutron footprint centered over the
Viking 2 site includes the water-rich terrain to the north. The
high average value of 6.4% water at this site is likely a
composite of very water-rich soil to the north with drier soil
near and south of Viking 2.

[41] The foregoing rough ‘‘validations’’ of our estimates
of H2O mass fractions have important ramifications for the
nature of the equatorial/midlatitude deposits. Our best
estimate of a lower limit to the H2O abundance within these
deposits is between 2% and 10%. The largest concentration
in this latitude range is high, considering the fact that water
ice should not be stable at any depth at latitudes equator-
ward of ±30� at the present time [Farmer and Doms, 1979;
Paige, 1992; Jakosky and Haberle, 1992; Mellon and
Jakosky, 1993]. One possible explanation is that these
deposits contain hydrated minerals [Feldman et al.,
2002b; Bish et al., 2003a], possibly in the form of clays,
zeolites, hydrous sulfates, hydrous carbonates, hydrous
chlorides, and/or other more complex hydrous salts. The
role of hydrous minerals could be significant, since they
may sequester water as structural H2O and OH in amounts
of �10–20% (hydrous silicates), and up to �50% (salt
hydrates). However, most of these minerals, and the salt
hydrates in particular, are unlikely to be stable or fully
hydrated at Mars surface conditions. Although some com-
bination of hydrous silicate minerals and salt hydrates may
account for some of the observed hydrogen near the
equator, their stability in the shallow Martian regolith needs
to be determined [Bish et al., 2003b].

7.3. Equivalent Global Thickness of Water

[42] A minimum thickness of a global-equivalent layer,
GEL, of water can be estimated from the lower-limit water
maps in Figures 4, 5, and 6. This estimate, T(Global), was
calculated by integrating zonal averages of the H2O mass
fraction, MH2O,

T Globalð Þ ¼ r D

ZZ
MH2O dW=4p; ð4Þ

over three contiguous latitude bands, l > +45�, �45� < l <
+45�, and l < �45�. Here, T(Global) is the equivalent
thickness of H2O assuming that it is distributed uniformly
over the entire Martian surface, r is the density of soils near
the surface, here chosen to be 1.65 g cm�3, and D is an
assumed thickness of the water-equivalent hydrogen
deposits. If the thickness of these deposits is D = 1 m, the
sensitivity thickness limit for remote neutron observations,
then the total inventory of near surface H2O calculated as
full-planet contributions from each zone, amounts to: 4.1 cm
for latitudes south of �45�, 5.6 cm for latitudes between
�45� and +45�, and 4.4 cm for latitudes north of +45�.
Altogether, these estimates yield about a 14 cm GEL of
water. Although orbital neutron data can only detect

Table 3. Lower-Bound Water-Equivalent Hydrogen Abundances for Selected Sites (5� � 5� Areas)

Site Latitude, Longitude

Mass Percent of H2O

Semi-infinite Below 10 g/cm2 2% H2O

1) Alba Patera +40�, �110� 7.6 ± 1.0%
2) Arabia �5�, +25� 9.8 ± 1.5% 11.5 ± 1.7%
3) Arabia Antipode �15�, �175� 8.8 ± 1.3% 10.2 ± 1.5%
4) Argyre �45�, �45� 2.0 ± 0.3% 2.1 ± 0.3%
5) Pathfinder +19.3�, �33.6� 2.8 ± 0.4% 3.0 ± 0.4%
6) Sinus Meridiani 0.0�, 0.0� 7.7 ± 1.2% 8.8 ± 1.3%
7) Solis Planum �25�, �95� 2.3 ± 0.3% 2.4 ± 0.4%
8) Viking 1 +22.3�, �48.2� 3.0 ± 0.4% 3.2 ± 0.4%
9) Viking 2 +47.7�, +134.1� 6.4 ± 1.0% 7.2 ± 1.1%
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hydrogen concentrations within about 1 m of the Martian
surface, these deposits could be thicker, and therefore the
total water inventory of the observed deposits could be
significantly larger.
[43] Another interesting feature of the high-latitude H2O

deposits is illustrated in Figure 12. Here, zonal averages of
H2O calculated from quasi-equal area data (equivalent to
5� � 5� areas at the equator), are plotted by a black solid
line that overlays lower-limit H2O fractions for all equal-
area samples. The red line gives the zonal averages with the
sign of latitude reversed. This presentation reveals several
aspects of the data alluded to earlier. First, there is a sharp
break at ±50� latitude (delineated by two vertical dashed
lines) between relatively low hydrogen abundances at near
equatorial latitudes, and relatively high abundances at
higher latitudes. Second, the relative maximum at about
±70� latitude is seen in both the north and south polar
terrains as increased dispersions in H2O abundance. Third,
there is a marked difference between H2O abundances
poleward of ±80� (delineated by two vertical dashed lines)
that is explained by water ice residual caps that are bare near
the surface in the north, and covered by a relatively thin
veneer of CO2 ice in the south. And lastly, the average H2O
abundance of high-latitude terrains between +50� and +80�
latitudes in the north is nearly equal to that between �80�
and �50� latitudes in the south.
[44] Although there appears to be more water ice in the

south, our uncertainties are sufficiently large (roughly ±15%
relative uncertainty) that they are equal within errors. This
result differs from that derived from an analysis of HEND
data [Mitrofanov et al., 2003], where more water ice is
inferred in the north than in the south. Although we do not
know the origin of the surprising latitudinal symmetry
derived from the NS data, the large difference in topography

between north and south [Smith et al., 1999], the marked
differences in the geologic structure, and differences in
aqueous history on geologic timescales of the northern
and southern high-latitude terrains [Carr, 1996], suggests
that none of these can be controlling factors in the present
zonally averaged disposition of ground ice at high latitudes.
Instead, the north-south symmetry in inferred ground ice
and its strong latitude dependence suggest that the structure
of high-latitude ground ice as seen in neutrons most likely
reflects the latitudinal dependence of soil temperature and
an equilibrium with the long-term water vapor content of
the atmosphere.
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