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where we have reasonable ground-proof
knowledge of the hydrogen content of surface
soils. For this purpose, we chose the site of
Viking 1, for which we adopt the water-
equivalent hydrogen abundance from (22) of
1%. Our result for Arabia Terra is 3.8 = 0.6
and 3.5 * 0.5% at —15° latitude between 180°
to 210° east longitude. If the chlorine abun-
dance of surface soils is constant at equatorial
latitudes within a factor of 3, then the mea-
sured depression in thermal neutron fluxes
within these hydrogen-rich terranes implies a
burial depth of about 25 to 30 g/cm? below
hydrogen-poor soil. We therefore suspect that
the variations in hydrogen concentration seen
at these latitudes may primarily reflect geo-
graphic variations in the amount of chemical-
ly and/or physically bound H,O and/or OH
by minerals buried beneath a 15- to 20-cm-
thick hydrogen-poor dust layer.

The near-surface martian regolith is expect-
ed to be a mix of unweathered and weathered
materials. The unweathered material may be
relatively coarse-grained and mostly igneous in
origin, whereas weathered material may be
mostly fine-grained and dominated by some
mixture of palagonite and clays. The ratio of
weathered to unweathered material, as well as
the dominant grain size, may depend sensitively
on what geologic processes have been most
important in modifying the upper regolith on
regional scales. For example, regions of net
accumulation of windblown dust may be richer
in fine-grained weathered material than are re-
gions of net erosion.

The hydrogen content of such a regolith
could be high and quite variable on regional
scales. Infrared (IR) spectroscopic observa-
tions of Mars have provided clear evidence of
either chemically or physically bound water
in the IR-sensed surface, with concentrations
of a few tenths of a percent to a few percent
(23). The Viking GCMS experiment showed
evidence for at least 1% chemically bound
water in near-surface soil (22). Palagonite
and clays can both contain substantial
amounts of chemically bound water. And
because fine-grained materials—clays in par-
ticular—have high specific surface areas,
such materials can readily host several per-
cent or more of adsorbed H,O under martian
near-surface conditions. So, although our
data do not rule out the possibility of subsur-
face ice deposits at low to middle latitudes,
they do not require them. We suspect instead
that the NS data from these latitudes may be
revealing the quantity of physically and
chemically bound hydrogen in the upper tens
of centimeters of martian soil that is buried
beneath a 15- to 20-cm-thick layer of hydro-
gen-poor soil. Important sources of the ob-
served geographic variability may include re-
gional variations in regolith grain size and in
the ratio of weathered to unweathered mate-
rial over these depths.
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Maps of Subsurface Hydrogen
from the High Energy Neutron
Detector, Mars Odyssey
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V. Tret'yakov,! A. Krylov,? V. Shvetsov,? W. Boynton,?
C. Shinohara,® D. Hamara,? R. S. Saunders*

After 55 days of mapping by the High Energy Neutron Detector onboard Mars
Odyssey, we found deficits of high-energy neutrons in the southern highlands
and northern lowlands of Mars. These deficits indicate that hydrogen is con-
centrated in the subsurface. Modeling suggests that water ice-rich layers that
are tens of centimeters in thickness provide one possible fit to the data.

Some gullies on the surface of Mars have
been attributed to recent water seepage and
surface runoffs (/). To understand the hydro-
logical processes on Mars that form surface
features such as the gullies, we need to iden-
tify where water might exist. There is a small
amount, column density ~1073 g/cm?, of
water vapor in the atmosphere (2), and sur-
face water ice is present only at the polar caps
of Mars (3—5). Measurements of secondary
neutrons produced by cosmic rays from Mars
provide a direct test for hydrogen-bearing
species. A deficit of high-energy neutrons at
some regions on Mars may indicate the pres-
ence of water in the subsurface, because neu-
trons become moderated down to thermal
energies in the presence of hydrogen.
Because Mars lacks a magnetic field and

TInstitute for Space Research, Moscow 117997, Rus-
sia. 2Joint Institute for Nuclear Research, Dubna
141980, Russia. 2University of Arizona, Tucson, AZ
85721, USA. #Jet Propulsion Laboratory, Pasadena, CA
91109, USA.

has a thin atmosphere, cosmic rays propagate
to and interact with the surface. As a result of
the cosmic ray bombardment, a large number
of secondary neutrons are produced within a
subsurface layer 1 to 2 m thick (6—38). These
neutrons interact with nuclei of atoms of the
subsurface material, producing emission of
gamma-ray lines (8). Each chemical element
has a unique set of these lines, so that gam-
ma-ray spectroscopy can identify the compo-
sition of the martian subsurface.

Photons of nuclear gamma-ray lines are
emitted by inelastic scattering reactions of
high-energy neutrons and by capture reac-
tions of low-energy neutrons. Therefore, the
intensity of gamma-ray lines depends on the
elemental compositions of the subsurface and
on the spectrum and flux of neutrons. Thus,
knowledge of the spectral density of neutrons
is a necessary condition for determination of
the elemental abundance by the method of
gamma-ray spectroscopy. However, the ener-
gy spectrum of leakage neutrons also depends
on the composition of subsurface material. A
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neutron with mass m loses a small fraction of
energy ~ m/(M + m) in the collision with a
heavy nucleus with mass M, but the fraction
is about Y2 when it collides with nuclei of
hydrogen with the same mass m. Even a few
weight percent of hydrogen decreases the
leakage flux of epithermal and high-energy
neutrons and increases the flux of thermal
neutrons (6—38).

The High Energy Neutron Detector
(HEND) is part of the Gamma-Ray Spec-
trometer (GRS) suite (9) on the Mars Odys-
sey mission (/0). The GRS suite also in-
cludes the Germanium Sensor Head and the
Neutron Spectrometer. These instruments are
mapping Mars to determine the composition
of the subsurface layer. HEND began map-
ping on 18 February 2002, when Odyssey
was inserted into a circular polar orbit with a
period of ~2 hours at an altitude of ~390 to
450 km. The spacecraft has a stable orienta-
tion with respect to the zenith-nadir vector
and the plane of the orbit, and therefore vari-
ations in measured neutron flux along the
orbit correspond to real differences in neutron
emission at different points on the planet.

The spacecraft is exposed to galactic cos-
mic rays. Charged energetic particles of cos-
mic rays produce secondary neutrons and
gamma rays inside Odyssey. To make an
accurate map of neutrons from Mars, we
subtracted the local Odyssey background
from the measured flux from the planet (/7).
During the aerobraking stage, the original
elliptical orbit of Odyssey was gradually
transformed into a circular orbit. HEND was
operating during the aerobraking stage from
18 November until 19 December 2001. Data
accumulated during the shrinking elliptical
orbits allowed us to build up a model of the
local Odyssey background attributable to cos-
mic rays. This background is subtracted from
the data obtained during the mapping stage of
the mission. Other background fluxes (72)
need to be considered after Mars Odyssey has
completed additional mapping.

Two effects due to the martian atmo-
sphere are also not taken into account in the
present mapping. The first effect produces
the natural collimation of detected neutrons,
because particles propagating with larger in-
clinations to the nadir direction are more
scattered or absorbed as a result of their
larger pass in the atmosphere. We do not take
this effect into account in the present maps,
but we attribute all detected counts directly to
the point with spacecraft coordinates.

Another effect is associated with varia-
tions in measured neutron flux along the or-
bit, attributed to the variable absorbing thick-
ness of the martian atmosphere above areas
with different elevations. However, the mar-
tian atmosphere is thin, and the flux of neu-
trons at the top cannot be affected consider-
ably by variable absorption. We know from
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numerical calculations (8) that the flux of fast
neutrons varies by about *=15% around a
mean value, when the column density of the
atmosphere changes from 15 g/cm? down to 5
g/cm? and up to 25 g/cm?. In the present
maps, we find much larger changes in neu-
tron flux that cannot be explained by such
small deviations.

The leakage flux of neutrons from Mars
decreases with increasing neutron energy (/—
3). The three sensors of HEND with *He
proportional counters have surrounding mod-
erators, each with a different thickness, inside
the cadmium enclosure, which allows the
mapping of the leakage flux at energies 0.4
eV to1lkeV, 04 eV to 100 keV, and 10 eV
to 1 MeV. Here we present the map from the
counter with the medium moderator; this
counter best represents the epithermal energy

range, and it provides the highest significance
of accumulated counts above the background
estimation.

The map of martian epithermal neutrons
with energies 0.4 ¢V to 100 keV (Fig. 1) shows
large variations in the neutron leakage flux. The
maximal count rate F,, ™ = 0.26 counts/s is
observed at Solis Planum around the point with
coordinates 270°E, 30°S. A minimum count
rate of about 0.04 counts/s was detected above
the large province in the southern hemisphere
(south of 60°S latitude) with an area S, ~
107 km?. The corresponding deficit of epither-
mal neutrons in the southern province was
8,4 = F,O/F ™ = 0.17 = 0.04. Ac-
cording to the Mars Observer Laser Altimeter
(MOLA) map of martian topography, the aver-
age elevation of this province at latitude 70°S is
about + 1 to +2 km (/3). Another region of low

Normalized flux

0.30 0.44
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0.72

0.86 1.00

Fig. 1. The initial map of orbital measurements of martian epithermal neutrons by HEND with
energies at 0.4 eV to 100 keV for the first 55 days of mapping. Pixels with sizes 4° X 4° are
smoothed with the scale of 10°. The size of 4° at the equator corresponds to a linear scale of about
240 km. The contours of MOLA topography (72) are shown for comparison. The map is normalized
to 1 at the pixel with the highest count rate, 0.26 counts/s in Solis Planum (270°E, 30°S). The
minimal statistical significance of any pixel is above 50 of background fluctuations; minimal time
exposure for pixels is 600 s.
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0.92 1.00

Fig. 2. The initial map of orbital measurements of martian high-energy (fast) neutrons by HEND
with energies 3.4 to 7.3 MeV for the first 55 days of mapping. Pixels with sizes 4° X 4° are
smoothed with the scale of 10°. The size of 4° at the equator corresponds to a linear scale of about
240 km. The contours of MOLA topography (72) are shown for comparison. The map is normalized
to 1 at the pixel with the highest count rate, 0.15 counts/s in Solis Planum (270°E, 30°S). The
minimal statistical significance of any pixel is above 50 of background fluctuations; minimal time
exposure for pixels is 600 s.

Fig. 3. Calculated de-
pendence of deficits
Betpy Opmeyr and their
ratio m = 8,,,/8y ON
the thickness of an
uppermost dry layer
above a layer of water
ice with a thickness of
20 cm. The dashed
line indicates the val-
ue of the ratio n =
Betn/Opmey = 0.31, 0b-
served for the south-
ern province of Mars.
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flux, but with a smaller S_, ™ ~ 5 X 10° km?,
was observed in the northern hemisphere. It is a
broad arc along latitude 60°N, which extends
from north of Alba Patera at 290°E to Elysium
at 150°E (Fig. 1). It has a deficit of epithermal
neutrons 3., ™ = F_, M/F_ (M = 029 *
0.04 and elevation about —2 to —3 km (6).
Figure 1 also shows two smaller regions in the
equatorial zone with deficits of epithermal neu-
trons. One of them is centered at 30°E and has
a deficit §,,C%® = F  COB/F 0 =
0.45 = 0.04, and another is around 200°E with
a deﬁCIt 88&1(200°E) — Ff:th(ZOO"E)/Feth(max) —
0.48 = 0.04.

The northern arc-like region has about 3
to 5 km greater atmospheric thickness than
the southern province above 60°S, but the
northern region has a much smaller deficit of
neutron flux relative to the southern province.
Therefore, we cannot attribute larger deficits
of neutron flux to more absorption in a thick-
er atmosphere. The atmospheric absorption
effect for regions at a similar season of the
martian year can be tested by comparing two
areas at the same latitude (10°N) and at dif-
ferent longitudes (30°E and 295°E). They
have similar elevations around 0 km (/2) but
manifest different count rates: ~0.1 counts/s
and ~0.2 counts/s, respectively (Fig. 1).
Hence, variable atmospheric thickness is not
responsible for observed variations of neu-
tron flux at the top of the atmosphere.

The HEND map of epithermal neutrons is
similar to the map produced by the Neutron
Spectrometer in the same energy range (/4).
The measurements by the Germanium Sensor
Head also show evidence for subsurface hy-
drogen in this southern province, because the
averaged spectrum over this area contains a
2.2-MeV line (15). This nuclear line emission
results from the capture reaction of thermal
neutrons by hydrogen nuclei with the creation
of an excited deuterium nucleus, which de-
cays by emitting 2.2-MeV photons.

High-energy neutrons were measured by
the HEND Stylbene scintillation sensor in 16
logarithmic channels from 850 keV to 15
MeV with a peak efficiency around 3 MeV. A
map of neutron flux from the energy range
3.4to 7.3 MeV (Fig. 2) was normalized to the
maximal peak flux value F,, ™ = 0.15
counts/s, which was detected at the same
region of Solis Planum as for the epithermal
neutrons. We consider the flux of neutrons
from this region of Solis Planum as the ref-
erence flux for measuring deficits at different
points on Mars.

The map of neutrons at 3.4 to 7.3 MeV
(Fig. 2) has two differences from the map of
epithermal neutrons (Fig. 1). The first differ-
ence is that the neutron map at MeV range
shows a larger region of lower flux in the
north and a smaller one in the south. They
correspond to areas Sy, ~ 107 km? and

Suv™ =~ 4 X 10° km? and deficits
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Bppev ™ = Froy N/ F o™ = 0.57 £ 0.11
and 8y, = Fy v/ Fyey™™ = 0.54 =
0.09, respectively. The model calculations of
leakage neutrons indicate (/) that these defi-
cits may correspond to about 5% by weight of
water in a homogeneous subsurface layer.
This value is larger than the 0.1% by weight
of absorbed water estimated to be in the soil
as a result of atmospheric humidity (/6). The
higher content may be associated with chem-
ically bound water in the subsurface.

The map of neutrons at 3.4 to 7.3 MeV
agrees with the dichotomy boundary of mar-
tian topography (/2). The low flux of 3-MeV
neutrons in the north cannot be explained by
the northern winter CO, frost, because it does
not change the leakage flux at MeV energies
(6). Thus, Mars has two large provinces—
one in the northern lowlands and the other in
the southern highlands—with an uppermost
subsurface layer containing hydrogen, and
this hydrogen may be bound in water ice. A
global mechanism of water transport for the
surface and the subsurface may be needed to
explain the presence of subsurface water ice
at low elevation in the north and high eleva-
tion in the south [e.g., see (/7)].

Another difference between the two maps
(Figs. 1 and 2) is that the southern province
has a much lower flux of epithermal neutrons
relative to the flux for neutrons at 3.4 to 7.3
MeV range. The ratio between the observed
deficits is m = 8_,, /8, = 0.31. The
model of a homogeneous layer indicates that
the water-produced deficit of neutrons is
about the same at epithermal and 3-MeV
energy ranges (6). Neutrons at MeV energies
leak from shallower depths than do epither-
mal neutrons (8). Therefore, the stronger de-
crease of epithermal particles in the southern
province may result from a layered structure
of the subsurface, in which a dryer upper
layer of soil with about 5% water (which
contributes mainly to MeV neutron emission)
covers a wetter, lower layer with a higher
percentage of water ice (which makes the
main contribution to epithermal neutron
emission).

To illustrate this possibility, we produced
a numerical model of the layered subsurface,
which describes the additional lower flux of
epithermal neutron leakage. An icy layer with
thickness s, = 20 cm was positioned in the
subsurface below a layer of dryer soil with
5% water and a variable thickness /. The icy
layer produces additional deficits of leakage
neutrons d_, () and 3,,_,¥(h) in compar-
ison with values d_, () and 8, (),
which correspond to the upper layer of soil
only, when & = o. The additional deficit
disappears when thickness / increases (Fig.
3). The observed ratio n = 3_,;, /8, =
0.31 is consistent with the thickness of an
upper layer of soil about 10 to 60 cm above
the top of an icy layer (Fig. 3). This model is

REPORTS

just one of many that is consistent with these
observations [see also (/5)]; however, A, =
20 cm is close to the minimal thickness of a
water ice layer that may fit the observations.
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Distribution of Hydrogen in the
Near Surface of Mars: Evidence

for Subsurface Ice Deposits
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Using the Gamma-Ray Spectrometer on the Mars Odyssey, we have identified
two regions near the poles that are enriched in hydrogen. The data indicate the
presence of a subsurface layer enriched in hydrogen overlain by a hydrogen-
poor layer. The thickness of the upper layer decreases with decreasing distance
to the pole, ranging from a column density of about 150 grams per square
centimeter at —42° latitude to about 40 grams per square centimeter at —77°.
The hydrogen-rich regions correlate with regions of predicted ice stability. We
suggest that the host of the hydrogen in the subsurface layer is ice, which
constitutes 35 = 15% of the layer by weight.

There is ample evidence that water has been
important in shaping the martian surface (/, 2)
and that water is present on Mars today in the
north polar residual cap (3). In more recent
times, water may have flowed over the surface
to form gullies (4), and ice may have been lost
from zones of dissected duricrust (5).

Here, we report the presence of near-
surface ice at two locations on Mars based
on the determination of the depth depen-
dence of hydrogen abundances in the upper
meter of the martian regolith. The measure-
ments were made with the Gamma-Ray

Spectrometer (GRS) (6, 7) on the Mars
Odyssey mission. The GRS is a collection
of three instruments used to determine the
elemental composition of the martian sur-
face. The instruments are the Gamma Sub-
system, the Neutron Spectrometer, and the
High Energy Neutron Detector. Data from
the two neutron instruments are reported
separately (8, 9). Here, we integrate the
neutron data from (&) with the gamma-ray
data and make quantitative estimates of the
hydrogen distribution in the regolith and its
implications for water-ice abundances.

www.sciencemag.org SCIENCE VOL 297 5 JULY 2002

81



