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ABUNDANCE AND DISTRIBUTION OF ICE IN THE POLAR REGIONS OF MARS: MORE EVIDENCE
FOR WET PERIODS IN THE RECENT PAST.  W. V. Boynton1,2, M. Chamberlain1, W. C. Feldman3, T.
Prettyman3, D. Hamara1, D. Janes1,  K. Kerry1 and the GRS team. 1Lunar and Planetary Lab, Univ. of Arizona,
Tucson AZ 85721, 2Department of Planetary Science, Univ. of Arizona, Tucson AZ 85721, 3Los Alamos National
Laboratory, Los Alamos N.M 87545. 

Introduction: In our earlier work [1] we showed
that the south polar region of Mars had high contents
of subsurface ice. This conclusion was based on a
preliminary analysis of data from the Mars Odyssey
Gamma-Ray Spectrometer instrument suite. Subject to
the assumptions made at the time, the GRS
observations in the south polar region could be fit to a
two-layer model consisting of a “dry” upper layer with
low hydrogen content and an ice-rich lower layer (fig.
1). The upper layer ranged in H content, expressed as
H2O, ranging from 2% near -45  latitude to 3% near    
-75 . The thickness of the upper layer, expressed as
column density, ranged from >100 g/cm2 at -55
latitude to 40 g/cm2 near -75 . The ice content of the
lower layer was inferred to be 35 ± 15% with the
higher end of the range preferred. 

Fig. 1. Longitudinally averaged neutron flux
determined by the Mars Odyssey GRS instrument
plotted vs. model calculations for a regolith with upper
and lower layers having different H2O contents and
different thickness of the upper layer.

Several necessary assumptions were made in this
work, the most significant of which was that we
needed to make a normalization for the absolute flux
of both gamma rays and neutrons. For the neutrons we

chose to normalize the flux to that of the Viking-1
landing site by assuming that the regolith at that site
had 1% H2O. At that time the statistical uncertainty of
the gamma-ray flux was such that we could not
normalize to just one spot on the planet. Consequently
we normalized the gamma-ray flux by assuming that
the entire mid-latitude region between ± 30  had an
average H2O content of 1%.

We now know that both of these assumptions were
incorrect, and we have determined better normalization
values. For the neutrons, we normalize to the case of
the thick CO2 seasonal frost in the north overlying the
water-ice residual cap [3]. For the gamma rays, we
normalize to the frost-free northern residual cap as
described below. The effect of these normalizations is
to increase the amount of subsurface ice, but it has
little effect on the inferred depth of the ice.

Normalization of gamma-ray data: In order to
normalize the gamma-ray data, we needed to find a
region on Mars with a known water content. The
northern residual cap is the obvious choice. The cap,
however, does not completely fill our field of view. In
order to quantitatively determine the fraction of the
field of view, we built a computer model of Mars with
the residual cap containing 100% H2O, the remainder
of Mars containing no H2O, and with an accurate
model of the GRS including the angular dependent
detector efficiency map for the 2.223 H gamma-ray
line. The detector was then “flown” over the polar
region many times to simulate the Odyssey orbital
alignment. The process was repeated a second time
with the assumption that the entire surface was 100%
H2O. The ratio of the two results showed that the
residual cap accounted for about 70% of the footprint.
Because the remaining 30% of the footprint is clearly
not ice-free, we had to make an assumption concerning
the water content of the remaining 30% of the
footprint. We assumed the remaining 30% had a flux
similar to the ice-rich regolith observed in the area
nearby. The H gamma flux collected by the GRS over
the pole was then normalized to this modeled flux.

Results: The results are shown in the maps in fig.
2. In these maps, the gamma-ray flux has been
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Fig. 2. Polar stereographic views of H2O content inferred from the gamma system of the Mars Odyssey GRS.
The H2O content is calculated assuming there is no upper ice-free layer and is thus a lower limit to the H2O content
in the lower layer. The dark contour is the residual cap and the light contour is the layered terrain. 

converted to equivalent amount of H2O assuming that
the hydrogen is evenly distributed with depth, i.e. there
is not an overlying ice-free layer. This assumption is
clearly incorrect, but it serves to provide a firm lower
limit to the amount of H2O in the soil. If, as seems
clear, the ice-rich regolith is covered by an H2O-poor
layer, the H2O content in the lower layer must be
substantially higher because the overlying layer will
attenuate the gamma-ray flux. 

These results can be compared to similar maps in a
companion abstract based on epithermal neutron flux,
which also provide a lower limit to the amount of H2O
present [4]. At this time we have not performed the full
analysis similar to that done by [1], in which the
epithermal neutrons, thermal neutrons, and gamma
rays are all combined to determine the H2O content in
each layer as well as the depth of the boundary
between the two layers. (These results will be
presented at the meeting.)

In the south polar region the lower limit to the H2O
content, made by assuming the H2O is evenly
distributed with depth, is around 35%. Considering
that there is clearly a significant amount of H2O-poor
soil in the top few tens of centimeters, the H2O content
in the ice-rich layer is on the order of 50% or more. In

the north, the H2O content is even higher. In a few
places away from the residual cap it is as much as
50%, again, assuming it is not buried beneath an H2O-
poor soil. Though we have not yet done the detailed
analysis to determine how thick the upper layer is in
the north, it is clear we either have more ice in the
north than in the south or it is closer to the surface.

Discussion: In either case, the ice content is very
large. We know based on our earlier analysis [1] that
the ice in the south is buried by about 40 g/cm2 of ice-
free regolith. The change in normalization of both the
neutron and gamma-ray data will not significantly
change this conclusion. The amount of ice necessary to
account for the implied surface-ice content in the south
is greater than 50%. In the north, we see places where
the surface-equivalent ice content is greater than 50%.
A preliminary look at the depth of the ice shows that it
is also buried, but we do not yet know by how much.
At this point we can conservatively estimate the ice
content in the subsurface ice-rich layer to be greater
than 50% by weight.

These ice amounts are in units of weight percent;
the ice content is even greater when converted to
volume percent. Table 1 shows the relationship
between volume percent and weight percent assuming

Sixth International Conference on Mars (2003) 3259.pdf



a bulk grain density of 2.5 g/cm3. The column “Ice-
free density” is the density of the soil without ice
assuming the ice was completely filling the pore space.
It can be seen that the 50% ice limit inferred from the
GRS data implies a volume of ice greater than 73%.

Table 1. Relationship between ice content and ice-
free soil density.

Weight % ice Volume % ice Ice-free density

20% 41% 1.49

35% 59% 1.01

50% 73% 0.67

65% 84% 0.41

One mechanism for emplacing ice in the regolith of
the polar regions is by vapor diffusion of atmospheric
water down to levels in the soil where the temperature
is below the frost point [4,5]. In this mechanism the
diffusion and condensation of frost occurs up to the
limit of the porosity of the regolith. In order to get
greater than 50% ice by weight, the soil would have to
have a porosity greater than 73% (Table 1). This
porosity implies a density of 0.67 for the ice-free
regolith. This value is much less than the estimate for
the Viking Lander 1 site of 1.15 ± 0.15 g/cm3 for
wind-blown drift material and 1.6 ± 0.4 g/cm3 for the
regolith including blocky material [6]. The required
porosity to account for the GRS derived ice content by
vapor diffusion is unreasonably high implying that it is
not a viable mechanism to account for the high ice
content seen in the polar regions.

As noted earlier [1], there is a strong correlation
between the regions of predicted subsurface ice
stability based on detailed thermal models of the
regolith [5] and the location of subsurface ice based on
GRS data. This strong relationship between regions of
predicted stability and regions of implied subsurface
ice is certainly not accidental, but it does not
necessarily imply that the ice was deposited by vapor
diffusion. The relationship can equally well be
established by ice emplaced with some other process
but which is now being, or was in the past, lost by
diffusion out of the regolith under conditions
determined by the depth of the subsurface frost point.
An equilibrium configuration is the same whether
approached from above or below, e.g. by condensation
or by sublimation.

Another mechanism is therefore needed to emplace
ice with a high ice/dust ratio. One mechanism that
could operate under different conditions in the past is
to deposit ice in the form of snow or frost directly onto
the surface of the regolith in the polar regions. For this
mechanism to satisfy the GRS observations, the rate of
ice deposition would have to be higher than the rate of
dust deposition. 

Presumably the dust and ice could be deposited at
different times over the course of a Mars year, but the
ice would have to be present on the surface year round.
Any significant seasonal sublimation of ice would
leave behind a lag deposit of dust which would dilute
the snow or frost deposited the next year. Clearly in
order to build up the regolith with a high ice/dust ratio,
the lag deposit cannot be thicker than the layer of ice
which is deposited in any given season.

The current Mars epoch is not conducive to this
mechanism, but sometime in the past it clearly must
have been. An important question is how far in the
past did this happen. There is abundant
geomorphological evidence for a wet Mars in the
distant past as summarized by [7] for which there is
little dispute. There is also evidence for a wet Mars in
the more recent past [7], but this interpretation of the
geomorphological data is more controversial.

The high subsurface ice content implied by the
GRS data is not consistent with the ice being emplaced
in the distant past and surviving to the present. The
combination of gardening of the soil via meteoroid
impact and loss of ice from the upper few tens of
centimeters during the dry epochs would gradually
reduce the ice/dust ratio to that determined by the
porosity of the ice-free regolith. 

An important characteristic of the mobility of water
on Mars is that once ice is removed by sublimation, it
cannot be replaced by subsurface vapor condensation
to any greater extent than that permitted by the amount
of pore space. Following sublimation from a very ice-
rich layer, the lag deposit of dust left behind would
have its own porosity that would limit the amount of
ice that could be subsequently added by vapor
diffusion and condensation. Thus if a layer in the
subsurface regolith is observed to have a very high ice
content, that high content must be a primary feature of
its emplacement process. If the ice were ever lost due
to sublimation, it could never be completely replaced
by diffusion and condensation. 

The high ice content observed by GRS must
therefore reflect emplacement of the ice in a time that
is more recent than that implied by meteoroid
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gardening. It could, of course, be much more recent.
At the other end of the time constraint, we only need
as much time as necessary for the upper layer to lose
ice consistent with predictions of the thermal models
for the current epoch.
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