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Introduction: Observations from the Mars Odys-
sey Neutron Spectrometer (MONS) suggest substantial
water ice exists beneath the Martian surface from the
polar regions to mid-latitudes in both hemispheres
[1,2; Figure 1].
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Figure 1. Global water equivalent hydrogen map clearly
showing the presence of near-surface hydrogen (water ice) in
both hemispheres. [3]

This instrument is only sensitive to depths of <1 m
so subsurface ice below that would likely remain unde-
tected. Equilibrium estimates for the present Martian
climate provide a strong agreement with the observa-
tions [4]. Is it true that ice below the upper meter is
close to equilibrium as well?

Recently, HiRISE images of fresh, shallow (~1-2 m
excavation) impact craters indicate mid-latitude ground
ice that resides outside the theoretical stability bounda-
ry (i.e. prone to sublimation and removal; [5]). Theo-
retical models have shown near-surface ice equilibrates
with climate relatively quickly (and is backed up by
the MONS observations) and the location where these
craters lie is expected to be mostly dessicated [6]. This
inconsistency needs investigation. The survivability of
subsurface ice is important for understanding past and
present distribution of water ice on Mars.

Theoretical studies [6-8] predict that the behavior
of ground ice is sensitive to changes in climate, most
notably the atmospheric water abundance. Further-
more, previous studies have shown that changes in
Mars’ orbit, primarily obliquity, lead to variation in
atmospheric water abundance due to fluctuating levels
of insolation at the water-rich polar caps [9,10]. Due to
the cyclical nature of orbital variation, the stable re-
gions of ground ice will advance and retreat at high
and low obliquity, respectively. The goal is to under-
stand how ground ice responds to this forcing.

Methodology: This work aims to is to better un-
derstand and quantify the long-term (>100 kyr) behav-
ior of ground ice on Mars. We incorporate a 1-D, time-
dependent, coupled heat and vapor diffusion model for
this investigation. Particular attention is given to the
mid-latitudes as this region experiences constant shifts
in ground ice stability. We also focus on the last 1 Myr
of Mars’ history (after the orbital solutions of [11]) to
make predictions for present-day Mars in response to
recent climate change.

The computational time for our 1-D model is about
1 minute =~ 1 Mars year. This makes long-term (~kyr)
simulations time intensive or unfeasible. Fortunately,
the growth of ground ice for a particular Mars’ climate
scenario (as we denote as “epoch”) converges after
about ~10-20 Mars years of simulation (Figures 2 and
3).
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Figure 2. Growth (blue) and retreat (red) examples for 20
Mars years. As time increases the curves become approxi-
mately linear, i.e. the slope becomes constant.

This convergence is also seen in the depth profile
of the ice. This can be tested by comparing the growth
and retreat profiles between each year (Figure 3). This
result in the model allows us to extrapolate through
Mars epochs (1000 year/531 Mars year periods) with
only solving the vapor diffusion model for a small
fraction of that time.
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Figure 3. Growth (above row) and retreat (lower row) in ice
fraction between Mars years. The profiles for >10 Mars years
show good consistency.

The result is the ability to approximate the long-
term behavior of subsurface ice at a relatively low
computational cost.

Results: Figure 4 shows the result for I Myr of
evolution at a simulated location, 45°N. Surface albedo
is 0.27, dry porosity of 0.4, constant tortuosity of 3, dry
thermal conductivity is .0625 W m™ K™, icy regolith
conductivity follows a linear additive approach, ther-
mal inertia of 282 J m™> K 5'1/2, CO; frost albedo is set
to 0.10 to limit its effect and geothermal heat flux is
0.028 W m™ Past atmospheric water abundance for
the last 1 Myr is a function of obliquity only and is
determined after [12].
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Figure 4. Column integrated mass of ice in the subsurface
for the past 1 Myr at 45°N.

The results of this run are most similar to [7]. Most
notable is that our retreat rate is comparable to growth
rate (dissimilar to [8]).

The most important parameter in our model simula-
tion is the atmospheric water abundance. Figure 5

shows two possible approaches [12,13]. The column
integrated mass difference is significant between the
two cases (the model was run at a slightly coarser tem-
poral resolution which explains the difference between
Figure 4). By plotting the rate of change and atmos-
pheric water abundance together, it is noticeable that
the growth/retreat of ground ice is dominated by the
humidity prescription.
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Figure 5. Top: Two schemes for atmospheric water abun-
dance [12,13]; Middle: Column integrated mass for both
humidity approaches; Simulations at 45°N with same param-
eters as Figure 4; Bottom: Rate of change for both simula-
tions.

We make note of our model’s result (Figure 4)
showing ice persisting (though mainly in a disequilib-
rium state) for the past ~350 kyr. Major changes in
integrated mass follow the obliquity (i.e. humidity)
cycles but not entirely. To study this more closely it is
convenient to plot, in a 3-D sense, the ice fraction at
depth for 1 Myr (Figure 6).
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Figure 6. A contour-style plot with colors representing vari-
ous levels of ice-filling-pore fractions (data from Figure 4
simulation).

Pore ice reaches a maximum at depths ~1.5-2 m. It
then is slowly removed during the last ~350 kyr. Our



results suggest ice can remain in an unstable state for
this time or longer. It also implies that obliquity cycles
determine the state of ice at <~1 m depths. At depths
of 2 m it is possible to “defy” the obliquity forcing.
The long-term behavior is then dependent on the am-
plitude of obliquity variations. This has strong implica-
tions for the state and distribution of ground ice on
Mars today.
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Figure 7. Ice fraction values at four depths in our simulation.
The blue curve (0.5 m depth) responds quickly to climate
changes. At 1 m depth the response is slowed but ice is al-
most completely removed at present. At the 2 and 4 m depths
a different trend is seen. The fraction does not vary as much
(relatively) due to the ~120 kyr period obliquity cycles. It
also persists much longer (e.g. the 4 m depth curve has an
approximately zero slope for the last ~350 kyr).

Discussion: If ice is able to persist and meters
depths beneath the surface of Mars through “dry” peri-
ods, it may explain some of the features observed (e.g.
mid-latitude icy impacts [5]).

Perhaps what is more important is understanding
how growth and retreat behave. Figure 8 sheds some
light on this issue.
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Figure 8. Contour-style plot showing the change in ice frac-
tion for ~2 obliquity periods. The colorbar has been made
equal for both growth (positive) and retreat (negative) to
isolate differences.

Growth and retreat are both largest in magnitude
near the ice-dry regolith interface. However, ice be-

neath this point will grow even when the interface is in
retreat (density gradient follows the saturation vapor
density when ice is present). Because of this ice will
tend to accumulate beneath the interface. This can be
seen in Figure 8; during growth the ice rates appear
more distributed throughout depth.

Retreat, on the other hand, is more concentrated at
the interface. Rates are larger than growth and are rela-
tively small at depths >1 m (Figure 8). This
growth/retreat asymmetry requires more investigation
but our results thus far suggest that ice will preferen-
tially be preserved at greater depths. We then would
expect present ice that lays outside the equilibrium
boundary on Mars today to be at these depths (con-
sistent with [7]). It should be noted that this ice should
not be detected by MONS and therefore is consistent
with present observational data [1,2].

These results may have greater meaning for deeper
in Mars’ past. Today’s Mars is somewhat anomalous in
terms of obliquity variations (Figure 9).
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Figure 9. Obliquity variation of Mars for the past 10 Ma.
Overlaid is our best guess of the growth/retreat phases of
ground ice for our conditions at 45°N.
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If our results are realistic and ground ice at this lati-
tude undergoes net growth through the obliquity
changes 0.4>t>1 Ma then it is probable that have been
stable and growing for much of the past 10 Myr. If this
is the case then it would likely be near pore-filling ca-
pacity ~1 Ma.

Although this explains the occurrence of ice at
lower latitudes than expected it does not solve all prob-
lems. Pore-filling ground ice, as described here, cannot
exceed the initial dry porosity of the regolith (here,
0.4). Observations by Byrne et al. (2009) are most
consistent with nearly pure or excess ice beneath the
surface. Snowfall is the most obvious choice for em-
placing such ice. However, there are problems with
observational evidence for this mechanism, such as
boulders on the surface.

Other suggestions, altering pore-filling ice to ex-
cess ice, have been suggested [14-16]. These would
likely take a lot of time on a recent Mars (~Myr),



which our model appears to be consistent with. Future
work and observations may help constrain formation
mechanisms for the observed mid-latitude ground ice.
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