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Introduction and Summary: Recent exploration
of Mars has revealed abundant water ice in near-
surface deposits of the mid-to high latitudes in both
hemispheres.  Here we show evidence that these near-
surface, water-ice rich units represent a mixture of ice
and dust that is layered, meters thick, and latitude de-
pendent.  These units were formed during a geologi-
cally recent major martian ice age, and were emplaced
in response to the changing stability of water ice and
dust on the surface during variations in orbital pa-
rameters.  Evidence for these units include a smoothing
of topography at subkilometer baselines from about
30o north and south latitudes to the poles, a distinctive
dissected texture in MOC images in the +/-30o-60o

latitude band, latitude-dependent sets of topographic
characteristics and morphologic features (e.g., poly-
gons, 'basketball' texture, gullies, viscous flow fea-
tures), and hydrogen concentrations consistent with the
presence of abundant ice at shallow depths above 60 o

latitude. The most equatorward extent of these ice-rich
deposits was emplaced during the last major martian
ice age between 0.4 and 2 Myrs, down to latitudes of
30°.  Mars is currently in an "interglacial" period and
the ice-rich deposits between 30-60° are presently un-
dergoing reworking, degradation and retreat in re-
sponse to the current stability relations of near-surface
ice. Unlike Earth, martian ice ages are characterized by
warmer climates in the polar regions and the enhanced
role of atmospheric ice and dust transport and deposi-
tion to produce widespread and relatively evenly dis-
tributed smooth deposits at mid-latitudes during orbital
extremes.

Geological Observations: A number of geological
observations made with new data from the Mars
Global Surveyor and Mars Odyssey missions show
features that are latitude dependent.  These build on the
latitude dependent features observed with Viking and
Mariner data [1, 2, 3].  Kreslavsky and Head [4, 5]
investigated the roughness and concavity (Figure 1) of
the martian surface with the full resolution Mars Or-
biter Laser Altimeter (MOLA).  These analyses
showed a pronounced smoothing of the 0.6 km base-
line topography beginning around 30° N and S and
extending to the polar regions.  They also showed that
the topography showed a distinct reduction in concav-
ity in the 30-60° N and S latitude bands.  They attrib-
uted  these observations to the presence of a meters
thick mantle that was continuous poleward of 60° but

discontinuous in the 30-60° latitude bands.  Mustard et
al [6] mapped the presence-absence of a unique me-
ters-scale morphology in Mars Orbiter Camera (MOC)
images.  The morphology indicated the presence of a
meters-thick surface deposit that was in a state of par-
tial degradation.  A survey of 15,000 images revealed
that this unique morphology was restricted to the 30-
60° latitude bands (Figure 1).  They interpreted this to
indicate the presence of a formerly ice-cemented dust
deposit from which the ice had sublimated and that
was now being disaggregated and degraded.  Other
investigators have noted latitude dependence in the
presence of unique morphologies  such as viscous flow
features, gullies, and periglacial-like morphologies
[e.g. 7, 8, 9, 10]

A remarkable result of the Mars Odyssey Gamma
Ray Spectrometer (GRS) is the high concentration of
hydrogen beneath a thin layer of dry soil in the top two
meters of the martian soil at latitudes greater than 60°

N and S [11, 12].  Modeling suggests that the concen-
tration of hydrogen would require 35-50% by mass of
water ice, which would correspond to an even greater
amount by volume.  The present equatorward limit of
the these high hydrogen concentrations match ex-
tremely well the predicted latitude where ice would be
in equilibrium with present-day atmospheric conditions
[13].  Figure 1 shows the latitude distribution of a sub-
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Figure 1:  Example of the correspondence among geo-
logical observations.  The line shows the latitude depend-
ence of topographic concavity while the bars show the
precent of MOC images showing dissection.  They both
show a high correlation in the mid-latitude regions.
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set of these features to illustrate their compelling lati-
tude dependence.

Climate Models:   The obliquity, eccentricity, and
longitude of perihelion of Mars are known to have
varied dramatically over the last 10 Myrs [14] and
these changes will have important consequences for
the martian climate and the distribution of volatiles.
Recent modeling of the behavior of the martian climate
under different orbital configurations and its effects on
the distribution of volatiles [15, 16] predict that at an
obliquity of 35°, 10s of meters of water-ice can be
sublimated from the poles over an orbital cycle (10s of
thousands of years) and redeposited in the mid-
latitudes resulting in a meters-thick deposited in these
regions.  With an obliquity of 45° this process is more
vigorous, and in fact deposits of perennial ice are pre-
dicted at the equator.  Ice deposited by this process are
likely to be dust rich.

Orbital Cycles:  Ice stability in the near surface of
Mars is most strongly controlled by obliquity [13].
When obliquity exceeds approximately 30°, then ice
stability moves towards the equator and is stable to
within 30° of the equator.  Over the past 400 kyrs, the
obliquity has remained within a relatively narrow
range (22-26°, Figure 2), while eccentricity and pre-
cession have varied strongly.  If eccentricity and pre-

cession controlled the formation of the geologic obser-
vations, then we would expect an asymmetric distribu-
tion reflecting the most recent conditions.  Clearly the
geologic observations are almost perfectly symmetric
about the equator. Between 400 and 2000 kyrs ago the
obliquity regularly exceeded 30°.  This would have
facilitated the transport of water ice from the poles to
the mid-latitudes and be co-deposited with dust.  Dur-
ing the brief low obliquity periods between these
highs, water ice would sublimate from these deposits.
However, surface lags of dust would form, similar to
the Fox Permafrost tunnel in Alaska [17] retarding
sublimation and preserving aspects of the deposit.

Martian Ice Ages:  The remarkable congruence
between geological observations over a range of scales
and type with predictions of ice stability over orbital
time scales and climate models are strong evidence
that the last several million years have witnessed the
deposition and reworking, multiple times, of a meters-
thick ice-dust deposit in the mid-latitudes of Mars
(Figure 2).  These are the deposits of the martian ice
ages and have significantly affected surface processes
in these regions.  It is likely that there are remnant de-
posits beneath surface lags in regions close to the
equator.

References:
[1] Squyres, S. W. and M. H. Carr, Science, 231,

249-252, 1986; [2] Soderblom et al., JGR, 78, 4117-
4122, 1973; [3] Squyres, S. W., Icarus, 34, 600-613,
1978; [4] Kreslavsky, M. A. and J. W. Head, JGR,
105, 26695-26711, 2000; [5] Kreslavsky, M. A. and J.
W. Head, GRL, 29, 2002; [6] Mustard et al., Nature,
412, 411-414, 2001; [7] Malin, M. C. and K. S. Edgett,
JGR, 106, 23429-23,570, 2001; [8] Carr, M. H., JGR,
106, 23,571-23,593, 2001; [9] Milliken et al., JGR, in
press, 2003; [10] Mangold et al., LPSC 33,2002; [9]
[11] Boyton W. V., et al., Science 297, 81-85, 2002;
[12] Feldman W. C., et al., Science 297, 75-78, 2002;
[13] Mellon, M. and B. Jakosky, JGR 100, 11,781-
11,799; [14] Laskar J. et al., Nature 419, 375-377,
2002. [15] Richardson M. I. and R. J. Wilson, Nature
416, 298-301, 2002. [16] Mischna et al., On the orbial
forcing of Martian water and CO2 cycles: A general
circulation model study with simplified volatile
schemes, (submitted) JGR, 2003. [17] Johnson, J. J.
and R. D., Lorenz, Geophys. Res. Lett. 27, 2769-2772
2000;

Figure 2.  Schematic showing the relationship between
obliquity cycles over the last 3 Myrs and deposition-
erosion of latitude dependent surface deposits.  The blue
regions mark martian ice ages, the yellow regions inter-
glacial periods
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