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2006, 2008). Some of the extant debris-covered glaciers in the ADV may
have formed during this time, as long ago as 8.1 Ma (Marchant et al.,
2002). These provide important insight into the interpretation of glacial
deposits in the northern mid-latitudes of Mars and may lead to a better
understanding of the behavior of ice sheets with time and how they
behave in the distinctive mid-latitude topography of the dichotomy
boundary.
Under what conditions might these features have formed on Mars?
Recent GCM analyses show that the major accumulations of water ice in
the equatorial regions (to form the Late Amazonian tropical mountain
glacier deposits) most likely involved precipitation and deposition
during periods of high obliquity. We examined the fate of tropical
mountain glaciers formed at ~45° obliquity (Forget et al., 2006, 2007)
following a return to lower obliquity (~35°) (Madeleine et al., 2007,
2009) and found that a meteorological consequence of this large
equatorial reservoir was the formation of a thick cloud belt in the
northern mid-latitudes of Mars. The thermodynamic state of the
atmosphere results in increased meridional circulation, a strong eastward jet during northern winter, and associated stationary planetary
waves. If the atmosphere is relatively dusty, a condition expected in
this conﬁguration, then this new water cycle favors condensation and
precipitation and preservation of water ice in the areas described above
to depths approaching 1000 m during a ~50 ky high obliquity cycle
(Fig. 8). Guidelines from the GCMs can be used to model the snow and
ice accumulation and ﬂow behavior in this latitude region and assess
the characteristics and evolution of accumulating ice in terms of ﬂow
patterns (Fastook et al., 2008a,b) in a manner similar to analysis of
tropical mountain glaciers (Fastook et al., 2008b). Accumulation in
alcoves produces local downslope ﬂow, in time leading to convergence
and coherent down-valley ﬂow, and the formation of a well-developed
valley glacier system extending to the mouths of the major valleys. The
glaciers eventually extend out of the valleys and into the adjacent
northern lowlands, in a conﬁguration comparable to observations of the
deposits (e.g., Fastook et al., 2008a,b). Expansion of the model clearly
shows reproduction of local ﬂow patterns (Fastook et al., 2008a,b)
observed in images (Figs. 3–7). These analyses provide strong support
for the interpretations and help to assess the time scales and velocities
involved in the valley glaciation processes. The broad distribution of
snow and ice accumulation mapped out by the GCM simulations
(Madeleine et al., 2009) (Fig. 8A) raise the question of whether the LDA
and LVF developed solely as alpine-type valley glacial landsystems (e.g.,
Benn et al., 2003), or whether they might represent the distal valley
glacial components of higher altitude local or regional plateau glacial
landsystems (e.g., Rea and Evans, 2003). Preliminary analysis of the
relationships of the plateau margins and the valleys (Fig. 8D) suggests
that plateau iceﬁelds existed in at least some cases, and perhaps
regionally (Fig. 8).
In conclusion: 1) An array of terrestrial analogs for glacial processes
that are applicable to the range of conditions on Mars has been
developed (Marchant and Head, 2003, 2004a,b, 2006, 2007; Head and
Marchant, 2003); 2) This has been used to test for the presence of
deposits and sites of former valley glaciation and debris-covered glaciers
(cold-based ice) in two speciﬁc areas of Mars (Head et al., 2006a,b); 3)
From these analyses, general criteria for the recognition of debriscovered glacial deposits have been outlined as described above (Fig. 2);
4) Application of these criteria to the northern mid-latitudes (Fig. 1)
reveals the presence of widespread cold-based glaciation in valleys and
mountains and along scarps, in the 30°–50° N latitude band (Fig. 1); 5)
The global-scale latitudinal distribution of these deposits (Fig. 1)
suggests an extensive period in the Amazonian when ice was stable in
this latitude band; 6) A plausible explanation for this conﬁguration is the
formation of an extended period of spin-axis obliquity at ~35°, following
the formation of tropical mountain glaciers at ~45° (Forget et al., 2006,
2007). Under these conditions, the northern mid-latitude band becomes
the locus of deposition of ice mobilized from equatorial latitudes with
sufﬁcient accumulation to produce glaciers (Madeleine et al., 2007,
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2009); and 7) Glacial ﬂow models predict the general conﬁguration and
morphology of the observed deposits interpreted to be integrated glacial
valley landsystems (Fastook et al., 2008b). Recent SHARAD data have
shown evidence for signiﬁcant quantities of buried ice in mid-latitude
LDA and LVF deposits (Holt et al., 2008; Plaut et al., 2009), adding
conﬁdence to this interpretation.
Acknowledgements
We gratefully acknowledge support from the Mars Exploration
Program Mars Express HRSC grant JPL 1237163, and the Mars Data
Analysis Program grants NNG05GQ46G and NNX07AN95G to JWH and
to the Mars Fundamental Research Program Grant NNX06AE32G to
DRM. Thanks to the HiRISE and CTX teams for use of high-resolution
image data, and to the Mars Express HRSC team for production of
high-quality digital elevation models.
References
Baker, V.R., 1982. The Channels of Mars. Univ. of Texas Press, Austin, Texas. 198 p.
Baker, V.R., 2001. Water and the Martian landscape. Nature 412, 228–236.
Baker, V.R., Strom, R.G., Gulick, V.C., Kargel, J.S., Komatsu, G., Kale, V.S., 1991. Ancient
oceans, ice sheets and hydrological cycle on Mars. Nature 352, 589–594.
Benn, D.I., Kirkbride, M.P., Owen, L.A., Brazier, V., 2003. Glaciated valley landsystems. In:
Evans, D.J.A. (Ed.), Glacial Landsystems. Edward Arnold, London, pp. 372–406.
Boulton, G.S., Eyles, N., 1979. Sedimentation by valley glaciers: a model and genetic
classiﬁcation. In: Schluchter, C. (Ed.), Moraines and Varves, A. A. Balkema, Brookﬁeld,
Vermont.
Carr, M.H., 1996. Water on Mars. Oxford University Press, Oxford. 229 p.
Carr, M.H., 2001. Mars Global Surveyor observations of martian fretted terrain. J. Geophys.
Res. 106, 23,571–23,593.
Carr, M.H., Schaber, G.G., 1977. Martian permafrost features. J. Geophys. Res. 82,
4039–4054.
Chuang, F.C., Crown, D.A., 2005. Surface characteristics and degradational history
of debris aprons in the Tempe Terra/Mareotis fossae region of Mars. Icarus 179,
24–42. doi:10.1016/j.icarus.2005.05.014.
Denton, G.H., Sugden, D.E., Marchant, D.R., Hall, B.L., Wilch, T.I.., 1993. East Antarctic
Ice Sheet sensitivity to Pliocene climatic change from a Dry Valleys perspective.
Geograﬁska Annaler 75A, 155–204.
Dickson, J.L., Head, J.W., Marchant, D.R., 2008. Late Amazonian glaciation at the
dichotomy boundary on Mars: evidence for glacial thickness maxima and multiple
glacial phases. Geology 36, 411–414.
Dickson, J.L., Head, J.W., Marchant, D.R., submitted for publication. Kilometer-scale ice
thicknesses in the northern mid-latitudes of Mars: evidence for crater-ﬁlling events
in the Late Amazonian near Phlegra Montes. Earth Planet. Sci. Lett.
Evans, D.J.A. (Ed.), 2003. Glacial Landsystems. Edward Arnold, London. 532 pp.
Eyles, N., 1983. The glaciated valley system. In: Eyles, N. (Ed.), Glacial Geology:
An Introduction for Engineers and Earth Scientists. Pergamon Press, New York,
p. 409.
Fastook, J.L., Head, J.W., Marchant, D.R., Forget, F., 2008a. Tropical mountain glaciers on
Mars: Altitude-dependence of ice accumulation, accumulation conditions, formation
times, glacier dynamics, and implications for planetary spin-axis/orbital history. Icarus
198, 305–317. doi:10.1016/j.icarus.2008.08.008.
Fastook, J.L., Head, J.W., Marchant, D.R., 2008b. Dichotomy boundary glaciation models:
implications for timing and glacial processes. Lunar Planet. Sci. 39 abstract 1109.
Forget, F., Haberle, R.M., Montmessin, F., Levrard, B., Head, J.W., 2006. Formation of glaciers
on Mars by atmospheric precipitation at high obliquity. Science 311, 368–371.
Forget, F., Montmessin, F., Levrard, B., Haberle, R.M., Head, J.W., Madeleine, J.-B., 2007.
Glaciers, polar caps, and ice mantling: the effect of obliquity on Martian climate.
Seventh International Conference on Mars, abstract 3028.
Gwinner, K., Scholten, F., Spiegel, M., Schmidt, R., Giese, B., Oberst, J., Jaumann, R.,
Neukum, G., HRSC Co-Investigator Team, 2005. Hochauﬂoesende Digitale Gelaendemodelle auf der Grundlage von Mars Express HRSC-Daten. Photogramm.
Fernerkund. Geoinf. 5, 387–394.
Hauber, E., et al., 2005. Discovery of a ﬂank caldera and very young glacial activity at
Hecates Tholus, Mars. Nature 434, 356–361.
Hauber, E., van Gasselt, S., Chapman, M.G., Neukum, G., 2008. Geomorphic evidence for
former lobate debris aprons at low latitudes on Mars: indicators of the Martian
paleoclimate. J. Geophys. Res. 113, E02007. doi:10.1029/2007JE002897.
Head, J.W., Marchant, D.R., 2003. Cold-based mountain glaciers on Mars: western Arsia
Mons. Geology 31, 641–644.
Head, J.W., Mustard, J.F., Kreslavsky, M.A., Milliken, R.E., Marchant, D.R., 2003. Recent ice
ages on Mars. Nature 426, 797–802.
Head, J.W., et al., 2005. Tropical to mid-latitude snow and ice accumulation, ﬂow and
glaciation on Mars. Nature 434, 346–351.
Head, J.W., Marchant, D.R., Agnew, M.C., Fassett, C.I., Kreslavsky, M.A., 2006a. Extensive
valley glacier deposits in the northern mid-latitudes of Mars: evidence for Late
Amazonian obliquity-driven climate change. Earth Planet. Sci. Lett. 241, 663–671.
Head, J.W., Nahm, A.L., Marchant, D.R., Neukum, G., 2006b. Modiﬁcation of the
dichotomy boundary on Mars by Amazonian mid-latitude regional glaciation.
Geophys. Res. Lett. 33, L08S03. doi:10.1029/2005GL024360.

