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a b s t r a c t
Evidence has accumulated that non-polar portions of Mars have undergone signiﬁcant periods of glaciation during the Amazonian Period. This evidence includes tropical mountain glacial deposits, lobate debris aprons, lineated valley ﬁll, concentric crater ﬁll, pedestal craters, and related landforms, some of which
suggest that ice thicknesses exceeded a kilometer in many places. In some places, several lines of evidence suggest that ice is still preserved today in the form of relict debris-coved glaciers. The vast majority
of deposit morphologies are analogous to those seen in cold-based glacial deposits on Earth, suggesting
that little melting has taken place. Although these features have been broadly recognized, and their
modes of ice accumulation and ﬂow analyzed at several scales, they have not been analyzed and wellcharacterized globally despite their signiﬁcance for understanding the evolution of the martian climate.
A major outstanding question is the global extent of accumulation and ﬂow of ice during periods of nonpolar glaciation: As a mechanism to address this question, we outline two end-member scenarios to provide a framework for further discussion and analysis: (1) ice accumulation was mainly focused within
individual craters and valleys and ﬂow was largely local to regional in scale, and (2) ice accumulation
was dominated by global latitudinal scale cold-based ice sheets, similar in scale to the Laurentide continental ice sheets on Earth. In order to assess these end members, we conducted a survey of ice-related
features seen in Context Camera (CTX) images in each hemisphere and mapped evidence for ﬂow directions within well-preserved craters in an effort to decipher orientation preferences that could help distinguish between these two hypotheses: regional/hemispheric glaciation or local accumulation and
ﬂow. These new crater data reveal a latitudinal-dependence on ﬂow direction: at low latitudes in each
hemisphere (<40–45°) cold, pole-facing slopes are strongly preferred sites for ice accumulation, while
at higher latitudes (>40–45°), slopes of all orientations show signs of ice accumulation and ice-related
ﬂow. This latitudinal onset of concentric ﬂow of ice within craters in each hemisphere correlates directly
with the lowest latitudes at which typical pedestal craters have been mapped. Taken together, these
observations demarcate an important latitudinal boundary that partitions each hemisphere into two
zones: (1) poleward of 45°, where net accumulation of ice is interpreted to have occurred on all surfaces, and (2) equatorward of 45°, where net accumulation of ice occurred predominantly on pole-facing slopes. These results provide important constraints for deciphering the climatic conditions that
characterized Mars during periods of extensive Amazonian non-polar glaciation.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Despite desert conditions across the entire planet, Mars has
undergone substantial ice accumulation and ﬂow (glaciation) in
many non-polar locations during the Amazonian Period (Head
and Marchant, 2009). Global circulation models suggest that Mars
cyclically transports ice from polar regions to lower latitudes and
back, forced primarily by oscillations of the planet’s obliquity
(Mischna et al., 2003; Levrard et al., 2004; Forget et al., 2006;
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Madeleine et al., 2009). The current obliquity of Mars (25.2°) is
low compared to the last 20 Myr (Laskar et al., 2004), implying
that we may be currently in an interglacial period where ice
accumulation is concentrated at the poles (Head et al., 2003).
Orbital variations from before 20 Myr are not as well known
(Laskar et al., 2004), but several lines of evidence suggest more
massive and expansive glaciation in non-polar latitudes during
previous epochs. For example, the fan-shaped glacial deposits on
the ﬂanks of the major Tharsis volcanoes, all found within the
present-day tropics, are at the same scale as recent terrestrial ice
sheets (Head and Marchant, 2003; Shean et al., 2005; Milkovich
et al., 2006; Kadish et al., 2008a). Evidence for mid-latitude

