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Introduction. The western and northwestern flanks
of the Tharsis Montes volcanoes were covered by tropi-
cal mountain glaciers 125-220 million years ago [1], as
evidenced by the morphology, stratigraphic relation-
ships, and spatial distribution of landforms in the fan-
shaped deposits (FSDs) on each volcano [2-8] and by
climate and glacial flow models that predict snow ac-
cumulation and ice flow in those regions during periods
of high spin-axis obliquity [9-10]. The ~166,000 km®
Arsia Mons FSD [4,7,8] is the largest of the Tharsis
Montes FSDs and has been in place for ~210 Ma [1].

The Smooth Facies, one of the geomorphologic
units in the FSDs [11-12], has been interpreted as rem-
nant debris-covered glaciers [4]. Shean et al. [5] suggest
that lineated debris partially filling tectonic graben in
the FSD also has ice at its core. The topography of the-
se deposits [5], morphologic indicators of active flow
[4] and the morphology of superimposed craters [13],
suggest that ice 100-300 m thick may still be present at
depth. Here, we review several other classes of land-
forms in the FSD that have not been previously de-
scribed, and whose morphology indicates that they may
still contain remnant tropical mountain glacier ice.

Landforms Interpreted as Indicative of Remnant
Ice. On Earth, glacier ice may be buried and preserved
wherever overlying debris is sufficiently thick. The
morphology of several landforms in the Arsia Mons
FSD suggests that ancient ice is present in the FSD:

Pit-and-knob terrain. Near the northern edge of the
fan-shaped deposit is a field of mounds (“knobs”) and
shallow topographic depressions (“pits”; Figure 1). Pits
and knobs are similar in diameter (up to 1 km) and
shape, and generally fall along lines concentric with the
outline of the smooth facies. Many knobs are surround-
ed by shallow annular depressions (“moats”), and some
pits have what appear to be degraded knobs at their
centers. We propose that the terrain is ice-cored and
that the landforms represent a progression in which
gradual loss of ice via sublimation causes topographic
inversion, with knobs becoming moated knobs, then
pits with degraded knobs, and finally pits.

The Arsia FSD pit-and-knob terrain may have
formed by backwasting of smooth facies ice and sub-
sequent burial of isolated ice blocks by volcanic or aeo-
lian debris, analogous to the formation of terrestrial
kettled outwash plains [e.g. 14-15]. Alternatively, the
pit-and-knob terrain may have formed in a manner
analogous to terrestrial “controlled moraine” [e.g. 16-
17]. When debris within or atop glaciers [e.g. 18] is
concentrated into belts by glacial flow, bands of debris
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Figure 1. CTX mosaic (top) and sketch map (bottom) of typical pit
(vellow in sketch map) and knob (red in sketch map) terrain.
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can isolate patches of ice as the glacier retreats. As sub-
limation or melt proceeds, these ice bodies form linear
arrangements of mounds and kettle holes, becoming
less continuous and linear as ice removal continues. We
favor this “controlled moraine” model (Figure 2) be-
cause it accounts for the linear arrangement of the pits
and knobs without requiring widespread accumulation
of ice blocks to have occurred at the ice margins.

Drop moraines with linear troughs. At the north-
western edge of the FSD, some Ridged Facies drop
moraines [4] have linear crest troughs. These moraines
are ~100 m wide and continuous for ~100 km or more.
Other nearby moraines are similar in size and shape but
lack crest troughs. We interpret these troughs to have
formed by the loss of ice. On Earth, ice-cored moraines
can develop at glacier margins when bands of englacial
debris isolate masses of ice from the main body as a
glacier retreats [e.g. 16]. This is further supported by
the lone subaerial lava flow in the Ridged Facies,
whose chaotic texture is interpreted to have resulted
from interactions between the lava flow and ice in the
moraines at the time of flow emplacement [7].

Postglacial Ice-Related Landforms. Throughout
the northwestern edge and surroundings of the FSD are
short (~2-9 km) elongate ridges with axial troughs. In
contrast to the drop moraines with similar troughs, their
distribution is not restricted to any one unit of the FSD,
they are always oriented southwest-to-northeast, and
they are straight rather than curved in plan view. They
are also continuous over much shorter distances than
the moraines, and are often concentrated in local topo-
graphic lows. In general, they appear dune-like, but
have a characteristic trough along their crest.

We suggest that this morphology results from the
sublimation of ice along the crests of ice-rich dunes.
Pedestal craters dated to 12—13 Ma and found through-
out Tharsis [19] suggest that several meters of ice cov-
ered the region very recently. Due to the superposition
of the dunes upon the other units of the FSD, we pro-
pose that deposits such as this later ice cover may have
been the source of the ice that formed the dunes with
linear troughs. The greater density of dunes within the
FSD suggests that the dunes may also have been built
by reworking of ice and debris from the FSD itself.

These ridges may have formed as mixed snow-ice
dunes. When spin-axis obliquity lowered to the point
that ice was no longer stable at the equator [e.g. 20],
sublimation of the snow would have concentrated the
dust component in the outermost layers. If the sides of
the dunes were sufficiently steep, these dry outer layers
would have slumped down the ridge sides, forming
debris piles at either side and exposing more ice to sub-
limation. A similar process creates “circular moraine
features” from debris-covered ice blocks on Earth [21].
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Alternatively, the ridges could have formed as snow
dunes that were later covered by a layer of dust or teph-
ra. Because the least compressive stress in a ridge is
oriented horizontally away from the axis of the ridge
[e.g. 22-23], long tensile cracks aligned with the dune
crests could be expected to form in the sediment cover.
Similar fractures form at the crests of debris-covered
snow ripples in the Antarctic Dry Valleys and on niveo-
aeolian dunes and beds in Alaska as their snow compo-
nent melts [24]. Fractures in the protective dust cover
would enhance sublimation directly beneath them by
exposing the underlying snow [25-26], enlarging the
hollow along the ridge axis. Based on the similarity of
these features to terrestrial debris-covered snow dunes,
and because plausible heights for the ripples are lower
than those of ice blocks that form circular moraine fea-
tures on Earth, we favor the second mechanism.

Conclusions. The geomorphology of three landform
classes in the Arsia Mons FSD suggests that the deposit
contains more remnant ice than previously thought. In
addition to evidence that ice has been removed from
some but not all of the glacial moraines in the deposit,
and that volcanic flows to the northwest of the deposit
interacted with ice-cored moraines, there is morpholog-
ical evidence that knobs near the northern edge of the
FSD contain debris-armored ice. Fields of dunes with
linear troughs along their crests suggest that windblown
snow was widespread across the region in the Amazo-
nian and may be preserved under debris in some loca-
tions. The knobs and moraines are a potential reservoir
of buried, present-day equatorial ice, in addition to the
ice previously estimated [5, 13] to remain in the
Smooth Facies, further enhancing the Arsia Mons FSD
as a potential target for future exploration missions.
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