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Introduction. Among the hallmark morphologies of the
highland-lowland boundary region in the northern mid-latitude
Deuteronilus-Protonilus Mensae area (30-50oN, 315-350oW)
is the fretted terrain (1), consisting of 1) debris aprons that
surround many of the massifs and valley walls, and 2) lineated
valley fill (LVF) that occurs on the floors of many of the
valleys (2-14). The ages of these deposits are typically much
younger than the adjacent plateau terrain or its breakup and
the formation of the valleys themselves (e.g., 9, 14). The
margins of the debris aprons consist of rounded and convex
upward topography, and at Viking resolution the debris aprons
and the valley fill can appear smooth and relatively
homogeneous or, in contrast, can be characterized by closely
spaced parallel ridges and grooves a few to several tens of
meters high. These sets of parallel ridges have been
interpreted to have formed both parallel and normal to valley
and mesa walls. Some workers (e.g., 2) argue that the
lineations form mostly normal to flow due to converging flow
from debris aprons on opposite sides of valleys or mesas,
while others (e.g., 4) argue that bending of ridges and grooves
entering valleys from a side tributary supports flow in the
direction parallel to the valley. Recent analysis shows variable
downslope gradients suggesting that lateral flow was minimal
(e.g., 11). All agree that the materials represent some sort of
viscous flow processes, but opinions differ on the details of
the mechanism; most authors call on processes of gravity-
driven debris flow, assisted by ice or water in the interstices
derived from either groundwater or diffusive exchange with
the atmosphere (e.g., see 7, 10, 13-14). Some liken the process
to rock-glacial flow (e.g., 2, 4) with the source of the
lubricating agent being ice from atmospheric frost deposition
and diffusion (2) or mobilized interstitial ground ice (4).

New Observations. New THEMIS, MOLA and MOC
data provide additional perspectives on the origin of the
lineated valley fill, suggesting that at least in some areas,
glaciation (accumulation of snow and ice to sufficient
thickness to cause its local and regional flow) has played a
significant role. We have analyzed numerous areas along the
dichotomy boundary north of 30 degrees north latitude and
present the results from one area as an example. In this region
(Fig. 1) in southern Deuteronilus Mensae, a T-shaped valley
occurs just south of a large depression. The walls of the large
depression are characterized by debris aprons and there is a
break in the southern rim of the depression that leads to the
top of the T-shaped valley (about 100 km across). A
topographic profile (Fig. 2) from the floor of the large
depression across the southern wall, across the top of the T
and along the vertical part of the T shows 1) the flat floor of
the large depression, 2) the classic convex upward slope of the
debris apron, 3) the elevated floor of the top of the T, 4) the
convex upward slope of the vertical part of the T. Note that the
floor of the T-shaped valley along the top of the T lies at
elevations as high as -2600 m, almost a kilometer above the
large depression floor. The bottom of the valley along the
vertical part of the T lies ~500 m below the valley floor at the
top of the T.

THEMIS data superposed on MOLA altimetry and viewed
perspectively show strong evidence for flow lineations (Fig.
3), their characteristics and their directions; details of the
lineations are shown in the MOC images (Figs. 4-6).
Examination of Figs. 1 and 3 shows a 20 km diameter
breached crater south of the eastern arm of the T. Numerous

lineations on the floor of the crater converge and can be traced
through the gap in the crater wall (Fig. 4, upper right) joining
lineations beginning at the eastern edge of the T (Fig. 4, lower
left). Similar lineated valley fill extends from the mouth of a
north-trending valley in the lower western part of the T, is
deformed by valley lineations from valley fill apparently
moving from the higher terrain to the west, and then joins the
general lineated valley fill just to the east (Fig. 5).
Furthermore, additional lineated valley fill begins at the base
of the broad ampitheater on the western part of the top of the
T, and converges with at the T-junction with the lineated
valley fill coming from the west and the east (Fig. 3). From
here, these three major flow lineation directions converge and
extend down the vertical part of the T, with many of the
lineations contorted at the margins of the convergence (Fig. 6).
At the end of the major lobe, the topography is broadly convex
upward (Figs. 2, 3) and the perspective view (Fig. 3) shows
the distinctive lobe-like nature of the valley fill as it extends
into the adjacent low-lying terrain.

Origin of Lineated Valley Fill. What processes are
responsible for the valley fill? These lineations and their
complex patterns resemble flow lines in glacial ice on Earth,
particularly where glacial ice converges from different
directions at different velocities and deforms into complex
patterns (compare Figs. 3-6, Mars, and 7, Earth). Detailed
analysis of the MOC, THEMIS and MOLA data suggests that
changing environments and local topographic conditions (such
as the crater walls and the narrow valleys) favored
accumulation and preservation of snow and ice, and its
glacial-like flow down into surrounding areas for distances
approaching 70 km. Such environments are typical of snow
and ice accumulation and debris-covered glacial flow in the
Antarctic Dry Valleys, a cold polar desert analogous to the
environment on Mars and in regional valley glaciers in Baffin
Island (15). Alternative hypotheses for the lubrication and
flow of rock debris focus predominantly on groundwater,
ground ice or ice from atmospheric water vapor diffusion
(e.g., 2, 4, 7, 10, 13-14). We believe that the thickness of the
deposit, the great lateral extent and continuity of flow
lineations, and their complex interactions consistent with
glacial-like flow, are all evidence that supports glacial-like
flow of debris-containing ice, rather than ice-containing
debris. The relationship between the lineated valley fill and
the debris aprons is not yet firmly established; however, the
contiguous nature of many examples of lineated valley fill and
debris aprons (Fig. 1) suggests that if the glacial interpretation
of the valley fill is supported by further observations, then
glacial ice may play more of a role in the formation of debris
aprons than previously suspected (see also 16-17). The age of
the deposits in this region are Late Amazonian (~300 Ma, with
some of the deposits as young as 10 Ma (14)), broadly similar
in age to the tropical mountain glaciers of Tharsis Montes and
Olympus Mons (16-19). This suggests that there may have
been periods during the Amazonian when tropical and mid-
latitude glaciation was extensive. Significant amounts of ice
could remain today in these valleys beneath a protective cover
of sublimation till (e.g., 20).

Conclusions. Breached upland craters and theater-headed
valleys reveal features typical of terrestrial glacial
accumulation zones, parallel lineations on valley floors
resemble flow lines in glacial ice, converging lineations
resemble ice flow through constrictions, and complex
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chevron-like flow patterns occur where lineated valley fill
converges from different directions. This example in the
Deuteronilus Mensae region shows an integrated pattern
interpreted to represent snow and ice accumulation and flow
for ~70 km and resembles valley glacial systems on Earth in
major morphology, topographic shape, planform and detailed
surface features. These data imply that during the Late
Amazonian, significant climate change occurred to cause
sustained snow and ice accumulation and flow at mid-latitudes
to form a regional system of valley glaciers [22].
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Fig. 1: Color-coded MOLA Altimetry; line shows
location of profile.

Fig. 2: Altimetric profile (location, Fig. 1).

Fig. 3: THEMIS IR on MOLA Altimetry; perspective
view from south.

Fig. 4: MOC image of LVF
detail (location, in Fig. 3).

Fig. 5: MOC image of LVF
detail (location, Fig. 3).

Fig. 6: MOC image of LVF detail (location,
Fig. 3).

Fig. 7: Terrestrial glacier showing
features analogous to those observed in
Figs. 3-6 on Mars (21).
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