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Abstract

The Antarctic Dry Valleys (ADV) are generally classified as a hyper-arid, cold-polar desert. The region has long been considered an impor-
tant terrestrial analog for Mars because of its generally cold and dry climate and because it contains a suite of landforms at macro-, meso-, and
microscales that closely resemble those occurring on the martian surface. The extreme hyperaridity of both Mars and the ADV has focused at-
tention on the importance of salts and brines on soil development, phase transitions from liquid water to water ice, and ultimately, on process
geomorphology and landscape evolution at a range of scales on both planets. The ADV can be subdivided into three microclimate zones: a coastal
thaw zone, an inland mixed zone, and a stable upland zone; zones are defined on the basis of summertime measurements of atmospheric tem-
perature, soil moisture, and relative humidity. Subtle variations in these climate parameters result in considerable differences in the distribution
and morphology of: (1) macroscale features (e.g., slopes and gullies); (2) mesoscale features (e.g., polygons, including ice-wedge, sand-wedge,
and sublimation-type polygons, as well as viscous-flow features, including solifluction lobes, gelifluction lobes, and debris-covered glaciers);
and (3) microscale features (e.g., rock-weathering processes/features, including salt weathering, wind erosion, and surface pitting). Equilibrium
landforms are those features that formed in balance with environmental conditions within fixed microclimate zones. Some equilibrium landforms,
such as sublimation polygons, indicate the presence of extensive near-surface ice; identification of similar landforms on Mars may also provide
a basis for detecting the location of shallow ice. Landforms that today appear in disequilibrium with local microclimate conditions in the ADV
signify past and/or ongoing shifts in climate zonation; understanding these shifts is assisting in the documentation of the climate record for the
ADV. A similar type of landform analysis can be applied to the surface of Mars where analogous microclimates and equilibrium landforms occur
(1) in a variety of local environments, (2) in different latitudinal bands, and (3) in units of different ages. Documenting the nature and evolution of
the ADV microclimate zones and their associated geomorphic processes is helping to provide a quantitative framework for assessing the evolution
of climate on Mars.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction cific climate zones and thus in different geomorphic landforms
characterizing these environments. On Earth, the recognition
of groups of climate-related landforms has led to the defin-

ition of different morphogenetic regions (e.g., Wilson, 1969;

Climate, the average weather conditions in a region over
periods of years to decades, is defined by variations in fac-

tors such as temperature, the amount of rainfall, wind veloci-
ties, solar radiation, etc. These variations lead to different ge-
ological processes operating with different intensities in spe-
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Baker, 2001) which can be classified in terms of mean annual
temperature and precipitation (Fig. 1). For example, climate
zones with high mean annual temperatures (e.g., 30—40°C;
303-313 K) can range from arid, with low mean annual pre-
cipitation (e.g., 10-20 mm), to selva (hot, wet, tropical rain-
forest), with extremely high mean annual precipitation (e.g.,
1500-2000 mm).
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Fig. 1. Morphogenetic regions for climate related landforms on Earth [adapted
from Baker (2001)]. Dashed oval shows region comprising the Antarctic Dry
Valleys (ADV), including the stable upland zone SUZ (shown as a dot), the in-
land mixed zone IMZ, and the coastal thaw zone CTZ. Also plotted are modern
Mars conditions at 30°, 50°, and 60° latitude, as well as an ancient Mars at 300
and 1000 mbar. TD, modern conditions at Taylor Dome, 35 km south-west of
the ADV; EAIS, modern conditions at Vostok, interior East Antarctica (78° S);
LGM, conditions during the last glacial maximum (~18 ka) in interior East
Antarctica.

A major key to the geological processes and geomorphic
landforms characterizing different climate zones or environ-
ments is the abundance and state of water. In the high mean
temperature arid—selva comparison, arid landscapes show less
water-related fluvial activity, whereas the copious amounts of
rainfall in the selva produce significant fluvial erosion. The state
of the water is also important. Climate zones characterized by
mean annual temperatures near or below the freezing point of
water (Fig. 1) will clearly be much less influenced by fluvial ac-
tivity. Instead, periglacial or glacial morphogenetic zones will
prevail, and landscapes will be formed and modified by freeze-
thaw cycles and the movement of ice.

These relationships (Fig. 1) offer a powerful tool for the def-
inition of climate zones, an understanding of how they form and
evolve, and even for predictions about the nature of landforms
under different climate conditions on the Earth and Mars. For
example, some modern terrestrial glacial environments, such as

Taylor Dome and Vostok in Antarctica (TD and EAIS respec-
tively in Fig. 1), have extremely low mean annual temperatures
(—40 to —58°C; 215-233 K) and extremely low mean an-
nual precipitation (between 10 and 100 mm). In comparison,
however, current conditions on Mars at mid to high latitudes
(see 30, 50, 60, indicating Mars conditions at these latitudes
in Fig. 1) are much colder (—60 to —95°C; 178-213 K) and
dryer (~0 mm mean annual precipitation). Climates, however,
change with time. Conditions inferred from the period of the
last glacial maximum in Antarctica about 18 ka (LGM in Fig. 1)
are much colder and dryer (—68 °C, 205 K; ~10 mm mean
annual precipitation) than those at Taylor Dome and Vostok
today, and indeed are more comparable to mid-latitude condi-
tions that exist currently on Mars (compare position of LGM
and 30 in Fig. 1). In a similar manner, predicted climate con-
ditions thought to have characterized earlier parts of Mars’ his-
tory on the basis of climate models (e.g., Pollack et al., 1987)
can also be plotted. In this scenario, modeled conditions for
Mars at ~300 mbar atmospheric pressure and ~1000 mbar at-
mospheric pressure predict that ancient Mars could have been
characterized by cold glacial climate conditions similar to those
of modern Earth (Fig. 1).

The very low atmospheric temperatures and limited avail-
ability of liquid water in Earth’s polar deserts make for com-
pelling comparisons to a dry and cold Mars. Among polar
deserts on Earth, the Antarctic Dry Valleys (ADV) have long
been considered as the most Mars-like (e.g., Anderson et al.,
1972; Gibson et al., 1983; Mahaney et al., 2001; Wentworth
et al., 2005). Classified broadly as a cold and hyper-arid re-
gion, plotted as a dashed oval in Fig. 1, the valleys feature a
diverse suite of surface landforms that provide a geomorpholog-
ical framework for both assessing differences within the ADYV,
and interpreting features and microclimate zones on Mars.

In this contribution we examine the nature and evolution of
the hyper-arid polar desert of the Antarctic Dry Valleys, defin-
ing three main microclimate zones, and assess the role of small
variations in mean annual temperature and precipitation in pro-
ducing and sustaining different characteristic landforms at a
variety of scales. We then explore the application of these con-
cepts to the assessment of climate change in the ADV and to
the definition of microclimate zones on Mars and exploring ev-
idence for recent climate change on that planet.

2. The Antarctic Dry Valleys
2.1. Physical setting

Located in the central Transantarctic Mountains, the ADV
(also known as the McMurdo Dry Valleys) lie between the East
Antarctic Ice Sheet (EAIS) and seasonally open water of the
Ross Sea (Denton et al., 1993; Sugden et al., 1995a) (Fig. 2).
Local relief is ~ 2800 m. Most surfaces are generally free of
ice and there are no vascular plants. Major east—west trending
valleys, each ~80 km long and up to 15 km wide, extend across
the region.

A high-elevation bedrock threshold (~2000 m) currently
prevents significant influx of the EAIS into the ADV (western



Antarctic dry valley microclimate zones: Application to Mars 189

Fig. 2. Antarctic Dry Valleys: Location map showing major geographic features. Location of cross-valley profiles (Fig. 4) plotted as yellow lines; location of other
figures in text shown as labeled boxes and dots. Upper left inset: Black square shows location of Dry Valleys within Antarctica. Lower right inset: Map showing
general range for coastal thaw zone (CTZ; blue), inland mixed zone (IMZ; green), and stable upland zone (SUZ; yellow).

part of Fig. 2). Two small outlet glaciers, Taylor Glacier and
Upper Wright Glacier, just pass over this threshold and termi-
nate on land 75 to 50 km from the coast; only one outlet glacier
reaches the coast (Ferrar Glacier) (Fig. 2). Alpine glaciers,
nourished by local precipitation and wind-blown snow from the
Polar Plateau, occur on elevated benches and on plateaus be-
tween the main valleys.

The local bedrock consists of a basement complex that in-
cludes pre-Cambrian to Paleozoic age granites and gneisses,
most of which were produced and/or deformed during the
Cambrian—Ordovician Ross Orogeny. These rocks crop out be-
low ~800 m elevation near the coast and in the central portions
of the ADV. Inland, exposed bedrock consists of generally flat-
lying sedimentary rocks of the Beacon Supergroup (Devonian-
to-Triassic age sandstones, siltstones, and conglomerates) and
200-300 m thick sills of Ferrar Dolerite (Jurassic age intrusives
representing the break-up of Gondwana; Elliot and Fleming,
2004).

2.2. Dominant geomorphic processes

Katabatic winds, active-layer cryoturbation, and cold-based
glaciation are the three fundamental processes that influence the
morphology of the ADV.

2.2.1. Katabatic winds

Gravity-driven katabatic winds flow off the EAIS and gather
speed as they pass through the ADV; winds commonly exceed
50 km/h (Schwerdtfeger, 1984; Marshall and Turner, 1997;
Nylen et al.,, 2004). These winds entrain sand grains and
scour bedrock landscapes (Lancaster, 2002; Malin, 1984, 1987;
Selby, 1977). They also warm adiabatically as they descend the
ice-sheet slope, resulting in slightly elevated air temperature
excursions that are particularly apparent during winter months
(Doran et al., 2002; Nylen et al., 2004; Fountain et al., 1999).
The katabatic winds also transport significant snow from the
Polar Plateau, some of which is deposited in the lee of topo-
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graphic obstacles in the ADV. The fate of this snow—to melt
or sublimate—is a critical factor in the development of most
unconsolidated landforms.

2.2.2. Active-layer cryoturbation

A traditional active layer is defined as the surface hori-
zon in permafrost regions that experiences seasonal tempera-
ture fluctuations above and below 0°C (273 K) (Davis, 2001;
Yershov, 1998). Its thickness depends primarily on atmospheric
temperature, and secondarily on substrate heat conduction. We
distinguish a “wet” active layer from a “dry” active layer on the
basis of subsurface moisture content. A wet active layer con-
tains visible ice and/or liquid water, whereas a dry active layer
contains minimal soil moisture, generally <5% gravimetric wa-
ter content (GWC). In coastal regions of the ADV, a wet-active
layer up to ~25 cm in thickness is common. In inland regions,
dry active layers are the norm, and in some places they are only
a few cm thick (Kowalewski et al., 2006).

2.2.3. Cold-based glaciers

All of the alpine glaciers in the ADV are presently cold-
based. Unlike wet-based glaciers, which entrain debris by rege-
lation and slide across bedrock surfaces, cold-based glaciers
flow only by internal deformation; a rate for bedrock erosion
beneath a typical cold-based alpine glacier in the ADV is cal-
culated at ~10~7 m/yr (Cuffey et al., 2000). Not only is this
bedrock erosion rate several orders of magnitude less than
that for typical wet-based alpine glaciers (Hallet et al., 1996;
Spotila et al., 2004; Koppes and Hallet, 2006; Brook et al.,
2006), it is also several orders of magnitude less than that
for bedrock erosion arising from the impact of saltating sand
grains in the ADV (Malin, 1984, 1987). Hence, rather than
eroding underlying bedrock and/or unconsolidated debris, cold-
based glaciers in the ADV tend to preserve underlying land-
scapes (e.g., Kleman and Hattestrand, 1999; Borgstrom, 1999;
Fabel et al., 2002).

2.3. Microclimate variation

Observed and measured variations in weather patterns across
the ADV show that the region is best divided into a series of mi-
croclimate zones (Marchant and Denton, 1996; Marchant and
Head III, 2004). Slight changes in atmospheric temperature and
soil-moisture, particularly along microclimate boundaries, are
sufficient to produce major changes in equilibrium geomorphic
processes and surface topography. As is the case for most cold-
desert regions, the geomorphic impacts of minor variations in
soil moisture and temperature are disproportionately large when
compared to similar shifts in humid-temperate latitudes due to
the crossing of geomorphic thresholds (Langbein and Schumm,
1958; Schumm, 1965; Schumm and Lichty, 1965).

On the basis of measured climate variation in the ADV (Ta-
ble 1), we distinguish a coastal thaw zone (CTZ), an inland
mixed zone (IMZ), and a stable upland zone (SUZ) (Fig. 2, in-
set). Alternative subdivisions are possible (e.g., Campbell and
Claridge, 1969, 1987, 2006; Bockheim, 2002, 2003), but this
three-fold microclimate classification captures the major trends

in geomorphic processes and in landscape features across the
region. At issue here is not the precise geographic boundary for
each microclimate zone, but rather the identification of diag-
nostic equilibrium processes and geomorphic landforms within
each zone. Details on the boundaries of each zone are presented
in Marchant and Denton (1996) and are the focus of ongoing re-
search.

2.3.1. Coastal thaw zone (CTZ)

Modern summertime air temperatures in the CTZ show
a mean season-long temperature of ~—5°C (268 K), and a
mean daily maximum of ~—2°C (271 K); relative humid-
ity (RH) averages ~64%; the rather high RH value is due to
the prevalence of south-easterly winds, which carry moisture
from the Ross Sea (Table 1). Due to large variations in sur-
face albedo in the CTZ (which arise from the presence of nu-
merous tills capped by different lithologies; Hall et al., 1993;
Denton and Marchant, 2000), surface and subsurface ground
temperatures vary considerably over relatively short horizon-
tal distances of ~10 m; in all places, however, subsurface soil
temperatures in the CTZ rise well above 0°C (273 K) (Ta-
ble 1). Snowfall in the CTZ exceeds 80 mm of water equivalent
per year (Schwerdtfeger, 1984); a large fraction of the snowfall
melts and infiltrates near-surface soils. The GWC of most soils
in the CTZ is thus >30% (Campbell et al., 1997a, 1997b).

2.3.2. Inland mixed zone (IMZ)

Alternating winds passing across the IMZ (westerly kata-
batic and easterly from the Ross Sea) produce variable RH
in the IMZ, but the mean summertime RH is close to that of
the coast, ~67%. Summertime air temperatures show a mean
of ~—7°C (266 K), with a mean daily maximum of ~—4°C
(269 K) (Table 1). Snowfall is most probably less than that
of the coastal thaw zone; the uncertainty lies in the unknown
quantity of wind-blown snow from the Polar Plateau in this
region. Apart from regions alongside ephemeral streams and
isolated snow patches, near-surface soils contain <30% GWC
(Campbell et al., 1997a, 1997b).

2.3.3. Stable upland zone (SUZ)

The low value of summertime RH for the SUZ, ~41%, re-
flects the passage of dry, katabatic winds originating over the
EAIS. Summertime air temperatures show a mean of ~ —10°C
(263 K), with a mean daily maximum of ~—8 °C (265 K) (Ta-
ble 1; Fig. 3 soil-temperature profile, SUZ). Precipitation is
limited, but snow blown off the Polar Plateau may accumulate
on small glaciers and feed perennial snow banks. Glaciers and
snow banks lose mass by sublimation and the upper horizons of
most soils contain <5% GWC (Campbell et al., 1997a).

2.4. The importance of salts and brines

These major microclimate zones, and the variations in ge-
omorphic processes produced by differences in the presence
and activity of water, are locally modified by soil salinity (e.g.,
Claridge and Campbell, 1968, 1977, 2005; Bockheim, 1997,
2002; Mahaney et al., 2001; Campbell and Claridge, 2006).
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Table 1
General climate data for three microclimate zones in the Antarctic Dry Valleys

Summer (annual)?

Mean (°C)
Mean daily maximum
Mean daily minimum

Mean @ 0 cm depth
Mean @ 10 cm depth

Atmospheric temperature

Soil temperature

~10 (=22)
—8(—18)
12 (=25)

Stable upland zone® Inland mixed zone® Coastal thaw zoned-€
—7(—18) -5 (—20)
—4(—14) -2 (=15)
~10 (-21) —7 (=24)
-5 (-22) - 2(-18)
—6 (—21) - 1(—17)
67 (55) 64 (63)

RH Mean relative humidity (%)

41 (43)

Note. All Data from McMurdo LTER weather stations. Available at http://huey.colorado.edu/LTER/meteordata.html.
4 Summer months: December, January, February; annual conditions shown in parentheses.

b Beacon Valley; 1176 m a.s.l., 74 km from coast.

¢ Howard Glacier; 472 m a.s.l., 16 km from coast.
d Explorers Cove; 26 m a.s.l., 4 km from coast.

¢ Soil data for coastal zone from near Lake Bonney; 60 m a.s.l., 25 km from coast.

Fig. 3. Soil-temperature data for December, January, February 2004, Beacon Valley, stable upland zone (for details on data acquisition; see Kowalewski et al., 2006).

Several factors tend to enhance the importance of salts in the
ADV (Bao and Marchant, 2006). Salts that are deposited by pre-
cipitation of snow generally become concentrated and remain
near the site of deposition because of the hyper-arid environ-
ment, in which evaporation/sublimation exceeds precipitation.
Salts released during weathering of rocks and soils accumulate
continuously in the soils because of the paucity of liquid wa-
ter. Local surface environments of salt occurrence include soil
and rock coatings and efflorescences, interiors of weathering
pits on rock surfaces (see below), cracks and joint surfaces in
surface rocks, and accumulations underneath surface rocks de-
posited by saline solutions draining from rock surfaces and their
evaporation/sublimation. Below the surface, salts are observed
as widely distributed efflorescences, and as discrete horizons
sometimes up to 15 cm in thickness (e.g., Campbell and Clar-
idge, 2006; Bockheim, 1997).

Local areal and vertical concentrations of salts can induce
variations in soil moisture. Surface liquid water has been ob-
served at temperatures of <—4°C (269 K) in small damp,
salty hollows (e.g., Campbell and Claridge, 2006), and in up-
per Wright Valley at Don Juan Pond, surface water remains
below the solidus even at temperatures below —40 to —50°C
(223 to 233 K) (e.g., Marion, 1997; Takamatsu et al., 1998;

Healy et al., 2006). Water cycled laterally through hyporheic
zones (regions beneath and lateral to stream beds, where mix-
ing of shallow groundwater and surface water occur) associated
with ADV streams can mobilize salts, forming saline solutions,
brines, and seeps, and can locally redeposit salts in soil hori-
zons and on the surface (e.g., McKnight et al., 1999; Lyons
et al., 2005; Harris et al., 2007). Vertical migration of water
through soils can also result in mobilization and concentration
of salts (e.g., Gibson et al., 1983; Dickinson and Rosen, 2003;
Wentworth et al., 2005). These variations in vertical concentra-
tions result in salt aggregations and layers that can be charac-
terized by significant locally elevated water contents; such vari-
ations can produce local complexities in the geochemistry and
thermal states of soils, and can influence geomorphic processes
and resultant surface landforms.

Salt types include a very wide variety of crystalline phases
of sodium, potassium and magnesium chlorides, nitrates and
sulfates. Salts increase in importance and abundance with in-
creasing soil age (e.g., Claridge and Campbell, 1977; Mahaney
et al., 2001; Wentworth et al., 2005; Bao and Marchant, 2006;
Campbell and Claridge, 2006). These same trends have impor-
tant implications for the very ancient terrains and soils of the
ultrastable, hyper-arid environment of Mars.
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2.5. Geomorphic approach and methods

We now outline the geomorphic processes that give rise to
the various equilibrium landforms in the three ADV micro-
climate zones (Marchant and Head III, 2004, 2005). Pertinent
goals are to (1) document the spatial variability of periglacial
landforms in the ADV; (2) identify palimpsest landscapes that
reflect shifting microclimate conditions; (3) evaluate future
landscape change that might arise from lateral displacement of
climate zones due to atmospheric warming and; and (4) assess
the application of similar geomorphic approaches towards un-
derstanding the magnitude and direction of recent and future
climate change on Mars.

3. Landform analysis

Our analysis of landforms in the ADV is organized by micro-
climate zone and the size of mapped geomorphic features. Sub-
divisions include (1) macroscale landforms (>250 m in areal
extent and/or those features incised in bedrock); (2) mesoscale
landforms (unconsolidated deposits from 1 to ~250 m in
areal extent); and (3) microscale landforms (features <1 m
in size). One benefit of this scale-dependent organization is
that size-specific analyses can be performed for Mars, tak-
ing advantage of Viking and Odyssey-scale image data sets
(macroscale), MOC and HiRise image data and MOLA altime-
try data (mesoscale), and Viking Lander-Pathfinder-MER-scale
image data (microscale).

3.1. Macroscale landforms: slope asymmetry, drainage-basin
asymmetry, and gullies

3.1.1. Coastal thaw zone (CTZ)

Slopes in the CTZ display a classic asymmetry (Fig. 4).
North-facing slopes that receive relatively high levels of in-
cident solar radiation (e.g., Dana et al., 1998) are shallower
(averaging ~20°) than south-facing slopes (~25°). Consistent
with this marked valley-side asymmetry is a well-expressed
drainage-basin asymmetry [drainage basin asymmetry is de-
fined here as the ratio of the valley-half width (measured south
of the valley “thalweg,” i.e., south of the main valley axis) to
the total valley width]. A symmetrical valley would show an
asymmetry factor (AF) of ~50, whereas an asymmetrical val-
ley would show an AF above or below 50. An AF of ~65
for the CTZ indicates preferred degradation along north-facing
walls (Table 2). The size and spacing of gullies on valley walls
in the CTZ also displays local variation with aspect. In lower
Ferrar Valley, for example, gullies on the north-facing slopes
appear deeper and spaced further apart than those on south-
facing slopes (Fig. 5).

Melting occurs preferentially on north-facing slopes, with
meltwater commonly percolating centimeters to tens of cen-
timeters into soils. In places, this meltwater elevates soil-pore
pressures sufficiently to induce downslope movement via so-
lifluction, e.g., the slow flow of saturated materials. Else-
where, evaporation of meltwater produces visible salts that coat
rock surfaces and intervening soil. Variations in the size of

these salt crystals, arising from expansion and contraction upon
hydration—dehydration, permits rock breakdown, as salts pry
away loosely bound crystals (Huinink et al., 2004). In the CTZ
the most common salt species are chlorides and sulfates, reflect-
ing proximity to the Ross Sea (Claridge and Campbell, 1977;
Bao et al., 2000). Overall, the melting of snow and glaciers
on north-facing slopes in the CTZ is a rather minor process of
ice loss, only accounting for ~10% of the total ablation; the
majority of the loss takes place by sublimation (Chinn, 1980,
1981; Frezotti, 1997; Fountain et al., 1999). Nonetheless, the
meltwater produced is sufficient in places to cut channels 3—
5 m deep in loose debris. A saturated hyporheic zone, 1-2 m
wide (Gooseff et al., 2003a), commonly fringes these channels
during summer months and helps sustain a unique biota of sev-
eral varieties of cold-adapted nematodes (Gooseff et al., 2003b;
Nkem et al., 2006). Snow that falls on south-facing slopes in the
CTZ tends to lose mass via sublimation and in a relative sense
produces minimal geomorphic impact.

3.1.2. Inland mixed zone (IMZ)

The IMZ shows less valley-side asymmetry and less drainage
basin asymmetry than the CTZ (Table 2; Fig. 2). In addition,
gullies in the IMZ are relatively shallow, appear closely spaced,
and show sharp, knife-like interfluves. Although the average
air temperature in the IMZ is less than that of the CTZ (Ta-
ble 1), minor snowmelt fringes most snowbanks: snow melts
alongside rocks that are heated by solar radiation to temper-
atures >0°C (273 K). In addition, snow may be blown from
local snowbanks onto the surface of solar-heated rocks; in this
way the distribution of meltwater is increased well beyond the
immediate margins of snowbanks, although it is localized in the
downwind direction. The total meltwater contributed by these
processes is minor (and does not commonly support solifluc-
tion), but appears sufficient to maintain a shallow, discontin-
uous ice-cemented layer within the upper few centimeters of
debris, and may also contribute to shallow subsurface melt-
water flow in saline soils (e.g., Lyons et al., 2005; Harris et
al., 2007). Perennial snowbanks and seasonal windblown snow
trapped in lows (alcoves, channels, polygon troughs) may form
significant sources for meltwater that can lead to gully for-
mation in the IMZ (Head et al., 2007; Dickson et al., 2007a;
Morgan et al., 2007; Levy et al., 2007).

3.1.3. Stable upland zone (SUZ)

Given that the current climate conditions in the SUZ (Ta-
ble 1) prohibit significant meltwater, there is little evidence
for ongoing, macroscale geomorphic change. Gullies, where
present in this zone, are interpreted to be relict and inactive
because overlying colluvium is commonly interbedded with
near-surface ashfall dated to as much as 11 Ma (Marchant et
al., 1993a, 1993b, 1996; Marchant and Denton, 1996). Unlike
slopes in the CTZ and IMZ, which are incised in relatively uni-
form igneous and metamorphic rocks of the basement complex,
the slopes of the SUZ are incised in sedimentary rocks and in-
tervening sills of dolerite. Lithology thus plays a significant
role in the macroscale geomorphology of the region: cliffs are
formed in resistant sills of Ferrar Dolerite and Beacon Heights
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Fig. 4. Cross-valley profiles for the CTZ and IMZ; locations shown in Fig. 2. North-facing (equator-facing) slopes possess gentle slope angles.

Table 2

Distinctive geomorphic features, equilibrium landforms, and erosion rates for each microclimate zone

Process/feature Stable upland zone

Inland mixed zone Coastal thaw zone

Thermal contraction Sublimation-type polygons

Viscous flow Debris-covered glaciers

Average near-surface soil moisture? <3%
Bedrock erosion rate? ~0.06-0.27 m/Ma
Drainage-basin asymmetry N/A

Pitted surface cobbles,
salt-cemented duricrusts, puzzle
rocks, and relict gullies

Additional features/process

Sand-wedge and composite polygons Ice-wedge polygons

Gelifluction lobes Solifluction lobes

<10% >10%
Mixed ~1 m/Ma
52 65

Desert pavements with
wind-polished cobbles; immature,
closely spaced gullies

Thermokarst, tafoni, low-gradient
slopes with mature, low-density
gullies

4 Gravimetric water content, defined as weight of soil moisture/weight of dried soil. Data from Campbell et al. (1997a, 1997b).

b Data from Summerfield et al. (1999) and Brook et al. (1995).

Fig. 5. Landsat satellite image of lower Ferrar Valley illustrating gully asymme-
try on north-facing (bottom of image) and south-facing (top of image) slopes.
See Fig. 2 for location and scale.

Orthoquartzite, whereas smooth, rectilinear slopes (~25°-30°)
form on weakly cemented sandstones (Altar Mountain Sand-
stone, New Mountain Sandstone) (Sugden et al., 1995a; Selby,
1971a, 1974; Augustinus and Selby, 1990; Prentice et al.,
1998).

Glaciers in the SUZ lose mass almost entirely by sublima-
tion. The margins of some glaciers and perennial snow banks
may experience melting where intense re-radiation off nearby
surfaces elevates local temperatures (e.g., Dana et al., 1998;
Fountain et al., 1999), and/or where a thin cover of wind-blown
sands lowers the surface albedo and induces melting of underly-
ing ice and snow (this phenomenon occurs in all microclimate
zones, but it is the only mechanism for relatively significant
melting in the SUZ). In all cases, however, the geomorphic
impact of this meltwater in the SUZ is negligible. Although
meltwater may moisten the upper 5-15 cm of soil, it does not
induce solifluction, and evaporation removes most of this water
within hours (Kowalewski et al., 2006).
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3.1.4. Synthesis

The observed variation in valley-side asymmetry, drainage-
basin asymmetry, and gully development in the ADV is plau-
sibly related to spatial variations in the melting of snow and
ice (and where appropriate, the distribution of resistant bedrock
lithologies). The mature gully system of the CTZ most likely
reflects (1) the preponderance of rock breakdown associated
with snowmelt, freeze-thaw, and salt weathering, and (2) the
downslope transport of these weathering products by water, so-
lifluction, and wind. Given the direct correlations among the
magnitude of observed surface melting and the size and spacing
of gullies in the IMZ and CTZ, we suggest that gully matura-
tion may be analogous to the development of rills to master
rills observed in cohesive sands in humid temperate regions
(Bocco, 1991). If so, mature gullies form at the expense of im-
mature gullies by progressive capture, a process that requires
significant meltwater and some component of lateral flow. As
gullies grow, they are capable of trapping increasing amounts
of wind-blown snow, which on melting enables cross grading
(i.e., lateral flow on walls of newly formed gullies); the latter
promotes the wide spacing of gullies. If the above sequence is
correct, then the relatively high density and narrow morphology
of gullies in the IMZ could reflect stagnation within the matu-
ration sequence due to insufficient meltwater.

Among additional parameters that could be responsible for
the observed variation in gully morphology is the duration of
gully incision. We contend that time is not the most critical fac-
tor in differentiating gully morphology because many slopes in
the IMZ (as well as in the SUZ) have been dated on the basis
of “*Ar/3% Ar analyses of overlying ashfall to >7 Ma (Marchant
and Denton, 1996). Given the time available for slope evolu-
tion in the IMZ, we postulate that gullies would have achieved
mature forms if sufficient meltwater had been available (i.e.,
comparable to that now found in the modern CTZ). The ex-
tremely low levels of meltwater produced in the SUZ lead to
a preponderance of inherited slopes that likely formed under
wetter, and most likely warmer, climate conditions before the
onset of cold-polar desert conditions (e.g., Sugden et al., 1995a,
1995b; Lewis et al., 2007).

3.2. Mesoscale landforms: contraction-crack polygons and
viscous-flow features

3.2.1. Ice-wedge, sand-wedge, and sublimation-type polygons

Contraction-crack polygons form by thermal cracking of ice-
rich permafrost and subsequent infilling of cracks with a variety
of materials. In plan view, the vertical cracks intersect to form
a variety of polygon shapes (Fig. 6). Cracking is favored in re-
gions that experience abrupt seasonal cooling (Berg and Black,
1966; Black, 1973) and where near-surface materials are cohe-
sive. Once initiated, various geomorphic processes operating in
each microclimate zone yield different classes of contraction-
crack polygons (Fig. 6).

3.2.1.1. Coastal thaw zone Ice-wedge polygons are wide-
spread in the CTZ (Fig. 6). The seasonal influx of liquid water
from wet active layers into open thermal-contraction cracks,

along with subsequent growth of ice on freezing, leads to the de-
velopment of downward-tapering ice wedges outlining raised-
rim polygons (Berg and Black, 1966). Polygons in the CTZ
average ~10-20 m in diameter. The maximum width of most
ice wedges is ~2 m, considerably less than that for compara-
ble ice-wedge polygons of Arctic regions (e.g., Mackay, 1977).
The smaller size of ice wedges in the CTZ, relative to those of
the Arctic, likely reflects the limited availability of liquid water
in the CTZ, rather than the duration of ice-wedge growth.

3.2.1.2. Inland mixed zone Sand-wedge polygons and com-
posite polygons are the dominant forms of contraction-crack
polygons in the IMZ (Fig. 6). Sand-wedge polygons develop
in a manner analogous to ice-wedge polygons except that con-
traction cracks fill with sand, rather than with ice (Péwé, 1959;
Murton et al., 2000). Composite polygons show wedges that
exhibit alternating lenses of ice and sand (Ghysels and Heyse,
2006).

The retention of open contraction cracks at the ground sur-
face, and the availability of sands to fill these cracks are two
key factors that determine the growth of sand-wedge polygons
(Berg and Black, 1966; e.g., Marchant et al., 2002). Because
cracks tend to be wider and remain open longer in soils with co-
hesive ice and/or salt-cemented horizons, sand-wedge polygons
are most active near the margins (and downwind) of perennial
snow banks that experience minor snowmelt. To a first order,
growth rates of sand wedges appear correlated with the abun-
dance of available sediment and with the presence of shallow
ice and salt-cemented soil horizons (e.g., Marchant et al., 2002).

3.2.1.3. Stable upland zone A special type of sand-wedge
polygon, a sublimation-type polygon, forms where sediment
overlies buried, massive ice in the SUZ (Marchant et al., 2002;
Marchant and Head III, 2003) (Fig. 6). The formation and evo-
lution of sublimation-type polygons is tied to the thermal crack-
ing and sublimation of underlying ice (Fig. 6). As cracks form
in buried ice, the finest fraction of overlying debris (<2 cm) per-
colates down into the cracks. Material that is too large (=2 cm)
collects at the buried-ice surface. This process of passive sifting
and removal of fine-grained material creates a zone of relatively
coarse-grained debris at polygon margins (i.e., above contrac-
tion cracks). Due to the relatively high porosity and permeabil-
ity of this debris, sublimation of the underlying ice is locally
enhanced (Marchant et al., 2002). Ultimately, elevated rates of
ice sublimation at polygon margins leads to the development
of deep troughs, >2-3 m deep, that outline conical, sediment-
covered mounds of buried ice (Fig. 6).

A negative feedback prevents runaway ice loss. As sublima-
tion troughs deepen, they become preferred sites for collection
of windblown snow. The downward flux of vapor and/or mi-
nor melt from the base of these snowbanks creates a thin layer
of superposed ice that effectively seals the remaining ice from
sublimation (Marchant et al., 2002; Kowalewski et al., 2006;
Levy et al., 2006). Ultimately, cohesive plugs of ice-and-salt-
cemented sands that form at the top of contraction cracks pre-
vent further infiltration of overlying sediment and reduce the
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Fig. 6. Landscapes, near-surface thermal profiles, and polygons as a function of microclimate zones in the ADV. Top (row 1): photographs showing typical landscapes
in each microclimate zone; left to right: stable upland zone (SUZ), inland mixed zone (IMZ), and coastal thaw zone (CTZ). Second (row 2): schematic showing
vertical thermal profiles for each zone. Dashed line represents 0 °C (273 K) baseline; blue and red lines show winter-mean and summer-mean soil temperatures as
a function of depth. Numbered soil “horizons” are defined on the basis of temperature profiles. Horizon 1 is a surface layer that experiences summer temperatures
above 0°C (273 K). In the case of the CTZ (right), soils are seasonally moist and thus seasonal oscillation about 0 °C (273 K) produces a classic active layer
(see text for discussion). For the IMZ (center), soils are too dry to produce classic active-layer disturbance, even though summer soil temperatures rise above 0 °C
(273 K). Horizon 1 is not present in the SUZ (left) because mean-summer soil temperatures fail to rise above 0°C (273 K); this zone thus lacks a traditional
active layer. Horizon 2 reflects the depth to which near-surface materials experience seasonal temperature change. Temperature oscillation results in material
expansion/contraction and is responsible for the initiation of polygonal terrain; see text. Horizon 3 reflects a zone of uniform temperature increase with depth; the
base of the permafrost would occur where temperatures exceed 0 °C. Third (row 3): left, oblique-aerial view of sublimation-type polygons in SUZ; field of view
(FOV) is ~100 m; center, oblique-aerial view of sand-wedge polygons in IMZ; FOV is ~50 m; right, oblique-aerial view of ice-wedge polygons in CTZ; FOV is
~75 m. Bottom (row 4): Block diagrams illustrating the development of sublimation-type polygons (left), sand-wedge polygons (center), and ice-wedge polygons
(right). Blue color indicates ice; see text for explanation.
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potential for compressive stress and ice deformation at depth
(e.g., Marchant et al., 2002).

3.2.1.4. Synthesis Contraction-crack polygons of different
types are strong morphological indicators of conditions pre-
vailing in a particular microclimate zone. As shown in Fig. 6
morphologic variation arises from the abundance of liquid wa-
ter in near-surface soils. Ice-wedge polygons of the CTZ require
wet active layers. Sand-wedge polygons of the IMZ signal soil
moisture sufficient to induce widespread thermal cracking but
insufficient to fill cracks with ice. Sublimation polygons of the
SUZ indicate the location of near-surface buried ice in regions
without wet active layers (Fig. 6).

All three types of contraction-crack polygons provide in-
formation on the distribution and concentration of subsurface
ice. For ice-wedge polygons, the highest concentration of ice
occurs in polygon troughs. For sand-wedge polygons, the ice
commonly occurs distributed evenly as pore ice in near-surface
sediment (generally <30% ice by volume). For sublimation
polygons, excess ice (ice exceeding available pore space and
with values 3>30% ice by volume) generally occurs <1 m from
the ground surface (Marchant et al., 2002). In sharp contrast
with ice-wedge polygons, the lowest concentrations of ice in
sublimation polygons are found in the troughs.

3.2.2. Solifluction lobes, gelifluction lobes, and debris-covered
glaciers

The terms solifluction and gelifluction are sometimes used
interchangeably (e.g., Matsuoka, 2001), just as are the terms
rock glacier and debris-covered glacier (e.g., Whalley and
Palmer, 1998; Giardino et al., 1987). The confusion exists be-
cause these features form by a continuum of processes that are
all related to the slow movement of hillslope materials. Pre-
viously, we defined solifluction as the slow flow of saturated
materials, with or without the presence of nearby ice. Our usage
of the term gelifluction differs in that in addition to saturated
flow, gelifluction lobes advance by internal deformation (and
perhaps slippage along) buried-ice lenses and/or pore ice. Al-
though rock-glaciers and debris-covered glaciers both flow by
creep deformation of internal ice, we distinguish rock-glaciers
as having ice of secondary origin (i.e., not glacial), including
ice that forms by the freezing of pore water. Debris-covered
glaciers are those viscous-flow features that have a demonstra-
ble core of buried glacier ice.

3.2.2.1. Coastal thaw zone Solifluction is the dominant form
of viscous flow in the CTZ (Fig. 7c). Solifluction lobes are com-
monly 20-30 cm thick and occur en echelon on slopes as low as
5° (Nichols, 1968; Selby, 1971b). In places, soil pore-pressures,
and thus rates of solifluction, are elevated where meltwater
is unable to penetrate impermeable subsurface horizons, such
as a local ice table. As the summer season progresses, shal-
low ice commonly melts and gives rise to typical, though
relatively small, thermorkarst features (shallow depressions,
planar slides). The wetting of near-surface debris also com-
monly produces saline brines (Campbell and Claridge, 1987;
Bockheim, 1997; Campbell et al., 1998; Lyons et al., 2005).

These brines remain in a liquid state, facilitating solifluction
even as temperatures drop below the freezing point for pure wa-
ter.

3.2.2.2. Inland mixed zone Many slopes in the IMZ show
well-developed gelifluction lobes (Fig. 7b). These lobes flow
by downslope movement of saturated debris and internal de-
formation of pore ice and/or ice lenses at depth. Gelifluction
lobes may emanate from steep slopes, though this is not re-
quired, and commonly display a series of stacked surface lobes
and/or nested ridges that terminate along coarse-grained, lobate
fronts. Gelifluction lobes may exceed the angle of repose and
show a relief of 3-5 m.

3.2.2.3. Stable upland zone Debris-covered glaciers are the
most common form of viscous-flow features in the SUZ. Most
debris-covered glaciers occur downwind from dolerite-capped
cliffs and originate through accumulation of rockfall debris on
alpine glaciers (Fig. 7a). Debris that falls onto glacier accu-
mulation zones may move englacially before rising toward the
surface as overlying ice sublimes. The stratigraphic contact be-
tween ice and overlying debris is smooth and dry, and mimics
the modern ground surface (Marchant et al., 2002). The rate
of ice sublimation is dependent on the thickness, porosity, and
permeability of overlying debris (sublimation till) (Marchant
et al., 2002; Schaefer et al., 2000; Kowalewski et al., 2006;
Levy et al., 2006).

Most debris-covered glaciers in the SUZ show concentric
surface ridges characteristic of subsurface ice flow (Fig. 7a;
Levy et al., 2006). Horizontal ice-surface velocities are gen-
erally <40 mm per year (Rignot et al., 2002), which is con-
siderably less than that for comparably sized gelifluction lobes
in the IMZ (~3 cm per year; Hassinger and Mayewski, 1983).
One explanation for this difference in flow rate involves ice tem-
perature and its control on ice rheology: all other things being
equal, warm ice flows faster than cold ice (Patterson, 2001). Ice
in most debris-covered glaciers in the SUZ is < —25 °C (248 K)
(Kowalewski et al., 2006, and unpublished data), whereas that
in gelifluction lobes in the IMZ may approach ~ —18 °C. Be-
headed debris-covered glaciers (those where topographic hol-
lows exist in former snow-and-ice accumulation areas) occur in
many places in the SUZ. These hollows may reflect a change in
climate leading to a marked reduction in ice accumulation, or
alternatively, may reflect a reduction in rockfall debris, leading
to greater expanses of exposed glacier ice, rapid sublimation,
and ice-surface lowering (e.g., Marchant and Head III, 2004).
Sugden et al. (1995b) argue that some stagnant glacier ice in
the SUZ has survived for least 8.1 Ma beneath a dry, debris
layer ~50 cm thick (see also Kowalewski et al., 2006).

3.2.2.4. Synthesis The style of viscous-flow feature devel-
oped in each microclimate zone depends on the availability and
state of water. If water saturates near-surface soils, as it does
in the CTZ (aided in places by the freezing point depression
associated with brines), then flow is best accommodated by
solifluction. If water freezes at depth to form excess pore ice,
then gelifluction lobes may dominate, as they do in the IMZ. In
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Fig. 7. Styles of viscous flow. (a) Debris-covered glacier ice in the SUZ (Mullins glacier). The small alpine glacier at the valley head transitions into a debris-covered
glacier that extends for ~3.5 4 km. The debris originates from rockfall onto the alpine glacier. Most debris travels englacially before rising to the surface as
overlying ice sublimes. The till thickens from about 10 cm in the upper portion of the valley, to ~50 cm near the base of the photograph; field of view at base of
the photograph is ~0.75 km. (b) Gelifluction lobe in IMZ, central Taylor Valley. The steep front is up to 5 m high. In places, ice occurs ~1 m below the ground
surface in the upper half of this lobe; field of view at the base of the photograph is ~1 km. (c) Solifluction lobes/terraces occur just beyond the small meltwater pond
and snow banks in the central portion of this photograph. The lobes show 20 to 25 cm relief and are stacked en echelon. Linear features in foreground are small
ice-wedge polygons; field of view at base of the photograph is ~4 m. See Fig. 2 for specific locations.

the SUZ, where there is insufficient meltwater to promote so-
lifluction and/or produce excess subsurface ice, debris-covered
glaciers dominate. As a check on alternate source mechanisms
for subsurface ice in the SUZ, Kowalewski et al. (2006) showed
that the downward flux of vapor into soils is currently incapable
of producing requisite pore-ice volumes that would sustain vis-
cous flow.

3.3. Microscale topography and rock weathering: tafoni,
weathering pits, desert pavements, and duricrusts

3.3.1. Coastal thaw zone

Most rocks at the surface in the CTZ and other zones
show salt encrustations (Nichols, 1968; Campbell and Clar-
idge, 1987; Gibson et al., 1983; Hall, 1991) (Fig. 8). These

salts are produced by evaporation of near-surface brines and
saline meltwater. The growth and expansion of salts pry loose
mineral grains, particularly on coarse-grained rocks, and lead to
the development of widespread grus (loose collections of min-
eral grains). Some salt-coated rocks are weathered flat to the
soil surface (Beyer et al., 1999); traces of these former upstand-
ing boulders appear as tails of grus, elongated in the downwind
direction. Salt weathering in the CTZ also leads to the develop-
ment of tafoni through cavernous weathering of coarse-grained
rocks (Conca and Astor, 1987). Typical salt species in the
CTZ include gypsum (CaSO4-2H,0), halite (NaCl), mirabilite
(NaS04-10H,0), and nitratine (NaNO3). As measured over
10 m baselines, the long-term effect of salt weathering in the
CTZ is to smooth bedrock slopes. Observations of slopes at
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Fig. 8. Modification of rock-surface textures in the ADV by salt weathering. (a) Snow collects in lows and pits in low-albedo dolerite in the SUZ; the largest
snow-filled pit is ~1.5 cm in diameter, (b) Preferential heating of the surface of low-albedo dolerite rocks in the SUZ causes snow in the pits to melt; subsequent
evaporation of snowmelt creates brines that ultimately form salt-encrusted pits. [The surface slope of the rock in panel (b) dips to the lower right corner, where melt
water accumulates.] The maximum meltwater level in one pit is shown in (c) as a white (salt-encrusted) line (e.g., “bathtub ring”); this relatively coarse-grained
dolerite shows a greater susceptibility to salt weathering than do the relatively fine-grained dolerite rocks (with crystals <1 to 2 mm in size) shown in (a), (b), and (d).
Ultimately, snowmelt, evaporation, and crystal growth (including hydration/dehydration cycles) processes produce deep pits (d) that for fine-grained dolerite rocks
tend to increase in width and depth linearly with age (see Fig. 9). Note the rill-like forms in (b); these are produced as brines repeatedly overfill small pits and trickle

downslope. See text for details.

sub-meter scales, however, show considerable relief (Conca and
Astor, 1987).

3.3.2. Inland mixed zone

The climate conditions of the IMZ foster the development
of widespread desert pavements, with wind-faceted cobbles
(ventifacts) and intervening lags of coarse-grained sand and
gravel. In regions with fine-grained extrusive rocks (best suited
for developing wind-polished facets; Selby, 1977), the spac-
ing of ventifacts varies approximately with soil age. Surfaces
with interlocking ventifacts and little intervening sand are gen-
erally older than are sandy surfaces with widely spaced ven-
tifacts.

3.3.3. Stable upland zone

Because rocks in the SUZ are not subjected to episodes of
burial and exposure, as commonly occurs in areas with tradi-
tional, wet active layers (e.g., Hallet and Waddington, 1991),
rock surface textures are almost exclusively a function of wind
erosion and salt weathering. Given the very dry conditions of
the SUZ, salt weathering proceeds at an extremely slow pace.
Rates of surface erosion in the SUZ that are based on analy-
ses of in situ produced cosmogenic nuclides in boulders are as
low as ~6 cm/Ma, the lowest measured on Earth (Summerfield
et al., 1998, 1999; Brook et al., 1995; Margerison et al., 2005;
Staiger et al., 2006) (Table 2).

Micro-relief on rock surfaces is initiated by minor snowmelt
that forms on solar-heated rocks (Figs. 8a and 8b). This melt-
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Fig. 9. The maximum diameter and depth of weathering pits on surface cobbles
from dated moraines in the SUZ [see Fig. 2 for location and Staiger et al. (2006)
for details on cosmogenic dating]. In each panel, the lower trendline was deter-
mined from measuring the mean value for pit size on selected rocks; the upper
trendline highlights maximum values. Using mean values, Staiger et al. (2006)
concluded that the mean width and depth of the largest surface pits on boul-
ders from dated moraines increases by ~10 and ~6.7 mm/Ma, respectively
[adapted from Staiger et al. (2006)].

water tends to occupy shallow surface depressions, which orig-
inally may have formed by wind scour on exposed rock sur-
faces (Selby, 1977). Repeated cycles of melting and concen-
tration of ions through water evaporation in depressions are
sufficient to produce visible salt encrustations (Fig. 8c). Micro-
fracturing and undercutting of rock minerals by the growth and
hydration of these salts creates pits that, through positive feed-
back, attract more snow, producing more salts and ever deeper
and wider pits (Allen and Conca, 1991; Parsons et al., 2005;
Staiger et al., 2006) (Fig. 8d). This process can produce a net-
work of pits and micro-rills on the surface of rocks in the
SUZ (Figs. 8b and 8d). Micro-rills form where rock surfaces
are inclined such that saline meltwater spills out from pits and
flows down the rock surface (Fig. 8b). As shown in Fig. 9,
the average depth and width of weathering pits at one lo-
cality in the SUZ shows a linear increase with exposure age
(Staiger et al., 2006). The salts in the SUZ are most com-
monly enriched in nitrates, reflecting derivation from snow
blown off the ice-sheet margin (Claridge and Campbell, 1977;
Bao and Marchant, 2006).

Puzzle rocks, those rocks that are fringed with thermally
cleaved and spalled fragments, are also common in the SUZ
(Fig. 10). For rocks composed of low albedo Ferrar Dolerite
(~0.07; Campbell et al., 1997b), the transition from solid boul-
ders to partially disintegrated puzzle rocks in the SUZ likely
requires 3 to 5 Ma (Marchant et al., 1993a; Staiger et al., 2006).

Infiltration of snowmelt into the upper few centimeters of
silty soils in the SUZ helps create a fragile, salt-cemented
duricrust. This fragile crust, held together by crystals that
bind detrital grains, is susceptible to breakdown upon wet-
ting. Wetted crusts may yield saline solutions that locally en-
hance downslope movement of near-surface soil-water mix-
tures (millimeter-to-centimeter-scale thickness). On the other
hand, in the absence of surface water, as is commonly the case
in the SUZ, the salts are enduring and tend to retard downslope
movement and aeolian deflation. Additionally, owing to their
chemical properties and physical ability to reduce near-surface
porosity and permeability, salts in duricrusts may slow the flux
of water vapor into and out of underlying soil (Marchant et al.,
2002; Kowalewski et al., 2006).

3.3.4. Synthesis

The relatively wet climate conditions of the CTZ foster the
development of widespread near-surface brines. Successive hy-
dration and dehydration cycles lead to the formation of multiple
salt species and relatively rapid rates of salt weathering. In
the CTZ, these rates of rock disintegration appear to outpace
the development of well-formed ventifacts and small, rock-
weathering pits on most rock surfaces. The rate of degrada-
tion via salt weathering decreases inland, with measured rates
for bedrock erosion in the SUZ being an order of magnitude
lower than that measured near the coast (Summerfield et al.,
1999). The effects of salt weathering are, however, visible in the
SUZ as thin duricrusts and pitted-rock surfaces; well-formed
pits appear only on rocks in the SUZ that have been exposed
at the ground surface for >1-to-2 Ma (Parsons et al., 2005;
Staiger et al., 2006). Duricrusts tend to be most extensive where
wind blown snow commonly melts on the surface of solar
heated rocks. This meltwater may infiltrate the upper few cen-
timeters of soil, evaporate, and over time leave behind apprecia-
ble salts (e.g., Claridge and Campbell, 1977; Bockheim, 1997;
Bao and Marchant, 2006). In binding adjacent sand grains, the
salt mixture creates a thin duricrust from 1 to 2 cm thick. A
simple but important point to emphasize is that surface and
near-surface brines in the ADV may remain in a liquid state
at temperatures <0 °C. In extreme situations, such as the case
for Don Juan Pond, upper Wright Valley, surface water remains
below the solidus even as temperatures drop below —40 to
—50°C (e.g., Marion, 1997; Takamatsu et al., 1998; Healy et
al., 2006). In addition to effecting geomorphic change, such a
situation could impact microbial activity (Siegel et al., 1979;
Torii et al., 1989).

4. Equilibrium landforms

The key landforms that are diagnostic of individual micro-
climate zones in the ADV are summarized in Table 2. Because
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Fig. 10. In situ breakdown of rocks from thermal cycling to produce “puzzle rocks.” (a)—(d) show rocks in progressive stages of breakdown. Ultimately, single,
coherent boulders (a) are transformed into multiple pieces (d). The pieces, like puzzles, can be reassembled; material is conserved and the pieces fit together without

gaps. Smallest increments on scale bars are 1 cm.

these landforms are produced by specific geomorphic processes
endemic to, and in balance with, local microclimate conditions
(e.g., Fig. 1), we term these features equilibrium landforms.

Our assemblage of CTZ equilibrium landforms includes ta-
foni, solifluction lobes, thermokarst, ice-wedge polygons, and
low-gradient slopes with mature, low-density gullies. Equilib-
rium landforms of the IMZ include gelifluction lobes, sand-
wedge and composite polygons, desert pavements with wind-
polished cobbles, and immature, closely spaced gullies. Finally,
equilibrium landforms that best characterize the SUZ include
sublimation polygons, debris-covered glaciers, pitted surface
cobbles, salt-cemented duricrusts, and puzzle rocks.

5. Geomorphic evidence for climate change

Changes in the spatial distribution of equilibrium landforms
over time, or the presence of relict equilibrium landforms, pro-
vide a morphological basis for interpreting past and on-going
climate change. For example, a slight climatic warming might
be registered as a landward shift of the CTZ at the expense
of the IMZ (e.g., Marchant and Denton, 1996). Such a shift
would likely increase the area of active-layer cryoturbation;
wind-blown snow in gullies of the IMZ might undergo greater
melting, promote solifluction and salt weathering, and possi-
bly lead to the development of wide, low-density gullies with
rounded interfluves such as those that today occur in the CTZ.
In addition, composite and sand-wedge polygons of the IMZ
would likely give way to ice-wedge polygons, and soils would
show an overall increase in moisture content.

For larger climate shifts, evidence for traditional active layer
cryoturbation might extend well inland into the SUZ. This

could manifest as (1) the development of solifluction lobes and
shallow active-layer detachment slides (Swanger and Marchant,
2007); (2) an inland migration of gelifluction lobes at the ex-
pense of debris-covered glaciers; (3) the growth and evolution
of active gullies; (4) the introduction of extensive ice-wedge
polygons; and (5) significant melting of buried ice leading to
widespread thermokarst.

Detailed geomorphic inspection of the IMZ does in fact
reveal geomorphic evidence for climatic warming. Although
the majority of landforms appear in equilibrium with the lo-
cal environment, some gelifluction lobes in the IMZ show ev-
idence for considerable stream dissection, with channels bi-
secting lobes and producing locally extensive fans of stratified
debris (Fig. 11). Given the magnitude of stream dissection, it
is unlikely that these gelifluction lobes could have sustained
this level of incision for >1 Ma, the likely age of sediment
in some of these lobes (Hartman, 1998). Rather, we argue that
these lobes are no longer in equilibrium with current micro-
climate conditions, and the data may be a harbinger of local
climate warming in the ADV. The stream dissection that crosses
these lobes occurs over a range of elevations and slope gra-
dients, and so does not appear related to potential insolation
changes that might arise as lobes descend to lower elevations
along valley walls. We argue that the gelifluction lobes and
superposed channels reflect a palimpsest landscape, showing
the migration of dominant geomorphic processes of the CTZ
to the IMZ. This conclusion is consistent with observations
for rising lake levels in the ADV since 1900 (Chinn, 1993;
Priscu, 1998, and references therein; see also Lyons et al.,
1997).
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Fig. 11. Modern stream dissection of gelifluction lobes in the IMZ (see Fig. 2 for locations). Wind-blown sands (tan) cover a portion of the upper part of each lobe.
(a) Meltwater channels derived from snowmelt higher up on the valley wall (snow banks not shown) cut up to 5 m into prominent lobes. Buried ice is exposed in
places along channel walls. The channels feed large fans that spread out just beyond lobe fronts. Excess water fills saline ponds beyond the fans. The darker colors
on the fans show places where meltwater is flowing in channels and where surrounding sands are moistened and/or saturated (e.g., hyporheic zones). The noted
dissection may be a harbinger of climate warming in the Dry Valleys (see text). The photograph was taken on December 12, 2004; field of view at base is ~0.65 km.
(b) A stream cuts through a gelifluction lobe in central Taylor Valley. The stream, which has incised a deep notch along the front of one lobe, spreads out to form
a braided channel network. Incision by this braided network has eroded a portion of a prominent lobe to the west (left) and removed a portion of a lateral moraine
from Taylor Glacier to the east (right). Photograph taken on January 10, 1998; field of view at base is ~0.45 km.

Is the warming apparent everywhere? The presence of an-
cient, in situ ashfall on slopes of the SUZ and in cracks in
polygons there (Fig. 12) indicates that the relatively warm and
wet microclimate conditions of the CTZ, which foster active
layer cryoturbation and widespread solifluction, have not ad-
vanced into the SUZ for at least ~13 Ma (Marchant et al., 1996;
Marchant and Denton, 1996). The geomorphic stability of the
SUZ likely arises from the lasting presence of a robust po-
lar East Antarctic Ice Sheet (without extensive surface melting
zones; Marchant and Denton, 1996). East-west thermal gra-
dients across the ADV may have steepened during relatively
warm periods (i.e., the middle Pliocene), but climate conditions
in the SUZ have most probably remained little modified over
the last ~13 Ma (Staiger et al., 2006, and references therein;
Lewis et al., 2007; Beyer et al., 1999).

The relative geomorphic and climate stability for the entire
ADV is in stark contrast with measured, large-scale changes
in climate and landscapes that have occurred in Arctic regions
throughout the Pliocene and Quaternary Periods (for example,
Baffin Island; Miller et al., 2005; Kleman et al., 2001). Con-
sequently most macroscale (and perhaps mesoscale) landforms
in the Arctic reflect the culmination of alternating geomorphic
processes operating under a variety of climates (Bradley, 1999).
This last point emphasizes the unique aspect of the ADV, its
long-term climate stability, and makes them an ideal terrestrial
analog for Mars. Moreover, the specific equilibrium landforms
identified for the ADV formed under climate conditions com-
parable to those described for Mars over geologic time (Fig. 1)
(Baker, 2001; Kreslavsky et al., 2007).

6. Application of Antarctic Dry Valley microclimate
concepts to Mars, its present climate, and to past climate
change

6.1. Introduction

Our geomorphic assessment of the Dry Valleys region em-
phasizes (1) the recognition of three microclimate zones, (2) the
documentation of equilibrium landforms at various scales
within each zone, and (3) the record of climate change as pro-
vided by the spatial variation of equilibrium landforms and
microclimate zones over time. Given that the overall climate
of the Dry Valleys is among the most Mars-like available for
study on Earth (e.g., Anderson et al., 1972; Gibson et al., 1983;
Mahaney et al., 2001; Baker, 2001; Wentworth et al., 2005;
Fig. 1), we now focus our attention on documenting the po-
tential for similar types of geomorphic investigations of cold-
desert equilibrium landforms and “microclimate zones” on
Mars. Just as in the Dry Valleys, we emphasize the poten-
tial for interpreting recent climate change on Mars in terms of
the lateral displacement of microclimate zones and equilibrium
landforms. Our discussion parallels that for the Dry Valleys in
that we first outline current climate conditions on Mars and then
document landforms at macro-, meso-, and micro-scales that
appear in equilibrium with latitude-dependent climate zones
(Head et al., 2003). We emphasize that although the spatial
scale for broad climate zones on Mars (latitude dependent) is
vastly greater than that for the Dry Valleys microclimate zones,
many of the cold-desert landforms and the variability of spe-
cific landform types are remarkably similar for both planets.
The zones in the Dry Valleys are condensed due to the steep
thermal gradients that exist in the ~100 km from sea level to
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Fig. 12. In situ ashfall in association with relict sand-wedge polygons. The pho-
tograph shows a shallow soil pit locating the intersection of three, formerly
buried wedges of concentrated volcanic ash (white) (sample ALS 00-30, dated
to 13.94 £ 0.75 Ma; Lewis et al., 2007) (see Fig. 2 for location). Based on
the morphology of the deposit, the ash most likely collected in a Y-shaped
intersection of three former polygon troughs (e.g., Marchant et al., 1996).
A near-surface sand-and-gravel layer (material that probably slumped down
from former polygon margins) has been removed to expose the underlying ash.
The white tape measure parallel to distal wedge of ash is 1 m. The ash is com-
posed of 95% glass shards and is essentially unweathered (<4% clay-sized
grains). The deposit indicates minimal post-depositional reworking, such as
might occur with near-surface cryoturbation and development of saturated ac-
tive layers, for at least the last 13.94 Ma (see text for details). Bottom panel,
interpretive sketch, shows that the wedge-shaped ash deposit extends ~50+ cm
into the subsurface [adapted from Lewis et al. (2007)].

the polar plateau (Fig. 2). We conclude the discussion with an
example showing how the recognition of key geomorphologic
fingerprints of microclimate zones in the ADV and their migra-
tion during periods of climate change can be used to document
similar trends of laterally migrating and overprinted landforms
on Mars.

6.2. Current climate conditions on Mars

6.2.1. Physical setting

Mars today is a global hyper-arid, cold desert similar in
many ways to the ADV [Figs. 1, 13-15; and see summary in
Zurek (1992), Carr (1996) and Leovy (2001)]. The predom-
inantly CO; atmosphere is thin, resulting in an atmospheric
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Fig. 13. Phase diagram in temperature—pressure coordinates for water and
carbon dioxide for Earth and Mars. Larger boxes represent current overall
ranges and inset boxes represent current yearly average surface temperature
and near-surface atmospheric pressure for both Earth and Mars. The dimen-
sions of the boxes represent the general latitudinal, elevational and temporal
variations. On Earth, temperatures and pressures are in the range where liquid
water and ice tend to dominate geomorphic processes (see Fig. 1), and CO,
comprises only about 0.035% of the atmosphere, is in the gaseous state, and
is not a direct geomorphic factor. The atmosphere of Mars is composed pre-
dominantly of CO5; during winter at high latitudes, CO; condenses onto the
surface to form the seasonal cap, a phenomena that is reflected in the sea-
sonal variation of atmospheric pressure at the Viking Lander sites (Fig. 16,
top). For HyO on Mars, current year-average temperatures are much lower
and well within the solid (ice) domain for all year-average temperatures (see
Fig. 1). Temporal changes of temperatures cause sublimation of water ice
and condensation of water vapor to produce snow and frost, such as is ob-
served seasonally at the Viking Lander 2 site (see Fig. 24) (Jones et al., 1979;
Wall, 1981). Note that at the range of temperatures and pressures on Mars, con-
ditions for metastable liquid water can occur locally for short periods of time
(e.g., Hecht, 2002) but liquid water is not a major factor in regional geomor-
phic processes (see also Fig. 1). The presence of salts and brines can modify
these relations. Water may be locally important in some special microenviron-
ments (e.g., pits in surface rocks, gullies), and in the recent history of Mars (e.g.,
Kreslavsky et al., 2007). Changes in spin axis and orbital parameters can cause
changes in the distribution of ice stability zones (e.g., Figs. 15 and 17). For ex-
ample, longer-term changes can result in (1) periods of much higher obliquity
leading to sublimation of the polar caps and transport of water to the topics to
form glacial deposits there (e.g., Forget et al., 2006), (2) periods of very low
obliquity during which time the atmosphere collapses and condenses onto the
surface (e.g., Kreslavsky and Head, 2005), or (3) periods of time in early Mars
history when Mars may have been “warm and wet” and more Earth-like (e.g.,
Craddock and Howard, 2002) (Fig. 1; points labeled 300 mbar Mars, 1000 mbar
Mars).

pressure that is less than 1/100th that of Earth (Fig. 13). Al-
though the atmosphere is often close to saturation with water
vapor, only very tiny amounts are actually present (an average
of 10 precipitable microns) due to the low temperatures, and
thus the global climate is hyper-arid (Fig. 1; e.g., Baker, 2001).
Heat exchange between the surface and the thin atmosphere
is much weaker than on the Earth; because of this, the eleva-



Fig. 14. Temperature, water stability, the presence and depth of ice on the martian surface and in the shallow subsurface, and the distribution of some ice-related landforms. (a) Year-maximum, day-average surface
temperatures on Mars. Data on surface temperatures from the European Martian Climate Database (http://www-mars.Imd.jussieu.fr/). This data set has been generated using a general circulation model (GCM)
(Forget et al., 1999) but represents the observed martian climate system well. From Kreslavsky et al. (2007). (b) Predicted depth to the ice table under present climate conditions (from Mellon, 2003). (c) Observed
distribution of surface and near-subsurface ice (the ice table) from Mars Odyssey GRS/NS data (from Boynton et al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002). (d) Distribution of polygons on Mars
superposed on map of the ground ice proportion in mass as measured by the Mars Odyssey Neutron Spectrometer (Feldman et al., 2002). V = large heterogeneous polygons: LPC = straight crack networks close to
the south polar cap; LT = large homogeneous polygons formed by cracks associated with topography; S = homogeneous polygons of a size <40 m. From Mangold et al. (2004).
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Fig. 15. Relationships of topography, slopes and insolation. (a) A qualitative representation of the dependence of insolation on obliquity, latitude and north—south
facing slopes. (b) A qualitative representation of the global trend of steep north and south-facing slope occurrences. From Kreslavsky et al. (2007). Note that changes
in obliquity can cause changes in insolation in crater interiors, a change in and redistribution of microenvironments, and consequent geomorphic effects (such as

enhancement of slope degradation).

tion zonality of surface temperature is much less pronounced
on Mars than in Antarctica.

Surface temperatures vary diurnally and with seasons. At the
equator, daily mean surface temperature is ~ —58 °C (~215 K)
(Fig. 14), but temperatures can range from —113 to —93°C
(160-180 K) at night to as high as —13 to 7°C (260-280 K)
during the day. Day-average air temperatures at the Viking
Lander sites (Fig. 16) clearly show this latitude dependence
(compare VL 1, 22.5° N and VL 2, 48.0° N), and daily maxi-
mum and minimum air temperatures at the VL 2 site differ by
up to ~60 K during northern summer. Due to the eccentric-
ity of the orbit of Mars, and the obliquity of its rotational axis
(e.g., Laskar et al., 2004), insolation and the exact temperature
at any point on the surface of Mars are dependent on the lati-
tude, the season, the albedo and thermal inertia of the surface,
and the local variations in topography (Hecht, 2002). Dust in
the atmosphere can vary significantly with time; its presence
increases the absorption of solar radiation in the atmosphere,
decreasing radiative and conductive heat exchange with the sur-
face, making the vertical atmospheric temperature profile more
isothermal, and affecting the temperature regime of the surface
(for example, Fig. 16 shows the effects of global dust storms on
air temperature at the VL 2 site; see arrows). Wind speeds mea-
sured at the surface landing sites are typically a few m/s, with
daily maxima up to 8-10 m/s, and gusts up to 40 m/s (Zurek
et al., 1992).

Just as topography, elevation, and roughness play impor-
tant roles in defining the Antarctic Dry Valleys climate and
their microclimate zones, so too do these parameters influ-
ence martian climate. On Mars, global trends in topography
(e.g., Smith et al., 2001) and roughness (e.g., Kreslavsky and
Head, 1999, 2000, 2002a) are observed. High elevations and
rough topography dominate the southern heavily cratered up-
lands. Low elevations and smoother topography characterize
the northern lowlands. Huge volcanoes, craters of all sizes, and
extensive troughs and valleys (e.g., Carr, 1981, 2006) all create
local microclimate environments through variations in eleva-
tion, albedo, slope, aspect, etc.

In a manner similar to the Antarctic Dry Valleys, rocks, soils,
and bedrock exposures characterize the surface of Mars due to
the lack of surface vegetation. Surface thermal inertia on Mars
is thus dominated by variations in thermal conductivity, with
blocky terrains and bedrock exposures having high thermal in-
ertia, and granular soils and dust having low thermal inertia
due to conduction of heat being largely restricted to the con-
tact points between grains. Surface thermal inertia on Mars
varies regionally and globally (e.g., Christensen et al., 2001;
Jakosky and Mellon, 2001).

6.2.2. Definition of microclimate zones on Mars

An important factor in the definition of microclimate zones
in the Antarctic Dry Valleys is the presence, abundance and
state of water on the surface and in the soil. Comparison of
the phase diagram of water for Earth and Mars surface condi-
tions (Fig. 13) (Hecht, 2002) shows that pure liquid water is
metastable under martian conditions. Thus, deposition of water
as snow and frost (rather than pluvial activity associated with
liquid water) and sublimation (rather than melting, runoff and
fluvial activity) are currently the dominant processes on Mars.
Liquid water is stable only where temperatures exceed 273 K
(0°C) and water partial pressure exceeds 6.1 mbar, an unlikely
situation in the current climate period. The water vapor con-
tent in the atmosphere is so low that if the atmosphere is well
mixed, the partial pressure of water is 2-3 orders of magni-
tude below that needed to stabilize liquid water. Over most of
Mars, liquid water brought to the surface under current condi-
tions would rapidly boil and freeze; surface ice would sublimate
upon heating. In some low areas on Mars, atmospheric pressure
exceeds 6.1 mbar; here liquid water would remain until rapidly
consumed by evaporation and freezing (Kreslavsky and Head,
2002b). Localized conditions could also create microenviron-
ments for liquid water. For example, if an ice-rich soil is heated
at a high rate, and soil permeability was low enough so that
soil pore water vapor pressure could build to 6.1 mbar, then lig-
uid water could form if temperatures exceeded freezing. If salts
and brines were involved, liquid water might be formed at even
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Fig. 16. Temperature and pressure conditions and variations at the Viking Lander 1 (22.48° N, 47.82° W) and Viking Lander 2 sites (47.97° N, 229.59° W). Top:
Day-average atmospheric pressure at the Viking Lander 1 and 2 sites, both in the northern hemisphere; VL2 solid black diamonds; VL1, gray crosses. Atmospheric
pressure at the more northerly VL2 site is always higher, and both sites display increased pressure during northern winter when CO, migrates from the warmer
southern hemisphere. Perturbations in the pressure and temperature are caused by global dust storms, the two most prominent of which are indicated by the vertical
arrows. Bottom: Atmospheric temperatures (T) at the VL1 and VL2 sites. For VL1, only the day-average temperature is shown; for VL2, the maximum (top line),
mean (middle line; day-average), and minimum (bottom line) daily temperatures are shown. Note that the maximum 7 never approaches the melting point of water.
The gap in the data around VL2 SOL 600 is caused by superior conjunction (Tillman, 1988; Zurek et al., 1992).

lower temperatures. Like the Antarctic Dry Valleys, any melt-
ing conditions would be very transient because of the limited
period where required temperatures are met and the rapid de-
crease of daytime temperatures with depth (e.g., Fig. 3) (Carr,
2006).

On Mars, the thin, cold atmosphere is capable of holding
little water (about 1/6500-13,000th of Earth’s atmosphere),
but seasonal/latitudinal temperature variations can cause inter-
change among several reservoirs (polar ice, the atmosphere, and
the surface and soil layer). Seasonal insolation variations can
cause cyclic mobilization of water (sublimation and desorp-
tion), redistribution latitudinally in the atmosphere, and depo-
sition on the surface, and diffusive exchange with the soil layer
or regolith (e.g., Farmer, 1976; Zent et al., 1986; Zurek, 1992;

Zurek et al., 1992; Haberle et al., 2001; Richardson and Mis-
chna, 2005).

The current distribution of mean surface temperatures on
Mars can be used to predict the distribution of water ice on
the surface and in the near-subsurface (Fig. 14). The distribu-
tion of maximum surface temperatures averaged over a day is a
good indication of the presence and behavior of ice. For exam-
ple, on Earth, those areas with many days of day-averaged sur-
face temperatures above the freezing point of water will likely
be characterized by rainfall (pluvial) and fluvial processes if
sufficient water vapor is present in the atmosphere (Fig. 1,
humid-temperate, selva climates). Those with few or no days
of day-averaged surface temperatures above the freezing point
of water will remain in periglacial, glacial or hyperarid glacial
environments even over the full range of annual precipitation
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on Earth (Fig. 1, bottom of diagram below freezing). For year-
averaged temperatures, the current environment on Mars falls
deep within this latter range (Fig. 1, mean annual tempera-
ture at 30°, 50° and 60° latitudes). Similarly, the maximum
day-average surface temperatures during a year for the current
environment on Mars are everywhere below freezing (Fig. 14a).
Thus, on the basis of these standards, we can predict that at
the present, Mars lies in periglacial, glacial or hyperarid glacial
morphogenetic environments.

Several workers have combined incident solar radiation,
thermal inertia, and albedo to calculate mean annual temper-
ature as a function of position on the surface of Mars and then
to map this into regolith ice stability zones (e.g., Farmer and
Doms, 1979; Mellon and Jakosky, 1995). These calculations
suggest that ground ice is currently unstable in the near sub-
surface at latitudes less than about 50°, but is currently stable
at higher latitudes. More recent analyses permit the predictive
mapping of the depth to the current ice table (Fig. 14b) (Mellon,
2003), and show that at latitudes greater than ~60°, most depths
to the ice table are between 1 and 10 cm. These predictions
have largely been confirmed by the Mars Odyssey Gamma Ray
Spectrometer experiment package (Fig. 14c), which mapped
the global distribution of surface and near-surface water ice
(Boynton et al., 2002; Feldman et al., 2002; Mitrofanov et al.,
2002).

As is the case in the Antarctic Dry Valleys, mean annual
temperatures on Mars and their variation with microclimate
zones (Fig. 1) are important but tell only part of the story.
Key to the formation and evolution of landforms at all scales
is the range in annual temperature, the maximum temperatures,
the period of time these maximum temperatures are achieved,
their relationship to the melting point of water, and the pres-
ence and influence of salts and brines. For example, while the
year-average (Fig. 1) and day-average (Fig. 14a) surface tem-
peratures are well below the freezing point of water over the
whole planet, surface temperature can exceed the freezing point
in some places during a portion of the day. Currently, the sur-
face temperature exceeds the freezing point of water for very
short periods of the day in the equatorial zone throughout the
year, and in the mid-latitudes during the summer, especially on
equator-facing slopes (Kreslavsky et al., 2007) (Fig. 15). Tem-
peratures at the Viking Lander 1 and 2 sites varied considerably
daily and with seasons (Fig. 16).

Seasonal thermal cycling can be a significant factor in ge-
omorphology, for example, in the formation of contraction-
crack polygons (Figs. 6 and 18) (e.g., Lachenbruch, 1962;
Mellon, 1997; Marchant et al., 2002; Sletten et al., 2003;
Mangold et al., 2004; Mangold, 2005; Levy et al., 2006). In the
current Mars environment, however, the summer day-average
surface temperature never exceeds the melting point of wa-
ter anywhere on the surface (Fig. 14a), and thus near-surface
seasonal freezing and thawing are not predicted to occur (e.g.,
Paige, 2002; Costard et al., 2002; Kreslavsky and Head, 2004;
Kreslavsky et al., 2007) (Fig. 1). Recent detailed calcula-
tions of spin axis/orbital parameter behavior in the recent
geological past (e.g., Laskar et al., 2004), however, can be
used to predict climate forcing sufficient to produce mi-

croenvironments with a seasonal active layer (Fig. 17). This,
together with new altimetry data, can provide insight into
where and when melting temperatures and an active layer
could have occurred on Mars (Fig. 15) (e.g., Paige, 2002;
Costard et al., 2002; Kreslavsky and Head, 2004; Kreslavsky
et al,, 2007) and what the related geomorphic processes
might be.

6.2.3. The importance of salts and brines

One of the surprises of the initial analyses of surface
chemical—elemental soil composition (Viking Lander) was that
soils were not simply ground up basalt with minor oxidation
of iron minerals, as generally expected before the mission
(Banin et al., 1992). Very high S, high Fe, moderate Mg, and
unexpected levels of Cl at the VL1 and VL2 sites indicated
that the soils were not an admixture of weathering products
of known rock types, but rather that other processes, such
as the introduction of salts in the form of Mg and Ca sul-
fates and chlorides, by leaching or addition of volcanic gases,
might account for the measurements (e.g., Toulmin et al., 1977;
Clark and Baird, 1979; Settle, 1979; Clark and Van Hart, 1981;
Clark et al., 1982; Gooding, 1992). For example, Toulmin et al.
(1977) attributed the two-orders-of-magnitude higher S content
of martian soils (compared to typical terrestrial rocks) to the
fines being enriched in salt leachate. The localized concentra-
tion of salts and secondary minerals in the Mars environment
has been emphasized further by observations at the Pathfinder
and Mars Exploration Rover (MER) sites (e.g., Larsen et al.,
2000; Rieder et al., 2004; Squyres et al., 2004a, 2004b, 2004c,
2006; Haskin et al., 2005; Tosca et al., 2005; Vaniman and
Chipera, 2006; Wang et al., 2007).

The role of salts in the alteration of the martian surface has
been confirmed by analysis of the martian SNC meteorites. As-
sessments of the interaction between martian crustal fluids and
parent igneous rocks suggest that the most plausible models
for secondary mineral formation (e.g., Fe-Mg—Ca carbonates,
anhydrite, gypsum, clays, etc.) involve evaporation of low-
temperature brines (e.g., Bridges et al., 2001). Furthermore,
soils from parts of the ADV contain the same salt phases as
those in SNC meteorites known to be formed on Mars (Gooding
et al., 1991; Wentworth et al., 2005).

Brines have also been implicated on Mars (e.g., Kuzmin
and Zabalueva, 1998). The high levels of Cl and S detected
by Viking in the martian soil motivated Brass (1980) to per-
form a theoretical analysis of the stability of brines on Mars;
equilibrium ternary phase diagrams indicated that the minimum
temperature at which brines could be stable at the surface was
210 K (=63 °C), with a water concentration of ~70 wt% and
a high concentration of CaCl. The stability of chemically plau-
sible (chloride—sulfate) brines in the near surface was further
assessed by Zent and Fanale (1986, 1990) who showed that
metastable brines could have long lifetimes and that chloride—
sulfate brines could be consistent with Viking Lander elemental
data. Knauth and Burt (2002) developed the eutectic brine hy-
pothesis for Mars in which an original NaCl-rich hydrosphere
became evapoconcentrated, pore fluids evolved into complex
CaCl,-enriched brines through chemical reaction with the re-
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Fig. 17. The recent history of obliquity and eccentricity of Mars and its relationship to insolation and surface conditions [modified from Kreslavsky et al. (2007)].
Top: The history of obliquity and eccentricity for the last 10 Ma. The data are from Laskar et al. (2004). Bottom: The year-maximum day-average insolation at the
poles of Mars, calculated from the spin axis/orbital evolution for the last 10 Ma. The thin horizontal line marks the estimated active layer threshold. Places where
the insolation exceeds this threshold are predicted to result in an active layer during this time (~5.2, ~7.9 and ~9.2 Ma).

golith, and continuing freeze-down of Mars left eutectic brines
as pore fluids. Knauth and Burt (2002) and Burt and Knauth
(2003) describe brines with freezing points well below 225 K
(—48°C) in the Antarctic Dry Valleys of Earth (Don Juan
Pond) and hypothesized that concentrated brines may currently
be stable at temperatures between 180 and 210 K (—63° to
—93°C) on Mars, and perhaps even be responsible for recent
gully formation. In order to simulate the subsurface conditions
where liquid water and rock interact on Mars today, Bullock et
al. (2004) performed laboratory experiments in which a SNC-
derived mineral mixture reacted with pure water under a simu-
lated Mars atmosphere. The experiments produced dilute brines
with dominant dissolved cations being Ca*t, Mg?t, A3t
and Na™t, and major dissolved anions being C, F~, SOi_ and
CI™. Elemental abundance patterns in their synthetic sulfate—
chloride brines were quite similar to those measured in the

martian fines at the Mars Pathfinder and VL 1 and 2 landing
sites.

In summary, these observations and experiments suggest that
salts are present and locally abundant in martian soils, and
that salts and brines formed over time as a result of the in-
teraction of surface or subsurface liquid water with basalts in
the presence of the martian atmosphere. As is the case in the
Antarctic Dry Valleys, salts and brines on Mars may thus mod-
ulate the effects of microclimate conditions (e.g., Clark, 1978,
1979) and influence geomorphic processes (e.g., Malin, 1974).
Under current conditions, for example, if the eutectic freez-
ing temperatures of CaCl,-enriched brines were in the range
of 180 to 210 K (=63 to —93°C) (Knauth and Burt, 2002;
Burt and Knauth, 2003), they would be frozen at extremely high
latitudes, would have evaporated at low latitudes, but be stable
in mid-latitude bands.
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Fig. 18. Contraction crack polygons: (a) Candidate ice wedge or frost/snow filled polygons; 75.16° N, 331.52° W, MOC E09/00029. (b) Candidate ice wedge
or frost/snow filled polygons; 71.74° N, 11.3° W, MOC E09/00249. (c) Aeolian activity (wind streaking NW-SE) has stripped some finer debris, leaving some
open and some filled polygon cracks; 75.16° N, 331.52° W, MOC E12/02319. (d) Two scales of polygons with the smaller ones resembling “basketball terrain”
or sublimation polygons (e.g., Marchant et al., 2002), and the larger ones having sloping margins and filled cracks; 75.16° N, 331.52° W, MOC E21/01593.
(e) Differences in polygon size and structure on crater walls (lower left) and floor (upper right). Polygon structure is much more isotropic in the crater center;
65.55° N, 327.89° W, MOC M19/00047. (f) Polygon structure in the northern lowland plains. Note the two scales of polygons and the basketball terrain texture
in the smaller polygons (http://mars.jpl.nasa.gov/mgs/msss/camera/images/7_19_99_fifthMars/07_npolys/, press release MOC2-150). (g) Polygon structure in the
northern lowlands; typical “basketball terrain”; 60.66° N, 2.93° W, MOC M14/00154. (h) Polygon structure in the southern highlands; typical “basketball terrain”;
54.16° S, 119.52° W, MOC M03/04266. North is at top in all images.

6.2.4. Implications for dominant geomorphic processes logical features at various scales on that planet (Figs. 18-21).
There are several implications of the current nature of the First, there is a distinctive latitude-dependent variation in mean
hyperarid, cold desert environment of Mars for geomorpho- annual surface temperature (Fig. 14a) that is similar to the


http://mars.jpl.nasa.gov/mgs/msss/camera/images/7_19_99_fifthMars/07_npolys/

Antarctic dry valley microclimate zones: Application to Mars 209

Fig. 18. (continued)

differences in mean annual temperatures seen in the different
ADV microclimate zones (Fig. 1, compare the dashed oval
with Mars mean annual temperature at 30°, 50° and 60° lat-
itudes). Second, the presence of ground ice and the depth to
the ice table is also dependent on latitude (Figs. 14b and 14c).
These first two factors should map out into potentially signif-
icant differences in geomorphology. Third, due to the current
pressure—temperature conditions on Mars and the phase rela-
tions of water (Figs. 1 and 13), liquid water is not predicted
to be present on the surface or in the near subsurface in the
current climate regime. A major implication of this is that
under these conditions, there can be no active layer (see de-
finitions and discussion in Section 2.2), and thus no typical
cryoturbation of soils. However, new data on spin axis/orbital
parameters and topography permit predictions of the nature of
climates in the recent past, and where and when these condi-
tions should have occurred (e.g., Kreslavsky and Head, 2004;
Kreslavsky et al., 2007) (Fig. 17). Fourth, the seasonal de-
position of CO, and H,O snow and surface ice is strongly
latitude dependent. Any geomorphic process linked to this sea-
sonal deposition will also be strongly latitude-dependent. Fifth,
although the current mean surface temperatures everywhere
on Mars are typically well below 0°C (273 K), variations in
spin axis/orbital parameters can cause poleward-facing slopes
at mid-latitudes (Fig. 15) to reach surface and shallow sub-
surface temperatures in excess of 0°C (273 K) for days to
perhaps weeks per year in the recent geological past (e.g.,
Costard et al., 2002; Paige, 2002; Kreslavsky and Head, 2004;
Kreslavsky et al., 2007). This could potentially cause locally
enhanced flow of ice, melting of snow, glacial ice and ground
ice, and formation of a localized active layer and runoff gul-
lies in topographically favored regions. Finally, the potential
role of salts and brines in modifying melting temperatures
and geomorphic responses needs to be taken into consider-
ation (see Section 6.2.3). These factors together make the
calculated erosion rates on Mars extremely low (Golombek
et al.,, 1997, 1999), in the range of 0.2 m/Ma (Arvidson et
al., 1979), very similar to those of the SUZ in the Antarc-
tic Dry Valleys (~0.06-0.3 m/Ma; Summerfield et al., 1999;
Brook et al., 1995).

6.3. Mars microclimate zones and their influence on
equilibrium landforms and geomorphologic processes at
various scales

Recent exploration of Mars has provided important new data
on surface morphology, geology, topography, mineralogy, ther-
mal inertia, and soil water ice content. Data from the Gamma
Ray and Neutron Spectrometer Experiments show the pres-
ence of near surface water ice (Fig. 14c) (Boynton et al., 2002;
Feldman et al., 2002; Mitrofanov et al., 2002) closely consis-
tent with that predicted from theory for the shallow ice ta-
ble at latitudes above ~50° (e.g., Mellon and Jakosky, 1995;
Mellon, 2003) (Fig. 14b). Here we examine equilibrium land-
forms and geomorphologic processes at various scales and their
relationship to microclimate zones.

6.3.1. Macroscale landforms

At the macro-scale, gullies similar to those seen in the ADV
coastal thaw and inland-mixed zones are observed on Mars
(Fig. 21) (e.g., Malin and Edgett, 2000, 2001), where they show
a range in latitude distribution from 30° to 70°, are largely re-
stricted to a band around 45°, and tend to have some preference
for pole-facing slopes. Initially interpreted to have formed by
groundwater release (e.g., Malin and Edgett, 2000; see also
Heldmann and Mellon, 2004), the latitude distribution, orienta-
tion, and local geological environment of these features suggest
to others that they formed by seasonal melting of snowpack or
ground ice to form intermittent streams or debris flows (e.g.,
Costard et al., 2002; Christensen, 2003; Dickson et al., 2007b;
Head and Marchant, 2006; Bridges and Lackner, 2006; Head
et al., 2007). The lack of periods of extended surface melt-
ing temperatures in the current climate regime (Figs. 13, 14a,
and 17) suggests that these features may date from the recent
geological past (e.g., Costard et al., 2002; Head et al., 2003;
Reiss and Jaumann, 2003; Kreslavsky et al., 2007), although
some recent activity has been reported (e.g., Malin et al., 2006).

Also at the macro-scale, latitude-dependent asymmetries in
the distribution of steep slopes have been observed (Kreslavsky
and Head, 2003), similar to the situation in the ADV microcli-
mate zones (Table 2; Fig. 4). The frequency of steep (>20°)
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Fig. 19. Viscous flow features at mid-latitudes: (a) Image and sketch map of viscous flow features on the interior of an impact crater wall. Note the tongue-shaped
lobes, the marginal ridges and the alcoves. Subdued gullies emerge from the distal portions of the depressions occupied by the tongue-shaped lobes. MOC image
MO04/02881, 248° W, 36° S. North is at the top of the image and illumination is from the northwest. (b) Image and sketch map of viscous flow features on the
interior of an impact crater wall. Note the details of the tongue-shaped lobe, including multiple marginal ridges, multiple apical ridges, and the distal patterned
ground. MOC image M 18/00898, 247° W, 38.6° S. North is at the top of the image and illumination is from the northwest. From Marchant and Head III (2003).

slopes drops more than three orders of magnitude from equa-
torial to high-latitude regions on Mars (Fig. 22). This is in-
terpreted to be due to the enhanced role of climate-related ice
and dust mantling, and ice-assisted creep processes at higher
latitude (Kreslavsky and Head, 2003). Further, the boundary
between preserved (equatorial) and modified (higher latitude)
steep slopes occurs at higher latitudes for pole-facing slopes
and at lower latitudes for equator-facing slopes (Fig. 22), il-
lustrating the importance of slope-related insolation and local
microclimate environments (Fig. 15).

6.3.2. Mesoscale landforms

At the meso-scale, a variety of contraction-crack polygons
(Fig. 18) have been observed in different environments above
about 55° N and S latitudes, but are generally absent be-
low these latitudes; polygon subtypes show evidence for lati-
tude dependence and correlation with the presence of ground
ice (Fig. 14d) (Seibert and Kargel, 2001). For example, types
of patterned ground (e.g., polygons, slope stripes) were clas-
sified into ten different sub-types by Mangold et al. (2004)
and Mangold (2005); their distribution was concentrated above
~55° N and S latitudes and highly correlated with regional
ground ice distribution interpreted from Odyssey Neutron Spec-

trometer data (Fig. 14d). At least five subtypes were interpreted
to be controlled by climate zonation because they are located
at the same latitudes between 55° and 75° in both hemispheres
(Mangold, 2005). On the basis of comparisons to Earth, poly-
gons were interpreted to be due to seasonal temperature vari-
ations, such as thermal contraction and seasonal thaw. Some
polygons on Mars are larger than those on Earth by a factor
of up to ~5 (Fig. 18); the larger size could be due to deeper
propagation of cracks due to colder temperature conditions and
also larger temperature variations in past periods on Mars. Poly-
gons similar to ice-wedge polygons on Earth formed (by a
combination of thermal contraction and seasonal thaw) are ho-
mogeneous, 50-200 m in width, and found in crater interiors
(Mangold, 2005). Small polygons and hummocks (1540 m in
width, i.e., similar in size to those observed in the ADV and
in other periglacial environments on Earth) are the most abun-
dant polygon type (Figs. 18g and 18h). For these polygons,
cracks are usually not observed directly, but thermal contrac-
tion and widening by sublimation and desiccation of the surface
layer appear to be important in their formation. These poly-
gons are most similar to the sublimation polygons observed in
the Antarctic Dry Valleys (e.g., Marchant et al., 2002) (Fig. 6).
Mangold (2005) found that all types of patterned ground on
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Fig. 20. Lobate debris aprons at mid-latitudes. (a) Lobate debris apron around a massif at the dichotomy boundary at northern mid-latitudes (north is at the bottom).
MEX HRSC Orbit 1523; 49.25° W, 46.25° S. (b) Lobate debris apron around a massif on the eastern rim of the Hellas basin at southern mid-latitudes. Perspective
view shows lobate debris apron at the base of the massif (vertical exaggeration ~30x), and vertical view (c) shows extensive pitting suggesting that considerable
sublimation of excess ice occurred and that the feature may have been a debris-covered glacier (e.g., Head et al., 2005). MEX HRSC Orbit 300; 262.8° W, 43.2° S.

Mars are geologically recent (<10 Myr) but that they did not
form simultaneously; he found that some features may corre-
spond to freeze-thaw cycles that occur during periods of higher
obliquity (>35°), and that certain subtypes may have been en-
hanced by specific microenvironments. Kostama et al. (2006)
found that in the northern high latitudes of Mars, polygonal pat-

terned ground was developed on a thin mantling deposit with a
very young surface crater retention age, and that the mantle was
characterized by patterned ground textures that varied as a func-
tion of latitude.

The variety of contraction crack polygons thus offers clues
to microclimates and climate change on Mars. For example,
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Fig. 21. As originally defined (Malin and Edgett, 2000), gullies occur on generally steep slopes, commonly on interior crater walls, and are made up of three
components, an upper alcove, an intermediate channel, and a lower apron. Gullies occur on Mars in a highly restricted latitudinal distribution, suggesting important
control by a specific microenvironment. A variety of these types of alcoves, channels and aprons are shown in (a)—(e). (a) 41° S, 205° W; portion of MOC image
E13/01791. (b) 47° S, 162° W; portion of MOC image R10/02078. (c) 39° S, 201° W; portion of MOC image M17/00423. (d) 43° S, 162° W; portion of MOC
image E10/04497. (e) 42° S, 158° W; portion of MOC image E03/02550. Some gullies also show evidence for the former presence of lobate viscous flow features
(f)—(h). (f) Convex outward depressions at the base of the slope suggesting the former presence of debris-covered glaciers (compare to Fig. 19); gully fans fill the
depression. 36° S, 133° W; portion of MOC image R05/02305. (g) Multiple lobes at the base of a crater wall; gully fans fill the depressions. 43° S, 162° W; portion
of MOC image E09/02399. (h) Multiple lobes at the base of a crater wall with a much larger scalloped depression; here too, gully fans fill the depressions. 39° S,
166° W; portion of MOC image E11/04033.

many contraction-crack polygons at high latitudes (Figs. 18d, rain” (Malin and Edgett, 2001; Kreslavsky and Head, 2000;
18f, 18g and 18h) in areas having a shallow ice table (Figs. 14b Head et al., 2003; Mangold et al., 2004; Kostama et al., 2006),
and 14c) display the rounded texture, termed “basketball ter- similar to the sublimation polygons of the SUZ in the Antarc-
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Fig. 21. (continued)

Fig. 22. The importance of slopes and their orientation in creating microenvironments and initiating geomorphological processes. (a) A typical crater interior
at mid-latitudes. Crater is ~6.5 km in diameter and located at 194.8° E and 43.5° S; north is approximately at the top of the image and illumination is from
the upper left. Vertical line shows location of MOLA profile shown in box at upper right. Other boxes show locations of enlargements on right. The southern,
equator-facing crater wall is steep and shows bedrock exposures and mass-wasted debris. The northern, pole-facing wall has been modified by formation of an active
layer and transport of debris down onto the crater floor, smoothing the crater rim and modifying the crater interior (see the MOLA profile and the wall and floor
slope asymmetry). (b) Abundance of N-facing and S-facing slopes relative to that of the typical equatorial highlands, plotted against latitude for Terra Cimmeria
(180-220° W). The different curves correspond to different ranges of slopes in degrees, as shown, with black curves corresponding to N-facing slopes and gray
curves to S-facing slopes. (c) Asymmetry of different slopes calculated with 150-km wide latitudinal zones in Terra Cimmeria and plotted against latitude. Different
curves correspond to different ranges of differential slopes in degrees, as shown. From Kreslavsky et al. (2007). Compare to qualitative conditions in Fig. 15, and to
ADV slope asymmetries in Fig. 4.
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tic Dry Valleys (Marchant et al., 2002). Others (Figs. 18b
and 18c) may correspond to the composite-wedge and sand-
wedge polygons of the ADV inland mixed zone. Many pat-
terns are superposed and have different scales (Fig. 18), sug-
gesting recent climate change such as deposition of ice-rich
layers during recent ice ages (e.g., Head et al., 2003) and
the possible development of high-latitude active layers under
conditions of higher spin-axis obliquity (e.g., Mangold, 2005;
Kreslavsky et al., 2007).

Lobate, viscous-flow features and debris aprons (Figs. 19
and 20) similar to those seen in the ADV have been observed
on Mars and both types of features display a limited distribu-
tion in latitude. Features with morphologies similar to debris-
covered-glaciers cluster in latitude bands at about 45° (e.g.,
Milliken et al., 2003) and commonly occur in microenviron-
ments on crater interior walls, where topography favors ac-
cumulation and preservation of ice and snow, where slopes
are typically steeper, and where slope orientation may favor
higher surface insolation and temperatures sufficient to cause
flow (Fig. 15) (e.g., Hecht, 2002; Kreslavsky and Head, 2004;
Kreslavsky et al., 2007). Larger lobate debris aprons com-
monly occur between 30° and 60° latitude and are concen-
trated around the base of massifs that are shedding debris
(Fig. 20) (e.g., Squyres et al., 1992; Pierce and Crown, 2003;
Head et al., 2005). These features are interpreted by many to be
due to atmospheric water vapor diffusion causing deposition of
ice in the pore spaces of debris fans, resulting in mobilization
and flow (e.g., Mangold et al., 2002) during certain periods of
the history of Mars. The lobate debris aprons could be closely
related to the gelifluction lobes seen in the ADV inland mixed
zone. Alternatively, recent evidence from Mars Express HRSC
images suggests that at least some of these features are debris-
covered glaciers (Fig. 20) (Head et al., 2005) rather than debris
aprons with secondary ice undergoing creep or flow. Supporting
evidence for the role of debris-covered glaciers in the formation
of lobate debris aprons comes from the presence of adjacent
debris-covered valley glaciers at the same latitudes (e.g., Head
et al., 2006a, 2006b).

6.3.3. Microscale landforms

At the microscale, there are differences between the rocks
and surface features found at different latitudes, such as at
the high latitude Viking 2 landing site (47.7° N; Mutch et al.,
1976a, 1977) and those at lower latitudes (Viking 1, Pathfinder,
and Mars Exploration Rovers, all below 23° latitude; Mutch et
al., 1976b; Binder et al., 1977; Golombek et al., 1999; Squyres
et al., 2004a, 2004b, 2004c). Sediment-filled contraction-crack
polygons similar to those seen in the ADV inland mixed zone
are observed at the high-latitude Viking 2 site (Fig. 23) (Mutch
et al., 1976a, 1977), and are also seen elsewhere in this lati-
tude band in orbital MOC high-resolution images (e.g., Malin
and Edgett, 2001; Mangold et al., 2004). Also observed at the
Viking 2 site are heavily pitted rocks (Fig. 24) previously inter-
preted to be formed by vesiculation or differential weathering
of clasts or phenocrysts (e.g., Mutch et al., 1976a). Allen and
Conca (1991) suggest however that these features may form by
processes much more similar to those that formed the pits in

the Antarctic Dry Valley rocks in the SUZ (see also Parsons et
al., 2005; Staiger et al., 2006). During winter at the Viking 2
site, deposition of frost and snow on rocks and on intervening
ground was observed (Fig. 24; compare to Fig. 8), but was not
seen at lower latitudes. These observations suggest that the de-
position of snow on rocks with a thermal inertia sufficient to
retain heat and cause localized melting of snowfall (Head and
Kreslavsky, 2006), could have been a factor in the formation of
the observed pitting, as appears to be the case in the stable up-
land zone and parts of the inland mixed zone of the Antarctic
Dry Valleys (e.g., Allen and Conca, 1991).

6.4. Equilibrium landforms and correlations between
microclimate zones on the Earth and Mars

In summary, there are numerous similarities between the
hyper-arid cold desert Antarctic Dry Valley microclimate zones
and the latitudinal and local microclimate zones observed on
Mars (Fig. 1). Further, there are similarities in the type and
range of geomorphic features observed at all scales (Figs. 18—
21, 23 and 24). The ADV stable upland zone (SUZ) (Figs. 2
and 6), with its low moisture content, buried ice and peren-
nial sub-zero temperatures, appears to be most analogous to
the martian climate zone above about 50° latitude (Fig. 1). The
ADV inland mixed zone (IMZ), with its mixed soil-water—ice
content and slightly higher summertime temperatures, is most
analogous to the high latitude zone on Mars for some periods
in the recent geological past (Fig. 17), when a discontinuous
active layer might have occurred. The ADV coastal thaw zone
(CTZ) has no real equivalent on Mars today in that the cur-
rent temperature—pressure environment on Mars (Fig. 13) does
not support liquid water at the surface or in the near subsur-
face (Fig. 14a) under other than very exceptional circumstances
(e.g., Kreslavsky et al., 2007). Regions equatorward of 30°
latitude, although representing a hyperarid cold desert, are de-
hydrated in the near subsurface (Figs. 14b and 14c) (Mellon
and Jakosky, 1995). The Amazonian climate history of Mars
(the last ~3 Ga) appears to be dominated by equatorward and
poleward migration of these latitude-dependent environments
in response to variations in spin axis/orbital parameters (e.g.,
Laskar et al., 2004; Head et al., 2003, 2005; Forget et al., 2006).
Very ancient climates on Mars, such as those occurring during
the Noachian period more than ~3.7 Ga ago, may have been
characterized by atmospheric temperatures and pressure con-
ditions (Fig. 1; 300 mbar, 1000 mbar) that permitted pluvial
activity (e.g., Craddock and Howard, 2002) during at least some
part of the year, and thus may have been characterized by very
different geomorphic processes and landforms, including some
of those now operating in the CTZ of the Antarctic Dry Valleys
(Fig. D).

7. Geomorphic evidence for recent climate change on Mars

Both the Antarctic Dry Valleys and Mars are currently char-
acterized by hyper-arid and extremely cold desert climates
(Fig. 1). The recognition and documentation of three micro-
climate zones within the ADV (Fig. 1, within dashed oval, and
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Fig. 23. Images of the Viking Lander 2 high-latitude landing site (47.97° N, 229.59° W) showing evidence for sand wedge and ice wedge polygons. (a) In the
near field of the site, about 8 m north of the spacecraft, a trough ~1 m across and ~10 cm deep trends from the upper left to lower right and is filled with small
drifts of fine-grained sediment. The trough is asymmetrical; the northern wall is relatively steep and high and a prominent upraised rim is seen along the northern
edge. Blocks are relatively rare in the troughs, and rocks that are observed there are partly buried, in contrast to many in the adjacent terrain. Camera event 21A024.
(b) The general distribution of troughs mapped in the vicinity of VL2, and topographic profiles across the northern trough (inset). Abrupt termination of troughs
near the spacecraft are due to obscuration of the camera view by the spacecraft. The trough shown in (a) is the one to the north of the spacecraft. Profiles show the
presence of a prominent raised rim on the northern edge, and more subtle differences in elevation suggest that the southern rim may also be raised. The presence
of several trough junctions suggest a polygonal network. Similar features were not observed at the Viking Lander 1 site, at a more southerly latitude (22.48° N,
47.82° W) (from Mutch et al., 1976a, 1977). The combination of raised rims and sediment fill suggests that these features are analogous to sand wedge and ice
wedge polygons in the ADV (Fig. 6). The depth to the current ice table at these latitudes (Fig. 14b), the amount of water ice in the substrate (Fig. 14c), and the
annual temperature changes at the site, all indicate that thermal cycling could produce contraction-crack polygons, which became traps for fine-grained sediment.
(c) Polygon networks in the region surrounding the VL 2 site are observed from orbit in HiRISE imagery [HiRISE image #PSP_001501_2280 for both (c) and (d)].
Box indicates location of (d), which shows the position of the VL 2 lander (arrow) and the generally polygonally textured landscape surrounding the site. Compare
to surface images (a) and polygon scale (b) in the vicinity of the VL 2 lander.

Fig. 6), the variation of temperature, humidity, and soil water  into the origin of the diverse features and their stability with
content among these microclimate zones (Fig. 1; Table 1), and  time and changing Antarctic climate conditions. Broadly sim-
the correlation of geomorphologic features at the micro-, meso-, ilar climate zonation exists on Mars and is largely distributed
and macro-scales with these zones, provides important insight as a function of latitude-dependent insolation and soil-moisture
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Fig. 24. Images of the Viking Lander 2 high-latitude landing site (47.97° N, 229.59° W) showing evidence for heavily pitted rock surfaces. (a) Pitted rocks in the
vicinity of the lander footpad; the rock at the top of the footpad is ~35 cm across (portion of 22A001). (b) Pitted rocks near the edge of a trough (top of image;
see Fig. 23 for context) (portion of 21A024). Pits are ~1-2 c¢m in diameter. (c) Frost and snow deposition at the VL 2 site in northern winter (image P21873).
(d) Enlargement of area in the central part of (c) showing the location of snow and frost deposition in lows and small drifts between rocks and ripples, and in pits
and troughs in the rocks. Seasonal snow and frost deposition (Jones et al., 1979; Wall, 1981) may lead to the formation of local meltwater on heated rock surfaces
on Mars and focused chemical alteration to produce pits (Head and Kreslavsky, 2006), similar to the situation on Earth (see Fig. 8; see Parsons et al., 2005; Staiger

et al., 20006).

content (Figs. 14 and 15). Detailed knowledge of the processes
derived from the ADV microclimates can thus be applied to
Mars and will be helpful in deconvolving the signal of climatic
zonation and climate change there.

There is indeed evidence that Mars has undergone major
changes in climate in the recent geological past (e.g., Head
et al., 2003 and references therein); these changes have been
linked to large variations in spin axis/orbital parameters (ec-
centricity and obliquity; Laskar et al., 2004), with indication of
major lateral changes in ice deposition and stability, and ‘ice
age’ deposits extending down to 30° latitude. Details of geo-
morphologic features and their stratigraphic relations support
this view (e.g., Kreslavsky and Head, 2000, 2003; Mustard et
al., 2001; Milliken et al., 2003), and individual geomorphologic
features can be used to establish the sequence and sign of cli-
mate change.

For example, geomorphologic features on crater interior
walls in mid-latitudes on Mars commonly reveal a sequence of
events that illustrates the nature of changing climate (Fig. 25).
In this specific case, the crater floor displays a rough-textured
hummocky surface suggestive of sublimation polygons and ae-
olian modification. At the base of the crater wall, a series of
concentric crenulate ridges mark the transition to the crater
wall, with the edge of the floor marked by a wall-facing scarp
(Fig. 25, #1). The ridges become increasingly sinuous toward
the crater wall (Fig. 25, #2). The main features of the upper
crater wall are alcoves in which blocks and bedrock are ex-
posed. Below this, at the base of the wall, shallow linear lobate
depressions extend toward the crater floor (Fig. 25, #3). Trian-
gular talus cones form apices at the base of the alcoves, and
broaden downslope, filling the shallow, linear, lobate depres-
sions (Fig. 25, #4). These features are typical of many such
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Fig. 25. Sequential development of climate-dependent landforms on Mars on the interior wall of an impact crater. Left: MOC image of a crater rim crest (top), wall
(middle), and floor (bottom) showing the sequence of modification of the interior of a crater wall by glacial and mass wasting processes. Middle: Underlying the
talus cones (4) is a sequence of units ranging from the upper alcoves, to debris-covered glacier remnants (1-3), to sublimation polygons and till on the crater floor.
Right: These relationships suggest the former presence of a microclimate zone that included ice and snow accumulation, debris covered glaciers, and sublimation
and polygon formation on the floor. Climate change caused retreat and ice loss, the formation of moraines, dehydration of the climate resulting in the advent of
superposed dry talus cones (middle, 4). These types of relationships can be used to establish the nature of past microclimate zones and the sign (direction) of climate

change.

features seen on crater walls at mid-latitudes (e.g., Malin and
Edgett, 2000, 2001; Berman et al., 2005).

We interpret these geomorphologic features as evidence for
changing climate on Mars. In this scenario, in the relatively re-
cent geologic past, the climate was sufficiently different (e.g.,
Fig. 17) to cause the accumulation of snow and ice in the al-
coves, leading to the formation of debris-covered glaciers (e.g.,
Fig. 19) that descended toward the crater floor (e.g., Milliken
et al., 2003). In the past, sufficient ice and debris reached
the crater floor to form the sublimation polygons seen there.
As the climate changed to conditions less favorable for snow
and ice deposition and retention, the debris-covered glaciers
retreated, leaving a series of moraines (the zone of crenu-
late ridges) (Fig. 25, #2-3). With further climate change, the
higher concentrations of ice in the regions proximal to the ac-
cumulation zones (below the alcoves) underwent sublimation,
beheading the debris-covered glaciers and leaving the lobate
depressions (Fig. 25, #3). In concert with final removal of ice
from the alcoves, the microclimate environment entered a new
phase that was dominated by relatively dry talus cone devel-
opment (for example, the type of change from high obliquity
to lower obliquity shown in Fig. 17). During this most recent
time, alcove and crater wall debris weakened by the previous
glacial action mass-wasted down the crater wall, filling the lows
previously occupied by the debris-covered glaciers with talus
cones (Fig. 25, #4). Indeed, some occurrences of young vis-
cous flow features and lobate debris aprons show evidence for

sinuous channels emerging from their distal portions (Figs. 19
and 20), suggesting that past conditions (e.g., Fig. 17) might
also have included at least some seasonal melting and flow of
water in local microenvironments (e.g., Costard et al., 2002;
Head et al., 2007).

In summary, in a manner analogous to evidence for cli-
mate changes discussed for the Antarctic Dry Valleys, chang-
ing and superposed equilibrium landforms can be used to in-
fer the sign of climate change on Mars. Mapping of similar
microclimate zones and their superposition over the critical
latitude-dependent transition zones on Mars holds promise for
deconvolving the details of geologically recent climate change
there (Fig. 17) (e.g., Head et al., 2003; Kreslavsky et al., 2007).
Indeed, the upcoming Phoenix Mission to the northern high lat-
itudes of Mars (Smith et al., 2007) will provide important new
information on the climate conditions and the micro- and meso-
scale geomorphology there.

8. Summary and conclusions

Analysis of the record of recent climate change on Mars
is underway (e.g., Head and Marchant, 2003; Milkovich and
Head, 2005; Laskar et al., 2002; Levrard et al., 2004; Tanaka,
2005; Kreslavsky et al., 2007; Forget et al., 2006) and will
continue over the coming decades as automated spacecraft
and eventually humans explore the planet, and begin to un-
derstand how to extrapolate the recent record to earlier peri-
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ods of the climate history of Mars (e.g., Bibring et al., 2006;
Carr, 2006). In parallel, the exploration and analysis of the
Antarctic Dry Valley microclimate zones described here, and
their comparison to the emerging details of similar zones on
Mars, will provide important insight into the current climate
on Mars, the nature and distribution of martian microclimate
zones, and the geomorphological evidence for climate change
in the past history of Mars (Fig. 1), including those climates
most favorable for life.
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