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(e.g., PH33-3) and those with low (**°Th/
238UJ) < 1.0 (e.g., PH34-1) suggests spatially
restricted magma transport routes to the sur-
face for some off-axis volcanism. In addition,
near-symmetrical off-axis eruptions in a
broad region are more consistent with passive
mantle flow driven by plate motion (/, 2)
than with active mantle flow driven by buoy-
ancy in a narrow region (about a few
kilometers).
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Formation of Recent Martian
Debris Flows by Melting of
Near-Surface Ground Ice at

High Obliquity

F. Costard," F. Forget,>* N. Mangold," ). P. Peulvast’

The observation of small gullies associated with recent surface runoff on Mars has
renewed the question of liquid water stability at the surface of Mars. The gullies
could be formed by groundwater seepage from underground aquifers; however,
observations of gullies originating from isolated peaks and dune crests question this
scenario. We show that these landforms may result from the melting of water ice
in the top few meters of the martian subsurface at high obliquity. Our conclusions
are based on the analogy between the martian gullies and terrestrial debris flows
observed in Greenland and numerical simulations that show that above-freezing
temperatures can occur at high obliquities in the near surface of Mars, and that such
temperatures are only predicted at latitudes and for slope orientations corre-
sponding to where the gullies have been observed on Mars.

The observation of small gullies on Mars was
one of the more unexpected discoveries of the
Mars Observer Camera (MOC) aboard the
Mars Global Surveyor spacecraft (/). The
characteristics of these landforms suggest the
local occurrence of a fluid emanating from
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alcoves located mostly in the upper part of
poleward-facing slopes at mid- and high lat-
itudes. Thick accumulations of debris cover
the bases of escarpments, whereas the upper
parts of the walls have generally steep slopes
that are dissected by funnels (Fig. 1A). Malin
and Edgett (/) convincingly argued that the
gullies were probably created by debris flows
composed of liquid H,O mixed with rocks
and residual water ice [alternative scenarios
include speculations about liquid CO, break-
out (2) and saline groundwater or brine (3)].
The lack of fresh impact craters and dust
deposits suggest that the gullies are among
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the youngest geological features on Mars (4).
On Mars currently, the daily mean tempera-
tures are much lower than 0°C, making it
difficult for a significant amount of liquid
water to survive at or near the surface. To
explain the occurrence of the liquid flow
which should have formed these gullies, Ma-
lin and Edgett (/) put forward a scenario
involving groundwater seepage from a sub-
surface liquid water reservoir or aquifer lo-
cated a few hundred meters or less below the
surface. However, the process able to main-
tain such a shallow aquifer at temperatures
above the freezing point of water remains
unclear. Geothermal heating has been in-
voked to melt the martian ground ice (5-7),
but there is no clear association between the
location of debris flows and the general dis-
tribution of recent geothermal activity (/).
Furthermore, gullies originating from the top
of isolated peaks (&) and from the crests of
large dark dunes (Fig. 1C) have recently been
observed. In these cases, the involvement of a
subsurface aquifer is unlikely.

Debris-flow landforms similar to the mar-
tian gullies are often observed on Earth.
These debris flows consist of a mixture of
unsorted rocky material with low water con-
tent that forms a muddy slurry which moves
downslope (9). We observed and analyzed
periglacial debris flows on the eastern cuesta
of Jameson Land (East Greenland) (10, 11)
where the mean annual temperature is —8°C.
The permafrost is 80 to 220 m thick, and the
active layer (part of the frozen ground thaw-
ing in summer) is about 1 m thick. Debris
flows usually start from deep alcoves carved
into the upper sandstone cornices (Fig. 1B).
These debris flows exhibit single linear chan-
nels with lateral ridges (levées) and distal
cones or fans like many of the martian gullies
(Fig. 1A). Field observations indicate that the
debris flows result from the thawing of
snow and ground ice (/2). This process is
helped by the action of freeze-thaw cycles,
which fracture the rocks and form debris
(11, 13). During the summer, the debris
becomes impregnated with liquid water that
was produced by the melting of the season-
al snow cover, the interstitial ice within the
active layer, and sometimes the underlying
permafrost (/4). Debris flows are usually
initiated when the critical shear stress is
reached after the increase of fluid pressure
within the layer of weathered debris (15,
16). Nevertheless, debris flows with only
10% water by volume have been reported
).

The analogy between gullies on Mars and
debris flows in Greenland is striking. Both
features exhibit the same length and the same
morphology (Fig. 1). However, the process
observed in Greenland cannot occur on Mars
as we know it. It is a cold and dry planet
where precipitation is negligible. Moreover,
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most of the observed martian gullies have
been found on the southern plateau where,
currently, the surface pressure is typically
between 500 and 600 Pa, below the triple
point of water at 610 Pa. However, higher
pressures were possible when Mars’s oblig-
uity was higher, as recently as a few hundred
thousand years ago (/7, 18), because of the
desorption of CO, from the high-latitude re-
golith and the sublimation of the permanent
CO, ice polar cap (/9). In such conditions,
liquid water could probably flow over the
length of the gullies, assuming water temper-
ature at or slightly above 0°C (20). Spacecraft
observations and climate models have shown
that surface temperatures above 0°C are cur-
rently relatively common on Mars during
summer afternoons (21). However, such con-
ditions last for a few hours at most, and only
the first few millimeters of the ground can be
warmed above the melting point of water.
This portion of the ground should be com-
pletely desiccated when temperatures in-
crease enough to allow liquid water to be
stable.

To melt water ice in the deeper subsur-
face, daily average temperatures above 0°C
are necessary, so that the thermal wave can
propagate to a significant portion of the
ground. To investigate where such conditions
could be or could have been achieved on

Fig. 1. Recent gullies on Mars and terrestrial
periglacial analogs. (A) Debris flows in Nirgal
Vallis (MOC image MO03-02290, 29.7°S,
39°W ). Total length is 900 m. (B) Debris
flows in Jameson Land (East Greenland). The
source areas of the flows correspond to deep
alcoves of about 15 to 60 m high and 20 to
100 m wide. The mean length of the trans-
port zone is about 500 m with “levées” (lat-
eral ridges observed on both sides of the
channels) rising up to 10 to 50 cm. Distal
lobes are found lower down at the end of the
channels. (C) Small gullies over dark dunes
(MOC image M07-04545, 47.3°S, 340.8°W ).
Channel tracks are narrow, about 200 m
long. Their geomorphic characteristics are
similar to other gullies, showing that they are

Mars, we performed calculations of the sur-
face and subsurface temperature on Mars for
various latitudes, obliquities, surface slope
angles, and orientations. For this purpose, we
used a one-dimensional version of a global
climate model (22). In this version, the diur-
nal and seasonal evolution of the surface and
subsurface temperatures is governed by the
balance between radiative and turbulent flux-
es, thermal conduction in the soil, and CO,
condensation and sublimation when neces-
sary. This model has been extensively vali-
dated through comparisons with available
spacecraft observations (23). For the present
work, we added the capability to compute the
ground temperature on a slope (24) and per-
formed all of our calculations assuming sur-
face, atmosphere, and orbit characteristics
typical of Mars today (25). These calcula-
tions reveal that the only places on Mars
where the daily mean temperature has been
above the melting point of water during the
past obliquity cycles are the mid- and high
latitudes above 30°, especially on poleward-
facing slopes around the summer solstice
(Fig. 2). The corresponding thermal wave
could have melted the ice down to 10 to 50
cm, depending on the conductivity assumed
for the subsurface (Fig. 3). The fact that
poleward-facing slopes receive more sunlight
and get warmer at high obliquity in the sum-

not the result of dry granular flows. Note the sinuosity of narrow channels at left. None of these
gullies on dunes are observed on equatorward-facing slopes.
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mer is due to the pole being tilted toward the
sun. This preferential orientation and the lat-
itudinal distribution of the warmest near-sur-
face temperature coincide with the location of
the observed martian gullies, suggesting a

Fig. 2. Maximum of the

> A
daily average tempera-

60
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link between near-surface warming and de-
bris flows. To further test this hypothesis, we
performed a more detailed comparison be-
tween model and observations. We deter-
mined the orientation of 213 gullies identified
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the subsurface temperature at depth “z,” and “z,” corresponding to the skin depth for periods of
4.67 and 32.4 martian days (sols), respectively. z, and z, thus depend on the properties of the
ground. For instance, z, = 0.36 m and z, = 3 m in an ice-rich permafrost (conductivity A = 2 W
m~" K=", thermal inertia / = 1414 | m=2 s~"/2 K=", volume heat capacity C = 10° | m~3 K™"),
and z, = 0.1 m and z, = 0.8 m in a typical dry and porous martian surface layer (A = 0.068 W
m= 'K, 1=260)m2s V2K, C=10° ) m~3K™").

in the MOC images data archive in the south-
ern hemisphere [Web fig. 1 (26)]. At lati-
tudes from 28°S to 40°S, almost all gullies
face south (including southeast and south-
west) with only 4% facing east. This agrees
with the model, which predicts surface melt-
ing only for south-facing slopes at these lat-
itudes (Fig. 2A). From 40°S to 60°S, 33% of
the gullies are oriented east or west, but the
south direction remains strongly dominant
(55%) compared to the north (11%). In polar
regions (60°S to 80°S), 35% of the gullies
face north and 58% face south. This agrees
with the model, which predicts that daily
average temperatures above 0°C are also pos-
sible on both south- and north-facing slopes
poleward of 60° (Fig. 2B).

Water is expected to have been present in
the near subsurface at the location of the
gullies when the obliquity was high. Mars at
high obliquity was a relatively water-rich
world because of the increased summertime
sublimation of the water residual cap (27—
29). Three-dimensional general circulation
model simulations of the water cycle at 45°
obliquity predict a column of atmospheric
water vapor larger than 1000 precipitable mi-
crometers around summer solstice in the
southern hemisphere, compared to about 20
precipitable micrometers today (28). In such
conditions, Mellon and Jakosky (29) have
shown that, on average, water ice is expected
to accumulate in the top few meters of the
regolith up to 5 to 15 cm below a flat surface
for obliquities larger than about 30°. On a
poleward-facing slope at mid- and high lati-
tude, water ice should get even closer to the
surface because the annual mean temperature
is lower than that on a flat surface. Water ice
accumulates during most of the year when the
ground temperature is low. Water can come
from the atmosphere, the seasonal caps, and
from the ice-rich subsurface because it is then
warmer than the surface (Fig. 3B) (29).
Around the summer solstice, the near-surface
ground which is progressively warmed to-
ward 0°C may tend to lose the water trapped
in its pores through the diffusion of H,O
molecules into the atmosphere. However, on
poleward-facing slopes, the seasonal CO, ice
layer accumulated during fall and winter
maintains the surface at the low CO, frost-
point temperature until late spring (Fig. 3).
The solar flux is then already strong. The
disappearance of CO, ice allows a sudden
warming of the surface and of the near sub-
surface which reach 0°C in a few days (Fig.
3). If any water is then present in the soil, it
may not have time to completely diffuse out
of the ground, especially because the atmo-
spheric water content is then near its peak
(diffusion primarily depends on the ground-
atmosphere water density gradient).

Mars at high obliquity was a planet dif-
ferent than that of today, on which periglacial
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phenomena, such as debris flows formed by
melting of near-surface ground ice, were pos-
sible. In practice, such debris flows may have
only occurred in some favored areas, because
a relatively large amount of water is required
in combination with the presence of cohe-
sionless material (in East Greenland, debris
flows are not generalized but only occur
where large amount of debris is produced).
Nevertheless, the possible presence of limited
amounts of liquid water in the near surface at
mid- and high latitudes predicted by our mod-
el have interesting consequences. It could
induce freeze-thaw cycle erosion on Mars,
and explain the polygons and patterned
ground observed on MOC images (&) around
60° latitude, which look similar to terrestrial
polygons related to the seasonal thawing of
ground.
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Quantifying Uncertainties in
Climate System Properties with
the Use of Recent Climate
Observations

Chris E. Forest,’* Peter H. Stone,” Andrei P. Sokolov,?
Myles R. Allen,? Mort D. Webster'}

We derive joint probability density distributions for three key uncertain prop-
erties of the climate system, using an optimal fingerprinting approach to
compare simulations of an intermediate complexity climate model with three
distinct diagnostics of recent climate observations. On the basis of the marginal
probability distributions, the 5 to 95% confidence intervals are 1.4 to 7.7 kelvin
for climate sensitivity and —0.30 to —0.95 watt per square meter for the net
aerosol forcing. The oceanic heat uptake is not well constrained, but ocean
temperature observations do help to constrain climate sensitivity. The uncer-
tainty in the net aerosol forcing is much smaller than the uncertainty range for
the indirect aerosol forcing alone given in the Intergovernmental Panel on
Climate Change Third Assessment Report.

Estimation of the uncertainty in long-term
climate projections requires estimates of the
probability density functions (pdfs) of key
properties of the climate system. Attempts
thus far (1, 2) have used pdfs based on expert
judgment to analyze such uncertainty. For
near-term climate change, recent studies (3)
have applied the uncertainty estimates de-
rived from the climate change detection al-
gorithm for particular models to climate pro-

'Joint Program on the Science Policy of Global
Change, Massachusetts Institute of Technology, Cam-
bridge, MA 02139, USA. 2Department of Physics, Ox-
ford University, Oxford, OX1 3PU UK.

*To whom correspondence should be addressed. E-
mail: ceforest@mit.edu

tPresent address: Department of Public Policy, Uni-
versity of North Carolina, Chapel Hill, NC 27599, USA.

jections based on these models. A key as-
sumption in this approach is that both forcing
and response do not change qualitatively be-
tween observed and forecast periods. Hence,
it is not applicable to modeled climate change
under scenarios that differ substantially from
the recent past (e.g., stabilization cases or
severe changes in sulfur emissions). Given
the political priority to establish what consti-
tutes a “safe” stabilization level for green-
house gases, an objective means of quantify-
ing uncertainty in the long-term response,
despite uncertainty in other forcings, is clear-
ly desirable.

These problems can be addressed in large
part by determining both the range of climate
system properties and the range of forcings
that produce simulations consistent with
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