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Table 1 Martian isotope ratios and atmospheric loss*

Isotope ratio Measured valuet Amount lost to space (O/ )t
....................................................................................................................................................................
....................................................................................................................................................................
r/="Ar 1.3 ~50-90

Ar/A : 0-
....................................................................................................................................................................

C/=C 1.05-1.07 ~50-90

:

....................................................................................................................................................................

N/™N 1.7 ~90
....................................................................................................................................................................

O/™0 1.025 ~25-50

:

*Values taken from refs 57-59, 62, 77 and 78, and references therein.

TValue estimated, observed or derived for martian atmosphere relative to terrestrial.
TCalculated assuming Rayleigh fractionation. D/H range includes uncertainty in escape
processes. Other ranges are based on uncertain timing of outgassing relative to escape.

Jakosky (Nature, 2001)
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Figure 7. Permanent and seasonal stability for zonally averaged regolith parameters and humidities.
The solid lines labeled “0%” indicate depths to permanent stability when no ice is present. When pore
spaces are filled with ice at depths where it is stable, the burial depths become shallower than for dry
regolith. Burial depths for 0%, 10%, 30%, and 70% volume fraction of ice are shown. No burial depths
are plotted at the high latitudes where thermal inertias or humidities from TES are least reliable. In the
presence of adsorption, free H,O frost is not expected within the lightly shaded area at any day of the
Mars year.
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Figure 1. The downward migration of frost over two annual temperature cycles according to a one-
dimensional model which simulates the conduction of heat and the diffusion, sublimation, and deposition
of water vapor. Each panel shows instantaneous vertical profiles of temperature, partial pressure, and
the fraction of pore space filled with ice. (a) The second year and (b) the tenth year after starting with
an ice-free regolith. A layer of frost migrates inward during the warming part of the cycle and begins
to fill the subsurface with ice. A sinusoidal surface temperature and constant daytime partial pressure
are assumed in this model calculation. Model parameters: po = 0.1 Pa, D = 0.1(7/200 K)** em’s™',
1=280J mK 's7" pc =128 x 10° T mK™".
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SCHORGHOFER AND AHARONSON: SUBSURFACE FROST ON MARS E05003

‘ | —
100

0 20 40 60 80

Depth to Ice Table (g/cm?

Figure 8. Color indicates depth to the ice table in g ecm™? when ice is in equilibrium with the
.:lmusphmu water vapor. (_uumld ice is unstable in the white area. Black segments indicate finite burial
depths larger than 150 g em™ =, Missing data puml; are shown in gray. Assumed volume fraction of ice is
40%, but the gcugraphic boundary between icy and ice-free soil is independent of the ice fraction. Solid
contours indicate water-equivalent hydrogen content in percent determined from neutron spectroscopy
[Feldman et al., 2004). The dotted lines are 200 J m™"K™'s™"” contours of thermal inertia.

Schorghofer and Aharonson (2005)
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Figure 3. Chart describing the principal events affecting the Martian water cycle over the course of a
year. NPCS stands for North Polar Cap Sublimation; SCR stands for Seasonal Cap Recession.
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Gullies

Martian weeping. New deposit
(bottom, left) formed since top image
was taken may be water-borne debris.

o

Figure 1. Images of gullies on Mars: (a) on the wall of Nirgal Vallis near 29.7°S x 39°W, subframe of Mars Orbiter
Camera (MOC) image M03-02290, and (b) in a valley in Gorgonum Chaos near 38.5°S x 171.5°W, subframe of

MOC image M07-02909. Gully features frequently appear to stem from or below cohesive strata exposed along the
slope.
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Figure 3. Mean annual surface temperature for a range of obliquities. The eccentricity is 0.12, and the Lg at which
perihelion occurs is 270, corresponding to southern summer. A thermal inertia of 250 Jm ™2 s~ "2 K™, an albedo of
0.25, a surface pressure of 600 Pa, and an infrared dust opacity of 0.1 are assumed. Discontinuities in the slope of each
curve are due to the effects of seasonal CO, frost.
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Characteristic time (kieffer and zent, 1992)

* Response times (Years)
— CO, cap stabilization of atmospheric pressure 100

— Stabilization of an H,0 cap 0.1-100 Myr
— Dust deposition of polar lamina (30 m) 100,000
— Regolith (100 m) 10,000
— Regolith (1 km) 1 Myr
* Driving functions
— Precession of the equinox 175,000
— Oscillation of eccentricity 100,000 and 2 Myr

— Variation of obliquity 125,000 and 1.3 Myr
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Figure 1| Snapshots of the vertical ice distribution from model
calculations. a, At present and with atmospheric humidity constant
throughout history. b, For strongly varying atmospheric humidity,
568,000 years ago. ¢, For strongly varying atmospheric humidity, at present.
Dashed lines show the present-day equilibrium depth.
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Figure 3 | Comparison with measurements by GRS onboard Mars Odyssey.
Coloured bars show the ice (mass) fraction according to refs 19 and 20, in
latitude bins, zonally averaged and assuming a homogeneous vertical
distribution of hydrogen. The solid black and grey lines show the fraction of
ice in the topmost metre of the soil according to the model described in the
text and shown in Fig. 1a and c. The dry component is assumed to contain
4% water-equivalent hydrogen. The dashed and dotted lines pertain to the
varying humidity scenario.
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Figure 1 Global maps of CO, and H,0 ices at the south pole of Mars. Left, the CO-ice  that the Ho0-ice areas extend far beyond the CO2-rich bright cap, along its scarps up to
absorption feature is scaled from blue (deep) to brown (CO,-ice-free areas); right, isolated units tens of kilometres wide.
mapping of the H20 ice, from blue (deep absorption) to red (ice-free). Comparison shows
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 Water in the southern polar cap : remnant from the past
where the southern water ice was stable?

* How stable is the current southern water ice cap?

“Reversed

Perihelion”

(21 K v Aarin)
" v oy

Circulation

......... favors North
asymmetry

Climate™ uu favors North | ......... favors South
asymmetry
North wins ! ??

Montmessin et al. (2007)
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MONTMESSIN ET AL.: PRECESSION-INDUCED TRANSPORT OF WATER ON MARS

Present-day 21,500 yr ag

CO2 cold tra
P Vgoater Ice accumulation rate (}.ll‘l'lly&o

[ = . I

Figure 5. A comparison of water ice accumulation rates predicted by the model in the south polar
region for the two perihelion configurations. Present-day map shows net accumulation only at the south
pole itself (equivalent to 1 grid point in the model) where the prescription of a CO, cold trap forces a
local and permanent deposition of water ice. In the reversed perihelion simulation (Figure 5, right), the
CO, cold trap has been removed and the pattern of accumulation is only controlled by a precipitation
versus sublimation positive balance on an annual average.
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MONTMESSIN ET AL.: PRECESSION-INDUCED TRANSPORT OF WATER ON MARS

South South
Pole

-

‘Reversed Perihelion” Present-day configuration

-21,000 yr -10,000 yr -1,000 yr
L, =70° L, > 180° L, = 250°
Water ice layer CO; ice cap

formation formation

i

Figure 9. Illustration summarizing the sequence of events in the south polar region since the last
reversed perihelion regime of the precession cycle. At event 1 time, water was extracted off the north
polar cap and was deposited over the south PLD terrains thanks to a favorable summer insolation gradient
between the poles. For event 2, passage to present-day configuration, with perihelion argument now
entering a northemn spring regime, reversed the orientation of the insolation gradient and forced water to
progressively return back to the north pole. For event 3, in a third act, the erosion process stopped as
permanent CO, ice slabs formed and kept water from subliming further.
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Fig. 8. Three year changes in unit B. Registered clips from MOC image E11-01220
superposed on HiRISE image PSP_004744_0870. Note that the three year change
includes one or two ridges interior to the present depression edge. [llumination in
MOC images from upper left, in HiRISE more from the left. MOC L, = 286°, HiRISE
L, = 287°. Scale bar 50 m. Centered at 86.9°S, 89.4°W.

P.C. Thomas et al /Icarus 203 (2009)
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Deuterium Enrichment
of Water on Mars
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Mapping the D/H of water on Mars using high-resolution spectroscopy
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Fractionation in atmospheric circulation
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The smaller the H20 amount, the richer the HDO/H20.
- Opposite to expectation! (preferential condensation of HDO)
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Thermal escape

The HDO/H,O ratio reveals the loss

of water from Mars and the age of -
| the sensed gas.

Cryosphére:
HDO/H,O < 2E ??? representative
of a more primordial chemistry
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Global dust storm

Mars » Global Dust Storm

-

, | ———
June 26, 2001 September 4, 2001
Hubble Space Telescope * WFPC2

NASA, J. Bell (Cornell), M. Wolff (SSI), and the Hubble Heritage Team (STScl/AURA) » STScl-PRC01-31
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EPISODIC OCCURRENCE OF MAJOR DUST STORMS ON MARS
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Fenton et al. (2007)
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b, TES albedos in greyscale superimposed on MOLA shaded relief, with
changes (AA) relative to the Viking IRTM shown in yellow for relative
brightening and blue for relative darkening (see scale on right).

Figure 1| Albedo and changes in albedo. a, Albedo map of Mars
superimposed on Mars Orbiter Laser Altimeter (MOLA) shaded relief.
Albedos (A) are calculated from the broadband TES bolometer: the rust tint
is artificially applied to approximate the appearance of the martian surface.
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Figure 2| The effect of albedo changes on air temperature and wind stress.  surfaces. b, MGCM-predicted annual-mean change in wind stress
a, MGCM-predicted annual-mean change in surface air temperatures (TES—IRTM; contours). Note the general correlation of wind stress
(TES—IRTM; contours) on the same plot from Fig. 1. Note the temperature  increases over darkened surfaces and wind stress decreases over brightened

increases over darkened surfaces and temperature decreases over brightened  surfaces.
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KAHRE ET AL.: MODELING THE MARTIAN DUST CYCLE
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Figure 7. (top) Map of net annual dust deflation (shaded
reeions) and deposition (nonshaded remons) for the baseline
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Figure 8. Net surface dust depth deflated (negative) or
deposited (positive) as a function of L, n the north and
south regions for the baseline simulation.

cach of the dust devil lifting schemes is tuned to match
observed northem summer globally and zonally averaged
opacities, the simulated opacities during southern spring and
summer are low compared to observations (Figure 10).

[49] The threshold-independent dust devil lifting param-
eterization allows dust to be lifted from a location whenever
the surface heat flux is positive (upward heat transfer from
the surface to the atmosphere) and the depth of the PBL is
nonzero. Therefore dust devil lifting occurs throughout the
day. The simulated diumal peak in the dust devil lifting rate
at the grid point nearest the Pathfinder site during the season
of the Mars Pathfinder (MPF) mission occurs between 12 pm
and 1 pm local time, which is consistent with the observed
peak of dust dcvil oomm:noc (Figure ll)
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Kahre et al. (2005)

200 microns 0.0225 thresh
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= wm= . 25 microns 0.01 thresh
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— dust devils only; infinite source A

Figure 3. Multi-year globally averaged 9 pm opacity
for the infinite surface dust simulation (black solid) the
finite surface dust simulations (colored solid and dashed
lines).



