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Abstract

It is generally agreed that a dense&@minant atmosphere was necessary in order to keep
early Mars warm and wet. However, current modelehaot been able to produce surface
temperature higher than the freezing point of waderst sulfate minerals discovered on Mars
are dated no earlier than the Hesperian, despigdylmuch stronger volcanic activities and
more substantial release of sulfur-bearing gagesMiartian atmosphere during the Noachian.
Here we show, using a 1-D radiative-convective-pbloémical model, that clathrate
formation during the Noachian would have bufferkd atmospheric COpressure of early
Mars at ~2 bar and maintained a global averageaseirtemperature ~230 K. Because
clathrates trap SOmore favorably than CQ all volcanically outgassed sulfur would have
been trapped in Noachian Mars cryosphere, prevgrdirsignificant formation of sulfate
minerals during the Noachian and inhibiting cartieadrom forming at the surface in acidic
water resulting from the local melting of the S@h cryosphere. The massive formation of
sulfate minerals at the surface of Mars during Hesperian could be the consequence of a
drop of the CQ pressure below a 2-bar threshold value at the Naiachian-Hesperian
transition, which would have released sulfur gas#e the atmosphere from both the
Noachian sulfur-rich cryosphere and still activeaiidis volcanism. A lower value of the
pressure threshold, down to ~0.5 bar, could haea kefficient to maintain middle and high
latitude regions below the clathrate formation temapure during the Noachian and to make
the trapping of S@ in clathrates efficient. Our hypothesis could allao explain the
formation of chaotic terrains and outflow channelad the occurrence of episodic warm
episodes facilitated by the release of,$3®the atmosphere. These episodes could explain th
formation of valley networks and the degradationimfpact craters, but remain to be
confirmed by further modeling.

Key words : Early Mars, CQ, SQ, clathrates, sulfates, cryosphere, carbonates
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1. Introduction

Sulfur dioxide (S@) has been proposed as a possible greenhouse gaswdrked together
with CQO; to raise the surface temperature of early Mars/@alibe freezing point of water
(Halevy et al., 2007; Johnson et al., 2008; Postasrkd Kuhn, 1986), allowing liquid water
to flow at the surface of the planet and carving pinesently observed valley networks and
outflow channels. However, the cooling from sulfysses as a result of sulfate aerosol
formation is an observational fact for the curratthosphere of Earth. On early Mars, the
cooling effect of sulfate aerosols would also hewenteracted efficiently the warming effect
due to SQ greenhouse effect and sulfur outgassing. Aftehartsperiod of warming, the
presence of sulfate aerosols would have resulted aolder surface, with a net cooling,
instead of warming, of the planet (Tian et al., @0INo mechanism to keep ancient Mars
warm and wet through greenhouse effect has beesraglgnaccepted so far, suggesting a cold
and wet early Mars. Much of the aqueous activityMars could have occurred in subsurface
hydrothermal systems powered by magmatic or impetivity (Squyres and Kasting, 1994;

Griffith and Shock, 1995; Segura et al., 2002; 20€&her than at the surface of the planet.

Sulfur, under both oxidized (SPand reduced (}$) forms, could have been released in large
amount by volcanism during the Noachian. From seveundred millibar to around one bar

of sulfur could have been outgassed along Martiestoty, most of which during the
Noachian and the Hesperian (see e.g. Craddock aedl€y, 2009; Gaillard and Scaillet,
2009). The reconstructed evolution of the cumulatewunt of released $@ince the early
Noachian, shortly after accretion, is shown in Fegl. It has been derived from both the2COFig_1
volcanic release rates calculated from a thermonated evolution model of Mars (Grott et

al., 2011) and a photogeological analysis of thetislia surface (Craddock and Greeley, 2009,

referred to as CGOQ9 in this paper). The ratio betw8Q and CQ molar fractions in the



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

volcanic gas dodfcoz is typically in the range from 0.5 to ~1 (see Fgin Gaillard and
Scaillet, 2009). The evolutions of the gpartial pressure (denoted bygin the following)

for two values (0.01 and 1) of the surface fractonered by hot upwellingsyffare plotted

on Figure 4b in Grott et al. (2011). By applyin@ tfatio £04fco2 to Grott et al. curves, and
taking into account the difference of molar madsveen CQ (44 g/mol) and S&(64 g/mol),

we have plotted in Fig. 1 the corresponding evohsgiof the cumulated amount of outgassed
SO, expressed in pressure units, and the correspgpngliobal equivalent layer (GEL)
thickness of the sulfate mineral assuming thathalreleased sulfur is involved in anhydrite
formation. The other plotted curve is obtained frarphotogeological analysis of the Martian

surface yielding a cumulated lava extrusion volumhd®.7x 10° km*® (CG09), by assuming

that basalts contain 7000 ppm sulfur by mass (gremupange according to Gaillard and
Scalillet, 2009), that is 10 times more than assume&dG09. This curve would be3 times
lower assuming a lower range of 2500 ppm of S atwchds higher assuming a lava extrusion

volume of 3x 10° km® (Gaillard and Scaillet, 2009). Both models andevtations therefore

suggest a cumulated pressure of outgassedSypically ~1 bar, corresponding to a ~40 m

thick sulfate GEL, within a factor of 3 both ways.

Interestingly, all sulfate minerals detected at sheface of Mars by OMEGA/Mars Express
have been emplaced during the Hesperian, a rdiatate epoch in Martian history (Bibring

et al., 2006). Later observations of CRISM on MR@érevealed additional sulfate deposits,
a few of them under the form of interbedded phylilcete and sulfate layers in sediments of
Noachian craters (Terra Sirenum) in the Southemisghere (Murchie et al., 2009). These
intracrater deposits are relatively widespread, ffam those mapped by OMEGA and at
higher elevation, excluding that they have beensparted from equatorial regions (Wray et
al., 2011). Although a younger age for these sedisneannot be excluded, they are suspected

to have formed by evaporitic processes in an aciditext at the Noachian. Such formations
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associating phyllosilicates and sulfates are atsmd in terrestrial acidic saline lake deposits
(Baldridge et al., 2009). Most of sulfate deposite observed in Hesperian terrains. They
consist of several kinds of formations: (i) Hesperilayered sulfates under the form of
extended deposits in Terra Meridiani, (ii) Interiosyered Deposits (ILD) throughout the
Valles Marineris trough system consisting of massmounds of layered material up to
several kilometers thick, (iii) gypsum depositiorth polar dune field (Gaillard et al., 2012).
Sulfur is also part of soil and dust at the gladxdle at an average level of ~6.8 % (King and
McLennan, 2010). It has been suggested that sorfi@esu could have been formed by
evaporitic processes in the Valles Marineris regijomor to Tharsis formation, then
redistributed by fluvial transport to Meridiani Rlan, where they are now observed, during
the elevation of the Tharsis uplift (Fan et al.02p If so, sulfates detected in Hesperian
terrains could have been formed in the Noachiare dhestion of the origin of sulfates is
debated, and at least some of the observed deposits have formed in the late Noachian. In
the present paper, we make the hypothesis that afdsie sulfates observed in equatorial
regions (layered deposits, ILD) have been formethatHesperian (not excluding a start at
the late Noachian), and propose an explanationtHer scarcity of sulfates in Noachian

terrains, and their apparently massive depositidheaHesperian.

The evolution of C@Qon Mars is poorly constrained. Despite the discpwd carbonates in

SNC meteorites and the recent orbital and in siseovations of carbonate rocks at some
locations on the surface of Mars (see e.g. Niles.e2012), carbonates are not proved to be
extensively present on Mars. The lack of globaboaate outcrops on Mars, which seems to
contradict a massive presence of @QOts early atmosphere, could be explained byeeithe

action of sulfuric or sulfurous acids in large, nstlng bodies of water suppressing the
formation of carbonates (Fairen et al., 2004; Halewval., 2007), or a rapid escape of early

Martian CQ atmosphere (Tian et al. 2009, referred to as mQ@RAis paper), or both.



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

According to an early Mars upper atmosphere mod@®), the timescale for 1 bar of G@®

be removed through thermal escape would have bedmy+at 4.5 billion years ago (Ga) and
~10 Myr at 4.1 Ga. Note that at first stages, dytypically the first hundred million years,
carbon escape may have been slowed down by watkodynamic escape, which is not
taken into account in TO9. If Mars was endowed aithounts of C@similar to those found
on Venus and the Earth (~100 bar), and accorditigecanodel of T09, most of its initial GO
inventory would have been lost within the first 1dr after its formation. A mechanism that
can possibly help Mars to keep its £i@ventory is carbonate formation through weathgrin
of basalt (Pollack et al. 1987). The same authorpgsed that a dense g@mosphere (1 to
5 bar) could have been maintained during the Na&cbly constant recycling of GMack
into the atmosphere through rapid burial and théwheaomposition of carbonate minerals.
They calculated a typical cycling time of gé 273 K of ~10 Myr, decreasing to ~1 Myr at
larger temperatures of 300 K for a €@ressure of 1 bar, a temperature easily achievable
the subsurface even if the surface was cold. Ifdhmation of carbonate through weathering
has occurred at a rate comparable to that of cattermal escape, substantial amounts of
carbon could have been trapped in the format obarmates and cycled through the
subsurface-hydrosphere-atmosphere system. Ifsigndicant atmosphere of G@ould have
survived until 4.1 Ga. The combination of a rampdiation of carbonate and a rapid thermal
escape of carbon on Noachian Mars could have desnlethe atmospheric pressure of
Noachian Mars even more rapidly, resulting in sliomvarm periods and longer, more
frequent cold periods on Noachian Mars. It is im@ot to note that the timescales of

carbonate formation and their further destabil@atre still poorly understood.

The present inventory of water on Mars is also lyooconstrained. The total water content of

the two perennial polar caps corresponds to a GHEI6 an depth (Smith et al., 2001), and the
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ice deposits sequestered in the Dorsa Argentea damn(DAF), near the south polar cap,
could have represented a ~15 m thick GEL in the¢ (¢esad and Pratt, 2001). Nevertheless,
only a fraction of the initial water could remaimday in DAF reservoir, corresponding to a
~5-7.5 m thick GEL. Other reservoirs, expected dvehbeen active during late Amazonian,
could be present in tropical and mid-latitude regigHead and Marchant, 2009). But they
probably represent only a minor contribution to ghabal reservoir. The total inventory of the
known reservoir, including near-surface stores #ua distributed across middle to high
latitudes, has been estimated to correspond to i 3Bick GEL (Christensen, 2006). The
mega-regolith capacity is large, with up to a ~%0hick GEL potentially trapped in the

cryosphere, and hypothetically several additionaddneds of meters GEL (up to ~500 m) of
ground water surviving at depth below the cryosph@lifford et al., 2010). It has been

suggested that most of ground ice has been lostblymation at low latitudes, and that only
small amounts of groundwater would survive todayir(h and Painter, 2009), with

therefore less water in the megaregolith. A ~50@hiok GEL is generally assumed to be
required to explain the formation of outflow chalsn@Carr, 1987), and most of this water
could be trapped today as water ice, and possixyp diquid water, in the subsurface, as well
as in subsurface hydrated minerals. Based on dysaaf the present Mars’ atmospheric
D/H ratio, it has been suggested that a water GRlpdo ~300-400 m depth could have been
stored in crustal serpentine since the late Noackize to hydrothermalism triggered by

magmatic activity (Chassefiere and Leblanc, 2011b).

In the present paper, we suggest that the formaabnCO,-SO, clathrate hydrates
(indifferently written “clathrate hydrates” or “¢larates” in this article) in a potentially GO
dominant (a few bar) early atmosphere of Mars ghddve significantly decreased the
atmospheric SPand CQ contents and should have caused subsequent sotichment in

early Mars cryosphere. As shown hereafter, for a @®@ssure above 2 bar, all volcanically



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

released S®and the fraction of atmospheric € excess of 2 bar should have been
converted to C@SGO; clathrates. In this way, the formation of sulfatartigles in the
atmosphere could have been inhibited and there dvbave been neither long term net
cooling nor net warming from volcanic $@ruptions. If atmospheric GOpressure is
between 1 and 2 bar, we show that a fraction ofarotally released SQvould have been
converted to sulfate particles while the rest wobale been trapped in clathrates. This
mechanism would have resulted in a stabilizatiothef surface temperature at the clathrate
equilibrium temperature after large volcanic eveAtssome time in the past, when the £O
pressure dropped below 1 bar, the formation ohces would have been totally inhibited
and the sulfur injected by volcanism into the atph@se would have been fully converted
into atmospheric sulfate aerosols. Thus formatibsutfate minerals at the surface no earlier
than at the Hesperian could be explained by a dseren atmospheric Gressure below

the 2 bar level occurring close to the late Noathidesperian transition.

In the following section, we describe the poteniapact of CQ-SO, clathrate formation on
the sulfur content in the atmosphere and the sartamperature. Then, we present an
extrapolation to low temperature of the thermodywaproperties of C@SGO, clathrates.
New calculations of the surface temperature of Margresence of sulfate particles for
different values of the C{pressure are made, and consequences on the cbimeddy Mars
examined. After an assessment of the consequenhtis presence of Sn the trapping of
noble gases in clathrates, we discuss the possiigécations of the present results and
measurements to be done by future missions to mepooir understanding of the impact of

sulfur on early Mars’ climate.

2. Formation of CO,-SO, clathrate hydrate at high CO, pressure and SQ

mixing ratio



209

210 The cooling effect of sulfate aerosols on the eltérs climate has been recently pointed out
211 through a detailed 1-D photochemical/microphysicaddel of ancient Mars’ atmosphere
212 (Tian et al. 2010, referred to as T10 in this papender certain COpressure, the surface
213 temperature increases only slightly with enhaneeéllof atmospheric SGat first because of
214  the greenhouse contribution from S@t atmospheric S©concentration which could lead to
215 meaningful surface warming, photochemistry processeluce the formation of sulfate
216 aerosols which can reflect sunlight and cause ser&oling. The surface temperature for
217 various SQ mixing ratios (T10) together with the equilibrimperature of COclathrate
218 hydrate (Mousis et al., 2012), and £iGe, are plotted in Figure 2 as a function of @@, Fig. 2
219 pressure. At 3 bar atmospheric pressure and f@.arfixing ratio of 10 ppmv, the amplitude
220 of the cooling by sulfate aerosols is about 60 KQ)T resulting in a surface temperature low
221 enough to allow the formation of G@lathrate hydrates (and even £€e). For a lower SO
222  mixing ratio of 1 ppmv the cooling is smaller, bktorder of 20 K, but sufficient to fall in the
223 domain of stability of C@clathrates (but not of CQce).

224

225 First, in a regime without sulfur, GQlathrates are stable fogg>2 bar due to the cooling
226 effect of the Rayleigh scattering (T10). As a capusmce any COpressure in excess of 2 bar
227 results in the formation of CQOclathrate hydrates until the atmospheric ;Qfessure is
228 reduced to ~2 bar, with a stabilization of p/T wauclose to 2 bar/230 K. Thus, the
229 atmospheric C@pressure could have been maintained at ~2 banglorost of the Noachian,
230 if atmospheric escape is neglected. Because cadsoaped rapidly during the early
231 Noachian, this regime is possible only if a few lb&rcarbon sequestered first in crustal
232 carbonates was recycled to the atmosphere by vstoaduring the Noachian, since the
233 amount of carbon released from the mantle to tsphere during the late Noachian and at

234 later epochs is rather modest, a few hundredshailliaccording to existing models (Grott et
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al., 2011). The warming effect of G€louds by reflection of the IR radiation emitted thg
surface (Forget and Pierrehumbert, 1997) is noéntakto account in this simulation. At
Pco=2 bar, the presence of G@ouds may result in a surface temperature inerégs-5 K
(Colaprete and Toon, 2003), somewhat increasingetim@erature and pressure thresholds for
the formation of CQ@clathrates. Also, 1-D modeling provides only gloé#nerage values and
the local conditions may differ significantly frothe average case. Formation of clathrates is
expected to be more efficient in cold regions (paips) than at middle or lower latitudes.
The possibility that a part of the G@ventory may be stored under the form of clagsdtas

no significant impact on the discussion made ingh&vious section relative to the role of
thermal escape. Indeed, any later decrease oftitiespheric C@ content following thermal
escape would have resulted in the destabilizatiol€©, clathrates and a transfer to the
atmosphere of an amount of €equal to that removed to space. In this regime,Gk is
buffering pressure and temperature around 2 bai8atil the total volatile C@reservoir

(ice, clathrate, and the atmosphere combined) dsecebelow 2 bar.

Second, the sporadic addition of S8@the atmosphere by volcanic events into the previ
regime would have had the following effects: (ilfiad increase of the surface temperature by
direct greenhouse effect, (2) rapid decrease ostin@ce temperature by formation of sulfate
aerosols, in some cases below the equilibrium teatypes of CQ clathrates (cf Fig. 2). If the
atmospheric Sg) which is the source of sulfate aerosols, waspgdpogether with COin
clathrates hydrates, the S@mospheric content would have been decreased¢hwhould
have slowed down or even inhibited the formationsolfate aerosols and the subsequent
cooling. Through this mechanism, the atmospherixingiratio of SQ, following volcanic
events, will stabilize close to the mixing ratio intaining a surface temperature equal the
CO,-S0O; clathrate equilibrium temperature. As an examiglepco2 = 3 bar, this equilibrium

mixing ratio is of the order of 0.1 ppm (Fig. 2)nAincrease of the atmospheric S@ixing

10
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ratio above this equilibrium value would have résdilin aerosol formation, cooling of the
surface, formation of clathrates, and the remo¥#h® remaining fraction of S{@as from the
atmosphere to clathrates. The higher the/SO, mixing ratio in the clathrates with respect
to the gas, the more efficient this mechanism.Q & enriched with respect to G the
clathrates, formation of CEB50; clathrates results in a decrease of the atmospl&D
mixing ratio. If SQ is depleted in the solid phase, clathration resualtan enrichment of SO
in the atmosphere. As shown in the next section, iS@nriched by a factor of ~100-500 in
the clathrate phase at ~220 K. The condensatiamlgf1% (or less) of the atmospheric £0
in clathrates, with therefore no significant chamge, T conditions, would have resulted in
the removal of most atmospheric S@ the cryosphere, implying that the proposed
mechanism is highly efficient. Thus, once the regidescribed in the last paragraph is
reached at ¢», = 2 bar / 230 K, any addition of atmospheric sulfll be incorporated into

CO,-SO, clathrates.

The goal of the next section is to study the contjposof CO,-SO; clathrates as a function of
gas composition, in particular the 800, mixing ratio in the clathrate as a function of the
gas mixing ratio to estimate the efficiency of £80, clathrate formation in transferring $O

from the atmosphere to the cryosphere.

3. Thermodynamic modeling of CQ-SGO; clathrates in Martian atmospheric

conditions

3.1 Thermodynamical approach

The van der Waals and Platteeuw (1959) model desctthe equilibrium of hydrate phases

by means of a convergence between a statisticaintdtynamics approach implementing

11
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Kihara parameters and a classical approach witbferance state parameters. In a recent
publication (Herri and Chassefiere, 2012), the Kahparameters have been optimized to fit
equilibrium data at low temperature concerning Martatmospheric components: carbon
dioxide (95.3%), nitrogen (2.7%), Argon (2%) andtihame (<50ppb with an average at 15
ppb) (Owen et al., 1977; Mumma et al., 2009), uditagnda and Tse (1986) reference state
parameters. We observed that the stability of ch¢hhydrate is firstly dependent on the
partial pressure of carbon dioxide. However, thesgae presence of $SOn the ancient
Mars’ atmosphere, a potential promoter for clathrhydrate formation, could move the

stability line for clathrate hydrate formation.

To test the influence of SQve must implement in our models its Kihara paramsete
retrieved from experimental data. Up to date, daly equilibrium data have been measured
for sulfur dioxide. Above 0°C there are 36 equilion data from Van Berkum and Diepen
(1979) in the range of temperature [285.2-293.84uk] the range of pressure [0.253-392.330
MPa], and 2 equilibrium data at (280.2 K, 0.101 WM&ad (273.2 K, 0.0396 MPa) from Von
Stackelberg (1949). Below 0°C Tamman and Krige $)9Peasured the following
experimental points: (261.15 K, 0.01695 MPa), (265K, 0.01997 MPa), (269.15 K,
0.02597 MPa), (270.15 K, 0.02778 MPa), (271.15 R3051 MPa). Above 0°C, the data can
not be easily used to constrain the Kihara paraséiecause it implies to describe the liquid
phase in the presence of salts resulting from @§solution (HSQs, HSQ, HSQ?) and thus

to model the speciation of the reaction as wethasactivity coefficient of water. Below 0°C
the situation is easier, dealing with ice, simpfify the equations. From a practical point of
view, the restricted range of available temperaand pressure measurements hampers the
possibility of retrieving only one set of Kihararpmeters, but only interdependent sets of
values. Our aim is to test within these sets ofstamed values the consequence on the

composition of (C@SQ,) clathrate hydrate under Martian conditions.

12
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The detailed description of the statistical-thergmaimic model and the strategy used for the
retrieval of the S@Kihara parameters required for the modeling aferded to Appendix A.
We, however, stress the importance of this aspledining the central parameters on which

are based the scientific discussion outcomes ifoll@ving sections.

3.2 Extrapolation of experimental data to Martian tmperatures

We explored the minimization in the full 3D parasretpace (see appendix A) to deduce the
minimum SQ enrichment during the formation of a mixed 800, clathrate hydrate in
contact with a C@dominated atmosphere. Whatever the minimized fS€thara parameters
for SO, and exploring concentration ratios from 0.1 pmni000 ppm of S@in CO,, the
resulting mixed clathrate hydrate formed is alwhighly enriched in S@ by a factor above

60 with respect to gas phase, for all temperatardse 170-240 K range (Fig.3). Fig. 3

Falenty et al. (2011) performed experimental kogetstudies of CQ clathrate hydrate,
monitoring the formation through the neutron diftran pattern of hexagonal ice in the 185-
195 K range. The data were extrapolated at low &atpre through a model to compare with
the actual polar frosts of Mars, at about 150 Korider to show that the formation timescale
for micron sized clathrates was longer than theécgtmseasonal variations regularly inducing
the declathration. The nucleation rate dependsmigton the temperature but on the ice grain
sizes when nucleating pure clathrate hydrate fimeraerosol, as the nucleation proceeds in at
least two steps: first surface nucleation follovisdgrowth of the hydrate crystal. At 195 K,
for a distribution of ice particles of about 1.5cnain of mean equivalent sphere radius, the
nucleation proceeds in about one day in the labopratExtrapolating at the higher

temperatures considered in Fig. 3 for the ancieattisih surface temperature, the nucleation
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rate for hydrate formation of similar size ice gsawould be higher by a factor of 3 at 200 K
to 2 orders of magnitude at 230 K. Precise nu@dedimescale with an SECO, clathrate is
difficult to extrapolate only based on these expents, and will depend on the particular
mechanism by which the aerosols or surface clahrkihetic formation proceed
(heterogeneous nucleation, diffusion controlled, byt if we take the high rate of hydrate

nuclei growth, it seems reasonable to grow grasnamge as 100 microns in hours to days.

4. Modeling of the effects of S@ and sulfate aerosols on surface
temperature and consequences of C£50, clathrate formation on early

Mars climate

For modeling the effects of S@nd sulfate aerosols on surface temperature weethsel-D
radiative-convective climate model and the 1-D pbbemical model in T10, which allows
us to investigate the combined climate effect o, C&3, and sulfate aerosols. Most of the

model details are described in T10 and will notrepeated here. $SOn the early Mars

atmosphere could have originated from volcanic asgmg, which is simulated by assuming

different surface upward fluxes of $@nd HS. The ratio between the two species is kept at

unity, and previous sensitivity tests (T10) shovleat modifying this ratio does not change
the results of the photochemical and climate catowhs significantly. In this work the

relative solar luminosity is set to $9.75. The atmospheric pressure is set to thewailg

levels : 1.5, 1, and 0.5 bar, in addition to theeleof 3 bar already studied in T10, and Figure

4 shows the relationship between surface temperaind atmospheric $S@oncentration
under different C@ pressures. As discussed in T10 the surface tetoperancreases with
enhanced level of atmospheric S& first because of the greenhouse contributiomf6Q.

Nevertheless, as atmospheric,30ncentration keeps increasing, photochemistrysiéa the

formation of sulfate aerosols which can reflect Igim and cause surface cooling. The
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365 decrease of surface temperature with increasingsiheric S@is more dramatic under
366 higher CQ pressure than under the lower £Qressure because the sulfate aerosols fall
367 slower in a denser atmosphere. It can be seen Figure 4 that the maximum surface
368 temperatures from combined greenhouse effect of @ SQ in early Martian atmosphere
369 are 235, 235, 230, and 220 K under 3, 1.5, 1.0,abdar CQ pressure respectively. Thus
370 volcanic outgassing of SOs not a solution to an early warm and wet Maasistent with

371 the conclusion in T10.

372

373 For poz = 3 bar, the curve is everywhere below the,C@athrate equilibrium temperature.
374 Black triangles in Figure 4 correspond to the,S@ixing ratio for which the surface
375 temperature is equal to the ¢Olathrate equilibrium temperature. The same valaes
376 plotted as a function ofdgg, in Figure 5. In the four casescp = 0.5, 1, 1.5 and 3 bar), wEig. 5
377 have indicated the lava volumes required to gise to the corresponding $@ixing ratio
378 (Wilson and Head, 2002; Hanna and Phillips, 2086).a CQ pressure larger than 2 bar that
379 may be reached sporadically due to seasonal/oddfedt or also to the C{putgassing from
380 the crust (volcanism and disruption of carbonat€€), clathrates are stable whatever the SO
381 mixing ratio in the atmosphere, resulting in thepping of the fraction of atmospheric €@
382 excess of 2 bar in the cryosphere under clath@ata.fAny atmospheric sulfur released by
383 volcanism is trapped in the cryosphere under tha fof CO-SO; clathrate. Occasionally an
384 SO, mixing ratio of ~1 ppm may be reached since & kbvel, sulfur has no significant
385 effect on the mean temperature. For higher valthes surface cooling down will result in
386 CO,-SO; clathration. Note that an ample reservoir gDHs available in polar caps (a several
387 10-m thick global equivalent layer in present cainds, probably much more during the
388 Noachian) to feed the formation of clathrates. Asmsas an atmospheric,® molecule is
389 consumed in clathrate formation, it is replacedabyiolecule sublimated from the polar caps,
390 due to the short dynamical time scale of the atmesp(a few weeks). In terms of reservoirs,
391 the required quantities of.B@ (and CQ) for all S released by volcanism during the Noaohi
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to be stored in clathrates is discussed later igy gbction. HS either is converted into SO
within the atmosphere in a typical time of a coupleveeks (Wong and Atreya, 2003), or is

trapped directly in clathrates.

In the 0.5-2 bar g2 range, the S@evel in the atmosphere following a volcanic eroiptcan
reach typically 10 ppm or so, the excess beingpedpn the cryosphere. According to the
estimate of the characteristic growth time of alckte particle in the atmosphere made in
Section 3 (a few hours to days for a 100 um sizeighas), trapping occurs rapidly,
simultaneously with the radiative cooling of thenasphere due to sulfate particle formation,
which occurs within a few months after SOutgassing. After large volcanic events, the
surface temperature is therefore stabilized atGfe-SO, clathrate equilibrium temperature
(=220 K, see Fig. 2) within a few months. Some e 6Q trapped in the cryosphere at
previous times whengp>>~2 bar (if it ever occurred) may similarly be w@ded to the
atmosphere. Also, the release of a few thousantt &ilbmeters of lava may have happened
frequently during Tharsis formation (Johnson et2008, and references therein). During this
period, the atmosphere could have been rich in&@M@ sulfate particles (often at equilibrium

condition described in Fig.5) and the &@@h cryosphere could have lost part of its,SO

For a CQ pressure below 0.5 bar, there is no more formaifo80,-SO; clathrates for S©
mixing ratio < 200 ppm and all the released suBuwonverted to sulfates. A 200 ppm level of
SG;, in the atmosphere corresponds to the most impoetarption supposed to have taken

place on Mars, with a lava volume of 50 000°KWilson and Head, 2002).

The potential consequences of £80, clathrate formation on early Mars climate are
multiple. Let assume that the €@ressure has been buffered at 2 bar during mo#teof

Noachian. Whereas, during the time whegp~2 bar, there is no SGn the atmosphere and
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418 a progressive storing of $0n the cryosphere, the drop of the £@ressure below 2 bar
419 results in the appearance of S&hd sulfate aerosols in the atmosphere, due to dmsodic
420 volcanism and continuous release of ;S@eviously stored in the cryosphere, with the
421 subsequent acidification and formation of sulfat@erals at the surface. The cryosphere is
422 progressively depleted in SO At this time, if a significant level of the S@ixing ratio is
423 maintained in the atmosphere, including duringgbeods between volcanic eruptions due to
424  the continuous S£xelease from the S@ich cryosphere, the surface temperature is stebll
425 close to the C@clathrate equilibrium temperature of ~220 K (28D X in the poz range
426 from 1-2 bar). Interestingly, the time when the gQ@essure dropped below 2 bar, resulting in
427 sulfate precipitation at the surface, subsequeidif@mation of the surface and formation of
428 sulfate minerals, could coincide with the age dfate minerals observed by OMEGA/ Mars
429 Express (Bibring et al., 2006). If so, the §Wessure had to be of the order of 2 bar at tiee la
430 Noachian/ Hesperian transition.

431

432 The chronology of clays, sulfates and ferric oxidesposed by Bibring et al. (2006) is shown
433 in Figure 6. We have scaled the £&¥olution profile calculated by Chassefiere anblaec  Fig. 6
434 (2011a) by multiplying po2 by 2.5, in such a way to fit a pressure of ~2diahe end of the
435 Noachian, just before sulfate minerals observe®MEGA were emplaced. The estimated
436 time profile of the crust production rate is aldmwn (Greeley and Schneid, 1991). The
437 vertical grey band corresponds to the time intewhén volcanic activity was significant
438 according to Greeley and Schneid estimates. II00g pressure dropped below 2 bar at the
439 end of the Noachian, the high volcanic activityidgrthe first half of the Hesperian, when
440 observed sulfate minerals formed, together withréhease of Strapped in the cryosphere
441  during Noachian volcanic events, should have redudit the precipitation of large amounts of
442 sulfate aerosols, with subsequent acidificatiothefsurface and formation of sulfate minerals.

443 The transformation of the volatile Sfbom accessible near-surface clathrate reservioired
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in the Noachian 2-bar regime, to sulfate sedimesénvoir is not reversible since there is no
efficient sediment recycling on Mars due to plaetdnics. However, Martian impacts may
have contributed to recycling. The drop down offate pressure has permitted the
destabilization mechanism to be more and more ieffic The onset of sulfate mineral

formation would have been triggered by the drofC®, pressure below 2 bar. The end of
sulfate mineral formation would be due to the shdeprease of volcanic activity at the end of

the Hesperian, and the total transformation from €30 clathrate to sediment.

The origin of a possible C(pressure drop at the end of the Noachian is undi&m-thermal
escape is not expected to have removed more th&n midar during the last 4 Gyr
(Chassefiere and Leblanc, 2011a). The sink for, @Onecessarily within the crust and
formation of carbonates in subsurface hydrotheraygtems may seem a good candidate
(Griffith and Shock, 1995; Chassefiére and Lebl&@d,1a). The reason for a stage of intense
hydrothermalism at the early Hesperian could beottwirrence of a global scale episode of
fissural volcanism between 3.8 and 3.6 Ga (Ody.e2@12). The olivine-rich magma could
have reached the surface through fractures anédsmathe basement rock caused by impacts
during the late heavy bombardment (Ody et al., 208dch a context, with a highly fractured
upper crust filled with both magma and liquid wdatem the melting cryosphere, may have
favored the circulation of Cg&rich hot waters in the subsurface and the depositf
carbonates in crustal cold water pools (ChassefiateLeblanc, 2011a). This episode could
also be responsible for the trapping of large antwmohwater in the crust by serpentinization
(Chassefiére and Leblanc, 2011b). Because in tine sime, according to the massive sulfur
precipitation scenario, the cryosphere would hast most of its S¢) less and less acidic
conditions would have prevailed in the subsurfagdrésphere, making more and more
efficient the precipitation of carbonates. Thespdigeses remain to be confirmed by further

studies.
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Assuming (i) 2< 10**to 5X 10" g as the total sulfur degassed in the Noachiath®yl harsis
province (Gaillard et al. 2009), (i) an equilibmu flux of S outgassing and sulfate
precipitation in the range from>210° to 2X 10" molecule crifs® for an atmospheric SO

mixing ratio in the range from 1 to 200 ppm (T1@)g can estimate that the complete S
content from the clathrate reservoir is released iime range from 40 to 1000 Myrs. The
cryosphere in the Noachian 2-bar regime has taulte gich in SQ. Assuming for example a
SO)/CQO; ratio in the clathrate of 20%, the required wa&é&il thickness is in the range from
250 to 630 m, for a CQglobal equivalent pressure in the range from 3.8bar. A twice
lower ratio of 10% results in twice highep® and CQ inventories (500-1300 m/ 6-15 bar).
A twice larger ratio of 40% results in twice lowdsO and CQ inventories (125-315 m/ 1.5-
3.7 bar). These orders of magnitude estimates easonable for the global inventory of
Martian volatiles, as described in Section 1, inmgya SQ/CO; ratio in the clathrates of
several tens percents. If the sulfate is depositddrm of anhydrite (Gaillard et al. 2009) at

136 g.mot", it will precipitate in a 20 to 50 m global layer.

Two majors geomorphological units are compatiblénweur scenario:

1) The presence of a thick Mars-wide sedimentaryn&ion of sulfate, including in very
uncommon places at high topography, such the ortérmyer Deposit (ILD) at the top of
Valles Marineris. Eolian deposition was proposedmir geomorphological arguments
(Michalski et al., 2011). For ILD in Valles Maringy the formation as thick as 5 km (Nedell
et al., 1987) must be done in 400 Myrs, after dutadnic opening at 3.9 Ga and the formation
of the floor 3.5 Ga (Quantin et al., 2004). In @genario, 20 m to 50 m GEL sulfur particle
could have precipitated directly from atmospherd@nto 1000 Myrs, in agreement with the

observation. The sedimentary formation of sulfaenss to be at very large scale (Bibring et
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496 al., 2006) since it has been detected in diffemates on Mars such as Valles Marineris
497 (Bibring et al., 2007, Le Deit et al, 2008), Meadi Planum (Squyres et al., 2004), Aram
498 Chaos (Massé et al., 2008) and Syrtis Major (Ehhretral., 2012).

499

500 2) The chaotic terrains, at equatorial region, ddwdve been formed by disruption of the CO
501 clathrate in the past at the late Hesperian/Amazoperiod. This interpretation is compatible
502 with our scenario since the formation of clathnaest have been global during the Noachian,
503 it should also affect equatorial region. The reawnsuch a disruption has been debated,
504 including climatic change (Clifford and Parker, 2p0internal heat flux (Clifford and Parker,
505 2001), fracture propagation (Rodriguez et al., 20@#&d seismic activity (Nummedal and
506 Prior, 1981; Tanaka, 1999). We propose here tretisruption may be due to the pressure
507 decrease below 2 bar. In our scenario, a GEL 0f-80 clathrate ranging from 290 m to
508 720 m depth has been destabilized. Scaling thisnwvelto the province of the chaos (1/10
509 surface of Mars)is compatible with the typical hidpss in chaos ~3000 m. A schematic
510 representation of the evolution of early Mars’ unthe effect of C@ SO, clathrate formation

511 and destabilization is shown in Figure 7. Fig.7
512

513 As previously stated, the surface temperature @0~ proposed to have prevailed during
514 the Noachian is a global average value due to sigeafi a 1-D model. In the real Martian
515 surface, there are places where the temperatunglher than 230 K, and clathrates don't
516 form, for instance near the equator at low obligulthey form only in the locations where the
517 temperature reach 230 K, for instance at the polevaobliquity. Due to the large variations
518 of the obliquity of Mars on typical time periods b#-10° yr (Laskar et al., 2002; Levrard et
519 al., 2004), the colder regions of the planet redyilaecome warmer, and vice versa. We don’t
520 know if variations of orbital parameters similar ttitose calculated for the last ten million

521 years occurred on early Mars. This is still unknpwspecially under the scenario of giant
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planet migration (Gomes et al., 2005; Morbidelliadt 2007). Some chaotic variations of
obliquity may have occurred at the Noachian (befgi@nt planet migration) in specific
dynamical conditions, but in other conditions obitg may have remained stable (Brasser
and Walsh, 2011). Making the hypothesis that edtrs obliquity changed in a similar
fashion as it does today, a coming and going ofdggosits, including C£S0; clathrates,
between high latitude (at low obliquity) and lowitiade (at high obliquity) regions through
alternate sequences of sublimation and condensationld have occurred. On the recent
Mars (last 10 Myr), the typical time scale for icegration during a transition of the mean
obliquity, like that which occurred 4 Myr ago, i4 Myr (Levrard et al., 2007). On ancient
Mars, where water was more abundant and the @&ssure higher, this time should have
been larger. Assuming that the residence time of i8Qhe atmosphere with respect to
clathrate formation on the cold trap is 1 yr (selty), and that the equivalent of 1 bar of,SO
is transferred in 1 Myr, the average S@ixing ratio in a 2-bar atmosphere during an
obliquity transition is 0.5 ppm. For an ice migoatitime of 10 Myr, and an amount of
transferred S@of 0.2 bar, the average $@ixing ratio during obliquity transition is 0
ppm. These values are small, with no expected tefieclimate. An important question is to
know if, during its transfer through the atmosph&€ is preserved from forming aerosols
and being removed from the atmosphere-cryosphetersy The residence time of 5@ the
atmosphere, before being removed by aerosol dépusis 16-10° yr (Johnson et al., 2009,
T10). The global mixing time of Mars atmosphere=s5 yr (Krasnopolsky, 2005), of the
same order as the Earth troposphere mixing tirteyf). The lifetime of a S@molecule with
respect to trapping in clathrates is therefore 2 twders of magnitude smaller than the time
of SO, removal by aerosol deposition. @ therefore expected to survive ice migrations,

making possible the preservation of a,8i0h cryosphere during the whole Noachian.
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It must be emphasized that the threshold pressalue of 2 bar is obtained by using the 1-D
model. The mean annual surface temperature ismfgrm, decreasing from the equator to
the poles. On Mars today, regions above 45° lagitudboth hemispheres have an annual
surface temperature lower by more than 10 K thanglbbal average temperature (see e.g.
Mellon et al., 2003). As shown on Figure 2, thefald#nce between the mean global
temperature and the GQlathrate formation temperature is smaller thd0 K in the range
0.5-2 bar. By analogy with present Mars, it resthiat even with a COpressure of only 0.5
bar, regions above 45° latitude could have beeovb#be clathrate formation temperature in
annual average. If so, it may be thought that thd tap formed by middle and high latitude
regions may have been efficient enough to remov&t wicthe SQreleased to the atmosphere
(including in equatorial regions) by volcanism. Maccurate 2-D or 3-D models are required
to precisely define the value of the pressure tulels which could be smaller than 2 bar and
even possibly 1 bar. Such a lower threshold valaelavbe in better agreement with a strong
carbon hydrodynamic escape ruling out a dense Madtmosphere until the late Noachian
(Tian et al., 2009), and the recent estimate obarlobtained from the constraint provided by
the “°Ar/*°Ar ratios of trapped gases within Martian meteoAieH 84001 (Cassata et al.,

2012).

5. Influence of the presence of SOon the trapping of argon, krypton and

xenon in clathrates

Mousis et al. (2012) found recently that it was giole to account for the two orders of
magnitude drop existing between the measured atmeospabundances of non-radiogenic
argon, krypton and xenon in Earth versus Mars Psg@n, 1991) by invoking the trapping of
these noble gases in clathrate deposits incormbiate the current Martian cryosphere. In

their scenario, these authors estimated that ma$sesion, krypton and argon equivalent to
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those found on Earth could be incorporated intthcddes if one assumes the simultaneous
trapping of at least 2.3 bar of GO'his value is quite close to the maximum value dfar
imposed by the COclathrate saturation law, as previously explainadd is therefore
compatible with constraints derived from the présaork. Mousis et al. (2012) also
considered the presence of atmospherig &@Othe clathrate composition. In order to quantify
the influence of this species on the noble gagtrapin CQ-dominated clathrate, they used
approximate combination rules allowing them to ies® a set of interaction potential
parameters for S&£H,0 interactions. They then deduced that this specassa poor clathrate
former in the presence of a @@ominated gas and concluded that it has zerodnfla on the

trapping efficiencies of other minor species, idohg noble gases.

The set of potential parameters determined fop-B£D interactions in the present work
supersedes the exploratory one used by Mousis. @12) and suggests that the mole
fraction of SQ can be strongly enriched in GQominated clathrate compared to that existing
in the gas phase. This implies that the questioth@finfluence of this species on the noble
gas trapping in C@dominated clathrate remains open. Here we use lgase composition
similar to the one defined by Mousis et al. (2012)which the mole fraction of SOs varied
between 18, 1 and 16 ppm, in order to investigate the influence of,SM@ the trapping of
other minor species. Abundances of C®,, O,, CO, Ar, Kr and Xe derive from Moroz
(1998). In each of the three cases, the abundahmc€Qp is adjusted to allow the

normalization to 1 of the sum of the mole fractions

A set of SG-H,O interaction parameters, which is representativthe range of solutions
determined in Section 2 and Appendix A, has betetss 6 = 0.75 A, &K = 258.91 K and
o= 2.7 R). These parameters correspond to a me@cherent factor of 100 of the S@nole

fraction in clathrate compared to the atmosphene @t a surface pressure of 1 bar,
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599 irrespective of the considered S&bundance (1Y) 1 and 16 ppm). Figure 8 represents the-ig- 8
600 clathrate composition computed in the three casetheo SQ abundance for atmospheric
601 pressures up to 3 bar, allowing us to encompasthallplausible values discussed in the
602 literature. At each pressure considered, the teatyer used in our computations is the
603 equilibrium temperature of GQlominated clathrate. The figure shows that theenfigictions
604 of minor species are not altered when consideridg &mospheric abundances ranging from
605 10°to 1 ppm. At a S@atmospheric abundance of*3pm, the trapping efficiencies of Ar
606 and Kr are decreased by a factor of 10 and th&eas almost unchanged.

607

608 Our calculations imply that the conclusions of Meust al. (2012) remain valid if one
609 assumes that the S@tmospheric abundance ranges betweéhat® 1 ppm. However, for
610 higher mixing ratios such as those estimated in Nloachian (see Sec. 4), the efficient
611 clathration of SQimplies the trapping of up to several dozens afdfaatmospheric Coif

612 one wants to account for the losses or Ar and lar thieir clathration in the cryosphere.
613 Because these values are implausible, it seemshthaicenario proposing that the noble gas
614 deficiency of the Martian atmosphere is due tortledficient sequestration in clathrates

615 present in the cryosphere is not consistent wighotie proposed here for 5O

616

617 6. Discussion

618

619 We suggested in the present study that the formaticCQ-SO; clathrates at Noachian and
620 Hesperian times could have played an importantirot®ntrolling and stabilizing the level of
621 volcanic sulfur in the atmosphere, as well as évell of atmospheric CQor earliest times. If
622 the CQ pressure exceeded a threshold g2 bar (possibly less : 0.5-1 bar, which remains
623 to be confirmed from more sophisticated 3D modeéis) to an efficient Noachian volcanism,

624 the CQ in excess of plassumed to be ~2 bar for the discussion) coule heen stored in
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the cryosphere under the form of £@athrates. Indeed, due to the increasing albédbeo
atmosphere through Rayleigh scattering for increp§lQ pressure above 1 bar, the surface
temperature induced by a p>~2 @O, atmosphere is smaller than the equilibrium
temperature of clathrates, resulting in a satunatioCQ; and its condensation under the form
of clathrates. Such a clathrate buffer would haaentained the C®pressure close to ~2 bar,
and the surface temperature close to 230 K, regulti a cold Mars at the Noachian. The
cryosphere would have trapped all the sulfur relddsy volcanism under the form of sulfur-

rich (enriched by a factor ~100-500 with respedh®gas phase) GO, clathrates.

Because the thermal conductivity of clathratesows, Ismaller than that of water ice on the
order of 5 to 6 times (Mellon, 1996), the formatiohclathrate deposits should result in a
higher thermal gradient, with an accumulation cdth@eneath the clathrate layer. It has been
suggested that, on present Mars, no more thanlalgémuivalent atmospheric pressure of
112 mbar of CQ in a 4-km thick polar deposit, may be containedhe polar caps. For a
larger amount of deposited GQhe warming at the base of the clathrate laysulte in the
liuefaction of CQ, essentially precluding the stability of the systeOn early Mars, the
deposition of large amounts of @Clathrates, assuming an atmospheric content ldinger2
bar, could have led to this kind of instability. tBliclathrates were deposited on an extended
fraction of the surface, much larger than the presaps, the maximum admissible value of
the global equivalent atmospheric pressure of €&pped in clathrates could be much larger
than 112 mbar. This phenomenon should have to kentinto account in any detailed

modeling of massive clathrate deposition in the &den cryosphere.

For a surface pressure smaller than 2 bar and ggsigely decreasing, atmospheric sulfur is
no longer trapped in clathrates, and an increasajion of the atmospheric $SQup to 10

ppm at po=1.5 bar, and 30 ppm ag@=1 bar, can remain in the atmosphere. If the amount

25



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

of atmospheric SPexceeds these thresholds, the cooling effectlédtsuaerosols results in a
decrease of surface temperature below the clathegtalibrium temperature and the
condensation of the SOn excess in CASO, clathrates. During this period, significant
amount of S@ (and HS rapidly converted in SOby atmospheric photochemistry) was
converted into sulfate aerosols, which furtherlegttiown to the surface and possibly led to
the formation of sulfate minerals. This sulfur ntegve been released, not only by volcanoes
but also (and more continuously) by the ,8@©h cryosphere formed whencg>~2 bar.
Through this mechanism, the cryosphere may havetdhis stage some of the volcanic,SO
stored at earlier times, released back to the gihess. In this time range (2 to 1 bajop
range), the surface temperature has been buffévethg and after episodes of sulfur release,
at a temperature from 230 Kgg=2 bar) to 210 K (po=1 bar). For po<1 bar, all the

released S@remains in the atmosphere, with no more trappingathrates.

We proposed the hypothesis that the formation Basuminerals, which have been observed
from orbit and are formed during the Hesperian (Bilp et al., 2006), could have been
triggered by a fall of early Mars atmosphere presdwelow 2 bar and that this change
occurred close to the late Noachian/Hesperian itrans This hypothesis requires that the
total amount of CQin both the atmosphere and the cryosphere dun@dNbachian has been
greater than the content of a 2 bar atmosphererasu#t of substantial volcanic outgassing
and/or rapid carbonate formation, which might hiagen efficient enough to keep some,CO
on early Mars despite rapid carbon escape. Thistcint could be alleviated if further 3D-
modeling shows that a pressure threshold value5efl bar is sufficient to keep most of the
released S@trapped under clathrate form in the Noachian giese. According to our
hypothesis, Mars’ cryosphere would have stored wide form of CQ-SO, clathrates a
significant amount of the sulfur outgassed durimgwhole Noachian (from the magma ocean

crystallization to the 2-bar transition). At tharsition between Noachian and Hesperian, this
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677 reservoir would have been released back into time@spthere through clathrate disruption that
678 may be at the origin of the chaotic terrains. Tisaifur has precipitated in the form of
679 aerosols, creating a large-scale sulfate deposigreement with several in-situ and orbital
680 observations. Today, the sulfate layer is not preseerywhere but observed in some places
681 such Valles Marineris (Bibring et al., 2007, Le Det al, 2008), Meridiani Planum (Squyres
682 et al., 2004), Aram Chaos (Massé et al., 2008)&yrtds Major (Ehimann et al., 2012). First,
683 the net aerosols precipitation flux in the ancidairs should be controlled by local winds and
684 topography in an analogous manner than snow ptatign (Forget et al., 2006). Second, the
685 erosion may have removed significant part of theainlayer, especially because sulfate is
686 highly transportable in soluble phase, such kigseri

687

688 According to our scenario, the formation of carldesashould have been inhibited (at least in
689 the superficial cryosphere) during most of the Nac, although probably not at earliest
690 times when the cryosphere was still e, due to the acidification of water resultingm

691 the local melting of the S@ich cryosphere. Such fluid can precipitate selfahase locally
692 in the subsurface but the cryosphere may be-r#0 enough (it can potentially store the
693 complete S@ degassed from volcanism, see Sec. 4) implyingkelyli conditions for
694 carbonates precipitation. As previously mentiorteshay be thought that during the massive
695 release of Sto the atmosphere after the end of the 2-bar sahgjee Noachian-Hesperian
696 transition, and the subsequent sequestration @drsul sediments, a less acidic cryosphere
697 allowed the formation of carbonates, relativelyml@ethe subsurface due to cold and acidic
698 surface conditions. Because the trapping of, @Ocarbonates results in a decrease of the
699 atmospheric pressure, and therefore a release eft&@he atmosphere and its further
700 sequestration in sediments, a positive feedbaclkddwave occurred. The removal of €@

701 carbonates would have allowed S@ be released and trapped in sulfate sediments,

702 decreasing the acidity of the cryosphere and aligwnore carbonates to be formed. Such a
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runaway process could be one of the reasons foshlep decrease of atmospheric,CO
during the Hesperian, simultaneously with the fdrama of large sediment deposits, but

remains a hypothesis to be further explored.

According to our scenario in the pre-Noachian awmddian periods, the massive presence of
sulfur in the cryosphere/atmosphere has kept losbajl temperature (near 230 K), in
agreement with the results of clay minerals obgema (Ehlmann et al., 2011). Under such
conditions, clays may have been formed by altematb the crust in the locally warmer
region, where no SECO, clathrate can condense (equator during low olijjuThe low
atmospheric S@gas content may lead to acidic pH preventing aqaate from precipitating
but permitting clay formation near the surface. ®detailed modeling are required to discuss

these implications.

Interestingly, the massive presence of sulfur i pne-Noachian and Noachian cryosphere
could have favored the occurrence of warm episodadh, liquid water at the surface and a
global hydrological cycle. Such a warm episodesenies of warm episodes, with a typical
duration of 16-10" years, could have allowed the formation of vategworks observed in
the southern hemisphere (Hoke et al.,, 2011), amthdd close to the late Noachian/
Hesperian transition. Similar episodes seem tcebaired at the middle Noachian to explain
the high degree of degradation of ancient cratBksMangold, personal communication,
2012). It has been suggested that, 3@ addition to C@ could have played a major role in
maintaining water in a liquid state at the surfatélars for significant periods of time, with
an ocean and a global hydrological cycle, andshah an episode could have been controlled
by a well-developed S{xycle (Halevy et al., 2007). The major objectionour scenario is
that, starting from a cold state, any release of 80the atmosphere is followed by the

formation of sulfate aerosols and a subsequentirapalf the atmosphere (T10). But any

28



729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

147

748

749

750

751

752

753

754

catastrophic event such as a giant asteroid impaet massive volcanic SQelease or a
large-scale destabilization of methane clathraimfa highly magmatically active subsurface,
might have been able to melt the superficial crixesp and release huge amounts of &@
H,O (and possibly C¢) into the atmosphere. Provided such a catastrapleat was able to
trigger a global hydrological cycle, even for aghone of a few years or hundred years, the
SO, (and CQ) released at the same time from the melting cityesp could have taken the
relay and driven a somewhat longer period of wamnch\aet Mars, according to Halevy et al.
scenario. Episodes of huge methane release frahrafes present on oceanic floors occurred
during the history of Earth. At the Paleocene-Eecémansition, 55.5 Myr ago, massive
dissociation of oceanic methane hydrate led to remivey of 5-6 °C during ~1000 yr (see e.g.
Higgins and Schrag, 2006). The injection of JJrto early Mars atmosphere with a mixing
ratio of a few percents, that is partial pressdra f'@w tens millibar, may have possibly raised
the surface temperature above 0°C (Kasting, 198}, further calculations by Tian
(unpublished) don’t confirm that GHeven at several percent level, is able to brumgse
temperature close to the freezing point of waterdéistanding if massive methane injections
in the atmosphere of Mars, and/or giant impactselieeen able to initiate a $0Gycle-driven
episode of warm and wet Mars (Halevy et al., 200/@aking the background cold Noachian

climate, is of prime interest to progress in oudenstanding of early Mars climate.

Whatever the precise triggering mechanisms of qadsible warm episodes favored by the
release of massive amounts of ,8@gether with C@to the atmosphere may have been, our
hypothesis may potentially explain the occurrenteutflow channels, valley networks and
the degradation of impact craters. In Sec. 4, vggested that the destabilization of clathrates
when o2 dropped below 2 bar could be at the origin of ticaerrains, and it may therefore
as well explain the formation of outflow channgispvided sufficient amounts of water were

present in the subsurface. Valley networks, forraedhe late Noachian and which ended
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755 relatively sharply at the beginning of the Hesperigasset and Head, 2011), could be the
756 result of warm episodes occurring when the,@@essure was still close to 2 bar, and the
757 temperature relatively “high” (230 K). Such epissd®uld explain the formation of some
758 sulfate deposits during the Noachian. The postdladrop in pressure at the
759 Noachian/Hesperian transition resulted in a gerealing of the planet from 230 K to 220 K
760 (for pco=1 bar), then 210 K (ford»=0.5 bar) (see Fig. 2). Provided this drop was shar
761 enough, the cooling of the planet %0 K during the Hesperian could have rapidly inteiti
762 warm episodes possibly at the origin of valley reks. A recent study shows that the
763 degradation of impact craters experienced a shangition at 3.7 Ga (Mangold et al., 2012).
764 This transition between a period of substantiakieno due to a significant global fluvial
765 activity (late Noachian) and a period of more regioand sporadic warming episodes
766 (Hesperian) may be the result of the suggested urgessure, resulting in both a general
767 cooling of the planet and episodes of massive-SO; release. The necessarily sporadic
768 nature of clathrate destabilization during the Hesm could be at the origin of the
769 degradation of Hesperian craters, showing no malahiip between age and degradation state
770 (Mangold et al., 2012). In order to confirm thesews, it will be necessary to build reliable
771 scenarios of such warming episodes, possibly tregh®y specific events (impacts, massive
772 methane release, obliquity variations...) and favdsgdmassive Sérelease together with
773 CO.. If these events are intense enough, liquid wptecipitation (rain) may incorporate
774 atmospheric SPso that the S@aerosol deposition time could be shorter than in and
775 model (SQ aerosols precipitation), implying a reduced coolieffect of aerosols, not
776 sufficient to counteract the warming effect of SDd other greenhouse gases. These extreme
777 events provide also Sprecipitation before the Noachian-Hesperian boundiaat could
778 explain observed geological units. Also, clays rhaye been formed during such favorable
779 climatic excursions (see e.g. Fan et al., 2008 rcdiie et al., 2009 ; Wray et al., 2011).
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Our results are based on extrapolations to low &atpres of the results obtained in Earth’s
laboratory conditions. In order to progress in onderstanding of the role of the sulfur cycle
in the early evolution of Mars, experimental measugnts devoted to the measurements of
CO,-S0; clathrates thermodynamical and kinetic propertieMartian conditions would be
necessary. Future space missions to Mars couldoalsg new results. Search for S@lumes
associated with outgassing from surviving buriegbspheric S@ clathrate-rich reservoirs by
the Exomars TGO mission in 2016, and mapping of §0detected), could help in
characterizing a possible residual activity of gulh the Martian crust. S{has never been
detected in the Martian atmosphere, with a measwigger limit at 2o of 1 ppb
(Krasnopolsy, 2005). Nevertheless, if some, 8@s been trapped at depth in long life time
clathrate layers, an episodic release due to tectorsubsurface thermal events triggering the
destabilization of clathrates cannot be ruled @bt dielectric constants of clathrates are too
close to that of water ice to allow to them to lasiky distinguished at radar wavelengths
(Mousis et al., 2012), which makes subsurface éghlayers hardly detectable from orbit.
Buried reservoirs of SOand HS clathrate-hydrates could be searched for thralrgling
from future landers on Mars. If some sulfur clatbraleposits survived close to some
volcanoes, a concentric structure might be obsemiazle.g. around the Hakon Mosby mud
volcano in Marmara Sea where concentric layers af gydrates are observed, with a
maximum concentration of clathrates in the sedinoérii0-20% at about five hundred meters
of the volcano (Fig. 11.17 in Bourry, 2008). In andar way, although in quite different
conditions (subaerial volcanism, larger space ameé scales), concentric deposits of £0
SO-H,S clathrates could have been formed on Mars areotwhnoes, with concentrations
and composition expected to depend on the distianttee outgassing plume. The possibility
for such deposits to have survived a long timefisanrse highly speculative, and we don't

know at which depth they could have been preserved.
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1039 Appendix A

1040

1041 A.1 Description of the statistical-thermodynamic madel

1042

1043 Three main clathrate hydrate structures have baemiified: Sl, SIl and SH. They differ by

1044 their crystallographic structure in which wateoigianized in a three dimensional network. It

1045 liberates internal cavities of different polyhedsges called B, 5'%°, 5'%*, 4°5°6° and 5°6°

1046 (€' describes a polyhedroais the number of edges of the face, &iglthe number of faces

1047 with e edge). In Table Al are described more precisedyShand Sll structures, the majorTable Al

1048 ones to be formed due to the composition of Margases.
1049

1050 In the case of clathrate hydrates in thermodynaagjigilibrium, below the water freezing
1051 point, the equality of chemical potentials of waiteithe ice phase and in the hydrate phase
1052 can be written, by introducing a hypothetical refere state (phag® corresponding to a
1053 hydrate with empty cavities:

1054  Aulf =Aul” (1)

1055 where Au!'-# ancAu.” are the differences of the chemicatrgiatis between water in

1056 hydrate (H) or ice (I) and water in the referenbage ), respectively.
1057

1058 Modeling of Au!'~*
1059 Aul-* is then determined from statistical thermodynamiterea:Au_ “ is determined by

1060 means of relations from classical thermodynamies tlan be expressed as a function of the

1061 fugacityf; of the gag as:

1062  Auy " =RTY v, |n[1—25}} =RTY v, ln|’I X ;‘_('r.ml (2)
i i [ \ \ /
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1063 wherev; is the number of cavities of typeC} is the Langmuir constant of compongrim

1064 the cavityi describing the interaction potential between theaged guest molecule and the
1065 surrounding water molecules, evaluated by assurairgpherically symmetrical cage and

1066 associated potential:

. A, w(r)\ ,

1067 C) =—[exp|- ridr, 3
e ( kT) @)

1068

1069 where w is the radial interaction potential between theegjumolecule and the water

1070 molecules forming the structure. The interactiotepbal, when described by a Kihara model

1071 (Mckoy and Sinagoglu, 1963), can be expressed as:

1072 w(r)=2ze [f:r(@m+%511)_%(54+%55)] @
1073 &" =%[(l—r/ﬁ—a/§)_lv—(1+r/§—a/ﬁ)_N] (5)

1074 The gas parameters o anda are the Kihara parameters describing the potewgaseek for
1075 and can be calculated from experimental data bpdithe model equations to corresponding

1076 hydrate equilibrium experimental data. The intaeoactpotential takes into account the

1077 geometrical properties of the cavities (coordimatrmmberz and average mean radirR
1078 givenin Table Al).

1079

1080 The equations that can be used to evalAy, ‘ , tiferadice in chemical potential
1081 between ice and the reference sfite 273.15 K and the pressuPg= 1 bar are summarized
1082 in chapter 5 and in particular in Table 5.9 of 8lead Koh (2008) and Table 4.3.1 of Herri et
1083 al (2011). The corresponding values of the referestate parameters used in the model are
Table A2
1084 given in Table A2.

1085
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1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

Equilibrium:

A simultaneous minimization of the three Kihara gmaeters (sigma, core radius and
epsilon/k) on the clathrate hydrate model facegh kevel of degeneracy, an issue amplified
by the paucity of available equilibrium data in ghéfur dioxide case. In a rather well defined
and measured system the degeneracy remains an(i¢sueet al.,, 2011). This is somehow
already reflected in the distinct Kihara parametdexduced in the literature. Kihara
parameters for pure substances can be evaluatediigasurement of the viscosity, or can be
calculated from the second virial coefficient, oyrh a combination of measurements (Tee et
al , 1996). Also, they can be evaluated from Hearaystants (Uno et al, 1975). The principle
is to retrieve the Kihara parameters over expertaietata with a limited number of pure
substances. The authors propose a correlatiortitnags the Kihara parameters for all kinds
of gases. The optimization strategy we adopt taicedhe degeneracy is to set one of the
parameters before to deduce the corresponding theroby minimization, as suggested in
e.g. Mehta andSloan (1996). They propose to fix kieara a value. Based on the
parameterization by Tee et al (1966) and Uno €1@I5) for SQ, the core radiua value is

estimated to lie close @=0.75 A, that we further set to explain the analysérformed.

Then, for a given set of Kihara parameters and nd,agiven temperature (resp. a given
pressure), the calculated equilibrium pressiRg,  sp(rethe calculated equilibrium

temperatureT_,. ) corresponds to the value sucAu! " = Aul” en The calculated

pressure and temperature are compared to the mquedal one,  and_ , and a deviation

exp exp ?

function can be defined as:
N
F(e,0))= Z

|

=1

P =T

exp exp

ﬁ_“ ~ min(resp.F(¢,,0,) :ZN:R—“—A‘ ~ min ) (6)

The summation is performed over dldata of the set.

44



1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127
1128

In the work of Herri and Chassefiére (2012), thbdfa parameters for GQ@lathrate hydrate
were retrieved with such a scheme, witk=178.21K,a=0.6805A andb=2.873A. By using

the same method, the present work aims at retgawie Kihara parameters for $0ydrate.

A.2 Retrieving the SQ Kihara parameters

We focus on the value @£0.75 A, but the minimization was performed ovdreader range

of a values. Then, thte ano can be optimized from eéxmatal results. Using the
Tamman and Krige (1925) data, the minimie:d o d luesadependencies are shown in

Fig. Al, following a valley of minima all satisfygnthe available experimental data. Usingrig. A1
another core radius value would give rise to anoslagisfying correlation. With the limited

data available, covering only the range of tempeeatfrom 261.15 K to 271.15 K,
corresponding pressure and temperature, Sfathrate hydrate equilibria at lower
temperatures are shown in Fig. A2 (in this casectire radius was explored over a largefFig. A2
range). Nevertheless, taking into account the ssjpa uncertainties, significant constraints

can be set in the Martian context as shown in &xt section.
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1129 Captions for tables :
1130

1131 Table Al: Structure of SI and Sl gas Hydrates
1132

1133 Table A2: Reference state parameters
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Captions for figures :

Figure 1: Evolution of the cumulated amount of awiically released sulfur in terms of SO
pressure (left vertical scale) and thickness of dbeesponding sulfate mineral GEL (right
vertical scale), assuming full conversion of suliato sulfate minerals. The “C&G” curve
(dotted-dashed line) is obtained by multiplying 1y the curve proposed in CG09 from a
photogeological analysis of surface morphology &8 and Schneid, 1991). The two other
curves are derived from G@volution curves proposed by Grott et al. (204%)explained in
the main text. These curves give the amount of &@ased from mantle carbon and don’t

include a possible contribution of superficial carlfe.g. carbonates) to the volcanicLCO

Figure 2: Mean surface temperature as a functiagheoCQ pressure for SOmixing ratios of
0, 1, 10 and 100 ppm show the cooling effect of &€rosols at g», = 3 bar and mixing
ratios of SQ of 1 ppm and 10 ppm. The equilibrium temperatwe€0O, clathrate hydrate,

and CQ ice, are plotted as a function of g@ressure (from Mousis et al., 2012).

Figure 3: Ratio of concentration in mixed SO0, clathrate hydrate with respect to gas phase
one as a function of temperature using the diffemstrained extrapolated $®&ihara
parameters. Initial S©Oconcentrations are 0.1 ppm (circles, blue cungas] 1000 ppm

(triangles, red curves), covering most of the etgubcange for Martian conditions.

Figure 4: Surface temperature as a function the 1I8Ring ratio for different values of the

CO; patrtial pressure : 3 bar, 1.5 bar, 1 bar, 0.5 Dlae. black triangles correspond to the,SO

mixing ratio for which the temperature is equattte CQ clathrate equilibrium temperature.
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Figure 5: Equilibrium S@ mixing ratio as a function of COpressure. The lava volumes
required to give rise to the corresponding,Sfxing ratio, calculated by using the same

conversion factor as in Johnson et al. (2008)iratfieated on the figure.

Figure 6: CQ evolution profile scaled on the Chassefiére anoldrec (2011a) profile to fit a

2 bar value at 3.8 Gyr b.p. (solid line). Blue eexgles with dotted lines and blue “average”
dotted curve represent the evolution of the crustlpction rate derived from photogeological
analysis (Greeley and Schneid, 1991). The chrgyotd clays, sulfates and ferric oxides
proposed by Bibring et al. (2006) is shown at thye fThe vertical grey band corresponds to
the time interval when volcanic activity was sigraint according to Greeley and Schneid

estimates.

Figure 7: Schematic representation of sulfur and, @3ervoir during the Noachian and
Hesperian period. The total volatile surface/atrhesp CQ reservoir is decreasing due to
thermal escape and possible formation of carbonatése subsurface, from an initial budget
~100 bar. After magma ocean crystallization,,G@0d water condense in form of clathrate
(15 bar of CQ at maximum can be stored in form of clathrate whesacting with the total
Martian water content of 1000 m GEL). After volcanelease of S, atmospheric S0
systematically enriched in the condensating claghrtaiggered either by climatic changes or
by global cooling due to aerosol formation. The @athrate acts as an atmospheric buffer
when the atmospheric pressure reaches 2 bar. #feercomplete consumption of GO
clathrate, the atmospheric pressure can drop b2lbar and massive release of,3f@m the
clathrate induces the condensation of aerosolgasapitation as a Mars-wide sulfate layer
(50 m represent the total $Qutgassed from Tharsis formation). This scenanoagents the
equilibrium state of surface/atmosphere but sigaift departure may have happened due to

large impacts.
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Figure 8: Mole fraction of volatiles encaged intblates calculated as a function of the
surface pressure of GOn the cases of, from top to bottom, S&mospheric abundances

equal to 13, 1 and 16 ppm.

Figure Al: Pearson's chi square test contour pldh® minimizece/k versus  for SO
Kihara parameters, with core radim$ixed at 0.75A. Contour levels are spaced in poveérs
3 of the best-regressed value. Pressure and tetapeeguilibrium data for SOhydrate are

taken from Tamman and Krige (1925)

Figure A2: Range of pressure and temperature entagal equilibrium for S@ clathrate
hydrate using our model (small dots, colored ran@é)e input Kihara parameters are
obtained in the 3D ¢/k ¢ @} parameter space regression on experimental datetiing
the core radius in tha(1[0.55,0.95] range, then regressing the degeneréiar& parameters
as shown in Fig. 3. Original data from Tamman amigé(1925) (large circle) are displayed

as well as water phase diagram limits.
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