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Sulfur-induced greenhouse warming on early Mars
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[1] Mineralogical, geological, geophysical, and isotopic data recently returned from Mars
suggest that the delivery of sulfur gases to the atmosphere may have played a significant
role in the planet’s early evolution. Using the Gusev Crater basalt composition and a
batch melting model, we obtain a high sulfur solubility, approximately 1400 ppm, in
Martian mantle melts. We proceed to explore different scenarios for the pulsed degassing
of sulfur volatiles associated with the emplacement of near-surface dikes during the late
Noachian or early Hesperian, when surface pressures are thought to be substantially
higher than present. We investigate background Martian atmospheres of 50 and 500 mbar
CO, with varying abundances of H,O and sulfur volatiles (H,S and SO, mixing ratios of

1072 to 10~°). Results suggest that these sulfur volatile influxes, alone, could have been
responsible for greenhouse warming up to 25 K above that caused by CO,. Including
additional water vapor feedback, this process could have raised the early surface
temperature above the freezing point for brines and possibly allowed transient liquid water
on the Martian surface. Each temperature rise was likely to have been short-lived, however,
due to brief residence times for sulfur volatiles in an optically thin atmosphere.
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1. Introduction

[2] The present geology of Mars points to the existence of
a thicker, warmer atmosphere in the past. Climate change is
best evidenced by the early age and distribution of dendritic
valley networks and interior channels within these valley
networks as well as geologic indicators of much higher
erosion rates in ancient Martian history, such as degraded
Noachian age craters [Fanale et al., 1992; Catling, 2008].
Some have postulated the existence of a large ocean in the
Northern Plains [Baker et al., 1991; Clifford and Parker,
2001]. Mars Orbiter Laser Altimeter data suggest that the
innermost of two proposed shorelines forms an approxi-
mately equipotential surface [Head et al., 1999], and Perron
et al. [2007] propose that coupled with the resistance of
Mars’ elastic crust, true polar wander over the past 2 to 3 Ga
can account for much of the shorelines’ topographic vari-
ation. The smoothness of the lowlands also may be
explained by fluvially transported sediments [Aharonson
et al., 1998]. Others suggest that more sporadic climate
variations led only to ephemeral rivers and lakes, or simply
near-surface groundwater with multiple recharge events
[Segura et al., 2002]. At the Opportunity landing site, the
sedimentary and mineralogical features associated with a
sulfate-rich stratigraphic section at least seven meters in
thickness suggest that water was present episodically for at
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least thousands of years [Knoll et al., 2005], with no less
than four distinct recharge episodes [McLennan et al.,
2005]. Orbital data indicate that this geological unit, asso-
ciated with aeolian and shallow water deposition, and likely
to be late Noachian or early Hesperian in age, extends over
several hundred thousand square kilometers and reaches up
to 800 m in thickness [Hynek et al., 2002; Arvidson et al.,
2003, 2005].

[3] An increasing body of evidence from recent Mars
exploration missions suggests that sulfur chemistry may
have played an important role on early Mars. Although the
Martian atmosphere contains virtually no sulfur species at
present (upper limit = 0.1 ppm), all soils observed by landed
missions have duricrust with enhanced sulfate abundances
of 3—-10% sulfate [Maguire, 1977; Settle, 1979; Owen,
1992; Squyres et al., 2004]. Sulfate abundances in outcrops
have been detected at even higher levels. Mg sulfates are
estimated to constitute up to the 30% of the Meridiani
Planum landing site outcrop [Winke et al., 2001; Feldman
et al., 2004], and the OMEGA hyperspectral imager aboard
Mars Express has identified kieserite, gypsum and polyhy-
drated sulfates on localized layered terrains that extend well
beyond these landing sites [Gendrin et al., 2005]. The
visible/infrared spectrometer aboard Mars Reconnaissance
Orbiter, Compact Reconnaissance Imaging Spectrometers
for Mars (CRISM), has targeted many of these hydrated
sulfate deposits for further analyses [Roach et al., 2007; F.
Poulet, manuscript in preparation, 2008]. Most sulfate-rich
deposits correspond to freshly exhumed surfaces that can be
dated to the Noachian and/or Hesperian epochs. The layered
deposits where OMEGA sees evidence for hydrated sulfates
occupy a few percent of the equatorial to midlatitude
regions; these deposits are on the order of a few hundred
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meters thick, containing roughly 20 to 30 percent sulfate (R.
E. Arvidson, personal communication, 2006).

[4] The SNC meteorites (shergottites, nakhilites and
chassignites: basaltic, achondritic meteorites believed to
have originated from Mars) contain sulfur, and isotopic
sulfur data from the meteorites reflect deposition of sulfur
species produced by atmospheric chemical reactions
[Farquhar et al., 2000]. Sulfur isotope measurements of
oxidized and reduced sulfur reveal mass-independent
fractionation, indicating that dynamic atmospheric chemistry
has strongly contributed to the history of the Martian sulfur
cycle and suggesting an important role for sulfur volatiles
and sulfate aerosols in Martian history [Farquhar et al.,
2000].

[5] Sulfur volatiles, in the form of SO, and H,S, act as
powerful greenhouse gases and may have been important
atmospheric components during periods of enhanced vol-
canic activity on Mars [Postawko and Kuhn, 1986; Settle,
1979]. Sulfur volatiles have also been suggested as serving
a useful secondary role in warming early Mars; the presence
of small amounts of SO, in the middle atmosphere may
have kept temperatures warm enough to prevent CO,
condensation, allowing for both a thicker CO, atmosphere
and less reflectance of solar energy back to space [Yung et
al., 1997]. Without sulfur volatiles, many atmospheric
models have struggled with two related problems:
(1) creating the necessary warming for liquid water stability
with CO, alone and (2) explaining the lack of carbonate
deposition. Regarding the first problem, Kasting [1991]
found that a dense early CO, atmosphere could not warm
early Mars sufficiently to allow aqueous surface features
without additional, complementary greenhouse gases, and
Postawko and Kuhn [1986] found that even three bars of
CO, would not provide sufficient warming to reach melting
temperatures. Concerning the second problem, while car-
bonate platforms would be expected in abundance with a
CO,-rich atmosphere and an aqueous surface environment,
none have been detected on the surface of the planet. Orbital
Thermal Emission Spectrometer (TES) data constrain car-
bonate abundance in Martian dust to 1-2 wt % [Bandfield,
2002]. The discovery of the mineral jarosite, (Na, K)Fes3(S-
04),(OH), by Opportunity at Meridiani Planum indicates
the presence of ancient acidic conditions on Mars, which
could have prevented the deposition of carbonate, despite
the fact that expected weathering reactions with widespread
surface basalt layers would have served to buffer pH.
This conclusion requires a source for surface acidity over
Martian history.

[6] It has been proposed that outgassed sulfur species,
and the subsequent formation of sulfuric acid aerosols in the
atmosphere, may have been responsible for, among other
things, (1) producing ubiquitous sulfur-rich dust and glob-
ally dispersed sulfate platforms, (2) creating the low pH
levels of 2—4 that are suggested by the presence of jarosite,
preventing carbonate deposition, and (3) generating rela-
tively clement climatic conditions that allow for liquid water
and brines at the surface of Mars via potent but short-lived
greenhouse warming [see Settle, 1979; Postawko and Kuhn,
1986; Blaney, 1996; Halevy et al., 2007]. A Martian history
with significant sulfur outgassing may explain recent mis-
sion findings more comprehensively than theories in the
literature which invoke (1) an extremely thick (multiple bar)
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CO, atmosphere [Pollack et al., 1987; Gulick et al., 1997], a
CHy-rich atmosphere [Kasting, 1997], or an NH;-rich
atmosphere with shielding by an organic haze layer [Sagan
and Chyba, 1997] as the source of greenhouse warming; (2)
near global coverage of scattering CO, ice clouds [Forget
and Pierrehumbert, 1997; Mischna et al., 2000]; (3)
impacts as the source of heat for short-lived aquifer recharge
[Segura et al., 2002]; (4) weathering without the presence of
liquid water at the rock-atmosphere interface over hundreds
of millions of years as the source of surface evaporites
[Banin, 2005]; (5) mechanical mixing of subsurface salts,
brines and ices from large impact events as the source of the
Burns Formation material in Meridiani Planum [Burt et al.,
2005]; or (6) aqueous oxidation of volcanic iron sulfides
pyrite and pyrrhotite as the source of sulfate minerals
[Zolotov and Shock, 2005]. What follows is the first model
that has been created to account for both sulfur delivery to
the early atmosphere of Mars and its subsequent atmospher-
ic warming effects. We show in a feasibility demonstration
that sulfur volatiles may have been key to warming the early
Martian atmosphere.

2. Sulfur Solubility in Martian Mantle Melts
2.1. Batch Melting Model

[71 A batch melting model, in which decompression
melting of the mantle takes place with the solid residue
staying with the melt during most of its ascent, is used to
assess the sulfur solubility in Martian silicate melts in
equilibrium with metal sulfide. Regardless of ascent veloc-
ity and melt fraction volume, magma from mantle source
regions in this model will arrive at the base of the litho-
spheric lid undersaturated in sulfur. This is due to the unique
negative pressure dependence for sulfur solubility that
dominates the positive temperature dependence in systems
that contain FeO [Holzheid and Grove, 2002].

[8] At the base of the lithospheric lid, a final equilibration
will take place before the liquid melt is advected to the
planet’s surface. While significant cooling in passage
through the crust would affect the sulfur solubility limit
(SSL), here we assume that chemical and thermal halo effects
insulate the magma along cracks and in magma chambers.

[9] To calculate the SSL in liquid silicate conditions,
Mavrogenes and O’Neill [1999] used the equation

A P
In(SSL) =7+ B+ C(;) + Inagut, 1)
where aid% is the activity of FeS in metallic sulfide and

constants 4, B, and C are derived from a fit to experimental
data. The sulfur content in the silicate liquid is in ppm,
temperature, 7, in kelvin, and pressure, P, in bars. Holzheid
and Grove [2002] adapted the equation from Mavrogenes
and O’Neill [1999] by adding an additional parameter to
assess the further dependence of sulfur solubility on the
silicate liquid composition:

A P -
In(SSL) = THB+ C(?) + D nbo/t + Inaide  (2)

where nbo/z is the ratio of nonbridging oxygen anions to
tetrahedrally coordinated cations in the silicate; it is a
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measure of the degree of po}PImerization in the silicate melt
structure. The value of a;U“° is taken to be ~1 as metallic
sulfides are close to stoichiometric FeS in the experimental
data [Holzheid and Grove, 2002].

[t0] The empirically derived parameters (4, B, C, and D)
are found by means of a nonlinear least squares regression
of the sulfur solubility limits in liquid silicate from exper-
imental data as a function of 7 (over the range 1573 to 1873
K), P (over the range 9 to 27 kbar) and nbo/¢ (over the range
0.46 to 1.62). These values in equation (2) are found to be
—7714, 11.90, —0.038 and 0.368 for 4, B, C, and D, with
standard deviations of 2582, 1.65, 0.012 and 0.169, respec-
tively [Holzheid and Grove, 2002].

2.2. Calculating Sulfur Solubility

[11] Alpha Particle X-ray Spectrometer (APXS) data from
abraded, dark, vesicular basaltic rocks at the Spirit landing
site in Gusev Crater are consistent with primitive basalts,
with an average of 11 wt % MgO [McSween et al., 2006].
Furthermore, laboratory experiments performed by
Monders et al. [2007] on a basalt of a composition averaged
from the unaltered Gusev basalts document a three-phase
multiple saturation of olivine + orthopyroxene + spinel near
the liquidus at 10 kbar and 1583 K. This result, at a point
equivalent to a pressure depth of approximately 80 km,
suggests the Gusev basalts either were generated or were
last in equilibrium with mantle minerals not far below the
approximately 50 km thick crust [Zuber, 2001].

[12] The primitive mantle compositions derived from the
unaltered Gusev basalt composition are given in Table 1 for
APXS targets Adirondack, Humphrey and Mazatzal. The
compositional results were originally reported by Gellert et
al. [2004], but the percentages in Table 1 reflect corrections
made subsequent to new instrument calibrations completed
in early 2005 [McSween et al., 2006].

[13] We calculate an average value for nbo/t by using
equations (3), (4), and (5) [Mills, 1993; Mysen, 1988]:

_ N~ [A(8i0) +X(Ti0,) + x(ALO3) + X(Cr,03)
Yip = { "(Fe0) + {(MnO) + x(MgO) + x(CaO) } G

wesfERAR)
nbo/t = <XLT) (2Ynp — 4X7), (5)

where x is the mole fraction of the respective constituent.

[14] The resulting nbo/t value, 1.26, can be substituted
into equation (2) along with the previously listed constants
for A, B, C, and D, and 7= 1583 K and P = 10 kbar. The
resulting sulfur solubility at the 80 km depth equilibration
region, as suggested by the Monders et al. [2007] experi-
ments, is 1407 ppm.

[15] The 15 kbar anhydrous partial melting experiments
of Bertka and Holloway [1994] at 1633 K on an iron-rich
spinel lherzolite also simulated a Martian mantle composi-
tion as inferred from Dreibus and Wanke [1985]. Parallel
calculations result in a broadly similar sulfur solubility of
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Table 1. Extrapolated Rock End-Member Chemical Composi-
tions for the Gusev Basalts

Oxides (wt %) Adirondack Humphrey Mazatzal
Si0, 45.30 45.85 45.55
TiO, 0.49 0.58 0.57
Al,04 10.42 10.40 10.72
Fe,05 3.63 3.36 2.11
Cr,03 0.62 0.67 0.59
FeO 15.71 15.67 16.83
MnO 0.42 0.42 0.43
MgO 11.90 10.67 10.34
CaO 7.76 8.15 8.23
Na,O 2.09 2.35 2.62
K>,O 0.03 0.09 0.11
P,0s 0.54 0.59 0.63
FeS 0.83 0.83 0.83
Total 99.81 99.79 99.63

1699 ppm. In addition, a number of effects not considered
here may also serve to increase the release of sulfur volatiles
and associated warming effects. Preliminary petrologic
experiments suggest that the addition of a few weight
percent of water to the melt could increase sulfur solubility
by up to 50% (T. L. Grove, unpublished data, 2007).

[16] The melting of metal sulfide, forming immiscible
blebs of FeS, occurs approximately 400 K below the
beginning of melting of the silicate mantle. Because the
negative pressure dependence of sulfur solubility is more
significant than its positive temperature dependence, adia-
batic ascent will lead to sulfur undersaturation of a formerly
sulfur-saturated magma [Holzheid and Grove, 2002]. When
decompression melting commences in the batch-melting
model, sulfur from these immiscible metal sulfide blebs
will begin, and continue, dissolving directly into the silicate
melt. The remaining metal sulfide will largely be left behind
as the final equilibration takes place and melt is extracted at
the base of the lithospheric lid. As surface temperature and
pressure conditions are well beneath the vapor saturation
pressures for both H,S and SO, [Lemmon et al., 2005], we
assume that all 1407 ppm of soluble sulfur are released from
the magma directly to the atmosphere. With an estimate for
the sulfur concentration in Martian magma, we proceed now
to estimate the sulfur volatile amounts potentially released
by volcanic degassing.

3. Volcanic Release of Sulfur Volatiles

[17] The Tharsis igneous province is estimated to contain
3 x 10® km® of solidified magma. Volatile degassing
associated with the formation, thought to be largely com-
plete by the end of the Noachian, certainly affected the early
Martian climate [Phillips et al., 2001], yet it remains unclear
to what extent the more deeply intruded magma in the
Tharsis province may have communicated with the surface.
Had magma been emplaced uniformly at a continuous rate,
the impact of the sulfur species in the atmosphere is less
likely to have had significant implications for warming over
the late Noachian. Some abrupt, catastrophic volcanism
events, however, are consistent with the current understand-
ing of the surface geomorphology on Mars. For these
reasons, we explore the consequences of sulfur volatiles
on climate following large, discrete volcanic events associ-
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Table 2. Prescribed Mixing Ratios and Partial Pressures®
50 mbar 500 mbar

Mixing ratios

SO, 6.14 x 107°/2.45 x 107 6.14 x 10°%2.45 x 10°*

H,S 326 x 1079130 x 1073 3.26 x 107%1.30 x 107*
Partial pressures

(bars)

SO, 211 x 107%8.40 x 107> 2.11 x 107%8.40 x 107>

H.,S 2.11 x 107%8.40 x 107> 2.11 x 107%8.40 x 107>

*Format of each entry is Andrews-Hanna (lower bound)/Wilson (upper
bound).

ated with dike emplacement features as interpreted by
orbital reconnaissance.

[18] Analyzing near-surface dike intrusions associated
with Tharsis radial graben, Wilson and Head [2002] esti-
mate that a single giant dike intruded radial to a Tharsis
volcano could inject up to 60,000 km® of magma over a
timescale on the order of days. Under a different set of
assumptions, Hanna and Phillips [2006] and J. C. Andrews-
Hanna (personal communication, 2007) suggest a minimum
emplacement volume of 1500 km?® associated with some of
these features. We examine volatile pulses associated with
both a lower bound “Andrews-Hanna” model and an upper
bound “Wilson” model. For the purposes of our model, we
assume that sulfur volatile release occurs within the first few
weeks of the simulation. Although the majority of this
volcanism is intrusive, gases are thought to segregate up
to the top of these dikes forming collapse craters and/or
creating the necessary pressure to generate explosive erup-
tions, as was likely in the Memnonia Fossa region [Scott et
al., 2002]. Convective overturn in wide dikes (>100 m) is
also thought to enhance this process of rapid volatile
release. It is important to note that there would have
certainly been flood basalt eruptions of similar magnitudes,
presumably also driven by mantle plumes, on early Mars.
We focus on giant dike swarm formation as it allows us
estimate with more specificity the total magma emplace-
ment in a single event. It is interesting to note that
Thordarson and Self [2003] found that the largest lava flow
in recorded history, the 17831784 flood basalt eruption
associated with the Laki volcanic fissure in Iceland, released
15 km® of basalt and 122 megatons of SO, into the
atmosphere over a period of 8§ months, with nearly half
released in the first 6 days. This proportion of sulfur release
is within a factor of 2 of our estimate for Mars.

[19] The density of the Gusev basalt magma is calculated to
be 2820 kg/m® [Greeley et al., 2005], using the method of
Bottinga and Weill [1970] with the parameters of Mo et al.
[1982]. In our atmospheric calculations, we consider the range
of exsolved volatiles associated with a pulse of 1500 km® to
60,000 km® of magma emplacement: 1.19 x 10" to 4.76 x
10" kg of SO, or 6.32 x 10" t0 2.53 x 10'* kg H,S. These
correspond to the mixing ratios listed in Table 2.

[20] We examine both SO, and H,S end-members in our
simulations of greenhouse warming. Analysis of shergottite
meteorite data suggests that the mantle source of Martian
basalts had a redox state within one log unit of the iron-wiistite
buffer [Wadhwa, 2001]. As the magma may remain buffered
by the mineral assemblages through its ascent to the surface,
part of the sulfur could have been released to the atmosphere
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with an oxidation state of —2, forming H,S. Yet, SO, is a likely
intermediate in the process of sulfur volatile removal from the
atmosphere, with reaction rates for liberated O and OH radicals
in the pathway from H,S to SO, (via HS and HSO or HS and
SO) exceeding those in the pathway from SO, to sulfate (via
SO3) [DeMore et al., 1997]. Although it should be noted that
SO, disproportionation reactions are also possible, generating
elemental sulfur and sulfate as products of atmospheric pho-
tochemistry [Zahnle and Haberle, 2006], our investigation
primarily explores the exclusive volatile form of SO,. At the
beginning of the simulations, we assume either gas (H,S or
SO,) to be uniformly mixed in the atmosphere.

4. Atmospheric Warming
4.1. General Circulation Model

[21] We use the Mars Weather Research and Forecasting
(MarsWRF) general circulation model (GCM) as the basis
for our atmospheric warming experiments [Richardson et
al., 2007]. The MarsWRF GCM solves the primitive
equations using a finite difference model on an Arakawa-
C grid, and is run with a latitude by longitude model
resolution of 5° x 5.625° (36 x 64 grid points) and with
25 vertical levels on a modified sigma (terrain-following)
vertical coordinate. The total present-day atmospheric CO,
budget has been tuned to fit the Viking Lander annual
pressure curves. We then scale the present-day annual and
global average surface pressure (~6 mbar) to either 50 or
500 mbar, depending on the scenario being considered.
Both surface albedo and thermal inertia are matched to
present-day TES observations [Christensen et al., 2001;
Putzig et al., 2005], and the present-day topography is used.
Tests of the MarsWRF dynamical core [Richardson et al.,
2007] show that it produces results that compare favorably
to the Held-Suarez ““standard” [Held and Suarez, 1994]
under terrestrial atmospheric conditions. Comparisons to
existing Mars climate models and vertical profiles of TES
data further show that MarsWREF is able to replicate key
features of the Martian atmosphere quite well. At the
Second International Workshop on Mars Atmosphere Mod-
eling and Observations in Granada, Spain, in March 2006, a
broad model intercomparison was performed between seven
independent Mars GCMs, including MarsWRF, to study
their ability to reproduce observations of the Martian
atmosphere. Sample results from this (unpublished) inter-
comparison are shown in Figure 1. In each of the four
comparisons, output from MarsWRF for its “best fit” to
present-day temperature and zonal wind profiles is shown
alongside the same field for both the GFDL Mars GCM
[Wilson and Hamilton, 1996] and LMD/AOPP Mars GCM
[Forget et al., 1999]. For all four comparisons, atmospheric
dust is set to a column opacity of 0.2. The intercomparison
results are quite good at both solstice seasons, as well as
during the equinoctial periods (not shown), and capture the
winter zonal jets both in magnitude and location, as well as
the zonal temperature gradient across the planet. Small
differences between the simulations are due largely to
differences in model architecture (i.e., different dynamical
cores). These preliminary results provide confidence in the
behavior of MarsWRF. Additional comparisons to TES
temperature data [Smith et al., 2001] further show a high
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150 200 250

Figure 1. Comparison of MarsWRF output to model output from the GFDL Mars GCM and the LMD/
AOPP Mars GCM. (a) Zonal mean temperature for Ly = 90°, (b) zonal mean zonal wind for Ly = 90°,
(c) same as Figure l1a but at Ly = 270°, (d) same as Figure 1b but at Ly = 270°. All models have 7= 0.2
column dust opacity. Ordinate units are millibars.
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Figure 2. Comparison of a portion of the CO, spectrum both (a) unsorted and (b) sorted by strength as a
k distribution. The sorted spectrum is substantially smoother than the unsorted spectrum, and the curve
can be well approximated by few points. The elbow in the sorted curve marks the beginning of the
contribution of the strong line cores in the distribution versus the relatively weaker line wings.

degree of similarity to observations [Richardson et al.,
2007].

4.2. Radiation Scheme

[22] We have developed a new multigas, two-stream
radiation code loosely based on the structure of the UK
Hadley Centre Radiation Scheme [Edwards and Slingo,
1996], but modified to use the k distribution radiative
transfer method. This method retains much of the accuracy
of line-by-line calculations, but is significantly faster, mak-
ing it ideal for computationally expensive 3-D global
models. Details about the & distribution method can be
widely found [e.g., Lacis and Oinas, 1991; Fu and Liou,
1992], so only a brief summary of relevant points will be
provided here.

[23] The numerical scheme regarding the & distribution
method involves partitioning the solar/IR spectrum into
distinct spectral bands, and re-sorting the individual lines,
which are highly variable as a function of wavelength,
within each band to produce a relatively smooth curve that
is more conducive to numerical approximation. Each distinct
band is both sufficiently narrow such that the Planck
blackbody curve is approximately constant across the entire
band and also sufficiently broad to encompass full absorp-
tion features of individual gases. In the present implemen-
tation of this & distribution method, the entire solar/IR
spectrum is partitioned into 12 bands (seven solar, five IR)
of varying widths, following the partitioning employed by
the Ames MGCM (versions 2.0 and greater) (R. M. Haberle,
personal communication, 2007). Errors introduced by var-
iations in the Planck function across these spectral bands are
quite nominal [Haberle et al., 2003]. Bands are prudently
selected to ensure that individual absorption features are not
bisected across two bands. Once band sizes are selected, the
portion of the spectrum within each band is discretized at a
subline width frequency, and these discrete intensities are
sorted by magnitude. A before-and-after illustration of this
type of line sorting is shown in Figure 2. The sorted curve in
Figure 2b no longer maps line intensity directly to wave-

length, but instead maps intensity to a cumulative probabil-
ity function, i.e., what fraction of the intensities are smaller
than the given intensity.

[24] For a standard line-by-line calculation, the transmis-
sivity, Tr, is calculated as

Vmax

- |

exp[—kyuldv, (6)

Vmin

where £, is the absorption coefficient at frequency v, and u
is the mass of the absorbing gas. Following the resorting of
this spectrum, transmissivity is calculated as

Tr:/ exp|—kqu]dg, (7)
0

where now k, is the absorption coefficient for the
cumulative probability g (between zero and one).

[25] Within each band, we perform the discretization and
sorting to develop a smooth cumulative probability curve.
We then fit this curve with 16 quadrature points at specified
intervals along the distribution: eight points in the lowest
95% of the distribution and eight points in the upper 5%.
These intervals were selected because experimentation has
shown that the strongest absorption, which occurs at the
cores of individual spectral lines, takes place in the top 5%
of the distribution, so extra precision is warranted. From
this, we can obtain a numerical approximation to the
transmissivity for a given atmospheric layer of mass u

16
Tr = Z ae” i, (8)
]

where k; is the absorption coefficient chosen at quadrature
point i, and q; is the assigned weight (where 3 a; = 1).
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[26] Absorption coefficients vary according to both tem-
perature and pressure. To maintain the best accuracy possi-
ble in our absorption calculations, we have assembled, off-
line, a series of databases containing the k& distribution
absorption coefficients for the full range of p, T conditions
expected in the atmospheres used for this study (7' = 50—
400 K in 1 K increments; p = 10°*~10° Pa with log(p)
spacing of 0.2). The most basic database is for a pure CO,
atmosphere. Here, and in all other databases in this study,
the CO, mixing ratio is fixed at 0.953. Spectral line data are
obtained from the HITRAN database [Rothman et al., 2005]
and internal partition sum data of Fischer et al. [2003]. The
Humlicek approximation to a Voigt line shape is used to
obtain the pressure and temperature-dependent line shape
[Humlicek, 1982]. A second database was assembled for a
dual-gas (CO, + H,0) atmosphere over the same pressure/
temperature conditions as above, but also across a range of
putative water vapor mixing ratios (g, where ¢ = 10~ to
1072 by decade). The water vapor foreign continuum,
which represents the net contribution of the distant tails of
water vapor absorption lines, is parameterized (E, Mlawer et
al., manuscript in preparation, 2008) and included in this
and any other databases containing water.

[27] Two databases were assembled for each of the two-
gas mixtures (SO, + CO,) and (H,S + CO,), at both the
upper and lower bound values of the sulfur species. Rather
than calculating k£ coefficient data over a range of SO, or
H,S mixing ratios as was done for H,O, we use the fixed
sulfur species abundances found in Table 2 to build the
database. This reduces the overall size of the database, and
simplifies its construction, but also reduces the relevant
parameter space to only those atmospheres with these
precise sulfur species mixing ratios. For an investigation
such as this, where specific atmospheric compositions are
being considered, such an approach is acceptable. Last, a
series of databases were assembled for all three-gas (SO,/
H,S + CO, + H,0) permutations, covering the same
parameter space as the others. In total, 16 databases were
required for the present study.

[28] To assemble a database, the raw (unsorted) spectra
are calculated for each p, 7, ¢ triad and then partitioned into
12 spectral bands where they are discretized and sorted by
strength as noted above. Within each of the 12 bands and for
each p, T, g combination, the 16 k coefficients are obtained
from the smoothed spectral curve and stored in the database
(for a total of ~20 million coefficients per database). The
weighting function for the k& coefficients is the same for all
bands, and for all p, T, ¢ triads.

[29] These k coefficient databases are then used by the
two-stream radiation code as lookup tables, from which the
appropriate k coefficients are obtained for the specific p, 7, ¢
conditions at each model grid point, using the nearest
neighbor in temperature and a linear interpolation in log
space for both p and ¢g. The corresponding radiative calcu-
lations are then performed to determine atmospheric heating
rates. While such a process is, somewhat slower than
current methods [e.g., Hourdin, 1992; Forget et al.,
1999], it is not unduly so. Because the k coefficient data-
bases are calculated directly from the HITRAN database,
we are able to choose at the outset any arbitrary combina-
tion of atmospheric species to investigate and convolve their
respective spectra into a single distribution, thus this method
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is not only very useful for investigating atmospheres with
varying compositions but also generic enough to be used on
virtually any planet with an atmosphere. Currently, imple-
mentations of this code are being developed for the atmos-
pheres of Titan and Venus.

[30] Other radiation schemes commonly used for the
Martian atmosphere have two major drawbacks that prevent
their application to the present study. First, they are
designed to best represent the present Martian climate,
and are thus designed for compositionally pure CO, model
atmospheres (since H,O is radiatively negligible in the
current Martian atmosphere). Second, they are tuned for
atmospheres having surface pressures similar to present-day
(6—10 mbar) and not for thick atmospheres. Above ~100
mbar, for example, the model of Hourdin [1992] has been
shown to become increasingly unreliable, making it impos-
sible to investigate the model atmospheres we present here.

4.3. Water Cycle

[31] The model is initialized with a globally uniform 10~°
water vapor mixing ratio and is free to evolve without
additional external adjustments. The MarsWRF water cycle
provides a simple mechanism for the transport, sedimenta-
tion, and exchange of water between the vapor and ice
phases. For each model time step, both water vapor and
water ice (treated independently in the model) are advected
by the local wind field and diffused down the local vapor/
ice gradient. At the conclusion of each model time step, the
ice sediments at a pressure-dependent velocity according to
the Stokes-Cunningham slip-flow equation [Conrath, 1975;
Haberle et al., 1982], assuming uniform 10 pum radius
particles.

[32] The primary source of water for the atmosphere is
from surface ice. Exchange of water vapor with the surface
in MarsWRF follows the classical equation of Flasar and
Goody [1976] and used by Montmessin et al. [2004] [Forget
et al., 1999]:

Fw = Pcdu* (qxat - qv)u (9)

where u« is the friction velocity, set to the horizontal wind in
the lowest model layer, g, is the water vapor saturation
mixing ratio at the surface temperature, and ¢, is the local
atmosphere water vapor mixing ratio. The resulting flux
determines the magnitude of vapor flowing into/out of the
atmosphere, and is proportional to the difference in
humidity between the surface and atmosphere.

4.4. Dust and Solar Luminosity

[33] For present-day conditions, MarsWRF generally uses
a time- and space-varying dust distribution modeled on
MGS observations [Montmessin et al., 2004], but test cases
have been run with no dust, or with a fixed global
abundance. It is not evident whether any of these specific
distributions can be translated to higher pressure regimes
with any physical basis. For this reason, radiatively active
dust was excluded in the present simulations, though the
presence of atmospheric dust would likely cause additional
warming in our model. Future investigations may gauge the
impact of a simplified dust scheme on the dynamics of the
system. The incoming solar luminosity is chosen to be
conservative: 75% of the modern value, as has been
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b) Annual Average Temperature, 500 mb CO,

d)  Annual Average Temperature, 500 mb CO,+H50
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Figure 3. Annual average surface temperatures (in kelvin) for control simulations: (a) 50 mbar
atmosphere, CO, only, (b) 500 mbar atmosphere, CO, only, (¢) 50 mbar atmosphere with CO, + H,O,

and (d) 500 mbar atmosphere with CO, + H,O.

traditionally demanded by solar evolution models [Gough,
1981].

5. Results

[34] Water vapor and the sulfur species each contribute a
fraction of the total greenhouse warming in the system
(above that generated by CO, itself). To identify the
magnitude of warming produced by water vapor alone,
we have run a series of “control” simulations at both
surface pressures to quantify the effect of water vapor in
the atmosphere. Results from all simulations in this work
are shown for the third year, when the atmospheric vapor
distribution has reached an approximate steady state. Fig-
ures 3a and 3b show annually averaged surface temper-
atures at 50 mbar and 500 mbar CO,, respectively, without
water vapor. Figures 3¢ and 3d show their water vapor-
inclusive counterparts. The temperature difference between
Figures 3a and 3c shows the warming contribution of water
vapor. At 50 mbar (Figures 3a and 3c), water vapor plays
only a minor role in atmospheric warming, generally
enhancing temperatures by <5 K. There is little water vapor
in this atmosphere due to low (<170 K) surface temper-

atures in the polar regions (particularly the north polar
region where the residual water ice cap resides). Vapor flux
is highly sluggish at the temperatures.

[35] In contrast, polar temperatures are substantially
warmer in the 500 mbar scenario, and polar ice sublimation
is more vigorous. During summer, when nearly all subli-
mation occurs, the disparity between the two pressure
scenarios is significant. Annual maximum temperatures at
the North Pole at 50 mbar rise to only 170 K, while at 500
mbar, annual maxima approach 230 K. The vapor holding
capacity is a factor of 10,000 greater at the polar temper-
atures in the 500 mbar simulation, permitting a vastly
greater quantity of vapor to flow into the atmosphere.
Additionally, the larger thermal inertia of the thicker atmo-
sphere prevents nighttime temperatures from dipping to the
low values in the 50 mbar simulation, allowing a greater
amount of water to remain in the atmosphere. The end result
of this greater vapor content at 500 mbar is a surface that is
~40 K warmer than its water-free counterpart, including
some tropical locations with mean temperatures above the
water ice melting point (Figure 3d).

[36] It should be noted that the present implementation of
MarsWRF does not account for the radiative effects of water
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Temperature Difference [Kelvin], No atmospheric H,O

a) Lower bound SO, vs.Control, 50 mb
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Figure 4. Difference (in kelvin) in annual average surface temperature between the “dry” control
simulations and SO, pulse simulations, without the effects of water vapor included, illustrating the
magnitude of warming from SO, alone. (a) Lower bound SO, abundance in 50 mbar atmosphere, (b) lower
bound SO, abundance in 500 mbar atmosphere, (c) upper bound SO, abundance in 50 mbar atmosphere,
and (d) upper bound SO, abundance in 500 mbar atmosphere. “Control” simulation for Figures 4a and 4c
is that in Figure 3a and for Figures 4b and 4d is that in Figure 3b.

ice clouds, which are believed to have an overall cooling
effect. In these humid atmospheres, thick, low (and bright)
convective clouds will likely be present, raising the plane-
tary albedo, reducing the amount of insolation at the
surface, and lowering surface temperatures. We do not
consider this negative radiative feedback cycle at present
in MarsWRF (although we do model the opacity and
distribution of water ice clouds), thus the temperature
results may be upper limits depending on the abundance
of clouds and their specific distribution both horizontally
and vertically.

[37] In parallel with the Figure 3 depiction of the extent of
greenhouse warming by H,0, Figure 4 shows the warming
by “Wilson” upper and “Andrews-Hanna” lower bound
amounts of SO, in a dry (no H,O) CO, atmosphere. For the
50 mbar “Andrews-Hanna” lower bound atmosphere, an-
nual average warming by SO, is generally of the order of
7-15 K (Figure 4a), while for the “Wilson” upper bound,
this warming increases to 15-25 K (Figure 4c). There is a
noticeable hemispheric dichotomy present in both panels,

mirroring the lower altitude and greater atmospheric mass
present in the north. For a fixed SO, mixing ratio, there is
more SO, present in an overhead column in the Northern
Lowlands, and hence more greenhouse warming. The
magnitude of warming introduced by the presence of SO,
in the atmosphere is in line with the estimates of Postawko
and Kuhn [1986]. Simulations involving H,S show it is a
less efficient greenhouse gas than SO,. The results of these
simulations are shown in Table 3.

[38] In the 500 mbar scenario, there is approximately the
same level of warming as in the 50 mbar scenarios, which is
expected. The magnitude of greenhouse warming is largely
a consequence of the mass of the species, as opposed to its
mixing ratio. In both scenarios, the atmospheres have the
same total mass of SO,, and hence have similar greenhouse
effects. The magnitude of warming is slightly greater in the
500 mbar scenario. This small increase is a consequence of
greater absorption caused by increased pressure broadening
of the spectral lines in the thicker 500 mbar atmosphere.
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Table 3. Sensitivity Analysis for Warming Results®
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Max Max
Average >260K >273K  Max AT’
T X (%) (%) X)
50 mbar without water
SO, upper bound 214 35 29 27
SO, lower bound 204 21 12 18
H,S upper bound 198 17 9 9
H,S lower bound 196 16 9 5
Control (“dry”) 195 16 9 -
50 mbar with water
SO, upper bound 225 48 38 43
SO, lower bound 208 25 14 21
H,S upper bound 199 18 10 7
H,S lower bound 198 17 10 5
Control (“wet”) 197 16 9 -
500 mbar without water
SO, upper bound 237 53 32 27
SO, lower bound 226 30 12 17
H,S upper bound 232 36 18 29
H,S lower bound 219 17 9 10
Control (“dry”) 215 16 8 -
500 mbar with water
SO, upper bound 315 100 100 70
SO, lower bound 283 100 100 31
H,S upper bound 264 100 99 9
H,S lower bound 259 100 89 1
Control (“wet”) 258 100 87 —

?Average temperatures are global, annual average surface temperatures.
Max > 260 K shows the fraction of the year for which the warmest surface
location has a surface temperature >260 K (a reasonable brine freezing
point). Max > 273 K is the same but for the pure water freezing point. Max
AT shows the maximum temperature deviation of the warmest surface
location from the same point in the control run.

®Versus control run for matching pressure/water vapor configuration.

[39] Figure 5 shows the result of combining both H,O
and SO, greenhouse warming in each of our two pressure
scenarios. In Figure 5, the “control” scenario is “wet” and
contains both CO, + H,O (compare Figures 3¢ and 3d).
This is different from Figure 4, where the “control” is
“dry” (compare Figures 3a and 3b). In each of the four
scenarios presented in Figure 5, the same amount of SO, is
present in the atmosphere as for the respective scenarios in
Figure 4; thus, at first guess, one might assume the same
level of warming (i.e., 7-25 K) by SO, here, above the
“wet” control run, as in Figure 4 above the “dry” control
run. Instead, we find the temperature differences in Figure 5
to be not only larger than in Figure 4, but also increasingly
large as we move from ‘“Andrews-Hanna’ lower to
“Wilson” upper bound values and from 50 to 500 mbar
(e.g., Figure 5a shows only slightly more warming than
Figure 4a, while Figure 5d shows substantially more warm-
ing than Figure 4d). Since this added warming is not
produced by the SO, or CO,, both of which have fixed
abundances, it must be obtained from atmospheric water
vapor. This is a clear demonstration of the positive feedback
between SO, and H,O greenhouse warming in the atmo-
sphere. The addition of SO, provides a “boost™ in temper-
ature, permitting even more water vapor into the atmosphere,
further augmenting the already significant greenhouse effect.
In the “Wilson” upper bound SO, 500 mbar case, this
corresponds to additional warming by H,O vapor of 25 K.
For cooler scenarios, or those with a smaller SO, “boost,” the
additional H,O increase is correspondingly less.

E08005

[40] An underlying objective of this work is to explore
regions on the surface where enhanced greenhouse warming
may provide conditions for liquid water to be present at the
surface. This requires satisfying both atmospheric pressure
and temperature restrictions [Richardson and Mischna,
2005]. For these thick atmospheres, the pressure restriction
is fully satisfied, which means that the potential for liquid
water is constrained only by temperature. This temperature
constraint is nominally 273 K, but may be several tens of
degrees lower depending on the salinity of the water. Figure
6 maps the fraction of the year when temperatures at each
surface location exceed the nominal liquid water melting
temperature of 273 K under the listed atmospheric compo-
sitions, thus suggesting those places where the potential for
liquid water would be greatest.

[41] At 50 mbar, much of the planet can sustain liquid for
at least a portion of the year, Generally, between 1 and 30%
of the year reaches temperatures >273 K, with these times
occurring during the warmest periods: summertime, and in
the midafternoon hours. The exception is the Northern
Hemisphere, where summertime temperatures are colder,
and over Tharsis when the SO, abundance is too low. This
dichotomy is a direct result of the orbit chosen for this
particular simulation, which is the same as present-day. For
a different orbital configuration (e.g., if perihelion occurred
during northern summer), summertime temperatures would
be warmer in the north and cooler in the south, and the
distribution would be different than shown in Figure 6,
though the overall magnitudes would remain roughly the
same. The situation is more favorable at 500 mbar, where a
majority of the planet is >273 K for at least half of the year,
and much of the planet is permanently above this value.

[42] Tying this all together, Figure 7 illustrates the max-
imum potential warming made possible by mixtures of SO,
+ H,O above the baseline temperature of a “dry” CO,
atmosphere. These magnitudes range from 10 to 20 K for
“Andrews-Hanna” lower bound SO, at 50 mbar to over
100 K for the warmest, “Wilson” upper bound SO, at
500 mbar scenario. Once again, these values will not be
typically obtained because of the negative feedbacks
imposed by the water cycle itself. It is interesting, however,
to note that the greatest warming occurs over the cold north
polar cap where the summertime vapor concentration is the
highest anywhere on the planet, and thus the potential for
enhanced warming is greatest.

[43] Table 3 provides a summary of conditions found for
each of the simulations run, including those in Figures 3—-6.
Additional surveys of global average temperatures, includ-
ing those for H,S, are listed, along with measures of
frequency of time above 260 K (a nominal brine melting
temperature) and 273 K and the magnitude of greenhouse
warming introduced by sulfur volatiles and water vapor.

6. Discussion

[44] Our results suggest that volcanic release of sulfur
volatiles in the early Martian atmosphere may have gener-
ated significant additional warming by trapping heat in
wavelength-dependent atmospheric windows different from
those of CO, and H,0. Alone, SO, pulses may have
generated up to 25 K of warming. In combination with
water vapor feedbacks, surface temperatures after an SO,
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Temperature Difference [Kelvin], With atmospheric H,0

a) Lower bound 502 vs.Control, 50 mb
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Figure 5. Difference (in kelvin) in annual average surface temperature between the “wet” control
simulations and SO, pulse simulations, with the effects of water vapor, depicting the combined warming
from SO, and water vapor feedbacks. (a) Lower bound SO, abundance in 50 mbar atmosphere, (b) lower
bound SO, abundance in 500 mbar atmosphere, (¢) upper bound SO, abundance in 50 mbar atmosphere,
and (d) upper bound SO, abundance in 500 mbar atmosphere. “Control” simulation for Figures 5a and

Sc is that in Figure 3¢ and for Figures 5b and 5d is that in Figure 3d.

pulse may have risen 50—70 K or more above a steady state
CO, atmosphere, creating widespread surface conditions
conducive to the presence of transient liquid water. Further-
more, as we have already noted, freezing points can be
depressed by salt composition in brines [Clark and Van
Hart, 1981]. Although the most logical choice of salt under
these conditions, sulfate, is a poor freezing-point depressor,
high levels of chlorine have been detected in soils at the
landing sites for Spirit, Opportunity, Pathfinder and the
Viking Landers, and salts may have been mobilized and
concentrated by repeated wetting and evaporation events in
ephemeral saline pans [Yen et al., 2005; Rutherford et al.,
2001]. In his work on the stability of brines on Mars, Brass
[1980] suggested a freezing point depression that easily
allows for liquid phases within the upper range of our model
results.

[45s] The length of time that sulfur-related greenhouse
warming persists in the atmosphere is a key area for
additional work. Although sulfur volatiles are converted to
sulfate aerosols within days in the Earth’s current oxidizing
atmosphere (often creating a global cooling effect following

sulfur-rich volcanic eruptions, as in the 1991 eruption of
Mount Pinatubo). A study of sulfur photochemistry in the
current Martian regime reveals a 600-day lifetime for SO,
[Wong et al., 2004, 2005]. However, this lifetime will
change significantly under the weakly reducing atmospheric
conditions that likely characterized early Mars. We have
begun photochemical modeling using an adaptation for
Mars of a one-dimensional photochemical model developed
for sulfur chemistry simulations in the Earth’s Archean
atmosphere [Pavlov and Kasting, 2002]. Our results suggest
that the warming associated with these pulses is on the order
of at least hundreds of years [Johnson et al., 2007, also
manuscript in preparation, 2008].

[46] Inputs of sulfur volatiles to the early Martian atmo-
sphere are consistent with the evolution of early Mars
proposed by Bibring et al. {2005, 2007], in which the
planet experienced an early wet period of phyllosilicate
formation followed by an arid, acidic period under which
evaporitic sulfate deposits formed; this model invokes a
surge in Tharsis outgassing near the end of the late Noa-
chian to explain the transition from phyllosilicate to sulfate
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Fraction of year >273 K [%], With atmospheric H>0
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Figure 6. For the same configurations as Figure 5, fraction of the year (in percentage) that surface
temperatures are >273 K at each model grid point. (a) Lower bound SO, abundance in 50 mbar
atmosphere, (b) lower bound SO, abundance in 500 mbar atmosphere, (c) upper bound SO, abundance in

50 mbar atmosphere, and (d) upper bound SO, abundance in 500 mbar atmosphere.

formation. However, evidence suggests that Tharsis was
largely emplaced prior to the end of the late Noachian
[Phillips et al., 2001], and we show calculations that
support the notion that sulfur volatiles in the atmosphere
may prove necessary to create early warm, wet surface
conditions. Andrews-Hanna et al. [2007a, 2007b] argue that
surface runoff and shallow subsurface hydrology dominated
aqueous geochemistry during this early period, with the
combination of mildly acidic precipitation (a result of
dissolved atmospheric sulfur volatiles) and weathering of
surface basalts producing the observed early Noachian
phyllosilicates [see also Halevy et al., 2007]. This model
suggests that sulfate evaporite deposition during the late
Noachian or early Hesperian resulted not from a late stage
injection of volcanic gases into the atmosphere but rather
from a change in global hydrology in response to either a
decrease in the total water inventory or an increase in the
storage capacity of the crustal aquifers. The water table
would have then dropped deep below the surface, and
evaporation and precipitation rates would have become
dictated by deep global-scale groundwater flow rates. As
a result, mildly oxidizing fluids in deep basaltic aquifers
would have reacted with pyrrhotite, creating significant

acidity and liberating dissolved ferrous sulfate, and evapo-
rite deposition would have become limited to isolated
regions of groundwater upwelling, such as Meridiani Pla-
num. A lessening of volcanic activity at the close of the late
Noachian, and subsequent arid, low-temperature surface
conditions in the absence of sulfur-related greenhouse
warming, would have been part of this process.

[47] Large, sulfur-rich volcanic eruptions likely continued
to occur through the Hesperian and into the Amazonian,
though at a much lower rate than in the Noachian. Presum-
ably, the thinner atmosphere resulted in cooler temperatures
despite the added volcanic greenhouse effect (as in our
50 mbar simulations); nevertheless, later in Martian history
there is evidence for the occurrence of transient warm
climatic conditions, with valley network formation in the
Hesperian and possibly Amazonian in some places [Carr
and Chuang, 1997].

7. Conclusion

[48] There is substantial evidence for stable liquid water
on the past surface of Mars, but the requisite environmental
conditions are incompatible with the present climate. We
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Temperature Difference [Kelvin], With atmospheric H,0

a) Lower bound SO, vs."Dry” Control, 50 mb

-180 -120 -60 0 60 120 180

% Q) Upper bound SO, vs.“Dry” Control, 50 mb

60

30

10 20 30 40 50

60 70 80 90

b) Lower bound SO, vs.”Dry” Control, 500 mb
: I T S =
=

90

100 110

Figure 7. Difference (in kelvin) in annual average surface temperature between the “dry” control
simulations (CO, only) and SO, pulse simulations, with the effects of water vapor, depicting the total
warming from H,O and CO,. (a) Lower bound SO, abundance in 50 mbar atmosphere, b) lower bound
SO, abundance in 500 mbar atmosphere, (¢) upper bound SO, abundance in 50 mbar atmosphere, and
(d) upper bound SO, abundance in 500 mbar atmosphere. This should be seen as an upper extreme in the

absence of negative feedback mechanisms such as cloud cover.

hypothesize that large, episodic releases of sulfur volatiles
early in the history of the planet could have generated up to
25 K of additional greenhouse warming, alone, over a large
enough portion of the surface to drive, in tandem with water
vapor feedbacks, dramatic climate fluctuations on early
Mars. Degassing events of this magnitude could plausibly
have occurred hundreds of times within the late Noachian.
This scenario accords well with recent Mars mission find-
ings, accounting for widespread geologic evidence for past
stability of liquid water on early Mars, generation of surface
acidity, preclusion of carbonate deposition, and high sulfur
abundances as detected from orbit and at landing sites.
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