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Volcanism has been a major process during most of the geologic history of Mars. Based on data collected
from terrestrial basaltic eruptions, we assume that the volatile content of martian lavas was typically
~0.5 wt.% water, ~0.7 wt.% carbon dioxide, ~0.14 wt.% sulfur dioxide, and contained several other impor-
tant volatile constituents. From the geologic record of volcanism on Mars we find that during the late
Noachian and through the Amazonian volcanic degassing contributed ~0.8 bar to the martian atmo-
sphere. Because most of the outgassing consisted of greenhouse gases (i.e., CO, and SO,) warmer surface

Keywords: temperatures resulting from volcanic eruptions may have been possible. Our estimates suggest that
Mars 21 2 . . A
Volcanism ~1.1 x 10" g (~8+1mm “) of juvenile water were released by volcanism; slightly more than half

the amount contained in the north polar cap and atmosphere. Estimates for released CO, (1.6 x 10%! g)
suggests that a large reservoir of carbon dioxide is adsorbed in the martian regolith or alternatively
~300 cm cm 2 of carbonates may have formed, although these materials would not occur readily in
the presence of excess SO,. Up to ~120 cm cm 2 (2.2 x 10%° g) of acid rain (H>S0,) may have precipitated
onto the martian surface as the result of SO, degassing. The hydrogen flux resulting from volcanic out-
gassing may help explain the martian atmospheric D/H ratio. The amount of outgassed nitrogen
(~1.3 mbar) may also be capable of explaining the martian atmospheric '>N/*N ratio. Minor gas constit-
uents (HF, HCI, and H,S) could have formed hydroxyl salts on the surface resulting in the physical weath-
ering of geologic materials. The amount of hydrogen fluoride emitted (1.82 x 10'® g) could be capable of
dissolving a global layer of quartz sand ~5 mm thick, possibly explaining why this mineral has not been
positively identified in spectral observations. The estimates of volcanic outgassing presented here will be
useful in understanding how the martian atmosphere evolved over time.

Published by Elsevier Inc.

1. Introduction

There is substantial evidence to suggest that liquid water was
present on the martian surface in the geologic past. Outflow chan-
nels (Baker and Milton, 1974; Baker, 1979; Carr, 1979), valley net-
works (Pieri, 1976, 1980; Masursky et al., 1977; Carr and Clow,
1981), and degraded impact craters (Jones, 1974; Chapman and
Jones, 1977; Craddock and Maxwell, 1990, 1993a; Craddock
et al., 1997; Craddock and Howard, 2002) indicate that liquid water
was once eroding the martian surface at rates comparable to many
climates on present-day Earth. However, the current atmospheric
pressures and temperatures do not support liquid water at the sur-
face, so somehow conditions must have been different in the past.
Determining the nature of the ancient climate of Mars is compli-
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cated by a number of unknown factors, including variations in
the luminosity of the sun over time (Gough, 1981), obliquity vari-
ations (Touma and Wisdom, 1993), volatile contributions from im-
pact cratering, and changes in the composition and thickness of the
atmosphere over time. In many climate models the ancient atmo-
spheric pressure on Mars varies widely from a few tens or hun-
dreds of millibars (e.g., Cess et al., 1980) to tens of bars (e.g.,
Pollack et al., 1987). Typically, however, such estimates are pro-
posed simply to satisfy some parameter in a particular climate
model without any consideration being given to the possible con-
straints that might be imposed by the geologic record. There are
several potential sources for creating and maintaining the ancient
atmosphere including impact degassing (e.g., Ahrens et al., 1989)
cometary impacts (e.g., Chyba, 1990), volcanic outgassing, and vol-
atile recycling from putative tectonism (Sleep, 1994) or simple bur-
ial (Pollack et al., 1987). In this paper we begin an examination of
the geologic record in an effort to place some constraints on the
atmospheric contributions that may have resulted from volcanic
outgassing over time.
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Volcanism was a major geologic process on Mars throughout
most of the planet’s history spanning the time from heavy bom-
bardment (~4.0 billion years ago) to some of the youngest geologic
units on the surface. Today volcanic materials cover roughly half of
the surface (Tanaka et al., 1988; Greeley and Schneid, 1991). It is
probable that gases released during volcanic eruptions not only
played a role in creating and maintaining an early warm and wet
atmosphere, but controlled many of the other geologic processes
that were active during martian history. Our approach is unique
in that we use volatile abundances based on well-established mea-
surements of terrestrial basaltic lava flows that are similar in com-
position to most martian volcanic flows. We also examine all of the
possible gas constituents, including the primary gases such as
water (H,0), sulfur dioxide (SO,), and carbon dioxide (CO,), but
also the minor constituents as well. The estimates presented here
are subject to a certain amount of error, as we discuss; however,
they represent the most accurate estimates possible given our cur-
rent understanding of Mars. We have also attempted to make the
most conservative estimates possible. In addition to providing
some constraints in understanding the evolution of the martian
atmosphere, the estimates presented here will also help us to bet-
ter understand the history of water on the surface as well as the
types of weathering and alteration of surface materials that may
have occurred through time.

2. Background
2.1. Previous work

There have been a number of previous studies that have at-
tempted to estimate the volatile contribution from volcanic out-
gassing on Mars, particularly water. In one of the earliest
attempts, Mutch et al. (1976a, p. 279) assumed that 30% of the
martian surface was covered in volcanic material 2 km deep and
that water released during crystallization of these materials was
3% by volume. Their estimate suggested that volcanism had re-
leased enough water to cover the entire surface of the planet in a
layer 20 m deep. The related amount of outgassed carbon dioxide
from their calculation is 0.5 precipitable meters, which is roughly
the amount observed today. Using geologic maps based on Viking
Orbiter data, Greeley (1987) calculated the approximate amount of
volcanic material erupted through time on Mars. Assuming 1
weight percent (wt.%) water for erupted martian lavas, he esti-
mated that a layer of water equal to 46 m deep was outgassed
through time. Plescia and Crisp (1992) suggested that the CO, con-
tent for Elysium volcanics was also 1 wt.%, yielding a combined gas
content of over 2 wt.% during eruption. Numerical modeling of the
eruption and emplacement of possible pyroclastic flows on the
flanks of Tyrrhena and Hadriaca Paterae suggest an exsolved water
content of 1.5-3.0% for the associated magmas (Crown and Gree-
ley, 1993).

More recently Phillips et al. (2001) estimated the total volume
of volcanic material in the Tharsis-rise using topography from
the Mars Orbiter Laser Altimeter (MOLA) and gravity from the Mars
Global Survey to compensate for deformational response of the
lithosphere due to loading by the volcanoes. Assuming a magmatic
content of 2 wt.% water (H,0) and 0.65 wt.% carbon dioxide (CO,),
they estimate that Tharsis volcanism released an integrated equiv-
alent of 1.5 bar of CO, along with a 120-m thick global layer of
water. These studies emphasize the potential importance of volca-
nic outgassing, particularly the contribution to the total water
inventory on Mars as well as to the atmosphere. However, our
understanding of volcanic outgassing is far from complete, and as
to date little attention has been paid to the minor gas constituents
that are also commonly associated with volcanism.

2.2. Volcanism through time

The basis for our estimates of volcanic outgassing is predicated
on our understanding of the geology of the martian surface as well
as the estimated ages of basaltic surface units. Previously Greeley
and Schneid (1991) published volume estimates and ages of mar-
tian volcanic materials (Table 1). Obviously since their estimates
were originally published a number of recent spacecraft have pro-
vided data to significantly improve the available image resolution
and quality. If anything these data reaffirm the importance of vol-
canism as a geologic process on Mars. As an example, the Spirit ro-
ver found evidence that Gusev crater had been flooded by volcanic
material (Greeley et al., 2005), which was contrary to many assess-
ments made prior to landing (e.g., Squyres et al., 2004). However,
after examining the new imagery and topographic data it is clear
that the results from Greeley and Schneid (1991) continue to pro-
vide valid minimum estimates for the volume of volcanic material
erupted through time on Mars. For example, their estimates for
lava flow thicknesses were determined from partially buried cra-
ters, and our understanding of these features has not changed.
Also, while there have been advancements in our understanding
of small crater populations on Mars (e.g., Hartmann, 2005), the
techniques for relative age-dating surfaces from larger diameter
craters has not changed significantly from Tanaka’s (1986) discus-
sion. Simply stated, our ability to map and age-date basaltic mate-
rial on Mars has not changed significantly, and the only study to
challenge the challenge the Greeley and Schneid (1991) estimates
was presented by Phillips et al. (2001).

In their study, Phillips et al. (2001) suggest that loading of the
martian lithosphere by the emplacement of the Tharsis-rise would
have induced an antipodal topographic high. They present an anal-
ysis of long valley network segments showing that many valley
networks follow the slope that may have been created by their
modeled uplift. Because the valley networks in the highlands are
generally Noahcian in age (e.g., Fassett and Head, 2008), Phillips
et al. (2001) argue that a bulk of the Tharsis-rise must have been
emplaced prior to the Noachian and valley network formation.
There are many problems with this interpretation, however. First,
it is not clear which valley networks were included in their slope
analysis, and mapping valley networks from imagery data alone
has proven to be a subjective exercise (Luo and Stepinski, 2006;
Molloy and Stepinski, 2007; Hynek et al., 2008). Ejecta from the
Hellas impact basis has also been proposed to explain the topo-
graphic highs in this area (e.g., Korteniemi et al., 2005), and in
the Phillips et al. (2001) model the slope of pre-existing topogra-
phy north of Hellas would have only been accentuated. The most
obvious argument against this interpretation, however, comes
from the geology of the Tharsis-rise itself. If the Tharsis-rise was
emplaced during the Noachian, then the impact crater population
in this area should reflect this age, and Tharsis should contain

Table 1

Extrusive volumes (10° km?) of martian volcanic material with time?.
Epoch Volume of Volume of Extruded Mass®

plains edifices volume (1022 g)

Late Amazonian 0.33 1.78 2.11 0.7
Middle Amazonian 1.42 7.07 8.49 2.8
Early Amazonian 3.61 12.15 15.76 5.2
Late Hesperian 4.54 11.09 15.63 5.16
Early Hesperian 10.83 6.82 17.65 5.82
Late Noachian 4.31 3.46 7.77 2.56
Middle Noachian 1.39 0 1.39 0.46
Early Noachian ? ? ? ?
Total 26.43 42.37 68.8 22.7

2 Data from Greeley and Schneid (1991).
> Assumes a density of 3.3 g/cm>.
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many large impact craters and basins tens to hundreds of kilome-
ters in size. Potentially even the volcanic edifices would have been
partially destroyed by impact cratering. In order to bury a Noa-
chian cratered surface with an average relief of 8-10 km a mini-
mum of 10 km of volcanic material must have been emplaced on
the Tharsis-rise during the Amazonian. These problems are not ad-
dressed in the Phillips et al. (2001) model, and thus it is difficult to
accept their interpretation that the Tharsis volcanics are Noachian
in age.

Another caveat to consider is the effect the ambient atmo-
spheric pressure may have had on the style of volcanic eruption
that occurred on Mars. Wilson and Head (1983) suggest that under
current atmospheric pressures magmas containing volatiles
>0.01 wt.% would have erupted explosively. Because the highland
patera are some of the oldest central vent volcanoes on the martian
surface (~3.7-3.9 Gy) and younger materials do not appear to have
been erupted explosively (Williams et al., in press), it has been pro-
posed that the volatile content of the martian mantle may have
changed with time (Francis and Wood, 1982; Schubert et al.,
1989). Local, young deposits of pyroclastic materials have been
identified on Mars, however (Mouginis-Mark et al., 1988, 1992),
and it has been suggested that there was some heterogeneity in
the volatile content of the mantle or that near-surface waters were
assimilated into the shallow magma reservoirs (Schubert et al.,
1989). A majority of the volcanic materials included in our analy-
ses, however, were erupted effusively, and we assume that the vol-
atile content was the same over time.

2.3. The influence of volcanism on surface temperatures

On Earth large volcanic eruptions are well known for their abil-
ity to create short-term climatic variations (Gow and Williamson,
1971; Lamb, 1971; Bray, 1974). For example, the 10° tons of gas
and dust placed into the stratosphere by the 1991 eruption of
Mount Pinatubo is estimated to have decreased the average global
temperature of the Earth by 0.3-0.5 °C for a 2- to 4-year period fol-
lowing the eruption (Robock et al., 1991). Because most people are
familiar with such dramatic decreases in temperatures from terres-
trial volcanic eruptions, it is not immediately obvious how martian
volcanism could have the opposite effect. In actuality either de-
creases or increases in surface temperatures are possible, but it de-
pends on the style of eruption.

Typically most terrestrial eruptions are contained within the
Earth’s troposphere (Fig. 1), which contains >80% of the mass of
the entire Earth’s atmosphere. Most of the solar radiation at wave-
lengths >0.35 pum (i.e., visible wavelengths) is capable of penetrat-
ing the Earth’s atmosphere and falling incident on the surface. This
radiation is subsequently re-emitted by the surface in the infrared
where it is trapped by gases in the troposphere. The efficiency of
the troposphere to insulate the surface is generally dependent
upon the abundance, composition and phase of gases it contains.
A gas that is inefficient at absorbing solar radiation passed through
the atmosphere in the visible wavelengths, but which is efficient at
absorbing the infrared radiation re-emitted by the surface is re-
ferred to as a “greenhouse” gas, which includes many of the gases
released from volcanic eruptions. However, the amount of green-
house gases released into the troposphere by a typical volcanic
eruption is small when compared to the amounts released by
anthropomorphic mechanisms (e.g., CO,; Gerlach, 1991) and even
smaller when compared to the total amount of gas already con-
tained within the troposphere. The potential increase in surface
temperature from most terrestrial volcanic eruptions is thus very
small.

Occasionally a large explosive eruption will occur on Earth.
Such eruptions, like Mt Pinatubo, are capable of reaching into the
Earth’s stratosphere ~10 km above the surface. The stratosphere

Fig. 1. Recent outgassing from Kilauea is composed primarily of water vapor with
elevated amounts of sulfur dioxide. Released into Earth’s troposphere these gases
would help retain solar radiation that is re-radiate from the surface in infrared
wavelengths, but their abundances are small relative to the ambient atmosphere,
thus the resulting increase in temperature is negligible. On Mars, however, effusive
eruptions could have potentially released more gas into the lower atmosphere than
is present currently. This would result in an increase in the atmosphere’s capacity
for retaining re-radiated solar radiation, thus increasing surface temperatures.

is characterized by very little vertical mixing of materials, unlike
the troposphere, and volcanic gases and dust particles placed into
this portion of the atmosphere behave very differently as a result.
Sulfur dioxide gas quickly combines with water vapor to form
droplets of sulfuric acid, which are spread laterally throughout
the stratosphere. The haze created by these droplets reduces the
amount of solar radiation capable of passing to the Earth’s surface.
This decrease in solar radiation thus in turn decreases surface
temperatures.

On Earth, temperature decreases associated with explosive
eruptions into the stratosphere are much more dramatic than the
small increases that could occur in association with volcanic out-
gassing within the troposphere. On Mars, however, the mass of
the atmosphere is much less, and volcanic outgassing within the
troposphere may have been capable of increasing the surface tem-
perature significantly (e.g., Postawko and Fanale, 1993). Decreases
in temperatures may have also been possible, if a martian volcano
erupted explosively or, alternatively, if some of the larger volca-
noes grew into the martian stratosphere over time.

2.4. Composition of martian volcanics

There are many lines of evidence indicating that martian volca-
nic materials are predominately basaltic in composition, including
in situ analyses conducted by lander spacecraft, geomorphic
assessments of landforms, and remotely sensed data. For example,
Viking (Mutch et al., 1976b; Binder et al., 1977; Garvin et al., 1981;
Greeley and Spudis, 1981; Sharp and Malin, 1984; Arvidson et al.,
1989), Mars Pathfinder (Golombek et al., 1997; Smith et al,
1997), and the Spirit Rover (Squyres et al., 2004; Bell et al., 2004)
have imaged many rocks containing vesicles and vugs. Measure-
ments made by the Viking landers’ X-ray fluorescence spectrome-
ter indicate that the composition of the martian regolith is
consistent with altered mafic igneous rocks (i.e., palagonite) (Toul-
min et al., 1977; Allen et al., 1981). Soils with similar compositions
as identified by alpha proton X-ray spectrometers (APXS) were also
found at the Mars Pathfinder landing site (Rieder et al., 1997) and
in Gusev Crater (Gellart et al., 2004). The ubiquitous nature of these
soils is due to global mixing of fine particles driven by dust storms
(Bell et al., 2004). At Meridiani Planum the surface was seen to be
relatively dust-free, but the soils there were found to be composed
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predominately of fine-grained basaltic sand (Soderblom et al.,
2004), which again attests to the importance of basaltic material
on Mars.

While lander measurements are limited to specific areas on
Mars, there are many other observations indicating that basaltic
materials are in fact widespread, including: (1) the morphology
of the volcanoes and associated flows is consistent with basaltic
volcanism (Carr et al., 1977; Greeley and Spudis, 1981; Mouginis-
Mark et al., 1992). For example, Olympus Mons, the Tharsis Mon-
tes, Apollinaris Patera, and the Elysium and Syrtis Major volcanoes
resemble terrestrial shield volcanoes (Carr, 1973; Carr et al., 1977,
Arvidson et al., 1980; Greeley and Spudis, 1981; Schaber, 1982;
Plescia, 1990; Mouginis-Mark et al., 1992; Robinson et al., 1993).
Leveed, channelized flows with lobate fronts also resemble basaltic
lava flows. Models relating the morphometry of these flows to rhe-
ologic properties suggest that they are basaltic to basaltic andesite
in composition (Hulme, 1976; Schaber et al., 1978; Moore et al.,
1978; Zimbelman, 1985). (2) Comparison of global Thermal
Emission Spectrometer (TES) data with terrestrial rock samples indi-
cates that most of the martian surface is basaltic in composition
(Bandfield et al.,2000).(3) The SNC meteorites are basaltic in compo-
sition (Wood and Ashwal, 1981; Shih et al., 1982; McSween, 1985).
Earth-based spectral reflectance measurements of the martian
surface show a strong Fe?" absorption, which suggests a mafic
composition (Singer et al., 1979; Guinness et al., 1987; Pinet and
Chevrel, 1990). (4) Finally, based on Lewis’ (1972) cosmochemistry
model, a partial melting of the martian mantle would produce lavas
with basaltic compositions (McGetchin and Smyth, 1978). These
observations suggest that the few in situ measurements made by
lander are applicable to most of the martian surface.

However, it is important to mention the evidence suggesting
that some volcanic materials on Mars may be more silica-rich.
During the Viking era there was evidence suggesting that perhaps
some martian volcanic materials are siliceous in composition. For
example, Scott and Tanaka (1982) proposed that possible ignimb-
rites in the Amazonis Planitia region were erupted from magmas
silicic to intermediate in composition. More recently, the Spirit ro-
ver found opaline silica deposits in association with volcanic
materials in Gusev crater (Squyres et al., 2008). Also, rocks ana-
lyzed by the APXS at the Mars Pathfinder landing site are consid-
ered to be andesite (Rieder et al., 1997). Although there was some
speculation at the time that the APXS used on Mars Pathfinder
may not be properly calibrated, analyses of Thermal Emission
Spectrometer (TES) data suggests that the surface of Mars is com-
posed of both basalt (Surface Type 1) and, to a lesser extent,
andesite (Surface Type 2) (Bandfield et al.,, 2000), the latter of
which is primarily confined to the northern lowlands. This inter-
pretation is somewhat controversial, however, and other alterna-
tives include weathered basalt (Wyatt and McSween, 2002),
oxidized basalts (Minitti et al., 2002), silica-coated basalt (Kraft
et al., 2003), or a mobile sand unit (Ruff and Christensen, 2007).
If the TES result is valid, then it is possible that andesites resulted
from a late-stage partial melting of the martian mantle (Xiao
et al., 2008). Regardless, the volatile content of andesite is gener-
ally higher than theolitic basalt that is more commonly found on
Mars. The water (H,0) content of magmas from Arenal Volcano in
Costa Rica, for example, was found to be 1-4 wt.% (Wade et al,,
2006), whereas the water content of magmas at Kilauea is fairly
typically ~0.5 wt.% (Moore, 1970). It is possible that a late-stage,
volatile-rich pulse of andesitic volcanism may have created the
climatic conditions necessary to produce some of the anomalously
young valley networks observed in isolated areas on Mars (e.g.,
Mangold et al., 2004); however, our primary objective is to pro-
vide a conservative, baseline estimate of the total volatile inven-
tory outgassed through time, so we assume that basaltic
volcanism dominated Mars’ history.

While it is probable that most volcanic edifices on Mars are
basaltic in composition, the nature of plains material is less clear.
For the most part a basaltic composition for these materials is in-
ferred solely on the presence of wrinkle ridges (Lucchitta and
Klockenbrink, 1981; Plescia and Golombek, 1986; Watters, 1988,
1991). Although such features are common on lunar mare materi-
als, which are known directly to be basaltic in composition (e.g.,
Hubbard and Gast, 1971), such an argument for the martian mate-
rials is weak. Wrinkle ridges can also form in sedimentary deposits
(Watters, 1988), which may be contained in local basins in the
martian highlands (Goldspiel and Squyres, 1991; Craddock and
Maxwell, 1993a; Maxwell and Craddock, 1995). Occasionally,
however, lobate flow fronts and even proposed fissures have been
identified in plains units, thus strengthening the argument for a
volcanic origin (e.g., Craddock and Maxwell, 1991). Over
84 x 10° km? or roughly 58% of the surface of Mars is covered by
material interpreted as volcanic (Tanaka et al., 1988). A more con-
servative estimate by Greeley and Schneid (1991) places this num-
ber at 66.2 x 10°km? (46% of the surface). We estimate that
approximately one-sixth of this value comes from plains material
interpreted as volcanic material based solely on the presence of
wrinkle ridges. Most of these deposits were emplaced during the
Hesperian (Tanaka et al., 1988).

2.5. Terrestrial volcanic gas measurements and constituents

Obviously attempting to measure the gases released during a
volcanic eruption is both difficult and dangerous. Some of the ear-
liest efforts to measure volcanic gases occurred at the turn of the
century when Gautier (1906) and Chamberlain (1908) attempted
to extract gases from cooled lavas. Until modern analytical tech-
niques became available, however, the prevailing view was that
such measurements had been contaminated by the atmosphere
and did not reflect the true composition of the magma (Williams
and McBirney, 1979, p. 324). Today gases are typically collected
in evacuated flasks while the eruption is occurring (Symonds
et al., 1994). The most commonly used technique was originally
developed by Giggenbach (1975): a long titanium or silica tube is
attached to a dewared tube to prevent condensation, and the entire
device is inserted into the volcanic vent. An evacuated, pre-
weighed sampling bottle partially filled with a solution of NaOH
with a normality of ~4 N is attached to the other end of the tube.
Water vapor condenses in the sampling bottle, the acidic gases
(e.g., carbon dioxide) are absorbed by the NaOH solution, and the
noncondensable gases (e.g., nitrogen) are collected in the head-
space of the bottle. The amount of each gaseous species collected
in the headspace is determined typically by gas chromatography.
The solutions resulting from the reaction of NaOH to the acidic
gas species are analyzed by a variety of techniques, such as ion
chromatography. The amount of water condensed in the sampling
bottle is determined by the difference in the weight gained by the
bottle minus the weight determined for the non-water gas species.
To prevent contamination from non-magmatic sources samples are
typically collected from eruptions with temperatures of >500 °C.
Often the samples are analyzed for stable isotope abundances to
determine whether the gas constituents come from the magma,
meteoric fluids, seawater, sedimentary rocks, or some other source
(Allard, 1983; Taylor, 1986; Symonds et al., 1994). Symonds et al.
(1994) present an excellent review of the possible sources of con-
tamination of volcanic gases collected by this technique and the
corrections that are typically applied.

Because of the inherit danger of sampling volcanic gases in situ,
a number of analytical methods have been developed for measur-
ing volatiles from glasses which form within phenocrysts as the
magma crystallizes. Methods such as bulk vacuum extraction,
energetic particle bombardment (e.g., Secondary lon Mass
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Spectroscopy or SIMS), and phase equilibrium studies are useful for
determining the total volatile content of a sample, but they do not
offer much information on the abundances of individual gaseous
species (Ihinger et al., 1994). SIMS is useful for determining the
volatile element content of glasses and crystals down to the parts
per million level, and this technique has also been applied success-
fully to measuring the D/H ratio in SNC meteorites (Watson et al.,
1994). Spectroscopic techniques (e.g., Fourier transform infrared
absorption or FTIR) are useful for determining the concentrations
of individual species, but these data rely on the calibration stan-
dards determined from bulk techniques.

More recent efforts to measure volcanic gas emissions include
airborne and ground-based sensors and a variety of instruments
onboard orbiting satellites. However, because of the distances in-
volved only gaseous species that are significantly higher or compo-
sitionally different from gases contained in the atmosphere can be
measured. As a result, sulfur dioxide (SO,) is easiest and most reli-
able measurement to be made from remote sensors. An important
result from data collected by the Total Ozone Mapping Spectrom-
eter (TOMS) during the June 15, 1991, Mt. Pinatubo eruption indi-
cates that measurements made by energetic particle bombardment
techniques tend to underestimate the amount of SO, contained
within the magma (Westrich and Gerlach, 1992). Closer analysis
of primary vapor bubbles in the glass inclusions and unaltered
anhydrite phenocrysts in samples of pumice suggested that sulfur
was present in water-rich gas phase prior to the eruption (Wes-
trich and Gerlach, 1992). As discussed below, this indicates that
both CO, and SO, are exsolved from most magmas prior to an
eruption, and this must be taken into account when modeling
the amount of gases released from martian volcanism.

Regardless of magma composition, the principal gas constitu-
ents released from terrestrial volcanoes include water (H,0), car-
bon dioxide (CO;), and sulfur dioxide (SO,) (e.g., Heald et al,,
1963). Water is by far the most abundant volatile outgassed and
measured during an eruption (Greenland et al.,, 1985; Gerlach
and Graeber, 1985; Gerlach, 1986; Greenland, 1987a,b; Symonds
et al., 1994; Jambon, 1994). Frequently lesser amounts of carbon
monoxide (CO), hydrogen (H;), hydrogen chloride (HCl), hydrogen
fluoride (HF), chlorine (Cl,), fluorine (F,), sulfur (S;), hydrogen sul-
fide (H,S), sulfur trioxide (SO3), oxygen (0,), nitrogen (N;), and ar-
gon (Ar) are also emitted (White and Waring, 1963), but because of
the abundance of nitrogen in Earth’s atmosphere as a possible
source of contamination the amounts of nitrogen outgassed during
an eruption are not commonly reported.

Recent detection of methane (CH,4) in the martian atmosphere
from Earth-based telescopic observations (Mumma et al., 2009)
and the Planetary Fourier Spectrometer onboard Mars Express
(Formisano et al., 2004) has generated some controversy. Most of
the methane in the Earth’s atmosphere is generated from biogenic
processes; however, several nonbiogenic sources such as volca-
nism, hydrothermal, and cometary impacts have been suggested.
Although volcanism as a source for methane is questionable
(Basharina, 1960), Holland (1978, p. 48) suggests that volcanic
gases may added “significant quantities” of methane providing
they originated from a carbon-rich part of the mantle. Krauskopf
(1957) reports that under strong reducing conditions methane
could be outgassed during an eruption. Because early conditions
on the Earth were reducing (Kasting, 1993), it is not improbable
that reducing conditions also existed on early Mars (Fanale,
1971). It is possible that methane could be released if volcanism
(i.e., magmatic or geothermal activity) is presently occurring in
reducing conditions on Mars (Lyons et al., 2005; Oze and Sharma,
2005), or if organic material is interacting with this activity. Unfor-
tunately, the amount of methane released during typical basaltic
eruptions has not been recorded, so we are unable to provide
estimates for this gas constituent.

2.6. Martian volatile content

Realistically there was probably some variability in the volatile
content of martian magma, and it is possible that the volatile con-
tent changed over time as well. However, there are limits as to
what the volatile content could be without affecting the composi-
tion of a basaltic magma. An obvious assumption to make is that
martian volcanic material had a similar volatile content as ordinary
terrestrial basalt. To make our estimates we looked at data ob-
tained from in situ measurements of gases exsolved during erup-
tions at Mauna Loa and Kilauea eruptions described previously.
These data are useful because there are over 80 years of reliable
data taken from a number of different eruptions (e.g., Shepard,
1921; Greenland, 1987a,b; Gerlach et al., 2002), so temporal and
(albeit limited) spatial variations in the volatile content can be as-
sessed. These data are also some of the very few that assess the
abundances of all the individual gas constituents that are emitted
during a basaltic eruption (Symonds et al., 1994), thus allowing us
to model each constituent as it relates to the others (Table 2). It is
also important to consider the fact that magmas come from depth,
so they are subjected to much higher pressures and temperatures
as they are forming than they experience at or near the surface.
As a result, volatiles are exsolved as the magma ascends to the sur-
face and gases are emitted even before the actual eruption begins.
In fact, the rate at which exsolution takes place coupled to the rate
of magma ascent can greatly influence the style of volcanic erup-
tion (Roggensack et al., 1997; Giordano and Dingwell, 2003). Basi-
cally, it is the pre-eruptive volatile content that is important.

There is actually a great deal of variability in the volatile content
of an “ordinary terrestrial basalt.” The water abundance found in
basalt samples that were quenched rapidly during submarine
eruptions at Kilauea contain fairly constant concentrations of
~0.5 wt.% (Moore, 1970; Dixon et al., 1991; Coombs et al., 2006)
with the average reported value of 0.45 wt.% (Jambon, 1994). A
lower limit for water abundances comes from measurements of
subaerially erupted Hawaiian magmas using the evacuated flask
technique, which indicated that the pre-eruptive water content
was ~0.32 wt.% (Greenland et al., 1985; Gerlach and Graeber,
1985; Gerlach, 1986). This number also compares well to the aver-
age reported water abundance in mid-ocean ridge basalts
(0.33 wt.%, Jambon, 1994), which may not be directly comparable
to martian basalts in terms of their eruptive source but represent
the most abundant basalts on Earth. An upper limit of the pre-
eruptive water content of Hawaiian magma comes from numerical

Table 2
Average amounts of principal volcanic gas constituents in basaltic magmas.

Constituents Volume percent? Weight percent

H,0 72.548 +15.512° 0.5000 (+0.1700)
S0, 19.507 +7.948 0.14

Co, 6.448 +8.569 0.7

H,S 1.139£0.837° 0.0069

H, 0.933 +0.420° 0.0065

N, 0.316 +0.316° 0.0022

Hcl 0.131 +0.068 0.0008

HF 0.126 + 0.063 0.0008

co 0.169 +0.295 0.0006

Total 101.317 1.2678

2 Data includes 21 samples collected from active vents during the 1983 Kilauea
eruption (Gerlach and Graeber, 1985, Tables 1 and 2, Greenland, 1987a, Table 28.4),
and 22 samples collected from active vents during the 1984 Mauna Loa eruption
(Greenland, 1987b, Table 30.1).

b Data for water was corrected for estimated equilibrium temperatures, thus
removing contamination introduced by oxidizing hydrogen (H,) and hydrogen
sulfide (H,S). Includes 21 samples from the 1983 Kilauea eruption (Greenland,
19874, Table 28.4) and 13 samples from the 1984 Mauna Loa eruption (Greenland,
1987b, Table 30.5).

¢ Estimated from Symonds et al. (1994, Fig. 3) using data from Erta’ Ale.
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modeling of the 1959 Kilauea eruption (Wilson and Head, 1981).
After correcting for possible post-disruption exsolved H,0, Jambon
(1994) estimated the pre-eruption water content of this magma to
be 0.67 wt.%. This value however does not include the effects of
CO, or SO, on the eruption dynamics, and Jambon (1994) sug-
gested that this value should be taken as an extreme upper limit
for the Hawaiian basalts. However, more recent analyses of basaltic
glasses collected from Loihi Seamount suggest that water abun-
dances of 0.4-0.8 wt.% are not uncharacteristic pre-eruptive values
of Hawaiian basalts and even abundances as high as 1.01 wt.% are
possible (Dixon and Clague, 2001).

There are several analyses of basaltic magmas from other parts
of the world that provide evidence for even higher pre-eruptive
volatile contents. Examination of melt inclusions found in samples
from eruptions at Cerro Negro volcano in Nicaragua, for example,
indicates that the pre-eruptive abundance of water (H,O) was
1.18 to as high as 6.08 wt.% (Roggensack et al., 1997). Geochemical
modeling indicates that when Plinian eruptions occur at Mount
Etna in Italy the magmas may have water abundances of
0.5-2.3 wt.% depending on the subsurface temperature (Giordano
and Dingwell, 2003). However, these results likely describe the ex-
treme upper limits of water abundances that are possible in basal-
tic volcanism because in each setting the volcanoes occur in
subduction zones, which would have enriched the volatile content
of the magma (e.g., Sisson and Layne, 1997). Although Sleep (1994)
suggested that the northern plains of Mars resulted from plate tec-
tonics, the geologic evidence does not support this hypothesis
(Pruis and Tanaka, 1995), and the implication is that most martian
volcanoes are more likely analogous to terrestrial hot-spot volca-
nism whose location is favored by the thinner crust in the northern
plains (Wise et al., 1979; Carr, 1981, p. 112, Mouginis-Mark et al.,
1992). Thus the water abundances from Hawaii volcanism would
seem to be the most applicable to Mars.

Several analyses the Shergotty meteorites provide us with a
more direct idea as to what the water abundances may have been
in martian magmas, but such studies are limited. Hydrous amphi-
bole found in the melt inclusions of pyroxene cores led to specula-
tion that the Shergotty magma contained 1-2wt% water
(McSween and Harvey, 1993). While these results were somewhat
controversial (e.g., Watson et al., 1994), further analyses of the dis-
tribution of trace elements within pyroxenes of the Shergotty
meteorite as well as hydrous and anhydrous crystallization exper-
iments indicated that the pre-eruptive water content of martian
magmas may have been as high as 1.8 wt.% water (McSween
et al., 2001). Additional analyses of lithium (Li), beryllium (Be),
and boron (B) show that the abundances of these soluble elements
changes from the pyroxene cores to the rims indicating that as the
pyroxene crystal grew there was a loss of hot, aqueous fluid from
the magma as it ascended towards the surface (Lentz et al.,
2000), supporting the conclusions of McSween et al. (2001) that
volatiles exsolved from the magma as it ascended. The problem
with these analyses is that the represent only one Shergotty mete-
orite, and not all Shergottites show evidence for hydrous minerals.
Repeated studies of ALH 77005, for example, have found no hy-
drous mineral at all (e.g., Calvin and Rutherford, 2008). Again, as
with terrestrial basalts, it is likely there were spatial and temporal
variations in the volatile content of martian magmas. While the
McSween et al. (2001) analyses provide an estimate to the
maximum water abundance that may be found on Mars a more
conservative estimate would be 0.5 wt.% water as found in most
pre-eruptive Hawaiian basalts (Dixon and Clague, 2001).

Until recently it was believed that water was the main gas
phase in Kilauea magmas, but much of this thinking was based
on gas measurements taken during the eruption without taking
into account the exsolution during magma ascent and storage in
near surface reservoirs. This thinking changed as monitoring pro-

grams began to accurately record background emission rates of
CO, and SO,. Gerlach et al. (2002) report that prior to the current
phreatic eruption, Kilauea emitted an average of 8500 metric tons
of CO, per day from magmas contained in the summit reservoir.
Essentially an order of magnitude more carbon dioxide is released
as magma resides in a near surface reservoir than is measured dur-
ing the actual eruption (Gerlach, 1980, 1982; Greenland et al.,
1985; Gerlach and Graeber, 1985; Greenland, 1987a; Allard et al.,
1991). Based on their CO, emission rates and magma supply rates,
Gerlach et al. (2002) determined that the bulk CO, of Kilauea pri-
mary magmas is ~0.70 wt.%. Although CO, is now known to be
the most abundant gas in Hawaiian magmas, presently there is
no evidence for CO, in the parent magmas of the SNC meteorites
(Longhi et al., 1992). However, this does not preclude the possibil-
ity that the volatile content of the martian magma has changed
with time. Wanke et al. (1992) have also asserted that the water
content of the SNC meteorites suggests that CO, or SO, may have
been more abundant in martian magmas.

SO, degassing during periods of quiescence is also typical, but
Gerlach (1986) determined that exsolution of sulfur (S) as sulfur
dioxide only occurs after the magma has ascended to pressures
<30 bars (~150 m). Prior to the April 2008 phreatic eruption epi-
sode at Kilauea the average the SO, emission rates were ~230 met-
ric tons per day (td~!) (Gerlach et al., 2002). Stoiber and Jepsen
(1973) measured over seven times more SO, from the Pacaya
Volcano in Guatemala than could be accounted for by simple
degassing of erupted lavas. Commonly both CO, and SO, emission
rates will increase prior to an eruption (Noguchi and Kamiya, 1963;
Malinconico, 1979; Casadevall et al., 1983; Casadevall, 1987) or
seismic event (Gerlach et al., 2002). The amounts of SO, emitted
by Kilauea are roughly in balance with the amount of expected dis-
solved sulfur content in the magma (Andres et al., 1989), and the
amount of sulfur that can be dissolved in a magma is dependent
on the iron content. Estimates of the typical amounts of SO, for
Hawaiian magmas range from 0.02 to 0.15wt.%, so for the
purposes of our study we used an average value of ~0.14 wt.%
SO, derived from reported measurements (Gerlach and Graeber,
1985; Greenland, 1987a,b; Andres et al., 1989).

Based on the data available for Hawaiian volcanism, the best
estimates for the gas constituents that may have been present in
martian magmas are presented in Table 2. The principal gases,
including water, carbon dioxide, and sulfur dioxide, have been ad-
justed for their pre-eruption concentrations. Concentration of min-
or gas constituents were determined from published data on gases
sampled during actual eruptions and do not include exsolution
losses that may have occurred as the magma ascended to the sur-
face or resided in subsurface reservoirs. As a result, these values
should be considered minimums. It should also be noted that con-
centrations of nitrogen were estimated from measurements taken
at Erta’ Ale, which like the Hawaiian volcanoes is also tholeiitic in
composition. Because of the high amounts of nitrogen (and argon)
in the Earth’s atmosphere, determining the amount of nitrogen
typically outgassed during an eruption is especially problematic.
Most analyses using the post-1975 Giggenbach method show that
samples containing >1% nitrogen have N,/Ar ratios close to that of
air (83.6, Symonds et al., 1994). These values are useful in deter-
mining the amount of air contaminating the sample and suggest
that only small amounts of juvenile nitrogen are outgassed. Abun-
dances of ~0.3 mol% nitrogen are reported when a Ny/Ar ratio of
>100-400 are measured (Symonds et al., 1994).

3. Amount and timing of martian volcanic gases

The calculated masses of the individual gas constituents re-
leased through time are listed in Table 3. From these estimates
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Table 3

Mass (108 g) of martian volcanic gases released through time.
Epoch Constituents

H,0 SO, CO, H,S H, N, HCl HF co

Late Amazonian 35 9.8 49 0.48 0.46 0.15 0.06 0.06 0.04
Middle Amazonian 140 39.2 196 1.93 1.82 0.62 0.22 0.22 0.17
Early Amazonian 260 72.8 364 3.59 3.38 1.14 0.42 0.42 0.31
Late Hesperian 258 72.2 361 3.56 3.35 1.14 0.41 0.41 0.31
Early Hesperian 291 81.5 407 4.02 3.78 1.28 0.47 0.47 0.35
Late Noachian 128 35.8 179 1.77 1.66 0.56 0.2 0.2 0.15
Middle Noachian 23 6.44 32.2 0.32 0.3 0.01 0.04 0.04 0.03
Early Noachian ? ? ? ? ? ? ? ? ?
Total 1135 318 1589 15.7 14.8 5 1.82 1.82 1.36

we calculated the resulting partial pressures (Table 4 and Fig. 2).
The cumulative atmospheric pressure from all the volcanic gas
constituents would amount to ~800 mbar. It is possible that the
atmosphere on Mars periodically reached pressures of up to
~200 mbars from volcanic degassing, but these pressures, as dis-
cussed below, may have been short-lived.

3.1. Carbon dioxide

Based on the volatile abundances from Hawaiian magmas, the
most abundant gas that may have been release from volcanic out-
gassing on Mars would be carbon dioxide. We estimate that a total
of 1.6 x 10?! g (~400 mbar) of carbon dioxide was released into
the martian atmosphere from volcanic eruptions. The amount of
carbon dioxide in the present atmosphere (2.5 x 10'° g) is fairly
insignificant in comparison. Assuming that the south polar layered
deposit is composed water ice instead of carbon dioxide (Zuber
et al., 2007), then potentially the outgassed CO, has been adsorbed
into the regolith, deposited as carbonates, removed during silica
weathering, or has been injected into space through impact crater-
ing (Brain and Jakosky, 1998).

The adsorptive capability of the martian regolith is dependent
on mineralogy, grain size, and the adsorbate material (Kieffer and
Zent, 1992, and it possible the martian regolith has a wide range
of adsorptive capabilities. Clay minerals have been detected by
the Observatoire pour la Mineralogie, I'Eau, les Glaces et I’Activité
(OMEGA) instrument on board the Mars Express spacecraft. Specif-
ically three different phyllosilicate minerals have been identified,
including nontronite, chamosite, and montmorillonite (Poulet
et al., 2005). While deposits of these minerals are typically re-
stricted to dark deposits and isolated outcrops, the presence of
smectites in some SNC meteorites (Bridges et al., 2001) suggests
that they may be present at depth. Clay minerals (Toulmin et al.,
1977; Banin et al,, 1988; Poulet et al., 2005) have specific surface
areas of a few thousand m? g~!, and palagonite, which was de-
tected at the Viking landing sites (Toulmin et al., 1977), has a spe-
cific surface area of only a few tens of m? g~ '. Models of a uniform,

fine-grained particulate blanket predict the amount of exchange-
able CO, contained in the martian soil based on the different pro-
posed mineralogies. The exchangeable CO, we estimate that is
available from volcanic eruptions is ~2400 kg m~2. If the martian
regolith is mostly nontronite or basalt, then a minimum regolith
depth of ~120m or ~960 m, respectively, is predicted by the
Fanale et al. (1982) model. Assuming a palagonite composition,
the Zent et al. (1987) model predicts a minimum regolith depth
of ~240 m. As proposed by Kieffer and Zent (1992), the amount
of CO, we calculate as having been released by volcanic eruptions
suggests that the martian atmosphere could be buffered by an
ocean of adsorbed CO,.

Alternatively, the remaining CO, might be sequestered as car-
bonate rocks. Massive, kilometers thick carbonate deposits have
been proposed on Mars to explain the formation of Valles Marine-
ris (Spencer and Fanale, 1990), thumbprint terrain in the northern
hemisphere (Schaefer, 1990), and the disappearance of several bars
of primordial atmosphere (e.g., Pollack et al., 1987). In the presence
of a CO,-rich atmosphere and liquid water, carbonates might form
easily (Fanale et al., 1982; Kahn, 1985). In fact, it is even possible to
form carbonates under present martian climatic conditions (Booth
and Kieffer, 1978). However, with the exception of global TES data
suggesting that concentrations of ~2-5 wt.% of carbonates may be
present in surficial dust (Bandfield et al., 2003), carbonate deposits
have not been detected (e.g., Bibring, 2006), and these missing
deposits have been called one of the “major conundrums” of Mar-
tian science (Carr, 1998). There are, however, several reasons why
carbonate formation may have been inhibited or why carbonate
deposits may elude detection by multispectral data (Craddock
and Howard, 2002). For example, terrestrial juvenile water has a
very low pH (<1-3) (Ivanov, 1967), and carbonates precipitate only
in very neutral conditions. Free cations (e.g., Ca®*) must be released
from weathered rock first to neutralize the water before carbonate
formation could begin. If liquid water was indeed present on early
Mars or if conditions were such that precipitation occurred, then it
is possible that oxidizing conditions existed in small “oases” such
as impact craters, intercrater basins, and zones near volcanoes or

Table 4

Resulting partial pressures (10> bar) of martian volcanic gases with time.
Epoch Constituents

H,0 SO, CO, H,S H, N, HCI HF Cco

Late Amazonian 8.85 2.48 124 0.12 0.12 0.04 0.01 0.01 0.01
Middle Amazonian 354 9.91 49.6 0.49 0.46 0.16 0.06 0.06 0.04
Early Amazonian 65.7 18.4 92 0.91 0.85 0.29 0.11 0.11 0.08
Late Hesperian 65.2 18.3 91.3 0.9 0.85 0.29 0.1 0.1 0.08
Early Hesperian 73.6 20.6 103 1.02 0.96 0.32 0.12 0.12 0.09
Late Noachian 323 9.06 45.3 0.45 0.42 0.14 0.05 0.05 0.04
Middle Noachian 5.82 1.63 8.14 0.08 0.08 0.03 0.01 0.01 0.07
Early Noachian ? ? ? ? ? ? ? ? ?
Total 287 834 402 3.96 3.73 1.26 0.46 0.46 0.34
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Fig. 2. Plots of partial pressures from volcanic gases released on Mars. Squares represent incremental amounts and diamonds represent cumulative amounts. The gas
constituents include: (A) water, (B) sulfur dioxide, (C) carbon dioxide, (D) hydrogen sulfide, (E) hydrogen, (F) nitrogen, (G) hydrogen chloride, (H) hydrogen fluoride, (I) carbon
monoxide, and (J) the total amount of gas released during each epoch. Abbreviations: MN, Middle Noachian; LN, Late Noachian; EH, Early Hesperian; LH, Late Hesperian; EA,
Early Amazonian; MA, Middle Amazonian; and LA, Late Amazonian. The “absolute” age scale is from Tanaka (1986) and Tanaka et al. (1992) derived from the Neukum and
Wise (1976) model.

plutons (Craddock and Maxwell, 1993b). The presence of sulfur 2007). Sulfur dioxide would be transformed quickly into SO and
dioxide would also inhibit formation of carbonate deposits, which dominant the reactions occurring with free cations. However,
in our model is in excess of CO, (Fairén et al., 2004; Halevy et al., if one assumes that the remaining carbon dioxide went into
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Fig. 3. Plots of sulfuric acid (A) formed and water (B) released on Mars as the result of volcanic degassing. Squares represent incremental amounts and diamonds represent
cumulative amounts. Abbreviations: MN, Middle Noachian; LN, Late Noachian; EH, Early Hesperian; LH, Late Hesperian; EA, Early Amazonian; MA, Middle Amazonian; and
LA, Late Amazonian. The “absolute” age scale is from Tanaka (1986) and Tanaka et al. (1992) derived from the Neukum and Wise (1976) model.



R.A. Craddock, R. Greeley/Icarus 204 (2009) 512-526 521

carbonate formation, then a global layer of limestone ~300 cm
thick is necessary to sequester the amount released from volcanic
outgassing.

Although carbonate formation is often treated as a panacea for
removing CO, from the martian atmosphere on Earth carbonate
and silica weathering represent important processes for control-
ling the amount of carbon dioxide in our atmosphere and oceans
over time (e.g., Brady and Carrol, 1994). Carbonate weathering is
represented by the reaction

CO, + H,0 + CaCO3; — Ca™* + 2HCO;

On Earth only about half of the carbon dioxide used in this reac-
tion is of atmospheric origin, and the remaining amount comes
from the breakdown of plant biomass. In silica weathering, how-
ever, all of the carbon dioxide comes from atmospheric origin
(Subramanian et al., 2006). This process can be represented by
the reaction

2C0; + 3H,0 + CaSiO; — Ca*" + 2HCO; + H4Si04

where calcium (Ca) could also be substituted by magnesium (Mg).
These reactions are dependent upon temperature and precipitation
(Brady and Carrol, 1994; White and Blum, 1995) as well as the sup-
ply of weatherable products (Subramanian et al., 2006). Undoub-
tingly such parameters varied both spatially and temporally on
Mars, so assessing the efficiency of carbonate and silica weathering
at removing carbon dioxide released through volcanism is difficult;
however, it is likely such processes affected the residence time of
any released CO,.

3.2. Water, hydrogen, and the martian D to H ratio

We estimate that an amount equivalent to 8 + 1 m m~2 of juve-
nile water was released onto the surface of Mars from volcanism
(Fig. 3B). This is equivalent to a volume of 1.1 x 10° km?, which
is approximately the same amount estimated to be contained in
the north polar cap (1.2 x 106 km? to 1.7 x 10® km>, Zuber et al.,
1998). The volume of frozen material in the south polar cap has
also be calculated to be ~1.2 x 10°km> (Smith et al., 2001).
Although it was previously thought the south polar cap contained
frozen carbon dioxide (CO,) (Paige and Keegan, 1994) the shape of
the cap is inconsistent with the rheology of solid CO, (Nye et al.,
2000), and calculations of the density of the deposit are indicative
of water ice (Zuber et al., 2007). The total amount of water vapor in
the martian atmosphere varies seasonally between ~1 and 2 km?
(Jakosky and Haberle, 1992), which is negligible compared to the
estimated amount to be contained in the polar caps. Our estimate
for outgassed water does not account for other potential sources
such as release from intrusive volcanic materials, implantation
from comets, and outgassing that may have occurred in the early
Noachian. However, volcanism was a major contributor to the total
water inventory on Mars through time.

A critical clue for understanding the history water on Mars
comes from the atmospheric deuterium-to-hydrogen ratio, which
is 5.2+0.2 based on airborne telescopic observations (Bjoraker
et al.,, 1989). As Yung and Kass (1998) explain by knowing the pro-
cesses that created this fractionation as well the current water res-
ervoirs and their associated isotopic values it is possible to
reconstruct the past climate and the history of water on Mars.
The three current reservoirs include the atmosphere, the polar
caps, and subsurface ground ice that is stable at higher latitudes
(Mellon and Jakosky, 1995; Boynton et al., 2002). Presently on
Mars the rate of photodissociation of water in the atmosphere is
low: oxygen is lost at ~6 x 107 atoms cm 2s~! and hydrogen is
escaping at a rate of ~1.2 x 10® atoms cm 2 s~! (McElroy et al.,
1977). Because of the low gravity, the amount of energy necessary

to free an oxygen atom from the martian atmosphere (1.99 eV) is
much less than the amount produced from dissociative recombina-
tion (3.5-5.3 eV depending on excitation state). Basically, when
oxygen atoms are photodissociated in the martian atmosphere
their recombination reactions cause oxygen atoms to be lost to
space (McElroy and Donahue, 1972). The amount of H, in the
upper atmosphere is controlled by the concentration of atmo-
spheric O, (McElroy and Donahue, 1972). Hydrogen is lost through
thermal evaporation, or Jeans escape, in a ratio 2 to 1 over oxygen.
The result is that under current atmospheric conditions Mars
losses a water molecule at a rate of 6 x 107 molecules cm s,

If the present rate of hydrogen loss from Mars has remained
constant with time, McElroy et al. (1977) calculated that only a
2.5 m layer of water would have been destroyed by photodissocia-
tion. To explain the martian D/H ratio this water would have had to
have come from an initial inventory of 3.0 m (Owen et al., 1988).
Kass and Yung (1995) showed that this amount is a lower limit be-
cause the water inventory on early Mars was probably much larger
and the early sun may have driven a more active photochemical
system. They suggest that ~80 m of water has escaped. A higher
initial volatile inventory, such as the 1 km global layer suggested
by Carr (1987), would require some other mechanism for increas-
ing the rate of hydrogen escape. Owen et al. (1988) proposed sev-
eral, including a high flux of ultraviolet light from the early sun
that would have increased the rate of hydrogen escape from Mars
by 4-8 times (Hunten et al., 1989). However, this must be in-
creased by another 25-50 times to explain the D/H fractionation
from such a large initial inventory, and Owen et al. (1988) sug-
gested a large flux of free hydrogen to the exobase released by
the oxidation of basaltic rock. Using the oxidation rate of rocks
on Venus, copious amounts of water (10’s of meters) and basalt
(kilometers) are required to obtain the necessary hydrogen flux
from oxidation, which even in a warm and wet early Mars does
not seem practical. Owen et al. (1988) concluded that warmer tem-
peratures were necessary. Temperature increases in the lower
atmosphere would have the affect of increasing the carrying
capacity of water vapor in this region. Because most of the
water-destroying photochemistry occurs below the tropopause,
this increase in water vapor would in turn increase the rate at
which it was destroyed. Two mechanisms then have the greatest
potential for explaining the martian D/H ratio: an early hydrogen
flux or “pulse” and higher atmospheric temperatures.

Analyses of hydrous minerals in the SNC meteorites show that
the D/H ratio ranges from not only the present D/H ratio but down-
ward to only 1.5 times greater than Standard Mean Ocean Water
(SMOW), suggesting that deuterated ground water and magmatic
water intermixed during crystallization of the magma. The other
important observation Watson et al. (1994) made was that the
high martian D/H ratio was set prior to the crystallization age of
these rocks, which is between 180 million to a maximum of 1.3 bil-
lion years ago (Watson et al., 1994). Using this information,
Donahue (1995) determined the range of possible water abun-
dances both initially and currently residing in the martian crust.
If the D/H ratio has changed only 4% since the SNC crystallized
180 millions ago, then the initial crustal inventory was 42 m and
is currently only 3.4 m. If the ratio was set within the first billion
years of martian history, then the initial inventory may have been
has large as 2200 m, with 190 m currently in the crust. However,
the rate at which hydrogen escapes to create the martian D/H ratio
is controlled by its availability. The focus has been on freeing
hydrogen from water so it can escape into space, but the problem
is getting rid of the freed oxygen too. Warmer temperatures and
the oxidation of rock are important considerations, but the pulse
of free hydrogen from volcanism may be important as well.

Cumulatively, ~15 x 10'® g of hydrogen would have been
released into the martian atmosphere from volcanism with time
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(Table 3). Based on the temporal distribution of volcanic mass (Ta-
ble 1), a large fraction (~9.1 x 10'® g) would have been released
during the early history of Mars (middle Noachian to the early
Amazonian). Higher values released through volcanism are possi-
ble; hydrogen may constitute up to ~2.8 vol.% of the released gas
(Greenland, 1987a, Table 28.6), and we have only considered a
lower limit. Besides oxidizing rock to release hydrogen, an addi-
tional mechanism could be within the early martian mantle. The
presence of metallic iron in the mantle would have changed the
fugacity of oxygen and caused volcanic eruptions to have out-
gassed hydrogen at the expense of water as suggested for the early
Earth (Holland, 1978, p. 89). As the mantle became depleted in
metallic iron, most likely due to core formation, the oxygen fugac-
ity could have changed to permit volcanic outgassing of water, but
not enough to alter the then established high D/H ratio. The effec-
tiveness of this mechanism is of course highly dependent upon the
time of core formation.

There are two simple solutions to explain the D/H ratio that play
off one another. The first, obviously, is an atmospheric mechanism
for increasing the current loss rate of hydrogen. As Owen et al.
(1988) concluded, warmer atmospheric temperatures are desirable
in order to decouple the nonthermal escape of oxygen to the Jeans
escape of hydrogen. Perhaps accompanying temperature increases
from volcanically released SO, and total atmospheric pressure in-
creases to ~0.3 bar would be enough to permit this to happen,
but such modeling is beyond the scope of this paper. The second,
albeit unpopular solution, is a “dry” Mars that reduces the amount
of light hydrogen that has to be removed. The cumulative 8 m
water inventory from volcanism must have been depleted to
1.3 m to explain the D/H ratio. Alternatively Mars could have lost
all of its outgassed hydrogen and still retained ~2.5 m of the volca-
nic water. Because of the potential increase in temperatures and
the potential of aiding or creating an early hydrogen pulse, the
change in atmospheric conditions as the result of volcanic outgas-
sing must be considered when explaining the martian D/H ratio.

3.3. Sulfur dioxide

The amount of outgassed SO, on Mars would have had a cumu-
lative partial pressure of ~0.06 bars. In the Earth’s atmosphere, SO,
has a short lifetime (only a few years), so it is likely the influence
on total atmospheric pressure from outgassed SO, would have also
been short-lived. SO, becomes SOj3 in the presence of odd hydrogen
species, an intermediate step to becoming a sulfate aerosol (Post-
awko and Fanale, 1992). The amount of odd hydrogen species is di-
rectly proportional to the amount of water in the atmosphere,
which would be released simultaneously with the SO, during the
eruption. Settle (1979) calculated that in the present martian
atmosphere SO, would last only for ~3 martian years. Under ter-
restrial atmospheric conditions the lifetime of SO, is reduced to
only a few months (Settle, 1979).

Using the original erupted magma volumes by Greeley (1987),
Postawko et al. (1987) suggested that at 1 wt.% SO,, volcanism
may have been capable of episodically warming the martian atmo-
sphere by as much as 10 K. Including the gas released during peri-
ods of quiescence, our effective weight percent SO, is also ~1.0.
Combined effects from simultaneously released water, carbon
dioxide, and other constituents should be considered in climate
models.

Settle (1979) noted that sulfate aerosols (i.e., sulfuric acid vapor,
H,S04) would grow in size by vapor nucleation and coagulation.
The final fate of the degassed SO, would be on the martian surface
as a form of acid rain. Settle (1979) suggested that SO, released
from volcanic eruptions could be dispersed globally and trigger
leaching of surface materials upon deposition, thus explaining
the high sulfur content of the soil and duricrust measured at all

the landing sites (Toulmin et al., 1977; Rieder et al., 1997; Gellert
etal., 2004; Squyres et al., 2004). Global acid rain evolved from vol-
canic degassing would have deposited ~120 cm of H,SO4 (Fig. 3A).
The influence of this process may have been more pronounced lo-
cally if the eruption was contained within the troposphere. It is
interesting to note that the largest pulse in volcanic activity occurs
during the early Hesperian (Fig. 2), which roughly corresponds to
the ages of most valley networks (e.g., Fassett and Head, 2008). It
is possible that volcanic outgassing created the conditions neces-
sary to initiate valley network incision.

3.4. Nitrogen

The Viking entry mass spectrometers measured a '>N/*N ratio
that is a factor of 1.6 = 0.2 over the telluric value (Nier et al., 1976;
McElroy et al., 1977). Assuming a constant nitrogen escape rate,
McElroy et al. (1977) calculated that this enhanced ratio started
from a partial pressure of 1.3 mbar. If chemical fixation of nitrogen
in the soil is considered, then they calculated a partial pressure as
high as 30 mbar was present initially. The partial pressure derived
from our calculations, ~1.3 mbar, matches their lower value and
suggests that chemical fixation of nitrogen did not occur. McElroy
et al. (1977) also used the measured '°N enrichment to place a lim-
it on the rate at which the martian atmosphere gained nitrogen.
Assuming that the past escape rate of nitrogen was never higher
than the present rate, and that this rate was dependent upon the
instantaneous abundance of nitrogen, they found that most of
the N, would have been outgassed early in martian history (~3 bil-
lion years ago). Not unexpectantly, the early outgassing of nitrogen
also correlates with the timing of martian volcanism (Fig. 3). How-
ever, it should be noted that recently Tian et al. (2009) showed that
heavy gases, including N, C, and O, should have escaped thermally
at high rates early in Mars’ history if there was strong EUV heating
from the young Sun. Under such conditions, the assumption of a
constant nitrogen escape rate proposed by McElroy et al. (1977)
is almost certainly incorrect, and their calculated initial nitrogen
partial pressure is probably low by several orders of magnitude.

3.5. Minor constituents

The hydrogen sulfide released would act as a good reducing
agent. If heated in the presence of SO, during the eruption it would
yield additional water vapor by the reaction:

2H,S + SO, — 2H,0 + 3S

adding several 10’s of centimeters of water into the martian envi-
ronment. Hydrogen sulfide is also a weak acid and will react with
most metals. Mixed with water it becomes hydrosulfuric acid,
which could react with certain hydroxides on the martian surface
to form salts (i.e., an ionic hydrogen compound). The other acidic
gas constituents, hydrogen chloride and hydrogen fluoride, have
also been suggested as forming salts on the martian surface (Malin,
1974). Through the exchange of atmospheric water vapor with the
regolith and surface material it may be possible to recrystallize
these compounds in rock pores and crevices repeatedly, thus
creating an effective physical weathering agent even in the current
martian environment (Malin, 1974). Malin (1974) also speculates
that the reddish color of Mars may be due to oxidized iron accom-
panying such salt weathering.

A unique property of hydrogen fluoride is its ability to react
with quartz through the reaction:

Si0, + 4HF — SiF4(g) + 2H,0

Through the release of volcanic hydrogen fluoride 1.82 x 10'% g
of quartz sand, or ~5 mm distributed globally, may have been re-
moved from the martian environment. Multispectral measurements
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made by TES suggest that quartz is not a dominant mineral on mar-
tian (Bandfield et al., 2000). Basalt in particular could withstand
the acids released by volcanic eruptions; however, it would weath-
er quickly from any potential salt crystallization.

The total amount of carbon monoxide released through volcanic
degassing (1.36 x 10'® g) is significantly more than what is present
currently (~7 x 10! g), suggesting that some of this gas went into
reducing metal oxides and produced carbon dioxide or, more
likely, has combined with atmospheric oxygen to form carbon
dioxide. In the presence of atmospheric odd hydrogen (H, OH,
and HO;), which would be provided by the disassociation of water
vapor, carbon monoxide readily combines with free oxygen to form
CO,. This process works so efficiently in the martian atmosphere
that the mixing ratios of carbon monoxide and oxygen are kept
at levels of only approximately one part per thousand (Barth
et al., 1992). This suggests that another 0.5 cmcm~2 of carbon
dioxide was produced by degassing, which is relatively insignifi-
cant when compared to the amount of CO, produced directly from
outgassing.

4. Conclusions

(1) During its early history (Noachian through the Hesperian)
release of volcanic gases may have increased the atmo-
spheric pressure up to ~0.3 bar for several martian years.
It may be possible that the greenhouse effect of these gases,
primarily SO, and CO,, were enough to raise the surface
temperature above freezing and permit liquid water or car-
bon dioxide to exist on the surface.

(2) Acid rain (H,SO4) was probably produced as the result of SO,
degassing. As much as ~120 cm of this liquid may have pre-
cipitated onto the martian surface with time, contributing to
the high sulfur content of the martian soil and perhaps cre-
ating runoff channels on the flanks of young volcanoes. Col-
lectively with released water and CO,, acid rain may have
aided in the degradation of the martian highlands and for-
mation of the valley networks.

(3) Revised estimates of juvenile water suggest that a global

layer equivalent to ~8 mm~2 was produced by volcanic

degassing. Assuming that volcanism was the only source of
water on Mars, ~6.7 m would have been lost to space to
explain the high martian D/H ratio. Estimates for released

CO, suggest that most of it most be adsorbed in the martian

regolith. Depending on the mineralogy, estimates for

the amount of adsorbed CO, suggest that the martian
regolith is a minimum of 50-400 m thick. Alternatively,
~130 cm cm 2 of carbonates may be present.

Providing that the temperature increases accompanying

early volcanic gas emissions were high enough to decouple

the nonthermal escape of oxygen to the Jeans escape of
hydrogen, the hydrogen flux from degassing may be able
to explain the high martian atmospheric D/H ratio.

(5) The amount of nitrogen outgassed appears to be able to
explain the current atmospheric '>N/'N ratio, implying that
chemical fixation of nitrogen to the martian soil did not
occur.

(6) Minor gas constituents (HF, HCl and H,S) could have
formed hydroxyl salts on surface materials. Under cur-
rent martian conditions these salts would continually
recrystallize, perhaps resulting in physical weathering of
geologic material (Malin, 1974). The amount of hydrogen
fluoride emitted would be capable of dissolving a layer
of quartz sand ~5 mm thick distributed globally, perhaps
explaining the absence of this material in spectral
studies.

(4

~—

5. Implications

Based on the conservative estimates presented here, the entire
present-day atmospheric and volatile inventory on Mars can be ex-
plained by volcanic degassing. This is further supported by the rel-
ative abundances of “°Ar and 3®Ar in the martian atmosphere,
which on Mars must have been transported to the atmosphere
by volcanism. Assuming that only a small amount of “°Ar has been
lost from the atmosphere and that martian volcanic materials have
a concentration of potassium similar to the Earth’s (1.16%),
Turcotte and Schubert (1988) calculated that the mass of the
potassium reservoir on Mars is 2.5 x 10%° kg. Coincidentally, the
mass of the erupted volcanic materials on Mars calculated by
Greeley and Schneid (1991) is 2.3 x 10%° kg (Table 1). This suggests
that the martian atmosphere has been static for a long period of
time. This does not necessarily preclude the possibility that erosion
of an earlier, primordial atmosphere occurred during heavy bom-
bardment (Cameron, 1983). This atmosphere, however, would
have had to have been completely removed before the middle
Noachian (3.85 Gy) to explain the concentration of atmospheric
argon.

Climatic modeling will have to determine whether liquid water
could exist under the atmospheric conditions suggested in this pa-
per and if the amount of volatiles released by volcanic degassing
alone could explain the formation of the outflow channels, valley
network formation, and the degradation of the martian highlands.
Of course there are other potential sources of atmospheric vola-
tiles, such as impact devolatilization (i.e., “impact degassing”) that
may have occurred during accretion in creating the primordial
atmosphere (e.g., Ahrens et al., 1989) and subsequent cometary
impacts (e.g., Carr, 1989) that should be considered, too. One con-
sequence of periods of higher atmospheric pressure that is clear is
a potential increase in eolian activity. The windspeeds required for
entrainment of sand and dust are a function of atmospheric den-
sity, with lower winds being capable of moving material under
higher atmospheric surface pressures (i.e., higher density) (Greeley
et al., 1980). Moreover, if periods of higher atmospheric pressure
did allow active surface water, then the generation of small parti-
cles through weathering and erosion is increased, providing even
more material capable of wind entrainment. Another implication
is the presence of relatively recent pyroclastic deposits on the mar-
tian surface that are stratigraphically older than more effusive
flows (Mouginis-Mark et al., 1988), suggesting that the changes
in atmospheric pressure accompanying initial eruptions prohibited
explosive volcanism during later eruptions.
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