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ABSTRACT

In 1983, Thiemens and Heidenreich reported the first chemically
produced mass-independent isotope effect. This work has been
shown to have a wide range of applications, including atmospheric
chemistry, solar system evolution, and chemical physics. This work
has recently been reviewed (Weston, R. E. Chem. Rev. 1999, 99,
2115—2136; Thiemens, M. H. Science 1999, 283, 341—345). In this
Account, observations of mass-independent isotopic compositions
in terrestrial and Martian solids are reviewed. A wide range of
applications, including formation and transport of aerosols in the
present atmosphere, chemistry of ancient atmospheres and oceans,
history and coupling of the atmosphere—surface in the Antarctic
dry valleys, origin and evolution of oxygen in the Earth’s earliest
environment, and the chemistry of the atmosphere and surface of
Mars, are discussed.

[. Introduction

It has been known for more than a half century that the
alteration of the position of equilibrium by isotopic
substitution®? provides a quantitative mechanism by
which an enormous range of processes may be resolved.
These applications include chemical reaction mechanistic
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FIGURE 1. Three isotope plots for oxygen, illustrating mass-
dependent slope and A0,

studies, paleothermometry, igneous thermomometry, at-
mospheric chemistry, and the resolution of origin of the
solar system. Although these isotopic shifts are modest,
they are readily measurable.! Stable isotopes in gaseous
species are measured on multiple collector mass spec-
trometers. The simultaneous collections afford extraor-
dinarily high precision. Further precision is attained by
sequentially measuring a standard of known isotope ratio
and sample. For a species such as oxygen, the ratio of 0/
160 (or mass 34/23) may be measured at a precision and
accuracy better than 0.1 parts per thousand, or per mil
(%o0). These isotopic ratios are reported in the conventional
delta notation, which for oxygen isotopes is given by

0"%0 (%0) = (R™sampie/R"'stp — 1) x 1000 (1)

00 (%0) = (RY ot/ R s1p — 1) x 1000 (2)

sample
R17 =17Q/16Q, R1® = 180Q/16Q, and “STD” refers to standard
mean ocean water (SMOW). It is well known that the
variation of these isotope ratios produces a highly cor-
related array, with 670 ~ 0.52 6*0. This arises from the
mass dependency of conventional isotope effects such as
isotope exchange from the mass dependence of vibra-
tional frequencies, kinetics, evaporation/condensation,
and velocity. A plot of isotopic measurements of a broad
range of terrestrial samples displays the coherence of this
o0 = 0.52 080 relation (Figure 1). Note that AYO
expresses the deviation, in parts per thousand, from the
mass fractionation line. The Earth—moon system was
formed from a common oxygen reservoir and subsequent
partitioning by mass-dependent processes, thus producing
the array depicted in Figure 1.

The first exception to this observation was reported by
Thiemens and Heidenreich.® It was observed that, in the
production of ozone by molecular oxygen, ozone was
equally enriched in the isotopes 7O and 80, or 670 =
080, rather than 670 = 0.52 4*80. Aside from the inherent
importance to chemical physics, precisely the same
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isotopic composition had been observed in meteorites.*
In this work, it was assumed that, since no chemical
processes could produce a 6’0 = 680 composition, the
observations must reflect a nuclear process. Further, it was
suggested that it was exotic supernova nucleosynthetic
debris, admixed with the proto solar nebula. With the
laboratory observations,® this assumption was demon-
strated to be invalid, and it now appears likely that the
meteoritic compositions derive from chemical processes.
Given that stony planets are predominantly composed of
oxygen, the event responsible for production of the
isotopic anomalies is a major process in the formation of
the solar system.

An intriguing aspect of the mass-independent isotope
effect has been the difficulty in determining the physical—
chemical basis for the effect. Two recent reviews thor-
oughly document this history.>6 In the time since those
reviews were published, new experimental data have
emerged which have further examined the relative forma-
tion rates of %°0; and 5203 in *0O—180 mixtures’ and the
third-body dependence of rate coefficients for ozone
formation in %0—80 mixtures.® The isotopic selectivity
is suggested as being explicable within the context of the
Lindemann—Hinshelwood mechanism, coupled with an
isotopic selectivity derived from the O—0, collision and
production of the activated Os* complex.® This model does
not invoke molecular symmetry. Hathorn and Marcus®
have produced a theoretical model which accounts for the
observed isotope effects. The treatment utilizes a loose
transition state theory and a phase space partitioning with
the activated Oz* complex, coupled with a modest non-
Rice—Ramsperger—Kassel—Marcus effect for the sym-
metric isotopomers. The model demonstrates reasonable
agreement with experimental results. At present, there
remains a need for further theoretical and experimental
exploration of the mass-independent isotope effect.

Despite the difficulty in determining the physical—
chemical basis of the effect, it is now known that the effect
is pervasively observed in nature. The atmospheric mol-
ecules O3, CO,, CO, aerosol sulfate, and nitrous oxide all
possess mass-independent isotopic compositions (for
reviews, see refs 5 and 6). In each particular case, insights
into their source, transport, and chemical transformations
have been derived which could not have been obtained
by any other observation. Recently, the striking observa-
tion has been made that atmospheric O,, the second most
abundant molecule, is mass-independently fractionated.®
This signature is acquired from 0O,—03;—CO, isotopic
coupling in the stratosphere via O(*D) transfer from O;
to CO,, at the ultimate expense of O,. The magnitude of
the tropospheric 7O anomaly in O,, which is returned to
“normal” isotopic O, by photosynthesis and respiration
in the oceans, provides a new and unique tracer of global
biospheric production. Isotopic measurements of O,
trapped in polar ice are used to estimate global biospheric
productivity over the past ~80 000 years.°

Most recently, for the first time, mass-independent
isotopic compositions have been detected in terrestrial
solids (sulfur and oxygen isotopes). These observations
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have opened an enormous vista into widely ranging
processes, which occurred as long ago as 3.9 x 10° years,
and as far away as Mars. In this Account, these new
observations are reviewed. These measurements begin
with present-day observations and then look to the past,
as far as 3.9 x 10° years back in the Earth’s history, and
end up on the surface of Mars. As in the atmospheric
observations, new insights, otherwise unobtainable, have
been gleaned from these mass-independent isotopic
compositions.

Il. Oxygen Isotopic Study of Sulfur(lV)
Oxidation

The first simultaneous 6’0 and 680 measurements of
atmospheric sulfate aerosol particles have demonstrated
that these particles possess a clear mass-independent
composition, ranging from A0 = 0.1 to 2%..1%%2 In light
of this discovery and the wide range of applications in
atmospheric and paleo sciences, the question of the origin
of these oxygen-17 anomalies arises. Any interpretation
of the sulfate anomaly is dependent upon the resolution
and quantification of the source of these natural isotopic
anomalies. Recently, Savarino et al.*® performed a series
of experiments which identified the source of the mass-
independent isotopic composition. There are three reac-
tion sequences which may give rise to the observed
isotopic anomaly:

(1) The precursor of sulfate, SO,, may possess an
anomaly associated with its formation.

(2) The sink processes responsible for removal of sulfate
from the atmosphere are mass-independent.

(3) The oxidation pathways transforming the S(IV) to
the S(VI) may have an associated mass-independent
fractionation process.

Equilibrium isotopic exchange between SO, and water
is rapidly attained in the atmosphere.'* The exchange
mechanism is a mass-dependent process, and the oxygen
isotopes of water are known to possess a mass-dependent
composition; hence, the oxygen isotopic composition of
sulfur(lV) has no influence on the generation of a mass-
independent anomaly in the atmosphere. Sink processes
for sulfate in the atmosphere cannot account for the
observations since sulfate is exclusively removed from the
atmosphere by physical processes (dry and wet deposi-
tion), which are strictly mass-dependent. Therefore, the
question focuses upon which oxidation pathway generates
the observed sulfate anomaly. The relevant mechanisms
that may lead to a mass-independent oxygen composition
of sulfate are

oxygen isotopic reaction selection

S(IV) (MD) + oxidant (MD) — SO,> (MI)  (A)
oxygen isotopic transfer

S(IV) (MD) + oxidant (MI) — SO, (MI)  (B)

where MD and MI stand for mass-dependent and mass-
independent oxygen compositions, respectively, and sul-
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Table 1. Summary of Isotopic Results from Gas- and
Aqueous-Phase Sulfur(l1V) Oxidation Experiments?

reactants
sulfur product A0 slope
reactions phase species oxidant sulfate S(IV)/oxidant
SO, + OH gas MD MDb MD na°
SOz + H>0 gas MD MD MD 0.21+£0.01
S(IV) + H,0, aqueous MD MD MD 0.47 £0.04
MD MI MI
S(IV) + O3 aqueous MD MD MD  0.24 +0.02
MD MI MI
S(IV) + O, aqueous MD MD MD na
(with metal
catalysts)

aMD and MI represents mass-dependent and mass-independent
isotopic composition, respectively. A7O slopes and their standard
deviations are calculated using the method of least squares. ? Not
directly measured but presumed. ¢ Not applicable.

fur(l1V) represents sulfur species such as SO,, HSO3~, SO,-
H,0, and SO4?". In the case of reaction A, the isotopically
selective oxidation mechanism is responsible for the
production of a mass-independent composition, as ob-
served in the CO + OH reaction?! or ozone formation.® In
the second case (reaction B), the mass-independent
anomaly is the result of a transfer of anomalous oxygen
from the oxidant to the final product.

Laboratory experiments were carried out to identify a
chemical/oxidative source for the aerosol sulfate oxygen-
17 anomalies. The major and well-established oxidation
reaction pathways in the aqueous phase involve H;O,, Os,
and O, by a transition-metal-catalyzed reaction.'®

Atmospheric O3 and H,0; possess mass-independent
oxygen isotopic compositions*®~2° and undergo gas-phase
oxidation by the OH radical. Recent work has proposed
other oxidant and oxidation pathways as the main oxida-
tion pathway for sulfur(1V).1617 However, these new path-
ways are significant only in highly perturbed environ-
ments.

Isotopic measurements of aqueous-phase S(IV) oxida-
tion experiments are reported (Table 1). The results
demonstrate that reaction A does not produce a mass-
independent isotopic composition. Only mass-dependent
oxygen isotopic compositions are observed in the product
sulfate for agueous-phase experiments with MD reactants,
regardless of the presence or absence of catalysts. This
result is expected as only gas-phase reactions generate
anomalous isotopic compositions. The catalytic oxidation
of sulfur(lV) may be significant for groundwater, and
recent studies speculate on its relative importance in
droplet chemistry.’® However, this does not generate
mass-independent sulfate. For the primary aqueous oxi-
dation by H,0, and Os, the conclusion is the same. Gas-
phase oxidation by H also does not produce a mass-
independent fractional (MIF). This result is somewhat
surprising, as the CO + OH reaction?* produces a mass-
independent fractionation. This discrepancy underlines
the complexity of predicting results a priori. In the absence
of a global theory of mass-independent fractionation,
experimental observations for relevant reactions are needed.
The SO; + H,O + M reaction is an important step in the
production of sulfate in the gas phase in the atmosphere.
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FIGURE 2. Correlation plot between A0(S0,) and A7O(H,05) (A)
and between A"0(S0,) and AYO(0s) (B) from laboratory experiments
in the aqueous phase. Oxygen isotopic analysis of the experiment
indicates a strong linear correlation. The slope indicates the relative
number of SO,2~ oxygen atoms coming from the oxidants, ~2/4 and
~1/4 for respectively H,O, and Oj.

The experimental results show that the hydration of sulfur
trioxide is a strictly mass-dependent process. The ratio of
AYOgi/ ATOn,0 for this reaction approaches the ideal
statistical mixing value of 0.25; thus, mass-independent
compositions are not generated by these reactions, and
the production of anomalous sulfate by oxygen isotopic
reaction selection may be dismissed. For the isotopic
transfer route, only relevant mass-independent isotopic
compositions of oxidants have been tested. Molecular
oxygen, OH, and H,O possess mass-dependent isotopic
compositions on Earth. The only two oxidants of sulfur-
(IV) known to possess mass-independent isotopic com-
position are H,0, and 03,8720 and the transfer route was
studied for these two oxidants. The results are displayed
in Figure 2. For hydrogen peroxide, the experiments
demonstrate that half of the peroxide anomaly is trans-
ferred to the final sulfate.

The experimental isotopic results of the aqueous-phase
sulfur(lV) oxidation by H,O, agree with previous investiga-
tions, which proposed that the reaction proceeds via a
nucleophilic displacement on bisulfite by H,0,, whose two
oxygen atoms are transferred from the peroxide to the
sulfuric acid®*~%* product. Using the reported anomaly
measured for hydrogen peroxide of N 20/1000,'8 a maxi-
mum value of 0.5%eo is obtained for A7Osy, if H,O; is the
only oxidant transferring its anomaly. This value is well
below the maximum anomaly reported for sulfate (A7O
= 4.6%0%). Therefore, hydrogen peroxide cannot entirely
account for the observed sulfate anomaly. The results
obtained from the ozone experiments (Figure 2b) are
similar to those for peroxide, but with a slope of 0.24,
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FIGURE 3. Examples of terrestrial sulfate minerals that possess
anomalous oxygen-17 compositions.

suggesting that only one of the four sulfate oxygens comes
from ozone. This result rules out the free radical mech-
anism involving OH*, HSOgz, and HSOs* as principal
radicals proposed by Penkett et al.?* However, it confirms
a nonradical mechanism, proceeding via an electrophilic
displacement reaction of Oz on sulfur atoms (sulfur(1V)
species) in the aqueous phase, as suggested by Erickson
et al.?® Given the large O; isotopic anomaly (A0 =
20%0%°), even a small relative contribution of ozone to the
overall oxidation of sulfur(lV) accommodates the sulfate
anomaly. These experiments demonstrate that, provided
H,0, and O3 are the principal oxidants of sulfur(lV) in the
liquid phase (the normal occurrence in the atmosphere),
the AYO of sulfate is a measure of the atmospheric origin
of sulfate and is a tracer of the relative contribution of
aqueous-phase oxidation to the overall oxidation path-
ways.

[1l. Oxygen-17 Anomalies in Terrestrial Sulfate
Minerals

It was thought that 6O and possibly 68 in the rock record
on Earth have followed a mass-dependent relationship
since at least 3.7 billions years ago.? However, several
recent studies have revealed that sulfate minerals in many
arid environments, as well as in a few ancient volcanic
ash beds, possess a range of positive A7O values?>2°30
(Figure 3).

The central Namib Desert hosts one of the most
extensive gypsum (CaS0,4-2H,0) accumulations in Africa.
The gypsum crust occurs extensively near the coast and
gradually thins off and disappears ~50—70 km from the
coast, covering an area of about 30 000 km?. Most of the
gypsum’s AYO values are in the range of 0.2—0.5%0. A
similarly old and dry but much colder desert environment
is found in the Antarctic dry valleys, where the salt content
is extremely high. Recent measurements show that all the
soil sulfates have highly positive AYO values, ranging from
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0.5 to 3.4%o, significantly higher than those found in the
central Namib Desert. There are intriguing correlations
between sulfate oxygen isotopic compositions and climatic
region or soil depths, indicating that the differences in
particle size, transport mode, and local precipitation
pattern between sea salt aerosols and biogenic aerosols
determine the sulfate distribution in the Antarctic dry
valley regions. It is also found that sulfate minerals with
positive A0 values are widespread in other arid regions
on Earth. For example, all water-soluble sulfates extracted
from desert varnishes, which are thin coatings composed
of mostly clays and Mn—Fe minerals on rock surfaces,
exhibit positive A’O values, ranging from 0.4 to 1.3%eo.
So far, the most mysterious sulfate oxygen-17 anomalies
were found in ancient (Miocene, >15 million years old)
volcanic ash beds in Nebraska and South Dakota, where
the highest A0 value reaches 4.6%o.

Since all other sulfate processes on the Earth, such as
reduction, sulfide mineral oxidation, and evaporation, are
mass-dependent,? it was concluded that these anomalous
oxygen-17 signatures derive from the oxidation of sulfur
gases in the atmosphere by O; or H,0,, which are known
to have positive A0 values.’®2 At present, the main
sources of reduced sulfur gases are anthropogenic, marine
biogenic, and volcanic emissions. It is, therefore, not
surprising to find large atmospheric sulfate deposits in the
vicinity of these sources. For example, both Antarctica and
central Namibia have high dimethyl sulfide (DMS) emis-
sions into the atmosphere from nearby oceans, and SO,
is the main component of volcanic gases. Once oxidized,
atmospheric sulfate is transported to Earth’s surface via
wet and dry deposition. Provided suitable depositional
conditions exist (such as arid climates), and that there are
minimal sources of other sulfate and a lack of biological
alteration, the atmospheric sulfate accumulates and be-
comes the dominant geological record which tracks
ancient atmospheric—oceanic interactions. The rock record
can offer new clues to ancient atmospheric conditions on
Earth as well as on other planets, such as Mars. Recently,
a new analytical method has been developed for an
efficient analysis of both oxygen-18 and oxygen-17 isotopic
composition for sulfate,®! which will greatly expedite these
studies.

IV. Sulfide and Sulfate in Ancient Terrestrial
Sedimentary Rocks

Measurements of sulfur 0%S, §%S, and %S and the
observed mass-independent composition in sulfide and
sulfate sedimentary and metasedimentary rocks®? point
to a major change in the terrestrial sulfur geochemistry
that occurred between 2090 and 2450 Ma (million years
ago) (Figure 4). For sulfur, %S is the %S/32S ratio, and
03S is 34S/%2S, reported in per mil variations. The deviation
from mass fractionation is given as A®S = %S —
0.515 03*S. The sulfur isotope compositions in samples
older than 2450 Ma are mass-independent, with A®S
varying between 2.04 and —1.29%.. Samples older than
2090 Ma but younger than 2450 Ma exhibit a range of A%S,
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FIGURE 4. Sulfur multiple-isotope data for sedimentary sulfide and
sulfate as a function of age. The large range for A®S in samples
older than 2500 Ma reflects a change in the role of atmospheric
chemistry relative to oxidative weathering and bacterial sulfate
reduction in the sulfur cycle.

varying between 0.02 and 0.34%o. and are considered to
exhibit smaller-magnitude mass-independent fraction-
ations. Samples younger than 2090 Ma exhibit a range of
A%S from —0.11 to +0.02%0 and are considered to be
consistent with fractionation by mass-dependent pro-
cesses.

The sulfur isotopic data appear to represent a global
isotopic signature because the signature is present in a
wide variety of different hydrothermal and sedimentary
rock types older than 2500 Ma.®?> A characteristic of
massive barite (BaSO,) samples that are composed pri-
marily of sulfate is that they are 3S-depleted relative to
the terrestrial mass fractionation line. Samples that are
composed primarily of reduced sulfur are 3S-enriched
relative to the terrestrial mass fractionation line. This has
been interpreted as indicating that these samples record
the isotopic signatures of two different global sulfur
reservoirs in the Archean (2500—3800 Ma). The sulfate
samples are inferred to record the systematics of the
dissolved oceanic sulfate reservoir, and the reduced
samples are inferred to record the processes of an
insoluble reduced reservoir.

In the present-day terrestrial sulfur cycle, two dominant
pathways are oxidative weathering (oxidation of conti-
nental sulfide to sulfate) and bacterial sulfate reduction
(reduction of sulfate to sulfide). Walker and Brimble-
combe® suggest that the role played by these pathways
may have been limited on a primitive Earth if the
atmosphere had low oxygen content and the role of
bacterial sulfate reduction was limited. In this model, the
balance between atmospheric sulfur chemistry, volcanic
sources, and hydrothermal sinks would control the ter-
restrial sulfur cycle. The data in Figure 3 are consistent
with the model and can be used to constrain the oxygen
partial pressures in the Archean atmosphere, an index
sought for decades. In the absence of O, and O; in the
early atmosphere, UV light penetrates to the Earth’s
surface, where photochemistry of S-bearing atmospheric
species produces the observed mass-independent isotopic
signatures.® As O,/0; levels grow in the atmosphere, UV
is optically shielded, and this photochemistry no longer
occurs. By ~2200 Ma, the isotopic signature disappears,

reflecting the buildup of atmospheric oxygen and, in turn,
the biomass of photosynthetic bacteria. The use of the
mass-independent character has permitted these assign-
ments, which could not be done by any other measure-
ment technique.

V. Oxygen and Sulfur Isotopes in Martian
Meteorites

The Shergottite—Nakhlite—Chassignite (SNC), or Martian,
meteorites are a group of evolved meteorites that share
several features. They crystallized from silicate melts
(some may be melting residues as well) and are made up
of minerals such as olivine ((Mg,Fe),SiO,), pyroxenes ((Ca,-
Mg,Fe)SiO;), and feldspar ((Ca,Na);—,Al;—;Si,—30s) in vary-
ing proportions. The crystallization ages of the igneous
rocks that form these meteorites have been determined
by radiometric age-determination techniques to range
from approximately 160 Ma to greater than 4000 Ma.34-40
The SNC meteorites also contain secondary minerals such
as hydrated silicates, sulfates, carbonates, and salts that
formed at low temperature as a result of interactions
between the already-present igneous minerals and their
environment during weathering and episodes of hydro-
thermal activity.*'~** The compositions of these secondary
minerals have been used to gain insight into the environ-
ments in which they formed. Young igneous crystallization
ages and evidence for low-temperature alteration suggest
a geologically active parent body, which narrows the
candidates to Venus and Mars.357374546 The strongest
evidence for a Martian origin comes from an observed
close correspondence between on-site measurements of
Martian atmospheric noble gas abundances by the Viking
Landers and the abundances of noble gases that are
trapped in shock-related silicate glasses.*"48

VI. Martian Oxygen Isotopes in SNC
Meteorites

A number of secondary minerals, that is, minerals formed
in situ by aqueous activities on Mars, have oxygen isotope
compositions that do not fall on the same oxygen isotope
mass fractionation line as that defined by coexisting
igneous silicate minerals.**~> Karlsson et al.>? extracted
water from a number of SNC meteorites and demon-
strated that waters from Nakhla, Lafayette, Zagami, and
Chassigny were more ’O-enriched than their coexisting
igneous silicate minerals. Farquhar et al.?*5! demonstrated
that carbonates from ALH 84001, Nakhla, and Lafayette
as well as sulfate from Nakhla were ’O-enriched relative
to coexisting igneous silicate minerals. The mass-inde-
pendent oxygen isotopic compositions are in the wrong
direction to be explained by terrestrial contamination and
have been interpreted in the context of a mass-indepen-
dently fractionated reservoir (or reservoirs) in the Martian
atmosphere—hydrosphere system.

An important signature of chemical mass-independent
isotopic fractionation processes is a variable mass-
independent signature in different phases, since secondary
phases form by different reaction pathways and some
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FIGURE 5. Synthetic model of the Martian cycles of oxygen and sulfur that is obtained by consideration of mass-independently fractionated

sulfur and oxygen in Martian (SNC) meteorites.

species exchange oxygen more readily than others. As a
consequence, some secondary minerals may carry large
mass-independent signatures, while others do not. Dif-
ferent A70 values for sulfate (1.33%o) and water (0.95%o)
are inconsistent with mass-dependent equilibria. This
observation is, however, consistent with a mass-indepen-
dent chemical system where water and sulfate acquire
their respective isotopic composition through different
isotopic fractionation processes. This is feasible, given the
slow rates of oxygen isotope exchange between sulfate and
water in solutions that are not strongly acidic (pH < 2),
and given that sulfate produced by oxidation may acquire
part of its oxygen from mass-independently fractionated
species such as H,0, and 03.13?5 Carbonate precipitated
from water must lie on a mass fractionation line because
carbon dioxide and liquid water undergo rapid oxygen
isotope exchange through the formation of H,CO;. Equi-
librium CO,—H,0 exchange predicts In(*’a)/In(*¥a) ~ 0.524
at 25 °C.%% The term a is the conventional fractionation
factor reflecting the isotopic difference between two
phases, in this case CO, and H,O. The fractionations
between carbonate and water extracted from Nakhla yield
Yo = 1.01797 and 8o = 1.03460, and the quantity In(*’o)/
In(*a) is within error of that calculated for CO,—H,0O
isotopic exchange. This is consistent with mass-dependent
carbonate—water equilibrium. A similar relationship is
defined by carbonate and water from Lafayette.

The carbonates in Nakhla and Lafayette, however, are
not in mass-dependent equilibrium. Since Nakhla and
Lafayette are believed to be related and also to originate
in the same volcanostratigraphic sequence, the variable
AY0 values therefore indicate that geochemical exchange
of oxygen between water and rock at the time of formation
of secondary minerals in these meteorites was highly
active and contributed to heterogeneous 670, ¢80, and
AY0O. The additional observation of similar A7O values
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for significantly older carbonate from ALH 84001 indicates
that the process responsible for the generation of mass-
independent compositions persisted throughout a signifi-
cant part of Mars’s evolution and attained equilibrium.
This also requires that the chemistry in the Martian
regolith has been coupled to Martian atmospheric chem-
istry throughout much of Mars’s history. This had not
been quantified prior to these isotopic measurements.

While the A'O signature in secondary phases origi-
nates in the Martian atmosphere, the chemical reactions
responsible for its transfer to minerals remain unresolved.
This is, in part, a result of the limited number of samples
available. It has been speculated that the signatures may
reflect reactions such as isotopic exchange between CO,
and O(*D) produced by photolysis of Os;, CO, photodis-
sociation in the Martian atmosphere,5~% or exchange
between CO; and isotopically anomalous water that itself
inherited anomalous AYO through exchange with com-
pounds in the soil that have been oxidized by isotopically
anomalous atmospheric oxidizing agents (e.g., Oz and
H,0,). Such oxidized compounds are thought to be
common in the soil (e.g., iron oxides and oxidized organic
acids).5” Sulfate forms by a different process that may
include oxidation of SO,(aq) by H,0, or O3 and SO, + OH
or SO, photooxidation. This oxygen mass-independent
isotopic signature has been utilized to significantly en-
hance understanding of Martian processes.

VII. Martian Sulfur from SNC Meteorites

The SNC meteorites also contain sulfides and sulfate with
negative A33S values.%® These data have been interpreted
in the context of previously described results for ancient
terrestrial sedimentary sulfide and sulfate and gas-phase
photochemical experiments involving CS;, SO, and H,S
that have produced mass-independent sulfur isotope
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fractionations during photolysis by deep UV and visible
radiation.®%° Because of low oxygen pressures, the Mar-
tian atmosphere has been optically thin throughout Mars’s
history.

Oxygen and sulfur isotope systematics of SNC mete-
orites can be used to form a synthetic model of the
Martian geochemical oxygen and sulfur cycles (Figure 5).
The model provides a conceptual framework for targeting
future return sampling missions. Such models and mul-
tiple isotopic measurements also provide insights into,
and may ultimately address, a humber of longstanding
questions pertaining to the origin of oxidized sulfur
species observed by both Pathfinder and Vikings, and to
the role of highly oxidized compounds such as Oz and
H,0O, in the Martian regolith. These atmospheric com-
pounds may also be an energy source for potential
Martian biota. As such, their isotopic composition/
memory will be an important tracer.

VIII. Concluding Comments

With the discovery by Thiemens and Heidenreich in 1983
of a chemically produced mass-independent isotopic
process, a realm of applications in atmospheric chemistry,
solar system evolution, and atmospheric chemistry was
opened. In the past few years, mass-independent isotopic
compositions have been observed in an extensive range
of terrestrial solids. These new observations have been
shown to enhance understanding of an extraordinary
range of natural processes which include origin and
transport of aerosol sulfates in the present atmosphere,
the past history of the atmosphere and ocean in west
Africa, the interaction between the atmosphere and the
Antarctic dry valleys over geologic time scales, the origin
and evolution of the sulfur cycle in the earliest Earth’s
history as well as the origin and evolution of oxygen, and
finally, the chemistry of the Martian atmosphere and its
coupling to the surface of Mars and the consequences for
life on Mars. These new studies have opened new fields
and made significant new advances where no other
technique could have provided such insights. There is
likely a much wider range of applications of mass-
independent signatures on Earth as well as throughout
the solar system.

We acknowledge our co-workers, past and present, who con-
tributed to the work reported in this Account. We also acknowledge
Ralph Weston for a thorough review. The National Science
Foundation and NASA are gratefully acknowledged for past and
present support.
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