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ABSTRACT

Mass-independent fractionation (MIF) of sulfur isotopes has been reported in sediments of
Archean and Early Proterozoic Age (>2.3 Ga) but not in younger rocks. The only fractiona-
tion mechanism that is consistent with the data on all four sulfur isotopes involves atmo-
spheric photochemical reactions such as SO, photolysis. We have used a one-dimensional
photochemical model to investigate how the isotopic fractionation produced during SO, pho-
tolysis would have been transferred to other gaseous and particulate sulfur-bearing species
in both low-O, and high-O, atmospheres. We show that in atmospheres with O, concentra-
tions <107° times the present atmospheric level (PAL), sulfur would have been removed from
the atmosphere in a variety of different oxidation states, each of which would have had its
own distinct isotopic signature. By contrast, in atmospheres with O, concentrations =105
PAL, all sulfur-bearing species would have passed through the oceanic sulfate reservoir be-
fore being incorporated into sediments, so any signature of MIF would have been lost. We
conclude that the atmospheric O, concentration must have been <10~ PAL prior to 2.3 Ga.
Key Words: Anoxic Archean atmosphere—Mass-independent fractionation—Atmospheric
sulfur cycle. Astrobiology 2, 27-41.

INTRODUCTION logical evidence that favor reduced oxygen levels

prior to ~2.2 Ga: the absence of red beds, the pres-

HE QUESTION of how much O, was present in ence of banded iron formations (until 1.8 Ga), the

the Archean atmosphere has been debated for lack of oxidation of Fe?* in paleosols, and the wide-

a long time. Although most researchers agree that spread presence of detrital uraninite and pyrite in
the level of atmospheric oxygen was substantially =~ sediments. However, each of these arguments al-
lower prior to 2.0-2.3 Ga (Cloud, 1972; Walker, lows for alternative interpretations (Ohmoto, 1996,
1977; Walker et al., 1983; Kasting, 1993; Holland, 1997). Nevertheless, based on paleosol and ura-
1994), some scientists have continued to argue that nium data, Holland (1994) estimated that O, con-
the atmosphere was oxygen-rich throughout the centrations were <107 times the present atmos-
Archean (Towe, 1994; Ohmoto, 1996, 1997). Hol-  pheric level (PAL) prior to 2.2 Ga. Other authors
land (1994) summarized a variety of forms of geo-  using photochemical models predict much lower
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ground-level O, concentrations (~10"1>-10"8
PAL) in the Archean-Early Proterozoic atmosphere
(Kasting, 1993; Pavlov et al., 2001).

Complicating the picture even more is the dis-
covery of molecular fossils of biological lipids
(Brocks et al., 1999; Summons et al., 1999), which
indicates that both cyanobacteria and eukaryotes
were present by 2.7 Ga. This suggests that oxy-
gen should have been present in at least some ar-
eas of the surface ocean. Although this does not
necessarily imply oxygen in the atmosphere
(Kasting, 1992), some researchers have continued
to insist that atmospheric O, must therefore have
been abundant.

Recently, however, Farquhar ef al. (2000a) pre-
sented evidence for sulfur isotope mass-indepen-
dent fractionation (MIF) in sediments deposited
prior to ~2.3 Ga. These data have since been ver-
ified by two independent investigations (Mojzsis
et al., 2001; G. Hu and D. Rumble, personal com-
munication). Most thermodynamic, kinetic, or bi-
ological processes in aqueous solution or solid-
phase fractionate isotopes in a mass-dependent
way (i.e., mass-dependent relationship for sulfur
isotopes: 6¥S = 0.5158%4S; §%6S = 1.915%4S). Note
that the term “MIF” is somewhat misleading be-
cause fractionation does depend on the mass of
the isotopes. MIF simply means that sulfur iso-
topes do not obey the standard mass-dependent
relationship described above.

The only process known to produce MIF in solid
or liquid phases results from hyperfine interactions
(i.e., spin—orbit coupling in isotopes with odd-mass
nuclei such as %3S and 7O). Farquhar et al. (2000a)
ruled out this process as a possible explanation for
the Archean sulfur isotope data because of the pos-
itive correlation between A33S and A%S (the devi-
ations from the normal mass-dependent relation-
ship). If MIF had originated from hyperfine
interactions, A%S should have been 0.

MIF in gas-phase reactions has been reported
for a number of different photochemical processes
(Thiemens, 1999; Zmolek et al., 1999; Farquhar et
al., 2000b). Farquhar et al. (2001) showed experi-
mentally that photolysis of SO, by UV radiation in
the 190-220 nm spectral region produces MIF. The
penetration of such short-wave radiation deep into
the atmosphere could only have happened if the
column abundances of ozone and oxygen were
smaller than today. Farquhar et al. (2001) concluded
that the Archean oxygen level must have been at
least one to two orders of magnitude lower than at
present, though they stopped short of estimating
an actual upper limit on the concentration of O,. A
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quantitative upper limit can only be obtained from
model calculations such as those described here.

We argue that the sulfur isotopic data provide
an even stronger constraint on atmospheric O,
than suggested above. MIF of sulfur isotopes
could only have occurred under reduced atmo-
spheric conditions when sulfur was being re-
moved from the atmosphere in a variety of dif-
ferent oxidation states (Kasting et al., 1989).
Therefore, the data of Farquhar et al. (2001) pro-
vide strong evidence for an almost completely
anoxic Archean atmosphere.

MODEL DESCRIPTION

We have examined this problem using two dif-
ferent photochemical models of Earth’s evolving
atmosphere. The first, from Pavlov et al. (2001),
represents a weakly reduced (CH4/N,-rich, O,-
poor), hypothetical Late Archean atmosphere.
The second, adapted from Kasting et al. (1985),
represents the atmosphere following the oxic
transition at 2.3 Ga. O, concentrations in this at-
mosphere are allowed to vary between 10> and
1 PAL. Separate photochemical models are
needed because some short-lived species become
long-lived at higher O, levels, and vice versa. Nu-
merical problems arise if one attempts to use the
same model in both atmospheric regimens.

The one-dimensional photochemical model
used in our Archean numerical experiments in-
cludes 72 “major” (excluding minor sulfur iso-
topes) chemical species involved in 337 reactions.
The model is fully described in Pavlov et al. (2001).
A list of all the chemical reactions that involve sul-
fur-bearing species is provided in Table 1.

In order to study isotopic fractionation, we
added a subroutine to the model in which the sul-
fur photochemistry is duplicated for an isotopic
species. For example, the reaction

S+HS—S,+H

is replaced by two reactions for the isotopic
species, S* (335, 345, 36G):

S*+HS—>S*S+H
S+ HS*—S*S+H
Table 2 displays a list of the corresponding

chemical reactions for sulfur isotopes. In compil-
ing this list, we have made several assumptions:
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1. We have assumed that chemical species con-
taining minor sulfur isotopes (333, 345, %S) do
not affect the concentration of major atmos-
pheric species containing 32S. This allows us
to decouple the sulfur isotopic species from
the rest of the model.

2. We have assumed that no chemical species can
contain more than one atom of a minor sulfur
isotope. In other words, we excluded species
like S*;, S5%;, etc. This is acceptable because
the most abundant minor sulfur isotope, 34S,
is still only 4.4% of the abundance of 32S.

3. We also assumed that the probability of reac-
tion between two minor sulfur isotopic species
is negligible (i.e., we ignored reactions like
S*O + S*O — S*0O, + S).

4. In all our calculations we assumed that the
only isotopic fractionation of any sort happens
during the UV-photolysis of SO, (MIF). Sub-
sequent atmospheric reactions do not produce
additional MIF or mass-dependent fractiona-
tion. While this is not strictly true, we are in-
terested here only in deviations from the nor-
mal terrestrial mass fractionation line. Thus, it
is preferable to ignore all mass-dependent
fractionation processes.

Our numerical procedure starts by dividing the
atmosphere from 0 to 100 km into 1-km incre-
ments. At each height, the continuity equation
was solved for each long-lived species, including
transport by both eddy and molecular diffusion.
The combined second-order partial differential
equations were then cast in centered finite-dif-
ference form, and the resulting set of coupled or-
dinary differential equations was integrated to
steady state using the reverse Euler method. Af-
ter ~500 time steps (~108 model years), when all
the “major” atmospheric species were converged,
a similar numerical procedure was repeated for
the minor sulfur isotopic species. During this sec-
ond step, the concentrations of the “major” at-
mospheric species were treated as constants.

In our model the following species were con-
sidered long-lived (transport by diffusion in-
cluded in the continuity equation): HyS*, HS*, S*,
S5*0O, §*O,, HyS*O4, HS*O, and S*S. Four species,
HS*Os, 5*05, §*S,, and $*S3, were assumed to be
in equilibrium at each height step.

To test our model for physical consistency, we
performed the following experiment: We as-
sumed that SO, and S*O, were outgassed at the
same rate and there was no fractionation during
SO, photolysis. If our model was coded correctly,

chemical species like H,S*, HS*, S*, etc., would
show no fractionation after the code was con-
verged (i.e., [HyS*] = [H,S], etc.), and minor iso-
topic species containing multiple (n) sulfur atoms
(e.g., S*S and S*S;) should be n times as abundant
as their major isotopic counterparts. Thus, [S*S] =
2[S,], [S*S3] = 4[S4]. The reason why this must be
true is illustrated in Fig. 1.

Suppose, for simplicity, that the only source of
sulfur is from volcanic outgassing of S and S* and
that the only sulfur removal process is rainout of
S, and S*S. Let k and k' be the rates of chemical
reactions of S + S — S, and S + S* — S*S, respec-
tively. To conserve the number of sulfur atoms in
steady state, the following should be true:
Fin(S) = 2Foui(S2), and Fin(S*) = Fouw(S*S). If we
assume that Fin(S) = Fin(S*), then the mixing ra-
tio of S*S must be twice that of S,, while the mix-
ing ratio of S* should be exactly equal to that of
S. Both conditions can be satisfied only if k' = 2k
(i.e., reaction R*75 in Table 2).

Another type of adjustment of the chemical
rate constants is more intuitive. Consider the re-
action S; + O — S + SO, with the rate constant k.
For the isotopic molecule S*S this reaction would
split into two reactions: $*S + O — §* + SO and
5$*S + O — S + §*O, each with rate constant k. To
maintain mass balance, we must have k' = 0.5k
(i.e., reactions R*73 and R*74 in Table 2).

These general rules of rate constant adjustment
for the isotopic reactions can be stated as follows:

1. Double the rate constant when an isotopic
species reacts with its “major” isotopic twin
(S +S*— S*S).

2. Halve the rates in reactions that branch in two
directions ($*S+0—-S*+S0;, $S+0—
S + S*O).

3. Otherwise, the rates stay the same (S*O +
03 — S*O, + Oy).

Our model, coded according to these rules,
produced physically consistent results (i.e., when
zero fractionation was assumed during SO, pho-
todissociation, no fractionation was observed in
any other sulfur-bearing atmospheric species).

For our higher-O, numerical simulations we
used a one-dimensional photochemical model
adapted from Kasting et al. (1985). The following
improvements were made:

1. We calculated the UV flux for each layer us-
ing the same 62-stream scattering approxima-
tion (Toon et al., 1989) used in the Archean
code (Pavlov et al., 2001).
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TABLE 2. SULFUR IsOoTOPE REACTIONS AND RATE CONSTANTS IN THE ARCHEAN ATMOSPHERE

Isotope reaction

Corresponding major
isotope reaction

Ratio of rate
constants k' /k

Photolysis
R*1
R*2
R*3
R*4
R*5
R*6
R*7
R*8
R*9
R*10
R*11

Sulfur chemistry
R*12
R*13
R*14
R*15
R*16
R*17
R*18
R*19
R*20
R*21
R*22
R*23
R*24
R*25
R*26
R*27
R*28
R*29
R*30
R*31
R*32
R*33
R*34
R*35
R*36
R*37
R*38
R*39
R*40
R*41
R*42
R*43
R*44
R*45
R*46
R*47
R*48
R*49
R*50
R*51
R*52
R*53
R*54
R*55
R*56
R*57
R*58

SO + v - S0+ O
S*0y + hv = S* + O,
5*0, + hv — 15O,
S*Q, + hv — 35*0,
H,S* + hv - HS* + H
H,S*0O4 + hv — S*O, + 20H
HS*O + hv — HS* + O
S*S+hv—->S*+S
S*S, + hv - S*S + S
S*S, + hv —» S, + S*
S*Sz; + hv - S*S + S,

15*02 + M- 35*02 + M
15*02 + M- S*Oz + M
15*0, — 35*0, + ho

18*02 — S*Oz + ho

18*02 + 02 — 5*03 + O
1$*Q, + SO, — 5*03 + SO
15*0, — SO, + SO; + S*O
1$*0, + $*0, — $*03 + SO
15*02 + S*Op = 803 + S*O
35*02 + M- S*OZ + M
35*02 — 50, + hv

35*0, + S0, — $*03 + SO
350, + SO, — S0; + $*O
38*02 + 8*02 - 5*03 + SO
35*02 + S*Oz — SO3 + S*O

50O, + OH + M —» HS*O3 + M

S0, + O+ M - 503 + M
S*O + 02 -0+ S*Oz

S*O + HO,; —» S$*O, + OH
SSO+0+M->S0, + M
5*0 + OH - S$*0O, + H
S*O + N02 - S*OZ + NO
S*0 + O3 —» S*O, + Oy
5*0 + SO - S*O; + S

S*O + SO — S*O, + S*
5*0O + SO3 — 25*0;

SO + §*03 — 25*0,

5*O + HCO — HS*O + OC
H+ S0 +M- HSO + M
HS*O;:, + Oz - HOZ + 8*03
HS*O3 + OH —» H,O + S*O;
HS*O3 + H —> H, + S*Os
HS*O3; + O —» OH + S*O;
8*03 + Hzo 4 H28*O4
st* + OH —» Hzo + HS*
H,S* + H - Hy, + HS*
H,S* + O -» OH + HS*
HS*+ O - H + S*O

HS* + O, - OH + S*O
HS* + HOZ 4 st* + 02
HS* + HS - H,S* + S

HS* + HS —» H,S + S*

HS* + HCO — H,S* + CO
HS*+H->H, + S*
HS*+S—>H+ S*S

HS + 5 > H+ S$*S

HS* + O3 - HS*O + O,

SO, + hv - SO + O
SO, + hu —-S + O,
50, + hv — 180,
SO, + hv — 350,
H.S + hv - HS + H
H,S0,4 + hv — SO, + 20H
HSO + ho - HS + O
S, +hv—>S+S
S3+h‘0%52+s
S3+h‘0-—952+5
Sz‘l’hU%Sz“*‘SZ

180, + M = 350, + M
lSOz“'M—)SOz‘l'M
150, — 350, + hv

1802 - SOZ + hv

180, + O, — SO; + O
1502 + SO, - SO5; + SO
1502 - 50, - SO5 + SO
150, + SO, — SO; + SO
180, + SO, — SO; + SO
350, + M - SO, + M
350, + SO, + hv

350, + SO, — 503 + SO
3802 + SO, = SO5; + SO
380, + SO, — SO3 + SO
350, + SO, — SO3 + SO

SOz+OH+M%HSO3+M

802+H+M—)SO3+M
SO + Oy = O + SO,

SO + HO,; - SO, + OH
SO+0+M—-S0, +M
50+ OH - SO, + H
SO + NO,; — SO, + NO
SO+O3—)802+02
50 + SO - SO, + S

SO + SO —» SO, + S

SO + SO; — 250,

SO + SO; — 250,

SO + HCO — HSO + OC
H+SO+M - HSO + M
HSOg + 02 b H02 + SO3
HSO; + OH — H;O + SO
HSOg+H—>H2+SO3
HSO3 + O —» OH + SO;
SO; + HyO — H,S0,
H28+OH—)H20+HS
H,S + H— H, + HS
H,S + O - OH + HS
HS+ 0O —->H + S0

HS + O, > OH + SO
HS + HO; — H,S + O,
HS + HS - H,S + S
HS+ HS—>H,S + S

HS + HCO — H,S + CO
HS+H->H, +5S
HS+S->H+ S
HS+S->H+S
HS+O3—)HSO+02

[ N N el e

N
S~
w

1/3
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R*59 HS* + NO; - HS*O + NO
R*60 HS* + H,CO — HyS* + HCO
R*61 S+ 0, ->S0+ O

R*62 S+ 0OH >S50+ H

R*63 S* + HCO — HS* + CO
R*64 S* + HO, —» HS* + O,
R*65 S* + HO, — S*O + OH
R*66 S*+ 03 - S*0 + O,

R*67 S* + CO, - S*O + CO
R*68 SS+S+M-o>S*S+M
R*69 S +5+M->5S, +M
R*70 S+ + M-S +M
R*71 S*+55+M—->5S5; +M
R*72 S+ 56, +M—>S5S +M
R*73 $*5 + 0O - §* + SO

R*74 56 +0 >S5+ S*0

R*75 S5+S5+M—>55 +M
R*76 5*S3 + 54 + M — S*S;(AER) + M
R*77 HS*O + NO —» HNO + S*O
R*78 HS*O + OH —» H,O + S*O
R*79 HS*O + H - HS* + OH
R*80 HS*O + H —» H;, + $*O
R*81 HS*O + HS — H)S + S*O
R*82 HSO + HS* —» HyS* + SO
R*83 HS*O + O - OH + S*O
R*84 HS*O + S - HS + S*O
R*85 HSO + §* — HS* + SO
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HS + NO; - HSO + NO
HS + H,CO — H,S + HCO
S+0,—-S0 + 0

S+ OH—>SO +H

S + HCO —» HS + CO

S + HO, - HS + O,

S + HO, —» SO + OH
S+O3—)80+02

S+ CO; - SO + CO
S+S+M->S+M
S+52+MHS3+M
S+S5+M—->5 +M
S+S3+M—-5+M
S+S3+M->5+M

S +0—-5S+ 80
S+ 0 -5+ S0
52+52+M—)S4+M
Sy + Ss + M — Sg(AER) + M
HSO + NO — HNO + SO
HSO + OH — H,O + SO
HSO + H - HS + OH
HSO + H - H, + SO
HSO + HS — H,S + SO
HSO + HS — H,S + SO
HSO + O - OH + SO
HSO + S —» HS + SO
HSO + S —» HS + SO
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2. We have added all the sulfur chemistry from
the Archean code except for reactions involv-
ing sulfur polymers (S;, S3, Sy, . . . ). We demon-
strate in Results that S, is not formed in sig-
nificant quantities in high-O, atmospheres;
hence, higher-sulfur polymers can be safely
neglected.

3. We have included production, growth, and de-
position of sulfate aerosols, as in the Archean
code.

The numerical procedure remained similar to
the Archean code.

RESULTS

MIF in the Archean atmosphere

In our calculations of a mildly reducing
Archean atmosphere we assumed that reduced
gases dominate, as they must have in order to be
consistent with evidence from the geologic
record. We assumed that photosynthetic produc-
tion of oxygen was negligible except in localized
“oxygen” oases, which were limited to regions of
high productivity in the oceans (see Discussion).
The only abiotic source of oxygen, photolysis of

CO,, produces surface oxygen mixing ratios of
only ~107 PAL (Kasting, 1993; Pavlov et al.,
2001).

We kept the surface methane flux fixed at 1.9 X
10" molecules cm 2 s~ 1. This flux reproduces the
present-day CHj4 mixing ratio of 1.6 ppm in our
high-O, photochemical model. A more accurate
calculation with a two-dimensional model by
Houghton et al. (1994) produces the modern
methane flux value of 535 Tg(CHy)/year (1.2 X
10 molecules cm™2 s71), a value 30% smaller
than ours. This points out the limitation of the
one-dimensional modeling approach. It is worth
noting that the same surface methane flux (1.9 X
10 molecules cm~2 s~ !) used in our oxygen-free
Archean atmosphere model resulted in a
methane mixing ratio of ~820 ppm as a result of
the reduced concentrations of OH and O radicals
and the correspondingly longer lifetime of CHy.
Surface boundary conditions for the other at-
mospheric species were kept the same as in
Pavlov et al. (2001).

We first performed a set of numerical experi-
ments in an attempt to reproduce the experi-.
mental data of Farquhar ef al. (2001) on sulfur iso-
topes in sedimentary sulfides and sulfates from
3.3 to 3.5 Ga. Farquhar et al. (2001) tried to link
MIF in Archean sediments with MIF of sulfur
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Atmospheric S+8—5, Atmospheric
elemental sulfur:| ———=> S,and S*S
f(S*) =1(S) S+8*—8*'S |f(S'S)=218S,)
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T e

Rainout fluxes:
Fout(s*s) =2 Fout(SZ)

S T

FIG.1. Schematic diagram of the major (S) and minor
(S*) sulfur isotope species budget in the atmosphere (see
text).

Volcanic flux:
Fi.(S) = F,(8")

during SO, photolysis. Our photochemical model
allowed us to track how the MIF signature from
SO, photolysis would propagate into different
sulfur-bearing species, which in turn would be
deposited on the surface and eventually become
incorporated in sediments. Not enough labora-
tory measurements of isotopic fractionation dur-
ing SO, photolysis have been made to do a de-
finitive study. For example, Farquhar et al. (2000b,
2001) studied MIF during the photolysis of SO,
by measuring the isotopic composition of the
product elemental sulfur and the residual SO,.
However, SO and probably HS and HSO should
also be formed in this experiment, but their iso-
topic compositions are unknown. Therefore, we
can only make some preliminary guesses as to
what types of isotopic separation must occur in
order to produce the observed fractionation pat-
tern. We argue later that our basic conclusions re-
garding Archean atmospheric O, concentrations
are independent of the details of the isotopic frac-
tionation process.

Farquhar’s data can be replotted on a diagram
that shows the relative %S and 34S abundances of
sedimentary sulfides and sulfates (Fig. 2). The
sulfides lie above and to the left of the mass-de-
pendent fractionation line (MFL); the sulfates lie
below and to the right. In the more recent exper-
iments on SO, photolysis (Farquhar et al., 2001),
the degree of fractionation of sulfur isotopes is a
function of the length of time during which the
gas mixture was exposed to UV radiation. The ac-
tual fractionation during photolysis is unknown.
Therefore, we simply assumed an arbitrary frac-
tionation in 345 (6%4S = —10%o) and then predicted
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the relative abundance of >*S using Farquhar’s em-
pirical MIF relationship, §%3S = 0.6495%4S.

The fractionation of sulfur isotopes in our pho-
tochemical model was implemented by adjusting
the relative photolysis rates of 3350, and S0,.
If “J” represents the photolysis rate, then §%S =
—10% required that J(3*SO,) = 0.99](3?50,) and
J(®350,) = 0.99351](32S0,). Figure 3 displays the
isotopic composition of the atmospheric sulfur-
bearing species when these rates are used in the
model. The resulting isotopic distribution, which
moved away from the normal MFL, bears no re-
semblance to the pattern exhibited by the data in
Fig. 2.1f, however, we changed the photolysis rates
of 3380, and 380, relative to 3250, so that
J34S0,) = 0.99](3280,) and J(**SO,) = 1.01J(32SOy),
we could produce a fractionation pattern that
moved in the right direction (Fig. 4). The photol-
ysis products still fall along a straight line,
though, which is not what was observed with the
data.

As pointed out by Farquhar et al. (2001), to pro-
duce the observed nonlinear distribution one
needs to invoke two or more separate, MIF
processes (Fig. 5). In multiphoton photolvsis ex-
periments at 248 nm (Wilson et al., 1982), SO, is
known to photolyze along an additional branch:

SOy + hy—S + Oy

If the isotopic separation in this branch is dif-
ferent from that in the branch leading to SO + O,
a pattern that is roughly similar to that seen in
the data can be produced. Recall that these are
only preliminary experiments, however, because
neither the branching ratio for this reaction nor
the actual isotopic fractionation is well known.
Furthermore, there is no a priori reason why atmo-
spheric H,S, HS, S, and HSO should end up in
sedimentary sulfides and atmospheric SO, and
H,SO4 end up in sulfate minerals. Nonatmo-
spheric chemical processes (e.g., biological sulfate
reduction) may further scramble the isotopic sig-
nal before it is preserved.

Despite all of these uncertainties, useful infor-
mation can still be obtained from our model. The
MIF produced by atmospheric photochemistry
would not be preserved if the products were all
rehomogenized in the ocean in the form of dis-
solved sulfate, which is what would happen to-
day if SO, was photolyzed at high altitudes. The
only way to preserve MIF is for the photolysis
products to leave the atmosphere in different
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FIG. 2. Data from 3.3-3.5 Ga sedimentary sulfides and
sulfates. [Data from Farquhar et al. (2000b); figure repro-
duced by permission of American Geophysical Union
from Farquhar et al. (2001).] All Phanerozoic sulfides and
sulfates plot along the MFL line.

chemical forms. Figure 6 shows the removal rates
of the various sulfur-containing species in our
model Archean atmosphere. Sulfur species are re-
moved by a combination of wet and dry deposi-
tion, as described in the Appendix (see also Kast-
ing, 1990). At least five different species are
quantitatively important. Note that the deposi-
tion fluxes of H,S and SO, are of the same order
of magnitude in the Archean atmosphere (Fig. 6).
Therefore, atmospheric MIF in sulfur isotopes
could have been preserved after deposition of
both reduced and oxidized sulfur-bearing
species. This is the key to explaining the data of
Farquhar et al. (2001).

MIF in higher-O, atmospheres

The simulations described above show that it
is possible, in principle, to produce a mass-inde-
pendent S isotope signature in a low-O,
“Archean” atmosphere. We now demonstrate
that the converse of this statement is also true: It
is not possible to produce a mass-independent
isotopic signature in a high-O, atmosphere. In-
deed, even if we reduce the atmospheric O, con-
centration to 1075 PAL, it still appears unlikely
that any type of mass-independent sulfur isotopic
signature can be preserved. Thus, we can use the
data of Farquhar et al. (2001) to place an upper
bound on the abundance of O, in the Archean at-
mosphere.

To show this, we performed a set of calcula-
tions starting from the present-day atmosphere
and progressively decreased the amount of O,
down to 107 PAL. First, we fixed the mixing ra-
tios of the atmospheric trace gases Hy, CHy, CO,
N,O, and CH3Cl at their present values (at 1 PAL

of O,) and used the photochemical model to cal-
culate their surface fluxes. Those fluxes were
—6.8 X 10%, 1.96 x 101, 2.9 x 101, 1.07 X 10°,
and 5.5 X 108 molecules cm~2 s~ for H,, CHy,
CO, N0, and CH3Cl, respectively (minus means
the flux is downward). We then kept those fluxes
fixed for all low-O, simulations. Though this as-
sumption may not be correct without explicitly
modeling the biological sources of these gases, it
is reasonable.

Note that a decrease in O, concentrations be-
low that in the modern atmosphere does not nec-
essarily imply an increase in the concentrations
of reduced gases. Figure 7 shows CH,, CO, and
H, abundances under reduced oxygen conditions.
All three gases are slightly more abundant at 0.1
PAL of O,. However, below this O, level, their con-
centrations decrease dramatically. At these low O,
levels, water vapor can be photolyzed in the tro-
posphere, leading to greatly increased OH abun-
dances, and thus shorter photochemical lifetimes
for reduced gases (Kasting and Donahue, 1980). At-
mospheres with “intermediate” O, concentrations
(1075-10"2 PAL) are very oxidizing.

Figure 8a demonstrates that at O, concentra-
tions >107° PAL the dominant sulfur-bearing
species lost to the ocean are SO, and HySOy (sul-
fate aerosols). By contrast, in a reducing Archean
atmosphere, the removal rates of H,S and Sg are
comparable to, or even exceed, that of SO, (Fig. 6).
We did not include higher-sulfur polymers (S,, S,
... and Sg) in our high-O, atmosphere calculations.

6
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FIG. 3. Model-derived sulfur isotopic composition

based on laboratory experiments by Farquhar et al.

(2000b). We applied the measured isotopic fractionation
to the reaction:

SO, + hv— SO + O
The photolysis rates, J(SO,), were assumed to obey:
J(3450y,) = 0.99](3250y); J(3350,) = 0.99351](32S0,)




36

5%s

&*'s

FIG. 4. A model calculation similar to that in Fig. 3,
but with

J(*80z2) = 0.99](280,); J(**8Oy) = 1.01](*250y)

The relative fractionation between 335 and 34S is arbitrary,
but it does produce an isotope diagram with sulfides and
sulfates on the correct sides of the MFL.

However, Fig. 8b shows that the production rate of
S» molecules in our mildly reducing Archean at-
mosphere is >108 times higher than in the high-O,
atmospheres. Therefore, the abundance of Sg
aerosols and other reduced sulfur polymers should
be totally negligible in high-O, atmospheres.

DISCUSSION

Uncertainties in the calculations

Our atmospheric models are simplified in that
they contain no explicit treatment of aqueous-
phase redox chemistry in cloud droplets. There-
fore, our deposition fluxes of SO, and H,SO,
aerosols are not entirely correct. In the present at-
mosphere, ~30% of SO, emissions make it back
to the surface as SO, (Galloway and Whelpdale,
1980). Also, globally today, ~40% of SO, oxida-
tion to HS04 occurs in the gas phase and ~60%
in the raindrop (Karamchandani and Venkatram,
1992; McHenry and Dennis, 1994). Most of the
SO, oxidation in the liquid phase in raindrops oc-
curs by way of reaction with hydrogen peroxide:
SO, + HyO; — HySO4. This process should have
been important at lower O, levels as well. Kast-
ing et al. (1985) have demonstrated that tropos-
pheric H,O, abundances decrease only slightly
with decreasing O, down to 107° PAL of O,.
Above 1073 PAL of O,, its concentration in rain-
water remains essentially constant (Fig. 9). Thus,
the addition of explicit aqueous SO, oxidation
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chemistry to our model should affect the relative
deposition fluxes of SO, (making it smaller) and
H,50; aerosols (making it higher) in our high-O,
atmospheres (Fig. 8a). None of this should affect
our overall conclusions, however, because after
deposition from a high-O, atmosphere, SO, is
likely to be subsequently oxidized to H,SO4 in the
ocean. It will thus be rehomogenized isotopically,
losing any signature of MIF.

Neglecting aqueous SO, oxidation chemistry in
our reducing Archean atmosphere has even less
of an impact on our conclusions. Figure 9 demon-
strates that the amount of the major oxidant in
the liquid phase, H,O,, drops dramatically in an
oxygen-free atmosphere, while the abundance of
the major reducer, H,CO, increases by an order
of magnitude. Hence, while the addition of rain-
water redox chemistry would make our model
more technically realistic, we do not expect it to
alter any of our basic conclusions. In high-O, at-
mospheres (Po, >1075 PAL), all sulfur gases
would eventually end up in the ocean as sulfate.
In low-O, atmospheres (PO, ~10~'4 PAL), vari-
ous reduced sulfur species would remain quan-
titatively important; hence, MIF produced by at-
mospheric photochemistry could be preserved in
sediments.

s

2

-4

s
FIG. 5. A model calculation similar to that in Fig. 3,
but with an additional branching reaction:
(a) SO + hv— SO + O (x0.7)
(b) SO, + hv—> S + O, (X0.3)

Branch (a) was assumed to fractionate as in Fig. 4. In
branch (b) the fractionation pattern was reversed, i.e.,

J(*802) = 1.01J(*?80,)
J(*S0z) = 0.99](?80,)

The resulting fractionation pattern (like the data in Fig.
2) does not fall along a single line.
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FIG. 6. Combined surface deposition plus rainout
fluxes for sulfur species in the mildly reducing Archean
model. This assumes no oxygen flux; therefore, the sur-
face mixing ratio {O,) is negligible. At least five different
sulfur species (in different redox states) are quantitatively
significant. This may allow photochemically produced, S
isotope MIF to be preserved in sediments.

Oxygen oases

As noted previously, although the majority of
the geologic evidence supports low oxygen lev-
els prior to 2.3 Ga, there are strong arguments
that photosynthesis was operative as early as 2.7
Ga (Brocks et al., 1999; Summons et al., 1999), at
least in some areas of the world’s oceans. To sim-
ulate such regions of oxygen production we per-
formed a numerical experiment similar to one de-
scribed by Pavlov et al. (2001). We kept the
methane mixing ratio fixed at 1,000 ppm (based
on balancing volcanic outgassing with escape of
hydrogen to space) and performed calculations
for different surface “photosynthetic” fluxes of
O,. An increase in the oxygen flux required a cor-
responding increase in the surface CHy flux to
maintain a fixed methane mixing ratio. Our re-
sults were similar to those reported by Pavlov et
al. (2001), who showed that the atmospheric O,
concentration in the vicinity of an oxygen oasis
could have been at most 1077 PAL for realistic
oxygen and methane production rates and a
methane mixing ratio of 1,000 ppm.

An indirect consequence of CH, oxidation un-
der high oxygen fluxes in the reducing atmo-
sphere is the high concentration of H,O,, which
is even more abundant than in the present-day
atmosphere. The CHj being oxidized creates
abundant odd hydrogen (HO, and OH) that re-
acts to form H,O,. However, the lifetime of an O,
molecule in such an atmosphere is at most sev-
eral hours (Pavlov et al., 2001). For typical wind
speeds of =50 km/h, this implies that O, could

spread for at most a few hundred kilometers from
its source. Therefore, significant concentrations of
O and H,0; should only have existed in limited
regions of the troposphere, while the rest of the
atmosphere was still almost completely anoxic.

What happens after deposition

An even more important issue that we have not
addressed in our calculations concerns the fate of
dissolved sulfur species in the Archean ocean. Be-
fore these species were removed in sediments,
various things could have happened to them. Sul-
fate, for example, could have been used by bac-
teria to oxidize organic matter (bacterial sulfate
reduction), in which case it may have ended up
as pyrite rather than gypsum or barite. Though
dissolved SO, would not have been oxidized as
it is today, it may still have undergone changes
in redox state. SO, dissociates in solution to form
bisulfite (HSO3;~) and sulfite (SO572). These
species are both thermodynamically unstable and
are expected to undergo disproportionation re-
actions to form elemental sulfur, sulfate, and per-
haps thiosulfate (5,03) as well. Sulfite and bisul-
fite may also have been used by bacteria to
oxidize organic matter (Skyring and Donnelly,
1982). Thus, the pathways by which MIF in gas-
phase sulfur species actually made its way into
the sedimentary record remain unknown.

Two basic atmospheric redox states

Not all of the atmospheric O, levels shown in
our diagrams (Figs. 7-9) are likely to have been
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FIG. 7. CH4 Hy, and CO abundances in oxygen-rich
atmospheres. In each calculation, the O, concentration
and the fluxes of reduced gases (CHy, Hy, . . . ) were kept
at fixed values. Note that the decrease in O, abundance
does not automatically imply an increase in reduced gas
concentrations.
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FIG. 8. a: Deposition fluxes of sulfur-bearing species

in oxidizing atmospheres (calculations similar to Fig. 7).
Over the entire range of O, concentrations the dominant
deposited sulfur species are SO, and H,50; (both rela-
tively oxidized). Archean fluxes are given for compari-
son. Here, reduced and oxidized deposition fluxes are
comparable (H;S flux = SO, flux). b: Production rate of
S, as a function of atmospheric O, in oxidizing atmos-
pheres. Although the production rate of S, increases with
decreasing O,, its value is still more than eight orders of
magnitude less than the production rate of S, in the mildly
reducing Archean atmosphere. S, is the major building
block of the higher sulfur polymers S;, Sy, . . . Sg. There-
fore, it is safe to neglect them in oxidizing atmospheres.

physically realized. The initial rise in O, around
2.3 Ga almost certainly marked the time at which
the net production of O, from photosynthesis, fol-
lowed by organic carbon burial, overwhelmed the
volcanic flux of reduced gases (Walker, 1977;
Walker et al., 1983; Kasting, 1987; Catling et al.,
2001). Once this transition occurred, the atmos-
pheric redox budget would have remained unbal-
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anced until O; levels rose high enough to cause ef-
ficient oxidative weathering of the continents. It is
difficult to determine precisely when this would
have happened, but studies of uraninite dissolu-
tion and paleosols (Holland, 1984, 1994) suggest
that O, concentrations of 21072 PAL are required.
Hence, atmospheric O, probably remained at
“Archean” levels (=107 PAL) for >2 billion
years, then rose almost instantaneously from a ge-
ologic standpoint to >10~2 PAL sometime around
2.3 Ga. Our simulations for O, levels between 107>
and 1072 PAL may therefore be relevant to only a
very brief period of Earth history.

CONCLUSIONS

The calculations described here provide strong
support for the hypothesis that atmospheric O,
levels increased dramatically around 2.3 Ga.
More than that, if our interpretation of the sulfur
isotope data is correct, the pre-2.3 Ga atmosphere
had to have been essentially anoxic. Our model-
ing results suggest that atmospheres with as lit-
tle as 1075 PAL of O, would not have produced
the observed fractionation. Atmospheric MIF
would be lost because of the oxidation of sulfur-
bearing species to H,SO, and subsequent reho-
mogenization of the sulfur isotopes. On the other
hand, atmospheric MIF in sulfur isotopes can be
preserved and recorded in sediments under
weakly reduced Archean atmospheric conditions.

Further laboratory work on isotopic fractiona-
tion during SO, photolysis is obviously needed.
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FIG.9. Rainout rate of oxidants (H,O,) and reductants

(H2CO) in the reducing Archean and modern oxidizing
atmospheres.
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It is not known whether other photochemical
processes (e.g., photolysis of HyS or SO) might be
important. The question of how different sulfur
species make it from the atmosphere, through the
ocean, and into sediments also requires addi-
tional study. These research areas should provide
fruitful collaborations among laboratory photo-
chemists, biogeochemists, and modelers for some
time to come.

APPENDIX: RAINOUT AND SURFACE
DEPOSITION OF SULFUR SPECIES

Sulfur species are removed from the photo-
chemical model by a combination of rainout and
surface deposition. This appendix describes how
these processes are parameterized.

Rainout rates

In our model we used the rainout parameteri-
zation of Giorgi and Chameides (1985). Their for-
mulation accounts for the fact that less soluble
gases should be removed more slowly than
highly soluble ones. This difference is important
in our model because the various sulfur gases ex-
hibit a wide range of solubilities. The Giorgi and
Chameides (1985) formulation contains a para-
meter Tw, which represents the average duration
of the wet period of the storm cycle (ie., the
length of time that it rains). We took Tw to be 0.5
days, independent of height. For the same values
of the function f(z) shown in their Fig. 4, this cor-
responds to a 5-day complete storm cycle and,
hence, a 5-day lifetime for highly soluble species
near ground level.

The solubility that enters into the parameteri-
zation of Giorgi and Chameides (1985) is not the
physical solubility, but rather the “effective” sol-
ubility, which takes into account chemical reac-
tions of the dissolved gas within raindrops. SO,,
for example, dissociates in solution to form bisul-
tite and sulfite ions:

(802)g > (S02)ag
(502)aq + HXO <> HSO;™ + HF
HSO3™ «<» SOz2~ + H*
Bisulfite then complexes with methylene gly-

col (the hydrated form of formaldehyde) accord-
ing to the following reactions:

(H,CO)g + HyO <> CH,(OH),
CH,(OH), + HSO5;™ <> H,O + CH,OHSO5~

The effective solubility He(SO;) is related to
the physical solubility H(SO,) by

Het(SO2)/H(SO2) = ([SO2)ag] + [HSO57]
+ [SO5%7] + [CHOHSO5™1)/[(SO2)ag]

For our low-O,, Archean model, the total en-
hancement in SO, solubility from these aqueous-
phase reactions is ~10%,

The equilibria listed above are pH-dependent;
hence, it is necessary to include other aqueous-
phase reactions that might influence rainfall pH.
The most important of these involve CO,, which
hydrates and dissociates in the same manner as
SO,. Sulfuric acid (which dissociates fully in so-
lution) is also important if one considers atmo-
spheres with high sulfur levels. In our model we
accounted for dissociation reactions by solving a
system of 10 algebraic equations at each time step
and at each tropospheric grid point. The relevant
equilibrium constants were taken from Cha-
meides (1984). Knowing pH, we can find Heg for
all gases. All particles were assumed to rain out
at the same rate as the most highly soluble gases.

Surface deposition of gases and particles

The rate at which soluble gases are taken up
by the ocean surface was parameterized by as-
suming an effective deposition velocity (vgep) for
each gas. The inverse of this quantity represents
the resistance to transfer from the atmosphere to
the ocean and may be written as the sum of two
terms (Liss, 1971; Slinn et al., 1978; Lee and
Schwartz, 1981):

1 1 1

=4 —
Vap kg | alHRT -

The first term on the right represents the at-
mospheric resistance; kg is the effective gas-phase
mass transfer coefficient, which we take to be 1
cm s71, following Slinn et al. (1978).

The second term on the right in the equation
above represents the resistance of the surface
layer of the ocean. Here, k; (~20 cm h™1) is the
liquid-phase mass transfer coefficient, H is the
physical Henry’s Law coefficient, R is the gas con-
stant, T is temperature, and « is an enhancement
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coefficient that is related to the effective solubil-
ity of the gas (see previous section). According to
Lee and Schwartz (1981), the enhancement coef-
ficient is given by

o= ]
1+ (n — 1) tanh(k1/2) /k1/2

with

Ted __ M
f=Td M
™ n—1

Here, 7cq = Dag/ki? (~0.6 s) is a characteristic
time describing the competition between convec-
tion and diffusion, D,q (2 X 1075 ecm? s71) is the
diffusion coefficient for the gas within the liquid
boundary layer, 7, is the time constant for hydra-
tion of the dissolved gas, and 1 = Heg/H is the en-
hancement in solubility due to solvation reactions.

The deposition velocities of the less soluble sul-
fur gases are limited by their transfer rates
through the liquid boundary layer. SO and H,S,
for example, have deposition velocities of 3 X
107* and 0.02 cm s7}, respectively. In contrast,
deposition of SO,, HSO, and H,SO4 should be
limited by the assumed gas-phase transfer rate,
except at very low values of ocean pH (Liss, 1971).

Particles can also be lost by surface deposition,
although the rate of turbulent diffusion for par-
ticles is much smaller than for gases. For parti-
cles in the 0.1-1 um size range, the turbulent de-
position velocity is of the order of 0.01 cm s~}
(Slinn et al., 1978; Fig. 9). Their effective deposi-
tion velocity is the sum of this value plus the fall
velocity at the ground.

ABBREVIATIONS

MFL, mass-dependent fractionation line; MIF,
mass-independent fractionation; PAL, present at-
mospheric level.
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