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Final lecture: Global Sulfur cycle 
Reading: Schlesinger “Global cycles of sulfur and mercury” 
 
Ch. 13. The sulfur cycle 

1. Fig. 13-1 
a. Major crustal pools 

i. CaSO4 & CaSO4.2H2O 2.5x10^21 g 
ii. Shale organics/sulfides 5.0x10^21 g 

b. Surface (active) pools 
i. Atmosphere  2.8x10^12 g 

ii. Ocean   1.28x10^21 g MRT≈107 years! 
iii. Soil (organic)  1.5x10^16 g 
iv. Land Plants  8.5x10^15 g 

 
2. Fluxes (~1990’s) 

i. Sea-salt aerosols  1.4x10^14 g/yr (most falls back) 
ii. Fossil-fuel burning 9x10^13 g/yr (1990’s estimate) 

iii. Biogenic gases  ~2x10^13 g/yr (highly uncertain) 
1. H2S, (CH3)2S, SCO (mostly sulfides) 

iv. Volcanoes   ~1x10^13 g/yr (variable) 
1. H2S, SO2 à SO4

2– 
v. Dust   ~8x10^12 g/yr (large uncertainty) 

 
3. Unlike carbon, there is no long-lived atmospheric reservoir (most S-bearing 

gases quickly oxidize to sulfate, which nucleates aerosols/precipitation). 
a. S-pollution is mainly regional, not global, and typically reacts only to 

short-term forcings. 
i. Concentration of effects near sources: S from coal à acid rain 

1. perturbs weathering, can overcome normal 
neutralization capacity of soils 

2. leaching of Mg2+, Ca2+, K+ 
3. may mobilize normally immobile elements to toxic 

levels (i.e., Al3+) 
b. Violent volcanic eruptions can inject sulfate to stratosphere – where it 

lasts longer than typical tropospheric aerosols 
i. sulfate aerosols typically light-colored, small: reflect lots of 

sunlight 
ii. ~year long climate effects 



4. Simplified sulfur cycle (Schlesinger 13-4): 

 
5. Ancient sulfur cycles 

a. Much like carbon, large geologic pools interact with more mobile 
surface pools of sulfur 

b. Also like carbon, isotopic signatures of oxidized & reduced phases can 
proxy for rates of sulfur “loss” and “gain” from these reservoirs. 

i. d34S  -- 34S/32S relative to a standard (troilite, an FeS mineral from 
the Cañon Diablo meteorite), thought to be more-or-less like 
bulk Earth (and volcanic emissions) 

1. d34S = [(34S/32S)sample/(34S/32S)standard – 1] x 1000 
ii. Main isotope separation mechanism during the Phanerozoic: 

sulfate reduction (!) 
1. Sulfide (H2S) typically has d34S ~25‰ lower than the 

reactant sulfate (SO4
2–) 

a. actually varies quite a bit (can be up to 60‰!) 
2. Seawater sulfate, precipitated evaporite minerals seem 

to have similar d34S 
iii. Isotopic see-saw 

1. More sulfate reduction à loss of 32S from surface 
reservoirs (ocean) à higher d34S in sulfate and sulfide 
relative to today. 

2. Less sulfate reduction à more 32S in environment à 
lower d34S than today. 

3. ~107 residence time of sulfate in ocean (at least today), 
much slower than mixing of ocean water, suggests a 
global response 

4. Schlesinger fig. 13.3. 
a. Roughly equal balance between sulfide and 

sulfate today. 
b. Wide variations in past 
c. Anti-correlation with d13C 
Garrels and Lerman equation  
 



4FeS2 + CaCO3 + 7 CaMg(CO3)2 + 7SiO2 ßà 
15CH2O + 8CaSO4 + 2Fe2O3 + 7MgSiO3 
 

c. A weird discovery… 
i. James Farquhar and others measured not just 34/32, but also 

33S/32S in ancient sulfide and sulfate samples. 
ii. They found that d33S wasn’t always ½ as big as d34S – even 

though normal chemical and physical processes would be 
expected to separate 34S from 32S twice as efficiently as 33S. 

iii. Difference between measured d33S, and d33S  expected from d34S:  
D33S ≈ d33S  – 0.515 x d34S 

iv.   
(Summary fig from Domagal-Goldman et al., 2007, Science 
317:1900) 

v. “Mass independent fractionation” before 2.5x109 years ago (the 
Archean) 

vi. Most likely explanation: UV photochemistry. 
1. Ozone does the same thing! (Though the details are 

probably different) 
2. But atmospheric sulfur species (the ones that are 

moving around in a UV-irradiated environment) are 
dominated by oceanic sulfate fluxes (out) and fossil 
fuel/ocean fluxes (in). 

vii. What if oceanic sulfate isn’t the dominant mobile sulfur pool? 
viii. Anoxia – little sulfate present, Fe2+ more common in natural 

waters? 
1. Sulfides much less soluble, ocean pool much smaller. 
2. Atmosphere less dominated by sulfate aerosols 
3. Some sulfur leaves the atmosphere in reduced or 

intermediate oxidation states – depending on the 
photochemical pathway. 

4. Photochemistry of volcanic SO2, reduced sulfur species 
more important. 

is called a “mass-independent fractionation” (MIF, or in the
specific case of S, S-MIF).

To date, the only tenable explanations for high Δ33S values
require the absence of appreciable atmospheric O2 and ozone
(O3). Although other explanations have been proposed for the
origin of this signal (Ohmoto et al., 2006), they are inconsistent
with other geological data and with 36S measurements — see
Section 4.3. The experiments that best reproduce the multiple S
isotope signals from the Archean are those that photolyze SO2

with photons that cannot penetrate the lower atmosphere when
O2 and O3 are present, suggesting that those gases had to have
been absent when the signal was created (Farquhar et al., 2000;
Farquhar et al., 2001; Farquhar and Wing, 2003). The
connection between experiments and the isotope record has
recently been made at a theoretical level, as Lyons (2007) has
shown that self-shielding of SO2 photolysis can explain the
isotopic fractionations reported in experiments and the rock
record. Accordingly, we use “S-MIF producing reaction” as
shorthand for the following photolysis reaction:

SO2 þ hν➔ SO þ O;

where SO2 is predissociated by a photon with wavelength
λ=1 /ν, such that 170 nm b λ b 220 nm, the range of the SO2

absorption spectrum that exhibits the band structure that leads to
self-shielding (Lyons, 2007). Today, O2 and O3 are present in
higher concentrations, causing these wavelengths of solar
radiation to be absorbed in Earth's upper atmosphere. Because
S-MIF needs to be present low in the atmosphere to have a
significant chance of being preserved in the rock record, we can
use the presence of S-MIF in the sedimentary record as a tracer
for low atmospheric O2 and O3.

A second link between atmospheric oxygen levels and the
Δ33S record is through the effect of atmospheric oxidation state
on the ability to preserve S-MIF signals. The preservation of
this atmospheric isotope signature requires that sulfur be
deposited in at least two distinct chemical forms, each of
which follows a separate pathway into sediments (Pavlov and
Kasting, 2002). In their low-O2 Archean atmosphere model,
Pavlov and Kasting (2002) predicted that significant amounts of
sulfur would exit the atmosphere as SO2, H2S, and S8.
Additionally, these calculations predicted that even a trace
amount of atmospheric O2, 10

−5 PAL, would cause all sulfur to
eventually be oxidized to sulfate, thereby eliminating the MIF
signal. Hence, most authors (except the aforementioned study
by Ohmoto et al., 2006) interpret the decrease in Δ33S at
~ 2.45 Ga as indicating an oxidation of the atmosphere via a rise
in global atmospheric O2 concentrations (Pavlov and Kasting,
2002) or a decrease in CH4 concentrations (Zahnle et al., 2006).

Prior to the oxygenation event, the atmosphere probably
contained appreciable concentrations of methane (CH4) and
lesser amounts of molecular hydrogen (H2) (Walker, 1977;
Kasting et al., 1983; Catling et al., 2001; Pavlov et al., 2001;
Canfield, 2005; Kharecha et al., 2005). Kharecha et al. (2005)
created a coupled atmosphere–biosphere model that predicted
CH4 concentrations of ~ 1000 ppmv and H2 concentrations of
50–100 ppmv in the presence of a marine biota consisting of

methanogens and/or anoxygenic photosynthesizers. Empirical
support for the presence of methanogens in the Archean is
provided by the recent discovery of low-13C methane in fluid
inclusions in 3.4 Ga sediments (Ueno et al., 2006), although an
abiotic origin for this CH4 is conceivable (Horita and Berndt,
1999). High CH4 concentrations, along with enhanced carbon
dioxide (CO2) levels and significant amounts of ethane (C2H6),
could have produced enough greenhouse warming to counter
low solar luminosity and keep the Archean Earth warm (Pavlov
et al., 2000; Haqq-Misra et al., submitted). Destruction of the
methane greenhouse by rising O2 can thus explain why low-
latitude Paleoproterozoic glaciations occurred at ~ 2.45 Ga
(Pavlov et al., 2000; Bekker et al., 2005). Alternatively, the
glaciations could have been caused by decreasing CO2, and the
colder climate could have triggered the rise of O2 by permitting
the proliferation of cyanobacteria (Lowe and Tice, 2007). But
this scenario relies on extremely high Archean surface
temperatures — of the order of 70 °C — inferred from O and
Si isotopes in cherts (Knauth and Lowe, 2003; Robert and
Chaussidon, 2006). In our view, an Archean climate with
surface temperatures ~ 70 °C is implausible, and the isotopic
data are best explained in other ways (Kasting and Howard,
2006; Kasting et al., 2006; Shields and Kasting, 2007).

Both climate and Δ33S production may have varied before
the rise of O2. Diamictites have been identified in the ~ 2.9 Ga
Pongola and Witwatersrand Supergroups of South Africa
(Young et al., 1998; Crowell, 1999) and in the contemporaneous
Belingwe greenstone belt in Zimbabwe (Nisbet et al., 1993).
Diamictites by themselves cannot always be interpreted as
glacial tillites, as they can also form by other processes (e.g.,
underwater landslides or terrestrial mudflows). However, the
Pongola rocks also contain striated and faceted clasts interpreted
as dropstones (Young et al., 1998), so it is likely that these
sediments were indeed glacial.

Fig. 1. A compilation of new (see Table 1) and published (Farquhar et al., 2000,
2002, 2007; Hu et al., 2003; Mojzsis et al., 2003; Savarino et al., 2003; Ono et al.,
2003, 2006a, 2006b, 2007; Bekker et al., 2004; Whitehouse et al., 2005; Papineau
et al., 2005, 2007; Johnston et al., 2005, 2006, in press-a; inpress-b; Jamieson et
al., 2006; Ohmoto et al., 2006; Cates and Mojzsis, 2006; Kaufman et al., 2007;
Philippot et al., 2007) sulfur isotope data plotted against age. New data are
represented by black-filled circles, and previously published data are plotted in
grey-filled circles. The plot shows wide variations in Δ33S for Late Archean
samples (~2.7 to 2.45 Ga), and a reduced range ofΔ33S between ~3.2 and 2.7 Ga
(Kamber and Whitehouse, 2007).
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5. Probably requires atmosphere with < 0.2 Pa O2 (there’s 
20,000 Pa O2 today!) 

 


