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Chapter 10

SULFUR
10.1 Introduction
Sulfur isotope (bio)geochemistry has broad applications to geological, biological
and environmental studies. Sulfur is an important constituent of Earth’s lithosphere,
biosphere, hydrosphere and atmosphere and occurs as a major constituent in evaporites
and ore deposits. Many of the characteristics of sulfur isotope geochemistry are
analogous to those of nitrogen and especially carbon, because all three elements occur in
reduced and oxidized forms1, and undergo oxidation state changes as a result of
biological processes.
There are four stable isotopes of sulfur (Table 10.1), and of course there are a
number of isotope ratios that can be measured, including 33S/32S, 34S/32S, 36S/32S, etc.
However for most terrestrial samples, fractionations are mass dependent, resulting in
simple covariance between these ratios (section 3.7). Measuring multiple isotope ratios
provides no additional information over simply measuring any one ‒ the relative ratios
vary in constant proportions in both terrestrial and extraterrestrial samples. That said,
important anomalies in 33S/32S and 36S/32S ratios from the predicted mass fractionation
rules have been found in meteorites, ancient sulfate and some modern deposits (section
10.5.5). In general however, there is no need to analyze more than any two of the four
stable isotopes of sulfur, the others being easily computed from simple relationships. The
isotopes that are commonly measured are 34S and 32S, simply because these are the two
most abundant of the four. All 34S values are reported relative to the CDT standard, or
Cañon Diablo Troilite (Ault and Jensen, 1963) by the standard equation defining delta:
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where R = 34S/32S ratio. Cañon Diablo is the meteorite found at Meteor Crater, Arizona,
USA. The isotopic composition of troilite2 in iron meteorites has a very restricted range
from 0.0 to 0.6‰ (Kaplan and Hulston, 1966), and is similar to that of the bulk Earth,
making it an ideal reference material. However, high spatial resolution analyses of CDT
have shown it to be slightly heterogeneous (Beaudoin et al., 1994). Secondary synthetic
argentite (Ag2S) and other sulfur-bearing standards have since been developed, with 34S
values defined relative to the accepted CTD value of 0‰ (Appendix 1). The primary
reference is IAEA-S-1, a synthetic silver sulfide with a 34S value of -0.3‰ relative to
CDT (Cañon Diablo Troilite) (Robinson, 1995). Secondary standards with high and low
34S values have been synthesized so that both the absolute value on the CDT scale and
laboratory-based corrections related to the ‘stretching factor’ can be determined.

1

The valence of sulfur ranges from -2 to +6. In natural, inorganic compounds, intermediate valence
compounds are generally not stable.
2

Troilite is a sulfide with the mineral composition FeS. It differs from the common pyrrhotite with an
approximate composition of Fe7S8 in that it is stoichiometric. Troilite is not found in terrestrial materials.
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Table 10.1. Abundance and mass (amu) of the
different isotopes of sulfur (Coplen et al., 2002).
Quantity in brackets represents uncertainty in the last
two decimal places.

Isotope
32
S
33
S
34
S
36
S

Abundance
Mass
95.03957(90)
31.97207
0.74865(12)
32.97146
4.19719(87)
33.96786
0.01459(21)
35.96708

10.2 Analytical techniques
A discussion of the analytical procedures for measure sulfur isotope ratios is
necessary, because different isotope ratios may be obtained using different methods. This
apparently serious problem is reduced by analyzing samples and internationally accepted
standards using the same methods. A correction procedure can then be applied (see
Appendix 2 for a sample calculation) to bring measured data into agreement with the
officially recognized scale.
Part of the reason that sulfur has been the ‘outcast’ isotope are the problems
associated with making mass spectrometric determinations. Two gases – SO2 and SF6 –
have been used for sulfur isotope determinations. Both have advantages and
disadvantages. SO2 is easily produced and easily analyzed on most mass spectrometers.
However it is a highly polar molecule, making it ‘sticky’ in the source of a mass
spectrometer, and this results in a ‘memory’ between samples. The problem is
compounded when trace amounts of water are in the vacuum line, leading to the
formation of sulfuric acid, a non-volatile, corrosive acid. Extra-special care must be taken
to keep the mass spectrometer clean, including heating the source and frequent cleaning.
As a result, many laboratories have been reluctant to put SO2 into their mass
spectrometers. Those that make routine measurements of SO2 often have a dedicated SO2
mass spectrometer, or configure their mass spectrometer for SO2 analysis for a block of
time, followed by a thorough cleaning. The development of the continuous flow
technique for SO2 has changed the playing field somewhat (Giesemann et al., 1994).
Only a very small amount of SO2 enters the mass spectrometer, and the continuous Hestream keeps the source clean. In addition, analyses are very rapid and can be made on a
small amount of material.
The second problem with SO2 measurements is that there is an unavoidable mass
spectrometer uncertainty. The 34S/32S ratio is determined by measuring the mass ratio
66/64, given by 34S16O16O/32S16O16O. However, the isotopologue 32S18O16O also has a
mass of 66, and because the source of the oxygen is unrelated to the source of sulfur, the
sulfur and oxygen isotope ratios are uncorrelated. There is no way to separate or
distinguish 34S16O16O from 32S18O16O by measuring only the mass 64 and 66 intensities.
A correction is made on the basis of measured 34S values of standard materials (Box
10.1). SO2 is generated from sulfides by oxidation at high temperatures with either O2 gas
or an oxidized species such as copper oxide. If oxygen in the newly-formed SO2 has a
constant 18O value, then the correction based on the interference of 18O to the mass 66
signal can easily be corrected for. However, different sulfides may react with oxygen at
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different rates, and the 18O value of SO2 generated could potentially vary between
sulfides. The problem is minimized by converting all samples to Ag2S (an easily oxidized
species). In practice, this conversion step is all but abandoned by most laboratory
researchers that use continuous flow techniques, mostly because it is a time-consuming
step. Therefore, there may be a small bias when comparing 34S values of coexisting
sulfides. The problem is more serious when comparing coexisting sulfides and sulfates.
Oxygen may be inherited from the sulfate during thermal decomposition to SO2. Thus the
oxygen in SO2 gas generated from sulfates and sulfides could have significantly different
18O values. The problem is alleviated by comparing results from sulfate standards with
sulfate samples and sulfide standards with sulfide samples, although this assumes that the
18O value of sulfate samples and standards are similar.
Box 10.1. The 18O problem for SO2: 13C/12C ratios are determined from measurements of
CO2 gas. The 45/44 ratio is equal to (12C16O17O + 12C17O16O + 13C16O16O) / 12C16O16O.
The contribution to mass 45 by 17O (the 17O correction) can be made for terrestrial
samples because the 17O is ~1/2 that of the 18O value. By measuring both 46/44 and
45/44 ratios of a gas, it is possible to extract the exact 13C value of a sample, regardless
of the 18O value of the CO2 (Craig, 1957).
The 34S value of SO2 gas is determined from the 66/64 ratios. Mass 64 is equal
to 32S16O16O, but mass 66 has contributions from 34S16O16O, 32S18O16O, 32S16O18O, and
H2SO2+ (Halas, 1985). Unlike CO2, there is no way to correct for the 18O contribution to
mass 66, because the 34S/32S and 18O/16O ratios are non-correlated. If the 18O value of
the gas could be independently determined, then a correction could be made if both
standard and sample have the same 18O value. Alternatively, the 18O-correction is
determined by measuring samples that have been measured independently using the SF6
method. For a further discussion on SO2 and 18O correction, the reader is referred to
(Rees, 1978).
In contrast to SO2, SF6 is a very clean, inert gas. Because fluorine is
monoisotopic, the different masses measured in the mass spectrometer for the ionized
species SF5+ (127, 128, 129, 131) are all uniquely related to a single isotope of sulfur. SF6
has a further advantage over SO2 in that it has a very high ionization potential; 90%
ionization compared to ~50% for SO2 (Halas, 1985). The drawbacks to measuring SF6
gas are twofold: First, SF5+ is a very heavy ion, and can only be measured on large radius
mass spectrometers configured for analysis of SF5+. Second, the extraction technique
involves fluorination and is therefore significantly more difficult than SO2 combustion
methods (although recent developments in laser fluorination make the SF6 method more
straightforward than earlier procedures (Beaudoin and Taylor, 1994).
A number of investigators have found that the relative difference between
samples with very different 34S values is larger when measured as SF6, as compared to
SO2. It is generally assumed that most analytical artifacts tend to shrink the differences
between samples with significantly different isotope ratios. The analytical technique with
the least amount of compression of the isotope scale is generally considered to be the
most accurate. In a comparative study, Rees (1978) found that the spread of values
determined using SF6 extraction methods was larger than that obtained using SO2 by a
factor of 1.034 (e.g., if a 34S value of a sample was 20.3‰ (VCDT) using SO2, a value
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of 21.0‰ would be obtained with SF6). Overall, SF6 is probably more accurate and
precise. However, the rapidity, simplicity and safety of SO2-based extraction techniques
is a major factor for most researchers who would like to have large numbers of analyses
and do not require the very high precision and multiple isotope data that can only be
obtained by measuring SF6.
By far the biggest advantage of the SF6 technique is that it allows for accurate
determinations of 33S and 36S analyses to be made. Subtle departures from the expected
mass-dependent triple-isotope fractionation occur as a result of photolytic reactions in the
stratosphere and provide valuable information about ancient atmospheres (See section
10.5.5).
10.3 Equilibrium fractionation and geothermometry
Equilibrium fractionations for selected sulfur-bearing compounds are shown in
Fig. 10.1. The sulfur isotope fractionation between sulfates and sulfides is enormous and
highly temperature sensitive. Unfortunately, sulfur isotope equilibrium between sulfates
and sulfides occurs only at very high temperatures (see Rye, 2005 for a comprehensive
review). Sulfides and sulfates, commonly found to coexist in ore deposits, are rarely in
equilibrium, even when temperatures in excess of 500°C had been reached. If equilibrium
exchange between sulfate and sulfides did occur at low temperatures, the fractionations
would be huge. The expected equilibrium gypsum-galena fractionation is over 70‰ at
25°C. Equilibrium between oxidized and reduced sulfur species is most commonly
observed for coexisting sulfides and sulfates in magmatic and hydrothermal systems

Fig. 10.1. Sulfur isotope fractionations between selected phases. Among the sulfides, galenapyrite or galena-sphalerite have the largest fractionations.
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formed above 250°C and H2S and SO2 gas from volcanic fumaroles (Nielsen, 1979).
Applications of sulfur isotope thermometry have mainly focused on coexisting
sulfide pairs. One would expect that mineral pairs with the largest fractionations should
be most suitable for thermometry, and indeed, sphalerite-galena pairs work very well as a
geothermometer. In most cases, the calculated isotope temperature agrees well with other
independent estimates, especially above 300°C. Reasonable temperature estimates from
the sphalerite-galena thermometer may be obtained in ore deposits formed as low as
120°C, if the two minerals precipitated simultaneously. Below this temperature, the 34S
(sphalerite-galena) values are smaller than expected for equilibrium – that is, they
correspond to temperatures that are too high.
Because of its large expected fractionation with other sulfides, pyrite should be an
excellent mineral for thermometry, but it is not. In the majority of cases, pyrite-sulfide
pairs (and chalcopyrite-sulfide pairs) give erroneous temperatures, the fractionations
often being reversed. The reasons for this are not well understood, but are probably
related to different sources of sulfur for pyrite and coexisting minerals.
The sulfur isotope composition of a sulfide precipitating from a sulfur-rich fluid is
dependent on the temperature, the 34S value of the dissolve sulfur in solution and the
sulfur species in solution. Because dissolved sulfur can exist in more than one oxidation
state, the fractionation between the precipitating sulfide and solution is a function of
temperature and the dominant aqueous sulfide species (Sakai, 1968; Ohmoto, 1972).
The four principal aqueous sulfur-bearing species above 250°C are  SO 24 , H2S,
HS- and S2-.  SO 24 is the sum of SO 24 , HSO 24 , KSO 24 , etc). Which of these species

Fig. 10.2. Stability field of aqueous sulfur species as a function of pH and f(O2). At low pH & f(O2),
H2S is the dominant dissolved sulfur species (point a), at high pH, low f(O2), S2 is the dominant species
(point c), and at high f(O2), SO4 is the dominant species (point c). The three phase field represents an
oversimplification of the system, because HS- is a significant component at intermediate pH and low
f(O2), as shown by the shaded region where XH2S >0.5. Modified from Ohmoto (1972).
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dominates in a fluid depends on the pH, f(O2) and temperature of the fluid (Fig. 10.2). At
low pH-f(O2) conditions, H2S makes up the vast majority of the total dissolved sulfur,
whereas  SO 24 and S2 exist in vanishingly small quantities. S2 dominates at very high
pH conditions (lower right of Fig. 10.2), and  SO 24 is the principal aqueous sulfur
species at high f(O2). The isotopic composition of minerals precipitating from the sulfurbearing solution depends on which of the aqueous sulfur species is most abundant.
Fig. 10.3 shows the isotopic composition of sulfide minerals precipitating from a
solution with a 34S value of 0 ‰. If the pH-f(O2) conditions are such that H2S is the
dominant dissolve sulfur species (low pH-low f(O2)), then the 34S values of the sulfides
pyrite, sphalerite and galena will be only slightly less than 0‰ (top pane, Fig. 10.3). If
this same fluid were to become oxidized by passage through an oxidizing lithology such
as a hematite-rich rock, then the dissolved sulfur species will be predominantly sulfate.
Note that the 34S value of the dissolved species hasn’t changed, only the oxidations
state. Instead of a small fractionation between H2S and sulfides, the fractionation between
sulfate ions and sulfides becomes very large. The 34S values of the first-precipitating
sulfides will be less than -30‰ because the sulfate-sulfide fractionation is so large
(middle pane, Fig. 10.3). Similarly, if S2- becomes stable (high pH and low f(O2)), then
the 34S value of the precipitating sulfides would be slightly positive (bottom pane, Fig.
10.3). The only difference in these three scenarios is the stable sulfur species in solution.
Temperatures and bulk 34S values of the system are the same in each case, but the 34S
values of the precipitating sulfides vary markedly depending on the stable dissolved
sulfur species. If one were to see sulfides in an organic rich (reducing) layer with high
34S values, and an overlying hematite (oxidizing) layer with low 34S sulfides, it does
not mean that a different sulfur source is indicated. It could simply be attributed to
different dissolved sulfur species. It should be pointed out that if all dissolved sulfur in a
system precipitated out as sulfide minerals, then the overall 34S values of the total
pyrite
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Fig. 10.3. Illustration of the initial 34S values of minerals forming from a fluid with a 34S value of 0‰.
a) H2S as dominant fluid species; b)  SO 24 as dominant fluid species; c) S 2 as dominant fluid species.
Modified from Nielsen (1979).
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sulfides would be independent of the dissolved sulfur species. Their 34S value would be
identical to that of the original fluid. The conditions illustrated in Fig. 10.3 are those
where only a small fraction of the total dissolve sulfur forms solid sulfide minerals.
10.4 Sulfate and sulfide formation at low temperature – the sedimentary sulfur cycle
Essentially all dissolved sulfur in the ocean is in the oxidized form sulfate. The
residence time of reduced sulfur evolved from black smokers, etc. is only on the order of
minutes3. The residence time of sulfate in seawater is on the order of 2  107 y, so that
sulfur is well-mixed and the 34S value of the modern ocean has a constant value of
21.0‰ ±0.25‰ (Rees et al., 1978)4. Sulfur is removed from the ocean by precipitation of
sulfate and sulfide minerals, and returned to the ocean by erosion of sediments.
The sulfur cycle has a number of similarities to the carbon cycle. In both cases,
the element forms solids in both oxidized and reduced states. The oxidized forms are
carbonates and sulfates; the reduced forms are organic matter and sulfides for carbon and
sulfur, respectively. The isotopic fractionation between seawater and the oxidized forms
is small and nearly constant, so that the delta value of the oxidized form (carbonates and
sulfates) can be used as a proxy for the ocean value at the time of mineral formation.
Reduction of dissolved carbon and sulfur is a biologically mediated process. Both are
kinetically controlled, and the product phases – organic matter and sulfides – have much
lighter and variable delta values than that of dissolved bicarbonate and sulfate in the
ocean5. The long-term carbon and sulfur delta values of the ocean are controlled by the
amount of organic matter (carbon) and sulfide (sulfur) stored in sediments (Fig. 10.4).

Fig. 10.4. Box model of the surficial sulfur cycle. The 34S value of the ocean is a function of transfer to
and from sulfide (shales box); the modern ocean sulfate value is 21.0‰. After Claypool et al. (1980).
Abundances of each reservoir are modern values after Holser et al. (1988). Note that published estimates
for reduced/(Total sulfur) range from 0.29 to 0.55.

3

In Archean times, reduced sulfur would have been the stable ionic species in the ocean.

The value of 21.0‰ was determined using the SF6 method. Earlier estimates using the SO2 method are
20.0‰ and a large number of publications have used (and continue to use) the 20.0‰ value in their work.
4

Note however that fractionation during assimilation of sulfur is small (2-3‰) but large for carbon
((Kaplan, 1983, page 2-4)
5
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Just like carbon, the average crustal  S value is given by
34

 m δ
m
i

34

Si

, where

i

mi is the mass of each reservoir. And like carbon, the average crustal value must equal the
mantle value, assuming that the long-term transfer from the mantle to crust occurs
without fractionation. Using the data in Fig. 10.4, the average crustal value is 2‰,
slightly higher than the assumed mantle value of 0‰. We can ‘tweak’ the input
parameters in Fig. 10.3 to adjust the crustal value. For example, a shale mass of 6×1021g
results in a 34S value of the crust of 0‰. Lowering the shale 34S value to -21.5 ‰
would also bring the crustal and mantle values into agreement. Alternatively, the long
term subduction of light sulfur may have resulted in a crustal reservoir that is heavier
than its mantle source (Alt et al., 2013). Uncertainties in reservoir size, flux and isotopic
composition are too large to distinguish these possibilities.
10.4.1 Sulfate incorporation in sediments
The sulfur isotope fractionation between evaporitic sulfate minerals and dissolved
sulfate is approximately 1-2‰ (Thode and Monster, 1965). Holser and Kaplan (1966)
compiled the fractionations from experiments and analyses of modern evaporites. The
fractionation obtained from experiments is 1.1±0.9‰. Recent evaporites were, on
average, 0.4±1.2‰ heavier than dissolved ocean sulfate. Modern barites measured by the
SF6 method averaged 0.2‰ heavier than dissolved ocean sulfate (Paytan et al., 1998).
The similarity between the 34S value of sulfate minerals and dissolved sulfate means that
ancient sulfates can be used as a proxy for the 34S value of the ocean at the time the
mineral formed.
10.4.2 Sulfide incorporation in sediments
Sulfides are mostly produced as a byproduct of bacterial sulfate reduction.
Assimilatory reduction occurs in autotrophic organisms where sulfur is incorporated in
proteins, particularly as S2- in amino acids. Assimilatory reduction involves a valance
change from +6 to –2. However, the bonding of the product sulfur is similar to the
dissolved sulfate ion, and fractionations are small. In laboratory experiments, assimilation
of sulfate occurs with a fractionation of -2 to -3 ‰ (Kaplan, 1983), far lower than what is
seen for carbon fractionation during reduction of bicarbonate (or CO2) to reduced carbon.
One explanation for the relatively small fractionation is that once sulfur is transferred into
the cell, it is completely reduced to the sulfur-bearing protein. The 34S value of organic
sulfur in extant marine organisms incorporated by assimilatory processes is generally
depleted by 0 to 5‰ relative to the ocean.
The second reduction mechanism, dissimilatory reduction is performed by
heterotrophic organsisms, particularly Desulfovibrio desulfuricans. The overall reaction
can be represented as
2 CH2O + SO42- 2 HCO3- + H2S

10.3.

The dissimilatory reduction is called ‘bacterial sulfate reduction’ and is extremely
important in terms of the Earth’s sulfur budget. It is the major surficial process for
changing sulfate to sulfide. Bacterial sulfate reduction is an energy-yielding, anaerobic
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process that occurs only in reducing environments, such as in organic-rich ocean
sediments. The bacteria use sulfate as an electron acceptor (oxidant). H2S is given off as a
byproduct, which is quickly consumed in the formation of metal sulfides. The sulfate
reduction pathway consists of four steps (Goldhaber and Kaplan, 1974). The rates of
these steps are quite different, as is the fractionation associated with each step. The
slower the step, the larger the fractionation. In a disimilatory reduction reaction limited
by the reactant sulfate, essentially all available sulfur will be consumed, and sulfur
isotope fractionation between reactant and product will be very small. When there is
excess sulfate, and reaction rates are slow, isotopic fractionation will be much larger.
Reaction rates are most rapid near neutral pH conditions, and are independent of sulfate
concentration when these are above ~0.5 mM (see Canfield, 2001 for an extensive
review). Measured fractionations under experimental conditions range from between -20
to -46‰ at low rates of sulfate reduction to -10‰ at high reduction rates. The 34S value
of sulfides of modern marine sediments is typically around -40‰, however, a wide range
from -40‰ to ~ +3‰ is observed (Fig. 10.5). In general, and for the purposes of
modeling, a fractionation of 40±10‰ between sulfate and sulfide is often assumed
(Claypool et al., 1980).

Fig. 10.5. Sulfur isotope composition of pyrite precipitated in modern sediments (solid black bars) and
coexisting ocean-water sulfate (blue boxes). Average for pyrite analyses are given by arrowheads. In
general, pyrite formed from bacterial sulfate reduction is 40‰ lighter than seawater sulfate (although this is
not obvious from the figure!). After Schidlowski et al. (1977; 1983).

If, during disimilatory sulfate reduction, all of the pore-water sulfate were
converted to sulfides – the ‘closed system’ case – then the 34S of the bulk sulfides would
necessarily equal the dissolved seawater sulfate value of +21‰. The amount of sulfide
precipitated (in wt %) would also necessarily equal the amount of sulfur initially present
in the pore-water sulfate. What is observed in most oceanic sediment, however, are very
low 34S values of the newly-formed sulfide (Fig. 10.5) and far more precipitated sulfide
than expected from the amount of original dissolved sulfate in pore water alone (Fig.
10.6). The isotope and concentration data can only be explained if ocean water freely
circulates through the upper sediment, via ‘open system’ behavior. Sulfate reduction
continues due to influx of fresh sulfate from the overlying ocean water. Some 34Senriched sulfate must be returned to the ocean, thereby explaining the low 34S values of
the sulfide mineralization. Bioturbation strongly aids the mixing process, which is most
intense in the upper 6 cm of sediment.
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Fig. 10.6. Expected (green) and measured (rust) reduced sulfur abundance from sediment cores from
the Gulf of California. The expected amount is calculated from the pore water volumes and sulfate
concentrations, which decrease with depth. The higher measured abundance of reduced sulfur is
evidence for continued influx of seawater sulfate after initial burial. The 34S values of H2S decrease
with depth, but the 34S values of pyrite are mostly constant between -20 to -30‰ (Raven et al., 2016).
After Kaplan (1983).

Sulfate reduction and sulfide precipitation continues only as long as 1) organic
matter is available for sulfate-reducing bacteria, 2) iron is present to react with H2S, and
of course, 3) sulfate is available as a reactant. Exchange of pore-water sulfate with ocean
water decreases with depth, as the porosity is reduced due to sediment compaction.
Sulfate reduction will quickly halt if the H2S concentration is allowed to build up. As
long as there are metal cations present to react with the evolving H2S however, the sulfate
reduction reactions will continue and sulfides will precipitate. Some of the H2S byproduct
will also leave the system by simple degassing at shallow levels. In the marine
environment, neither sulfate nor ferric iron generally limit the sulfate-reduction reaction.
Instead, it is the abundance of easily metabolized carbon that controls the extent of
sulfate reduction reactions.
10.5 Secular variations in sulfur
10.5.1 Long term variations
The 34S values of marine evaporites reflect the isotopic composition of dissolved
ocean sulfate at the time of their formation. Because the fractionation between sulfate
minerals and dissolved sulfate is close to zero, creation or destruction of evaporites will
have little effect on the 34S value of the oceans. On the other hand, the large difference
in the 34S values of dissolved sulfate and bacterially-produced sulfide minerals means
that production or destruction of sulfides will strongly influence the 34S value of the
ocean sulfate. During periods of intense weathering of argillaceous sediments, notably
shales, the 34S value of the ocean decreases, while during periods of vigorous bacterial
sulfate reduction and preferential removal of 32S, the 34S value of ocean sulfate
increases.
The secular curve for the 34S value of sulfates is shown in Fig. 10.7. The 34S
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values range from <10‰ to over >35‰. The gross characteristics of the secular curve are
explained in terms of removal or addition of reduced sulfur to the oceans. Realize that
return of abundant +35‰ sulfate to a 10‰ ocean could have a measurable effect on the
dissolve sulfate 34S value.
• Periods of high biological activity (sulfate reducing bacteria) increase the 34S value
of the ocean (and evaporites) due to removal of 34S-depleted sulfur as sedimentary
sulfides. Favorable paleogeographic conditions, including extensive shallow marine
settings, and abundant organic matter (as food source), are necessary for extensive
production of sulfide. Periods of high 34S values (Cambrian, Devonian) also have
widespread carbon-rich sediments.
• Intense weathering lowers the 34S value of the ocean. Low 34S values of evaporites
due to extensive erosion of shales require elevated orogenic activity, such as the
Devonian to Permian change associated with the Variscan orogeny (Fig.10.7).
The significance of the sulfate-sulfide ratio can be appreciated when one recognizes
that 50% of the total photosynthetically produced O2 is locked up in evaporite sulfate
(Schidlowski et al., 1977). To put this in context, the shift from 34S values of 10‰ in the
late Permian to 20‰ in the Tertiary requires a shift of 5  1020 grams of sulfur to the
shale reservoir (Holser and Kaplan, 1966), releasing an equivalent amount of oxygen.
1020 grams of oxygen is equal to all of the diatomic oxygen in the modern atmosphere.
10.5.2 Alternative approaches – barite and trace carbonates
Relative to carbon and strontium, the secular sulfur isotope curve is poorly
defined because evaporites were
deposited only at certain periods in the
Earth’s past and are difficult to date
with precision. Special conditions are
required for their deposition and they
are easily eroded. Other sulfur species,
especially barite and trace sulfate in
carbonates, have been used to expand
and refine the sulfur curve. Unlike
gypsum (CaSO4.2H2O) evaporites, the
34S values of barites is strongly
dependent on the type of deposit in
which it is found. Thick stratiform
barite deposits faithfully reproduce the
evaporite curve, while thin beds or
nodular barites have 34S values that
are too high and most likely form in
diagenetic settings within sulfate
reducing sediments (Cecile et al.,
1983; Goodfellow and Jonasson,
1984). Massive barite deposits require
unusual geological conditions, such Fig. 10.7Secular variations in the 34S value of
that the 34S values may have a high evaporites. After Claypool et al. (1980).
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contribution from a hydrothermal source. A sulfur isotope stratigraphic curve was
generated for deep sea marine barites of Cretaceous and Cenozoic age with
unprecedented temporal resolution (Paytan et al., 2004). The marine barites precipitate
directly in the seawater column and are thought to have 34S values that are virtually
identical to dissolved sulfate. The high resolution curve shows some very rapid changes,
such as a 5‰ change between 125 and 120 Ma (Fig. 10.8). Such large rapid shifts require
huge changes in input and output fluxes. The rapid changes may also occur in part
because sulfate concentrations in the ocean were low at that time. These ‘second order’
features (107-yr scale) are similar to other more poorly defined equivalents in older
evaporites (Holser, 1977) and suggest that the seawater sulfate curve may not be as
‘smooth’ as drawn in Fig. 10.7.
Sulfur is a ubiquitous trace element in sedimentary carbonates. Concentrations
range from several tens of ppm in inorganic carbonates to several thousand ppm in some
biogenic carbonates. As long as no fractionation accompanies the incorporation of sulfur
into the carbonate, and no diagenetic alteration takes place, carbonates offer an attractive
method for refining the secular sulfur curve. Carbonates may provide a representative
34S value of the ocean, precipitating in more open conditions as opposed to restricted
marine basins (Strauss, 1997). Burdett et al. (1989) constructed a high resolution secular
sulfur curve for the past 25 Ma using foraminifera. Their results agree well with Fig.

Fig. 10.8. 34S values of marine barite covering the Cenozoic. The high resolution curve
clearly illustrates rapid changes in the sulfur isotope composition of the ocean. After Paytan
et al. (2004).
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10.8, but have much more scatter, which the authors attribute to possible diagenesis. A
global secular 34S curve for the Paleozoic and Mesozoic has been generated from nearly
300 measurements of structurally substituted sulfate in the calcite lattice of carbonates
(Kampschulte and Strauss, 2004). The curve matches earlier evaporite data, but provide a
secular sulfur isotope curve with far higher resolution.
10.5.3 Time boundaries
Strauss (1997) reviewed secular variations across time boundaries
characterized by profound biological or geological changes. Due to the paucity of
evaporite data, all time boundary studies have been made on sedimentary sulfides. The
non-constant fractionation between seawater sulfate and sulfides means that the data have
more variation than would be expected from a sulfate curve. Nevertheless, the results are
very informative. Consider that carbon isotope excursions can be expected in response to
major extinction and radiation events, as the response time of carbon is relatively rapid.
Enhanced sulfate reduction requires abundant organic matter as a food source, as
evidenced by a correlation between the abundance of organic matter and sedimentary
pyrite. During a catastrophic event, where productivity plunges, the 34S values of the
oceans should decrease. The subsequent biological radiations should have the opposite
effect. The 34S values of the oceans should first decrease across a time boundary
associated with a catastrophic extinction, and then increase during the period of recovery.
The magnitude of the effect is related to the intensity of the extinction event, the rate of
recovery and the size of the oceanic sulfur reservoir.
Four extinction events have been studied (see Strauss, 1997 for references): the
Precambrian-Cambrian, the Frasnian-Famennian, the Permian-Triassic, and the
Cretaceous-Tertiary boundaries. Of these, only the Permian-Triassic event shows the
expected sulfur trend (Bojar et al., 2016). Fluctuations occur at other boundaries, but no
secular variations have been observed. Part of the reason for the irregular results between
sections may be related to the inherent problems of analyzing sulfides instead of sulfates.
In addition, local effects may mask any global sulfur variations.
10.5.4 Archean sulfates – clues to early atmosphere
Oxidation of mantle-derived sulfides is the major source of ‘crustal’ sulfate.
Virtually all sulfate oxygen in post-Archean sediments is photosynthetically derived.
Prior to the development of an oxygenated ocean and atmosphere, photolithotrophic
(green and purple) sulfur bacteria would have been the principal source of oxygen for
sulfate production (Monster et al., 1979). Sulfur isotope fractionation during
photolithotrophic oxidation is small, so that in the absence of extensive bacterial sulfate
reduction, all sulfide and sulfate minerals would have had 34S values close to the wholeearth value of 0‰. There should have been a buildup of sulfate in the oceans prior to the
ultimate development of free oxygen in the atmosphere, if photosynthetic algae first
become plentiful in the oceans. Abundant sulfate-reducing bacterial activity could only
occur once sulfate became abundant and the ocean had been oxygenated in at least some
locations. Once the sulfate-reducing bacteria became abundant, the dispersion of 34S
values in sediments (due to isotope partitioning between sulfide and sulfate) would
increase toward its modern range in excess of 70‰. The advent of sulfate-reducing
bacteria was a major evolutionary step that preceded the oxygenation of the atmosphere.
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A number of authors have measured the 34S values of ancient sulfides and
sulfates, although Archean sulfate mineralization is rare6. Monster et al. (1979) showed
that the divergence of sulfur isotope ratios in sediments occurred at some time between
3.1 and 2.8 billion years in the past (Fig. 10.9). Earlier sediments and igneous sulfide
samples have an extremely limited range of 34S values of +0.5±1.0‰. By the middle
Archean, the 34S values ranged from -20 to +20‰. It was concluded on the basis of
these data, that low ocean sulfate concentrations persisted until ~2.8 Ga. Kakegawa and
Ohmoto (1999) measured the 34S values of pyrite grains hosted in sedimentary pyritic
shales of the 3.4 to 3.2 Ga Fig Tree Group of the Barberton Greenstone Belt, South
Africa. The 34S values ranged from –0.8 to +4.4‰, suggesting that the sulfides were a
product of microbial reduction of seawater sulfate. Such a conclusion suggests that
seawater sulfate was an appreciable component of the Archean ocean, at least locally.

2.0
2.5
3.0
3.5
4.0

 S (‰ CDT)
34

Fig. 10.9. Sulfur isotope variations of ancient deposits. Sulfides are given by dark grey fields, sulfates
by lighter shades. The height of each polygon signifies the number of analyses. Around 3.1 Ga, the
range of 34S values begins to increase as sulfate-reducing bacteria become more abundant. See
Monster et al. (1979) for more details. Note that the age axis is in some cases poorly constrained.

10.5.5 Sulfur isotope anomalies – mass-independent fractionation
Further constraints on Archean surficial conditions can be made from multiple
isotope measurements of sulfides. Under almost all geological conditions, the four
isotopes of sulfur follow a predictable mass dependent fractionation, where 33S  0.515
 34S, and 36S  1.90  34S (Hulston and Thode, 1965). In contrast, mass-independent
fractionations occur in a number of photochemical gas phase reactions. The isotopic
composition of a mineral produced by mass-independent reactions do not follow the
predicted relationships between the 33S, 34S and 36S ratios. The 33S and 36S values
are defined as the deviation from the expected isotope ratios by the following equation:
33S = 1000  [(1 + 33S/1000) - (1 + 34S 1000)0.518 - 1]

10.4.

6

No Archean evaporites exist. Instead, gypsum and anhydrite have been replaced by barite. There is some
question as to whether primary 34S values were preserved during diagenetic alteration to barite.
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Farquhar et al. (2000) measured the 33S, 34S, and 36S of sulfates and sulfides covering
a wide age range. They found 33S anomalies in samples older than about 2.1 Ga and
especially older than 2.45 Ga, (Fig. 10.10). They attributed these anomalies to different
atmospheric conditions in early atmosphere. Ozone would have been lacking in a
diatomic oxygen-free atmosphere, so that ultraviolet rays could penetrate farther into the
atmosphere resulting in mass-independent reactions. Alternatively, photochemical
oxidation of reduced sulfide species could have produced sulfate species that did not
follow normal mass-dependent fractionations. Regardless of the actual mechanism, the
33S anomalies in Archean sulfates clearly indicate very different conditions of the early
atmosphere.
Mass-independent sulfur isotope anomalies have also been found in sulfuric acid
layers in South Pole ice cores (Savarino et al., 2003a; 2003c). The proposed explanation
is that SO2 expelled into the upper atmosphere during volcanic explosions has undergone

Fig. 10.10. 33S values as a function of age for sulfur-bearing samples. At ~2.1Ga, 33S anomalies are
observed, which become significantly larger at ~2.5 Ga. The anomalous samples are believed to be
related to an oxygen-free atmosphere in the Archean. After Farquhar et al. (2000).

photoxidation by UV radiation. Sulfate from the relatively weak 1991 Cerro Hudson
event has no isotope anomaly, because the ejected SO2 never left the troposphere. In
contrast, sulfates from the Pinatubo eruption have a strong sulfur isotope anomaly,
explained by the SO2 ejecta reaching well into the stratosphere, where photolysis in the
190 to 220 nm spectral range would bring about the anomaly. Oxygen isotope anomalies
in massive sulfates have also been measured, presumably related to sulfur oxidation
reactions in the upper atmosphere (e.g., Bao et al., 2000b; Martin and Bindeman, 2009).
Sulfur isotope anomalies have also been used as evidence of surficial recycling of crustal
sulfur to great depths (Farquhar et al., 2002) and photolytic effects in martian meteorites
(Franz et al., 2014).
10.6 Sulfur isotope ratios in the terrestrial environment
The variations in the terrestrial realm are far less predictable than in the oceanic
environment. The largest natural flux of sulfur in the atmosphere is sulfate aerosols
derived from sea spray with a 34S value close to that of the ocean. H2S has a very short
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residence time in the atmosphere, and will be converted to SO2 (and sulfuric acid)
without sulfur isotope fractionation. In arid climates, the 34S value of soils and water is
controlled by atmospheric input from aerosols. In humid climates, where rock weathering
is extensive, input from the dissolution of sulfur-bearing rocks overwhelms the
contribution from atmospheric precipitates. The 34S values of rivers is controlled by the
local rock type. Hoefs (1987) compiled results from a number of river waters. Not
surprisingly, the 34S values of rivers cover the same range as rocks themselves. The 34S
values of the Mackenzie river drainage system, Canada, span a wide range, from –20 to
+20‰, clearly indicating that sulfur is supplied both from marine evaporites and shales.
The Amazon river has a surprisingly narrow range of 34S values around 8‰. Longinelli
and Edmond (1983) attributed the near-constant values to a strong Andean source of
Permian evaporites. Sulfur isotope studies of individual drainage systems is most
valuable for determining the sulfur source for that particular area.
Soil 34S values are generally locally derived. In arid regions, especially near the
ocean, 34S soil values are high due to addition of sulfate from sea spray aerosols. High
34S values can also be traced to dissolution of evaporites or travertines (Krouse, 1989).
Other sulfur sources include organic matter, and, for recent sediments, fossil fuel burning
or other anthropogenic sources. It is now common for sulfur from anthropogenic fossil
fuel emissions to overwhelm all other sources. Krouse and Case (1983) measured the
34S profile of soils near a sour gas processing plant in Alberta. Soil profiles of soluble
sulfur were measured 2 km and 10 km from the processing plant. The 2 km profiles have
34S values of 20‰ at the surface, identical to those emitted from the processing plant.
The 34S values decrease with depth down to approximately 0‰. The 10 km profiles
range decrease steadily from ~5‰ at the surface to a plateau of -6 to -10‰ with depth.
These lowest values are thought to represent the pre-industrial sulfur values. The use of
sulfur isotopes as a tracer of anthropogenic sources is somewhat limited, however, given
then huge number of possible sources and extensive mixing between the different
sources.
10.7 Oxygen isotope variations in sulfates
Early measurements of the 18O values of dissolved sulfate in seawater ranged
from 9.5 to 9.9‰ (Longinelli and Craig, 1967; Rafter and Mizutani, 1967; Cortecci,
1975). More recent analyses are closer to 8.6‰ (Holser et al., 1979; Zak et al., 1980).
The cause of the discrepancy is not known (Longinelli, 1989), nevertheless, the measured
values are far from those predicted on the basis of equilibrium fractionation between
dissolved sulfate and water, where the 18O ( SO 24- aq  H 2 O ) is 38‰ (Lloyd, 1967, 1968).
The reason for the disequilibrium is the dynamic conditions of input, output and partial
reequilibration that occur in the sulfate oxygen cycle (Holser et al., 1979). The main
inputs and outputs for sulfate oxygen can be modeled along the lines for sulfur (Fig.
10.4). The oxygen source for surficial oxidation of sulfides to sulfate is a combination of
meteoric water and atmospheric O2. Although the processes of oxidation, and the
importance of bacterial oxidation, are not well known, average 18O values for oxidized
sulfate globally are around -2‰ (Holser et al., 1979). Using an average 18O value of
+12‰ for dissolved sulfate derived from weathered evaporites, Holser et al. (1979)
estimate that the 18O value of sulfate flowing into the ocean is ~+5‰. Dissolved sulfate
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will also fractionate oxygen during bacterial reduction to sulfide. Again, the magnitude of
the effect is not well constrained. Holser et al. (1979) estimate the fractionation to be
equal to -10‰. In other words, dissolved sulfate with low 18O/16O ratios will
preferentially be reduced, leaving the remaining sulfate with a higher 18O value. The
final fractionation occurs during precipitation of sulfate from dissolved sulfate. Results
from various lines of evidence regarding this fractionation are often conflicting, ranging
from 2 to nearly 10‰. An average 18Oevaporite-dissolved sulfate value of 3.5 to 3.6‰ has been
proposed (Holser et al., 1979; Claypool et al., 1980).
Taken together, a mass balance equation for oxygen in sulfate can be derived. The
modern 18O value of 8.6‰ is obtained if the proportions of input from sulfide and
sulfate are about equal. The secular sulfate oxygen isotope curve shows variations on the
order of 7‰, although there is a great deal of uncertainty in its construction (Claypool et
al., 1980). Covariations between oxygen and sulfur are poor. Nevertheless, some of the
features seen in the sulfur secular curve are seen for oxygen as well, notably, the
lowering of delta values during the Permian, followed by a rapid rise at the PermianTriassic boundary. Late Devonian and Carboniferous samples have the highest 18O
values of 17‰.
A stratigraphic curve for 18O in barite has been constructed for the last 10
million years using Deep Sea Drill Cores (Turchyn and Schrag, 2004). From a nearly
constant value of 9‰ in the Miocene, there is a monotonic increase of 5‰ between 6 and
3 Ma and then a decrease back to modern values of 7.9‰ in the last 3 million years. The
slightly elevated 18Osulfate values in the Miocene are interpreted to represent oxidation of
sulfide to a sulfate value between 10 and 14‰. The elevated 18O values may be related
to changing intensities of bacterial disproportionation of sulfur compounds. The change
in 18O values of 5‰ in several million years is far in excess of what is seen for oxygen
in carbonates. The difference is clearly related to the fact that oxygen isotope equilibrium
is attained between water and carbonate, which is not the case for sulfates.
The sulfate ion is one of the few naturally occurring oxygen-bearing ions that
retains its oxygen isotope composition in the dissolved form. Sulfates that have formed
by aqueous phase interaction with photochemically-derived oxygen (O3 or H2O2) have
been shown to retain a triple oxygen isotope anomaly (Bao et al., 2000b; Savarino et al.,
2000). Applications include dry valley aerosols indicative of atmospheric oxidation of
reduced gaseous sulfur compounds (Bao et al., 2000a), volcanic ashes erupted into the
stratosphere (Savarino et al., 2003b) and ancient samples that predate diatomic
atmospheric oxygen.
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