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Sulfate is the second most abundant anion (behind chloride) in
modern seawater, and its cycling is intimately coupled to the cycling
of organic matter and oxygen at the Earth’s surface. For example,
the reduction of sulfide by microbes oxidizes vast amounts of or-
ganic carbon and the subsequent reaction of sulfide with iron pro-
duces pyrite whose burial in sediments is an important oxygen
source to the atmosphere. The concentrations of seawater sulfate
and the operation of sulfur cycle have experienced dynamic changes
through Earth’s history, and our understanding of this history is
based mainly on interpretations of the isotope record of seawater
sulfates and sedimentary pyrites. The isotope record, however, does
not give a complete picture of the ancient sulfur cycle. This is be-
cause, in standard isotope mass balance models, there are more
variables than constraints. Typically, in interpretations of the isotope
record and in the absence of better information, one assumes that
the isotopic composition of the input sulfate to the oceans has
remained constant through time. It is argued here that this assump-
tion has a constraint over the last 390 Ma from the isotopic compo-
sition of sulfur in coal. Indeed, these compositions do not deviate
substantially from the modern surface-water input to the oceans.
When applied to mass balance models, these results support pre-
vious interpretations of sulfur cycle operation and counter recent
suggestions that sulfate has been a minor player in sulfur cycling
through the Phanerozoic Eon.

he sulfur cycle is intimately coupled to the cycles of carbon,
oxygen, and many other elements, forming one of the great
biogeochemical cycles of the surface Earth (e.g., refs. (1, 2). It
interacts with the carbon cycle mainly through the process of
sulfate reduction, an anaerobic metabolism forming sulfide from
sulfate during organic matter oxidation (3). Sulfide produced by
sulfate reduction reacts with iron for ultimate removal as pyrite
(FeS,) in sediments. The burial of pyrite (FeS,) represents a net
source of oxygen to the atmosphere, whereas the oxidation of
pyrite on land represents an oxygen sink, with both processes
providing an important regulation of atmospheric oxygen con-
centrations (1, 4, 5). Sulfur is also removed from the oceans as
gypsum, a sulfate mineral precipitating in evaporites. Sulfate
evaporites are mainly found during the Phanerozoic Eon (al-
though conspicuous deposits are also found during some periods
of the Proterozoic Eon, ref. 6), and it has been suggested that
their formation on a grand scale was enabled as sulfate con-
centrations rose above Precambrian levels (7, 8). This increase
has been linked to sediment mixing and the resultant pyrite ox-
idation in sediments by bioturbating animals as they came to
prominence through the early stages of the Paleozoic Era (8).
The increase in sulfate concentration enabled more active sul-
fate removal as gypsum in evaporites, and modeling suggests that
the pathways of sulfur removal from the oceans have shifted from
pyrite burial early in the Paleozoic Era to sulfate evaporite burial
in the late Paleozoic Era and thereafter (8-10). In this view, the
influence of the sulfur cycle on oxygen regulation has also de-
creased through the Phanerozoic Eon as pyrite burial has de-
creased in magnitude (11). These models, however, are based on
isotope mass balance considerations and they require assumptions
about the history of the isotopic composition of sulfate input to
the oceans.
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In a clever new approach, sulfate burial rates have been quan-
tified independently from a macrostratigraphic database available
for the North American Continent and the Caribbean (12). These
data have been scaled to global rates of sulfate burial through
various assumptions about the evolution of the environments
available for sulfate deposition and sulfate loss by weathering
through time. This analysis suggests that sulfate burial rates as
obtained from the traditional analysis of the isotope record have
been far overestimated, and that pyrite cycling has dominated the
sulfur cycle through the whole of the Phanerozoic Eon. There
emerge, therefore, two opposing views on the evolution of sulfur
cycle dynamics, and these views can be tested with knowledge of the
isotopic composition of sulfur input to the oceans through time. It
was suggested many years ago that the isotopic composition of
sulfur in coal might provide a measure of the isotopic composition
of the ancient terrestrial sulfate reservoir (13). In the present
contribution, this idea is tested against a modern understanding of
how the isotopic composition of surface water sulfate is transferred
from plants to peat and eventually to coal. Following this, available
data of the isotopic composition of sulfur in coal are compiled. It is
argued that the coal sulfur isotope record provides a history of the
evolution of the surface water sulfate reservoir through time, thus
providing a critical constraint of the evolution of the sulfur cycle.

Modeling Sulfur Cycle Evolution

Our interpretations of sulfur cycle evolution are based mainly on
the isotope records of sulfide and sulfate as preserved in marine
sediments and evaporites through time. The relationship between
pyrite and sulfate dynamics sediments is normally assessed through
mass balance expressions, where
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In these equations, Mj,, is the mass of seawater sulfate at any time
in the past, and j represents the fluxes either into the ocean (j;,,) or
the output fluxes including pyrite burial (j,,), sulfate burial as
evaporites (j,,) and any sulfur (pyrite or sulfate) subducted back
into the mantle (j;,») (9). The input flux j;, represents a variety of
sources including volcanic input (both terrestrial and submarine),
ocean crust weathering, and riverine input. Of these, the river flux
has probably dominated sulfur input during the Phanerozoic Eon
(8, 9). Rivers obtain their sulfur, transported as sulfate, mainly
from a combination of sulfide oxidation and sulfate evaporite
dissolution. These two sulfur sources contribute about equally
to the natural (nonanthropogenic) sulfate burden in modern
rivers (14). The 5-terms represent the isotopic composition of the
inputs or outputs at any time (the isotopic composition of
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evaporite sulfate is assumed the same as seawater sulfate at the
time of evaporite formation), whereas A is the difference between
the isotopic compositions of seawater sulfate and the pyrite re-
moved from the oceans at any time.

In typical discussions of the Phanerozoic sulfur cycle, non-
riverine inputs are ignored as is the output flux by subduction
(however, see ref. 9). In the traditional analysis of sulfur cycle
dynamics, j;, and §;, are held constant, and a series of pseudo-
steady states are usually assumed (in other words, ‘”g;w =0). With
these assumptions, Egs. 1 and 2 can be solved for the fraction of
pyrite burial f,, through time:

Jov= (80w —6in) /A [31

Modern §;, has been estimated at between 3 and 8% (15, 16),
and ref. 12 has used a value of 8% to calculate f,, from the
isotope histories of pyrite and seawater sulfate through time.
These results are reproduced in Fig. 1 (§;,-constrained). The
range in results accommodates variability imposed by assuming
a dynamic mass balance which allows changes in Mj, through
time (in other words, ‘%sw # 0) as constrained from evaporite
fluid inclusion data. Overall, this makes little difference to the
model results. This history of f,, through time as presented in
Fig. 1 is very similar to previous histories (8-10). The model
trend shows a pronounced evolution in f,, through the Phaner-
ozoic Eon, where pyrite burial dominated the Paleozoic Era,
giving way to dominant sulfate burial after about 400 Ma, as
described above.

Modeling from Metastratigraphic Data

Modeling based on the analysis of the macrostratigraphic da-
tabase (12) yields a quite different result. Thus, by constraining
sulfate burial with the macrostratigraphic data, and by assuming
values for j,,, values for f,, are calculated (12). In this case,
isotope mass balance in the sulfur cycle is achieved by solving for

j-constrained mass balance

/
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Fig. 1. Different model predictions for the burial proportion of pyrite sulfur
foy into marine sediments through most of Phanerozoic time. All model results
are derived from the isotopic compositions of marine sulfate and pyrite sulfur
through time as shown in Fig. 2, but with different assumptions. The &;,-
constrained mass balance model is determined by assuming that the sulfur
input flux j;, and its isotopic composition §;, have remained constant through
time. The “je-constrained mass balance” model results have been computed
with constraints on the burial rates of evaporite sulfur from a macrostratigraphic
database, and with various assumptions about the burial rates of pyrite sulfur ji,,
through time. In this model, the isotopic composition of input sulfur &;, is ad-
justed to achieve mass balance (Fig. 2). The results for both model outputs are
redrawn from ref. 12 with permission from AAAS. Also shown are calculations
assuming §;,-values of between 11 and 12 per mil for the time window of 160-
220 Ma as indicated by the coal sulfur isotope record in coal as shown in Fig. 2.
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the isotopic composition of the sulfate input to the oceans, &;,
(12). These calculations yield a range in f,, values (plotted as j.-
constrained in Fig. 1), with the overall conclusion that pyrite
burial has dominated the sulfur cycle through all of the Phan-
erozoic Eon, with evaporitic sulfate removal playing only a minor
role. This is quite in contrast with the results constrained by
assumptions of constant §;, as discussed above (Fig. 1). These
results suggest a sulfur cycle dominated by pyrite weathering and
burial, and furthermore, with high values of f,, these results
demonstrate a much more active role for pyrite cycling in at-
mospheric oxygen regulation than previously imagined (12).
However, these values for f,,, come with a testable prediction.
That is, that the isotopic composition of the sulfur input to the
oceans &;, was much more depleted in **S than previously as-
sumed, as shown in Fig. 2. As mentioned above, these values for
;, are required in the modeling to achieve mass balance.

Isotopic Composition of Sulfur in Coal Precursors

It is suggested here that the isotopic composition of sulfur in coal
provides a measure of the isotopic composition of terrestrial
sulfur pools, and thus a constraint on §;,. This, then, provides
a test of the various models predicting values of f,,, through time
and hence the evolution of the sulfur cycle through the Phan-
erozoic Eon. The logic is as follows: Coal is composed of de-
graded and thermally matured aquatic plant material. If sulfate is
limiting during plant growth, as is typical in terrestrial environ-
ments, then the sulfur in the growing plants is assimilated with an
isotopic composition of only about 1.5 per mil depleted in >*S on
average compared with the isotopic composition of the surface
waters providing the source sulfate (17). This sulfur is delivered
further into the peats forming from the plants, and ultimately
into the coal itself (18).

This cascade of events can be illuminated in various examples
from nature. For example, peats from the Okefenokee Swamp,
southeastern Georgia, form in a freshwater environment under
sulfate limitation (19). Due to this limitation, the peats have low
organic sulfur contents (0.32 + 0.09 wt % S) with 6°*S values
similar to the plants forming the peats and the surface waters in
the swamp (18, 19). Furthermore, in a study of moss and un-
derlying peats from the Karkonosze Mountains in Southwestern
Poland (20), the isotope signal from the moss was transferred to
the underlying peat (within about 2 per mil), and in the peat bog
“Nad Jagniecym Potokiem” in the Izerska Mountains in South-
west Poland, the 6*S of Sphagnum and Polytrichum mosses were
consistently within 2-3 per mil of the surface water sulfate source
(21). In a comprehensive study of Sphagnum moss from a variety
of spruce forest floors in Europe, the §*S of the plant sulfur
resembled that of the source sulfate, but with a consistent 2 per
mil shift to **S-depleted values during assimilation (22).

In some cases, and particularly when sulfate is abundant, early
diagenesis can alter the isotope signal of the accumulating or-
ganic biomass. For example, many peats in the Florida Ever-
glades form in a high-sulfate environment, with sulfate supplied
from the sea. These peats are enriched in organic sulfur (1.96 +
0.93 wt % S) (19) and their isotopic compositions deviate sub-
stantially from the sulfate source. When sulfate is particularly
abundant, the organic sulfur is up to 40% depleted in **S com-
pared with the sulfate, and this depletion is reduced as the
sulfate becomes more limiting. These peats clearly show the in-
fluence of microbial sulfate reduction in supplying **S-depleted
sulfide to the peat, and they also demonstrate that organic sulfur
is enriched into the peat during early diagenesis (18, 19, 23).
Similarly, for high-sulfate bogs from the western British Isles
with a clear marine influence, Sphagnum moss is some 5-10 per
mil depleted in **S compared with the isotopic composition of
the rain supplying the sulfate to these sites (24). In what appears
to be a rather unusual case, peats from the New Jersey pinelands
record the addition of significant amounts of **S-depleted sulfur
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Fig. 2. Various aspects of the evolution of the sulfur cycle through most of the Phanerozoic Eon. The evolution of the 5°S of seawater sulfate and average
values for the 534S of pyrite sulfur are shown. The trends are redrawn from ref. 12, with permission from AAAS. Model results for the evolution of the isotopic
composition of sulfur input to the oceans §;, are shown assuming sulfate burial constraints from the macrostratigraphic database. The variability in model
results comes from different assumptions about the burial fluxes of pyrite sulfur, j,,. These results are redrafted from ref. 12. Overlain is the isotopic com-
positions of sulfur in coal through time. Data from China are presented as box plots showing 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentile uncer-
tainties. For these data, the isotopic composition of total sulfur is plotted. The other data, plotted as circles, represent the isotopic composition of organic
sulfur, with low-sulfur coals (<1 wt % total S) plotted as black circles. Coal data come from refs. 13, 30, 32, 33, 36, and 37.

during diagenesis, with organic sulfur reaching values as light
as —15 per mil compared with values ranging from 2 to 11 per mil
for surface water and rainwater in the area (25). Presumably the
light sulfur is incorporated from sulfide produced from microbial
sulfate reduction in the peats, but strangely, the sulfate concen-
trations in the peat pore waters are only in the range of 10-30
uM, too low to produce significant fractionations during sulfate
reduction as we currently understand the process (26). Perhaps
there is some non-steady-state aspect to the development of the
isotopic signal in these peats.

Nevertheless, from these studies we can conclude that despite
diagenesis, the isotopic composition of the mosses and peats in
low-sulfate areas to a first approximation (generally within 4 or 5
per mil or less) reflects the isotopic composition of the sulfate
available for plant growth. When sulfate is abundant, the isotopic
composition of the accumulating peats can deviate substantially
from the input sulfate. In this case, microbial sulfate reduction
can supply >*S-depleted sulfide to the peat. Enrichments in **S in
peat sulfur are also possible. This is believed to occur during the
late stages of sulfate reduction when sulfate is nearly depleted
and the **S of the sulfide produced may also be **S-enriched
(e.g., ref. 27). This has been argued for the peats accumulating in
the area of Forsinard, Scotland, which have a strong marine
sulfate source (28). Therefore, low-sulfur peat, and by analogy,
low-sulfur coals, should provide the best targets for obtaining the
isotopic composition of the source sulfate at the time of peat
formation. This point has also been previously made (13, 18, 29,
30), and it is generally assumed that coals with low sulfur con-
tents (total sulfur < 1 wt % and/or organic sulfur < 0.8 wt %) are
attributed to a freshwater origin, whereas high-sulfur coals are
viewed as having experienced a marine influence (13, 29, 30).

Still, we must also consider the source of sulfate to the peats
forming coal. This will be variable, with sources ranging from
rainwater, to the weathering of rock minerals, to the recycling of
sulfur compounds within the water shed. The mix of these variable
sources will depend on the proximity of the peats to groundwater
flow, to riverine input, and on the amounts of sulfate delivered by
rain, all of which will change from peat to peat (e.g., refs. 20, 25,
31). In many modern peats, rainwater is often cited as a major
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source of sulfate to the plants forming the peat (e.g., refs. 21, 25,
31). This view, however, is heavily biased by the large fluxes of
anthropogenic sulfur to the atmosphere from multiple vectors in-
cluding biomass burning and fossil fuel combustion. These sources
contribute an estimated 84% of the current terrestrial sources of
sulfur to the atmosphere (14). Therefore, rain would have been a
much less significant source of sulfur to peats on the preanthropo-
genic Earth. Of the preanthropogenic nonmarine sulfur sources,
volcanoes dominate, with biomass burning and biogenic sulfur
sources contributing perhaps one-third as much sulfur (14).
Whereas biomass burning and biogenic gas production largely
recycle plant sulfur, volcanoes provide a unique sulfur source with
a distinct isotope signal. Still, in the absence of anthropogenic in-
put, volcanoes only contribute about 7% of the sulfate flux through
the terrestrial system and out to the oceans, and it seems unlikely
that they would contribute the dominant source of sulfate to peats
through time. Therefore, it is concluded here that low-sulfate coals
provide a reasonably good indicator of the isotopic composition of
surface water sulfate in the environment where the organic mate-
rial ultimately forming coal was produced.

Isotopic Composition of Coal Through Time

A compilation of available data on the isotopic composition of
coal sulfur through time is shown in Fig. 2. For most of the data,
organic sulfur isotopic compositions are plotted except for the
data from China (32), represented by the box plots, which show
total-sulfur 5°*S values. For the Chinese coals, about 15% of the
isotope data represent coals with total sulfur contents > 1 wt % S,
and the remaining should be considered “low-sulfur” coals. Also
for the Chinese coals, the spread in isotope values increases as
total sulfur content increases beyond about 0.5 wt % total S and
as pyrite sulfur becomes more abundant than organic sulfur. The
average isotopic values, however, are independent of both the
total sulfur content and the ratio of organic to pyrite sulfur.
Therefore, it seems likely that whereas the high-sulfur part of
this data set contributes to scattering in the data, it does not
obviously influence the average isotope values. For the other data,
samples with total sulfur < 1.0 wt % are indicated separately by
the black circles.
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Taken together, the isotopic composition of sulfur in coals
through the last 390 Ma is, with some exceptions, within the range
of estimates for the modern riverine input to the ocean. The low-
sulfur coals show a tighter clustering of values than the high-sulfur
coals, reinforcing observations, as discussed above, that peats with
an abundant sulfate supply show the greatest range in isotope
variability. The most >*S-depleted low-sulfur coals are found in
the end-Tertiary Powder River Basin, Wyoming. Here, in most
cases where 8°*S for the organic sulfur is < 0%, the pyrites are also
similarly or even more depleted in **S (33). These trends could
represent real variability in the isotopic composition of input
sulfur to the peats forming the coals, or to the addition of sulfide
from sulfate reduction, despite the low sulfur contents of the coal.

There are also some indications for more *S-enriched coals,
and thus more >*S-enriched surface waters in the range of 11-12
per mil, during the Jurassic and Triassic periods (145-250 Ma).
From a modeling perspective, this would generate lower values
for f,,, (Fig. 1) and therefore, even a higher proportion of sulfate
burial than the traditional assumption of constant &;, in the range
of 3-8%. Such high rates of sulfate burial during this time win-
dow are consistent with previous estimates of the worldwide
abundance of sulfate evaporites through Phanerozoic time (34).

Nearly all of the low-sulfur coal sulfur isotope data are sub-
stantially enriched in **S compared with the predictions of riverine
input isotope compositions as computed from the j,-constrained
mass balance (Figs. 1 and 2), which is ultimately constrained by
the macrostratigraphic database from North America and the
Caribbean. The coal sulfur isotope data would seem to invalidate
this model. It appears that the metastratigraphic database has
underestimated rates of marine sulfate evaporite formation
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through the last 400 Ma. The reasons for this are unclear, but
could relate to the poor preservability of evaporite minerals,
the poor preservability of coastal environments precipitating
evaporites, or perhaps other factors.

Overall, the coal isotope data suggests that previous modeling
is most correct when based on assumptions that riverine **S has
been close to the modern value. Therefore, the §,,-constrained
history of f,,, as shown in Fig. 1 is most likely correct. This means
that through the Phanerozoic Eon, the sulfur cycle has shifted
from pyrite-dominated before about 400 Ma to sulfate-dominated
afterward. From an oxygen regulation perspective, the sulfur cycle
has likely become less significant through time.

Final Thoughts

Quantitative models of the evolution of the sulfur cycle through
time rely on assumptions of key variables including the isotopic
composition of sulfur entering the oceans, §;,. The isotopic
composition of sulfur in coals through time provides an impor-
tant constraint of this variable and thus, these data provide a key
insight into the workings of the sulfur cycle through Phanerozoic
time. The coal sulfur isotope data also point to the possibility of
further constraining &;,, and our understanding of sulfur cycle
evolution, through additional studies of coal or other preserved
terrestrial plant material.
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