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Effect of evaporite deposition on Early Cretaceous
carbon and sulphur cycling
Ulrich G. Wortmann1 & Boris M. Chernyavsky1

The global carbon and sulphur cycles are central to our understanding of the Earth’s history, because changes in the partitioning
between the reduced and oxidized reservoirs of these elements are
the primary control on atmospheric oxygen concentrations. In
modern marine sediments, the burial rates of reduced carbon
and sulphur are positively coupled, but high-resolution isotope
records indicate that these rates were inversely related during
the Early Cretaceous period1. This inverse relationship is difficult
to reconcile with our understanding of the processes that control
organic matter remineralization and pyrite burial. Here we show
that the inverse correlation can be explained by the deposition of
evaporites during the opening of the South Atlantic Ocean basin.
Evaporite deposition can alter the chemical composition of sea
water2,3, which can in turn affect the ability of sulphate-reducing
bacteria to remineralize organic matter and mediate pyrite burial.
We use a reaction–transport model to quantify these effects, and
the resulting changes in the burial rates of carbon and sulphur,
during the Early Cretaceous period. Our results indicate that
deposition of the South Atlantic evaporites removed enough sulphate from the ocean temporarily to reduce biologically mediated
pyrite burial and organic matter remineralization by up to fifty
per cent, thus explaining the inverse relationship between the
burial rates of reduced carbon and sulphur during this interval.
Furthermore, our findings suggest that the effect of changing seawater sulphate concentrations on the marine subsurface biosphere
may be the key to understanding other large-scale perturbations of
the global carbon and sulphur cycles.
The global cycling of sulphur (S) is controlled by the balance of S
entering the ocean as a result of weathering, volcanic activity and
hydrothermal fluxes, and the removal of S from the ocean in the form
of S-bearing sediments. Oxidation of reduced S species consumes oxygen and forms dissolved sulphate, which is subsequently returned to
the sedimentary reservoir in its oxidized form as CaSO4, or it is reduced
by bacterial activity and exported as pyrite. An increase of the pyrite
oxidation rate relative to the pyrite burial rate therefore results in the
net loss of atmospheric oxygen, and vice versa. A similar reasoning
applies to carbon (C), which enters the sedimentary reservoir either as
oxidized C (carbonate) or as reduced C (organic matter). However,
sulphate reduction (pyrite production) is achieved by a microbially
mediated redox reaction requiring the presence of organic matter as an
electron donor. Because the capacity of most marine sediments to form
pyrite is limited by organic-matter availability and not sulphate supply4, perturbations to either the reduced C or reduced S flux are positively coupled to the other. As the microbially mediated reduction of C
and S involves a considerable negative isotope effect (up to 270% for
S, and about 228% for C; refs 5–8), an increase in the burial rate of the
reduced species relative to the oxidized species results in a positive shift
of the isotopic ratio, and vice versa. This allows us to trace the behaviour of the C and S cycles through Earth’s history.

High-resolution d34S and d13C records1 show that during the Early
Cretaceous a large negative d34S excursion is accompanied by a large
positive d13C excursion9,10. This implies that decreased pyrite burial
rates occur together with increased organic-matter burial rates (we
note that it is irrelevant whether this was caused by increased organicmatter production or increased organic-matter preservation). Previous studies explained this paradox by suggesting a global iron deficiency11, or a global shift of organic-matter burial from the ocean
to sulphate-limited continental settings4. Both scenarios seem unlikely during the Early Cretaceous, because the existing marine data
clearly show increased organic-matter content or even black shale
deposition12,13, and there is little evidence to support reduced
iron availability, or a shift of organic-matter deposition to terrestrial
environments. A recent study suggested changes in volcanic and
hydrothermal activity, together with increased weathering and
reduced pyrite burial fluxes1, to increase the flux of isotopically
light S. However, this would also increase the flux of isotopically
light C, and thus result in a positive coupling of the d34S and d13C
signals.
Although it is difficult to explain the Early Cretaceous C–S paradox while assuming a modern ocean chemistry, we note that the Early
Cretaceous perturbations of the C and S cycles are contemporaneous
with the early stages of the opening of the South Atlantic. The breakup between South Africa and South America resulted in the creation
of a silled 106 km2 below-sealevel basin, which existed between 126
and 116 Myr ago14. During this time interval, evaporites totalling a
volume of 1–4 3 1015 m3 were deposited in this basin14,15. Assuming
that 20% of these evaporites consist of CaSO4 (refs 16, 17), these
deposits contain between 4.4 3 1018 to 17.6 3 1018 mol CaSO4, equivalent to 26% to 100% of the current seawater sulphate reservoir.
Here, we will therefore explore the impact of the South Atlantic
evaporite sequences on the global cycling of S and C. We do this by
coupling a sediment diagenetical model that describes organic-matter remineralization and pyrite burial as a function of seawater sulphate concentrations to a box model describing the global C and S
cycles (see Methods and the Supplementary Information).
Our model captures the magnitude and timing of the marine d13C
and d34S signals quite well (Figs 1 and 2). However, the magnitude of
the d13C signal depends on the initial marine sulphate concentration:
we obtain a positive shift of 3.5% assuming a 5 mM ocean, and
12.5% shift for 8 mM or 12 mM sulphate concentrations in the
ocean (Figs 1 and 2). Depending on the input parameters chosen
(an evaporite volume of 4 3 1015 m3 and a 5 mM sulphate concentration, versus an evaporite volume of 1 3 1015 m3 and 12 mM sulphate concentration), we obtain minimum or maximum estimates
suggesting that the South Atlantic evaporites contain between 8% to
63% CaSO4. These numbers are not too different from the long-term
average gypsum content of evaporitic sequences (20%)16,17, and may
be affected by the high-calcium and low-sulphate concentrations of
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Figure 1 | A comparison between the observed9,10 d13C and the d13C
predicted by our C and S model and the d34S data1. Both magnitude and
timing of the Aptian d13C excursion are well captured by our model. VCDT,
Vienna Canyon Diablo Troilite. The numerical ages of the d13C data are
based on ref. 27.

Early Cretaceous ocean water, which favour the precipitation of gypsum over other evaporitic phases18.
The post-event shape of the modelled S-isotope data shows a
first-order match with the published data (Fig. 2). However, the
post-event isotope data depends on the choice of unconstrained
post-event evaporite burial rates. It is therefore not possible to decide
whether the second-order features visible in the published data are
positive or negative excursions from the first-order signal. However,
we tentatively relate the first and smallest excursion (112 Myr ago) to
the onset of pyrite burial after marine sulphate levels increased sufficiently to sustain significant rates of organic-matter remineralization. The second and largest S-isotope excursion (95 Myr ago) is
possibly related to increased pyrite burial rates during the
Cenomanian black shale interval (OAE 2)12,13,19. However, these second-order features may also be explained by changes in weathering,
volcanic and hydrothermal fluxes or changes in sea level20–22.
The proposed dramatic changes in the marine sulphate budget
must have left their mark on Early Cretaceous sedimentary
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Figure 2 | Comparison of the published d34S data1 and the d13C data20
with three different model runs. The dotted line shows the results for a
model assuming an initial marine sulphate concentration of 5 mM and a
post-event decrease in sulphate burial rate. The solid line shows the result for
an ocean with an initial sulphate concentration of 8 mM, in which the postevent sulphate burial rate is similar to the pre-event sulphate burial rate. The
dashed line is similar to the 8 mM model, but assumes an ocean with an
initial sulphate concentration of 12 mM. Circles represent data points, and
the grey line represents a three-point moving average. OAE1a and OAE2 are
major oceanic anoxic events.
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sequences. We therefore investigated a chemostratigraphically welldated shale section from the northern Tethyan margin in southern
Germany20,23. These shales are characterized by a striking black/green
cyclicity that records changes in organic-matter content (up to 5%),
possibly related to astronomical forcing23. The short-term variability
in organic-matter content is complemented by a remarkable longterm stability of the overall composition from Early Aptian to Late
Albian times. That is, Fe and organic-matter contents do change from
a black to a green layer, but if we compare layers of similar colour,
major-element and trace-element ratios remain stable. The major
exception to this pattern is the S content of the shales, which drops
during the Early Aptian within a few million years by an order of
magnitude from 0.5 to 0.05 wt%, and remains low for approximately
three million years (Fig. 3). This drop is remarkable because it is
unrelated to the organic-matter and Fe contents of the sediment.
However, the timing of this dramatic reduction of sedimentary S
content is coeval with the deposition of evaporites in the South
Atlantic.
From these results and the range of published data on the South
Atlantic evaporite sequences and Early Cretaceous sulphate concentrations, we conclude that large-scale evaporite depositional events
can greatly alter the sulphate concentration of ocean water. These
changes can affect the ability of the marine subsurface biosphere to
remineralize organic matter and to mediate pyrite formation. This
has several important consequences: (1) increased organic-matter
burial rates may result in increased CO2 drawdown rates; (2) decreased organic-matter remineralization rates must affect the global
availability of phosphorus; (3) the drastically reduced sulphate concentrations must affect the ability of sulphate-reducing bacteria to
oxidize methane, and thus modulate the global methane flux.
Our findings demonstrate that despite the different residence
times of C and S in the ocean (103 versus 107 years), transient perturbations in either cycle must be either positively or negatively
coupled to perturbations in the other, the respective magnitudes
being a function of seawater sulphate concentrations. Low-sulphate
concentrations dominated over most of the last 550 Myr (refs 18, 24,
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Figure 3 | Comparison between sedimentary S and Fe contents in an Aptian
deep-sea section with model predicted seawater concentrations. In all
model runs, the measured S content of the sediments mirrors the sharp
decrease of the seawater concentrations. We note that the decreasing S values
are not related to a decrease in Fe content. The decoupling between Fe and S
is an artefact of the deep marine nature of the sampling site. organic matter
in deep marine settings is highly refractory and reduction (and thus FeS2
formation) is slow, continuing for millions of years after initial deposition
(see ref. 28). Reduced diffusive fluxes therefore greatly alter the location
where reduction takes place, shifting the location of FeS2 formation. The
fluctuations seen in the Fe data are caused by changes in bottom-water
oxygenation23. The thick solid lines are obtained by processing the original
data (circles and triangles) with a three-point moving-average window.
655

©2007 Nature Publishing Group

LETTERS

NATURE | Vol 446 | 5 April 2007

4.

0.6
0.4
0.2

0.0
0.0 2.0 4.0 6.0 8.0 10.0 12.0
20
Sulphate concentration (mM)

Modern ocean

0.8

Cretaceous ocean

Fpyr (×1012 mol yr–1)

1.0

5.

6.

7.
8.

30

Figure 4 | Modelled response of the depth-integrated pyrite burial flux in
an arbitrary sediment to changing sulphate concentrations at the
sediment–water interface. The grey area shows the range of the published
concentration values for Cretaceous ocean water. The hatched area shows
the modelled seawater concentration range after the deposition of the South
Atlantic evaporite sequences. Note the interrupted sulphate concentration
scale.
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25), so this interpretation may well be the key to understanding what
has been termed the central dilemma of C–S geochemistry3.
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METHODS
Modelled seawater sulphate concentrations. To characterize the response
of the marine subsurface biosphere to changing seawater sulphate concentrations, we use REMAP26 to solve a reaction transport model describing the sulphate-concentration-dependent bacterial activity using the seawater sulphate
concentration as a Dirichlet boundary condition at the upper boundary, and a
zero-gradient Neumann condition at the lower boundary. Using this model, we
calculate pyrite burial rates as a function of seawater sulphate concentrations (see
Fig. 4). The resulting pyrite burial fluxes are scaled to equal the global flux at the
given starting conditions of the model. The sulphate-concentration-dependent
burial fluxes are now used as input parameters in a box model describing the
evolution of the marine d34S and d12C values. For the C-cycle model, we assume
as a first-order approximation that the remineralization rate is proportional to
the pyrite burial rate, which depends on sulphate. We can thus formulate a timedependent box model in which we relate organic-matter burial to sulphate
availability.
The box model. For the box model, we assume an ocean volume of 1.38 3
1018 m3 (see ref. 14) for all model runs, and present our results for an ocean with
initial (that is, pre-event) sulphate concentrations of 5 mM, 8 mM and 12 mM
covering the range of the published data18. Changes in the input fluxes of the S
cycle have already been modelled1, so we consider the hydrothermal, volcanic
and weathering fluxes as a single and constant source, using a net input flux of
2 3 1012 mol yr21 (ref. 1). Using these parameters, the model achieves steadystate conditions for an evaporitic output flux of 1.1 3 1012 mol yr21 and a pyritic
output flux of 0.90 3 1012 mol yr21. For the isotopic calculation, we use a seawater d34S of 20% (ref. 1), and a d34S of 5.76% for the combined hydrothermal,
erosional and volcanic fluxes. The model achieves isotopic equilibrium for a
seawater-pyrite difference of 231.55%.
The C-cycle model. The C-cycle model assumes that the mass of dissolved C in
the ocean is 3.2 3 1018 mol, and a net input flux of 25.43 3 1012 mol C yr21 with
a d13C value of 25.98% VPDB (the Vienna Pee-Dee Belemnite standard). The
output flux into the oxidized reservoir is kept constant at 20 3 1012 mol yr21 and
is assumed to happen in isotopic equilibrium. The initial burial flux of organic
matter is set at 5.43 3 1012 mol yr21 with an isotopic offset of 228% relative to
the contemporaneous sea water. The combined C- and S-cycle model is then run
by perturbing the steady state with a pulsed evaporitic depositional event, where
the size of this event is modified until a good fit between predicted and measured
S data is achieved. A detailed discussion of the above models and their parametrization is given in the Supplementary Information.
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