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The geological record contains many examples in which the suggest that similar processes could affect the oceans in the
earth system was out of equilibrium and large parts of the near future; 3) The development of oxygen free waters creates
ocean were inhospitable to life. However, only few of these a sizable but intermittent reservoir in the global sulfur cycle,
events can provide insight about the effects of modern fossil with fluxes exceeding traditional weathering/burial flux estifuel burning. This is because either the boundary conditions mates.
are substantially different (e.g., the plate-tectonic
The mass and sulfur isotope ratio of seawater sulfate are
configuration) or the rate of change is not comparable. The controlled by sulfur delivered to the oceans via weathering
short-lived PETM event (~55 Ma) (1) is a notable exception. and volcanic degassing and sulfur removed from the oceans
Current data suggest that in the PETM the atmosphere had via burial of sulfur-bearing minerals. In marine sediments,
to accommodate about 2500-4500 Gt of carbon released sulfur is present in its oxidized form as sulfate-bearing evapwithin 4000 years (2). This is an increase of the same order orite salts and in its reduced state as metal sulfides. Sulfateof magnitude as the IPCC RCP8.5 emission scenario, which bearing evaporites precipitate with little or no fractionation
projects a cumulative anthropogenic CO2 release of 2000 GtC relative to seawater, and thus have a limited effect on the Sby 2100 (3). Although the carbon dioxide release rate during isotope ratio of seawater sulfate (5, 6). In contrast, MSR has
the PETM was about 10 times slower, it is our best analog to a preference for 32S, and thus exerts a significant influence on
study non-linear feedbacks and consequences of the the seawater 34S/32S ratio (7, 8). In this study, we use pristine
authigenic marine barite crystals to trace the evolution of the
anthropogenic carbon cycle perturbation.
The geochemical cycles of carbon and sulfur are linked marine S-isotope ratio across the PETM. We report our rethrough microbial sulfate reduction (MSR), where the elec- sults in the traditional delta notation (δ34S) which expresses
tron transfer from sulfate to sulfide provides the energy to the isotopic ratio of 34S/32S as a difference relative to a referrespire organic matter (OM) back to CO2. Combined, these ence standard:
cycles constitute the dominant control on atmospheric oxy 34 S 
 34 S 
−  32 
 32 
gen (4, 5). Due to their drastically different residence times
 S Sample  S Standard
(0.1 Myrs versus 10 Myrs) (4), they are rarely considered
to=
δ34S
× 1000 [‰ ]
 34 S 
gether. Our data suggest however that MSR is able to alter
 32 
the redox state of the marine sulfur reservoir on timescales
 S Standard
which are comparable to that of the carbon cycle. This has where XS denotes the concentration of the respective sulfur
three important implications: 1) Unlike oxic respiration MSR isotope. All results are reported relative to the Vienna Canyon
also produces H2S which is toxic to most life forms even at Diabolo Troillite (VCDT).
low concentrations; 2) If we accept the premise that the
We observe a 1 ‰ shift in δ34S during the PETM (Fig. 1)
PETM is a model for the present day oceans, the timescales which implies the removal of 8×1016 moles of reduced sulfur
of the observed changes in the redox state of marine sulfur within 50 kyrs from the oceans (assuming a marine sulfate
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The consequences of global warming for fisheries are not well understood, but the geological record
demonstrates that carbon cycle perturbations are frequently associated with ocean deoxygenation. Of
particular interest is the Paleocene-Eocene Thermal Maximum (PETM) where the CO 2 input into the
atmosphere was similar to the IPCC RCP8.5 emission scenario. Here we present sulfur-isotope data which
record a positive 1 ‰ excursion during the PETM. Modeling suggests that significant parts of the ocean
must have become sulfidic. The toxicity of hydrogen sulfide will render two of the largest and least
explored ecosystems on Earth, the mesopelagic and bathypelagic zones, uninhabitable by multi-cellular
organisms. This will affect many marine species whose eco-zones stretch into the deep ocean.
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oceans in order to explain the observed S-isotope signal. The
speed and magnitude of the required 32S flux require a transient reservoir of 32S enriched sulfur which is sufficiently
large to hold 8×1016 mol of isotopically depleted S and can be
charged and released in less than 100 kyrs.
Here we propose that the marine oxygen minimum zone
(OMZ) constitutes such a reservoir. With the exception of a
few upwelling zones, oxygen levels in the OMZ are usually
high enough to render MSR energetically unfavorable. However, the marine oxygen pool is small and changes in circulation or export production can alter the oxygen content of the
OMZ rapidly. Once oxygen levels in the OMZ drop below 4
μM (16), MSR becomes the dominant OM remineralization
pathway. In the modern ocean, MSR is limited by OM supply
and the diffusive supply of sulfate into the sediment column.
Shifting the location of sulfate reduction from the sediment
into the intermediate water column, we not only increase the
availability of sulfate, but drastically increase the quality and
quantity of OM. This will accelerate the globally integrated
sulfate reduction flux and transfer 32S into the OMZ, effectively separating the ocean into two sulfur reservoirs.
To estimate the required changes to the OMZ, we use Sisotope fractionation factors (α) between 43 ‰ and 70 ‰ (7,
8), and an average sulfide concentration to 0.5 mM, well below the 1 mM threshold where chemocline upwelling and the
subsequent release of H2S into the atmosphere become a possibility (17). The value of 0.5 mM is high compared to sulfide
concentrations observed in anoxic upwelling zones in the
modern ocean (16), but well within the limits of marine sulfide concentrations observed within more restricted settings
(e.g., 6.14 mM in Framvaren Fjord) (18). Modeling the data
using the statistically significant maximum of 18.35 ‰ (Fig.
2), requires sulfidic water volumes between 1.6×1017 to
2.6×1017 m3. The highest measured δ34S value (18.95 ‰), can
be explained with a sulfidic water volume of no more than
2.7×1017 m3 for α of 70 ‰. To put these estimates into perspective: In the modern ocean, the OMZ sensu stricto (O2 <
20 μM) encompasses about 1% of the global ocean volume
(1.38×1018 m3) (19), whereas the above numbers suggest an order of magnitude increase to 10-20% of the ocean volume.
Several studies indeed suggest that low-O2 or anoxic waters
were present during the PETM at intermediate depths in
many ocean basins (20–23).
Modeling predictions exploring the effects of antrophogenic climate change suggest that measurable oxygen loss
from the subarctic North Pacific will occur by 2030-2040 (24)
and that the total volume of suboxic ocean water will expand
by 50% by 2100 (25). Once local oxygen concentrations drop
below 4 μM (16), sulfate reduction will commence, resulting
in the production of H2S, which is toxic at levels as low as 4
μg/l (26). This will: A) Create an ocean internal reservoir of
reduced sulfur; B) Create and ocean which is no longer well
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concentration of 5 mM) (9). This requires more than double
the pre-PETM steady-state pyrite burial flux. Even more surprising is the fast decay of the S-isotope excursion, which occurs within approximately 100 kyrs. Due to the large size of
the marine sulfate reservoir and the small input/output
fluxes to the ocean, the marine S-isotope ratio is expected to
retain the peak S-isotope values of the excursion for millions
of years before returning to pre-excursion conditions. The observed rapid decay of the S-isotope excursion requires the input of 8×1016 moles of isotopically light sulfur back into the
ocean before the end of the PETM.
Changes in pyrite burial are traditionally invoked to explain changes in seawater δ34S. It is assumed that most of the
pyrite burial happens on continental shelves (10, 11). As such,
pyrite burial rates correlate with sea level variations, i.e., during high stands, shelf areas expand and pyrite burial increases, whereas during low stands shelf areas shrink and
previously buried pyrite is re-oxidized (11). Sea-level estimates suggest a rise on the order of 25 m during the PETM
(12). Using previously published parametrizations (11) this results in the additional burial of 4.45×1010 mol pyrite per year,
about 4% of that required to explain the observed isotope
shift. The idea that the shelf acts as a transient pyrite reservoir has been expressed previously (11, 13) but the observed
isotope signal requires an increase of the global shelf area
equivalent to 13-32 times the size of the contiguous United
States. Clearly, these numbers depend on a variety of assumptions, chiefly, the OM and pyrite burial rates on the shelves,
however, they do demonstrate the magnitude of required flux
changes.
Previous authors proposed that the importance of continental shelves for pyrite burial may have been overstated (11,
14) and that the long-term burial of pyrite is controlled by the
intensity of anaerobic methane oxidation (AMO) on continental slopes (14). This idea is particularly intriguing because
it links pyrite burial to sub-seafloor methane flux, which in
turn has been suggested as a possible explanation for the negative carbon isotope excursion in the PETM (14, 15). In this
scenario, the rapid release of isotopically light methane
would not only drive the observed C-cycle excursion but also
increase pyrite burial rates.
Linking pyrite burial flux to methane flux is elegant and
provides a plausible explanation for the rise in the marine
δ34S ratio during the PETM. Furthermore, once the methane
has been vented, gas hydrate reservoirs will have to recharge
and thus AMO fluxes and AMO associated pyrite burial rates
will cease (14). However, even if we assume the extreme case
that all pyrite burial is AMO-controlled, it would take at least
0.2 Myrs to return the marine δ34S ratio back to its pre-excursion value (see Supplementary Materials). In other words, it
is not sufficient just to inhibit all pyrite burial; rather, we
need to inject large quantities of isotopically light S into the

mixed with respect to sulfate; C) Compress the eco-zones of
fish species which venture in the mesopelagic and bathypelagic zones (27) and change their ecosystem structure which
could jeopardize 10-50% of worldwide pelagic predator diversity (27) with unknown consequences for global fish stocks.
Our findings suggest that A and B have been well expressed
during the PETM, and given the similarities between the
PETM and the IPCC RCP8.5 emission scenario, C will be a
possibility in the not too distant future.
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Fig. 1. δ34S data of authigenic
marine barite crystals across the
PETM. The grey area denotes the
95% confidence interval of the
LOESS
regression
(see
Supplementary
Materials).
Shaded boxes indicate the extents
of the main and total PETM interval
(1). Error bars are 1-σ.
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Fig. 2. Model forcing and the resulting Sisotope ratios versus measured data. (A)
Transfer of 32S in and out of the OMZ. (B)
Resulting changes in the marine sulfate δ34S
across the PETM. See Supplementary Materials
for full model results. Note that in order to model
the peak at 18.95‰, we have to adjust the timing
of the flux changes.
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