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Materials and Methods

We use a modified sequential leaching method (/7) to extract marine barite crystals
in sediments from Ocean Drilling Program (ODP) Leg 199 Hole 1221C (Core 11X-3),
which was located in the equatorial Pacific upwelling zone during the PETM (3.1 °N, 116.5
°W, palaeo-depth ~3000 m) (/, 22), and ODP Leg 208 Hole 1263C (Core 14H-2 and 14H-
CC) and Hole 1265A (Core 29H-6 and 29H-7) in the South Atlantic (28). All samples are
analyzed with continuous flow isotope ratio mass spectrometer system (CF-IRMS,
Finnigan MAT 253 in continuous flow mode using the Conflo III open split interface) at
the Department of Earth Sciences (University of Toronto). The &°*S values are calibrated
using three international standards (29) with respect to Vienna Canyon Diablo Troilite
(VCDT): NBS 127 (21.12 %o), IAEA-SO-5 (0.49 %) and IAEA-SO-6 (-34.05 %o).

Supplementary Text

Potential Diagenetic Effects

There are two processes which could affect our measured barite sulfur isotope ratios.
A) If the organic matter concentration in the sediment increases, so could the concentration
of pyrite. If we get a sizable concentration of sedimentary pyrite, it could contaminate the
barite S-isotope measurement. This would lead to a negative excursion, which is clearly
not the case. Moreover, barite is separated under an N2 atmosphere to prevent oxidation of
S and formation of barite during the chemical treatment and all of our samples are inspected
for purity under the SEM and did not show any contaminating pyrite. B) Barite can dissolve
and re-precipitate if the sulfate concentration in the porewater drops to zero. The modern
day porewater shows no such depletion at these sites, however, it is conceivable that a
transient depletion happened during the PETM. Processes like these have been observed
with black shale layers. However, diagenetic fronts typically occur on the top or above of
these layers (e.g., 30) which is not the case for these sites.

Further evidence comes from investigating the morphology and the Ca, and Sr isotope
ratios of our samples. The morphology of diagenetic and hydrothermal barite is
distinctively different from authigenic barite (3/). The ODP Leg 199 Hole 1221C Core
11X-3 samples have been screened by scanning electron microscope (32, 33), and do not
show any signs of diagenesis, or the presence of hydrothermal barite.

Likewise, diagenetic and/or hydrothermal barite show §%’Sr and §**Ca ratios which
are distinctively different from authigenic barite in seawater (37, 32, 34, 35). The Hole
1221C data show 8**Ca values indicative of pelagic barite and demonstrating the absence
of hydrothermal or diagenetic values (33). The strontium isotopes values of our samples
show an average 8%’Sr value of 0.70776 + 0.00003 (20) (33), which is consistent with the
value of contemporaneous seawater (0.70770 —0.70785) (36). We present these data in the
form of cross-plots in Figs. S1 and S2.

Statistical Analysis

In order to test the significance of the observed isotope excursion, we group our data
into two groups (Fig. S4). One contains the measurements “inside” the excursion, and the
other one contains the data “outside” the excursion.

A box plot of both groups showing the data distribution, the standard deviation, and
the mean shows that both groups have not much overlap (Fig. S3).




Next we use the Fisher F-test, to see whether the variances of the two groups are
homogeneous. Since they are not, we use a t-test algorithm which accounts for
homogeneous variances (the so called Welch t-test).In a subsequent step we use the Welch
t-test to test the null hypothesis that both sample sets are statistically equal. The resulting
value is t = 4.84 which is larger than the t-value for 10 degrees of freedom at a confidence
interval of 99.995 % (4.587). We can thus conclude that the mean of the two groups are
significantly different at a confidence level higher than 99.995 %. The p-value for this
calculation is 0.0007, significantly below the 0.05 threshold.

We note that with empirical data obtained for reconstruction of geological records a
consistent trend with depth/age of a record (rather than scatter in the data) particularly when
seen in data from multiple sites with distinct burial histories is on itself considered to be
indicative of representing a real trend of change over time. Moreover, the temporal shift
over time (~1 %o) is much larger than the analytical error (1-c mean: 0.11-0.22 %) or the
range of values within each time interval (Fig. S3).

The §**S value of seawater sulfate at any given time (t) depends to a certain degree on
the 534S value of seawater sulfate at a given time before (t — At). This allows us to apply a
“local regression smoothing” technique (LOESS) (37) to estimate the actual §**S value of
seawater sulfate. We use the default LOESS module provided by the statistical software
package R (38). The 95 % confidence interval is calculated for each data point from the
standard errors returned by the LOESS function. Note that we did not exclude any data
points in the statistical treatments above.

Age Model
To model the S-isotope data during the PETM we use the published timescales for our

respective drill sites (/, 39, 40). In the absence of data to the contrary, we interpolate
sedimentation rates linearly between the known datum points (Fig. S5). For modeling
purposes, we express time relative to the onset of the PETM as defined by Nunes and
Norris (2005) (Fig. S6).

The Sulfur Cycle Model

To reconstruct changes in the sulfur cycle during the PETM, we use a box model to
simultaneously monitor changes in sulfate concentration and the §**S isotope ratio. We use
an ocean volume of 1.38x10'® m® with a sulfate concentration of 5 mM (9). The model
calculates the seawater sulfate concentration from the balance of the input and output fluxes
as:

d
EMSOAL (t) = FWsps + FWresy + FWpes; (A(t)) + Fvsgs — Fbsoy — Fbpesy —

Fbges, (A(t)) (1)

where MSO4 denotes mass of seawater sulfate; Fwgp,, Fvsps and Fbgy, denote the
evaporite weathering flux, volcanic degassing flux and evaporite burial flux which are
assumed to be constant throughout the model run; Fwpg,g,(A) and Fbg.g,(A) denote the
pyrite weathering and burial fluxes as a function of shelf area A, which itself depends on
sea level L; Fwg,s, and Fwg, denote the portion of the pyrite weathering/burial which is
not affected by sea-level changes (see below).

The masses of *2S and 3*S of seawater sulfate are calculated accordingly as:




d
EM32504(t) = FW325‘O4 + FWFe3252 + FWFe32$2(A(t)) + FU32504 - Fb32504- -

Fbreszsz — Fbresas2 (A(1))
(2)
Note that Fb32 so4 (t) changes with time because the §**S isotope ratio of evaporite burial
is a function of seawater sulfate 5**S.
A similar equation applies to 6°*S. The individual fluxes of *S and **S can be

calculated from the respective 8**S values as:
1000%xS

328 = (3)

(634S+1000)XR+1000
345 =S5 — 328 4)
where S denotes the mass of sulfur and R denotes the isotopic reference ratio
(0.044162589) for VCDT (41).
We start our model before the onset of the PETM to establish an initial steady state
before exploring the S-cycle perturbations. To achieve steady state, we calculate the pyrite
burial flux as:

Fbpesy + Fbpes; (A(t)) = FWso4 + FWgesy + FWpes) (A (t)) + Fvgps — Fbsoq
(5)

and the *2S output flux as:
Fbresy + Fbress (A(t)) = FWsos + FWresy + FWpesy (A(t)) + Fugos — Fbsoy
(6)
The **S flux is then determined by:
Fbspess + Fbsares2 (A(t)) = FWsasos + FWresasz + FWresaso (A(t)) + Frsasos —
Fb34504 (7)

Using the isotope values in Table S2, our model achieves equilibrium for a pyrite
burial flux 6.21795x10"" mol/yr with an isotopic value of -25.75 %o. This corresponds to a
seawater pyrite offset of 43.35 %o (=17.6+25.75 %o), which is similar to the values used in
other sulfur cycle models (4, 42-45).

Pyrite Burial and Pyrite Weathering
It is generally assumed that the majority of pyrite burial occurs on continental shelves
where sedimentation rates are high and organic matter supply is plentiful (46, 47). As such,
pyrite weathering and pyrite burial rates are a function of shelf area, which itself depends
on sea level (10, 11). Using previously published parametrizations (//) we calculate the
shelf area A as:
A(t) = Ay x (0.307 x AL(t)® 4+ 0.624 x AL(t)? + 0.43 x AL(t) + 0.07221)

(8)

where A(t) denotes shelf area an any given time step [m*]; 4, denotes the modern global
ocean area (3.61x10'* m?) (48); AL denotes the difference between paleo-sealevel and
modern sea level [km)].

To accommodate the effect of sea-level variations on pyrite burial, we describe the
pyrite burial flux as the sum of two fluxes: A) the sea-level dependent pyrite burial on
continental shelves, and B) the pelagic pyrite burial which is not affected by sea-level
changes. Here we assume that for the initial steady state, both fluxes are roughly equal and
calculate the pyrite burial flux as:

Fbges, = 3.108975 x 1011

)



Fbres,(A(t)) = 3.108975 x 101t x A (t)/4,
(10)
where A(t) denotes shelf area at any given time step as calculated by Eq. 8; A; denotes
the initial shelf area corresponding to the pre-PETM sea level (/7).

Similar to pyrite burial, the pyrite weathering flux has two components: A) a steady
flux derived from the weathering of sulfide minerals which are exhumed by mountain
building; and B) a variable flux which reflects the weathering of sulfide minerals when
previously flooded shelf areas become sub-aerially exposed during sea-level low-stands
(11).

We assign the former flux a constant value of 6x10'' mol/yr with a §**S value of -20
%o0. To calculate the sea-level dependent pyrite weathering flux we make several
assumptions which simplify its treatment: 1) The PETM sea level variations were
symmetrical, i.e., that the post-PETM sea level was the same as the pre-PETM sea level;
2) We furthermore assume that a sea-level drop would oxidize all of the pyrite which
accumulated during the preceding sea-level rise (Eq. 11). We can thus calculate the mass
of pyrite buried in response to a sea-level rise in our model as:

AMges: (A(i)) = ZEZJ—F?(FbFesz (A(i)) —6X 1011) X At
(11
where i is the iteration counter in our model, u is the first iteration where the sea-level has
increased, and n is the number of steps until the sea level reaches its highest value; At
denotes the model time step (1 kyrs).

Model Forcing
We consider three possibilities: 1) Changes to the pyrite burial on continental shelves

in response to changes in sea-level; 2) AMO-driven pyrite burial on continental slopes; 3)
The transient storage of hydrogen sulfide in the oxygen minimum zone (OMZ).

(1) Sea Level Variations

Published values for the PETM associated sea-level variations suggest a 25-m sea-
level rise (12). Our model shows that this would result in the additional burial of 4.45x10'°
mol pyrite per year, 4 % of the required increase to explain the observed §**S shift. If we
calculate the areal extent (Eq. 8-11) required to explain the 32S flux changes, we would
need to expand the global shelf area by 5 to 12 times of the current size (48). Depending
on the ratio of shelf versus pelagic pyrite burial this is equivalent to about 13-32 times the
size of the contiguous United States. Clearly, these numbers depend on a variety of
assumptions, chiefly, the organic matter burial rate, however, they do demonstrate the
magnitude of required flux changes.

(2) AMO-driven Pyrite Burial on Continental Slopes

Linking pyrite burial flux to methane flux provides a plausible explanation for the rise
in the marine §**S ratio during the PETM (/4). Here we assume the extreme case that all
pyrite burial is controlled by anaerobic methane oxidation (AMO) on continental shelves
and will not be affected by sea level variations. To match the measured S-isotope ratios of
seawater sulfate, we need to increase the pyrite burial flux to 1.7x10'2 mol/yr for 70 kyrs.
This is equivalent to a 2.7-fold increase compared to the initial pyrite burial flux. Following
that we assume that all methane has vented, and that AMO ceases globally. In consequence
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we set the pyrite burial flux to zero. The model shows that even if we make these rather
extreme assumptions, it would take at least 0.2 Myrs to return the marine §**S ratio back
to its pre-excursion value (Fig. STD&F).

(3) Sulfur Fluxes in/out of a Transient Reservoir

From a modeling perspective this case requires no special treatment. The flux of
reduced sulfur out of the sulfate pool is conceptually similar to the pyrite burial flux. The
flux of reduced sulfur back into the sulfate pool can simply be considered as the difference
between reduced pyrite leaving the system (i.e., pyrite burial) and reduced pyrite entering
the system. As such the flux can carry a positive or a negative sign. In our model we assume
that the transfer of reduced sulfur into the OMZ lasted 50 kyrs and that the subsequent
reoxidation took 40 kyrs.

To convert between sulfur mass as calculated by our model to volumes of sulfidic
water, we consider two scenarios: A) The isotopic fractionation (o) between sulfate and
sulfide is limited to 43 %o (7) and B) where we allow for the complete expression of the
sulfate reduction related isotope fractionation (70 %o) (8, 49, 50). These assumptions
provide for an upper and lower limit of how much of sulfate needs to be converted to
sulfide.

Furthermore, we assume that the mean H2S concentration within the OMZ is 0.5 mM,
well below the 1 mM threshold which could lead to chemocline upwelling and the
subsequent release of HzS into the atmosphere (/7).

Using these assumptions we can explain the data using the statistical significant
maximum of 18.35 %o (Fig. 1) in scenario A with the transfer 1.3x10!'7 mol of sulfur from
the marine sulfate into the marine H2S pool, equivalent to a sulfidic water volume of
2.6x10'"" m?. Scenario B results in the transfer of 8x10'® mol of sulfur, which is equivalent
to a sulfidic water volume of 1.6x10'” m®. The highest measured &°*S value (18.95 %o), can
be explained with a sulfidic water volume of no more than 2.7x10'" m? for a. of 70 %o (Fig.
S8). If we additionally allow for the effects of AMO-related pyrite burial, these numbers
become smaller.

It should be noted that the above model fluxes are net-fluxes, and do not consider the
re-oxidation of hydrogen sulfide which diffuses out of the OMZ. This is because the
recycling of previously reduced sulfur back into to oxic water, has no net effect on the
isotopic ratio of seawater sulfate. It is only the net difference between the fluxes in, and
out of, the OMZ which determines the isotopic effect. As such, we do not consider the
gross fluxes in our mass balance model above. It does however imply the question whether
the microbially mediated reduction of sulfate (MSR) provides enough H2S to counter this
loss.

The rate of microbial sulfate reduction (MSR) is a function of sulfate availability and
organic matter quality and quantity (5/). Assuming vertical advection rates of 4 m/yr (17),
and a sulfate concentration of 5 mM (9) this will supply about 14 mmol/m?/day of sulfate
into the oxygen minimum zone (OMZ). In the modern ocean, the carbon flux out of the
euphotic zone varies between 0.1 to 10 mol carbon per m?*/day (52) and it may have been
larger during the PETM (53), so it is evident that MSR is limited by sulfate supply, and not
by OM availability. The concentration of oxygen in seawater is about 1 mM, and we need
two oxygen molecules to re-oxidize sulfide back to sulfate. Since MSR is capable to
provide an HaS flux of up to 14 mmol/m?/day, we would need up to 28 mmol/m?*/day




oxygen, whereas the advective supply of oxygen is limited to ~3 mmol/m?/day. It thus
follows that the supply of sulfide outweighs the supply of oxygen. Kump et al. (2005)
provide a more robust treatment of this including estimates at what point the gas exchange
at the air sea interface is overwhelmed, and free H2S enters the atmosphere.



Fig. S1.
Cross-plot of the **S and &%"Sr in barite samples from ODP Hole 1221C Core 11X-3.
534S data from this study, and 8%’Sr data after Griffith et al. (2015).
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Fig. S2.
Cross-plot of the §**S and 6**Ca in barite samples from ODP Hole 1221C Core 11X-3.
534S data from this study; §**Ca data after Griffith et al. (2015).
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Fig. S3.
Box plot showing the data distribution, the standard deviation, and the mean for samples

inside and outside of the PETM peak. See Fig. S4 for the how the samples where
categorized.
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Fig. S4.

The &**S measured on authigenic marine barite crystals across the PETM. Black circles
and red squares denote the samples groups inside and outside of the PETM §**S excursion
respectively.
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Fig. SS.

Age-depth plot for ODP Hole 1221C Core 11X-3. Ages and PETM stages (shaded
areas) as defined by Nunes and Norris (2005).
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Fig. S6.

The sulfur and carbon isotopes against time from ODP Hole 1221C Core 11X-3. The red
curve denotes the 3-point moving average marine §>*S values (red solid circles) derived
from authigenic marine barite in this study; Light grey and dark grey curves denote the 3-
point moving average of the §'°C values of benthic foraminifera (solid diamonds) and bulk
carbonate (open diamonds), respectively (/). Shaded areas indicate the extents of the
PETM interval (/).
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Fig. S7.

AMO-driven pyrite burial on continental slopes and resulting changes in the marine sulfur
cycle across the PETM. Given the extreme case that all pyrite burial was AMO-controlled
and that no pyrite was buried once the methane stops venting during the PETM, it would

take 200 kyrs for the marine sulfur isotope to recover to the pre-excursion value.
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Fig. S8.

Input/output fluxes and resulting changes in the marine sulfate reservoir across the PETM.
Note that the pyrite weathering flux increases temporarily with falling sea level (Fig. S8A),
and that pyrite burial on continental shelves remains elevated until sea level returns to the
pre-PETM value (Fig. S8D). Fig. S8C shows the transfer of **S in and out of the OMZ.
Fig. SS8F shows the modelled §**S values versus the observed data (asterisk symbols).
Green solid lines: model results for scenario A; Deep blue solid lines: model results for
scenario B; Black dashed lines: model results assuming the §**S value of 18.95 %o
representative of the maximum S-isotope excursion for a of 70 %e.
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Table S1.

Sample list of the sulfur-isotope data of seawater sulfate

Time relative

&(r);?, section, interval ][)nigglf}] to the PETM [E;:SVCDT] (?3_408 nelrer;);)[%o]
onset [kyrs]
1221C 11X-3 140-142  |154.80 -69.10 17.26 0.21
1265A 29H-7 148-150  [275.87 -67.29 17.49 0.11
1265A 29H-7 128-130  [275.67 -56.20 17.45 0.11
1265A 29H-7 118-120  [275.57 -50.65 17.77 0.11
1265A 29H-7 100-102  [275.39 -40.66 17.66 0.11
1221C 11X-3 110-113  |154.50 -27.60 17.56 0.21
1221C 11X-3 105-108  |154.45 -20.70 17.53 0.21
1263C 14H-CC 15.5-18 [285.57 -20.56 17.36 0.11
1265A 29H-7 80-82 275.19 -17.00 17.89 0.11
1263C 14H-CC 8-10.5 [285.49 -12.34 17.49 0.11
1221C 11X-3 98-100 154.38 -11.10 17.68 0.21
1221C 11X-3 96-98 154.36 -8.30 17.75 0.21
1221C 11X-3 94-96 154.34 -5.50 17.62 0.21
1221C 11X-3 92-94 154.32 -2.80 17.50 0.21
1221C 11X-3 90-92 154.30 0.00 17.66 0.21
1221C 11X-3 88-90 154.28 2.80 17.87 0.21
1221C 11X-3 86-88 154.26 5.56 17.64 0.21
1221C 11X-3 84-86 154.24 8.32 17.51 0.21
1221C 11X-3 82-84 154.22 11.08 17.71 0.21
1221C 11X-3 78-80 154.18 16.60 17.78 0.21
1221C 11X-3 76-78 154.16 19.36 17.54 0.21
1263C 14H-2 122-124" 285.13 24.62 17.77 0.21
1221C 11X-3 70-72° 154.10 27.60 18.95 0.11
1221C 11X-3 66-70" 154.07 31.74 18.19 0.22
1221C 11X-3 62-66" 154.03 37.26 17.95 0.21
1221C 11X-3 60-62° 154.00 41.40 18.31 0.21
1221C 11X-3 58-62° 153.99 42.80 17.90 0.21
1265A 29H-7 60-62 * 274.99 44.31 18.58 0.21
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1221C 11X-3 56-58 " 153.96 47.00 18.25 0.11
1221C 11X-3 54-58" 153.95 48.35 17.88 0.21
1221C 11X-3 50-54" 153.91 55.95 18.09 0.21
1221C 11X-3 45-48 153.85 76.80 17.67 0.21
1265A 29H-7 50-52 274.89 78.57 17.60 0.21
1265A 29H-7 48-50 274.87 80.29 17.80 0.14
1263C 14H-2 62-64 284.53 84.91 17.59 0.11
1265A 29H-7 40-42 274.79 87.14 17.60 0.14
1221C 11X-3 40-43 153.80 94.10 17.78 0.21
1265A 29H-7 30-32 274.69 98.59 17.75 0.11
1263C 14H-2 38-40 284.29 103.79 17.38 0.11
1265A 29H-7 20-22 274.59 111.19 17.52 0.11
1221C 11X-3 35-38 153.75 111.50 17.60 0.21
1265A 29H-7 12-14 274.51 123.94 17.42 0.11
1265A 29H-7 10-12 274.49 127.13 17.31 0.11
1221C 11X-3 30-33 153.70 128.80 17.66 0.21
1265A 29H-7 4-6 274.43 136.70 17.84 0.11
1221C 11X-3 25-28 153.65 146.20 17.76 0.21
1265A 29H-6 142-144  276.31 155.83 17.49 0.11
1265A 29H-6 140-142  274.29 159.01 17.53 0.11
1221C 11X-3 20-23 153.60 163.50 17.75 0.21
1221C 11X-3 16-19 153.56 177.40 17.83 0.21
1221C 11X-3 15-18 153.55 180.90 17.89 0.21
1265A 29H-6 122-124  294.11 187.71 17.54 0.11
1265A 29H-6 120-122  294.09 190.90 17.41 0.11
1221C 11X-3 10-13 153.50 198.20 17.74 0.21
1221C 11X-3 5-8 153.45 215.60 17.63 0.21
1265A 29H-6 100-102  273.89 219.80 17.70 0.11
1265A 29H-6 98-100 273.87 221.00 17.78 0.11
1221C 11X-3 0-3 153.40 232.90 17.52 0.21

Note: The §**S data of seawater sulfate are attained from ODP Leg 199 Hole 1221C from
the Equatorial Pacific, ODP Leg 208 Hole 1263C and Hole 1265A from the South Atlantic.
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* denotes the samples inside of the PETM §**S peak. 1-6 mean = mean standard deviation
is determined by repeated measurements of standards with a known isotope ratio.

18



Table S2.
Modelled sulfur fluxes and isotope ratios for the initial steady state.

Initial 84S

Parameter Initial value value [%o] Sources
Ocean volume [1] 1.38x10%! Reference (54)
Sulfate concentration [mM] 5 17.6 References (55, 56)
Evaporite weathering 1x1012 2 References
[mol/yr] (6, 42, 43)
Total pyrite weathering 6x10!1 b 90 See Eq. 11,
[mol/yr] References (42, 43)
Volcanic degassing 510! 0 References
[mol/yr] (4, 57)
Evaporite burial 12 a a References
[mol/yr] 1.478205%10 17.6 (4. 43-45, 58)

. . . 11 a
ﬁil;ll%;(;]pyrlte burial 3.108975x%10 5575 a See Eq. 9-10
Shelf pyrite burial [mol/yr] 3.108975x10'! &b .2575% See Eq. 9-10

Note: ? The initial steady state values calculated from other known parameters. ® The fluxes
affected by shelf area corresponding to sea-level variations.
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