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A novel Cenozoic record of seawater sulfur isotopes from foraminiferal calcite

Supplementary Material

1. Foraminiferal cleaning

Foraminiferal calcite is associated with several other phases that could contain
sufficient sulfur to contaminate the measured CAS. Calcitic foraminiferal tests
contain abundant associated organic matter, which foraminifera use to lay down a
template for calcification'. This organic matter is likely to contain sulfur, typically at
~1% abundance, although its contribution to the overall sulfur concentration in

foraminifera has been suggested to be small’.

Sediments have other constituents that may contain sulfur, and which may be
adhered onto the foraminiferal tests. These include exogenous organic molecules, clay
minerals, recrystallized calcite, pyrite (from bacterial sulfate reduction), barite (from
the water column, or precipitated within pore fluid), and ferromanganese crusts. If
barite is adhered to the carbonate, its high sulfate content makes it likely to
contaminate the overall CAS &*S value. Diagenetic barite forms as barium reacts
with sulfate in pore fluid. Sources of barium into pore fluid include its in-situ release
from remineralized organic matter and dissolving carbonates, or diffusion from below
(pelagic, or seawater, barite dissolves when the pore fluid sulfate concentrations have
dropped to zero). The sulfur content and associated 8°*S of ferromanganese crusts are
less well known. Ferromanganese crusts form as iron and manganese are reduced at
depth (coupled to the microbial oxidation of organic matter in the sediment column).
Dissolved iron and manganese can diffuse upwards through the sediment, and

precipitate as oxides in oxygenated parts of the sediment column. Ferro-manganese



oxides will coat sedimentary grains (including foraminiferal tests), and may
incorporate trace concentrations of other elements, such as neodymium, and lead. It is
not clear whether these coatings contain sulfur, but if this is the case then they could
provide another source of contamination. Because of these possible contaminants, it
becomes important to test which phases associated with foraminiferal tests in the

sediment column contain sufficient sulfur to affect measured CAS 8°*S values.

The long history of geochemical research into foraminifera has resulted in the
optimisation of methods to remove clays, (hydr)oxides, organics, ferromanganese
crusts, and barite from samples of handpicked foraminifera. The methods used for this
study are modified from™* to account for larger sample sizes. Methods used to remove
barite’ were not used here because the methods employed strongly chelating cations,
resulting in the dissolution of a significant proportion of calcite, as well as any barite
(although barium concentrations were measured to look for possible contamination —
see below). Implementing a barite removal step would triple the amount of calcite
needed. Additionally, standard cleaning methods do not attempt to chemically remove
pyrite’, although in some cases microcrystalline pyrite can be oxidized during CAS
extraction’. This is addressed by visually ensuring as much as possible that the
samples do not contain pyrite, replacing all the oxidizing acids used (such as nitric
acid) with non-oxidizing acids (such as hydrochloric acid), and dissolving samples in

as weak an acid as possible.

2.1 Cleaning Tests and core-top results



The typical sequence for cleaning foraminiferal calcite for trace element work
involves the sequential removal of clays, organic material (using an oxidizing
solution) and oxidative coatings (using a reducing solution).

Samples were crushed between two glass plates. Samples for clay removal were then
mixed with Aristar methanol and agitated in an ultrisonicator for 30 s, before
removing the overlying fluid. This step was repeated twice with methanol and
multiple times with 18.2 Milli-Q water until the agitated solution was clear. The
samples were then inspected under the microscope for the manual removal of any
visual contaminants. Samples undergoing oxidative cleaning were treated with 100 ul
of ultraclean hydrogen peroxide in 10 ml of 0.1 M sodium hydroxide, in a water bath
with ultrasonication for 10 minutes. Samples that were additionally reductively
cleaned were initially treated with 100 wl hydrazine solution (250 wl hydrous
hydrazine in 2 ml ammonium hydroxide and 2 ml 0.25 M citric acid/16 M ammonia
solution) for 45 mins in a water bath, with intermittent ultrasonification. The final
cleaning step test (steps 4 and 6) was a leaching step with 500 ul of 0.001 M HCI
solution for 1 minute- half of the reductively cleaned samples and half of the

reductively-then oxidatively cleaned samples (post steps 3&5) underwent leaching.

Four species (G. siphonifera, O. universa, G. menardii, and G. sacculifer) in the
>250 um size fraction were picked from the coarse fraction of the top 0.5cm from
WIND 10B in the Western Indian Ocean. Species were divided up into ~4mg
subsamples prior to crushing. Splitting the sample before crushing has one advantage
over crushing the sample prior to splitting, because the final **S will express the true
variability expected from any given foraminiferal sample — both the intra-specific

variability and any that is the result of different cleaning approaches. The



disadvantage of this method is that it tests for two sources of variability at once, and
therefore cannot distinguish between them®. For the purposes of quantifying the total

“external variability” in a sample, however, this method provides a more useful test.

Each 4 mg sample was treated with a variety of different cleaning steps, as outlined in
Figure S.1. Where sample volume allowed, duplicate or triplicate samples were
processed (for O. universa, and G. menardii), however, for other species with low

sample volumes, some steps were omitted (e.g. steps 1, 3 and 5).

Raw sample,

Step 1. crushed only

Step 2. | Clay removed
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Step 3. cleaned cleaned
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’ cleaned

Step 6.| Acid leached

Figure S.1. Flow diagram of the cleaning steps for the cleaning test.

Samples were dissolved (in 0.2M ultraclean HCl) prior to analysis, and an
aliquot was run on the ICP-AES to determine calcium concentrations. Additionally,

samples were run for the standard suite of trace elements: Ba/Ca, Fe/Ca, Mn/Ca by



ICP-AES. The natural abundance of these elements in Quaternary planktonic
foraminifera is well known, due to the long-standing body of research into these
microfossils. Any trace element concentration that is significantly higher than this

natural variability indicates the likely presence of contaminants within the samples.

The use of trace element analysis by ICP-AES is also useful for the
identification of ferro-manganese crusts (using Fe/Mn ratios as well as Fe/Ca and
Mn/Ca ratios), clay contamination (using Al/Ca ratios) and glove/lab contamination
(using Zn/Ca ratios- Zn is in very low concentrations in natural carbonate, but in high
concentrations on surfaces and gloves in the laboratory).

The remaining solution was dried down in a laminar flow hood and
redissolved in 0.2 M ultraclean HCI and then processed through columns after”’.
Each sample batch was run with a blank, and each column batch had at least one
column with seawater (and for the long-term record, an additional consistency
standard). Samples were analysed on a ThermoScientific Neptune Plus MC-ICP-MS
using a desolvating membrane (Aridus, Cetac) at the California Institute of
Technology, with sample-standard bracketing to correct for mass fractionation within
the instrument'® and reported relative to V-CDT. The V-CDT calibration was made
using an in-house Na,SO, standard using the absolute ratio measured previously'’.
With each batch of columns, we ran a seawater and a carbonate consistency standard
consisting of a dissolved coral, modified by the addition (1%) of a pure calcium
solution. Column seawater results were 21.01 + 0.12%o, in agreement with previously

published values'' and carbonate consistency standards were 22.1 £ 0.3%o.



2.2 Results

The results of the cleaning test for the four species of core-top foraminifera
(>250 wm) from WIND 10B in the Western Indian Ocean are displayed in Figure S.2.
In three species (G. menardii, O. universa and G. sacculifer), the average &S
decreases from raw to clay removal to oxidatively cleaned samples (Steps 1-3), while
reductively cleaned samples generally have the highest average §'S. This is in
contrast to samples of G. siphonifera, which has measured CAS &°*S values for clay
removed, oxidatively cleaned (leached) and reductively cleaned (leached) which are

only 0.14%o apart, similar to the analytical uncertainty for the Neptune MC-ICPMS
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Figure S.2. 8°*S values for different species, subdivided by cleaning step. Where more than one sample
was analyzed the average isotope composition is shown, along with the standard deviation (10)

displayed as an error bar, and the number of samples analyzed. The blue horizontal bar represents

seawater 8°'S (21.1%o).



Where more than one sample was analyzed, the standard deviation (10) of the
results is reported as an error bar. The variability in 'S (as measured by the standard
deviation) is higher across the first three steps (raw to oxidatively cleaned samples),
than for the final three cleaning steps (oxidatively cleaned (leached) samples, and
reductively cleaned samples- Steps 4-6). The reductively cleaned foraminifera had
8**S, which were closer to those expected for seawater, and there was lower
variability between replicates. This suggests that reductively cleaning foraminifera
removes more contaminants than the previous steps. This observation is unexpected
because there are no known sulfur bearing phases in ferromanganese coatings. In
general, while the oxidation of pyrite by HCI has been demonstrated’, it appears that,
for very small carbonate samples, this is not the case®. However, Fe’" is an efficient
oxidizing agent for pyrite, so perhaps the removal of this phase limits pyrite oxidation

during the subsequent samples dissolution'?,

Three species (G. siphonifera, O. universa, and G. sacculifer) have a foraminiferal
CAS &S that is at or below the 'S of seawater. Reductively cleaned samples for
these species have §'S values within 0.2—0.6%o of seawater (21.1%o). This sulfur
isotope composition is slightly higher than that expected for O. universa from
culturing experiments, in which O. universa (which were only oxidatively cleaned)
was shown to incorporate sulfate with a 8°*S value that was 1%o lower than that of
sulfate in the culturing media®. The sulfate concentrations in cultured O. universa are
also twice as high as any sulfate concentrations in O. universa in this core-top. The
difference between cultured and core-top O. universa are not easy to reconcile-
although oxidatively cleaned samples in this study were also ~1%o lower than

reductively cleaned samples. If different cleaning methods have an impact on the



measured foraminiferal CAS 'S (as is suggested by this data), then to investigate
real differences between cultured and core-top foraminifera, they must have been

cleaned identically.

In contrast to the other foraminifera, G. menardii is 1%o higher than the other samples,
across all cleaning steps except Step 3 (oxidatively cleaned but unleached) with an
average foraminiferal CAS 8°*S of 21.7%o rather than of 19.9%o. The average CAS
8**S value for reductively cleaned G. menardii is 22%o, 1%o higher than the other
species and modern seawater. This highlights the necessity of using single species
foraminifera, and splicing different records of single species foraminifera in order to
remove any offsets related to inter-species differences. The offsets related to inter-
species differences in the &S of calcite are possibly related to different
biomineralization conditions within different foraminifera (e.g., rates and mechanisms
of biomineralization, cellular conditions, presence/absence of symbionts'), however

distinguishing the mechanism is beyond the scope of these data.

3. Sulfur isotope record

The sulfur isotope record was collected from six different, globally distributed core

sites (see Figure S.3.).
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Figure S.3 - Map of the core-sites used to make the second Cenozoic record of foraminiferal CAS §**S,
labeled with the age intervals used for each site. Colored symbols on the map correspond to colors of
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We addressed the likely sulfur isotope offset between species by comparing
overlapping records of single species foraminifera, pinning the record to modern
seawater values, using the offsets found in modern core-top samples (see Table S.1

for offset-corrected species).

Species Species spliced to | 8°*S of offset
G. bulloides, D. venezuelana, +1%o0
praebulloides 12Ma, 15Ma
O. universa D. venezuelana at | +1%o
12Ma, modern
cultures
G. index D. galavisi, +0.7%0
36 Ma,
Catapsydrax. U
37 Ma
A. bullbrooki G. index, 45 Ma | +0.8%o
M. aragonensis,
47 Ma
G. menardii Core-top -1%o0

Table S.1 Species splicing offsets



Most overlapping foraminiferal samples had consistent 8°*S values. Only six species
(see Table S.1- G. bulloides & praebulloides, O. universa, G. index, A. bullbrooki,
and G. menardii) of foraminifera had measured CAS §°*S values that were
isotopically offset from overlapping sample of foraminiferal CAS §**S. Isotopic
offsets were determined by comparing the foraminiferal CAS §°*S values from two
different species picked out of the sample sediment horizon (and therefore from the
same geological time interval, assuming that each sediment horizons represents a
discrete time interval, and that bioturbation and sediment reworking are negligible
relative to the residence time and sampling intervals associated with sulfate in the
ocean.). Where two species co-exist in more than one time interval, the measured
foraminiferal CAS 8'S offset between them remained constant, engendering

confidence in the values used for splicing single species records.

Certain features of the Cenozoic foraminiferal CAS &S record appear to be
confirmed independently by different foraminiferal species, for example, from 10 to 6
Ma there is a 1%o decrease in foraminiferal CAS §°*S both in G. menardii and in D.
venezuelana across two different sites (758 and 926), and a similar offset between the
two species at both time intervals. An additional example is from ~53 — 48 Ma, where
three different foraminiferal species (M. lensiformis, M. aragonensis, and M.
caucascia) all show steep increases in CAS 8*S, and where overlap exists between

species there is a good match between each species’ measured CAS 8°*S.

4. Screening for possible contamination

Using the ICP-AES data, it is possible to rule out blank contamination by comparison
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of the foraminiferal CAS 8°*S against total sulfate in each sample (see Figure S.4).

There is no correlation between foraminiferal CAS 8**S and total sulfate in the

samples, as would be expected if a blank were present in varying amounts.
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Figure S 4. - Foraminiferal CAS 8**S (un-spliced) against total sulfate for the samples.

It is also possible to rule out barite contamination by comparing foraminiferal CAS

8**S and sulfate concentrations against barium concentrations, and total sulfate in the

sample against total barium in the sample (see Figure S.5). Neither foraminiferal CAS

8**S, SO4/Ca ratios, or total sulfate in the samples show any relationship to either

Ba/Ca or total barium in the samples, indicating that barite contamination, if any, is

insignificant. The detection limit of Ba over the experimental runs was a maximum of

0.0001 ppm (results recorded below this concentration were assumed to be too poorly

calibrated), which corresponded to a sub-sample volume of 10ul out of a total sample

volume of 470 ul, or Ing Ba. or 0.007 nmol. Any “unseen barium” would therefore



contribute a maximum sulfur contribution of 0.2 ng to a 5 ng sample, or ~5%.

(b) 24 -
J] 23- J]
& 22
» 271
3
“w 204
* 194
— — 181 ; ; ; ;
2 4 6 8 10 12 144107 0 50 100 150 200x10°
Ba/Ca (mmol/mol) Total Ba (mmol)
(C) R{»‘_u y ” " (d) = *
= r200f e d 7% ..
S > ®a b * o16x10°71 ox?,o
o ) m) = *
— 800 ® L4 © X gAAyx D
© * = = 124 A
O LA ] ° S5 © on Oy A:%;
X a00] O & Ror
® = 84 X e .
8 s 8 ig« X %
K Yy e
0 H T T T T T T T T T
2 4 6 8 10 12 q4490° 0 100 200x10°
Ba/Ca (mmol/mol) Total Ba (mmol)
® G. menardii ® G. premenardii 4+ Catapsydrax u. X A. bullbrooki ¢ M. lensiformis Purple - ODP 588 Black - ODP 926
A D.venezuelana + G. bulloides O D. galavisi H M. aragonensis M. aequa Blue - ODP 757 Red - ODP 1265
O 0. universa X G. praebulloides < G. index <> M. caucascia Green - ODP 758  Grey - ODP 1262

Figure S.5 - foraminiferal CAS &°*S (un-spliced) against Ba/Ca (a) and Total barium (b), and
sulfate/calcium ratios (un-spliced) against Ba/Ca (c), and total sulfate against total barium (d).

Tron concentration data (Figure S.6) also shows no correlation with §**S, indicating
that there is negligible pyrite contamination in the Cenozoic foraminiferal CAS
samples. However, there does appear to be a correlation between total iron and
foraminiferal CAS 8°*S for the G. menardii samples from Site 758, which spans the
most recent 10 Ma. No such correlation is apparent between sulfate concentrations
and iron concentrations, or total sulfate against total iron (See Figure S.6). This
suggests that there could be an iron phase contributing to the measured foraminiferal
CAS &*S of these samples, but not supplying sufficient sulfate to alter the sulfate

concentration of the sample.

12



(b) .
® A
R A A A A ® 4
0\8 o
0 - 24
. ‘o 25; 23 % N .
o I N
224
L L L
0.2 0 1 2x10°
T T T T T
0.0 0.2 0.4 0.6 0.8 2 3 4 5¢10°
Fe/Ca (mmol/mol) Total Fe (mmol)
(c) 14004 ;’3@ (
g_ 12004 3¢ A N 4
o % N )
~ 1000{} 4 4 ©
© Y A
O A =) A
> BOO-E‘N . . a 4
o —
© .
600 ¢ ° +
o |2 °
400 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 2 3 4 5x10°
Fe/Ca (mmol/mol) Total Fe (mmol)
® G. menardii ® G. premenardii 4 Catapsydrax u. X A. bullbrooki 4 M. lensiformis Purple - ODP 588 Black - ODP 926
A D. venezuelana + G. bulloides O D. galavisi H M. aragonensis ¥ M. aequa Blue - ODP 757 Red - ODP 1265
O 0. universa X G. praebulloides < G. index <> M. caucascia Green - ODP 758  Grey - ODP 1262

Figure S.6 - foraminiferal CAS &*S (un-spliced) against Fe/Ca (a) and Total iron (b), with a zoomed in
view of Site 758 samples (see insets), and sulfate/calcium ratios (un-spliced) against Fe/Ca (c), and
total sulfate against total iron (d).

A similar correlation between foraminiferal CAS 8°*S and total manganese in the G.
menardii samples from Site 758 can be seen (see Figure S.7). There is also a
correlation between sulfate concentrations and manganese concentrations/total
manganese in these samples. Furthermore, there is a distinct correlation between iron
and manganese concentrations for the Site 758 G menardii samples (see Figure S.8).
The other foraminiferal samples analyzed for this Cenozoic record either have high
manganese and high iron concentrations (likely ferro-manganese oxides), or high
manganese and low iron concentrations (likely manganese carbonates), however these
G. menardii samples have high manganese concentrations, with intermediate iron
concentrations. This is therefore likely to be some form of manganese precipitate that
is rich in both iron and sulfur, and has formed on foraminifera in contact with the pore
fluid of this site. There are only two additional samples from Site 758 (both D.

venezuelana), too few to confirm that the excess manganese is from a diagenetic
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coating that impacts all foraminifera at this site. However these two D. venezuelana
samples show a similar relationship between SO4/Ca vs. Mn/Ca as the G. menardii
samples at this site, which indicates that the D. venezuelana samples may also be

contaminated by an Mn-rich phase in the sediments.
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Figure S.7 - foraminiferal CAS &°*S (un-spliced) against Mn/Ca (a) and Total manganese (b), and
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(likely ferro-manganese crusts) in grey, and low Fe/Ca with high Mn/Ca in blue, with “intermediate”
Fe/Ca ratios and high Mn/Ca ratios shown in yellow (principally the Site 758 G. menardii samples). G.
menardii samples from Site 758 are shown in more detail in the inset.

An upper bound on the proportion of sulfur that is associated with the contaminant
manganese-rich phase can be calculated, assuming that all the G. menardii have the
same starting sulfate concentration (500 ppm) and foraminiferal CAS 8°*S (22.1%o). If
all of the “extra sulfate” in G. menardii samples with high sulfate concentrations (i.e.
> 500 ppm), is from a manganese rich phase, then, comparing the number of moles of
manganese and sulfate in these samples requires that this phase has a Mn/SOj ratio of
~2. Moreover, a mixing calculation suggests that the contaminating sulfur would have
a 8°'S of ~24 - 26%o. This Mn/ SO, ratio is highly unlikely in a contaminant phase:
manganese-sulfate salts are very soluble, and would likely be removed easily during

cleaning. The assumptions in this simple calculation are likely overestimates,
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however, as the concentration of sulfate in G. menardii is likely to vary naturally
across this time interval, and not all the “extra sulfate” is necessarily associated with a

contaminant.

In spite of the potential contamination problems with G. menardii, the 2%o0 decrease in
foraminiferal CAS 8°*S over the past 10 Ma is still apparent, because samples from
Site 926 are 2%o elevated above modern seawater at 10 Ma, from both G. menardii
and D. venezuelana (and we can constrain the sulfur isotope offset between seawater
and foraminiferal CAS 8'S for G. menardii from core-top samples). Samples in Site
926 do not show any relationship between the concentrations of trace elements in the
calcite and foraminiferal CAS 8°S as described for Site 758. Moreover, attempting to
adjust the 10 - 0 Ma samples at Site 758 to account for potential contamination would
actually reinforce the decrease in foraminiferal CAS 8°*S over the most recent 10 Ma,
not reduce it. This is because the positive correlation between manganese and
foraminiferal CAS &S at Site 758 means that, if there was a contamination, the
measured CAS §'S is, if anything higher than it should be. Therefore, correcting the

data would make the foraminiferal CAS 8°**S even lower.

5. Carbon isotope comparison

We measured carbonate carbon isotopes in mixed benthic foraminiferal tests that were
stratigraphically tied to 8°*S samples from our record. A comparison to the global
compilation *°, indicates that the stratigraphy for these Sites can be robustly compared
with the long term trends in the Zachos compilation® (see Figure 1).

The cross plot of carbon and sulfur isotopes was constructed using a box-car average

of the 8'°C data, using box sizes determined by the age difference between each 8**S
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data point from the Paleocene — Early Eocene portion of our Cenozoic curve (see
Figure S.9). Our data for the Paleogene is sparse, and different foraminiferal species
CAS records are not spliced together due to insufficient species overlap. Thus, to
provide an estimate for the Paleogene cross-plot data, we included barite data*'** for
the notable gaps in our data set, applying a +1%o offset in the data, to account for the

difference observed between the two records (see Figure S.10).

Figure S.9 - 8"°C from Zachos *° (black crosses), with values of 8"°C calculated from the box-car

averages (red circles) used in the cross plot (Figure 2).
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6. Model details

6.1 Governing equations

Changes in the concentration and isotopic composition of a chemical
constituent in the ocean over time can be modeled using two mass balance
relationships. The time dependent change in X, the number of moles of a given

element in a reservoir can be expressed by the following equation:

dXx
= = Fin - l::out (Sl)
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Where Fj,, is the total input flux to the ocean, and F; is the sum of the fluxes that

remove the element from the ocean.

The isotopic composition of the ocean can then be expressed in delta notation using

the ratio of the molar concentrations of two isotopes, *X and "X, relative to a standard:

a b
5= <(aX/ b;‘)/ x 1>><1ooo (S2)
standard

Carbon isotopes

The carbon-12 specific version of equation S.1 is:

01%¢c
at

= FW 12C- - FB12C' (S.3a)

Where '>C is the number of moles of carbon-12 in the ocean, F, 12, is the weathering

input flux of carbon-12, and Fg12 is the burial flux of carbon-12. The burial flux of
carbon-12 can be further partitioned into the organic carbon burial flux and a

carbonate burial flux (F 12+ F carblzc)- If we further assume a constant oceanic

org
volume Vocean,

a[lZC] .
VOCean X ot FW 12, — FBlzC (S3b)

Where ['*C] is the molar concentration of carbon-12 in the ocean. The carbonate
burial flux is assumed to be a function of the concentration of DIC in the ocean

(kcaco, X[DICIXVopcean). When multiplied by [*2C]/[DIC] to obtain the flux of

carbon-12, this becomes (kcaco, X[ C1XVocean)-

While changes in the volume of the ocean will not affect the calculated carbon sulfur
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isotope ratios, a decrease in ocean volume over the Cenozoic due to continental ice
growth will result in increased concentrations of DIC and sulfate in the ocean, and as
a consequence, our calculated concentrations represent a lower estimate on seawater

sulfate and DIC concentrations.

Substituting these terms into equation S.3b yields:

Vocean X ot Fyz2c — Forglzc - (kCaCO3x[IZC]XVOCean) (S5.4)

A similar equation can be written for carbon-13, if S.3 is replaced with

a[*3c
Vocean X % = Fy 3¢ — Forg13C - (kCaCO3x[136]XVOCean) (S.5)

Equation S.5 can be written in terms of carbon-12 fluxes by multiplying each flux
term by [*3C]/[*2C]. This is the isotopic ratio of carbon which is connected to the

traditional 3'"°C notation according to S.6:

[13C] _ (5136
1000

+ 1) xR (S.6)

Where R, is the absolute *C/**C ratio of the V-PDB international standard material.

The resulting equation is:
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a[Bcocean] 12 81360cean+sorg
VOcean X T = FW 120 X Rin _Forg12C (T +1 XRC -

(kCaCO3 ><[1zcocean]><VOCean) ><12Rocean (87)

Where "Ry, is the isotope ratio of the input, §13C, qy, is the isotope composition of

DIC and '""Recan its carbon isotopic ratio, and Eorg (defined as
813Corg = 63 Corean + €org) is the average isotope fractionation between seawater

and organic carbon reaching the seafloor.

It must be noted that this is a long-term carbon cycle model, which treats dissolved
inorganic carbon in the ocean as a whole, and does not distinguish between carbonate,
bicarbonate and dissolved CO,, which will exchange on much shorter timescales

within the ocean.

A similar approach can be undertaken for the sulfur cycle, such that:
Vocean X 5 = Fy 325 — Fpazg (S.8)

Where [*S] is the molar concentration of sulfur-32 in the ocean, Fy 325 is the
weathering input flux of sulfur-32, and F sz is the burial flux of sulfur-32. The burial
flux of sulfur-32 can be further partitioned into a reduced sulfur burial flux (pyrite and
organosulfides) and an evaporite burial flux (F rea’2s T Fepap? s)-

As a first pass, the evaporite burial flux is assumed to be constant, the value of which

is poised such that the sulfur cycle starts in steady state. An evaporite burial flux that
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is independent of sulfate concentration is not unreasonable, as evaporite burial is
likely a function more of paleogeography than of sulfate concentration **.

Each modelling scenario was, however, re-run using an evaporite burial flux that was
a function of concentration, in order to compare differences in the model output (see

section 6.3.4).

Expanding the burial flux term in Equation S.8 (and recalculated in terms of sulfur-

32) yields:

Vocean X ot = Fys2g — F 4325 — Fevap32 (S.9)

A similar equation can be written for sulfur-34, in terms of the fluxes of sulfur-32

a[3*s] _ 34 53%SoceantEs0a—Fes2 34
Vocean X 2o = Fiys2g X**Riy = Froqons ( nts +1) x*R, -

Fevap32X34Rocean (5.10)

Where **Ry, is the isotope ratio of the input, §3*S, .4y is the isotope composition of
marine sulfate and **Roccan its isotopic ratio, and €5p4_pes, (defined as & 38 yrite =
534S, cean T+ Esoa—resz) 1s the average isotope fractionation between seawater sulfate
and the reduced sedimentary sulfides (namely, pyrite and organic sulfur). **Rgis the

absolute >*S/**S ratio of the international standard material (in this case, VCDT**).

6.2 Input parameters
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6.2.1 Carbon

6.2.1a Carbon Input flux (Fy, 12 ):

The standing mass of oceanic carbon, its residence time, and its input flux in
the Paleogene are not well known. In the modern ocean, the mass of carbon is
estimated to be 2.8x10'® moles, with a residence time of 100 ka*, assuming an input
of ~ 1.7x10" mol/yr. For this model, we assume an input flux of carbon-12 of 2 x

10" mol/yr, and a standing mass of 30,000 Pg (2.5 x 10'® moles, c.f.*%).

The isotope composition of CO, emitted to the ocean-atmosphere system is
assumed to be set by volcanism and the weathering of carbonates and silicates, and is

assumed in this model to have a 8"°C value of -2.5%o. Therefore the input flux of

513Cin
1000

carbon-13 ((Fy, 13, ) is taken to be Fy, 12 + 1) XR (c.f. Eqn S.7).
w 3¢ w12c

6.2.1b Carbon burial fluxes

Organic carbon burial flux (F,.412¢): The fraction of organic carbon buried is

calculated by assuming that its burial sets the isotope composition of the remaining
ocean. This is based upon the assumptions that: 1) the isotopic composition of the
input flux to the ocean is set by the average composition of volcanism and weathering
of carbonates and silicates’’; 2) the remaining output flux (carbonate burial) has
negligible fractionation from seawater’; and 3) the carbon isotope fractionation
between seawater and organic matter is constant through time. This final assumption
is an oversimplification, as the carbon isotope fractionation between DIC and organic
carbon likely was larger in the Paleogene™. For simplicity, however, the carbon
isotope fractionation is assumed to be 27%’° for the entirety of the Cenozoic,

although this may lead to underestimates in the fractional burial of organic carbon in
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the later Cenozoic. As our focus in this paper is on carbon cycling in the Paleogene
and Eocene, where the variability in the carbon isotope fractionation during
photosynthesis is thought to be ~1%o, which leads to a maximum uncertainty of 4%,
which is small relative to the uncertainty in estimating the input flux and DIC

concentration over the Paleogene.

We estimate the average 8'°C of DIC from a smoothed record of the Zachos data®
(see Figure S.10) of globally distributed benthic foraminifera (corrected to
Cibiceoides) and assume an isotopic offset of +1%o from seawater’’. The §"°C of
foraminifera depends on several factors including organic matter availability and 8"°C
of DIC (which is not constant in each ocean basin). Nevertheless, using an average
value for a global distribution of ocean basins, the long-term 8"°C of DIC can be
estimated. This estimate directly affects the fraction of organic carbon buried, and
thus the pyrite burial flux. The Zachos data was smoothed from 46—66.5 Ma, using a
smoothing spline in Igor Pro v.6>. Prior to 46 Ma a value of 0.57%0 was used for
8'"°C. We further assume that the carbon cycle is in steady state at each time point,

and that there is a linear change in organic carbon burial between each solution.
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Figure S.10 — Smoothed record of foraminiferal '"°C (red circles) calculated from Zachos data® (black

crosses) using a smoothing spline in Igor Pro v.6.

Carbonate burial flux (F_.,p12c): we assume that the carbonate burial flux is a
function of the total inorganic carbon concentration of the ocean (the sum of all the
"2C and "C in the ocean at any model time point), with the same carbon isotopic
composition. It is tuned such that it is initially in steady state, set by F,, the
fractionation between organic carbon and the dissolved inorganic carbon in the ocean,

and the ratio of *C/"*C in the ocean.

6.2.2 Sulfur parameters

6.2.2a Sulfate input flux (Fy, s25):

The modern day riverine flux of sulfate to the ocean is estimated to be ~1.5 to 3.5 x

10" mol/yr''*. The sulfur isotope composition of this riverine flux is thought to be
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between 0 and 15%o (reflecting a balance between pyrite and evaporite

weathering®' %),

For the purposes of this model we assume that the only input flux of sulfate to the
ocean is rivers, and is 3.5 x 10'> mol/yr. Although volcanic SO; is a direct source of
sulfate to the ocean, this flux is small compared to the other fluxes ~3x10'" mol/yr’,
and is unlikely to be important in the 5%o increase in 'S, which occurs over ~5 Ma.
We have assumed that the 8°*S input to the ocean incorporates a component of this
volcanic flux, and have assumed for simplicity that it is constant.

The assumption that the input flux is constant over the remainder of the Cenozoic is
an over-simplification, because as sea-level falls, shallow burial environments are
exposed. The exposure and weathering of epicratonic and shallow shelf environments
will indeed provide a new source of both pyrite and evaporite rocks for weathering
into the ocean. If, as we assume, the buried pyrite is generally isotopically heavy in
these environments, then this additional input flux would predominantly affect the
sulfate concentration (and may, perhaps contribute to the explanation of large sulfate
concentration increases over the Cenozoic’), but would not significantly change the

isotopic value of the input™.

Over the remainder of the Cenozoic, as sea-level falls and shallow shelves, as sea-

level and

The flux of sulfate out of the marine sulfur reservoir due to interactions with the crust
(broadly termed “hydrothermal fluxes™) is not well constrained, although it is thought

to be small compared to either the riverine flux of sulfate into the ocean, or the flux of
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sulfur out of the ocean as evaporites and pyrite’ (~1-2%). Consequently, the
hydrothermal flux of sulfate is often deemed negligible compared to the remaining
fluxes (e.g. >*), and will not be considered further.

For the final model, the §**S value of the input flux is assumed to be 4%o, which is
within the range of sulfate isotopic compositions estimated for modern global input

. 39
by rivers™ .

6.2.2b Sulfur burial fluxes

Reduced sulfur burial flux (F,.4325): Global sulfate reduction rates have been
estimated at 8 — 11 x 10" mol/yr***'. A significant portion (~75 - 90%) of the
reduced product (hydrogen sulfide) is re-oxidized by reaction with dissolved oxygen
(or by oxidation with other chemical species - e.g. NOs;, Mn(IV) or Fe(Ill)) in the
overlying pore fluid****). HS™ that is not re-oxidized can be removed from the system
by reaction with Fe(II) to form FeS and ultimately FeS, (pyrite). The amount of sulfur
that is removed from the marine sulfur cycle by pyrite burial has been greatly debated,
with estimates ranging from 10% - 20% of the total flux out™; 10% to 40%*°; to 70%
— 90%>. In our model the reduced sulfur burial flux is assumed to be tied to the
carbon burial flux by a C:S weight ratio of 1 to 3 which corresponds to a pyrite burial
flux that is 20-60% of the input flux depending on the C:S ratio and the starting

steady state.

Evaporite burial flux (Fgyqp325): evaporite formation commonly occurs in restricted

marginal marine settings and sulfate evaporite precipitation (mostly gypsum and

anhydrite) has a very small sulfur isotope fractionation relative to that associated with

27



*7%%) Evaporites are therefore isotopically close to

sedimentary sulfide burial (~1.7%o,
contemporaneous seawater, except where extensive bacterial sulfate reduction in
restricted marginal settings results in the distillation of **S in the sulfate pool and the
resulting evaporite. It is assumed in the model that these restricted marginal settings
represent closed systems, where seawater sulfate is effectively separated from the
ocean and stored as evaporites, and thus any fractionation prior to deposition does not
affect seawater sulfate as a whole (i.e., there is no return flux of sulfate back to the
ocean from these environments).

Sulfate precipitation from seawater is highly episodic, and so evaporite fluxes can
vary dramatically, from minimal precipitation today, to large-scale evaporite deposits
in the Devonian and Permian®. One suggestion has been that evaporite formation
does not scale with marine sulfate concentration®. Instead it is dependent on the
availability of suitable environments for the formation and preservation of evaporites,
and therefore on local basinal tectonics. It is thus likely to be highly variable over
time. The estimated burial rate for “long-term” evaporites over the Phanerozoic

(rather than evaporites which are a part of the “net flux” of evaporite deposition and

weathering) is estimated to be 3.3 - 4.5 x 10" molS/yr on average™.

6.3 Model experiments and results

The data was divided into two temporal phases. Phase 1 (66.5-52.6 Ma) encompasses
the 1.5%o decrease in 8°*S, during which time the 8"°C decreases to 1%, increases to
2%o, and then finally decreases to 0%o. Phase 2 (52.6 Ma onwards) comprises the 5%o

increase in 8°*S and the 1%o increase, and subsequent 0.5%o decrease in §'"°C.
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Three different sets of parametrization of the pyrite burial model input were used in
the model. First (section 6.3.1), the impact of pyrite burial alone was considered on
the sulfur cycle, assuming the carbon and sulfur cycles are tightly coupled via organic
carbon burial. Second, (section 6.3.2) pyrite burial flux was split into two fluxes with
differing sulfur isotope fractionations between sulfate and pyrite (Mesospy): @
“nearshore” (34sso4fpyr7nearshore pyrite with a relatively small fractionation from seawater
sulfate) and an “open ocean” outflux (**esos pyr aeep With a much larger fractionation).
Third, in the last version of the model (section 6.3.3), the pyrite burial flux was
partially decoupled from the organic carbon flux for the period prior to 52.6 Ma. It
was assumed that only part of the 8"°C record was due to organic carbon burial in
environments where pyrite burial was coupled, with the remaining 8"°C change being
due to terrestrial carbon burial, methane and volcanic fluxes. A burial flux for pyrite
was assumed, which decreased slowly to 52.6 Ma, roughly tracing the long-term

. 13 . . . .
decrease in 0 “C, over which the larger carbon isotope fluctuations are superimposed.

Section 6.3.4 then explores the result of changing the evaporite burial flux from a
constant to a concentration dependent term (Kevap X [SO4] XV cean) for all the previous
modelling scenarios, in order that sulfate concentrations return to steady state.
Another means of reaching steady state, by altering the C:S burial ratio at 52.6 Ma,
such that pyrite burial returns to similar levels as in the Paleocene, is shown for model

scenarios involving a change in **ego4.py (i.€., model scenarios in 6.3.2 and 6.3.3).

We then demonstrate (in sections 6.3.5 - 6.3.7) that these solutions are not unique, by

showing similar outputs for our model that better replicate the data (i.e., section 6.3.3)
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using different model inputs (sulfate input fluxes and sulfate concentrations), pyrite

burial fluxes (C:S ratios) and a wider range of sulfate-pyrite isotope fractionations.

Finally, in section 6.3.8, we test the model sensitivity to the assumption that pyrite
burial is limited by the supply of reactive iron, and thus when pyrite burial is
supressed in shallow environments, pyrite burial correspondingly increases in deeper
environments. We show that the observed 5%o increase in 8°*S can still be replicated
by the model using the range of parameters for the sulfur cycle as reported in the

literature, but necessitates a slightly larger change in 348304_pyr.
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Section Model description® [SOulinit | Fin 10" Fevap g moiﬁa finarine C:S
and figure mM mol/yr 10" mol/yr (wt.%)
M_W_m A_mw Model starts at 52.6 Ma 2.8 3.5 Fixed at 2.08 constant and unsplit, -35.65%o 1
W_WWA_U w Model starts at 66.5 Ma 11.2 3.5 Fixed at 1.43 constant and unsplit, -27.4%o 1
6.3.2 34 , split **€s04 pyr deep = -41%o,
Fig S.12 €global_average Changes at 52.6 Ma 11.2 3.5 Fixed at 1.43 (initial 5,11 e = -27.4%0) 0.64 to 1 1
6.3.3 F,y: only coupled to F, after 52.6 Ma . split **e =-35.5%o 0.74 10 1,
A LS9 ore ’ 11.2 3.5 Fixed at 1.4 504 pyr deep o ramped over 0.86
Fig S.13 Eglobal_average Changes at 52.6 Ma (initial ““gglobal average = -27%o) 0.5 Ma
6.3.4 (a) Model starts at 52.6 Ma variable” . o
Fig S.14 11.2 35 Kepag=5.62 107 vq._ constant and unsplit, -35.65%o 1
6.3.4 (b) Model starts at 66.5 Ma variable” . 0
Fig S.14 11.2 35 Kepag=9.68 10° vq._ constant and unsplit, -27.4%o 1
mwh AOv mnvq OOCHU_OQ to Wonmu w»mmgog_\wﬁnmmn 11.2 3.5 <NEN_U_OU& B . m@—: HmmO#LovA\aaa_u - k:&? 0.64to1 1
Fig S.15 changes at 52.6 Ma Kevap=9.68%107 yr (initial ~"€4jobal average = ~27-4%o0)
. . 0.74 to 1
6.3.4 (d) Fpy: only coupled to F, after 52.6 Ma, variable® split w&mmoN_ deen = -35.5%o0 ’
. 11.2 3.5 s - pyr_deep ’ d 0.86
Fig $.16 Hegional averge changes at 52.6 Ma Kegr=9:46x10"yr" | (initial ey s = 27%0) | 05 ppy
6.3.4 (e) ﬁmm_o_um_\mésma changes at 52.6 Ma . split Meson pyr_deep = ~31%o,
Fig S.17 C-S decreases at 52.6 Ma 11.2 3.5 Fixed at 1.43 (initial ﬁmm_%m_ erane = -27.4%0) 0.87to 1 1t00.76
Fpye only coupled to F, after 52.6 Ma, . 34 _ 0 0.85to 1,
m_wm mw ﬁmm_og_\ﬁﬁm@ changes at 52.6 Ma 11.2 3.5 Fixed at 1.4 mw_wﬁ 1 £504_pyr_deep \I-WWW%P ramped over o.omw 08
£ C:S decreases at 52.6 Ma (initial €giobal average = -30.7%0) 0.5 Ma :
. 0.74 to 1
34 — 2z 40 )
m..w.m (a) F Ew»os_% coupled to F,,, after 52.6 Ma, 56 15 Fixed at 0.6 m.w_.:. mwwok_ pyr_deep wm.mﬂs, ramped over 5
Fig S.19 Eglobal_average Changes at 52.6 Ma (initial “€giobal_average = =27%o) 0.5 Ma
6.3.5 (b) F,y: only coupled to F, after 52.6 Ma split **e =-35.5% 0.74t0 1,
o LS9 y coup ore : ’ 8.4 2.5 Fixed at 1 P €504 pyr deep . “P ramped over 1.2
Fig S.19 Eglobal_average Changes at 52.6 Ma (initial “€giobal_average = ~27%o) 0.5 Ma
6.3.6 (a) F,y: only coupled to F, after 52.6 Ma . split **e deep= ~82%o0 0.75t0 1,
o LS9 ore ’ 11.2 3.5 Fixed at 2.6 gy S04 pyrdecp . ramped over 2
Eglobal_average Changes at 52.6 Ma (initial “€gjobal average = ~62.8%o) 0.5 Ma
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. . 34
is split between deep ocean and nearshore, ~ €xcarshore pyr

Table S.2. Model details and parameters

= -3%o, unless otherwise stated.
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Fpy: only coupled to Fo, after 52.6 Ma, . 34 _ o 0.74to0 1,
6.3.6 (b) Y global average Changes at 52.6 Ma 11.2 2.5 Fixed at 1.7 .mw_.: 35 304 pyr decp™ b .Nsmu ramped over 1.2
Carbon fluxes all doubled (initial “"giobal average = -31.4%o0) 0.5 Ma
m@:ﬁ f{mO»B%ﬁ%%N |wm.W§ou 0.69 to 1
34 —_ 0, . )
6.3.7 (a) me»oE% coupled to Fory after 52.6 Ma, 11.2 3.5 Fixed at 1.7 €504 pyr nearshore= ~20%o, ramped over 1
Fig 2, S.20 Eglobal_average Changes at 52.6 Ma 0.5 Ma
(initial **egiobal average = -27%o) '
. 34 — 1190
6.3.7 (b) Fpy: only coupled to F, after 52.6 Ma, 112 15 Fixed at 1.4 mmwﬁ mmofui\%%l MW%&P 0.55 Mo L, 1
Fig 2, S.20 ¥ global average Changes at 52.6 Ma ’ ' xedat L. . .mmﬁm% yr_nearshore™ P70, rampec ovet
gloT e (initial “"€giobal average = -27.4%o0) 0.5 Ma
split Mesou  pyr_deep= ~33%o to - Initially
6.3.7 (¢) 60%o, varies
sensitivity Fpy: only coupled to F,, after 52.6 Ma, 112 35 Fixed at 1.7 Hesou pyr_nearshore™ =3 %0 t0 -20%o, between 0810 1.5
range. See ¢ global average Changes at 52.6 Ma ’ ' ’ 0.75and 0.6 | ’
table S.3 (initial ﬁmm_o_s_\mé;% =_25.1%, | to 1, ramped
to -47.1%o) over 0.5 Ma
Fpy: only coupled to F,, after 52.6 Ma,
34
Eglobal average Changes at 52.6 Ma . 34 _ o 0.74to0 1,
6.3.8 Fpyr deep doesn't increase at 52.6 Ma, 11.2 3.5 Fixed at 1.4 A.mﬂ_.: | meofui\%% AMWMM ) ramped over 0.86
~ initial *"¢ verage = -2 7.
:u L&R\moo@“ﬁ 55\83_*ﬁ:ma_ﬁ\mi:w_ global_average > 0.5 Ma
throughout)
‘except when stated otherwise, C:S is constant and equals 1 the models starts at 66 Ma, F,; coupled to F, from 66.5 Ma ; ®. variable evaporite burial is KeyapX[SO4]XV0locean : °. when *'¢



6.3.1 Pyrite burial coupled to carbon burial

The model was run (a) from 52.6 Ma and (b) for the entirety of the Paleogene. The
model results demonstrate that pyrite burial coupled to organic carbon burial alone
cannot adequately explain the 5%o increase in 8°*S, and predicts too much structure in

the 8*S record due to the oscillating 8"°C values.

a) Starting at 52.6 Ma

The model was started in steady state (with respect to sulfur and carbon
concentrations and isotope ratios in the ocean) at 52.6 Ma, with an initial 8*S and
8"C of the ocean of 18.5%o and 0.1%o, respectively. Input values for the model (listed
in Table 2) were chosen such that it started in steady state. Model results replicate an
increase in 'S and 8"°C, with two main limitations. For sulfate concentrations > 2.8
mM (at an input flux of 3.5 x 10'> mol/yr), the increase in 8S is too slow relative to
the increase in 8'"°C (see Figure S.11). Furthermore the final steady state 'S is only
2%o higher than the initial steady state, due to the decrease in d"C from 49.5 Ma,
suggesting that pyrite burial can only account for roughly half of the increase in 'S
(see Figure S.11). Moreover, when running this model using a starting sulfate
concentration of 2.8 mM, and a continued increase in pyrite burial to maintain the
new high &°*S, all sulfate is buried within 20 million years and the ocean runs out of

sulfate at 32 Ma.

b) starting at 66.5 Ma
The model was started at 66.5 Ma with initial sulfate 8°*S and DIC §"°C values of
20.2%o and 1.8%o, respectively. Input values for the model (Table 2) were chosen such

that it was initially in steady state. The model results fail to replicate either the long-
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term decrease in 'S, or the increase in &S after 52.6 Ma (see Figure S.11). The
long-term decrease in 8°*S cannot be replicated because of the coupling between
organic carbon and pyrite burial: when organic carbon burial increases (and therefore
so does 8'"°C of DIC), pyrite burial and 8°*S must increase. Thus, the only vectors on
the carbon-sulfur cross-plot can be those with both 8"°C and 8'S increasing or
decreasing. However, from 61-56.5 Ma, 8**'S decreases while 8"C increases. The
only occasions where such carbon-sulfur vectors are likely in this model are when the
sulfur cycle is still returning to steady state from a previous perturbation- effectively
decoupling the carbon and sulfur cycles. This only applies for very large changes in
the carbon burial flux, such as the large decrease in 8"°C from 56.5 to 52.6 Ma. This
large decrease in organic carbon and pyrite burial fluxes pushes the sulfur cycle to a
new steady-state condition with a much lower 8°*S, such that the subsequent increase
in pyrite burial is not large enough to prevent the sulfur cycle ending at a new steady
state with a lower seawater sulfate isotope composition than before. This result
suggests that pyrite burial prior to 52.6 Ma cannot be directly coupled to organic

carbon burial as modelled from the 8"*C of DIC.
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Figure S.11 — a) model input parameters and (b) **S and sulfate concentration outputs for sulfur-carbon model
runs with pyrite burial flux coupled to the organic carbon burial flux. Model runs start at 52.6 Ma (red lines) or at

66.5 Ma (black lines) ¢) 8"°C vs. 8**S box-car plot with (d) model results superimposed.

6.3.2 Pyrite burial coupled to carbon burial, with a decrease in **egospy

The model was run from 66.5 Ma, starting in steady state (input parameters for the
model were chosen such that it started in steady state, and are listed in Table 2), with
initial sulfate 5°*S and DIC §"C values of 20.2%o and 1.8%o, respectively. The pyrite
burial flux was split into two terms, a “deep ocean” pyrite flux, and a “nearshore”
epicratonic/shallow sea flux, with fractionations of **egeep = -41%0 and **enearshore = -
3%o, respectively. As a result, equation S.9 and S.10 are rewritten, resulting in a

global reduced output flux characterized by an overall fractionation **ggiobal average:
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a[32s]

Vocean X Py Fys2g- fmarine XFreqszs — 1- fmarine)XFred325 - Fevap32

(S.11)

a[345]

VOcean X ot

= Fy 32 X34Rin

534S +¢&
— fmarineXFred325 ( oceaanOO deep pyr + 1) X34R5

5345 +e N
—(1- fma?"ine)XFTed325< ocean 10(;15‘ars orepyr 1)
X34RS

—F 32X Ry coun (S.12)

evap

Where fiarine 1S the ratio of deep ocean to total pyrite burial (between 0 and 1). All

other symbols are the same as equations S.9 and S10.

An initial fiarine value of 0.64 was chosen (i.e. 64% of pyrite burial was open ocean).
At 52.6 Ma, R increased to 1, so that all burial was open ocean. This decreased
e gtobal average TTOM -27.4%o to -41%o. Increasing frarine to 1 at 52.6 Ma implies a switch
to normal open ocean pyrite burial at 52.6 Ma, as epicratonic near-quantitative and
shallow shelf pyrite burial declines. This rests on the assumption that iron delivery
and supply is a dominant control on sedimentary pyrite burial, rather than the supply
of sulfide as in the modern ocean’.

Model results are able to replicate the increase in 8°*S after 52.6 Ma using an initial

sulfate concentration of 11.2 mM, however, as before, it cannot replicate the slow
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decrease in 8*S prior to 52.6 Ma (see Figure S.12). Sulfate concentrations do not

return to steady state but gradually increase over the remainder of the Cenozoic and

overestimate modern concentrations (see Figure S.12).
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Figure S.12 — a) model input parameters and (b) *'S and sulfate concentration outputs for sulfur-carbon model

runs with pyrite burial flux coupled to the organic carbon burial flux. The total pyrite burial flux (solid black line)

was divided into a near-quantitative (dashed) and marine (dotted) fluxes, with large and small fractionations,

respectively.). ¢) 8"°C 8**S box-car plot with d) model results superimposed.

6.3.3 Pyrite burial partially decoupled from carbon prior to 52.6 Ma

The inability of the model to match phase 1 (66.5-52.6 Ma) suggests that 8"°C and

8**S records are not fully coupled over this time period. Carbon and sulfur isotopes

can be decoupled by burial in different environments', or by effects to the carbon
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cycle that have a minimal effect on the sulfur cycle, such as volcanism or the release
of carbon from methane hydrates®®. The variability in the 8"°C record is likely due to

031 Thus, an arbitrary

more than variations in organic carbon burial over this time
pyrite burial flux was assumed for the period 66.5-52.6 Ma, which roughly traced the
long-term average decrease in 8'"°C (see Figure 2a), after which the pyrite burial flux
was again based an organic carbon burial flux estimated from foraminiferal §"C.
Input values (Table 2) were chosen such that the model started in steady state. The
model results fit the data for an initial sulfate concentration of 11.2 mM. As in the

previous model conditions, sulfate concentrations do not return to steady state, but

increase slowly to 23 mM over the Cenozoic.
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Figure S.13 — a) model input parameters and (b) **S and sulfate concentration outputs for sulfur-carbon model

runs with pyrite burial flux coupled to the organic carbon burial flux only after 52.6 Ma. Prior to 52.6 Ma the
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burial flux is assumed to decrease roughly in line with the long-term overall decrease in 8'*C. The total pyrite
burial flux (solid red line) was divided into a near-quantitative (dashed) and marine (dotted) fluxes, with large and

small fractionations, respectively.). ¢) 8'°C 8**S box-car plot with d) model results superimposed.

This modelling result suggests that the coupling between sulfur and carbon evolved
during changes in burial environments, which also shifted the locus of pyrite burial

into deeper settings and increased the average fractionation between sulfate and

pyrite.

6.3.4 Steady state solutions

The modelling scenarios in earlier sections have decreasing pyrite burial fluxes over
the course of the model run (except for model 6.3.1a — starting at 52 Ma). Thus, with
a fixed evaporite burial flux and input flux, sulfate concentrations in the ocean slowly
increase over the model run. As neither pyrite nor evaporite burial are linearly
dependent on sulfate concentrations™, it is not necessarily the case that burial fluxes
would increase with increasing seawater sulfate concentrations. Steady state solutions
can be generated however, by replacing the constant evaporite burial with a
concentration-dependent term (Kevap X [SO4] X Voeean). Comparisons between the
model solutions from previous sections, and those with a differing evaporite burial

flux (but identical in other respects) are shown in Figures S14-16.
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Figure S.14 — a) model input parameters (organic carbon and pyrite burial fluxes) and (b) 8*'S and sulfate
concentration model outputs for sulfur-carbon model runs with coupled pyrite burial and organic carbon burial
fluxes. Model runs starting at 52.6 Ma with either fixed (red lines) or concentration-dependent (pink lines)
evaporite burial fluxes (for the same pyrite burial flux), as do model runs starting at 66.5 Ma with either fixed
(black lines) or concentration-dependent (grey lines) evaporite burial fluxes . Organic carbon and pyrite burial
fluxes from 66.5 Ma and from 52.6 Ma are shown as black and red lines, respectively. ¢) 8'°C 8**S box-car plot

with d) model results superimposed.
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Figure S.16 — a) model input parameters and (b) 8**S and sulfate concentration model outputs for two sulfur-
carbon model runs with fixed (red lines) and concentration-dependent (blue dashed lines) evaporite burial fluxes.
Pyrite burial fluxes were the same for both models, and were coupled to the organic carbon burial flux after 52.6
Ma. Prior to 52.6 Ma the burial flux was assumed to decrease roughly in line with the long-term overall decrease

in 8C. ¢) 8"3C 8™S box-car plot with d) model results superimposed.

Steady state solutions can also be generated by increasing pyrite burial fluxes by
changing C:S burial ratios at ~52 Ma, such that the value of the final pyrite burial flux
is the same as the initial pyrite burial flux (for example, for the partially coupled case,
pyrite fluxes start and end at a value of 4.8 x 10'> mol/yr, rather than ending at 4.2 x
10> mol/yr). The change in C:S required is small (0.86 to 0.76 wt. ratio for the

partially coupled model and 1 to 0.78 wt. ratio for the fully coupled model). Carbon

42



and sulfur isotope records suggest that the relationship between carbon and sulfur
changes at 52.6 Ma, and modelling results suggest that carbon and sulfur burial
environments may change, which would also lead to variations in the burial ratio
between carbon and sulfur. Comparisons between model outputs for 6.3.2 and 6.3.3

with those that have varying C:S ratios is shown in Figures S.17&18.
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Figure S.17 — a) model input parameters and (b) *'S and sulfate concentration outputs for sulfur-carbon model
runs with the pyrite burial flux coupled to the organic carbon burial flux. Models had constant C:S ratios (black
lines) and a slight decrease in C:S ratio at 52.6 Ma (orange lines). The total pyrite burial flux (solid line) was
divided into a near-quantitative (dashed) and marine (dotted) fluxes, with large and small fractionations,

respectively.). ¢) 8"°C 8**S box-car plot with d) model results superimposed.
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Figure S.18 — a) model input parameters and (b) *'S and sulfate concentration outputs for sulfur-carbon model
runs with the pyrite burial flux coupled to the organic carbon burial flux after 52.6 Ma, with an arbitrary burial flux
prior to that. Models had constant C:S ratios (red lines) and a slight decrease in C:S ratio at 52.6 Ma (blue lines).
The total pyrite burial flux (solid line) was divided into a near-quantitative (dashed) and marine (dotted) fluxes,

with large and small fractionations, respectively.). ¢) 8"°C &**S box-car plot with d) model results superimposed.

6.3.5 changing sulfate input flux

Using a sulfate input flux of 3.5 x 10'* mol/yr, the model fits the data best with a
concentration of 11.2 mM. The key to getting the rate of 8°*S rise correct at 52.6 Ma

is the residence time of sulfate in the ocean, a value that can change with either the
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inventory of SOj4 or the input flux from rivers. There are therefore model solutions
that fit the data equally well with similar residence times for sulfate, but different
sulfate concentrations and input fluxes. Two examples are compared with model
result from 6.3.3 in Figure S.19 (with seawater sulfate concentrations of 8.4 and 5.6

mM, and input fluxes of 2.5 x 10'*and 1.5 x 10'% and C:S ratios of 1.2 and 2 wt.%,

respectively).
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Figure S.19 —(a) model input parameters and (b) 8**S and sulfate concentration outputs for sulfur-carbon model
runs using an arbitrary carbon burial flux prior to 52.6 Ma. The solution as described in section 6.3.3 (red lines)
compared with solutions using sulfate input fluxes of 2.5 x 10'2 mol/yr (orange line) and 1.5 x 10'? mol/yr (blue

line). Evaporite burial fluxes are 1 x 10'? mol/yr and 0.6 x 10> mol/yr respectively.

6.3.6 Sensitivity to the C:S ratio and the initial conditions.
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The modelling scenarios presented here so far start in steady state with an organic
carbon burial flux of 5.5 x 10" mol/yr, C:S ratios of ~1 (by mass), and a **&giobal average
of -27%o. However, the model is relatively insensitive to the specific C:S ratio and
value of **€giobal averages because the combination of these two parameters together set
seawater 8 *Sgos-qw values. For example, models starting in steady state with a C:S wt.
ratio of 2, require an >*egopal average value of -61%o (or -55%o for fully-coupled
scenario) but the model calculates an almost identical 8**Ss04-sw. This is because the
decrease in pyrite burial flux does not affect the isotopic ratio of the output, as the
pyrite that is buried has a significantly lighter isotopic composition. More realistic
€ global average Values of -37%o (or -55%o for fully-coupled scenario) with a C:S wt.
ratio of 2 are achieved if the carbon input and burial fluxes are both increased by 50%

(resulting in an organic carbon burial flux of 8.2 x 10'> mol/yr).

6.3.7. Sensitivity of the model to * 48504_pyr;

As mentioned in section 6.3.6 above, the model is relatively insensitive to the specific
C:S ratio and value of **ego4 _pyr because the combination of these two parameters
together set seawater 8**Sso4sw values. The value of **e504 _pyr 18 further split into a
nearshore and a deep burial flux (**€s04 pyr nearshore AN >*€504 pyr decps TESPectively), the
relative proportion of the two fluxes being defined by fiarine, the fraction of deep
pyrite burial to total burial.

In order to fully constrain the model and identify the most accurate estimate of
average > "€so4 pyr nearshore ANA €504 pyr deep Values, a comprehensive and quantitative
survey of modern sulfate-pyrite fractionation factors in different burial environments
is needed. Our understanding of the range of fractionations and proportion of different

environments in the Paleogene is even more sparse. In the absence of this
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information, we have performed a sensitivity analysis on our model, to determine the
range of reasonable values for **€s04 pyr nearshore and **€504 pyr deep that can replicate the
data. We ran model runs for a range of **€s04 pyr nearshore €Stimates from -3%o to -20%o,
for C:S ratios from 0.8 to 1.5. The model stated in steady state by varying
€504 pyr deep and the initial finaine (between -33%o and -60%o, and between 60% and
80%, respectively). Model scenarios encompassing the full range of **eso4 _pyr_nearshore
estimates fit the data, although when **€so4 pyr nearshore = -20%o, C:S ratios >1 are
necessary for the initial fiarine to be greater than 60% (see Table S.3 for the range of
values modelled that fit the data for **€so4 pyr nearshore Values of -3, -5, -10, -15 and -
20%o). The 5%o increase in 8**Ss04.sw can be replicated at the centre of our estimated
range for **€s04 pyr nearshores With an estimate of -10%o for **€s04 pyr nearshore, @ C:S ratio
of 1, and an **eso4 pyr deep OF -41.2%o, resulting in an initial **€giobal average OF -31.4%o
when finarine 1S 69%. *€giobal average then decreases by 9.8%o to -41.2%o as fimarine
approaches 1. This is the model scenario that is described in the main text of the
manuscript and shown in Figure 2 (red lines). The individual nearshore and deep

pyrite burial fluxes are shown below in Figure S.20.

Initial fiarine Initial
34 34
€S04 pyr nearshore €S04 pyr deep 34

(ramped over €global_average C:S

(%0) (%0)
0.5 Ma) (%o)

-3 -33.0 0.75 951 0.8
-3 -41.2 0.75 -31.4 1
-3 -51.5 0.74 -39.2 1.25
-3 -61.8 0.74 -47.1 1.5
-5 -33.0 0.72 -25.1 0.8
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-5 -41.2 0.73 -31.4 1

-5 -51.5 0.74 -39.2 1.25
-5 -61.8 0.74 -47.1 1.5
-10 -33.0 0.66 -25.1 0.8
-10 -41.2 0.69 -31.4 1

-10 -51.5 0.70 -39.2 1.25
-10 -61.8 0.72 -47.1 1.5
-15 -41.2 0.63 -31.4 1

-15 -51.5 0.66 -39.2 1.25
-15 -61.8 0.69 -47.1 1.5
-20 -51.5 0.61 -39.2 1.25
-20 -61.8 0.65 -47.1 1.5

Table S.3- (non-exclusive) range of parameters which fit the modelled data.

The model was also run for the fully coupled scenario, with the full range of
€504 pyr nearshore €Stimates, although in this case finaine Was allowed to vary as low as
55%. A model run with C:S ratio of 1, **€s04 pyr nearshore OF -10%0 and **€s04 pyr deep OF -
41.2%o, with an initial **€giopal average OF -27.4%o0 and an finarine of 56% is also shown in

Figures 2 and S.20 (black lines).
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line) and total pyrite burial fluxes (solid lines) used as model input parameters. Pyrite burial fluxes are split into
nearshore (dotted) and deep (dashed) burial fluxes by fmarine (the ratio of deep to total pyrite burial). The split
fluxes sum to the total pyrite burial flux (solid lines). At 52.6 Ma, the deep pyrite burial flux converges onto the
total pyrite burial flux, as nearshore burial is suppressed.

34,

€ is the sum of &0, 1+ nearshore A0 €504 pyr aeeps Weighted by deep/total pyrite burial (which for these

global_average

runs is initially 70% (partially-coupled), and 55% (fully-coupled)). C:S=1, evaporite burial flux=1.4x10"

(coupled), and 1.7x10" (partially coupled) mol/yr.
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6.3.8. Sensitivity of the model to pyrite burial assumptions:

The term fiaine, has been parameterized such that the loss of pyrite burial in
epicratonic seas is matched by an increase in pyrite burial in the deep ocean, as finarine
varies from ~0.7 to 1 (see equations S.11 and S.12). We assume this because in the
modern ocean, the dominant supply of iron will be from terrestrial weathering and
from hydrothermal input. Because iron is soluble only in its reduced form, iron oxides
will form and will settle in the ocean; within sediments they will be reduced to ferrous
iron, which is then available to precipitate with sulfide as pyrite. Iron delivery to
sediments will therefore be concentrated near hydrothermal systems (where microbial
sulfate reduction rates are low, and therefore pyrite burial may be lower) and near
land through riverine input. If we consider that iron delivery extends a certain
distance out from a marginal marine environment, then where sealevel hits the
hypsometric distribution of land will be key for the distribution of pyrite burial and,
importantly, its sulfur isotopic composition. It may be, however, that the change in the
locus of pyrite burial also pushes sulfide production into zones where iron does not
reach, and therefore pyrite burial rates may actually decrease across the interval where
the 8°*S of seawater sulfate increases. In this case the model equations are rewritten as

follows:

a[32s]

Vi X
Ocean At

= FW 32~ fmarine_O ><Fred3ZS - (1 - fmarine)XFred3ZS - Fevap32

(S.13)
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a[3*S]

VOcean X ot

= FW325 X34Rin

834socean + €504 p
_pyr_deep
—_ fmarine_OXFFEdSZS ( 1000 + 1) X34RS
834Socean + €504 p
_pyr_nearshore
_(1 - fmalrine)><Fred325 ( 1000 * 1)
3R

- Fevap32 ><34Rocean (S.14)

Where fiarine o 15 the initial ratio of marine to epicratonic burial.

Solutions to this model version that replicate the data require that **€gioba aveage Of this
pyrite must decrease by an even larger amount (by a further 12.5%o — to -47.9%o in the
case of model run 6.3.3 (C:S= 0.86, initial **&giopal average = ~27%o), Which is still within

the range of reported fractionations).
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