Department of Geology
University of Cincinnati

- P.O. Box 210013
Cincinnati, OH 45221-0013

500 Geology/Physics Building
UNIVERSITY OF Phone (513) 556-4195

L L L]
Z-amxail: th(osriz)s.safl)gt}(-e?)gﬁc.edu
ncimndati
January 25%, 2015
Dr. Caroline Slomp

Associate Editor
Biogeosciences

Dear Dr. Slomp:

We have carefully considered the two reviews of the manuscript “Reconstruction of secular
variation in seawater sulfate concentrations” and have responded in detail. We have
modified our manuscript, where appropriate, per the reviewers’ comments. We are
forwarding a response letter to the reviews, a marked-up version of the revised manuscript,
and a clean version of the revised manuscript for publication in Biogeosciences.

The significance of our study is that it develops two quantitative methods for reconstructing
ancient seawater sulfate concentrations. One method is based on observed rates of
seawater sulfate 33*S variation (“rate method”) and the other on an empirical fractionation
trend for microbial sulfate reduction (“MSR-trend method”). We apply these methods to
analysis of (1) long-term variation in seawater sulfate concentrations since 635 Ma, and (2)
selected intervals of inferred high-frequency seawater sulfate variation in the late
Neoproterozoic, Cambrian, Jurassic and Cretaceous.

The two reviews raised some interesting issues, which we are pleased to have an
opportunity to address. We have added an extended discussion of the three most important
issues as Appendix B of the manuscript. We did not incorporate these issues into the main
text, other than as brief summaries with references to Appendix B, because they would have
been digressions from the main narrative. We have also responded to all minor comments
of the reviewers, making changes to the main text as needed.

This manuscript has not been published previously in any form (except as a Biogeosciences
Discussions paper). The submission of this manuscript has been approved by all co-authors.

Sincerely,

~Thownsa JAG

Thomas J. Algeo

Professor of Geology



Comments by U.G. Wortmann
General Comments

| have read the paper by Algeo et al with great interest. The authors discuss ways to derive the
concentration of sulfate in seawater from the stable isotope ratios observed in sulfides and
sulfates. Attempts to do this date back decades, and it is commonly believed that the seawater
sulfate concentration varied considerably through time. However, data (as opposed to
interpretations) is restricted to a few Cenozoic samples. Some fluid inclusion data exists for the
Mesozoic, but it is no longer primary data as their interpretation relies on un-testable
assumptions about the chemical composition of Mesozoic seawater.

Response: We thank Dr. Wortmann for a constructive review, in which a number of important
issues were raised.

The authors present two different approaches to estimate the marine sulfate concentration.
The first one is based on the rate of change of the observed S-isotope ratio, and basically states
that if we assume that modern burial/weathering fluxes are representative, the rate of change
is a measure of the reservoir size (aka sulfate concentration). As far as | understand it, this
approach is only valid if the rate of change is equal to the residence time of the respective
system. The authors allude to this somewhat obliquely on page 13192, line 8ff. However, what
happens if the fluxes become so big that the rate of change is considerably faster then the
residence time, and even affect the reservoir size itself?

Response: First, the mathematical relationships underlying the rate method deserve
clarification. The reviewer’s comment above, taken literally, is incorrect. Rate of change has
units of per mille per million years (%0 Myr') and therefore cannot be “equal to” residence
time, which has units of Myr. We infer the reviewer’s intended meaning to be that the
maximum possible rate of change in seawater sulfate 834S (i.e., 083*Sso4/dt(max)) is inversely
proportional to residence time (7):

0834Ss04/0t(max) = ! [or T = 36%*Ss04/dt(max)] (BO)

The exact quantitative form of this relationship can be derived from Equation 2 of Algeo et al.
(2014), reorganization of which yields:

Msw / FPY = k1 X A34SCAs-pY / 6634SCA5/6t(max) (Bl)

[Note that here and in subsequent equations, Msw is 1.3 x 102! g, Fpy has units of g yri, A34Scas
py has units of per mille (%o), d83*Scas/dt(max) has units of %o Myr?, T has units of yr, and k1
and k3 are constants equal to 10° (no units) and 2.22 x 102° mM g, respectively (see Algeo et
al., 2014, for further explanation).] The residence time of sulfur in seawater is equal to the
mass of seawater sulfate divided by the total sink flux, i.e., the reduced sulfur flux (Fpy) plus the
oxidized sulfur flux (Fevar):



T = Msw / (Fpy + Fevar) (B2)

Letting ¢py be the fraction of the total S flux represented by pyrite burial (i.e., Fpy / (Fpy + Fevar)),
then:

X Ppyt = Msw / Fey (B3)
And substitution into Equation B1 yields:

Tx Gpyl = k1 x A3*Scas-py / 0634Scas/0t(max)
(B4)

Equation A5 thus quantifies the inverse proportionality between the maximum rate of change
of seawater sulfate 534S and the residence time of sulfur in seawater (cf. Eq. BO).

Second, the reviewer opines that “this approach is only valid if the rate of change is equal to the
residence time of the respective system.” We agree that the rate method yields an accurate
estimate of seawater sulfate concentrations only if Fpy is parameterized in a manner consistent
with t, which basically requires the system to be in equilibrium. If a value for Fpy is chosen that
is much larger or smaller than the true equilibrium flux, then seawater sulfate concentrations
will be overestimated or underestimated, respectively. We consider these issues further in our
reply to the next comment.

Action: We have added a brief mention of these issues to the text of the manuscript and an
extended discussion as Appendix B of the revised manuscript. We did not insert this material
into the text as it is of tangential importance to the development of the main theme of our

paper.

This brings me to my main concern with this model. Equation 3 relates the rate of change to the
marine sulfate concentration using a time invariant pyrite burial flux. However, the pyrite
burial flux itself depends on the marine sulfate concentration. This dependency is weak above
12mM, but becomes significant for lower concentrations. While the exact relation is not known,
and probably changes through time, Wortmann and Chernyavsky (2007) provide a useable
parametrization in their supplemental data. This point requires attention before the MS can be
published.

Response: The reviewer has raised an excellent point. We agree that the pyrite burial flux has
almost certainly varied through time. Since pyrite burial flux is a component of Equations 2 and
3, variations in this parameter will influence calculated seawater sulfate concentrations. Thus,
it would be desirable to parameterize such variation in our rate method.

First, we explored the effects of varying pyrite burial fluxes on seawater sulfate estimates as
follows. Equations 2-3 of Algeo et al. (2014) have four variables: [SO4%]sw (or Msw, since these



are inter-convertible via Equation 4), Fpy, A3*Scaspy, and 033Ssos/dt. However, A3*Scas.py can be
modeled as a function of [SO4%]sw (i.e., the MSR trend of Figure 2 and Equation 6), reducing the
number of potentially independent variables to three (we state “potentially independent” as
there may in fact be some dependency among these variables). Now it is possible to explore
the effects of simultaneous variations in [SO4?]sw and Fpy on 08**Ss04/dt(max) via a modified
form of Equation 2:

6634SCAs/dt(max) = k1 X kz x Fpy X exp(Iog[SO42']sw *0.42 + 1.10) / [SO4Z>]SW (BS)

The three modeled parameters exhibit log-linear relationships, with larger 63*Scas/dt(max)
associated with larger [SO4%]sw and Fpy (Fig. B1). 083*Scas/dt(max) scales linearly with Fpy, so
uncertainty in the latter parameter is directly mirrored in the former parameter. In our study
(Algeo et al., 2014), we used fixed estimates of Fpy, either 4 x 10%3 g yr! for oxic oceans or 10 x
103 g yr'! for anoxic oceans. This range of Fpy values is consistent with variation in
9863*Scas/dt(max) from ~1 to 100 %o Myr?! (Fig. B1). Wortmann and Chernyavsky (2007) inferred
[SO4%]sw-dependency of the pyrite burial flux (their figure 4; red curve, Fig. B1). If correct, this
relationship indicates that variation in 0583*Scas/dt(max) cannot exceed ~3 %o Myr* under any
set of conditions. This result is at odds with numerous well-documented examples of higher
rates of §3*Scas variation in paleomarine sedimentary units (e.g., Algeo et al., 2014, Table A4).

d8*Ss04/dt (max) (%o Myr?) Figure B1. Relationship of
100 300 100 30 9863*Scas/dt(max) to Fpy and
[SO4%sw, with A3*Scaspy
estimated as a function of
[SO4%]sw (Figure 2, Equation
6 of Algeo et al., 2014). The
dashed horizontal lines
represent the pyrite burial
fluxes used by Algeo et al.
(2014) for anoxic and oxic
paleomarine systems. The
red line represents the
[SO4%]sw-dependency of the
pyrite burial flux as given in
figure 4 of Wortmann and
Chernyavsky (W&C-2007).
T Note that according to the
0.01 0.1 1 10 100 latter relationship,

[SO,2 ]y (MM) 05%#Scas/0t(max) values

cannot exceed ~3 %o Myr!

under any set of conditions.

-
o

—

(1-4A8 ¢10T X) Ad4

Figure B1



As noted by the reviewer, variable pyrite burial fluxes will certainly have an influence on
seawater sulfate concentration estimates. We have tested this influence by applying the
relationship between [SO4%]sw and Fpy given by Wortmann and Chernyavsky (2007, their figure
4) to our rate-method calculations. Their relationship can be reduced to a logarithmic
expression:

Fpy = 0.7681 x In([SO4%]sw) + 1.405 (B6)

where Fpy is in units of 103 g yr! (rather than in mol yr, as in their paper) and [SO4%]sw is in
units of mM. This expression yielded a r? of 0.98 in relation to Wortmann and Chernyavsky’s
curve (their figure 4). In making use of temporally variable pyrite burial fluxes for calculation of
seawater sulfate estimates, Equations 3 and 4 of our paper (Algeo et al., 2014) must be
reorganized as follows:

[SO4%]sw(max) / Fpy = k1 x k2 x A3*Scas-py / 053*Scas/dt(max) (B7)

Although Equation B7 has two unknowns, i.e., [SO4?]sw(max) and Fpy, it can be solved because
Fpy is a function of [SO4%]sw in figure 4 of Wortmann and Chernyavsky (2007). The empirical
relationship between [SO4%]sw and [SO4%]sw(max) / Fpy derived from that figure is given by the
polynomial equation:

[SO4%]sw(max) / Fpy = -0.0018([SO4%]sw)? + 0.2842([S04%]sw) + 0.4651 (B8)
With substitution and reorganization, Equations B7 and B8 yield:
0 = -0.0018([SO4%]sw)? + 0.2842([S04%]sw) + (0.4651 — k1 x k2 x A**Scaspv/[06>*Scas/dt(max)])  (B9)

This second-order polynomial equation can now be solved for [SO4?]sw using the quadratic
solution, after which Fpy can be calculated from Equation B6.

Using Equation B9, we calculated [SO4%]sw on the basis of d83*Scas/dt(max) and A3*Scas-py.
These relationships are plotted as variation in d83*Scas/dt(max) as a function of [SO4%]sw and
A3*Scas-py (Fig. B2; cf. Figure 1 of Algeo et al., 2014). At high [SO4%]sw, the two sets of
9634Scas/dt(max) curves are nearly co-linear, which is because the value of Fpy in figure 4 of
Wortmann and Chernyavsky (2007) for [SO4?]sw >10 mM is nearly invariant and similar to the
flux that we used (i.e., 4 x 1023 g yr'). In contrast, the two sets of curves diverge sharply at
[SO4%]sw <1 mM, which is a consequence of the much lower Fpy values associated with low
seawater sulfate concentrations in the Wortmann and Chernyavsky curve.

There are a couple of worthwhile observations to make about the 063*Scas/dt(max) curves
based on the Wortmann and Chernyavsky (2007) relationship. First, the MSR trend of Algeo et



al. (2014) corresponds almost entirely to a limited range of d63*Scas/dt(max) values (i.e., 2 to 4;
Fig. B2). This suggests that there ought to be quite limited variation in 834Scas/dt(max) over a
wide range of seawater sulfate concentrations in nature. Second, many combinations of the

two sediment parameters that can be measured (i.e., A3**Scaspy and 063*Scas/dt(max)) cannot
yield a [SO4%]sw estimate. For example, for a A3*Scas.py value of 7%o, any 8834Scas/dt(max)
value >4 does not yield an estimate of [SO4%]sw (Fig. B2). This situation exists because high
rates of variation in seawater sulfate §3*S are not possible where the pyrite burial flux is sharply
curtailed by [SO4%]sw-dependency (as in figure 4 of Wortmann and Chernyavsky, 2007).
However, many paleomarine units exhibit 634Scas/dt(max) values outside the narrow range
permitted by the Wortmann and Chernyavsky (2007) relationship (see Table A4 and Figures 6-8
of Algeo et al., 2014).
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Figure B2. d83%Scas/dt(max)
values calculated using the fixed
pyrite burial flux of Algeo et al.
(2014) (blue diagonal lines) and
the sulfate-dependent pyrite
burial fluxes of Wortmann and
Chernyavsky (2007; their figure
4) (red curves). Note that, for
the latter curves, many
combinations of the two
measured sediment parameters
(A3*Scas-py and 8834Scas/0t(max))
cannot yield a [SO4%]sw
estimate. Shown for reference
is the MSR trend of Algeo et al.
(2014).

What conclusions can be reached from this analysis? Use of [SO4%]sw-dependent values of Fpy
allows no 634Scas/dt(max) values greater than ~3 %o Myr! under any set of conditions, which
is at odds with the results of numerous published studies. If the Wortmann and Chernyavsky
(2007) parameterization of the Fpy-[SO4%]sw relationship is correct, then one must conclude
either that all of these published higher rates are products of uncertain geochronologic dating,
diagenetic artifacts, or sample processing and analytical problems. This seems inherently
unlikely. On the other hand, use of fixed values for Fpy in the rate-method calculations of Algeo
et al. (2014) yields estimates of [SO4%]sw that are—for the most part—consistent with
estimates of [SO4%]sw based on the MSR-trend method (see Figures 6-8 of Algeo et al., 2014,
for examples). The consistency of results for these two quasi-independent methods thus



provides a degree of confidence in their validity. Does this mean perforce that pyrite burial
fluxes are not dependent on seawater sulfate concentrations? Not necessarily—some form of
[SO4%]sw-dependency may exist, but perhaps the form of this dependency is different from that
given in Wortmann and Chernyavsky (2007).

Action: We have added a brief mention of these issues to the text of the manuscript and an
extended discussion as Appendix B of the revised manuscript. We did not insert this material
into the text as it is of tangential importance to the development of the main theme of our

paper.

We also calculated paleoseawater sulfate concentrations using [SO4%]sw-dependent pyrite
burial fluxes. For the rate-method estimates of Phanerozoic [SO4%]sw given in Figure 4 and
Table A3 of Algeo et al. (2014), this procedure yields [SO4%]sw estimates that are close to
(£10%) our original values. This result was obtained because the 053*Scas/0t(max) values of the
Phanerozoic record are almost uniformly low (<3 %o Myr!; Figure 3b of Algeo et al., 2014),
which is mainly a consequence of data smoothing in constructing the Phanerozoic curve (see
discussion in Algeo et al., 2014). At such low 053*Scas/dt(max) values, there is little difference
in the [SO4%]sw estimates generated with and without [SO4%]sw-dependent pyrite burial fluxes
(see Fig. B2). For the intervals of high-frequency §3*Scas variation shown in Figures 6-8 and
Table A4 of Algeo et al. (2014), many units have combinations of A3*Scas.py and
9634Scas/dt(max) values that cannot yield an estimate of [SO4?]sw per the Wortmann and
Chernyavsky (2007) relationship.

In their second approach, the authors provide an empirical relationship between sulfate
concentration and the difference between the S-isotope ratios measured from sulfate and
pyrite. This is intriguing but it remains unclear to me how reliable this proxy is, because we have
not enough data to check their results against (Fig. 5 insinuates to much here, as the majority of
the data shown there is not primary, but proxy data). | am particularly concerned about the
mismatch between the authors data and the reconstructions by Wortmann and Paytan (2012).
Granted, the latter paper is controversial, however the Cretaceous to Eocene interval is the one
time in Earth history where we have large and fast S-isotope variations, a highly resolved
marine S-isotope record, and fluid inclusion data which suggest sulfate concentration changes
on the order of 20 mM. So this requires special attention.

Response: The first point relates to whether mineral sulfide 33*S is an adequate proxy for
aqueous sulfide 834S in developing the MSR trend (Figure 2 of Algeo et al., 2014). We have
already addressed this point at length in our paper (see second paragraph of Section 2.2),
considering S-isotopic fractionations between aqueous sulfide and mineral sulfide. One point
that bears reflection is that estimates of paleoseawater [SO4%]sw are based not on aqueous
sulfide 84S, which cannot be measured for paleomarine systems, but on mineral sulfide
(generally pyrite) 834S. Therefore, the critical relationship for establishing a viable MSR-trend
proxy for [SO4?]sw is that between sulfate 534S and mineral sulfide 334S.



The second point claims a mismatch between our data and that of Wortmann and Paytan
(2012). We presume that the reviewer is referring to the differences in [SO4%]sw estimates for
the ~120 to 50 Ma interval, during which the estimates of Wortmann and Paytan (2012) are
uniformly <7 mM (their figure 2b) whereas those of Algeo et al. (2014) are ~13-16 mM (with an
uncertainty range of ca. 2X; Figure 4). We agree that there are modest differences in absolute
[SO4%]sw estimates between these records, although the 120-50-Ma interval is one of low
seawater sulfate concentrations (relative to the preceding and following intervals) in both
studies, so there is significant agreement in that regard. The absolute values of the
Phanerozoic [SO4%]sw curve in Figure 4 of Algeo et al. (2014) are a function of the input dataset,
which is the Phanerozoic A3*Scas.py record of Wu et al. (2010). The latter is a large compilative
dataset that perforce entailed considerable data averaging, which is likely to have dampened
the range of variation in the long-term trend. If so, it is possible that the lower [SO4?]sw
estimates for the 120-50-Ma interval of Wortmann and Paytan (2012) are more accurate.
However, the fact that we have used a somewhat smoothed input dataset in calculating a
Phanerozoic [SO4%]sw curve does not comment in any way on the validity of the A3*Scas.py-
[SO4%]sw relationship (i.e., the MSR trend) in our paper (Algeo et al., 2014, Figure 2).

Action: We have added a brief discussion of these issues to the revised manuscript.

If 1 understand the authors correctly, they argue: A) that the current §3*S record could be a local
record in the Tethys basin. However a significant part of the Cretaceous &3S data is from Site
305 (Shatsky Rise, W-Pacific) and fits nicely with the data from Site 766 (Indian Ocean, possibly
restricted); B) that their model may not capture short term draw down events. If so, two
questions come to mind: A) Even if the draw down may be short term, the recovery will take a
very long time. Using modern fluxes, Wortmann and Paytan (2012) estimate that it takes 60
Million years for the sulfate concentration to recover. If the Algeo et al. model is indeed
insensitive to “short term” draw down events, short term events will introduce considerable
error in their reconstructions. B) More importantly however, why would be a sulfate-pyrite
difference model like the one proposed here, be insensitive to short term draw down?

Response: Regarding the possible influence of restricted watermasses, we offered the
hypothesis that the unusually low rate-based [SO4%]sw estimates of a subset of the Mesozoic
units shown in Figure 8 of Algeo et al. (2014) may have been due to watermass restriction. The
units in question (labeled r, t, t’, v, and w in Figure 8) were located in the north-central Tethys
(Tibet), western Tethys (England), South Atlantic, and North American Western Interior Seaway.
A case can be made for some degree of watermass restriction in each area, although this
remains a hypothesis, and it is possible that additional S-isotopic work might upwardly revise
the rate-based [SO4%]sw estimates for these units. We do not believe that these findings
conflict with the results of Wortmann and Paytan (2012).

Regarding the rate of recovery of seawater sulfate concentrations, Wortmann and Paytan
(2012) infer a recovery interval of ~60 Myr following a 120-Ma drawdown event. However, the
mathematics of reservoir theory shows that recovery intervals should be of similar duration to
the residence time of a given seawater component, which is ~13 Myr for seawater sulfate at



present and would be shorter if the recovery “target” concentration were lower. Other factors
must have contributed to the extended recovery interval observed by Wortmann and Paytan
(2012).

Regarding the insensitivity of our model to short-term seawater sulfate drawdown, this is a
function of the input dataset, which is the Phanerozoic A3*Scas-py record of Wu et al. (2010), and
not of the MSR-trend method of estimating paleoseawater [SO4%]sw. The Wu et al. record is a
large compilative dataset that perforce entailed considerable data averaging, which is likely to
have dampened the range of variation in the long-term trend and reduced or eliminated short-
term events. The Phanerozoic [SO4?]sw curve that we generated from this record (Fig. 4 of
Algeo et al., 2014) should be regarded as representative of long-term seawater sulfate trends
but without short-term drawdown events. This interpretation is reinforced by comparison of
our Phanerozoic [SO4%]sw curve with estimates based on other techniques (Fig. 5 of Algeo et
al., 2014). The MSR-trend method of estimating paleoseawater [SO4%]sw is certainly capable of
capturing short-term drawdown events, provided that these events are present in the A3*Scas.py
record that is used as input data for [SO4%]sw calculations.

Action: We have added a brief discussion of these issues to the revised manuscript.
Specific Comments

1.p13188 110, and p 13192 110. The rate of change is not only determined by reducing the
input/output flows to zero. You could also double or triple those flows, which would have a
considerable effect on the rate of change. Or is this an oblique way to state that the model is
only valid if the rate of change is equal to the residence time?

Response: This question was fully addressed above.

2.p13188 120 ff and later in the manuscript. | always thought that the Early Triassic sulfate
concentrations are low. The rapid changes observed during this time certainly require sulfate
concentrations below 10 mM (e.g. Song et al., 2014)?

Response: We agree, and this point is addressed specifically on p13188 122-24 and later in the
paper.

3. p13188 123 What is the meaning of “varied only slightly since 250 Ma”? Some of our most
reliable data on sulfate concentrations is of Jurassic and Cretaceous age, and even fluid
inclusion data suggest pretty dramatic changes from 8 mM during the Early Cretaceous to
modern values around 28 mM (Lowenstein et al., 2001, 2003; Demicco et al., 2005).

Response: We cite a range of ~10-30 mM in the same sentence in which we state “varied only
slightly since 250 Ma”. Variation over a range of ~3x is small compared to the much larger
variations (probably ~20-100x) that occurred during the Neoproterozoic and Paleozoic. We



cannot go into complex details in the Abstract; more specific values and ranges are cited later in
the paper.

4. p13188 124 I'd add the Cretaceous here, see above.
Response: OK, done.

5.p 13191 115 there is a pretty rich literature on the subject, however the paper cited here only
discusses data from a lake and lagoon.

Response: Agreed. We have added additional citations.

6. p p 13192 eq 2 Fpyr itself depends on the sulfate concentration (Wortmann and
Chernyavsky, 2007). As stated, the equation will only work for concentrations above 12 mM.

Response: This question was fully addressed above.
7.p13193 120. | seem to remember that the Paytan et al. (1998) data showed faster variations?

Response: In Figure 1a of the Paytan et al. (1998) paper, the intervals of most rapid variation in
seawater sulfate are (1) from ~18.0%o to 21.6%o at 51.5-45.5 Ma, which represents a change of
3.6%o in 5.0 Myr, or ~0.7%o0 Myr!, and (2) from ~22.0%o to 21.0%. at 2-0 Ma, which represents
a change of 1.0%o in 2.0 Myr, or ~0.5 Myr!. We agree that the maximum observed rate of
change in sulfate 634S is <0.7%0 Myr! and have amended it accordingly. Although this is more
accurate, it does not change the basic point that we are making—that the maximum observed
rate of change for the Cenozoic is less than the theoretical maximum.

8.p13197 117. Consider adding the work of Rudnicki et al. (2001).

Response: OK. This paper is now cited.

9. p13197 127, Canfield and Teske (1996), and their data indicates a spread up to 70 permil.
Response: We stated that MSR fractionation is “typically ~30 to 60%o in modern marine
systems” and we stand by this statement. We do not deny that more extreme values (both

lower and higher) have been reported in some studies.

10. p13198 125, the works of Rees (1973) and Brunner and Bernasconi (2005) are important
here too.

Response: OK. These papers are now cited.



11. p13199 1 para. Since this is a fairly exhaustive list of processes affecting S fractionation, the
author may want to consider to add Eckert et al. (2011) who show that cell external sulfide may
affect S-fractionation (see also Brunner and Bernasconi, 2005).

Response: OK. This process and a citation to Eckert et al. (2011) have been added.
12. p13201 | 2, add citation for the Lowess model.

Response: The reader is already referred to Song et al. (2014), a study that provides both the
algorithms and references to background material on LOWESS estimation. Additional
documentation is not needed.

13. p13202 I5ff, p13204, The Song et al. (2014) data suggests that the Permo-Triassic
concentrations must have been low?

Response: Yes, and this is discussed on p13206 127-28 and p13207 11-3, with data given in
Table A4 and illustrated in Figure 8.

14. p13207 19, Canfield and Teske 1996, and the values reported there seem to go up to 70
permil?

Response: We agree that the natural SRM populations documented by Canfield and Teske
(1996) exhibit fractionations up to 70%o, although these populations display a distinct mode at
40-60%o0. Our citation of a range of 30-60%. was based on the average fractionations given in
Table A1, so we have deleted the reference to Canfield and Teske (1996) and cited our Table
Al. It should also be noted that the 30-60%o. range cited here represents typical marine MSR
fractionation values, not the full range of reported values in nature (which would be larger).

15. p13207 120ff If | understand this correctly, the rate based estimate really only works if the
rate of change equals the residence time. If it is slower, or faster, this approach will fail. It might
be useful to rephrase the discussion in the more general framework of residence time vs, rate
of change.

Response: This question was fully addressed above.

16. p13209 | 5ff. | am not sure that | understand this argument. While | can see that the
difference between CAS and Pyrite may be affected by the local hydrogeography, the sulfur
data published by Paytan et al. (1998) are from coring locations in the Pacific, and as such not
affected by local restriction. So the rate method should apply here.

Response: The discussion of South Atlantic paleohydrography on these lines does not refer to
the Paytan et al. (1998) dataset but to that of Wortmann and Chernyavsky (2007), which is from
a site in the South Atlantic. This paper is cited in the text, but the sources of data in Table A4



were inadvertently left out, which may have confused the reviewer. We have restored the
sources of data to Table A4.

17. Last but not least, it would be useful if the authors provide their p-values for their
regression model, as the r2-value only describes how good the fit is, but says nothing about
how probable the model is.

Response: The r? values reported here are all high (0.74 to 0.80) and the number of samples
large (n = 31 to 81)—consequently, the associated alpha errors (p(a)) are all <0.01. We thought
that this would be obvious to readers, but we have added p(a) values wherever r? is reported.
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Comments by Anonymous Reviewer

Overview

Algeo et al. reconstruct ancient seawater sulfate concentrations using two simplistic yet elegant
approaches applied to available data sets spanning back to the late Precambrian. These two
approaches include 1) a “rate” method that takes advantage of the rate of sulfate sulfur isotope
variability through time and 2) a microbial sulfate reduction (MSR) fractionation method that
relates the degree of fractionation to absolute sulfate concentrations. Both stem from
previously developed approaches, however here the authors take the next step and apply
modified empirical/theoretical relationships to geochemical data preserved in the rock record. |
commend the authors’ efforts and broadly agree with the potential utility of their approaches,
however important issues deserve detailed discussion.

Response: We thank the reviewer for these positive comments.
General Comments

Rate method. The application of modern S fluxes and associated 534S values to ancient systems
is likely an over-extension and probably produces some of the uncertainty (and some of the
unrealistic values) in reconstructed sulfate concentrations. Whereas there are ways to get at
output &3S (through 53*Spyr, for example), it is quite difficult to accurately predict the source
8%4S. Indeed, previous authors infer that the sulfur isotope composition of the source flux has
differed from modern values quite significantly (e.g., Fike and Grotzinger, 2008). To a first
order, it is hard to envision the source &3S value as invariant over long timescales. Changes in
the fractional burial of S as pyrite and sulfate minerals through time (thought to drive much of
the marine sulfate 83*S variability) almost requires a change in the source as rocks of differing
ages are later weathered on land in different proportions. Ultimately, it would be useful if the
authors included model sensitivity analyses to changing source &3S.

Response: We agree that source flux 534S has probably varied through time, and that such
variation may have influenced the &3S of seawater sulfate. We also agree that sensitivity
analysis might be applied to test the potential influence of the source flux on seawater sulfate
534S, However, this is beyond the scope of the present study. Our rate method (Equations 2-4)
does not depend on source flux 334S, so there is no need to engage in this exercise.

MSR method. The linear relationship between A34Ssulfate-sulfide from modern aqueous
systems is striking and suggests that there is hope in reconstructing ancient seawater sulfate
concentrations with this approach. It would be useful if the authors distinguished which data
points in Fig. 2 are derived from water column S phases, pore water S phases, solid S phase, etc.
It seems somewhat coincidental that aqueous sulfate concentrations near the modern
seawater sulfate concentration happen to yield the maximum 334S, above which fractionations
are essentially constant. Might the hypersaline environments explored be unrepresentative due
to high ionic strength or some other dissolved constituent that limits isotopic discrimination? In



other words, can we be certain based on the current data set that seawater with higher sulfate
contents (>29 mM) would not exhibit higher fractionations?

Response: In Figure 2, all sulfate 5°*S values used in calculation of A3*Sgyifate-suifide are based on
measurements of aqueous sulfate, as stated in the text. For sulfide §3*S, we used four different
sulfur phases: pyrite, sediment acid-volatile sulfur (AVS), sediment total reduced sulfur (TRS),
and aqueous H5S (note: this information has been added to the sulfide §34S column of Table
Al). At the reviewer’s request, we have constructed a version of Figure 2 that shows the
different sulfide phases, and we calculated separate regressions for each phase (Fig. B3). The
following points should be noted about this figure. First, each of the four phases yields a
statistically significant regression (r = 0.81-0.92; p(a) <0.05; see Table B1 below). Second, the
four phases have similar regression slopes although slightly variable y-intercepts. For this
reason, TRS and AVS yield A3*Scaspy values that are, on average, slightly larger for a given
[SO4%]sw value than pyrite and aqueous H,S. Third, the four regression lines generally
converge at higher [SO4%]sw, and the largest differences occur at low [SO4%]sw, where data is
sparser. Whether there are real differences in the regression relationships among these four
sulfide phases is an issue that will require further inquiry—the regression lines in Figure B3 are
not statistically different. One could argue in favor of using the pyrite 34S data alone, which
would result in a small change in the regression relationship used to calculate paleoseawater
[SO4%]sw values. We opted to use a larger sulfide 53*S dataset, especially one containing more
data at low [SO4%]sw, in order to generate a stable relationship over a wider range of [SO4%]sw
values.
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Figure B3. The MSR trend data of Algeo et al. (2014; their Figure 2 and Table A1) replotted as
a function of sulfide 63*S source (symbols as given in legend). Separate regressions for the
four different sulfide phases (dashed lines) show small differences in slopes and y-intercepts
(Table B1), although the lines are statistically indistinguishable.



Table B1. Regression statistics for reduced sulfur phases used in calculation of A3*Ssuitate-sulfide

Sulfur phase n r m b p(a)
Pyrite 48 0.92 0.46 -0.35 <0.01
Sediment AVS 6 0.81 0.42 -0.06 <0.05
Sediment TRS 11 0.89 0.33 0.20 <0.01
Aqueous H2S 16 0.84 0.44 -0.20 <0.01

The second part of the reviewer’s comment concerns the reasons why the hypersaline
environments in our dataset (Table A1) do not conform to the ‘MSR trend’, i.e., the regression
relationship for environments with salinities of <40 psu (= practical salinity units) (Fig. 2).
Whether MSR fractionations reach a maximum at the salinity of modern seawater (35 psu) and
then remain essentially unchanged at higher salinities is uncertain. Our dataset certainly
suggests that this might be the case, but the number of examples of hypersaline environments
(n = 6) is too small to reach firm conclusions. Because we are not even certain that the MSR
fractionation trend changes above 35 psu, it would not be useful to speculate on what factors
might make this small set of hypersaline environments “unrepresentative”. We simply raise the
possibility of a change in the MSR fractionation trend at salinities >40 psu with the intention of
encouraging further research into this issue.

Action: We have added a brief mention of these issues to the text of the manuscript and an
extended discussion as Appendix B of the revised manuscript. We did not insert this material
into the text as it is of tangential importance to the development of the main theme of our

paper.

Reliability of CAS and pyrite 53*S as accurate, whole-ocean proxies. The modern global open
ocean 33*S value is derived from barite records (Paytan et al., 1998; 2004). However much of
the ancient sulfate record, particularly the early Paleozoic and Neoproterozoic, is derived from
carbonate platform CAS. It has yet to be demonstrated that these two records agree. Early work
by Burdett et al. (1989) suggests that foraminifera CAS records agree with the Neogene barite
record, but they analyzed pelagic planktonic foraminifera more closely associated with open
ocean environments and not margin platforms. Lyons et al. (2004) show that very recent
carbonate platform muds conform to the modern marine §3*Ssulfate record, but these do not
extend very far back in time. The authors do a good job critically choosing specific sulfur phases
(e.g., shallow pyrite) to construct the MSR method equations. Whereas, modern environments
provide the opportunity to be picky, ancient environments can only be probed through rock-
bound proxies. Pyrite records are particularly sensitive in this regard, how can we be confident
that the rock-bound pyrite is in fact shallow and therefore that A34S(CAS-pyr) accurately reflects
cogenetic A3*Ssulfate-sulfide?

Response: First, fractionation of S isotopes during precipitation of sulfate evaporites and
incorporation of CAS in carbonates has been shown to be small (<1%o) (Schidlowski et al., 1977



Burdett et al., 1989; Kampschulte et al., 2001). The Phanerozoic records of CAS &34S and
evaporite S were compared by Kampschulte and Strauss (2004), who found considerable
overlap and no systematic bias toward higher values in one or the other dataset.

Second, we agree that the type of pyrite present in ancient sediments needs to be evaluated in
order to assess whether it is syngenetic/early diagenetic and, thus, useful for calculating
paleoseawater sulfate concentrations. There are well-established petrographic and
geochemical techniques for this type of evaluation (e.g., Wilkin et al., 1996; Lyons and
Severmann, 2006). This is an issue that each researcher making use of the methods developed
in this study for estimation of paleoseawater sulfate concentrations will need to consider in
regard to his/her specific study units.

Action: We have added a brief synthesis of these points to the manuscript.

Heterogenous marine &34S records. Unfortunately, 53*S records of most time intervals have only
been developed from one or two locations. The multiple records from the Neoproterozoic
indicate both lateral (horizontal; Loyd et al., 2012; 2013) and stratified type (vertical; Li et al.,
2010) variability probably stemming from overall low, but likewise variable, marine sulfate
concentrations (as the authors mention, P13209-10; Ins 34-30, 1-7). Similar heterogeneity may
occur during other time intervals as well. In the face of potentially large heterogeneity, how
reflective is a single succession of the global ocean? Furthermore, how can we be confident
that intervals with data from only one or two successions can be used to accurately constrain a
global signal?

Response: We agree that spatial heterogeneity in seawater sulfate concentrations may
become pronounced at low average concentrations, as during the Neoproterozoic. This does
not invalidate an estimate of seawater sulfate concentrations for a particular time and locale. It
does mean that a single estimate will not suffice to characterize seawater globally, and that a
number of estimates from widely separated locales would be desirable to characterize the
range of variation in seawater sulfate concentrations at a given time. These considerations in
no way invalidate our methodology for estimating seawater sulfate concentrations.

Action: We have added a brief synthesis of these points to the manuscript.
Specific Comments

P 13191, Ins 5-7: It seems difficult to rationalize such a broad statement. Local source §34S
values and fluxes will be particularly influential, especially if low oceanic [SO4?] lends to short
residence times.

Response: Whether such a statement is overly broad or not depends on one’s outlook—there
is no inherently correct view on such a matter. We agree with the reviewer that local variations
in sulfate concentration and isotopic composition will become more pronounced at low average
concentrations. The significance of this point was considered in the preceding response.



P 13191, Ins 16-20: Perhaps, at least this is generally assumed but not adequately
substantiated. Some authors interpret variable source 6**S during specific time intervals (Fike
and Grotzinger, 2008).

Response: We agree that this inference has not been fully substantiated. However, in terms of
controls on seawater sulfate 334S, there is a lot more evidence to support variable sulfur burial
fluxes rather than variable source 33*S as the dominant source (e.g., Kampschulte and Strauss,
2004; Bottrell and Newton, 2006; Halevy et al., 2012; Song et al., 2014).

P 13191, In 22: “Cogenetic” formation is difficult to prove, however the authors do attempt to
get as close to cogenetic as possible through targeted data mining.

Response: We agree on both points.

P 13192, Ins 8-10: The direction of isotopic change indicates which term goes to zero. A
negative change indicates pyrite burial going to zero, a positive change indicates the sulfate
source going to zero. This deserves an explicit mention.

Response: We are discussing the source flux specifically. We have changed the wording to
reflect that the source flux is specifically meant here.

General Note: What about stratified water columns? Since the proxy records are based on
pyrite are they more strongly influenced by bottom water conditions?

Response: In marine systems, stratified water columns will have no effect on dissolved sulfate
because its residence time is sufficiently long that sulfate will be uniformly distributed
vertically. With regard to pyrite, syngenetic pyrite can form in the anoxic deepwaters of
stratified watermasses. However, fractionation of syngenetic pyrite and that of early-formed
diagenetic pyrite (when formed in an open system) should be similar—the effect of sediment
on porewater chemistry is limited until permeability is reduced significantly.

P 13192, Ins 24-25: Nor has the pyrite flux gone to zero.

Response: This comment is cryptic—we cannot comment.

P 13194, Ins 19-21: But what’s important is that shallow pyrite hasn’t experienced overgrowth
of more isotopically enriched pyrite formed in deeper, closed-system sediments. Also, it seems
like shallow AVS would be the best target based on this argument. Ultimately, pyrite must be

used because that’s what is preserved in the geologic record.

Response: We agree with all of these comments. However, these issues are already
adequately addressed in the manuscript.



P 13195, In 7: This mathematical relationship is only valid if the original fluid is sourced from
seawater. What about mixing with saline, non-seawater fluids?

Response: This relationship is valid for mixed fluids that contain a seawater component >5%
(where the second fluid is low-sulfate freshwater). It would not be valid for a purely
terrestrially sourced fluid. Sulfate concentrations for all freshwater systems in our dataset
(Table A1, records 1-18) were measured, not calculated from salinity. Of the 36 brackish
systems in our dataset (Table Al, records 19-54), we estimated sulfate concentrations for 9 of
them from salinity data. By definition, our brackish systems had total salinities of 10 to 30 psu
and thus consisted of 28-86% seawater. The calculated sulfate concentrations are therefore
reliable—there are no problems with the sulfate concentrations in our dataset (Table Al).

P 13196, Ins 3-5: The Habicht et al. (2002) data show a clear step function, not a linear
relationship as seen in the natural samples.

Response: The statement in question is: “Our results are similar to, although more linear and
more statistically robust than, those reported by Habicht et al. (2002) on the basis of culture
experiments.” Our results are similar to those of Habicht et al. in terms of the broad
relationship between MSR fractionation and aqueous sulfate concentration, although more
linear (as noted by the reviewer). We stand by our statement.

General Note: It would be nice to see how water column sulfide compares to shallow pyrite in
modern systems where both are measureable or have been measured. This would provide
confidence in the use of pyrite as a “cogenetic” proxy.

Response: This is related to the request by this reviewer for a figure showing the different
sulfide phases used in calculating A3*Squifate-suifide (s€€ above). This figure (Figure B3) shows that
the A34Squifate-suifide-[SO4% ] sw relationships are similar for pyrite and aqueous H,S. Although
further detailed study might document a systematic offset between these sulfide phases, we
cannot identify one in our dataset (Table B1).

P 13202, In 21: The rate method-produced values may not be maxima, particularly if source §3*S
changes.

Response: The rate-method estimates are based on A34S(CAS-pyrite) and max(0504%/dt) (see
Equations 2-4). They are not dependent on source &34S. Variation in source 84S would matter
only if average seawater sulfate concentrations were so low that seawater sulfate was no
longer well-mixed globally.

P 13203, Ins 1-4: | disagree. The further back in time, the less confidence we have in S flux
magnitudes and isotopic compositions, accurate determination of which are required for a valid
rate model.



Response: Sulfur isotopic fractionations (A3*S(CAS-pyrite)) are quite well-determined for >2.3-
Ga samples, being uniformly small (<4%o). The difficulty with rate estimates for samples this
old is not the sulfur isotopic compositions but limited age control. With adequate age control,
the rate method may be quite useful for very old samples. This is largely a matter of opinion—
we respect the reviewer’s but stand by our own.

P 13203, In 7: Diagenesis may also homogenize 53*Scas (and therefore reduce & / 3t(max))
depending on the nature of diagenetic fluids and the degree of recrystallization/alteration.

Response: We agree. Diagenesis was mentioned as an example of a process that might
increase variance in 834Scas, but it might also reduce variance. We have inserted a brief
mention of this possibility.

P 13207 and throughout: Although it is difficult to reconstruct ancient [Ca?*], very high values of
[SO4%] are unlikely because of the tendency to saturate the oceans with respect to anhydrite
and gypsum. With a modern [Ca?*] of ~10 mM and [SO4%] of ~100 mM fluids will be
supersaturated (by 30X levels pertaining to saturation). Is there an upper limit to sulfate
concentrations that can be calculated?

Response: This is an interesting idea, and one that has been considered previously. Variation
in seawater [Ca?*] and [SO4%] has been estimated for the Phanerozoic in at least three studies
(Hardie, 1996; Horita et al., 2002; Lowenstein et al., 2003). We included some of the results of
these studies in Figure 5 of our paper (Algeo et al., 2014).

P 13208, Ins 22-24. A restricted basin may exhibit elevated or reduced sulfate concentrations.
Restricted evaporative basins or those with limited reactive organic carbon may exhibit [SO4%]
above seawater due to evaporation and restriction of MSR, respectively.

Response: We agree. Such basinal watermass effects may underlie the unusual behavior
exhibited by some of the Mesozoic units in our paper (Fig. 8; see discussion in Section 4.3).
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Abstract

Long-term secular variation in seawater sulfate concentrations ([SO42]sw) is of interest owing
toits relatlonshlp to the oxygenatlon hlstory of Earth’s surface environment,-butguantitative

y ._In this study, we develop two
complementary approaches for assessment—eﬁguantlflcanon of the—[%@a%} efsulfate
concentrations in ancient seawater and test their application to te-recenstructions-of{S0s> Jsw
variation-sinee-the-late Neoproterozoic Een-(<650635 Ma)_to Recent marine units._ The first
approach”rate method” is based on two measurable parameters of paleomarine systems: (1)
the S-isotope fractionation associated with microbial sulfate reduction (MSR), as proxied by
A3*Scas-py, and (2) the maximum rate of change in seawater sulfate, as proxied by

6634SCA5/6t(max) lh+s—¢ate—methed—y+e4ds—a++estmqate9#the+na*mﬁwpessrble{§9 }}sw—f-eF

e*rc—e{—an—aqe*nc—eeean—med-el-rs—mﬁe#ed—The ”MSR trend method" seeend—app;eaeh—is—abe
based-on-A**Scaspv-b . P
fe#mat&eﬂ—speeméé“SeAs%étéma*)—vaMeiFhe—MsR—treﬂd—ls based on the emplrlcal relatlonshlp
of A33Scaspy to represen
SHJM@-(—I—S—AMSM)-aqUEOUS sulfate concentrations and—amb+eﬂt—d45591¥ed—su#ate
eoncentrations-in 81 modern agueeus-depositional systems. For a given paleomarine system,
the rate method yields an estimate of maximum possible [SO4%]sw (although results are
dependent on assumptions regarding the pyrite burial flux, Fey), and the MSR-trend method -

TFhis“MSR-trend-method is-thoughttoyield-arobustyields an estimate of mean seawater

[SOa%]sw-forthe-time-intervalofinterest. An analysis of seawater sulfate concentrations since /[ Formatted: Subscript

63550 Ma suggests that [SO4%]sw was low during the late Neoproterozoic (<5 mM), rose
sharply across the Ediacaran/Cambrian boundary (te-~5-10 mM), and rose again during the
Permian (~10-30 mM) to levels {~18-30-mMj}-that have varied only slightly since 250 Ma.
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However, Phanerozoic seawater sulfate concentrations may have been drawn down to much
lower levels (~¥1-4 mM) during short (<~2-Myr) intervals of the Cambrian, Early Triassic, Early
Jurassic, and-pessibly-etherintervalsand Cretaceous as a consequence of widespread ocean
anoxia, intense MSR, and pyrite burial.. The procedures developed in this study offer potential
for future high-resolution quantitative analyses of paleoseawater sulfate concentrations.

Keywords: Phanerozoic; Neoproterozoic; microbial sulfate reduction; pyrite; carbonate-
associated sulfate; sulfur cycle

1 Introduction

Oceanic sulfate plays a key role in the biogeochemical cycles of S, C, O and Fe (Canfield, 1998;
Lyons and Gill, 2010; Halevy et al., 2012; Planavsky et al., 2012). For example, >50% of organic
matter and methane in marine sediments is oxidized via processes linked to microbial sulfate
reduction (MSR) (Jergensen, 1982; Valentine, 2002). At a concentration of ¥~29 mM in the
modern ocean, sulfate is the second most abundant anion in seawater (Millero, 2005)._Its
concentration is an important proxy for seawater chemistry and the oxidation state of the
Earth’s atmosphere and oceans (Kah et al., 2004; Johnston, 2011).

Although there is broad agreement that seawater sulfate concentrations have increased
through time, the history of its accumulation remains poorly known in detail. Archean and
Early Proterozoic oceans are thought to have had very limited sulfate inventories (<200 uM), as
implied by small degrees of sulfate-sulfide and mass-independent S-isotope fractionation (Shen
et al., 2001; Strauss, 2003; Farquhar et al., 2007; Adams et al., 2010; Johnston, 2011; Owens et
al., 2013; Luo et al., 2015in+review). The accumulation of atmospheric Oz during the ‘Great
Oxidation Event’ (~2.3-2.0 Ga; Holland, 2002; Bekker et al., 2004) is thought to have resulted in
a long-term increase in seawater sulfate concentrations (Canfield and Raiswell, 1999; Canfield
et al., 2007; Kah et al., 2004; Fike et al., 2006). However, this increase was probably not
monotonic and declines in pO2 may have resulted in one or more seawater sulfate minima
between ~1.9 and 0.6 Ga (Planavsky et al., 2012; Luo et al., 2015inreview). Estimates of
Phanerozoic seawater sulfate concentrations are uniformly higher, although there is no
consensus regarding exact values. Fluid inclusion data yielded estimates of ~10 to 30 mM for
most of the Phanerozoic (Horita et al., 2002; Lowenstein et al., 2003, 20035). However, recent
S-isotope studies have modeled concentrations as low as ~1-5 mM during portions of the
Cambrian, Triassic, Jurassic, and Cretaceous (Wortmann and Chernyavsky, 2007; Adams et al.,
2010; Luo et al., 2010; Gill et al., 2011a,b; Newton et al., 2011; Owens et al., 2013; Song et al.,
2014), and a recent marine S-cycle model yielded low concentrations (<10 mM) for the
entiremuch of the Cretaceous and Early Cenozoic before a rise to near-modern levels at ~40 Ma
(Wortmann and Paytan, 2012).

Here, we develop two approaches for quantitative analysis of seawater sulfate
concentrations ([SO4%]sw) in paleomarine systems._ The first method calculates a maximum
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possible [SO4%]sw based on a combination of two parameters that are readily measurable in
most paleomarine systems: (1) the S-isotope fractionation between cogenetic sedimentary
sulfate and sulfide (A3*Scas-pv), and (2) the maximum observed rate of variation in seawater
sulfate 834S (083*Scas/0t). This “rate-based method” is an extension of earlier modeling work by
Kump and Arthur (1999), Kurtz et al. (2003), Kah et al. (2004), Bottrell and Newton (2006), and
Gill et al. (2011a,b). The second approach yields an estimate of mean seawater [SO4?"] based
on an empirical relationship between A34Scas-py and ambient-disselved-agueous sulfate
concentrations (the “MSR trend”) in 81 modern agueeus-depositional systems-{the-MSR-trend).
Conceptually, tFhe is“MSR-trend method” is thus-based-onan-updated-version-ofrelated to
the the-fractionation relationship that-was-quantified-bygiven in Habicht et al. (2002; their
figure 1). Although some earlier studies have Whereas-earlieranalysescemmonly-made
qualitative assessments of paleo-seawater [SO4%]-{e-gtue-et-al—2010), the significance of our
methodology is that the [SO472] of ancient seawater can be quantitatively constrained as a
function of measurable sediment parameters and empirical fractionation relationships.

«J*f{ Formatted: Indent: First line: 0", Space After: 6 pt

We fully recognize that the marine sulfur cycle is controlled by myriad factors, many of «f**{ Formatted: Space After: 6 pt

which are only now coming to light thanks to detailed field and laboratory studies, and that not
all such influences can be thoroughly considered and accommodated in the present study.
While acknowledging the complexity of the sulfur cycle, this paperstudy attempts to identify
broad first-order trends that potentially transcend these diverse influences and that are robust
over significant intervals of geologic time. -Our ultimate goal is to generate useful
approximations of the long-term history of sulfate in the ocean. Our results suggest that large-
scale empirical relationships may exist that are not highly sensitive to lecal-centrolssuchas
ratesinfluences such as organic substrate type, -ef-MSR;sulfate reduction rates-syrgenetie
versus-diageneticpyriteformation, strain-specific isetopic-behavierfractionation, ameng
ethersand other factors. We envision such local influences, as they become more completely
understood, being mapped onto, and thus integrated with, the broad first-order relationships
documented hereinin this study.

2 Methods of modeling paleo-seawater sulfate concentrations
2.1 The rate method

The marine S cycle has a limited number of fluxes with fairly well-defined S-isotope ranges
(Holser et al., 1989; Canfield, 2004; Bottrell and Newton, 2006), making it -ane-thus-s
amenable to analysis through modeling (e.g., Halevy et al., 2012). Subaerial weathering yields a
riverine sulfate source flux (Fq) of ~10 x 10*3 g yr'* with an average 83*S of ~+6%o, which is
significantly lighter than the modern seawater sulfate 634S of +20%o.. Sulfate is removed to the
sediment either in an oxidized state, as carbonate-associated sulfate (CAS) or evaporite
deposits, or in a reduced state, mainly as FeS or FeSz. The oxidized sink has a flux (Fevar) of ~6 x
10%3 g yr'! with a S-isotopic composition that closely mimics that of coeval seawater (A3*Ssw-evap
of -4 to 0%o). The reduced sink has a flux (Fey) of ~4 x 10*3 g yr* with a composition that
characteristically shows a large negative fractionation relative to coeval seawater (A3*Sguifatesw-
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125  suriidery Of ~30 to 60%o; Habicht and Canfield, 1997; Canfield, 2001; Brichert, 2004; Brunner and
126  Bernasconi, 2005). Secular variation in seawater sulfate 63*S is mainly due to changes in the
127  relative size of the sink fluxes, with increasing (decreasing) burial of pyrite relative to sulfate
128  leading to more (less) 3*S-enriched seawater sulfate (Holser et al., 1989; Bottrell and Newton,
129  2006; Halevy et al., 2012).

130 The rate method calculates aWe-adapted-the-modelsof kurtz et al{2003)}and Kahetak
131  {2004}in-orderto-calewlate maximum -aneient-seawater sulfate concentrations

132 ([SOs*]sw(max))} based on two parameters: (1) S-isotope fractionation between cogenetic

133 sedimentary sulfate and sulfide (A3*Ssuifate-suifide, as proxied by A3*Scas.py), and (2) the maximum
134  observed rate of variation in seawater sulfate S isotopes (8634Ssoa/dt(max), as proxied by

135  0563*Scas/dt(max)) (Fig. 1). Rates of isotopic change for seawater sulfate are given by:

136 063*Scas/0t = ((Fa x A**Sa.sw) — (Fpy x A3*Scaspy)) / Msw (1)

137  where Fa x A¥Sqsw is the flux-weighted difference in the isotopic compositions of the source
138 flux and seawater (SW), Fpy x A3Scas.py is the flux-weighted difference in the isotopic

|139 compositions of the reduced-S sink flux and seawater, and Msw is the mass of seawater sulfate.
140  The full expression represents the time-integrated influence of the source and sink fluxes on
141  seawater sulfate §34S. The maximum possible rate of change in the sulfur isotopic composition

142 of seawater sulfate is attained when ene-efthe-fluxes{e-g--the source flux,asinEe—2}- goes to
143 zero:
144 0834Scas/0t(max) = Fey x A3*Scas-py / Msw (2)

145  Reorganization of this equation allows calculation of a maximum seawater sulfate
146  concentration from measured values of A3*Scas-py and 083*Scas/dt(max):

147 Msw = ki1 x Fpy x A3*Scas-py / 363*Scas/dt(max) (3)
148 [SOa*]sw(max) = k2 x Msw (4)

149  where k; is a unit-conversion constant equal to 10°, and k: is a constant relating the mass of «f**{ Formatted: Space After: 6 pt

150  seawater sulfate to its molar concentration that is equal to 2.14522 x 102° mM g*. Kah et al.

151  (2004) used-assumed Fpy = 10 x 10%3 g yr'?, which is the total sink flux for modern seawater

152 sulfate, in order to model 863*Scas/dt(max). While this may be appropriate for intervals of

153  widespread euxinia in the global ocean, Fey = 4 x 103 g yr! (i.e., the modern valuesink flux) may
154  better represent intervals with well-oxygenated oceans in which the sink fluxes of sulfate S and
155  pyrite S are subegualboth substantial (Fig. 1). Assuming Fpy = 4 x 1012 g yrlFer and values of
156  A3*Scas-py and 8834Scas/dt(max) potentially thatare-potentially-representative of the-modern
157  ecean-marine systems (e.g., 35%o and 1.1%o0 Myrliseediscussion-below, respectively)),

158  Equation- 3 yields the modern seawater sulfate mass of Msw = 1.3 x 102! g {assumingFpv=4x

159  10%gw*)-and Equation- 4 yields the modern seawater sulfate concentration of ~29 mM

160  {Millero,2005).

161 Relationships among the rate-method medel-parameters are illustrated in Figure 1 for
162 A%*Scas-py from 1 to 100%e. (ordinal scale) and for discrete values of 0834Scas/dt(max) ranging
|163 from 1 to 100%0 Myr! (diagonal lines)._ [SO472]sw increases linearly with increasing A3*Scas.py (at
164  constant 0863*Scas/dt(max)) and decreases linearly with increasing 53*Scas/dt(max) (at constant
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A3*Scaspy). The ebserved-measured maximum 083*Scas/0t for a paleomarine unit is generally
smaller than the theoretical maximum 8834Sso04/dt because the latter can be achieved only
when the source flux of seawater sulfate-sulfur is reduced (at least transiently) to zero (Kah et
al., 2004), which does not routinely occur in nature. As a consequence, rate-method estimates

of [S04%|sw fera-givenpaleomarinesystem-are generally are-larger than actual seawater

sulfate concentrations, so Eg-uation 4 yields the maximum likely [SO4%]sw for a_paleomarine Formatted: Font color: Auto
unit A-nterval-of interest. This outcome can beis illustrated by a calculation for the modern Formatted: Font color: Auto
ocean, using A3*Scas.py of ~30-60%o {e-g-Canfield-and Thamdrup,1994)-and 063*Scas/dt(max) of Formatted: Font: Not Italic
~0.57%o Myr ! (based on the Cenozoic seawater sulfate §34S record; Paytan et al., 1998). These Formatted: Font: Not Italic
inputs yield [SO4%]sw(max) values between ~40 and 120-80 mM, which is modestly larger than Formatted: Space Before: 0 pt
the actual modern [SO4%]sw of ~29 mM (Fig. 1). Overestimation of modern [SO4%]sw is due to Formatted: Subscript
the-fact-thatobserved-measured 063*Scas/dt values for the Cenozoic arejust(-<0.7%o0 Myr: Formatted: Font color AU
1<0.5%-Myr™) -and-thus-have notapproachedbeing lower than the theoretical maximum for
modern seawater (~1-2%o Myr?; Fig. 1). This situation is probably typical efthe-marinesulfur Formatted: Font color: Auto
eyele-through-timeof marine units of all ages—maximurm-pbserved-measured rates-efdrates of Formatted: Font color: Auto
534Scas variation/8t are-will generallygeingto-be lower than the theoretical maximum Formatted: Font color: Auto
theoreticalrates-because the source flux of sulfur to the oceans hasprebablynevergonerarely Formatted: Font color: Auto
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The results of the rate method depend on the parameterization of the pyrite burial flux

(Fpy). This method is likely to yield an accurate estimate of seawater sulfate concentrations
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only if Fpy is inversely proportional to the residence time of sulfate in seawater (tso4), which
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basically requires the marine sulfate system to be in equilibrium. If a value for Fpy is chosen
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that is much larger or smaller than the equilibrium flux, then seawater sulfate concentrations
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will be overestimated or underestimated, respectively (see Appendix B1 for extended
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discussion). Second, the pyrite burial flux has almost certainly varied through time. Since pyrite
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burial flux is a component of Equations 2 and 3, variations in this parameter will influence
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calculated seawater sulfate concentrations. Phanerozoic variation in pyrite burial fluxes has
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been calculated in several global carbon-sulfur cycle models (e.g., Berner, 2004; Bergmann et
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al., 2004), although the details remain unpublished. We therefore explored the effects of
variable pyrite burial fluxes on seawater sulfate estimates by using the [SO4Z]sw-dependent
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pyrite burial flux relationship of Wortmann and Chernyavsky (2007). This procedure yielded

Formatted:

Font color: Auto

Phanerozoic [SO4Z]sw estimates that are close (+10%) to our original values (see Appendix B2
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for extended discussion).
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2.2 The MSR-trend method
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An alternative approach to constraining ancient seawater sulfate concentrations is based on an Formatted:
empirical relationships with-to the-S-isotope fractionation associated with microbial sulfate Formatted:
reduction (Fusr). We evaluated this relationship by compiling A3*Ssuifate-suifide and [S04%]aq data Formatted:
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for 81 examplesfrom-modern agueeus-depositional systems;ineludingfreshwater-brackish; Formatted:
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marineand-hypersaline-environments (Table Al; cf. Habicht et al., 2002). Each system was Formatted
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classified (1) by salinity, as freshwater (<10 psu), brackish (10-30 psu), marine (30-40 psu), or
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207  hypersaline (>40 psu; n.b., psu = practical salinity units), and (2) by redox conditions, as oxic or
208  euxinic depending on whether the chemocline was within the sediment or the watermass,
209  respectively.

210 In the interests of applying uniform criteria to the generation of this dataset, we
211 followed a specific protocol. FhirdFirst, we adopted a modern seawater sulfate concentration

212 of 2775 mg L, -or 28.9 mM at{given an average seawater density of 1025 kg m=3} (Millero,

213 2005). For brackish marine watermassespen-marinesettings, we used measured aqueous
214  sulfate concentrations or, whereverif unavailable, estimated ~Where-unavailable forbrackish

215  er-hypersalinemarine systemswecalewlated-dissolved sulfate concentrations from salinity

216  data:

217 [SO4Z] = [SO4Z]sw xS /Ssw

218 (5)

219  where [SO4%] and S are the sulfate concentration and salinity of the watermass of interest, Formatted: Space After: 6 pt, Don't adjust space between

220 esgectlveIL and Ssw is the salinity of average seawater 35 psu). Latin and Asian text, Don't adjust space between Asian text
and numbers

221

222 %m%&%b%%%&akeﬁe&%%he#w-{%@4&§%m&m&ma+be
223 limited-FirstSecond, we used only in-situ water-column measurements of aqueous sulfate 534S

224  foragqueoussulfate. SecondThird, we used sulfide 334S values either from aqueous H,S or from /[ Formatted: Subscript

225  sedimentary sulfide proxies located used-in-situ-water-cetumn-orwithin a few centimeters of
226  the sediment-water interface, thus avoiding -wppermestsediment-porewatermeasurementsof
227  &*Storagqueoussulfideor-iflackingmeasurementsof 83Sof sedimentarysulfide-as-aproxy
228  foragueoussulfide-Because solid-phase-sedimentary sulfides generatlyexhibit a-pronounced
229  shiftteward-morethat might be significantly 34S-enriched cempesitions-underowing to sulfate-
230 limited {e-g5-burial} conditions_ (Kaplan et al., 1963; Canfield et al. 1992 —we—used—é“%—vawes
231 ; withi W i of the ‘ ;

232 However, some variation in 33*S among cogenetic early-formed sedimentarv sulfides is

233  common. Acid-volatile sulfur (AVS, consisting mainly of monosulfides; Rickard, 1975) tends to
234 have a heavierlighter sulfur isotopic composition, closer to that of the instantaneously

235  generated H;S at a given sediment depth, because it converts quickly to pyrite with-burial

236  (Zaback and Pratt, 1992; Lyons, 1997). On the other hand, or-and-erganic Ssulfur tends to be
237  isotopically heavier pessibly-owing to late-stage sulfurization of organic matter or,

238  possibly,ewing to fractionations associated with-thesulfurization-of erganiematterwith sulfur
239  uptake (Zaback and Pratt, 1992; Werne et al., 2000, 2003, 2008). Seme-variationin-'S-ameng
240  cogeneticsedimentary-sulfides-iscommon—Pyrite S-isgenerally-more3*S-depleted-than-acid-

241
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247  2098-ForthesereasonswAlthough our dataset |nc|udese—u~t-m-z-ed a combination of pyrlte
248  AVS, total reduced sulfur (TRS), and-ratherthan-AVS-orothersolid-phasesulfidesasaproxyin
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estima aqueous H»S tingagueocussulfide-83*Ssulfur isotopic data owing to variations in sample
analysis among published studies, it is weighted toward pyrite data (n = 48 out of a total of 81;
Table A1). An analysis of A34Ssuifate-sulfide Variation among the multiple sulfide sources used in
our study revealed no statistically significant differences (see Appendix B3). Because pyrite 534S
is frequently analyzed in paleomarine studies, our MSR trend (Fig. 2) should be widely
applicable to an analysis of paleoseawater sulfate concentrations. —One caveat in this regard is
that A34Scaspy estimates for paleomarine units should be based on syngenetic or early
diagenetic pyrite, as determined by well-established petrographic and geochemical criteria

(e.g., Wilkin et al., 1996; Lyons and Severmann, 2006).Fhizd=we-adepted-amedern rater
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The protocol described above produced an internally consistent dataset (Table A1) that *’{ Formatted: Space After: 6 pt J

exhibits a pronounced relationship between A3*Ssuifate-suifide and [SO4%aq (Fig. 2a). Regression of

A3*Sguifate-sulfide 0N [SO4%]aq yields a linearstrong positive relationship with-a-strongpesitive
correlation-(r? = +0.980, p(a) <0.01). The trend represents an increase in A3*Ssuifate-sulfide from

/{ Formatted: Font: Italic ]

~4-6%o at 0.1 mM to ~30-60%. at 29 mM (i.e., modern seawater [SO4%]). A3*Ssuifate-sulfide
appears to peak at [SO4%]aq of 15-20 mM, with a mean value ~5-10%o greater than for [S04%]aq
of 29 mM {SO4%*}sw, but this effect is small relative to the overall relationship between
A3*Suifate-suifide and [SO4%]aq, and we did not factor it separately into the regression analysis. For
hypersaline environments in which [S04%]aq >29 mM, A3*Sguifate-suifide does not continue to rise
but, rather, shows roughly the same range as for modern seawater (Fig. 2a). Finally, we
analyzed the data by redox environment and found only minor and statistically insignificant
differences between oxic and euxinic settings (n.b., hypersaline environments were not
included in this analysis)._ The distributions of the oxic and euxinic datasets show broad overlap
(Fig. 2a), so benthic redox conditions appear to exhibit no discernible influence on the
relationship of A3*Ssuifate-suifide t0 [SO4%]aq.

Our analysis demonstrates that a strong relationship exists between Fusk and [S04%]aq
in natural aqueous systems (r* = +0.980, p(o) <0.01; Fig. 2a). Our results are similar to,

\[ Formatted: Font: Symbol ]

Latin and Asian text, Don't adjust space between Asian text
and numbers

«ﬁ Formatted: Space Before: 6 pt, Don't adjust space between

although more linear and more statistically robust than, those reported by Habicht et al. (2002)
on the basis of culture experiments. We recognize that there are multiple environmental and
physiological controls on fractionation by sulfate reducers (see discussienbelowSection 3), and
that under certain natural and experimental conditions the relationship of Fmsr to [S04%]aq can
deviate markedly from that in our dataset. However, the pattern of covariation between Fusr
and [S04?%]aq documented here represents a robust relationship that appears to hold for a wide
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291  range of natural environments, reflecting a-the widespread-and-possibly near-ubiquitous

292  influence of [SO4%]aq on Fmsk. The apparent breakdown of this relationship in hypersaline /{ Formatted: Font color: Auto

293  environments (Fig. 2a) needs further testing; our dataset for hypersaline environments is too ///[ Formatted: Font color: Auto

294  small (n = 6) to reach firm conclusions. NenethelesstHowever, the strength of the Fuvsr-

295  [SO4%]aq relationship shewn-in-Figure2afor watermasses with salinities ranging up to ~40 psu
296  suggests that it can serve as a basis for evaluating the [SO4%]aq of ancient seawater. Seawater
297  [SO4%] can be estimated graphically by projecting measured values of A3*Scaspy from the

298  ordinal scale to the MSR trend and then to the abscissa (Fig. 2b), or by using the following

299  empirical equation:

300 10g[S04?] = 8:42x(log(A3*Scas-py) — 1.10) / 0.42-0-15 _
301 (6)

302 The upper and lower uncertainty limits for estimates of seawater [SO4?] based on this
303 relationship are:

304 10g[S04%] = 0:40-x(log(A3*Scas-py) — 1.18) / 0.40-0:02  (upper limit)
305 — 7)
306 10g[S04?] = 0:44-x(log(A3*Scas-py) — 1.02) / 0.44—028  (lower limit)
307 @ —— (8)

308 In order to account for uncertainties in A3*Scas.py as well as the Fusr regression, estimates of
309  minimum [SO4%]sw should make use of minimum A3Scas.py values in combination with the

310  upper uncertainty limit equation (Eq. 7), and estimates of maximum [SO4%]sw should make use
311 of maximum A34Scas-py values in combination with the lower uncertainty limit equation (Eq. 8;
312 Fig. 2b).

313

314 3 Controls on fractionation by microbial sulfate reducers

315 The biogeochemical nature of the microbial sulfate reduction (MSR) process and its associated «f**{ Formatted: Space After: 6 pt

316  S-isotope fractionations have been extensively investigated in earlier studies. Sulfate reducers
317  preferentially utilize sulfate containing 32S during dissimilatory reduction to hydrogen sulfide in
318  conjunction with the anaerobic decay of organic matter (Kaplan, 1983; Canfield, 2001; Bradley
319 etal., 2011)._ The exact controls on this isotopic discrimination continue to be a topic of intense
320 debate. The paradigmatic view is that this fractionation is mainly a kinetic effect associated
321 with the rate-limiting step for intracellular sulfate processing, although it is known that

322 fractionation also may accompany sulfate transport across the cell membrane (Rees, 1973;

|323 Detmers et al., 2001; Briichert, 2004; Bradley et al., 2011). The kinetic effect is thought to be
324 dependent on aqueous sulfate concentrations, with substantially larger fractionations

325  associated with [SO4%]aq >~200 uM (Habicht et al., 2002; Gomes and Hurtgen, 2013; but see
326  Canfield, 2001, for a counter example). Rees (1973) proposed a maximum discrimination of
327  46%o but the theoretical basis for this value was re-assessed by Brunner and Bernasconi (2005).
328 Recent studies have documented Fmsr as large as 66%o in culture experiments (Sim et al.,

329  2011a) and 70-802%e in natural systems (Rudnicki et al., 2001; Wortmann et al., 2001; Canfield
330 etal., 2010). Even larger fractionations have been reported but are generally considered to be
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the result of multistage disproportionation of intermediate-oxidation-state sulfur compounds
(Canfield and Thamdrup, 1994).

Investigations of natural and experimental systems have documented a number of
additional controls on Fusr. One of the most important controls is fsoa, i.e., the fraction of
remaining dissolved sulfate (Gomes and Hurtgen, 2013)._In ‘open systems’ containing a high
concentration of dissolved sulfate (e.g., the modern ocean), fsos does not vary measurably from
1.0 because the quantity of sulfate converted to sulfide via MSR is a small fraction of the total
aqueous sulfate inventory. In this case, the produced sulfide will show the maximum degree of
fractionation, which is typically ~30 to 60%o in modern marine systems (Habichtand-Canfield;
1997 Fig. 2a; Table Al)._In contrast, in ‘closed systems’ in which the aqueous sulfate inventory
is limited (e.g., sediment porewaters or low-sulfate freshwater systems), dissolved sulfate
concentrations can be substantially reduced or completely depleted through MSR, causing fsos
to evolve toward zero. As [SO4?]aq becomes smaller, sulfate reducers utilize a progressively
larger fraction of the total dissolved sulfate pool, reducing the effective fractionation to small
values (Habicht et al., 2002; Gomes and Hurtgen, 2013)._In these settings, the aggregate 534S
composition of the produced sulfide approaches that of the original aqueous sulfate inventory,
and A3*Ssuifate-sulfide approaches zero (Kaplan, 1983; Habicht et al., 2002). In a macro sense, fsos
can be proxied by [SO4%]aq, accounting for the strong first-order relationship between the latter
parameter and A34Ssuifate-sulfide (-r* = +0.980, p(a) <0.01; Fig. 2a). However, not all researchers
agree on the importance of fsos as a control on Fwsr (e.g., Leavitt et al., 2013).

Other factors may influence Fmsr under certain conditions._First, different dissimilatory
reduction pathways yield different isotopic discriminations. Oxidation of organic substrates to
CO2 yields larger fractionations (~30-60%o) than oxidation to acetate (<18%.) (Detmers et al.,
2001; Brichert et al., 2001; Briichert, 2004)._Incomplete oxidation of organic substrates is a
feature characteristic of sulfate reducers in hypersaline environments (Habicht and Canfield,
1997; Oren, 1999; Detmers et al., 2001; Stam et al., 2010) and may account for the somewhat
smaller fractionations typically encountered in such environments (Fig. 2a)._ Second, the type of
organic substrate also matters, as ethanol, lactate, glucose, and other compounds yielded a
rangedifferent-ef fractionations under otherwise similar conditions (Canfield, 2001; Detmers et
al., 2001; Kleikemper et al., 2004; Sim et al., 2011b). Third, sulfate reduction rates may also
influence Fmsg, with higher rates associated with smaller isotopic discriminations (Kaplan and
Rittenberg, 1964; Kemp and Thode, 1968; Rees, 1973; Chambers et al., 1975; Habicht and
Canfield, 1996; Briichert et al., 2001; Canfield, 2001; Brunner and Bernasconi, 2005). Recent
experiments by Leavitt et al. (2013) showed that Fmsr declines rapidly with increasing sulfate
reduction rates before leveling off at ~15-20%. at rates >50 mmol H2S per unit substrate per
day. Habicht and Canfield (2001) hypothesized that Fwmsr is only incidentally related to sulfate
reduction rates because both are correlated with the disproportionation of intermediate-
oxidation-state S compounds by sulfur-oxidizing bacteria, which have probably been present
since the Archean (Johnston et al., 2005; Wacey et al., 2010)._Fourth, cell external sulfide (CES)
concentrations, when high, can cause back-diffusion of sulfide into cells, with subsequent
oxidative recycling to sulfate (Brunner and Bernasconi, 2005; Eckert et al., 2011). Finally,
temperature has been shown to affect Fmsr in some studies (e.g., Canfield et al., 2006) but not




373
374

375
376
377

|378
379
380
381
382

383
384

|385
386

387
388

|389
390

‘391

392
‘393
394

395
39
397
|308
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413

others (e.g., Detmers et al., 2001). The influence of temperature on Fmsk may operate through
the species-specific temperature dependence of enzymes.

Research to date clearly shows that controls on microbial sulfate reduction are complex
and incompletely understood. _This situation reflects the diverse composition of the microbial
communities that process sulfur in the marine environment and the range of isotopic
fractionations associated with those processes (Briichert, 2004). Yet even though multiple
environmental and physiological factors influence Fwmsr, the strength of its relationship to
[SO4%1aq, as documented in this study (Fig. 2a), implies that aqueous sulfate concentrations are
the dominant first-order control on Fmsr, and that other factors such as organic substrate, rates
of MSR, and temperature are second-order controls whose effects may be randomized at a
larger scale and do not obscure the dominant influence of [SO42]aq in most environments.
Whether the quantitative form of our Fmsr-[S04?]aq relationship is unique to the present or
valid for the geologic past is unclear. Microbial S-cycling processes are thought to have been
conservative through time (e.g., Wacey et al., 2010), although lower atmospheric pO2 prior to
~635 MaB-63-Ga may have limited disproportionation of intermediate-oxidation-state sulfur
compounds and, thus, the potential for large fractionations (Habicht and Canfield, 2001;
Sgrensen and Canfield, 2004; Johnston et al., 2005). In the following analysis, we adopt the
Fmsr-[SO4%]aq relationship of Figure 2a as a basis for evaluating the [SO4%]aq of ancient
seawater from 2635 Ma8-63-Ga to the present.

4. Estimation of seawater sulfate concentrations since 630-635 Ma

4.1 General considerations and modeling protocol

T¥he rate and MSR-trend methods ef-estimating[SO4> Jsw-previde-a-basisforcan be applied to «*7*{ Formatted: Space After: 6 pt

analysis of long-term variation in seawater sulfate concentrations. Although both methods
utilize measured values of A3*Ssuifate-sulfide as a proxy for Fusg, they are quasi-independent in
having different transform functions. The transform function of the rate method (Egs. 3-4)
makes use of observed rates of seawater sulfate S-isotopic variation (i.e., 333*Scas/dt(max)),
whereas that of the MSR-trend method (Egs. 6-8) makes use of an empirical relationship
between Fumsr and [SO4%]aq.. The two methods appearte-beare applicable over approximately
the same range of [SO4%]sw concentrations (~¥0.1-30 mM). However, their transform functions
have different sensitivities to [SO4%]sw, with that of the MSR-trend method being greater ewing
toas reflected in its lower slope (m = 0.42; Fig. 2) compared with that of the rate method (m =
1.0; Fig. 1)._Thus, a combination of beth-the two methods may be the most useful approach to
constraining ancient seawater [SO4%]. Because the rate method yields estimates of maximum
likely [SO4%]sw, it should generally yield a higher estimated sulfate concentration than the MSR-
trend method, which estimates the mean [S04%]sw of the time interval of interest._ The pairing
of these procedures is thus useful in providing both mean and maximum estimates of paleo-
seawater sulfate concentrations. Combining these two methods is also useful in providing a
check on the robustness of the results.. For example, if the maximum estimate yielded by the
rate method is less than the mean estimate yielded by the MSR-trend method, then the results
should be considered unreliable.
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Both the rate and MSR-trend methods require defined input variables for calculation of
paleo-seawater [SO42]. For the rate method, a record of secular variation in seawater sulfate
5%S is needed from which to calculate 363*Scas/dt. We generated a seawater sulfate 534S
record for the Phanerozoic by combining published 834Scas datasets for the Cenozoic (Paytan et
al., 1998), Cretaceous (Paytan et al., 2004), and pre-Cretaceous (Kampschulte and Strauss,
2004) (Table A2; Fig. 3a). We calculated LOWESS curves for this composite record per the
methodology of Song et al. (2014). LOWESS curves were generated at both a low frequency
(i.e., 5-Myr steps) and a high frequency (i.e., 1-Myr steps), the latter resulting in less smoothing
of the long-term 8**Scas trend (Fig. 3a).. The LOWESS curves were then used to calculate rates
of change in seawater sulfate concentrations (d534Sso4/dt) through the Phanerozoic (Fig. 3b).
For both the rate and MSR-trend methods, A3*Ssuifate-sufide is a defined input variable. As a
proxy, we utilized the Phanerozoic A3*Scas.py record of Wu et al. (2010). According to this
record, A3*Scas-py averaged 30£3%o from 540 to 300 Ma, increased gradually from 30%o to 45%o
between 300 and 270 Ma, and then fluctuated around 42+5%. from 270 to 0 Ma (Fig. 3c).

4.2 Long-term variation in seawater sulfate concentrations

Our composite record shows that seawater sulfate 834S was heavy (~¥30-40%o) during the *””{ Formatted: Space After: 6 pt

Ediacaran to Middle Cambrian, then-declined steeply during the Late Cambrian to Early
Ordovician, and stabilized at intermediate values (~20-30%.) during the Middle Ordovician to
Early Devonian (Table A3; Fig. 3a). Sulfate 83*S declined further during the Middle Devonian to
Early Mississippian, reaching a minimum of ~12-16%o. during the mid-Mississippian to end-
Permian. Sulfate §3*S then rose sharply to ~20%o during the Early Triassic, before declining
slightly to a local minimum of ~15%o. around the Jurassic-Cretaceous boundary. Sulfate 534S
rose slowly during the Cretaceous and early Cenozoic, firishing-with-a+apieHincreased rapidly
from 17%o to 22%e. at 40-50 Ma, before-and then stabilizeding at 21-23%o during the mid- to
late Cenozoic (Fig. 3a). The low-frequency LOWESS curve exhibits low rates of §3S variation,
with a mean of 0.25(+0.17)%o Myr! and a maximum of ~0.8%. Myr (Fig. 3b). The high-
frequency LOWESS curve exhibits somewhat higher rates of 534S variation, with a mean of
0.40(+0.45)%0 Myr! and a maximum of ~2.5%0 Myr (Fig. 3b).. Both curves show exceptionally
low rates of seawater sulfate §34S variation during the Late Cretaceous and Cenozoic (the
‘Cenozoic minimum’) and the mid-Mississippian to mid-Permian (the ‘Late Paleozoic minimum’)
Our reconstructions of mean and maximum seawater sulfate concentrations through
the Phanerozoic, based respectively on the MSR-trend and rate methods, are shown in Figure 4.
The mean curve suggests that [SO4%]sw was low in the late Ediacaran (~1-4 mM) but rose
sharply in the Early Cambrian (to ~3-15 mM) and remained in that range until the Permian. A
long, slow rise in [SO4%]sw began in the Early Permian and culminated at ~12-38 mM in the
Middle Triassic. Subsequently, [SO4%]sw declined slightly uati-by the mid-Cretaceous (to ~7-25
mM) e=~7-25-mM}-and then rose slightly during the Late Cretaceous to early Cenozoic (to 11-
35 mM). The standard deviation range for the mean curve (blue band) suggests an uncertainty
of plus or minus a factor of ~2xX in the mean estimate, with the magnitude of the uncertainty
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shrinking modestly from the Cambrian to the present. The modern seawater sulfate
concentration of 29 mM falls within the standard deviation range of the mean trend (Fig. 4).

A maximum [SO4%]sw curve can be calculated for both the low- and high-frequency
Phanerozoic 634S records of Figure 3a. The low- and high-frequency maximum [SO4?]sw curves
(shown as black and red lines, respectively, in Figure 4) mirror the upward trend through the
Phanerozoic seen in the mean curve and, thus, are consistent with a factor of ~4xX increase in
seawater sulfate concentrations since the Early Cambrian._Although the maximum [SO4%]sw
curves exhibit values that are mostly unrealistically large, it is worth noting that (1) these curves
represent the maximum possible, not the most likely, concentrations of seawater sulfate; and
(2) the smallest values on the maximum curves are more robust constraints on [SO4%]sw than
the largest values. The second observation is based on the fact that the smallest values derive
from the largest measured rates of 83*Scas variation (Fig. 3b), i.e., those rates than most closely
approach the theoretical maximum, whereas the largest values are associated with intervals of
little or no 83*Scas variation. Thus, the lower envelope of maximum [SO4%]sw values (dashed
line, Fig. 4) provides a more useful constraint on seawater sulfate concentrations than the full
curve-. We also suggest that, although the upper limits on [SO4%]sw imposed by the rate
method may have limited utility for assessment of Phanerozoic seawater sulfate, this method
may be of greater value in analyzing Archean and Proterozoic seawater sulfate concentrations,
which are thought to have been quite low (<1 mM; Kah et al., 2004; Canfield et al., 2007;
Planavsky et al., 2012).

The results of the rate method are dependent on several factors that influence the
estimation of rates of seawater sulfate 33S variation. Onthe-one-hand-05%Ss0s4/dt(max) can
may be overestimated if there is an increase in 834Scas variance due to diagenesis efsamples-or
procedural artifacts during CAS extraction, or it may be —Onr-the-etherhand;underestimated if
there is a decrease in §**Scas variance due to diagenesis or procedural -data smoothing, Data

smoothing -sis -inherent in the calculation of LOWESS curves-ealeutationreducing-the-varianece
-high-frequeney-datasets (cf. Song et al., 2014), and -thusresultingin-an-underestimation of
9534Ss0a/dt(max). is thus almost certain when smoothed 334Ssos datasets are used as inputs.
Fheconclusion-thatsuch-sltmoothing has-oeceurredingeneratingmay be responsible for the
absence of short-term excursions in the-our Phanerozoic [SOaZ]sw LOWESS-curve of(Fig.ure 3a)
isinescapable, since giventhe documented-existence-of anumberofshorta number of short {
{<2--Myr) intervals }Hntervals-of strongly elevated d334Sso4/0t rates within-have been
documented for the Phanerozoic (Wortmann and Chernyavsky, 2007; Adams et al., 2010; Gill et
al., 2011a,b; Newton et al., 2011; Wotte et al., 2012; Owens et al., 2013; Song et al., 2014; see
below-forfurtheranalysisSection 4.3). During these intervals, 333*Sso04/dt ranged from 10 to
>50%o0 Myr! (Table A4), rates that are considerably higher than peak rates for the long-term
834Scas curve (ca. 2-4%o0 MyrL; Fig. 3b). Because lower values for d534Ssoa/dt(max) yield higher
maximum estimates of [SO4%] for ancient seawater (Egs. 3-4), smoothing may account for some
of the divergence between the mean and maximum trends in Figure 4. The existence of such
Phanerozoic-appearsto-be-characterized-by-sueh-short-term episodes of seawater sulfate
drawdown during the Phanerozoic has been attributed to several causes, includingmainty-asa
conseguence-of episodic massive evaporite deposition (Wortmann and Paytan, 2012) and
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522  shows a strong relationship to first-order Phanerozoic climate cycles (cf. Algeo et al.,

523  20432014). In particular, the interval of the Late Paleozoic Ice Age, which lasted from the mid-
524  Mississippian through the mid-Permian, was characterized by a major change in the oceanic
525  sulfate reservoir. At that time, minimum values developed for both seawater sulfate 534S (~12-
526  16%o; Fig. 3a) and rates of §3*Ssoa4 variation (<1%o Myr%; Fig. 3b), accompanied by a concurrent
527  increase in mean-sulfate-sulfide fractionation (from <30%. to >40%o; Fig. 3c). Whether these
528 are general features of seawater sulfate during icehouse climate modes is not entirely certain.
529  Asecond interval of majerglobal climatic cooling and continental glaciation during the Late

530 Cretaceous and Cenozoic also shows low rates of 3*Ssos variation and an increase in sulfate-
531 sulfide fractionation but, in contrast to the Late Paleozoic, 3*S-enriched and relatively stable
|532 seawater sulfate §34S values (Fig. 3). The greater stability of seawater sulfate 334S during the
533  Cenozoic relative to the Late Paleozoic may be due to a long-term increase in total seawater
|534 sulfate mass (Figs. 4-5). We hypothesize that the Late Paleozoic was characterized by low rates
535  of pyrite burial (hence, lower §**Ssos) and a consequent increase in the mass of seawater

|536 sulfate (hence, lower d534Sso04/dt) (cf. Halevy et al., 2012)._Low rates of pyrite burial at that

537  time may have been due to a combination of lower sea-level elevations (reducing the total shelf
538  area available for sulfate reduction; cf. Halevy et al., 2012; Algeo et al., 2014), enhanced

539  oceanic ventilation (increasing aerobic decay of organic matter), and increased burial of organic




540  matter in low-sulfate freshwater settings, which was linked to the spread of terrestrial floras
541  (DiMichele and Hook, 1992).

542

|543 4.3 High-frequency variation in seawater sulfate during the Neoproterozoic and «——{ Formatted: Space Before: 0 pt

544  Phanerozoic

|545 We applied the rate and MSR-trend methods to an analysis of short-term variation in [SO4%]sw *f*f{ Formatted: Space After: 6 pt

546  during selected intervals of the Neoproterozoic and Phanerozoic for which high-resolution

|547 834Scas studies are available. For the Neoproterozoic, recent studies have provided S-isotope
548  records from a number of sites globally as well as improved radiometric geochronologic

549  constraints that are needed for the rate method. Based on these studies, we have estimated
550  9383%Ssosa/dt(max) for 10 late Neoproterozoic units (Table A4; Fig. 6). Radiometric studies of the
551  Doushantuo Formation in South China (Halverson et al., 2005; Zhang et al., 2005, 2008)

552 provided key ages from which we calculated 833*Scas/dt(max) of 5% Myr™ at ~636-633 Ma and
|553 1.3%0 Myr! at ~568-551 Ma (McFadden et al., 2008; Li et al., 2010). The Neoproterozoic

554  succession of Sonora, Mexico yielded 333*Scas/dt(max) estimates of 6%o0 Myr? and 4%o0 Myr!
|555 (Loyd et al., 2012, 2013). The latest Neoproterozic Zarls Formation (Nama Group) in Namibia
556  and upper Hugf Supergroup in Oman yielded 383*Scas/dt(max) estimates of 20%o0 Myr* and
557  40%o Myr?, respectively, at 549-547 Ma (Fike and Grotzinger, 2008; Ries et al., 2009). The rate
558 method yielded [SO4%]sw estimates ranging from <0.1 to >100 mM, altheugh-with the-majority
559  felimost between ~1 and 10 mM (Table A4). The MSR-trend method yielded [SO4%]sw

560 estimates ranging from <0.1 to 70 mM, with a+rajeritymost between ~1 and 16 mM. Manyest
561 units exhibit combinations of 383*Scas/dt(max) and A3*Scas.py values that plot close to or slightly
562  below the MSR trend (Fig. 6), yielding [SO4%]sw estimates for the MSR-trend method that are
563  equal to or somewhat smaller than the rate-based estimates. This pattern conforms to our
564  expectation that the rate method yields maximum estimates of [SO4%]sw. The only potentially
565 anomalous result is for the upper Huqgf Supergroup, which yielded a ‘mean’estimate-based-en
566  the-MSR-trend method-estimate (12-45 mM) that is larger than the “maximum—estimate-based
567 entherate--method estimate (1.5-8 mM; Table A4).

568 We also analyzed [SO4%]sw for a set of 8 units of Cambrian age. These units yielded

569  953*Scas/dt(max) of 7 to 23%0 Myr ! for the Early Cambrian, 9 to 20%o Myr ! for the Early-Middle
|570 Cambrian boundary (EMCB), and 8 to 20%o. Myr* for the Late Cambrian SPICE (Table A4; Fig. 7).
571 These ranges are sufficiently similar that they suggest a limited range of seawater [SO4?’]

572  variation during the Cambrian._The rate method yielded [SO4%]sw estimates ranging from <0.1
573  to 18 mM, altheugh-the-majerity-fellwith most between ~1 and 6 mM. The MSR-trend method
574  vyielded [SO4%]sw estimates ranging from <0.1 to 40 mM, with a-majeritymost between ~1 and 8
575 mM. The two methods thus yielded similar estimates of seawater sulfate concentrations,

576  implying that the results are reasonably robust and that the rate method is not yielding

|577 unrealistically large values._All Cambrian units showed sulfate-sulfide fractionations smaller

578  than the Paleozoic mean of 30+5 (Wu et al., 2010), resulting in lower [SO4%]sw estimates than
579  for the long-term record (Fig. 4). Once again, most units exhibit combinations of

580  063*Scas/0t(max) and A3*Scas-py values that plot close to or slightly below the MSR trend (Fig. 7).
581  However, two units (the SPICE events in Australia and Nevada) yielded “mean’estimatesbased
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on-the-MSR-trend methed-estimates that are larger than their—maximum—estimates-based-en
their rate--method estimates._ The reasons for these_potentially anomalous results will be
considered below.

Finally, we analyzed a set of 8 Mesozoic units, ranging in age from the Early Triassic to
the late Middle Cretaceous (Table A4; Fig. 8)._ These units yielded-show 083*Scas/dt(max) of 6 to
60%o0 Myr!, with the highest rates during the Early Triassic and Early Jurassic. The rate method
yielded [SO4%]sw estimates ranging from 1.1 to 120 mM, altheughthe-majority-fellwith most
between ~3 and 20 mM. The MSR-trend method yielded [SO4%]sw estimates ranging from 1 to
110 mM, with a-majeritymost between ~30 and 100 mM (Table A4). In contrast to the late
Neoproterozoic and Cambrian{see-abeve}, manyest Mesozoic units exhibit a narrow spread of
A3*Scas-py values that conform with the mean sulfate-sulfide fractionation for the Mesozoic-
Cenozoic (Wu et al., 2010; Fig. 8) and that are within the range efvaluesshewn-byfor modern
marine systems (~30-60%o; Table AlHabichtand-Canfield1997). As a consequence, the
rajerity-efmany Mesozoic units exhibit the anomalous pattern of having “mean—estimates
based-en-the-MSR-trend methed-estimates that are larger than their “maximum—estimates
based-entherate--method estimates{Fig—8}.

Ideally, the rate and MSR-trend methods will yield similar [SO4%]sw estimates, providing
support for the correctness of the results, and a majority of the paleomarine units considered in
this study follow this pattern. However -but differing-estimates-may-alse-provide-information:
Although-thisis-true-of the-majority-of the-unitsabeve,aa subset of the study units -show
deviatiens-differences that fall into two categories: (1) Type | deviation: rate method estimates
>> MSR-trend estimates urits-with-unusualy-low-8834Scas/ot{max)yielding rate-based
estimatesof [SO4 Jsw-muchlarger than-MSR-trend-based-estimates-(lower right field, Fig. 9),
and (2) Type Il deviation: MSR-trend estimates >> rate method estimates units-with-unusually
high-86%*Scas/otimax)-yieldingrate-based-estimatesof [SO 47 }sw-much-smaller than-MSR-
trend-based-estimates-(upper left field, Fig. 9). Such deviations may provide insights into
underlying controls on seawater sulfate concentrations. The most likely explanation for the
firsttype-of Type | deviations is that -the ebserved-measured d534Scas/dt(max) for a given unit is
much less than its theoretical maximum. This situation can develop whenever the marine
sulfur cycle is in equilibrium (i.e., source and sink fluxes in balance), reflecting persistently
stable environmental conditions._In this case, the rate-methodbased estimate of [SO4%]sw
would have little relationship to actual [SO4%]sw, although the MSR-trend-based estimate may
still be a good proxy for [SO4%]sw. Surprisingly, very few of the analyzed units (Table A4) show

asignificantType | deviations-efthis-type, perhaps because the most heavily scrutinized ancient
geologic epochs -are those with unstable environments.

— Thesecond-type-oflype |l deviations, in which d63*Scas/dt(max) is anomalously

high, areis more common, being present in three units of late Neoproterozoic and Cambrian
age (F|gs 6-7) and ne—ﬁewer—tharﬁ out of 8 umts of Mesozmc age (Flg 8) IMs—pa%tandee&net

wa#ani—eenerd-e#at—mSeveral factors might potent|a|lv produce thls pattern. First,
35%4Scas/dt(max) may have been overestimated because-ofproblemsrelated-to-dating
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racedraciesowing to inadequate geochronologic constraints, diagenetic artifacts, or analytical
uncertainties in measuring 83Scas. However, the ebservation-fact that deviations-efthis
typeType Il deviations are more common among Mesozoic units (Fig. 8), which are generally
better dated and less diagenetically altered than older units (Figs. 6-7), suggests that such
problems are relatively uncommon and unlikely to be responsible for most efthe-ebservedsuch
anomalies._Second, the measured A34Scas-py for a given paleomarine unit may be
unrepresentative, perhaps because of unusually large MSR fractionations euring-MSR-(cf.
Habicht et al., 2002; Canfield et al., 2010). This explanation may be applicable, for example, to
the-Pleistocene Mediterranean sapropels -ef-(Scheiderich et al., 2010), which exhibits an
unusually large A34Scas-py values (60+£5%s; Fig. 8).. However, none of the anomalous units of late
Neoproterozoic, Cambrian, or Mesozoic age exhibits a A3*Scas.py larger than the typical modern
range of ~30-60%o, so elevated sulfate-sulfide fractionation is unlikely as a general explanation.
We are therefore inclined to regard most these-Type |l deviations as products of local
depositional conditions and to seek an environmentally based mechanism to account for them.

One-method-efgeneratingA possible environmental explanation for Type llthe-second
fype-of deviations isisfer sulfate reduction withte-eceu+in a restricted-marine basin. In this
case, A3*Scas-py wit-beis controlled by seawater [SO4%], which may be identical (or nearly so) to
that in the global ocean. However, the total mass of sulfate in a-the restricted-marine basin will
be much less than that in the global ocean, allowing a more rapid evolution of seawater sulfate
3%4S in response to oceanographic perturbations. We hypothesize that most of the ral-ofthe
type-tweoType Il deviations in our study units are the product of MSR within semi-restricted
marine basins. For example, tFhe Neoproterozoic Ara Group (Hugf Supergroup) of Oman was
deposited in a fault-bounded basin in which massive evaporite deposits accumulated (Fike and
Grotzinger, 2008). Also, mMost of the Mesozoic units showing type-tweType Il deviations are
atse-known to have been deposited in basins that were exhibiting-subject to seme-a degree of
watermass restriction. The Triassic-Jurassic European epicontinental sea was broad, shallow,
and laced with local tectonic grabens with restricted deepwater circulation (Rohl et al., 2001;
Berra et al., 2010). The Early Cretaceous South Atlantic was only weakly connected to the
global ocean during deposition of Aptian{Early-Cretacesus} sediments (Wortmann and
Chernyavsky, 2007), and restriction of the Atlantic Ocean continued at least through deposition
of organic-rich facies at the Cenomanian-Turonian boundary (Owens et al., 2013). The
Cretaceous Western Interior Seaway was almost certainly semi-restricted throughout its
existence (Adams et al., 2010). The only Mesozoic unit not to show a fype-tweType |l deviation,
the Middle Triassic Bravaisberget Formation of Spitsbergen (Karcz, 2010; Fig. 8), was deposited
in the largely unrestricted Boreal Ocean. These examples serve to illustrate the need to
understand the hydrography of paleomarine basins in applying the rate method of estimating
paleoseawater sulfate concentrations.

Comparison of the [SO4%]sw estimates for individual Neoproterozoic and Phanerozoic
units shown in Figures 6-8 with the long-term [SO4?]sw curve in Figure 4 provides additional
insights regarding the-histery-ofsecular variation in seawater sulfate massinventories. With the
exception of the Middle Triassic Bravaisberget Formation, all Mesozoic units exhibit MSR-trend-
based estimates that overlap the long-term trend but rate-based estimates that fall below it
(Fig. 10). As discussed above, we infer that this pattern reflects anomalously high measured



667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689

690

691

692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708

953*Scas/0t(max) values as a consequence of rapid evolution of seawater sulfate 34S within
semi-restricted -marine basins of the proto-Atlantic and western Tethys oceans. Cambrian
units exhibit a wide range of [SO4%]sw estimates, although a cluster of results falls just below
the long-term trend, with many estimates between 1 and 5 mM (Fig. 10). We infer that either
our long-term record (Fig. 4) overestimates [SO4%]sw for the Cambrian, or the studied units are
biased toward low [SO4%]sw. Late Neoproterozoic units exhibit an even wider range of
[SO4%]sw estimates than Cambrian units and lack any apparent clustering (Fig. 10). However,
all but one of these units yield similar [SO4%]sw estimates for the MSR-trend and rate methods
(Fig. 6), suggesting that the estimates are robust. We infer thateitherthat the late
Neoproterozoic (635-542 Ma) was characterized by a highly unstable marine sulfur cycle, as a
consequence of which seawater sulfate concentrations were-highly-variable-during the
Neopreterozeievaried tremendously. This inference is supported by some earlier studies (Li et
al,, 2010 Loyd et al., 2012 2013) although other studles have —erFeb\lems—wﬁh—Fa%e
—Winferred

low (Hurtgen et al,, 2002, 2005 2006' Ries et aI 2009) or monotonically rising sulfate
concentratlons (Halverson and Hurtgen, 2007) durmg this |ntervale—are—mel+ned—tewa|=d—t-he

5 Conclusions

The twe-rate and MSR-trend methods developed in this study for quantifying paleo-seawater
sulfate concentrations inpalee-seawaterare complementary and guasi-targely-independent,
providing estimates of maximum and mean [SO4%]sw, respectively, ffor the-a time
intervalpaleomarine unit of interest. Both techniques make use of A3*Scas.py, i.e., the isotopic
fractionation associated with microbial sulfate reduction (MSR). The “rate method” evaluates
[SO4%]sw as a function of 0834Scas/dt(max), i.e., the maximum observed rate of change in
seawater sulfate, whereas the “MSR-trend method” makes use of an empirical relationship
between the-MSR fractionation asseciated-with-MSR-and ambient-aqueous sulfate
concentrations. The significance of our quantitative approach is that estimates of paleo-
seawater [S04?] can be derived from two readily measurable sedimentary parameters:; A3*Scas.
py and 834Scas/0t(max). Based on these methods, Aan analysis of long-term variation in
seawatersulfate-concentrations-since 630-635 Ma based-on-these-metheds-suggests that
[SO4%]sw was low during the late Neoproterozoic (<5 mM), rose sharply across the
Ediacaran/Cambrian boundary (to ~5-10 mM), and rose again during the Permian to near-
modern levels (~10-30 mM). However, high-resolution &34Scas studies provide evidence of
repeated-episodic shert-termhigh-frequency (<~2-Myr) events during which drawdewn-of
seawater sulfate concentrations during-the-Phanerezoic+were drawn down in response to
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massive evaporite deposition, A-andferreduced sediment ventilation and increased pyrite
burial in the aftermath of mass extinctions, or other factors. The techniques developed in this
study for quantitative analysis of paleo-seawater [SO4?] should be applicable to sediments
marine units of any age provided that (1) MSR fractionation during-MSR-has been a
conservative process through time (i.e., the dominant pathways of sulfur metabolism have not
changed greatly), and (2) reasenable-sufficient time control exists for estimation of rates of
534Scas variation. GivenasufficientnumberofAs more S-isotopic studies of cogenetic sulfate
and sulfide_become available, it should ultimately be possible to reconstruct variation in
seawater sulfate concentrations throughout Earth history.
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Appendix A: Data tables

The primary sulfur isotopic data and model output for this study are given in Tables Al to A4.

Table A1. MSR fractionation data for modern aqueous systems

Table A2. Phanerozoic 83*Scas data

Table A3. Modeled Phanerozoic seawater sulfate 3*S curve

Table A4. Analysis of high-frequency seawater sulfate variation

Appendix B: Extended discussion

B1 Relationship of rate of seawater sulfate change to sulfate residence time
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The maximum possible rate of change in seawater sulfate 534S (i.e., 0824Ssoa/dt(max)) is
inversely proportional to the residence time of sulfate in seawater (t). The exact quantitative
form of this relationship can be derived from Equation 2 of Algeo et al. (2014), reorganization of
which yields:

Msw / Fpy_= ki x A3*Scas-py / 0634Scas/dt(max) (B1)

The residence time of sulfur in seawater is equal to the mass of seawater sulfate divided by the
total sink flux, i.e., the reduced sulfur flux (Fpy) plus the oxidized sulfur flux (Fevar):

T = Msw_/ (Fpy + Fevar) (B2)

Letting dpv be the fraction of the total S flux represented by pyrite burial (i.e., Fey / (Fpy + Fevar)),
then:

Tx dpyt = Msw / Fpy (B3)

And substitution into Equation B1 yields:

T x dpvt = k1 x A¥Scaspy / 9634Scas/dt(max)
(B4)

This equation quantifies the inverse proportionality between the maximum rate of change of
seawater sulfate §34S and the residence time of sulfur in seawater.

B2 Effects of [SO4%]sw-dependent pyrite burial fluxes on [SO4%]sw estimates
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Although we made use of fixed estimates of the pyrite burial flux (Fpy), i.e., 4 x 1012 g yr1;
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for oxic oceans and 10 x 1023 g yr= for anoxic oceans, it is possible that Fpy is dependent on
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S04Z]sw. Wortmann and Chernyavsky (2007) inferred a non-linear positive relationship of Fpy
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with [SOaZ]sw, (their figure 4). We explored the effects of varying pyrite burial fluxes on
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seawater sulfate estimates as follows. Equations 2-3 have four variables: [SO4%]sw (or Msw,

since these are inter-convertible via Equation 4), Fpy, A34Scaspy, and 0834Sso04/dt. However,

A34Scas-py, can be modeled as a function of [SO4%]sw,(i.e., the MSR trend of Figure 2 and

Equation 6), reducing the number of potentially independent variables to three (we state
“potentially independent” as there may in fact be some dependency among these variables).
Now it is possible to explore the effects of simultaneous variations in [SO4Z]sw and Fpy on

0834S504/9t(max) via a modified form of Equation 2:

06345 cas/ot(max) = kg x kp x Fpy x exp(log[SOa2]sw, * 0.42 + 1.10) / [SOaZ]sw __ (B5)
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The three modeled parameters exhibit log-linear relationships, with larger 0534Scas/dt(max)

associated with larger [SO4%]sw and Fpy (Fig. B1). 9634Scas/dt(max) scales linearly with Fpy, so
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uncertainty in the latter parameter is directly mirrored in the former parameter.. The range of Formatted

Fey used in our study (i.e., 4-10 x 1022 g yrZ) is consistent with variation in 0634Scas/dt(max)
from ~1 to 100 %o Myr=t. The Fpy-[SO4%]sw relationship of Wortmann and Chernyavsky (2007,
their figure 4; red curve, Fig. B1), if correct, indicates that variation in d5634Scas/dt(max) cannot

exceed ~3 %o Myr under any set of conditions,

We tested the influence of sulfate-dependent pyrite burial fluxes on seawater sulfate 4’/[ Formatted
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concentration estimates by applying the relationship of Wortmann and Chernyavsky (2007) to >[ Formatted
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our rate-method calculations. Their relationship can be reduced to a logarithmic expression:

Fpv,= 0.7681 x In([SOzZ]sw) + 1.405 (B6) A Formatted

where Fpy is in units of 1012 g yr= (rather than in mol yr?, as in their paper) and [SO4Z]|sw, is in Formatted

units of mM. This expression yielded a r2 of 0.98 in relation to Wortmann and Chernyavsky’s
curve (their figure 4). In making use of sulfate-dependent pyrite burial fluxes for calculation of
seawater sulfate concentration estimates, Equations 3 and 4 must be reorganized as follows:

SOzZ]sw(max) / Fpy,_ = kg x ka x A34Scaspy / 35345 cas/dt(max) (B7) /{ Formatted

Although Equation B7 has two unknowns, i.e., [SO4%]sw(max) and Fpy, it can be solved because Formatted

Fpy. is a function of [SO4Z]sw. in figure 4 of Wortmann and Chernyavsky (2007). The empirical
relationship between [SO4%]sw and [SO4%]sw(max) / Fpv is given by the polynomial equation:

[SOaZ]sw(max) / Fpy, = -0.0018([SOa%]sw)2 + 0.2842([SOa%]sw) + 0.4651 (B8) /{ Formatted
With substitution and reorganization, Equations B7 and B8 yield: /{ Formatted
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This second-order polynomial equation can now be solved for [SO4%]sw using the quadratic Formatted
solution, after which Fpy can be calculated from Equation B6.

Using Equation B9, we calculated [SO4Z]sw,on the basis of 35634Scas/dt(max) and A34Scas. Formatted

B B B B

pv._These relationships are plotted as variation in 8534Scas/dt(max) as a function of [SOaZ]sw,
and A33Scaspy (Fig. B2; cf. Figure 1). At high [S04Z%]sw, the two sets of 3634Scas/dt(max) curves
are nearly co-linear, which is because the value of Fpy in figure 4 of Wortmann and Chernyavsky
(2007) for [SOaZ]sw,>10 mM is nearly invariant and similar to the flux that we used for oxic
marine environments (i.e., 4 x 103 g yr-l). In contrast, the two sets of curves diverge sharply at




812  [SOsZ]sw,<1 mM, which is a consequence of the much lower Fpy values associated with low /{ Formatted [ﬂ
813  seawater sulfate concentrations in the Wortmann and Chernyavsky curve.

814 The 0634Scas/dt(max) curves based on the sulfate-dependent pyrite fluxes of Wortmann Formatted [ﬂ
815  and Chernyavsky (2007) require comment. First, the MSR trend (Figure 2) corresponds almost Formatted: Adjust space between Latin and Asian text, }
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817  there ought to be quite limited variation in d534Scas/dt(max) over a wide range of seawater
818  sulfate concentrations in nature. Second, many combinations of the two sediment parameters
819 that can be measured (i.e., A3*Scas-py and 0834Scas/0t(max)) cannot vield a [SO4Z]sw estimate.
820  For example, no [SO4%]sw estimate is possible for A34Scas.py of 7%0 in combination with any
821  953Scas/dt(max) value that is larger than ~4 (Fig. B2). This situation exists because high rates
822  of variation in seawater sulfate §34S are not possible where the pyrite burial flux is sharply

823  curtailed by [SO4Z]sw-dependency (as in figure 4 of Wortmann and Chernyavsky, 2007).

824  However, many paleomarine units exhibit 634Scas/dt(max) values outside the narrow range
825  permitted by the Wortmann and Chernyavsky (2007) relationship (see Table A4 and Figures 6-
826  8). If the Wortmann and Chernyavsky (2007) parameterization of the Fpy-[SO4%]sw, relationship
827 s correct, then one must conclude either that all of these published higher rates are products
828  of uncertain geochronologic dating, diagenetic artifacts, or sample processing and analytical
829  problems. On the other hand, the use of fixed values for Fpy in our rate-method calculations
830  (Egs. 2-4) yields estimates of [SO4Z]sw, that are—for the most part—consistent with estimates
831  of [SO4%]sw based on the MSR-trend method (Section 2.2; see Figures 6-8 for examples). We
832  acknowledge that some form of sulfate-dependency of pyrite burial fluxes may exist but

833  suggest that it may differ from the relationship given by Wortmann and Chernyavsky (2007).
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839  HaS (Table Al). We have constructed a version of Figure 2 that shows the different sulfide

840 phases, and we calculated separate regressions for each phase (Fig. B3). The following points
841  should be noted about this figure. First, each of the four phases yields a statistically significant
842  regression (r=0.81-0.92; p(a) <0.05; Table B1). Second, the four phases have similar regression
843  slopes although slightly variable y-intercepts. For this reason, TRS and AVS yield A34Scas-py

844  values that are, on average, slightly larger for a given [SO4%]sw than pyrite and agueous H»S.
845  Third, the four regression lines generally converge at higher [SO42]sw, and the largest

846  differences occur at low [SO4%]sw, where data is sparser.
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of generating a stable relationship over a wider range of [SOs%]sw,values. Whether there are ~__—{ Formatted

real differences in the regression relationships among these four sulfide phases is an issue that
will require further inquiry. These sulfide phases yield similar relationships between A34Suifate-
sulfide and [SO4Z]sw that, based on the available data, are statistically indistinguishable (Fig. B3).

Table B1. Regression statistics for reduced sulfur phases (see Figure B3)

Sulfur phase n r m b p(a)
Pyrite 48 0.92 0.46 -0.35 <0.01
Sediment AVS 6 0.81 0.42 -0.06 <0.05
Sediment TRS 11 0.89 0.33 0.20 <0.01
Agueous H»S 16 0.84 0.44 -0.20 <0.01
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Figure B1. Relationship of 3534Scas/dt(max) to Fpy and [SO42]sw, with A3*Scas.py estimated as a
function of [SO4Z]sw. (Figure 2, Equation 6). The dashed horizontal lines represent the pyrite

and numbers
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burial fluxes used in this study for oxic and anoxic paleomarine systems, i.e., 4 x 1012 g yr-L and
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10 x 1023 g yrd respectively. The red line represents the [SO2%]sw-dependency of the pyrite
burial flux as given by Wortmann and Chernyavsky (2007, their figure 4). Note that according to
the latter relationship, 05633Scas/dt(max) values cannot exceed ~3 %o Myr= under any set of
conditions.

Figure B2. 0534Scas/dt(max) values calculated using fixed pyrite burial fluxes (blue diagonal Formatted

lines; cf. Figure 1) and the sulfate-dependent pyrite burial fluxes of Wortmann and Chernyavsky
(2007; red curves). Note that, for the latter curves, many combinations of the two measured
sediment parameters (A34Scas-py and 0534Scas/dt(max)) cannot yield a [SO4%]sw, estimate.
Shown for reference is the MSR trend of Figure 2.

Figure B3. Replotted MSR trend data (from Figure 2, Table A1) as a function of sulfide 3345 Formatted

source (symbols as given in legend). Separate regressions for the four different sulfide phases
(dashed lines) show small differences in slopes and y-intercepts (Table B1), although the
regression lines are statistically indistinguishable.
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Figure captions

Fig. 1. The rate method. On a crossplot of aAqueous sulfate concentrations ([SO4%]aq) versus

S-isotopic fractionation between cogenetic sulfate and sulfide (A3*Ssulfate-sulfide), —Fthe
diagonal blue lines represent maximum rates of change in sulfate 3 (i.e.,
06%4Ss0a/dt(max)). For paleomarine systems, maximum seawater sulfate concentrations
([SO4Z]sw(max))} can be estimated from the abscissa based on measured values of A3*Scas.py
and 8834Scas/dt(max). The two scales on the abscissa represent [SO4%]sw in oxic (O) and
anoxic (A) oceans, in which pyrite burial fluxes are equal to 4 x 1013 g yr*and 10 x 103 g yr?!
(i.e., 40% and 100% of the modern total sulfurS sink flux), respectively. The typical range of
A3*Ssuifate-sulfide due to MSR fractionation in modern seawatermarine systems is 30-60%o
(Habicht and Canfield, 1997). The maximum rate of seawater sulfate &3S variation during
the Cenozoic is ~0.57%o Myr! (Paytan et al., 1998), yielding estimates of ~40-80418 mM for
[SO4%]sw through projection to the abscissa (dashed lines). These estimates exceed actual
modern seawater [SO4%], which is ~29 mM (Millero, 2005) because the ebserved-measured
maximum rate of 3863*Sso4/0t (light blue parallelogram) is less than the theoretical possible
maximum rate (~1-2%o. Myr; red parallelogram).

Fig. 2. The MSR trend method. Aqueeas—s#ateeeﬂeentm&en—(—[&@ *Jag i i

A AP*S suttate sulfide)e
(a) Data from 81 modern aqueous systems (Table Al) The non- hvpersallne environments (n
=75) yield a linear regression (solid line; y = 0.42x —0-45+ 1.10 in log units) with-having r? =

+0.980 (t-statistic = 1.99, (p(o) <0.01) and a limited a-rarrew-regression-tine-uncertainty

!
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range (dashed lines)._Fusr-4sThe MSR trend thus a-represents a process with an order of
reaction (n) of 0.42 and a rate constant (k) ef-0-250f 1.10 (cf. Jones et al., 2007). The gray
field encloses most of the data from Table Al and highlights the overall trend. ASeparate
analysis of the dataset by redox environment yielded statistically indistinguishable trends for
oxic (y = 0.48x + 1.10-0:26;; r* = +0.7788, n = 44, p(a.) <0.01) and euxinic settings (y = 0.40x +
1.06-0-08;; r* = +0.899, n = 31, p(a) <0.01). The Habicht et al. (2002) dataset of 60 sulfate-
reducing microbial (SRM) experimental-determinations-of-MSRculture values is shown for
comparison; these data have been converted frem-theiroriginaHog-linearto log-log format,
and data points that are off scale (i.e.,with A3*Ssuifate-sulfide <1%o) are shown by triangles on
the abscissa. Neither the 6-six hypersaline environments in our dataset (red symbols) nor
the Habicht et al. data (small open circles) were included in the regression analysis._(b) Use
of the MSR trend to estimate paleo-ancientseawater [SO4%]aq. Measured values of
A3*Squifate-sulfide are projected from the ordinal scale to the MSR trend and then to the
abscissa. Note that uncertainty in the slope of the MSR trend is taken-inte
censiderationaccommodated by projection to the upper uncertainty limit for A3*Ssuifate-sulfide
maxima and to the lower uncertainty limit for A3*Ssuifate-suifide minima._The vertical black bar
at [SO4%]aq = 41.45 (i.e., the modern seawater sulfate concentration of 29 mM) represents
the range of Fusr variation among modern marine SRMwmierebial communities.
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Fig. 3. (a) Phanerozoic seawater sulfate §°*S. Data sources: Cenozoic (Paytan et al., 1998; red
circles), Cretaceous (Paytan et al., 2004; black squares), and pre-Cretaceous (Kampschulte
and Strauss, 2004; blue triangles; Table A2). SAverage-secular variation in 834Ssoa-sw is
shown by a mean LOWESS means-curve (blue line for ealeulations-atlow-resolution (5-Myr)
steps;and red line for high-resolution (1-Myr-steps) records) and a standard deviation (+10)
standard-deviation-range (green field for 5-Myr-stepslow-resolution record; Table A3). Pre-
Cretaceous and Cretaceous-Cenozoic estimates of 334Ssoa-sw have uncertainties of +2-7%o
and +<1%., respectively. FhelThe labels represent four short-term (<2-Myr) intervals of
kaown-high-frequency d834Ssoa/at variation (EMCB = Early-Middle Cambrian boundary;
SPICE = Steptoean positive carbon isotope excursion; see-textfor-diseussion;-CTB =
Cenomanian-Turonian boundary)._(b) Rate of seawater &3S variation (053*Sso4/0t); as
calculated from the seawater sulfate §34S LOWESS curves. The maximum Phanerozoic
0534Ss04/0t is <4%0 Myr, although rates of 10 to >50%0 Myr! have been reported from
some high-resolution CAS studies. (c) A3*Scas-py for Phanerozoic marine sediments —B(data
from figure 3 of Wu et al., 42010). The continental glaciation record is adapted from
Montafiez et al. (2011); all ages were converted to the Gradstein et al. (2012) timescale.

Fig. 4. Phanerozoic seawater [SO4%] (Table A3). The MSR-trend method (Egs. 6-8) yields an
estimate of mean [SO4%]sw (blue curve; bracketed by a #15-s-¢- band)._ The rate method
(Egs. 3-4) yields the maximum possible [SO4%]sw; the black and red curves show maximum
values based on the low- and high-frequency Phanerozoic 83*Scas records, respectively
(Fig.ure 3a), and the dashed red line represents the lower envelope of the high-frequency
curve. The modern seawater [SO4%] of ~29 mM- is shown by the red arrow.

Fig. 5. Comparison of Phanerozoic seawater sulfate [SO4?] records.. The mean trend of the
present study is shown by a heavy blue line, with the £1o0 uncertainty range shown as a blue
band. Estimates are based either on fluid-inclusion studies (Horita et al., 2002; Brennan et
al., 2004; Lowenstein et al., 2005) or C-S-cycle modeling (Holser et al., 1989; Berner, 2004;
Gill et al., 2007; Wortmann and Chernyavsky, 2007; Wortmann and Paytan, 2012; Halevy et
al., 2012). Arrows indicate unconstrained minimum or maximum values.

Fig. 6. Analysis of seawater sulfate concentrations for 10 late Neoproterozoic marine units.
The parallelogram for each unit was generated using the rate method._ A summary of results
and dbata sources are-is given in Table A4; other details as in Figures 1-2.

Fig. 7. Analysis of seawater sulfate concentrations for 8 Paleozoic marine units. The
parallelogram for each unit was generated using the rate method. The red field represents
the long-term average A3*Scas-py for the Paleozoic based on data in Wu et al. (2010)._ Bata-A
summary of results and data sources are-is given in Table A4; other details as in Figures 1-2.

Fig. 8. Analysis of seawater sulfate concentrations for 8 Mesozoic-Cenozoic marine units. The
parallelogram for each unit was generated using the rate method. The red field represents
the long-term average A3*Scas-py for the Mesozoic-Cenozoic based on data in Wu et al.
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(2010). A summary of results and dBata sources are-is given in Table A4; other details as in
Figures 1-2.

Fig. 9. Interpretation of deviations efrate-basedin [SO4%]sw estimates frem-between the rate
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and MSR-trend-based[SO4?}-estimates methods. Type 4| deviations, in which rate-based
method estimates are anomalously high (lower right field), are likely to reflect extremely
stable environmental conditions, in which the marine sulfur cycle is in equilibrium (i.e.,
balanced source and sink fluxes)._ Type 2-Il deviations, in which rate-based estimates are
anomalously low (upper left field), are likely to reflect sulfate reduction in semi-restricted -
marine basins._In this case, A3*Scas-py will be controlled by [SO4%]sw, which may be equal or
close to that of the global ocean, but 3563*Scas/dt(max) will be controlled by the mass of
aqueous sulfate within the restricted basin, which will be a function of basin volume.

Fig. 10. Seawater sulfate concentrations for late Neoproterozoic and Phanerozoic marine units

(Figs. 6-8) compared with long-term [SO4%]sw curve (Fig. 4). Estimates of [SO4%]sw are
based on (1) the rate method (calculated per Egs. 3-4; shown as open boxes) and (2) the
MSR-trend method (calculated per Egs. 6-8; shown as estered-solid boxes); note that unit
symbols and colors are keyed to Table A4 and Figures 6-8. See text for discussion. Other
details as in Figure 4.
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