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Phanerozoic levels of atmospheric oxygen relate to the burial his-
tories of organic carbon and pyrite sulfur. The sulfur cycle remains
poorly constrained, however, leading to concomitant uncertainties
in O2 budgets. Here we present experiments linking the magnitude
of fractionations of the multiple sulfur isotopes to the rate of mi-
crobial sulfate reduction. The data demonstrate that such fractio-
nations are controlled by the availability of electron donor (organic
matter), rather than by the concentration of electron acceptor (sul-
fate), an environmental constraint that varies among sedimentary
burial environments. By coupling these results with a sediment bio-
geochemical model of pyrite burial, we find a strong relationship
between observed sulfur isotope fractionations over the last 200
Ma and the areal extent of shallow seafloor environments. We in-
terpret this as a global dependency of the rate of microbial sulfate
reduction on the availability of organic-rich sea-floor settings. How-
ever, fractionation during the early/mid-Paleozoic fails to correlate
with shelf area. We suggest that this decoupling reflects a shal-
lower paleoredox boundary, primarily confined to the water col-
umn in the early Phanerozoic. The transition between these two
states begins during the Carboniferous and concludes approximately
around the Triassic–Jurassic boundary, indicating a prolonged re-
sponse to a Carboniferous rise in O2. Together, these results lay
the foundation for decoupling changes in sulfate reduction rates
from the global average record of pyrite burial, highlighting how
the local nature of sedimentary processes affects global records.
This distinction greatly refines our understanding of the S cycle
and its relationship to the history of atmospheric oxygen.

Phanerozoic oxygen | sulfate-reducing bacteria

The marine sedimentary sulfur isotope record encodes infor-
mation on the chemical and biological composition of Earth’s

ancient oceans and atmosphere (1, 2). However, our interpre-
tation of the isotopic composition of S-bearing minerals is only as
robust as our understanding of the mechanisms that impart a
fractionation. Fortunately, decades of research identify microbial
sulfate reduction (MSR) as the key catalyst of the marine S cycle,
both setting the S cycle in motion and dominating the mass-
dependent fractionation preserved within the geological record
(1, 3, 4). Despite the large range of S-isotope variability observed
in biological studies (4–6), attempts to calibrate the fractiona-
tions associated with MSR are less mechanistically definitive (7, 8)
than analogous processes influencing the carbon cycle (9, 10).
What is required is a means to predict S isotope signatures as
a function of the physiological response to environmental con-
ditions (e.g., reduction–oxidation potential).
Microbial sulfate reduction couples the oxidation of organic

matter or molecular hydrogen to the production of sulfide, set-
ting in motion a cascade of reactions that come to define the
biogeochemical S cycle. In modern marine sediments, sulfide is
most commonly shuttled back toward sulfate through oxidation
reactions (biotic and abiotic) or scavenged by iron and buried as
pyrite (11). It is the balance of oxidation reactions and pyrite
burial that influences geological isotope records, which in turn
carry historical information on the oxidation state of Earth’s

biosphere. Such records generally are thought to indicate that
oxidant availability has increased with each passing geologic eon
(12). Although playing prominent roles in sedimentary redox cycles
(13), oxidation reactions carry only modest S isotopic fraction-
ations (14, 15).* In typical modern marine sediments, the oxida-
tive region of aerobic organic carbon remineralization is separated
from the zone of sulfate reduction (where MSR takes place) by an
intermediate layer in which both sulfide oxidation and sulfur
disproportionation occur (16, 17). Despite sulfur recycling across
that boundary layer, the sulfur that is eventually buried as pyrite
predominately reflects the isotopic fractionation associated with
MSR (18).
Numerous studies show a correlation between microbial sul-

fate reduction rate (mSRR; SI Text) and the expressed magni-
tudes of the MSR S isotopic fractionations (19–22). The mSRR
depends on a suite of physiological controls (i.e., metabolic en-
zymes) (23) having variable efficiencies in response to environ-
mental conditions (e.g., nutrient availability, redox potential, etc.;
refs. 8 and 24). Such reactions can be presumed to be first-order
with respect to a limiting reactant (SI Text and refs. 25 and 26). In
the case of MSR, either the electron acceptor (sulfate; ref. 7) or
the electron donor (generally, organic carbon (OC); refs. 19, 20,
27, and 28) plays this role. It has been hypothesized that since the
Archean–Proterozoic boundary sulfate (oxidant) limitation has
not occurred in the water column, but rather has been restricted
to significantly below the sediment–water interface. This is con-
sistent with estimates through the Proterozoic and Phanerozoic
Eons (29) that suggest seawater sulfate concentrations in excess
of the physiologically inferred minimum threshold for MSR (30).
It follows that the quantity and quality of OC delivery to the zone
of sulfate reduction most often dictates sulfate reduction rates
where sulfate is abundant, and consequently play the larger role
in determining the sulfur isotope record.
The most direct experimental means of studying the metabolic

rate of a bacterial population is to maintain the culture in a che-
mostat (chemical environment in static). In a chemostat, the input

Author contributions: W.D.L. and D.T.J. designed research; W.D.L. and I.H. performed
research; W.D.L., I.H., A.S.B., and D.T.J. analyzed data; and W.D.L., I.H., A.S.B., and D.T.J.
wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence may be addressed. E-mail: wleavitt@fas.harvard.edu or
johnston@eps.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1218874110/-/DCSupplemental.

*Variability in 3xS of a measured pool, y, is tracked through δ3xSy: δ3xSy = ½ð3xS=32SÞsample �=
½ð3xS=32SÞstandard − 1�× 1; 000, where x = 3, 4, or 6 and y is a distinct S-bearing species or
operationally defined pool. The difference between two pools (y = A or B, e.g., sulfate
and sulfide or sedimentary sulfate and pyrite) is calculated rigorously (i.e., not a simple
arithmetic difference), as must be done in studies tracking both major and minor isotope
variability: 3x«A−B = ð3xαA−B − 1Þ× 1; 000, where 3xαΑ−Β = ½ð3xS=32SÞA=ð3xS=32SÞB�. Variabil-
ity in 33S is tracked through 33λ: 33λΑ−Β =

h
ln
�
1+ δ33SA

1;000

�
− ln

�
1+ δ33SB

1;000

�i.h
ln
�
1+ δ34SA

1;000

�
−

ln
�
1+ δ34SB

1;000

�i
. Qualitatively, 33λ describes the slope of a line connecting two points on

a δ33S vs. δ34S plot.

www.pnas.org/cgi/doi/10.1073/pnas.1218874110 PNAS Early Edition | 1 of 6

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S
M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218874110/-/DCSupplemental/pnas.201218874SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218874110/-/DCSupplemental/pnas.201218874SI.pdf?targetid=nameddest=STXT
mailto:wleavitt@fas.harvard.edu
mailto:johnston@eps.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218874110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1218874110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1218874110


concentration of the limiting substrate (e.g., micronutrient, elec-
tron donor, or electron acceptor) dictates the biomass yield (i.e.,
new biomass per mass substrate used), whereas turnover time of
the reactor [dilution rate (D), time−1] dictates growth rate (SI Text
and ref. 25). It follows that the mSRR (specifically, the rate of
reduction per unit biomass) scales with the availability of the
limiting nutrient, and thus with D (19, 25). Limited previous ex-
perimental work with open and semiopen experimental systems
hints that mSRR inversely correlates with fractionation of the
major S isotopes (34S/32S) (19, 31, 32)—a prediction that is
reinforced by measurement of the same relationship in modern
marine sediments (17, 22). However, the limited range of mSRRs
previously explored does not adequately capture the vast range of
rates inferred from marine sediments (33–35). In this work we
present an empirical calibration of a ∼50-fold change in mSRR,
nearly doubling the previous experimental ranges. We also target
theminor isotope, 33S, in addition to targeting 34S fractionations; this
supplies another dimension for interpreting the geologic record. We
then apply this calibration to Phanerozoic isotope records to reveal
how secular changes in S isotopic fractionation reflect a temporal
history of paleoredox conditions. This enables us to reassess the
burial of pyrite and associated changes in environmental con-
ditions across the Phanerozoic Eon.

Results and Discussion
We conducted a suite of continuous-culture experiments with the
model sulfate reducing bacterial strain Desulfovibrio vulgaris Hil-
denborough (DvH). Strain DvH is among the most well-studied
sulfate reducers and is genetically tractable (36, 37). Although
DvH is nominally a nonmarine strain, the concentration of sul-
fate in the chemostat was always near modern marine levels (28
mM) and well above known sulfate affinity constants (38). The
sole electron donor (lactate) was always the limiting nutrient in
these experiments and was provided at a stoichiometric 1:2 or
1:20 ratio with sulfate (Materials and Methods and SI Text).
These experiments show that MSR isotope fractionation is

strongly inversely dependent on electron donor concentration
(Fig. 1). In detail, mSRR follows a first-order nonlinear relation-
ship toD (Fig. 1): as we decreaseD, lactate availability and mSRR
decline, whereas 34eMSR increases. [The values of 34eMSR and
33λMSR refer to the isotopic differences between the sulfate and
sulfide from chemostat experiments (SI Text), whereas 34eGEO
and 33λGEO refer to those differences calculated from sulfate and
pyrite sedimentary records as time-binned averages (Dataset S1,
Table S1, and Eqs. S4–S7). Further definitions are presented in SI

Text.] These open-system experiments (Fig. S1 and SI Text) allow
for the direct calculation of fractionation factors from the isotopic
composition of output sulfate and sulfide (39), without having to
apply Rayleigh distillation models addressing closed system
(batch) dynamics (40). We demonstrated conservation of elemen-
tal and isotopic mass balance throughout the entire experiment
(Dataset S1) via the direct measurement of SO4

2−, H2S/HS−,
S2O3

2−, and S3O6
2−, the latter two of which were always below

detection (2.5 μM) but have been previously detected in semiopen
system experiments (31).
Our data complement and significantly extend previous open-

system experiments (8, 19, 27, 41, 42). Over a ∼50-fold change in
mSRR (Fig. 1 and Figs. S2 and S3), 34eMSR ranged from 10.9 to
54.9‰ (Fig. 1A), whereas 33λMSR varied from 0.5079 to 0.5144
(Fig. 1B). In addition to aiding in our understanding of envi-
ronmental/geological records (discussed below), these data al-
low for an empirically derived fractionation limit for DvH under
conditions of electron donor limitation. We apply a nonlinear
regression model (43) based on a pseudo-first-order rate ex-
pression, appropriate for a reaction in which rate depends on the
concentration of a single reactant (Eqs. S8 and S9) (26, 44). The
results of the model illustrate the capacity of MSR to exceed the
classic 47‰ limit for 34eMSR (Fig. 2 and ref. 45), here suggesting
an upper limit of 56.5 ± 2.6‰. The same nonlinear regression
model (Eq. S9) predicts a minor isotope limit (in 33λ) at 0.5143 ±
0.0004. Given that our experiments were performed with an
axenic population of sulfate reducers, we can definitively rule out
contributions from intermediate S-oxidizing or dispro-
portionating organisms (46). However, although the magni-
tudes of these fractionations exceed the canonical MSR limits
(34e = 47‰), they do not reach the low-temperature equilibrium
predictions between sulfate and sulfide in 34e (at 20 °C, 34e =
71.3‰; ref. 40).

Decoupling the Isotopic Effects of Sulfate Reduction Rates from Pyrite
Burial Records. In modern marine sediments, OC availability is
strongly tied to sedimentation rate (47–49). Faster sedimentation
(such as in river deltas or on continental shelves) generally leads
to more efficient delivery of OC below the depth of oxygen pen-
etration, into the zone of sulfate reduction. (Extreme sedimenta-
tion rates deviate from this prediction and can lead to OC dilu-
tion.) The absolute flux of OC also scales directly with primary
production. The balance of these processes dictates where sulfate
reduction occurs with respect to the sediment–water interface, as
well as how much sulfate ultimately is reduced (50). Because

A B

Fig. 1. Multiple sulfur isotope fractionation as a function of dilution rate
in chemostat experiments. In these experiments, growth and sulfate re-
duction rates scale inversely with organic carbon (lactate) delivery rate,
expressed here as dilution rate (D, hours−1). This rate dictates the magnitude
of major (A) and minor (B) isotope fractionation between sulfate and sul-
fide. Error bars in A are smaller than the symbols (2σ = 0.3‰), and vertical
error bars in B are 2σ SDs. Other studies cited refer to Chambers et al. (19)
and Sim et al. (27).

A B

Fig. 2. Demonstration of new fractionation limits under electron-donor
limitation. A nonlinear regression model (Eqs. S8 and S9) was used to cal-
culate the empirical fractionation limit in (A) 34eMSR (r2 = 0.9151) and (B)
33λMSR (r2 = 0.8905), as a function of mSRR (see also Fig. S2). Bold lines in-
dicate the best-fit estimates with 95% confidence intervals as the thin
dashed lines (34eMSR: 51–62‰; 33λMSR: 0.5135–5151). Inset values are the
calculated fitting parameters (along with kMSR_e = 0.054 ± 0.012 and kMSR_λ =
0.0395 ± 0.0158) with SEs used in calculations for 95% confidence interval.
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some fraction of the resulting sulfide will be buried as pyrite—
with concomitant release of oxidant to the ocean-atmosphere
system—it is critical to determine how the mSRR-dependent
isotope fractionation (34eMSR and 33λMSR) influences the S-isotopic
records of pyrite relative to coeval sulfate (34eGEO and 33λGEO).
Analogous to the influence of lactate on mSRR in our experi-

mental system, the availability of greater quantities of more highly
labile OC to the sulfate reduction zone in modern sediments
translates to an increase in sulfate reduction rates, with a corre-
sponding decrease in the magnitude of 34eMSR (24, 35, 51). Con-
versely, decreases in sulfate reduction rates down a sediment
column owing to the modeled loss of OC quality and quantity are
consistent with observations that 34eMSR increases (47, 52). To-
gether these ideas describe the concept of net sedimentary sul-
fate reduction rate (sedSRR; moles of S per square meter per
year). The sedSRR, because it integrates the depth-dependent
rate through the entire zone of sulfate reduction, must encom-
pass a depth-weighted average of the variable 34eMSR as well as
be tightly linked to the initial OC delivery to the sediment–water
interface. Data from the modern sea floor (18, 22, 53) confirm
the expected inverse relation between bulk in situ sedSRR and
the magnitude of the net sedimentary S isotope fractionation
(34eGEO).
The concept of sedSRR also contains another important dis-

tinction from mSRR. In most environments, measures of micro-
bial population density are lacking, as are measures of the metabol-
ically available OC compounds. Our experimental system quantifies
these parameters and enables direct calculation of mSRR. How-
ever, in the environment, the useful metrics are the bulk sedSRR
and the global sulfate reduction rate (gSRR, moles of S per year).
The sedSRR is converted to gSRR through an areal normaliza-
tion and a reoxidation coefficient (1, 17); further details are pre-
sented in Table S2. It is gSRR that is necessary for determining
long-term oxidant budgets and global pyrite burial.
We propose that it is possible to decouple the isotopic effects

caused by variable sedSRR from the ultimate sedimentary record
of S isotopes. For example, under iron-replete conditions, net
pyrite burial may increase as a result of more sulfide production
and/or an increased sulfide scavenging efficiency by iron (i.e., less
oxidation), but at a constant sedSRR. Alternatively, pyrite burial
could increase in response to a higher sedSRR, if it were driven
by a higher flux of metabolizable OC to the sedimentary zone of
sulfate reduction. This comparison can also be extended to in-
clude the roles for weathering and changes in the abundance
of shallow-water environments (shelf area). We posit that it is
possible to differentiate between these scenarios and determine
the ultimate control (tectonics vs. OC) on pyrite burial at the
global scale: The first case would maintain a constant 34eGEO and

33λGEO, whereas varying sedSRR would be recorded by a change
in the fractionation patterns.

Interpreting Phanerozoic Records. Phanerozoic compilations pro-
vide a context for evaluating the potential variability in sedSRR
through time. Records of 34eGEO and 33λGEO from Phanerozoic
sedimentary basins provide a time-series approximation of the
mean isotopic difference between coeval sulfates and sulfides
(Fig. 3 and Table S1) (13, 54). In parallel, we use recent esti-
mates for the areal extent of continental shelf and abyssal ocean
across Phanerozoic time (Table S1) (55, 56). Assuming that the
physical processes dictating OC delivery to sediments today hold
throughout the Phanerozoic, shelf environments are generally
expected to be OC-rich and support higher sulfate reduction rates
than deep-water settings (17, 22). This is reinforced by modern
observations, where in shallow water sediments (<1,000 m deep),
the area-weighted average sedSRR is 96 μmol SO4

2–·cm–2·y−1,
whereas in deep-water sediments (>1,000 m deep) it is ∼1
μmol SO4

2–·cm–2·y−1.
It has long been appreciated that the 34eGEO record through

the Phanerozoic carries a definitive structure (13, 57, 58)—the
earliest Paleozoic has mean fractionations of ∼30‰ and tran-
sitions through the Permian and Triassic to a Meso-Cenozoic
average near ∼45‰ (Fig. 3). This temporal distinction also exists
for estimates of 33λGEO (Fig. 3) (54). Interestingly, by comparing
both isotope metrics (34eGEO and 33λGEO) with estimates of shelf
area, we are able to resolve temporal patterns (Fig. 4 and Fig. S4).
From our analysis of the compiled datasets (SI Text), we find
that as shelf area increases, both 34eGEO and 33λGEO tend to de-
crease (Fig. 4 and Fig. S4). Closer examination of these data
illustrates, however, that the statistical significance of these cor-
relations rests largely on the tightly coupled behavior in the Meso-
Cenozoic. In contrast, the Paleozoic has a less coherent relation-
ship (Fig. 4 and Fig. S4). We thus interpret the multiple S isotope
record as being divisible into two states offset by a transition. The
first state is the early Paleozoic (540–300 Ma), where 34eGEO is
lower, shelf areas are larger, and 33λGEO is highly variable; the
second state is the Meso-Cenozoic (200–0 Ma), where 34eGEO and
33λGEO are larger and associated with less shelf area. The transi-
tion spans at least the Permian and the Triassic (ca. 300–200 Ma).
Although there is relatively less sulfur isotopic variability in the

Meso-Cenozoic compared with the Paleozoic, the interval from
the Cretaceous to the present (ca. 100–0 Ma) shows increases in
34eGEO and 33λGEO of 7‰ and ∼0.0002, respectively (Fig. 3).
[The opposite trends, and by analogy the converse arguments,
apply to the Mesozoic interval from 200 to 100 Ma (Fig. 3)]. In
our conceptual framework, this may represent a constant sedSRR

Fig. 3. The Phanerozoic S isotope record. SI Text gives compilation, binning
strategy, and data handling.

Fig. 4. Relating Phanerozoic shelf-area estimates to isotopic records. Data
are binned and shaded as in Fig. 3, with the Permian–Triassic in white to
highlight this transition. The P values are for the 0–200- and 300–540-Ma
intervals. Significant covariance (P < 0.0001) between shelf area isotope
metrics only persisted in the last 200 Ma. A similar relationship exists for
33λGEO relative to shelf area (Fig. S4), though a more robust interpretation of
33S records will require a larger geologic database than is currently available.
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with a decreasing shelf area (thereby decreasing both gSRR and
pyrite burial), or it may represent a decrease in sedSRR with
concomitant decline in shelf area. We first consider the case of
constant sedSRR: Here, a ∼10% decrease in pyrite burial is re-
quired to accommodate the 7‰ increase in 34eGEO (SI Text).
Such a fluctuation in pyrite burial is reasonable. However, changes
in pyrite burial cannot affect 33λGEO, and as such, the observed
variance in 33λGEO means that a change in shelf area alone (as it
relates to gSRR) cannot explain the Meso-Cenozoic S isotope
record (i.e., sedSRR also must have changed).
As an alternative to a change only in shelf area, our experimental

data provide a means to test the second hypothesis: variable
sedSRR. The sediment data for 33λGEO vs. 34eGEO through the
Meso-Cenozoic are statistically within the relationship extracted
from our chemostat data (33λMSR vs. 34eMSR; Fig. S5). This suggests
that the dominant control on fractionation is sulfate reduction,
and that the geologic data can be interpreted in the context of
where they fall on the slope-rate relationship ofMSR (Fig. S5). The
isotopic record of the Meso-Cenozoic corresponds to an estimated
mean 8310570 % variation in sedSRR if based on our experimentally
determined 34eMSR-rate relation, or a mean 4311927 % variation in
sedSRR if based on the 33λMSR-rate relation [Fig. 5, Fig. S4, and SI
Text; 34eMSR- or

33λMSR-derived mSRR is converted to sedSRR
by using the Plio-Pleistocene as a reference and assuming that
the scaling relationship is constant over time (SI Text)].
We postulate that synergistic changes in sedSRR and shelf area

work together to explain the Meso-Cenozoic S isotope record.
The pattern of change in sedSRR between 200 Ma and 0 Ma is
also significantly correlated to the variability in shelf area over
that same interval (Fig. 5 and Fig. S4). This implies that sedSRR
and shelf area are at least partially inseparable variables, although
the underlying coupling between them is not immediately clear.
Importantly, an increase in sedSRR is not simply an increase in
themolar flux of sulfate reduction, proportional to increased shelf
area. An increase in sedSRR requires a change in the local mSRR
integrated in a local sediment column. This must signal a response
to availability of the limiting reactant—in this case, OC—either
via its quantity or quality delivered to the sedimentary zone of
sulfate reduction. We hypothesize that changes in the absolute
flux of nutrients (59) to shelf environments is influencing the lo-
cation and intensity of primary productivity, changing the delivery
of OC to the sediments, and influencing the sedSRR. In this way,

sedSRR joins the many other sedimentary biogeochemical pro-
cesses known to respond to varying nutrient regimes (60). Further
refining the structure of the Meso-Cenozoic record may provide
critical insight into what processes are playing a prominent role in
setting sedSRR, and we consider the consequences of this pre-
diction below. However, we first consider the different patterns
apparent in the Paleozoic records.
Our mechanistic understanding of the S isotope record of the

last 200 Ma does not explain the 33λGEO–
34eGEO relationship of

the Paleozoic. Compared with the mid-Cenozoic, the early-mid
Paleozoic (540–300Ma) records a similar variance in 34eGEO values
(∼6‰ around an era mean of ∼30‰), but three times the var-
iability in 33λGEO (a continuous decrease of ∼0.0008; Fig. 3). This
results in a significant departure of the Paleozoic from the 33S to
34S slope-rate relationship that defines the last 200 Ma (Fig. 4 and
Fig. S5). The lower overall 34eGEO during the Paleozoic (∼30‰),
if paired with the lowest Paleozoic 33λGEO from that same interval
(Pennsylvanian; Fig. S4), may indeed relate to an elevated
sedSRR and greater areal extent of shallower sea floor (Fig. 4).
However, the failure of the Paleozoic data to plot on the 33λMSR
vs. 34eMSR line (Fig. S5) not only undermines any confidence in
applying our experimental calibration to this earlier interval (SI
Text), it also is consistent with the observed weak relationship
between the 34eGEO and 33λGEO data to shelf area (Fig. 4). This
suggests that the general decoupling of 34eGEO from 33λGEO
within the Paleozoic is not readily attributable only to changes in
sedSRR. The breakdown of the observed relationships that ap-
plied in the Meso-Cenozoic suggests that, for the Paleozoic,
a conceptual model that ascribes changes in 34eGEO and 33λGEO to
a codependent relationship between sedSRR and shelf area is
insufficient. Because fluctuations in 33λGEO for the Paleozoic are
largely independent of changes in 34eGEO, there must be addi-
tional forcings.
Modeling studies illustrate how such an isotopic decoupling

can be produced, either through an increase in reoxidative fluxes
and associated processes (61) or through non-steady-state be-
havior (62). The former may seem unlikely given lower estimated
oxygen partial pressure (pO2) during the first two-thirds of the
Paleozoic (63). However, lower pO2 also implies a sulfate re-
duction zone closer to the sediment–water interface, or perhaps
within the water column. Under these conditions, the delivery
of oxidant to the sulfate reduction zone is no longer diffusion-
limited, and as a result reoxidation reactions may be fractionally
more important despite lower overall pO2. This includes both
classic sulfide oxidation [at the expense of oxygen, nitrate, man-
ganese (IV) oxides, and iron (III) oxide-hydroxides] as well as
disproportionation reactions. Both have been tentatively shown
to produce a negative slope of the 33λA–B vs. 34eA–B isotope re-
lationship (15, 61). The shallow slope of the Paleozoic 33λGEO vs.
34eGEO data suggests that this opposite isotopic directionality
partially is expressed and preserved (64). A change in the location
and flux through reoxidation reactions is also dependent on the
proximity to iron (water column vs. sediment), given that pyrite
formation is a terminal sink (i.e., reoxidation inhibitor) for aque-
ous sulfide (65). Non-steady-state behavior of the Paleozoic S
cycle is also possible and necessarily relates to seawater sulfate
concentrations; however, current estimates suggest Paleozoic sul-
fate was abundant enough to circumvent such direct, first-order
microbial control on fractionation (29). We therefore favor the
explanation that a fundamentally different zonation of the pale-
oredox boundary in the Paleozoic decoupled the controls on S
isotopes from sedimentary processes (sedSRR) and shelf area
effects. Although speculative, this idea is testable using modern
environments with strong redox gradients.
Equally as intriguing as the difference between the early Pa-

leozoic and the last 200 Ma is the isotopic transition captured
during the Permian and Triassic (Fig. 3 and Fig. S4). The gen-
erally weak correlations between 34eGEO and 33λGEO within the

Fig. 5. Calculated changes in sedimentary sulfate reduction rates over the
Meso-Cenozoic. There is a statistically significant relationship between the
calculated relative change in sulfate reduction rate and shelf area over
the last 200 Ma, with a Cretaceous maximum nearly 40–80% higher than the
Plio-Pleistocene average. Before 200 Ma, rate predictions from 34eGEO and
33λGEO are not always convergent or statistically robust (Fig. S4). The sedSRR
calculated using the 33λGEO as input is presented in Fig. S4 but should be
interpreted with care given the modestly sized dataset underpinning
Phanerozoic predictions (54).
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Paleozoic are followed by a 15‰ increase in average 34eGEO and
a 0.0005 increase in 33λGEO. This implies a major state change to
the global biogeochemical S cycle across 100 Ma spanning the
Permo-Triassic boundary. Complementary geochemical metrics
(δ13C, δ18O, and 87Sr/86Sr) also record major changes as Earth
transitioned from the later Paleozoic to late Triassic (66). A
recent statistical treatment elegantly points to the assembly and
breakup of Pangaea as the explanation for this state change (56).
Pangaea formed during the end of the Paleozoic and began to
rift during the Triassic (67). This clearly relates to shelf area (55),
but also affects primary production (OC) through the effect of
continental weathering on nutrient budgets (68). Although this
transition in the S cycle encapsulates the Permo-Triassic bound-
ary, it began tens of millions of years before the Permian–Triassic
extinction. Such a protracted time scale for the isotopic tran-
sition (from 300 to 200 Ma) may implicate the possible cause as
a change in the ratio of S to Fe from rivers (65) associated with
a Carboniferous increase in pO2 (63).

Conclusions
We propose that changes in sulfate reduction rates in marine
sediments, rather than global pyrite burial, dictated S isotope
records over the last 200 Ma. The post-Triassic geological record
suggests that sedSRR increased to a mid-Cretaceous apex and
then slowed again over the last 100 Ma (Fig. 5). What, then,
controlled sedSRR? During this interval our estimates of sedSRR
correlate strongly with estimates for shelf area (Fig. S4B). To the
degree that global shelves capture weathering fluxes and modu-
late nutrient delivery to primary producers, they may not only
dictate the quantity and quality of organic matter reaching the
zone of sulfate reduction, but they also help dictate the position
of this zone with respect to the sediment–water interface. Thus, if
the combination of OC delivery and sedimentation rate controls
sedSRR, marine sedimentary S isotope compositions may reflect
a combination of Meso-Cenozoic productivity and shelf area. For
this relationship to hold (i.e., to maintain the direct connection to
shelf area), it requires that pO2 be elevated in the Meso-Cenozoic
relative to the early/mid-Paleozoic (63), because it must relegate
the locus of sulfate reduction to be (on average) below the sedi-
ment–water interface. Encouragingly, this provides a facies-testable
hypothesis, applicable to high-resolution datasets from Phaner-
ozoic sections where multiple biogeochemical isotope proxies are
measurable and interpretable (69).
The Paleozoic 33λGEO vs. 34eGEO relationship requires signifi-

cant contribution from processes other than changing OC delivery
rates or total shelf area. As such, building a quantitative under-
standing of the Paleozoic sulfur cycle remains difficult. The dis-
agreement between Paleozoic sedimentary data and our experi-
mental calibration leaves room for other S metabolisms to
contribute significantly to the observed S fractionations (biotic
and abiotic sulfide oxidation, as well as disproportionation). In-
deed, if a major difference between the Paleozoic and Meso-
Cenozoic is the locality and magnitude of sulfide reoxidation—
the water column in the Paleozoic vs. the sediments in the

Meso-Cenozoic—then the delivery of reactive iron to the zone of
sulfate reduction (55, 70) will determine whether most iron
sulfides are syngenetic or diagenetic. This in turn influences the
net pyrite burial flux and the balance of global oxidants. Further
measurements and modeling are required to define these fluxes
over both eras. Still, we can state with some confidence that re-
cent multiple S isotope records do not require changes in pyrite
burial over the last 200 Ma. Recent sediments carry a detailed
and rich repository of small-scale microbial activities, and the
magnitude of overall S fractionations likely reflects global oxidant
budgets working in tandem with major tectonic changes.
Ultimately it is the reduction potential trapped in pyrite and

organic matter—rather than the rate of sedimentary sulfate
reduction—that influences Earth’s surface oxidant budget on billion-
year time scales. Our hypotheses suggest that pyrite burial flux
(and by extension its contribution to pO2) has not changed dra-
matically in recent times. Conversely, changes in pyrite burial
flux remain a potentially critical control on the oxidant budget
during the first half of the Phanerozoic. Continued measurements
of geological materials (marine pyrites, sulfates, and terrestrial
deposits), coupled with additional microbial experimentation
and biogeochemical modeling, promise to yield further insight into
the behavior of the S cycle over Earth’s history.

Materials and Methods
An experiment with DvH in a custom-built chemostat was run with lactate as
the sole electron donor and rate-limiting nutrient for sulfate reduction. The
dilution rate was varied over 43-fold (D ∝ mSRR), with measurements of the
following biological, geochemical, and isotopic parameters on all samples
(Dataset S1): temperature, pH, dilution rate, cell density, sulfide production
rate (the sole detectable sulfate reduction product), acetate production rate,
33α and 34α of sulfate and sulfide, and cell density. By measuring the dif-
ference between the S-isotope compositions of sulfate and sulfide, and
because S-mass balance is closed with these two pools alone (i.e., no thionates
detected), we may directly calculate the 3xαA−B and 33λA−B. Specific growth
rate is calculated by measuring the dilution rate and the rate of change in
optical density between time points (Dataset S1). The nonlinear regression
models (based on pseudo-first-order kinetics) are applied to the experimental
data,34eMSR or 33λMSR vs. mSRR, allowing us to calculate theoretical 34eMSRmax

and 33λMSRmax, along with corresponding fitting parameters, SEs, and 95%
confidence interval (Fig. 2). We compare between models by examining the
goodness of fit from each model (Fig. S3). The resultant expressions relate a
measured isotopic fractionation (Eqs. S8 and S9) to mSRR and the fitted ki-
netic constant (k) to extract fractionation limits (e.g., 34eMSRmax and

34eMSRmin).
Relative sedSRRs are calculated with Eqs. S12–S14. Phanerozoic data compi-
lations and isotope mass-balance models are detailed in SI Text.
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Microbial sulfate reduction (MSR) is the principle mechanism to
partition sulfur isotopes between oxidized and reduced reservoirs,
and subsequently between mineral phases within geological res-
ervoirs (1–3). Further, the degree to which sulfur isotopes are
segregated between sedimentary sulfates and sulfides is used to
track changes in Earth’s surface redox state (4, 5). These models
are predicated upon our understanding of prokaryotic dissimi-
latory sulfate reduction—encompassing all bacteria and Archaea
that perform this metabolism (6)—and the physicochemical con-
trols on the associated sulfur isotope fractionation (7). Previous
work has demonstrated that the magnitude to which sulfate re-
duction partitions isotopes between sulfate and sulfide is a func-
tion of physiology, which in turn is a reflection of environment (8–
17). Coupling quantitative measures of the cardinal geochemical
environmental parameters (i.e., redox potential, pH, and tem-
perature) to the physiological state of MSR and isotope frac-
tionation is the ultimate calibration required for full interpreta-
tion of the geological record. From previous and ongoing work it
seems that there are four major environmental parameters that
control the observable MSR isotope fractionation. These are (i)
electron donor (organic carbon or H2) delivery and/or avail-
ability to MSR when oxidant (sulfate) is nonlimiting (this study
and refs. 11 and 17), (ii) sulfate availability, when reductant is
nonlimiting, (iii) colimitation, such as of sulfate and reductant
(12, 18), and (iv) oxidative stress (19).
In this work we explicitly test the effect of electron donor

availability on the magnitude of MSR sulfur isotope fractionation
(parameter i). For Phanerozoic, and likely Proterozoic, studies,
targeting electron donor limitation is postulated to be the pri-
mary variable controlling MSR (18, 20). We conducted experi-
ments in a continuous gas and liquid-flow chemostat under both
steady- and non-steady-state delivery regimes (21), greatly expand-
ing the range of growth rates previously assayed (11, 17). We also
extend previous treatments through quantifying these responses
in 33λMSR. In a chemostat, growth rate is directly proportional
to the turnover time of the reactor volume (dilution rate, D, in
volume per time per reactor volume, such that reported units are
time−1), assuming the limiting constituent is introduced in the
aqueous phase, as is the case in this study. For our experiments,
organic carbon flux (in the form of lactate) tracked the liquid flux,
pinning the specific growth rate and microbial sulfate reduction
rate (mSRR) to D. Relating D and mSRR to fractionation is not
new to our study (11); however, we expand the range of D and
mSRR tested. This provides added perspective on the rate vs.
fractionation relationship. We adopted this approach to under-
standing MSR effects from classic experiments aimed at charac-
terizing the kinetic isotope effect associated with carbon fixation
(21, 22). Inspired by such works, we move forward with an open-
system experimental design to investigate the biologically cata-
lyzed carbon remineralization pathway of sulfate reduction and
its associate kinetic isotope effects.

Culture Medium and Batch (Closed-System) Conditions. Batch culti-
vation of Desulfovibrio vulgaris Hildenborough (DvH) was per-
formed with a modified freshwater MSR medium (23), designated
KA medium and composed as follows: NaC3H5O3 60% (wt/wt)
syrup, 0.4375 or 4.375 mL−1 (2.8 or 28 mM, respectively);
KH2PO4, 0.5 g·L−1 (3.67 mM); NH4Cl, 1.0 g·L−1 (18.35 mM);
CaCl2, 0.06 g·L−1 (0.41 mM); MgSO4·7H2O, 2.0 g·L−1 (8.12 mM);
Na2SO4, 2.825 g·L−1 (19.89 mM), and NaHCO3, 1.5 g·L−1 (17.86
mM); trace element, vitamin, and amino acid solutions were pro-

vided for standard freshwater MSR media (23). The final sulfate
concentration was always 28 mM, and lactate was the sole elec-
tron donor provided at either 2.8 or 28 mM. Deoxygenated and
autoclaved or filter-sterilized (0.22-μm sterile syringe filters) media
components were combined aseptically and anoxically under O2-
free N2:CO2 (90:10) and titrated to a final pH of 7.00 ± 0.02 with
deoxygenated sterile HCl or NaOH. DvH was regularly transferred
into 100 mL of fresh 25 °C medium in 160-mL serum bottles at 1%
dilutions. Growth rate was determined by optical density readings
(OD600) (Genesys 10S UV-Vis; Thermo Scientific) calibrated to
microscopic cell counts, performed on an Olympus BX60 fluo-
rescence microscope, at 400× magnification on DAPI-stained cells
previously fixed in 2% (vol/vol) glutaraldehyde.

Chemostat (Open-System) Setup, Operation, Sampling, and Calculations.
Open system experiments were performed in a chemostat (chem-
ical environment in static; Fig. S1). Critically, all surfaces in contact
with sulfide (gas or liquid) were glass, polyether ether ketone
(PEEK), or polytetrafluoroethylene to avoid reoxidation of the
biogenic sulfide. Before all chemostat runs the reactor vessel (six-
port, 3-L working volume vessel) (1964–06660; Bellco Glass) is
filled with 1.5 L of KA medium, containing 28 mM of both lactate
and sulfate. The medium is then autoclave-sterilized, degassed
with high-purity O2-free N2:CO2 (90:10), and titrated to pH 7.0 ±
0.02 via the pH probe-activated titration pump (DLX pH-RX/
MBB metering pump; Etatron)—dosing in either 1 M HCl or
1 M NaOH, both previously degassed with N2 and autoclave-
sterilized. Following these preparations, the vessel is inoculated
with 100 mL of a midexponential DvH culture, cultivated in batch
as above, previously transferred more than seven times (>50 gen-
erations) to ensure adaptation to the minimal medium. The
organism-specific growth rate (based on OD600 measurements and
cell counts with time) was determined in batch before inoculation
of the vessel so that appropriate flow rates can be calculated. That
is, the organism’s maximum specific growth rate (μmax) (24) es-
timated from batch work is a critical value to know in advance of
chemostat inoculation, because the dilution rate (D) must be less
than or equal to μmax to avoid a washout of the biomass (24). For
our preparation, the inoculated reactor is allowed to grow under
gas flux only (i.e., as a closed system to liquid flux, but open to gas
flux) for 5.5 d to an initial operating cell density (OD600 = 0.383),
equivalent to late log-phase on the same media in batch. At this
point, inflow and outflow pumps (Ismatec four-channel Reglo
analog peristaltic pump with Tygon HC F-4040-A tubing, mini-
mum flow rates are achieved by using tubing of different internal
diameters: 0.25, 0.51, and 0.64 mm) were activated at the high
flow rate and high lactate concentration condition (Dataset S1).
After 9 d, the influent media was changed to an identical matrix of
KAmedium, but using 2.8 mM lactate instead of 28mM (previous
run). Three further media bottle changes were performed at 18,
26, and 51 d, but no further changes to influent lactate or sulfate
concentrations were made for the remainder of the experiment.
The influent–effluent rate was slowed from the fast condition to
the slower condition at 29 d, diminished further from slower to
slowest at 45 d, but finally reinvigorated to the fast flow rate at
58 d. The experiment was terminated after 62 d. Specific values
for all conditions are available in Dataset S1.
Over the course of the chemostat run we sampled the gas (G),

liquid effluent (L), and reactor solution proper (R) to quantify all
sulfur and carbon species during each sampling interval and to
measure the major and minor isotope compositions of all S-species
(Analytical Procedures and Dataset S1). Steady state is defined
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when OD600 and cell density remained constant between con-
secutive samplings (Dataset S1). This means that the population
is growing and metabolizing at a constant rate. Further investi-
gation might consider quantifying protein concentrations and in-
stantaneous sulfate reduction rates in subsamples of the reactor
volume (cf. ref. 25). mSRR, turnover time, and fractionation re-
lationships for all turnover times are visualized in Fig. S2. Clear
and coherent relationships emerge between the fast, slower, and
slowest flow rate conditions in metrics of SRR [mSRR and cell-
specific sulfate reduction rate (csSRR)] and fractionation (34eMSR
and 33λ MSR), presented in Figs. 1 and 2 and Fig. S2.
G, L, and R samples were preserved at each time point, along

with 1-mL samples for cell counts and optical density readings.
Gas samples were collected over the course of a sampling interval
by bubbling N2:CO2 (90:10) through two traps in series con-
taining zinc acetate (20% wt/vol) buffered with glacial acetic acid
(60 mL·L−1) to pH 4.5. The pH homeostasis of the zinc acetate
capture solution is critical to ensuring no sulfur isotope frac-
tionation occurs upon continuous sample collection. Before
initiating the chemostat experiment we determined that the pH
of unbuffered 20% zinc acetate trapping solution becomes acidic
within 12 h of sulfide flux under the high lactate:sulfate condi-
tion, resulting in incomplete sulfide capture. As such, the zinc
acetate was always buffered at a pH >4.25 with acetic acid and
was monitored daily by checking the zinc trap with a calibrated
pH probe (405-DPAP-SC-K8S/325 mm; Mettler-Toledo).
The theory behind chemostat operation as related to pseudo-

first-order biochemical kinetics in a continuous culture (i.e.,
partial Monod kinetics) is reviewed in detail elsewhere (24). The
dilution rate (D) of the chemostat reactor volume is calculated as

D=
liquid  flux

reactor   liquid  volume
=

liters=day
liter

=
1
day

: [S1]

To compare our experimental csSRRs, we calibrated the OD600
to cell number via cell counts and derive the following rela-
tionship for csSRR in an open system (for csSRR in a closed
system (26):

csSRR=
mol  sulfide  produced

ð#cells=volumeÞ× ðreactor   volumeÞ× ðcollection  intervalÞ

=
mol  sulfide

ð#  of   cellsÞ× day
: [S2]

For comparison with previously published closed-system datasets
(3, 12, 14, 26), we convert to femtomoles per cell per day. In all
experiments, mass balance is closed such that sulfate flux values
may be substituted into the above equation. Finally, for nonlin-
ear regression calculations it is critical to minimize error in the
independent variable (x axis; ref. 27). Therefore, we calculate the
mSRR, taking advantage of the minimal variance in replicate
OD600 measurements over different flux states (i.e., flow rates,
equivalent to differential D):

mSRR=
mol  sulfide  produced�

OD600

reactor  volume

�
× ðcollection  intervalÞ× ðcollection  volumeÞ

=
mol  sulfide
OD600 × day

: [S3]

Thus, the mSRR is offset from csSRR values by the OD600 to cell
count calibration. Implicit to our use of OD600 measurements in
place of cell counts is the reasonable assumption that the in-
tegrated variance in cell volume is significantly less than error
associated with all of the steps in preservation, staining, and

microscopic counting of individual cells. In future work it will be
important to normalize biomass-specific geochemical fluxes to a
more universal metric, such as protein concentrations (or rRNA
copy number). Protein-normalized rates will be more directly
comparable to sediment and natural system SRR, where protein
concentrations are readily quantifiable where accurate cell counts
are difficult (e.g., sediments, mineral surfaces, and biofilms).

Analytical Procedures. Sulfate, lactate, and acetate concentrations
in fresh and spent used medium from both R and L samples were
determined on 0.45-μm filtered sampled by suppressed anion
chromatography with conductivity detection (ICS-2000, AS11
column; Dionex). An eluent gradient method was used, running
first 1 mM KOH isocratically for 6 min, followed by a linear ramp
to 30 mM KOH over 8 min, then a linear ramp to 60 mM KOH
over 4 min, followed by 5 min reequilibration at 1 mM KOH
between samples (duplicate analysis SD ± 5%; detection limit
1 μM). Sulfide concentrations were measured by the methylene
blue method (28) modified to work on 96-well plates, with OD670
readings taken at the Harvard University Center for Systems
Biology (UV-Vis Spectramax Plus 384 plate reader; Molecular
Devices) (eight-replicate SD ± 2–7%; detection limit 5 μM). We
also measure thiosulfate (S2O3

2−) and trithionate (S3O6
2−) on R

and L samples by cyanolysis (29, 30). Here, all samples were
below a detection limit of 50 nM.
Sulfate (L andR) or product sulfide (G, L, and R) samples were

first prepared for major isotope analysis (δ34S) as BaSO4 or Ag2S,
respectively (31). All samples for sulfur isotope analysis (as SF6
or SO/SO2) were first treated as follows. G samples collected as
ZnS were treated with excess AgNO3 to generate Ag2S and in-
cubated overnight in the dark followed by centrifugation to con-
centrate the precipitate along with wash, resuspension by vortex,
and reconcentration steps performed in the following order (35–
40 mL of each): 1 M CH3COOH two times, deionized water
three times, 1 M NH4OH one time, and water two times. They
were then dried at 50 °C before weighing for fluorination. R and
L sulfate samples were quantitatively reduced to Ag2S by the
method of Thode et al. (2, 32) and washed with NH4OH and
water as above. Samples were converted to SO2 by combustion
at 1,040 °C in the presence of excess V2O5 (ECS 4010 elemental
analyzer; Costech) and analyzed by continuous flow isotope ra-
tio mass spectrometry (1σ of ±0.3‰) (Delta V Plus Finnegan;
Thermo Scientific). All samples as Ag2S were fluorinated under
10× excess F2 to produce SF6, which is then purified cryogeni-
cally (distilled at −107 °C) and chromatographically (on a 6-foot
molecular sieve 5Å in-line with a 6-foot HayeSep Q 1/8-inch
stainless steel column, detected by thermal conductivity detector).
Purified SF6 was measured as SF5

+ (m/z of 127, 128, 129, and 131)
on a Thermo Scientific MAT 253 (1σ: δ34S ±0.2, Δ33S ±0.006‰,
Δ 36S ±0.15‰). All isotope ratios are reported in parts per
thousand (‰) as experimentally paired sulfates and sulfides mea-
sured. Long-term running averages and SDs for International
Atomic Energy Agency standards S1, S2, and S3 for sulfides or
NBS-127, SO5, and SO6 for sulfates. Isotope calculations and
notation are detailed below. Isotope ratios are presented as paired
sulfate–sulfide measurements.

Isotope Ratio and Fractionation Calculations. Sulfur has four stable
isotopes: 33S, 34S, 36S, and 32S in relative abundance 0.76%,
4.29%, 0.02%, and 94.93%, respectively (33). Isotope ratios (3xR =
3xr/32r = [(3xS/32S)A/(

3xS/32S)B]) are used to determine the frac-
tionation factor (α) between two pools (A and B; x = 3, 4, or 6,
and y = 3 or 6):

3xαA−B =
h�3xS=32S�A

.�3xS�32S�B
i

[S4.1]
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3x«A−B =
�3xα− 1

�
× 1; 000 [S4.2]

δ3xSA =
h�3xS=32S�sample

i.h�3xS=32S�standard − 1
i
× 1; 000 [S5]

Δ3yS= δ3yS− 1; 000×
h�
1+ δ34S

�
1; 000

�0:515 − 1
i
; [S6]

where 0.515 defines the mass-dependent relationship and is as-
signed a value of 0.515 for y = 3. Last, in determining the
isotopic fractionation associated with a specific process—even
if that process is constituted by a number of steps—lambda
is defined, differing from that used above in the definition
of Δ3xS.

33λA−B =
�
ln
�
1+

δ33SA
1; 000

�
− ln

�
1+

δ33SB
1; 000

��	�
ln
�
1+

δ34SA
1; 000

�

− ln
�
1+

δ34SB
1; 000

��
: [S7]

This definition is specific for a pair of samples (e.g., sulfate sul-
fide), but may also be applied through a field of data defined by
a common mechanism or process. Qualitatively, 33λ describes the
slope of a line connecting data on a plot of δ33S vs. δ34S. All
fractionations presented in the main text and used as input in
deriving the fractionation limit and rate calculations are between
the G and L pools. The L and R were almost always identical in
δ34S value, except during significantly non-steady-state condi-
tions in the flow-through system.

Calculating Empirical Fractionation Limits for DvH. To determine the
empirical limits of DvH S-isotope fractionation we applied mul-
tiple nonlinear regression models to our experimental data and
calculate unique organism-specific maximum and minimum frac-
tionations factors for both major and minor S-isotope metrics
(i.e., 34eMSRmax,

34eMSRmin,
33λMSRmax, and

33λMSRmin). The best-
fit model of those tested (Fig. S3) is a simple one-phase decay
model (Eqs. S8–S11). Another rigorously examined model is
based on the partial-Monod equation and uses the inverse of our
rate measure (mSRR−1). In both models the fitted rate constant
is first-order with respect to a single reactant: organic carbon
(herein, lactate). This assumption is valid in our system because
the chemostat-grown culture of DvH was limited with respect to
electron donor whereas sulfate was always present in excess. The
measured sulfate reduction rates used in these calculations is
parameterized as the mSRR (moles of sulfide produced per day
per unit biomass), where this biomass normalized metric of sul-
fide flux (mSRR or csSRR) is a direct measure of the biomass
specific sulfate reduction rate, constrained by a specific dilution
rate (D, days−1):

mSRR=

ln

 
34«MSRobs−34«MSRmin
34«MSRmax−34«MSRmin

!

−k«MSR

[S8]

mSRR=

ln

 
33λMSRobs−33λMSRmin
33λMSRmax−33λMSRmin

!

−kλMSR

[S9]

mSRR−1 =
k′«MSR

ð34«MSRmax=34«MSRobsÞ− 1
[S10]

mSRR−1 =
k′λMSR

ð33λMSRmax=33λMSRobsÞ− 1
: [S11]

Data inputs are the measured (observed) 34eMSRobs or
33λMSRobs

for a given dilution rate (D) and the corresponding mSRR. Fit-
ting parameters are as follows: k, a pseudo-first-order rate con-
stant specific to each nonlinear regression (ke, kλ, k′e, and k′λ);
34eMSRmax (or

33λMSRmax), the theoretical maximum fractionation
as mSRR−1 approaches infinity (which physically corresponds
to a D approaching zero), and in the case of the one-phase decay
model (Eqs. S8 and S9) the 34eMSRmin (or

33λMSRmin) corresponds
to classically defined ‟plateau,” where the minimum value cor-
responds to the rate-limiting step in sulfate reduction when our
organism (DvH) is growing and metabolizing at its μmax. Here
mSRR is also normalized to OD600 to account for minor variance
due to differences in cell density (i.e., biomass yield will vary as a
function of D and electron donor:acceptor ratio). Cell densities
(OD600) were used as a normalization factor rather than cell counts
owing to the lower-order variance in the OD600 measurements,
because it is critical to minimize error in the x-value inputs to
nonlinear regression models (27). Results of the main two model
fits and SE estimates, fitting parameters and their SEs, and the
95% confidence intervals (dashed lines) are presented in Fig. S3.
The one-phase decay model makes no assumptions about mech-
anism, whereas the partial Monod has some mechanistic under-
pinning to a pseudo-first-order enzymatic system, as we might
predict is broadly the case in our chemostat.

Phanerozoic Compilation and Modeling Analyses. Sedimentary sulfur
isotope compilations stem from table A1 in ref. 34 and are binned
and recalculated in Table S1. Shelf-area estimates are from ref.
35. Data from ref. 34 were first averaged over the time bin of
interest. The δ33S was then calculated from the Δ33S provided,
which then serves as an input in the ensuing calculation of 33λ
(Eq. S7). From this compilation, isotope mass balance allows for
the calculation of the classic metric of pyrite burial: fpy (5). Using
this definition, we provide a sensitivity test in the text to better
understand what change in fpy would accompany an 8‰ change
in the range of fractionation observed between sulfate and sul-
fide (e in the fpy equation).
Estimates of absolute Phanerozoic sedimentary sulfate reduc-

tion rates (sedSRR) are calculated by inputting geological isotope
data from Table S1 (time-binned averages) into Eqs. S8 and S9.
Importantly, the fitting parameters derived from the empirical
(chemostat) calibration were incorporated in this exercise. To
estimate the range in SE from our experimental calibration
and nonlinear regression model outputs (Eqs. S8 and S9), we
recalculated the sedSRRs using the same geological inputs (Table
S1), but used the maximum, median, or minimum SE estimates
for each fitting parameter (these SE values are presented in Fig.
3, Inset; these differ from the dashed lines in Fig. S3, which are
95% confidence interval). These yield the most conservative
estimates in both directions on our scale. Whereas the Phaner-
ozoic sedSRR calculated from 34eGEO or 33λGEO time-bin inputs
(along with fitted constants mSRRMSRmax, mSRRMSRmin, and k
from either 34eMSR or 33λMSR nonlinear regression, Eqs. S12 or
S13, respectively) vary in their absolute magnitude (from Eqs. S8
and S9 vs. shelf area), and we assume mSRR relate to sedSRR by
a scalar of biomass per unit sediment—values we do not need to
know when comparing relative sedSRR—the relative change over
the Meso-Cenozoic scales consistently (converted using Eq. S12
relative to Plio-Plisotocene estimates of sedSRR) and correlates
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strongly with shelf area (Fig. 4 and Fig. S4). This relationship is weak
in the Paleozoic, and we present the entire Phanerozoic sedSRR
predictions in Fig. S4C to simply highlight the disagreement in
sedSRR estimates from major and minor isotope inputs. Inter-
estingly, the sedSRR disagree most strongly when poorly correlated
with shelf area (Fig. S4). We do not further interpret calculated
sedSRRbefore 200Ma. This supports our hypothesis that changes in
microbial sulfate reduction rates scale with sedimentary sulfate re-
ductions rates, and where both scale with shelf area.

sedSRR=

ln

 
34eGEO−34eMSRmin

34eMSRmax−34eMSRmin

!

−k«MSR

[S12]

sedSRR=

ln

 
33λGEO−33λMSRmin

33λMSRmax−33λMSRmin

!

−kλMSR

[S13]

The time bin (geo bin n) sedSRR calculated from geological
isotope data (Table S1) relative to the Plio-Pleistocene is as
follows:

%sedSRRðrel:  to  Plio−PleistoceneÞ

=
�

mSRRgeo  bin  n

mSRRPlio−Pleistocene  bin
− 1
�
× 102:

[S14]
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Fig. S1. Anoxic chemostat. The main reaction chamber is a 3-L short glass vessel with 1- × 140-mm- and 6- × 45-mm-diameter ports, where the 45-mm ports
housed the following: liquid in/out flow from the media reservoir and out to the 5% zinc chloride-containing (at initiation) liquid trap; in/out flow of
the prereduced and hydrated N2:CO2 (90:10), plumbed into the media reservoir, then into the reaction chamber, and finally out into the primary and secondary
20% zinc acetate trapping solution; trapping solutions are changed upon sampling; a dedicated port houses the pH probe, which controls the titrant delivery
pump (input through port), set to deliver 1 M HCl upon pH rise as H2S is swept out, thus maintaining a pH of 7.00 ± 0.02. Two of the 45-mm ports were
primarily unused during this experiment, but remain available for a custom-built liquid level controller that controls a second peristaltic pump, which will
remove liquid to counterbalance additional liquid over the desired volume, as introduced by the pH titrant pump; if a second delivery solution is desired, or if
nonconstant outflow/inflow is desired. One of the four subports is dedicated to a static sampling valve, which is sealed by a PEEK 1/4-28 ball valve when not in
use. All continuous liquid (L) and gas (G) samples have a matching reactor (R) sample collected at the end of each sampling interval. [R samples were taken for
OD600, sulfate, sulfide, lactate, and acetate concentration measurements and major isotope measurements (on both sulfate and sulfide)].
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Fig. S2. Chemostat data. All dilution rate (D), mSRR, csSRR, 34eMSR, and
33λMSR data from the DvH chemostat experiments, including steady-state and transition

conditions (changes to the influent electron donor concentration or liquid flux). The values in A are equivalent to B, plotted on log or linear x axes, respectively;
this holds for C and D. Interestingly, the different electron donor flux where D is the same (i.e., 28 mM vs. 2.8 mM input lactate at the highest dilution rate)
yields a slightly different baseline in 34eMSR or

33λMSR (E and F). The data in E and F are all major and minor isotope measures from chemostat experiments with
axenic cultures.
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Fig. S3. Nonlinear regression model fits to chemostat major and minor isotope measurements. In all panels, paired sulfate–sulfide major (34eMSR) or minor
(33λMSR) observed fractionation factors are plotted against the mSRR, with the nonlinear regression fit (thick line), 95% confidence intervals (dashed lines), and
fitting parameters with SE estimates (r2 = coefficient of determination). All data are from only the 2.8:28 mM lactate:sulfate conditions. (A and B) One-phase
decay model fits (Eqs. S8 and S9). (C and D) Modified partial-Monod model fits (Eqs. S10 and S11). Both models allow for the calculation of empirical frac-
tionation limits in 34eMSR and 33λMSR, and both provide similar estimates of 34eMSRmax and 33λMSRmax. The one-phase decay model, however (A and B) yields
better fits in both measures of fractionation (r2 in A vs. C and B vs. D).
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Fig. S4. Shelf area and relative change (%) in mSRR predicted from isotopic record inputs. (A) Comparison of the geological isotope records normalized to
shelf area demonstrates a strong correlation of isotope records as a function of shelf area over the Meso-Cenozoic, but a weaker correlation over the Paleozoic.
Using Eqs. S9 and S10, and normalizing to rates calculated from the Plio-Pleistocene (most recent time bin) (B and C, Eq. S12). Broad agreements in changes
to sulfate reduction rates from the major and minor isotope record 34eGEO or 33λGEO inputs are apparent over the last 200 Ma (B), but not before (also see Fig. 5).
(D) This biphasic trend (Meso-Cenozoic vs. Paleozoic) in correlations seems to be a function of shelf area, although other factors must have contributed to
isotopic signals during the Paleozoic.
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Fig. S5. Multiple sulfur isotope fractionations from our chemostat experiments plotted alongside the Phanerozoic compilations (Table S1). Mean values from
the last 200 Ma fall within the 95% confidence interval of our MSR chemostat calibration. Mean isotope values from the earlier Paleozoic and parts of the
Permian-Triassic transition are well out of our experimental calibration, indicating fractionating processes other than MSR contribute to the mean isotope
signals of each time bin. The other study cited refers to Sim et al. (17).
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Table S1. Phanerozoic multiple S isotope records

Age bin mid, Ma
Shelf area,
× 106 km2 δ34Ssulfate, ‰ δ34Spyrite, ‰ Δ33Ssulfate, ‰ Δ33Spyrite, ‰

34eGEO, ‰
33λGEO

0 37.41 21.85 −24.00 0.042 0.098 45.85 0.513743
10 37.84 22.03 −23.93 0.042 0.098 45.97 0.513739
20 41.67 21.90 −23.87 0.042 0.099 45.77 0.513719
30 39.35 21.87 −23.77 0.042 0.099 45.63 0.513715
40 48.11 21.70 −23.67 0.042 0.099 45.37 0.513708
50 51.90 19.33 −23.57 0.042 0.099 42.90 0.513636
60 53.91 18.43 −23.47 0.042 0.099 41.90 0.513613
70 62.76 18.83 −23.37 0.042 0.098 42.20 0.513638
80 66.44 18.50 −23.13 0.042 0.098 41.63 0.513620
90 72.66 18.35 −21.10 0.042 0.098 39.45 0.513554
100 65.60 16.88 −22.40 0.042 0.098 39.28 0.513540
120 56.04 16.44 −23.12 0.042 0.099 39.56 0.513525
140 58.03 17.00 −25.36 0.042 0.100 42.36 0.513602
160 58.44 17.06 −26.36 0.042 0.099 43.42 0.513659
180 48.34 17.56 −27.00 0.041 0.098 44.56 0.513688
200 41.04 17.94 −27.74 0.035 0.096 45.68 0.513625
220 43.84 19.34 −27.94 0.029 0.093 47.28 0.513609
240 50.52 20.08 −26.24 0.025 0.089 46.32 0.513582
260 68.06 16.52 −24.84 0.020 0.084 41.36 0.513410
280 67.65 13.38 −22.86 0.015 0.078 36.24 0.513242
300 66.43 13.50 −18.56 0.012 0.071 32.06 0.513153
320 63.72 14.62 −15.22 0.010 0.066 29.84 0.513111
340 70.18 15.74 −13.08 0.008 0.061 28.82 0.513135
360 88.08 19.06 −10.22 0.006 0.057 29.28 0.513225
380 89.27 20.90 −8.92 0.004 0.054 29.82 0.513297
400 77.76 21.84 −7.38 0.002 0.051 29.22 0.513304
420 89.79 26.04 −5.60 0.000 0.048 31.64 0.513444
440 73.80 27.06 −4.76 −0.003 0.045 31.82 0.513479
460 73.32 25.90 −2.52 −0.005 0.040 28.42 0.513399
480 76.29 30.48 0.72 −0.007 0.034 29.76 0.513619
500 74.69 35.30 4.08 −0.009 0.030 31.22 0.513714
520 69.89 33.36 3.76 −0.010 0.029 29.60 0.513680
540 66.39 30.18 4.25 −0.007 0.026 25.93 0.513727

Phanerozoic multiple S-isotope compilation and calculations, derived from ref. 34, but rebinned herein, with calculations of Δ33SGEO
and 33λGEO changed to Eqs. S6 and S7, respectively. Shelf area estimates from ref. 35.

Table S2. Acronyms and their definitions

Acronym Definition Units Notes

MSR Microbial sulfate
reducer

— Used in reference to all bacterial and Archeal sulfate reducers,
in lieu of the more restrictive BSR (bacterial sulfate reducers).

mSRR Microbial sulfate
reduction rate

Moles of S per OD600

per day
The specific rate of sulfate reduction accounting for biomass

(here, optical density), liquid flux, and time. This is similar to csSRR.
csSRR (appears

in SI only)
Cell-specific sulfate

reduction rate
Moles of S per cell

per day
Same as mSRR only normalized to cell numbers rather than OD.

The calibration of cell density carries a large error, and as such,
the error in this measure is much larger than in mSRR.

sedSRR Sedimentary sulfate
reduction rate

Moles of S per square
centimeter per year

The literal rate at which sulfate is being reduced at the pore-water
scale within a sediment package. This metric differs from mSRR
(and csSRR) in that it lacks a biomass normalization (e.g., cell
number, protein content, mRNA copy number of MSR).

gSRR Global sulfate
reduction rate

Moles of S per year The rate of sulfate reduced integrated at the global scale. This is
independent from the actual rate of reduction in sediments,
or the spatial area over which that reduction is occurring.
This would relate to classic measures of pyrite burial through a
reoxidation coefficient.
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