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ABSTRACT

The marine sulfur cycle plays a key role in regulating Earth’s surface oxygen (O,)
levels through its interactions with the carbon and iron cycles. Our understand-
ing of the sulfur cycle has traditionally come from measurements of the sulfur
isotopic compositions of marine sulfate (SO") and sulfur-bearing materials in
marine sediments. Because the residence time of SO~ in seawater is long (Myr)
compared to the mixing time of Earth’s oceans (kyr), the concentration and sul-
fur isotopic composition of marine SO,*” are homogeneous in modern seawater
and are assumed to have been homogeneous throughout most of the Phanero-
zoic Eon (541 Ma to the present). This assumption of homogeneity, when com-
bined with sulfur isotopic composition measurements, has enabled box model
reconstructions of the relative fluxes of oxidized versus reduced sulfur leaving
the oceans at times in Earth’s past. Such reconstructions have informed our
understanding of the interactions between Earth’s tectonics, climate, and ele-
mental cycles.

This thesis tests some of the key assumptions made in sulfur cycle box models
and attempts to better understand sulfur isotopic variability in geologic archives
using a combination of measurements and modeling. Measurements of the sul-
fur isotopic composition (i.e., 5**S) of SO,* in Permo-Carboniferous brachiopod
shells demonstrate that more precise records of SO/~ §**S may be generated via
careful sampling that avoids diagenetically altered phases (Chapter[II)). Further-
more, measurements of heterogeneous carbonate associated sulfate (CAS) **S
within carbonates deposited across the End-Permian mass extinction (EPME)
in South China show that a lack of careful sampling can substantially alter our
understanding of the marine sulfur cycle at times in Earth’s past (Chapter [III).
Simple models constructed in each of these studies indicate that changes in the
§*'S of the sulfur input to the ocean, the 5§**S offset (i.e., A5**S) between the ox-
idized and reduced sulfur output fluxes, and the amount of SO,*” incorporated
during diagenetic alteration — all assumed to be negligible in many studies of
the marine sulfur cycle — may viably explain these data. Development of a
sediment diagenesis model that includes sulfur isotopic species demonstrates
that variations in organic matter rain rate, ferric iron input, sedimentation rate,
bottom water O, concentration, and bottom water SO,*” concentration may all
affect AS*'S in a given sedimentary environment (Chapter . Application of
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this model to pore water SO,*~ and hydrogen sulfide (H,S) §**S data from Inter-
national Ocean Discovery Program (IODP) Expedition 361, IODP Expedition
363, and R.V. Knorr cruise KN223 sites shows that A8*S is ubiquitously large
in these deep ocean sedimentary environments (Chapter [V). Cluster analysis
of pore water [SO,] profiles collected during previous deep ocean cruises suc-
cessfully extracts and groups profiles that are similar to those observed on these
three cruises (Chapter|[VI). Comparison of cluster data to a compilation of recent
marine pyrite (FeS,) 5>*S data confirms that pyrite burial in shelf sediments con-
stitutes the majority of pyrite burial occurring globally in the modern day. How-
ever, changes in sea level or in other variables that affect sediment deposition
may plausibly force an increase in deep ocean pyrite burial and a correspond-
ing change in the global AS*'S. Future studies of the modern and ancient ma-
rine sulfur cycles must carefully consider the geologic and geochemical context
of sulfur isotopic measurements — including sea level changes, sedimentation
rate changes, and measured or presumed concentrations of other redox-active
species — if interpretations of such data are to be robust.
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Replicate of Figure[V.11, now with different pyrite §*'S regimes la-
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V.27 Schematic depiction of the final 8°*S of buried pyrite as a func-
P Py

tion of the Fe(III) rate in a given depositional environment. Blue

arrow defines the expected trajectory if all other variables (e.g.

RRPOC) remain constant. Brown arrows denote the direction

of the expected pyrite 5°*S response to the listed perturbations;

perturbations are roughly listed such that those likely to result in

greater pyrite §°°S changes are located closer to the tips of the ar-

rows. Dashed black vertical line denotes the boundary between

Fe limitation of pyrite burial (left) and sulfur limitation of pyrite

burial (right). Note that this schematic assumes no change in

reaction kinetics associated with any of the listed perturbations;

e.g., reaction rate constants are invariant with temperature.[. . . . 141

|
(A) Scatter plot of I-CANDI model estimates of **¢ (vertical axis) |
versus net sulfate reduction rate (nSRR; horizontal axis) for each |
|
|

of the sites modeled in this study. Note that nSRR is plotted on a
logarithmic scale. (B) Scatter plot of estimated nSRR versus esti-

mated sedimentation rate for each of the sites in this study,. . . . 142

V.28 Relationships among mean nSRR, sedimentation rate, and °*c.
1

Cluster analysis results for 10 mbsf bottom boundary with five
clusters. (A) Observed [SO,*~] depth profiles for 0 to 10 mbsf for
sites within Clusters 1 (far left) through 5 (far right). (B) Clus-

ter centroids (i.e., the average [SO,* | depth profiles for the sites
within the cluster) for Clusters 1 (far left) through 5 (far right).|. . 151
.2 Global map of the distribution of sites included within the cluster

VI
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\Y

analysis for a bottom boundary depth of 10 mbst. The color of the

symbol denoting site location corresponds to the cluster assign-

Cluster 1 sites are shown with red squares, Cluster 2 sites with

magenta squares, Cluster 3 sites with blue squares, Cluster 4 sites

|
|
|
ment and matches the colors of the profiles in Figure [VL.1j i.e., |
|
|
|

with yellow squares, and Cluster 5 sites with cyan squares. Map

created using the M _Map mapping package [247]| . ... .. .. 152




Box and whisker plots of (A) mean TOC content, (B) mean CaCO;

content, and (C) water depth for the sites included within each

cluster for a bottom boundary of 10 mbsf. Red horizontal lines de-

note the medians for each cluster, and the blue indented notches

median value. The top and bottom edges of the blue boxes de-

note the 25th and 75th percentile ranges for the data within each

cluster. Whiskers (capped dashed lines) are depicted with lengths

equal to 20 (95%) coverage of the data within each cluster; outliers

are depictedasred “+ symbols] . . . ... ... ... ... ....
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Cluster analysis results for 100 mbst bottom boundary with six

clusters. (A) Observed [SO,*~ | depth profiles for 0 to 100 mbsf for

sites within Clusters 1 (far left) through 6 (far right). (B) Clus-

ter centroids (i.e., the average [SO,*~| depth profiles for the sites

within the cluster) for Clusters 1 (far left) through 6 (far right).|. .
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Global map of the distribution of sites included within the clus-

ter analysis for a bottom boundary depth of 100 mbst. The color

of the symbol denoting site location corresponds to the cluster as-

signment and matches the colors of the profiles in Figure [VI.1}

i.e., Cluster 1 sites are shown with red squares, Cluster 2 sites with

magenta squares, Cluster 3 sites with blue squares, Cluster 4 sites

with yellow squares, Cluster 5 sites with cyan squares, and Cluster

6 sites with lime green squares. Map created using the M _Map

mapping package [247]f. . . . ... ..o oo oL
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Box and whisker plots of (A) mean TOC content, (B) mean

CaCO; content, and (C) water depth for the sites included within

each cluster for a bottom boundary of 100 mbsf. Red horizontal

lines denote the medians for each cluster, and the blue indented

for the median value. The top and bottom edges of the blue boxes

denote the 25th and 75th percentile ranges for the data within

each cluster. Whiskers (capped dashed lines) are depicted with

lengths equal to 20 (95%) coverage of the data within each cluster;

outliers are depicted asred “+” symbols.| . . . ... ... ... ..
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Mean sedimentary total organic carbon (TOC) plotted against

modern water depth for a compilation of 601 DSDP, ODP, and

10DP sites. The dashed green line denotes an exponential fit to

the data wherein TOC (wt%) = 0.63 * 0.9998%, with d being the

water depth in meters belowsealevel.|. . . . . .. ... ... ...
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Mean nSRR plotted against mean sedimentary total organic car-

bon (TOC) for a compilation of 601 DSDP, ODP, and IODP sites.

Mean nSRR was estimated by assuming steady state and solving

for the reaction term in the general diagenetic equation using a

curve fit (polynomial or exponential) to the [SO,*"| and poros-

ity data. Only intervals with positive nSRRs (i.e., SO~ consump-

tion) were considered in calculating the mean to avoid any bias

introduced by SO, sources at depth or extended depth intervals

of no SO, reduction (e.g., below the SMT). The red dashed line

denotes a power law fit to the data where mean nSRR = 10~ " %

mean TOCY-"° |
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Literature compilation of 343 measurements (colored circles) of

pyrite 5°°S plotted against modern water depth (meters below sea

level). Color of symbols denotes the estimated pyrite S accumula-

tion rate based on the measured pyrite S content of the sediment

sample and sedimentation rate. Sedimentation rates were taken

from literature estimates or were estimated from water depth

based on the relationship of [219]. Data from |4, [37,|38,(115} 133,
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Subset of compilation depicted in Figure[VI.9[showing only data

collected from water depths < 200 mbsl. Color of symbols de-

notes the estimated pyrite S accumulation rate based on the scale

shown in Figure[VL.9 Sedimentation rates were taken from liter-

ature estimates or were estimated from water depth based on the

relationship of [219||. Data from [4,/37,/38,|115,/133,/158, /174, (175,

1881197, ]198; 2201 221}, 222,266} 293} 328329, 336, 349, 371]] . . .
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Sea level / shelf area numerical experiment results. (A) Calcu-

lated change in the amount of submerged shelf area (0-200 mbsl)

relative to modern for a given change in sea level. Area was calcu-

lated using the ice surface version of the ETOPO1 global topogra-

phy [5]. (B) Continental shelf and continental slope pyrite burial

flux. If total pyrite burial is unchanged and shelf burial is pro-

portional to shelf area, sea level fall results in a transfer of pyrite

burial from the shelf to the slope. (C) Calculated steady-state sea-

water 5°°S for shelf AS>*S = 25%o and slope AS>'S = 45%. . . . . .
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Histogram of within-horizon &°*S;, range for 39 different sedi-

ment horizons in which multiple brachiopod specimens were

measured. Over half (22 of 39) of the horizons exhibit a range of

< 1%q, and nearly all exhibit a range of < 2% . . ... ... ...
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Brachiopod CAS abundance plotted against age for all unaltered

samples. CAS abundance exhibits little to no temporal trend, but

displays substantial variation associated with taxonomic diversity.

Error bars denote 1o standard error. Measurements exceeding

40000 ppm are likely erroneous due to anomalous errors asso-
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ciated with measurement of relatively small (< 0.5 mg) sample
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Plot of 5°°S;, against age (Ma). Data point colors denote continent,

while shapes denotestudy, . . . . ... .. ... ... ... ...

231

A4

Example contour plots of least square sum values using model-

data pairs matching the temporal distribution of the measured

data (top), model-data pairs with data interpolated to a set fre-

quency of one per Myr (middle), and model-data pairs with data

interpolated such that the 325-319 Ma and < 319 Ma intervals con-

tain equal numbers of points (bottom). Plots pertain to a run in

which only A8*S was allowed to vary with time. Best fit parame-

ter values do not shift dramatically with the fit scheme, suggesting

that the magnitude of the changes necessary to best fit the data re-

mains similar regardless of which schemeisused.|. ... ... ..

244



A5

Plots of (A) SO, &°°S, (B) [SO,*"], and (C) pyrite and evapor-

ite burial fluxes associated with constant parameter value model

runs. Each colored line in the SO, §*°S and [SO4>~] plots repre-

sents a model run with a different initial [SO,*~]. Shown here are

the best 10 model fits based on the sum of the squares fit.|. . . .
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Plots of (A) SO, §°S, (B) [SO4>7], (C) pyrite and evaporite burial

fluxes, (D) the reduced C:S burial ratio (R¢.5), and (E) O, reser-

voir size associated with the single variable parameter model runs

in which only R.s was varied with time. Each colored line in the

SO, 8>S and [SO4>~] plots represents a different model run; the

| ] Tel-datatfi ] R PIeT; hed |

require a transient 2. decrease prior to the increase, contrary to

expectation set by Berner and Raiswell (1983)) . . . . .. .. ..
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A7

Plots of (A) SO, 8°°S, (B) [SO4*~], (C) pyrite and evaporite burial

fluxes, (D) A5>*S, and (E) O, reservoir size associated with the sin-

gle variable parameter model runs in which only A8*"S was varied

with time. Each colored line in the SO,;~ §*°S and [SO4*"] plots

represents a different model run; the ten best model-data fit runs

A.8

Plots of (A) SO, §°S, (B) [SO4>~], (C) pyrite and evaporite burial

fluxes, (D) §°*S;,,, and (E) O, reservoir size associated with the sin-

gle variable parameter model runs in which only §°°S;, was varied

with time. Each colored line in the SO, §*°S and [SO4*"] plots

represents a different model run; the ten best model-data fit runs

A9

Plots of (A) SO, §S, (B) [SO4>7], (C) pyrite and evaporite burial

fluxes, (D) Rc.g, (E) 8°'S;,, and (F) O, reservoir size associated

with the multi-variable parameter model runs in which Rc.¢ was

forced to increase at 325 Ma and 5°°S;, was allowed to vary with

time. Each colored line in the SO, §°°S and [SO4*~] plots repre-

sents a different model run; the ten best model-data fit runs are
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| A.10

Plots of (A) SO, 'S, (B) [SO,*~], (C) pyrite and evaporite burial

fluxes, (D) Rc.s, (E) A8™S, and (F) O, reservoir size associated

with the multi-variable parameter model runs in which Rc.g was

forced to increase at 325 Ma and A8”*S was allowed to vary with

time. Each colored line in the SO~ 8>S and [SO,*"| plots repre-

sents a different model run; the ten best model-data fit runs are

A1l

Plot of duration of Carboniferous units including evaporites

among the listed lithologies against age. Information gathered

from a query of the Macrostrat database [257||. Each horizontal

bar represents a different unit, with the ends of the bar indicat-

ing the basal age and top age of the evaporite-containing unit.

Notably, there is a gap between 325 Ma and 320 Ma in which no

evaporite-containing units are noted in Macrostrat.| . . . . . . ..

A.12

Contour plot of the ratio of the final O, reservoir size to the initial

O, reservoir size (equivalent to modern) for a series of model runs

in which the initial §°C of the geologic organic carbon reservoir

and the initial 5°*S of the geologic pyrite reservoir were varied.

Oxidative weathering fluxes (i.e., fowon and fow p) were modi-

fied such that the 5"°C of the carbon input was always -4.4%o and

the 5°°S of the sulfur input was +4%. Parameters were otherwise

left constant with time (as in Figure|A.4]). These results demon-

strate that significant reductions in model O, accumulation may

be achieved if more °C- and **S-enriched compositions are as-

sumed for these two geologic reservoirs. . . .. ... ... . ...




XXix

[ B.1 5x less Fe input model experiment. (A) Area plot of the frac- |

| tional contribution of different electron acceptors to organic car- |

| bon remineralization at different initial sedimentary POC concen- |
3T

line model runs. Shaded areas represent the fractional contribu-

tions of oxic respiration (dark blue), denitrification (green), man-

ganese reduction (magenta), iron reduction (red), sulfate reduc-

tion (yellow), and fermentation (cyan) to overall POC remineral-

ization. (B) Plot of pyrite 5>°S (left axis; blue circles) and pyrite

sulfur concentration (right axis; red circles) for buried pyrite ex-

iting the bottom of the model domain as a funtion of POC rain

rate. (C) and (D) are replicate plots of (A) and (B), respectively,

with the initial POC plotted on a log scale instead of a linear scale.| 261

B.2 5x more Fe input model experiment. (A) Area plot of the frac-

tional contribution of different electron acceptors to organic car-

bon remineralization at different initial sedimentary POC con-

centrations for an Fe’ " rain rate five times higher than that in the

baseline model runs. Shaded areas represent the fractional con-

tributions of oxic respiration (dark blue), denitrification (green),

manganese reduction (magenta), iron reduction (red), sulfate

reduction (yellow), and fermentation (cyan) to overall POC rem-

ineralization. (B) Plot of pyrite 5°*S (left axis; blue circles) and

pyrite sulfur concentration (right axis; red circles) for buried

pyrite exiting the bottom of the model domain as a funtion of
POC rain rate. (C) and (D) are replicate plots of (A) and (B),
respectively, with the initial POC plotted on a log scale instead of




B.3 10x higher sedimentation rate model experiment. (A) Area plot

of the fractional contribution of different electron acceptors to

organic carbon remineralization at different initial sedimentary

POC concentrations for a sedimentation rate of 10 li—ymr (versus

1 f{—;ﬁ for the baseline model runs). Shaded areas represent the

fractional contributions of oxic respiration (dark blue), denitrifi-

(red), sulfate reduction (yellow), and fermentation (cyan) to over-

all POC remineralization. (B) Plot of pyrite 5°°S (left axis; blue

circles) and pyrite sulfur concentration (right axis; red circles) for

buried pyrite exiting the bottom of the model domain as a funtion
of POC rain rate. (C) and (D) are replicate plots of (A) and (B),
respectively, with the initial POC plotted on a log scale instead of
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I
I
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ChapterlI

INTRODUCTION

I.1 Sulfur Isotopes and the Marine Sulfur Cycle

Sulfur (S) is the sixteenth most abundant element in Earth’s crust and has four
stable isotopes: *2S (94.99 % 0.26%), **S (0.75 % 0.02%), **S (4.25 & 0.24%),
and *°S (0.01 + 0.01%) [138]. It also exists in multiple redox states at Earth’s
surface ranging from an oxidation number of +6 (e.g. SO4*7) to -2 (e.g. H,S).
This combination of relatively high abundance and redox chemistry has made
S one of the most important elements for electron transfer over the course of
Earth’s history [137]]. Electron transfers between carbon (C), iron (Fe), and S
species are thought to have played a key role in maintaining relatively stable
atmospheric oxygen concentrations in the Phanerozoic [27,137].

Most of the redox reactions involving S species preferentially act upon molecules
bearing specific isotopes of S. Such isotope discrimination, or “fractionation,”
is commonly expressed in terms of a fractionation factor o that compares the
isotope ratio in a product p to the ratio of the same two isotopes in a reactant r:
[75,[79]):

S IRP — ()Y_(>p
TR ),

where z is the mass number of isotope X, Y is a second isotope of the same
element, “R,, is the abundance ratio of X to Y in the product, and “R, is the
same abundance ratio in the reactant. The most abundant isotope is commonly
assigned to Y and a more rare isotope to X. For S, 328 is this most common
isotope and **S is most frequently the rare isotope of interest. Commonly, « is
recast as a parts per thousand (per mil, %o) deviation from 1 and communicated
as the “isotopic fractionation,” € [75,(79]:

“epr(%0) = (o, — 1) % 1000%0

Because the isotope X is typically a rare isotope, differences in isotope ratios
among materials are often very small. Thus, isotope ratios are also often recast as
a per mil (i.e., parts per thousand) deviation from the isotope ratio of a standard



75, [79]):
$Rsam (S
8“E (%0) = (x—pl - 1) s 1000%o

Ritandard
where E is the element of interest. For S, the typical standard to which ratios
are compared is Vienna Canyon Diablo Troilite (VCDT) [75]]. S isotopic compo-
sitions are most commonly reported as §**S relative to VCDT in the literature,
although &°°S and §°S have also been measured in some studies (e.g. [95,/157,
158]]).

Marine sediments are the locus of all S burial on Earth today, and the marine
S cycle has consequently been a topic of considerable research interest over the
past several decades. Sulfate (SO,*~) is the second most abundant anion in mod-
ern seawater ([SO;/] ~ 28 mM), and under anoxic conditions in water or sedi-
ment, it may be reduced to form aqueous sulfide (H,S). Although most of this
H,S is reoxidized [163], a small fraction is scavenged by metal cations such as
ferrous Fe (Fe*") or by organic matter [274, [355]] to form solid S phases. Both
H,S and these solid phases are depleted in rare S isotopes relative to marine
SO,*" due to isotopic fractionations associated with redox reactions involving S
species [56, 57]. Microbial sulfate reduction (MSR) is the primary contributor
to this depletion [56], but reactions such as H,S oxidation (e.g. [105} 256]) and
S disproportionation (e.g. [60, 164]) may play a role in some settings.

The burial of solid phases depleted in rare S isotopes enriches the remaining ma-
rine SO,*~ in these isotopes under steady state conditions, with greater enrich-
ment occurring as the burial flux of these solid phases becomes a larger fraction
of the total burial flux. Steady state isotopic box models of the marine S cycle
have been constructed by many authors (e.g. [107,(167,(172]) to take advantage
of this relationship and interpret variations in marine SO, 8**S over geologic
history ([57, |72, [100, 172, 261]; see Figure . These models are similar to
box models of the geologic C cycle (e.g. [190]]) and are schematically depicted
in Figure Typically, the models assume that riverine input of SO, derived
from continental weathering is the primary input of SO,*~ to seawater; volcanic
input is considered negligible [91]. Marine SO,* is assumed to leave seawa-
ter either as sulfate evaporite minerals (e.g. gypsum, CaSO,-,H,0) or in solid
phases derived from H,S — mainly, the disulfide mineral pyrite (FeS,). If the
§3'S offset (A8**S) between buried sulfate evaporites and pyrite, the §**S of the
riverine input (8**S,,), and the size of the seawater SO,%~ reservoir are approxi-

mately constant over a time scale of interest — as commonly assumed in steady
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Figure I.1: Box model schematic for the steady state marine S cycle with §**S
estimates for the modern fluxes. Given a measured seawater sulfate §**S (black
text) and assumed values for §**S;, and A8**S (purple text), one may solve for
[y (red text), the fraction of the total S output flux leaving the ocean as pyrite.

state models of the marine sulfur cycle — the steady state sulfur isotope mass
balance equation may be applied ([[135]]):

534Sin = 5348504 + A(S34S * fpy

where §**Sgo, represents the 8°*S of marine SO,*>~ and f,, is the fraction of the
total output flux of S leaving the ocean as pyrite. If the 5**S of seawater is known,
one can solve this equation for f,, and gain valuable insight on S cycle dynamics
at different times in Earth’s past. Such potential has motivated construction of
temporal 8>S records (e.g. 264]) and integration with models
of the C cycle (e.g. 199]]) to understand the net effects of biogeochemical
cycling on Earth’s oxygenation and evolution over time. These efforts have pro-
ceeded despite significant uncertainties in both the modern values and temporal
evolution of §3S;, and §**S. Several recent studies (e.g. [52} (126} (195, 342} 369])
have begun to address these uncertainties.

Despite the extensive work done in constructing temporal 8**S records
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100, 172, [264], outstanding questions regarding the history of the marine sulfur
cycle still abound. How faithfully do existing sulfate §**S records preserve the ac-
tual 8**S of primary seawater sulfate? Could temporal changes in §**S;, and **S
be responsible for some of the seawater 5**S changes that have traditionally been
attributed to changes in the amount of pyrite burial? What other processes (e.g.
hydrothermal circulation) may add important complications to the one input,
two output topology depicted in Figure This thesis attempted to address
each of these questions through a combination of new sulfur isotope abundance
measurements and mathematical modeling. Temporal variation in §°S appears
to be a particularly significant source of uncertainty that deserves more atten-
tion, as changes in both the ¢ associated with sedimentary sulfur cycling and
the role of reactive transport processes (i.e., diffusion, advection, and reaction)
in translating ¢ into a 6**S within a given environment have not been constant
in either space or time. This work identifies some of the processes that may
be important in forcing temporal change in these parameters. In the following,
we have briefly reviewed the geologic archives that are measured as records of
sulfur cycle processes. We have also identified the methods that have been de-
veloped for making sulfur isotope abundance measurements. Descriptions of
the benefits and shortcomings of each archive and measurement method are
followed by an outline of the remainder of this thesis.

I.2 Geologic Archives of the Ancient Marine Sulfur Cycle

Based on the potential for the S isotopic composition of sedimentary materials
to reflect important changes in the Earth system, many different geologic mate-
rials have had their §**S measured by geochemists to document changes in the
marine S cycle over Earth history. These geologic archives of the marine S cycle
include S in both oxidized and reduced redox states. The archives may occur as
pure S-bearing minerals or may instead preserve S as a minor constituent. While
oxidized materials are typically targeted as archives of marine §*S, reduced ma-
terials often preserve information on local depositional conditions [100, 246
and are useful for reconstructions of AS*'S (e.g. [195,369]).



I.2.1 Sulfate S archives

L.2.1.1 Sulfate minerals

Sulfate evaporite minerals are found in the geologic record across much of Earth
history (e.g. [33}72]) and were a target for many of the earliest studies of S
isotopic variation among geologic materials [11, 337, 338]. Such minerals —
mainly gypsum and anhydrite (CaSO,) — are attractive given their high S con-
tent and their deposition with little to no S isotopic fractionation relative to ma-
rine SO,*~ [268]. However, precipitation of evaporite minerals is mostly lim-
ited to restricted basins in which evaporation exceeds precipitation. Such basins
have not been constant in their abundance throughout geologic time [72, [126]]
and may experience 5>*S variations reflecting local influences rather than global
S cycle changes (e.g. [99]]). Evaporite deposits are also often difficult to date due
to a lack of diagnostic biostratigraphic markers. These factors have led to tem-
poral records that demonstrate substantial (> 20%o) Phanerozoic §**S variability,
but with gaps and uncertainties in the timing and global significance of varia-
tion.

Barite (BaSO,) is found in recent marine sediments and has also been targeted in
studies of marine SO,>~ §*S variations [252, 254]. Records generated from this
archive [252, 254] are notable for their precision and stratigraphic continuity,
but are limited in their temporal extent. Barite begins to dissolve upon quan-
titative consumption of SO,*~ (e.g. [290]) and is only consistently preserved
in sediments that have been too organic-poor for complete pore water SO,*~
consumption throughout their histories. This dissolution has allowed marine
barite 8**S records to be extended from the present only to the mid-Cretaceous
[254]. Open questions regarding the microenvironments in which barite forms
in seawater [253]] and the degree to which these microenvironments are altered
from seawater in their fluid composition (e.g. [29]]) have also limited detailed
evaluation of the accuracy of these records.

L.2.1.2 Minor / trace components of other minerals

In addition to precipitating as sulfate minerals, SO,*~ ion may substitute
for other polyatomic anions (e.g. CO;*~,P0O,*") in mineral lattices. Calcite
(CaCO0;), an ubiquitous mineral present in marine rocks throughout geologic
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time, has been the most commonly targeted mineral in studies of this substi-
tuted SO,*~. Early studies demonstrated the presence of sulfate at 1000+ ppm
(w/w) abundances in inorganic calcites [53,330], calcitic and aragonitic skele-
tons [318]], and bulk ancient carbonates [[106|]. Pioneering works by Popp (1985)
[259] and Burdett, Arthur, and Richardson (1989) [49] also established the po-
tential for the 5**S of this carbonate associated sulfate (CAS) to reflect the §**S
of contemporaneous marine SO, Stratigraphic continuity and easy biostrati-
graphic correlation have enabled 5*'S records of impressive temporal resolution
and extent (e.g. [172,279]) to be generated in the several decades since these
studies. However, recent works [262, 263} 278]] have also demonstrated poten-
tial for CAS abundance and 8>S to be altered during burial recrystallization.
Great care must be taken to identify and sample phases thought to contain CAS
derived from unaltered seawater to ensure the accuracy of such records (e.g.
[262,263]). Offsets in 8**S related to equilibrium and kinetic fractionations [15,
243, 244] may add further complications.

Sulfate present as a minor component in the calcium phosphate mineral apatite
(Cas(PO,4);(OH,F,Cl)) has also been targeted as a potential archive of marine
S0,%~ &S [116, 34, |74, 114, 216, 235, 258, 307, 368]|. Sedimentary apatite is pre-
cipitated by biomineralizing organisms to form bones, teeth, and skeletons (e.g.
[113]]) and may additionally precipitate authigenically during early diagenesis,
sometimes in large quantities (e.g. phosphorites; [216]). Although sulfate is
present at significant concentrations (up to several wt%) in phosphorites [16, 34,
74,114, 216, [235, 258], isotopic studies have shown that the 5**S of phosphate
associated sulfate (PAS) is frequently enriched in **S relative to seawater SO,*~
due to incorporation of pore water SO4*~ in sulfate-reducing environments [16,
74,216,235, [258]]. Lower sulfate abundances (typically < 1 wt%) have limited S
isotopic studies of biogenic apatites [113]]. Studies targeting such samples [[113}
368] are too few in number to draw robust conclusions, but have been at least
moderately successful in producing PAS §**S measurements close to the §**S of
coeval biogenic CAS [368].



L.2.2 Sulfide S archives

L1.2.2.1 Sulfide and disulfide minerals

S cycling in marine sediments produces solid phases that are extremely variable
in their §**S across modern environments (e.g. [59]]). Consequently, the infor-
mation gathered from the 5**S of solid phases at a given site is typically local in
its relevance, though compilations of data from many environments [/56, 57, |58,
100] may facilitate an understanding of global trends (e.g. [195}369]).

Pyrite is the most common H,S-derived phase targeted for 5°*S measurements
and often constitutes the majority of the solid phase S present in marine sedi-
ments (e.g. [149,311}336]]). This mineral is formed via the authigenic precipita-
tion of iron monosulfide (FeS) from dissolved Fe** and H,S, plus a subsequent
reaction of FeS with another S species (e.g. S°) to form pyrite [217,285]. Pyrite
is ubiquitous in sedimentary rocks and is typically extracted from sediments us-
ing strong reducing agents to form H,S that can be collected in a chemical trap
(e.g. [61]]), though strong oxidizing agents may also be used if quantitative ex-
traction is not crucial (e.g. [274]). Temporal pyrite 5°*S records are generated
with ease, but again, high pyrite §*S variability exists at spatial scales ranging
from individual grains (e.g. [46]]) to different depositional environments (e.g.
[59]). This, combined with the potential for late diagenetic and/or metamorphic
pyrite formation (e.g. [193]) generally limits the utility of data from a given site
to understanding local processes.

1.2.2.2 Organic S

Organic S is an understudied component of the marine S cycle. Though studies
of its concentration and isotopic composition date back to some of the earliest
S isotopic studies (e.g. [336]]), only recently have concentrated efforts started to
unravel the controls on its composition [[273, 274, 303, 354, 355, 356|]. The rela-
tive dearth of studies is surprising given the significance of organic S as a solid
phase S output in sediments that are particularly organic-rich and/or Fe-poor
(e.g. [275,303]]). Existing studies suggest that organic S is typically enriched
in **S relative to codepositional pyrite [[149, [274, 275] and may reflect longer-
term sulfurization reactions between organic matter and pore water H,S during
burial (e.g. [272]). More work is required to understand the quantitative im-
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portance of this flux throughout Earth history and its potential effects on the
marine S cycle (esp. the 8>S of seawater).

I.3 Methods of S Isotope Analysis

S isotope abundances are measured using a wide variety of methods. Tradition-
ally, measurements have been made through combustion of samples under a
stream of oxygen to yield sulfur dioxide (SO,) gas suitable for measurement on
a gas source isotope ratio mass spectrometer (IRMS) [98, 336,337, 338|]. Mea-
surements made using variants of this method continue to the present day and
are included as part of this thesis (see Chapter [V]). However, a number of new
methods for S isotope abundance measurements have been developed over the
past 20 years. These methods are often advantageous for specific applications,
especially in measuring multiple rare S isotopes. Such methods have also en-
abled new studies of the archives mentioned above at finer spatial resolution or
with improved precision (e.g. [46,|94, 244]). A solid understanding the benefits
and drawbacks associated with each method must be garnered to evaluate the
utility of the method for studying a specific question related to the S cycle. Brief
descriptions of these benefits and drawbacks are included below.

1.3.1 SF;gas source IRMS

The sulfur hexafluoride (SFs) method was initially developed by Hulston and
Thode (1965) [[150]. This method enables precise measurement of the abun-
dances of the rare S isotopes **S and *°S through fluorination of S-bearing sam-
ples to volatile SF¢ and S isotope ratio measurement on a gas source IRMS; be-
cause fluorine has only one stable isotope, all variations in the mass of SF¢ are
due to S isotopic variation. Difficulties associated with the fluorination process
[150] inhibited widespread initial adoption of this method, but methodologi-
cal improvements by several authors [[13, 267, 335] and the discovery of mass-
independent fractionation (MIF) of S isotopes in Archean rocks [94] have made
the method more common in recent years. Sample requirements (100s to 1000s
of S nanomoles) for sub-0.1%, uncertainty in 8°*S are similar to those required
for traditional SO, gas source IRMS, albeit with lower sample throughput (e.g.
[241])).



I.3.2 Secondary ionization mass spectrometry (SIMS)

Secondary ionization mass spectrometry (SIMS) involves the bombardment of a
surface with an ion beam and abundance measurements of the secondary ions
expelled from the surface. Such instruments have existed since the late 1960s
[67]], but have only been commonly used in geologic studies of S isotope abun-
dances since the 1990s (e.g. [284]]). SIMS instruments are powerful tools for
measuring S isotopic variability at the spatial scale of tens of microns. Studies
have successfully used these instruments to measure z;‘—g ratios (e.g. [46]) and
mass independent S isotope signatures (e.g. [345]]) in pyrite grains with short
(minutes) analytical times. However, development of standards that are iso-
topically homogeneous at the micron scale is often challenging, and analytical
times are much longer when measuring materials in which S is a minor com-

ponent (e.g. carbonates).

I1.3.3 Orbitrap mass spectrometry

Orbitrap mass spectrometry is a relatively new (~15 years old) variety of Fourier
transform mass spectrometry. Here, ions of different masses are distinguished
based on the frequency of their axial oscillations within an electric field [374]].
Although the technology has primarily been used for biological applications
(e.g. proteomics) thus far, several pioneering studies have begun to explore
applications within isotope geochemistry. Neubauer et al. (2018) [237] demon-
strated the potential for site-specific isotopic compositions in organic com-
pounds to be measured using Orbitrap mass spectrometry, and a follow up
paper [238]] reported an initial application of the technology for measurement
of S and oxygen (O) isotope ratios in dissolved SO,*~. Notably, only nanomoles
of analyte are currently necessary to constrain uncertainties to sub-%o levels
within tens of minutes; improvements in the technology could reduce this
sample requirement by an additional order of magnitude or more [238]. The
promise of these initial studies motivates further exploration of the technology

for S isotope abundance measurements.

I1.3.4 Multicollector inductively coupled plasma mass spectrometry (MC-
ICP-MS)

Multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS)
has revolutionized the field of isotope geochemistry since the first commercial
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MC-ICP-MS instruments were introduced in the early 1990s [88]. Amrani, Ses-
sions, and Adkins (2009) showed that these instruments could be used to make
compound-specific §**S measurements on relatively small amounts of organic
S-bearing compounds. Although these instruments have not historically been
used to measure S isotope abundances in aqueous solutions due to large inter-
ferences from O, and hydrides, Paris et al. (2013) [242] overcame this obstacle
by removing solvent vapor using a desolvating membrane and introducing an-
alyte to the plasma as a dry gas. They demonstrated that §**S measurements
could be made with sub-0.1% precision on as little as five nanomoles of S us-
ing this method. Subsequent studies [52, 243, 244, 262, 279] have applied this
method toward several aspects of the marine S cycle. Extending these efforts is
a primary focus of this thesis.

I.4 Strategy and Structure of the Thesis

The recent advancements in mass spectrometry methods described above have
expanded the feasibility of precisely measuring the S isotopic composition of ge-
ologic materials, especially for S-poor materials (e.g., Archean carbonates; [244),
245]]). The full utility of these advancements to improve S isotopic records and
answer outstanding questions concerning the global marine S cycle remains un-
tapped in many cases. For example, long-term (100+ Myr) Paleozoic records of
marine SO,%~ 5°*S remain relatively imprecise, and the hypothesized effects of
sea level on fluxes within the S cycle (e.g. [344]]) have not been quantitatively
interrogated. Application of new methods toward answering these outstanding

questions is imperative.

In this thesis, we attempted to better understand &S variability in geologic
archives and the controls upon that variability with measurements and math-
ematical modeling. We focused on utilizing MC-ICP-MS to measure smaller,
more targeted samples than is typically allowed by traditional EA-IRMS and
with better precision than is possible over comparable measurement times with
SIMS and Orbitrap mass spectrometry. We started by applying this tool towards
geologic archives of the marine S cycle. Later, we turned our focus to modern
processes that may have been at play in generating past changes in seawater
8*S.

Chapter [II| began the process of generating a new record of marine §**S vari-
ation during the Paleozoic with MC-ICP-MS measurements of CAS &*S (i.e.,
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8**Scas) in Permo-Carboniferous brachiopods. In this new record, we observed
a novel 3-5% increase in §**S¢ g near the Serpukhovian-Bashkirian boundary
(323.4 Ma). We also found that §**Sc,s within individual brachiopod specimens
and among different specimens deposited in the same sediment horizon is only
a minor source of 5**Sc,g variability. Mathematical modeling of the Permo-
Carboniferous C and S cycles suggests that changes in §*'S,, and/or A5*'S are
necessary to replicate the observed carbonate §'°C and §**S records.

In Chapter[[TI} we attempted to extend the record of Chapter[[I|by documenting
§**Scas variations across the End-Permian Mass Extinction (EPME) in South
China. The §Sc,s within single hand samples is highly heterogenous and
sometimes spans a range of nearly 20%qo. Plots of CAS abundance versus 8**Sc,g
suggest that this variation results from mixing between low CAS abundance,
high &*'S and high CAS abundance, low §**S phases. We hypothesized that
the low 8**Sc,s end member results from incorporation of SO/ derived from
sulfide oxidation during oscillations in sedimentary redox conditions near the
Permian-Triassic boundary. Mixing calculations show that these low 8**Sc,s
values may be generated with oxidation of only a small fraction of the solid
phase S that is present in these rocks. However, additional study is necessary to
rule out oxidation of solid S phases during laboratory processing of the samples.

Chapter [IV| outlines the development of a new model of early diagenesis for
understanding S isotopic variation in modern sediments. This time-dependent
model includes S isotopic species and is one of the first to include both organic
matter sulfurization and realistic pyrite formation processes. Model sensitiv-
ity tests suggest that organic matter rain rate, porosity, and sedimentation rate
are the strongest controls on the S isotopic composition of buried pyrite in ma-
rine sediments. The model also indicates that variations in organic matter input
and the physical parameters of sedimentary systems (esp. sedimentation rate)
can entirely account for the heterogeneity in A8**S across depositional environ-
ments globally; no variations in the 3! associated with reactions involving S
species are necessary.

In Chapter |V| we applied the new model from Chapter [V|toward a wealth of
new 5°*S data generated from deep ocean sediments cored on IODP Expedition
361, IODP Expedition 363, and R.V. Knorr cruise KN223. These sites exhibit a
wide range of characteristics in terms of their [SO4*~] depth profiles, but the new
data here suggest they are unified in featuring high (> 40%) 34¢’s associated with
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sedimentary sulfur cycling. We found that most of the observed [SO4*"] and
SO, 8*S depth profiles can be closely replicated under steady state conditions
with the new diagenetic model. Such results have important implications for
the 8**S of pyrite that is buried in deep ocean sediments.

Chapter |VI|takes a broader view of S cycling in modern deep ocean sediments
by examining [SO,>] profiles collected from past deep sea drilling expeditions.
Using k-means clustering, we found that profiles can be broadly allocated into
different groups that are distinct in terms of their global spatial distributions.
The characteristics of the sites within each group indicate that organic carbon
content is the primary control upon the type of profile that a given site will ex-
hibit, with water depth and CaCO; content serving as secondary influences. In
comparing estimated net sulfate reduction rates (nSRRs) to estimated pyrite S
accumulation rates derived from a literature compilation of pyrite 5**S measure-
ments, we found that existing data appear to be biased toward regions with rel-
atively high nSRRs and sedimentary S contents. Finally, we explored the effects
of augmenting the deep ocean pyrite burial flux via isotope mass balance cal-
culations. Our calculations suggest that steady state marine §**S perturbations
of 6% or more are possible. These results argue for additional efforts to cre-
ate unbiased estimates of fluxes within the global marine S cycle and further
examination of the effects of past global-scale sedimentation and/or seafloor
hypsometry changes on the S cycle.
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Chapter Il

BRACHIOPOD §**S-,s MICROANALYSES INDICATE A
DYNAMIC, CLIMATE-INFLUENCED
PERMO-CARBONIFEROUS SULFUR CYCLE

The content of this chapter has been published as cited below. When
appropriate, the text and figures have been slightly modified to improve clarity

and coherence with the remainder of the thesis.

Johnson, D. L. et al. “Brachiopod 534SC As microanalyses indicate a dynamic,
climate-influenced Permo-Carboniferous sulfur cycle.” In: Earth and Planetary
Science Letters 546 (Sept. 15, 2020).

DJ. participated in the conception of the project, conducted all laboratory prepa-
ration and measurements, analyzed and interpreted the data, and helped write
the manuscript., p. 116428. ISSN: 0012-821X. DOI:|10.1016/j . epsl.2020.
116428. URL: http://www.sciencedirect.com/science/article/pii/
S0012821X20303721 (visited on 07/07/2020)

II.1 Abstract

Early isotopic studies of sulfate in carbonate minerals (carbonate associated sul-
fate; CAS) suggested that carbonates can provide a reliable, well-dated archive
of the marine sulfur cycle through time. However, subsequent research has
shown that diagenetic alteration can impose highly heterogeneous CAS sulfur
isotopic compositions (8**Sc,s) among different carbonate phases within sed-
iments. Such alteration necessitates targeted sampling of well-preserved, pri-
mary carbonate phases. Here, we present a new record of Carboniferous and
Early Permian brachiopod §**Sc,s generated from over 130 measurements of
microsampled brachiopod shells. Our record refines existing brachiopod 8**Scs
records and confirms a large, ~6.5%0 8°*Sc,s decrease in the Early Carbonif-
erous. Importantly, the record also features a novel 2-5%o increase in 8*Sc,g
near the Serpukhovian-Bashkirian boundary (323.4 Ma) that coincides with car-
bonate §"°C and §'®0 increases. Variability in 8°*Sc,g is minor both within (<

0.3%0) and among (< 2%c) individual co-depositional brachiopod specimens.
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A taxon-specific 8*Sc,g offset is present in one species (Composita subtilita)
that also exhibits a §"°C offset, supporting the existence of biological “vital ef-
fects” on §**Sc,s. Geologic evidence and mathematical modeling of the Permo-
Carboniferous carbon and sulfur cycles suggest that changes in the burial ratio
of organic carbon to pyrite sulfur (R¢.s) are insufficient to explain the observed
mid-Carboniferous §**Sc,s record. We found that changes in the S depletion of
pyrite relative to seawater sulfate (A3**S) or in the 'S of the input to the ocean
(8**S,,) are also needed. Large additions of O, from organic carbon burial dur-
ing the Permo-Carboniferous cannot be entirely compensated for with sulfur
cycle changes; lower than modern late Visean pO, and/or additional O, sinks
are needed to keep pO, at plausible levels. Based on the geologic context sur-
rounding our record’s mid-Carboniferous §**S¢ s increase, our results argue for
simultaneous changes in pyrite burial, A8*'S, and §*'S;,, driven by sea level or
tectonically induced changes in environments of sulfur burial, as a viable mech-
anism to produce rapid seawater §**S changes.

I1.2 Introduction

The global marine sulfur cycle plays a key role in regulating the oxygenation
of Earth’s ocean and atmosphere. This regulation occurs through linkages be-
tween the sulfur and carbon cycles via processes like microbial sulfate reduction
(e.g. [195]) and oxidative weathering of sulfide minerals (e.g. [341]]). A closely
balanced transfer of electrons between the carbon and sulfur cycles is often in-
voked in explaining relatively stable Phanerozoic surface O, concentrations (e.g.
[107,1347]). However, Berner and Raiswell (1983) note that changes in the sedi-
mentary burial ratio of organic carbon to pyrite sulfur may cause imbalances in
this coupled redox system and result in changes in O, concentration, suggesting

the possibility of a dynamic coupling between the carbon and sulfur cycles.

Previous work has demonstrated dynamic behavior of the carbon and sulfur
cycles during the Carboniferous (359.3-298.9 Ma) and Permian (298.9-251.9
Ma; [171} 320, 368, 369, and references within]. These periods constitute the
last “icehouse” interval prior to the modern one [232]. Coal deposits (e.g.
[236])), *C-enriched marine carbonate fossils [[123]], and box modeling efforts
(e.g. [26]) suggest voluminous organic carbon burial and an associated atmo-
spheric pO, increase during this time. Early analyses of the sulfur isotopic
composition of sulfate evaporites [320, and references within]| showed substan-
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tial age-dependent differences in the °*S of Carboniferous evaporites, but low
temporal resolution hampered precise correlation with changes in the carbon
cycle. Kampschulte, Bruckschen, and Strauss (2001) improved upon these
data using measurements of the §**S of carbonate-associated sulfate (CAS)
in brachiopods. Their study documented a large (~7%c) decrease in 8**Sc,g
during the Tournaisian and early Visean, a modest 2-3% increase during the
mid-Carboniferous, and a subsequent decrease during the mid- to late Car-
boniferous [171]]. Later brachiopod and conodont §**S measurements by Wu
and colleagues (2013, 2014) confirmed the trends in the early and latest Car-
boniferous portions of this record. Maharjan et al. (2018) have argued for the
existence of an additional positive §**S excursion in the mid-Tournaisian based
on whole rock CAS 8*S (i.e., §*Sc,s) measurements, but previous work [262,
263, 281} 282, 289] suggests that diagenetic alteration may prevent whole rock
measurements from reliably recording seawater °*S. Additional work utilizing
diagenetically-resistant phases such as brachiopod secondary and tertiary layer
calcite (e.g. [|66,/121,283]]) is needed to resolve uncertainties in existing records

and improve correlation with the carbonate §"°C record (e.g. [123]).

Here, we present a new 8>*Sc,g record for the Permo-Carboniferous derived
from individual well-preserved impunctate brachiopods. Our record allowed
us to test the reproducibility of existing Permo-Carboniferous brachiopod
83*Scas records [171, 172, 368, [369]. We also evaluated the influence of in-
terspecimen and interspecies 8**Sc,g differences on the variance observed in
long-term temporal records. Our data reveal a novel 3-5%o 8°*Sc,s increase at
the Serpukhovian-Bashkirian boundary (~323.4 Ma) and demonstrate that the
combination of careful diagenetic screening, analysis of individual brachiopods,
and taxonomic classification can substantially improve the precision of tempo-
ral §3*Sc s records. Subsequent box modeling successfully replicates these data
through large carbon and sulfur cycle perturbations and supports a large atmo-
spheric pO, increase. Our results further cement the Permo-Carboniferous as

an important transitional period in Earth history.

I1.3 Sample localities

Samples for this study were collected in previous studies [102}/120}/121}122}/123),
223,224,225, 226,287 from several regions located at tropical and subtropical
latitudes during the Carboniferous and Permian (Figure [II.1)), with the major-
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Figure II1.1: Paleogeographic map depicting brachiopod sample localities
(filled yellow regions) as situated at a maximum flooding surface during the
Kasimovian stage of the late Carboniferous (~305.3 Ma). Map is derived from
the PALEOMAP project and modified after Scotese (2014) [298].

ity coming from the US Midcontinent, Moscow Basin, and the Ural Mountains.
Additional samples were collected at Arrow Canyon, Nevada (USA) and on the
island of Spitsbergen. Each locality is described in brief in Appendix[Al Sample
ages are derived from biostratigraphy; references may be found in the supple-
mentary information for Grossman et al. (2008) [123].

I1.4 Methods
I1.4.1 Sample characterization and drilling

Detailed descriptions of sample collection and preparation may be found in pre-
vious studies and references within]. In brief, collected bra-
chiopods were removed from their sedimentary matrix, embedded in epoxy,
and thin-sectioned. Thin sections were subsequently viewed and photographed
under plane-polarized light with an optical microscope to characterize the mi-
crostructural preservation of the shells. Thin sections were also subjected to
cathodoluminescence microscopy to identify shell regions with diagenetically
added Mn.

Based on the above characterization, powders for this study were drilled from
the billet corresponding to each thin section using a handheld dental drill or a

Dremel tool. Photomicrographs were used as a guide to target non-luminescent,



17

optically transparent areas of the secondary and tertiary shell layers during
drilling. These areas — especially the prismatic tertiary layer — have been pre-
viously identified (e.g. [121,122]) as the most likely to be unaltered and thereby
yield a primary geochemical composition. Powders were drilled from material
within ~2 mm of the billet surface for most samples to avoid the possibility
of drilling into diagenetically altered regions at depth; however, we detect no
obvious decrease in data quality for samples where we explicitly noted drilling
beyond this depth. A total of 0.2 to 10 mg of powder was collected to yield
enough S (10+ nanomoles) for precise % ratio measurement depending on
expected CAS abundance. Any explicit drilling of material from texturally or
geochemically altered regions was noted to enable removal of these data from

the final compilation.

To evaluate §**Sc s variability within individual specimens, triplicate samples
were drilled from well-preserved areas of three large brachiopod specimens (two
Neospirifer sp. from the US Midcontinent and one Choristites sp. from the Rus-
sian Platform). In addition, replicate specimens from the same sediment hori-
zon were sampled in 39 different instances to evaluate interspecimen and inter-

species variability in 8**Sc,s.

I.4.2 Laboratory processing, CAS abundances, and 5*S measurements

As in previous studies [243, 244, 262], sample powders underwent a thorough
cleaning and column purification process to isolate CAS for mass spectrometry.
Powders were submerged in 1 mL 10% (w/w) NaCl solution under sonication
for at least four hours to remove soluble sulfate unassociated with the carbonate
crystal lattice and were subsequently rinsed five times with 18.2 MQ Millipore
Milli-Q water. Powders were then transferred to pre-weighed microcentrifuge
tubes, dried down in a laminar flow bench, and weighed on a microbalance.
Samples were dissolved in a small excess of 0.5 N Seastar HCI (300-500 pL),
dried down, and taken up in 0.5% (v/v) Seastar’ HCI. Sulfate from each sample
was isolated on an anion exchange column containing 0.8 mL of Bio-Rad” AG1-
X8 resin preconditioned with 2 x 8 mL 10% (v/v) reagent grade HNO3, 2 x 8 mL
33% (v/v) reagent grade HCI, and 2 x 8 mL 0.5% Seastar’ HCI. Following 3 x 8
mL rinses of the column with 18.2 MQ water, retained sulfate was eluted with
3x 1.6 mL 0.45 N Seastar' HNOs. Samples were then dried down on a hot plate
in a PicoTrace hood. Quality control was maintained by running at least one



18

seawater sample, one deep sea coral consistency standard, and two blanks with
each batch of columns (10-20 in each batch).

To quantify CAS abundances, purified samples were re-dissolved in 18.2 MQ
water and an aliquot removed for concentration measurements. Sulfate con-
centrations were measured on a Dionex ICS-3000 ion chromatography system
equipped with a 2 mm AS4A-SC column using a 1.8 mM Na,CO; / 1.7 mM
NaHCO; eluent. Based on the measured sulfate concentrations, samples were
dried down, re-dissolved a final time in 5% (v/v) Seastar’ HNOs, and diluted
in 2 mL autosampler vials to attain a sulfate concentration matching that of a
Na,SO, bracketing standard (either 10 xM or 20 uM). Sulfur isotope ratios were
measured on a Neptune Plus multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) equipped with a CETAC Aridus II desolvating neb-
ulizer system at Caltech using the method of Paris et al. (2013). Accuracy was
monitored by including at least two seawater standards and a deep sea coral
consistency standard in each Neptune run (12-30 samples). Average across all
runs was +21.03 =+ 0.02%o for seawater (n = 46), +22.13 £ 0.03% for the deep
sea coral standard (n = 15), and +3.0 + 3.3%o for procedural blanks (n = 34).
Average procedural blank size was 0.28 &+ 0.05 nanomoles of S. All listed un-
certainties are 1o population standard errors unless otherwise stated. Typical
blank-corrected values have a 1o standard error of the mean of 0.12% or less

based on replicate 50-measurement blocks of the same sample solution.

I1.4.3 Synchrotron X-ray fluorescence (XRF) mapping and X-ray absorp-
tion near-edge structure (XANES) spectroscopy

To better understand the distribution of sulfur and other elements within bra-
chiopod specimens, we generated micro-XRF maps of elemental distributions
for a small subset of sample thin sections (four in total) on beamline 14-3 at
the Stanford Synchrotron Radiation Lightsource (SSRL). Maps were generated
by rastering a five micron x-ray beam across each thin section using a Newport
sample stage kept under a He atmosphere to reduce x-ray attenuation in air at
“tender” (1-5 keV) x-ray energies. Incident beam energy was controlled with a
Si 111 ¢ = 90 crystal monochromator and calibrated using an internal sodium
thiosulfate standard defining the thiol peak as 2472.02 eV. Sulfur distribution
data were collected at an energy of 2482.5 eV using a Vortex fluorescence detec-
tor. Several XANES points per sample were also collected, with multiple repeats
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for points with low sulfur fluorescence intensity to increase the signal to noise
ratio of the resulting spectra.

II.5 Results

CAS abundance and S data for all brachiopod samples that contained at least
four nanomoles of S and exhibited no evidence of diagenetic alteration are listed
in Table Data for samples containing less than four nanomoles total of sul-
fur were discarded due to unreasonably large standard errors and inaccuracy
resulting from a large blank contribution to the total S. Samples that showed
evidence of poor preservation during sample characterization (e.g., brightly lu-
minescent regions) have also been excluded from this table and subsequent fig-
ures, but are listed in Table[A.2] This table includes two samples with unusually
low (<6%0) 8**Scas and one additional outlier of +18.47%o at 297.4 Ma. The
two unusually low samples (TUWO050 replicate and WP62a KL-1) were noted as
containing slightly luminescent fibrous material in the drilled area. We did not
observe any evidence of alteration in the additional outlier sample (RAK38-1);
perhaps this sample was contaminated by matrix material or by diagenetically
altered material present below the surface of the sample billet. Importantly, the
8*S time series we present and our conclusions regarding the data are largely
unaltered by the inclusion or exclusion of these data.

IL.5.1 Intraspecimen CAS abundances and 5°*S variability

One goal of this study was to evaluate the contribution of intraspecimen
83*Scas variation to the precision and accuracy of temporal records. Bra-
chiopods RU165-1 (a Choristites sp. specimen from the Moscow Basin in Rus-
sia), KSN18, and KSN19 (Neospirifer dunbari specimens from Kansas) were
each sufficiently large for unaltered regions to be sampled in triplicate to probe
within-brachiopod variation. CAS abundance varies by at least 20% within
each specimen, with a mean CAS abundance and 10 standard deviation of 639
+ 65 ppm for RU165; 10152 + 2481 ppm for KSN18; and 9864 + 3386 ppm for
KSN19. Despite this significant variability in CAS abundance, §**Sc, varies by
< 0.3%o within specimen. The mean 8**S and 1o standard deviation were 12.01
+ 0.14%0 for RU165; 12.56 4 0.04% for KSN18; and 12.55 £ 0.10%, for KSN19.
These results suggest that intraspecimen variation is a trivial source of scatter
within temporal brachiopod 8**Sc,s records so long as well-preserved secondary
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and tertiary layers are sampled.

Micro-XRF mapping and XANES spectroscopy of thin sections also confirm
substantial variation in CAS abundance within individual brachiopod speci-
mens. XANES spectra typically lack the characteristic 2481 eV “shoulder” of
organic sulfate esters and include a post-edge feature at 2484.9 eV (Figure [1.2)),
suggesting that the sulfur present is dominantly inorganic sulfate [[283]. Figure
displays micro-XRF maps of the CAS distribution within sample KSN18.
This thin section was previously mapped by Mii and Grossman (1994) [223] us-
ing an electron microprobe at discrete points. Continuous mapping at high (10
pm) resolution demonstrates ~150% variation in CAS abundance based on the
minimum and maximum fluorescence intensities measured at different pixels
within the shell. This is consistent with the ~160% variation in CAS abundance
among powders drilled from this sample for §**S measurements. Maps of the
three additional thin sections also featured variations in CAS abundance near
this level, with the most variable sample (TWS43, a Composita subtilita speci-
men) exhibiting ~190% variation. Secondary fibrous material shows elevated
CAS contents relative to prismatic material within this specimen, consistent
with electron microprobe spot analyses by Grossman et al. (1996) [[122]] showing
higher % ratios in fibrous Composita material.

I1.5.2 Interspecimen CAS abundance and variability

We additionally interrogated variation among co-depositional brachiopods.
Extensive collection of brachiopods for previous studies [123, and references
within] enabled us to measure multiple brachiopods from the same sediment
horizon in 39 different instances. Ranges in 8°*Sc,g among brachiopods spec-
imens within individual horizons are small (Figure [A.1)), with over half (22
of 39) of the differences 1% or less, and approximately 90% (35 of 39) 2% or
less. The 95% confidence interval (CI) calculated in 0.1 Myr time steps from a
restricted cubic spline through our data (see Appendix[A] section[A.3)) confirms
this degree of confidence, with 76.1% of the time steps having a CI spanning
2%o or less and 92.8% spanning 2.5%o or less. Variation among some taxa is
systematic; for example, Composita sp. within the late Carboniferous and early
Permian is 1-2%o higher in 'S¢, relative to co-depositional specimens from

other taxa (Figure|IL.4).
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Figure II1.2: Background-corrected and averaged X-ray absorption near-edge
(XANES) spectra for sample KSN18 (top, black line) compared against
reference spectra for inorganic and organic sulfur compounds (colored lines).
Spectra have been vertically offset for ease of visualization. The KSN18 CAS
trace averages measurements obtained from 15 unique points within the
sample thin section to improve the signal to noise ratio and demonstrates a
dominance of inorganic CAS over other sulfur phases. Although very small
peaks are present in the pre-edge region of the spectra at several points used in
this composite trace, the ~2482 eV peak characteristic of SO, dominates in
intensity in all cases. The composite trace does not have a prominent pre-edge
shoulder on the main ~2482 eV peak like the SO, ester and has none of the
post-edge secondary peaks characteristic of anhydrite. The lack of these
features strongly suggests that the sulfur present is inorganic, lattice-bound
sulfate [283]]. Reference spectra have been collected at SSRL (sulfoxide,
sulfonate, SO, ester), obtained from the European Synchotron’s ID21 Sulfur
XANES spectra database, or obtained from previous studies [283].


http://www.esrf.eu/home/UsersAndScience/Experiments/XNP/ID21/php.html
http://www.esrf.eu/home/UsersAndScience/Experiments/XNP/ID21/php.html
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II.5.3 Temporal §*S variability

Our new record of §**Sc,g variation in the Carboniferous and the Early Permian
(Figure displays substantial temporal variability and is mostly consistent
with previous brachiopod-based 8**Sc,g records [171, 172, 259, 368]. The earli-
est Carboniferous features an approximately 6.5%o decrease in 8°*Sc,g from val-
ues of ~+20%y at the start of the Tournaisian (359.3 Ma) to ~+13.5% in the
early to middle Visean (~338 Ma). Stasis near this +13.5%o value is punctu-
ated by a sharp increase in §>*Sc,g near the Serpukhovian-Bashkirian bound-
ary (323.4 Ma). 8>S, increases 2% to 5%q within about 2.4 Myr. Peak val-
ues of ~+17%o in the Bashkirian (~320 Ma) gradually decline over ~15 Myr
and reach average values near +13%o by 305 Ma. This decline reaches values
as low as +12%o if the non-Composita values are used. Following the Mosco-
vian (315.2-307.0 Ma), §**S s remains approximately constant through the end
Carboniferous (298.9 Ma) into the early Permian. Minimum 8**Sc,s values near
+11.5%0 at ~269 Ma perhaps indicate a small and gradual seawater 5°*S decline
over ~35 Myr.

I1.6 Discussion
I1.6.1 Sources of variability in CAS abundance

CAS abundance shows a high degree of variability in our study, with up to a
factor of two variation within individual specimens and an order of magnitude
variation (< 1000 ppm to > 10000 ppm) among specimens from different taxa.
The source of this variability within biogenic carbonates has not been robustly
constrained. Previous research has shown that CAS abundance within carbon-
ates may be a function of the SO,*~ to CO;" activity ratio in the precipitating
solution [|53], the kinetics of carbonate precipitation (i.e., growth rate; [53]), and
the distribution of organic matrix within the shell structure [80, 83|]. Diagenetic
alteration could also affect CAS abundance, but is an unlikely explanation given
our screening for well-preserved samples. Variations are also much too large
to be explained by changes in the SO,*>~ to CO5*" activity ratio given the long
timescales for changes in seawater [SO,*~] and [CO3*"] relative to brachiopod
lifespans. Richardson et al. (2019) [283]] proposed two likely sources of CAS
abundance variations in brachiopods: (1) changes in shell growth rate and (2)
oxidation of heterogeneously-distributed organic sulfur compounds. Given the

dominance of inorganic CAS in our specimens, we view growth rate variations
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as the primary control upon variations in CAS. A growth rate influence is sup-
ported by covariance of sulfur abundance with other geochemical data like %,
8C ey and 80y, in brachiopods (e.g. [223]]) and other biogenic carbonates
(e.g. [243]). However, oxidized organic compounds could play a minor role in
controlling CAS abundance and may be responsible for some of the variability
we observe within individual specimens and among co-depositional specimens.

IL.6.2 Sources of variability in temporal 5*S records

To the best of our knowledge, this study represents the first systematic look at
83*Scas variation within and among co-depositional, well-preserved brachiopod
specimens. Our small-sample approach (0.2-10 mg) has allowed us to probe
subtle differences in 8°*Sc,s that may have been obscured through mixing of
powders from multiple brachiopods (e.g. [172]) or from multiple carbonate
components within whole rocks (e.g. [205]). Many specimens measured here
were too small to meet the sample requirements of traditional gas source mass

spectrometry.

Variation in §**Sc,s among co-depositional brachiopods within this study is
small. The majority of horizons from which multiple brachiopods were sam-
pled show a §*Sc,g range < 2% in magnitude. This is consistent with the
~2Y%o range in brachiopod §**Sc,g observed at single timepoints by Present et
al. (2015) [262] and Kampschulte, Bruckschen, and Strauss (2001) [171]. In
studies with comparable measurement precision, our data suggest that one
may invoke a change in the §**S of seawater sulfate with 68% confidence if
the difference between two chronologically successive 5**Sc,g data points is
larger than ~0.9%0 and with over 95% confidence if larger than ~1.7% (see
Appendix [A] [A.3]). Variability among contemporaneous specimens is a more
likely explanation for differences smaller than these thresholds. Data quantity,
preservation differences, and other relevant factors should also be considered
in linking apparent temporal trends in 8**Sc,s to changes in seawater 5°*S.

Our data hint that further improvement in the precision of §**Sc,s records may
be possible with careful attention to brachiopod taxonomy. For example, 8**Sc s
in Composita subtilita is 1-2%o higher than 8**Sc,g in co-occurring taxa (Cru-
rithyris, Eridmatus, and Neospirifer). All our Composita 5**Sc,s data younger
than ~311 Ma were collected from Composita subtilita specimens, while ear-
lier Composita data come from other species. Note that Grossman, Zhang, and
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Yancey (1991) found a ~+1%0 offset in 8'*C in Composita subtilita compared
with co-occurring taxa. Grossman, Zhang, and Yancey (1991) interpreted this
offset as reflecting either a unique, attached life habit minimally affected by sedi-
ment pore waters or a species-specific “vital effect” (e.g. [69]). While we cannot
rule out a diagenetic origin for these offsets, we favor a species-specific “vital
effect” on §**S¢ s for Composita subtilita based on the relatively consistent mag-
nitude of these offsets and the low Na and S abundances for this species [[122].
The low and variable Na abundances within Composita subtilita (% ~2-7inone
measured specimen; [[122]) cannot be explained by a lack of pore water chem-
istry influence. A vital effect is consistent with small offsets in §**Sc,g from
seawater 8°*S in foraminifera [243,279], deep sea corals [244], and modern bra-
chiopods [262, 283].

I1.6.3 Comparison with published CAS §*S records

Our new data confirm many observations in the brachiopod §**Sc,s records gen-
erated by Kampschulte, Bruckschen, and Strauss (2001) [171] and Wu (2013)
[368]], but also diverge from these records in important ways. First, our data
feature much less §°*Sc,g scatter during the Tournaisian (359.3-346.7 Ma) and
Visean (346.7-330.3 Ma), especially compared with the dataset of Wu (2013)
[368] (Figure . In some instances, the new data constrain §**Sc,g to within
2%o where existing data spanned over 5%¢. Our data agree better with the Kamp-
schulte, Bruckschen, and Strauss (2001) [171] data than the Wu (2013) [368]]
data, in part because of the samples analyzed. Both Kampschulte, Bruckschen,
and Strauss (2001) [171] and our study primarily analyzed samples from the US
Midcontinent in the Tournaisian and Visean portions of the §**Sc,s record, in-
cluding several samples shared between the studies. In contrast, most of Wu’s
(2013) [368]] samples came from northern Europe. The Wu (2013) [368]] 5**Scas
data are more varied and often high. This may reflect addition of diagenetic
pore-fluid sulfate that has been enriched in **S through microbial sulfate re-
duction. The brachiopod shells analyzed by Wu (2013) [368] were “routinely
checked” for diagenesis in previous studies [44, 348|] using optical microscopy,
scanning electron microscopy, and Mn contents. However, these methods have
been shown to be less effective in avoiding diagenetic calcite with low §°C and
8'80 values than the methods used in this study [[123]]. Overall, our observations
are consistent with early diagenetic alteration of the Wu (2013) [368]] samples
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through carbonate recrystallization or cementation. We favor a diagenetic ex-
planation over possible geographic variability in seawater §**S due to similar
scatter in the Wu (2013) [368]] data collected from other localities (see Appendix

[A] section[A.5]).

In addition, our data reveal a notable increase in 8°*Sc,g at the Serpukhovian-
Bashkirian boundary. Although this increase is present in the Kampschulte,
Bruckschen, and Strauss (2001) [171] data, our results show a larger and more
rapid increase (~3 versus ~10 Myr, and up to 5% versus as little as 2%o).
We suspect that the more gradual 8**Sc,g increase observed by Kampschulte,
Bruckschen, and Strauss (2001) [171] results from mixing brachiopods with
disparate 8**Sc,g values (see Appendix|[A] section [A.4).

I1.6.4 Isotopic co-variation within the Permo-Carboniferous

S, C, O, and Sr isotope records show compelling covariation during the Permo-
Carboniferous (Figure [[L.5). This was first noted by Kampschulte, Bruckschen,
and Strauss (2001) [171] and suggests an overarching tectonic control on all
four systems. Exploring mechanisms that could generate these changes requires
consideration of the major fluxes affecting each of these isotope systems. Thus,
we constructed an isotopic box model of the Permo-Carboniferous carbon and
sulfur cycles to test different mechanisms that could explain the observed vari-
ations in carbonate §"°C and 5**Sc,s. We will focus on the period of contempo-
raneous increases in 8*C, §'20, and 8**S between 325 and 320 Ma.

11.6.4.1 Box modeling introduction

Our coupled one-box model of the carbon and sulfur cycles is described in de-
tail in Appendix @ (section . Seawater 8°*S changes in our model may be
driven by changes in the magnitude of the pyrite burial flux, changes in the iso-
topic offset (A3**S) between the pyrite burial flux and seawater, and/or changes
in the 8*'S of the input flux (i.e., 8*'S;,). Given a constant input flux of sulfur
to the ocean, seawater §**S may rise due to an increase in the pyrite burial flux,
an increase in A8*S, or an increase in 8°*S;,. Of these three mechanisms, only
pyrite burial has a direct effect on modeled atmospheric pO, if the fraction of
sulfur input derived from oxidative weathering is constant. We force changes
in pyrite burial in our model by coupling it to organic carbon burial via an as-
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boxes denote the driving events for the observed isotopic changes as described

in detail in Discussion subsection [I1.6.4.2
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cribed burial ratio, R¢.s, and driving changes in organic carbon burial with the
carbonate 5"°C data of Grossman et al. (2008). Step-function changes in Rc¢.s,
A8**S, and/or 5**S,, are allowed to occur at two time points, 325 Ma and 319 Ma,
in order to generate model 8**S curves that yield good matches to our §**Sc,g
data (Appendix[A] section[A.7). Although such step-function changes may not
be realistic, we use this approach to achieve the maximum rate of change in
seawater §**S that a parameter change of a given magnitude could force. Our
approach produces model results that yield the minimum magnitude of changes
necessary to reproduce our data. More gradual changes in parameter values are
possible, but such changes must be larger in absolute magnitude to reproduce
the rate of change attained using step-function forcing.

11.6.4.2 Box modeling results

Berner and Raiswell (1983) [27] proposed that an increase in Rc.s associated
with an expanded Carboniferous terrestrial biosphere arises naturally from the
Permo-Carboniferous carbon and sulfur isotopic records. This idea still works
at the broadest scale of our new record, but at ~323 Ma, both carbonate §'*C
and 8**S¢, clearly increase. These increases imply both a higher fraction of or-
ganic carbon burial and a higher fraction of pyrite burial at the onset of peak
Carboniferous glaciation. We find that model runs driven by the carbonate §"°C
curve alone — i.e., with constant R¢.g, A8**S, and §**S;, — fail to adequately fit
our data (Appendix[A] Figure[A.4). In addition, model runs in which just one of
these three parameters is changed generally require parameter values that are
inconsistent with geologic evidence. Most notably, R¢.s must decrease at 325
Ma to values more representative of euxinic environments [27]] to generate an
adequately large mid-Carboniferous peak (Appendix[A] Figure[A.5)). The Rc.g
decrease arises from a need for a transient increase in pyrite burial to drive up
marine SO/~ 5*'S, but the geologic record instead shows an increase in terres-
trial organic sedimentation at this time [236] consistent with a R¢.s increase.
Variation of at least one additional parameter — AS**S or 8**S,, — is needed to
maximize model-data fit quality while producing agreement with the geologic
record.

Results from the model scenario that best concords with our data and the geo-
logic record are shown in Figure We impose a permanent increase in R¢.s
at 325 Ma (Figure[I1.6D) and allow changes in AS*'S and §**S;, (Figures|I1.6E,F)
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to force additional temporal variation in seawater 5>*S. Best fit results under this
scenario occur when (1) R¢.s increases from 3.0 to 4.4 - 4.8 at 325 Ma, (2) AS**S
undergoes a 12%o- 20%o increase (to 47%o- 55%0) at 325 Ma and a subsequent
decrease to 25%0- 27%oat 319 Ma, and (3) 5*'S;, increases by 4%o- 6%o(to +8%o-
+10%0) at 325 Ma and later decreases to +6%o at 319 Ma. The potential mecha-
nisms behind these changes in parameter values are discussed below. Although
these changes in A8*S are large, substantial variations in the biological isotopic
fractionation (3*¢) associated with sulfur cycling occur due to variables like cell-
specific sulfate reduction rate (e.g. [[195,313]]) and sulfur metabolism (e.g. [60]).
Differences in iron input (e.g. [303]) and physical depositional parameters (e.g.
[246]]) also affect the net 5**S offset between seawater sulfate and sedimentary
sulfides. These sources of variability lead to highly disparate A5**S among mod-
ern environments [59] and suggest that changes of the magnitude required by
these model runs may be plausible. Enhanced erosion of sulfate evaporites —
possibly, the thick evaporite accumulations within the Windsor Group of the
Maritimes Basin [352] — is a potentially viable mechanism of §*'S;, increase

(e.g. [309]).

We envision a sequence of events to drive these changes as follows and as num-
bered in Figure (1) Isotopic steady state within the marine sulfur cycle was
maintained from 335 to 325 Ma, and seawater 8°*S remained nearly constant
at ~+13.5%o during this period. (2) This isotopic steady state was interrupted
by a 100+ m fall in eustatic sea level due to a combination of tectonics and the
onset of peak Carboniferous glaciation [123,232,291]]. Aerial exposure of shal-
low shelf environments promoted expansion of coal forests [236], an increase
in Rc.g [27], and an increase in carbonate 8'°C [123]. Loss of shelf environ-
ments increased A8**S by forcing a higher fraction of pyrite burial in deep ma-
rine environments with high A8**S (e.g. [279]), and erosion of sulfate evaporites
(e.g. [309]) drove a correlative increase in 5°*S;,. Seawater 5**S rose rapidly to
~+17% in response. (3) Long-term (i.e., second-order) sea level rose ~50 m be-
ginning around 319 Ma as indicated by sequence stratigraphy [291]]. Coal forests
[236] and high carbonate §'°C [[123] suggest that terrestrial organic carbon burial
remained high throughout this time. Continental shelf environments increased
in abundance with this sea level rise, re-invigorating shelf pyrite burial and de-
creasing AS*'S to near-initial values. §**S;, also decreased as evaporite erosion
waned in intensity, possibly due to renewed sediment deposition [352]. Sea-
water 5°*S declined to ~+13%o over ~15 Myr. (4) Isotopic steady state was re-
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Figure I1.6: Plots of (A) SO, 8*'S, (B) [SO,*7], (C) pyrite and evaporite burial
fluxes, (D) Rc.s, (E) 8*'S,, , (F) A8**S, and (G) O, reservoir size associated with
the multi-variable parameter model runs in which R¢.¢ was forced to increase
at 325 Ma and both §**S;, and A5*'S were allowed to vary with time. Each
colored line in the SO,* 8**S and [SO,~] plots represents a different model
run; the ten best model-data fit runs are shown.

established at ~305 Ma. Glacial deposits [97, 151} 232] and widespread, corre-
latable cyclothems with Milankovitch cycle-like periodicities [[140] suggest that
glacial cycles continued into the Permian. Higher long-term sea level [291] dur-
ing the early Permian limited perturbations to the fraction of pyrite burial occur-
ring on the shelf and the global A8**S. High R..s was maintained via abundant
deposition of organic-rich sediments through the earliest Permian [236].

I1.6.4.3 Model implications for pO, and marine [SO;]

Our model results have important implications for past atmospheric oxygen lev-
els. The final pO, in each of our model runs exceeds the initial pO, (assumed
to be modern) by > 3x. However, the sulfur cycle perturbations make a mini-
mal contribution to this pO, increase. In all model scenarios we explored, high
Permo-Carboniferous carbonate §"°C values demand a large increase in pO,
due to a high organic carbon burial flux. The implausibly high final pO, val-
ues can be ameliorated in two ways: (1) starting the model with a lower initial
pO, and/or (2) reducing the rise in pO, (see Appendix[A] subsection[A.8). An
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implausibly large modeled pO, increase across the mid-Carboniferous is diffi-
cult to avoid unless a carbon input flux much lower than the modern value is
assumed or an additional large sink for O, is imposed. Such results generally
require pO, at 335 Ma to be much lower than modern pO, to keep Early Per-
mian pO, levels below implausibly high levels. The sulfur cycle can reduce the
amount of pO, increase through a reduction in pyrite burial, but it cannot en-
tirely prevent too large of an increase in pO, on its own.

The rapid 5°*S increase at the Serpukhovian-Bashkirian boundary also provides
insight into marine SO,* concentrations during the Carboniferous. Our best fit
model runs suggest that SO,*~ concentrations of 5-10 mM are necessary for an
excursion of appropriate magnitude and rapidity to occur. The best fit SO,*~
concentration scales with the magnitude of changes in R¢.g, A8**S, and/or
8%S,,; i.e., smaller changes in these parameters require lower SO,*~ concen-
trations for the model output to adequately fit the data. The 5-10 mM SO,*~
concentration values are more consistent with the Late Devonian estimates
of Lowenstein et al. (2003) (5-12 mM) than the Early Permian values (18-26
mM) from the same authors. If our data and the associated excursion timescale
are accurate, our modeling suggests that the increase in the size of the marine
SO, reservoir must have occurred primarily in the Late Carboniferous. The
magnitude of the modeled [SO,*"| increase is very sensitive to the imposed S
input flux and the evaporite output flux; an imbalance of just a few percent
results in [SO4*~] changes of several mM when extrapolated over tens of Myr.

I1.6.5 Mechanisms behind the Paleozoic 5*S decrease

The early Carboniferous §**S decrease represents one of the largest changes in
seawater 5>'S in the entire Phanerozoic record (Figure . This change is part
of a broader long-term decrease in §**S from the early Cambrian to the late Per-
mian [[172, 261]. Previous studies have interpreted this change as reflecting a
long-term decrease in the relative fraction of sulfur leaving the ocean via pyrite
burial (e.g. [98,/172]) or as a decrease in subduction flux of **S-depleted pyrite
[57]. Our results are consistent with either of these interpretations. However,
decreases in §*'S;, and A8**S are also capable of contributing to this decrease. A
dominance of pyrite burial over these additional mechanisms of seawater §**S
change requires that changes in 'S, and A8*'S across this time be negligible
or of inappropriate direction.
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Figure I1.7: Plot of sulfate 5**S against age for biogenic carbonate CAS (red),
barite (blue), bulk rock CAS (cyan), and evaporites (yellow). Additional bulk
rock CAS data approaching 8**S values as high as +70%. during the Cambrian
and as low as -40%o during the latest Permian have been cut off by the axis
limits. Data plotted on GTS2012 timescale [[116]. Figure after Present, Adkins,
and Fischer (2020) [261].

Reconstructions of the global AS*'S are typically made using the arithmetic
difference between the 8**S of seawater and the mean &**S of buried pyrite.
Such reconstructions (e.g. [195,[369]) are obscured by a lack of accurate, high-
resolution biogenic §**Sc,g records and a bias of the pyrite 5**S record toward
shallow shelf settings. Deep-ocean pyrite burial constitutes as much as half of
the modern global pyrite burial flux [43] and could have been more important
under lower Paleozoic deep ocean O, concentrations [319]]. We tentatively label
AS*'S change as an unimportant factor in the Paleozoic seawater §**S decrease

given current evidence, but further investigation is warranted.

No geologic archives allow for direct reconstructions of the global §**S,, through
time. However, modeling efforts by Halevy, Peters, and Fischer (2012) and Wu,
Farquhar, and Strauss (2014) have suggested a long-term decline in §**S;, dur-
ing the Paleozoic, especially following the first major Phanerozoic glaciation
in the latest Ordovician (e.g. [204]; Figure[[I.7). We hypothesize that increased
physical erosion rates associated with glaciation enhanced oxidative weathering
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of pyrite (OWP; [341]) and gradually decreased §*S;,. Regardless of cause (cf.
[1]), OWP enhancement would consume some of the O, flux added by organic
carbon burial and reduce the pO, increase observed in our modeling scenarios
(see Appendix@, subsection . We suggest that a §**S;, decrease is likely to
have been important in decreasing Paleozoic seawater §**S given these consid-
erations.

I1.6.6 A mechanism for rapid changes in the marine S cycle

Previous studies of the Cretaceous and Cenozoic seawater 8**S record [252, 254,
279] have revealed the potential for rapid (> 0.5%0 per Myr) changes in the
marine sulfur cycle to occur on timescales of several Myr. Our new Permo-
Carboniferous 8**S¢ s record includes similarly rapid changes and indicates that
they may be an inherent feature of the marine sulfur cycle (Figure[[L.8)). Notably,
rapid changes in these records are commonly separated by periods of stability
in which 8**S varies by <2%. over 10+ Myr. Relatively low marine [SO,*~] may
enhance the potential for rapid changes in seawater 5*'S to occur. However,
periods of long-term stability bracketing many of these rapid changes suggest
threshold-like character within the marine sulfur cycle; i.e., a small change in
the Earth system may yield either a large or small change in the marine sulfur

cycle depending on the initial state of the system.

Following observations by other authors (e.g. [[195, 246, 279]]), we suggest that
sea level and shelf area influence the marine sulfur cycle and are a key compo-
nent of this threshold-like character. We envision that changes in the abundance
of depositional environments distinct in their sulfur isotopic characteristics —
e.g., shallow shelf versus deep marine environments — may simultaneously al-
ter the pyrite burial flux, the A8**S associated with global sulfur cycling, and
8**S;n. Although limited in scope, existing pyrite §**S records from Carbonifer-
ous marine sediments (e.g. [78,(166, 212,310]) support an association of higher
AS*'S with more distal marine environments in which pyrite forms under more
open system conditions (e.g. [246]). Special emphasis is placed on simultane-
ous changes in the pyrite burial flux and A5*'S, as the interaction of these terms
may enable particularly rapid changes in seawater §**S. Tectonics can play a key
role in generating these changes and may be especially important in generat-
ing changes in §**S;, (e.g. [309]). Future work should more carefully consider
A8**S and 8°*S,, as significant drivers of seawater 5**S change within the geo-
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Figure I1.8: Comparison of a 100 Myr interval of the marine barite §*S record
[252,254] spanning the Early Cretaceous through the Middle Cenozoic (top)
and this study’s biogenic CAS 8*S record across the Carboniferous and Early
Permian (bottom). The black line in each plot denotes a smoothing spline
through the data. Ages are plotted on the GTS2012 timescale [116]. Periods of
relative stability exceeding 10 Myr in duration are punctuated by intervals of
rapid 8**S change in both records, suggesting threshold-like behavior in the
marine sulfur cycle.

logic record.

II.7 Conclusions

Here, we have reported a new Permo-Carboniferous §**Sc,g record generated
exclusively from measurements of individual brachiopods. Our results indi-
cate that 8*Sc,g variation within and among well-preserved co-depositional
brachiopod specimens is small (< 0.3%0 and < 2%, respectively). Our results
also suggest that single brachiopod &**Sc,s measurements can significantly
improve the precision of existing Paleozoic §**Scag records. Our new record
of Permo-Carboniferous §**Sc,g confirms trends seen in existing brachiopod
8%Scas datasets [171, 368], but substantially improves upon the precision of
these records. We resolved several changes that were ambiguous in their timing
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and magnitude in these previous datasets. Most notably, we found a relatively
sharp, 2-5%0 8°*Scas increase near the Serpukovian-Bashkirian boundary coin-
ciding with sea level fall and an expansion of continental glaciation. Systematic
offsets in §**Sc g for at least one species (Composita subtilita) suggest the pos-
sibility of taxon-specific brachiopod 8**Sc,g vital effects. Future work to better
understand these offsets may further improve the precision attainable in tem-

poral 8**Scs records.

Geologic evidence and box modeling indicate that changes in AS*'S and/or
8*'S;, are needed in addition to changes in pyrite burial to explain the mid-
Carboniferous §**Sc,g record. Although Berner and Raiswell’s (1983) [27] in-
ference of an increase in the reduced C:S burial ratio appears robust, transient
increases in A8**S and/or §*S,, must be called upon to account for the mid-
Carboniferous peak in §**S. Large increases in pO, driven by organic carbon
burial cannot be balanced by sulfur cycle perturbations. These increases neces-
sitate that early to mid-Carboniferous pO, be much lower than modern pO, or
that additional O, sinks be considered. We suggest that combined changes in
pyrite burial, A8*S, and §°*S;, should be considered more seriously as drivers
of rapid changes in the §**S of seawater. Changes in shelf area may alter the
relative proportions of isotopically distinct depositional environments and vi-
ably force these combined changes. Tectonics can play a key role in generating
these shelf area changes and may also influence §**S;, via uplift and erosion.
Improved Paleozoic biogenic §**Sc,g records will enable more accurate assess-
ment of the timing of seawater §**S changes and provide fruitful avenues for
future study.
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Chapter III

5**Scas HETEROGENEITY ACROSS THE END-PERMIAN
MASS EXTINCTION (EPME) IN SOUTH CHINA

II1.1 Abstract

The End-Permian Mass Extinction (EPME) represents the largest known ex-
tinction in Earth’s history. The dynamics of the marine sulfur cycle across this
important event have been obscured by disagreement between sulfur isotopic
records derived from CAS and sulfate evaporites. Here, we attempted to resolve
this disagreement through new measurements of CAS 5**S (i.e., §**Sc,s) in sub-
sampled carbonates collected from Permian-Triassic boundary (PTB) sections
at Meishan and Yudongzi in South China. We observed substantial §**Sc,g vari-
ation within single hand samples from both of these sections, with most sam-
ples having a range in §**Sc,g exceeding 5%o and some reaching nearly 20%.
We also found evidence for mixing between low CAS abundance, high §**S¢ g
and high CAS abundance, low 5**Sc,s phases in these rocks. A simple model
of reduced sulfur oxidation and incorporation into carbonates as CAS suggests
that oscillating sedimentary redox conditions may plausibly explain the §**S¢g
heterogeneity within many EPME carbonates amidst the relative lack of such
variation in sulfate evaporite §**S data. Future work should test this hypothe-
sis and better evaluate the role of the marine sulfur cycle as a primary versus
secondary influence in the EPME.

II1.2 Introduction

The End-Permian Mass Extinction (EPME) is the largest known mass extinc-
tion event in Earth’s history [299]]. Paleobiological datasets suggest that nearly
80% of genera went extinct during this event, with losses particularly concen-
trated in marine invertebrates such as rugose corals, trilobites, brachiopods,
and foraminifera [248]. Geochronological studies [50, |51, (304, 305|] have re-
vealed that this extinction was also incredibly rapid; recent zircon U-Pb age
measurements by Burgess, Bowring, and Shen (2014) [50] have constrained
the duration of the extinction in South China to 60 + 48 kyr, i.e., between
251.941 + 0.037 Maand 251.880 4+ 0.031 Ma. Strata across the globe show
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large diversity losses during this interval [[248] that are synchronous on at least a
regional scale (e.g. [304]). Catastrophic extinction mechanisms were proposed
based on the rapidity of the extinction, and more recent work [71,[183] has sug-
gested a massive influx of carbon to the ocean-atmosphere system as a primary
causal factor in the extinction based on preferential loss of heavily calcified taxa.

Geochemical studies have shown that large marine chemistry perturbations
were associated with the EPME. Early observations of laminated, pyrite-rich
sediments in Permian-Triassic boundary (PTB) strata suggested widespread
ocean anoxia and euxinia during the extinction interval [[152, 359} 360, [361].
Carbon isotope studies (e.g. [63,/145, 147, (148,189, [250]) also identified a grad-
ual late Permian carbonate §"°C decline punctuated by a rapid, large (3-4%0) neg-
ative excursion across the extinction event. Similarly dramatic changes occur
in strontium [186, 316/, calcium [144, 251], osmium [[109, 296, lithium [325]],
selenium [321]], uranium [194]], and nitrogen [64, [296, |370] isotopic signatures
in sedimentary materials. The combination of biostratigraphy, geochronology
[50, 277|], and geochemistry points to the eruption of the Siberian Traps large
igneous province as the source of the environmental and climatic disturbance
that caused the EPME. Although volcanic emissions from this eruption can-
not account for the large negative carbon isotope excursion on their own [24],
volatilization of organic carbon within organic-rich sediments intruded by the
eruption [327] may have augmented the magnitude of the eruptions’s CO,
release and its *C depletion.

Numerous studies have measured the sulfur (S) isotopic composition of carbon-
ate associated sulfate (CAS) in an attempt to study varibility in the global marine
S cycle across the EPME (Figure [[IL.1). These studies have documented a huge
range in CAS 8*S (i.e., 8**Sc,g), leading some authors (e.g. [203,[317]) to ar-
gue for very low (< 5 mM) seawater sulfate (SO,*) concentrations at the time of
the EPME. Some studies have alternatively suggested mixing of isotopically dis-
parate reservoirs of S (e.g. [169,239,280]]). Although both CAS (e.g. [209,239])
and evaporite [17,76,366]] 5**S records indicate a large increase in seawater 5**S
from the Late Permian to the Early Triassic, disagreement between records on
the character of the 8°*S increase has inhibited a better understanding of marine
S cycle behavior across the EPME.

The combination of disagreement among existing records and relatively low
CAS abundances in end-Permian carbonates (e.g. [209]) makes the EPME a
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Figure II1.2: Paleogeographic map of the world at the end of the Permian.
Red stars and text denote the approximate paleolocations of the two EPME
sections sampled as part of this study. Smaller yellow stars and blue text
denote approximate locations from which other EPME §**S.,5 data have been
collected. Map after Scotese (2014) [298].

prime target for S isotopic studies utilizing methods with minimal sample re-
quirements. Here, we present new multicollector inductively coupled plasma
mass spectrometry (MC-ICP-MS) 8**S¢ s data from EPME sections at Meishan
and Yudongzi in South China. Using a novel micro-X-ray fluorescence (u-XRF)
screening method to target disparate regions of hand samples, we found that
8**Scas heterogeneity within single hand samples typically exceeds 5%o and
sometimes reaches nearly 20%q. Cross plots of §**Sc g versus the inverse of CAS
abundance suggest that this heterogeneity results from mixing between low
CAS abundance, high §**S¢,s and high CAS abundance, low §**Sc,g phases.
In light of other proxy records, the disagreement between evaporite §**S and
83Scas records likely indicates carbonate recrystallization and authigenic car-
bonate precipitation in the presence of SO, derived from oxidation of solid
S phases; i.e., the 8*Sc,g variability within prior studies reflects diagenetic
alteration rather than primary variation in the §**S of a small marine SO,*~
reservoir.

ITI.3 Sample Localities

Samples for this study were collected from two carbonate sections in South
China at Meishan and Yudongzi (Figure[l11.2). Each of these sections is located
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within the Yangtze Platform, an extensive and long-lived (Late Proterozoic
through Late Triassic) carbonate platform at the eastern margin of the Paleo-
Tethys Ocean [92].

Meishan is the location of the Global Boundary Stratotype Sect<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>