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Repeated biotic crises have become the hallmark for the Silurian with the three most significant 
marine turnover events being related to dramatic global environmental perturbations. Causal mechanisms 
linking these marine extinction events with positive carbon isotope (δ13C) excursions, paleoceanographic 
change, and climate remain poorly constrained. Here, we examine the positive δ13C excursion across the 
Llandovery/Wenlock boundary, and the associated Ireviken extinction event. This positive δ13C excursion 
has been interpreted to reflect a major change in global oceanographic-climate state and enhanced 
organic carbon burial. New geochemical data from two paleocean basins have been analyzed to determine 
local and global redox conditions using carbon- and sulfur-isotopes (δ34S), and iodine (I/Ca+Mg) proxies. 
The high-resolution δ13C and δ34S data from both sections show positive excursions indicative of global 
perturbations to each of these elemental cycles, with minimal temporal offsets between the two systems. 
Numerical box modeling of δ13C and δ34S data indicates that these isotopic shifts can be generated 
by significant increases in the burial of organic carbon and pyrite, which are most likely due to 
enhanced burial under euxinic (anoxic and sulfidic) conditions. Independently, I/(Ca+Mg) values point 
to locally anoxic bottom waters in the distal and deeper basinal setting in Nevada before, during, and 
after the Ireviken positive δ13C excursion. I/(Ca+Mg) values in the proximal shelf setting in Tennessee 
show relatively oxic waters during the onset of peak δ13C values, after which bottom-water oxygen 
concentrations dropped throughout the remainder of the excursion. This multiproxy paleoredox dataset 
provides the first direct evidence for local and global expansion of reducing marine conditions coincident 
with the Silurian biotic event and positive δ13C excursion. Integration of these geochemical data for 
local- and global-scale changes in marine redox conditions with the paleontological data and evidence 
for eustatic sea-level rise points toward a shoaling of anoxic and/or euxinic waters onto the shelf as a 
driver for the Ireviken extinction event.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The Silurian Period was one of the most intense intervals of en-
vironmental and biological change in the Paleozoic (Munnecke et 
al., 2003; Saltzman, 2005; Cramer et al., 2010; Cooper et al., 2014;
Trotter et al., 2016). This period is characterized by recurrent en-
vironmental/oceanographic changes that have been linked to nu-
merous marine extinctions, many of which are associated with 
perturbations in the global carbon cycle (e.g., Jeppsson, 1998; 
Munnecke et al., 2003, 2010; Cramer and Saltzman, 2005; Calner, 
2008). There are at least three major Silurian positive carbon 
isotope excursions (CIEs; ≥ +4�) that coincide with major bi-
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otic events, however, the exact cause(s) of these events remain 
poorly understood. Specifically, the links between marine redox 
state, atmospheric pO2 and pCO2 levels, and global weathering 
rates (biogeochemical nutrient cycling/delivery) are all poorly con-
strained in the Paleozoic (e.g., Berner et al., 2007; Gill et al., 2007;
Edwards et al., 2017). Paleoceanographic models for these Sil-
urian events make broad-scale inferences about marine redox con-
ditions based upon the cyclic lithologies, conodont distributions, 
and stable carbon (δ13C) and oxygen (δ18O) isotope trends ob-
served within epeiric seas (Bickert et al., 1997; Jeppsson, 1998;
Cramer and Saltzman, 2007).

Traditionally studies documenting parallel δ13C and sulfur 
(δ34SCAS; carbonate-associated sulfate) excursions are interpreted 
to indicate changes in global marine redox conditions (expansion 
of anoxic and/or sulfidic conditions) that lead to higher burial rates 
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of organic matter and pyrite (Gill et al., 2007, 2011; Owens et 
al., 2013; Young et al., 2016; Edwards et al., 2018). These well-
established isotope systems can provide first-order approximations 
of the global extent of anoxia, or more specifically euxinia (anoxic 
and sulfidic water-column). However, these model estimates uti-
lize modern observations and parameters, and therefore require 
assumptions about the homogeneity, reservoir sizes, and fluxes of 
global marine sulfate and DIC (dissolved inorganic carbon) pools 
(Kump and Arthur, 1999; Kurtz et al., 2003). While models of 
the paired carbon and sulfur systems provide valuable informa-
tion about the dynamics of marine redox conditions on a global 
scale, they do not resolve local or basinal redox dynamics. Recently, 
I/Ca values have been developed as a local redox proxy in car-
bonate depositional environments (Lu et al., 2010, 2018; Hardisty 
et al., 2014). When used individually these geochemical proxies 
are limited in the spatiotemporal resolution of the marine redox 
conditions. However, when combined with several independent 
geochemical proxies, a broader local to global picture can be at-
tained (Owens et al., 2017).

The most severe of the Silurian marine extinction events have 
been recognized globally (including the late Llandovery–early 
Wenlock Ireviken Event), and they have strikingly similar anachro-
nistic sedimentary facies and faunal changes to the “big five” 
Phanerozoic mass extinctions (e.g., Calner, 2008). The Llandovery–
Wenlock boundary interval is well-studied, with paleontological 
data documenting a stepwise extinction interval known as the Ire-
viken Event (e.g., Jeppsson, 1997, 1998), Cyrtograptus murchisoni
Event in graptolite taxa (Melchin et al., 1998), and an associ-
ated Ireviken positive CIE (Saltzman, 2001; Munnecke et al., 2003; 
Cramer and Saltzman, 2005, 2007). Furthermore, these studies pro-
vide the basis for the proposed Silurian ocean-climate models (e.g., 
Jeppsson, 1998). An integrated multi-proxy geochemical approach 
provides an opportunity to directly test the stratigraphic extent 
and magnitude of local to global redox perturbations associated 
with the known CIE and associated extinction. In this study, we in-
vestigated two early Silurian (Telychian–Sheinwoodian stages) car-
bonate successions, one in the Great Basin and another in the Mid-
continent regions of North America (Fig. 1) where previous bios-
tratigraphic (Klapper and Murphy, 1975; Berry and Murphy, 1975;
Barrick, 1983) and δ13C studies (e.g., Cramer and Saltzman, 2005;
Saltzman, 2001) have documented the event. We present new 
δ34SCAS data and sedimentary pyrite (δ34Spyr), I/Ca, δ13Ccarb (car-
bonates), and δ13Corg (organic matter) measurements. This is the 
first study to combine geochemical datasets to constrain local to 
global redox conditions, geochemical box model simulations, along 
with previously published sea-level reconstructions, to better con-
strain the potential mechanism(s) driving the known extinction 
record.

2. Background

2.1. Geologic setting Nevada and Tennessee

The Pete Hanson Creek II section is located in the northern por-
tion of the Roberts Mountains of central Nevada. This section is 
interpreted as an upper continental slope setting below the shelf-
slope break (Johnson and Murphy, 1984), and was located on the 
western margin of Laurentia in the Panthalassic Ocean (Fig. 1). A 
thick interval of bedded black chert marks the base of the sec-
tion (Fig. 2) and likely represents an upwelling region to the west 
of the Laurentian margin (e.g., Cramer and Saltzman, 2007). Previ-
ous biostratigraphic work constrains the chert-rich lower part of 
the Roberts Mountains Formation within the Pterospathodus cel-
loni conodont biozone and Monoclimacis crenulata–Oktavites spiralis
graptolite biozones of the Telychian Stage, and then transitions to 
carbonate mudstone–wackestone facies within the Pterospathodus 
Fig. 1. Paleogeographic reconstruction of Laurentia during the early Silurian 
(435 Myr ago) with approximate locations of the Nevada (NV) and Tennessee (TN) 
study sites (red-yellow circles). (For interpretation of the colors in the figure(s), the 
reader is referred to the web version of this article.)

amorphognathoides biozone (Klapper and Murphy, 1975). Though 
the upper portion of this section lacks conodont biostratigraphic 
control, middle-late Sheinwoodian Stage graptolites, C. rigidus and 
C. perneri, have been documented in this part of the section (Berry 
and Murphy, 1975). These previous biostratigraphic investigations 
constrain a δ13Ccarb study that documents the complete Ireviken 
CIE record at this site (Saltzman, 2001).

The Newsom Roadcut field locality is west of Nashville, TN, 
(north of I-40 along McCrory Lane) and is interpreted to have been 
deposited in a shallow inner- to mid-rimmed-shelf environment 
(Barrick, 1983 and references within) with a direct connection 
to the Rheic Ocean. Conodont biostratigraphy reported from the 
Wayne Formation (Maddox Member) has constrained the time-
frame of its deposition spanning the latest Llandovery to early 
Wenlock (Barrick, 1983). The basal beds of the formation corre-
late with the P. amorphognathoides conodont biozone, which has 
been identified globally at or near the base of the Ireviken CIE 
(Saltzman, 2001; Cramer and Saltzman, 2005, 2007; Cramer et al., 
2010). This section experienced longer erosional/non-depositional 
effects during the late Llandovery eustatic sea-level lowstand, 
and therefore the basal Wayne Formation does not record pre-
excursion baseline δ13Ccarb values nor part of the rising limb of the 
Ireviken CIE (Fig. 3). The base of the Maddox Member consists of 
a calcareous ferruginous siltstone unit, interpreted to represent the 
onset of eustatic sea-level rise, that transitions into an argillaceous 
packstone at ∼1.2 m. Additional diagnostic conodonts, Ozarkodina 
sagitta rhenana, and Kockelella walliseri, have been recovered from 
this section (Barrick, 1983) at the 3.0 to 3.2 m interval, which 
allows for precise correlation to other carbonate sections of mid-
Sheinwoodian age, the O. s. rhenana Zone (McAdams et al., 2019). 
Continued early Wenlock sea-level rise is indicated by the shift 
in lithology to a skeletal packstone–wackestone, eventually reach-
ing maximum highstand as interpreted from the change to skeletal 
wackestone at ∼6 m. Above this interval, the transition back to 
interbedded skeletal packstone–wackestone represents an overall 
eustatic sea-level fall (Cramer and Saltzman, 2005).

2.2. δ13Ccarb and δ34SCAS as global proxies

Sulfur is removed from the oceans by the deposition of sulfate 
evaporite deposits, carbonate-associated sulfate, and burial of mi-
crobially mediated sedimentary pyrite. Microbial sulfate reducers 
produce hydrogen sulfide (H2S) as a waste product as part of their 
metabolism and, in the presence of reactive Fe, sulfide minerals 
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like pyrite (FeS2) are rapidly (hours to 10s–100s of years, depend-
ing upon Fe-bearing minerals present) precipitated (e.g., Canfield 
et al., 1992). In modern ocean settings microbial sulfate reduction 
(MSR) primarily occurs in the sediments, but when it occurs in the 
water column biological stress is often observed because H2S is 
toxic to most aerobic organisms (Vaquer-Sunyer and Duarte, 2010
and references therein). MSR-produced H2S is isotopically depleted 
in 34S by nearly 70� in natural environments such as the Black 
Sea (Fry et al., 1991). Coupled carbon and sulfur isotopic analyses 
provide the possibility to document past fluctuations in the carbon 
and sulfur cycles, and in turn provide unique insights into ocean-
atmosphere redox evolution (Adams et al., 2010; Gill et al., 2011;
Owens et al., 2013; Sim et al., 2015). Due to the fact that resi-
dence times of carbon (105 yr) and sulfate (106 yr) in the global 
oceans are significantly longer than interocean mixing (103 yr) 
they are considered homogeneous and their stable isotopic com-
positions representative of global seawater. However, we recognize 
that there are processes that can decouple δ13Ccarb values from the 
global DIC reservoir, and that can lead to lateral gradients in δ13C, 
up to 2� in restricted carbonate settings compared to the open 
ocean (e.g., Saltzman and Edwards, 2017 and references therein). 
Additionally, the ‘biological pump’ maintains vertical δ13C seawa-
ter gradients, which are then imprinted on the local carbonates 
during precipitation. It is unlikely, however, that vertical seawa-
ter δ13C gradients had much of an impact on the strata from our 
study sites, as they were deposited in an ancient epeiric sea and 
continental margin settings.

Covariations in δ13C and δ34S from multiple sections have been 
interpreted as recording changes in global oceanic redox conditions 
(e.g., Gill et al., 2007; Owens et al., 2013). A global expansion of re-
ducing conditions (e.g., euxinia) can lead to enhanced burial rates 
of organic carbon and pyrite, which will ultimately lead to more 
positive seawater δ13C and δ34SCAS values and be recorded in the 
geochemistry of marine carbonates. Additionally, δ34Spyr records 
have the potential to constrain local redox conditions, and the 
isotopic difference (�34S) between marine sulfate (i.e., δ34SCAS) 
and sedimentary pyrite compositions which can provide additional 
environmental information. Relative changes in seawater sulfate 
concentrations can be inferred from �34S, which help to provide 
independent constraints on the extent of oceanic anoxia and pyrite 
burial during global carbon cycle perturbations (e.g., Gill et al., 
2011).

2.3. I/Ca as a local carbonate redox proxy

Unlike the previously discussed global proxies, local proxies can 
illuminate various paleoenvironmental conditions for geographi-
cally widespread localities that represent an equivalent time in-
terval. Iodine to calcium ratios (I/Ca) measured from carbonate 
rocks have been recently developed as a novel proxy for local 
upper-ocean redox conditions (Lu et al., 2010, 2016; Hardisty et 
al., 2014, 2017; Owens et al., 2017). Iodine is highly sensitive to 
free oxygen conditions, and under a well-oxygenated water col-
umn it occurs as iodate (IO−

3 ) (Lu et al., 2010). Iodate concentra-
tions decrease in tandem with decreasing dissolved oxygen, and 
under sub-oxic to anoxic (including but not limited to euxinia) 
conditions, when the reduced form, iodide (I−), becomes domi-
nant (Lu et al., 2016). During carbonate formation IO−

3 is pref-
erentially bound within the carbonate lattice, and therefore io-
dine concentrations in bulk carbonates can track relative water 
column oxygenation (Lu et al., 2010). Previous work has docu-
mented iodine speciation in the modern oceans (Rue et al., 1997)
and I/Ca values of foraminifera tests from variable modern oxy-
gen conditions (Lu et al., 2016), and I/Ca has been applied to 
paleoceanographic (de)oxygenation events (Hardisty et al., 2017;
Lu et al., 2018).
Iodine has a reasonably long residence time in seawater (∼300 
kyr), which leads to fairly uniform total [I] in modern oceans. How-
ever, local oceanographic conditions (e.g. upwelling zones, oxy-
gen minimum zones-OMZs, etc.) can strongly affect the speciation 
of iodine in the upper ocean (Rue et al., 1997). Iodate reduc-
tion to iodide in OMZs leads to marked drops in [IO−

3 ] locally in 
the upper ocean, such that modern planktonic foraminifera record 
near zero values of I/Ca above shallow OMZs (Lu et al., 2016). 
In contrast, planktonic forams record much higher I/Ca values of 
>3 μmol/mol in modern well-oxygenated sites. Further support for 
this novel proxy can be found in recent I/Ca records from sev-
eral sites across the Atlantic Ocean basin, documenting various 
spatial trends in I/Ca during the widely documented Cretaceous 
Oceanic Anoxic Event 2 (Zhou et al., 2015). Foraminifera-based I/Ca 
records spanning the Paleocene–Eocene Thermal Maximum also 
show a range of local redox conditions in both upper water column 
(planktonic species I/Ca) and bottom waters (benthic species I/Ca) 
during a global deoxygenation event (Zhou et al., 2014). Thus, I/Ca 
or I/(Ca+Mg) are novel independent geochemical tools that can 
evaluate local paleoredox conditions alongside more established 
proxies for changes in global redox conditions and carbon burial. 
Magnesium is included to account for dolomitization and the very 
small amounts of dolomite observed in petrographic examination 
of samples (Hardisty et al., 2014).

3. Methods

3.1. Sample preparation

Following collection of carbonate samples, we utilized a variety 
of sample preparation techniques and analyses to ensure that only 
non-weathered and least altered carbonate components were used 
for the geochemical analyses outlined below. Carbonate-associated 
sulfate extractions were carried out on each sample using a similar 
procedure to that outlined by Wotte et al. (2012). I/(Ca+Mg) anal-
ysis was carried out using a similar procedure as described by Lu 
et al. (2010). More detailed information regarding sample prepara-
tion procedures and all geochemical methods can be found in the 
supplemental methods file of the supplementary material.

3.2. Geochemical analyses

Homogenized BaSO4 and Ag2S powders were loaded into tin 
capsules with excess V2O5 and analyzed for their δ34S content by 
the SO2-method using a Thermo EA-Isolink coupled to a Thermo 
Delta V Plus isotope ratio mass spectrometer via a Conflo IV split 
interface. All isotope ratios are reported in per mil (�) using delta 
notation relative to Vienna Canyon Diablo Troilite (V-CDT). Cali-
bration of our samples via the SO2-method was done based on 
laboratory standards calibrated relative to the IAEA S-1 standard 
(δ34S, −0.30�) and NBS-127 (δ34S, +20.3�). Analytical repro-
ducibility was better than ±0.2� for standards and duplicate sam-
ples all of which were analyzed at the National High Magnetic 
Field Laboratory at Florida State University (NHMFL-FSU). All new 
δ13C and δ18O measurements reported here were done using stan-
dard methods for carbonate and bulk organic matter stable isotopic 
analyses (see appendix for more details on analytical methods) car-
ried out at the NHMFL-FSU.

I/(Ca+Mg) was measured using an Agilent 7500cs inductively-
coupled-plasma mass-spectrometer (ICP-MS) at the NHMFL-FSU. 
Potassium iodate (Fisher Scientific product P253-100) was dis-
solved, diluted gravimetrically, and mixed with pure elemental 
standards of Ca2+ and Mg2+ to make the standard curve to cal-
ibrate the samples. The accuracy of this procedure was based 
on measurements of a known material (KL 1-1; e.g. Hardisty et 
al., 2014) and was found to be within ±0.5% of the reported 
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Fig. 2. Geochemical data and lithofacies from the Pete Hanson Creek II section, Roberts Mountains area, NV. Also plotted are conodont and graptolite biozones from previous 
biostratigraphic studies at the same section (Berry and Murphy, 1975; Klapper and Murphy, 1975).
value. Additionally, precision based on replicate analyses of this 
same reference material and duplicate samples processed was 
±0.08 μmol/mol or better.

4. Results

4.1. Roberts Mountains, Nevada

The thick late Llandovery through Pridoli section exposed near 
Pete Hanson Creek in the Roberts Mountains has previously been 
studied for δ13Ccarb chemostratigraphy at a coarse sampling reso-
lution (Salzman, 2001). Our new δ13Ccarb data captures the entire 
Ireviken CIE (Fig. 2 and Table S1) within the lower Roberts Moun-
tains Formation, with baseline values recorded near 0� and peak 
positive excursion values of +4.2� at 12 m. Additionally, our new 
δ13Corg values show a positive excursion that covaries with δ13Ccarb
data, beginning with values at −29.0� that shift to peak values 
of −25.0�, and then return to baseline values of −28.5�. The 
δ34SCAS data show a positive excursion, with values that begin at 
+21.1� and then shift to values as positive as +39.1�, which are 
generally coupled with the δ13C record. The δ34SCAS values in the 
Roberts Mountains Formation remain high as δ13Ccarb and δ13Corg
records return to baseline values, with δ34SCAS values only slightly 
declining to +33.4� in the uppermost part of the section. Addi-
tionally, δ34Spyr values shift positively in concert with δ34SCAS data, 
from +4.8� to as high as +30.4�. The I/(Ca+Mg) values are con-
sistently very low and show little to no variation throughout this 
section with values ranging between 0.0 to 0.3 μmol/mol.

4.2. Newsom Roadcut, Tennessee

The δ13Ccarb values are replotted (Fig. 3 and Table S2) from 
Cramer and Saltzman (2005, 2007). These values were not re-
produced for this study due to the previously high-sampling-
resolution and our stratigraphic sampling being within 10–20 cm 
of the previous study. It should be noted that this site captures 
δ13Ccarb values that represent the end of the rising limb of the 
Ireviken CIE to maximum CIE values, as well as the falling-limb 
to post-excursion δ13Ccarb values. The δ34SCAS data show a pro-
nounced excursion with values starting at +26.3� and then values 
shift back to +18.7�, which broadly parallels the positive δ13Ccarb
excursion (i.e. the Ireviken CIE). There is an offset in return to base-
line values, however, with δ13Ccarb values declining first, followed 
by δ34SCAS values that shift several meters later. Following the re-
turn in δ34SCAS values from 6 to 10 m, δ34SCAS begins to shift back 
to more positive values, from +22.9� to +24.0�, in the upper 
2 m of the section. The I/(Ca+Mg) ratios are at peak values (be-
tween 2–2.5 μmol/mol) within the first three meters of the lower 
Wayne Formation. Then, I/(Ca+Mg) values begin to decrease up-
section, to a low (0.1–0.3 μmol/mol) prior to the return to baseline 
of δ13Ccarb and δ34SCAS values.

4.3. Carbon and sulfur model

For this study, we constructed a forward geochemical box 
model for δ13C and δ34S to illuminate the global burial flux of 
reduced species required to recreate the observed excursions dur-
ing the Ireviken Event. Initial boundary conditions and fluxes were 
prescribed based on modern values (Kurtz et al., 2003), previ-
ously published work (Gill et al., 2011; Jones and Fike, 2013), 
and modified based on our baseline values (Table S3). Individ-
ual parameters were perturbed to recreate the observed isotopic 
trends using Stella® modeling software (similar to Gill et al., 2011;
Owens et al., 2013 and references therein). The most plausible ex-
planation of the data is shown in Fig. 4, which uses parameters 
that best fit with previously published data (e.g., Cramer and Saltz-
man, 2005) and isotopic data presented in this work. Our ideal 
model to recreate a +4� CIE started with near-modern parame-
ters (Table S3) and perturbed total organic carbon burial to 172% 
during the event. To recreate an ∼ +11� excursion in sulfate sul-
fur isotopes (between the two δ34SCAS excursion magnitudes) the 
model started with a 5 mM sulfate reservoir, the pyrite fraction-
ation (offset of final product minus starting composition i.e. �13C 
and �34S) started at −32� and was perturbed to −20� for the 
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Fig. 3. Geochemical data and lithofacies from Newsom roadcut near Nashville, TN. Also replotted are previous δ13C data of Cramer and Saltzman (2005, 2007) and conodont 
biozones from previous work (Barrick, 1983) with new global biozonation scheme incorporated from McAdams et al. (2019).
Fig. 4. Modeling of the positive carbon- (solid blue) and sulfur- (dashed red) isotope 
excursion, with the gray bar indicating the one-million-year (Myr) Ireviken carbon 
isotope excursion as delineated by the C-isotope profile. In this model the initial 
marine sulfate concentrations were 5 mM, �34S was decreased during the event to 
−20�, pyrite burial increased 339%, and OC burial was increased 172% during the 
event.

duration of the event (as the data suggest), and the burial of pyrite 
was increased to 339% for the event.

There are numerous parameter permutations that can recreate 
the observed isotopic trends, which were individually examined 
using sensitivity tests for both carbon and sulfur isotopes (Figs. 
S1 and S2) and reservoir concentrations (Figs. S1 and S2B, D, F, 
and H). The magnitude of the excursion is controlled by (1) the 
burial amount of reduced species (Figs. S1A and S2A), (2) the frac-
tionation factor for each isotopic system (Figs. S1E and S2E), and 
(3) the weathering flux (Figs. S1G and S2G)—the excursion magni-
tude is not dictated by initial reservoir size (Figs. S1C and S2C), but 
the response time varies. It should be noted that the DIC pool can 
be completely exhausted due to increasing organic carbon burial 
greater than 179% (Fig. S1B), decreasing the initial reservoir size 
below 3.6 × 1018 mol (Fig. S1D), or by decreasing weathering be-
low 99% (Fig. S1H) of the initial values. Similarly, the sulfate pool 
can be completely consumed with pyrite burial greater than 401% 
(Fig. S2B), an initial reservoir size less than 3.5 mM (Fig. S2D), or 
a weathering flux less than 73% (Fig. S2H) of the initial values. In 
the ideal model the increased burial of organic carbon and pyrite 
reduced the reservoir size but did not completely exhaust the ma-
rine reservoir of DIC and sulfate (Fig. S2).

5. Discussion

5.1. Diagenetic assessment of geochemical data

Due to the chemical nature of carbonate rocks, diagenesis has 
the potential to affect the preservation of primary geochemical 
signatures. Carbonate recrystallization during diagenetic processes 
can impact δ13Ccarb, δ18Ocarb, and δ34SCAS through fluid interac-
tions and incorporation of lighter isotopes from meteoric waters 
or pore fluids that may be derived from oxidation of reduced 
species of carbon or sulfur (sedimentary pyrite), from soil, or from 
the surrounding rock/sediments. Cross-plots of our δ13Ccarb and 
δ18OCarb data (Fig. S3A) from Nevada show no signification cor-
relation (R2 < 0.1), while the previous stable isotope data from 
Tennessee (Cramer and Saltzman, 2005) show a weak to mod-
erate correlation (R2 = 0.46). Cramer and Saltzman (2005) argue 
the Tennessee trends and variability in the δ13Ccarb and δ18Ocarb
values are mostly primary in nature as they overlap with coeval 
brachiopod-based δ13Ccarb and δ18Ocarb stratigraphic trends and 
values from Gotland, Sweden (Bickert et al., 1997; Munnecke et 
al., 2003). Diagenesis can also affect primary δ13Corg values due 
to thermal alteration or respiration of specific organic compounds 
(e.g., Kump et al., 1999 and references therein). If diagenetic al-
teration occurred in organic matter-lean versus -enriched horizons 
we might expect to see systematic trends between δ13Corg and 
wt.% TOC, but we see no relationship in our data (Fig. S3B). Fur-
thermore, conodont alteration indices from our study sites indicate 
organic matter experienced low (<100 ◦C) to moderate alteration 
temperatures (Klapper and Murphy, 1975; Barrick, 1983).

It has been documented that the concentrations of sulfate and 
iodate within the carbonate lattice decrease during alteration, as 
meteoric fluids have lower concentrations than the original calcite 
(Gill et al., 2008; Hardisty et al., 2017). Therefore, concentrations 
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of sulfate ([CAS]) and iodate (I/Ca+Mg) should negatively corre-
late with increased diagenetic alteration, although these diagenetic 
processes have been shown to have little to no effect on δ34SCAS
values (Gill et al., 2008). Dolomitization of carbonates and pre-
cipitation of authigenic dolomites in reducing marine pore fluids 
tends to lower I/(Ca+Mg) values (Hardisty et al., 2017). It has 
also been shown, however, that many Paleozoic dolomites can in 
fact preserve primary seawater I/(Ca+Mg) values if they formed 
penecontemporaneously with seawater (e.g., Lu et al., 2018). From 
a combination of petrographic observations and overall low [Mg] 
during I/(Ca+Mg) analysis, dolomite was found to compose a very 
minor carbonate component in samples from both of our field 
localities. Therefore, it’s unlikely that decreases in I/(Ca+Mg) val-
ues are due to dolomitization of primary fabrics. We observe very 
weak to no correlation between δ18Ocarb vs. δ34SCAS, δ18Ocarb vs. 
[CAS], I/(Ca+Mg) vs. [CAS], and I/(Ca+Mg) vs. δ34SCAS of our study 
sites (Fig. S3C–F) suggesting no significant diagenetic overprinting 
of primary marine I/(Ca+Mg) and δ34SCAS values.

Sedimentary pyrite oxidation can also impact δ34SCAS records, 
as pyrite is a reactive mineral and partial oxidation can occur dur-
ing later stages of diagenesis or during chemical extraction of CAS 
if exposed to oxidizing or highly acidic conditions (e.g., Wotte et 
al., 2012). Incorporation of this oxidized sedimentary pyrite into 
the dissolved CAS fraction can artificially decrease δ34SCAS val-
ues. Horizons and stratigraphic intervals that had visible pyrite 
were specifically avoided during sampling. Additionally, all sam-
ples extracted for CAS had low sedimentary pyrite content (Spyr
< 100 ppm), and cross-plots of [Spyr] vs. δ34SCAS values show no 
correlation. Because sedimentary pyrite is typically 34S-depleted 
relative to seawater sulfate pyrite oxidation cannot be a signifi-
cant factor influencing the observed stratigraphic trends in δ34SCAS
and δ34Spyr values, as they document a positive excursion.

Whereas we cannot rule out diagenetic effects entirely, as the 
secondary minor variations could be attributed to post-burial al-
teration, by and large diagenesis is not a major factor contributing 
to the dominant first-order geochemical trends observed. One of 
the strongest lines of evidence for the preservation of primary 
geochemical signatures in our data is the consistency of isotopic 
trends observed at two study sections relative to previous δ13C 
records from Baltica and Laurentia that are correlated indepen-
dently using conodont biostratigraphy (Klapper and Murphy, 1975;
Barrick, 1983; Saltzman, 2001; Cramer and Saltzman, 2005, 2007; 
Cramer et al., 2010).

5.2. Late Llandovery–early Wenlock marine redox conditions

These Tennessee and Nevada sections represent diverse sed-
imentary environments (shallow inner shelf/epeiric sea versus 
deeper upper slope) that were connected to the Rheic and Pan-
thalassic ocean basins, respectively. Despite these different de-
positional environments, the similarities among the geochemical 
trends indicate their global and dominantly primary nature. Fur-
ther support for the global nature of these trends is found in 
a recent study from Gotland, Sweden (paleocontinent of Baltica) 
that documents a parallel CIE and a +7 to +10� excursion in 
δ34SCAS that coincides with the Ireviken Event (Rose et al., 2019). 
The paired positive δ13C and δ34S excursions are now documented 
from three widely separated basins that span the Llandovery/Wen-
lock boundary, suggesting that the Ireviken CIE records transient 
increases in organic carbon and pyrite burial under expanded 
reducing conditions in the global oceans at this time. The par-
allel behavior between our δ13C and δ34S records is consistent 
with other positive δ13C and δ34S excursions in the Phanerozoic 
record, used widely as proxy evidence for global pyrite burial, 
suggesting expanded euxinic conditions during short-term pertur-
bations (Gill et al., 2011; Owens et al., 2013; Sim et al., 2015;
Edwards et al., 2018). The δ34SCAS records at both Tennessee and 
Nevada record a +8� and +18� magnitude excursion, respec-
tively. These isotopic differences suggest that the sulfate reservoir 
in the early Silurian oceans was spatially heterogeneous and con-
centrations significantly lower than the modern ocean (Gill et al., 
2007; Lowenstein et al., 2003), which is also observed for other 
Phanerozoic events. An interesting relationship is observed in our 
δ13Ccarb and δ34SCAS records at both field sites, where δ34SCAS re-
main heavy as δ13Ccarb returns to baseline values at the end of 
the Ireviken CIE. This suggests that elevated rates of pyrite burial 
persisted, even after the burial of organic matter had slowed. This 
temporal offset between δ34S and δ13C has also been documented 
in the Early Ordovician (Tremadocian; Edwards et al., 2018) and 
Cretaceous OAE 2 (Owens et al., 2013). At the Nevada section, 
δ34Spyr values shift positively in concert with δ34SCAS record, with 
a relatively small �34S that decreases slightly through the excur-
sion from ∼15–20� to ∼6–12�. It is unlikely that this shift in 
δ34Spyr was due to changes in local redox as independent proxy 
evidence suggest dissolved O2 was very low throughout the se-
quence (see I/Ca+Mg discussion below). This parallel excursion 
in CAS and sedimentary pyrite isotope records supports a pri-
mary global pyrite burial signature from pyrite that formed in an 
open-system near the sediment-water interface, with a locally re-
ducing water-column nearby. Synchronous positive excursions in 
Llandovery/Wenlock boundary δ34Spyr and δ34SCAS records are also 
documented from Gotland, Sweden (Rose et al., 2019). While there 
are small offsets in magnitude and baseline values that are likely 
related to local depositional environments, this provides additional 
support for a decrease in marine sulfate concentrations linked to 
global pyrite burial increases.

Evidence for local anoxia (independent of sulfide) is inter-
preted using I/(Ca+Mg) values from both Nevada and Tennessee, 
that document very low values and suggest locally reducing wa-
ter columns. The I/(Ca+Mg) dataset for Nevada (Fig. 2) shows low 
values (<0.5 μmol/mol) throughout, suggesting a redox-stratified 
water column near this deeper-water setting before, during, and 
after the Ireviken CIE. The I/(Ca+Mg) values from Nevada are very 
similar to I/Ca values found in planktonic carbonates that were de-
posited very near modern-day oxygen minimum zones (Lu et al., 
2010, 2016; Hoogakker et al., 2018). Similar ranges of I/Ca val-
ues have been observed during times of transitional oxygenation of 
marine environments, where anoxic deep waters were likely preva-
lent and potentially expanded into upwelling zones. Specifically, 
low I/Ca values have been observed through an Early Ordovician 
extinction event recorded from deeper-water carbonates in Nevada 
(Edwards et al., 2018). This has also been documented in the Pa-
leoproterozoic (Hardisty et al., 2014), and across the Permian/Tri-
assic boundary and associated major mass extinction (Loope et 
al., 2013). I/Ca values with comparable ranges have also been ob-
served during the Cretaceous OAE 2 (e.g., Owens et al., 2017) and 
from the Eastern Tropical Pacific OMZ during the last glacial maxi-
mum (Hoogakker et al., 2018). The low I/(Ca+Mg) values reported 
here are consistent with previous interpretations of depositional 
environment and paleoceanographic setting for the Roberts Moun-
tains Formation (Johnson and Murphy, 1984; Cramer and Saltzman, 
2005, 2007) and with the δ34Spyr values (discussed above) that 
suggest a locally redox-stratified water column.

The I/(Ca+Mg) values in Tennessee are also low overall, al-
though they begin relatively high (2.5–1.2 μmol/mol) indicating 
a more oxic water column locally during the rising limb to ini-
tial peak values of the Ireviken CIE and the initial transgression 
in sea level. However, I/(Ca+Mg) values do decrease in concert 
with a continued rise in sea level, suggesting the water column 
became more reducing and was influenced by greater redox strat-
ification after the Ireviken CIE in Tennessee. Carbonate facies in 
Tennessee are fossiliferous throughout the section suggesting oxy-
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Fig. 5. Generalized stratigraphic changes of carbon and sulfur isotopes (δ13Ccarb from Cramer et al., 2010; δ34SCAS from this study) and I/(Ca+Mg) ratios (this study: red, 
Nevada and green, Tennessee), redox conditions (from this study), and biotic turnover/extinction rates (Jeppsson, 1997; Melchin et al., 1998; Munnecke et al., 2003; Calner, 
2008; Cooper et al., 2014) during the Ireviken CIE. *Note that this curve represents the generalized extinction patterns for conodonts and graptolites relative to δ13Ccarb (e.g., 
Cramer et al., 2010). **Note that this generalized curve represents acritarch (organic-walled phytoplankton) extinctions of which the majority occurred notably after the other 
marine extinctions took place (e.g., Calner, 2008). The 3rd order eustatic sea-level curve is modified from Cramer and Saltzman (2007).
genated surface conditions prevailed, and there are no apparent 
diagenetic differences in the low versus high I/(Ca+Mg) inter-
vals of this shallow-water section. These low I/(Ca+Mg) values 
after the Ireviken CIE suggest an expansion of local anoxia near 
the western Tennessee Shelf after the global signature, potentially 
due to local/regional restriction and subsequent shallowing of the 
oxycline within the Reelfoot Rift embayment during eustatic sea 
level fall (e.g., Cramer and Saltzman, 2005). The predominantly low 
I/(Ca+Mg) values presented here are consistent with a recent I/Ca 
compilation throughout Earth history, that point to a widespread 
shallow oxycline in Paleozoic oceans underlying oxygenated sur-
face oceans (Lu et al., 2018). Furthermore, the trend in I/(Ca+Mg) 
values we document from Tennessee are of similar magnitude 
to previous studies that have indicated local redox shifts within 
records of low overall I/Ca values (e.g., Proterozoic, Early Ordovi-
cian, and Cretaceous OAE 2; Hardisty et al., 2014, 2017; Owens et 
al., 2017; Edwards et al., 2018).

5.3. Modeling Silurian carbon and sulfur cycles

Conodont and graptolite biozones, along with new radiomet-
ric ages, constrain the duration of the Ireviken CIE and the anoxic 
(likely euxinic) event to approximately one million years, with 
<500 kyr duration for each individual biozone that spans this in-
terval (Cramer et al., 2010). Thus, the modeling uses a perturbation 
of one million years for the duration, but the exact duration does 
not alter the first-order observations. The forward geochemical box 
model provides quantitative constraints on unknown variables of 
the C- and S-isotope systems. Our modeling suggests that the 
C- and S-isotope excursions require a substantial amount of or-
ganic carbon and pyrite burial to drive the observed excursions. 
The amount of organic carbon burial is similar to model esti-
mates for Mesozoic oceanic anoxic events (Kump and Arthur, 1999;
Owens et al., 2018) that use near-modern background fluxes. How-
ever, if the starting fluxes were much greater, then the organic 
carbon burial would need to be substantially greater (Owens et 
al., 2018).

The magnitude of the global S-isotope excursion has been used 
to quantify the global pyrite burial, which is similar to other stud-
ies that have estimated the maximum global extent of seafloor 
euxinia for other Phanerozoic events at ∼5 to 10% (Gill et al., 2011;
Owens et al., 2013). Importantly, additional trace metal proxies 
from shales have similar estimates (Gill et al., 2011: Owens et 
al., 2016; Dickson, 2017). The assumption that all the increased 
pyrite burial was entirely deposited under euxinic conditions is 
likely an oversimplification (Gill et al., 2011; Owens et al., 2013), as 
other redox environments could also experience enhanced pyrite 
burial. This estimate represents a maximum, but could be less 
widespread if there is significant pyrite burial under other redox 
conditions. However, this assumption is reasonable given that the 
modern ocean has a disproportionate burial flux to seafloor area 
(∼0.15%) for pyrite in euxinic settings. Additionally, organic sul-
fur can be an important factor, but quantities and isotopic values 
are unknown for this event and would have been incorporated 
into the pyrite burial flux for this model if available (Owens et 
al., 2013). The estimated total amount of pyrite burial required 
(339% increase) to recreate a δ34S excursion of +11� (Fig. 4) is 
∼1.7 × 1018 mol of sulfur, and the sensitivity tests range from 
∼1.4 to 2.1 × 1018. Utilizing calculations from Owens et al. (2013), 
this equates to a maximum extent of ∼8.2% of euxinic seafloor 
area during the Ireviken CIE. This assumes that mass accumulation 
rates and Fe availability during this event were similar to modern 
euxinic environments. Whereas this is a substantial increase in re-
ducing environments, which likely increased in the water column 
above highly productive continental margins, this does not imply 
that the entire ocean was euxinic or even reducing. This work pro-
vides the first global quantitative estimates for redox conditions 
during the Ireviken Event, and suggests this could have been the 
dominant driver of the geochemical and biological perturbations 
during this time.

5.4. Biotic response (Ireviken Event) to widespread anoxia

Global biotic records across the Llandovery/Wenlock boundary 
document a major marine extinction event in the early Silurian 
oceans (e.g., Talent et al., 1993; Jeppsson, 1997; Melchin et al., 
1998; Calner, 2008). There was an extinction of ∼80% of the 
known global conodont species, known as the ‘Ireviken Event’ after 
the type-locality preserved on Gotland, Sweden (Jeppsson, 1997). 
Conodont faunas show a stepwise extinction, up to 10 separate ‘da-
tum points’ (extinction steps), that can be subdivided into as many 
as 8 conodont biozones (e.g., Cramer et al., 2010). Additionally, 
there was a major extinction in graptolites (Melchin et al., 1998), 
where global species richness dropped sharply by ∼50%, and this 
extinction intensity matches the Hirnantian Stage and correspond-
ing Late Ordovician Mass Extinction (Crampton et al., 2016). Trilo-
bites also experienced major declines during this time interval, 
with ∼50% of species becoming extinct (e.g., Calner, 2008). Records 
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Fig. 6. Schematic reconstruction of redox evolution across the Llandovery–Wenlock 
boundary in the early Silurian. A, Late Llandovery paleoceanographic reconstruc-
tion showing relatively small area of water-column/sea floor anoxic/euxinic condi-
tions that produce black shales in distal shelf settings during initial transgression 
(modified after Cramer and Saltzman, 2007). B, Early Wenlock paleoceanographic 
reconstruction showing an expansion of stratified reducing conditions (anoxic/eux-
inic) further into shelf/slope settings during sea level high stand. Insets to the right 
show average profiles for dissolved O2 and H2S, please note the expanded area of 
deoxygenated seafloor and water-column conditions during the early Wenlock that 
coincides with positive excursions in δ13Ccarb and δ34SCAS and rise in sea level.

of acritarchs (a major Paleozoic phytoplankton group), chitino-
zoans, corals, and brachiopods all show major taxonomic declines 
and increases in extinction rates (e.g., Munnecke et al., 2003;
Calner, 2008). These biotic records have been very well integrated 
with δ13Ccarb records specifically in successions from Baltica and 
Laurentia. Specifically, the onset of the Ireviken CIE has been 
correlated with Datums 2 to 4 of the Ireviken Event, and not 
only are conodont taxa declining but graptolite and trilobite ex-
tinction events correspond to this specific interval (Calner, 2008;
Cramer et al., 2010). These observations combined with our new 
geochemical data indicate that these marine taxa were most likely 
affected by the same event that caused the perturbations to the 
global carbon and sulfur cycles. Thus, a major biogeochemical per-
turbation during this interval occurred and was likely caused by 
climatic feedbacks.

It is clear from Silurian biotic records that a significant crisis 
occurred across the Llandovery/Wenlock boundary interval coin-
cident with δ13C and δ34S evidence (Fig. 5) for increased eu-
xinia and likely an expansion of non-sulfidic anoxia. The new 
I/(Ca+Mg) records show evidence for persistent low-oxygen con-
ditions in outer shelf/upper slope settings of western Laurentia. 
Whereas, I/(Ca+Mg) records from shallow shelf/epeiric sea set-
tings in southern Laurentia indicate initially oxygenated conditions 
that then became impacted by O2-depleted waters during the later 
stages of the Ireviken CIE. Marine taxa from a wide range of 
ecological niches, including pelagic planktonic graptolites to ses-
sile epifaunal corals and brachiopods, were affected by this ex-
tinction event. Nektonic/nektobenthic conodonts, pelagic zooplank-
tonic graptolites, and pelagic/nektobenthic trilobites were clearly 
the most strongly affected marine groups during this extinctions 
event, while reef organisms, brachiopods, and ostracodes were im-
pacted to a lesser extent (Munnecke et al., 2003). Detailed biotic 
records through this interval reveal that conodonts, graptolites, and 
trilobite extinctions/turnovers began first, followed later by corals, 
ostracodes, and brachiopods, and turnovers in acritarchs (Calner, 
2008). This pattern of extinction coincides broadly with sea-level 
rise across the Llandovery/Wenlock boundary and is consistent 
with the global expansion of euxinic and local anoxic waters from 
deeper marine settings into shallower shelf environments (Fig. 6) 
as a causal mechanism. Carbonate redox proxies (positive δ34SCAS
and low I/[Ca+Mg]) suggest expansion of local anoxia and global 
euxinia in the extinction interval. Specifically, I/(Ca+Mg) values in 
Nevada demonstrate that local anoxic water masses predate the 
extinction, and remain during and after the CIE. Marine biodiver-
sity levels recover during the falling-limb and upon establishment 
of post-Ireviken CIE baseline δ13C values (e.g., Cooper et al., 2014), 
suggesting a trend towards less reducing conditions globally. When 
combining sequence stratigraphic evidence of sea-level rise with 
biotic extinction records and new diverse geochemical evidence for 
perturbed marine redox conditions, this reinforces the view that 
euxinia was the driver for the Llandovery/Wenlock boundary mass 
extinction event.

6. Conclusions

The documented stratigraphic trends in geochemical data from 
Roberts Mountains, Nevada, and Newsom Roadcut, Tennessee high-
light the global and local redox conditions before, during, and af-
ter the Ireviken CIE and associated extinction event. The δ34SCAS
records show parallel positive behavior with Ireviken δ13Ccarb
records indicating increased burial of organic carbon and pyrite 
under widespread euxinic conditions. Furthermore, an offset in 
post-Ireviken CIE δ34SCAS and δ13Ccarb records suggests burial of 
pyrite persisted well after organic matter burial declined, sim-
ilar to paired records from Cretaceous Oceanic Anoxic Event 2 
(Owens et al., 2013). The near zero I/(Ca+Mg) values through-
out the Roberts Mountains section indicate an oxic surface ocean 
overlying proximal anoxic water mass with a persistently shallow 
chemocline. While the I/(Ca+Mg) values from Newsom Roadcut in-
dicate relatively oxic conditions initially in this shallow shelf area 
that became increasingly exposed to laterally and vertically adja-
cent anoxic waters during the waning phases of the Ireviken CIE as 
water masses became possibly restricted and stratified during sea-
level fall. These new carbonate multiproxy data assess both local 
and global paleoredox conditions and reveal strong evidence for 
local water column anoxia and global increases in seafloor extent 
of euxinia beginning during the late Llandovery and continuing 
through early Wenlock. Our datasets presented here are consistent 
with previous oceanographic and global carbon cycle models in-
voking increases in organic carbon burial under anoxic conditions 
(Cramer and Saltzman, 2005, 2007).

We find no geochemical or box model evidence, however, 
to support a globally anoxic or predominantly stratified deep 
ocean as previous models have suggested (Bickert et al., 1997;
Cramer and Saltzman, 2007). Rather, our data suggest that ∼8.2% 
of the global seafloor area were overlain by euxinic waters dur-
ing the Ireviken CIE in the early Wenlock, and that these reducing 
marine waters were most likely situated along continental mar-
gins instead of deep-ocean settings (e.g., Lyons et al., 2014). These 
geochemical data, when placed within the context of pronounced 
declines in early Silurian marine biota and eustatic sea-level rise, 
provide consistent evidence for the hypothesis that shoaling of 
toxic euxinic waters into shelf areas led to the mass extinction 
event, the Ireviken Event, across the Llandovery/Wenlock bound-
ary. This mechanism and similar supporting geochemical evidence 
have been documented for other Paleozoic extinction events linked 
to euxinia including the late Cambrian SPICE event (Gill et al., 
2011), Early Ordovician base-Stairsian event (Saltzman et al., 2015;
Edwards et al., 2018), Late Devonian punctata and Kellwasser 
events (e.g., Sim et al., 2015), and end-Permian major mass extinc-
tion (Loope et al., 2013). The Ireviken CIE and associated extinc-
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tion event likely represents one of several major anoxic-euxinic 
events in the Silurian as biotic and lithologic evidence suggest 
this could be a recurrent scenario (Jeppsson, 1998; Calner, 2008;
Crampton et al., 2016). In broader terms, our study supports re-
cent findings of continued oxygen depletion in subsurface waters 
of Paleozoic oceans (Sperling et al., 2015; Lu et al., 2018), and that 
oxygen levels were a major factor in the evolution of Paleozoic bio-
sphere (e.g., Edwards et al., 2017).
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