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A B S T R A C T

The Silurian was a time of major climatic transition punctuated by multiple biotic crises and global carbon cycle
perturbations. The most severe of these biotic events was the late Silurian (Ludfordian) Lau/Kozlowskii ex-
tinction event (LKE) and the associated Lau carbon isotope excursion (CIE). Although the extinction event and
Lau CIE are globally documented, the only records thus far of local and global marine paleoredox conditions
through this interval are from a single region in Scandinavia. Here we examine four sections along a bathymetric
transect of mixed carbonate-siliciclastic sediments from western Tennessee, USA. A novel approach using a
multi-proxy dataset combining high-resolution geochemical data and microfacies analyses from multiple lo-
calities explores the possibilities of local/regional-scale redox heterogeneities during a time of widespread en-
vironmental upheaval on a global scale. Paired positive excursions recorded in carbonate carbon isotopes and
carbonate-associated sulfate sulfur isotopes support recent work from carbonate and siliciclastic successions
from Scandinavia, suggesting a global enhancement of organic carbon and pyrite burial driven by an expansion
of euxinic (anoxic and sulfidic water column) conditions in the oceans during the mid-Ludfordian. Furthermore,
positive excursions in organic carbon isotopes and pyrite sulfur isotopes reflect the global changes in redox.
Stratigraphic trends in I/Ca ratios imply a local expansion of low-oxygen conditions, with low, but non-zero
values during the rising limb and peak of the CIE. The fossil assemblages vary across the shelf and through the
CIE interval. Stratigraphic changes in fossil assemblages and I/Ca are closely associated with local and global
changes in oxygenation and sea level during the mid-Ludfordian. The collective data indicate significant biotic
reorganization in response to changes in marine redox conditions and in conjunction with sea-level variation
during the LKE interval, but detailed macroscopic biodiversity is currently unconstrained for this region.

1. Introduction

The Silurian Period was a climatically dynamic time in the middle
Paleozoic marked by repeated extinctions, faunal reorganizations, and
carbon cycle perturbations. In less than 30 million years there were at
least four globally documented positive carbon isotope excursions (CIE)
greater than +4‰, indicating higher magnitude carbon-cycle volatility
than any other period in the Phanerozoic (Bickert et al., 1997; Kaljo
et al., 1997; Saltzman, 2001, 2002; Cramer and Saltzman, 2007;
Saltzman and Thomas, 2012). The largest magnitude perturbation to
the Silurian global carbon cycle was the mid-Ludfordian Lau CIE, with
peak excursion values averaging +5 to +8‰ and as high as +12‰; it

is also considered the largest positive carbon isotope excursion in the
Phanerozoic (Munnecke et al., 2003; see Calner, 2008 for review). The
Lau CIE is associated with the Lau/Kozlowskii extinction (LKE) event,
which is at least the tenth most severe extinction in Earth history with a
loss of ~23% of marine genera (Bond and Grasby, 2017 and references
therein). This extinction was first recognized in conodonts from car-
bonate platform successions as the ‘Lau event’ (Jeppsson, 1990) and in
studies of graptolites in deeper-water shales as the ‘Kozlowskii event’
(Koren, 1993; Urbanek, 1993). As extinctions have been recognized in
an increasing variety of marine fauna, a curiously asynchronous pattern
of extinction has become apparent (e.g., Munnecke et al., 2003;
Stricanne et al., 2006; compiled in Bowman et al., 2019). Extinctions in
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benthic and nektonic taxa such as conodonts, fish (Eriksson et al.,
2009), and brachiopods (Talent et al., 1993) notably precede those of
planktic taxa such as graptolites and acritarchs (Stricanne et al., 2006).
Widespread development of ‘anachronistic’ (both microbially-mediated
and abiotic) carbonate facies has also been linked to the LKE as evi-
dence of environmental stress and ecosystem collapse (e.g., Calner,
2005). Much of the work on the record of biotic change during the LKE
has been done on the paleocontinents of Baltica (Latvia, Sweden; e.g.,
Jeppsson, 1990; Stricanne et al., 2006; Eriksson et al., 2009; Urbanek
et al., 2012) and Gondwana (Australia, Czech Republic; e.g., Jeppsson
et al., 2007; Lehnert et al., 2007; Manda et al., 2012). Comparatively
little is known about the Laurentian expression of this extinction event.

High-magnitude positive CIEs can result from increased weathering
of carbonate platforms during sea-level lowstand (e.g., Berner, 1994;
Kump et al., 1999) and/or from enhanced organic carbon burial via
productivity- or preservation-driven expansion of anoxia (Arthur et al.,
1988; Kump and Arthur, 1999; Cramer and Saltzman, 2005, 2007; Gill
et al., 2011a; Owens et al., 2018). A gradual expansion of reducing
conditions has been proposed as a kill mechanism for the LKE, which
can account for the asynchronous nature of the extinction event and
also the global CIE (e.g., Munnecke et al., 2003; Stricanne et al., 2006).
A recent study using thallium isotopes from the Baltic Basin has shown
that global marine deoxygenation predates the Lau CIE and is coeval
with the onset of the LKE (Bowman et al., 2019). Additionally, parallel
positive carbon and sulfur isotope excursions are documented following
the initial global deoxygenation, indicating that enhanced organic
carbon burial was closely associated with the expansion of euxinic
conditions (anoxic with water-column sulfide) in the late Silurian
oceans (Bowman et al., 2019).

During global scale biogeochemical events, such as the Lau CIE,
only an increase in the fraction of ocean floor experiencing reducing
conditions is proposed (i.e., not anoxia or euxinia throughout the entire
ocean). Many previous studies have used geochemical box modeling to
estimate the extent of marine anoxia and/or euxinia during similar
events, determining that increases in the extent of anoxia/euxinia to
only ~5–10% of the global seafloor are necessary to drive these geo-
chemical perturbations (e.g., Gill et al., 2011a; Owens et al., 2013;
Reinhard et al., 2013; Dickson et al., 2016; Lau et al., 2016; Zhang
et al., 2018; Young et al., 2019). The temporal evolution of local redox
conditions, however, has not been extensively studied for a bathymetric
transect across the Lau CIE to understand local heterogeneities com-
pared to the globally integrated signal. Here we present an innovative
combination of high-resolution geochemical and microfacies data from
four sections across a transect of the mixed carbonate and siliciclastics
deposited on the Western Tennessee Shelf (Tennessee, USA), to better
constrain both spatiotemporal redox changes and heterogeneities
through the LKE and Lau CIE interval across this shelf setting. To un-
derstand if and how paleoredox changes varied with changes in the
global carbon cycle, we measured paired carbon (δ13Ccarb and δ13Corg)
and sulfur (δ34SCAS and δ34Spyr) isotopes and I/Ca ratios (representative
of I/(Ca + Mg) values). To assess faunal and other paleoenvironmental
changes, such as changes in sea level, detailed field studies were
combined with petrographic analyses of carbonate composition, fabrics,
and textures at the microscopic scale (i.e., microfacies). The combina-
tion of these datasets provides a holistic view of the biotic and geo-
chemical evolution of this late Silurian carbonate shelf.

2. Background

2.1. Geologic setting and conodont biostratigraphy

The four study sites were located along the southern margin of the
paleocontinent Laurentia during the late Silurian (Fig. 1A, B) along a
gently sloping, sub-tropical to tropical, mixed carbonate and siliciclastic
ramp known as the Western Tennessee Shelf (Broadhead and Gibson,
1996; Barrick et al., 2010). Paleogeographic reconstructions of the

Silurian place the southern margin of Laurentia between 20 and 30°S
(Cocks and Scotese, 1991; Cocks and Torsvik, 2002; Torsvik and Cocks,
2017). The Western Tennessee Shelf area was bounded by the Nashville
Dome to the east, the Reelfoot Rift Embayment to the west/northwest,
and the continental margin to the south (present-day directions;
Fig. 1B). The upper Silurian rocks exposed in the study area form a
transect from shallower- to deeper-ramp settings approximately from
the southeast to northwest, towards the Reelfoot Rift Embayment
(Barrick et al., 2010).

The upper Silurian (Ludfordian) Brownsport Formation is exposed
in multiple roadcuts in the area northwest of Waynesboro, TN, along
highways US-64, US-641, and TN-228 near the Tennessee River. The
Brownsport Formation conformably overlies the Dixon Formation,
which is comprised largely of red and green mottled calcareous mud-
stones (Amsden, 1949; Broadhead and Gibson, 1996). It is conformably
overlain by the Decatur Limestone, a typically light grey, massively
bedded crystalline limestone (Amsden, 1949). The Brownsport Forma-
tion itself is subdivided into three members, in ascending stratigraphic
order: Beech River, Bob, and Lobelville (Pate and Bassler, 1908;
Broadhead and Gibson, 1996; Barrick et al., 2010). The Beech River and
Lobelville members are lithologically similar, being composed pri-
marily of argillaceous wackestones and packstones that are commonly
interbedded with calcareous shales; coarser-grained, locally sandy,
packstones and grainstones make up the Bob Member (Pate and Bassler,
1908; Amsden, 1949; Broadhead and Gibson, 1996; Barrick et al.,
2010). There has been detailed discussion on the decision to break up
the Brownsport into finer-scale, formal lithologic units (e.g., Pate and
Bassler, 1908; Amsden, 1949; Broadhead and Gibson, 1996; Barrick
et al., 2010), largely because the Bob Member is not readily identifiable
in all exposures of the Brownsport Formation and the Beech River and
Lobelville members are lithologically similar (Amsden, 1949). Some
studies have tried to break up the Brownsport Formation based on
macrofaunal assemblages (e.g., Pate and Bassler, 1908), but these
subdivisions appear to be inconsistent between sections (see also results
herein, Section 4.1; Supplemental Materials).

Conodont biostratigraphy and carbon isotope chemostratigraphy
have previously been investigated in this region (Barrick et al., 2010) at
the Eagle Creek and Linden sections, the four sections in this study are
near these two previously described sections. Barrick et al. (2010) re-
ported the presence of the Polygnathoides siluricus Zone in the Beech
River Member and the beginning of the Ozarkodina snajdri Zone near
the base of the Bob Member. Barrick et al. (2010) found no record in the
Brownsport Formation of the impoverished fauna of the Icriodontid
Zone that is recognized on Gotland, Sweden (the ‘type area’ of the Lau
interval; e.g., Jeppsson, 2005), between the P. siluricus and O. snajdri
zones. The upper Bob and the Lobelville members yield very few con-
odont elements and thus the Ozarkodina crispa Zone has not been
confidently identified in the Brownsport Formation; for reference, we
use the latest Silurian global conodont biozonation scheme of McAdams
et al. (2019). Chemostratigraphic correlation with the Gotland record
(e.g., Bowman et al., 2019) of the Lau CIE suggests that the O. crispa
Zone would begin in the falling limb of the CIE, corresponding to a level
close to the Bob–Lobelville boundary.

2.2. Carbon and sulfur biogeochemistry

Although changes in carbon isotopes alone can be interpreted in a
number of ways, co-variations in paired carbon and sulfur isotopes from
multiple paleobasins can be linked to changes in global ocean redox
conditions (e.g., Gill et al., 2011a, 2011b; Owens et al., 2013; Edwards
et al., 2018; Young et al., 2019). These changes in redox conditions are
recorded in marine carbonates as δ13Ccarb and δ34SCAS, which will be-
come more positive as the expansion of reducing conditions causes the
increased burial of organic carbon and pyrite, respectively.

Organic carbon exported to the seafloor is used as a substrate for
anaerobic respiration such as microbial sulfate reduction (MSR). The
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H2S produced as a product of MSR reacts with Fe2+ to form pyrite (e.g.,
Canfield et al., 1992). Just as the lighter carbon isotope is preferentially
integrated into organic matter during photosynthesis, the lighter sulfur
isotopes are preferentially assimilated during MSR and buried as pyrite.
This drives seawater sulfate sulfur isotope (δ34SSO4) values heavier as
more isotopically light sulfur is removed from the oceans (Bottrell and
Newton, 2006). A proxy for capturing ancient seawater sulfate sulfur
isotopes is carbonate-associated sulfate, δ34SCAS, as the sulfate anion is
substituted into the carbonate crystal lattice with negligible fractiona-
tion (Kampschulte et al., 2001; Lyons et al., 2004; Bottrell and Newton,
2006). The modern residence time for sulfur in the oceans is on the
order of 106 yrs., compared to ocean mixing time of 103 yrs., thus
δ34SCAS records are inferred to be a global proxy for the approximate
extent of pyrite burial which is most efficient under euxinic marine
water columns and/or sulfidic sediment pore waters (e.g., Gill et al.,
2011a, 2011b; Owens et al., 2013). While pyrite sulfur isotope, δ34Spyr,
records have been shown to parallel the global proxy δ34SCAS records in
some marine settings, these records are often influenced by local factors
such as MSR rates, sulfate concentrations, organic matter and Fe
availability, and location of pyrite formation, thus reflecting local redox
conditions (e.g. Canfield and Thamdrup, 1994; Leavitt et al., 2013;
Gomes and Hurtgen, 2015; Sim, 2019).

2.3. I/Ca, a local redox proxy

Iodine to calcium ratios provide a novel proxy to investigate local
water-column redox conditions as recorded in carbonate facies (Lu
et al., 2010, 2017, 2018; Hardisty et al., 2014, 2017; Zhou et al., 2014,
2015; Owens et al., 2017). Iodine exists in seawater as a reduced spe-
cies, iodide (I−), and an oxidized species, iodate (IO3

−; Wong and
Brewer, 1977). The speciation of iodine in seawater is sensitive to
water-column oxygen conditions, being one of the first redox-sensitive
elements to be reduced under low oxygen conditions (Rue et al., 1997).
In well-oxygenated waters, iodine exists almost exclusively as IO3

−,
which is incorporated into carbonate minerals during precipitation (Lu
et al., 2010). As oxygen concentrations decrease, IO3

− is quantitatively
reduced to I−, which cannot be structurally substituted into carbonates

(Lu et al., 2010).
As only IO3

− is incorporated into carbonates, carbonate iodine
concentrations can be used as a proxy for water column oxygen con-
ditions, particularly for the early onset of oxygen loss, but the return to
more oxic values might be slow due to iodide oxidation rates (as dis-
cussed in Hardisty et al., 2020). In the modern ocean, water column
mixing and upwelling also play a role in the speciation of iodine (Lu
et al., 2019), as was also likely the case for the ancient oceans. Work on
the I/Ca proxy in the modern ocean has shown that well-oxygenated
settings typically have an I/Ca ratio of greater than 2.6 μmol/mol (Lu
et al., 2016). Thus, I/Ca ratios between zero and 2.6 μmol/mol imply
that some oxygen must be present, even if in low concentrations (Lu
et al., 2010; Owens et al., 2017). This proxy is essentially a qualitative
gauge for the position of the oxycline in relation to the environment in
which the sediment constituting the analyzed carbonate rock was de-
posited (Lu et al., 2018). I/Ca ratios are commonly reported as I/
(Ca + Mg), as they are herein, to account for variable carbonate mi-
neralogy and particularly dolomitization in ancient carbonates (e.g.,
Hardisty et al., 2014, 2017; Lu et al., 2017, 2018).

2.4. Microfacies analyses

Detailed facies studies can provide information relating to the de-
positional environment of sedimentary strata. As carbonate sediments
commonly undergo rapid lithification, the internal textural details of
limestone beds tend to preserve a faithful record of approximately
original synsedimentary characteristics (e.g., Flügel, 2010, and refer-
ences therein). Together with carbonate textures, which in large part
reflect hydrodynamic conditions, the fossil grain assemblages of the
rocks can record changes in the depositional environment as these
varied with ambient conditions (e.g., Lindskog and Eriksson, 2017).
Thus, systematic qualitative and quantitative analyses of abiotic and
biotic properties in thin sections (i.e., microfacies) have the potential to
tease out invaluable paleoenvironmental information and also provide
means for detailed comparisons between sedimentary/stratigraphic
successions.

Fig. 1. A) Global paleogeographic map of the late Silurian, ~425 Ma (after Blakey, www2.nau.edu/rcb7). Regional locality indicated by the red square. B) Regional
paleogeographic and paleobathymetric map of the southern Laurentian margin and epeiric seaway (modified from Cramer and Saltzman, 2005). Position of locality
map marked with red square. C) Locality map of the four study sections with relative paleobathymetry shown with the blue gradient (modified from Barrick et al.,
2010). Study sections are labeled and marked by pink stars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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3. Materials and methods

3.1. Sample preparation

Samples were collected and described in detail every ~0.25–0.5 m
from the Morrison Creek, Ladybug, Olive Hill, and Bath Springs sections
in western Tennessee (see Supplemental Materials for precise co-
ordinates for all study localities). Where possible, intervals with clear
evidence of diagenetic influence, such as secondary calcite veins, pyrite

nodules, and/or iron oxide staining, were avoided during sampling (i.e.,
Fig. 2C, D). Weathered edges and secondary calcite veins were me-
chanically removed using a water-based diamond blade saw. Re-
presentative samples from each section (50–100% of sample series,
variable by section) were further slabbed to produce thin sections for
the microfacies analyses. From the samples, approximately 1 g of
powder was preferentially micro-drilled from micritic matrix (except in
the case of grainstones) for δ13Ccarb and I/Ca analyses. For all other
procedures, the remaining sample was crushed and powdered using an

Fig. 2. Representative field photos from the
four sections along the Western Tennessee
Shelf. A) Dixon and lower Brownsport for-
mations exposed at the lower Ladybug
roadcut, dashed lines mark the formational
boundary and the boundary between the
Beech River and Bob members. B) Encrinite
in the Bob Member from the upper Ladybug
roadcut. C) Pyrite nodule with iron staining
in the Beech River Member at the Olive Hill
roadcut. D) Brownsport Fm. exposed at
Olive Hill roadcut with dashed lines to mark
the boundaries between members. E)
Interbedded shales and carbonates of the
Lobelville Member at Olive Hill. F) Variably
interbedded shales and carbonates in the
upper Brownsport Fm. at the upper Bath
Springs section. G) Anterior part of an ar-
ticulated trilobite from the upper Bath
Springs roadcut, tentatively identified as
Dalmanites limulurus. H) Lowest exposure of
the Brownsport Fm. at the Morrison Creek
section. I) Weathered surface of encrinite
from the lower Brownsport Fm. at Morrison
Creek.
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alumina ceramic disc mill with a SPEX8510 ShatterBox.

3.2. Microfacies point counting and statistics

All thin sections were studied qualitatively and quantitatively to
assess the spatiotemporal variability of depositional environments,
following the approach of Lindskog and Eriksson (2017). The relative
amount of grains in relation to matrix, cement, and remaining voids
(i.e., carbonate textures) were determined through point counting using
the grain-bulk method of Dunham (1962). A total of 600 points were
counted per thin section; for assessing small-scale textural variability,
every thin section was counted in sets of two 300-point sessions (each
covering approximately half of the sample area). Due to the common
complexity and variability in shape of carbonate grains and as their size
in carbonates is not necessarily related to hydrodynamic conditions in
the depositional environment (e.g., Jaanusson, 1972; Olgun, 1987;
Flügel, 2010), grain size was not systematically measured. However, it
is commented on below where grain size is perceived as an important
detail (see Section 4.1.1).

The fossil grain assemblages of the thin sections were analyzed
using a modified form of ribbon counting (see Flügel, 2010), wherein
biogenic grains falling within continuous strips (‘ribbons’) aligned
perpendicular to bedding were identified. Six categories were dis-
tinguished: Brachiopoda, Bryozoa, Echinodermata, Ostracoda, Trilo-
bita, and Other (minor faunal/floral constituents, and ‘problematica’).
As is the case for grain abundance, these analyses were subdivided into
300 × 2 counts; counting sessions were halted when 300 grains had
been identified. Thus, analyses spanned more data points when in-
cluding unidentified grains. Such grains typically account for c. 5–10%
of the observed grains, but as these have a negligible influence on data
trends, for clarity, they were not included in the visual data presenta-
tions. Each grain was only counted once and, as different organism
groups tend to produce grains of different sizes, the relative abundance
of different fossil grain types does not necessarily translate directly into
relative rock area/volume.

3.3. Geochemical analyses

For the analysis of carbonate carbon isotopes, 200–300 μg of car-
bonate powder was weighed and acidified with 100% H3PO4 at 25 °C
for 24 h. Stable carbon and oxygen isotopes of the evolved CO2 gas were
then obtained using a ThermoFinnigan Gas Bench II Autocarbonate
device coupled to a ThermoFinnigan Delta Plus XP isotope-ratio mass
spectrometer (IRMS) at the National High Magnetic Field Laboratory
(NHMFL) at Florida State University. All carbon and oxygen isotope
values are reported in standard delta notation (δ) with units of per mil
(‰) relative to the Vienna Pee Dee Belemnite (V-PDB) standard. The
analytical precision of δ13Ccarb and δ18Ocarb, based on long-term, re-
plicate analysis of NBS-19 and other lab standards, are ± 0.05‰ (1σ)
and ± 0.1‰ (1σ), respectively. Internal standards include the fol-
lowing: ROY-CC (+0.67‰, −12.02‰), MB-CC (−10.5‰, −3.5‰),
and PDA (−1.3‰, −5.34‰).

To obtain organic carbon isotopes (δ13Corg), sample powder masses
were accurately weighed (2–4 g) and then acidified with 6 M HCl to
remove carbonate minerals. Insoluble residues were rinsed multiple
times in ultrapure (deionized, 18.2 MΩ) water until a neutral pH was
achieved and then dried overnight in an oven at 70 °C. Residues were
homogenized and weighed into tin cups for analysis. The organic
carbon isotope values were measured using a Costech Elemental
Analyzer coupled to a ThermoFinnigan DeltaPlus XP IRMS via open-
split Conflo III at the NHMFL. Weight percent of total organic carbon
(TOC) was then calculated based on the comparison of voltages for the
ion beam intensity of mass 44 and the area all integration for masses 44,
45, 46 for CO2

+ between the unknown samples and the known weight
percent carbon of the gravimetric standard acetanilide. Internal carbon
isotope standards include: Acetanilide (−29.2‰), Urea-2 (−8.13‰),

and Sugar (−12.7‰). Analytical precisions of ± 0.2‰ (1σ) for δ13Corg

and ± 0.7% (1σ) for % C are based on long-term, replicate analysis of
lab standards calibrated to IAEA standards. Data for δ13Corg and TOC wt
% are only reported for the Olive Hill and Bath Springs sections due to
extremely low TOC wt% (< 0.03%) associated with the grainstones and
packstones of the Morrison Creek and Ladybug sections.

Extractions of carbonate associated sulfate (CAS) for sulfur isotope
(δ34SCAS) analysis were performed with minor modifications from
procedures outlined by Wotte et al. (2012). Between 80 and 250 g of
sample powder was rinsed three times in 10% NaCl solution and three
times in ultrapure water (deionized and distilled, 18.2 MΩ) for 12 h per
rinse to remove soluble, secondary sulfate minerals. Thereafter, 6 M
HCl was titrated into the samples to liberate sulfate from the carbonate
matrix; this was done for no more than 2 h per sample in an attempt to
avoid pyrite oxidation. Insoluble residues were separated from the
acidified solution via centrifugation. The remaining solutions were
brought up to a pH of 10 with NaOH and the precipitates from this
reaction were removed via filtration. Post-filtration, the remaining so-
lutions were brought to pH 4 using 12 M HNO3. Excess saturated BaCl2
was added to each sample solution and dissolved sulfate allowed to
precipitate as barite (BaSO4) over 72 h. The barite was then rinsed with
ultrapure water and dried.

Chromium reducible sulfides (CRS) were extracted from the in-
soluble residues of the acidification step of the CAS extraction based on
modified protocols from Canfield et al. (1986) and Brüchert and Pratt
(1996). Residues were reacted with a 70:30 mixture of 12 M HCl and
1 M CrCl3 in an N2 purged flask. Evolved H2S gas was then bubbled into
AgNO3 to precipitate Ag2S. The total amount of precipitatant was
gravimetrically determined to calculate the concentration of pyrite,
assuming quantitative stoichiometry. Approximately 350 μg of barite
(CAS) or silver sulfide (CRS) was weighed into tin cups with V2O5 for
sulfur isotope analysis using a Thermo Isolink Elemental Analyzer
coupled via open-split Conflo IV to a Thermo Delta V Plus IRMS at the
NHMFL. All sulfur isotope results (δ34SCAS and δ34Spyr) are reported in
standard δ-notation with units reported in ‰ relative to Vienna Cañon
Diablo Troilite (V-CDT). The analytical precision, based on long-term,
replicate analysis of lab standards calibrated to IAEA standards,
is ± 0.2‰ or better (1σ). Samples are calibrated to internal laboratory
standards EMR-CP (+0.9‰), PQM2 (−16‰), ERE (−4.7‰), PQB-D
(+40.5‰), and SWP (+20.3‰).

I/(Ca + Mg) ratios were measured at the NHMFL using an Agilent
7500cs quadrupole inductively coupled plasma mass spectrometer (ICP-
MS) according to standard methods (Lu et al., 2010, 2017; Hardisty
et al., 2014, 2017; Zhou et al., 2014, 2015). For brevity, I/(Ca + Mg) is
referred to throughout the paper as I/Ca. Approximately 2–5 mg of
micro-drilled carbonate powder was used for each analysis, 3% HNO3

was added to each sample to completely dissolve all carbonate material.
Samples were vortexed and centrifuged; the supernatant was then di-
luted to a ~ 50 ppm Ca + Mg solution. Most samples were diluted in a
matrix of 0.5% HNO3 and 0.5% tetramethyl ammonium hydroxide
(iodine-stabilizing solution), some samples were diluted using 2%
HNO3. Based upon replicate analysis of several samples and reference
materials there is no notable difference in I/Ca ratio between the two
variations of the method. The calibration standards were made each
day by serial dilution of a 10 ppm Iodide ICP-MS standard from High
Purity Standards and with a similar matrix of ~50 ppm Ca + Mg. The
long-term accuracy of this procedure was based on replicate measure-
ments of known reference materials (KL1-2, KL1-4; e.g., Hardisty et al.,
2014).

4. Results

4.1. Microfacies

The general petrographic characteristics and interpretations of the
depositional environment(s) of the Brownsport Formation and its

C.N. Bowman, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 553 (2020) 109799

5



members, as well as the bounding strata, have been described and
discussed in some detail by Broadhead and Gibson (1996). Here, our
focus lies on the spatiotemporal variations seen in the study area. The
results of the quantitative microfacies analyses are summarized in
Figs. 3–6.

4.1.1. Carbonate textures, fabrics, authigenic minerals, diagenetic artifacts,
etc.

Carbonate textures in thin sections span nearly the entire Dunham
scheme, from carbonate mudstone to grainstone, although dominant
textures vary both laterally between sections and vertically within (see
Dunham, 1962; Flügel, 2010). Broadly from east to west, carbonate
microfacies change from consistently coarse-textured (packstone–-
grainstone) to finer-textured (mudstone–wackestone, packstone oc-
curs), although there are clear variations throughout individual sections
(Figs. 3–7). Overall, the rocks tend to preserve original sedimentary
characteristics well, but diagenetic recrystallization effects (calcite,
dolomite) occur locally in all studied sections. Obvious artifacts due to
large-scale tectonics are essentially absent, but relatively young mm-
scale veins filled with calcite and occasionally pyrite occur.

The strata at the Morrison Creek section are typically characterized
by very coarse carbonate textures and commonly a near-complete lack
of (preserved) carbonate matrix; the proportion of carbonate mud de-
creases up-section. Relatively mud-rich beds contain sparse bioturba-
tion structures and patches of finely disseminated crypto- and micro-
crystalline pyrite; sedimentary laminae show deformation around
relatively large grains. The interstices between grains typically com-
prise coarse calcite and occasionally pores; dissolution features and
fitted fabrics are common (Figs. 3, 7). Much of the ‘cement’ is clearly
due to secondary recrystallization, as it has commonly affected skeletal
grains (mainly echinoderms). Grain assemblages are almost entirely
comprised of skeletal grains, but silt-to sand-sized, sub-angu-
lar–rounded (see Powers, 1953) quartz is occasionally present. Many
beds are cross-bedded internally. Calcareous ooids and putative micro-
oncoids occur in the middle part of the succession at Morrison Creek, in
association with exceptionally coarse-grained skeletal material and

relatively abundant quartz grains (Fig. 7; cf. Broadhead and Gibson,
1996). Many grains in the upper half of the section are discolored due
to impregnation with iron oxides (limonite-like compounds).

The overall characteristics of the strata of the Ladybug section are
similar to those at the Morrison Creek section, although the proportion
of matrix is typically higher and carbonate textures are correspondingly
finer (Figs. 4 and 7). Recrystallization effects are less prominent, al-
though can be locally quite severe. Bioturbation (commonly distorted
by compaction) is more prevalent in muddy strata, cross-bedding occurs
more rarely. Carbonate texture and grain size coarsen into the middle of
the section, wherein ooids and micro-oncoid-like grains are locally
abundant, but become finer again up-section. This fining is associated
initially with discolored grains (~limonite) and higher up in the sec-
tion, in the upper Bob and Lobelville members, glauconitic grains occur.
The latter are sand-sized and typically sub-rounded–rounded; glauco-
nite (sensu lato) occurs both as impregnation/pore filling (in skeletal
grains) and as discrete grains of unclear affinity/origin (fecal pellets?;
e.g., Odin, 1988). The fine-textured strata in the Lobelville Member at
the Ladybug section contain relatively abundant finely disseminated
pyrite that occasionally forms minute aggregates in the rock matrix and
is commonly concentrated in the pores of echinoderm grains.

The Olive Hill section is overall characterized by clearly finer car-
bonate textures than the previously described strata of the Morrison
Creek and Ladybug sections, and many samples are notably argillaceous
(Figs. 5 and 7). Lamina-like features in the matrix-rich/argillaceous
strata show deformation around relatively large grains. Silt- to fine
sand-sized, commonly sub-angular–sub-rounded quartz occurs
throughout, especially in relatively argillaceous intervals. Carbonate
textures coarsen towards the middle part of the studied succession,
particularly in the Bob Member. The coarsest-textured beds contain
notable amounts of glauconite and pyrite-impregnated grains. Con-
trastingly, the coarsest-textured beds are associated with relatively
small average grain sizes. The matrix in samples from the upper Bob
and Lobelville members is typically densely strewn with silt-sized cal-
cite and dolomite crystals, and microcrystalline calcite permeates some
samples. Related recrystallization has had a negative effect on the

Fig. 3. Stratigraphic column for the Morrison Creek section with geochemical and microfacies data. Conodont biozones after Barrick et al. (2010), Jeppsson (2005),
McAdams et al. (2019). The approximate Lau/Kozlowskii extinction interval is shaded in yellow. A) Carbonate carbon isotope data. B) I/(Ca + Mg) ratio data. C)
Relative abundances of fossil grains. D) Grain abundance with the approximate divisions for different Dunham (1962) carbonate textures marked. ms: mudstone, ws:
wackestone, ps: packstone, gs: grainstone. E) Percentage of cement. References and abbreviations the same for subsequent data figures. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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preservation of skeletal grains. Carbonate textures become slightly finer
again up-section, but the Lobelville Member is generally coarser-tex-
tured than the Beech River Member. Pyrite aggregates and finely dis-
seminated pyrite occur throughout the Olive Hill section, but are most
common in mud-rich, finer-textured strata.

The strata at the Bath Springs section share many characteristics
with those at the Olive Hill section, although dominant carbonate
textures tend to be coarser (Figs. 6 and 7). Relatively fine-textured se-
diments are found near the middle of the succession, but they coarsen
up-section (boundaries of stratigraphic members indeterminable; see
Supplemental Materials). Glauconitic grains occur sporadically, and
sand-sized quartz grains (sub-angular–sub-rounded) are relatively
common throughout. Samples from the upper part of the succession
commonly show significant recrystallization effects and growth of silt-
to sand-sized calcite and dolomite crystals being common components
in the rock matrix. This has in part led to ‘assimilation’ of skeletal
grains, which have thus become difficult to discern and identify. Coarse
crystallization, locally associated with the formation of pyrite (cf.
Lindström, 1984), has also occurred in relatively young fractures in the
rock. Pyrite aggregates and finely disseminated pyrite occur throughout
the succession at the Bath Springs section but are most abundant in
strata with the aforementioned (re)crystallization effects.

4.1.2. Fossil grain assemblages
Echinoderms, ostracods, bryozoans, trilobites, and brachiopods

comprise the most common fossil components among skeletal grain
assemblages in the studied sections. Other, typically rare, fossil grains
include mollusks, sponges (spicules, ‘body fossils’), corals, calcareous
algae, and ‘problematica’. Along with the changes in dominant carbo-
nate textures (see above), fossil grain assemblages show an approximate
east–west trend going from entirely echinoderm-dominated to ar-
thropod-rich and varied. Within individual sections, there are com-
monly distinct variations throughout the studied stratigraphic interval.

At the Morrison Creek section, the skeletal grains assemblages are
strongly dominated by echinoderms, but some variations can be con-
fidently detected throughout the studied succession (Figs. 3C and 7).
The basal part of the section contains a small fraction of bryozoans and
trilobites, with trilobites reaching a peak about mid-way through the
section. The upper half of the succession contains a relatively large
proportion of ostracods, and bryozoans gradually increase in

abundance. Putative calcareous algae occur sporadically throughout.
The Ladybug section shows an overall dominance of echinoderms

among fossil grain assemblages, although variations are more pro-
nounced than at the Morrison Creek section (Figs. 4D and 7). From the
Dixon Formation and the lower Beech River Member, moving up-sec-
tion, there is a gradual shift from more varied and ‘diverse’ faunas, with
notable numbers of bryozoans, trilobites, ostracods, and brachiopods,
and relatively abundant corals into distinctly echinoderm-dominated
assemblages. After echinoderms reach peak abundance (with some
variations) in the upper Beech River and Bob members, a trend back
towards more varied/‘diverse’ faunas is observed through the upper
Bob and Lobelville members. A distinct temporary acme in trilobites
and brachiopods is seen in the lower part of the Lobelville Member.

The strata at the Olive Hill section can broadly be divided into two
parts that are characterized by different fossil grain assemblages
(Figs. 5D and 7). The Dixon Formation and the Beech River Member
host relatively varied and ‘diverse’ assemblages, with relatively abun-
dant echinoderms, bryozoans, trilobites, and sponges (locally, corals),
and the overlying Bob and Lobelville members are characterized by
ostracod-rich strata with relatively few bryozoans and echinoderms. A
consistent trend of increasingly abundant echinoderms occurs from the
Dixon Formation to near the contact between the Beech River and Bob
members, where there is an abrupt change in the fossil grain assem-
blages.

The fossil grain assemblages and their variations at the Bath Springs
section are similar to those at the Olive Hill section, although trilobites
are consistently more abundant (Figs. 6D and 7). The basal part of the
composite section at Bath Springs is characterized by bryozoan-rich
fossil grain assemblages, with a trend of increasingly abundant echi-
noderms up section. The middle part of the succession is unusually rich
in sponge spicules. Grain assemblages change markedly in these strata,
wherein ostracods and trilobites become relatively abundant. This
change occurs mainly at the expense of echinoderms and bryozoans,
and especially the latter are notably less abundant in the upper half of
this succession.

4.2. Geochemistry

In the Morrison Creek section, δ13Ccarb values in the lowest part of
the section are ~ + 1.1‰ with maximum excursion values reaching

Fig. 4. Stratigraphic column for the Ladybug roadcuts with geochemical and microfacies data. A) Carbonate carbon isotope data. B) Carbonate-associated sulfate and
pyrite sulfur isotope data. C) I/(Ca + Mg) ratio data. D) Relative abundances of fossil grains. E) Grain abundance with presence of chamosite and glauconite noted
and the approximate divisions for different Dunham (1962) carbonate textures marked. F) Percentage of cement.

C.N. Bowman, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 553 (2020) 109799

7



+4.7‰ (Fig. 3A). It is unclear if the entire Lau CIE is captured in this
section, as there are little to no baseline values recorded around the CIE
at this locality. I/Ca ratios are low throughout this section, < 1.0 μmol/
mol (Fig. 3B). Ratios do increase up-section, though, with the lowest
values corresponding to the interval just before and during peak values
of the CIE, ≤ 0.3 μmol/mol, and highest values during the falling limb
of the CIE, 0.4–0.9 μmol/mol.

The Lau CIE is also documented in the Ladybug section, with
baseline δ13Ccarb values ~ + 1.0‰ and peak excursion values once
more at +4.7‰ in the lower Bob Member (Fig. 4A). There is also a
positive excursion in the δ34SCAS data which records a baseline of ~
+24.0‰ in the Beech River Member. Across the peak values of the CIE
in the lower Bob Member, δ34SCAS values increase to +31.5‰ before
declining back to baseline values in the overlying Lobelville Member
(Fig. 4B). Additionally, δ34Spyr values parallel the excursion in the
δ34SCAS data, starting at a baseline of ~0‰ in the Beech River Member
and reaching peak values of +20‰ coeval with peak values of the CIE
in the lower Bob Member, before falling to values as low as −7‰ in the
post-excursion baseline within the Lobelville. I/Ca ratios are low, be-
tween 1 and 3 μmol/mol, through the Beech River and lower Bob
members, coeval with pre-excursion baseline and peak values of the CIE
(Fig. 4C). In the middle-upper Bob Member, I/Ca ratios increase to a
peak value of 11 μmol/mol in the lowest part of the Lobelville Member
as δ13Ccarb values are returning to baseline values. I/Ca values then
decrease to ~2 μmol/mol through the rest of the measured section.

In the Olive Hill section, the Lau CIE is recorded as parallel excur-
sions in both the δ13Ccarb and δ13Corg data (Fig. 5A). The δ13Ccarb data
has a baseline of ~ + 2‰ and steadily increases through the upper
Beech River Member to peak values of ~ + 6.6‰; there is no post-
excursion baseline at this locality with values only falling to +3.4‰ at
the top of the section in the Lobelville Member. The δ13Corg data follows
a similar pattern, starting at a baseline of ~ − 28‰, increasing to peak
values of −24.6‰ before declining to values of ~ − 27‰. There is a
small positive shift in δ34SCAS from values of ~ + 26 to +28‰ from the
lower to the upper part of the section (Fig. 5B). The δ34Spyr values are
high, ~ + 20 to +30‰, in the upper Dixon Formation and lower Beech
River Member. In the middle Beech River Member δ34Spyr values de-
crease dramatically from +30.7 to −6.6‰ and remain low, between
−3.3 and − 22.8‰, through the rest of the section. I/Ca ratios are
relatively high, around 3–4 μmol/mol, in the upper Dixon Formation

and values fall throughout the Beech River Member (Fig. 5C). Through
the rising limb and peak values of the CIE ratios decrease to 1–2 μmol/
mol, aside from two seemingly anomalous data points during the peak
of the CIE at ~4 μmol/mol. I/Ca ratios steadily increase from a low of
0.6 μmol/mol, coincident with the peak of the CIE, to a peak of
6.3 μmol/mol at the top of the section, coincident with the falling limb
of the CIE.

The Lau CIE is documented in the Bath Springs composite section in
both δ13Ccarb and δ13Corg records (Fig. 6A). The δ13Ccarb values begin at
a baseline of ~ + 1.0‰ in the lower section and increase to values of
~ + 3.2‰ in the middle section. The upper section records peak CIE
values of +7.0‰ at the base and, continuing up-section, values fall
back to post-CIE baseline values of ~ + 1.0‰ near the top of the sec-
tion. The δ13Corg values follow a similar pattern, with values of
~ − 27.5‰ in the lower roadcut increasing to ~ − 26.3‰ in the
middle section, and then peak- to post-excursion baseline values of
~ − 25 to −29‰ in the upper section. There is a parallel excursion in
δ34SCAS which begins with baseline values of ~ + 25‰ with possible
peak values of ~ + 29.5‰ in the upper section that then fall back to
+23 to +24‰ close to the top of the section (Fig. 6B). There is a
corresponding, though much higher magnitude excursion in the δ34Spyr

data with pre- and post-excursion baselines of ~ − 30 and ~ −15‰,
respectively, and peak excursion values of +38‰. I/Ca ratios follow a
similar trend to the Morrison Creek and Ladybug sections. Through the
lower part of the section ratios are low, < 1 μmol/mol, except for two
outliers (Fig. 6C). However, in the uppermost 7.5 m of the section,
during the end of the falling limb of the CIE and return to baseline δ13C
values, I/Ca ratios increase to values as high as 3.7 μmol/mol and shift
back to 2.0 μmol/mol near the top of the composite section.

5. Discussion

5.1. Facies and paleoenvironmental development

Overall, the lithologic and sedimentologic data documented herein
agree with the generalized descriptions of the Brownsport Formation
provided by Broadhead and Gibson (1996; see further references
therein), but it is clear the details of macroscopic and microscopic
characteristics vary throughout the study area. Notably, the Bob
Member commonly appears difficult to identify for practical purposes,

Fig. 5. Stratigraphic column for the Olive Hill roadcut with geochemical and microfacies data. A) Carbonate and organic carbon isotope data. B) Carbonate-
associated sulfate and pyrite sulfur isotope data. C) I/(Ca + Mg) ratio data. D) Relative abundances of fossil grains. E) Grain abundance with presence of glauconite
noted and the approximate divisions for different Dunham (1962) carbonate textures marked. F) Percentage of cement.
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as its character changes significantly with depth along the carbonate
shelf (see Section 2.1; Supplemental Material). Broadly, the fossil grain
data appear to reflect changes in the macrofossils (see Pate and Bassler,
1908; Amsden, 1949; Broadhead and Gibson, 1996; Barrick et al.,
2010), but absolute and relative numbers are commonly offset. This is
expected, as different taxonomic groups produce diverse amounts of
skeletal material throughout their lifetimes and yield variably sized
‘typical’ grains (as well as more and less conspicuous macrofossils; cf.
Jaanusson, 1972; Lindskog and Eriksson, 2017). Spatiotemporal var-
iations in the fossil (grain) assemblages likely reflect variations in the
depositional environment(s) via the life modes and preferences of dif-
ferent taxonomic groups. Substrate characteristics, which are governed
by, for example, siliciclastic input, hydrodynamic conditions and/or
water depth, likely played a large role; broadly, echinoderms appear to
reflect relatively firm substrates, whereas ostracods and trilobites ap-
pear to reflect soft substrates (see Section 4.1.2). Local marine redox
conditions and the relative position of the chemocline may also have
been an important influence on substrate characteristics. For example,
oxygenation at the seafloor has strong effects on habitability (e.g.,
Vaquer-Sunyer and Duarte, 2008).

The spatial variations in the abiotic and biotic components of
macro- and microfacies characteristics throughout the study area are
consistent with previously reconstructed bathymetric conditions during
the Silurian (Fig. 1B, C; e.g., Braille et al., 1984; Broadhead and Gibson,
1996; Cramer and Saltzman, 2005 and references therein). As such, the
collective data suggest increasingly deeper water approximately from
east to west (present-day directions), reflected broadly through in-
creasingly finer-textured, argillaceous strata and changes in the overall
composition of fossil grain assemblages in this direction. Although de-
tails vary slightly between localities, the vertical changes in facies
through the Brownsport Formation indicate an initial shallowing
through the Beech River and basal Bob members, followed by dee-
pening and renewed establishment of relatively stable conditions, cor-
roborating observations of previous studies in Tennessee (e.g. Pate and
Bassler, 1908; Broadhead and Gibson, 1996; Barrick et al., 2010). This
is consistent with global scenarios, and the collective data suggest that
eustatic sea level had an important influence on the overall develop-
ment during the LKE interval (e.g., Kaljo et al., 1997; Wingforss-Lange,
1999; Calner, 2005; Martma et al., 2005; Jeppsson et al., 2007; Lehnert
et al., 2007; Munnecke et al., 2010; Spiridonov et al., 2017).

Barrick et al. (2010) noted that no massive ecologic collapse or

obvious ‘crisis’ appears to have occurred among the macrofauna in the
Western Tennessee Shelf through the LKE interval, as has been docu-
mented globally from other localities (e.g., Bowman et al., 2019 and
references therein). However, the Lau conodont extinction was tenta-
tively recognized within the Brownsport Formation (Barrick et al.,
2010). The new data herein of fossil grain assemblage composition for
each section clearly shows that within the approximate LKE interval
distinct changes among marine communities are recorded along the
Laurentian margin. This suggests ecological reorganization in response
to changes in the marine environment, possibly related to sea level and/
or local redox conditions (see Section 5.3 below). The overall changes
in the macro-, micro- and biofacies during the LKE-equivalent and Lau
CIE interval closely resemble those in the Lau extinction ‘type area’ on
Gotland, Sweden (see Cherns, 1983; Calner, 2005, Fig. 2; Eriksson and
Calner, 2005), as well as those in northeastern Australia (Jeppsson
et al., 2007). In tandem with sedimentary characteristics suggesting
changes in sea level/water energy, the fossil grain assemblages record a
transition from varied (‘healthy’) pre-event faunas into restricted
(‘stressed’) faunas through the extinction interval and CIE, and re-
turning to a baseline of more varied faunas in the post-event strata.
Notably, however, the compositions of post-event fossil grain assem-
blages differ distinctly from those pre-event, indicating that ambient
environmental conditions returned to a new baseline (or/and that the
fauna did not recover completely) within the studied time interval. The
unusually prevalent ooids and micro-oncoids in the CIE interval of the
Morrison Creek and Ladybug sections suggest that ‘anachronistic’ facies
developed up-ramp, in the area that would be most impacted by a de-
crease in sea level (cf. Calner, 2005; Barrick et al., 2010).

The collective microfacies results indicate that the distinct changes
in skeletal grain assemblages are a local expression of the LKE.
Assuming that sea level played a significant role in the sequence of
events, along with marine redox conditions (see Section 5.3 below), the
relatively deep/distal/marginal placement of the study area on the
West Tennessee Shelf likely acted to buffer against the most severe ef-
fects of the LKE. This may help explain the lack of immediately obvious
effects on the macrobiota locally (cf. Barrick et al., 2010). However, in
this regard, it should be noted that detailed paleontological studies
(within modern taxonomic frameworks), similar to those from Baltica
and Gondwana (see Section 1 above), are generally lacking from the
Western Tennessee Shelf area. Hence, future, in-depth studies of various
macrofossil groups from this area are bound to add important

Fig. 6. Composite stratigraphic column for the Bath Springs roadcuts with geochemical and microfacies data. A) Carbonate and organic carbon isotope data. B)
Carbonate-associated sulfate and pyrite sulfur isotope data. C) I/(Ca + Mg) ratio data. D) Relative abundances of fossil grains. E) Grain abundance with presence of
glauconite noted and the approximate divisions for different Dunham (1962) carbonate textures marked. F) Percentage of cement.
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biodiversity information and ultimately refine the global picture of the
biotic development during the LKE and the Lau CIE.

5.2. Diagenesis and the nature of geochemical signals

Post-depositional processes affect all strata to some degree and these
processes have the potential to alter primary textures and geochemical
signatures. Most samples show limited signs of any obvious detrimental
(~late) diagenetic influence in thin sections, but where it occurs it is
mainly in the form of recrystallization of carbonate matrices and
growth of discrete dolomite rhombs (see Section 4.1.1; cf. Broadhead
and Gibson, 1996; Barrick et al., 2010). Complete obliteration of ori-
ginal rock textures was not observed in any sample. There is a tendency
in the sampled sections for finer-textured and -grained, i.e. relatively
matrix-rich and argillaceous, strata to be more impacted by diagenesis
(Figs. 3–7). This can in part be explained by the relative rate of lithi-
fication and effective closure of the strata to diagenetic influence in
low-temperature regimes. The relatively slow lithification and common

susceptibility to compaction of carbonate-poor strata likely exacerbates
diagenetic influence, whereas relatively rapid lithification of carbonate-
rich strata promotes the preservation of original rock characteristics
(e.g., Bathurst, 1987; Flügel, 2010). The overall physicochemical
characteristics of the rocks thus in part govern the relative prevalence
of diagenetic artifacts.

Overall, diagenetic processes appear to have had little effect on the
geochemical proxies; the consistency in stratigraphic trends between
localities indicates that the data record primary signals. As also noted
by Barrick et al. (2010), despite certain intervals and sections re-
presenting quite hydrodynamically (and correspondingly geochemi-
cally) active environments, possible reworking seems to have had a
negligible effect on bulk elemental and isotopic geochemistry. Con-
odonts consistently show colour alteration indices of ~1–1.5 (J. Bar-
rick, pers. comm.), indicating limited thermal influence on the studied
strata (Epstein et al., 1977). Regardless, it is essential to assess whether
geochemical signals are reflective of primary seawater conditions or
diagenetic alteration (e.g., Banner and Hanson, 1990; Railsback et al.,

Fig. 7. Representative thin sections showing the lateral and stratigraphic variations in microfacies (images arranged in stratigraphically correct order). A selection of
characteristic sediment-forming grains in the sand-sized fraction are indicated: brachiopods (Brach), bryozoans (Bryo), corals (Cor), ostracods (Ost), ooids/micro-
oncoids (Oo), and trilobites (Tril).
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2003; Gill et al., 2008). Linear relationships observed in cross plots of
geochemical data have been extensively used to determine the degree
of diagenetic alteration since deposition (e.g., Cramer and Saltzman,
2005; Swart and Eberli, 2005; Gill et al., 2008; Jones and Fike, 2013).
Notable correlation between δ13Ccarb and δ18Ocarb commonly indicates
the partial resetting of carbon and oxygen isotope values from meteoric
fluid flow. A cross plot of our δ13Ccarb and δ18Ocarb data (Fig. 8A) shows
no significant correlation for any of the four data sets (r≤ 0.21,
p > .01, n: 18–98).

The concentrations of both sulfate and iodate in the carbonate
crystal lattice have been shown to decrease during alteration because
meteoric fluids have lower concentrations of both anions compared to
the original calcite and, particularly in the case of iodate, the flow of
reducing fluids can accelerate this process of diagenetic loss (Gill et al.,
2008; Sim et al., 2015; Hardisty et al., 2017). To assess the possible
meteoric alteration of I/Ca data, the data was plotted against δ18Ocarb

(Fig. 8B). No significant correlation was observed between I/Ca and
δ18Ocarb for any of the four data sets (r≤ 0.22, p > .01, n: 15–33). The
strata at the Ladybug and Olive Hill sections appear to have fared best
in terms of preserving original synsedimentary geochemical signals of
I/Ca ratios, followed by the Morrison Creek section, whereas the data
from the Bath Springs section have been notably altered. In many cases,
I/Ca values appear to be ‘reset’ (i.e. at ~0; Fig. 6C) at the lattermost
locality, and this is clearly related to recrystallization effects in the
matrix and the prevalent calcite-filled cracks in the section. Given the
easy remobilization of iodine-related ions (see Section 2.3), the I/Ca
proxy is sensitive to relatively minor diagenetic alteration. This reset-
ting of I/Ca values is likely due to reducing conditions in the pore fluids
through the heavily interbedded carbonates and shales of the Bath
Springs section, which would be preferentially enriched in the reduced
species of iodide. Although diagenetic alteration of the iodine contents
has possibly occurred at the Bath Springs section, the overall trend in
the data throughout this section is remarkably similar to the other
nearby study sections. This suggests that the overall trend in the dataset
may still be useful as a qualitative measure that records the local redox
conditions at this site. Post-depositional dolomitization can also artifi-
cially increase I/Ca ratios if Mg is not accounted for, thus all data
presented herein are I/(Ca + Mg) ratios (e.g. Hardisty et al., 2017).
Meteoric diagenesis is known to decrease CAS concentrations, but there
are little to no known effects on δ34SCAS values (Gill et al., 2008; Sim
et al., 2015). The absence of correlation between δ18Ocarb and [CAS]
(Fig. 8C; r≤ 0.29, p > .01, n: 7–36) or δ18Ocarb and δ34SCAS (Fig. 8D;
r≤ 0.28, p > .01, n: 7–30) in the data from the Ladybug, Olive Hill,
and Bath Springs sections suggests that δ34SCAS values have not been
markedly reset by meteoric diagenesis.

Contamination via sedimentary pyrite oxidation can also have a
significant impact on δ34SCAS records. Pyrite can be oxidized during
later stages of diagenesis or through the chemical extraction of CAS
from samples, falsely lowering δ34SCAS values (Wotte et al., 2012).
Linear correlations between δ34SCAS and [Spyr] or δ34Spyr have been
used as indicators of contamination of sulfate sulfur isotopes from
pyrite oxidation. Care was taken to avoid rock with visible (and clearly
secondary) pyrite during field collection. Based on our CRS extraction
yields, however, pyrite concentrations were high in all four sections,
with concentrations as high as 2300 ppm in the Bath Springs section
and 1500 ppm in the Ladybug section. Additionally, pyrite was nearly
ubiquitous in all the thin sections. Samples with [Spyr] > ~250 ppm
were not considered for CAS as the likelihood of pyrite contamination is
greatly increased at higher concentrations (Marenco et al., 2008). The
δ34SCAS data from the Ladybug, Olive Hill, and Bath Springs sections
showed low to moderate correlations in cross plots of δ34SCAS vs. [Spyr]
(Fig. 8E), but p-tests found these to be insignificant (r≤ 0.52, p > .01,
n: 7–30). Correlation of δ34SCAS vs. δ34Spyr was also moderate for these
three sections (Fig. 8F); the correlations for the Ladybug and Olive Hill
sections were not significant (r≤ 0.62, p > .01, n: 7–8) but the cor-
relation for the Bath Springs section was significant (r= 0.56, p < .01,

n: 22). This indicates that there could have been some contamination of
our reported δ34SCAS values via pyrite oxidation for the samples from
the Bath Springs section, and perhaps the Ladybug and Olive Hill sec-
tions to a lesser extent. The net overall effect of this potential pyrite
contamination is a shift towards isotopically lighter δ34SCAS values at
these sections, as corresponding δ34Spyr values at all sections are 7‰ –
61‰ lighter than the coeval δ34SCAS values. Similar to the iodine dis-
cussion above for the Bath Springs section, the overall high con-
centrations of pyrite in all of our study sections suggest that the trends
in our δ34SCAS datasets are at a minimum useful as a qualitative gauge
on changes in global sulfur cycling, especially compared to other less
altered sections (see discussion below). Overall, each study section has
its own distinctive diagenetic history, but the effects of diagenesis seen
along the Western Tennessee Shelf do not preclude the interpretation of
primary seawater signatures from our geochemical datasets. The con-
sistentancy of geochemical trends between our study sections from
Laurentia and datasets from other paleobasins (e.g., Baltica, Bowman
et al., 2019) suggests we can reasonably interpret local to global marine
redox conditions.

5.3. Marine redox conditions of the Western Tennessee Shelf

Local redox conditions vary both across the Western Tennessee Shelf
and through time as the LKE and Lau CIE progressed globally; this
variation included not only water column conditions but also changes
in the sediment porewaters (Fig. 9). There is geochemical evidence for
distinct changes in local water column oxygenation throughout the LKE
and Lau CIE interval, as interpreted from I/Ca ratios. During deposition
of the upper Dixon/lower Brownsport formations, prior to the Lau CIE,
I/Ca ratios were 3 to 4 μmol/mol (Ladybug and Olive Hill sections),
indicating a reasonably well-oxygenated water column locally, notably
greater than most Paleozoic I/Ca values and are comparable to pre-
viously reported Cenozoic values (Lu et al., 2018). Moving into the
extinction interval and corresponding with the rising limb of the Lau
CIE, I/Ca ratios decreased to as low as 0.6 to 1.6 μmol/mol at the peak
of the CIE (Figs. 4C and 5C; Supplementary Tables S2, S3). During this
time period, throughout the deposition of the upper Beech River and
the Bob members, water column oxygen contents dropped, though re-
maining above non-zero values (see Lu et al., 2010; Owens et al., 2017).
This is likely indicative of low oxygen or intermittent anoxia in the mid-
shelf area. During the falling limb of the Lau CIE, I/Ca ratios increased
substantially, reaching a peak of between 6 and 11 μmol/mol in the
lower Lobelville Member (Figs. 4C and 5C); the highest I/Ca values
correspond to the shallower, and likely more oxygenated, part of the
shelf at the Ladybug section. This suggests that local water column
oxygen contents not only increased but surpassed what they had been
prior to the Lau CIE. The antithetical relationship between I/Ca and
δ13C during the positive carbon isotope excursion at the Ladybug and
Olive Hill sections can also be seen in Cretaceous OAE2 records (Lu
et al., 2010; Zhou et al., 2015), although generally without the large
increase in water column oxygenation post-event. The I/Ca data ana-
lyzed from the other two sections cannot be as clearly interpreted. At
the Morrison Creek section (Fig. 3C), this same general trend was evi-
dent, but the change in I/Ca ratios across the measured interval are
suppressed significantly. This could possibly be due to post-depositional
IO3

− loss as a result of the extremely porous nature of the samples from
this section (Hardisty et al., 2017). Based on evidence from the car-
bonate microfacies analyses (i.e., carbonate textures, fossil content, and
abundant sand grains and ooids/oncoids) the Morrison Creek section
represents the shallowest-water deposition of the four sections. This
hydrodynamically active environment should correspondingly have
been the most oxygenated, when interpreted in the context of the La-
dybug and Olive Hill sections, and thus it is unlikely that the data from
the Morrison Creek section represent primary seawater values. At the
Bath Springs section, I/Ca values are predominantly zero throughout
the lower to middle portions of the section, implying either intermittent

C.N. Bowman, et al. Palaeogeography, Palaeoclimatology, Palaeoecology 553 (2020) 109799

11



anoxia (as opposed to low-oxygen conditions) or loss of IO3
− due to

reducing pore fluids (see Sections 4.1.1 and 5.2; Hardisty et al., 2017).
Based on changes in lithology (see Supplemental Material) and trends
in the δ34Spyr data (see below) from Bath Springs, reducing water
column conditions can still be interpreted with confidence. During the
falling limb of the Lau CIE at Bath Springs, I/Ca ratios increase mark-
edly up to 3.5 μmol/mol in the same stratigraphic interval where
highest values are recorded from all other sections. Thus, the trend to
more oxic conditions post-CIE is similar for all the sections investigated.

Trends in the pyrite sulfur isotope record (δ34Spyr) suggest a number
of changes in the redox landscape of the Western Tennessee Shelf. High-
magnitude, positive excursions in δ34Spyr are documented in two of the
three sections from which pyrite sulfur isotopes were analyzed (Figs. 4B
and 6B). These excursion records (magnitudes of ~ +20‰ at the La-
dybug section and ~ +68‰ at the Bath Springs section) are compar-
able to the +40‰ magnitude δ34Spyr excursion recorded in coeval
strata from Latvia and parallel the +30‰ magnitude δ34SCAS excursion
documented in Gotland (Bowman et al., 2019) and from the Western
Tennessee Shelf (see Section 5.4). The δ34Spyr excursion in sedimentary
pyrite paralleling that of δ34SCAS indicates that the sedimentary pyrite
sulfur isotope record at the Ladybug and Bath Springs sections reflect
the global sulfate value as pyrite was likely formed in an open system
either in a reducing water column and/or near the sediment–water
interface and was extensively buried (Gomes and Hurtgen, 2015; Young
et al., 2019). Thus, these two δ34Spyr records are indicators of a global
expansion of euxinia and resultant enhanced pyrite burial (see Section
5.4, Bowman et al., 2019). However, the Olive Hill δ34Spyr dataset does
not correspond to any of these other δ34Spyr records; this sulfur isotope

dataset and sedimentary evidence are interpreted to represent local
closed-system microbial sulfate reduction. There are no notable positive
excursions in either δ34Spyr (~ −40‰ shift) or δ34SCAS (~ +2‰ shift)
in this section, likely due to local processes overprinting the sulfur
isotope records. In the lowest part of the Olive Hill section
δ34Spyr ≥ δ34SCAS (Fig. 5B), indicating that sulfate concentrations at the
time and place of sedimentary pyrite formation were low—pyrite was
likely being formed in a closed system within sediment porewaters
(Fig. 9D; Ries et al., 2009; Gomes and Hurtgen, 2013, 2015). This pyrite
isotope data suggests that even though the overlying water column was
oxygenated pre-CIE, based on the Olive Hill I/Ca data, the sediment
pore waters were reducing. Furthermore, the large negative shift in
δ34Spyr (~ −40‰) in the lower/middle Beech River Member at Olive
Hill is most likely indicative of a shift in the primary location of local
pyrite formation (Gomes and Hurtgen, 2015). The negative shift and
the resulting increase in Δ34S (= δ34SCAS - δ34Spyr) suggest that the
majority of the pyrite preserved in the upper part of the Olive Hill
section formed in the water column, likely near the oxic-euxinic in-
terface (i.e. chemocline; Gomes and Hurtgen, 2015). It is possible that
this isotopic shift at the Olive Hill section is also closely tied to the
encroachment of oxygen-deficient waters and the sudden availability of
reactive iron (Gomes and Hurtgen, 2015).

Pyrite is nearly ubiquitous throughout the four measured and ana-
lyzed sections of the Western Tennessee Shelf, whether finely dis-
seminated or nodular. This necessitates major changes to at least se-
diment porewater redox conditions, if not the water column, in order to
generate the sulfide necessary for pyrite formation. Although the Lau
CIE was likely caused by increased global carbon burial (Bowman et al.,

Fig. 8. Cross plots for the assessment of possible diagenetic alteration of carbon, oxygen, and sulfur isotopes, diagenetic alteration of I/Ca ratios, and sedimentary
pyrite oxidation at each section (see Section 5.2 for discussion). A) δ18Ocarb vs. δ13Ccarb (Morrison Creek: r= 0.14, p > .05, n= 18; Ladybug: r= 0.022, p > .05,
n= 50; Olive Hill: r= 0.21, p > .05 n= 38; Bath Springs: r= 0.088, p > .05, n= 98). B) δ18Ocarb vs. I/Ca (MC: r= 0.29, p > .05, n= 15; LB: r= 0.20, p > .05
n= 23; OH: r = 0.21, p > .05, n= 20; BS: r = 0.20, p > .05, n= 33). C) δ18Ocarb vs. [CAS] (LB: r= 0.30, p > .05, n= 23; OH: r= 0.27, p > .05, n= 7; BS:
r= 0.17, p > .05, n= 36). D) δ18Ocarb vs. δ34SCAS (LB: r= 0.15, p > .05, n= 12; OH: r = 0.27, p > .05, n= 7; BS: r= 0.28, p > .05 n= 30). E) [Spyr] vs. δ34SCAS

(LB: r= 0.52, p > .05, n= 12; OH: r= 0.16, p > .05, n= 7; BS: r = 0.16, p < .05, n= 30). F) δ34Spyr vs. δ34SCAS (LB: r= 0.49, p > .05, n= 8; OH: r= 0.62,
p > .05, n= 7; BS: r= 0.56, p < .01, n= 22).
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2019), carbonate shelves are characteristically oligotrophic, and or-
ganic-rich sedimentation was minimal in the sampled area of the
Western Tennessee Shelf, likely acting as a limiting factor in the for-
mation of pyrite. In the shallow shelf settings (the Morrison Creek and
Ladybug sections) the total organic carbon contents were so low (TOC
wt% < 0.03%) that δ13Corg values could not be reliably determined.
Along the more argillaceous, deeper shelf (the Olive Hill and Bath
Springs sections), TOC wt% was only marginally higher (≤ 0.11%; see
Supplemental Data Tables). An additional concern is that carbonate
systems are Fe-limited so there must be a source for the reactive Fe (II)
(e.g., Berner, 1984; Lyons and Gill, 2009; Raiswell et al., 2018). This
leaves the overlying water column as the most likely source of Fe2+;
dissolved Fe is typically low in seawater, but the highest concentrations
are associated with oxygen minimum zones or at a chemocline (e.g.,
Rue et al., 1997 and references therein; Severmann et al., 2008).
Therefore, the expansion of an oxygen minimum zone (OMZ) onto this
shelf area (Fig. 9) was the most plausible source of the Fe2+ required
for the copious amounts of pyrite formed here during the Ludfordian.
Overall, these variations in I/Ca, δ34S, and TOC contents between our
study sections on the Western Tennessee Shelf indicate notable re-
gional-scale redox heterogeneities that closely correspond to the
changes in facies and faunal reorganizations (see Section 5.1) during
the globally documented LKE and associated Lau CIE interval.

5.4. Global implications for late Silurian marine redox conditions and the
LKE

As early as the Middle Ordovician, cool, oxygen-deficient, deep
waters were moving into the Laurentian epeiric seaway from the con-
tinental margin via the Reelfoot Rift Embayment (Kolata et al., 2001).
Due to the paleogeographic location and relatively narrow connection
to the open ocean during the Silurian, more redox-stratified conditions
would have been favored to develop within the Reelfoot Rift Embay-
ment. Consequently, prior to the LKE interval, when sea level was
higher (see Sections 4.1.2 and 5.2), an OMZ was likely present adjacent
to the deepest parts of the carbonate shelf due to the proximity to the
deeper, oxygen-deficient waters within the Reelfoot Rift Embayment
(Fig. 9A). The majority of the shelf would have been well-oxygenated,
though with some, possibly scattered, areas of reducing (sulfidic) se-
diment pore-waters (Fig. 9A, D). As eustatic sea level decreased, locally
indicated by the shift in microfacies and lithology moving from the
Beech River to the Bob members, some amount of restriction could have
affected the Western Tennessee Shelf. Limited circulation and mixing
with the open ocean would have allowed for marine water columns to
become stratified, and thus the OMZ would have expanded higher onto
the shelf. As this expansion occured, oxygen-poor waters spread onto
the Western Tennessee Shelf and resulted in the nadir in the I/Ca ratios
(Fig. 9B, E). The OMZ may have only been weakly established on the
middle–upper parts of this shelf as the I/Ca values never reach a
minimum of zero (Figs. 4C and 5C) to indicate a complete lack of
oxygen, and there is a somewhat subdued local expression of the Lau/
Kozlowskii extinction event in this area (i.e. faunal reorganization ra-
ther than ecosystem collapse; cf. Barrick et al., 2010). The significant
deposition of finely disseminated pyrite that is observed throughout the
Brownsport Formation, however, does suggest that there was sulfide
present within sediment porewaters, at the sediment-water interface,
and possibly in the water column (Gomes and Hurtgen, 2015). Fur-
thermore, an expansion of reducing bottom waters into the area during
the LKE and Lau CIE brought Fe2+ into this Fe-limited, mixed carbonate
and siliciclastic environment leading to the enhancement of pyrite de-
position in an otherwise Fe2+-limited shelf area.

Relatively low-oxygen conditions appear to have persisted during
initial transgressive conditions following the pronounced lowstand. As
sea level rose in the post-CIE recovery interval, possibly to even higher
levels than prior to the CIE (Eriksson and Calner, 2008; Johnson, 2010),
more connectivity with the Rheic Ocean was likely established and

vigorous circulation that led to a contraction of the local OMZ (Fig. 9C,
F). While it may be possible that this sea-level driven ‘re-oxygenation
event’ oxidized the I− that was present in the water column, the oxi-
dation of I− is a slow process (Hardisty et al., 2020). Thus, it is more
likely that the reinvigoration of the waters along the shelf with well-
oxygenated surface waters from the Rheic Ocean brought in a large pool
of IO3

− during the post-CIE transgression—causing the peak in I/Ca
ratios. The high I/Ca values presented here, particularly for the La-
dybug and Olive Hill sections, are anomalous for the Paleozoic and
represent higher mean and maximum values than those recently re-
ported in a compilation of available Phanerozoic I/Ca datasets (Lu
et al., 2018). This may be due to paleoceanographic differences (e.g.
water depth, circulation, basin connectivity, etc.) of previously gener-
ated I/Ca data sets in comparison to these relatively shallow-water
depositional settings (e.g. the Ladybug section).These high values could
also be due to preservational and diagenetic differences between our
study localities relative to those previously reported. Additionally, the
extent of sulfidic sediment porewaters seems to reduce dramatically
(based upon the δ34Spyr records) during this time. In the stratigraphic
intervals of higher sea level, before and after the peak values of the Lau
CIE, there was also particularly notable diversity in the microfaunal
assemblages (i.e., Fig. 4D) and in some cases, this is apparent in the
macrofauna (Fig. 2E and 5). The changes in faunal assemblages is most
likely connected to the increased oxygenation of this marine environ-
ment as evidenced by the I/Ca data as well as higher sea level allowing
for more normal marine fauna to return to this shelf area. Similar re-
gional-scale redox heterogeneities are also seen in the Great Basin re-
gion along the western Laurentian margin during the Early Ordovician
Stairsian extinction event and CIE (Edwards et al., 2018).

The most parsimonious explaination for both the changes in mi-
crofacies and local redox conditions is through regional paleoceano-
graphy and sea-level changes. It is likely that the changes in sea level
seen in the Western Tennessee Shelf are eustatic in nature rather than
due to just local or regional scale processes. Observed facies shifts in the
carbonate sequences of Gotland and elsewhere hold evidence of similar
changes in sea level, with a sea-level lowstand associated with the LKE/
CIE interval and higher sea level before and after (Eriksson and Calner,
2008). The same can also be observed in the deeper-water, mixed sili-
ciclastics and carbonates of peri-Gondwana (Lehnert et al., 2007;
Manda et al., 2012). These records also align well with global re-
constructions of sea level in the late Silurian (e.g., Haq and Schutter,
2008).

All of the spatiotemporal changes to the local redox landscape of the
Western Tennessee Shelf were superimposed on global-scale marine
redox dynamics during the LKE and Lau CIE interval. Though they were
deposited in a basin on another paleocontinent, the trends in the carbon
and sulfur isotope data are remarkably similar to those seen in Gotland
(Baltica; Bowman et al., 2019), albeit with local variations in magni-
tude due to depositional setting. The Lau CIE is conspicuously expressed
in δ13Ccarb in each of the sections studied herein as positive excursions
with magnitudes of +4.5 to +6‰ (Figs. 3A, 4A, 5A and 6A) and
parallel positive sulfur isotope excursions with magnitudes of +7 to
+8‰ in δ34SCAS are present in the Ladybug and Bath Springs data
(Figs. 4B and 6B). The magnitudes of the CIE recorded in this area
overlap with studied sections in other basins/paleocontinents, but the
magnitude of the positive δ34SCAS excursion is rather subdued com-
pared to the +30‰ shift documented from Gotland, Sweden (Bowman
et al., 2019). This smaller magnitude shift in δ34SCAS records from TN
could be due to varying degrees of pyrite contamination in the ex-
tracted CAS (see Section 5.2 above) that could have dampened primary
δ34SCAS values as isotopically-light sedimentary pyrite is pervasive
throughout the Brownsport Formation. This could also be due to spatial
heterogeneity in the δ34SSO4 values of the late Silurian oceans, implying
that sulfate concentrations during this time were relatively low (e.g.,
Gill et al., 2011b). Additionally, the δ34SCAS magnitude offsets could be
attributed to differences between local depositional environments and
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sulfur cycling within these areas, as offsets in δ34SCAS values have been
documented previously in this region during the early Silurian Ireviken
CIE (Young et al., 2019). While there are notable offsets in magnitudes
and baseline values that are likely related to a combination of the
factors and processes described above, all records show the same gen-
eral trends suggesting increased global pyrite burial rates that would
have decreased marine sulfate concentrations.

The paired positive carbon and sulfur isotope excursions support the
idea that there was a transitory increase in the amount of organic
carbon and pyrite buried in the global oceans throughout the middle
Ludfordian, and this was likely due to an expansion of anoxic and/or
euxinic seafloor conditions (e.g., Gill et al., 2011a; Owens et al., 2013;
Sim et al., 2015; Young et al., 2019). In the mixed carbonate and sili-
ciclastic successions of the Western Tennessee Shelf the falling limb of
the δ34SCAS excursion is recorded for the first time, as it was not
documented in the rock record from Gotland, Sweden (Bowman et al.,
2019). A slight lag between the peak values of the carbon and sulfur

isotope excursion records is expressed in both the Ladybug and Bath
Springs sections, which is consistent with the paired CeS isotope re-
cords from the Baltic Basin (Bowman et al., 2019). This suggests a slight
decoupling of the global C-S cycles during the recovery interval of the
Lau CIE, as carbon burial declined prior to pyrite burial and the con-
traction of euxinia. This could have been the result of continued mi-
crobial sulfate reduction fueled by an excess of organic carbon available
at or near the sediment/water interface post‑carbon burial event. This
could also have been due to differences in residence time between
carbon and sulfur in the ocean (e.g., Owens et al., 2013). Thus, this
detailed regional study provides further evidence of changes in marine
redox conditions across the LKE and Lau CIE that are largely consistent
with global redox proxies (Bowman et al., 2019) but also highlight local
redox heterogeneities and overprints, which are likely present during
other Phanerozoic CIE intervals.

Fig. 9. Schematic reconstruction of the redox and sea-level changes across the Western Tennessee Shelf (see Sections 5.3 and 5.4 for discussion). Relative positions of
study sections and pertinent paleogeographic features are noted. A) Pre‑carbon isotope excursion (CIE) paleoceanographic reconstruction showing a relatively small
area of water column anoxic/euxinic conditions (OMZ) on the deeper part of the carbonate shelf with reducing sediment pore waters evident in at least part of the
shelf. B) Reconstruction of paleoceanographic conditions during the peak of the CIE showing an expansion of reducing conditions (anoxic/euxinic) further onto the
shelf as sea level falls. C) Post-CIE paleoceanographic reconstruction showing again a relatively small area of water column anoxic/euxinic conditions. Changes in the
chemocline and sea level are portrayed in panels B and C using dashed white and black lines, respectively. D–F) Map view of bottom-water redox conditions for each
of the time-slices to show the plausible location of oxygen minimum zone (grey) and anoxia/presence of sulfide in porewaters (stripes) on the shelf relative to the
study sites. ND: Nashville Dome. RRE: Reelfoot Rift Embayment. MC: Morrison Creek. LB: Ladybug. OH: Olive Hill. BS: Bath Springs. OMZ: oxygen minimum zone.
Question mark: reflects minor uncertainty in portions of the I/Ca dataset at BS.
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6. Conclusions

The stratigraphic trends in the geochemical and carbonate micro-
facies data reported herein from the four sections along the Western
Tennessee Shelf document notable local- to regional-scale redox het-
erogeneities and faunal reorganizations during the interval of time
corresponding to the globally documented Lau/Kozlowskii extinction
event and associated Lau CIE. Positive excursions in δ13Corg and δ34Spyr

are largely reflective of changes to the global dissolved inorganic
carbon and sulfate pools, respectively. Antithetically correlated trends
in I/Ca ratios with δ13C data in multiple sections indicate a regional
incursion of oxygen-poor waters, likely through the expansion of an
OMZ upwards along the carbonate shelf. Trends in I/Ca and faunal
assemblages are also closely tied to changes in sea level and local
marine redox conditions. The large abundance of finely disseminated
pyrite, nodular pyrite horizons, high magnitude excursions in δ34Spyr,
and isotopic evidence of closed system MSR suggest that at least sedi-
ment porewaters, if not parts of the water column along the shelf, were
sulfidic/euxinic. Based on both field studies and microfacies analyses,
we confirm that the Lau/Kozlowskii extinction event is manifested in
the Western Tennessee Shelf area through significant marine faunal
reorganizations in the mid-Ludfordian. The global proxy records,
δ13Ccarb and δ34SCAS, show parallel positive excursions supporting
previous hypotheses that rates of organic carbon and pyrite burial in-
creased globally at this time via the expansion of reducing marine
bottom-water conditions.

The combination of high-resolution global and local redox proxy
records, extensive field-based observations, and detailed microfacies
analyses allows for a holistic view of the environmental change(s) that
took place in southern Laurentia throughout the LKE and associated Lau
CIE interval. On the Western Tennessee Shelf, the sequence of events
which we have proposed to explain the spatiotemporal changes to the
local redox landscape corresponds well to previous reconstructions of
global changes in redox and sea level. This work demonstrates the
utility of examining and analyzing more than one locality in a given
region when attempting to reconstruct local redox conditions and
making inferences about global-scale changes in the ancient oceans, as
a variety of factors can influence the preserved signals of local redox in
the sedimentary record.
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