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A multiproxy investigation of oceanic redox conditions during the Cambrian SPICE event 

Matthew Alexander LeRoy 

Abstract 

The research presented here is an effort to characterize changes in marine oxygen 

availability across a portion of the later Cambrian noted for unique evolutionary dynamics and 

which includes a significant global oceanographic event known as the SPICE event (Steptoean 

Positive Carbon Isotope Excursion). Previous studies have revealed the SPICE caused large 

changes to the global cycles of carbon, sulfur, uranium, molybdenum and the overall trace metal 

content of seawater. Furthermore, the initiation of these changes appears to have been temporally 

coupled with marine extinctions across several paleocontinents raising the possibility of a common 

causal linkage between all these features. In particular, expanding marine anoxia has been invoked 

as the most parsimonious explanation for these co-occurring features. The research presented here 

tests this hypothesis directly across a range of spatial scales using the iron speciation paleoredox 

proxy to characterize redox conditions within individual basins and to facilitate comparison of 

conditions between basins. In addition to these analyses, we apply a new proxy, thallium stable 

isotopes to this interval to assess potential global changes in deoxygenation across the event. These 

iron speciation analyses showed shallow environments deoxygenated coincident with the initiation 

of the SPICE and extinction horizons, and these conditions were dominantly ferruginous. 

Importantly, this work also shows deeper-water environments were deoxygenated prior to and 

remained so across the event and these environments were also largely. Last we looked at changes 

in thallium isotopes during this same interval to see if this deoxygenation would be recorded as a 

positive shift across the interval if expanded anoxia were to impact the areal extent of manganese-

oxide sedimentation and burial. We found it did record these changes, but with a different 



 
 

expression than during other more recent events explored using the isotope system. We attribute 

these differences to the unique chemical structure of the oceans during the Cambrian, which as 

documented herein were widely oxygen-deficient in their deeper depths. Given this recognition 

we suggest that thallium isotope studies in deep time should account for this redox structure of 

ancient oceans likely common under the less-oxygenated atmospheres of the ancient Earth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

A multiproxy investigation of oceanic redox conditions during the Cambrian SPICE event 

Matthew Alexander LeRoy 

General Audience Abstract 

The research presented here is a story about oxygen in the oceans during an ancient portion 

of Earth history within the Cambrian Period (around 500 million years ago), soon after animal life 

first appears in the geologic record. The emerging biosphere of this time seems to have been 

particularly prone to extinctions, leading to the idea that environmental conditions, such as oxygen 

availability at the seafloor created difficult circumstances for animals in these ancient seas. This 

work seeks to quantify the levels of marine oxygenation at this time, however this remains a 

fundamental challenge because they cannot be directly measured from the rocks we study. 

Therefore, we rely on how the presence or absence of oxygen changed the chemistry of these rocks 

at the time they were sediments deposited on the seafloor. Here we use the behavior of two 

different elements, iron (Fe) and thallium (Tl), to understand changes in oxygen in the oceans 

around a large, globally-recorded extinction event called the SPICE event. Studying how much 

iron is concentrated in certain minerals in the rocks formed during this event allowed us to track 

how changes in oxygen may relate to these notable extinctions. We found that shallow coastal 

areas changed from oxygenated to deoxygenated at the same time of the extinctions, suggesting a 

direct role for this environmental shift in the biological crisis.  Furthermore, we compared other 

locations from around the world using more new iron measurements in conjunction with 

previously published ones compiled by a collaborative geochemistry database project. This work 

revealed the deeper oceans were deoxygenated prior to and across the SPICE event and that the 

decline in oxygen in shallower environments was where most environmental change occurred 

during this time. Last we looked at changes in thallium isotopes during this same interval to see if 



 
 

this deoxygenation changed its global cycle. We found it did record global changes, but they were 

expressed differently than during other more recent events that have been studied. We attribute 

these differences to the unique chemical structure of the oceans during the Cambrian, which were 

widely oxygen-deficient in their deeper depths.
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Introduction 

In its broadest sense my dissertation research is a story about oxygen, particularly the gas 

O2 that comprises 21% of the modern atmosphere. Interestingly, this ubiquitous gas that is essential 

for aerobic metabolism—an energy pathway that underpins all complex biological organisms—

has not always been as abundant in Earth’s atmosphere as it is presently. Further complicating 

matters, is the fact that most of our knowledge about Earth’s atmosphere in the past relies upon 

indirect and oftentimes fragmentary geological evidence. This makes tracing oxygen levels in the 

geologic past a sort of detective story, one that relies on clues and evidence left behind by 

atmospheric conditions that must be inferred from the features in the rocks we examine. To do 

this, my work looks for these clues left behind by oxygen in the chemistry of the rocks we study.  

Specifically, my work seeks to understand how lower atmospheric O2 levels in Earth’s past may 

have shaped the early evolution of animals and the biogeochemical cycling of numerous elements 

(carbon, sulfur, iron, manganese, etc.) that interface with oxygen, particularly in marine 

sedimentary environments. Because these biogeochemical cycles help maintain surficial 

environmental conditions on the Earth that are remarkably stable over broad timescales 

understanding how they developed, remain in equilibrium, and respond to environmental forcings 

is a major ongoing research aim within our community. My efforts here represent a small and 

important contribution to this growing body of knowledge. 

These research goals are not solely academic either, in fact, human activities are rapidly 

destabilizing and reorganizing many of these biogeochemical cycles in ways we seek to better 

understand both to inform future policy decisions, and hopefully to improve our chances for 

mitigating the most deleterious effects of these changes.  Of particular relevance to my research is 
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the observation that presently the dissolved oxygen content of the oceans has been rapidly 

declining in response to climatic warming and enhanced nutrient delivery from human activities. 

This trend obviously raises deep concern about the future health of the global ocean and the myriad 

ways human society will be impacted as these changes further intensify. Broadly, my work seeks 

to understand how similar environmental changes have affected the history of life in our planet’s 

past. Improving our understanding of the timing and magnitude of these past marine 

deoxygenation events may help our ability to understand present changes and predict how future 

changes driven by similar factors may unfold. Furthermore, as the spread of anoxic areas in the 

oceans is often invoked as a contributing factor in biological crises throughout Earth history, better 

understanding the development and distribution of these conditions throughout the past may 

provide new insights about the course of biological evolution and how future deoxygenation may 

affect modern marine ecosystems going forward. To better understand these various aspects 

surrounding ancient marine deoxygenation my work uses several geochemical analyses to generate 

information about what seawater conditions were like at the time the sediments (which eventually 

lithify to become the rocks we examine) were deposited on the seafloor.   

Using this approach, my dissertation research looked for chemical evidence of 

deoxygenation of the oceans during a specific event early in the history of complex animals. This 

event, termed the SPICE (Steptoean Positive Carbon Isotope Excursion), occurred around 500 

million years ago during the Cambrian Period and it is noted for widespread extinctions that are 

thought to be related to changes in seafloor oxygen availability. Given this overarching context, I 

looked at this event in three different complimentary studies designed to test hypotheses about 

changes in oxygen conditions at several different spatial and temporal scales. The first of these 

studies looked for local evidence of deoxygenation within a single basin. This study used rocks 
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recovered from subsurface wells in Kentucky and Ohio. These rocks are comprised of sediments 

that were originally deposited in a shallow marine basin on a passive margin similar to the modern 

east coast of the United States. In this study we used three different well locations to reconstruct 

environmental conditions along a shallow-to-deep transect of the original basin where the rocks 

were deposited. Our results from this investigation showed direct evidence for deoxygenation at 

the beginning of the SPICE at the shallower locations towards the basin margins. Importantly, this 

finding is in agreement with previous studies that found much of the elevated extinction intensity 

across the SPICE occurred in the types of shallow environments that our data showed 

deoxygenated during the event.  

For my next project we wanted to expand upon these findings and compare similar 

geochemical data tracing deoxygenation during the SPICE from several different basins distributed 

worldwide. The aim of this work was to explore whether the changes we reported from the basin 

in North America was part of a broader global pattern and how the overarching environmental 

conditions of the late Cambrian interval which contains the SPICE impacted the course of 

biological evolution over this time. In order to accomplish this more comprehensive comparison, 

we generated new data from two new locations in South Korea and England. These data were then 

compiled along with data from several previous studies within the context of an ongoing 

geochemical database called the “Sedimentary Geochemistry and Paleoenvironments Project” 

(SGP) hosted by Stanford University.  In this work we were able to show direct evidence for deeper 

marine environments being predominantly deoxygenated during the late Cambrian. Additionally, 

we were able to directly record how the spread of these conditions to shallower areas, such as 

occurred during the SPICE, was an important driver of a recurring evolutionary pattern of 

extinction and replacement of shallow water oxygen-dependent fauna with deeper water faunas 
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better adapted to low-oxygen conditions.  Overall, this project’s findings provide important 

quantitative geochemical evidence in support a model of the ocean’s redox structure that has been 

emerging from numerous efforts to understand the rise of atmospheric oxygen through geologic 

time and its relationship a co-development with the rise of complex biological organisms.   

   Finally, for my last chapter we investigated a newly emerging tool thought to track 

deoxygenation at the global scale: thallium isotopes. Given the host of detailed local-to-regional-

scale data available from previous work on the SPICE (including chapters 1 and 2 herein) we set 

out to test assumptions about deoxygenation during the SPICE specifically and the behavior of 

thallium isotopes more generally. To do this we looked at the thallium isotope records of two well-

studied SPICE locations in Sweden and England respectively. While these two records were 

broadly similar, we found important differences between them and between other previous 

thallium studies that have looked at younger rocks. We link these differences to a fundamentally 

different way that manganese was cycled in the less-oxygenated Cambrian oceans. Specifically, 

we hypothesize that shallow water environments were the dominant location where manganese 

oxides formed in these poorly-oxygenated oceans, contrasting with the deep-water regions where 

these sediments predominantly form today. Given this observation, we further argue that because 

the current canonical view of thallium isotopes (i.e., they convey information about global marine 

deoxygenation) is calibrated based a fully oxygenated deep ocean, it needs to be revised for ancient 

studies where the ocean was likely less well ventilated and manganese was dominantly cycled in 

shallow environments. This recognition is an important effort to refine what information can be 

extracted from thallium isotopes and should serve as a useful model to test hypotheses about their 

behavior in ancient systems going forward.  
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Chapter 1: Evidence for the development of local anoxia during the onset of 
the SPICE event in eastern North America 
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Abstract 

The later Cambrian SPICE (Steptoean Positive Carbon Isotope Excursion) event, was an 

episode marked by pronounced changes to the global biogeochemical cycles of carbon and sulfur 

and significant extinctions on several paleocontinents including Laurentia (North America). While 

the exact cause(s) of these events remains debated, various lines of evidence suggest an increase 

in the areal extent of anoxia at the seafloor was a likely feature. Here we explore whether changes 

in local oxygenation accompanied the onset of the SPICE in southern Laurentia using cores of the 

Nolichucky and Eau Claire Formations from Ohio and Kentucky, USA, that represent a transect 

into the Rome Trough/Conasauga intrashelf basin. At our study locations the initial positive δ13C 

shift of the SPICE occurs in conjunction with increases in the abundance and δ34S of sedimentary 

pyrite. Further local redox conditions, tracked using iron speciation analysis, indicate anoxic 

mailto:mleroy@vt.edu
https://doi.org/10.1111/gbi.12334
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conditions developed at the two proximal locations after the start of the paired isotopic excursions. 

However, the location near the basin center shows no indication for anoxia before or during the 

onset of the SPICE. While this signal may reflect the structure of local redox conditions within the 

basin, with the development of anoxia limited to the basin margins, we argue that authigenic iron 

enrichments were muted by sedimentary dilution and or the enhanced authigenesis of iron-bearing 

sheet silicates near the basin center, masking the signal for anoxia there. Regardless of the areal 

extent of anoxia within the basin, in either scenario the timing of the development of anoxic bottom 

waters was concurrent with local faunal turnover, features broadly consistent with a global 

expansion of anoxia playing a role in driving the isotopic trends and extinctions observed during 

the event.    

 

1. Introduction 

1.1. The SPICE Event 

The later Cambrian SPICE event (Steptoean Positive Carbon Isotope Excursion), is 

recognized as a global oceanographic event that records large perturbations to the global carbon 

and sulfur cycles (Gill et al., 2011; Saltzman et al., 2000). The SPICE is recorded in globally-

distributed successions (Fig. 1), as a large positive shift, of up to +5‰ in the carbon isotopic 

compositions of marine carbonates (Glumac and Walker, 1998; Kouchinsky et al., 2008; Perfetta 

et al., 1999; Saltzman et al., 2000; Saltzman et al., 1998; Schmid et al., 2018; Zhu et al., 2004), 

organic carbon (Ahlberg et al., 2009; Hammer and Svensen, 2017; Li et al., 2018; Saltzman et al., 

2011; Woods et al., 2011) , and inorganic carbon in phosphatic brachiopod shells (Cowan et al., 

2005). This excursion spans the Paibian Stage of the Furongian International Series (Peng et al., 

2004). Similarly, the sympathetic changes to the global sulfur cycle during this time are recorded 
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as positive isotopic excursions in both δ34S of carbonate-associated sulfate (CAS), and the δ34S of 

pyrite (Gill et al., 2007; Gill et al., 2011; Peng et al., 2016; Wotte and Strauss, 2015). An exception 

to this pattern is seen in the CAS and pyrite records generated by Hurtgen et al. (2009) where no 

discernible shift in δ34S was observed, although this may reflect a limited number of samples (5 

CAS and 2 pyrite) spanning the SPICE in that study. A conspicuous feature of the 

chemostratigraphic records of the SPICE is the apparent ubiquity of the carbon and sulfur isotopic 

trends (i.e., these isotopic systems display paired positive excursions in a variety of geologic 

materials). Despite these persistent trends, differences in the magnitude, timing, and character of 

their local expression have created debate as to how these records should be interpreted. 

Specifically, whether the SPICE reflects a synchronous global environmental perturbation akin to 

an oceanic anoxic event (Dahl et al., 2014; Gill et al., 2011) or an episode of environmental 

instability related to the confluence of various local forcing mechanisms (Egenhoff et al., 2015; 

Schiffbauer et al., 2017; Wotte and Strauss, 2015) remains an ongoing focus of research.  

1.2. The relationship between the SPICE and the end-Marjuman extinction 

In addition to the chemostratigraphic trends described above, a number of the SPICE 

localities also record significant extinction events that occur concurrent with, or just prior to the 

initiation of the SPICE (Gerhardt and Gill, 2016; Gill et al., 2011; Saltzman et al., 2000). In North 

America (Laurentia), this faunal turnover is known as the end-Marjuman extinctions, a 

biostratigraphic horizon that defines the boundary between the Marjuman and subsequent 

Steptoean Stages (roughly equivalent to the Guzhangian and Paibian International Stages 

respectively) for the region (Palmer, 1965a, b). This event is the first of three such extinction events 

which occurred during the late Cambrian termed ‘biomere extinctions’ (Palmer, 1979; Taylor, 

2006; Westrop and Cuggy, 1999) and is defined by the interval between the Crepicephalus and 
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Aphelaspis trilobite assemblage biozones in North America. These biozones represent the last 

assemblage of the Majumaniid and first of the Pterocephaliid biomeres respectively (Fig. 2). The 

characteristic feature of these extinction-bounded biomeres is a pattern of replacement of high-

diversity, shelf-dwelling polymerid trilobite faunas by low-diversity deeper-water, putatively low 

oxygen tolerant olenimorph trilobite faunas (Fortey, 2000; Palmer, 1984; Westrop and Cuggy, 

1999). In the case of the end-Marjuman extinctions, the extinction of shelf-dwelling polymerid 

trilobite faunas appear to have occurred in two phases with the SPICE initiating after the first 

(Gerhardt and Gill 2016). The replacement olenimorph faunas then rapidly diversify, but again 

suffer an extinction event and are replaced. This extinction delineates the next biomere boundary. 

Similar extinction and diversification patterns have also been observed in brachiopod fauna across 

these events (Freeman et al., 2011; Rieboldt, 2005; Rowell and Brady, 1976).  More broadly, these 

dynamics in marine diversity manifest as an observed plateau in biodiversity between the rapid 

biological innovation and diversification of the Cambrian Explosion and the Great Ordovician 

Biodiversification Event (GOBE) (Bambach et al., 2004).  

This cyclical biologic pattern and its relationship to carbon cycle changes (i.e., coupling of 

positive C-isotope excursions with the extinctions) has led workers to seek causal mechanisms 

related to unique, intrinsic environmental conditions in the Earth system during this time (Edwards 

et al., 2018; Gill et al., 2011; Saltzman et al., 2015). In this context the SPICE, being the largest 

(greatest magnitude δ13C excursion) and best studied of the biomere events, provides an important 

window into the broader environmental and evolutionary changes to the Earth system during an 

important transitional period. The growing body of knowledge about the SPICE necessitates 

hypotheses that link the observed correspondence between the initiation of the δ13C excursion, the 

synchronous excursions in δ34S, and the extinctions marking the Majumaniid/Pterocephaliid 
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biomere boundary (and coeval extinctions observed on other paleocontinents) causally (Gerhardt 

and Gill, 2016).  Numerous potential environmental drivers have been explored including: changes 

in temperature (Elrick et al., 2011; Palmer, 1984; Perfetta et al., 1999), sea-level (Glumac and 

Walker, 1998; Saltzman et al., 2004), ocean circulation (Saltzman et al., 2000), nutrient availability 

(Saltzman et al., 2004) as well as expanded anoxia  (Edwards et al., 2018; Saltzman et al., 1998) 

and euxinia (Dahl et al., 2014; Gill et al., 2011). It is important to note that none of these drivers 

are mutually exclusive and possible scenarios where a number of these factors worked in concert 

requires continued consideration.  

1.3 Marine redox changes as a driver of the SPICE? 

Anoxic conditions at the seafloor are both inhospitable to benthic metazoans and favor the 

burial of organic carbon and pyrite, thereby making an expansion of such conditions consistent 

with the known features of the SPICE. However most of our knowledge of changes in oxygenation 

during the SPICE rely on indirect proxies (δ13C and δ34S) recorded in fragmentary sedimentary 

archives. In particular, the loss of coeval open ocean sediments deposited atop oceanic crust and 

lost through subduction presents an important challenge. With this in mind, here we looked for 

direct evidence of whether the extent of these conditions expanded during the onset of the SPICE. 

To do this we investigated water-column oxygenation using an established local redox proxy (iron 

speciation analysis) to track conditions prior to and during the onset of the SPICE on the margin 

of southern Laurentia (eastern North America) — a region where the Marjumaniid/Pterocephaliid 

biomere extinction and δ13Ccarb isotope excursion have been previously documented (Gerhardt and 

Gill, 2016; Glumac and Walker, 1998). The specific time interval we investigated is indicated on 

Figure 2 to place it in context relative to these biotic events and the broader global context of the 

late Cambrian. Additionally, our study locations represent a shallow-to-deep basin transect that 
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allows us to test for the effects of facies dependence, relative water depth and sediment 

accumulation rates on the local geochemical record prior to and into the onset of the SPICE. This 

framework is aimed at providing a more nuanced view of the geochemical and biological changes 

observed during the event in southern Laurentia and ultimately how these observations may relate 

to its broader global expression. 

2. Geological Setting    

2.1. The Rome Trough and Conasauga Intrashelf Basin 

 Southern Laurentia was a passive margin from the Neoproterozoic breakup of Rodina to 

the initiation of the Taconic Orogeny in the middle to late Ordovician. During this time, the region 

was positioned south of the paleo-equator (~30°S), rotated approximately 90 degrees from its 

present configuration, facing south towards the Iapetus Ocean (Cocks and Torsvik, 2011).  Figure 

3a depicts this paleogeographic orientation and the generalized distribution of carbonate, nearshore 

and offshore siliciclastic sedimentation present on Laurentia during the later Cambrian.  

This study focuses on an intrashelf basin, sometimes referred to as the Conasauga Basin 

that developed along this margin during the Cambrian. Separating the Laurentian craton and this 

intrashelf basin from the open ocean was the Great American Carbonate Bank, a large carbonate 

platform that was a persistent feature of the margin through much of the Cambrian and Ordovician 

(Read and Repetski, 2012). The basin was axially-centered along the Rome Trough, a structural 

feature which formed from a Late Early to Middle Cambrian reactivation of a rift-graben originally 

developed with the earlier breakup of Rodina (Gao et al., 2000; Hasson and Haase, 1988; Hickman, 

2011; Hickman and Harris, 2018). This feature formed a roughly west to east trending bathymetric 

low which served as an important depositional center for siliciclastic sediments shed from the 
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Laurentian craton. Today this structure trends northeast-southwest in the subsurface of Tennessee, 

Kentucky, Virginia, West Virginia and Pennsylvania. 

The stratigraphic succession within the Rome Trough is comprised of siliciclastic and 

carbonate units that reflect a dynamic interaction between carbonate and clastic depositional 

systems. This interplay, affected by changes in relative sea level and climate, served as an 

important control upon the distributions of facies in and around the trough. Figure 3b provides a 

generalized view of the spatial arrangement of facies and the associated formation names relevant 

to the investigated stratigraphy within the study region.  

2.2. Nolichucky and Eau Claire Formations  

 The Nolichucky Formation (sometimes referred to as the Nolichucky Shale) of the 

Conasauga Group, and it’s temporal equivalents — the Eau Claire Formation of Kentucky and 

Ohio and upper portions of the Conasauga Shale (Alabama, Georgia, West Virginia) — represent 

carbonate ramp and basinal siliciclastic facies that were deposited in and around the Rome Trough 

(Glumac and Walker, 2000; Hasson and Haase, 1988; Markello and Read, 1982; Srinivasan and 

Walker, 1993)(Fig. 3b). The clastic material found in the upper portions of the Conasauga Group 

(Nolichucky Formation, Conasauga Shale) and Eau Clare Formation is thought to have been 

sourced from the craton from the east (present day northeast), through the Kerbel Delta; 

represented by the Kerbel Formation in the subsurface of (Banjade, 2011; Janssens, 1973; Read, 

1989; Read and Repetski, 2012). Clastic deposition was greatest through the axis of the trough 

with a coarsening of material more proximal to the Kerbel Delta. The generalized orientation of 

the transect explored in this study and its relation to regional lithofacies distributions and geometry 

are illustrated as a schematic block diagram in Figure 3c. It is important to note that our basin 

transect is generally oriented perpendicular to the main source of clastic sediment supply, the 
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Kerbel Delta. This combined with higher subsidence within the trough, as compared to the 

margins, created situation where the study location in the basin center received the highest clastic 

sediment input and higher overall sediment accumulation as compared to the margins (Read, 1989; 

Read and Repetski 2012). 

Changes in relative sea level caused the carbonate platform facies to prograde into and 

backstep away from the basin center (Hasson and Haase, 1988; Markello and Read, 1982). 

Examples of this effect of sea level on sedimentation patterns include the occurrence of carbonate 

units stratigraphically above (Maynardville Limestone), below (Marysville Limestone) and within 

(Middle Limestone/Bradley Creek Member) the Nolichucky Formation. The progradation of 

carbonate environments into the basin are interpreted as resulting from relative sea level lows, 

whereas intervals of fine-grained siliciclastic sedimentation within the intrashelf basin are thought 

to reflect relative highs (Hasson and Haase, 1988; Markello and Read, 1982). During these relative 

highs of sea level, carbonate sediments shed from the basin rimming platforms resulted in thin 

carbonate beds within the predominantly fine-grained siliciclastic shale members of the 

Nolichucky Formation (Markello and Read, 1981).  Importantly, the upper portions of the 

Conasauga Group and Eau Claire formation record the final phase of siliciclastic sedimentation 

within the Conasauga Basin. Following the deposition of these units, shallow water carbonate 

sedimentation occurred across the basin producing a thick package that caps the Cambro-

Ordovician sequence along the eastern margin of North America (Read and Repetski, 2012). 

2.3 Regional biostratigraphic context 

With the exception of outcrop exposures in Appalachian fold-thrust belt much of the 

sedimentary fill of the Conasauga Basin remains in the subsurface. In the outcrops within the fold-

thrust belt, the onset of the SPICE and end-Marjuman extinction occur in the upper portion of the 
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Nolichucky Formation (Derby 1965; Cuggy 1996; Glumac and Walker 1998; Glumac 2011; 

Gerhardt and Gill 2016). Unfortunately, establishing the biostratigraphic framework in the 

subsurface relies upon the identification of sparse fossil material from a limited number of 

borehole locations. Fossil occurrences in core material from nearby Warren County Ohio indicates 

a Guzhangian age for most of the Eau Claire Formation (Babcock, 1994; Babcock et al., 2014), 

with its upper portions putatively assigned to the Furongian Series  and the base of the overlying 

Knox Group is definitively identified as Furongian in age (Babcock and Baranoski, 2013) in 

southwestern Ohio.  Babcock and Baranoski (2013) also examined the Nolichucky Formation, in 

the ODGS-3409 core from Scioto County, in southern central Ohio and based upon ptychopsiid 

trilobite sclerites assigned a Paibian age (Furongian Series) to its upper portion at this location. 

Based upon these biostratigraphic age constraints and regional sequence stratigraphic 

reconstructions (Read, 1989; Glumac and Walker 2000; Read and Repetski, 2012) this study 

targets the upper portions of the Eau Claire and Nolichucky Formations from nearby portions of 

Kentucky and Ohio as this stratigraphic interval spans the time prior to and across the initial onset 

of the SPICE in these subsurface portions of the Conasauga Basin.    

3. Methods   

3.1. Material and sampling 

  Given the regional bio- and lithostratigraphic framework outlined above (Section 2.3), we 

examined three continuous drill cores of the Nolichucky and Eau Claire Formations from locations 

in Ohio and nearby portions of Kentucky to investigate geochemical trends prior to and during the 

initial onset of the SPICE within the Conasauga Basin. In addition to falling within the appropriate 

timeframe, these cores represent a transect into the basin (see Figure 3b and c). Briefly, these cores 

and well locations are: 1) KGS C-103 housed at the Kentucky Geologic Survey, a small diameter 
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(1”) mineral exploration core spanning approximately 40 meters of the uppermost portion of the 

Eau Claire Formation from north central Kentucky (Owen County); 2) ODGS-3409 housed at the 

Ohio Department of Geologic Survey, a large diameter (3”) core from a waste disposal well located 

in southern Ohio (Scioto County) near the border with Kentucky. This core spans the entirety of 

the Nolichucky Formation at this location and was previously examined by Babcock and Baranoski 

(2013), who assigned a Furongian age to its upper portion; 3) EQT-Big Sandy a large diameter 

(3”) core recovered from a gas exploration well in eastern Kentucky (Johnson County) that is 

owned and held by the EQT Corporation. This core also spans the entirety of the Nolichucky 

Formation at this location.  

 Cores were examined and sampled at the Ohio Geologic Survey (ODGS-3409), the 

Kentucky Geologic Survey (C-103), and EQT Corporation (EQT-Big Sandy). All three cores were 

described and logged at the decimeter scale. Dark gray, fine-grained siliciclastic lithologies, herein 

referred to as shales, were the primary target for geochemical analyses as these are most 

appropriate for the application of iron speciation analysis. Therefore, the stratigraphic range of this 

study was limited to the upper portions of the Conasauga Group and Eau Claire Formation as they 

represent the final stage of siliciclastic sedimentation within the Conasauga Basin (see section 2.2).  

In general, samples were taken at one-meter intervals for all geochemical analyses, except in cases 

where this was not feasible due to lithology (carbonates or sandy intervals). Additionally, 

carbonate mudstones in the KGS C-103 core (n=56) were microdrilled for carbonate carbon 

isotope analysis.   

3.2. Sample preparation 

 All samples were washed with doubly deionized water and allowed to dry. Shale samples 

were then crushed in a jaw crusher and subsequently powdered in a SPEX ball mill. 
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3.3. Isotopic analyses 

3.3.1. Carbon and oxygen isotopic measurements from carbonates 

Sample powders were placed in a sealed, helium purged glass vials and acidified with 

100% ortho-phosphoric acid (H3PO4) and heated at 60°C for a minimum of 2 hours to ensure the 

dissolution of carbonate phases. This analysis required around 350 µg of carbonate powders from 

the C-103 core and between 5 and 50 mg of shale powder (depending on carbonate contents).  

Given the low TOC contents of shale samples and their carbon isotope composition (see section 

4.2.1), the majority of the of shales have carbonate contents that appear to represent early marine 

cements and/or detrital carbonate mud that predominately captures a marine signal and do not 

derive from the later remineralization of organic carbon during diagenesis (see Section 5.1 for 

further discussion). 

The CO2 evolved in the headspace of the vials was analyzed on a MultiFlowGeo headspace 

sampler connected to an Isoprime continuous flow, gas source isotope ratio mass spectrometer 

(CF-GS-IRMS) in the department of Geosciences at Virginia Tech. Three isotopic standards 

(IAEA CO-1, IAEA CO-9, and NBS- 18) were spaced among the samples to monitor accuracy 

and precision and to generate a linear regression used to convert the instrumental δ13C and δ18O 

values into delta values (δ) relative to the Vienna Pee Dee Belemnite (VPDB) standard. The 

reproducibility of the isotopic standards and sample replicates was better than 0.1‰ for δ13C and 

0.2‰ for δ18O for all analytical runs. 

3.3.2. Total organic carbon contents and carbon isotopic compositions 

 For this analysis, between 0.3 and 0.5 g of bulk sample powders were reacted with 2 M 

HCl to remove the carbonate fraction of the sample. Samples were allowed react for a minimum 
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of 24 hours to ensure complete decarbonation and were rinsed with doubly deionized water until 

neutral pH (7) was achieved, then dried and homogenized. 25 to 50 mg of decarbonated sample 

powders were then loaded into tin capsules and combusted at 950 °C in an Elementar Vario Cube 

elemental analyzer, connected to an Isoprime 100 CF-GS-IRMS in the stable isotope lab in the 

Department of Geosciences at Virginia Tech. Samples were run with international and commercial 

isotopic (CH-6, CH-7, Elemental Microanalysis wheat flour) and elemental standards (acetanilide, 

wheat flour) for calibration to the VPDB scale and to monitor in-run and inter-run precision. The 

standard deviation (1σ) of the isotopic standards was < ± 0.1 ‰ for all analyses. The organic 

carbon content (TOC) of each sample was determined using the integrated area of the CO2 peak 

measured by the elemental analyzer calibrated to a size series of acetanilide elemental standards. 

The carbon content of the acetanilide and wheat flour standards calculated using this method 

averaged less than 5% error from the known composition of each.     

3.3.3. Pyrite sulfur contents and sulfur isotopes 

 Pyrite sulfur was extracted using the chromium reduction of sulfide (CRS) procedure of 

Canfield et al. (1986). For this study, between 0.3 and 0.5 g of bulk sample powders were reacted 

on the specialized distillation line. The extracted sulfur was precipitated as zinc sulfide and later 

converted to silver sulfide (Ag2S). The precipitate was filtered using vacuum filtration, allowed to 

air dry and weighed to determine pyrite sulfur contents. Pyrite iron contents were determined 

assuming a 2:1 stoichiometric relationship between the molar recovery of Ag2S and the original 

pyrite (FeS2) contents of the sample. The dried and weighed precipitate was homogenized using 

an agate mortar and pestle. 

 Between 0.350 to 0.450 mg of homogenized Ag2S precipitate was weighed into tin capsules 

and combusted at 1050 °C in an Elementar Vario Cube elemental analyzer following the method 
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of Fry et al. (2002). This sample gas was then analyzed by an Isoprime continuous flow isotope 

ratio mass spectrometer (IRMS) in the stable isotope lab in the Department of Geosciences at 

Virginia Tech. Samples were run with international isotopic standards (IAEA S-1, IAEA S-2, and 

IAEA S-3) for calibration to the VCDT scale and to monitor in-run and between-run accuracy and 

precision and an elemental standard (Elemental Microanalysis sulfanilamide) for calibration.  

Purity of sample Ag2S precipitates was determined, and pyrite iron contents were corrected using 

this data if chemically impure precipitates were discovered (n=5 of 163 total samples).  

Reproducibility of the isotopic standards and sample replicates was better than 0.2‰ (1σ) over all 

analytical runs.  

    

3.4. Iron speciation paleo-redox proxy 

Iron speciation analysis has become a widely used proxy for determining local redox 

conditions throughout the geologic record (Canfield et al., 2008; Jin et al., 2016; Sperling et al., 

2015). In particular, past studies have established that enrichments of iron reactive towards 

dissolved sulfide over early diagenetic timescales (termed highly reactive iron, FeHR) are a 

characteristic of sediments deposited under anoxic conditions in the overlying water column 

(Anderson and Raiswell, 2004; Poulton and Raiswell, 2002; Raiswell and Canfield, 1998, 2012).  

To quantify such enrichments (or lack thereof), the amount of iron in four operationally-defined 

pools is measured and compared to the total iron content of the sample. Three of these pools are 

quantified using the sequential extraction procedure developed by Poulton and Canfield (2005): 

iron bound in carbonate phases (FeCarb) such as ankerite, siderite, ferroan dolomite, etc.; iron bound 

in reducible oxide phases (FeOx) such as ferrihydrite, hematite, lepidocrosite, goethite, etc.; iron 

contained in magnetite (FeMag). Iron bound as pyrite (FePy), is determined using the CRS procedure 
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described above. The sum of the iron content in these four pools defines the highly reactive iron 

(FeHR) content of a given sample such that FeHR= FeCarb+FeOx+FeMag+FePy. Following the 

extractions, the concentration of iron in the solutions was quantified by spectrophotometry using 

the ferrozine method (Stookey, 1970; Viollier et al., 2000). 

Total iron contents were determined using a modified version of the technique found in 

Aller et al. (1986). Briefly, sample powders were heated in a muffle furnace at 900°C for 8 hours. 

These ashed powders were then homogenized, weighed and placed in sealed Savilex vials with 

concentrated HCl (12M), and heated using a hot plate set at 145°C for 48 hours. As above, iron 

concentrations of the supernatant were determined via spectrophotometry using the ferrozine 

method (Stookey, 1970; Viollier et al., 2000). Replicate analyses were reproduced with differences 

less than 5%.   

Studies of modern and well-characterized ancient environments have established that 

FeHR/FeT ratios below 0.38 represent oxic to dysoxic conditions, while FeHR/FeT ratios above 0.38 

are characteristic of anoxic conditions (Raiswell and Canfield, 1998). Samples that display 

FeHR/FeT ratios between 0.22 and 0.38 are considered ‘possibly anoxic’ as these intermediate levels 

of reactive iron enrichment are ambiguous as compared to definitively oxic (< 0.22) and anoxic (> 

0.38) ratios (Poulton and Canfield, 2011). Furthermore, anoxic samples can be classified as being 

either euxinic (anoxic, with free H2S in the water column) or anoxic, ferruginous (anoxic but 

lacking free H2S) based on the proportion of reactive iron used to form pyrite relative to the total 

pool of available reactive iron (Raiswell and Canfield, 2012): if 70% of the available reactive iron 

has been pyritized (FePy/FeHR  > 0.7) this indicates possibly euxinic conditions while ratios above 

0.8 are regarded as definitively euxinic, conversely ratios below these thresholds indicate 

ferruginous conditions (März et al., 2008; Poulton and Canfield, 2011). 
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 While we targeted ‘shales’ for our geochemical analyses, the fact that these rocks are 

derived from a mixed siliciclastic-carbonate system led us to further consider potentially 

anomalous iron speciation results that could be produced in carbonate rich samples.  Clarkson et 

al. (2014) noted that iron speciation analyses of carbonate rich sediments were able to faithfully 

differentiate depositional redox conditions using the established framework developed for 

siliciclastic sediments provided the total iron content of samples exceeds 0.5 wt.%. All samples 

used in this study had total iron contents above this threshold (see S1 for total iron data) and were 

generally low in carbonate content (typically less than 20% by weight). Due to these features we 

are confident that our iron speciation interpretations are unaffected by this potential complication.   

 

4. Results 

4.1 Lithofacies descriptions 

The general lithological, and sedimentary features of cores of the Nolichucky and Eau 

Claire Formations examined in this study are displayed in the stratigraphic columns in Figures 4-

6. We have identified six major lithofacies associations in these cores and have named them after 

the dominant lithology of each where ‘S’ denotes siliciclastic-dominated lithofacies, and ‘C’ 

denotes carbonate-dominated lithofacies: (S1) shale, (S2) silt and sandstone, (S3) shale with 

subordinate limestone, (C1) limestone with subordinate shale, (C2) Skeletal 

grainstones/wackestones, and (C3) dolostone.  The general features of each of these lithofacies 

associations are described in Table 1.  

4.1.1. KGS C-103: City Services Corporation, O’Donovan #1, Owen County, KY 
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Overall this core through the upper Eau Claire Formation contains the greatest proportion 

of carbonate lithofacies of the three cores investigated (Fig. 4). However, the first 13 meters (873 

to 886 m depth) at its base is comprised of siliciclastic-dominated lithofacies S2 and S3. 

Specifically, this interval consists of 6 m of lithofacies S2 deposited in medium to thick packages 

that have sharp basal contacts, contain wave-ripple cross-laminations, and either coarsen or fine 

upward, overlain by 7 m of lithofacies S3 here comprised of alternating medium to very thick 

intervals of parallel laminated gray shale and skeletal grainstones, rich in trilobite fragments. Thin 

interbedding of these lithologies occurs in portions of this interval and the overall carbonate 

content increases towards top of the package. This generally siliciclastic-rich package is followed 

by 9 m (873 to 864 m) of C2 comprised of irregularly bedded oolitic and fossiliferous wackestone, 

packstone and carbonate mudstone. Above this lies a 16 m package (864 to 848 m) of a mix of 

lithofacies primarily composed of C1, with intervals under 1 m of S1 (855-856 m and 849-849.5 

m) and under 2 m of C2 (856-858 m and 849.5-850.5 m). Within the interval (between 850 and 

860 m) carbonate mudstones are dark gray and contain parallel laminae, fossiliferous grainstones 

are glauconite rich and thin shale beds include visible pyrite grains (avoided when sampling for 

geochemistry). Siliciclastic lithofacies are absent from the final four meters of this core (844-848 

m) which consists entirely of lithofacies C3, which is pervasively dolomitic and contains extensive 

vuggy porosity over its final meter. 

4.1.2. ODGS-3409: Aristech Corporation #4, Scioto County, OH 

 The sampled stratigraphy of this core captures the upper 30 meters the Nolichucky 

Formation and is broadly composed of a siliciclastic-rich middle interval comprised of lithofacies 

S1, S2 and S3 (from 1543 to 1566 m) sandwiched between two more carbonate-rich intervals of 

lithofacies C1 (Fig. 5).   Facies C1 forms 5 m at the base of this section (1566-1571 m) where it 
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contains thin to medium beds of glauconitic skeletal wackestone, packstone and grainstone along 

with minor medium beds of intraclastic conglomerate all interbedded with lesser amounts of thin 

to medium, horizontally burrowed gray and green shales. Above this, carbonate lithologies are 

absent across a 6 m interval of lithofacies S1 (1560-1566 m) that consists of thin beds of dark gray 

shale with minor bioturbation near its base. 1556 and 1560 m consists of lithofacies S3 with 

carbonate units are once again occur within an interval of dominated by thin gray and green shales 

with very thin lenses and interbeds of fossiliferous packstone/grainstone and carbonate mudstone. 

On top of this package of predominantly fine-grained siliciclastic material is 6 m of the coarser-

grained lithofacies S2 (1550-1556 m) here expressed as either coarsening or fining upward 

medium to thick packages of shale through fine sand sized quartz grains with some medium to 

thick beds of dark gray and green shale interspersed. Wave-ripple laminations and hummocky-

cross stratification are common features throughout this interval which becomes notably 

glauconitic near its top, and throughout which carbonate lithologies are lacking. Above this sits 7 

m of lithofacies S3 (1543-1550 m) in which thin to medium beds of green and gray shale are 

interbedded with subordinate proportions of thin skeletal packstones and grainstones and sparse 

medium beds of flat pebble conglomerate. Within this interval the packstone and grainstone 

interbeds commonly have scoured bases and are irregularly bedded, while dark gray shales often 

contain visible pyrite grains. The final 6 m of this core (1537-1543 m depth) consists of facies C1 

that consists mostly of alternating very thin to thin beds of carbonate (oolitic, peloidal, and skeletal 

packstone/wackestone and carbonate mudstones) and laminae of green and gray shale. Carbonate 

beds are often irregular and commonly have scoured bases. Additionally, some medium beds of 

microbialite (boundstone) with thin grainstone lenses are found near the top of this interval, where 

dolomite becomes increasingly dominant.  
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4.1.3. EQT- Big Sandy: EQT Corporation, Johnson County, KY 

 This core spans the entirety of the Nolichucky Formation with a thickness of roughly 115 

m. Overall the stratigraphy at this location contains the highest proportion of siliciclastic material 

of the three study sites and is composed entirely of lithofacies S1, S2 and S3 (Fig. 6).  The 

lowermost 42 m (2338-2380 m) of the core consists of lithofacies association S3 characterized by 

thin to medium bedded dark gray, green and red shale beds interbedded with lesser proportions of 

thin calcisiltite, thin to medium skeletal wackestone/packstone and occasional medium beds of 

intraclastic flat-pebble conglomerate. Fine-scale crossbedding and scoured bases are common 

features of the carbonate beds. The shales contain horizontal and less commonly vertical burrows 

typically in-filled with mud to sand-sized carbonate debris. Macroscopic pyrite grains are common 

in dark gray shale units. Above this lies 19 m (2321-2338 m) of S1 that consists of calcareous shale 

that commonly contains parallel laminae, with sparse, very thin interbeds of 

wackestone/packstone. Across this interval the shales in the lower portion are commonly 

bioturbated and become increasingly contains parallel laminae up section. Above this shale 

package is 32 m (2289-2321 m) S2, here dominated by silt and sandstone units interbedded with 

subordinate proportions of thin dark gray shale. Wave-ripple laminations, hummocky cross-

stratification, and sharp basal bed contacts are common features throughout this interval. Notably, 

the upper 25 m of this interval is extremely rich in glauconite. The uppermost 22 m (2265-2287 

m) of the core consists S3 with thin to medium dark gray and green shale, interbedded with some 

thin carbonate wackestones and packstones, and occasional medium beds of microbialite 

(thrombolitic) towards the top of this interval. The shale beds in the uppermost portion of this 

interval commonly have macroscopic pyrite. 

4.2. Stratigraphic geochemical trends 
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 Results of all geochemical analyses are shown in Figures 4-6 and listed in supplemental 

table S1. These data are described below relative to basin position (Fig. 3c) listed from the most 

craton-ward location (1. Owen County, KY, KGS C-103) towards the basin center in the Rome 

Trough (3. Johnson County, KY, EQT-Big Sandy). 

4.2.1. Carbon Isotope Stratigraphy 

  Our data record a positive isotopic shift that initiates near the top of the sampled 

stratigraphy, in both the carbonate carbon (δ13Ccarb) and organic carbon (δ13Corg) records of each 

core. The magnitude of this shift, its stratigraphic position, and its coupling with a rise in sulfur 

isotopes (see 4.2.2. below) indicate this is the onset of the SPICE. In carbonate carbon, the 

magnitude of this shift is: ~1.5‰ (from 0.5 to 2‰, starting at 849 m) in the Owen County, KY 

core (KGS C-103); ~2‰ (from 0 to 2 ‰, starting at 1549 m depth) in the Scioto County, OH, core 

(ODGS-3409); and ~3‰ (from 0 to 3‰, starting at 2287 m depth) in the Johnson County, KY 

core (EQT-Big Sandy). Initially from the bottom of the sampled intervals, δ13Ccarb values display 

a protracted monotonic rise from 0 to 1‰, 0.5 to 1 ‰ and from -0.5 to 0.5‰ respectively. This 

slow rise is separated from the rapid rise in δ13Ccarb by a period of isotopic variability, with values 

ranging between 0 and 1 ‰ in ODGS-3409 and the EQT-Big Sandy cores. In KGS C-103 this rise 

is terminated by an abrupt shift from 1 to 0.5‰ that is immediately proceeded by the initiation of 

the characteristic SPICE isotopic increase (starting at 0.5‰). It is notable that our data record a 

wide range of values (increased scatter) within the overall positive trend occurring during the 

SPICE interval in ODGS-3409 and EQT-Big Sandy, the cores in which we measured the carbonate 

isotopic composition of bulk sample powders. The possible causes and implications of this feature 

of the data are discussed further below (see Section 5.1).  
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Broadly the stratigraphic trends in organic carbon isotopic composition are similar to those 

seen in carbonate carbon. However, these data display more sample to sample variation and the 

magnitude of the positive shift associated with the onset of the SPICE is smaller: ~0.5‰ (from -

27.5 to -27‰) in KGS C-103, ~1.5‰ (from -27.5 to -26.0‰) in ODGS-3409, and ~1‰ (from -

28.5 to -27.5‰) in the EQT-Big Sandy core. The pre-SPICE interval displays a variability of ~2‰ 

(between -28.5 and -26.5‰), with an average value of -27.1 ± 0.7‰ (n=22) in KGS C-103, and -

27.6 ± 0.4‰ (n=28) in ODGS-3409. In the EQT-Big Sandy core during this same interval values 

vary by ~ 1‰ (between -29 and -28‰), with an average value of -28.5 ± 0.3‰ (n=77).  

Overall the TOC contents of the samples from all three locations were extremely low with 

an average value of 0.11 ± 0.04 wt % (n=169). There is a slight increase in average TOC in the 

SPICE interval in ODGS-3409 and EQT-Big Sandy, respectively increasing to 0.12 ± 0.03 (n=14) 

and 0.14 ± 0.05 (n=28) from 0.09 ± 0.02 (n=27) and 0.10 ± 0.03 (n=74) wt% prior to the event. 

However, this pattern was only observed at these two locations; KGS C-103 shows no discernable 

change in average TOC in relation to the SPICE onset.       

4.2.2. Pyrite sulfur contents and isotopic compositions 

 Our sulfur isotopic analyses show similar stratigraphic trends as seen in the carbon isotopic 

data. The δ34S of pyrite displays a sharp rise occurring near, but initiating consistently slightly 

below, the stratigraphic level where the SPICE begins at each study location. The difference 

between average pre-SPICE and the SPICE onset δ34S values is ~ 10‰ (from ~5 to 15‰) in KGS 

C-103; ~ 32‰ (from ~5 to 37 ‰) in ODGS-3409; and ~35‰ (from ~ 3 to 38‰) in the EQT-Big 

Sandy core. Prior to the SPICE initiation, average δ34S values at the three locations were similar; 

4.6 ± 4.5‰ (n=22), 5.0 ± 10.6‰ (n=28) and 2.9 ± 7.4‰ (n=77) respectively. This rise in δ34S is 

also coupled with a general increase in pyrite content at all locations: the average pyrite iron 
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content increases from 0.18 ± 0.07 (n=22) to 0.49 ± 0.22 wt% (n=4) in KGS C-103; from 0.18 ± 

0.06 (n=28) to 0.39 ± 0.13 wt% (n=13) in ODGS-3409; and from 0.11 ± 0.07 (n=77) to 0.17 ± 

0.10 wt% (n=25) in the EQT-Big Sandy core.   

4.2.3. Iron 

 The average iron content of our samples, in terms of both total and highly reactive iron, 

show differences based on the basin position of each study location. Average total iron increased 

basinward from 1.97 ± 0.45 wt. % in KGS C-103, 2.49 ± 0.66 wt. % in ODGS-3409 up to 3.22 ± 

0.58 wt. % in EQT-Big Sandy. In contrast to this pattern, highly reactive iron content was highest 

at the intermediate location ODGS-3409 (0.76 ± 0.27 wt. %), lowest proximally in KGS C-103 

(0.46 ± 0.16) and slightly higher toward the basin center in EQT-Big Sandy (0.59 ± 0.18 wt. %).  

Average total iron content decreased across the SPICE onset at each location from 1.57 ± 0.42 

(n=22) to 0.96 ± 0.25 (n=4) wt. % in KGS C-103; from 2.65 ± 0.72 (n=28) to 2.19 ± 0.31 (n=13) 

wt. % in ODGS-3409; and from 3.33 ± 0.59 (n=77) to 2.89 ± 0.41 (n=25) wt. % in EQT-Big Sandy. 

Despite this decrease in total iron content during the onset of the SPICE, highly reactive iron 

content remained relatively unchanged, going from 0.42 ± 0.11 to 0.65 ± 0.27 wt. % in KGS C-

103, 0.74 ± 0.28 to 0.79 ± 0.27 wt. % in ODGS-3409 and from 0.59 ± 0.20 to 0.57 ± 0.15 wt. % 

EQT-Big Sandy.  

These reductions in total iron without significantly lowered highly reactive iron content 

consequently manifest as a general increase in FeHR/FeT ratios in the SPICE onset interval.  Prior 

to this, average ratios of highly reactive to total iron were: 0.28 ± 0.07 (n=22) in KGS C-103; 0.28 

± 0.05 (n=27) in ODGS-3409; and 0.18 ± 0.05 (n=77) in the EQT-Big Sandy core. Notably, during 

this interval only three out of 127 samples (one at each location) record a FeHR/FeT ratio greater 

than 0.38. During the SPICE all four samples from KGS C-103 record ratios above 0.38 (average 
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of 0.66 ± 0.16) as do 6 of 13 samples from ODGS-3409 (average of interval is 0.36 ± 0.10). In the 

EQT-Big Sandy core highly reactive to total iron ratios increase slightly during the SPICE, to an 

average of 0.20 ± 0.04, yet all 25 samples record ratios well below 0.38.    

While the overall amount of highly reactive iron remained relatively constant prior to and 

during the SPICE onset its composition shows a distinct change through the examined stratigraphy, 

with pyrite iron increasing at the expense of the other highly reactive components up-section in 

general and during the SPICE in particular. The bar graphs in Figures 4-6 (far right columns) 

display the relative contribution of each of the four pools of highly reactive iron (Fecarb, blue; Feox, 

red; Femag, black; and Fepy, yellow) to the overall highly reactive iron content of each sample. The 

up-section increase in the portion of pyrite iron (yellow bars) at the expense of other forms of 

reactive iron is clear at all three locations. This pattern precedes and continues into the SPICE 

onset interval in both the KGS C-103 and ODGS-3409 cores. In the EQT-Big Sandy core the 

contribution of pyrite iron to the highly reactive iron pool stays relatively constant before the 

SPICE and increases but to a lesser degree than what is recorded at the other two locations.  

Additionally, in KGS C-103, pyrite iron comprises between 70% and 80% of highly reactive iron 

in three out of four samples deposited during the SPICE. Conversely, samples from the ODGS-

3409 core that record FeHR/FeT ratios above 0.38 all fall below this threshold.  

  

5. Discussion 

5.1. Carbon isotope stratigraphy and sea-level changes during the onset of the SPICE 

 Previous studies by Glumac and Walker (1998), Glumac (2011) and Gerhardt and Gill 

(2016) document the onset of the SPICE as a 2‰ shift in δ13Ccarb within the upper 10 to 20 m of 
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the Nolichucky Formation in outcrop exposures in Tennessee and Virginia. The new subsurface 

findings presented here from within the Rome Trough and craton-proximal locations within the 

Conasauga Basin also document the beginning of the SPICE as a ~2‰ shift in δ13Ccarb (also 

coupled with an associated rise in δ34Spy).  

A noteworthy feature of our δ13Ccarb records is the isotopic variability within the overall 

positive shift associated with the onset of the SPICE in the two cores where measurements were 

from bulk shale samples (ODGS-3409 and EQT-Big Sandy) as compared to the smoother trend 

seen in the microdrilled carbonate mudstone record (KGS C-103). As mentioned above bulk 

carbonate content of these shales may comprise any combination of detrital carbonate, early 

marine cements, as well as additional early or late diagenetic carbonate phases. The values we 

record in the pre-SPICE interval are consistent with detrital and or early marine cement carbonate 

phases and likely faithfully record the δ13C of seawater dissolved inorganic carbon (DIC) as 

evidenced by the smooth trend that is consistent with numerous other records of this interval found 

in more carbonate dominated successions elsewhere (e.g. Gerhardt and Gill 2016). Within the 

SPICE onset however it appears, based on the variability of the δ13C signals, that we are observing 

a signal that reflects porewater DIC derived from a mixture of seawater DIC and that produced 

from the remineralization of organic carbon within the sediment. The contribution of this 

remineralized organic carbon to any authigenic carbonate formed through this process appears to 

be small relative to the influence of seawater DIC as the overall trend of the SPICE is still evident. 

The appearance of this scatter associated with the SPICE onset and its coupling to increases in 

pyrite and glauconite abundance, the pyritization of highly reactive iron, and elevated FeHR/FeT 

ratios provides strong evidence for a more reducing environment in the sediment even prior to or 

in the absence of the reactive iron enrichments characteristic of water-column anoxia.        
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Another important similarity between our data and the findings of these previous studies is 

the relationship between lithofacies patterns and the timing of the onset of the SPICE. Specifically, 

the pre-SPICE interval is characterized by evidence of shallowing and basinward migration of 

shallower-water lithofacies, while the SPICE itself initiates during a rise in relative sea level. These 

patterns are consistent with other reconstructed sea-level histories for this interval derived from 

the successions in the southern Appalachians and more broadly around the margins of Laurentia 

(Haq and Schutter, 2008; Montañez et al., 1996; Osleger and Read, 1993; Saltzman et al., 2004). 

At our study locations in Ohio and Kentucky this pre-SPICE shallowing is evidenced by an up 

section increase in coarser siliciclastic material (silt and fine sands), recorded by the appearance 

of lithofacies association (S2) in cores ODGS-3409 and EQT-Big Sandy where it succeeds 

lithofacies dominated by fine-grained clastics: S3 and S1 respectively (Figs. 5 and 6).  On the 

margin of the Conasauga Basin near the outer shelf carbonate platform in present day Tennessee 

and Virginia, a similar local shallowing event occurs: evidenced by the appearance and increased 

abundance of shallower-water carbonate facies through the Cedaria to the uppermost portions of 

the succeeding Crepicephalus trilobite zones (Gerhardt and Gill, 2016; Glumac and Walker, 2000) 

although local differences in accommodation and sediment supply produced local variations in 

this overall lithofacies trend (Gerhardt and Gill, 2016; Hasson and Haase, 1988).  

Stratigraphically above this interval, a deepening event initiates in the lower portions of 

the Aphelaspis biozone (Coosella perplexa subzone), inferred by the abrupt appearance of deeper-

water basinal siliciclastics (shales and siltstones) directly over shallow-water carbonate facies 

(Read, 1989; Osleger, 1995). Our study locations also record a similar facies shift, seen as an 

increase in the abundance of fine-grained siliciclastic material at each location. Specifically, this 

change is marked by the appearance of lithofacies S3 over lithofacies S2 in ODGS-3409 and EQT-
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Big Sandy (Figs. 5 and 6), and lithofacies S1 over C2 in KGS C-103 (Fig. 4). We infer these 

lithological changes to reflect the same relative rise in sea level observed on the margin of the 

basin in the previous studies noted above.  

Assuming this local rise in sea level was relatively synchronous, then this interpretation 

provides a potential constraint on the placement of the Cambrian Series 3/Furongian boundary and 

Crepicephalus-Aphelapsis zonal boundary, which should occur near this lithofacies shift – a 

constraint not available through biostratigraphy due the lack of identified, diagnostic fossil 

material from the investigated cores (see section 2.3 for the available chronostratigraphic details). 

Given this relationship, we have used this lithological change as the basis for the approximate 

placement of this boundary as indicated in the stratigraphic columns in Figures 4-6.  Furthermore, 

the carbon isotopic values we see near the top of the stratigraphy in each core clearly indicate these 

intervals occur within the SPICE, and consequently are appropriately assigned a basal Furongian 

age even though the precise placement of the Series boundary is equivocal given the limitations of 

the available data. However, we encourage future biostratigraphic work to better refine the 

boundary placements suggested here. 

5.2. Redox record during the SPICE onset in the Conasauga Basin 

 Iron speciation data from the three locations within the basin reveal details about the water 

column redox history prior to and during the onset of the SPICE. Specifically, FeHR/FeT ratios from 

the two more proximal sites (KGS C-103 and ODGS-3409) indicative of anoxia (> 0.38) only 

occur after the initiation of the positive δ13C and δ34S shifts that demarcate the SPICE. These 

elevated ratios mark a distinct departure from the pre-SPICE FeHR/FeT ratios that consistently lack 

evidence for anoxia in the water column (< 0.38) throughout the interval (Figs. 4 and 5). While a 

transition to a more reducing environment is recorded at these locations during the onset of the 
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SPICE, the geochemical character of this change was slightly different between the two sites. In 

the proximal section (KGS C-103) anoxic conditions may have been euxinic (free H2S) as greater 

than 70% of the reactive iron is bound in pyrite in three of four samples from this interval.  In 

contrast to this, further offshore (ODGS-3409) the development of ferruginous anoxic conditions 

(free Fe2+) are indicated for this same period as each sample that designates anoxia contains less 

than 70% of reactive iron in pyrite.  

The generally ferruginous character of the anoxia that developed at these sites stands in 

contrast to the persistently euxinic conditions associated with the SPICE documented by Gill et al. 

(2011) in the Alum Shale of Sweden. This difference is not surprising given the vastly different 

depositional environments represented by each study. The Alum Shale was deposited in an area of 

high organic matter accumulation with relatively lower clastic input in what was likely a less-

restricted marine setting. The sites studied here represent the opposite conditions in regard to the 

availability of the organic matter and sulfate needed to drive microbial sulfate reduction (MSR). 

The availability of both of these necessary reactants were likely severely limited at the study sites 

as evidenced by very low TOC values (~0.10 wt.%) and the isotopic enrichment of pyrite δ34S that 

suggests little net fractionation occurred from the δ34S of seawater sulfate as a result of MSR (i.e. 

near quantitative conversion of available sulfate). These heavy pyrite values are consistent with 

previous estimates for a small and diminishing seawater sulfate reservoir during the SPICE (Gill 

et al., 2007; Gill et al., 2011) likely exacerbated locally by  relatively high sediment accumulation 

rates (diffusion limited the availability of porewater sulfate) and potentially restricted water mass 

exchange between the open ocean and the intrashelf basin.  

Another important inter-site difference that we observe is the apparent difference in the 

magnitude of the average δ34S shift between our proximal (KGS C-103) and more basinal locations 
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(ODGS-3409 and EQT-Big Sandy). The basinal sections show an average shift of ~30‰ (max of 

60‰) associated with the onset of the SPICE while this average shift is less (~10‰) at the proximal 

location (max of 25‰). This difference may be due to the fact that we report only four δ34S values 

during the SPICE onset in KGS C-103 due to disappearance of shale up section and these sample 

horizons fall lower in the δ13C increase than the available data for the other two more basinal sites.  

However, the difference in the δ34S shift in KGS C-103 may reflect a local, isotopically distinct 

sulfate pool that comprised a mixture of marine and continentally-derived sulfate from the craton. 

This scenario with higher sulfate availability closer to sources of continental runoff would be 

consistent with the presence of euxinia at the more proximal site and ferruginous conditions 

present further offshore. Such a scenario has been suggested for other time intervals with sulfate 

poor oceans in the early Cambrian and Proterozoic (Feng et al., 2014; Li et al., 2010; Poulton et 

al., 2010). This raises the possibility that sulfate availability may have served as a control on the 

character of anoxia (ferruginous versus euxinic) between these locations.  

In contrast to the proximal sites discussed above, the location near the basin center (EQT-

Big Sandy) records FeHR/FeT ratios that, if taken at face value, shows no definitive indication of 

anoxic conditions (FeHR/FeT > 0.38), at any point, either before or during the onset of the SPICE. 

However, this core does show a shift to higher FeHR/FeT ratios that fall into the ambiguous 

interpretative range of 0.22 to 0.38 during the SPICE onset like the other two sites, although 

throughout the core FeHR/FeT ratios are consistently and systematically shifted to lower values 

relative to the other cores. This situation presents two possibilities as to how such a record may 

have been produced: (1) the development of anoxia may have been localized and restricted to the 

basin margins with oxygenated deep waters in the deeper basin, or (2) anoxic conditions may have 
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been present in the deeper basin, but the geochemical signals recording these conditions have been 

obscured.  

 In the first scenario, anoxia resulting from respiratory demand below the mixed surface 

layer of the water column could be established through enhanced local productivity stimulated by 

runoff closer to the craton or by upwelling-derived nutrients delivered to otherwise nutrient-

depleted shallow waters. If these nutrients were rapidly consumed and recycled in the nearshore 

environments it is feasible that the basin center could remain an area of relatively poor productivity 

with low levels of respiratory oxygen demand. Importantly, this productivity-driven model has an 

implied prediction about the stratigraphic record of such a scenario: TOC contents and FeHR/FeT 

ratios should reflect this spatial distribution of productivity and anoxia. Specifically, the 

expectation is for higher TOC contents and elevated FeHR/FeT ratios to be associated with our 

proximal study locations and should increase in conjunction with the onset of the SPICE.  

This expectation is not consistent with the data. Overall the average TOC contents of 

samples from each site are very low (~ 0.1 wt. %). Also, while TOC contents do show a modest 

rise in conjunction with FeHR/FeT ratios that indicate anoxia during the SPICE onset in ODGS-

3409, this is not seen in KGS C-103 where TOC values show little deviation from the values seen 

in the pre-SPICE interval despite evidence for anoxia. In contrast the basin center core, EQT-Big 

Sandy, does show a slight increase in TOC (to ~0.2 wt %) during the SPICE onset without 

significant change in FeHR/FeT ratios associated with the interval. Additionally, it is important to 

note that differences in relative sedimentation rate, inferred from differences in overall 

stratigraphic thickness between the basin margins and center and sequence stratigraphic analysis 

(Read, 1989; Read and Repetski 2012), likely affected the TOC contents through sedimentary 

dilution; i.e., absolute TOC content may not effectively represent relative differences in 
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productivity and/or preservation between our study locations. However, without taking dilution 

into account, TOC values are highest in the basin center despite higher sediment accumulation 

rates. This fact is seemingly inconsistent with a scenario where elevated productivity, oxygen 

demand and locally-developed anoxia were restricted to the marginal portions of the basin.  

These discrepancies warrant exploration of the alternative scenario where oxygen-deficient 

conditions (below the mixed surface layer) may have been present in the deeper basin, despite a 

lack of direct geochemical (iron speciation) evidence for such conditions. There are several factors 

that could have resulted in lower the FeHR/FeT ratios at the basinal site: high sedimentation rates 

or the formation of Fe-bearing sheet silicate phases during early or late diagenesis. The relatively 

higher rates of sediment accumulation within the axis of Rome Trough (Read, 1989; Read and 

Repetski 2012) could have served to dilute the authigenic enrichment of highly reactive iron that 

would otherwise have been promoted by anoxia. This relationship between sediment accumulation 

rate and dilution of authigenic iron enrichments is well-documented in modern anoxic basins 

(Anderson and Raiswell, 2004; Canfield et al., 1996; Lyons and Severmann, 2006; Raiswell and 

Canfield, 1998). This scenario would be consistent with the lower FeHR/FeT ratios observed 

throughout the core relative to the other sites. 

An additional factor to consider is the formation of iron-bearing sheet silicate phases either 

during early or late diagenesis. These processes would have consumed highly-reactive iron that 

subsequently would not be accounted for in the sequential iron extraction resulting in lowered 

FeHR/FeT ratios (Poulton and Raiswell 2002; Poulton et al., 2010; Raiswell and Canfield 2012). It 

has been suggested that sedimentary conditions in the Cambrian may have favored the formation 

of authigenic iron bearing clay minerals during early sediment diagenesis (Anderson et al. 2018). 

This notion gains support by the occurrence of glauconite in some intervals of the studied 
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stratigraphy, notably in conjunction with the onset of the SPICE (Figs. 4-6). This may not fully 

explain the lower FeHR/FeT ratios observed throughout the basinal core, as glauconite is not 

ubiquitous throughout this core and is also found at the other sites. Second, the greater burial depth 

and temperatures experienced by the sediments within the Rome Trough (Ryder et al., 2004) 

potentially could have driven temperature-related late diagenetic reactions which favor the 

conversion of components of the reactive iron pool into authigenic sheet silicate phases (Poulton 

et al., 2010). This scenario would also be consistent with the lower FeHR/FeT ratios observed 

throughout the stratigraphy in this core. 

These observations suggest that some combination of relatively higher sedimentation rates 

or the formation authigenic sheet silicate phases could have lowered FeHR/FeT ratios at the basinal 

location. Therefore, while at face value the iron speciation data do not indicate the presence of 

anoxia at the basin center, in light of the higher sediment accumulation rates and other potentially 

confounding factors in this area, it remains possible that anoxic bottom waters may have been 

present in the deeper parts of the Conasauga Basin before and/or during the onset of the SPICE. 

With this in mind, the record of anoxia in ODGS-3409 and KGS C-103 seen during the SPICE 

interval may have either resulted from 1) an incursion of deoxygenated water from the deeper 

portions of the basin to shallow waters or 2) the basin-wide development of anoxic conditions 

during the SPICE. Whether the development or incursion of deoxygenated water resulted from 

changes in ocean circulation, stratification, rising sea-level or some combination of these factors 

remains largely equivocal given the results presented here.  

Despite this uncertainty, the stratigraphic position where we observe lithologic evidence 

for local sea-level rise (initiating at the putative Series 3/Furongian boundary depicted in Figs. 4-

6 and discussed in section 5.1.) suggest this change was temporally decoupled from the 



35 
 

development of anoxia, as we document the first evidence for anoxia after the SPICE initiation 

(+1‰ or more into the positive δ13C trend before anoxia is indicated) and local lithofacies changes. 

This relationship is consistent with the findings of Gerhardt and Gill (2016) where the rising δ13C 

values occurred after the observed lithofacies changes inferred to be related to sea-level rise along 

the margin of the basin in Tennessee and Virginia.  Given these observations it seems likely that 

the initial rise in local sea-level was not an immediate cause of the spread or development anoxia 

within the basin but rather marks the beginning of a more protracted phase of environmental 

change that led to the anoxic conditions observed within the SPICE interval.  

 Regardless of the causal factors that led to anoxia, changes in the distribution of oxygenated 

bottom waters would have important implications for the benthic fauna living in the basin during 

this event. The shift to more oxygen-deficient conditions over broader swaths of the sea floor 

would serve to displace organisms from these environments, potentially opening it up to 

colonization by benthos more tolerant of low-oxygen environments or excluding benthos entirely. 

It is also important to note that the evidence we observe for anoxia does not necessarily  imply that 

these conditions were a continuous feature of subsurface water masses throughout this interval and 

were likely a spatially and temporally variable but persistent feature. This variability may provide 

a better context for sedimentological and biological data for benthic habitation from some SPICE 

localities that are seemingly at odds with geochemical evidence for expanded anoxia (Egenhoff et 

al., 2015; Wotte and Strauss, 2015)  

Our observations concerning the timing of local redox changes relative to the SPICE onset 

provide important insight into the documented pattern of faunal turnover observed during the end-

Marjuman extinction in southern Laurentia. Critically, Gerhardt and Gill (2016) observed that the 

second phase of the end-Marjuman extinctions, after which olenimorph trilobites, a group likely 
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adapted to low-oxygen conditions (Fortey, 2000), appear to be coincident with the initial rise of 

the carbon isotope excursion, the same stratigraphic interval where we record the transition to 

anoxic conditions in our shallower study locations. This relationship supports the idea that these 

redox changes influenced the overall biological patterns observed during the end-Marjuman 

extinctions in southern Laurentia and potentially elsewhere.    

 

6. Conclusions 

 We document the onset of the SPICE for the first time in subsurface portions of the 

Nolichucky and Eau Claire formations in Ohio and Kentucky in both carbonate and organic carbon 

isotopic records. The magnitude and stratigraphic position — near the top of the Nolichucky 

Formation — of the recorded shift is in agreement with previous work on outcrop exposures of 

this unit in Virginia and Tennessee. Pyrite δ34S values rise sharply at our study locations nearer 

the basin center, slightly preceding the carbon isotopic shift of the SPICE onset. A similar sharp 

rise was not observed at our proximal site, however we argue this reflects limited sampling and 

potentially an isotopically distinct sulfate reservoir at this location closer to the source of 

continental runoff. Our iron speciation data indicate a transition from generally oxygenated 

conditions at the seafloor prior to the SPICE to an anoxic environment during its onset at the two 

more proximal sites. In contrast to this shift to reducing conditions recorded at these proximal 

sites, data from the basin center do not record a similar change, and at first blush show no indication 

for anoxic conditions either before or during the onset of the SPICE. While this record may reflect 

the true spatial distribution of anoxic conditions within the basin, we argue that anoxia may have 

been more widespread and its characteristic signal in the iron speciation data has been obscured 

by the relatively higher rates of sedimentation and or authigenesis of iron-bearing sheet silicates 
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within the Rome Trough. More broadly the between-site differences we observed in sediment 

accumulation rates and the geochemical records of the SPICE reinforce the importance of 

scrutinizing geochemical data within the context of local depositional environment, sediment 

supply and diagenetic history.     

Importantly, the presence of anoxic conditions is recorded broadly in conjunction with the 

rise in δ13C at the more proximal sites, which is the same stratigraphic interval where the second 

phase of the end-Marjuman extinction (termination of the Coosella perplexa subzone) is observed 

in outcrop exposures of the Nolichucky Formation in Tennessee, Virginia and elsewhere. This 

interval also marks the proliferation of olenimorph trilobite faunas of the succeeding Aphelaspis 

zone, which have been interpreted to be low-oxygen tolerant. This suggests a role for expanded 

anoxia in influencing this phase of the local faunal turnover associated with the SPICE.  The de-

oxygenation we record along this portion of intracratonic shelf in southern Laurentia provides an 

example of how coeval extinctions may have proceeded elsewhere globally, as shallow shelf 

communities were disproportionately affected suggesting a spread of similar inhospitable 

conditions into those environments. While the relative timing of various aspects of the SPICE 

remain debated, some of which is beyond the scope of this paper and the limitations of our data, 

our results clearly demonstrate that marine anoxia was an important feature of the event that must 

be considered in hypotheses seeking to explain the end-Marjuman extinction and its relationship 

to the paired excursions in the marine carbon and sulfur isotopic records.  More generally, this also 

highlights the development or expansion of marine anoxia as a potential driver of the other 

recurrent biomere extinctions observed during the later Cambrian and Early Ordovician and its 

role in the broader evolutionary trajectory of life during the Early Paleozoic. 
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9. Tables 

Table 1: Lithofacies associations of the examined portions of the Nolichucky and Eau Claire Formations  

Lithofacies association Lithologies Bed features Other notable 
features 

Environmental 
interpretation 

 
S1-Shale 

 
Dark gray to green 
shale with minor 
carbonate mudstone, 
skeletal wackestone and 
packstone  
 

 
Predominantly thin to 
medium bedded shale 
and mudstone with 
minor parallel 
laminae and or 
irregular thin beds (< 
5 cm) of carbonate 
 

 
Shale is often 
fissle, visible 
pyrite grains are 
common in dark 
gray shale 

 
Deeper-water 
basinal 
environment, 
clastic dominated 
deposition 
 

S2- Silt and sandstone  Quartz siltstone, fine 
quartz sandstone and 
shale  

Thin interbeds of 
silt/sandstone and 
mudstone through 
medium and thick 
graded beds of mud 
to sandstone  
 

Wave-ripple 
cross-laminations 
and hummocky 
cross-stratification 
common in 
coarser units; 
Units are 
glauconite-rich; 
Beds commonly 
have sharp basal 
contacts  
 

Shallower water 
deposition (than 
S1) representing 
higher clastic 
input; Sediment 
has been 
transported and 
reworked by wave 
and storm action. 
 

S3-Shale with 
subordinate limestone 

Gray to green shale 
with some 
skeletal/peloidal/oolitic 
wackestones and 
grainstones, and 
intraclastic flat pebble 
conglomerates (FPC) 
 

Medium to thick 
intervals (10 to 50 
cm) of mudstone with 
sparse fine-grained 
carbonate laminae 
interbedded with 
medium beds of 
skeletal 
grainstone/FPC  
  

Horizontal 
burrows infilled 
with carbonate 
sediment common 
in shales 

Most distal 
carbonate ramp 
below normal 
wave base, 
carbonate material 
transported 
downslope by 
gravity flows or 
storm activity  
 

C1- Limestone with 
subordinate shale 

Carbonate mudstones, 
skeletal wackestone, 
packstone and gray, 
green and red shale 
with minor skeletal 
grainstone, and 
intraclastic FPC 

Thin carbonate 
mudstones, 
wackstones and 
grainstones 
intebedded with 
laminated to thin 
clastic mudstone. 

Burrowed 
mudstones in-
filled with 
carbonate 

Distal carbonate 
ramp. Deposition 
dominated by 
gravity flows 
and/or storm 
transport of 
carbonate debris.  
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Occasional thin to 
medium beds of FPC 
and skeletal 
grainstone; irregular 
bedding common; 
beds commonly have 
sharp basal contacts 
 

 

C2- Skeletal 
grainstone/wackestones
  
   

Skeletal 
grainstone/wackestone, 
mudstones, intraclastic 
flat pebble 
conglomerate (FPC) 
with minor gray/green 
mudstone 

Medium to thick 
grainstone beds with 
lesser proportions of 
very thin to thin 
interbedded 
wackestone and 
micrite; Occasional 
medium beds of FPC; 
irregular bedding 
with sharp basal 
contacts  
 

Sand-sized 
glauconite grains 
common in 
grainstone beds; 
some FPC beds 
are imbricated; 
stylolites common 
 

Mid carbonate 
ramp closer to the 
source of 
carbonate 
production. 
Deposition 
dominated by 
storm transport   

C3- Microbial 
boundstone with 
subordinate skeletal 
grainstone 

Microbialites 
(thrombolites), skeletal 
grainstone and flat 
pebble conglomerate  

Medium to thick 
thrombolite 
boundstones;     
bedding often 
irregular; Units are 
commonly massive  

Skeletal fragments 
common in 
thrombolites; syn-
sedimentary 
compaction of 
underlying strata; 
Dolomite common 

Shallow carbonate 
ramp  
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10. Figures 

 

Figure 1: Paleogeographic reconstruction of the Earth during the late Cambrian (after Blakey and 

Wong (2003) and Blakey (2008)) depicting locations where the SPICE event has been 

documented: Northern Laurentia (Saltzman et al., 2004; Saltzman et al., 1998), Southern Laurentia 

(Cowan et al., 2005; Gerhardt and Gill, 2016; Glumac, 2011; Glumac and Walker, 1998; Hurtgen 

et al., 2009; Perfetta et al., 1999; Schiffbauer et al., 2017); Baltica (Ahlberg et al., 2009; Gill et al., 

2011; Hammer and Svensen, 2017) , Australia (Gill et al., 2011; Lindsay et al., 2005; Saltzman et 

al., 2000; Schmid et al., 2018); Siberia (Kouchinsky et al., 2008); North China (Bagnoli et al., 

2014; Chen et al., 2012; Ng et al., 2014; Zhu et al., 2004); South China (Li et al., 2018; Saltzman 

et al., 2000); Northwest China (Liu et al., 2017); South Korea (Lim et al., 2015); Precordillera 

(Sial et al., 2008); Armorica (Álvaro, 2008); Avalonia (Woods et al., 2011); and Kazakhstan 

(Saltzman et al., 2000; Wotte and Strauss, 2015). White circles represent studies documenting the 

SPICE in δ13C records, and black stars indicate localities where both carbon and sulfur (δ34S) 
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isotopic records have been generated. The general area of the current study, in southern Laurentia, 

is denoted by the black star within the black box. 

 

Figure 2:  Upper Cambrian chronostratigraphic and biostratigraphic framework and schematic 

carbon and sulfur isotope stratigraphy with simple organic carbon and pyrite burial rate changes 

as the driver of the isotopic trends. The gray shaded box represents the SPICE interval and its 

relation to regional biostratigraphic zonal schemes and biomeres correlated with the North 

American (Laurentian) and international stages of Cambrian. The “biomere extinction” intervals, 

bracketing the SPICE, at the beginning of the North American Steptoean and Sunwaptan Stages 

span the Coosella perplexa and Irvingella major trilobite subzones respectively. The end-

Marjuman extinction occurred in two pulses indicated here by the numbered red dashed lines. The 

first phase at the Guzhangian/Paibian boundary occurred before the initial isotopic rise of the 

SPICE, while the second phase occurred at or during the onset of the carbon isotope excursion. 

This study focuses on the time interval below the black dashed line spanning the latest Guzhangian 

through early Paibian (latest Marjuman through earliest Steptoean in North America) and includes 

the time interval before and across these two extinction pulses in eastern North America. Note a 
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positive carbon isotope excursion of lesser magnitude is associated with the biomere extinction 

subsequent to the SPICE during the Sunwaptan North American Stage. 

 

Figure 3:  Regional and local geographic and geologic context of the present study. (a) 

Paleogeographic orientation and generalized facies belts of late Cambrian Laurentia (modified 

from Cowan et al. (2005)). (b) Detailed study area illustrating facies distribution (associated 

formation names in parentheses), sample locations (numbered dots) and location of the Rome 

Trough (orange dashed outline) superimposed on present-day geography. General lithofacies 
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distributions after Banjade (2011) and Janssens (1973). Note the Kerbel Delta, the main source of 

siliciclastic sediment into the basin, lies off of the detailed study map in present-day northeastern 

Ohio. (c) Block diagram conceptual model of the depositional features of the Conasauga Basin 

during the study interval. Note the axis of the Rome Trough is oriented perpendicular to our study 

transect represented by locations 1-3 (see figure 3B and caption). Cross section view illustrates the 

generalized regional subsurface geometry of the Southern Laurentian Cambrian margin around the 

time of the SPICE after Read (1989), Read and Repetski (2012), Ryder (1992), and Ryder et al. 

(2014). Note that clastic deposition is predominately confined to the Rome Trough and 

sedimentary thicknesses are greatest within the Trough and thin towards the craton reflecting the 

greater subsidence and accommodation space within the Trough at the time of deposition (Read 

1989; Hickman and Harris 2018). 
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Figure 4: Stratigraphic and geochemical profile for the KGS C-103 core, the most proximal study 

location within the basin. This core spans the upper portions of the Eau Claire Formation and the 

bottom of the Knox Group in central northern Kentucky (Owen Co.). See S1 for a table of the 

numerical data used to construct the geochemical profiles, Table 1 for detailed descriptions of each 

lithofacies association, and section 4.1.1 for a detailed description of the core. Gray shaded boxes 

across the top of the geochemical profiles represent the stratigraphic range of the onset of the 

SPICE. The δ13Ccarb data were generated from microdrilled carbonate mudstones, while all other 

geochemical data are from bulk samples of shale. Carbon and sulfur isotope values are reported as 

the per mil deviation from the Vienna Pee Dee Belemnite (‰VPDB) and Vienna Canyon Diablo 

Troilite (‰VCDT) respectively. Dashed lines at FeHR/FeT ratios of 0.22 and 0.38 denote oxic and 

anoxic interpretive thresholds (see section 3.4 for further details).  Stacked bar graphs illustrate the 

composition of the highly reactive iron in each sample (see section 3.4 for details). 
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Figure 5: Stratigraphic and geochemical profile of the Nolichucky Formation from the ODGS-

3409 core, the intermediate study location within the basin. The top of the section is the formation 

top at this location in southern central Ohio (Scioto Co.) where it is overlain by carbonates of the 

Maynardville Formation. See S1 for a table of the numerical data used to construct the geochemical 

profiles, Table 1 for detailed descriptions of each lithofacies association, and section 4.1.2 for a 

detailed description of the core. Gray shaded boxes across the top of the geochemical profiles 

represent the general stratigraphic range of the onset of the SPICE. All data including δ13Ccarb were 

generated from bulk samples of shale. Note the distinct increase in variability in δ13Ccarb just prior 

to and within the SPICE interval (see section 5.1 for discussion). See Figure 4 caption for details 

about isotopic reference values and iron speciation interpretive framework.  
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Figure 6: Stratigraphic and geochemical profile of the entire Nolichucky Formation from the 

EQT-Big Sandy core, the basinal location within in the Rome Trough. The top of the section 

represents the end of siliciclastic sedimentation at this location in eastern Kentucky (Johnson Co.) 

where the carbonates of the overlying Maynardville Formation begin.  See S1 for a table of the 

numerical data used to construct the geochemical profiles, Table 1 for detailed descriptions of each 

lithofacies association, and section 4.1.3 for a detailed description of the core. Gray shaded boxes 

across the top of the geochemical profiles represent the general stratigraphic range of the onset of 

the SPICE. All data including δ13Ccarb were generated from bulk samples of shale. Note the distinct 

increase in variability in δ13Ccarb within the SPICE interval (see section 5.1 for discussion). See 

Figure 4 caption for details about isotopic reference values and iron speciation interpretive 

framework.  
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Abstract 

The middle to later Cambrian (Drumian-Jiangshanian Ages, 505-490 Ma) was a time of 

unique evolutionary dynamics that remain enigmatic. This interval records unusually high rates of 

faunal turnover that produced a “plateau” within the broader trajectory of rapidly increasing 

biodiversity seen across the Cambrian Explosion and Great Ordovician Biodiversification Event 

(GOBE). The oceans during this time are generally thought to have been less oxygenated than later 

in the Phanerozoic, yet knowledge of oceanic redox structure and the influence this exerted upon 

the biosphere remains limited. Importantly, this interval also encompasses two large carbon cycle 

perturbations—the DICE and SPICE events— that are thought to involve the expansion of anoxic 

and, more specifically euxinic regions in the ocean. Despite this supposition, direct 

characterization of redox conditions across this time remains limited. Here we explore these 

conditions using new and previously published Fe-speciation data from seven basins distributed 

across five paleocontinents representing a range of depositional conditions. Our analysis reveals 

anoxia was a common and persistent feature of deeper-water environments and that it was 

generally absent from shallower-waters across this timespan. An exception to this broad pattern is 

seen during the SPICE when these deeper-water anoxic conditions expanded into shallower-water 

environments. These anoxic conditions were dominantly ferruginous and rare instances of euxinia 

were spatiotemporally limited to environments of high productivity, low clastic sedimentation and 

high sulfate availability within a generally low-sulfate ocean. Intriguingly, during these events 

faunal turnover was concentrated in inner-shelf areas suggesting a mechanistic link to the variable 

redox conditions characteristic of these environments. More broadly this instability in nearshore 

environments appears a likely cause of the high rates of faunal turnover seen across the later 
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Cambrian and into the Early Ordovician, but further detailed paleontological and redox 

investigation of these environments are needed to adequately evaluate this view.     

 

1. Introduction 

1.1 Background 

  The oxygenation state of Earth’s ocean–atmosphere system is widely regarded as an 

important first-order control upon the development and evolutionary trajectory of the biosphere 

from the earliest prokaryotes through the much later advent of complex metazoans. While the 

broad outlines of this trajectory have come into increasingly sharper focus in recent years, 

important details within this understanding remain uncertain. There is a long-standing hypothesis 

that oxygen levels increased significantly during two major pulses prior to the Phanerozoic Eon 

(542 Ma-present). The first pulse is thought to have occurred at ~2.4 Ga during the Great Oxidation 

Event (Holland, 2002) and the second occurred sometime after the latter half of the Neoproterozoic 

(after 800 Ma) (e.g. Lenton et al., 2014). Outstanding questions concerning the second rise in 

oxygenation are the precise timing of when oxygen rose in the atmosphere, when the deeper 

portions of the oceans were subsequently oxygenated, whether these were unidirectional or more 

dynamic with time, and whether these changes were sufficient or necessary to drive 

contemporaneous biological evolution (Cole et al., 2020). Evidence exists for at least transient 

deep ocean oxygenation in the latest Ediacaran (Canfield et al., 2007), but there is also evidence 

pointing to more persistent deep ocean oxygenation occurring much later in the Paleozoic, possibly 

as late as the Devonian, in conjunction with the rise of significant vascular land plants communities 

(Dahl et al., 2010; Krause et al., 2018; Erik A Sperling et al., 2015). More recently it has been 

suggested that persistent oxygenation of the deeper oceans may have been decoupled from 
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atmospheric oxygenation and delayed until later, during the Mesozoic, despite earlier rises in 

atmospheric pO2 (Lu et al., 2018). Uncertainty in the timeline of marine oxygenation is not trivial: 

the early Paleozoic interval in question represents a time of several major (and numerous smaller) 

evolutionary radiations and extinctions including: the Cambrian Explosion and the Great 

Ordovician Biodiversification Event (GOBE), as well as the end-Ordovician and Late Devonian 

mass extinctions, all of which may be in part tied to the oxygenation history of the oceans (see Fig. 

1A for context).  

 A fundamental challenge that gives rise to much of this uncertainty regarding the past 

oxygenation state of the ocean–atmosphere system is the nature of the geologic data available to 

make such reconstructions, which rely largely upon indirect paleoredox proxies. The isotopic 

compositions of carbon (δ13C) and sulfur (δ34S) in marine sediments, in particular, are thought to 

faithfully record global seawater trends, and are used to inform modelling approaches (e.g., 

GEOCARBSULF, COPSE) that leverage our understanding of the relationships between the 

biogeochemical cycles of carbon, sulfur and oxygen over geologic timescales. However, these 

approaches can produce a range of model solutions depending upon how they are parameterized, 

as well as the quality and volume of data available to input (Fig. 1B). For instance, the basic 

GEOCARBSULF model calculates atmospheric oxygen concentrations in the early Paleozoic both 

considerably higher than modern (Schachat et al., 2018) and considerably lower than modern 

(Krause et al., 2018) based on different treatments of sulfur cycling. Due to this, our best efforts 

still are only able to bracket a range of potential pO2 levels that remain consistent with the input 

data and other geochemical proxies (e.g., trace metal abundances and isotopic compositions in 

black shales). Most importantly, within these modeled ranges of atmospheric oxygen 

concentrations it is difficult to accurately predict the spatial distribution of marine oxygen 
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availability (redox structure) and consequently how prone—or not—different areas of the ocean 

were to the development or persistence of anoxia. More detailed knowledge of this aspect of 

ancient ocean chemistry and its attendant consequences for the biosphere are needed to better 

understand important evolutionary dynamics during this time.  

In an effort to shed light on some of these crucial nuances, the aim of this study is to 

characterize local redox conditions during a key early Paleozoic interval (middle to late Cambrian) 

that lies between the evolutionary radiations of the Cambrian Explosion and the Great Ordovician 

Biodiversification Event (GOBE) (Fig. 1A). This interval is also situated after the hypothesized 

Neoproterozoic rise in atmospheric oxygen, but before the rise that occurred during the Middle to 

Late Paleozoic (Fig. 1B). Moreover, while there has been an intensive focus on characterizing 

ocean redox during the latest Ediacaran and earliest Cambrian (Terreneuvian - Stage 4) (Chen et 

al., 2015; Cheng et al., 2017, 2016; Dahl et al., 2019; Feng et al., 2014; Hammarlund et al., 2017; 

Jin et al., 2016a; Li et al., 2017; Och et al., 2016, 2013; Sperling et al., 2018; Wang et al., 2012), 

there has been significantly less effort to ascertain marine redox conditions during the rest of the 

Cambrian. Those that have reconstructed the history of marine redox during latter half of the 

Cambrian primarily focused reconstructing and modeling the marine carbon and sulfur isotope 

records (Gill et al., 2007, 2011a; Hough et al., 2006; Hurtgen et al., 2009; Li et al., 2018; Peng et 

al., 2016). The lack of more diverse redox proxy data from the later Cambrian limits our 

understanding of the redox structure of oceans and its potential links between changes in the 

biosphere and marine redox during this time. 

Studies marine redox in the earlier Cambrian studies suggest a persistence of deep ocean 

anoxia despite evidence for oxygenation in the later Ediacaran, so a next logical question is how 

far into the early Paleozoic did these conditions persist? For this task we employ the iron speciation 
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proxy to reconstruct local redox conditions within several geographically widespread sedimentary 

basins during the middle to later Cambrian (Wuliuan to Jiangshanian International Stages). 

Furthermore, these study locations were selected to encompass a range of different environmental 

parameters such as: paleobathymetry, sediment supply, organic carbon availability, and location 

relative to the nearest open ocean basin during this intriguing portion of the Cambrian.   

1.2 Middle and Late Cambrian evolutionary events and the SPICE  

This study specifically focuses on the middle to late Cambrian Drumian through Lower 

Jiangshanian Stages. Understanding the oxygenation state of the ocean–atmosphere system during 

this interval is key for several reasons. First, it contains two large, globally-expressed carbon cycle 

perturbations—the DICE (Drumian Carbon Isotope Excursion) and SPICE (Steptoean Positive 

Carbon Isotope Excursion) events. Second, the interval is also a time of abnormally high rates of 

turnover in marine fauna (Bambach et al., 2004; Harper et al., 2019). 

The DICE occurred during the lower Drumian Stage and is recorded as a negative 

excursion in the isotopic composition of sedimentary carbonate and organic carbon identified in 

sections worldwide (Ahlberg et al., 2009; Babcock et al., 2007; Faggetter et al., 2018; Howley and 

Jiang, 2010; Lehnert et al., 2013; Li et al., 2019; Pagès et al., 2016; Pagès and Schmid, 2016; Zhu 

et al., 2004). It also occurred during a transgressive event in Laurentia and Australia (Howley and 

Jiang, 2010; Pagès and Schmid, 2016). The DICE has been suggested to be caused by the oxidation 

of dissolved organic carbon during the shoaling of deep anoxic waters on the shelves (Li et al., 

2019b) or the transgression of deeper waters with 12C-enriched dissolved inorganic carbon onto 

the shelf (Howley and Jiang, 2010), although neither model has been thoroughly evaluated. 

Biomarker and redox sensitive metal data suggest at least local development of euxinic conditions 
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during the DICE in Australia (Pagès and Schmid, 2016), but whether this change is more 

widespread is yet to be explored.  

The SPICE spans the Paibian Stage and is recorded as large positive excursions in the 

isotopic composition of carbon- and sulfur-bearing sedimentary materials (δ13C and δ34S) in strata 

of this age worldwide (Fig. 1C; (Ahlberg et al., 2009; Gill et al., 2011; Kouchinsky et al., 2008; 

Ng et al., 2014; Saltzman et al., 2000). The initiation of these isotope excursions appear to be 

temporally coupled with a significant extinction event recognized on several paleocontinents—the 

end-Marjuman extinction (Gerhardt and Gill, 2016; Gill et al., 2011; Saltzman et al., 2000, 1998; 

Zhu et al., 2004). These combined features are hypothesized to be associated with an expansion of 

the areal extent of seafloor anoxia (Dahl et al., 2014; Gill et al., 2011; LeRoy and Gill, 2019) and 

to a possible net long-term rise in atmospheric oxygen related to organic carbon and pyrite burial 

across the event (Saltzman et al., 2011).  

As previously mentioned, the second noteworthy feature of this time period is that it 

represents an evolutionary “plateau” between the rapid increases in biological diversity and 

complexity of the Cambrian Explosion that precedes it and the subsequent evolutionary radiation 

of the GOBE that followed (Bambach et al., 2004; Harper et al., 2019). This evolutionary pattern 

has been attributed to particularly high rates of extinction and diversification, which served to 

impede overall increases in standing biodiversity (Bambach et al., 2004). It should be noted that 

Harper et al., (2019) highlights the paucity of fossiliferous deposits and a lack of detailed 

taxonomic studies of Furongian strata as potential biases that contribute to the biodiversity patterns 

during this interval. However recent analysis of marine diversity during this interval that explicitly 

account for sampling intensity and fossil preservation supports the initial suggestion of low 

biodiversity accumulation during this interval (Rasmussen et al., 2019). These observations have 
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led workers to propose that extreme and highly variable environmental conditions (e.g., recurring 

expansions of oceanic anoxia, high atmospheric pCO2 and greenhouse climate) may have been a 

characteristic feature of this interval (Edwards et al., 2018; Gill et al., 2011; McKenzie et al., 2014; 

Saltzman et al., 2015) and perhaps even an important long-term driver of evolutionary novelty and 

innovation through increased diversification following extinction (Wood and Erwin, 2018a). In 

light of these considerations, this contribution aims to directly characterize redox conditions in 

different regions of the middle to late Cambrian ocean to better understand the relationship 

between environmental conditions and evolutionary change during this time.     

2. Geologic context 

2.1 Study locations 

For this study we examine geochemical data from seven middle through upper Cambrian 

sedimentary succession from the paleocontinents of Avalonia, Baltica, Laurentia, and Gondwana. 

During this time Avalonia, Baltica, and southern Laurentia were situated along the margins of the 

Iapetus Ocean in the Southern Hemisphere, while northern Laurentia and northern Gondwana (the 

Sino-Korean Block and Australia) were located close to the paleoequator within the larger 

Panthalassic Ocean (Fig. 2, Cocks and Torsvik (2016). Here we present new data from the 

Stockingford Shale Group (Drumian-Jiangshanian) of central England (Nuneaton, U.K) 

representing east Avalonia and from the Machari Formation (Drumian-Jiangshanian) of South 

Korea from the Sino-Korean Block. We compare these data to previously published data from the 

Drumian-Jiangshanian portions of the Alum Shale (Scania, Sweden) of Baltica (Gill et al., 2011); 

the Wheeler Shale (Drumian) of Utah (Erik A Sperling et al., 2015); the Arthur Creek Formation 

(Drumian) of Australia (Creveling et al., 2014); the Nolichucky and Eau Claire Formations 

(Guzhangian-Paibian) of the eastern U.S (Ohio and Kentucky) (LeRoy and Gill, 2019); and the 
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Road River Group (Guzhangian-Jiangshanian) of Yukon (Strauss et al., 2020; iron speciation data 

obtained from the database of the Sedimentary Geochemistry and Paleoenvironments Project; 

SGP). In the remainder of this section, we give additional context for the successions with new 

data that we present here. For additional details on the geological context of the units where data 

have been previously reported, we refer the reader to those publications. 

2.2 Outwoods Shale, Mancetter Grits and Abbey Shales of Avalonia 

The Stockingford Shale Group, which includes the Outwoods Shale, Mancetter Grits and 

Abbey Shales, consists primarily of alternating intervals of organic-rich, sulfidic (dark gray) and 

organic-lean, sulfide-poor (light gray) siliciclastic mudrocks occasionally interrupted by cm-scale 

sand- and siltstone beds. Taylor and Rushton (1971) attributed the pattern of alternating light and 

dark mudstone intervals to fluctuating redox conditions at the seafloor and its effect on 

bioturbation and the preservation of reduced sedimentary components (e.g., organic carbon and 

pyrite).  The sediments comprising the Stockingford Shale Group were deposited in the distal 

portions of a stable but gently subsiding shelf located at a high paleolatitude (~60°S, Fig. 2. [Cocks 

and Torsvik (2016)]). The biostratigraphy of Rushton (1978, 1983) and Rushton et al., (1999) 

established that deposition of this unit was broadly continuous from the middle through later 

Cambrian producing a nearly 300 m thick stratigraphic sequence. Further details about this unit 

can be found in Woods et al., (2011) and references within.   

 

2.3 Machari Formation of South Korea 

 The Machari Formation is a mixed carbonate-siliciclastic sequence comprised of 

argillaceous lime mudstones/dolostones, laminated gray and black shales, and thin beds of 
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bioclastic grainstone. This unit is part of the Yeongwol Group and represents deposition that 

occurred in the distal portions (greatest distance from paleoshore) of the Taebaeksan Basin, an 

intracratonic basin in which sediments accumulated during the Cambrian-Ordovician (Chough et 

al., 2000). The generally more basinal facies of Yeongwol Group are thought to be correlative to 

shallower water facies found in the Taebaek Group, currently further to the east (Chough et al. 

2000). The Machari Formation itself was deposited from the middle through late Cambrian 

(Wuluian through Jiangshanian International Stages) (Hong, 2014; Hong and Choi, 2015). Despite 

the considerable time interval represented by this formation (~15 Myrs) it is highly condensed with 

a total stratigraphic thickness that is only around 10 m at the Deoksang locality we investigated 

for this study—an indication that sediment fluxes to this location were extremely low (Hong, 2014; 

Hong and Choi 2015). See Choi et al., (2016) and Chough et al. 2000 and references therein for 

further details about this formation and interpretation of its depositional environment.  

3. Methods         

3.1 Materials, sampling and previous work 

In this contribution we present two new geochemical studies of middle through upper 

Cambrian stratigraphic intervals in the Stockingford Shale Group of England and the Machari 

Formation of South Korea. Importantly, a detailed biostratigraphic framework is available for each 

of these units and locations in the form of trilobite biostratigraphy [Rushton  (1983, 1978) for the 

Stockingford Shale Group, and Hong (2014) and Hong and Choi (2015) for the Machari 

Formation]. For further comparison and analysis, we also incorporate into our discussion (Section 

5) data compiled from the five additional sections noted above that record deposition during this 

time interval. Previous work has established the carbon isotope chemostratigraphy of these units 

and identified the SPICE within the Alum (Ahlberg et al., 2009), Stockingford Shales (Woods et 
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al., 2011), and Road River Group (Strauss et al., 2020), as well as the DICE in the Alum (Ahlberg 

et al., 2009), Arthur Creek Formation (Pagès and Schmid, 2016), and Wheeler Shale (Howley and 

Jiang, 2010).  

Samples from the Stockingford Shale Group came from cores from Merevale boreholes -1 

(52.561735°N, 1.55977°W) and -3 (52.558636°N, 1.548445°W) and two sections exposed at 

the Oldbury Quarry (52.551967, 1.544237°W; 52.560985°N, 1.551519°W) all located in the 

Nuneaton area of Warwickshire, United Kingdom [see Figure 3 and Woods et al., (2011) for which 

stratigraphic intervals are captured by these cores and quarry sections]. Samples were taken from 

the cores at regular intervals (approximately every 1.2 meters when possible), marked with respect 

to original depths in feet, converted to meters, and plotted against the composite stratigraphic 

section of Woods et al. (2011) (Figure 3). Samples from the Oldbury Quarry exposures come from 

the collections of Woods et al., (2011) and were taken every meter in those sections. Note that the 

Merevale boreholes -1 and -3 were not drilled perpendicular to dip and in Figure 3 the depths 

represented by the cores do not represent true stratigraphic thickness [see Woods et al., (2011) for 

additional details of the orientations of the drill cores in relation to bedding]. We chose not to 

report sample positions corrected to true stratigraphic thickness so as not to potentially 

misrepresent the placement of our samples in the core and stratigraphy.  

We measured δ34S of pyrite and iron speciation in the bulk sample powders previously 

analyzed by Woods et al., (2011) in their study of the SPICE in the Outwoods Shale. A new set of 

samples from below the SPICE interval (Paibian) in the Stockingford Shale Group was collected 

from the Merevale borehole 3 core and analyzed for δ34S of pyrite and iron speciation, as well as 

δ13Corg and TOC contents. In all for this study, 199 samples were analyzed for iron speciation, 137 

for the δ34S of pyrite, and 33 for δ13Corg and TOC contents.  
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A total of 70 samples of the Machari Formation were collected from the Deoksang locality 

(37.280556°N, 128.377778°E) found in Gangwon Province, South Korea (Fig. 2). Samples were 

taken at 0.1-meter intervals when possible, but the sampling interval was ultimately dictated on 

the outcrop exposure and the availability of fresh unweathered material. All the Deoksang samples 

and those from the Stockingford Shale Group not previously crushed were washed in doubly 

deionized water, disaggregated in a jaw crusher and powdered in a silica nitride SPEX ball mill in 

the geochemistry lab at Virginia Tech. Sample powders were analyzed for δ13Ccarb, δ13Corg, TOC, 

δ34S, and iron speciation using the techniques described below. 

3.2.1 Total organic carbon contents and carbon isotopic compositions 

To determine the total organic carbon content (TOC) and isotopic composition (δ13Corg) of 

our samples, we first removed the carbonate fraction from the bulk sample powders. To achieve 

this, we reacted between 0.3 and 0.5 g of bulk powder with 2 M HCl for a minimum of 24 hours 

and until no further CO2 was evolved from the sample. The remaining insoluble residues were then 

neutralized with doubly deionized water and subsequently dried, reweighed (to determine mass 

loss) and homogenized. 1 to 10 mg of decarbonated sample powders were then weighed into tin 

capsules and combusted at 950 °C in an Elementar Vario Cube elemental analyzer connected to 

an Isoprime 100 CF-GS-IRMS in the stable isotope lab in the Department of Geosciences at 

Virginia Tech. Samples were run with international and commercial isotopic (CH-6 = -10.449‰; 

CH-7 = -32.151‰; Elemental Microanalysis wheat flour = -27.21‰) and elemental standards 

(acetanilide, wheat flour) for calibration to the VPDB scale and to monitor in-run and inter-run 

precision. The standard deviation (1σ) of the isotopic standards was < ± 0.1 ‰. The TOC of each 

sample was determined using the integrated area of the CO2 peak measured by the elemental 

analyzer calibrated to a size series of acetanilide elemental standards. The carbon content of the 
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acetanilide and wheat flour standards calculated using this method averaged less than 5% error 

from their known compositions. TOC values were corrected using the ratio of the masses of the 

decarbonated sample to the bulk powder to account for the mass lost during decarbonation.        

3.2.2 Pyrite sulfur contents and sulfur isotopes 

We extracted pyrite sulfur using the standard chromium reduction of sulfide (CRS) 

procedure of Canfield et al. (1986). In this study, between 0.1 and 5g of bulk sample powders were 

reacted on the specialized distillation line with larger masses used for samples with limited sulfide 

content. The evolved H2S gas was passed through a basic solution of zinc acetate and precipitated 

as zinc sulfide (ZnS) which was later converted to silver sulfide (Ag2S). The Ag2S precipitate was 

vacuum filtered, allowed to dry and then weighed to determine pyrite sulfur contents. Pyrite iron 

contents were determined assuming a 2:1 stoichiometric relationship between the molar recovery 

of Ag2S and the original pyrite (FeS2) contents of the sample. The dried and weighed precipitate 

was homogenized using an agate mortar and pestle. 

 Between 0.350 to 0.450 mg of homogenized Ag2S precipitate was weighed into tin capsules 

and combusted at 1050 °C in an Elementar Vario Cube elemental analyzer following the method 

of Fry et al., (2002). This sample gas was then analyzed by an Isoprime 100 GS-CF-IRMS in the 

stable isotope lab in the Department of Geosciences at Virginia Tech. Samples were run with 

international isotopic standards (IAEA S-1 = -0.30‰; IAEA S-2 = 22.7‰; IAEA S-3 = -32.3‰) 

for calibration to the Vienna Canyon Diablo Troilite (VCDT) scale and to monitor in-run and 

between-run accuracy and precision. An elemental standard (Elemental Microanalysis 

sulfanilamide) was also run for calibration of elemental compositions.  Reproducibility of the 

isotopic standards and sample replicates was better than 0.2‰ (1σ) over all analytical runs.  
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3.3 Iron speciation paleo-redox proxy 

Iron speciation analysis has become a common tool for characterizing water-column redox 

conditions during the deposition of fine-grained siliciclastic sediments throughout the geologic 

record (Canfield et al., 2008; Jin et al., 2016; Sperling et al., 2015).  Studies of modern marine 

sediments have demonstrated that enrichments of “highly-reactive iron” (i.e., iron that is reactive 

towards dissolved sulfide over early diagenetic timescales) are characteristic of sediments 

deposited under an anoxic water column (Anderson and Raiswell, 2004; Poulton and Raiswell, 

2002; Raiswell and Canfield, 1998b).  Whether a sample is enriched in reactive iron is determined 

by quantifying the proportion of iron that resides in reactive phases (operationally-defined pools) 

relative to the total iron content of the sample. Three of these pools are measured using the 

sequential extraction procedure developed by Poulton and Canfield (Poulton and Canfield, 2005): 

iron in carbonate phases (FeCarb); iron in ferric (oxy)hydroxide phases (FeOx); and iron contained 

in magnetite (FeMag). Following the extractions, the concentration of iron in the solutions was 

quantified by spectrophotometry using the ferrozine method (Stookey, 1970; Viollier et al., 2000) 

and related to the mass of iron bound in each phase in the original sample. Replicate analyses were 

reproduced with differences less than 5%.  Iron bound as pyrite (FePy) is determined using the CRS 

procedure described above. The sum of the iron content in these four pools defines the highly 

reactive iron (FeHR) content of a given sample such that FeHR= FeCarb+FeOx+FeMag+FePy.  

Total iron contents were determined using a modified version of the technique found in 

Aller et al., (1986). Briefly, sample powders were heated in a muffle furnace at 900°C for 8 hours. 

These ashed powders were then homogenized, weighed and placed in sealed Savilex vials with 

concentrated HCl (12M), and heated on a hot plate set at 145°C for 48 hours. As above, iron 
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concentrations of the supernatant were determined via spectrophotometry using the ferrozine 

method (Stookey, 1970; Viollier et al., 2000). Replicate analyses were reproduced with differences 

less than 5%.   

Studies of modern and well-characterized ancient environments have established that 

FeHR/FeT ratios above 0.38 are characteristic of anoxic conditions in the water column and that 

ratios below 0.22 reflect deposition under oxic bottom waters (Poulton and Canfield, 2011; Poulton 

and Raiswell, 2002; Raiswell and Canfield, 1998). We note here that ‘oxic’, as defined in the 

typical interpretive framework used for the iron speciation proxy, only refers to the presence of 

oxygen in the water column and not it’s absolute concentration. Modern sediments deposited under 

bottom water classified as oxic by their oxygen content (>80 µM O2) and dysoxic/dysaerobic (5 

to 80 µM O2) display similar ranges of FeHR/FeT (Raiswell et al., 2018; Raiswell and Canfield, 

1998). Therefore, these important and biologically relevant differences in bottom water oxygen 

content (Sperling et al., 2015) cannot be resolved by the iron speciation proxy. In this study, we 

will refer to samples with FeHR/FeT < 0.22 as oxic, but with the acknowledgement that these 

samples likely encompass a range of bottom water oxygen contents. Samples with FeHR/FeT ratios 

between 0.22 and 0.38 are considered ‘possibly anoxic’ as some modern and ancient sediments 

deposited under oxic, dysoxic, and anoxic conditions can fall within this range, and therefore 

FeHR/FeT in this range is ambiguous in delineating the redox state of the water column (Poulton 

and Canfield, 2011; Raiswell et al., 2018). Anoxic samples can be further classified as being either 

euxinic (anoxic, with free H2S in the water column) or ferruginous (anoxic but lacking water-

column H2S) based on the proportion of reactive iron partitioned into pyrite relative to the total 

pool of available reactive iron (Raiswell and Canfield, 2012). If 70% of the available reactive iron 

has been pyritized (FePy/FeHR >0.7) this indicates possibly euxinic conditions, while ratios above 
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0.8 are regarded as definitively euxinic. Conversely, ratios below these thresholds indicate 

ferruginous conditions (März et al., 2008; Poulton and Canfield, 2011b). 

The Fe speciation proxy and its interpretive threshold values were originally developed 

and calibrated using fine-grained siliciclastic sediments from modern marine environments. 

However, more recent work by Clarkson et al., (2014) has extended the applicability of this proxy 

to carbonate-rich sediments. These authors demonstrated that such carbonate-rich sediments can 

still accurately document depositional redox conditions given the important caveat that the total 

iron content of the samples analyzed exceeds 0.5 wt%. While the vast major samples considered 

here come from fine-grained, siliciclastic lithologies, some samples from the Machari Formation 

have relatively high carbonate contents, and nine had carbonate contents > 50%. We therefore used 

the minimum threshold of 0.5 wt% total Fe to exclude some of the Machari Formation samples 

from subsequent redox interpretations (see section 4.2.3 for details about these excluded samples).    

4. Results 

4.1 Stockingford Shale Group: Nuneaton, U.K 

 Figure 3 displays our new Fe speciation, carbon (TOC and δ13Corg) and sulfur (δ34Spy) 

results and the previously reported data (TOC and δ13Corg) of Woods et al., (2011) for the rocks of 

the Stockingford Shale Group in north-central England (Nuneaton, U.K). This composite 

stratigraphic section includes upper portions of the Abbey Shales, and the entirety of the Mancetter 

Grits and Outwoods Shale from segments in two boreholes and an outcrop (Merevale-1, Merevale-

3 and the Oldbury Quarry, respectively). This composite stratigraphy captures the entire 

expression of the SPICE event at this location. The numerical geochemical data used to construct 

Figure 3 can be found in the Supplementary Material in Table S1. 
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4.1.1 Bulk organic carbon isotope stratigraphy 

Our new δ13Corg data build upon the carbon isotope stratigraphy of Woods et al., (Woods 

et al., 2011) by extending the record through the rest the Outwoods Shale and underlying Mancetter 

Grits and Abbey Grits/Shales. These new carbon isotopic measurements extend the 

chemostratigraphic record through the Guzhangian Stage at this location: from the Lejopyge 

laevigata through the Agnostus pisiformis trilobite biozones. The lowermost Guzhangian is not 

represented at this location as the contact between the Mancetter Grits and underlying Abbey 

Shales is unconformable based upon available biostratigraphic data (Rushton, 1978, 1983). Carbon 

isotope values (δ13Corg) in this portion of the stratigraphy decrease across the Lejopyge laevigata 

zone (lower Guzhangian) from -30 to -31‰. This trend is reversed across the Agnostus pisiformis 

zone (upper Guzhangian), where δ13Corg slowly rises from around -30.5 to -30‰ leading into the 

initiation of the SPICE near the Guzhangian/Paibian Stage boundary as delineated by Woods et 

al., (2011). It is important to note the effects of a diabase sill emplaced later in the Paleozoic (Late 

Ordovician) that is encountered between 90 and 110 m in the Merevale-3 borehole. Woods et al., 

(2011) attributed δ13Corg anomalously enriched in 12C near this horizon (and several smaller 

intrusions) to thermal alteration during emplacement and we too find similar effects in our samples 

in closest proximity below the sill.  

4.1.2 Pyrite sulfur isotope stratigraphy 

 We analyzed the sulfur isotopic composition of 151 sulfide samples prepared from bulk 

sample powders by the CRS procedure (see section 3.1.2). We found an overall range of ~ 70 ‰ 

in δ34Spy across the examined stratigraphy with values ranging between about -20 ‰ to +50 ‰ 

(VCDT). Within the pre-SPICE interval that spans the Lejopyge laevigata through Agnostus 

pisifomis trilobite biozones (Guzhangian Stage), δ34Spy compositions vary between roughly -10 
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and +20‰ and lack any discernable directional trend. With the initiation of the rising carbon 

isotopic values of the SPICE we see a sympathetic rise in δ34Spy across the Olenus gibbosus 

through the Olenus wahlenbergi trilobite biozones (Paibian Stage). Here the bulk of the samples 

rise from values of ~0 ‰ to about 40‰ at the top of this zone, which also represents the top of the 

Merevale-3 borehole. While there is a wide scatter in δ34Spy across this portion of the stratigraphy, 

the overall trend is towards δ34Spy more enriched in 34S coincident with the rise in carbon isotopic 

values. The strata represented in the Merevale-1 borehole records the falling limb of the SPICE 

and a second smaller post-SPICE carbon isotope excursion covering the Olenus wahlenbergi 

through Parabolina spinulosa trilobite zones (Paibian through Jiangshanian Stages). The overall 

trend in δ34Spy through this core mirrors that of the carbon isotope record, decreasing from around 

+30‰ to -20‰ with the falling limb of the SPICE, and fluctuating in conjunction with the second 

δ13C peak during the Jiangshanian from -20‰ up to 20‰ before returning to -20‰ at the top of 

the examined stratigraphic section. 

4.1.3 Iron speciation  

 A total of 199 Stockingford samples were analyzed for Fe speciation with 132 of these 

samples indicating anoxia (FeHR/FeT > 0.38.). The vast majority (114 out of 132; 87%) of these 

anoxic samples record ferruginous (FePy/FeHR < 0.7) rather than euxinic conditions at the time of 

deposition (Fig. 3). In the pre-SPICE interval spanning the Lejopyge laevigata through Agnostus 

pisifomis trilobite biozones (Guzhangian Stage) 23 of 50 (46%) samples indicate anoxic deposition 

with a mean of 0.43 ± 0.23 overall. Of the 23 anoxic samples in this interval just 6 (26%) indicate 

the presence of highly reducing euxinic conditions. Within the SPICE interval, which spans the 

Olenus gibbosus through the Olenus cataractes trilobite zones (Paibian through lowest 

Jiangshanian Stages) 80 of 117 (68%) samples indicate anoxia, with a mean FeHR/FeT ratio of 0.56 
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± 0.27. Only 12 out of the 80 (15%) anoxic samples within this interval are above the threshold 

that characteristic euxinia. The post-SPICE interval that spans the Parabolina spinulosa trilobite 

zone (Jiangshanian Stage) has 29 out of 30 (97%) samples with FeHR/FeT ratios indicating anoxia, 

with an average value of 0.73 ± 0.19 for the interval. All of the samples from this uppermost 

portion of the examined stratigraphy indicate that anoxic conditions were ferruginous.  

4.2 Machari Formation, Deoksang Section, South Korea  

 We performed the same suite of analyses (δ13Corg, δ13Ccarb, δ34Spy and Fe speciation) on 70 

samples of the Machari Formation from the Deoksang locality in South Korea (Sino-Korea). These 

samples span the Ptychagnostus sinicus through Glypagnostus reticulatus trilobite biozones (upper 

Wuliuan through Paibian Stages) and these geochemical data are displayed in Figure 4 and 

available in Table S2 in the supplementary material.   

4.2.1 Carbon isotope stratigraphy 

 The stratigraphy at the Deoksang locality records the SPICE and the DICE in both organic 

carbon (δ13Corg) and carbonate carbon (δ13Ccarb) isotope records (Fig. 4). The DICE is expressed 

as an ~-2 ‰ shift in both δ13Corg and δ13Ccarb occurring over the Ptychagnostus atavus trilobite 

zone, that is then followed by a +2‰ return over the Lejopyge armata trilobite biozone. In contrast 

to this, the SPICE is expressed as positive shifts of ~2 ‰ in δ13Ccarb and ~1‰ in δ13Corg over the 

Glyptagnostus reticulatus zone (Paibian Stage).  It is important to note that the full expression of 

the SPICE appears not to be captured in this section, as the available biostratigraphic data indicate 

that most of trilobite zones of the Paibian Stage are absent at the Deoksang locality.  

4.2.2 Pyrite sulfur isotopes   
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 We analyzed the sulfur isotopic composition of the 35 Machari samples that yielded 

enough sulfide for isotopic analysis. Overall, there is a range of around 60 ‰ in δ34S (between -

10 and +50 ‰ VCDT) through the approximately 10 m of stratigraphy examined.  The lowest 

values are encountered in the Ptychagnostus atavus biozone. δ34S is highly variable in this zone 

and becomes less variable and more positive up section into the Lejopyge armata biozone in 

conjunction with the rise in carbon isotopes at the end of the DICE.  In contrast to the paired carbon 

and sulfur isotopic trends we observe during the Drumian, across the Paibian Stage values are 

scattered around +30 ‰ and lack any clear directional trend despite the rise in carbon isotopes 

indicating the SPICE (Fig. 4). 

4.2.3 Iron speciation  

 Of the 70 samples from the Machari Formation that we analyzed for Fe-speciation, we have 

excluded 21 from our interpretations of local redox since they have total Fe contents below 0.5 

wt.%, a threshold below which the proxy has been shown to be unreliable in carbonate sediments 

(Clarkson et al. 2014; Raiswell et al. 2018; see section 3.3 for details). Of the remaining 49 

included samples, 45 indicate anoxia (92%), three indicate possible anoxia and only one suggests 

oxic depositional conditions (see section 3.3 for information about interpretive thresholds). 

Overall, these 49 samples have a mean FeHR/FeT ratio of 0.56 ± 0.14, and all but two (43 total; 

88%) display FePy/FeHR ratios indicative of ferruginous rather than euxinic conditions.  

5. Discussion  

5.1 Fidelity of the new geochemical records 

5.1.1 Iron speciation 
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 A fundamental concern when using the Fe speciation proxy to reconstruct ancient bottom-

water oxygenation is determining whether the signals encoded in the rocks are primary in origin, 

i.e., unaffected by any significant post-depositional diagenetic alteration. We are confident that the 

vast majority of the new analyses from the Stockingford Shale Group and the Machari Formation 

that we report here faithfully record primary depositional signals for several reasons. Raiswell et 

al., (2018) outlined several important guidelines to consider when assessing the fidelity of iron 

proxy data including: the use of fresh un-weathered material, exclusion of samples subjected to 

extensive alteration by metamorphism or interaction with post-depositional fluids, and excluding 

samples with low TOC and FeT (< 0.5 wt%).  The Stockingford and Machari samples we analyzed 

generally meet all of these screening requirements (except for 21 Machari samples excluded based 

on low FeT content, see section 4.2.3 for details).  However, some further pertinent details about 

the sedimentology and post-depositional history of these two units bear mentioning. The 

Stockingford strata are intruded by several diabase sills during the early Paleozoic (Late 

Ordovician). Their emplacement may have mobilized late-stage diagenetic fluids, volatilized S 

and C or otherwise altered Fe-mineralogy (e.g., incorporation of reactive iron in sheet silicates) of 

the sediments proximal to these igneous bodies. Despite these potential complications we see no 

pattern of systematic changes in our iron data from the samples adjacent to these bodies, either in 

terms of total iron content or the distribution of iron between the various pools of highly-reactive 

iron (see supplementary material Table S1) as would be expected from such processes, bolstering 

our confidence that any effects experienced in this regard were negligible.  

While all efforts were made to collect and analyze visibly un-weathered samples, some of 

the Machari samples may have been subjected to oxidation, possibly leading to the conversion of 

pyrite to iron oxide minerals.  Of the 49 Machari samples included in our analysis, we record 17 
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that display both anomalously high Feox and low Fepy values (see Table S2). If pyrite oxidation is 

responsible for the pattern of iron partitioning in these samples, the interpretations of redox based 

on FeHR/FeT values would nonetheless remain unaffected, as iron oxidized from pyrite by this 

process would still be quantified in the highly-reactive pool during the sequential extraction 

procedure. This process would however lower Fepy/FeHR values and potentially obscure a signal 

of euxinia by mischaracterizing how iron was originally partitioned between the different reactive 

phases. In light of this, we consider the extreme case where all the iron liberated during the sodium 

dithionite (iron oxide pool) extraction performed on these samples was originally present as pyrite 

prior to oxidation. In this scenario we find that conditions would have been considerably more 

reducing, with all 12 of the definitely anoxic samples (FeHR/FeT > 0.38) shifted to FePy/FeHR values 

between 0.7 to 0.8 or >0.8, thereby indicating possibly euxinic and definitely euxinic conditions 

for roughly a third of the Marchari samples. Interestingly, it is notable that most of these samples 

fall within the DICE and SPICE intervals (see Fig. S3 for a data plot based on this assumption) 

which are thought to be associated with transient increases of euxinia in portions of the oceans 

(e.g. Dahl et al., 2014; Gill et al., 2011; Pagès et al., 2016).  

5.1.2 Carbon (δ13Corg) and Sulfur (δ34Spy) isotopic signals 

 Our carbon isotopic data from the Guzhangian portion of the Stockingford Shale Group 

appear to faithfully record a primary oceanographic signal and are likely unaffected by any 

significant post-depositional or diagenetic processes. The overall trend and isotopic values of the 

δ13Corg profile is consistent with those seen over the same interval in the Alum Shale (see Fig. 4 in 

Ahlberg et al., (2009) for comparison). Furthermore, this record is also in agreement with 

numerous δ13Ccarb records that span the Guzhangian—a stage characterized by limited isotopic 

variability that contrasts with the wide swings recorded in most other Cambrian stages (see Fig. 1 
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in Babcock et al., (2015)).  We do however observe similar effects as Woods et al., (2011) for 

several samples that are shifted towards isotopically lighter values near intruding diabase sills for 

a few data points. However, these thermally altered samples are easily identified and clearly do 

not represent isotopic changes to the marine DIC pool or biological fractionation imparted during 

the generation of organic matter (see Fig. 3) and are therefore disregarded.  

 Our δ34Spy profiles from sedimentary pyrite in the Stockingford Shale Group, and to a lesser 

extent the Machari Formation, display differences in the variability and overall range of δ34Spy 

when compared to the Alum Shale. Pyrite in the Alum Shale (Fig. 3-BL, Gill et al., (2011)) records 

a positive excursion in δ34Spy coincident with SPICE: δ34Spy starts at a Guzhangian baseline that 

fluctuates around 0 ± 5‰, which is followed by a smooth rise in δ34S to ~ 20‰ in the Paibian and 

then a relatively steady decline into the lowermost Jiangshanian to values of ~ -10‰. This overall 

trend in δ34Spy tracks the positive excursion observed in the δ34S of seawater sulfate (Fig 1C; Gill 

et al., 2011, 2007; Peng et al., 2016) that been attributed to a perturbation in the global sulfur cycle 

caused by the enhanced burial of pyrite in marine sediments during the SPICE (Dahl et al., 2014; 

Gill et al., 2011, 2007). While the pyrite in the Stockingford Shale (Fig. 3) also broadly records an 

overall positive δ34Spy excursion with the SPICE, it notably displays considerable (10s of ‰) 

higher order variation superimposed on this stratigraphic trend. 

To understand the differences between the Alum Shale and Stockingford Shale Group 

δ34Spy records, we need to consider factors that can influence the δ34S of sedimentary pyrite. The 

sulfur in sedimentary pyrite is sourced from seawater sulfate which is reduced by microbial sulfate 

reduction (MSR) to form hydrogen sulfide. This sulfide then reacts with iron-bearing minerals or 

aqueous ferrous iron, either in the water column or sediment, to produce pyrite. MSR, and 

subsequent microbial reactions such as disproportionation, can produce sulfide that is depleted in 
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34S relative to the parent sulfate by up to ~80‰ (Detmers et al., 2001; Habicht and Canfield, 2001, 

1997; Sim et al., 2011b, 2011a).  The δ34S of sulfide, and the pyrite ultimately formed from it, can 

also be influenced by additional factors. The local sulfate and product sulfide pools can become 

more 34S enriched when the consumption of sulfate via MSR outpaces its delivery from the water 

column to zone of sulfate reduction. This causes sulfate limitation and the isotope systematics of 

sulfur pools to tend towards more Rayleigh type distillation or closed-system behavior (e.g. 

Pasquier et al., 2017). This can occur when the zone of sulfate reduction moves from the water 

column into the sediment and/or deeper into the sediment pile and can be caused by increasing 

sedimentation rates or oxygenation of the bottom waters. The oxidation of sulfide can also 

influence the δ34S of the sulfide pool, as abiotic and microbial sulfide oxidation produces oxidized 

species of sulfur that are depleted in 34S by 4 to 18‰ relative to the parent sulfide (Fry et al., 1988, 

1986, 1984; Kaplan and Rittenberg, 1964). The amount of sulfide oxidation that occurs can be 

influenced by the degree of bottom water oxygenation and also by bioturbation or other physical 

processes that rework and deliver oxidants into the sediment (e.g. Aller et al., 2010; Ries et al., 

2009). 

These differences between the smooth δ34Spy trend from the Alum Shale and the highly 

variable record of the Stockingford Shale Group can be attributed to differences in both 

sedimentation rate and water column redox conditions during the deposition of these units. 

Differences in the gross sedimentation rate of these two units is made clear by comparing the 

thicknesses of the Guzhangian and Paibian Stages: these stages in the Stockingford Shale Group 

are ten times thicker than in the Alum. These relatively higher sedimentation rates would have 

favored higher degrees sulfate limitation in the pore waters and the production of a sulfide pool 

more enriched in 34S. Further, Fe-speciation data from the Stockingford Shale Group indicate that 
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bottom water redox was also highly variable over the study interval and varied between oxic, 

ferruginous, and euxinic conditions (Fig. 3 and discussed below). This interpretation for bottom 

water redox conditions is further supported by the sedimentology of this unit, which is also highly 

variable and alternates between intervals of dark, laminated mudstones and light-colored 

mudstones that contain variable degrees of bioturbation (Taylor and Rushton, 1971). These 

fluctuating redox conditions produced a highly variable δ34Spy record through frequent changes in 

depth of the zone of MSR, which in turn dictated the extent of sulfate limitation, and also the 

intensity of sulfide oxidation through controlling the availability and delivery of oxidants. In 

contrast, the Alum was deposited under more persistently stable anoxic conditions (Gill et al., 

2011) where the zone of MSR was either located in the water column or near the sediment-water 

interface. This resulted in a much less variable δ34Spy record that more closely followed the δ34S 

of the marine sulfate reservoir.  

Despite the large stratigraphic variability in δ34S of the Stockingford Shale Group, we still 

observe an overall positive δ34S excursion that likely reflects the change in the isotopic 

composition of the marine sulfate reservoir.  Notably, over the lower Paibian we observe a distinct 

positive shift in δ34Spy, coupled with rising δ13Corg values that are followed by a decline in both 

δ13C and δ34Spy in the upper Paibian and remains paired to changes in δ13C through the lower 

Jiangshanian. This paired pattern is consistent with findings from other successions globally that 

record the SPICE and further supports the primary oceanographic nature of these signals; 

particularly—given that these trends remain conspicuous despite variability within this signal 

likely generated by local sedimentary and diagenetic processes like those discussed above.    

5.2 Redox trends during the middle to later Cambrian 
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 In addition to the new geochemical records from Avalonia and the Sino-Korean Block, as 

mentioned above, this study also considers previously published iron speciation data from Baltica 

(Gill et al., 2011), Laurentia (LeRoy and Gill, 2019; Sperling et al., 2015; SGP data), and Australia 

(Creveling et al., 2014). We use these combined datasets to compare how different environmental 

parameters influenced local redox conditions at each location with the goal of elucidating broader 

patterns about the redox structure of middle to late Cambrian oceans. Most strikingly and perhaps 

not surprisingly, when comparing the study sites relative water depth (basinal position) is the most 

important determinant of the prevailing redox environment. Specifically, our data reveal outer 

shelf and basinal environments (Fig. 5C) to have been dominantly anoxic (FeHR/FeT > 0.38), and 

inner shelf environments (Fig. 5E) were largely devoid of definitively anoxic conditions (FeHR/FeT 

< 0.38).   

Given these observations, we begin by outlining the broad similarities and differences we 

observe within and between these two groups of environments (Section 5.2.1 and 5.2.2). Next, we 

consider sampling biases that might limit the accurate characterization of global trends in oceanic 

redox structure (section 5.3). Finally, we look at the relationship between the redox trends revealed 

in our data and the broader co-evolution of the biosphere and ocean-atmosphere system during the 

late Cambrian and early Paleozoic (section 5.4).    

 

5.2.1 Outer shelf and basinal environments 

Six of the seven successions that we examined (those from Sino-Korean Block, Baltica, 

Australia, North Laurentia, and Avalonia) provide records of conditions in relatively deep-water, 

outer shelf and basinal environments. Based on the Fe-speciation data, these environments appear 



89 
 

to have been predominantly anoxic throughout the middle to later Cambrian study interval. 

Overall, these six locations record anoxic conditions in 64% (317 of 497) of samples, with 

ferruginous bottom waters significantly more common (54%, 268 samples) than euxinic (10%, 49 

samples). Definitively oxic conditions were apparently quite rare in these environments as only 

15% (75 of 497) of our samples have FeHR/FeT < 0.22 (Fig. 5C). Binning the outer shelf and basinal 

data at the stage level we find that 75% of Wuluian samples (3 of 4), 43 % of Drumian (87 of 201), 

71% of Guzhangian (48 of 68), 78% of Paibian (158 of 203), and all the Jiangshanian samples (21) 

had FeHR/FeT > 0.38 indicating anoxic water columns during deposition (Fig. 5D). Among these 

samples euxinic conditions were only a substantial portion of the anoxic sample population in the 

Guzhangian (31%) and Paibian (20%). These stages stand in contrast to the Wuluian, Drumian 

and Jiangshanian where euxinia was indicated in only three out of the 217 anoxic samples.  

While these six locations are all interpreted as outer shelf/basinal environments, they 

nonetheless each represent unique local conditions in terms of sedimentation rates, changes in local 

sea level and organic matter and sulfate availability. Each of these factors would be expected to 

have influenced the preserved geochemical signals. The most important difference we recognize 

between these sites is the stratigraphic thickness of each stage at each location, and by extension 

sedimentation rate. The Stockingford, Wheeler, Road River, and Arthur Creek successions have 

thicknesses of hundreds of meters while the equivalent intervals in the Alum and Machari are 

significantly thinner at only tens of meters or less. These differences in sedimentation would have 

affected several processes that would have had the potential to influence local redox by increasing 

or decreasing: (i) the exposure time of organic matter to oxidative degradation; (ii) the 

remobilization of nutrients from sediments, which is an important positive feedback that can 

sustain seafloor anoxia (Ingall and Jahnke, 1994); (iii) the concentration and availability of organic 
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matter and bioturbation intensity; (iv) supply of seawater sulfate into the zone of MSR within the 

sediment versus the supply of reactive iron minerals available to titrate sulfide generated by MSR, 

potentially modulating the development of euxinic conditions.  

Our iron speciation results bear out differences between the compared outer shelf and basinal 

environments that are broadly consistent with the expected influence of sedimentation rate on these 

processes. Specifically, we find that the greater stratigraphic thicknesses of the Arthur Creek and 

Wheeler formations and the Stockingford and Road River groups generally record less-reducing 

conditions (lower FeHR/FeT, FePy/FeHR), lower TOC and Spy contents relative to the equivalent 

intervals in the stratigraphically condensed Alum and Machari Formations (Table 1). In fact, with 

the exception of the Alum (and potentially the Machari for reasons outlined in Section 5.1.1) none 

of the other outer shelf and basinal environments record any prolonged interval of euxinic 

conditions.  

These differences illustrate the control that organic carbon, iron and sulfate availability exert 

in driving a system either towards ferruginous or euxinic conditions as explored in Johnston et al., 

(2010). In particular, the data compared here suggest that the balance of these controls favored 

ferruginous conditions during this interval. In many of these deeper-water environments the supply 

of organic carbon was apparently sufficient to drive iron reduction and reduced iron accumulation 

but insufficient for the generation of enough free hydrogen sulfide to accumulate in sedimentary 

pore waters and subsequently in the water column. Sulfide production would have also been 

inhibited at locations with relatively high sedimentation rates where sulfate supply to the 

sedimentary porewaters would have been limited. Moreover, estimates for the marine sulfate pool 

in the middle to later Cambrian suggest that it was much small than the modern (Brennan et al., 

2004; Gill et al., 2007), making the conditions under which sulfate limitation could occur more 
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common. Overall, this suggests that these environments were largely ferruginous as a result of 

relatively low organic matter production and availability, and to a lesser extent sulfate availability 

as dictated by sedimentation rates in a low-sulfate ocean. Under these conditions euxinia was 

limited to regions of high surface ocean productivity and relatively low sedimentation. This redox 

structure is similar to that envisioned for portions of the Neoproterozoic (Li et al., 2010) and 

suggests this redox structure persisted well into the Cambrian and perhaps beyond.    

5.2.2 Inner shelf environments 

 The iron speciation records from the only datasets available from inner-shelf environments 

presented in LeRoy and Gill (2019) differ quite markedly from the records seen in the other basins 

described above. This study documented that non-anoxic conditions (FeHR/FeT < 0.38) prevailed 

in the inner-shelf environments at three locations along the southern Laurentian margin during the 

late Cambrian (Guzhangian into Paibian Stages). In fact, definitively anoxic samples comprise 

only 8% of samples (13 of 164) from this interval (Fig. 5E), a finding in marked contrast to the 

deeper-water environments described above. However, when these data are binned at the stage 

level, differences in the percentage of anoxic samples between the Guzhangian (2%, 3 of 131) and 

the Paibian (23%, 10 of 43) become apparent (Fig. 5F). This record of increased anoxia in inner 

shelf environments during the Paibian, the stage encompassing the SPICE event, supports the 

hypothesis that reducing conditions expanded during this time generally, and that this expansion 

may have occurred largely and most impactfully in shallow-shelf environments. A deoxygenation 

of portions of the shallow continental shelves, such a suggested by these data, would have placed 

severe environmental stress on marine communities in such environments.  

5.3 Data limitations 
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 It must be noted that the temporal range represented by the seven successions we examined 

are not entirely equivalent. For example, the study of LeRoy and Gill (2019) spans only the Upper 

Guzhangian and lowest part of the Paibian rather than the entirety of either stage. This could be 

potentially problematic for attempting to identify the redox trends representative of these stages in 

southern Laurentia. Moreover, these inner shelf datasets are from three locations from the same 

ocean margin. This clearly limits our broader understanding of environmental change in inner-

shelf environments during this time. However, despite the limitations imposed by the temporal and 

geographic range of the data compilation considered here, we remain confident that valuable 

information can be extracted from the comparisons made here.  

The Fe-speciation records presented in LeRoy and Gill (2019) show remarkably little 

variability in FeHR/FeT across the Guzhangian portion of the studied stratigraphy. This feature, 

when viewed in conjunction with contemporaneous C- and S- isotope profiles which are largely 

invariant (LeRoy and Gill, 2019. Figs. 4, 5 & 6), suggests a period of relative environmental 

stability along the southern margin of Laurentia during the Guzhangian. In light of this, we feel 

these Fe-speciation data are representative of the prevailing conditions in this environment prior 

to the shift to more reducing conditions that accompanied the SPICE onset (early Paibian) at this 

location (see Fig. 5F). What remains less clear is what conditions were like over the later portions 

of the Paibian in inner shelf environments. For example, did anoxia become more or less prevalent 

or intense (euxinic?) over the course of the SPICE? Unfortunately, this important question remains 

unresolved as locally in southern Laurentia the depositional environment transitions into a thick 

shallow water carbonate sequence in the lower Paibian Stage, precluding the use of the Fe-

speciation proxy.  
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Our samples from the Machari Formation share similar temporal limitations as the Laurentian 

samples described above. The Guzhangian within the Deoksang section is represented by a very 

thin stratigraphic interval (~1 m) and a limited number of samples (5)—significantly fewer 

samples and less stratigraphic thickness compared to this interval at the other locations. 

Additionally, as with the locations in southern Laurentia, only the lowermost Paibian is recorded 

in the Machari (based on the available trilobite biostratigraphic data) whereas the entirety of this 

stage is captured in the data from Baltica (Gill et al., 2011) and Avalonia (Stockingford Shale 

Group, this study). Despite this temporal incongruence, we still remain confident that our data 

from these Stages within the Machari are representative of the prevailing conditions at the location 

during the late Cambrian—that is to say that anoxic conditions were apparently a ubiquitous 

feature of this environment at the time, despite our noted uncertainty (see section 5.1.1) about its 

character (ferruginous vs. euxinic).    

The limitations in the temporal and geographic range and resolution of the data we present 

here highlights the need for continued, detailed paleoredox investigations of Middle and Upper 

Cambrian strata. In particular, future work focused on expanding redox proxy records beyond the 

relatively well-documented SPICE interval is necessary to better understand long-term trends and 

possible secular changes to the “background” state of the Cambrian ocean outside of the numerous 

carbon cycle perturbations that, to date, have received the bulk of investigative attention.  This 

work will need to rely on a combination of new and traditional paleoredox indicators suited to both 

shales (Fe-speciation, Mo and Tl isotopes (e.g., Kendall et al., 2017; Owens, 2019)), trace metals 

(e.g., Gill et al., 2011) and in particular to carbonates (I/Ca ratios (e.g., Edwards et al., 2018), U 

isotopes (e.g., Dahl et al., 2014) as these are the dominant lithology in many successions of this 

age (see Fig. 2 in Harper et al., (2019) for a generalized facies map for this time).               
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5.4 Evolutionary implications of Cambrian redox trends 

 A great deal of research has focused on a possible co-evolutionary relationship between 

surface oxygen levels and the early diversification of complex metazoan life during the late 

Neoproterozoic through early Paleozoic (e.g., (A. et al., 2013; Chen et al., 2015; E. et al., 2007; 

Lenton et al., 2014b; Och and Shields-Zhou, 2012; Erik A. Sperling et al., 2015; Wood and Erwin, 

2018b). Despite these efforts, debate remains regarding the extent to which these changes in the 

biosphere were driven by environmental versus biological factors (Cole et al., 2020). Many studies 

suggest a direct link between increases in the oxygenation of the oceans and atmosphere and the 

evolutionary expansion of metazoans during this time (e.g. Canfield et al., 2007; Planavsky et al., 

2014). Others advocate for a more nuanced relationship between the rise in oxygen and animal 

evolution (e.g. Mills et al., 2014; Mills and Canfield, 2014; Sperling et al., 2013), specifically 

noting that oxygen changes differentially affect animal clades and ecologies. Alternatively, it has 

been argued that metazoan evolution instead drove ocean–atmosphere oxygenation (Butterfield, 

2009). The temporal range of our data record allows us to investigate the dynamics of marine 

anoxia and oxygenation in regards to this broad evolutionary backdrop during a portion of this 

critical time in the development of animal life. Furthermore, because this time interval also 

contains two significant carbon-cycle perturbations (SPICE and DICE) it provides the opportunity 

to evaluate the relationship between these events, changes in nature of the spatiotemporal redox 

structure of the oceans, and the evolution of early animal ecosystems.  

The middle Cambrian to Early Ordovician is characterized by abnormally high rates of 

turnover in marine fauna (Bambach et al., 2004; Harper et al., 2019). On the finer temporal scale, 

this turnover is manifested as a series of repeating extinction and diversification events [i.e., the 

“biomeres” as defined in Palmer (1984a)]. Turnover events are associated with the beginning of 
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the SPICE (Ahlberg et al., 2009b; Eriksson and Terfelt, 2007; Gerhardt and Gill, 2016a; Peng et 

al., 2004; Saltzman et al., 2000, 1998; Smith et al., 2020) and potentially the DICE (Sundberg, 

1994, 1991; Taylor et al., 2012; Williams et al., 2011a) though further detailed studies are needed 

to confirm this relationship for the latter.  In case of the event associated with the SPICE (and the 

subsequent events in the later Cambrian and Early Ordovician), the biological changes involve an 

extinction of diverse shallow-shelf fauna (mainly benthic trilobites and brachiopods), and their 

replacement by low-diversity faunas typically found in deeper water facies (Freeman et al., 2018; 

Palmer, 1984b, 1965; Rieboldt, 2005; Taylor, 2006). Where faunal turnover has been observed 

during these events it was apparently more severe in shallower shelf environments (Ludvigsen, 

1982; Westrop and Ludvigsen, 1987; Woods et al., 2011).  

Various mechanisms such as ocean circulation, temperature and oceanic redox have been 

explored as potential contributors to these observed faunal changes (Babcock et al., 2015; Elrick 

et al., 2011; Gill et al., 2011b; Perfetta et al., 1999; Saltzman et al., 2015; Stitt, 1975). Since our 

Fe-speciation data suggest that deep-water environments were commonly anoxic across the studied 

interval, we propose shoaling of these anoxic deep waters onto the shallow shelf either due to sea-

level rise or increased nutrient loading followed by subsequent increases in primary productivity 

and oxygen demand in deeper waters. Expansion of anoxic, and potentially in places euxinic, 

waters on to shallow shelves could act as direct extinction mechanism, but also, an indirect 

mechanism through the loss of well-oxygenated shelf area that drove increased competition for the 

remaining habitable areas. Overall, this scenario is generally consistent with known ecological 

patterns associated with this extinction and the geochemical data presented here and elsewhere 

(Dahl et al., 2014; Gill et al., 2011, 2007). Specifically, Fe-speciation data from inner shelf facies 

from the southern margin of Laurentia indicate the appearance of anoxic and some case euxinic 
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conditions (LeRoy and Gill, 2019) during and immediately after the interval that contains the 

beginning of the SPICE and extinction event in shallow shelf ecosystems there (Cuggy, 1996; 

Gerhardt and Gill, 2016b).  

Lower diversity, deeper water ecosystems, like those found in Baltica and Avalonia 

successions, experienced significantly lower turnover during this event (e.g. Woods et al., 2011). 

Morphological features of trilobites and other organisms that compose this assemblage suggest 

that they were adapted  to low oxygen conditions (Fortey, 2000, 1985; Fortey and Wilmot, 1991; 

Williams et al., 2011b) found in the oxygenated edge of the chemocline adjacent to the anoxic 

conditions found in deeper water environments. Further, as anoxic waters expanded on the shallow 

shelf, zones of poorly-oxygenated bottom waters would have expanded as well. The deeper-water 

fauna adapted to these low-oxygen conditions would then be able to colonize areas of the shelf 

covered by these environments, replacing the extirpated or extinct shallow-water benthic faunal 

assemblages that were unable to persist there due to their greater oxygen requirements. After the 

extinction event, as oxygen availability later increased in these shelf environments, the fauna there 

were able to re-diversify into available ecological niches until ultimately anoxic waters once again 

bathed the shelves and the process was repeated (Fortey, 1989; Loch et al., 1993; Palmer, 1984b).  

 Interestingly, a somewhat similar evolutionary pattern to that seen in the Cambrian has 

been observed during portions of the Mesozoic when deeper-water environments are thought to 

have been similarly deoxygenated. It has been proposed that during this time, the expansion and 

contraction of dysoxic and anoxic conditions into nearer shore environments was likely an 

important driver of evolutionary dynamics in the nearshore environment (Jacobs and Lindberg, 

1998). Specifically, they discuss the preponderance of evolutionary speciation in shallow water 

settings and the reduced rates of evolutionary novelty generated in offshore, poorly-oxygenated 
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environments during times of expanded deeper-water anoxia. Further, Wood and Erwin (2018a) 

suggest that unstable redox conditions in the early Paleozoic were not only a driver of extinction, 

but also as a critical driver of evolutionary innovation. Both views provide support to the argument 

that the unique evolutionary dynamics of the early Paleozoic were intrinsically tied to the nature 

of oceanic redox and fluctuations in its spatiotemporal structure. Thus, our data presented here 

support this view that deep water anoxia and its expansion (SPICE and DICE) and contraction on 

shallow shelves may have provided the environmental driving force for both high rates of 

extinction and origination during the middle to later Cambrian and into the Early Ordovician. Only 

once the frequency and intensity of these anoxic shoaling episodes lessened into the Ordovician 

was the stage was set for a more stable nearshore environment and increases in the oxygenation of 

deeper marine environments that eventually fostered the rapid and sustained diversification of the 

GOBE (Saltzman et al., 2015). 

6. Conclusions 

The role of marine oxygen availability in the evolution of the biosphere during the late 

Neoproterozoic and early Paleozoic has been intensively investigated, yet the details of feedbacks 

within this relationship are still emerging. In this study we explore the link between oceanic redox 

and evolutionary dynamics across the middle to later Cambrian (Drumian-Jiangshanian Ages)—a 

key interval between the rapid diversifications of the Cambrian Explosion and GOBE. We present 

two new geochemical data sets that incorporate δ13Corg, δ34Spy and Fe-speciation analyses to 

characterize redox conditions in basins from Avalonia (Stockingford Shale, U.K) and the Sino-

Korean block (Machari Formation, South Korea). Our data from these successions capture two 

important global carbon-cycle perturbations, each of which are associated (in locations elsewhere) 

with significant faunal turnover in shallow-shelf communities—the SPICE and DICE events.  
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Our data, when combined with Fe-speciation data from the SGP database from five 

additional basins with stratigraphy spanning this time interval, reveal important trends for the 

broader role played by the redox structure of the ocean in the relationship between carbon-cycle 

perturbation and faunal turnover. Deeper-water (basin and outer-shelf) environments were 

predominantly anoxic and ferruginous throughout the studied interval and show little change 

associated with either of these events. The development of euxinic (free H2S) conditions was 

uncommon both spatially and temporally. In instances where euxinia did develop, it was limited 

to areas where organic carbon and sulfate availability was high. Overall, beyond the first-order 

control of basinal position, local redox conditions were most highly influenced by sedimentation 

rates, with more highly-reducing conditions found to be generally associated with sites of lower 

sedimentation. These trends for deep water environments contrast with investigated shallower-

water environments, which were primarily oxic during this time interval. However, these shallow 

environments do shift to more-reducing conditions during the SPICE.  

The broad redox trends we document shed important light upon understanding the 

unusually high rates of faunal turnover (both rates of extinction and origination) seen across the 

later Cambrian. The repeated incursion and retreat of anoxic deep-waters onto the shallow shelf 

within a poorly-oxygenated deeper ocean would create environmental instability along shallow 

shelves. This instability produced the repeating pattern of extinction, replacement and 

diversification that has been observed during this time. While the trends in oceanic redox revealed 

by our study are consistent with these known evolutionary patterns, they remain speculative. More 

data sets from this time interval, particularly from shallow environments, are needed that directly 

pair paleontological data with redox proxy data. Additionally, as noted earlier, Fe speciation proxy 

is a fairly coarse proxy in regards to water column oxygenation as it can only potentially discern 
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the presence and absence of oxygen. However, different animal groups have range of O2 

requirements and marine communities also have non-linear responses to changing O2 levels 

(Sperling et al., 2015). Thus, more refined reconstructions of changes water column oxygenation, 

on biologically relevant scales, are also needed to more thoroughly evaluative the role that 

changing marine redox had on marine communities. Such future work on Upper Cambrian and 

Lower Ordovician strata will help to clarify our understanding of a critical phase in the secular 

evolution of Earth’s surficial environment, further illuminating the underlying causes and 

consequences of the late Cambrian “plateau” in biodiversity and how these changes set the stage 

for the rapid diversification of the GOBE.  
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9. Tables 

Table 1. Stage-level stratigraphic and geochemical features of the seven Cambrian successions 

compared in this study. All geochemical data represent mean values (± 1σ) of a given parameter 

for each stage by location. Total iron (FeT), total organic carbon (TOC) and pyrite sulfur (Spy) are 

all reported as wt.%. Stratigraphic thicknesses marked with an * indicate the stages where the full 

thickness was not measured or known at that location. Note that the thickness for the Stockingford 

Shale Group represented here are true stratigraphic thickness. 
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Stage 
Thickness 

(m) FeHR/FeT FePy/FeHR FeT TOC Spy δ34Spyr 
Alum 

Drumian 6 0.75 ± 0.08 0.67 ± 0.06 4.4 4.6 2.2 0.1 
Guzhangian 10 0.94 ± 0.08 0.77 ± 0.09 4.9 7.9 4.1 2.8 

Paibian 10 0.82 ± 0.12 0.83 ± 0.05 5.8 12 4.5 7.7 
Jiangshanian        

Arthur Creek 
Drumian 150 0.46 ± 0.14 0.47 ± 0.15 1.61 0.41 0.45  

Guzhangian        
Paibian        

Jiangshanian        
Conasauga 

Drumian        
Guzhangian 100 0.22 ± 0.07 0.22 ± 0.08 2.99 0.15 0.16 3.3 

Paibian 30a 0.29 ± 0.16 0.29 ± 0.17 2.43 0.2 0.3 37.9 
Jiangshanian        

Machari 
Drumian 2 0.62 ± 0.21 0.23 ± 0.16 1 1.7 0.12 10.6 

Guzhangian 1 0.70 ± 0.18 0.11 ± 0.05 0.57 2.7 0.14 14.8 
Paibian 4a 0.51 ± 0.15 0.23 ± 0.19 1.16 2.7 0.11 30.1 

Jiangshanian        
Road River 

Drumian        
Guzhangian 60a 0.73 ± 0.16 0.30 ± 0.13 1.1 1.4 0.3  

Paibian 70 0.64 ± 0.15 0.30 ± 0.19 1.4 2.1 0.4  
Jiangshanian 14a 0.49 ± 0.05 0.18 ± 0.05 1 1.8 0.1  

Stockingford 
Drumian 23       

Guzhangian 125 0.43 ± 0.22 0.44 ± 0.23 5.4 1.4 1.3 12.5 
Paibian 103 0.57 ± 0.27 0.47 ± 0.20 5.4 1.5 2.1 14 

Jiangshanian 14a 0.71± 0.15 0.45 ± 0.12 5 1.7 1.8 -1.8 
Wheeler 

Drumian 300 0.31 ± 0.17 0.03 ± 0.04 3.2 0.2 0.02 23 
Guzhangian        

Paibian        
Jiangshanian        

a indicate that the full thickness was not measured or known at that location  



123 
 

10. Figures 

 

Figure 1.  Contextual details of the Cambrian time interval explored in this study. (A) The 

Sepkoski curve of overall familial diversity through the Paleozoic Era subdivided by marine 

evolutionary faunas: Cambrian (dark green), Paleozoic (light green) and Modern (blue). Modified 

from Servais et al., (2010) after Sheehan (1996). Note the temporal range of the study interval 

(orange shaded box in A & B) lies between the rapid diversifications of the Cambrian Explosion 

(CE) and the Great Ordovician Biodiversification Event (GOBE). These stages are depicted in 

detail in panel C. (B) Estimates of Paleozoic atmospheric oxygen concentration (pO2) derived from 

modeling approaches and available proxy data modified from Lu et al., (2018). Estimates are 

shown relative to present atmospheric level [(PAL) 20.9 % O2 by volume]. GEOCARBSULF and 

COPSE model results are from Berner, (2006) and Lenton et al., (2018), respectively. Charcoal 

proxy record from Glasspool and Scott, (2010). (C) Generalized stage-level chrono-, bio-, and 
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chemostratigraphic features of the investigated Cambrian interval at the four locations used in this 

study.  Age estimates for stage boundaries are based on the 2019 International Commission on 

Stratigraphy International Chronostratigraphic Chart (v2019/05). See Section 2 of the main text 

for references and further information.  

  

Figure 2. Paleogeographic reconstruction of the Late Cambrian Earth modified from Cocks and 

Torsvik (2016). The localities with new data presented in this study are indicated by black stars: 

Avalonia (abbreviated AV; central England) and Sino-Korean Block (abbreviated SKB; Sino-

Korean Block). Localities included in the compilation with previously published data are indicated 

by white stars: Baltica [southern Sweden, Gill et al., (2011)]; Southern Laurentia [Ohio and 

Kentucky, USA, LeRoy and Gill (2019)]; Northern Laurentia (Yukon, Canada, SGP database]; 

and Northern Gondwana (abbreviated AUS; Northern Territory, Australia; Creveling et al., 

(2014)).   
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Figure 3. Stratigraphic column and geochemical data for the Stockingford Shale Group 

(Nuneaton, U.K). The displayed stratigraphy is a composite section incorporating two boreholes 

(Merevale-1 and -3) and an outcrop locality (Oldbury Quarry). Note that the thickness for the 

borehole portion of the composite section represented here is not true stratigraphic thickness 

because the boreholes were not drilled perpendicular to strike [see Woods et al. (2011) for 

additional details]. Stratigraphic information, TOC (light green squares), and δ13Corg (light gray 

circles), are from Woods et al., (2011) and references therein. New δ13Corg and TOC data (this 

study) are displayed as black circles and dark green squares respectively. Gray shaded boxes 

denote the SPICE interval and the red shaded boxes indicate the stratigraphic level of igneous 
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intrusions. Note that the base of the Oldbury Quarry section is also intruded by an igneous sill that 

is not depicted here. In the FePy/FeHR plot black dots indicate anoxic samples, pink dots are 

potentially anoxic and blue dots depict definitively oxic samples based upon FeHR/FeT ratios. For 

interpretation of the colors used in this figure the reader is referred to the web version of this article. 

 

Figure 4. Stratigraphic details and geochemical data for the Deoksang section of the Machari 

Formation (South Korea). Gray shaded boxes indicate the stratigraphic level of the DICE and 

SPICE isotope excursions respectively. Note, only the beginning of the SPICE excursion is 

represented in this section; the section is terminated by a fault at the top. See Choi et al., (2016) 

and references therein for further details about this stratigraphic section. As in Figure 3 black dots 

in the FePy/FeHR plot indicate anoxic samples, pink dots are potentially anoxic and blue dots depict 

oxic samples based on FeHR/FeT ratios. For interpretation of the colors used in this figure the reader 

is referred to the web version of this article. 
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Figure 5. Combined iron speciation results from Avalonia, Sino-Korea Block (both this study), 

Baltica (Gill et al., 2011), Laurentia (LeRoy and Gill, 2019; Sperling et al., 2015; SGP data) and 

Australia (Creveling et al., 2014). The proportion of samples indicating oxic (blue), possibly 

anoxic (purple), and anoxic (red-ferruginous; black-euxinic) conditions are displayed as totals (pie 

charts) and binned by geologic stage (bar charts in lower panels). Numbering within charts 

indicates the number of samples comprising each respective category. Panels A & B show results 

for all samples combined, C & D show the subset from outer shelf and basinal environments, and 

E & F show the subset from inner shelf environments. Box and whisker plots in each middle panel 

display the interquartile range (Q2-Q3, box), median (solid line within boxes) and 1.5 times the 

interquartile range (whiskers) for FeHR/FeT (black boxes) and FePy/FeHR (white boxes) data binned 

by stage. Shading in these plots corresponds to the redox interpretation color scheme used 

throughout this figure. The reader is referred to section 3.3 for the FeHR/FeT and FePy/FeHR 

threshold values used for all redox interpretation assignments.  
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11. Supplementary material 

Table S1: Data table of new geochemical analyses from the Machari and Stockingford Shale 

Group sections. S1.xlsx (see associated excel files) 

Table S2: Data table of all geochemical data used from SGP database for discussion of Cambrian 

redox trends. S2.xlsx (see associated excel files) 

Figure S3 

 
Figure S3: Machari Formation FePy/FeHR data replotted assuming the scenario where all Fe 

partitioned into the Feox pool was originally present as pyrite (FePy) which was subsequently 

oxidized during weathering. See Section 4.2.3 of the main text for details. Note this recalculation 

produces samples that indicate euxinic conditions were present during the DICE and SPICE 

intervals and contrasts with the persistently ferruginous conditions suggested by the unmanipulated 

data. 
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Abstract 

The thallium stable isotopic composition (ε205Tl) of organic-rich mudrocks has emerged as 

a new proxy for tracking marine redox changes at the global scale. Its utility derives from the 

central role that redox-sensitive Mn-oxides play in determining the ε205Tl of seawater and that the 

current interpretive framework of the Tl isotope proxy are informed by our understanding of the 

dynamics and spatial occurrence of Mn-oxides in the modern ocean.  Here we explore the behavior 

of this isotope system under the different set of oceanographic conditions intrinsic to the early 

Paleozoic by investigating a putative interval of expanded marine deoxygenation, the Cambrian 
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SPICE event (Steptoean Positive Carbon Isotope Excursion). We present ε205Tl records from two 

previously-studied organic-rich shale successions from the paleocontinents of Baltica and 

Avalonia that contain the SPICE interval: The Alum Shale and Stockingford Shale Group of 

Sweden and the U.K, respectively. While both locations show broadly similar ε205Tl patterns to 

each other and to the responses seen in other more recent events where the oceans deoxygenated, 

the differences we report serve as important clues about the fundamentally different ways 

manganese may have been cycled in Cambrian and earlier oceans. In particular we note that Mn-

oxide sedimentation was likely largely localized in shallow environments unlike the deep ocean 

where it occurs today and that this recognition may require reevaluation of assumptions of thallium 

cycling that are based on modern oceanographic conditions. Critically, this more nuanced view 

has broad implications for not only the interpretation of thallium isotope data, but also for other 

isotopic systems influenced by Mn-oxide cycling across a range of studies in deep time before the 

oxygenation of oceans reached the levels seen today.   

 

1. Introduction 

The stratigraphic record contains ample evidence that intervals of expanding and intensifying 

oceanic deoxygenation on a variety of timescales were a relatively common occurrence throughout 

Earth history (Bond et al., 2013; Clarkson et al., 2015; Jenkyns, 2010; Wignall, 2001; Wignall and 

Twitchett, 1996; Zhang et al., 2020). Importantly, these episodes also appear to have dramatically 

affected Earth’s chemical budgets and exerted significant influence upon the course of biological 

evolution (Bartlett et al., 2018; Kidder and Worsley, 2010; Ozaki and Tajika, 2013). Due to these 

critical effects, an important ongoing research aim is to better understand the magnitude, timing 

and controls of these events. This effort remains challenging for the study of relatively ancient 
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events (pre-Late Jurassic), as the vast majority of the sedimentary archives of these intervals have 

since been lost through subduction and other tectonic processes. Fortunately, there are a host of 

geochemical proxy records which suggest that the ancient record does contain examples of putative 

deoxygenation events—even absent the direct sedimentary evidence (e.g., widespread, coeval 

black shales) needed to confirm this view (Bond et al., 2013; Clarkson et al., 2016; Cui et al., 2021; 

Benjamin C Gill et al., 2011; Meyer et al., 2008; Thompson and Kah, 2012; Zhang et al., 2020). 

This recognition underscores the importance of leveraging geochemical proxies capable of 

providing information about global oceanographic conditions in the face of limited sedimentary 

archives.   

Fortunately, a relatively new approach that uses the thallium stable isotopic composition 

(ε205Tl) of organic-rich mudrocks to track changes the global extent of marine anoxia through time, 

is being developed to confront this challenge. Recent work using this proxy to investigate two 

Mesozoic Oceanic Anoxic Events (OAEs), which occurred during the Toarcian Stage of the 

Jurassic (T-OAE, ~182 Ma) and near the Cenomanian-Turonian Stage boundary in the Cretaceous 

(OAE-2, ~ 94 Ma), reveal a similar pattern of systematic changes to the thallium isotope 

composition of seawater during each event (Ostrander et al., 2017; Them et al., 2018). Building 

upon these studies Bowman et al., (2019) report similar thallium isotopic trends across the much 

older Lau Event of the Silurian (late Ludlow Stage, ~ 425 Ma) and Newby et al., (2021) recently 

report the End-Permian Mass Extinction interval records a similar pattern although with a small 

negative ε205 shift prior to the event. Figure 1 provides a summary of the key features shared by 

these events as revealed through these and other prior geochemical and biological investigations.  

In light of these similar geochemical trends, we targeted another putative marine anoxic event, the 

SPICE (Steptoean Positive Carbon Isotope Excursion) of the late Cambrian (Paibian Stage, ~ 499 
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Ma), to explore whether the isotopic composition of thallium in seawater was affected in a similar 

fashion as shown by these studies. Whether the SPICE is fundamentally different in its causes and 

consequences from these potentially similar events remains an open question with important 

implications for understanding the evolution of Earth’s surficial environments and complex animal 

life during the early Paleozoic. 

1.1 The SPICE event   

A large volume of data from numerous studies has revealed the SPICE as a global 

oceanographic event during which significant perturbations of the carbon, sulfur, uranium, 

molybdenum cycles occurred (Dahl et al., 2014; Benjamin C Gill et al., 2011; Gill et al., 2021; 

LeRoy et al., 2021; LeRoy and Gill, 2019; Saltzman et al., 1998, 2000). Furthermore, the initiation 

of these changes appears to have been temporally coupled with marine extinctions across several 

paleocontinents (Gerhardt and Gill, 2016; Saltzman et al., 2000)—raising the possibility of a 

common causal linkage between these features. The event spans the Paibian International Stage 

(~499-497 Ma) of the late Cambrian Furongian Series and is known from successions of this 

geologic age worldwide (Fig. 2). The SPICE itself is recorded as paired positive shifts in the 

isotopic composition of carbon- and sulfur-bearing materials (e.g., carbonate, organic matter, 

pyrite and sulfate) (Ahlberg et al., 2009a; Benjamin C Gill et al., 2011; Peng et al., 2016; Saltzman 

et al., 2011; Woods et al., 2011) These isotopic trends have been attributed to the progressive 

enrichment of the δ13C and δ34S of dissolved inorganic carbon and sulfate within the oceanic 

reservoir reflecting the removal of large quantities of 12C and 32S from seawater through increased 

burial of organic carbon and sulfur bearing species (Dahl et al., 2014; Benjamin C Gill et al., 2011; 

Saltzman et al., 2000). 



134 
 

While some debate persists regarding the nuances of the relationship between the 

extinctions and geochemical proxy records of the SPICE (Egenhoff et al., 2015; Schiffbauer et al., 

2017; Wotte and Strauss, 2015), the most parsimonious explanation for the co-occurrence of these 

various features is that it likely reflects an expansion of anoxic bottom waters during the event 

(Benjamin C. Gill et al., 2011; Saltzman et al., 2000). This view is further strengthened by several 

complimentary studies which also document the expansion of reducing conditions in U isotopes 

(Dahl et al., 2014), in Mo isotopes and redox-sensitive trace metals (Gill et al., 2021), compilations 

of Fe-speciation data (LeRoy et al., 2021) and sedimentary Hg enrichments (Pruss et al., 2019). 

Such an expansion of reducing conditions, as suggested by these studies, would have served to 

enhance the burial efficiency of organic matter and pyrite while simultaneously reducing the 

habitable seafloor area available to benthic metazoans—environmental changes consistent with 

the observed isotopic and biological patterns of the event. However, testing this hypothesis remains 

challenging as most paleoredox proxies are limited in their capacity to detect changes in the 

oxygenation of the ocean at the global scale, and are typically better suited for determining local 

to basin-scale redox conditions at the time of deposition (e.g., Fe speciation, trace metal 

enrichment patterns, etc.). Furthermore, most of these proxies are not sensitive enough to reveal 

smaller changes in deoxygenation that are likely important environmental drivers of the biological 

and ecological trends of the SPICE and similar oceanographic events throughout Earth history 

[e.g., (Erik A. Sperling et al., 2015)].Given these noted limitations, efforts have been underway to 

develop new approaches capable of assessing more subtle changes in local and global marine 

redox. 
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1.2 Thallium stable isotopes as a paleo-redox proxy  

Recent work exploring less-traditionally used isotope systems (e.g., U, V, Tl) as tools for 

reconstructing ancient marine redox conditions have demonstrated potential to address some of 

the above shortcomings more effectively. Importantly, it has been observed that the ratio of the 

stable isotopes of thallium (205Tl/203Tl) recorded and preserved in organic-rich sediments provide 

a faithful record of the thallium isotopic composition of seawater (ε205TlSW) in modern anoxic 

environments (Owens et al., 2017). This understanding coupled with the observation that the 

205Tl/203Tl ratio of seawater is significantly influenced by redox-sensitive manganese-oxides 

(further details provided below), creates an opportunity for organic-rich mudstones in the geologic 

record to serve as an archive of information about the prevalence of Mn-oxide sedimentation 

through time and by extension changes to the global extent of marine (de)oxygenation.  

Numerous studies of the contemporary geochemical cycle of thallium have established 

important constraints on the sources and sinks of thallium in modern seawater (see Owens (2019) 

and references therein for an overview). Several key features, outlined below, make the proxy 

well-suited for reconstructing ancient marine redox conditions. First, all the major inputs of 

thallium to seawater are isotopically similar to crustal/mantle values, exhibiting an isotopic 

composition around -2 ε205Tl (see supplementary material for definition of epsilon notation). 

Furthermore, thallium in seawater is isotopically homogenous in unrestricted marine settings due 

to a sufficiently long residence time (~18 kyr) relative to oceanic mixing (~1.2 kyr) and its lack of 

utilization in biological processes (limited bioaccumulation may occur in certain cases, however) 

(Nielsen et al., 2009; Owens et al., 2017; Rehkämper and Nielsen, 2004). A notable exception to 

this isotopic homogeneity is seen in the modern Black Sea, a restricted marine environment where 

Tl isotopic compositions distinct from the open ocean are observed.  This different ε205Tl signature 



136 
 

of the Black Sea is attributed to the local riverine input influencing the dissolved thallium budget 

in the basin (Owens et al., 2017), and thereby highlights the need to consider the possibility of 

hydrographic restriction of the basin when interpreting thallium isotopic data in the appropriate 

depositional and stratigraphic context. 

 The removal of thallium from seawater is principally controlled by two output fluxes that 

have distinct isotope compositions: low-T alteration of oceanic crust (AOC) preferentially removes 

the light isotope, 203Tl, and adsorption onto authigenic Mn-oxide precipitates preferentially 

removes the heavy isotope, 205Tl (Nielsen et al., 2017; Owens et al., 2017). Perhaps most critically 

for investigating global marine redox, the precipitation and preservation (burial) of Mn-oxides 

requires oxygenated conditions at the seafloor as these phases undergo rapid dissolution when 

exposed to even mildly reducing conditions. Due to this, the scavenging and sequestration of 

thallium from seawater by Mn-oxides only occurs where oxygenated conditions are present at the 

sediment/water interface (SWI). As a result of this redox sensitivity, an expansion of anoxic 

seafloor area is expected to reduce the magnitude of the Mn-oxide sink, lessening the removal of 

205Tl from seawater, and leading to an isotopic enrichment of the residual oceanic reservoir.   

Beyond scavenging by Mn-oxide precipitates, the magnitude and composition of the other 

fluxes of thallium to and from seawater are thought to be relatively constant over the short 

timescales relevant to the expansion of oceanic anoxia (millions of years and fewer) (Owens, 

2019). Therefore, changes in the magnitude of the Mn-oxide removal flux are thought to be the 

main influence the ε205TlSW over similarly short timescales. Given these constraints, a large-scale 

expansion of reducing conditions at the seafloor would be expected to be recorded as a shift to less 

negative ε205TlSW values — as the amount of seafloor area conducive to Mn-oxide formation and 

burial (oxygenated SWIs) decreases. If the SPICE event is associated with the expansion of anoxic 
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bottom waters, this should be recorded as a shift towards less negative ε205Tl during the event. This 

study aims to test this expectation by exploring the thallium isotope chemostratigraphy across the 

event at two locations where the SPICE has been previously documented.  

2. Geologic Setting 

During the late Cambrian the paleocontinents of Baltica and Avalonia were located in the 

southern hemisphere, arranged along the eastern and southern margins of the Iapetus Ocean (Fig. 

2). In Baltica, the stratigraphic interval which includes the SPICE can be found in the Alum Shale 

Formation of southern Scandinavia (Ahlberg et al., 2009b). In Avalonia the time-equivalent late 

Cambrian interval can be found within the Stockingford Shale Group of the Nuneaton district of 

central England (Woods et al., 2011). Despite these successions predominantly being composed 

of organic-rich mudrocks, deposition of these units occurred under different environmental 

conditions that potentially influenced if and how primary changes in marine Tl isotopes were 

recorded at each site. Key aspects of these conditions are outlined below to provide context for our 

Tl isotope data and with the ultimate goal of disentangling global oceanographic trends from local 

environmental effects and diagenesis.     

2.1 The Alum Shale of southern Sweden  

For this study we investigated samples of the Alum Shale from the Andarum-3 drill core 

recovered from the Scania region of southern Sweden. This drill core has been previously 

examined in several studies (Ahlberg et al., 2009; Gill et al., 2011; Gill et al., 2021) that provide 

important geochemical and biostratigraphic context for the present work. The deposition of the 

Alum Shale is interpreted to have occurred in the deeper portions of the Baltoscandian Basin, 

which was hydrographically connected to the adjacent Iapetus Ocean (Ahlberg et al., 2009; 

Sturesson et al., 2005). Environmental conditions appear to have remained relatively constant over 
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several million years, from the middle Cambrian through early Ordovician, and produced a 

regionally-extensive succession of organic-rich mudrocks across much of southern Scandinavia 

during this time (Nielsen and Schovsbo, 2015, 2006; Schulz et al., 2021; Zhao et al., 2022). Studies 

delineating local water column redox conditions have revealed the Alum was deposited under 

persistent anoxia that transitioned from dominantly ferruginous to euxinic conditions near the 

Guzhangian-Paibian Stage boundary—the same stratigraphic level where the initiation of the 

SPICE is traditionally thought to occur (Benjamin C Gill et al., 2011; Gill et al., 2021; LeRoy et 

al., 2021). Molybdenum and uranium enrichment patterns that suggest particulate shuttling by Mn-

oxides was not occurring in this portion of the Baltoscandian Basin (see Fig. 4 in Gill et al., 2021), 

also suggesting the Alum is well-suited to provide a faithful archive of Tl isotope composition of 

seawater.  

2.2 The Stockingford Shale Group of central England      

For this study we investigated a composite section of the Stockingford Group that is composed 

of two drill cores (Marevale-1 & 3) and a quarry exposure (Oldbury Quarry) from the Nuneaton 

district of central England. Prior work on this succession (LeRoy et al., 2021; Rushton, 1983, 1978; 

Woods et al., 2011) provides a similar biostratigraphic and geochemical framework as for the 

Alum facilitating a detailed comparison of the thallium isotope records between each site.   

In contrast to the depositional environment of the Alum Shale, the Stockingford Shale Group 

records an environment with higher overall sedimentation rates during the same portion of the late 

Cambrian. Because of this, the SPICE in this succession is significantly thicker relative to the 

Alum Shale, with the excursion occurring over approximately 100 meters as opposed to just 10s 

of meters (see Figs. 3 & 4 for comparison). This relatively higher rate of sedimentation should be 

considered when interpreting the geochemical proxy records found in the Stockingford Shale 
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Group as numerous geochemical processes can be affected by clastic dilution. This can lead to 

more closed-system behavior of sedimentary porewaters by increasing the distance over which 

diffusive processes occur lessening the connectivity of these porewaters with seawater.  

Another key difference between the Stockingford Shale Group and Alum Shale mudrocks is 

the character of the local depositional redox environment as revealed through previous iron 

speciation investigations (Benjamin C Gill et al., 2011; Gill et al., 2021; LeRoy et al., 2021). 

Unlike the Alum Shale, which records persistent anoxia within the water column, the Stockingford 

Shale Group represents an environment of considerable redox variability—recording fluctuations 

between oxic and anoxic conditions throughout (LeRoy et al., 2021). Despite this variability, the 

most common redox conditions recorded in the Stockingford Shale Group were anoxic, and 

ferruginous with only sparse, episodic development of euxinia (LeRoy et al., 2021). Perhaps most 

importantly when viewed together, the higher rates of sedimentation (proximity to clastic supply) 

and greater degree of redox variability (more influence of oxygenated surficial waters) seen in the 

Stockingford Shale suggest a more shoreward position within its depositional basin compared to 

the more distal interpretation favored for the of the Alum Shale. Ultimately these differences in 

depositional environment have key implications for the interpretation of our thallium isotope data, 

and therefore are explored in greater detail in Section 5.1.    

3. Methods         

3.1 Materials and sampling 

As mentioned above, this study leverages several previous efforts (Ahlberg et al., 2009b; 

Benjamin C Gill et al., 2011; Gill et al., 2021; LeRoy et al., 2021; Woods et al., 2011) as a 

framework for investigating the thallium isotope chemostratigraphy of the SPICE event. Within 

this context, we performed a new series of thallium isotopic analyses (ε205Tl) on splits of the bulk 
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sample powders used for these studies. Because these available samples and our subsequent 

analyses span a time interval that precedes and includes the SPICE, we were able to investigate 

changes in thallium isotopes over both the Guzhangian and Paibian Stages, allowing us to both 

make inferences about the prevailing background state of the later Cambrian oceans and place the 

potential redox changes related to the SPICE within this broader temporal context. 

3.2 Thallium isolation and isotopic analysis  

Thallium was extracted from bulk sediment samples in the geochemistry laboratory at the 

National High Magnetic Field Laboratory (NHMFL) at Florida State University (FSU) using the 

chemical extraction and purification protocol used by Nielsen et al. (2009). Briefly this procedure 

liberates the thallium associated with authigenic mineral phases using 2 M nitric acid (HNO3) and 

produces an aqueous solution containing the chemical constituents originally bound in these 

phases while leaving silicate phases undisturbed (to ensure any thallium within these phases is 

removed before further analysis). The supernatant liquid is then decanted and treated with aqua 

regia (concentrated HNO3:HCl) and concentrated hydrogen peroxide (H2O2) to breakdown any 

residual organic matter within the leachate. Thallium in the leachate is then isolated using the 

cation exchange column chromatography technique of Nielsen et al., (2009). Once isolated, 

thallium concentrations and the chemical purity (sufficient removal of Pb) of the leachates were 

analyzed by inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent Quadrupole 

in the geochemistry department at the NHMFL at FSU.  Samples that passed this screening 

procedure and were deemed suitable for thallium isotopic analyses were then analyzed on a 

Thermo Scientific Neptune multi-collector inductively coupled plasma mass spectrometer (MC-

ICP-MS) also housed at the NHMFL. The efficiency of the chemical extraction and purification 

techniques and instrumental accuracy and precision were monitored by replicate analyses of USGS 
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shale reference SCO-1. These analyses recorded this reference standard at ε205Tl = -3.2 ± 0.2 (n=3).   

  

4. Results 

4.1 Alum Shale Thallium Isotope Chemostratigraphy 

Figure 3 displays our thallium isotope (ε205Tl) data for the Alum Shale. These data are 

displayed within the stratigraphic and geochemical context provided by the previous carbon 

isotope (δ13Corg) and iron speciation (FeHR/FeT and FePy/FeHR) data reported by the studies of 

Ahlberg et al., (2009b) and Gill et al. (2011) respectively. The numerical values for all new 

thallium data can be found in supplementary table S1. Thallium isotopes display a range of ~ 4 ε 

units, (between -6 and -2 ε205Tl) over the investigated stratigraphy with the least negative values 

encountered at the top of the core within the Parabolina spinulosa zone (upper Paibian/lower 

Jiangshanian), an interval that occurs just after the end of the SPICE as defined in Ahlberg et al., 

(2009b). The lowest portion of the Alum sampled here spans the Ptychagnostus atavus through 

the Lejopyge laevigata trilobite biozones (upper Drumian through lower Guzhangian) and record 

values that vary between roughly -4 and -3 ε205Tl. Above this, within the Agnostus pisiformis zone 

(upper Guzhangian) values decrease towards -6 ε205Tl before beginning a protracted positive shift 

to values above -4 ε205Tl across the interval just prior to and during the initial phase of the SPICE 

(spanning the Guzhangian/Paibian Stage boundary) as it is defined in Ahlberg et al. (2009b) and 

Gill et al. (2011). Above this, within the Olenus & Agnostus obesus zone ε205Tl values remain 

relatively constant around -4 through the rising limb and peak δ13C values of the SPICE. Following 

this, within the falling limb the CIE, ε205Tl values show three positive shifts ranging between 

roughly -4 and -2 which span the remaining portion of the Paibian Stage (Olenus & Agnostus 

obesus zones). 
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4.2 Stockingford Shale Group Thallium Isotope Chemostratigraphy 

 The results of our thallium isotope analyses for the Stockingford Shale Group are presented 

in Figure 4. The numerical values for all new thallium data can be found in supplementary table 

S1. For these analyses, we measured the ε205Tl on a subset of samples of the Stockingford that 

were used for the iron speciation study of LeRoy et al. (2021). From these, we selected 52 samples 

deemed suitable for thallium isotope analysis using the following criteria: anoxic depositional 

conditions (FeHR/FeT > 0.38); TOC content above 1 wt.%; and a sufficiently high proportion of the 

reactive iron pool present in pyrite (i.e., FePy/FeHR ratios above 0.5, with the highest ratios 

preferentially selected). Overall, our samples record a range of ~5 ε-units spanning from -5 to 0 

ε205Tl. Our data from the lower portion of the Marevale-3 core within the Lejopyge laevigata 

trilobite biozone (lower Guzhangian Stage) record ε205Tl values between ~ -4 and -3 (Fig. 3). 

Above this, in the upper portions of the Agnostus pisifomis trilobite biozone (upper Guzhangian 

Stage), ε205Tl steadily shifts to more negative values decreasing from -2 to ~ -5 in the interval just 

preceding the initiation of the SPICE (as defined in Woods et al. (2011)). This decreasing ε205Tl 

trend is then reversed across the Olenus gibbousus trilobite zone (lowermost Paibian Stage) with 

values becoming progressively less negative quickly rising from -5 to -1. Importantly, this 

stratigraphic interval where ε205Tl increases also includes the positive shift in carbon isotopes that 

marks the initiation of the SPICE.  In the uppermost portion of the Marevale-3 core, which spans 

the Olenus truncatus through the Olenus wahlenbergi trilobite zones and falls within the rising 

limb of the SPICE, ε205Tl remains fairly constant with values around -1.5. Above this, within the 

Oldbury Quarry portion of the stratigraphy, values steadily decrease from an initial value of 0 to 

around -2 ε205Tl up section. The top of the stratigraphy we studied is found in the Marevale-1 core, 

which includes the Olenus cataractes through the Parabolina spinulosa trilobite zones (Paibian 
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through lower Jiangshanian Stages). Through this core ε205Tl values range between roughly 0 and 

-3 with most samples recording values fluctuating around -1.5. Within this broad framework, three 

separate small positive shifts of around 2 ε-units can be discerned. Two of these occur within the 

falling limb of the SPICE (Olenus cataractes Zone) and a third occurs within the Parabolina 

spinulosa trilobite zone in an interval identified as “excursion 2” by Woods et al. (2011) based on 

a second, smaller, post-SPICE carbon isotope excursion they observed.  

 

5. Discussion 

5.1 Local redox during the deposition of the Stockingford Shale Group and Alum Shale  

Iron speciation data from the Stockingford Shale Group reported by LeRoy et al., (2021) 

reveal two important differences between the local redox conditions in Avalonia and those 

documented by Gill et al. (2011; 2021) for the Alum Shale of Baltica. (1) Seafloor conditions were 

predominantly anoxic but significant fluctuations in redox occurred throughout the deposition of 

the Stockingford Shale Group, and (2) conditions were anoxic and ferruginous with only sparse, 

episodic intervals of euxinia. These features contrast with the persistently anoxic and dominantly 

euxinic conditions recorded throughout most of the Alum Shale (Fig. 3). While these differences 

in local redox environment could potentially affect the preserved thallium isotope signatures we 

document here, we are confident that our sample selection (see section 4.1) ensure a faithful record 

of the thallium isotopic composition of seawater was recorded and preserved within the sediments 

we examined. This view is further bolstered by comparing our ε205Tl results from the Stockingford 

samples when grouped into ferruginous (FePy/FeHR < 0.6) and euxinic (FePy/FeHR > 0.6) 

populations. If these different redox settings, and particularly the less strongly-reducing conditions 

represented by the Stockingford samples, affected the thallium isotope compositions in a 
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systematic manner we might expect to see consistently offset ε205Tl values and perhaps differences 

in Tl concentrations associated with ferruginous samples as compared to the euxinic samples. This 

is not the case however, as can be seen in supplemental figure 1 (Fig. S1), which reveals no 

significant difference between the ε205Tl of samples whether designated euxinic or ferruginous. 

Furthermore, these results are consistent with previous work that revealed sediments deposited 

under ferruginous conditions in the modern Santa Barbara Basin faithfully record the ε205Tl of the 

overlying water mass (Fan et al., 2020), and these same considerations led Ostrander et al., (2020) 

to reason ferruginous samples used in that study also likely tracked seawater ε205Tl. We are 

therefore confident that the ferruginous sediments we analyzed in this study have also faithfully 

captured seawater ε205Tl.  

The variable redox conditions recorded throughout the Stockingford Shale Group presents 

another potential complication that could have influenced the thallium isotope data. It is possible 

that Tl initially sequestered on Mn-oxides during oxic intervals could be later remobilized by 

reductive dissolution of these particles within anoxic porewaters of the sediment pile. This 

remobilized Tl could then be later incorporated into adjacent intervals latter deposited under anoxic 

conditions, mixing with Tl directly derived from seawater ultimately shifting the ε205Tl of these 

sediments to more 205Tl enriched compositions. To explore this possibility, we examined our 

results in regards to the proximity of each sample to the nearest intervals of oxic deposition that 

could serve as source beds for remobilized diagenetic fluids (Fig. S2). If these underlying beds 

were a source of remobilized thallium, we would expect a negative correlation in the plot shown 

in Fig. S2, as samples with closer proximity to oxic beds would be expected to be associated with 

more positive ε205Tl values.  This analysis showed no discernable relationship between the reported 

ε205Tl values and the proximity of underlying intervals of oxic sedimentation (r2= 0.041), and thus 
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we are confident that this process has not significantly affected our thallium isotope data. Due to 

these considerations, we are comfortable in the interpretation that our data reflect primary changes 

in the thallium isotopic composition of the seawater (ε205TlSW) and are not an artifact of later 

diagenetic processes. 

Despite the above arguments in favor of the potential of the Alum Shale and Stockingford 

Shale Group mudrocks to record ε205TlSW, these records do show notable differences in the 

absolute value and magnitude of changes in ε205Tl, despite displaying similar overall trajectories 

during the rising and falling limb of the SPICE. In the next section we explore potential causes for 

these isotopic differences and attempt to reconcile what underlying environmental processes could 

simultaneously generate each record.  

5.2 Thallium isotopic record of the SPICE 

Overall, our thallium isotope data suggest that the thallium cycle in the Cambrian oceans 

was characterized by a smaller proportion of Mn-oxide burial relative to the modern ocean. 

Evidence for this difference is seen in ε205Tl values across the pre-SPICE, Guzhangian interval 

that fall around -4 at each location (Figs 3 & 4)—values less negative than the -6 ε205Tl 

characteristic of the oceans of today. While these values could reflect potential differences in the 

magnitude or composition of any of the fluxes of thallium to or from seawater, a host of proxy 

data and modeling studies support the notion of a less-oxygenated marine environment at this time 

(Cole et al., 2020; Benjamin C Gill et al., 2011; Gill et al., 2021; LeRoy et al., 2021; Lu et al., 

2018; Saltzman et al., 2015; Erik A Sperling et al., 2015) . Therefore, it is reasonable to expect 

that the magnitude of the Mn-oxide burial flux would also be smaller, as a consequence of this 

oxygenation state, resulting in a less negative ε205Tl seawater composition.  
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These less-oxygenated Cambrian oceans also appear to have fostered a situation where the 

expanded anoxia associated with the SPICE affected the ε205Tl of seawater in systematic, but 

unique ways as compared to later anoxic episodes such as OAE-2 (Ostrander et al., 2017), the T-

OAE (Them et al., 2018) and Lau Event (Bowman et al., 2019). Generally, during these anoxic 

episodes ε205Tl shifted towards less negative values just prior to the associated positive carbon 

isotope excursions (CIE) and remained less negative relative to the pre-event baseline after the 

CIE maxima and (inferred) peak of enhanced carbon burial (see Fig.1 for an illustration of this 

general relationship).  Our thallium isotope data (Figs. 3 and 4), while broadly consistent with the 

pattern described above, do display important differences. As observed in these other OAEs, our 

data reveal ε205Tl shifts towards less negative values during the SPICE (CIE), likely reflecting the 

expansion of reducing conditions and decline of the Mn-oxide sink. However, both SPICE records 

also display a negative excursion in ε205Tl that occurs near the onset of the CIE and that is not 

observed in these other more recent records. This excursion occurs within the Agnostus pisifomis 

trilobite zone at each location (Guzhangian Stage), however, its magnitude and relative 

stratigraphic level within the biozone differs between the sites. The shift in the Stockingford Group 

spans nearly 3 ε units, decreasing from -2 to -5 ε205Tl over the upper quarter of the Agnostus 

pisifomis zone (20 m).  In contrast the negative shift in the Alum Shale is only ~ 1.5 ε units (-3.9 

to -5.4 ε205Tl) and occurs instead over the lower portion of the Agnostus pisifomis biozone (3 m).  

Whether these apparent differences in timing are an artifact of the available biostratigraphic 

resolution, differences in sediment accumulation across the biozone, or reflect a real temporal 

offset in the isotope records between the two sections remains an open question. However, given 

the short residence time and conservative distribution of thallium in the modern ocean, along with 

the position of the ε205Tl shifts relative to the carbon isotope profiles, it’s likely that these changes 
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were relatively synchronous between the two sections. It is also plausible that the trilobite zonation 

may be somewhat imprecise due to the nature of recovering biostratigraphically useful fossil 

material from cores and the inherent issues relating the placement of zonal boundaries in the 

stratigraphic record. Additionally, it bears mentioning that the Alum Shale includes a unique and 

somewhat enigmatic biozone, the Phosphatocopine facies. This zone (Fig. 3) which spans the 

uppermost 2 m of Guzhangian stratigraphy below the FAD of the agnostid Glyptagnostus 

reticulatus (Ahlberg et al., 2009) — the organism which defines the base of the Paibian Stage —

is characterized by the absence of calcareous fossil material and numerous phosphatized remains 

of organisms of varied affinity (Eriksson and Terfelt, 2007). Due to the lack of agnostids and 

trilobites in this zone, uncertainty remains in correlating this interval within the global scheme and 

it may actually represent the earliest portion of the Paibian Stage within the Alum rather than the 

latest Guzhangian as is currently demarcated in Fig. 3. Further work refining the age of this biozone 

may help reduce this uncertainty and resolve the potential discrepancy we observe between the 

shifts in our ε205Tl data between the Alum and Stockingford Shale Group.  

While the above considerations bolster the view that the ε205Tl responses we record were 

likely coeval at each location, there are still important differences between each record that require 

further consideration. Most notably, the prominent difference in the magnitude and absolute values 

of the shifts in ε205Tl between the sites during the SPICE onset requires a model that can explain 

these data in conjunction with the initial negative excursions in ε205Tl. Importantly, these 

anomalous isotopic responses shared by and specific to these SPICE records, may reflect key 

differences between the Cambrian oceans and the more familiar dynamics of Tl cycling in the 

modern oceans which largely inform and underpin current models of marine thallium isotope 

behavior. In the following section we specifically explore how the main site of Mn-oxide 
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generation in the oceans may have differed during the Cambrian and how this may have generated 

the unique features of the thallium records we present here. 

5.3 The locus of manganese-oxide burial during the early Paleozoic        

The shift towards more negative ε205Tl values at both of our study sites during the latest 

Guzhangian Stage (Figs. 3 & 4) likely records an increase in the removal of 205Tl from seawater 

and suggests an increased manganese-oxide burial flux just prior to the SPICE. This observation 

presents two likely scenarios: either there was an increase in the areal extent of oxygenated bottom 

waters and an attendant increase in the Mn-oxide sink or there was an increase in the supply of 

manganese to already oxygenated waters that increased the rate of Mn-oxide generation. The first 

possibility implies a significant increase in oceanic ventilation which seems unlikely given the 

available body of proxy data largely suggest the opposite scenario: An expansion of reducing 

environments near the SPICE initiation.  Given these constraints, the later possibility bears further 

exploration and we therefore will consider mechanisms that could have supplied increased 

amounts of dissolved manganese (Mn2+) to oxygenated waters and thus fostered the enhanced 

generation of Mn-oxides. 

There are several features unique to Cambrian oceans—relative to the modern and late 

Paleozoic-Mesozoic oceans—that may have may have facilitated such a process. Recent estimates, 

based upon modelling and available proxy data, bracket the likely range of Cambrian pO2 levels 

between 10-40% PAL (Present Atmospheric Level) (Krause et al., 2018; Erik A Sperling et al., 

2015). At these lower levels of atmospheric oxygen, modeling efforts indicate that the deeper 

ocean would have been less well-oxygenated and potentially even fully anoxic (Canfield, 1998; 

Stolper and Keller, 2018). Critically, this is a view that is increasingly in line with the growing 

body of geochemical proxy data from this interval (Dahl et al. 2009; LeRoy et al. 2021; Sperling 
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et al. 2021). Most relevant to the present discussion, in a less oxygenated ocean the precipitation 

of Mn-oxides would be limited in, or entirely precluded from, broad areas of the deep ocean floor 

where they predominately occur today. As a consequence of this oceanic redox structure, poorly-

oxygenated deeper water masses would also likely contain appreciable concentrations of dissolved 

manganese (and iron) from reducing hydrothermal and benthic fluids. Given this scenario, it is 

likely that shallow shelf environments served as a more important locus of Mn-oxide precipitation 

and burial—in contrast to the deeper environments where the bulk of Mn-oxide-rich sediments 

form and are buried today (Hein and Koschinsky, 2014). If this were the case, this shallower locus 

of Mn-oxide formation would be influenced by oceanographic processes that impacted the areal 

extent of oxygenated seafloor along the margins of the continents such as changes in sea-level, 

circulation, or primary productivity.  

To illustrate this difference Figure 5 shows a schematic illustration of how the dynamics 

of Mn-oxide sedimentation (and the Tl isotope composition of seawater) are expected to be 

affected by rising sea-level and expanding anoxic bottom waters under two separate oceanographic 

scenarios. The first scenario, depicted in column A, shows these dynamics in a fully ventilated 

ocean, like the modern, within a region akin to an oxygen minimum zone (OMZ) where highly 

productive surface waters lead to depletion of dissolved O2 at depth. Likewise, column B 

represents an alternative scenario where lower atmospheric pO2 renders the deep oceans largely 

oxygen deficient and consequently Mn-oxides only precipitate in shallow, oxygenated waters. In 

each scenario the initial expansion of reducing conditions across the shelves would dissolve and 

mobilize previously buried Mn-oxides enriched in 205Tl. The scenarios differ significantly, 

however in the overall supply of dissolved Mn made available to form new Mn-oxides as anoxia 

expands shoreward. Importantly, in scenario A there is no net increase in the transfer of Mn to 
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oxygenated waters, while in scenario B a larger pool of Mn, from poorly-oxygenated deep waters, 

is available to be transferred to shallow, oxygenated waters where new Mn-oxides could rapidly 

form. This is an especially important consideration given the observation that Mn-oxides formed 

in shallow shelf regions of the modern ocean, such as the Baltic Sea, precipitate and grow much 

more rapidly (up to 20 mm/ky), by several orders of magnitude,  than those formed in deep sea (1-

5 mm/My) (Hlawatsch et al., 2002; Koschinsky and Hein, 2017). It is therefore reasonable to 

expect that in Cambrian oceans, rapid, shallow-water Mn-oxide formation could occur extensively 

during interactions between Mn-rich anoxic water masses and the oxygenated surface waters 

during changes in circulation, upwelling, or sea-level rise.  

These new Mn-oxides formed near the redox front of anoxic waters expanding shoreward 

would then provide a new local sink for 205Tl and foster the development of an isotopically-

depleted local water mass (ε205Tl of -6 in the wedge in B). This process would serve to shift the 

ε205Tl of nearby anoxic, authigenic sediments to more negative values during the initial expansion 

of anoxia shoreward, a result which contrasts with the shift to more positive values the same 

expansion induces in the well-ventilated ocean of scenario A. This initial negative shift is 

eventually supplanted by steadily increasing ε205Tl values as anoxia engulfs areas of the shelf and 

Mn-oxides are increasingly precluded from formation and/or burial. As reducing conditions begin 

to retreat this dynamic would be reversed and the shallow shelf areas would serve as an important 

sink for 205Tl as Mn-oxide sedimentation is reestablished. In this scenario it is easy to envision 

how expansion and contraction of reducing conditions could rapidly alter the ε205Tl of the local 

water mass which would ultimately be recorded as directional shifts in the ε205Tl of authigenic, 

anoxic sediments deposited nearby within the basin. Furthermore, in bears mentioning that 

scenario B would also be very sensitive to relatively small changes in sea-level, water mass 
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restriction and ocean circulation especially given the higher sea levels and large areas covered by 

epicontinental seas in the Cambrian. Again, it is important to note this local heterogeneity is an 

expected outcome of relatively higher levels of dissolved Mn in scenario B. In scenario A, the 

well-ventilated ocean simply cannot supply enough Mn to shallow environments to significantly 

alter the ε205Tl of the local water masses and in fact, as reducing conditions retreat, there may be a 

significant hiatus before Mn-oxide sedimentation is able to recur in these environments. These 

different scenarios help illustrate how the Tl isotopic response to similar forcings can be manifest 

uniquely, depending upon the overall oxygenation state of the ocean-atmosphere system. Due to 

these considerations, we propose scenario B—where the major locus of Mn-oxide formation and 

burial is dominantly in shallow waters provides the best explanation that encompasses the trends 

and variability we record in our ε205Tl data while remaining consistent with the lager 

biogeochemical features of the SPICE and later Cambrian oceans more broadly.  

5.4 Disentangling local and global ε205Tl signals 

This model for a Tl cycle dominated by shallow water Mn-oxide generation (Fig. 5; 

Column B) also provides a reasonable mechanism to explain the differences we record in the 

absolute values and magnitudes of the changes in ε205Tl between each site. Importantly, this 

framework predicts locations nearer the interface between anoxic and oxygenated waters to display 

the wider ranges of values and stronger shifts in ε205Tl as the local water mass rapidly evolves in 

composition due to vigorous, nearby Mn-oxide generation. As these evolved nearshore waters mix 

with the open ocean compositions of the distal waters a gradient of ε205Tl would be established 

across the basin. Consequently, a more distal location within the anoxic wedge would, at this same 

time, record the directional shifts in ε205Tl that result from changes near the redox front but these 

would be muted in magnitude and shifted towards less positive values.  This scenario helps cast 
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this key difference we observe between our records from the Alum Shale and Stockingford Shale 

Group mudrocks, as ultimately produced by the same shoreward expansion of anoxia. In this view 

the differences between the ε205Tl records generated at each site are the predicted result of the 

relative basinal position of each rather than the effect of isolated local processes.  

Reexamining our results in this context is particularly illuminating for reconciling the 

discrepancies we see both between our two SPICE records and between the SPICE records and 

the records of the more recent episodes of deoxygenation in the oceans explored using ε205Tl. In 

particular we view the Alum Shale record as likely more representative of the global ε205Tl signal 

across the SPICE, while the Stockingford Shale Group provides an example of a ε205Tl record with 

a strong local component that ultimately illuminates the local processes influencing the global 

trends and, perhaps most importantly, that these differences result from the relative basinal position 

of each location. Our view that the Alum represents open ocean conditions and that the 

Stockingford records a more nearshore environment is supported by several lines of sedimentary 

and geochemical evidence. The first order difference in stratigraphic thicknesses between the sites 

suggest that the Stockingford Shale Group was deposited nearer the source of clastic sediment 

supply and additionally the redox variability, revealed through iron speciation work (LeRoy et al., 

2021) suggests an environment with a fluctuating redox gradient. Conversely, the Alum Shale 

records consistently anoxic conditions throughout (Benjamin C Gill et al., 2011), and it displays 

trace metal enrichment patterns (Gill et al., 2021) and neodymium isotope record from the 

Baltoscandian Basin (Sturesson et al., 2005) indicates the basin was hydrographically open to the 

adjacent Iatpeus Ocean. This view also comports nicely with the recognition that shallower water 

environments were most impacted by the environmental changes associated with the SPICE. This 

is exactly what is suggested by our Tl isotope data where the expansion of reducing conditions 
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impacts the isotopic response recorded closer (Stockingford Shale Group) to these deoxygenating 

shallow environments much more strongly than the distal locations (Alum Shale) where the 

response becomes considerably muted. This scenario is entirely consistent with the well-supported 

view that the extinctions and Tl isotope excursion associated with the SPICE resulted from the 

shoaling of anoxic waters on the margins of continents without apparently significantly 

deoxygenating the global ocean as evidenced by the muted ε205Tl shifts recorded in the Alum. This 

further illustrates how susceptible shallow marine environments during the earliest Paleozoic were 

to deoxygenation by relatively small oceanographic changes capable of inducing widespread 

oxygen-deficient conditions in these shelf regions. 

More generally, our results highlight the need to re-evaluate some of the assumptions of Tl 

isotope behavior particularly for studies focused on deeper-time when lower-oxygen conditions 

prevailed within the oceans. Based on the arguments laid out above these studies would benefit 

from more nuanced interpretations that account for the different ways that manganese was cycled 

and most importantly where these sediments typically are formed and buried under such 

conditions. To aid this effort more knowledge about the kinetics and Tl isotope fractionations 

associated with shallow water Mn-oxide precipitation and dissolution is likely needed as the 

remaining uncertainties around these processes are an obstacle to more accurate interpretation of 

thallium data from ancient archives. Furthermore, insights gained about manganese cycling in 

lower-oxygen oceans would be widely applicable to refining our understanding of how other 

isotope systems, such as molybdenum, may have operated differently under these conditions.  As 

more knowledge is gained in these areas it may be necessary to revisit the some of the assumptions 

about what Tl isotope data (and likely Mo) can reveal about global versus local oceanographic 
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process in ancient oxygen-deficient oceans where vigorous Mn-oxide cycling was localized in 

shallow marine environments.  

 

6. Conclusions 

 We investigated changes in the thallium isotopic composition (ε205Tl) of organic mudrocks 

deposited before and during the Cambrian SPICE event at locations from the paleocontinents of 

Baltica (Alum Shale of Sweden) and Avalonia (Stockingford Shale Group of England). The 

average ε205Tl values we record prior to the SPICE, which range between about -4 and -3, are less 

negative than the modern ocean value of -6. This result suggests that the magnitude of the Mn-

oxide burial flux was smaller during the Cambrian relative to the modern— a result consistent with 

previous work and the emerging consensus view that the oceans at this time were less oxygenated 

as compared to today.  This less-ventilated ocean also appears to have had a significant impact on 

the dynamics of Mn-oxide cycling in ways that resulted in the early Paleozoic Tl cycle operating 

very differently than in the modern oceans. We report several unique features in our ε205Tl records 

relative to the canonical view of how Tl behaves in response to marine deoxygenation, that are 

best understood in light of these potential differences in early Paleozoic oceanic redox structure. 

Somewhat surprisingly, we document an initial shift towards more negative ε205Tl values prior to 

the SPICE (upper Guzhangian Stage) at both of our study locations, a change which we attribute 

to an enhanced rate of Mn-oxide generation and burial during this time. Additionally, we report 

differences in the absolute values and magnitude of the shifts in ε205Tl between each site. We argue 

that both this negative shift prior to the typical positive shift documented in numerous Tl isotope 

studies of deoxygenation episodes, and the differences in absolute values and magnitudes between 

our two locations, reflects a primary difference in the locus of Mn-oxide production and burial in 
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the early Paleozoic versus the modern oceans. In the Cambrian, Mn-oxides were likely 

predominantly formed in shallow water environments unlike the modern oceans where these 

sediments largely form in the deep sea. This recognition also highlights the potential need to revisit 

assumptions for the behavior of other isotope systems—such as Mo—that interface with Mn-

oxides and may be likewise affected by similar oceanographic dynamics. Given that less-

oxygenated oceans have prevailed throughout most of Earth history, this model has wide 

applicability for better understanding Tl and Mn cycling in relation to oceanic redox changes 

across a broad swath of Earth history.  
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8. Figures  

 

Figure 1. Schematic depiction of the general geochemical and biological features of past intervals 

of oceanic anoxia explored using thallium isotopes (ε205Tl). The underlying environmental changes 

associated with this expanding anoxia appear to affect the isotopic composition of carbon (δ13C), 

sulfur (δ34S), molybdenum (δ98Mo) and thallium (ε205Tl) in seawater in a systemic, predictable 

pattern. Beyond these isotopic responses, these events also affect the seawater inventory of redox 

sensitive trace metals [TM] that are sequestered by and highly concentrated within reducing 

sediments. Shown below each proxy is its dominant controlling environmental process and the 

expected forcing direction induced by expanding anoxia (red arrows). In particular, ε205Tl rapidly 
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track changes in the dynamics of Mn-oxide sedimentation driven by changes to the extent of 

oxygenated seafloor area. These initial changes revealed by ε205Tl, consistently precede the anoxia-

fostered enhanced carbon and sulfur burial which drives δ13C and δ34S to heavier values over the 

course of the events. Typically, it also appears that the intervals of highest extinction intensity are 

concentrated at these horizons where positive shifts in ε205Tl indicates reducing conditions expand 

most rapidly.  

 

Figure 2. Late Cambrian paleogeographic reconstruction (after Blakey and Wong (2003) and 

Blakey (2008)) depicting the global distribution of locations where the SPICE event has been 

documented. The localities where we investigated thallium isotopes for the present study are 

indicated by the position of the black stars in Avalonia (Stockingford Shale Group) and Baltica 

(Alum Shale).  
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Figure 3. Stratigraphic and geochemical profiles for the Alum Shale in the Andarum-3 core from 

Scania Sweden.  Carbon isotopic and biostratigraphic data are from Ahlberg et al., (2009), and 

iron speciation data are from Gill et al. (2011). ε205Tl from the present study and are displayed 

with 2σ error bars. The gray shaded boxes depict the SPICE interval as identified in Ahlberg et al. 

(2009) and Gill et al. (2011). 
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Figure 4. Stratigraphic and geochemical profiles for the units of the Stockingford Shale Group 

from the Marevale -1&3 cores and Oldbury Quarry Section investigated in this study. The thallium 

isotope data are from this study, while the carbon isotopic and biostratigraphic data are from 

Woods et al., (2011) and iron speciation data is from LeRoy et al., (2021). ε205Tl are displayed 

with 2σ error bars. The gray shaded boxes depict the SPICE interval as identified in Woods et al. 

(2011). The red shaded boxes illustrate the stratigraphic position of igneous sills that intruded 

during the Ordovician.  Blue circles on the FePy/FeHR plot correspond to oxic samples with purple 

indicating possibly anoxic and red for anoxic as indicated by FeHR/FeT ratios.  



160 
 

 

 

Figure 5.  Generic basin profiles depicting two scenarios for the impact of expanding anoxia on 

manganese-oxide sedimentation—and by proxy Tl isotopes—under different oceanic redox 

regimes. Column A represents conditions in a well-ventilated ocean where deep waters are fully 

oxygenated and serve as a significant locus of Mn-oxide sedimentation as is the case in the oceans 

today. Likewise, column B represents an alternative scenario where lower atmospheric pO2 renders 

the deep oceans largely anoxic and consequently Mn-oxides only precipitate in shallow waters 

where atmospheric oxygen penetrates sufficiently. In each scenario the initial expansion of 

reducing conditions across the shelves would dissolve and mobilize previously buried Mn-oxides 

and the fractionated Tl sequestered with these sediments. The scenarios differ significantly, 
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however in the overall supply of dissolved Mn they make available to form new Mn-oxides as 

anoxia expands shoreward. Importantly, in scenario A there is no net increase in the transfer of 

Mn to oxygenated waters, while in scenario B a very large pool of Mn, from poorly-oxygenated 

deep waters, is available to be transferred to shallow, oxygenated waters where new Mn-oxides 

could rapidly form. These new Mn-oxides would then provide a new local sink for 205Tl and foster 

development of an isotopically-depleted local water mass (ε205Tl of -6 in the wedge in B). This 

process would serve to shift the ε205Tl of nearby anoxic, authigenic sediments to more negative 

values during the initial expansion of anoxia shoreward, a result which contrasts with the shift to 

more positive values the same expansion induces in the well-ventilated ocean of scenario A. This 

initial negative shift is eventually supplanted by steadily increasing ε205Tl values as anoxia engulfs 

the shelf and Mn-oxides are increasingly precluded from formation. As reducing conditions begin 

to retreat this dynamic would be reversed and the shallow shelf areas would serve as an important 

sink for 205Tl as Mn-oxide sedimentation is reestablished. In this scenario it is easy to envision 

how expansion and contraction of reducing conditions could rapidly alter the ε205Tl of the local 

water mass which would ultimately be recorded as directional shifts in the ε205Tl of authigenic, 

anoxic sediments deposited nearby within the basin. Furthermore, in bears mentioning that 

scenario B would also be very sensitive to small changes in sea-level, water mass restriction and 

ocean circulation. Again, it is important to note this local heterogeneity is an expected outcome of 

high levels of dissolved Mn presumed by oceanographic scenario B. In scenario A, the well-

ventilated ocean simply cannot supply enough Mn to shallow environments to alter the ε205Tl of 

the local water mass to a significant degree and in fact, as reducing conditions retreat, there may 

be a significant hiatus before Mn-oxide sedimentation is able to recur in these environments. These 

different scenarios help illustrate how the thallium isotopic response to similar forcings can be 
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manifest uniquely, depending upon the oxygenation state of the ocean-atmosphere system. Due to 

these considerations, we propose scenario B—where Mn-oxide sediments are formed dominantly 

in shallow waters— as providing the best explanation that encompasses the trends and variability 

we record in our ε205Tl data while remaining consistent lager biogeochemical features of the SPICE 

and later Cambrian oceans more broadly.  
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10. Supplementary materials 

We report all Tl isotope values in epsilon notation relative to NIST 997 Tl metal: 

𝜀𝜀205𝑇𝑇𝑇𝑇 = �
𝑇𝑇𝑇𝑇205 203⁄

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑇𝑇205 203⁄
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 997

𝑇𝑇𝑇𝑇205 203⁄
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 997

� × 10,000 

Table S1: Data table of thallium isotopic analyses of the Alum Shale and Stockingford Group 

Shale. Table S1.xlxs (see associated excel file) 

Figure S2. Stockingford Shale Group ε205Tl data grouped and compared based upon ferruginous 

versus euxinic deposition 
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Figure S3. Stockingford Shale group ε205Tl data plotted as a function of distance above nearest 

bed of oxic deposition. We plotted our Tl isotope data as a function of the distances to the nearest 

underlying interval of oxic deposition. This was used to test weather anoxic sediments may have 

served as a source of remobilized Tl that could have been incorporated into the overlying anoxic 

sediments we analyzed for ε205Tl. If this were the case we expect to see the greatest effects when 

our samples were in closest proximity to oxic layers. In particular these samples are expected to 

have the heaviest isotopic compositions. However, this relationship was not demonstrated in our 

samples and therefore we are confident this potential process did not affect our samples. 
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