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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
Sedlmemflr}_' redox Great Ordovician Biodiversification Event (GOBE). The oceans during this time are generally thought to have
Iron speciation . . . .
DICE been less oxygenated than later in the Phanerozoic, yet knowledge of oceanic redox structure and the influence
SPICE 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 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 outlines of this trajectory have come into increasingly sharper focus in
recent years, important details within this understanding remain un-
certain. There is a long-standing hypothesis that oxygen levels increased

significantly during two major pulses prior to the Phanerozoic Eon

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

* Corresponding author.

(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
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second rise in oxygenation are the precise timing of when oxygen rose in
the atmosphere, when the deeper portions of the oceans were subse-
quently oxygenated, whether these were unidirectional or more dy-
namic with time, and whether these changes were sufficient or necessary
to drive contemporaneous biological evolution (Cole et al., 2020). Evi-
dence 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; Sperling et al., 2015a). More recently it has been
suggested that persistent oxygenation of the deeper oceans may have
been decoupled from atmospheric oxygenation and delayed until much
later (i.e., during the Mesozoic), despite earlier rises in atmospheric pOy
(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 ex-
tinctions 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 com-
positions of carbon (613C) and sulfur (6348) in marine sediments, in
particular, are thought to faithfully record global seawater trends, and
are used to inform modeling approaches (e.g., GEOCARBSULF, COPSE)
that leverage our understanding of the relationships between the
biogeochemical cycles of carbon, sulfur and oxygen over geologic
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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 concentra-
tions 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 pOs
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 availability (redox structure) and conse-
quently 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 dy-
namics 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., 2016,
2017; Dahl et al., 2019; Feng et al., 2014; Hammarlund et al., 2017; He
etal., 2019; Jin et al., 2016, 2017; Li et al., 2017; Och et al., 2013, 2016;
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Fig. 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 (pO3)
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%
O, 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 chemostratigraphic features of the investigated Cambrian interval of 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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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 have primarily focused on recon-
structing and modeling the marine carbon and sulfur isotope records
(Gill et al., 2007, 2011; 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 the potential links between it and changes in the biosphere
during this time.

Studies of marine redox in the earlier Cambrian 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
proxy to reconstruct local redox conditions within several geographi-
cally widespread sedimentary basins during the middle to later
Cambrian (Wuliuan to Jiangshanian International Stages). Furthermore,
these study locations 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 Excur-
sion) 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; Pages et al., 2016; Pages
and Schmid, 2016; Zhu et al., 2004). It also occurred during a trans-
gressive event in Laurentia and Australia (Howley and Jiang, 2010;
Pages 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., 2019) or the transgression of
deeper waters with '2C-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 during the DICE in
Australia (Pages et al., 2016), but whether this change is more wide-
spread 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 (8'3C and 8°*S) in strata of this age worldwide
(Fig. 1C; Ahlberg et al., 2009; Gill et al., 2011; Li et al., 2018; Ng et al.,
2014; Peng et al., 2016; Pruss et al., 2019; Pulsipher et al., 2021;
Saltzman et al., 2000; Woods et al., 2011; Wotte and Strauss, 2015). The
records of these excursions exhibt regional differences in magnitude and
absolute values that may reflect regional differences in ocean chemistry,
uncomformities, and/or diagenetic alteration. (Gill et al., 2011; Schiff-
bauer et al., 2017; Pulsipher et al., 2021). 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.,
1998; Saltzman et al., 2000; 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 rise in atmospheric oxygen related to organic
carbon and pyrite burial across the event (Saltzman et al., 2011).
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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 Ex-
plosion 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 led workers to pro-
pose that extreme and highly variable environmental conditions (e.g.,
recurring expansions of oceanic anoxia, high atmospheric pCO,, surface
oceans with lower calcite and aragonite saturation, and greenhouse
climate) may have been a characteristic feature of this interval (Edwards
et al., 2018; Gill et al., 2011; McKenzie et al., 2014; Pruss et al., 2010;
Saltzman et al., 2015) and perhaps even an important long-term driver
of evolutionary novelty and innovation through increased diversifica-
tion following extinctions (Wood and Erwin, 2018).

In light of these considerations, this contribution aims to directly
characterize redox conditions in different regions of the middle to later
Cambrian ocean to better understand the relationship between envi-
ronmental conditions and evolutionary change during this time. In order
to reconstruct local water column redox conditions, we present new
geochemical datasets, which include iron speciation, organic carbon
isotopes and contents, and pyrite sulfur isotopes, from two middle to
upper Cambrian sedimentary successions. These data are analyzed along
with previously published geochemical datasets from five other coeval
sedimentary successions deposited in basins with a wide geographic
distribution. This comparison allows us to more broadly assess the dis-
tribution of different water column redox conditions in inner and outer
shelf environments and basinal environments through the middle to
later Cambrian. We then go on to use this data compilation to explore
the potential relationships between this redox structure and its variation
through time to the carbon cycle perturbations and biological events
during the middle to later Cambrian. Notably, our study differs from the
previous studies of this time interval because they focus primarily on
interpreting redox during specific intervals in the middle to later
Cambrian (specifically the DICE and SPICE). Our study also relies on a
large compilation of iron speciation data (a proxy for local water column
redox conditions), while other studies rely on reconstructing global scale
changes in redox based on the marine carbon, sulfur, and uranium
isotope records (Dahl et al., 2014; Gill et al., 2007, 2011; Hough et al.,
2006; Hurtgen et al., 2009; Li et al., 2018; Peng et al., 2016).

2. Geologic context
2.1. Study locations

For this study we examine geochemical data from seven middle
through upper Cambrian sedimentary succession from the paleo-
continents 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,
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Sweden) of Baltica (Gill et al., 2011); the Drumian Wheeler Shale (Utah,
U.S.A) of northern Laurentia (Sperling et al., 2015b); the Drumian
Arthur Creek Formation (Northern Territory, Australia) of northern
Gondwana (Creveling et al., 2014); the Guzhangian-Paibian Nolichucky
and Eau Claire Formations (Ohio and Kentucky, U.S.A) of southern
Laurentia (LeRoy and Gill, 2019). Iron speciation data from Guzhangian-
Jiangshanian Road River Group (Yukon, Canada) of northern Laurentia
(Strauss et al., 2020) were obtained from the database of the Sedimen-
tary 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 re-
ported, 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 in-
tervals 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 mudstones to fluctuating redox
conditions at the seafloor and its effect on bioturbation and the preser-
vation 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 strati-
graphic 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 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 (Wuliuan through Jiangshanian In-
ternational Stages) (Hong, 2014; Hong and Choi, 2015). Despite the
considerable time interval represented by this formation (~15 Myrs) it is

Palaeogeography, Palaeoclimatology, Palaeoecology 566 (2021) 110209

Fig. 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). Local-
ities 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 (Utah, U.S.A.;
Sperling et al. 2015b) and Yukon, Canada; SGP database]; and
Northern Gondwana (abbreviated AUS; Northern Territory,
Australia; Creveling et al. (2014)).

highly condensed with a total stratigraphic thickness that is only around
10m at the Deoksang locality we investigated for this study—an indi-
cation 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 Stock-
ingford 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 biostratig-
raphy (Rushton, 1978, 1983 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 successions 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 Shale (Ahlberg et al., 2009),
Stockingford Shale Group (Woods et al., 2011), Conasauga Group
(Gerhardt and Gill, 2016; LeRoy and Gill, 2019), and Road River Group
(Strauss et al., 2020), as well as the DICE in the Alum Shale (Ahlberg
et al., 2009), Arthur Creek Formation (Pages 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
Fig. 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 m when possible
through most of the stratigraphy), marked with respect to original
depths in feet, converted to meters, and plotted against the composite
stratigraphic section of Woods et al. (2011) (Fig. 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 Fig. 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.
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Fig. 3. Stratigraphic column and geochemical data for the Stockingford Shale Group (Nuneaton, U.K). The displayed stratigraphy is a composite section incorpo-
rating 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 dip (see Woods et al., 2011 for additional details).
Stratigraphic information, TOC (light green squares), and 613COrg (light gray circles), are from Woods et al. (2011) and references therein. New 613C0rg 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 intrusions. Note that the base of the Oldbury Quarry section is also intruded by an igneous sill that is not depicted here. In the Fep,/Feur
plot black dots indicate anoxic samples, pink dots are potentially anoxic and blue dots depict definitively oxic samples based upon Feyr/Fer ratios. For interpretation
of the colors used in this figure the reader is referred to the web version of this article. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

We measured §2*S 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 (part of the Stockingford Shale Group). 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 5%S of pyrite and iron speciation, as well as
613C0[g and TOC contents. In all for this study, 199 samples were
analyzed for iron speciation, 137 for the 534S of pyrite, and 33 for 613C0rg
and TOC contents.

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-m 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, dis-
aggregated 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 613C53rb, 613C0rg, TOC, 6345, and iron speciation using the
techniques described below.

3.1.1. Total organic carbon contents and carbon isotopic compositions
To determine the total organic carbon content (TOC) and isotopic

composition (613C0rg) 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 HCI for a minimum of
24h and until no further CO, was evolved from the sample. The
remaining insoluble residues were then neutralized with doubly deion-
ized 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%o; CH-7 = —32.151%o; Elemental Microanal-
ysis wheat flour = —27.21%0) and elemental standards (acetanilide,
wheat flour) for calibration to the VPDB scale and to monitor in-run and
inter-run precision. The standard deviation (10) of the isotopic stan-
dards was <+0.1%o. The TOC of each sample was determined using the
integrated area of the CO, 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 their known compositions.
TOC values were corrected using the ratio of the masses of the decar-
bonated sample to the bulk powder to account for the mass lost during
decarbonation.
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3.1.2. 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 HyS gas was passed through a basic solution of zinc
acetate and precipitated as zinc sulfide (ZnS) which was later converted
to silver sulfide (Ag»S). The Ag,S 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 Ag,S and the original pyrite
(FeSy) contents of the sample. The dried and weighed precipitate was
homogenized using an agate mortar and pestle.

Between 0.350 and 0.450 mg of homogenized Ag,S 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%0; IAEA S-2 = 22.7%0; IAEA S-3 = —32.3%o) 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%o (10) over all analytical runs.

3.2. Iron speciation paleo-redox proxy

Iron speciation analysis has become a common tool for character-
izing water-column redox conditions during the deposition of fine-
grained siliciclastic sediments throughout the geologic record (Can-
field et al., 2008; Jin et al., 2016; Sperling et al., 2015b). 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, 1998). 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 (2005): iron in carbonate phases (Fecab); iron
in ferric (oxy)hydroxide phases (Fepy); and iron contained in magnetite
(Femag). Following the extractions, the concentration of iron in the so-
lutions 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 (Fepg)
content of a given sample such that Fepr = 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 h. These ashed powders were
then homogenized, weighed and placed in sealed Savilex vials with
concentrated HCl (12 M), and heated on a hot plate set at 145°C for
48 h. 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 differ-
ences less than 5%.

Studies of modern and well-characterized ancient environments
have established that Feyg/Fer 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
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iron speciation proxy, only refers to the presence of oxygen in the water
column and not its absolute concentration. Modern sediments deposited
under bottom water classified as oxic by their oxygen content (>80 uM
0O,) and dysoxic/dysaerobic (5 to 80 uM O3) display similar ranges of
Feyr/Fer (Raiswell et al., 2018; Raiswell and Canfield, 1998). Therefore,
these important and biologically relevant differences in bottom water
oxygen content (Sperling et al., 2015a) cannot be resolved by the iron
speciation proxy. In this study, we will refer to samples with Feyg/
Fer < 0.22 as oxic, but with the acknowledgement that these samples
likely encompass a range of bottom water oxygen contents. Samples
with Feyg/Fer 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
Feygr/Fer 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 H,S in the water column) or ferruginous (anoxic but lacking
water-column H»S) 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/Feyr > 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 (Mérz
et al., 2008; Poulton and Canfield, 2011).

The Fe speciation proxy and its interpretive threshold values were
originally developed and calibrated using fine-grained siliciclastic sed-
iments 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 majority
samples considered here come from fine-grained, siliciclastic lithologies,
some samples from the Machari Formation have relatively high car-
bonate 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

Fig. 3 displays our new Fe speciation, carbon (TOC and 613C0rg) and
sulfur (5%*Spy) results and the previously reported data (TOC and
613Corg) of Woods et al. (2011) for the rocks of the Stockingford Shale
Group in north-central England (Nuneaton, U.K). This composite strat-
igraphic 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 Fig. 3 can be found in the Supple-
mentary Material in Table S1.

4.1.1. Bulk organic carbon isotope stratigraphy

Our new 613C0rg data build upon the carbon isotope stratigraphy of
Woods et al. (2011) by extending the record through the rest the Out-
woods Shale and underlying Mancetter Grits and Abbey Grits/Shales.
These new carbon isotopic measurements extend the chemostrati-
graphic 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 uncon-
formable based upon available biostratigraphic data (Rushton, 1978,
1983). Carbon isotope values (613C0rg) in this portion of the stratigraphy



M.A. LeRoy et al.

decrease across the Lejopyge laevigata zone (lower Guzhangian) from
—30 to —31%.. This trend is reversed across the Agnostus pisiformis zone
(upper Guzhangian), where 613C0rg slowly rises from around —30.5%o to
—30%o 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 613C0rg
anomalously enriched in 2C near this horizon (and several smaller in-
trusions) 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%o in 834Spy across the exam-
ined stratigraphy with values ranging between about —20%o to +50%o
(VCDT). Within the pre-SPICE interval that spans the Lejopyge laevigata
through Agnostus pisifomis trilobite biozones (Guzhangian Stage), 634Spy
compositions vary between roughly —10 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 634Spy across
the Olenus gibbosus through the Olenus wahlenbergi trilobite biozones
(Paibian Stage). Here the bulk of the samples rise from values of ~0%o to
about 40%o at the top of this zone, which also represents the top of the
Merevale-3 borehole. While there is a wide scatter in 634Spy across this
portion of the stratigraphy, the overall trend is towards 634Spy 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 634Spy
through this core mirrors that of the carbon isotope record, decreasing
from around +30%o to —20%o with the falling limb of the SPICE, and
fluctuating in conjunction with the second §'3C peak during the Jiang-
shanian from —20%o up to 20%o before returning to —20%o 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 (Feyr/Fer > 0.38.). The vast
majority (114 out of 132; 87%) of these anoxic samples record ferru-
ginous (Fepy/Feyr < 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 Feyr/Fer
ratio of 0.56 + 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 Feyg/Fer
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 (613C0rg, 613ccarb, 634Spy
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 Glyptagnostus reticulatus trilobite biozones
(upper Wuliuan through Paibian Stages) and these geochemical data are
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displayed in Fig. 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 (613Corg) and carbonate carbon (613ccarb)
isotope records (Fig. 4). The DICE is expressed as an ~—2%o shift in both
613Corg and 8"3Ceapp, occurring over the Ptychagnostus atavus trilobite
zone, that is then followed by a +2%o return over the Lejopyge armata
trilobite biozone. In contrast to this, the SPICE is expressed as positive
shifts of ~2%o in 8'3Cearp and ~1%e in 613C0rg 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

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%o in 534S (between —10 and +50%c VCDT)
through the approximately 10 m of stratigraphy examined. The lowest
values are encountered in the Ptychagnostus atavus biozone. §3*S 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%o 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 0.5wt%, 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 3.2
for details). Of the remaining 49 included samples, 45 indicate anoxia
(92%), three indicate possible anoxia and only one suggests oxic depo-
sitional conditions (see Section 3.2 for information about interpretive
thresholds). Overall these 49 samples have a mean Fepg/Fer ratio of
0.56 +0.14, and all but two (43 total; 88%) display Fepy/Feyr ratios
indicative of ferruginous rather than euxinic conditions.

5. Discussion
5.1. Fidelity of the new geochemical records

5.1.1. Iron speciation

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 Fer (< 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 Fer
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
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Fig. 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 Fig. 3 black dots in the Fepy/Feyg plot indicate
anoxic samples, pink dots are potentially anoxic and blue dots depict oxic samples based on Feyr/Fer ratios. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

emplacement may have mobilized late-stage diagenetic fluids, volatil-
ized 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 sub-
jected 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 that display both anomalously high Fe,y 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
Feyr/Fer 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 Fe,y/Feyr 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 con-
ditions would have been considerably more reducing, with all 12 of the
definitely anoxic samples (Fegr/Fer > 0.38) shifted to Fepy/Feyr values
between 0.7 and 0.8 or >0.8, thereby indicating possibly euxinic and
definitely euxinic conditions for roughly a third of the Machari 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; Pages
et al., 2016).

Finally, Slotznick et al. (2020) has recently noted that the oxalate
step in the sequential iron extraction can also potentially dissolve Fe-
bearing clays, leading to an overestimation of the highly reactive iron
pool. However, all Stockingford and Machari samples contain negligible

oxalate extractible iron contents (supplementary material Tables S1 and
S2). This suggests if Fe-bearing clays are present in these samples, they
have not substantially contributed to the extracted highly reactive iron
pool and subsequently influenced our redox interpretations.

5.1.2. Carbon (51360rg) and sulfur (634Spy) isotopic signals

Our carbon isotopic data from the Guzhangian portion of the
Stockingford Shale Group appear to faithfully record a primary ocean-
ographic signal and are likely unaffected by any significant post-
depositional or diagenetic processes. The overall trend and isotopic
values of the 613C0rg profile is consistent with those seen over the same
interval in the Alum Shale (see Fig. 4 in Ahlberg et al. (2009) for com-
parison). Furthermore, this record is also in agreement with numerous
5'3Ceary 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 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. 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 gen-
eration of organic matter (see Fig. 3) and are therefore disregarded.

Our 634Spy 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 634Spy when compared to the Alum
Shale. Pyrite in the Alum Shale (Fig. 3-BL, Gill et al., 2011) records a
positive excursion in 634Spy coincident with SPICE: 634Spy starts at a
Guzhangian baseline that fluctuates around 0 + 5%o, which is followed
by a smooth rise in §*S to ~ 20%o in the Paibian and then a relatively
steady decline into the lowermost Jiangshanian to values of ~ —10%o.
This overall trend in 634Spy tracks the positive excursion observed in the
5%4s of seawater sulfate (Gill et al., 2007, 2011; Wotte and Strauss,
2015) that has 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., 2007, 2011). While the
pyrite in the Stockingford Shale Group (Fig. 3) also broadly records an
overall positive 634Spy excursion with the SPICE, it notably displays
considerable (10s of %o) higher order variation superimposed on this
stratigraphic trend.
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To understand the differences between the Alum Shale and Stock-
ingford Shale Group 634Spy records, we need to consider factors that can
influence the 534S of sedimentary pyrite. The sulfur in sedimentary py-
rite is sourced from seawater sulfate which is reduced by microbial
sulfate reduction (MSR) to form hydrogen sulfide. This sulfide then re-
acts 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 34S relative to the parent sulfate by up to ~80%o (e.g.
Detmers et al., 2001; Habicht and Canfield, 1997, 2001; Sim et al.,
2011a, 2011b). The &3S 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 3*S 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 bot-
tom waters. The oxidation of sulfide can also influence the §3*S of the
sulfide pool, as abiotic and microbial sulfide oxidation produces
oxidized species of sulfur that are depleted in 34S by 4 to 18%o relative to
the parent sulfide (Fry et al., 1984, 1986, 1988; 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 634Spy 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 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 sedimen-
tology 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 634Spy
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 634Spy record that more closely
followed the %S of the marine sulfate reservoir.

Despite the large stratigraphic variability in §3*S of the Stockingford
Shale Group, we still observe an overall positive §3*S 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 634Spy, coupled with rising 613C0rg values that are fol-
lowed by a decline in both §'°C and 634Spy in the upper Paibian and
remains paired to changes in §'3C 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; given that these trends remain conspicuous
despite second-order variability likely caused by local sedimentary and
diagenetic processes like those discussed above.
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5.2. Redox trends during the middle to later Cambrian

In addition to the new geochemical records from Avalonia and the
Sino-Korean Block, as mentioned above, this study also considers pre-
viously published iron speciation data from Baltica (Gill et al., 2011),
Laurentia (LeRoy and Gill, 2019; Sperling et al., 2015b; SGP data), and
Gondwana (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 (Feygr/Fer>0.38), and inner shelf environments
(Fig. 5E) were largely devoid of definitively anoxic conditions (Feygr/
Fer < 0.38).

Given these observations, we begin by outlining the broad similar-
ities and differences we observe within and between these two groups of
environments (Sections 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 relation-
ship between the redox trends revealed in our data and the broader co-
evolution of the biosphere and ocean-atmosphere system during the
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) pro-
vide records of conditions in relatively deep-water, outer shelf and
basinal environments. Based on the Fe-speciation data, these environ-
ments appear 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 Feygr/Fer < 0.22 (Fig. 5C). Binning the outer shelf and basinal data
at the stage level we find that 75% of Wuliuan 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 Fepg/Fer > 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 Wuliuan, Drumian and Jiang-
shanian 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 strati-
graphic 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 concen-
tration and availability of organic 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
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Fig. 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.,
2015b; 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 envi-
ronments, 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 Feyg/Fer (black boxes) and Fepy/Feyr (white boxes) data binned by stage. Shading in
these plots corresponds to the redox interpretation colour scheme used throughout this figure. The reader is referred to Section 3.3 for the Feyr/Fer and Fepy/Feyg
threshold values used for all redox interpretation assignments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

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
Fepr/Fer, Fepy/Fepr), 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

Table 1

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
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

Stage-level stratigraphic and geochemical features of the seven Cambrian successions compared in this study. All geochemical data represent mean values (+10) of a
given parameter for each stage by location. Total iron (Fer), total organic carbon (TOC) and pyrite sulfur (Spy) are all reported as wt%. Note that the thickness for the

Stockingford Shale Group listed here are true stratigraphic thickness.

Stage Thickness (m) FeHR/FeT FePy/FeHR FeT TOC Spy 83Spyr
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 30" 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 4" 0.51+0.15 0.23+0.19 1.16 2.7 0.11 30.1
Jiangshanian

Road River

Drumian

Guzhangian 60" 0.73+0.16 0.30+0.13 1.1 1.4 0.3

Paibian 90 0.64+0.15 0.30+0.19 1.4 2.1 0.4

Jiangshanian 14% 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 14" 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

2 indicate that the full thickness was not measured or known at that location.
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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 (Feyr/Fer < 0.38) pre-
vailed 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 per-
centage 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 conti-
nental shelves, such a suggested by these data, would have placed severe
environmental stress on marine communities in such environments.

5.3. Data limitations

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 Feyr/Fer 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 (see Figs 4, 5, and 6 in LeRoy and Gill, 2019), suggests a period
of relative environmental stability along the southern margin of Lau-
rentia 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.

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 (~1m) 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
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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).

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 diversifica-
tion of complex metazoan life during the late Neoproterozoic through
early Paleozoic (e.g., Canfield et al., 2007; Chen et al., 2015; Lenton
et al., 2014; Och and Shields-Zhou, 2012; Sperling et al., 2015b, 2013;
Wood and Erwin, 2018). 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 differen-
tially 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 perturba-
tions (SPICE and DICE) it provides the opportunity to evaluate the
relationship between these events, changes in nature of the spatiotem-
poral 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, 1965 and Palmer, 1984).
Turnover events are associated with the beginning of the SPICE and base
of the Paibian Stage (Ahlberg et al., 2009; Eriksson and Terfelt, 2007;
Gerhardt and Gill, 2016; Park and Choi, 2011; Peng et al., 2004; Saltz-
man et al., 1998; Saltzman et al., 2000; Smith et al., 2020) and poten-
tially the DICE (Sundberg, 1994, 1991; Taylor et al., 2012; Williams
et al., 2011) though further detailed studies are needed to confirm this
relationship for the latter. In the 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
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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, 1984, 1965; Rieboldt, 2005;
Taylor, 2006). Where turnover has been observed during these events it
was apparently more severe for the fauna in shallower shelf environ-
ments (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., 2011; 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 mecha-
nism through the loss of well-oxygenated shelf area that 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
etal., 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 in some cases euxinic 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
(Cuggy, 1996; Gerhardt and Gill, 2016).

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 (Clarkson and Taylor, 1995;
Clarkson, 2011; Fortey, 2000, 1985; Fortey and Wilmot, 1991; Williams
etal., 2011) found in the oxygenated edge of the chemocline adjacent to
anoxic waters 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, 1984).

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 deoxy-
genated. It has been proposed that the expansion and contraction of
dysoxic and anoxic conditions into nearer shore environments was likely
an important driver of similar evolutionary dynamics and ecological
changes seen across Oceanic Anoxic Events (e.g. Harries and Little,
1999). Further, Wood and Erwin (2018) suggest that unstable redox
conditions in the early Paleozoic were not only a driver of extinction, but
also 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 origi-
nation during the middle to later Cambrian and into the Early Ordovi-
cian. 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 that eventually fostered the rapid and
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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 rela-
tionship 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 613C0rg, 634Spy and Fe-
speciation analyses to characterize redox conditions in basins from
Avalonia (Stockingford Shale Group, 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.

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 H,S) 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 con-
ditions 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 the senario of the shoaling of poorly
oxygenated waters causing these observed evolutionary patterns, the
connection between marine redox and evolutionary records remains
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, the Fe speciation
proxy is a fairly coarse proxy in regards to water column oxygenation as
it can only potentially discern the presence and absence of oxygen.
However, different animal groups have range of O, requirements and
marine communities also have non-linear responses to changing O,
levels (Sperling et al., 2015a). Thus, more refined reconstructions of
changes in 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 under-
standing of a critical phase in the secular evolution of Earth’s surficial
environment, further illuminating the underlying causes and conse-
quences of the late Cambrian “plateau” in biodiversity and how these
changes set the stage for the rapid diversification of the GOBE.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2020.110209.
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