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Abstract

The beginning of the Phanerozoic saw two biological events that set the stage for all life that is to
come: (a) the Cambrian Explosion (the appearance of most marine invertebrate phyla) and (b)
the Great Ordovician Biodiversification Event (GOBE), the subsequent substantial accumulation
of marine biodiversity. Here, we examine the current state of understanding of marine
environments and ecosystems from the late Ediacaran through the Early Ordovician which spans
this biologically important interval. Through a compilation and review of the existing
geochemical, sedimentological, and fossil records, we argue that this interval was one of
sustained low and variable marine oxygen levels that both led to animal extinction and fostered
biodiversification events throughout the Cambrian and Early Ordovician. In this way, marine
ecosystems of the Cambrian and Early Ordovician existed on the edge—with enough oxygen to

sustain them but with the perennial risk of environmental stressors that could overwhelm them.

e We review the current research on geochemistry and paleontology of the Cambrian and Early
Ordovician periods.

e Low and oscillating oxygen levels in the marine realm promoted diversification and
evolutionary innovation but also drove several extinction events.

e Taphonomic modes and marine authigenic pathways that were abundant in the Cambrian were

supported by oceans that were persistently less oxygenated than today’s oceans.
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1. INTRODUCTION

The interval of time from the later Ediacaran into the Ordovician is one of the most critical
intervals in evolutionary history of life on our planet. The skeletal marine phyla appear for the

first time (Sperling et al. 2013, Wood et al. 2019, Zhuravlev et al. 2022), and ecological

interactions become a driver of evolution (Hsieh et al. 2022). Following the initial late Ediacaran

diversifications and subsequent Cambrian Explosion of animal life from ~538 to 522 million

years ago (Maloof et al. 2010, Nelson et al. 2022), biodiversity levels stagnated for the next ~40

million years until the Great Ordovician Biodiversification Event (GOBE), where familial

diversity increased dramatically (Servais et al. 2023, Stigall et al. 2020). The early initial

radiation of organisms in the Ediacaran (Tarhan 2018, Wood et al. 2019) is firmly established in

the Cambrian, with new organisms shaping the seafloors and pelagic realms in terms of both the
ecosystems in these environments and their physical and chemical state. On the seafloor, bed
penetrative trace fossils—most famously Treptichnus pedum—show that organisms were

capable of disrupting the fabric of the sediment (e.g., Gehling et al. 2001). This change in

bioturbation is linked to the expansion of the bilaterian body plan (Droser et al. 2002, Dzik

2005), much like the changes in morphological disparity also happening (Marshall 2006). During
the Cambrian Explosion, the appearance of armor (Murdock 2020), sensory organs (Hsieh et al.

2022), and mobility (Wood et al. 2019), all with likely roots in the Ediacaran, reflected a

fundamental change in animal ecology. In addition, the first reefs inhabited by animals appeared,

built in part by archaeocyath sponges (e.g., Zhuravlev et al. 2022) and creating a locus for

skeletal carbonate production.
Following these transformative evolutionary innovations, an early Cambrian extinction event

occurred near the end of Cambrian Stage 4 (Pruss et al. 2019b, Zhuravlev & Wood 1996) that

notably removed the archaeocyath sponges and robust calcifying animals from reefs for ~40

million years (Pruss et al. 2010). What followed was an interval of high turnover rates

exemplified by the trilobite biomere events (Taylor 2006)—extinction events of shallow shelf
fauna immediately followed by rapid diversifications that lasted from the middle and later
Cambrian (Wuliuan to Stage 10) and into the Early Ordovician (Tremadocian) (Figure 1).
Recent work on the end Cambrian Stage 4 post-extinction interval also reveals a burgeoning

prevalence of other sponges in later Cambrian microbial reefs, in spite of the loss of the

archaeocyaths (Lee & Riding 2018). Even so, with the disappearance of the first animal reefs at



the end of the early Cambrian, there is an interval of arguably low diversity (Harper et al. 2019)

and low abundance of skeletonizing animals (Pruss et al. 2010). The drivers of this later

Cambrian—Early Ordovician plateau of diversity are poorly understood, and the marine biosphere
was likely influenced by multiple causal factors and feedbacks (both physical and biological)
operating across a range of spatiotemporal scales that ultimately gave way to the Middle

Ordovician biodiversification event (e.g., Stigall et al. 2020).
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Figure 1 Marine species-level diversity and genus-level origination and extinction rates through the
Cambrian and Middle Ordovician. Species diversity data are from the analyses of Fan et al. (2020);
genus-level origination and extinction rates are based on the analysis of Bambach et al. (2004).
Abbreviations: Dap., Dapingian; Guz., Guzhangian; H., Hirnantian; Jiang., Jiangshanian; Pai., Paibian.
Note that the ages of all stage boundaries have been rounded to the nearest millions of years.

As a backdrop to these critical evolutionary changes in the oceans, there is now a voluminous

body of research that indicates that the later Ediacaran through the Cambrian and Early
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Ordovician oceans were not as well oxygenated when compared to those later in the Phanerozoic
(e.g., Dahl et al. 2014; Gill et al. 2011; Guilbaud et al. 2018; Hammarlund et al. 2018; LeRoy et
al. 2021; Li et al. 2017; Lu et al. 2018; Pruss et al. 2019a; Sperling et al. 2013, 2015). In

addition, the redox state of the oceans during this interval appears to have been highly variable
with transient episodes of increased deoxygenation (Dahl et al. 2014, 2017, 2019; Gill et al.
2011; He et al. 2019; Zhang et al. 2023; Zhao et al. 2023). These lower oxygen and unstable

redox conditions in the oceans appear to have had a profound influence on the trajectory of the
evolution and ecology of marine ecosystems (Dahl et al. 2019; Gill et al. 2011; He et al. 2019;
Ivantsov et al. 2005; Pruss et al. 2010; Sperling et al. 2013, 2015; Wood et al. 2019). The redox

state of Cambrian oceans likely also had an important effect on marine authigenesis (minerals

precipitated from porewaters during early diagenesis) (Pruss et al. 2019a, Wang et al. 2023) and

the taphonomic pathways that resulted in the Cambrian fossil record (Anderson et al. 2018,

Gaines 2014).

Here, we discuss the role that sustained low marine oxygenation had on the evolutionary
trajectory of life in the Cambrian by both fostering diversification in ecosystems and leading to
elevated rates of extinction. The Cambrian interval is situated amid a prolonged interval of these
marine conditions that originate in the Ediacaran and extend into the Early Ordovician; we focus
here mainly on the Cambrian specifically because the evolutionary events of the Cambrian,
reviewed below, separate it from both the preceding and following intervals of time. Together,
the mounting geochemical evidence, rates of extinction, fossil skeletal abundance, and style of
fossil preservation throughout the Cambrian point to a shallow seafloor that was dynamically and
unevenly oxygenated with deeper basinal environments that were generally anoxic but with
periodic intervals of oxygenation. We argue that less oxygenated oceans affected the Cambrian
fossil record because low oxygen and oscillating redox conditions play a key role in the
formation of authigenic minerals, important in both the occurrences of small shelly fossils (SSFs)
and contributing to the unusual abundance of fossil lagerstitten in the Cambrian.

Understanding this dynamic world and the interplay between biology and environments helps
us better know the landscape that gave rise to the appearance of animal phyla in the Cambrian
and the subsequent biological radiations of the Ordovician. Future work on this critical interval
of early animal evolution may benefit from biological, geochemical, and taphonomical work that

seeks to better and more finely constrain absolute oxygen levels and biogeochemical feedbacks



that operated during this time.

2. CAMBRIAN EVOLUTION OF MARINE ECOSYSTEMS

The Cambrian Explosion has been reviewed extensively in the literature, in terms of both

diversity and ecological changes to the marine realm (Bowyer et al. 2022, Conway Motris 2000,

Erwin & Valentine 2013, Marshall 2006). Of note is the more recent debate about whether the
early Cambrian contains a truly unique macroevolutionary event, or if it is simply a continuation

of biological innovation that had its roots in the Ediacaran and earlier (Cai et al. 2019, Darroch et

al. 2021, Wood et al. 2019). Others have suggested it was part of a longer, single diversification

event that includes the GOBE (Servais et al. 2023). Regardless, the early Cambrian interval is

marked by the appearance of members of many recognizable phyla (Butterfield 2003, Daley et

al. 2018, Lee et al. 2013, Paterson et al. 2019), including some of the earliest predators on the

seafloor.
A potentially unifying feature of the emergence of these ecosystems was an adaptation to low
oxygen conditions (Sperling et al. 2021). While some oxygen is required for all animal

metabolisms (Tostevin et al. 2016), and higher oxygen levels might spur ecological interactions

(Sperling et al. 2013), the appearance of animals in the Cambrian is consistent with a pattern of

the most hypoxic-tolerant animals appearing first and those with higher oxygen needs appearing
later. Some have argued that shallow water oxygenation exerted a direct control on the timing
and tempo of marine diversification in the Cambrian (He et al. 2019) and the Ordovician

(Edwards et al. 2017). It is clear that, while some oxygen is necessary for the diversity and

complexity of Cambrian and Ordovician ecosystems, the oxygen demands of these organisms

were likely lower (Mills et al. 2014, Sperling & Stockey 2018, Sperling et al. 2013), and these

ecosystems evolved and thrived in an overall lower oxygen world (Sperling et al. 2015).

With the increases in marine diversity seen during the Cambrian Explosion, there was a
transition from arguably simpler Ediacaran ecosystems to more complex ones, though this
transition was likely dynamic (Bowyer et al. 2022, Cribb et al. 2023, Darroch et al. 2021, Droser
et al. 2017, Erwin & Valentine 2013, Nelson et al. 2022, Topper et al. 2022). These ecological

shifts are ultimately reflected in a variety of morphological changes in organisms, including the
development of both predatory and antipredatory features. Further ecological development in the

early Cambrian included the expansion of bed penetrative bioturbation, which marks the



beginnings of the exploration of the infaunal realm (Bottjer et al. 2000, Crimes & Anderson

1985, Mangano & Buatois 2017, Tarhan & Droser 2014), and the development of more complex

ecosystems, notably the appearance of animal (archaeocyathan)-containing reefs (Rowland &

Gangloff 1988).

2.1. Predators and Prey

One fundamental change that occurred in earnest during the Cambrian was the establishment and
expansion of predator-prey dynamics among many different groups of organisms. The
development of predation might be best reflected in the radiation of diverse skeletal elements and

in a group of early Cambrian fossils appropriately named SSFs (e.g., Porter 2004, Skovsted &

Peel 2007). These morphological innovations signal the preponderance of predator-prey

interactions in Cambrian seas (Bicknell et al. 2022, Pates & Bicknell 2019, Sperling et al. 2013),

made possible by the appearance of sensory organs (Marshall 2006, Paterson et al. 2020, Hsieh
et al. 2022) and greater mobility (Erwin & Valentine 2013, Wood et al. 2019).

Predators ranged from the famous Anomalocaris (e.g., Paterson et al. 2011) to shell drilling

organisms (Conway Morris & Bengtson 1994). There is debate about how much escalation

happened as a result of these new predation pressures, but the expansion of shell-making points
to an evolutionary advantage for added protection (Vermeij 1989). Recently, trilobite
cannibalism has been documented in the Emu Bay Shale of southern Australia, with extensive

wounds documented on trilobite fossils and co-occurring shelly coprolites cited as evidence

(Bicknell et al. 2022). Further, the genetic capacity for skeleton-making predates their expansion
in the Cambrian (Marshall 2006), which points to biological interaction as perhaps one of the
most important drivers for the morphological expression of predator-prey dynamics that manifest
in Cambrian fossils. [**AU: This reference is not in the Lit. Cited. Please add there or
remove from here.**]). Taken as a whole, these evolutionary and ecological advances
demonstrate the beginning of the Cambrian way of doing business in a new eat-or-be-eaten

world.

2.2. Infaunalization
In addition to appearance and diversification of skeletal taxa, the Cambrian is noted as the

moment the worm turned (Droser et al. 1999) with the advent of bed destructive bioturbation

occurring substantially for the first time. In this way, the sedimentary record was itself



influenced by evolutionary innovation; complex modes of infaunalization had appeared in the

Cambrian (Tarhan 2018, Tarhan & Droser 2014). Some studies point to specific instances of

substantial bioturbation as harkening a new evolutionary moment (Mangano & Buatois 2017,
Seilacher & Pfliiger 1994) with large-scale implications on the biogeochemistry of the oceans

(Boyle et al. 2018, van de Velde et al. 2018 [**AU: This reference is not in the Lit. Cited.

Please add there or remove from here.**|[added]). Other authors point to the subtlety of the
Cambrian trace fossil revolution, with an emphasis on environmental heterogeneity and a

delayed onset of deep and substantial sediment mixing (Tarhan 2018, Tarhan & Droser 2014,

Tarhan et al. 2023) and more modest implications for its influence on marine biogeochemistry

(Cribb et al. 2023, Tarhan 2018, Tarhan & Droser 2014). Even with a later establishment of a

mixed layer, the evolutionary significance of Cambrian bioturbators is unequivocal. Diverse
organisms, represented by diverse behaviors, are exploiting the infaunal realm for the first time

(Seilacher & Pfliiger 1994). This revolution in trace making illustrates that the Cambrian

explosion is not simply, or only, a skeletal evolutionary event (Crimes & Anderson 1985).

2.3. Reefs and Skeletons
Another Cambrian ecosystem that reflects the increase in abundance of skeletal animals (Li &
Droser 1997) is the appearance and expansion of archaeocyathan reefs, which fostered an

increase in abundance of animals both within and around the reefs (Zhuravlev et al. 2022).

Cambrian reef ecosystems function in some ways like those of the later Ediacaran—they serve as

a locus for attached skeletal taxa (Grotzinger et al. 2005), and though they appear to be
ecologically more simple, they behave in some ways like modern reef ecosystems (Rowland &

Gangloff 1988). The early Cambrian extinction (Zhuravlev & Wood 1996) resulted in a

disappearance of animal reef ecosystems (Pruss et al. 2019b, Zhuravlev & Wood 1996), replaced

by microbial buildups (Adachi et al. 2014) that, while similar to their Neoproterozoic

counterparts in many ways, are more influenced by animals and macroalgae. Sponge/microbial

reefs are also noted from this interval of time (Lee & Riding 2018, Lee et al. 2015), but skeletal

abundance in these settings declined during the archaeocyath extinction and remained low (Pruss
et al. 2010) and framework reefs did not fully reemerge until the Ordovician.
After the extinction of archaeocyaths in middle and later Cambrian time, microbial reefs are

thought to flourish again in the absence of metazoan reef builders/dwellers (Adachi et al. 2014,

Lee et al. 2015). Further investigation of middle and later Cambrian microbial buildups revealed



the prevalence of sponges in these structures, often siliceous lithistid and occasionally
anthaspidellid sponges. This replacement of archaeocyaths with lithistid sponges has caused
some authors to posit that lithistid sponges might have been well adapted to the low oxygen

conditions of this middle and later Cambrian greenhouse world (Lee & Riding 2018). In some

cases, lithistid sponges may have locally formed framework reefs but certainly persisted through
much of this time period in a consortium with microbes. The oxygen influence on lithistid
sponges is also revealed by the small size of these sponges, perhaps as a way to manage oxygen

stress (Lee & Riding 2018). Finally, the mineralogy of lithistid sponges is much different than

the archaeocyaths of the early Cambrian and the subsequent reef builders of the Early and
Middle Ordovician. Lithistid sponges make siliceous skeletons, and these skeletons may have
fared better in the Cambrian than their calcareous counterparts, due to a variety of environmental

factors, including adaptations to low oxygen settings (e.g., Lee & Riding 2018).

In the middle and later Cambrian, the abundance of skeletal animals outside of the microbial

reefs was also low (Pruss et al. 2010), as compared to most earlier archacocyathan reef settings

(Pruss et al. 2019b) and to environments later in the Ordovician (Pruss et al. 2010, Stigall et al.

2020). The organisms contributing to the majority of skeletal carbonate during this time were
trilobites and echinoderms. Furthermore, repeated trilobite biomere extinction events during this
interval point to repeated, if not sustained, environmental stress (Taylor 2006).

In the Early Ordovician, the lithistids are joined by Calathium, tabulate corals,

stromatoporoids, and pulchrilaminids, which transformed reef-building (Kroger et al. 2017) by

adding thick carbonate skeletons to reef frameworks. In all these ways, the lower oxygen
condition of the Cambrian paved the way for a second phase of metazoans contributing to reefs

in the middle and later Cambrian (Lee & Riding 2018) [**AU: This reference is not in the Lit.

Cited. Please add there or remove from here.**]), and the subsequent amelioration of these
environmental conditions may have led to the next phase of metazoan carbonate framework reef-

building during the GOBE (Kroger et al. 2017).

3. MARINE OXYGENATION IN THE CAMBRIAN

It was long thought that the last step toward modern levels of the oxygenation of the oceans and
atmosphere occurred during the Ediacaran leading to evolution of the first animals (as reviewed

in Knoll & Carroll 1999). In fact, the appearance of animals with their metabolic demand for at




least some oxygen was taken as evidence for a late Proterozoic rise in oxygen (e.g., Berkner &

Marshall 1965, Nursall 1959). What is now clear is that multiple lines of evidence support the
notion that the early Paleozoic atmosphere and oceans were less oxygenated than those later in
the Phanerozoic and were likely more similar to those of the preceding Ediacaran (Gill et al.

2011; Lu et al. 2018; Sperling et al. 2015, 2021; Wei et al. 2021). To see a discussion of factors

that may have contributed to maintaining low oxygen conditions in oceans of the Cambrian and
Early Ordovician, see the sidebar titled What Caused Cambrian and Early Ordovician Oceans to

Be Less Oxygenated?[**AU: Edit OK?**][YES]

WHAT CAUSED CAMBRIAN AND EARLY ORDOVICIAN OCEANS TO BE LESS
OXYGENATED?

Several environmental factors likely contributed to less oxygenated Cambrian and Early
Ordovician oceans. Atmospheric oxygen was well below modern levels [less than 10% of the
modern (Krause et al. 2018, Lenton et al. 2018)], and that would have translated into lower
dissolved oxygen concentrations in shallow and deeper marine waters. The warmer climate
present through most of the Cambrian [evidenced by sea surface temperatures derived from
oxygen isotopes and clumped isotope proxy data (Goldberg et al. 2021, Hearing et al. 2018,
Trotter et al. 2008)] would have led to lower oxygen solubility in shallow marine waters in
contact with the atmosphere. The warmer climate was likely linked to higher atmospheric pCO-
(e.g., Lenton et al. 2018) potentially caused by elevated continental arc volcanism (McKenzie et
al. 2014). The higher pCO; and warm climate would have also fostered higher rates of
continental weathering, which is supported by radiogenic values of the marine strontium isotope
record throughout the Cambrian (e.g., Montafiez et al. 1996) that later declined in the Ordovician
(e.g., Edwards et al. 2015, Shields et al. 2003). This weathering would have enhanced
phosphorus delivery to the ocean, primary productivity, and eutrophication in areas of the
oceans.

Some of the first evidence that suggested the oceans were less oxygenated in the Cambrian
and Early Ordovician came in the form of the stratigraphic distribution of organic-rich black
shale facies. Compilations of facies in sedimentary sequences show that the Cambrian along with
two other intervals of the early Paleozoic (specifically portions of the Ordovician and Silurian)

contain an abundance of organic-rich facies (e.g., Berry & Wilde 1978). While organic-rich

sediments can accumulate under lower oxygen conditions, they can also accumulate under a
variety of water column redox conditions, making this evidence less conclusive. Subsequently, a
large body of geochemical data has been brought to bear on the question of Cambrian and Early

Ordovician marine chemistry and oxygenation, and we summarize this here (see Figure 2).
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Figure 2 Summary of geochemical proxy data from the latest Ediacaran through Middle Ordovician.
References for all geochemical data are provided in the Supplemental Table. (a) Sedimentary sulfur
isotope (5**S) data. The horizontal gray line on the sulfur isotope plot is the modern data sulfur isotope
composition of marine sulfate (+21%o), and sulfate sulfur isotope data that fall above this field suggest
higher rates of pyrite burial and therefore less oxygenated oceans. (b) Uranium isotope (8***U) data from
carbonate rocks. The horizontal gray box indicates the uranium isotope composition of modern
carbonates, and data that fall below this field suggest less oxygenated oceans as compared to modern. (c)
Molybdenum isotope (8°*Mo) data from shales deposited under euxinic conditions (most likely to
potentially capture seawater) as determined by iron speciation analyses. The horizontal gray line indicates
the modern marine isotope composition of seawater (+2.3%o), and data below this line suggest less
oxygenated oceans as compared to modern. (d) Bar graphs indicating basins with sedimentary successions
where local redox proxy data point to lower than modern oxygenation and/or anoxia in the water column.
The types of data are indicated by the color of the bars: Trace metals concentrations are purple, iron
speciation analyses are red, organic biomarkers are green, and cerium anomalies are blue. Note that
occurrences of local geochemical redox indicators are binned roughly by geologic stage and do not
necessarily point to the continuous availability of data and occurrence of low oxygen conditions or anoxia
during the stage. (e) Carbon isotope data indicated as black circles. Recognized carbon isotope excursions
are indicated on the plot. Abbreviations: AECE, Archaeocyathid Extinction Carbon isotope Excursion;
BACE, BAse of the Cambrian Excursion; CARE, Cambrian Arthropod Radiation isotope Excursion;
Dap., Dapingian; DICE, Drumian Carbon Isotope Excursion; Ed., Ediacaran; Guz., Guzhangian; HERB,



HElInmaria-Red Tops Boundary; Jiang., Jiangshanian; MDICE, Middle Darriwilian Carbon Isotope
Excursion; MICE, Mingxinsi Carbon Isotope Excursion; Pai., Paibian; ROECE, Redlichiid and Olenellid
Extinction Carbon isotope Excursion; SPICE, Steptoean Positive Carbon Isotope Excursion; Wuli.,
Wauliuan; ZHUCE, ZHUjiaqing Carbon isotope Excursion. Note that the ages of all stage boundaries have
been rounded to the nearest millions of years.

Global-scale marine redox proxies, such as sulfur, molybdenum, and uranium isotopes (3°*S,
8%Mo, and 838U, respectively) broadly suggest less oxygenated conditions in the oceans during
portions of the Cambrian and Early Ordovician (Figure 25b—d; Supplemental Table). These
proxies can be used to track cycles of these elements and the processes that discriminate between
their different isotopes. Importantly, all these elements have burial fluxes out of the ocean that
are tied to changes in the areal extent of deposition under anoxic water columns and/or sediments
with reducing porewaters. While all these proxy data have caveats to their interpretation (i.e., the
potential for local processes and later alteration by diagenesis influencing the preserved signals),
as a whole, they paint a clear picture of less oxygenated oceans during the Cambrian and Early
Ordovician.

Cambrian and Early Ordovician marine sulfate sulfur isotope compositions are higher and
more geographically variable than the modern ocean and those seen later in the Phanerozoic,
which suggests higher burial fluxes of sedimentary pyrite and lower marine sulfate

concentrations (Dahl et al. 2019, Gill et al. 2011, He et al. 2019, Wotte et al. 2012) (Figure 2a;

Supplemental Table). The formation and burial of pyrite is the end product of microbial sulfate
reduction (MSR), which occurs in anoxic water columns or within sedimentary porewaters and
utilizes sulfate to produce hydrogen sulfide. This sulfide can react with iron to produce
sedimentary pyrite, which can be buried in sediments with anoxic porewaters or under anoxic
water columns. MSR also preferentially produces sulfide depleted in 3*S; therefore, elevated
burial rates of pyrite can lead to residual marine sulfate reservoirs being enriched in §**S.

Rapid changes, a million years or possibly less, in the isotope composition of marine sulfate
also characterize much of the Cambrian and Early Ordovician (Dahl et al. 2017; Edwards et al.

2018; Gill et al. 2007, 2011; He et al. 2019; Saltzman et al. 2015; Zhang et al. 2023). This

suggests a smaller marine sulfate reservoir as compared to the modern (Algeo et al. 2015; Gill et

al. 2007, 2011), which is also supported by fluid inclusion data from Cambrian marine halites

(Brennan et al. 2004) and the regional heterogeneity found in the 5**S of marine sulfate (Gill et

al. 2007, 2011). The small marine sulfate reservoir would be expected in oceans with higher



burial rates of pyrite (Gill et al. 2007). Additionally, the §**S of sedimentary pyrite is elevated

throughout the Cambrian and Early Ordovician as compared to modern and other Phanerozoic
sedimentary pyrites (e.g., Edwards et al. 2015, Gill et al. 2011, LeRoy & Gill 2019, LeRoy et al.
2021, Wotte et al. 2012) (Figure 2a). This likely reflects the elevated 8**S of parent seawater

sulfate but also the product of hydrogen sulfide in sedimentary porewaters more commonly
displaying closed system isotopic behavior: less overall isotopic offset between the 3°*S of
seawater sulfate and MSR-produced hydrogen sulfide caused when more of the available sulfate
is consumed by MSR. More common **S-enriched pyrites are also consistent with sulfate-poor
Cambrian and Early Ordovician oceans, which would have promoted more frequent quantitative

conversion of sulfate to sulfide in sedimentary porewaters (i.e., LeRoy et al. 2021).

Uranium isotope data from Cambrian and Early Ordovician marine carbonates also point to

more prevalent marine anoxia (reviewed in Wei et al. 2021) (Figure 2b). While the U isotope

composition of carbonates is offset from seawater, it can be leveraged to track the relative

proportions of oxic and anoxic U removal from seawater (as reviewed in Lau et al. 2019). The

reduction and burial of U into reducing sediments, often adhering to organic matter, is the largest
sink of U in the oceans today, preferentially removes the heavier uranium isotopes, and carries
the largest U isotope fractionation: up to 1%o relative to other oceanic U sinks (~0.03%o).

Carbonates from the Terreneuvian and Series 2 (e.g., Dahl et al. 2017, 2019; Wei et al. 2018,

2021) and intervals of Furongian (e.g., Dahl et al. 2014) predominately have §2*3U that is less

than that from modern carbonates, implying larger areas of oxygen-deficient deposition within

the oceans. Rapid variations in this record also imply highly dynamic changes in marine redox

during intervals of the Cambrian (Dahl et al. 2014, Wei et al. 2018), which are discussed later.
Molybdenum isotopes from Cambrian and Early Ordovician shales also suggest lower

marine oxygenation (reviewed in Dahl et al. 2017 and Wei et al. 2021) (Figure 2¢). Processes

that remove molybdenum from seawater carry isotopic fractionations that are controlled by redox
conditions in the depositional environment. In brief, the more oxidized sinks of molybdenum,
such as iron and manganese oxides, sediments with hydrogen sulfide confined to the porewaters

preferentially remove the lighter molybdenum isotopes (as reviewed in Kendall et al. 2017).

Sediments deposited under euxinic conditions (anoxic and sulfide-containing water columns)
show smaller isotopic offsets from seawater and under particular conditions (euxinic settings

with high levels of sulfide) can record seawater 6°*Mo. Note that this record is more temporally



limited than that of sulfur and uranium isotopes given the lithofacies requirement (euxinic black
shales) needed for potentially capturing the seawater 8°*Mo signature. High marine §**Mo
signatures in shales can be taken as evidence of a greater predominance of the sink of
molybdenum and thus more oxygenated oceans or the lesser extent of marine euxinia. The low
8%®Mo of euxinic Cambrian and Early Ordovician shales can therefore be taken as evidence of

less oxygenated oceans (Wei et al. 2021) (Figure 2b).

While the systematics of the S, U, and molybdenum isotope proxies can be useful for
tracking the global-scale changes in the area of reducing deposition within the oceans, they do
not specifically identify the particular areas in the oceans that were deposited under these redox
conditions. Voluminous local redox proxy data such as iron speciation (e.g., Guilbaud et al.
2018, LeRoy et al. 2021, Sperling et al. 2015), redox-sensitive metal enrichments (e.g., Gill et al.
2021, Pruss et al. 2019a, Zhao et al. 2023), cerium anomalies (e.g., Wei et al. 2018), iodine

contents (e.g., Edwards et al. 2018, Lu et al. 2018), and organic biomarkers (e.g., Pages et al.

2016) from the majority of sedimentary basins point to relatively persistent deeper water anoxia
throughout the Cambrian and Early Ordovician (summarized in Figure 2d; references provided
in the Supplemental Materials).

The majority of these local proxy studies document deeper waters that were predominantly
ferruginous (anoxic and with excess iron compared to H»S), with less common intervals of

euxinia (anoxic with excess H»S relative to iron) (Guilbaud et al. 2018, LeRoy et al. 2021,

Sperling et al. 2015). Such conditions are also thought to characterize Ediacaran oceans (e.g.,

Sperling et al. 2015). Further, some data from proximal to distal depositional transects have been

used to advocate for an oxygen minimum zone (OMZ)-like, anoxic wedge model: shallow
oxygenated waters underlying euxinic waters in the more proximal position, followed by

ferruginous conditions in more deep and distal portions of the basins (Guilbaud et al. 2018, Wei

et al. 2021). In this model, the area of euxinia within the wedge expands and contracts with
changes in the local primary productivity and/or the supply of sulfate from weathering on land or
open ocean. However, it should be noted that the local redox proxy record contains major
geographical and temporal biases. For example, the Terreneuvian and Series 2 are much more
densely sampled, and the overwhelming majority of these samples derive from successions in the
Nanhua Basin of South China. However, these data, when viewed in conjunction with global-

scale proxies, point to oxygen deficiency being a common feature of the deeper portions of



Cambrian and Early Ordovician oceans.

This persistent deeper ocean anoxia would have left shallow water environments more
vulnerable to episodes of deoxygenation, and in fact, many studies also indicate the dynamic
nature of marine redox conditions in Cambrian and Early Ordovician oceans. Frequently changes
in marine redox coincide with linked perturbations in the carbon cycle expressed as carbon
isotope excursions in the sedimentary record; transient expansions of anoxic conditions in the
oceans have been suggested to occur in concert with changes in the carbon cycle (Figure 2¢) in
the Terreneuvian (e.g., Wei et al. 2018), just after the Stage 2—3 boundary (Dahl et al. 2017, He
et al. 2019), in the Drumian and Paibian (Gill et al. 2011, Zhang et al. 2023), and in the
Tremadocian (Edwards et al. 2018, Saltzman et al. 2015).

Among these intervals, the Steptoean Positive Carbon Isotope Excursion (SPICE) is the best-
studied example. The SPICE is large (+4 to +5%o), with positive carbon excursion recorded
marine carbonates and organic matter found in Paibian-age strata on multiple paleocontinents

(e.g., Saltzman et al. 2000). In concert with the SPICE, there is a parallel positive sulfur isotope

excursion in marine sulfate (Gill et al. 2007, 2011; Zhang et al. 2023) and sedimentary pyrite
(Gill et al. 2011, LeRoy & Gill 2019, LeRoy et al. 2021) and a parallel negative molybdenum

isotope excursion (Gill et al. 2021) and a negative uranium isotope excursion that occurs with the

rising limb of the SPICE (Dabhl et al. 2014). These combined geochemical signals have been

linked to an expansion of the areal extent of seafloor anoxia driving enhanced burial of organic

matter, pyrite, and redox-sensitive trace metals within the oceans (Dahl et al. 2014, Gill et al.

2011, LeRoy & Gill 2019, Zhang et al. 2023). In support of this scenario, there are some
locations that record enrichments of redox-sensitive trace metals during the SPICE as compared
to the succeeding [**AU: Is this what was meant?**]and preceding stratigraphic intervals

(LeRoy & Gill 2019, Pruss et al. 2019a, Zhang et al. 2023), which point to the local expansion of

reducing conditions. Further, the alum shale from Baltoscandia records persistently anoxic
(ferruginous and euxinic) conditions and shows depletions in the trace metal enrichments in the
interval that contains the SPICE that have been suggested to reflect depletion in the marine
reservoirs of these elements during the expansion of anoxic conditions (Gill et al. 2011, 2021;

Zhao et al. 2023).

The initiation of the SPICE also appears to be temporally coupled with one of the biomere

extinction events (the end-Marjuman) recognized on several paleocontinents (e.g., Saltzman et



al. 2000, Zhang et al. 2023) and suggests that the expansion of anoxia may be one of the drivers

of this event. Later, in the wake of expanded ocean anoxia during the SPICE, there is evidence
for a net rise in marine oxygenation linked to enhanced organic carbon and pyrite burial that

occurred across the event (Saltzman et al. 2011, Zhang et al. 2023, Zhao et al. 2023). This

potential oxygenation event has been invoked as a driver of the radiation of plankton that

occurred after the SPICE (Servais et al. 2016). Subsequent studies of the Stairsian biomere

extinction that occurs in the Early Ordovician have documented similar geochemical changes

across that event (Edwards et al. 2018, Saltzman et al. 2015) and suggest a role for expanding

deoxygenation in the oceans for the other biomere extinctions. All these connections highlight
the links between changes in marine oxygenation and life during the Cambrian and underscore
the need to conduct similar studies to explore these records across other Cambrian extinction

events, such as the early Cambrian archaeocyath extinction and later biomere events.

4. MARINE AUTHIGENESIS AND FOSSIL PRESERVATION IN THE CAMBRIAN

The more reducing Cambrian and Early Ordovician oceans likely had an influence on marine
authigenesis and biogeochemical cycles, and, in turn, the taphonomic pathways preserving
fossils. Here we define marine authigenesis as the formation of minerals within the sediment
during early marine diagenesis. As noted earlier, several lines of evidence point to Cambrian and
Early Ordovician oceans that were sulfate poor and likely maintained by less oxygenated marine
waters. These conditions permit different pathways for iron during diagenesis in marine
sediments and allowed for the more frequent authigenic formation of iron minerals other than

pyrite, such as glauconite, vivanite, berthierine, and chamosite (Anderson et al. 2018). Moreover,

similar to Neoproterozoic oceans, reducing and anoxic ferruginous water columns and
porewaters would have also led to phosphorous cycling that was different from later Phanerozoic

oceans (Reinhard et al. 2017). Both these factors likely had a hand in some of the unique aspects

of the Cambrian and Early Ordovician sedimentary and fossil record, which we discuss below.

4.1. Small Shelly Fossil Preservation in the Cambrian
SSFs, carbonate-secreted (and later replaced or molded) skeletons, and skeletal elements are a

feature of Cambrian deposits globally (Brasier 1990, 1992; Dzik 1994) (Figure 3a). In fact,

SSFs have long been considered a Cambrian phenomenon, with far more occurrences in the



Cambrian than after it (Porter 2004). What unites SSFs is that these skeletons and skeletal

elements were replaced or molded by minerals during fossilization, most commonly by apatite

(Creveling et al. 2014, Porter 2004) but also glauconite and iron oxides. A long-standing
question has been whether the decline of SSFs was reflective of their true decline, an actual

decrease in the abundance, or changes in the conditions that led to their preservation.
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Figure 3 Temporal distribution of small shelly fossils (SSFs), glauconite, phosphate deposits, and
lagerstitten. (a) Examples of SSFs from the Harkless Formation: 1 and 2 are sponge spicules, 3 and 4 are
chancelloriid sclerites, and 5 is a primitive mollusk. Panel @ modified from Pruss et al. (2019b). (b)
Examples of glauconite: 1 shows glauconite in a thin section (G), with echinoderm debris (E), and
trilobite fragments (T); 2 shows glauconitic molds of sponge spicules from the same unit in panel a. (c)
Proportion of glauconite-bearing siliciclastic rocks from North America (data from Peters & Gaines
2012). (d) Global compilation of glauconite-bearing rocks (references are in the Supplemental
Materials). (e) Examples of phosphatized fossils: 1 shows apatite infilling archaeocyath fossil interiors,




and 2 shows phosphatized chancelloriids, both from the lower Cambrian Salaagol Formation, Mongolia.
Panel e modified from Pruss et al. (2019¢). Temporal distribution of phosphorite deposits is from
Planavsky (2014). (f) Global compilation of fossil lagerstitten (data sources can be found in the
Supplemental Materials). Photo images courtesy of Zhang H & Xiao S (2017). Abbreviations: Dap.,
Dapingian; Guz., Guzhangian; H., Hirnantian; Jiang., Jiangshanian; Pai., Paibian. Note that the ages of all
stage boundaries have been rounded to the nearest millions of years.

The conditions that led to apatite’s role as a replacement (or moldic) mineral have also been

investigated in ancient settings. For example, Creveling et al. (2014) used independent redox
proxies to argue that low oxygen conditions must have persisted during the early diagenetic

formation of apatitic SSFs. Glauconite also molds or replaces skeletons (Brasier 1990, Porter

2004), and subsequent work suggests this preservation mode may be more widespread in the

sedimentary record than previously thought (Dzik 1994; Pruss et al. 2018, 2019b). In addition to

the porewater conditions that led to fossilization, the size of these fossils likely also played a role
in their preservation. Limestones from the Thorntonia Formation well known for their SSF
components (Cambrian Series 2, Stage 4) also contain larger fossils whose mineralogy was

neomorphosed but not replaced like the SSFs (Creveling et al. 2014). The size, and therefore

volume, of fossils may have influenced the redox gradients that existed within the fossils (Pruss
et al. 2018), perhaps fostering microenvironments that led to their replacement by phosphate and
iron-bearing minerals. This has also been observed in fossils from other time intervals, such as

the Early Triassic (Pruss et al. 2018), so size appears to matter, in the case of SSFs, because of

the redox gradients that can then be established across them during early diagenesis.
Clarifying the link between paleoenvironment and fossilization is important to understand
what closed the taphonomic window that fostered these styles of preservation in the later early
and middle Cambrian globally (Porter 2004) (see Figure 3). The occurrence of phosphatized
and/or glauconitized fossils at other intervals in the Paleozoic (Dattilo et al. 2019, Dzik 1994)

and Mesozoic (Maxwell et al. 2021, Pruss et al. 2018) suggests that recurring environmental

factors led to these styles of preservation. In this case, the small size of skeletal material (and
organismal volume) coupled with early oscillating porewater redox conditions must be critical
factors in these modes of preservation and to marine authigenesis of the Cambrian more broadly.

The occurrence of glauconite in Cambrian time is not limited to the preserving mineral of
SSFs. Glauconite green sands and pellet deposits are well known from the Cambrian (e.g.,

Brasier 1980, Chafetz & Reid 2000) (Figure 3h—d) with glauconite showing a peak in abundance




in Macrostrat analyses as well (Peters & Gaines 2012) (Figure 3b,c). Glauconite is a redox-

sensitive mineral with its initial growth happening under anoxic conditions and its subsequent
growth and oxidation of Fe(II) to Fe(Ill) occurring in the presence of transient oxygen (e.g.,

O’Brien et al. 1990). Its widespread distribution across the globe during Cambrian time has been

noted, occurring both in siliciclastic sediments and carbonates, but no mechanism for its
occurrence has been offered as explanation. If viewed through the lens of redox, the unusual

abundance of Cambrian sedimentary glauconite (Peters & Gaines 2012) must represent

porewater redox oscillations occurring near the sediment/water interface. As such, abundant
glauconite formation through authigenesis in Cambrian seas requires low oxygen conditions

persisting at or near the seafloor (O’Brien et al. 1990) through much of Cambrian time.

Phosphogenesis of Cambrian fossils has also been globally noted, as the vast majority of
SSFs are phosphatized (Porter 2004), and it plays a significant role in Orsten-style preservation,
which involves the phosphatization of delicate features such as embryos and muscle tissue (Maas
et al. 2006). The unusual abundance of phosphatic fossils in Cambrian deposits has begged for
an explanation for the origin of the phosphate (Creveling et al. 2014). Creveling et al. (2014)

argue that while the soft tissue of decaying organisms might have supplied some phosphorus to
the phosphatic minerals molding and replacing the Cambrian skeletons, local ferruginous
conditions allowing phosphorus to adhere to iron minerals serve as another, arguably more
substantial source of phosphorus to shallow marine sediments. The allochthonous deposition of
small fossils away from their more oxic setting during life to deeper, less oxic conditions can

also lead to phosphatization through the reduction of iron oxides and subsequent release of

adsorbed phosphorous that was on their surfaces (Creveling et al. 2014), again linking the role of
redox to authigenic mineral formation in many Cambrian environments. In Orsten-style
preservation, soft tissues are preserved through phosphatization before substantial decay, as has
been invoked for other preservation windows. Outside of phosphate as a fossilizing authigenic
mineral, large phosphorite deposits also have an unusual abundance in the Cambrian (Cook &
Shergold 1984) (Figure 3¢), and at least some of these formed under anoxic/oxic fluctuating
conditions (Shields & Stille 2001, Zhang et al. 2022). The establishment of oxygen variability

across environments as a result of a redox stratified ocean has also been implicated in
widespread phosphorite deposition (Fan et al. 2016). Both as a local authigenic mineral active

during fossilization of Cambrian organisms and in large deposits, the unusual abundance of



phosphate in Cambrian oceans is linked to a world dominated by low levels of oxygen and its

heterogeneity across environments.

4.2. Redox and Lagerstiitten of the Cambrian
The widespread occurrence of Cambrian lagerstitten has revealed a large diversity of organisms,

particularly arthropods, that appeared and radiated during Cambrian time (Allison & Briggs

1993, Erwin et al. 2011) (Figure 3f). While much attention has been appropriately paid to the

fossils themselves and what they mean in the evolutionary history of life, there is also a story
embedded in the very occurrences and abundance of fossil lagerstitten in the Cambrian. The
name lagerstétten is given to those fossil occurrences considered out of the ordinary, or
exceptional, often with preserved soft parts or lightly mineralized hard parts that are typically
unlikely to be preserved in the rock record. Yet, the Cambrian has more global occurrences of

fossil lagerstétten than any other time period (e.g., Allison & Briggs 1993), such as the Burgess

Shale, Chengjiang Formation, Weeks Formation, and many others. While many of these occur in
the early Cambrian, such as the newly discovered Fandian biota (Du et al. 2020), lagerstitten are
found throughout the Cambrian, including the famous Orsten-style deposits of the Series 2 and

later Cambrian (Maas et al. 2000).

While the literature and discussions of Cambrian lagerstitten are voluminous, here we focus
on those occurrences whose mechanistic underpinnings are entwined with oxygen levels (Figure
3f; Supplemental Table). Among these are Orsten-style preservation, which is characterized by
phosphatization of fossils in carbonate nodules preserved in shale and that often preserve

arthropods (Maas et al. 2006), and Burgess-style preservation, which is characterized by the

preservation of soft tissues, including cuticle, preserved as carbonaceous remains with some
occasional mineralization of gut contents and limbs (Gaines 2014). The distribution of these two
styles of lagerstitten deposits in the Cambrian is shown in Figure 3. Orsten-style deposits extend
throughout the Cambrian, with a slight increase during the middle and later Cambrian. Burgess-
type deposits undergo an expansion during the middle Cambrian, with a peak in the Miaolingian,
and a decrease into the Furongian. Many of these preservational windows, even with their

differences, potentially rely on shared characteristics (Butterfield 2003), begging the questions,

what does the prevalence and distribution of lagerstétten during Cambrian time reveal about
environmental conditions during this interval and does this unique aspect of the Cambrian also

point to life on the edge?



Phosphatization of fossils occurs throughout geologic time, and the prevalence of
phosphatization increases in later Ediacaran time. Orsten-type preservation persists throughout
the Cambrian (Figure 3F). This type of preservation is characterized by the preservation of
small fossils (100 um to 2 mm), particularly those with cuticles, in limestone nodules in dysoxic

shales (Maas et al. 2006). Although not completely isolated to the Cambrian, its occurrence,

including its eponymous occurrence in Sweden, is prevalent during Cambrian time. In both

observational (Maas et al. 2006) and experimental work (Briggs & Wilby 1996, Briggs et al.

1993), the phosphatization of these fossils is linked to organic matter decay, low oxygen, and
authigenic mineral precipitation. The source of the phosphorus remains debated in these (Maas et

al. 2006) and for SSF-style preservation (Creveling et al. 2014), but the relationship between a

low oxygen (micro)environment and the preservation of soft parts in this way is clear.
Burgess Shale—type preservation is arguably the most famous preservation style of the

Cambrian (Conway Morris 1992) and refers to the style of preservation first recognized in fossils

of the Burgess Shale, a unit initially studied by Charles Doolittle Walcott. In the past >100 years,
Burgess Shale—type preservation has been discovered in numerous Cambrian deposits worldwide

(Butterfield 1995, Gaines 2014). The literature on Burgess Shale—style preservation is

voluminous, describing the fossils preserved and mechanisms of preservation and examining its
distribution in time. The environmental implications of widespread Burgess Shale—type
preservation in the Cambrian might reveal connections between fossilization and the marine
realm. Burgess Shale deposits occur from the second half of the Terreneuvian into the Darwinian
Stage of the Ordovician, with a peak in abundance at the base of the Miaolingian (Figure 3f).
Most mechanisms rely on inhibition of microbial degradation in a fast burial environment

(Gaines 2014). Pyrite precipitation (Briggs 2003) and authigenic clay formation (Anderson et al.

2018, Orr et al. 1998) likely also play a role in their preservation, the latter of which has been

shown to inhibit bacterial decay (e.g., Newman et al. 2017). The authigenic formation of many of

the minerals associated with Burgess Shale—style preservation [including glauconite (see Section
4.1)] can be understood through the evolutionary and environmental lens of the Cambrian: Low

oxygen conditions, limited scavenging, reduced bioturbation (Tarhan & Droser 2014),

porewaters in Cambrian shelf environments that were regularly dysoxic or anoxic (Allison &
Brett 1995), and oscillating and variable redox conditions of these settings promoted authigenic

clay and other mineral formation that replaced soft body parts of Cambrian organisms (Newman



et al. 2019). The widespread occurrence of Burgess Shale—style preservation and its subsequent

decline after the Cambrian point to changing environmental/taphonomic conditions in the

Ordovician and later in the Phanerozoic (Butterfield 1995, Gaines 2014), likely related to a more

ventilated ocean floor and more sediment mixing by animals.

5. LOW OXYGEN ENVIRONMENTS AND THEIR CONSEQUENCES FOR
CAMBRIAN LIFE

Low and variable oxygen conditions in the oceans have been simultaneously argued as a cause

for diversification and innovation (e.g., Nursall 1959, Wood & Erwin 2018) and as a factor that

inhibited biodiversity (Sperling et al. 2013). Further, the oxygen requirements for early

metazoans were likely low (Cole et al. 2020). Given the mounting evidence for a prevalence of

low and variable shallow marine oxygen levels throughout the Cambrian, if not much of the
early Paleozoic, what consequences might this have had on biology?

Wood & Erwin (2018) argue that low oxygen conditions are found to correspond with

innovations among soft-bodied organisms, essentially creating stock for later diversification
events when higher oxygen conditions appeared. This assertion relies on the notion that oxygen

gradients over short distances can lead to isolation of organisms and enhanced speciation. Wood

& Erwin (2018) argue that there is an innovation phase during which small nonskeletal taxa
acquire morphological diversity. As oxygen rises and/or stabilizes, these morphological traits can
be expressed in skeletal organisms, possibly of larger size. This argues for an oscillation between
low oxygen and oxygen-rich conditions, where the low oxygen phase favors innovations that are
later expressed when less stressful environmental conditions allow. In this way, low oxygen
conditions are still viewed as inhibitors to most skeletal taxa, but without the persistence of low
oxygen, the evolutionary history of life might be shaped differently (Knoll & Sperling 2014, Wei
et al. 2018).

Although there is mounting evidence that low oxygen conditions fostered innovation in a

variety of ways early in the evolutionary history of eukaryotic life (Hammarlund et al. 2018,

Knoll & Sperling 2014, Wood & Erwin 2018), low oxygen also served as a stressor for

Cambrian ecosystems. Saltzman et al. (2015) provide environmental constraints on the repeated

biomere extinction events in the later Cambrian and Early Ordovician (reviewed in Taylor 2006).

As noted above, various geochemical evidence supports the notion that low oxygen waters



occasionally impinged on the shelf (e.g., Edwards et al. 2018, Gill et al. 2011, Saltzman et al.

2015), resulting in the rapid turnover of trilobite species and the recolonization of nearshore
environments by trilobites living in offshore environments in potentially lower levels of
oxygenation. These extinctions were then followed by a rapid diversification of nearshore
trilobites (e.g., Taylor 20006). In this way, intervals with varying extents of marine anoxia are
responsible for animal turnover, extinction, and diversification within the later Cambrian and
Early Ordovician.

The demise of archaeocyathan reefs has also been linked to persistent low oxygen conditions

(Zhuravlev & Wood 1996). In the later early Cambrian, the Hawke Bay regression represents a

major sea level change recorded in parts of Laurentia and Scandinavia. In other parts of the
world, a major transgression follows this regression and is termed the Sinsk event. During this
event, there is extensive loss of diversity that had been established in early Cambrian time,

including the disappearance of archaeocyathan reefs (e.g., Zhuravlev & Wood 1996). The Sinsk

event itself is marked by facies reflecting low oxygen conditions such as laminated black shales
that occur across the Siberian Platform, as well as South Australia, on the Yangtze Platform, and
in some sections in Iran, Kazakhstan, and Mongolia. The coeval disappearance of prolific reef
communities with widespread evidence for anoxia links the two events. However, the
mechanisms for extinction remain elusive—for example, it may be that the persistence of low

oxygen conditions of the shelf smothered the reefs (Zhuravlev & Wood 1996), perhaps linked to

Kalkarindji eruptions (Glass & Phillips 2006). Others argue that the extinction of archaeocyaths

reflects a redox-modulated change in the saturation state of the oceans not unlike extinction

mechanisms at the end of the Permian (Knoll et al. 2007), perhaps also related to the Kalkarindji

eruption, with a large input of CO> (Knoll & Fischer 2011) into a warm and stagnant

ocean/atmosphere system that reduced the ability for animals to calcify (Pruss et al. 2010). In

either scenario, persistent low oxygen conditions likely played a role in the extinction of these
first animal reefs, and future studies of this event are needed to better constrain this role.

Other ecological innovations of the Cambrian must have also been shaped by low oxygen
conditions. For example, although penetration of the seafloor is underway by Cambrian time, the
intensity of it varies across environments. For example, when bioturbation has been measured in
environments across time from the lower Cambrian through the Lower Ordovician, some the

most intense areas of bioturbation are those that occurred earliest in the sequence, but also



closest to shore, suggesting that higher oxygen levels in shallow marine settings could have
fostered more intense bioturbation than those that are temporally later in time but more offshore

(Tarhan et al. 2023). Certainly, nutrient levels, salinity, and substrate availability among other

factors may have influenced the distribution of bioturbators during Cambrian time, but the
prevalence of intense (high ichnofabric indices) nearshore bioturbation from around the world
suggests some relief from oxygen stress in these settings that permitted metabolically demanding

infaunalization in oceans with low overall oxygen levels (Tarhan et al. 2023). Predator-prey

dynamics may also be influenced by low oxygen levels. Studies of modern OMZs suggest that
the distribution of carnivorous taxa is controlled by oxygen, with the lowest oxygen settings
having lower proportions of these organisms and higher oxygen settings linked to more complex

food webs (Sperling et al. 2013). Further, the metabolic demands of carnivory—something that

is critical in the arms race model of the Cambrian Explosion—require baseline oxygen levels that

might not have been present for much of the Proterozoic (Sperling et al. 2013). These studies

suggest that even as ecological complexity is increasing in the Cambrian, there is a strong
fingerprint of oxygen levels on the distribution and abundances of organisms across
environments, with oxygen providing a bridge between environment and ecology.

Some Cambrian ecosystems, such as those from deep water successions of Avalonia and
Baltica, seem adapted and resilient to low oxygen levels. Morphological features of organisms
from some ecosystems suggest that they were adapted to low oxygen conditions, such as
trilobites interpreted as chemoautotrophic symbionts (Fortey 2000) and, more broadly, entire
ecosystems that are thought to have lived under dysaerobic conditions, with low diversity and

high dominance of stress-tolerant detritovores and scavengers (Ivantsov et al. 2005). In contrast,

vulnerable organisms such as reef dwellers fared quite poorly in the face of low oxygen water

masses impinging on the shelf (Zhuravlev & Wood 1996). While the overall low biomass and

low metabolic demand of most Cambrian organisms made them well suited to a lower

oxygenated marine realm (Ivantsov et al. 2005), stressors still overwhelmed local ecosystems

throughout the Cambrian, leading to high turnover (Bambach et al. 2004).

6. CONCLUSIONS AND FUTURE DIRECTIONS

There is some emerging consensus around the role played by changing ocean oxygenation across

the Cambrian in the evolutionary and ecological diversification of animal ecosystems. Cambrian



organisms reflect the most diverse ecosystems to have existed on the planet up to that point, yet
there is a delicate balance between evolutionary innovation and extinction that sets up a unique

Cambrian dynamic characterized by high turnover rates (e.g., Bambach et al. 2004).

In this way, the ecosystems of the Cambrian seem to be both a manifestation of and a
response to sustained environmental stress, likely overall lower and variable oxygenation across
environments. This is exemplified in the case of the trilobite biomere extinctions in which
nearshore taxa are replaced by low diversity groups living offshore in less oxygenated settings
that subsequently colonized shelf environments (Taylor 2006). The case has also been made that

higher oxygen levels lead to greater instances of carnivory among polycheate taxa in modern

OMZ settings (Sperling et al. 2013), which again points to variable oxygen levels as a driver of
innovation, applicable to the Cambrian. Even the fossils themselves reflect low oxygen
conditions—the unusual abundance of lagerstitten and SSFs that provide such rich ecological
information on the Cambrian might not exist at all if not for the low and oscillating oxygen
levels that fostered their preservation.

In summary, oscillating and variable spatial concentrations of oxygen across marine
environments may have simultaneously played a role in the early expansion of metazoans during
Cambrian time and created occasional stresses that overcame these early ecosystems. Anoxic
events succeeded in periodically wiping out accumulated diversity, particularly skeletal groups,
and essentially resetting the evolutionary clock. Perhaps the complicated relationship between
innovation, extinction, and oxygen explains much of the pattern we see through the Cambrian
and into the Early Ordovician—and even the fossil record itself. Oscillating redox allowed for
particular types of mineral authigenesis that led to unique taphonomic pathways, resulting in
both an explosion of SSF-style preservation and an abundance of soft-bodied lagerstétten
fostered by authigenic mineral formation. Stabilization of environments, and a more even
distribution of shallow water oxygen levels, in Middle Ordovician time may have allowed for the

expansion into yet-unexplored morphological variability (Wood & Erwin 2018) in the vast

radiation of skeletal and other organisms during the GOBE (Servais et al. 2010, Stigall et al.
2020).

Moving forward, to better draw linkages between life, the fossil record, and the environment
during this critical interval in Earth history, we advocate future work focusing on the following:

developing better constraints on the environmental conditions necessary for certain pathways of



marine authigenesis and fossil preservation; refining and developing proxies that can better
quantify levels of oxygen relevant to animal life; performing experimental work on taphonomy
that could help constrain absolute oxygen levels and biogeochemical feedbacks; and further
exploration of the Cambrian and Early Ordovician primary rock record, particularly high-
resolution studies of the end Stage 4 extinction and the interval that follows, which has received

relatively less attention.

DISCLOSURE STATEMENT

[**AU: Please insert your Disclosure of Potential Bias statement, covering all authors, here. If
you have nothing to disclose, please confirm that the statement below may be published in your
review. Fill out and return the forms sent with your galleys, as manuscripts CANNOT be sent for
proof layout until these forms are received.**] The authors are not aware of any affiliations,
memberships, funding, or financial holdings that might be perceived as affecting the objectivity

of this review. [This statement is correct.]

ACKNOWLEDGMENTS

We are grateful for recent support of research on this time interval by NASA Exobiology
Program grant 22-EX022-0005 to S.B.P. and B.C.G. We also acknowledge previous support by
the Donors of the American Chemical Society Petroleum Research Fund to S.B.P. We
acknowledge fruitful collaborations and thoughtful conversations with A. Stigall, S. Finnegan, N.
Planavsky, J.C. Creveling, M. Saltzman, E. Smith, L. Nelson, F. Macdonald, A. Zhuravlev, D.
Jones, N. Tosca, D. Fike, J. Owens, S. Young, and L. Tarhan, in addition to thorough and helpful
comments from L. Tarhan and an Editorial Committee reviewer on previous versions of this

manuscript.

LITERATURE CITED

Adachi N, Ezaki Y, Liu J. 2014. The late early Cambrian microbial reefs immediately after the
demise of archaeocyathan reefs, Hunan Province, South China. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 407:45-55

Algeo TJ, Luo GM, Song HY, Lyons TW, Canfield DE. 2015. Reconstruction of secular



variation in seawater sulfate concentrations. Biogeosciences 12(7):2131-51

Allison PA, Brett CE. 1995. In situ benthos and paleo-oxygenation in the middle Cambrian
Burgess Shale, British Columbia, Canada. Geology 23(12):1079-82

Allison PA, Briggs DE. 1993. Exceptional fossil record: distribution of soft-tissue preservation
through the Phanerozoic. Geology 21(6):527-30

Anderson RP, Tosca NJ, Gaines RR, Koch NM, Briggs DE. 2018. A mineralogical signature for
Burgess Shale—type fossilization. Geology 46(4):347-50

Bambach RK, Knoll AH, Wang SC. 2004. Origination, extinction, and mass depletions of
marine diversity. Paleobiology 30(4):522—42

Berkner LV, Marshall LC. 1965. On the origin and rise of oxygen concentration in the Earth’s
atmosphere. J. Atmos. Sci. 22(3):225-61

Berry WBN, Wilde P. 1978. Progressive ventilation of the oceans; an explanation for the
distribution of the lower Paleozoic black shales. Am. J. Sci. 278(3):257-75

Bicknell RD, Holmes JD, Pates S, Garcia-Bellido DC, Paterson JR. 2022. Cambrian carnage:
trilobite predator-prey interactions in the Emu Bay Shale of South Australia. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 591:110877

Bottjer DJ, Hagadorn JW, Dornbos SQ. 2000. The Cambrian substrate revolution. GSA Today
10(9):1-7

Bowyer FT, Zhuravlev AY, Wood R, Shields GA, Zhou Y, et al. 2022. Calibrating the temporal
and spatial dynamics of the Ediacaran-Cambrian radiation of animals. Earth-Sci. Rev.
225:103913

Boyle RA, Dahl TW, Bjerrum CJ, Canfield DE. 2018. Bioturbation and directionality in Earth’s
carbon isotope record across the Neoproterozoic—Cambrian transition. Geobiology
16(3):252-78

Brasier M. 1980. The Lower Cambrian transgression and glauconite-phosphate facies in western
Europe. J. Geolog. Soc. 137(6):695-703

Brasier M. 1990. Phosphogenic events and skeletal preservation across the Precambrian-
Cambrian boundary interval. Geolog. Soc. Lond Spec. Publ. 52(1):289-303

Brasier M. 1992. Background to the Cambrian explosion. J. Geolog. Soc. Lond. 149(4):585-87

Brennan ST, Lowenstein TK, Horita J. 2004. Seawater chemistry and the advent of
biocalcification. Geology 32(6):473—-76



Briggs D, Kear A, Martill D, Wilby P. 1993. Phosphatization of soft-tissue in experiments and
fossils. J. Geolog. Soc. 150(6):1035-38

Briggs DE. 2003. The role of decay and mineralization in the preservation of soft-bodied fossils.
Annu. Rev. Earth Planet. Sci. 31:275-301

Briggs DE, Wilby PR. 1996. The role of the calcium carbonate-calcium phosphate switch in the
mineralization of soft-bodied fossils. J. Geolog. Soc. Lond. 153(5):665-68

Butterfield NJ. 1995. Secular distribution of Burgess-Shale-type preservation. Lethaia 28(1):1—
13

Butterfield NJ. 2003. Exceptional fossil preservation and the Cambrian explosion. /ntegr. Comp.
Biol. 43(1):166-77

Cai Y, Xiao S, Li G, Hua H. 2019. Diverse biomineralizing animals in the terminal Ediacaran
Period herald the Cambrian explosion. Geology 47(4):380-84

Chafetz H, Reid A. 2000. Syndepositional shallow-water precipitation of glauconitic minerals.
Sediment. Geol. 136(1-2):29—-42

Cole DB, Mills DB, Erwin DH, Sperling EA, Porter SM, Reinhard CT, Planavsky NJ. 2020. On
the co-evolution of surface oxygen levels and animals. Geobiology. May;18(3):260-81.

Conway Morris S. 1992. Burgess Shale-type faunas in the context of the ‘Cambrian explosion’: a
review. J. Geolog. Soc. 149(4):631-36

Conway Morris S. 2000. The Cambrian “explosion”: slow-fuse or megatonnage? PNAS
97(9):4426-29

Conway Morris S, Bengtson S. 1994. Cambrian predators: possible evidence from boreholes. J.
Paleontol. 68(1):1-23

Cook PJ, Shergold JH. 1984. Phosphorus, phosphorites and skeletal evolution at the
Precambrian—Cambrian boundary. Nature 308(5956):231-36

Creveling JR, Johnston DT, Poulton SW, Kotrc B, Mirz C, et al. 2014. Phosphorus sources for
phosphatic Cambrian carbonates. Bull. Geolog. Soc. Am. 126(1-2):145-63

Cribb AT, Van de Velde SJ, Berelson WM, Bottjer DJ, Corsetti FA. 2023. Ediacaran—Cambrian
bioturbation did not extensively oxygenate sediments in shallow marine ecosystems.
Geobiology 21)4):435-53

Crimes TP, Anderson MM. 1985. Trace fossils from late Precambrian—Early Cambrian strata of

southeastern Newfoundland (Canada): temporal and environmental implications. J.



Paleontol. 59:310-43

Dahl TW, Boyle RA, Canfield DE, Connelly JN, Gill BC, et al. 2014. Uranium isotopes
distinguish two geochemically distinct stages during the later Cambrian SPICE event. Earth
Planet. Sci. Lett. 401:313-26

Dahl TW, Connelly JN, Kouchinsky A, Gill BC, Mansson SF, Bizzarro M. 2017. Reorganisation
of Earth’s biogeochemical cycles briefly oxygenated the oceans 520 Myr ago. Geochem.
Perspect. Lett. 3(2):210-20

Dahl TW, Connelly JN, Li D, Kouchinsky A, Gill BC, et al. 2019. Atmosphere—ocean oxygen
and productivity dynamics during early animal radiations. PNAS 116(39):19352—-61

Daley AC, Antcliffe JB, Drage HB, Pates S. 2018. Early fossil record of Euarthropoda and the
Cambrian Explosion. PNAS 115(21):5323-31

Darroch SA, Cribb AT, Buatois LA, Germs GJ, Kenchington CG, et al. 2021. The trace fossil
record of the Nama Group, Namibia: exploring the terminal Ediacaran roots of the Cambrian
explosion. Earth-Sci. Rev. 212:103435

Dattilo BF, Freeman RL, Zubovic YM, Brett CE, Straw AM, et al. 2019. Time-richness and
phosphatic microsteinkern accumulation in the Cincinnatian (Katian) Ordovician, USA: an
example of polycyclic phosphogenic condensation. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 535:109362

Droser ML, Gehling JG, Jensen S. 1999. When the worm turned: concordance of Early
Cambrian ichnofabric and trace-fossil record in siliciclastic rocks of South Australia.
Geology 27(7):625-28

Droser ML, Jensen S, Gehling JG. 2002. Trace fossils and substrates of the terminal Proterozoic—
Cambrian transition: implications for the record of early bilaterians and sediment mixing.
PNAS 99(20):12572-76

Droser ML, Tarhan LG, Gehling JG. 2017. The rise of animals in a changing environment:
global ecological innovation in the late Ediacaran. Annu. Rev. Earth Planet. Sci. 45:593-617

Du K, Ortega-Hernandez J, Yang J, Yang X, Guo Q, et al. 2020. A new early Cambrian
Konservat-Lagerstitte expands the occurrence of Burgess Shale-type deposits on the Yangtze
Platform. Earth-Sci. Rev. 211:103409

Dzik J. 1994. Evolution of ‘small shelly fossils’ assemblages of the Early Paleozoic. Acta
Palaeontol. Pol. 39(3):247-313



Dzik J. 2005. Behavioral and anatomical unity of the earliest burrowing animals and the cause of
the “Cambrian explosion.” Paleobiology 31(3):503-21

Edwards CT, Fike DA, Saltzman MR, Lu W, Lu Z. 2018. Evidence for local and global redox
conditions at an Early Ordovician (Tremadocian) mass extinction. Earth Planet. Sci. Lett.
481:125-35

Edwards CT, Saltzman MR, Leslie SA, Bergstrom SM, Sedlacek ARC, et al. 2015. Strontium
isotope (¥’Sr/%¢Sr) stratigraphy of Ordovician bulk carbonate: implications for preservation of
primary seawater values. Geolog. Soc. Am. Bull. 127(9-10):1275-89

Edwards CT, Saltzman MR, Royer DL, Fike DA. 2017. Oxygenation as a driver of the Great
Ordovician Biodiversification Event. Nat. Geosci. 10(12):925-29

Erwin DH, Laflamme M, Tweedt SM, Sperling EA, Pisani D, Peterson KJ. 2011. The Cambrian
conundrum: early divergence and later ecological success in the early history of animals.
Science 334(6059):1091-97

Erwin DH, Valentine JW. 2013. The Cambrian Explosion. Genwodd Village, CO: Roberts & Co.

Fan H, Wen H, Zhu X. 2016. Marine redox conditions in the Early Cambrian ocean: insights
from the Lower Cambrian phosphorite deposits, South China. J. Earth Sci. 27:282-96

Fan J, Shen S, Erwin DH, Sadler PM, MacLeod N, et al. 2020. A high-resolution summary of
Cambrian to Early Triassic marine invertebrate biodiversity. Science 367(6475):272-77

Fortey R. 2000. Olenid trilobites: the oldest known chemoautotrophic symbionts? PNAS
97(12):6574-78

Gaines RR. 2014. Burgess Shale-type preservation and its distribution in space and time.
Paleontol. Soc. Pap. 20:123-46

Gehling JG, Jensen S, Droser ML, Myrow PM, Narbonne GM. 2001. Burrowing below the basal
Cambrian GSSP, Fortune Head, Newfoundland. Geol. Mag. 138(2):213-18

Gill BC, Dahl TW, Hammarlund EU, LeRoy MA, Gordon GW, et al. 2021. Redox dynamics of
later Cambrian oceans. Palacogeogr. Palaeoclimatol. Palaeoecol. 581:110623

Gill BC, Lyons TW, Saltzman MR. 2007. Parallel, high-resolution carbon and sulfur isotope
records of the evolving Paleozoic marine sulfur reservoir. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 256(3—4):156-73

Gill BC, Lyons TW, Young SA, Kump LR, Knoll AH, Saltzman MR. 2011. Geochemical

evidence for widespread euxinia in the Later Cambrian ocean. Nature 469(7328):80—-83



Glass LM, Phillips D. 2006. The Kalkarindji continental flood basalt province: a new Cambrian
large igneous province in Australia with possible links to faunal extinctions. Geology
34(6):461-64

Goldberg SL, Present TM, Finnegan S, Bergmann KD. 2021. A high-resolution record of early
Paleozoic climate. PNAS 118(6):¢2013083118

Grotzinger J, Adams E, Schroder S. 2005. Microbial-metazoan reefs of the terminal Proterozoic
Nama Group (c. 550-543 Ma), Namibia. Geol. Mag. 142(5):499-517

Guilbaud R, Slater BJ, Poulton SW, Harvey THP, Brocks JJ, et al. 2018. Oxygen minimum
zones in the early Cambrian ocean. Geochem. Perspect. Lett. 6:33-38

Hammarlund EU, Von Stedingk K, Pahlman S. 2018. Refined control of cell stemness allowed
animal evolution in the oxic realm. Nat. Ecol. Evol. 2(2):220-28

Harper DA, Topper TP, Cascales-Minana B, Servais T, Zhang Y-D, Ahlberg P. 2019. The
Furongian (late Cambrian) biodiversity gap: real or apparent? Palaeoworld 28(1-2):4—12

He T, Zhu M, Mills BJ, Wynn PM, Zhuravlev AY, et al. 2019. Possible links between extreme
oxygen perturbations and the Cambrian radiation of animals. Nat. Geosci. 12(6):468—74

Hearing TW, Harvey THP, Williams M, Leng MJ, Lamb AL, et al. 2018. An early Cambrian
greenhouse climate. Sci. Adv. 4(5):eaar5690

Hsieh S, Plotnick RE, Bush AM. 2022. The Phanerozoic aftermath of the Cambrian information
revolution: sensory and cognitive complexity in marine faunas. Paleobiology 48(3):397—419

Ivantsov AY, Zhuravlev AY, Leguta AV, Krassilov VA, Melnikova LM, Ushatinskaya GT.
2005. Palacoecology of the early Cambrian Sinsk biota from the Siberian platform.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 220(1-2):69—88

Kendall B, Dahl TW, Anbar AD. 2017. The stable isotope geochemistry of molybdenum. Rev.
Mineral. Geochem. 82(1):683-732

Knoll AH, Bambach RK, Payne JL, Pruss S, Fischer WW. 2007. Paleophysiology and end-
Permian mass extinction. Earth Planet. Sci. Lett. 256(3—4):295-313

Knoll AH, Carroll SB. 1999. Early animal evolution: emerging views from comparative biology
and geology. Science 284(5423):2129-37

Knoll AH, Fischer WW, 2011. Skeletons and ocean chemistry: the long view. In Ocean
Acidification, ed. JP Gattuso, L Hansson, pp. 67—82. Oxford, UK: Oxford Univ. Press.

Knoll AH, Sperling EA. 2014. Oxygen and animals in Earth history. PNAS 111(11):3907-8



Krause AJ, Mills BJW, Zhang S, Planavsky NJ, Lenton TM, Poulton SW. 2018. Stepwise
oxygenation of the Paleozoic atmosphere. Nat. Commun. 9(1):4081

Kroger BJ, Desrochers A, Ernst A. 2017. The reengineering of reef habitats during the Great
Ordovician Biodiversification Event. Palaios 32(9):584-99

Lau KV, Romaniello SJ, Zhang F. 2019. The uranium isotope paleoredox proxy. In Elements in
Geochemical Tracers in Earth System Science, Vol. 6454, ed. TW Lyons, AV Turchyn, CT
Reinhard, p. 27. New York: Cambridge Univ. Press

Lee J-H, Chen J, Chough SK. 2015. The middle—late Cambrian reef transition and related
geological events: a review and new view. Earth-Sci. Rev. 145:66—84

Lee J-H, Riding R. 2018. Marine oxygenation, lithistid sponges, and the early history of
Paleozoic skeletal reefs. Earth-Sci. Rev. 181:98—-121

Lee MS, Soubrier J, Edgecombe GD. 2013. Rates of phenotypic and genomic evolution during
the Cambrian explosion. Curr. Biol. 23(19):1889-95

Lenton TM, Daines SJ, Mills BJW. 2018. COPSE reloaded: an improved model of
biogeochemical cycling over Phanerozoic time. Earth-Sci. Rev. 178:1-28

LeRoy MA, Gill BC. 2019. Evidence for the development of local anoxia during the Cambrian
SPICE event in eastern North America. Geobiology 17(4):381-400

LeRoy MA, Gill BC, Sperling EA, McKenzie NR, Park T-YS. 2021. Variable redox conditions
as an evolutionary driver? A multi-basin comparison of redox in the middle and later
Cambrian oceans (Drumian-Paibian). Palaeogeogr. Palaeoclimatol. Palaeoecol. 566:110209

Li C, Jin C, Planavsky NJ, Algeo TJ, Cheng M, et al. 2017. Coupled oceanic oxygenation and
metazoan diversification during the early-middle Cambrian? Geology 39(8):707-10

Li X, Droser ML. 1997. Nature and distribution of Cambrian shell concentrations: evidence from
the Basin and Range Province of the western United States (California, Nevada, and Utah).
Palaios 12(2):111-26

Lu W, Ridgwell A, Thomas E, Hardisty DS, Luo G, et al. 2018. Late inception of a resiliently
oxygenated upper ocean. Science 361:174-77

Maas A, Braun A, Dong X-P, Donoghue PCJ, Miiller KJ, et al. 2006. The ‘Orsten’—more than a
Cambrian Konservat-Lagerstitte yielding exceptional preservation. Palaeoworld 15(3):266—
82

Maloof AC, Porter SM, Moore JL, Dudas FO, Bowring SA, et al. 2010. The earliest Cambrian



record of animals and ocean geochemical change. Geol. Soc. Am. Bull. 122(11-12):1731-74

Mangano MG, Buatois LA. 2017. The Cambrian revolutions: trace-fossil record, timing, links
and geobiological impact. Earth-Sci. Rev. 173:96—108

Marshall CR. 2006. Explaining the Cambrian “explosion” of animals. Annu. Rev. Earth Planet.
Sci. 34:355-84

Maxwell V, Thuy B, Pruss SB. 2021. An Early Triassic small shelly fossil-style assemblage from
the Virgin Limestone Member, Moenkopi Formation, western United States. Lethaia
54(3):368-77

McKenzie NR, Hughes NC, Gill BC, Myrow PM. 2014. Plate tectonic influences on
Neoproterozoic—early Paleozoic climate and animal evolution. Geology 42(2):127-30

Mills DB, Ward LM, Jones C, Sweeten B, Forth M, et al. 2014. Oxygen requirements of the
earliest animals. PNAS 111(11):4168-72

Montanez IP, Banner JL, Osleger DA, Borg LE, Bosserman PJ. 1996. Integrated Sr isotope
variations and sea-level history of middle to Upper Cambrian platform carbonates:
implications for the evolution of Cambrian seawater 8’St/%¢ Sr. Geology 24(10):917-20

Murdock DJ. 2020. The ‘biomineralization toolkit” and the origin of animal skeletons. Biol. Rev.
95(5):1372-92

Nelson LL, Ramezani J, Almond JE, Darroch SA, Taylor WL, et al. 2022. Pushing the boundary:
a calibrated Ediacaran-Cambrian stratigraphic record from the Nama Group in northwestern
Republic of South Africa. Earth Planet. Sci. Lett. 580:117396

Newman S, Klepac-Ceraj V, Mariotti G, Pruss S, Watson N, Bosak T. 2017. Experimental
fossilization of mat-forming cyanobacteria in coarse-grained siliciclastic sediments.
Geobiology 15(4):484-98

Newman S, Daye M, Fakra S, Marcus MA, Pajusalu M, et al. 2019. Experimental preservation of
muscle tissue in quartz sand and kaolinite. Palaios 34(9):437-51

Nursall JR. 1959. Oxygen as a prerequisite to the origin of the Metazoa. Nature
183(4669):1170-72

O’Brien G, Milnes A, Veeh H, Heggie D, Riggs S, et al. 1990. Sedimentation dynamics and
redox iron-cycling: controlling factors for the apatite—glauconite association on the East
Australian continental margin. Geol. Soc. Lond. Spec. Publ. 52(1):61-86

Orr PJ, Briggs DE, Kearns SL. 1998. Cambrian Burgess Shale animals replicated in clay



minerals. Science 281(5380):1173-75

Pages A, Schmid S, Edwards D, Barnes S, He N, Grice K. 2016. A molecular and isotopic study
of palaeoenvironmental conditions through the middle Cambrian in the Georgina Basin,
central Australia. Earth Planet. Sci. Lett. 447:21-32

Paterson JR, Edgecombe GD, Garcia-Bellido DC. 2020. Disparate compound eyes of Cambrian
radiodonts reveal their developmental growth mode and diverse visual ecology. Sci. Adv.
6(49):eabc6721

Paterson JR, Edgecombe GD, Lee MS. 2019. Trilobite evolutionary rates constrain the duration
of the Cambrian explosion. PNAS 116(10):4394-99

Paterson JR, Garcia-Bellido DC, Lee MS, Brock GA, Jago JB, Edgecombe GD. 2011. Acute
vision in the giant Cambrian predator Anomalocaris and the origin of compound eyes. Nature
480(7376):237-40

Pates S, Bicknell RDC. 2019. Elongated thoracic spines as potential predatory deterrents in
olenelline trilobites from the lower Cambrian of Nevada. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 516:295-306

Peters SE, Gaines RR. 2012. Formation of the ‘Great Unconformity’ as a trigger for the
Cambrian explosion. Nature 484(7394):363—-66

Planavsky NJ. 2014. The elements of marine life. Natz. Geosci. 7(12):855-56

Porter SM. 2004. Closing the phosphatization window: testing for the influence of taphonomic
megabias on the pattern of small shelly fossil decline. Palaios 19(2):178-83

Pruss SB, Jones DS, Fike DA, Tosca NJ, Wignall PB. 2019a. Marine anoxia and sedimentary
mercury enrichments during the Late Cambrian SPICE event in northern Scotland. Geology
47(5):475-78

Pruss SB, Smith EF, Leadbetter O, Nolan RZ, Hicks M, Fike DA. 2019b. Palaeoecology of the
archaeocyathan reefs from the lower Cambrian Harkless Formation, southern Nevada,
western United States and carbon isotopic evidence for their demise. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 536:109389

Pruss SB, Dwyer CH, Smith EF, Macdonald FA, Tosca NJ. 2019c. Phosphatized early Cambrian
archaeocyaths and small shelly fossils (SSFs) of southwestern Mongolia. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 513:166—77

Pruss SB, Finnegan S, Fischer WW, Knoll AH. 2010. Carbonates in skeleton-poor seas: new



insights from Cambrian and Ordovician strata of Laurentia. Palaios 25(2):73-84

Pruss SB, Tosca NJ, Stark C. 2018. Small shelly fossil preservation and the role of early
diagenetic redox in the Early Triassic. Palaios 33(10):441-50

Reinhard CT, Planavsky NJ, Gill BC, Ozaki K, Robbins LJ, et al. 2017. Evolution of the global
phosphorus cycle. Nature 541(7637):386—89

Rowland SM, Gangloff RA. 1988. Structure and paleoecology of Lower Cambrian reefs. Palaios
3(2):111-35

Saltzman MR, Edwards CT, Adrain JM, Westrop SR. 2015. Persistent oceanic anoxia and
elevated extinction rates separate the Cambrian and Ordovician radiations. Geology
43(9):807-10

Saltzman MR, Ripperdan RL, Brasier M, Lohmann KC, Robison RA, et al. 2000. A global
carbon isotope excursion (SPICE) during the Late Cambrian: relation to trilobite extinctions,
organic-matter burial and sea level. Palaeogeogr. Palaeoclimatol. Palaeoecol. 162(3—
4):211-23

Saltzman MR, Young SA, Kump LR, Gill BC, Lyons TW, Runnegar B. 2011. Pulse of
atmospheric oxygen during the late Cambrian. PNAS 108(10):3876-81

Seilacher A, Pfliiger F. 1994. From biomats to benthic agriculture: a biohistoric revolution. In
Biostabilization of Sediments, ed. WE Krumbein, DM Paterson, LJ Stal, pp. 97-105.
Oldenburg, Ger.: Bibl. Informationsyst. Univ. Oldenberg

Servais T, Cascales-Minana B, Harper DAT, Lefebvre B, Munnecke A, et al. 2023. No
(Cambrian) explosion and no (Ordovician) event: a single long-term radiation in the early
Palaeozoic. Palaeogeogr. Palaeoclimatol. Palaeoecol. 623:111592

Servais T, Owen AW, Harper DA, Kroger B, Munnecke A. 2010. The Great Ordovician
Biodiversification Event (GOBE): the palaecoecological dimension. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 294(3—4):99-119

Servais T, Perrier V, Danelian T, Klug C, Martin R, et al. 2016. The onset of the ‘Ordovician
Plankton Revolution’ in the late Cambrian. Palaeogeogr. Palaeoclimatol. Palaeoecol.
458:12-28

Shields G, Stille P. 2001. Diagenetic constraints on the use of cerium anomalies as
palacoseawater redox proxies: an isotopic and REE study of Cambrian phosphorites. Chem.

Geol. 175(1-2):29-48



Shields GA, Carden GAF, Veizer J, Meidla T, Rong J-Y, Li R-Y. 2003. Sr, C, and O isotope
geochemistry of Ordovician brachiopods: a major isotopic event around the Middle-Late
Ordovician transition. Geochim. Cosmochim. Acta 67(11):2005-25

Skovsted CB, Peel JS. 2007. Small shelly fossils from the argillaceous facies of the Lower
Cambrian Forteau Formation of western Newfoundland. Acta Palaeontol. Pol. 52(4):729—-48

Sperling EA, Frieder CA, Raman AV, Girguis PR, Levin LA, Knoll AH. 2013. Oxygen, ecology,
and the Cambrian radiation of animals. PNAS 110(33):13446-51

Sperling EA, Wolock CJ, Morgan AS, Gill BC, Kunzmann M, et al. 2015. Statistical analysis of
iron geochemical data suggests limited late Proterozoic oxygenation. Nature 523(7561):451—
54

Sperling EA, Melchin MJ, Fraser T, Stockey RG, Farrell UC, et al. 2021. A long-term record of
early to mid-Paleozoic marine redox change. Sci. Adv. 7(28):eabf4382

Sperling EA, Stockey RG. 2018. The temporal and environmental context of early animal
evolution: considering all the ingredients of an “explosion.” Integr. Comp. Biol. 58(4):605—
22

Stigall AL, Freeman RL, Edwards CT, Rasmussen CM. 2020. A multidisciplinary perspective on
the Great Ordovician Biodiversification Event and the development of the early Paleozoic
world. Palaeogeogr. Palaeoclimatol. Palaeoecol. 543:109521

Tarhan LG. 2018. The early Paleozoic development of bioturbation—evolutionary and
geobiological consequences. Earth-Sci. Rev. 178:177-207

Tarhan LG, Droser ML. 2014. Widespread delayed mixing in early to middle Cambrian marine
shelfal settings. Palaeogeogr. Palaeoclimatol. Palaeoecol. 399:310-22

Tarhan LG, Hood AV, Droser ML, Gehling JG, Briggs DE. 2016. Exceptional preservation of
soft-bodied Ediacara Biota promoted by silica-rich oceans. Geology 44(11):951-54 [**AU:
This reference is not cited in the text. Please add there or remove from here.**]

Tarhan LG, Nolan RZ, Westacott S, Shaw JO, Pruss SB. 2023. Environmental and temporal
patterns in bioturbation in the Cambrian—Ordovician of Western Newfoundland. Geobiology
21(5):571-91

Taylor JF. 2006. History and status of the biomere concept. Mem. Assoc. Australas. Palaeontol.
32:247

Topper T, Betts MJ, Dorjnamjaa D, Li G, Li L, et al. 2022. Locating the BACE of the Cambrian:



Bayan Gol in southwestern Mongolia and global correlation of the Ediacaran—Cambrian
boundary. Earth-Sci. Rev. 229:104017

Tostevin R, Wood R, Shields G, Poulton S, Guilbaud R, et al. 2016. Low-oxygen waters limited
habitable space for early animals. Nat. Commun. 7(1):12818

Trotter JA, Williams IS, Barnes CR, Lécuyer C, Nicoll RS. 2008. Did cooling oceans trigger
Ordovician biodiversification? Evidence from conodont thermometry. Science
321(5888):550-54

van de Velde, S, Mills, BJW, Meysman, FJR, Lenton TM, Poulton SW, 2018. Early Palaeozoic
ocean anoxia and global warming driven by the evolution of shallow burrowing. Nat
Commun 9, 2554. https://doi-org.libproxy.smith.edu/10.1038/s41467-018-04973-4

Vermeij GJ. 1989. The origin of skeletons. Palaios 4(6):585-89

Wang J, Tarhan LG, Jacobson AD, Oehlert AM, Planavsky NJ. 2023. The evolution of the
marine carbonate factory. Nature 615:265—-69

Wei G-Y, Planavsky NJ, He T, Zhang F, Stockey RG, et al. 2021. Global marine redox evolution
from the late Neoproterozoic to the early Paleozoic constrained by the integration of Mo and
U isotope records. Earth-Sci. Rev. 214:103506

Wei GY, Planavsky NJ, Tarhan LG, Chen X, Wei W, et al. 2018. Marine redox fluctuation as a
potential trigger for the Cambrian explosion. Geology 46(8):587-90

Wood R, Erwin DH. 2018. Innovation not recovery: Dynamic redox promotes metazoan
radiations. Biol. Rev. 93(2):863-73

Wood R, Liu AG, Bowyer F, Wilby PR, Dunn FS, et al. 2019. Integrated records of
environmental change and evolution challenge the Cambrian Explosion. Nat. Ecol. Evol.
3(4):528-38

Wotte T, Strauss H, Fugmann A, Garbe-Schonberg D. 2012. Paired §°*S data from carbonate-
associated sulfate and chromium-reducible sulfur across the traditional Lower—Middle
Cambrian boundary of W-Gondwana. Geochim. Cosmochim. Acta 85:228-53

Zhang H, Fan H, Wen H, Han T, Zhou T, Xia Y. 2022. Controls of REY enrichment in the early
Cambrian phosphorites. Geochim. Cosmochim. Acta 324:117-39

Zhang L, Algeo TJ, Zhao L, Dahl TW, Chen Z-Q, et al. 2023. Environmental and trilobite
diversity changes during the middle-late Cambrian SPICE event. Geol. Soc. Am. Bull.
https://doi.org/10.1130/B36421.1



Zhao Z, Pang X, Zou C, Dickson AJ, Basu A, et al. 2023. Dynamic oceanic redox conditions
across the late Cambrian SPICE event constrained by molybdenum and uranium isotopes.
Earth Planet. Sci. Lett. 604:118013

Zhuravlev AY, Mitchell EG, Bowyer F, Wood R, Penny A. 2022. Increases in reef size, habitat
and metacommunity complexity associated with Cambrian radiation oxygenation pulses. Nat.
Commun. 13(1):7523

Zhuravlev AY, Wood RA. 1996. Anoxia as the cause of the mid-Early Cambrian (Botomian)
extinction event. Geology 24(4):311-14



