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ARTICLE INFO ABSTRACT

Editor: Vasileios Mavromatis Changes in the redox state of the oceans have exerted a powerful influence on the biological and chemical
evolution of marine environments throughout Earth history. A relatively new proxy used to reconstruct this
redox history is the analysis of the thallium isotopic composition (¢2°°T1) of fine-grained clastic rocks. Its utility
stems from the central role and large fractionation that redox-sensitive Mn-oxides impart on the £2°°Tl of

seawater in the modern ocean. Importantly, lower oxygenation levels of the ocean-atmosphere system earlier in
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xl:(;z?;des Earth history may have fostered different Mn cycling dynamics and TI isotope behavior. Here we explore this
Paleoredox idea by examining a putative early Paleozoic interval of expanding marine deoxygenation, the Cambrian SPICE

event (494.5 to 492.5 Ma). Our £2°°Tl records from two SPICE localities: the Alum Shale of Sweden and the
Stockingford Shale Group of England suggest a rapid reduction of Mn-oxide sedimentation accompanied the
initiation of the SPICE, consistent with expanding anoxia at this time. However, while both locations show
broadly similar ¢2°T1 patterns, to each other and to previous Tl investigations of anoxic events, we observe
several differences that may reflect how Mn was cycled differently under lower oxygen levels. We note that most
Mn-oxide sedimentation was likely localized in shallower environments creating more dynamic cycling of Mn
and Tl than observed today. This view may have implications not only for the interpretation of Tl isotope data,
but also for other isotopic systems influenced by Mn-oxides before the oxygenation of oceans reached modern
levels.

1. Introduction

The stratigraphic record contains ample evidence that intervals of
expanding and intensifying oceanic deoxygenation on a variety of
timescales were a relatively common occurrence throughout Earth his-
tory with the well-documented Mesozoic Oceanic Anoxic Events (OAEs)
being prime examples (Bond et al., 2013; Clarkson et al., 2015; Jenkyns,
2010; Wignall, 2001; Wignall and Twitchett, 1996; Zhang et al., 2020).
Importantly, these episodes also appear to have dramatically affected
Earth's chemical budgets and exerted significant influence upon the
course of biological evolution (Bartlett et al., 2018; Kidder and Worsley,
2010; Ozaki and Tajika, 2013). Due to these critical effects, an important

* Corresponding author.
E-mail address: mleroy@vt.edu (M.A. LeRoy).

https://doi.org/10.1016/j.chemgeo.2026.123579

ongoing research aim is to better understand the magnitude, timing, and
controls of these events. This effort remains challenging for the study of
relatively ancient events (pre-Late Jurassic), because much of the sedi-
mentary record pertaining to these intervals has been lost through
subduction and other tectonic/metamorphic processes. Fortunately,
there are a host of geochemical proxy records which suggest that the
ancient record does contain examples of deoxygenation events—even in
the absence of other more direct sedimentary evidence (e.g., wide-
spread, coeval black shales) (Bond et al., 2013; Clarkson et al., 2016; Cui
et al., 2021; Gill et al., 2011; Meyer et al., 2008; Thompson and Kah,
2012; Zhang et al., 2020). This recognition underscores the impor-
tance of leveraging geochemical proxies capable of providing
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information about global oceanographic conditions from these limited
sedimentary records. Especially critical to these efforts is the continuing
development of proxies sensitive to the environmental redox conditions
that develop when oxygen has been depleted, yet sulfate reduction has
not initiated.

A relatively new approach used to track these conditions involves
analyzing the Tl stable isotopic composition (2°>TI) of organic-rich,
fine-grained clastic rocks (see Supplementary materials for an explana-
tion of epsilon notation (¢)). Because the £205T] compositions recorded in
these rocks are strongly influenced by the global burial flux of redox-
sensitive Mn-oxides in marine sediments, they ultimately record infor-
mation about the integrated redox state of the oceans through time
(Owens, 2019). This proxy has been used to investigate numerous in-
tervals of marine deoxygenation including: the Late Ordovician mass
extinction (LOME) (Kozik et al., 2023); the Lau event of the Silurian
(Bowman et al., 2019); the Toarcian Stage of the Jurassic (T-OAE)
(Them et al., 2018); the End-Permian Mass Extinction (EPME) (Newby
et al., 2021); and, near the Cenomanian-Turonian Stage boundary in
the Cretaceous (OAE-2, ~ 94 Ma) (Ostrander et al., 2017). These events
revealed a similar pattern of systematic changes to the &2°°Tl of
seawater. Fig. 1 provides a generalized summary of the key geochemical
and biologic features shared by these deoxygenation events studied
using T1 isotopes. Given the similar geochemical trends in carbon and
sulfur isotopes (51°C and 534S, respectively) and trace metal enrichments
observed for these deoxygenation episodes, we targeted the late
Cambrian SPICE event (Steptoean Positive Carbon Isotope Excursion), as
it shares many features in these same proxy records (Gill et al., 2021; Gill
et al., 2011; LeRoy et al., 2021; LeRoy and Gill, 2019; Saltzman et al.,
2011; Saltzman et al., 1998). Due to these similarities, in the present
study we sought to investigate whether the SPICE affected the £2°°T1 of
seawater in a similar manner as shown in these previous studies.
Whether the SPICE is fundamentally different in its causes and conse-
quences from these potentially similar events remains a question with
important implications for understanding the co-evolution of Earth's
marine environments and biosphere during the early Paleozoic.
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1.1. The SPICE event

A large volume of data from numerous studies has established the
SPICE as a global oceanographic event during which significant per-
turbations of the carbon (C), sulfur (S), uranium (U), and molybdenum
(Mo) cycles occurred (Dahl et al., 2014; Gill et al., 2021; Gill et al., 2011;
LeRoy et al., 2021; LeRoy and Gill, 2019; Saltzman et al., 2000; Saltzman
et al.,, 1998; Sheng et al., 2026; Zhao et al., 2023). Furthermore, the
initiation of these changes appears to have been temporally coupled
with marine extinctions across several paleocontinents (Gerhardt and
Gill, 2016; Saltzman et al., 2000; Yang et al., 2024)—raising the possi-
bility of a common causal linkage between these features. This event
occurred during the Paibian Age (~494.5 to 492.5 Ma) of the late
Cambrian Furongian Epoch (Cothren et al., 2022; Farrell et al., 2025;
Rooney et al., 2022) and is known from successions of this geologic age
worldwide (Fig. 2). The SPICE itself is recorded as paired positive shifts
in the isotopic composition of carbon- and sulfur-bearing materials (e.g.,
carbonate, organic matter, pyrite and sulfate) (Ahlberg et al., 2009; Gill

Panthalassic Ocean

o

Fig. 2. Late Cambrian (~500 Ma) paleogeographic reconstruction (after
Blakey, 2008), depicting the global distribution of locations where the SPICE
event has been documented. The localities where we investigated thallium
isotopes (¢2°°T1) for the present study are indicated by the position of the black
stars in Avalonia (Stockingford Shale Group) and Baltica (Alum Shale).
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Fig. 1. Schematic depiction of the general geochemical and biological features of past intervals of oceanic anoxia explored using sedimentary thallium isotopes
(€2°°Tl). The underlying environmental changes associated with this expanding anoxia appear to affect the isotopic composition of carbon (5'3C), sulfur (534S),
molybdenum (§°®Mo), and thallium (¢2°°T1) in seawater in a systematic, predictable pattern. Beyond these isotopic responses, these events also affect the seawater
inventory of redox sensitive trace metals [TM] that are sequestered by and highly concentrated within reducing sediments. Shown below each proxy is its dominant
controlling environmental process and the expected forcing direction induced by expanding anoxia (red arrows). Importantly, e2°>T1 rapidly tracks changes in the
dynamics of Mn-oxide sedimentation driven by changes to the extent of oxygenated seafloor area. These initial changes revealed by £2°°Tl, consistently precede the
anoxia-fostered enhanced carbon and sulfur burial which drives 8'3C and &3*S to heavier values over the course of the events. Typically, it also appears that the
intervals of highest extinction intensity are concentrated at these horizons where positive shifts in €2°°T] indicate the most rapid expansion of reducing conditions.
(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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etal., 2011; Peng et al., 2016; Saltzman et al., 2011; Woods et al., 2011).
These isotopic trends have been attributed to an increase in the 5'%C and
5%s of dissolved inorganic carbon and sulfate within the oceanic
reservoir, reflecting the removal of large quantities of '2C and 32S from
seawater through increased burial of organic carbon- and sulfur-bearing
species (Dahl et al., 2014; Gill et al., 2011; Saltzman et al., 2000).

There remains some debate regarding the nuances of the relationship
between the extinctions and the environmental conditions inferred by
the geochemical proxy records of the SPICE, particularly whether they
primarily reflect local forcings as opposed to being a globally synchro-
nous event (Egenhoff et al., 2015; Schiffbauer et al., 2017; Wotte and
Strauss, 2015). Currently, the most likely explanation for the co-
occurrence of these features is through a global expansion of anoxic
bottom waters shoreward during the early stages of the event (Gerhardt
and Gill, 2016; Gill et al., 2011; LeRoy and Gill, 2019; Saltzman et al.,
2000; Serensen and Dahl, 2024; Zhao et al., 2023). This view is
further strengthened by several complimentary studies which document
the expansion of reducing conditions in: U isotopes (Dahl et al., 2014;
Sheng et al., 2026); Mo isotopes and redox-sensitive trace metals (Gill
et al., 2021); Mo and U isotopes (Zhao et al., 2023); trilobite diversity
and Ce/Ce* data (Yang et al., 2024); compilations of Fe-speciation data
(LeRoy et al., 2021); and minor sedimentary Hg enrichments (Pruss
et al., 2019). Such an expansion of reducing conditions, as suggested
by these studies, would have served to enhance the burial efficiency of
organic matter and pyrite while simultaneously reducing the habitable
seafloor area available to benthic metazoans—environmental changes
consistent with the observed isotopic and biological patterns of the
event. The long-term enhanced burial of these materials over the SPICE
is also thought to have generated a net increase to atmospheric oxygen
levels in its aftermath (Saltzman et al., 2011; Sheng et al., 2026; Zhao
et al., 2023).

Testing this hypothesis remains challenging, however, as most
paleoredox proxies are limited in their capacity to detect changes in the
oxygenation state of the ocean at the global scale and are typically better
suited for determining local to basin-scale redox conditions at the time
of deposition (e.g., Fe speciation, trace metal enrichment records, etc.).
While U and Mo isotopes have been employed to assess global-scale
changes in marine redox conditions, the sensitivity of these proxies is
often insufficient to reveal the earliest and/or more subtle changes in
deoxygenation (e.g., non-sulfidic anoxia; see Owens, 2019) that are
likely important environmental drivers of the biological and ecological
trends of the SPICE and similar oceanographic events throughout Earth
history (e.g., Sperling et al., 2015). Given these noted limitations, efforts
have been underway to develop new approaches capable of assessing
more subtle changes in local and global marine redox (e.g., Owens,
2019).

1.2. Thallium stable isotopes as a paleo-redox proxy

Recent work exploring novel metal isotope systems (e.g., U, Mo, V,
T1) to reconstruct ancient marine redox conditions have demonstrated
potential to address some of the above shortcomings more effectively.
Importantly, it has been observed that the ratio of the stable isotopes of
T1 (3°T1/2°°T1) preserved in organic-rich sediments accurately record
the €205TI of overlying seawater in modern anoxic environments (Fan
et al., 2020; Owens et al., 2017). This understanding coupled with the
observation that the 2°°T1/2%TI value of seawater is significantly
influenced by redox-sensitive Mn-oxides, enables organic-rich, fine-
grained rocks to reveal information about the prevalence of Mn-oxide
sedimentation through time, and thus ultimately the global extent of
marine (de)oxygenation.

Numerous studies of the contemporary geochemical cycle of Tl have
established important constraints on the sources and sinks of Tl in
modern seawater (see Owens (2019) and references therein for an
overview). Several key features, outlined below, make the proxy well-
suited for reconstructing ancient marine redox conditions. First, all the
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major inputs of Tl to seawater are isotopically similar to crustal/mantle
values, exhibiting an ¢2%°T1 value ~ —2. Furthermore, Tl in modern
seawater is isotopically homogenous in unrestricted marine settings due
to a sufficiently long residence time (~18 kyr) relative to oceanic mixing
(~1.2 kyr) and its lack of utilization in biological processes (Nielsen
et al., 2009; Ostrander et al., 2023; Owens et al., 2017; Rehkamper
and Nielsen, 2004). A notable exception to this isotopic homogeneity
is seen in the modern Black Sea, a restricted marine environment where
Tl isotopic compositions distinct (ezosTl value ~ —2) from the open
ocean (£2°°Tl value ~ —6) are observed. This different £2°°T1 signature
of the Black Sea is attributed to the local riverine input exerting the
dominant influence on the dissolved T1 budget of the basin with limited
contributions of Tl sourced from the open ocean where Mn oxide burial
is the greater influence on isotopic composition. (Owens et al., 2017).
This recognition highlights the need to consider the possibility of hy-
drographic restriction of a basin using any available depositional and
stratigraphic contextual details when interpreting Tl isotopic data.
Ideally, this complication can be alleviated by analyzing an event in
sedimentary successions from more than one basin if possible.

The vast majority of the removal of Tl from seawater is principally
controlled by two output fluxes with distinct isotopic compositions: low-
temperature alteration of oceanic crust (AOC), which preferentially
removes the light isotope (203Tl) and adsorption onto authigenic Mn-
oxide precipitates, which preferentially removes the heavy isotope
(295T1) (Nielsen et al., 2017; Owens et al., 2017). Notably, the Tl removal
flux due to AOC has a large magnitude with a small fractionation (~
—1.2), and the Mn-oxide removal flux has a large fractionation (up to ~
+16.0) while only accounting for around a third of the total Tl output
from the ocean (updated in Newby et al. (2025)). Another removal
pathway of particular importance for the use of Tl as a paleoredox proxy
is through its association with authigenic pyrite in anoxic sediments.
Importantly, this sink records the £2°°T1 of ambient seawater without
imparting any isotopic fractionation or significant drawdown of the
marine Tl reservoir (Tl is unreactive toward sulfide unlike Mo, for
example) making anoxic sediments an important archive of water col-
umn £2°°T1 compositions. Sediments deposited under the most reducing
anoxic conditions, euxinia, where there is free hydrogen sulfide in the
water column were originally thought to provide the most accurate re-
cord of seawater 2°°T1 compositions but subsequent work has estab-
lished that ferruginous conditions (free Fe?") also provide equally
accurate Tl records (Fan et al., 2020; Ostrander et al., 2020; Wang et al.,
2022).

Perhaps most critically for investigating global marine redox, the
precipitation and preservation (burial) of Mn-oxides requires oxygen-
ated conditions from formation through early diagenesis as these phases
undergo rapid dissolution when exposed to even mildly reducing con-
ditions, ultimately leading to the recycling of Mn and any T1 adsorbed to
these sediments (Newby et al., 2025; Wang et al., 2022). Consequently,
the scavenging and sequestration of TI from seawater by Mn-oxides only
occurs where oxygenated conditions are present at the sediment/water
interface (SWI) and through at least the upper portion of the sediment
column. Due to this, an expansion of anoxic seafloor area is expected to
reduce the magnitude of the Mn-oxide sink, thereby lessening the
removal of 20°T1 from seawater, causing the residual oceanic reservoir to
be enriched in this heavier isotope. It is also important to note that the
various types of Mn-oxide sediments formed in different environments
fractionate TlI to varying extents. For example, recent work by Clemente
et al. (2025) suggest that the fractionation associated with Mn-oxides in
shallow marine continental margin settings are more muted than those
observed in deep marine environments.

Beyond the scavenging of T1 by Mn-oxide precipitates, the magnitude
and composition of the other fluxes of Tl to and from seawater are
thought to be relatively constant, or at least minimally impactful, over
the short timescales relevant to the expansion of oceanic anoxia (mil-
lions of years or less (Owens, 2019)). Consequently, changes in the
magnitude of the Mn-oxide removal flux are thought to be the main
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influence on the £2°°T1 of seawater over similarly short timescales. Given
these constraints, a large-scale expansion of reducing conditions at the
seafloor is expected to be recorded as a positive directional shift in the
£205T] values of seawater— as the amount of seafloor area conducive to
Mn-oxide formation and burial (oxygenated SWIs) decreases. Likewise,
if the SPICE represents an interval of expanding anoxia, it should record
a positive shift toward less negative £2°°T1 values as a result. This study
aims to test this expectation by exploring the Tl isotope chemo-
stratigraphy of the SPICE event in two paleogeographically distinct lo-
cations where the event has been previously studied.

2. Study background

During the late Cambrian the paleocontinents of Baltica and Avalo-
nia were in the Southern Hemisphere, arranged along the eastern and
southern margins of the Iapetus Ocean, respectively (Fig. 2). In Baltica,
the stratigraphic interval spanning the SPICE can be found in the Alum
Shale Formation of southern Scandinavia (Ahlberg et al., 2009). In
Avalonia the time-equivalent Upper Cambrian interval can be found
within the Stockingford Shale Group of the Nuneaton district of central
England (Woods et al., 2011). Despite these successions being predom-
inantly composed of organic-rich, fine-grained clastic rocks, deposition
of each unit occurred under differing environmental conditions which
may have influenced if and how primary changes in marine TI isotopes
were recorded at each site. Key aspects of these conditions are outlined
below to provide context for our Tl isotope data with the aim of disen-
tangling global oceanographic trends from local environmental effects
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and diagenesis.

2.1. The Alum Shale of southern Sweden

For this study, we investigated samples of the Alum Shale from the
Andarum-3 drill core recovered from the Scania region of southern
Sweden (55°42'55.75"N, 13°5841.25"E). This drill core has been pre-
viously examined in several studies (Ahlberg et al., 2009; Gill et al.,
2011; Gill et al., 2021), which provide important sedimentological,
geochemical, and biostratigraphic context for the present investigation.
This unit primarily consists of dark gray to black shales with a few minor
limestone beds interspersed. Detailed information about the locality,
paleontology, sedimentology, and carbon isotope stratigraphy of this
drill core can be found in Figs. 2 & 3 of Ahlberg et al. (2009) and ref-
erences therein. The deposition of the Alum Shale is interpreted to have
occurred in the deeper portions of the Baltoscandian Basin, which had
an open hydrographic connection to the adjacent Iapetus Ocean
(Ahlberg et al., 2009; Dahl et al., 2019; Sturesson et al., 2005; Zhao
et al., 2023). Environmental conditions appear to have remained rela-
tively constant over several million years, from the middle Cambrian
through early Ordovician producing a regionally-extensive succession of
organic-rich, fine-grained clastic rocks deposited across much of
southern Scandinavia (Nielsen and Schovsbo, 2015; Nielsen and
Schovsbo, 2006; Schulz et al., 2021; Zhao et al., 2022). Iron speciation
studies characterizing local water column redox conditions have shown
that the Alum was deposited under persistent anoxia that became more
reducing (see Fig. 3), transitioning from likely (Fepy/Feyr between 0.6

Alum Shale, southern Sweden (Baltica)
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Fig. 3. Stratigraphic and geochemical profiles for the Alum Shale in the Andarum-3 core from Scania, Sweden. The thallium isotope data (¢2°°T1) from this study are
displayed along with carbon isotopic (613Corg) and biostratigraphic data from Ahlberg et al. (2009), and iron speciation data (Feygr/Fer & Fepy/Feyg) from Gill et al.
(2011). €2°°T1 values are displayed with 26 error bars. Blue arrows on the €2°°T1 plot highlight shifts to more negative values and red arrows illustrate shifts to less
negative values. These shifts are discussed in more detail in the main text (Sections 4.1 & 5.2). The gray shaded boxes depict the SPICE interval as identified in
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and 0.8) to definitively euxinic conditions (Fepy/Feyr > 0.8), near the
Guzhangian-Paibian Stage boundary (Gill et al., 2021; Gill et al., 2011).
Notably, within this stratigraphic interval is where the initiation of the
SPICE is generally recognized to occur across numerous globally-
distributed sections (Saltzman et al., 2000). It also bears mentioning
that while anoxia was the predominant state of the bottom waters in the
Baltoscandian Basin there appear to have been many short-lived
oxygenation episodes that allowed for brief, repeated colonization by
benthic fauna, and yet were too short-lived to be recorded by the Fe-
speciation proxy (Dahl et al., 2019). Additionally, Mo and U enrich-
ment patterns in the Alum Shale suggest particulate shuttling by Mn-
oxides was not occurring in this portion of the Baltoscandian Basin
(see Fig. 4 in Gill et al., 2021), which provides further support for the
idea that this location is likely to capture a faithful record of the £2°°T1 of
seawater across the SPICE.
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2.2. The Stockingford Shale Group of Central England

For this study we investigated a composite section of the Stock-
ingford Shale Group that is composed of: two drill cores; 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, in central England. Detailed infor-
mation about this locality and its stratigraphic context, including pale-
ontology, and carbon isotope stratigraphy can be found in Figs. 3 & 4 of
Woods et al. (2011) and references therein. Generally, this unit is
comprised of alternating intervals of organic-rich, sulfidic (dark gray)
and organic-lean, sulfide-poor (light gray) siliciclastic mudrocks occa-
sionally interrupted by cm-scale sand- and siltstone beds. Importantly
for the purposes of this study, prior work on this succession (LeRoy et al.,

Stockingford Shale Group, central England (Avalonia)
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(Feur/Fer & Fepy/Feyg) are from LeRoy et al. (2021). Lightly shaded circles represent iron speciation data for samples from LeRoy et al. (2021) that were not used in
the present study, whereas fully shaded circles correspond to samples that were used for Tl isotopic analysis. £2°°T1 values are displayed with 2c error bars. Blue
arrows on the £2°°T1 plot highlight shifts to more negative values and red arrows illustrate shifts to less negative values. These shifts are discussed in further detail in
the main text (Sections 4.2 & 5.2).The gray shaded boxes depict the SPICE interval as identified in Woods et al. (2011). The red shaded boxes illustrate the
stratigraphic position of igneous sills that intruded during the Ordovician. (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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2021; Rushton, 1983; Rushton, 1978; Woods et al., 2011) provides a
similar biostratigraphic and geochemical framework to the Alum Shale,
enabling a detailed comparison of the Tl isotope records between each
site.

In contrast to the depositional environment of the Alum Shale, the
Stockingford Shale Group records an environment with higher overall
rates of sediment accumulation during the same portion of the late
Cambrian. Because of this, the expression of the SPICE in this succession
is significantly thicker, spanning approximately 100 m compared to the
10s of meters seen in the Alum Shale (see Figs. 3 & 4 for comparison).
Another key difference between the Stockingford Shale Group and the
Alum Shale is the character of the local depositional redox environment
as shown through previous Fe-speciation studies (Gill et al., 2021; Gill
et al., 2011; LeRoy et al., 2021). Unlike the Alum Shale, where Fe
data indicate persistent anoxia within the water column, the Stock-
ingford Shale Group (Fig. 4) was deposited in a much more variable
redox environment, recording fluctuations between oxic and anoxic
conditions throughout (LeRoy et al., 2021). Despite this variability, the
most common redox conditions recorded in the Stockingford Shale
Group were ferruginous with only sparse, episodic development of
euxinia (LeRoy et al., 2021). Perhaps most importantly when viewed
together, the higher rates of sedimentation (proximity to clastic supply)
and greater degree of redox variability (more influence of oxygenated
surficial waters) seen in the Stockingford Shale suggest a more shore-
ward position within its depositional basin compared to the more distal
interpretation favored for the Alum Shale. Ultimately, these differences
in depositional environment have key implications for the interpretation
of our Tl isotope data, and therefore are explored in greater detail in
Section 5.1.

3. Methods
3.1. Materials and sampling

As mentioned above, this study leverages several previous efforts
(Ahlberg et al., 2009; Gill et al., 2021; Gill et al., 2011; LeRoy et al.,
2021; Woods et al., 2011) as a framework for investigating the Tl
isotope chemostratigraphy of the SPICE event. Within this context, we
generated new Tl isotopic data using splits of the bulk SPICE sample
powders used for analyses in the aforementioned studies. Because these
available samples and our subsequent analyses span a time interval that
precedes and includes the SPICE, we were able to investigate changes in
Tl isotopes over both the Guzhangian and Paibian Stages, allowing us to
make inferences about the prevailing background state of the later
Cambrian oceans and place the potential redox changes related to the
SPICE within this broader temporal context.

3.2. Thallium isolation and isotopic analysis

Thallium was extracted from bulk sediment samples in the
Geochemistry Group at the National High Magnetic Field Laboratory
(NHMFL) at Florida State University (FSU) using the chemical extraction
and purification protocol used by Nielsen et al. (2009). Briefly, this
procedure liberates the Tl associated with authigenic mineral phases
using 2 M nitric acid (HNOs3) and produces an aqueous solution con-
taining the chemical constituents originally bound in these phases while
leaving silicate phases undisturbed (to ensure any thallium within these
phases is removed before further analysis). The supernatant liquid is
then decanted and treated with aqua regia (concentrated HNO3:HCl
(1:3, v/v)) and concentrated hydrogen peroxide (H203) to break down
any residual organic matter within the leachate. Thallium in the
leachate is then isolated using the cation exchange column chromatog-
raphy technique of Nielsen et al. (2009). Once isolated, thallium con-
centrations and the chemical purity (sufficient removal of Pb) of the
leachates were analyzed by inductively coupled plasma mass spec-
trometry (ICP-MS) on an Agilent Quadrupole at the NHMFL at FSU.

Chemical Geology 719 (2026) 123579

Samples that passed this screening procedure were deemed suitable for
thallium isotopic analyses and were then analyzed on a Thermo Scien-
tific Neptune multi-collector ICP-MS also housed at the NHMFL. The
efficiency of the chemical extraction and purification techniques and
instrumental accuracy and precision were monitored by replicate ana-
lyses of USGS shale reference SCO-1. These analyses recorded this
reference standard at £2°T1 = —3.2 £ 0.2 (N = 3), within error of the
long-term precision values of ¢2°T] = —3.0 + 0.3.

4. Results
4.1. Alum Shale thallium isotope chemostratigraphy

Fig. 3 displays our thallium isotope (¢2°°T1) data for the Alum Shale.
These data are displayed within the stratigraphic and geochemical
context provided by the previous carbon isotope (613Corg) and iron
speciation (Fepr/Fer and Fepy/Fenr) data reported by the studies of
Ahlberg et al. (2009) and Gill et al. (2011), respectively. Thallium iso-
topes display a range of ~3.5 ¢ units, (between —5.4 and — 1.9 ¢20°T1)
over the investigated stratigraphy. The lowest portion of the Alum
sampled here spans the Ptychagnostus atavus through the Lejopyge lae-
vigata trilobite biozones (upper Drumian through lower Guzhangian)
and record £2°°Tl values that vary between roughly —4.4 and — 3.6.
Above this, within the Agnostus pisiformis zone (upper Guzhangian),
values decrease toward —5.4 before beginning a protracted positive shift
to a value of —3.6 across the interval just prior to and during the initial
phase of the SPICE (spanning the Guzhangian/Paibian Stage boundary).
Above this, within the Olenus & Agnostus obesus zone €2°°T1 values
remain relatively constant around —4 through the rising limb and peak
513C values of the SPICE. Following this, within the falling limb of the
carbon isotope excursion (CIE), £205T] values show three positive shifts
spanning around 2 e-units between roughly —4 and — 2 which comprise
the remaining portion of the Paibian Stage (Olenus & Agnostus obesus
zones). The least negative values are encountered at the top of the core
within the Parabolina spinulosa zone (upper Paibian/lower Jiang-
shanian), an interval that occurs just after the end of the SPICE as
defined in Ahlberg et al. (2009).

4.2. Stockingford Shale Group thallium isotope chemostratigraphy

Our Tl isotope results for the Stockingford Shale Group are presented
in Fig. 4. For these analyses, we measured £2°°T1 on a subset of samples
of the Stockingford that were used for the Fe-speciation study of LeRoy
et al. (2021). From these, we selected 52 samples deemed suitable for
analysis using the following criteria: anoxic depositional conditions
(Feyr/Fer > 0.38); TOC content above 1 wt%; and a sufficiently high
proportion of the reactive iron pool present in pyrite (i.e., Fepy/Fegr
values above 0.5, with the highest ratios preferentially selected).
Overall, our samples record a range of 5.1 e-units spanning from —5.2 to
—0.1. The lower portion of the Merevale-3 core within the Lejopyge
laevigata trilobite biozone (lower Guzhangian Stage) record e2°°Tl
values between —4.4 and — 2.9. Above this, in the upper portions of the
Agnostus pisifomis trilobite biozone (upper Guzhangian Stage), £2°°Tl
steadily shifts to more negative values decreasing from —2.0 to —5.2 in
the interval just preceding the initiation of the SPICE (as defined in
Woods et al. (2011)). This decreasing £295T] trend is then reversed across
the Olenus gibbousus trilobite zone (lowermost Paibian Stage) with
values becoming progressively less negative, quickly rising from —5.2 to
—1.1. Importantly, this stratigraphic interval of increasing ¢205T1 also
records the positive shift in carbon isotopes that marks the initiation of
the SPICE. In the uppermost portion of the Merevale-3 core, which spans
the Olenus truncatus through the Olenus wahlenbergi trilobite zones and
falls within the rising limb of the SPICE, ¢2°°T] remains fairly constant
with values around —1.5. Above this, within the Oldbury Quarry portion
of the stratigraphy, values steadily decrease from an initial value of —0.1
to —2.0 up section. The uppermost stratigraphy studied is found in the
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Merevale-1 core, which includes the Olenus cataractes through the Par-
abolina spinulosa trilobite zones (Paibian through lower Jiangshanian
Stages). Through this core, £2°°T] values range between roughly —3.1
and — 0.3 with most samples recording values fluctuating around —1.5.
Within this broad framework, three separate small positive shifts of
around 1.5 e-units can be discerned. Two of these occur within the
falling limb of the SPICE (Olenus cataractes Zone) and a third occurs
within the Parabolina spinulosa trilobite zone in an interval identified as
“excursion 2” by Woods et al. (2011) based on a second, smaller (~ 1%o),
post-SPICE CIE they observed.

5. Discussion

5.1. Potential effects of local depositional redox conditions upon thallium
isotope signatures

Iron speciation data from the Stockingford Shale Group (Fig. 4) re-
ported by LeRoy et al. (2021) reveal two important differences between
the local redox conditions at the site in Avalonia and those observed for
the Alum Shale study location in Baltica by Gill et al. (2021, 2011): (1)
Seafloor conditions were predominantly anoxic but significant fluctua-
tions in water column redox, spanning oxic through euxinic conditions,
occurred, and (2) when anoxic conditions occurred, they were largely
ferruginous with only sparse, episodic intervals of euxinia. These fea-
tures contrast with the persistently anoxic and dominantly euxinic
conditions recorded throughout most of the Alum Shale (Fig. 3). While
these differences in local redox environment could potentially affect the
preserved Tl isotope signatures we document here, we are confident that
our sample selection (see section 4.1) ensure a faithful record of the
€205T] of seawater was preserved in our samples as all were deposited
under anoxic water columns and contain limited Mn content (Wang
et al., 2022)—thereby constituting a conservative application of the
proxy. Importantly, it has been observed that sediments in modern
ferruginous settings accurately capture the £20°T] of overlying seawater
and this insight has been subsequently applied to ancient deposits to
reconstruct global Tl dynamics using data from ferruginous basins (Fan
et al., 2020; Ostrander et al., 2020; Wang et al., 2022). The suitability of
using ferruginous samples is further supported by a comparison of our
€205T] results from the Stockingford samples when grouped into ferru-
ginous (Fepy/Fepr < 0.6) and euxinic (Fepy/Feyr > 0.6) populations. If
these different redox environments recorded in the Stockingford sam-
ples affected the Tl isotope compositions in a systematic manner, we
might expect to see consistently offset £2°°T1 values between the ferru-
ginous and euxinic sample populations. This is not the case, however, as
can be seen in Supplemental Figs. 1 & 2 (Figs. S1 & S2), which indicate
no significant difference between the £2°°Tl of samples whether desig-
nated euxinic or ferruginous. Given these arguments, we feel confident
that the Tl isotopic analyses of ferruginous samples used in this study
also likely captured a faithful record of seawater £2°°T1 values across the
study interval (Newby et al., 2025).

The variable redox conditions seen in the Stockingford Shale Group
presents another potential complication that could have affected our T1
results. It is possible that Tl initially sequestered on Mn-oxides during
oxic intervals could later be remobilized by reductive dissolution of
these particles within anoxic porewaters of the sediment column. This
remobilized Tl could then be incorporated into overlying intervals
deposited under anoxic conditions and mix with Tl directly derived from
seawater, ultimately shifting the £2°°T] of these sediments to more 20°T]
enriched compositions (Fan et al., 2020; Newby et al., 2025). If Tl
adsorption only occurs onto pyrite, as is currently understood (Nielsen
et al., 2011), then it would be required that Mn reduction occurs in
close proximity to sulfate reduction to capture such an isotope value—to
date, this has not been observed in modern environments (Fan et al.,
2020; Newby et al., 2025; Owens et al., 2017). To explore this possi-
bility, we examined our results with respect to the proximity of each
sample to the nearest intervals of oxic deposition that could serve as
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source beds for remobilized diagenetic fluids (Fig. S3). This process, if in
operation, is presumed to have occurred in a similar manner as the
remobilization documented for other redox-sensitive elements in Owens
et al. (2012). If these underlying beds were a source of remobilized TI,
we would expect a negative correlation in the plot shown in Fig. S3, as
samples with closer proximity to oxic beds would likely be more prone to
such an effect and should be associated with less negative 2°>TI values.
This analysis showed no discernible relationship between the reported
€205T1 values and the proximity of underlying intervals of oxic sedi-
mentation (r2 = 0.041), therefore, this suggests this process has not
significantly affected our Tl isotope data. Given these considerations, we
are confident our data reflect primary changes in the £2°°T1 of seawater
at the time of deposition and are not an artifact of later diagenetic
processes. Despite the above arguments in favor of the potential for the
Alum Shale and Stockingford Shale Group sediments to faithfully record
8205Tlsw, these records do show notable differences in the absolute value
and magnitude of changes in £2°°Tl, despite displaying similar overall
trajectories across the rising and falling limb of the SPICE. These dif-
ferences are explored in more detail below.

5.2. Thallium isotopic record of the SPICE

Overall, our Tl isotope data suggest that the Tl cycle in the Cambrian
oceans was characterized by a smaller flux of Mn-oxide burial relative to
the modern ocean as has also been suggested for the early Cambrian Age
2-Age 3 transition (Clemente et al., 2025). Evidence for this difference is
seen in pre-SPICE ¢2°°T1 values across the Guzhangian that fall between
—4.4 and — 3.2 at each location (Figs. 3 & 4)—values less negative than
observed in the modern oceans (¢2°°T] = —6.0). While these values
could reflect potential differences in the magnitude or composition of
any of the fluxes of Tl to or from seawater, a host of proxy data and
modeling studies support the notion of a less-oxygenated marine envi-
ronment at this time (Cole et al., 2020; Gill et al., 2021; Gill et al., 2011;
LeRoy et al., 2021; Lu et al., 2018; Pruss and Gill, 2024; Saltzman et al.,
2015; Sperling et al., 2015). Therefore, it is reasonable to expect that the
magnitude of the Mn-oxide burial flux would also be smaller due to these
lower marine oxygen levels, resulting in a less negative £2°°Tl of
seawater relative to the modern ocean.

These less-oxygenated Cambrian oceans also appear to have influ-
enced how the increased anoxia seen during the SPICE influenced the
marine Tl cycle. This response appears unique in systematic ways when
compared to more recent anoxic episodes such as OAE-2 (Ostrander
et al., 2017), the T-OAE (Them et al., 2018) the EPME (Newby et al.,
2021), the Lau Event (Bowman et al., 2019), and the LOME (Kozik
et al., 2023). Generally, during these anoxic episodes £295T] shifted to-
ward less negative values prior to the associated positive CIEs and
remained less negative relative to the pre-event baseline after the CIE
maxima and (inferred) peak of enhanced carbon burial (see Fig.1 for an
illustration of this general relationship). Our Tl isotope data (Figs. 3 and
4), while broadly consistent with this pattern, do display important
differences. Similarly to these previous studies, our data show &20°Tl
shifting toward less negative values during the early stages of the SPICE
(CIE) suggesting an expansion of reducing conditions and a decline in
the magnitude of the Mn-oxide sink. However, both SPICE records also
display a pronounced negative shift in £2°°TI that occurs near but just
prior to the onset of the CIE. This negative shift occurs within the
Agnostus pisifomis trilobite zone at each location (Guzhangian Stage),
however its magnitude and relative stratigraphic level within the bio-
zone differs between the sites. In the Stockingford Group it spans slightly
more than 3 e-units, decreasing from —2.0 to —5.2 over the upper
quarter of the Agnostus pisifomis zone (~20 m). In contrast, the negative
shift in the Alum Shale is a little less than 2 e-units (—3.6 to —5.4) and
instead occurs over the middle portion of the Agnostus pisifomis biozone
(~3 m). It bears mentioning that a similar negative shift in £295T] has
been reported for some sections during the early phase of the CIE for the
Toarcian Oceanic Anoxic Event, end-Permian mass extinction, and Late
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Ordovician mass extinction, respectively (Kozik et al., 2023; Newby
et al., 2021; Them et al., 2018).

Whether these apparent differences in timing are an artifact of the
available biostratigraphic resolution, differences in sediment accumu-
lation rates across the biozone, or reflect a real temporal offset in the
isotope records between the two sections is currently unclear. However,
given the short residence time and conservative distribution of Tl in the
modern ocean, along with the position of the ¢2°°T1 shifts relative to the
carbon isotope profiles, it is presumed that these changes were likely
coeval between the two sections despite the noted uncertainties in
biostratigraphic zonation in particular. Even given these considerations
there are still important differences between each €2°°Tl record that
require further discussion. Most notably, the prominent difference in the
magnitude and absolute values of the £2°°Tl shifts at each site during the
SPICE onset requires a conceptual model that can explain these dis-
crepancies and account for the negative £2°°T1 excursions in the phase
just prior to the event. Importantly, the overarching pattern of isotopic
response shared by and unique to these SPICE records, compared to
more recent anoxic episodes explored using TI isotopes, may stem from
key differences between the late Cambrian oceans and the more familiar
dynamics of Tl cycling in the modern ocean, which underpin the current
understanding of marine Tl isotope behavior. In the following section we
specifically explore how the main locus of Mn-oxide generation and
preservation in the late Cambrian oceans may have been different and
how this could impart some of the unique features of the Tl records we
present here.

5.3. The locus of manganese-oxide burial during the early Paleozoic

The shift toward more negative £2°°T1 values at each study site
during the latest Guzhangian Age (Figs. 3 & 4) fundamentally records a
relative increase in the removal rate of 2°°Tl from seawater, suggesting
an enhanced Mn-oxide burial flux just prior to the initiation of the
SPICE. This observation presents two possible scenarios that could ac-
count for this rapid increase in global Mn-oxide burial: (1) either there
was an increase in the geographic extent of oxygenated bottom waters
and an attendant increase in the spatial extent and magnitude of the Mn-
oxide sink, or (2) there was an increase in the supply of Mn to already
oxygenated waters that increased the rate of new Mn-oxide generation.
The first possibility seems an unlikely scenario given that the available
body of proxy data, including C, Mo, and U isotopes, largely suggest that
reducing environments were expanding near the onset of the SPICE
(Dahl et al., 2014; Gill et al., 2021; Gill et al., 2011; Landing, 1983;
LeRoy et al., 2021; LeRoy and Gill, 2019; Pruss et al., 2019; Saltzman
et al., 2000; Sheng et al., 2026; Sgrensen and Dahl, 2024; Yang et al.,
2024). Given these constraints, the latter possibility bears further
exploration, and therefore we will consider mechanisms that could have
supplied increased amounts of dissolved Mn (Mn?") to oxygenated
waters and thereby increased the burial rate of Mn-oxides.

There are several features unique to Cambrian (and more ancient)
oceans, relative to the modern and later Paleozoic, that may have may
have facilitated such a process. Recent estimates, based upon modeling
and available proxy data, bracket the likely range of Cambrian pO,
levels between 10 and 40% of present atmospheric levels (Krause et al.,
2018; Sperling et al., 2015). At these lower levels of atmospheric oxy-
gen, modeling efforts indicate that the deeper ocean would have been
less oxygenated and potentially even fully anoxic (Canfield, 1998;
Stolper and Keller, 2018). Critically, this view is increasingly in line with
the growing body of geochemical proxy data which suggest the full
ventilation of the deeper oceans likely occurred in the later Paleozoic
(Dahl et al., 2010; Lu et al., 2018; Ostrander et al., 2025; Sperling et al.,
2015), and recent Tl isotope data from the earlier Cambrian also provide
further support for this concept (Clemente et al., 2025). Most relevant to
the present discussion, in a less oxygenated ocean the precipitation of
Mn-oxides would be limited or entirely precluded from broad areas of
the deep ocean floor where they occur extensively today. Notably, these
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poorly oxygenated, deeper water masses would also likely contain
appreciable concentrations of dissolved Mn (and Fe) sourced from
reducing hydrothermal and benthic fluids. Given this scenario, it is
likely that shallow shelf environments served as a more important locus
of Mn-oxide precipitation and burial—in contrast to the deeper envi-
ronments where significant quantities of Mn-oxide-rich sediments form
and are buried today (Hein and Koschinsky, 2014). If this were the case,
this shallower locus for Mn-oxide formation would be highly sensitive to
oceanographic processes that could impact the geographic extent of
oxygenated seafloor along the margins of the continents such as changes
in sea level, oceanic circulation, and or primary productivity. However,
dissolved oceanic concentrations of both Mn and Fe may also be
controlled by authigenic mineral phases—Mn carbonates, phosphates,
clays, and pyrite—on a global scale that allows for significant removal of
these metals from seawater without necessitating accumulation exclu-
sively in shallow oxic sediments. Recent studies suggest some of these
authigenic minerals were more important sinks of these elements in the
Cambrian (Hagen et al., 2024; Pruss and Gill, 2024) but further work is
necessary to establish whether authigenic-rich horizons in Cambrian
strata were an important limiting factor in pre-SPICE availability of
these metals.

To illustrate this, Figs. 5A & B show a schematic diagram of how the
dynamics of Mn-oxide burial and the ¢2°Tl of seawater are expected to
be affected by changing sea-level and expanding anoxic bottom waters
under these two different oceanographic scenarios. The first scenario,
depicted in Fig. 5A, shows these dynamics in a fully ventilated ocean
within a region akin to a modern ocean oxygen minimum zone (OMZ)
where highly productive surface waters lead to depletion of dissolved Oz
at depth. Likewise, Fig. 5B represents an alternative scenario where
lower atmospheric pO5 renders the deep oceans largely oxygen deficient
and consequently Mn-oxide precipitation predominantly occurs in
shallow, oxygenated nearshore waters. In each scenario the initial
expansion of reducing conditions across the shelves would dissolve and
mobilize previously buried Mn-oxides enriched in 2°°Tl, however the
effect of this remobilized 2°°T1 on the seawater £2°°T1 value is expected
to be more pronounced in the scenario presented in Fig. 5B— as the
volume of shallow water Mn-oxide sediments subjected to dissolution
would be far greater. A critical difference between these scenarios lies in
the overall supply of dissolved Mn made available to form new Mn-
oxides as anoxia expands shoreward. Importantly, this type of shore-
ward expansion of anoxic waters has recently been implicated as a key
feature of the SPICE event (S¢rensen and Dahl, 2024; Yang et al., 2024).
It is noteworthy that in the scenario depicted in Fig. 5A there is no net
increase in the transfer of Mn to oxygenated waters, while in Fig. 5B a
larger pool of Mn, from poorly oxygenated deep waters, is available to be
advected to shallow, oxygenated waters where new Mn-oxides could
rapidly form. This is an especially important consideration given the
observation that Mn-oxides formed in shallow shelf regions of the
modern ocean—such as the Baltic Sea—precipitate and grow by orders
of magnitude more rapidly (up to 20 mm/kyr), than those formed in the
deep sea (1-5 mm/My) (Hlawatsch et al., 2002; Koschinsky and Hein,
2017). It has also been observed recently that these shallow-shelf Mn-
oxide sediments impart a smaller fractionation in Tl isotopes than the
more slowly accumulating deep-sea nodules and crusts (Clemente et al.,
2025). It is therefore reasonable to expect that in Cambrian and more
ancient oceans, rapid, shallow-water Mn-oxide formation could occur
extensively during interactions between Mn-rich anoxic water masses
and the oxygenated surface waters during changes in circulation, up-
welling, or sea-level. This rapid Mn-cycling could also affect the resi-
dence time and isotopic distribution of Tl (i.e., increase heterogeneity)
within different portions of the global ocean in ways unique from
modern TI cycling.

These new Mn-oxides formed near the chemocline between
oxygenated upper ocean and anoxic deeper waters expanding shoreward
would then provide a new local sink for 2°>T1 and foster the development
of a 2%Tl-depleted global water mass (¢2°°Tl ~ —6 in seawater recorded
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Fig. 5. Generic basin profiles depicting two scenarios for the impact of expanding anoxia on Mn-oxide sedimentation and the response of the Tl isotope proxy under
these different oceanic redox regimes. 5 A includes deep waters that are fully oxygenated and serve as a significant locus of Mn-oxide sedimentation, as is the case in
the oceans today. Likewise, 5B represents an alternative scenario where lower atmospheric pO, renders the deep oceans largely anoxic, and consequently Mn-oxides
only precipitate in shallow waters where atmospheric oxygen penetrates sufficiently. See Section 5.3 for further details.

by sediments in the wedge in Fig. 5B). This process would serve to shift
the €2%°T1 of nearby anoxic, authigenic sediments to more negative
values during the initial expansion of anoxia shoreward, a result which
contrasts with the shift to less negative values a similar expansion of
anoxic waters would induce in a well-oxygenated ocean (scenario
depicted in Fig. 5A). This initial negative shift is eventually supplanted
by steadily increasing 2°°Tl values as anoxia engulfs increasingly large
areas of the shelf causing the dissolution of existing shallow water Mn-
oxides, releasing 2°°Tl to seawater, in addition to progressively pre-
cluding the formation and burial of new Mn-oxides further enriching the
TI isotopic composition of seawater. As reducing conditions begin to
dissipate this dynamic would be reversed and these same shallow shelf
regions would serve as an important sink for 2°>TI as Mn-oxide forma-
tion and burial is reestablished. In this scenario, it is likely that the
expansion and contraction of reducing conditions could rapidly alter the
€205T] of the local water mass which would ultimately be recorded as
directional shifts in the £2°°T1 of authigenic, anoxic sediments deposited
nearby within the basin. We see potential evidence for this dynamic in
the sets of directional shifts during the falling limb of the SPICE in both
the Alum Shale and the Stockingford Shale Group (Figs. 3 & 4).
Furthermore, it bears mentioning that the scenario shown in Fig. 5B
would also be sensitive to relatively small changes in sea level, water
mass restriction, and ocean circulation—a notable consideration given
the higher sea levels and extensive epicontinental seas characteristic of
the Cambrian. Importantly, this localized heterogeneity is an expected
outcome of the relatively higher levels of dissolved Mn in the anoxic
waters of the scenario depicted in Fig. 5B. In the scenario shown in
Fig. 5A, the well-ventilated ocean simply cannot supply enough Mn to

shallow environments to significantly alter the e2°°TI of the local water
masses and, as reducing conditions dissipate, there may be a significant
hiatus before Mn-oxide sedimentation is able to recur in these envi-
ronments. These different scenarios help illustrate how the TI isotopic
response to similar forcings could manifest differently depending upon
the overall oxygenation state of the ocean-atmosphere system. Due to
these considerations, we propose that the scenario illustrated in
Fig. 5B—where the major locus of Mn-oxide formation and burial under
lower atmospheric oxygen levels dominantly occurs in shallow marine
shelf environments—provides the best explanation for the trends and
variability in our Tl data. Importantly, Mn-oxide sediments from these
environments have recently been hypothesized to impart smaller Tl
isotope fractionations than those formed in deeper waters (Clemente
et al., 2025) supporting the notion of a more dynamic Tl cycle that
could be locally heterogeneous in its isotopic distribution while still
remaining consistent with nearly all the published biogeochemical and
paleontological records of the SPICE and later Cambrian oceans (Dahl
et al.,, 2014; Gill et al., 2021; Gill et al., 2011; LeRoy et al., 2021;
LeRoy and Gill, 2019; Saltzman et al., 2000; Saltzman et al., 1998; Sheng
et al., 2026; Sgrensen and Dahl, 2024; Yang et al., 2024; Zhao et al.,
2023).

5.4. Controls on interbasinal ¢2°°Tl dynamics

This model for a Tl cycle dominated by shallow-water Mn-oxide
generation (Fig. 5B) also provides a reasonable mechanism to explain
the differences we record in the absolute values and magnitudes of the
changes in €2°°Tl between each site. Importantly, this framework
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predicts locations nearer the interface between anoxic and oxygenated
waters to display wider ranges of values and stronger shifts in ¢2>T1 as
the local water mass rapidly evolves in composition due to vigorous,
nearby Mn-oxide generation. As these nearshore waters mix with the
open ocean compositions of the distal waters, a gradient of £2°°T1 would
be established across the basin. Consequently, a more distal location
within the anoxic wedge would, at this same time, record the directional
shifts in €2°°T1 that result from changes near the redox front, but these
would be muted in magnitude and shifted toward more negative values
relative to a more proximal site. This scenario helps cast this key dif-
ference we observe between our records from the Alum Shale and
Stockingford Shale Group, as being ultimately caused by the same
shoreward expansion of anoxia. In this view, the differences between the
¢205T] records generated at each site are the expected result of the
relative basinal position of each, rather than the effect of isolated local
processes. While this scenario has not been observed or invoked previ-
ously this could be because the studied time period falls within an in-
termediate marine oxygenation state between Precambrian levels and
the full oxygenation of the oceans which has been suggested to have
occurred later in the Paleozoic (Dahl et al., 2010; Sperling et al., 2015;
Lu et al., 2018; Ostrander et al., 2025).

Another possible explanation for the stratigraphic differences in Tl
isotopes between the two localities is basinal restriction. However, due
to the lack of evidence for the presence of a sill, including the absence of
paleontological or geochemical indicators suggestive of limited water
mass exchange, it is not likely that variable hydrographic restriction can
account for the recorded Tl isotope values and differences. Furthermore,
a restricted basin would have been limited in the supply of available Mn
necessary to generate new Mn-oxide formation and sequester enough
205T] Jocally to produce the large pre-SPICE negative £2°°Tl shift recor-
ded in the Stockingford Shale Group (from —2.0 to —5.2 ¢; Fig.4).
Importantly, modern restricted basins such as the Black Sea, have sed-
iments that more dominantly reflect riverine inputs of Tl, with £2°°TI
values around —2 (Owens, 2019), and this heavy riverine input would
also serve to inhibit this shift toward more negative values if the
Stockingford Shale was deposited in a restricted basin just prior to the
SPICE initiation. It is also important to note that during the positive shift
associated with the SPICE onset in the Stockingford Shale (from —5.2 to
—0.1 g Fig.4) we record values less negative than the bulk input
composition of —2 25T, This seemingly anomalous result suggests that
additional 2°>T] must have been liberated from the dissolution of local
Mn-oxides thereby driving seawater £2°°T1 values to compositions more
enriched than the bulk input flux. While the shift back to less negative
values during the SPICE onset could also reflect increasing basinal re-
striction, this too is unlikely given a lack of sedimentological, biologic or
geochemical evidence for significant change in depositional conditions.
Furthermore, it is generally recognized that global sea-level was rising at
the time of the early stages of the event (Haq and Schutter, 2008)—a
situation which would promote greater basin connectivity to open ocean
conditions rather than increasing restriction.

Reexamining our results in this context is particularly illuminating
for reconciling the discrepancies we see both between our two SPICE
records and between these records and those of the more recent episodes
of marine deoxygenation explored using the ¢2°°Tl proxy (Bowman
et al., 2019; Kozik et al., 2023; Kozik et al., 2019; Newby et al., 2021;
Ostrander et al., 2017; Them et al., 2018). In particular, we view the
Alum Shale record as likely more representative of the global £20°T1
signal across the SPICE, while the Stockingford Shale Group may pro-
vide an example of a €2°°Tl record from a more shoreward basinal po-
sition that imparts a local component to Tl isotope values as a result of
intrabasinal manganese cycling, similar to observations made by
Ostrander et al. (2020) in their study of Ediacaran Tl dynamics. Our view
that the Alum represents open ocean conditions and that the Stock-
ingford records a more nearshore environment is supported by several
lines of sedimentary and geochemical evidence. A first-order difference
is seen in the stratigraphic thicknesses between the sites, suggesting that
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the Stockingford Shale Group was deposited in a more nearshore envi-
ronment, closer to the source of clastic sediment supply. Furthermore,
the redox variability seen in Fe-speciation data (LeRoy et al., 2021),
suggests an environment with a fluctuating redox gradient potentially
close to the boundary of the mixed layer of the upper ocean where at-
mospheric oxygen permeates and is admixed.

Conversely, the Alum Shale consistently records local anoxia
throughout its deposition (Gill et al., 2011) and displays trace metal and
isotopic profiles for numerous elements with varying residence times
(Gill etal., 2021; Sturesson et al., 2005; Zhao et al., 2023), which suggest
the Baltoscandia Basin likely had a consistent hydrographic connection
to the adjacent Iapteus Ocean throughout the study interval. This
recognition also comports nicely with the view that shallower marine
environments were most impacted by the environmental changes asso-
ciated with the SPICE and that the observed patterns of extinctions were
a result of the shoaling of anoxic waters onto the margins of continents
(Sgrensen and Dahl, 2024; Yang et al., 2024). These observations are
consistent with our interpretation of the Tl isotope data, where the
expansion of reducing conditions has a much stronger impact on the
isotopic response seen in records generated closer to these deoxyge-
nating shallow environments (Stockingford Shale Group). This stronger
response, which produced values less negative than riverine input (~ —2
€29°T1) during the SPICE onset (Fig. 4), was likely driven in part through
the local dissolution of previously buried shallow water Mn-oxides,
whereas in the distal locations (Alum Shale) the response appears
more muted due to the negligible amount of nearby Mn-oxide dissolu-
tion. This further illustrates how susceptible shallow marine environ-
ments during the earliest Paleozoic were to deoxygenation by relatively
small oceanographic changes capable of inducing widespread oxygen-
deficient conditions in these shelf regions where significant evolution
and diversification of early metazoans is thought to have occurred. This
recognition underscores the importance of further understanding how
these environmental dynamics may have influenced the trajectory of life
on Earth.

6. Conclusions

We investigated changes in the Tl isotopic composition (¢2°°TI) of
organic-rich, fine-grained clastic rocks deposited before and during the
Cambrian SPICE event at locations from the paleocontinents of Baltica
(Alum Shale of Sweden) and Avalonia (Stockingford Shale Group of
England). Consistent with previous work we record a shift to less
negative ¢2°5T1 values associated with the initiation of the SPICE sug-
gesting a reduction in global Mn-oxide burial related to expanding
anoxic conditions. Prior to the SPICE we record £2°°T1 values which are
less negative than the modern ocean value of —6, ranging between about
—4 and — 3. This result suggests that the magnitude of the Mn-oxide
burial flux was smaller during the Cambrian relative to the modern—a
result consistent with previous work and the emerging consensus view
that the oceans at this time were less oxygenated as compared to today.
This less-oxygenated ocean also appears to have had a significant impact
on the dynamics of Mn-oxide cycling in ways that resulted in the early
Paleozoic Tl cycle operating differently than in the modern oceans. We
report several unique features in our £2°°TI records relative to the ca-
nonical view of how Tl behaves in response to marine deoxygenation,
that are best understood within the context of these potential differences
in early Paleozoic oceanic redox structure. Somewhat surprisingly, we
document an initial shift toward more negative £2°°T] values prior to the
SPICE (upper Guzhangian Stage) at both of our study locations, a change
which we attribute to an enhanced rate of Mn-oxide generation and
burial during this time. Additionally, we report differences in the ab-
solute values and magnitude of the shifts in e2°°TI between each site. We
argue that both this negative shift, which occurred prior to the typical
positive shift documented in numerous Tl isotope studies of deoxygen-
ation episodes, and the differences in absolute values and magnitudes
between our two locations, reflects a primary difference in the locus of
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Mn-oxide burial during the early Paleozoic compared to the modern
ocean. In the Cambrian, Mn-oxides were likely formed predominantly in
shallow water environments unlike the modern ocean where they form
in extensive regions of the deep sea. This recognition also highlights the
potential need to revisit assumptions for the behavior of other isotope
systems—such as Mo—that interface with Mn-oxides and may be like-
wise affected by similar oceanographic dynamics. Given that less-oxy-
genated oceans have prevailed throughout most of Earth history, this
conceptual framework may prove useful for better understanding Tl and
Mn cycling in relation to oceanic redox changes across broader swaths of
Earth history.
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