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1  |  INTRODUC TION

Over the last several decades, increased attention surrounding the 
Ordovician has identified the largest increase in marine biodiversity 
in the Phanerozoic, named the Great Ordovician Biodiversification 
Event (GOBE) or Ordovician Radiation. Several studies have iden-
tified major species and genus radiations. However, the timing and 

nomenclature surrounding different aspects of the trends in diver-
sity are still widely debated, as is also the case with primary causal 
mechanisms (Rasmussen et al., 2019; Servais et al., 2021; Stigall 
et al., 2019). The GOBE was an impressive near quadrupling of 
genus- level diversity of marine animals alongside an increase in the 
utilization of new niches and ecologic space, entailing deeper bur-
rowing and taller suspension feeding (i.e., greater tiering) (Bottjer & 
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Abstract
Fluctuations in marine oxygen concentrations have been invoked as a primary driver 
for changes in biodiversity throughout Earth history. Expansions in reducing marine 
conditions are commonly invoked as key causal mechanisms for mass extinctions, 
while increases in marine oxygenation are becoming an increasingly common causal 
mechanism invoked for biodiversification events. Here we utilize a multiproxy ap-
proach to constrain local and global marine paleoredox conditions throughout the 
late Cambrian– Early Ordovician from two drill core successions in Baltoscandia. 
Local paleoredox proxies such as manganese concentrations and iron speciation 
reveal that both sites in the Baltic paleobasin had persistently anoxic and predomi-
nantly euxinic (anoxic and sulfidic) bottom water conditions throughout the study 
interval. Corresponding trace metal datasets indicate nuanced contraction and ex-
pansion of global anoxic and euxinic conditions along continental margins during the 
late Cambrian– Early Ordovician. Lastly, thallium isotope data from these locally re-
ducing sections suggest a global expansion of oxygenated shelf and deeper marine 
environments from the late Cambrian into the Early Ordovician. This evidence for 
increasingly oxic marine environments coincides with increases in burrowing depth 
and tiering in marine animals, as well as diversification of body fossils throughout this 
~8- million- year interval. The collective geochemical datasets provide some of the first 
direct paleoredox evidence for an increase in marine oxygen concentrations as a key 
mechanism for the Ordovician radiation of marine life.
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Ausich, 1986; Droser & Bottjer, 1993). Detailed studies focused on 
the biodiversification of various marine clades reveal that planktonic 
life modes diversified earlier on during the GOBE, as compared to 
nektonic or benthic life modes which primarily diversified later in 
the Ordovician (Deng et al., 2021; Servais et al., 2010). This increase 
in diversity at the base of the food chain has been postulated to 
have fueled the diversification of higher trophic level organisms in 
later pulses of the GOBE (Achab & Paris, 2007; Saltzman et al., 2011; 
Servais et al., 2008). Other causal mechanisms behind the changes 
in biodiversity are also a subject of debate, with suggestions in-
cluding several environmental factors and influences ranging from 
global climatic cooling, changes in nutrient cycling, higher eustatic 
sea level, meteorite impacts, and enhanced levels of marine oxygen 
(Edwards et al., 2017; Schmitz et al., 2008; Servais et al., 2010; Stigall 
et al., 2019; Trotter et al., 2008). The rapid increase in biodiversi-
fication during the GOBE followed numerous globally recognized 
extinctions of Cambrian biomere faunas, which are often associated 
with positive carbon isotope excursions (CIEs), with the most well 
studied of these CIEs being the Steptoean Positive Carbon Isotope 
Excursion or SPICE (Pulsipher et al., 2021; Saltzman et al., 2015). 
These extinctions continued into the Early Ordovician with the last 
biomere events occurring in the latest Tremadocian (~477 Ma).

Here we will utilize recent nomenclature for these changes in bio-
diversity, with the initiation phase of the GOBE (also referred to as 
the pre- GOBE phase) occurring just after the Cambrian– Ordovician 
boundary, within the early Tremadocian through late Floian (~486– 
471 Ma; Stigall et al., 2019; Deng et al., 2021). The peak diversity 
or main phase of the GOBE occurred later in the Dapingian to 
Darriwilian (~471– 458 Ma; Rasmussen et al., 2019; Stigall et al., 2019; 
Deng et al., 2021). Paired carbon and sulfur isotopes, I/Ca ratios, and 
sea- level reconstructions indicate that at least two of the biomere 
extinction events coincided with transgression events, which, in 
turn, expanded anoxic and euxinic (anoxic + sulfidic) deeper- sourced 
waters into shallower shelf environments (Edwards et al., 2018; Gill 
et al., 2011; Palmer, 1984; Saltzman et al., 2015). Currently, paleore-
dox conditions in the latest Cambrian– Early Ordovician (Stage 10– 
early Tremadocian; ~491– 482 Ma) are poorly constrained. In this 
study, we present new iron speciation, trace metal concentrations 
(manganese, vanadium, and molybdenum), and thallium isotope data-
sets (ε205Tlauth) from organic- rich shale sequences spanning the late 
Furongian through mid- Tremadocian stages in Baltoscandia. The two 
drill- core successions from southern Sweden, the Grönhögen- 2015 
and Tosterup- 2, have been the subject of previous biostratigraphic 
and carbon isotopic studies. Both drill cores have good records of 
geographically widespread or globally utilized trilobite and graptolite 
faunas, as well as the globally recognized SPICE and TOCE/HERB 
CIEs (Ahlberg et al., 2019; Terfelt et al., 2014; Zhao et al., 2022). 
Our integrated, multiproxy geochemical dataset is one of the first to 
constrain local and global marine redox conditions throughout the 
late Cambrian— Early Ordovician transition, allowing for refined in-
terpretations of the role that marine oxygen may have played in the 
initiation of GOBE.

2  |  BACKGROUND

Our study sites originate from the western margin of the Baltic 
paleocontinent, which was located at mid to high (~50°) southern 
paleolatitudes throughout the late Cambrian and Early Ordovician 
(Torsvik et al., 2012). The Baltic Basin is thought to have been di-
rectly connected to the Iapetus Ocean to the paleo- western direc-
tion (Figure 1). Both drill cores are from southern Sweden, and were 
retrieved ~180 km from one another, with the Grönhögen- 2015 drill 
core originating from the Island of Öland and the Tosterup- 2 drill 
core from southeastern Skåne (Figure 1; Terfelt et al., 2014; Ahlberg 
et al., 2019). Our study focuses chiefly on the Alum Shale Formation 
within each drill core, which unconformably overlies the “lower” 
Cambrian (unnamed Series 2, Stage 4) Gislöv Formation in Skåne and 
the “middle” Cambrian (Miaolingian Series, Wuliuan Stage) Borgholm 
Formation on Öland. The sequences were deposited during rela-
tively stable tectonic conditions (Nielsen & Schovsbo, 2011). The 
Alum Shale Formation in both cores consists primarily of finely lami-
nated, organic- rich black shales, with subordinate limestone beds 
and minor limestone concretions (commonly referred to as “orsten” 
or stinkstone), and has been interpreted to be deposited in an exten-
sive, level- bottomed and moderately deep epeiric sea that covered 
most of Scandinavia and surrounding areas, that is, all of (present- 
day) western Baltica (Cocks & Torsvik, 2005; Nielsen et al., 2020; 
Zhao et al., 2022).

Between the two cores, the Alum Shale Formation spans a mostly 
complete record that extends from the Guzhangian into the lower-
most Tremadocian Stage (upper Cambrian– Lower Ordovician). The 
studied and sampled interval of the Grönhögen- 2015 core extends 
down into the upper Cambrian Olenus truncatus trilobite Biozone of 
the Paibian Stage but the Furongian succession is incomplete and 
there are several substantial gaps of variable magnitudes, with the 
most notable unconformity at the Cambrian– Ordovician boundary 
(Ahlberg et al., 2019). More specifically, previous biostratigraphic 
studies have identified unconformities between the Olenus trun-
catus and Parabolina brevispina biozones, the Parabolina spinulosa 
and Sphaerophthalmus? flagellifer biozones, and the Ctenopyge tu-
mida and C. linnarssoni biozones, indicating several gaps within 
the Jiangshanian Stage and Stage 10 (Ahlberg et al., 2019; Zhao 
et al., 2022). In addition, detailed biostratigraphic study of the 
Grönhögen- 2015 core has revealed that approximately the upper 
half of Stage 10 through lowermost portion of the Tremadocian 
are missing at the associated unconformity (the Peltura paradox-
a/Parabolina heres megalops through Acerocare ecorne trilobite 
biozones are not recorded). Due to these unconformities within 
the Grönhögen- 2015 core, the uppermost portion of the TOCE/
HERB negative CIE is truncated (incomplete) and excludes the re-
turn to baseline values in the uppermost Stage 10. The lowermost 
portion of the Tosterup- 2 core biostratigraphically overlaps with 
the Grönhögen- 2015 core via the Ctenopyge linnarssoni trilobite 
Biozone and furthermore contains a virtually complete strati-
graphic succession across the Cambrian– Ordovician boundary, 
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as constrained by latest Cambrian trilobites and Early Ordovician 
graptolites (Terfelt et al., 2014).

2.1  |  Iron geochemistry

Iron geochemistry from organic- rich shales is a common tool in 
constraining local redox conditions utilizing the ratios of various Fe 
phases. Reducing marine settings generally contain higher amounts 
of “highly reactive” iron, in the phases of pyrite, siderite, and other 
Fe- (oxyhydr)oxides (i.e., ferrihydrite, lepidocrocite, goethite, hema-
tite, and magnetite). Thus, the ratio between highly reactive iron 
(FeHR) to total iron (FeT) can indicate local anoxia within the deposi-
tional basin (Poulton & Canfield, 2005; Raiswell et al., 2018). Ratios 
of FeHR/FeT higher than 0.38 have been shown to occur under anoxic 
conditions; however, values between 0.22 and 0.38 may have com-
plications, because high sedimentation rates can mask the enrich-
ment of highly reactive iron. In addition, late diagenetic alteration 
may also transfer highly reactive iron into poorly reactive, chiefly 
silicate- bound iron (Pasquier et al., 2022; Raiswell et al., 2018). Once 
sediments are determined to be deposited under anoxic conditions, 
ratios between pyrite iron (Fepyr) and FeHR are used to determine 
whether the anoxic conditions were ferruginous (anoxic and Fe2+ 
rich, or sulfate limited) or euxinic (anoxic and sulfide rich, or iron 
limited); values of Fepyr/FeHR above 0.70 are likely to have been 

deposited under euxinic conditions, whereas values below this were 
deposited in ferruginous conditions.

2.2  |  Trace metal geochemistry

Sedimentary trace metal concentrations have been used to infer 
changes in both local and global redox conditions, nutrient availabil-
ity, and/or productivity (Algeo & Lyons, 2006; Anbar et al., 2007; 
Reinhard et al., 2013; Scott & Lyons, 2012; Tribovillard et al., 2006). 
When paired, iron geochemistry and trace metal concentrations 
form a powerful tool to interpret global paleoredox changes as iron 
speciation provides an independent constraint on local redox condi-
tions which may influence the enrichments of trace metals. In this 
study, we focus primarily on the elemental cycles of manganese (Mn), 
vanadium (V), and molybdenum (Mo), each of which have differing 
reduction potentials, and thus have slightly different responses to 
changes in local and global redox conditions.

The rapid response to local reducing conditions allows Mn to be 
used as a local redox proxy. Under slightly reducing conditions, solid 
Mn- oxide (Mn3+/4+) is quickly reduced to aqueous Mn2+ due to its 
high redox potential (Algeo & Maynard, 2008; Froelich et al., 1979; 
Rue et al., 1997). Due to the rapid oxidation, Mn has a shorter res-
idence time (~0.06 kyr) than ocean mixing (~1– 2 kyr), thus limit-
ing its use as a global paleoredox proxy (Tribovillard et al., 2006). 

F I G U R E  1  Paleogeographic reconstruction of the late Cambrian with approximate location of study sites marked in red and yellow stars. 
Modified from Scotese (2001). [Correction added on 02 February 2023, after first online publication: Figures 1 to 6 has been updated with 
the revised version] 
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Mn- oxides, upon being reductively dissolved in either the water col-
umn or within marine sediments, liberate aqueous Mn2+ that can be 
either diffusively recycled into the water column above and/or be 
precipitated into Mn- bearing minerals such as sulfides and/or car-
bonates (Algeo & Maynard, 2008; Calvert & Pedersen, 1996; Force 
& Maynard, 1991). Concentrations less than the average oxic shale 
value of ~850 ppm (parts per million) of Mn generally indicate sedi-
ments deposited under reducing conditions, while values above this 
threshold are generally associated with oxidizing conditions (Force 
& Maynard, 1991; Turgeon & Brumsack, 2006). In addition, we use 
thallium (Tl) isotopic compositions to infer changes in global Mn- 
oxide burial, which can be related back to changes in global bottom- 
water oxygen conditions (see Section 2.3).

Unlike manganese, V has a longer residence time of ~50 to 
100 kyr. Within oxic waters, vanadium forms stable HVO4

2− and 
H2VO4

− ions (with V5+ oxidation state) that behave mostly con-
servatively, but can adsorb to Mn and Fe- oxides (Tribovillard 
et al., 2006). However, under mildly reducing conditions, V5+ is 
reduced to V4+ which forms insoluble VO(OH)2 and VO(OH)3

− 
which can react with humic acids to form solid precipitates, both 
of which and can be buried within sediments. Under euxinic con-
ditions, V4+ can be further reduced to V3+ and be precipitated into 
solid V2O3 or V- oxyhydroxides (Tribovillard et al., 2006). Due to 
the initial reduction of V under low oxygen conditions, enrich-
ment is not dependent on the presence of sulfide and thus has 
been used to indicate changes in global anoxia when paired with 
another proxy that can fingerprint changes in sulfidic conditions 
(Owens et al., 2016; Young et al., 2020).

Molybdenum has a relatively long residence time of ~450 kyr 
and is the most abundant transition metal in the modern oceans 
(Tribovillard et al., 2006). Similar to vanadium, Mo forms stable 
molybdate (MoO4

2−) ions under oxic conditions that can adsorb 
onto Mn and Fe- oxides (Algeo & Tribovillard, 2009). Under oxic 
conditions, sedimentary Mo concentrations are similar to crustal 
values of ~2 ppm (Taylor & McLennan, 1995). In the presence of 
H2S, Mo is efficiently enriched within sediments through the re-
duction in molybdate into thiomolybdates (MoOxS4- x, where x = 0 
to 3) which are particle reactive, and prone to scavenging by sul-
fides and sulfur- rich organic molecules (Erickson & Helz, 2000). 
Mild enrichments, which entail concentrations below 25 ppm, are 
generally thought to reflect sulfide restricted to sediment porewa-
ters, while moderate enrichments entail concentrations between 
25 and 100 ppm that reflect potentially euxinic conditions with 
some complications (Scott & Lyons, 2012). These complications 
include deposition under either intermittently euxinic/sulfidic 
conditions, enrichments that were diluted via high sedimentation 
rates, had variability in water column pH, or most importantly may 
have experienced changes in dissolved concentrations within the 
water column or global marine inventory (Hardisty et al., 2018; 
Scott & Lyons, 2012). Lastly, highly enriched sediments, that is, 
sedimentary concentrations of Mo greater than 100 ppm, are 
considered a strong indicator of water column euxinia with lit-
tle to no complications discussed previous, that is, nonrestricted 

connection to open marine conditions and strongly euxinic redox 
chemistry (Hardisty et al., 2018; Scott & Lyons, 2012).

The use of enrichment factors is a common tool to compare the 
authigenic enrichment of redox sensitive trace metals with varying 
upper continental crustal concentrations, by normalizing a given 
element to aluminum (a conservative and typically non- reactive 
element). Here we employ the use of enrichment factors, follow-
ing the convention of Algeo and Tribovillard (2009): XEF = [(X/
Al)sample/(X/Al)PAAS], where X is the concentration of a given redox 
sensitive metal and Al is the concentration of aluminum. Sample 
concentrations are then normalized to the composition of post- 
Archean average shale, or PAAS (Taylor & McLennan, 1995). 
Enrichment factors ≈1 are considered to represent no enrichment, 
but rather values equal to background sedimentation, while en-
richment factor values ≥3 are generally considered to be notice-
able, and lastly, enrichments ≥10 are considered substantial (Algeo 
& Tribovillard, 2009).

2.3  |  Thallium isotopes

Sedimentary Tl isotopic compositions are an emergent paleoredox 
proxy that have been utilized in several studies to identify changes 
in global seafloor Mn- oxide burial through Earth history (Bowman 
et al., 2019; Fan et al., 2020; Newby et al., 2021; Ostrander et al., 2017, 
2019, 2020; Them et al., 2018). Tl isotopic compositions, reported as 
ε205Tlauth = (205/203Tlsample– 205/203TlNIST- 997)/205/203TlNIST- 997 × 104, of 
modern seawater are homogeneous (ε205Tlseawater = −6 ± 0.3) due 
to a longer residence time of ~18.5 kyr compared to ocean mixing 
of ~1– 2 kyr, as well as presenting a conservative seawater profile 
(Owens, 2020; Owens et al., 2017). Bulk crustal values for Tl have 
been documented to be ε205Tlbulk = −2 ± 1.0 (Nielsen et al., 2005). 
The modern Tl isotopic mass balance suggests that changes in sea-
water isotopic compositions are primarily controlled by the output 
fluxes and associated fractionations; the first being the alteration 
of oceanic crust (AOC) (ε205TlAOC = −12 to −6) and the second 
being the burial of Mn- oxides, particularly the Mn- oxide, birnessite, 
(ε205TlMn- oxides = +6 to +12), while the third and final output is anoxic, 
but non- sulfidic sediments. Theminor output flux of anoxic sedi-
ments is not thought to produce a major fractionation, but rather po-
tentially record seawater Tl isotopic compositions (Fan et al., 2020; 
Owens et al., 2017; Wang et al., 2022). Meanwhile, most inputs of 
Tl are isotopically similar to bulk crustal material and thus are not 
thought to be major controlling factors for the Tl isotopic budget 
(ε205Tlinputs = ~ −2; Owens et al., 2017; Owens, 2020). Importantly, 
changes in the burial flux of Mn- oxides have the largest isotopic dif-
ference between seawater and output flux (Δseawater– Mn- oxides = 16), 
as well as occurring on geologically short (less than multi– million– 
year process) timescales, when compared to the difference between 
changes in AOC output fluxes and seawater (Δseawater– AOC = −1.2) 
that occurs on tectonic timescales. Originally, sediments depos-
ited in open marine settings under permanently euxinic settings 
have been shown to capture the overlying seawater values (within 
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analytical error; Owens et al., 2017), which is likely related to the 
adsorption of Tl to authigenic pyrite precipitation (Fan et al., 2020; 
Nielsen et al., 2011). A recent study has also shown that anoxic, but 
non- sulfidic sediments may also capture contemporaneous seawa-
ter Tl isotopic values, so long as sediments are sufficiently reducing 
to reductively dissolve all non- oxide forms of Mn and generally con-
tain MnEF values ≤5 (Wang et al., 2022).

3  |  MATERIAL S AND METHODS

3.1  |  Sample collection and preparation

The Grönhögen- 2015 core is housed at the Swedish Geological 
Survey (SGU) and the Tosterup- 2 core is housed at the Department 
of Geology, Lund University, Sweden, where samples and de-
tailed lithologic descriptions were undertaken for this study. 
Fine- grained shale samples were taken at ~25 cm intervals for geo-
chemical analyses to be conducted at Florida State University (FSU) 
and the National High Magnetic Field Laboratory (NHMFL). The 
samples were selected from horizons without obvious (late- )diage-
netic alteration, such as secondary recrystallization, calcite veins 
and pyrite nodules. Samples were cleaned in an ultrasonic bath of 
deionized water (18.2 MΩ) to remove weathered surface or drilling 
mud residue, then dried and powdered using an agate mortar and 
pestle.

3.2  |  Organic carbon isotopes

A total of 78 samples were analyzed for δ13Corg from the 
Grönhögen- 2015 (n = 29) and Tosterup- 2 (n = 49) cores. 
Approximately 0.5 g of powdered sample was weighed into clean 
centrifuge tubes and reacted with 6 N HCl to remove any carbon-
ate minerals. Samples were acidified and washed with deionized 
water (18.2 MΩ) three times and left to dry in a 70°C oven over-
night. Residues were then homogenized and weighed into tin cups 
for isotopic analysis. Organic carbon isotopic analysis was measured 
using a Carlo Erba Elemental Analyzer coupled to a ThermoFinnegan 
Delta Plus XP isotope ratio mass spectrometer (IRMS) via a Conflo- 
III device at NHMFL- FSU. Sample precision and calibration of data 
was assessed during routine analysis of laboratory standards that 
are calibrated against IAEA standards and are reported in stand-
ard delta- notation (δ) with units reported in per mill (‰) relative to 
VPDB (Vienna Pee Dee Belemnite). Organic carbon isotope stand-
ards at NHMFL- FSU include Acetanilide (−29.2‰), Urea- 2 (−8.3‰), 
and WYSTD (−12.7‰). Analytical precision for δ13Corg is ±0.2‰ and 
±0.7% for %C (1σ) or better. Weight percent of total organic carbon 
in samples is determined by comparison to voltages for the CO2

+ 
ion beam intensities for masses 44, 45, and 46 between unknown 
and known wt% of carbon of the gravimetric standard acetanilide 
analyzed during the same sequence. The uncertainty of these TOC 
measurements is better than ±5%.

3.3  |  Pyrite sulfur extraction

Sedimentary pyrite was extracted from 78 samples (the same se-
lected for carbon analysis) following a modified chromium reduc-
ible sulfur extraction procedure from Brüchert and Pratt (1996). 
Powdered samples (~0.5– 2.0 g) were weighed into glass extraction 
flasks, where powders were reacted with a mixture of 70 mL of 
12 m HCl and 30 ml of 1.0 m of CrCl2 that was continuously heated 
and agitated for 2– 3 h. Any evolved H2S gas was passed through a 
mixture of 0.1 m sodium citrate buffered to a pH of 4, then passed 
through a 0.1 m AgNO3 solution to precipitate Ag2S. The AgNO3 and 
Ag2S were filtered, rinsed (with 18.2 MΩ deionized water), dried, and 
weighed for concentration determinations. Total amounts of Ag2S 
precipitate were gravimetrically determined to calculate wt% pyrite 
using the quantitative conversion and stoichiometry of Fe2S into 
Ag2S, and subsequently used to calculate pyrite Fe (Fepyr, see more 
in Section 3.4).

3.4  |  Iron speciation

A total of 78 samples (the same as above) were analyzed for sequen-
tial Fe extractions (Fe speciation), following the procedures outlined 
by Poulton and Canfield (2005). Powdered samples were weighed 
(~0.1 g) into 15 ml centrifuge tubes. The first extraction used 10 ml 
of 1.0 m sodium acetate, buffered to pH 4.5 was allowed to react 
with samples for 48 h to extract Fe from carbonate minerals (Fecarb). 
Second, 10 ml of 0.29 m sodium dithionite buffered to pH 4.8 with 
0.35 acetic acid and sodium citrate was reacted with samples for 
2 h to extract Fe from oxides and oxyhydroxides (Feox). Lastly, resi-
dues were reacted with 0.2 m ammonium oxalate and 0.17 m oxalic 
acid buffered to pH 3.2 with ammonium hydroxide for 6 h to extract 
Fe from magnetite (Femag). Following each step, samples were cen-
trifuged, and supernatant was saved for analysis. Each sample was 
rinsed with 18.2 MΩ deionized water, centrifuged, and decanted 
before each extraction. The supernatant from each extraction was 
diluted with 2% ultrapure HNO3 and analyzed for Fe concentrations 
using an Agilent 7500cs inductively coupled plasma mass spectrom-
eter (ICP- MS) at the NHFML- FSU. Highly reactive Fe (FeHR) was 
calculated from the sum of all species: Fecarb + Feox + Femag + Fepyr. 
Duplicate samples had reproducibility of 7% for the entire extrac-
tion method.

3.5  |  Trace metal concentrations

Trace metal concentrations were analyzed for the same samples 
selected for the aforementioned analyses, through multi- acid di-
gestion. Samples were weighed (~100 mg) into Savillex beakers 
and microwave digested using a CEM MARS 6 microwave system 
to digest organic carbon. Samples were subsequently dissolved 
completely using various combinations of trace metal- free HNO3, 
HCl, and HF. Acids were allowed to react with samples with heat 
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(~120– 180°C) for 24– 48 h and dried down between adding differ-
ent and additional acids. Following complete dissolution of sample 
powder, samples were dried down and dissolved into 2% HNO3 and 
analyzed on an Agilent 7500cs ICP- MS for trace metal concentra-
tion at NHFML- FSU. Samples were compared to USGS standards 
SDO- 1, SCO- 1, and SGR- 1 that were dissolved simultaneously with 
samples and were all within accepted reported analytical ranges for 
the analyzed elements. All results are reported as ppm with a preci-
sion of ±5% or better for Mn, V, Fe, and Mo.

3.6  |  Thallium isotopes

A subset (45 total) of the aforementioned samples was analyzed 
for thallium isotopes following the modified procedure outlined by 
Nielsen et al. (2011) and Owens et al. (2017). Briefly, the samples 
that were chosen for trace metal analysis were weighed (100 mg) into 
clean Savillex beakers and allowed to react with 2 m HNO3 at 130°C 
for 12 h to separate leachable Tl adsorbed to pyrite. The supernatant 
from the leaching was then purified of Pb using micro- columns filled 
with Bio- Rad AG1- X8 resin following established column chemistry 
procedures (Nielsen et al., 2011; Owens et al., 2017). Thus, pre-
sented Tl isotopic compositions represent the authigenic fraction, 
ε205Tlauth. Samples were subsequently analyzed for Tl concentration 
using an Agilent 7500cs ICP- MS, then spiked with NIST- SRM- 981 
Pb to track mass bias during mass spectrometry analysis (Nielsen 
et al., 2005). Tl isotopes were analyzed with a Neptune multicollec-
tor MC- ICP- MS using an Aridus II autosampler at the NHMFL- FSU. 
All Tl isotopes are reported as ε205Tl, and USGS SCO- 1 reference 
material was analyzed to monitor long- term precision of the entire 
method which was ε205Tl = −3.00 ± 0.3 (2σ; nearly identical to pub-
lished data by Owens et al. (2017)). All samples reported here have 
an uncertainty of less than 0.5 (2σ, based on 2 or more replicate 
analyses); however, conservatively, any samples with uncertainty 
<0.3 adopted this uncertainty as this is the error for the long- term 
geostandard value for the entire method.

4  |  RESULTS

4.1  |  Grönhögen- 2015 core

High- resolution organic carbon isotope data for the Grönhögen- 2015 
core has already been published (Ahlberg et al., 2019), documenting 
the globally recognized SPICE and TOCE/HERB CIEs, and our new 
TOC measurements for all samples have an average of ~10.5 ± 1 wt% 
TOC, which range between 5.5 and 14.4 wt% for the entire core 
(Figure 2; DR Table S1). The concentrations of Mn throughout the 
Grönhögen- 2015 core are relatively low, with a total core average 
of 334 ppm (min. 198 ppm, max. 704 ppm). The trends of MnEF are 
nearly identical to that of Mn concentrations, with MnEF generally 
≤1, with a total core average of 0.5 (min. 0.41, max. 2.2). Iron spe-
ciation (FeHR/FeT) shows relatively high values (≥0.38) within the O. 

truncatus through C. tumida biozones and fall to average values of 
~0.31 throughout the rest of the analyzed portion. Meanwhile Fepyr/
FeHR values are all above 0.8, excluding two points within the C. lin-
narssoni and “Adelograptus” biozones (Figure 2). Trace metal concen-
trations show large enrichments of Mo throughout Cambrian strata, 
with an average of 132 ppm (Figure 2.; min. 84 ppm, max. 227 ppm), 
and a sudden decrease in overall concentration within Ordovician 
strata to an average of 86 ppm (min. 38 ppm, max. 199 ppm). Here 
we document nearly mirrored trends between the enrichment fac-
tors of Mo and its concentrations; MoEF throughout the Cambrian 
are consistently higher, with an average of 106 (min. 55, max. 164) 
than that of overlying Ordovician shales, with an average of 58 (min. 
22, max. 126). Concentrations of V show inverse macro- scale trends 
as Mo, with smaller enrichments within Cambrian strata with an av-
erage of 929 ppm (Figure 2; min. 340 ppm, max. 1058 ppm) and a 
sudden increase in V enrichments to an average of 1983 ppm (min. 
288 ppm, max. 3585 ppm). Similar to the enrichment factors of mo-
lybdenum, trends in VEF show nearly identical macroscopic scale 
trends to its concentrations, with relatively smaller enrichments 
within the Cambrian, with an average of 17 (min. 7, max. 54), with 
overlying Ordovician strata containing higher average enrichments, 
with an average of 32 (min. 4, max. 54). Lastly, ε205Tlauth shows an 
increasing trend within the O. truncatus through C. tumida biozones, 
from values of approximately −2.5 to −0.70, and subsequently show 
a decreasing trend to values of −2.71 in the lowermost portion of the 
“Adelograptus” Biozone, where it comes to nearly invariant values of 
an average of −2.72.

4.2  |  Tosterup- 2 core

Detailed organic carbon isotope data for a portion of the Tosterup- 2 
core have already been published (Figure 3; Terfelt et al., 2014). 
However, our new and expanded δ13Corg profile potentially show 
the rising limb of the TOCE/HERB CIE within the C. linnarssoni 
to Parabolina lobata trilobite biozones, along with TOC measure-
ments showing an average 1.5 ± 0.5 wt% and ranges between 0.5 
and 2.5 wt% throughout the drill core (Figure 3; DR Table S2). 
Within the uppermost P. lobata Biozone, δ13Corg reveals relatively 
invariant values averaging −28.8‰ with a minimum of −29.4‰ 
and a maximum of −27.9‰. The concentrations of Mn throughout 
the Tosterup- 2 core are higher than that of the Grönhögen- 2015 
core, with a total core average of 912 ppm (min. 496 ppm, max. 
2307 ppm). Similarly, MnEF is also higher than the Grönhögen- 2015 
core, with a total core average of 3.3 (min. 0.98, max. 23). For iron 
speciation, FeHR/FeT shows nearly all values ≥0.38 throughout 
the core, except for a singular data point of 0.32 within the P. lo-
bata Biozone. Meanwhile, Fepyr/FeHR shows an increasing trend 
through the C. linnarssoni to P. lobata biozones, from a minimum 
of approximately 0.25, to an average of 0.70, and a maximum of 
0.83. A decreasing trend is present within the Peltura paradoxa 
Biozone to a minimum of 0.27, and then an increasing trend is seen 
within the Peltura transiens and P. costata biozones (Acerocarina 
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granulata– Peltura costata Biozone in the revised zonation of 
Nielsen et al., 2020) to an average of 0.80 throughout the rest 
of the core. Trace metal concentrations show moderate enrich-
ments in Mo throughout the Cambrian, with an average of 60 ppm 
(Figure 3; min. 8 ppm, max. 65 ppm) with a decrease in average of 
38 ppm (min. 8, max. 58) within Ordovician strata. Trends of MoEF 
show similar trends to its concentrations, with a Cambrian average 
of 50 (min. 29, max. 90), and a lower average of 32 (min. 17, max. 
42) in the overlying Ordovician shales. Concentrations of V show 
an inverse relationship to that of Mo, with an average of 888 ppm 
(Figure 3; min. 149 ppm, max. 2024 ppm) within Cambrian strata 
with a decrease to an average of 1120 ppm (min. 184 ppm, max. 
2300 ppm) within Ordovician strata. Trends of VEF show similar 
trends to its concentrations, with a Cambrian average of 312 (min. 
220, max. 553), with higher enrichments in overlying Ordovician 
strata with an average of 443 (min. 289, max. 716). Lastly, ε205Tlauth 
shows a steady decreasing trend to lighter isotopic values in 
the Lower Ordovician (Tremadocian) from heavy values in the 
upper Cambrian (upper Jiangshanian Stage). Specifically, average 
ε205Tlauth = −1.5 within the C. linnarssoni through Westergaardia 
scanica biozones that subsequently decline steadily through the 
upper W. scanica trilobite Biozone and the Rhabdinopora flabel-
liformis parabola graptolite Biozone (Rhabdinopora campanulatum 
Biozone of Maletz et al., 2022). The lowest ε205Tlauth = ~ −4.0 oc-
curs within the Lower Ordovician black shales of the Rhabdinopora 
flabelliformis parabola Biozone (= R. campanulatum Biozone).

5  |  DISCUSSION

Assessing the preservation of geochemical signatures is par-
amount to ensure that subsequent interpretations of the 
Cambrian– Ordovician boundary interval data reflect true paleo-
redox landscapes. The use of geochemical cross- plots is a widely 
used tool to assess the nature of redox proxies. Cross- plots of the 
Grönhögen- 2015 and Tosterup- 2 cores show weak to moderate 
correlations between given geochemical parameters (Figure 4). 
Linear relationships between δ13Corg and TOC wt % can be use-
ful in determining thermal heating or oxidative loss of organic 
compounds; however, very weak correlations (R2 = 0.02 for both 
cores) between these parameters suggest little thermal alteration 
(Hayes et al., 1999; Meyers, 1994).

There is a slight negative correlation between Mn concentrations 
and Tl isotopic compositions (R2 = 0.19), as well as an elevated Mn 
enrichment above the typical anoxic threshold of 850 ppm in the 
Tosterup- 2 core (Figure 4c). However, iron speciation supports that 
the strata of the Tosterup- 2 core were locally deposited under anoxic 
conditions. Importantly, the negative correlation between Mn con-
centrations and Tl isotopic compositions is antithetical to expected 
trends if ε205Tlauth were primarily controlled by local burial of Mn- 
oxides. This suggests that Tl isotopic compositions reflect seawater 
values rather than local Mn- oxide influenced values despite higher 
Mn concentrations. Potential sources of Mn may be lithogenically 

derived (i.e., terrigenous input) or sourced from Mn- carbonates 
(i.e., the ‘orsten’ beds or stinkstones; see further explanations in 
Section 5.1).

In this study, we will interpret both local and global changes in 
marine paleoredox across the late Cambrian– Early Ordovician tran-
sition. Iron speciation provides independent local water column 
constraints and indicate persistent anoxic conditions throughout 
the studied intervals of both drill cores. In conjunction with Mn con-
centrations, this eliminates fluctuations in local redox conditions as 
primary controls on trace metal enrichments that are recorded in 
both of our drill core successions. Thus, we utilize our trace metal 
datasets presented here for global marine redox interpretations, 
specifically with regards to Mo and V marine reservoir sizes. Our 
Tl isotopic trends provide insights into global fluctuations of Mn- 
oxide burial which is directly related to mildly reducing conditions 
throughout the late Cambrian– Early Ordovician. These combined 
local and global perspectives will then be placed into the context of 
fluctuations of marine oxygen throughout the successive stages of 
Ordovician biodiversification.

5.1  |  Local redox conditions in the Baltic Basin

The mostly depleted Mn concentrations and MnEF for both cores 
indicate pervasive local anoxia in the Baltic Basin during the time 
of deposition. The values reported are generally <850 ppm, with 
a total core average of ~334 ppm Mn within the Grönhögen- 2015 
core and an average of ~912 ppm Mn within the Tosterup- 2 core. 
The Mn enrichment factor (MnEF) within the Grönhögen- 2015 core 
is consistently ≤1, while MnEF is slightly higher in the Tosterup- 2 
core with an average value of ~3. The average Mn concentration 
and MnEF of the Tosterup- 2 core is greater than the anoxic thresh-
old primarily within the Early Ordovician interval of the drill core. 
Similarly, the MnEF for the entire core is also higher than ~1; how-
ever, this is again due to several outlier values within the Early 
Ordovician interval. This mild enrichment of Mn may be due to 
significant non- oxide forms of Mn such as Mn- carbonates or an 
elevated sedimentation rate within this core, and thus most of this 
Mn is likely lithogenic in nature. The presence of Mn- carbonates 
may indicate a depositional environment near the chemocline as 
observed in the modern- day Black Sea, commonly referred to as 
the “bathtub ring” in which the mixing between oxic and anoxic 
waters occurs (Force & Maynard, 1991). Indeed, cross- plots be-
tween Mn and carbonate content (total inorganic carbon; TIC or % 
Carbonate) show a weak correlation (Grönhögen- 2015 R2 = 0.14; 
Tosterup- 2 R2 = 0.35), suggesting some influence of Mn- 
carbonates on total Mn concentrations within both cores. Lastly, 
the slightly high sedimentation rate (averaged sedimentation rate 
of ~4.65 m/Myr) may be related to non- oxide Mn from a terrig-
enous source as there is some covariation between Al and Mn 
content (R2 = 0.30; Figure 4f). The presence of non- oxide forms 
of Mn will not significantly influence Tl isotopic compositions, and 
thus we interpret changes in ε205Tlauth to reflect secular changes in 
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seawater compositions, and ultimately changes in global Mn- oxide 
burial in the latest Cambrian through earliest Ordovician.

Throughout the analyzed study intervals, our iron geochem-
istry indicates persistently reducing bottom water conditions for 
the Baltic Basin. Both the Grönhögen- 2015 and Tosterup- 2 cores 
show FeHR/FeT values above the possibly anoxic threshold of 0.22, 
as well as values that plot mostly above the anoxic threshold of 
0.38 (Raiswell et al., 2018). Iron speciation also confirms that the 
Baltic Basin experienced euxinic conditions as Fepyr/FeHR data 
are all consistently above the threshold values for euxinia (values 
above 0.78) in both cores, apart from a few meters within the lower 
portion of the Tosterup- 2 core. Latest Cambrian through earliest 

Ordovician strata within the Grönhögen- 2015 core contain values 
of FeHR/FeT near or slightly below the 0.38 threshold, and could 
possibly indicate deposition within less reducing conditions, but 
this interval coincides with highly enriched Mo concentrations 
(see further discussion of Mo below). This interval generally con-
tains [Mo] >100 ppm and/or [V] ≈ 1000 ppm, which requires per-
sistent water- column euxinia, with anoxia as a prerequisite (Algeo 
& Rowe, 2012; Scott & Lyons, 2012; Tribovillard et al., 2006). 
Alternatively, this sudden shift in iron speciation toward values be-
tween 0.22 and 0.38 (within the upper C. tumida trilobite Biozone) 
may be the result of a strengthening iron shuttle, moving highly 
reactive iron to deeper portions of the basin, similar to that found 

F I G U R E  4  Cross- plots of geochemical data used for diagenetic alteration screening. Black circles indicate geochemical data from 
the Grönhögen- 2015 core, and red diamonds indicate geochemical data from the Tosterup- 2 core 
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in modern Black Sea (Severmann et al., 2010). Near permanent eu-
xinic conditions as indicated by Fe speciation are also supported 
by the overall high concentrations of Mo >100 ppm throughout 
most of the two cores, with the exception of a few intervals where 
concentrations of Mo fall between 30 and 100 (see further trace 
metal discussion below). Generally, enrichments >100 ppm are 
difficult to obtain without persistent sulfidic water column con-
ditions (Scott & Lyons, 2012). The very high enrichment factors 
calculated for both V and Mo for both drill core datasets (i.e., VEF 
and MoEF » 10) indicate open marine to possibly semi- restricted 
basin conditions (Algeo & Tribovillard, 2009). As a result of these 
high enrichment factors in both drill core successions, the trends 
in [V, Mo] are more likely to reflect changes in marine trace metal 
inventories than changes basin connectivity throughout the late 
Cambrian– Early Ordovician.

5.2  |  Late Cambrian– early Ordovician global ocean 
redox conditions

The local paleoredox conditions are constrained by both the low 
Mn concentrations and iron speciation, which strongly indicate 
that bottom waters within this portion of the Baltic Basin were per-
sistently anoxic and euxinic. With these independent constraints 
on local paleoredox established, the broader- scale patterns of 
trace metal concentrations (e.g., Mo, V) are likely to be reflective 
of changes in global marine inventories rather than local cycling 
of V and Mo. In both cores, noticeable shifts in Cambrian and 
Ordovician average concentrations of V and Mo are interpreted 
to reflect changes in global seafloor extent of anoxia and euxinia. 
Concentrations of V in the late Cambrian are significantly enriched 
above upper continental crust values (UCC; ~60 ppm; Taylor & 
McLennan, 1995), and range between ~150 and 3500 ppm with 
an average of ~900 ppm. However, this late Cambrian average [V] 
is lower than the Ordovician average value of ~1600 ppm, with a 
range between ~180 and 3500 ppm in the Ordovician portions of 
these drill cores. These smaller enrichments of V found in the Baltic 
Basin throughout the Paibian– Stage 10 strata are best interpreted 
as being due to extensive drawdown of late Cambrian V marine in-
ventories, potentially driven by expansive oxygen minimum zones 
(OMZs) on continental margins (Algeo, 2004; Reinhard et al., 2013). 
Similar mechanisms have been proposed for Cretaceous Oceanic 
Anoxic Event 2 (OAE2), the late Devonian mass extinction and po-
tentially for early Silurian CIEs where relatively extensive sea floor 
anoxia and euxinia have been shown to impact global trace metal 
reservoirs (Algeo, 2004; Goldberg et al., 2016; Hetzel et al., 2009; 
Young et al., 2020). Corresponding concentrations of Mo from late 
Cambrian strata (~12– 230 ppm, average ~ 95 ppm) are significantly 
enriched compared to Early Ordovician values (~12– 230 ppm, aver-
age ~ 60 ppm). These large enrichments of Mo within late Cambrian 
reflect a relatively large marine Mo inventory, and thus indicates 
that there was a limited global extent of euxinia within the overall 
more expansive late Cambrian OMZs (Figure 5a).

The Early Ordovician (Tremadocian) trace metal datasets show 
opposite trends in [V] and [Mo] when compared to the underlying 
late Cambrian strata trace metal enrichment patterns. There are 
larger V enrichments and lowered Mo enrichments in our Ordovician 
intervals of both cores; average V is ~1600 ppm and average Mo 
~60 ppm for the Ordovician strata vs. average V ~ 900 ppm and av-
erage Mo ~95 ppm for the late Cambrian strata. We attribute these 
trends to an overall reduction in global anoxic seafloor extent, which 
would have allowed for an increase in the overall V marine inventory. 
Meanwhile, the lowered enrichments of [Mo] likely reflect an expan-
sion of euxinic bottom waters within the remaining Early Ordovician 
OMZs (Figure 5b). This expansion of euxinic extent allows for ex-
tensive Mo drawdown of Early Ordovician marine inventories within 
persistently euxinic basins, such as the Baltic Basin, as these condi-
tions are highly efficient in sequestering Mo, thus limiting the ability 
for larger local enrichments (Algeo, 2004; Reinhard et al., 2013).

The local proportion of (non- sulfidic) anoxic and sulfidic/euxinic 
conditions within OMZs are thought to be controlled by several local 
factors including: intensity of primary productivity, ocean circulation 
patterns, changes in dissolved O2 conditions, ambient atmospheric 
O2 concentrations, and the localized availability of terminal elec-
tron acceptors of anerobic respiration prior to sulfate reduction 
(i.e., availability of Mn, NO3

−, and Fe; Ulloa et al., 2012; Callbeck 
et al., 2021 and references therein). Increases in primary produc-
tivity would increase total remineralization rates, increasing both 
aerobic and anerobic respiration rates, ultimately providing a mech-
anism to increase the total extent of strongly reducing conditions 
(i.e., sulfidic/euxinia). Meanwhile, an increase in available Mn, NO3

−, 
and Fe would ultimately reduce the extent of sulfidic/euxinic condi-
tions while increasing the extent of non- sulfidic anoxia, as enhanced 
anaerobic respiration prior to sulfate reduction would ultimately de-
crease the total available organic matter for sulfate reduction. Lastly, 
changes in local circulation patterns and/or local ventilation would 
provide additional O2 available for aerobic respiration, ultimately re-
ducing availability of organic matter utilized in subsequent anaero-
bic respiration. Fluctuations in global productivity, global availability 
in Mn, NO3

−, and Fe, and/or changes in global circulation patterns 
may ultimately provide potential mechanism(s) for the fluctuations 
in marine inventories of these redox- sensitive metals. However, this 
multiproxy dataset surrounding the late Cambrian– Early Ordovician 
interval is unable to ascertain which of these primary causal mech-
anism(s) may have been responsible for these fluctuations in marine 
geochemical records. Further studies are required to unambiguously 
reconstruct changes in local to global primary productivity, global 
cycling of Mn, NO3

−, and Fe and/or, ocean circulation dynamics 
across this interval.

Lastly, our new Tl isotopic records show peak values of ε205Tl-

auth ≈ −1 in the uppermost Cambrian, which trend toward lighter val-
ues in the Lower Ordovician (to ε205Tlauth ≈ −4), likely corresponding 
to protracted changes in the burial flux of Mn- oxides. Specifically, 
throughout the Paibian to lowermost Stage 10, Tl isotopes increase 
from ε205Tlauth ≈ −2.5 to −1, which likely represents a modest over-
all reduction in the global burial of Mn- oxides, and thus a possible 
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expansion of anoxic conditions. These values largely fall within the 
accepted range of bulk crustal values (ε205Tlbulk = −2 ± 1.0), poten-
tially indicating a near absence of Mn- oxide burial throughout this in-
terval of time in the late Cambrian– earliest Ordovician. An additional 
interpretation for these heavy Tl isotopic values, that appear nearly 
indistinguishable from bulk crustal values, may represent a highly re-
stricted basin similar to that of the Black Sea, where ε205Tlseawater = ~ 
−2. The Black Sea, being a highly reducing basin effectively buries 
no Mn- oxides, and largely records Tl isotopic compositions similar to 
input values (Owens et al., 2017). The Baltic Basin is not thought to 
be highly restricted, as seen by the geographically widespread trilo-
bite faunas and protoconodonts found within the late Cambrian por-
tions of the cores and nearby outcrops, and the globally recognized 
graptolite faunas found in the Early Ordovician intervals (Ahlberg 

et al., 2019; Terfelt et al., 2014). Furthermore, the extreme enrich-
ments of redox- sensitive metals such as V and Mo, which require a 
large open marine reservoir (Scott & Lyons, 2012), indicate little to 
no basin restriction during the studied interval. Lastly, the preser-
vation of secular seawater Tl isotopic compositions is further sup-
ported through cross- plots of the leached fraction of Tl presumably 
adsorbed to pyrite, compared to Al derived from lithogenic sources 
(Nielsen et al., 2011). We identify variable, but generally better cor-
relation between pyrite content and leached Tl in our samples, when 
compared to the poor correlation between total Al and leached Tl 
(Figure 4g,h). The poor and possibly negative correlation between 
the leached Tl fraction and Al suggests that detrital delivery of Tl is 
unlikely to be a major controlling mechanism for the observed ε205T-
lauth trends recorded in our studied drill cores. Meanwhile, authigenic 

F I G U R E  5  Reconstruction of typical late Cambrian and Early Ordovician margins. Changes in anoxic (purple) and euxinic (black) extent 
are based on V and Mo dynamics as discussed in the text. Changes in Mn- oxide formation and burial are based on Tl isotopic changes. 
The late Cambrian is characterized by largely reducing conditions, and an overall reduced capacity for form and bury Mn- oxides when 
compared to the Early Ordovician. The release of aqueous Mn2+ would occur wherever condition do not allow for the long- term burial of 
Mn- oxides. The relative abundance of fauna indicates relative changes in biodiversity of that faunal group 
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Tl is thought to be adsorbed to pyrite in sulfidic environments, which 
is supported by the correlations between the leached Tl fraction and 
pyrite (Nielsen et al., 2011; Owens et al., 2017). Ultimately, this sug-
gests that our presented authigenic Tl isotopic trends reflect authi-
genic Tl rather than lithogenic derived overprinting of bulk crustal Tl 
isotope values. Thus, given the multiple lines of evidence discussed 
here, we largely interpret these more positive Tl isotope values as 
indicating widespread anoxia. This was apparently the predominant 
global paleoredox backdrop throughout the Jiangshanian, in which 
the extent of highly reducing conditions, that is, euxinic conditions, 
were fluctuating within and linked to the biomere extinction during 
this interval of the late Cambrian (base Sunwaptan extinctions; Taylor 
et al., 2012; Adrain et al., 2014; Saltzman et al., 2015). These reduc-
ing conditions continued to expand, as indicated by the heaviest val-
ues of ε205Tlauth ≈ −1, until the beginning of the TOCE interval (middle 
Stage 10 if defined by the First Appearance Datum of Lotagnostus 
americanus), where Tl isotope values begin to decrease (Figure 2). 
This change in ε205Tlauth during the middle– late Stage 10 suggests 
a potential waning of reducing conditions in the global oceans, and 
is broadly coincident with the base Skullrockian biomere extinction 
(Adrain et al., 2014; Taylor et al., 2012). This decrease in extent of 
marine reducing conditions is indicated by the protracted decline in 
Tl isotope values from ε205Tlauth ≈ −1 to −4 that spans late Stage 10 
through the early Tremadocian interval (Figure 3). This decreasing 
trend in Tl isotopes broadly supports our interpretations of the cor-
responding trace metal enrichment trends from the late Cambrian 
into the Early Ordovician, specifically [V], as this element primarily 
responds to anoxia rather than euxinia (Tribovillard et al., 2006). The 
interpretations regarding the decreases in Tl isotopic composition 
are consistent with a decrease in overall reducing conditions, simi-
lar to other studies (Fan et al., 2020; Newby et al., 2021; Ostrander 
et al., 2019, 2020). Here we interpret this decreasing trend as a re-
duction of bottom water extent of OMZs from late Cambrian into 
the Early Ordovician oceans. This allowed for more seafloor envi-
ronments to become favorable areas for oxidation and burial of ad-
ditional Mn.

5.3  |  Oceanographic changes and its influences on 
early Paleozoic biodiversity

Trends within this new dataset of trace metal contents and Tl iso-
topic compositions shed new light on a longer- term fluctuation in 
the paleoredox landscape from the latest Cambrian through Early 
Ordovician. Changing redox conditions have been proposed as a 
mechanism influencing changes in biodiversity. An expansion of 
reducing conditions has previously been proposed to explain the 
base Steptoean and base Sunwaptan biomere extinctions that sur-
round the SPICE interval through the sulfur isotopic compositions 
of carbonate- associated sulfate and sedimentary pyrite (δ34SCAS and 
δ34Spyr, respectively), iron speciation, and seawater Mo inventory 
drawdown (Gill et al., 2011; LeRoy & Gill, 2019). We find broad sup-
port for this previous hypothesis for expansion of highly reducing 

conditions surrounding the base Sunwaptan extinction from our 
geochemical datasets presented here, as seen in the drawdown of 
V and heavy ε205Tlauth values within the falling limb interval of the 
SPICE (Figure 2). While [V] and Tl isotopes do not directly track eux-
inic conditions, they do suggest that non- sulfidic reducing conditions 
were pervasive during the Jiangshanian Age, which is a prerequisite 
for euxinia and again consistent with global expansion marine reduc-
ing conditions during this time (Gill et al., 2011).

To our knowledge, no dataset has focused on linking changes 
in global and/or local marine reducing conditions to the base 
Skullrockian biomere extinction. We estimate that the base of the 
A. ecorne trilobite Biozone occurs at ~ −4.0 m in the Tosterup- 2 
drill core, which is approximately equivalent to the base of the 
Cordylodus proavus conodont Biozone, in turn coincident with the 
base of the Skullrockian Stage in North America and the associated 
biomere extinction event (for trilobite and conodont biostratigraphic 
schemes, see Taylor et al., 2012 and Terfelt et al., 2014). Previous 
biostratigraphic and carbon isotope studies have identified the 
TOCE/HERB in both of our studied drill cores (Ahlberg et al., 2019; 
Terfelt et al., 2014), and this perturbation of the global carbon cycle 
occurs just prior to the base Skullrockian biomere extinction interval 
(Figure 3). Interestingly, our new data suggest a noticeable shift to-
ward lighter ε205Tlauth values (from ~ −1 to ~ −3) and an increase in V 
concentrations (from ~500 to ~1000 ppm) that are approximately co-
eval with the base Skullrockian biomere extinction (Figure 3). These 
changes in our geochemical records may indicate a global decrease 
in marine reducing conditions, as latest Cambrian oceans potentially 
increased their capacity to bury additional Mn- oxides, as well as 
increased the marine inventory of vanadium. While a contraction 
in reducing conditions may seem counter intuitive with respect to 
stressors of marine biota, brief oxygenation events associated with 
other major mass extinctions have been documented in ε205Tlauth re-
cords(i.e., Kozik et al., 2022; Newby et al., 2021). Brief oxygenation 
events like the one identified here, and in the latest Ordovician and 
end Permian, may have provided an additional stressor to faunas 
adapted to low oxygen conditions. At present, the data presented 
herein represent the only known paleoredox records spanning the 
base Skullrockian biomere extinction interval. Further paleoredox 
work is necessary to test our hypothesized scenario and determine 
the causal mechanisms for the observed geochemical trends during 
this interval of the latest Cambrian, and what the linkages may be for 
paleoredox conditions and the extinction event.

Studies have identified an expansion of reducing conditions 
associated with the younger base Stairsian biomere extinction 
through the use of iodine- to- calcium ratios (I/Ca) and δ34SCAS iso-
topic trends (Edwards et al., 2018; Saltzman et al., 2015). In these 
studies, extremely low I/Ca values have been interpreted to rep-
resent local water column anoxia, while positive excursions of 
δ34SCAS have been interpreted as an increase in global pyrite burial 
within expanded euxinic settings in the global oceans. The Early 
Ordovician (Tremadocian) geochemical trends provide further ev-
idence for an expansion of reducing marine conditions as a causal 
factor for some biomere extinction events, as they are similar to 
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those proposed for the older late Cambrian SPICE and associated 
base Steptoean and base Sunwaptan biomere extinctions (Figure 6). 
These datasets, in conjunction with our new trace metal and Tl iso-
topic profiles of older strata, provide further supporting evidence 
for a more variable paleoredox landscape during the late Cambrian– 
Early Ordovician.

Currently, the only study to reconstruct paleoredox condi-
tions across the Cambrian– Ordovician boundary originates from 
the GSSP locality of the Cambrian– Ordovician boundary at Green 
Point, Newfoundland in Canada (Azmy et al., 2015), which utilized 
paired nitrogen and uranium isotopic compositions (δ15N and δ238U, 
respectively). This study identified a relatively abrupt global shift to 
more reducing conditions prior to the Cambrian– Ordovician bound-
ary based on δ238U trends, which may potentially be captured in the 
Tl isotopic datasets presented here from the Tosterup- 2 drill core. 
Unfortunately, the timing and duration inferred from the differing 
paleoredox studies are difficult to correlate in detail due to differ-
ences in biostratigraphic schemes (i.e., conodonts vs. trilobites) 
which are ultimately facies dependent and/or geographically limited. 
Furthermore, the degree of change in marine reducing conditions 
is difficult to precisely reconcile due to differences in residence 
times (~18 kyr for Tl vs ~450 kyr for U) of the two global paleoredox 

proxies used, as well as difference in proxy redox responses, with 
different spatiotemporal constrains (Lau et al., 2019).

The primary causal mechanisms controlling the changes in ma-
rine oxygenation surrounding the Cambrian– Ordovician boundary 
are poorly constrained. Changes in climate and the environment, 
particularly major storms and periods of high storm frequency within 
the latest Cambrian, have been proposed as a controlling mechanism 
for at least local redox conditions for the Alum Shale Formation, 
against the backdrop of persistent euxinia within the Baltic Basin 
at this time (Dahl et al., 2019). However, these local changes in pa-
leoredox conditions would only influence the surrounding area and 
cannot explain the global shift to less reducing conditions as seen in 
the datasets presented here. Unfortunately, the global underpinning 
mechanisms for these fluctuations of reducing conditions surround-
ing this interval remains elusive and more multiproxy datasets from 
hydrographically dispersed basins are needed.

Our new high- resolution trace metal and Tl isotopic trends 
shed light on a protracted increase in bottom water oxygenation, 
and nuanced changes of anoxic/euxinic conditions within OMZs 
which may have set the stage for subsequent changes in marine 
biodiversity during the Ordovician (Figure 6). An overall reduction 
in anoxic conditions along continental margins likely contributed 

F I G U R E  6  Summary of geochemical and physical palaeoceanographic trends of the late Cambrian– Early Ordovician. (a) Generalized 
δ13Ccarb trends of the late Cambrian– Middle Ordovician. (b) Generalized average sea surface temperature ranges for the late Cambrian– 
Middle Ordovician. Upper red line represents the maximum temperature estimates while the lower blue line represents minimum 
temperature estimates (modified from Goldberg et al., 2021). (c) Generalized biodiversity trends of the late Cambrian– Middle Ordovician, 
modified from Deng et al. (2021). Species axis refers to biodiversity trends of Deng et al. (2021) and Fan et al. (2020) (green and orange lines, 
respectively), while genera axis refers to trends from Rasmussen et al. (2019) and Kröger et al. (2019) (brown and purple lines, respectively). 
Gradients from purple to blue represent changes from globally reducing conditions (purple) to more oxygenated global conditions (blue). 
Dashed box surrounding the late Cambrian– Early Ordovician represent our study interval 
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to the changes in ecosystem dynamics of the various steps and 
phases of the GOBE by expanding habitable shelf space and facil-
itating increased metabolic processes through increased oxygen 
availability (Stigall et al., 2019). Enhanced bottom water oxygen 
levels and potentially deeper oxygen penetration into sediments 
may have facilitated the increased bioturbation depth and burrow-
ing complexity surrounding the Cambrian– Ordovician boundary 
(Droser & Bottjer, 1989). This notion is further supported by the 
abrupt increases in deep- marine ichnodiversity and ichnodisparity 
during the Early Ordovician (Tremadocian; Buatois et al., 2016), as 
greater oxygen penetration depth within marine sediments would 
not only facilitate new types of burrowing but also overall depth 
in which marine organisms could burrow. These newly oxygenated 
deep- marine settings would be rich in labile organic matter and 
thus provide important new sources of food for the burgeoning 
marine ecosystems of the Ordovician. In addition to increased 
bioturbation depth and complexity, tiering increased across the 
Cambrian– Ordovician boundary (Ausich & Bottjer, 1982; Bottjer 
& Ausich, 1986). This likely indicates enhanced water- column 
oxygenation. Lastly, macrofauna also increased in diversity 
throughout this interval on several paleocontinents, potentially 
showing that water column oxygenation facilitated enhanced 
cellular respiration needed for predation (Deng et al., 2021; 
Rasmussen et al., 2019). This overall reduction in areal extent of 
reducing conditions, via the movement of OMZs off continental 
shelves and/or an overall reduction of OMZ extent, would likely 
increase the overall habitable ecospace, fueling the subsequent 
Ordovician rise in biodiversity.

A progressive increase in marine oxygen levels has been postu-
lated as one of many factors that facilitated the overall increase in 
biodiversity leading into the main phase of the GOBE (Dapingian– 
early Darriwilian). A lack of direct paleoredox studies throughout 
the late Cambrian to Middle Ordovician has led to coarse reso-
lution in atmospheric and marine oxygen models, and thus these 
models commonly disagree in terms of oxygenation trends through 
this interval (Edwards et al., 2017; Krause et al., 2018; Lenton 
et al., 2018); however, all recent atmospheric oxygen models gen-
erally show an increasing trend within the Late Ordovician. Across 
the Cambrian– Ordovician boundary most models generally show 
low pO2, ranging between 2% and 10% (Dahl et al., 2010; Krause 
et al., 2018; Lenton et al., 2018; Sperling et al., 2015). Our data-
set currently agrees most with the GEOCARBSULFOR model pro-
posed by Krause et al. (2018), which shows a large increase in pO2 
surrounding the Cambrian– Ordovician boundary, broadly consis-
tent with the long- term trend toward more negative Tl isotope 
values and increases in V concentrations. Unfortunately, there 
are very few studies throughout most of the Early and Middle 
Ordovician (Tremadocian– Dapingian) that utilize direct marine pa-
leoredox proxies, with the exception of the base Stairsian biomere 
extinction interval (Figure 6). Therefore, future detailed paleore-
dox investigations are needed to gain better insights into the role 
of oxygen in the early phases of the GOBE.

6  |  CONCLUSIONS

Our new iron speciation, trace element, and Tl isotopic records 
have revealed nuanced and significant changes in global paleo-
redox conditions during the late Cambrian– Early Ordovician in-
terval. Iron speciation datasets indicate that local bottom water 
conditions were persistently anoxic and/or euxinic within the 
Baltic Basin. The trends and variations in V and Mo concentra-
tions indicate that global marine trace metal inventories fluctu-
ated significantly due to the total seafloor extent of anoxia and 
euxinia, respectively. Here we conclude that widespread anoxia in 
the form of large- scale OMZs, with limited euxinic fractions within 
them, likely dominated late Cambrian marine redox landscapes. In 
contrast, the Early Ordovician appears to have seen an overall re-
duction in anoxic seafloor extent, but within the remaining OMZs 
euxinic conditions likely expanded. This overall reduction in OMZ 
extent, inferred from changes in enrichment patterns in V and Mo 
concentrations, is corroborated by our novel Tl isotopic dataset. 
The collective data suggest that there was an enhanced capacity 
for the formation and burial of Mn- oxides in the oceans in the time 
leading into and during the Early Ordovician.

This dynamic paleoredox landscape may be intimately linked 
to variations in biodiversity, as documented throughout the late 
Cambrian– Early Ordovician. The widespread anoxic conditions 
throughout the late Cambrian– Early Ordovician may be respon-
sible for the frequency of the biomere extinctions as well as the 
apparently elevated background extinction rate (e.g., Steptoean, 
Sunwaptan and Stairsian biomere extinctions). Meanwhile, fewer 
biomere extinctions and lowered extinction rates may be linked 
to the contraction of these reducing conditions in the Early 
Ordovician. In addition, this global contraction of reducing condi-
tions in the Early Ordovician may have prompted an increase in ich-
nofacies, tiering and macrofaunal diversity in the Early Ordovician 
during the initiation of the GOBE. Ultimately, enhanced oxygen 
penetration into sediments and water columns led to expanded 
niche space due to newly oxygenated shelf areas and thus facili-
tated the GOBE.
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