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A B S T R A C T   

The oxygen content of ancient seawater has been hypothesized to be a major controlling factor for biodiversity 
throughout Earth’s history. The Great Ordovician Biodiversification Event (GOBE) represents one of the largest 
increases in biodiversity during the Phanerozoic, with peak rates of diversity occurring in the Middle–Late 
Ordovician. Multiple causal factors have resulted in this long-term adaptive radiation, but direct links to marine 
oxygen levels remain poorly characterized. Here we utilize a multiproxy dataset from the Röstånga-2 drillcore, 
Skåne (Scania), southernmost Sweden, to constrain local and global marine paleoredox dynamics using a multi- 
proxy approach throughout the Middle–Late Ordovician (Darriwilian–early Sandbian stages). Pyrite sulfur iso-
topes (δ34Spyr), iron speciation and trace metal concentrations (V, U, and Mo) all indicate pervasive locally 
reducing conditions, and thallium (ε205Tl) isotopic compositions indicate significant changes in global Mn-oxide 
burial. This is one of the first studies to utilize direct local and global paleoredox proxies to identify changes in 
marine oxygen associated with peak rates of biodiversification in the Ordovician. Our new thallium isotope and 
pyrite sulfur isotope trends from black shale are combined with previously published carbonate-based redox 
proxy data (δ238U and δ34SCAS–carbonate-associated sulfate) from time equivalent successions in Baltica, Lau-
rentia and Argentine Precordillera, indicating a global shift towards enhanced Mn-oxide burial, decreased anoxic 
seafloor area, and decreased pyrite burial, respectively. Thus, oceanic conditions during the Middle–Late 
Ordovician are interpreted to have transitioned from pervasive, highly reducing conditions towards more 
oxygenated marine settings. These changes in global paleoredox coincide with paleotemperature proxy data that 
indicated an overall climatic cooling trend during this time. Significant cooling of Ordovician oceans and climate 
would have permitted enhanced ventilation of marine environments, that in turn likely facilitated new ecospace 
development/utilization and ultimately drove marine biodiversification. Our results show a protracted, yet 
progressive oxygenation of marine environments over an interval of ~11 Myr coinciding with peak rates of 
biodiversification during the GOBE.   

1. Introduction 

The Ordovician Period (~485–445 Ma) hosted one of the largest 
intervals of marine biodiversification, commonly referred to as the Great 
Ordovician Biodiversification Event (GOBE) or the Ordovician Radia-
tion, which accommodated an unprecedented increase in faunal rich-
ness among marine taxonomic groups that were established during the 
Cambrian Explosion (Sepkoski et al., 1981; Harper, 2006; Rasmussen 
et al., 2019). This proliferation of marine faunas was subsequently 
terminated by the second-largest mass extinction in Earth history, the 
Late Ordovician Mass Extinction Event (LOME; Harper, 2006; Harper 

et al., 2014). While recent studies documenting biodiversity trends have 
greatly advanced our understanding of the potentially nuanced changes 
in ecospace, the definition and timing (and internal nomenclature) of 
the GOBE is still widely debated (Rasmussen et al., 2019; Stigall et al., 
2019; Servais et al., 2021; Deng et al., 2021). There is currently no clear 
consensus as to when the GOBE started due to highly variable resolution 
among datasets and preservation biases; however, most studies have 
identified “peak” faunal richness within the Dapingian–Sandbian stages. 
Additionally, primary causal mechanisms for the GOBE remain uncer-
tain, although dynamic fluctuations in paleoredox conditions have been 
identified and proposed as a contributing factor (Kah et al., 2016; Young 
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et al., 2016; Edwards et al., 2017; Edwards, 2019; Rasmussen et al., 
2019; Stigall et al., 2019). Currently, there are a multitude of studies 
that have focused on paleoredox conditions surrounding the LOME and a 
growing number focusing on redox dynamics associated with the GOBE 
(i.e., the Early–Middle Ordovician) (e.g., Harper, 2006; Harper et al., 
2014; Rasmussen et al., 2019; Stigall et al., 2019). Despite these efforts, 
the causal mechanisms for changing paleoenvironmental conditions and 
the evolutionary radiation in the Ordovician – especially those sur-
rounding the peak of biodiversification during the Middle Ordovician – 
are not well understood, and thus the impact of these processes on global 
marine biodiversity remains under-constrained. 

Geochemical studies have shown strong links between increased 
oxygenation and the rise of metazoan life (Fike et al., 2006; Kendall 
et al., 2015; Sahoo et al., 2016; Ostrander et al., 2020); however, the link 
(s) between biodiversification of already established ecosystems and 
fluctuating oxygenation needs further investigation (Elmqvist et al., 
2003; Sampaio et al., 2021). Several studies have attempted to quantify 
changes in atmospheric and marine oxygenation throughout the Ordo-
vician. These studies primarily utilize traditional proxies such as δ13C 
and δ34S but ultimately disagree in terms of the magnitude of change in 
oxygenation. Nonetheless, many of these studies generally find that 
elevated oxygen levels coincide with biodiversity pulses identified as 
part of the GOBE (Sperling et al., 2015; Edwards et al., 2017; Krause 
et al., 2018; Lenton et al., 2018). Currently, very few studies have uti-
lized direct and multiple paleoredox proxies and combined geochemical 
proxies from multiple lithologies through this interval of bio-
diversification, and thus the role of enhanced oxygenation as a causal 
mechanism for the interval of peak diversity remains uncertain. An 
overall increase in well‑oxygenated conditions subsequently would have 
allowed for enhanced heterotrophic metabolic processes, that might fuel 
increased predation as well as adaptations to avoid this predation, 
allowing for flourishing seascapes that harbored more diverse and var-
ied marine ecosystems. Currently, some studies that have utilized 
carbonate-associated sulfate isotopic compositions (CAS; δ34SCAS) have 
identified a potential global reduction in pyrite burial, which may 
indicate a reduction in the total extent of highly reducing euxinic 
(euxinic = anoxic + sulfidic) conditions (Thompson and Kah, 2012; Kah 
et al., 2016; Young et al., 2016; Edwards et al., 2019). These studies have 
primarily been performed in carbonate-dominated successions, pre-
dominantly on the Laurentian, and South China paleocontinents and in 
the Argentine Precordillera. Meanwhile, even fewer studies have uti-
lized deeper-water, organic-matter rich shales to elucidate changes 
associated with this biotic event in the Ordovician (e.g., Sperling et al., 
2021; Zhang et al., 2022). In this study, we present a multiproxy dataset 
from an organic-matter rich shale-dominated sequence that spans the 
Middle to lower Upper Ordovician (Darriwilian to early Sandbian 
stages) from the paleocontinent of Baltica, to examine changes in marine 
oxygenation and its potential relationship to the peak diversification 
rates of the GOBE. 

2. Background 

The Röstånga-2 drill core is comprised of a relatively thick and 
mostly complete sequence of Middle to Late Ordovician organic-matter 
rich shales that originates from west-central Skåne (Scania), southern 
Sweden. The Röstånga-2 drill core is one of several cores spanning the 
Middle–Upper Ordovician of Skåne. Other drill cores that originate from 
this area include the Krapperup, Lerhamn, and Röstånga-1 cores, and the 
Fågelsång-1, -2, and -3 cores (Bergström et al., 1999, 2014, 2018; Maletz 
and Ahlberg, 2011, 2021; Maletz et al., 2020) . This study will focus 
primarily on the Almelund and Sularp Shale formations (Bergström 
et al., 2002) within the Röstånga-2 drill core, which has been the subject 
of lithologic, graptolite biostratigraphic and carbon isotopic studies 
(Bergström et al., 2020; Maletz et al., 2020); the succession is confi-
dently placed within the Middle to Upper Ordovician (Dw2 through Sa1 
stage slices; Bergström et al., 2009). Here, we utilize bulk stable organic 

carbon isotopic compositions previously published by Bergström et al. 
(2020) as well as established detailed graptolite biostratigraphy by 
Maletz et al. (2020) for our chronostratigraphic framework. The 
Röstånga-2 drill core is interpreted to reflect deposition in an outer 
shelf–upper slope setting on the western margin of the paleocontinent of 
Baltica, at ~45◦S paleolatitude (Fig. 1; Torsvik et al., 2012; Lindskog 
and Eriksson, 2017). Lithologically, the Röstånga-2 drill core is 
composed entirely of finely laminated dark grey to black shales, with a 
minor phosphatic-rich interval (Fågelsång phosphorite bed) in the upper 
part of the core (Fig. 2). The Almelund and Sularp shales differ in litho- 
and biofacies from coeval successions in other areas of Sweden and the 
East Baltic area, in which the pre-Katian Ordovician is dominated by 
shallower-water carbonates that were deposited on the cratonic interior. 
The black shale interval below the Fågelsång phosphorite bed are within 
the Almelund Shale Formation, and the black shales above this horizon 
are within the Sularp Shale Formation (Fig. 2; Bergström et al., 2020). 

2.1. Pyrite sulfur isotopes 

The oxidation and reduction of sulfur has played a role in modulating 
atmospheric composition throughout Earth history via biotic and abiotic 
processes (Fike et al., 2015; Canfield, 2019). The sulfur cycle starts with 
the weathering of sulfide minerals on the continental crust as well as 
volcanic outgassing providing an input of sulfate (SO4

2− ) into marine 
settings. If redox conditions are sufficiently reducing, microbial sulfate 
reduction (MSR) couples the carbon and sulfur cycles through the 
oxidation of marine organic matter and using sulfate as an electron 
acceptor which in turn produces hydrogen sulfide as a byproduct that 
can react with aqueous Fe2+ to ultimately form pyrite (FeS2) on geologic 
timescales (Canfield et al., 1992). Pyrite sulfur isotopes (δ34Spyr) have 
the potential to reflect trends in either local or global MSR rates, how-
ever, several aspects of the sulfur cycle must be constrained for global 
interpretations. These aspects include the location of MSR (either in the 
sediments or in the water column, i.e., open or closed system pyrite 
formation), marine sulfate concentrations and the magnitude of the ki-
netic isotopic effects (Gomes and Hurtgen, 2015; Lang et al., 2020; 
Pasquier et al., 2021). 

2.2. Iron geochemistry 

Iron geochemistry from organic-rich shales is a well-used paleoredox 
proxy in constraining local redox conditions through the ratios of 
various Fe phases. Within reducing marine settings, higher contents of 
“highly reactive” iron are present in the form of pyrite, siderite, and 
other crystalline Fe-oxyhydroxides (i.e., ferrihydrite, lepidocrocite, 
goethite, hematite). Thus, the ratio between highly reactive iron (FeHR) 
to total iron (FeT) informs about local paleoredox conditions within the 
depositional basin (Poulton and Canfield, 2005; Raiswell et al., 2018). 
Ratios of FeHR/FeT higher than 0.38 have been shown to be deposited 
under anoxic conditions, whereas values between 0.22 and 0.38 may 
have complications that mask the enrichment of highly reactive iron 
such as high sedimentation rates. If sediments are interpreted to have 
been deposited under anoxic conditions, ratios between pyrite iron 
(Fepyr) and FeHR is used to determine if 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 under ferruginous conditions. 

2.3. Trace metal geochemistry 

The concentrations of several trace metals within sedimentary rocks 
have been used to infer changes in both local and global redox 
throughout geologic history (Algeo and Lyons, 2006; Anbar et al., 2007; 
Scott and Lyons, 2012; Reinhard et al., 2013). The concentrations of 
trace metals discussed below are primarily controlled by local redox 
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conditions. However, trace metal dynamics may also reflect changes 
within an individual element’s global marine reservoir, ultimately 
hinting at global redox conditions, if persistent local anoxia/euxinia is 
identified utilizing independent proxies such as iron speciation. In this 
study, we focus on the elemental cycles of manganese (Mn), vanadium 
(V), uranium (U), and molybdenum (Mo), each of which have differing 
reduction potentials, and thus have slightly different responses to 
changes in local and global marine redox. 

Due to the element’s rapid response to reducing conditions and its 
very short residence time of ~0.06 kyr, Mn concentrations are 
commonly used as a local redox proxy (Froelich et al., 1979; Maynard 
and Force, 1991; Tribovillard et al., 2006). Under slightly reducing 
conditions, solid Mn-oxides (Mn3+/4+) are quickly reduced to aqueous 
Mn2+ due to the high redox potential (Froelich et al., 1979; Rue et al., 
1997; Algeo and Maynard, 2008). Aqueous Mn2+ can then either be 
recycled into the overlying water column or associated with Mn-bearing 
minerals such as sulfides and carbonates (Maynard and Force, 1991; 
Calvert and Pedersen, 1996; Algeo and Maynard, 2008). Concentrations 
less than the average oxic shale values of 850 ppm generally indicate 
deposition under reducing conditions, while concentrations above this 
threshold are generally associated with oxidizing conditions (Taylor and 
McLennan, 1981, 1995; Maynard and Force, 1991). Mn oxide burial 
fluxes also influence Tl isotopic compositions (Owens, 2019); thus Tl 
isotopes can be used to fingerprint the global Mn oxide flux, which can 
be related back to changes in global bottom-water oxygenation states 
(see Section 2.4 for further explanation). 

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

2− and 
H2VO4

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

− , which can complex with 
humic acids and ultimately be buried within sediments. Under euxinic 
conditions, V(IV) can be further reduced to V(III) and be precipitated 
into solid V2O3 or V-oxyhydroxides (Tribovillard et al., 2006). With the 
initial reduction of V under low oxygen conditions, enrichment is not 

dependent on the presence of sulfide and thus has been used to indicate 
changes in global anoxia (Hetzel et al., 2009; Owens et al., 2016; Young 
et al., 2020). 

Uranium has the longest residence time of all the elements that are 
discussed in this study, with a residence time of ~450 kyr. The sedi-
mentary concentration of U is dependent on the redox state, as the 
dominant species of U is soluble U(VI) and generally bound to carbonate 
ions to form UO2(CO3)3

4− . Under mildly reducing conditions, similar to 
that of Fe reduction, U(VI) is reduced to insoluble U(IV) species such as 
UO2 (Lau et al., 2019; Owens, 2019). Oxygen penetration depths and 
sedimentation rates are important aspects to consider for the evaluation 
of authigenic U enrichments, as U reduction is thought to occur pri-
marily in the sediments, decoupled from early redox responses (i.e., O2, 
NO3

− and/or Mn reduction) and MSR. Thus, slow sedimentation rates 
allow more time for oxidized species to diffuse into sediments, resulting 
in erroneously high enrichments (Tribovillard et al., 2006). Conversely, 
U is easily re-oxidized, wherein authigenic U can be removed if O2 
penetration depths encroach into the Fe reduction chemocline, resulting 
in erroneously low enrichments (McManus et al., 2005). 

Molybdenum has a relatively long residence time of ~440 kyr and is 
the most abundant transition metal in modern oceans (Tribovillard 
et al., 2006). Similarly to vanadium, Mo forms stable molybdate 
(MoO4

2− ) ions under oxic conditions which can adsorb onto Mn and Fe- 
oxides (Algeo and Tribovillard, 2009), which produces sedimentary 
concentrations similar to crustal values of ~2 ppm (Taylor and 
McLennan, 1995). In the presence of H2S, Mo is efficiently enriched 
within sediments through the reduction of molybdate into thio-
molybdates (MoOxS4-x, where x = 0 to 3) which are particle reactive and 
prone to scavenging by sulfides and sulfur rich organic molecules 
(Erickson and Helz, 2000). Mild enrichments entail concentrations be-
tween 25 and 100 ppm of Mo and likely indicate deposition in the 
presence of sulfidic porewaters or true euxinia within the water column. 
Meanwhile Mo concentrations between 2 and 25 ppm likely indicates 
deposition under either intermittently euxinic/sulfidic conditions, 
dilution via high sedimentation rates, variability in water column pH, or 
most importantly changes in dissolved concentrations within the water 
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Fig. 1. Paleogeographic reconstruction of the Middle Ordovician world (modified from Scotese, 2001), with the approximate location of the Röstånga-2 drill core 
indicated as a red star. Other paleoredox studies are shown as black circles. (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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column or global marine inventory (Scott and Lyons, 2012; Hardisty 
et al., 2018). Lastly, highly enriched sediments, with concentrations 
larger than 100 ppm of Mo, are considered a strong indicator of water 
column euxinia with little to no complications in the dissolved con-
centrations of Mo or connection to open marine conditions (Scott and 
Lyons, 2012; Hardisty et al., 2018). 

The use of enrichment factors is a common tool to compare the 
authigenic enrichment of given redox sensitive trace metals with vary-
ing upper continental crustal concentrations, by normalizing a given 
trace metal to detrital aluminum. Here we employ the use of enrichment 
factors, following the convention of Algeo & Tribovillard, (2009); XEF =

[(X/Al)sample/(X/Al)PAAS], where X stands for the concentration of a 
given redox sensitive metal and Al stands for the concentration of 
aluminum. Sample concentrations are then normalized to the compo-
sition of post-Archean average shale, or PAAS (Taylor and McLennan, 
1995). Enrichment factors ≈ 1 are considered to represent no enrich-
ment, but rather values equal to background sedimentation, while 
enrichment factor values ≥3 are generally considered to be noticeable, 
and lastly, enrichments ≥10 are considered substantial (Algeo and Tri-
bovillard, 2009). 

2.4. Thallium isotopes 

Sedimentary Tl isotopic compositions are an emerging paleoredox 
proxy that has been utilized to elucidate changes in global Mn-oxide 
burial flux (Ostrander et al., 2017, 2019, 2020; Them et al., 2018; 
Bowman et al., 2019; Fan et al., 2020; Newby et al., 2021). Tl isotopic 
compositions (reported as ε205Tl = (205/203Tlsample–205/203TlNIST-997)/ 
205/203TlNIST-997 × 104) of modern seawater are homogenous (ε205Tlsea-

water = − 6 ± 0.3), reflecting its long residence time of ~18.5 kyr 
compared to ocean mixing of ~1–2 kyr (Owens et al., 2017; Owens, 
2019). The Tl isotopic mass balance has been well established and shows 
that changes in marine isotopic compositions are primarily controlled by 
the relative strengths of output fluxes, the alteration of oceanic crust 
(AOC) (ε205TlAOC = − 12 to − 6) and burial of Mn-oxides (ε205TlMn-oxides 
= +6 to +12), as most inputs of Tl are isotopically similar (ε205Tlinputs =

~ − 2; Nielsen et al., 2011; Owens et al., 2017). Importantly, changes in 
the burial rate of Mn-oxides have the largest isotopic difference between 
seawater and output flux, as well as occurring on short timescales (in a 
geologic perspective, i.e., less than multi–million–year process). 
Seawater values are obtained via adsorption to authigenic pyrite pre-
cipitation in anoxic or euxinic settings, and is not thought to produce 
any isotopic fractionation (Owens et al., 2017). 

3. Materials and Methods 

3.1. Sample collection and preparation 

The Röstånga-2 core is housed at the Department of Geology, Lund 
University, Sweden, where sampling and detailed lithologic descriptions 
were undertaken. Samples for geochemical analyses were collected at 
~50 cm intervals to be conducted at Florida State University (FSU) and 
the National High Magnetic Field Laboratory (NHMFL-FSU), Talla-
hassee, USA. This sample spacing results in a resolution of approxi-
mately two samples per million years (see Section 5.2 for further 
details). Samples were selected from horizons that contain no obvious 
secondary recrystallization of sulfate or carbonate minerals, calcite 
veins, secondary pyrite nodules or from brecciated strata associated with 
nearby faulting. Samples were cleaned in an ultrasonic bath of deionized 
water (18.2 MΩ) to remove weathered surfaces and/or drilling mud 
residue, then dried and powdered using an agate mortar and pestle. 
Splits of each powdered sample were utilized for the geochemical ana-
lyses discussed below. 

3.2. Organic carbon isotopes 

A total of 30 samples from the Röstånga-2 core were analyzed for 
total organic carbon (TOC). Approximately 0.5 g of powdered sample 
were weighed into clean centrifuge tubes and reacted with 6 N HCl to 
remove the minor carbonate component throughout the core. Samples 
were acidified then rinsed with deionized water (18.2 MΩ) three times 
each and left to dry in an oven at 70 ◦C overnight. Residues were then 
homogenized and weighed into tin cups for isotopic analysis. Organic 
carbon isotopic analysis was performed using a Carlo Erba Elemental 
Analyzer coupled to a ThermoFinnegan Delta Plus XP isotope ratio mass 
spectrometer (IRMS) via a Conflo-III device. Sample precision and 
calibration of data were assessed during routine analysis of laboratory 
standards that are calibrated against IAEA standards, and are reported in 
wt% TOC. Carbon standards at NHMFL-FSU include Acetanilide, Urea-2, 
and WYSTD. 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 unknowns 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 

The same samples analyzed for TOC were prepared for sedimentary 
pyrite extractions following a modified chromium reducible 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. 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 Ag2S was filtered, rinsed (with 18.2 MΩ deionized water), 
dried and weighed for concentration determinations. Total weight of 
Ag2S precipitate were gravimetrically determined to calculate wt% py-
rite assuming the quantitative conversion and stoichiometry of Fe2S into 
Ag2S, and subsequently used to calculate pyrite Fe (Fepyr, see more in 
Section 3.4). Pyrite sulfur isotopic analysis was measured using a 
Thermo-Isolink Elemental Analyzer coupled to a Thermo Delta V Plus 
IRMS via a Dual Inlet system. Sample precision and calibration of data 
was determined during routine analysis of laboratory standards that 
were calibrated against IAEA standards and reported in standard delta- 
notation (δ) with units reported in per mill (‰) relative to VCDT (Vienna 
Canyon Diablo Troilite). Sulfur isotope standards at the NHMFL-FSU 
include IAE 3 S-3 (− 32.3‰), PQM2 (− 16.0‰), ERE Ag2S (− 4.7‰), 
EMR-CP (0.9‰), SWP (20.7‰), and PQB-D (40.5‰). Analytical preci-
sion for δ34Spyr is ±0.2‰ or better. 

3.4. Iron speciation 

The same 30 samples selected for pyrite isotope analysis were 
analyzed for sequential Fe extractions (henceforth Fe speciation), 
following procedures outlined by Poulton and Canfield (2005). 
Approximately 0.1 g of powdered samples were weighed into clean 15 
ml centrifuge tubes. The first extraction used 10 ml of 1.0 M sodium 
acetate, buffered to pH 4.5 and allowed to react with samples for 24 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 allowed to react with samples for 2 h to extract Fe from 
oxides and oxyhydroxides (Feox). Lastly, 0.2 M ammonium oxalate and 
0.17 M oxalic acid buffered to pH 3.2 with ammonium hydroxide were 
allowed to react with samples for 6 h to extract Fe from magnetite 
(Femag). Following each step, samples were centrifuged, and supernatant 
was saved for analysis. Each sample was rinsed with 18.2 MΩ deionized 
water, centrifuged and decanted before each extraction. The superna-
tant from each extraction was diluted with 2% ultrapure HNO3 and 
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analyzed for Fe concentrations using an Agilent 7500cs inductively- 
coupled plasma mass spectrometer (ICP-MS) at the NHFML-FSU. High-
ly reactive Fe (FeHR) was calculated from the sum of all species: Fecarb +

Feox + Femag + Fepyr. Duplicate samples had reproducibility of ±7% for 
the entire extraction method. 

3.5. Trace metal concentrations 

Trace metal concentration was analyzed for the same samples 
selected for iron speciation and pyrite isotope analysis, through multi- 
acid digestion. Samples were weighed (~100 mg) into Savillex bea-
kers and underwent microwave digestion using a CEM MARS 6 to digest 
organic carbon. Samples were then dissolved completely using subse-
quent treatment of trace metal free HNO3, HCl, and HF. Acids were 
allowed to react with samples with heat (~120–180 ◦C) for 24–48 h and 
dried down completely before adding different 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 (at NHFML-FSU) for trace metal concentration. Samples were 
compared to USGS standards SDO-1, SCO-1 and SGR-1 that were dis-
solved alongside samples and were all within accepted analytical ranges 
for all analyzed elements. All results are reported as parts per million 
(ppm) with a precision of ±5% or better for Mo, V, Fe, and Mn. A 
common tool to compare the authigenic enrichments of trace metals 
with differing redox responses as well as differing background concen-
trations (i.e., UCC concentrations) is the normalization to detrital 
aluminum in the form of enrichment factors (Algeo and Tribovillard, 
2009). We present the enrichment factors (EF) for several trace metals 
calculated as: XEF = [(X/Al)sample/(X/Al)PAAS], where X stands for the 
concentration of a given redox sensitive metal and Al stands for the 
concentration of aluminum within a given sample. Sample concentra-
tions are then normalized to the composition of post-Archean average 
shale, or PAAS (Taylor and McLennan, 1995). Generally, enrichment 
factors above 3 are considered to reflect noticeable enrichment above 
background sedimentation, and enrichments above 10 are considered 
substantial (Algeo and Tribovillard, 2009). 

3.6. Thallium isotopes 

A subset (28 total) of the samples analyzed for TOC, iron speciation 
and trace metal concentrations were analyzed for thallium isotopes 
following a modified procedure outlined by Nielsen et al. (2011) and 
Owens et al. (2017). Briefly, 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). 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 multicollector (MC) ICP-MS 
using an Aridus II autosampler at the NHMFL-FSU. All Tl isotopes are 
reported as ε205Tl. Long term precision was determined using USGS 
SCO-1 reference material with ε205T = − 3.00 ± 0.3 (2σ). Samples re-
ported here have an uncertainty of less than ±0.5 (2σ, based on two or 
more replicate analyses), however any samples with uncertainty less 
than ±0.3 were subsequently increased to ±0.3 based on the error for 
the geostandard from the entire method. 

4. Results 

High-resolution carbon isotope data for the Röstånga-2 core has 
previously been published, which potentially document the Middle 
Darriwilian Isotope Carbon Excursion (MDICE) in the Pterograptus ele-
gans and Pseudamplexograptus distichus graptolite biozones (Bergström 
et al., 2020). Our new δ34Spyr dataset identifies two long term trends, 
with the first shift occurring within the Holmograptus lentus graptolite 
Biozone, and the second occurring within the Pt. elegans Biozone (Fig. 2). 
The first and earlier trend of δ34Spyr values shifting more positively, 
albeit with fluctuations, from approximately − 20‰ in the H. lentus 
Biozone to values averaging at approximately − 0.5‰, with maximum 
values of +6‰ in the lower Pt. elegans Biozone. Subsequently δ34Spyr 
values decline sharply within the middle Pt. elegans Biozone to ~ − 15‰ 
in the middle and upper part of the MDICE interval. Lastly, δ34Spyr values 
continue to decline to values between − 29‰ to − 20‰ within the 
Nemagraptus gracilis graptolite Biozone. 

Our iron speciation (FeHR/FeT) indicates an array of values, mostly 
falling within the possibly anoxic range (between 0.20 and 0.38) with 
few values falling in both the oxic and anoxic range. On the other hand, 
all but seven Fepyr/FeHR values fall above the euxinic threshold of 0.8. 
Our trace metal concentrations show moderate enrichments of nearly all 
typically reported redox sensitive metals such as V, U and Mo. Trends in 
Mo show concentration range between ~5 ppm and ~ 18 ppm, with 
some minor cyclical fluctuations with a ~ 40-m frequency. Enrichment 
factors for Mo (MoEF) show nearly identical trends as concentrations 

Fig. 2. Middle–Upper Ordovician geochemical profiles of the Röstånga-2 drill core. Graptolite biostratigraphy, lithostratigraphy and δ13Corg data are replotted from 
previous studies (Bergström et al., 2020; Maletz et al., 2020). The grey bar indicates the MDICE interval. UCC = upper continental crust. P. dist. = Pseudamplex-
ograptus distichus; J. vag. = Jiangxigraptus vagus. 
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apart from of a couple of datapoints within the H. lentus Biozone, where 
MoEF is significantly greater than concentrations. In the Röstånga-2 drill 
core, all MoEF values are ≥3 and several intervals exceed values of 10, 
particularly within the H. lentus and N. gracilis biozones. Similar to that 
of Mo, V and U show mild enrichments, with concentrations ranging 
between ~40 ppm and ~ 280 ppm for V whereas U concentrations range 
between ~20 ppm and ~ 85 ppm. Enrichment factors for both elements 
show nearly identical trends, apart from the same interval within the 
H. lentus Biozone, in which some datapoints show inverse trends. Both V 
and U show the same cyclical fluctuations as Mo in both concentrations 
as well as enrichment factors. Combined enrichment factors for all of 
these trace metals indicate at least sulfidic porewaters to potentially 
euxinic bottom water conditions, given the additional complications 
such as geochemical dilution due to high sedimentation rates. Lastly, our 
Tl isotopic dataset shows a progressive negative trend from maximum 
values of ε205Tl of ~ − 1 in the lower H. lentus Biozone at the base of the 
drill core to minimum values of ε205Tl = ~ − 4.5 in the Pt. elegans and 
Jiangxigraptus vagus biozones. 

5. Discussion 

The use of geochemical cross plots is a common tool that can be used 
to assess the preservation of primary geochemical signatures for the 
Röstånga-2 drill core (Fig. 3). The lack of a well correlated relationship 
(i.e., high R2 value) between δ13Corg and TOC wt% indicates minimal 
thermal heating and oxidation-related loss of organic compounds 
(Meyers, 1994; Hayes et al., 1999). Similarly, the weakly correlated 
trend between δ34Spyr and pyrite concentrations (ppm) suggests little to 
no oxidative loss of pyrite resulting from late diagenetic processes. The 
weak to nonexistent relationships between the Mn, V, U and Al wt% may 
indicate only minor late diagenetic influence due to metal incorporation 

into silicate fractions (Fig. 3C, D). Our cross plots also show a weak or no 
relationship between our Tl isotopic compositions, Mn, and Tl concen-
trations, indicating that the Tl isotopic compositions likely reflect pri-
mary seawater. Ultimately, our cross plots show weak to no correlation 
between various geochemical datasets, likely indicating the preserva-
tion of mostly primary paleoredox signatures. 

Lastly, we identify nearly synchronous first-order changes in δ34Spyr 
within the Röstånga-2 drill core, similar to other sulfur isotope records 
(δ34SCAS) from carbonate successions in Laurentia, Argentine Pre-
cordillera and South China (Thompson and Kah, 2012; Kah et al., 2016; 
Young et al., 2016; Edwards et al., 2019). This drop in δ34Spyr, which 
begins within the lowest portion of the Pt. elegans graptolite Biozone, 
preceeds the initial drop in δ34SCAS records, which primarily record a 
major decline within the uppermost portion of the E. pseudoplanus to 
lowermost portion of the E. suecicus conodont biozones (Fig. 4). Due to 
the shale-dominated lithology of this drill core, we are unable to pro-
duce a coeval δ34SCAS dataset alongside our new δ34Spyr dataset that 
would allow for a more direct integration of the two sulfur isotopic re-
cords. Changes in authigenic δ34Spyr are generally thought to reflect 
changes in local sulfur cycling and possibly early stage diagenetic pro-
cesses. However, given the very different lithologies and tectonic 
development between our site in Baltica compared to other marine ba-
sins with δ34SCAS records, it is very unlikely that the Röstånga-2 drill 
core experienced similar diagenetic histories to those found on western 
and eastern Laurentia, Argentine Precordillera and South China during 
this time. Given that pyrite sulfur isotopic compositions can be influ-
enced by a variety of local factors that range from sedimentation rate, 
local oxygen penetration depths and type of organic matter that is 
produced in each basin (e.g., Gomes and Hurtgen, 2015), it is unlikely 
these disparate basins would each have similar depositional and post- 
depositional histories given the differences in lithologies, relative 

Fig. 3. Cross plots of geochemical data used to assess potential diagenetic alteration. All red circles and trend lines correspond the V concentrations, while yellow and 
blue circles/trend lines correspond to U and Mo concentrations respectively, in panels C and D. Orange circles and trendlines correspond to Tl concentrations in panel 
E. (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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positions within their respective continental margins and hydrographic 
settings. Thus, these similar trends in sulfur isotopes, (i.e., near syn-
chronous change in the same negative direction) indicate that sedi-
mentary pyrite records from Röstånga-2 were primarily the result of 
fluctuations in global pyrite burial rates, rather than local processes. 
While we cannot unambiguously eliminate diagenetic alteration and 
local influences, these processes seem limited, and thus we evaluate 
changes in paleoredox proxies as mostly reflecting primary seawater 
conditions. We will first discuss the iron speciation, δ34Spyr, Mn and Mo 
concentrations within the context of local marine paleoredox conditions 
in the Baltoscandian paleobasin. With local paleoredox conditions 
constrained, we then interpret changes in V and U concentrations and Tl 
isotopic compositions to reflect changes in the global extent of anoxia. 
Finally, these combined local and global perspectives of marine 
oxygenation will be linked to well-established Ordovician bio-
diversification trends. 

5.1. Local redox conditions within the Baltoscandian paleobasin 

Throughout the Röstånga-2 drill core, iron geochemistry shows 
FeHR/FeT values mostly above the 0.22 threshold (Fig. 2), but not above 
the 0.38 threshold. This may indicate potential complications in deter-
mining the local redox conditions of this basin. FeHR/FeT values that fall 
between 0.22 and 0.38 are considered ambiguous, possibly anoxic, 
through experimentation using modern anoxic marine analogs (Raiswell 
et al., 2018). Modern and ancient studies with values within these 
ranges are either a result of high sedimentation rates, that may dilute the 
highly reactive fraction of iron, or sections that may have experienced 
extensive diagenesis that transformed highly reactive iron to the silicate 
fraction (Raiswell et al., 2018). Although our various geochemical cross- 
plots suggest that the extent of diagenetic overprinting is limited, the 
quantity of highly reactive Fe transferred into silicate Fe is under- 
constrained without further mineralogical data. Meanwhile, Fepyr/ 
FeHR values plot consistently above the euxinic, 0.8, threshold apart 
from a handful of outliers, suggesting that nearly all Fe within the study 
area was pyritized. This, in turn, suggests that at minimum, sulfidic pore 
waters were present during the time of deposition. The Röstånga-2 drill 
core contains one of the most expansive Darriwilian–Sandbian black 
shale dominated sections in the study region, and thus siliciclastic 
dilution of highly reactive iron is likely. Indeed, we find that the 
Röstånga-2 drill core has a relatively high calculated linear sedimenta-
tion rate of ~8 m/Myr, which may create artificially lower FeHR/FeT 
values, falsely indicating deposition under oxic marine conditions due to 
siliciclastic dilution. Many Phanerozoic black shales have significantly 
lower calculated sedimentation rates (typically between 0.5 and 2.5 m/ 
Myr) than those calculated for the Röstånga-2 drill core, which is 
consistent significant siliciclastic dilution being a major influence on our 
Fe speciation results (Ibach, 1982). The use of FeT/Al ratios is a common 
tool to correct for dilutions of Fe in siliciclastic rocks. Our observed FeT/ 
Al values (Röstånga-2 average = 0.46) mostly fall within the average for 
Paleozoic marine shales, which is FeT/Al = 0.53 ± 0.11 (Raiswell et al., 
2018). The combined Fe geochemical data suggest that the Röstånga-2 
drill core was deposited in a marine setting with reducing bottom waters 
and fairly high sedimentation rates (Raiswell et al., 2018). 

Trace metal concentrations of Röstånga-2 drill core can further aid in 
the determination of local paleoredox conditions throughout the Mid-
dle–early Late Ordovician. Concentrations of Mn are used to identify 
potential reducing conditions, as Mn is highly redox-sensitive and 
enrichment (or lack thereof) can be a powerful indicator of marine redox 
conditions. Here we observe average Mn concentrations of <1 ppm, well 
below the average modern oxic shelf environments (~850 ppm), indi-
cating that anoxic conditions were likely present throughout deposition 
of the core succession (Taylor and McLennan, 1981; Maynard and Force, 
1991; Taylor and McLennan, 1995). Additionally, the concentrations of 
other redox-sensitive metals that respond to anoxic, but non-sulfidic 
conditions, such as V and U, show moderate enrichments (enrichment 

factors of ≥3) beyond the upper continental crust (UCC) values (Fig. 2) 
for these trace metals (UCC = 60 and 2.8 for V and U, respectively) 
suggesting that this analyzed section of the Baltoscandian paleobasin 
was likely anoxic during the time of deposition (Taylor and McLennan, 
1981; Taylor and McLennan, 1995). Iron speciation, specifically Fepyr/ 
FeHR ratios, in combination with concentrations of Mo (see more below), 
suggest sulfidic pore waters underlying anoxic marine bottom waters, as 
Fepyr/FeHR values that are persistently above 0.8 through most of the 
core and [Mo] that are mildly enriched (enrichment factors ≥3) above 
UCC values (Fig. 2). 

Additionally, our new δ34Spyr values show correspondingly heavy 
values (~ + 0.5‰ average, with a maximum value of ~ + 6‰) in the 
upper H. lentus through Pt. elegans biozones of the Röstånga-2 drill core. 
This may indicate locally elevated MSR rates and resultant increased 
local pyrite burial rates, which is supported by the ubiquitous distri-
bution of finely disseminated pyrite in the core. Throughout the 
Röstånga-2 drill core, we have identified mild enrichments of Mo (<25 
ppm), which is not necessarily indicative of euxinic bottom-water con-
ditions, but rather indicates sulfide buildup contained within sediment 
porewaters (Scott and Lyons, 2012; Hardisty et al., 2018). However, as 
discussed above, the high sedimentation rates that may have diluted the 
iron speciation values may also be responsible for diluting the authi-
genic enrichment of other redox-sensitive trace metals such as Mo, and 
to a lesser extent, V and U as these elements contain a higher UCC 
concentration (Tribovillard et al., 2006; Scott and Lyons, 2012). 

While the location of sulfide production may be a factor in control-
ling Mo enrichments, the connectivity to open marine conditions may 
also have played a role in modulating Mo concentrations. The degree of 
basin restriction affects water mass renewal times, which in turn affects 
the marine reservoir size of a given analyzed trace element, which will 
result in a low authigenic enrichment (Algeo and Lyons, 2006; Scott 
et al., 2008; Scott and Lyons, 2012). Cross plots between the enrichment 
factors of MoEF and UEF are suggested to be a tool to evaluate the degree 
of restriction and the evolution of paleoredox conditions (Algeo and 
Tribovillard, 2009). Deviation from the modern seawater molar ratio of 
Mo/U of ~7.5–7.9 towards lower ratios (~0.3–0.5) indicates authigenic 
enrichment under increasingly Mo depleted water masses, potentially 
due to the reservoir effect (Tribovillard et al., 2008; Algeo and Tribo-
villard, 2009). The overall lower values of MoEF and UEF found in the 
Röstånga-2 drill core potentially reflect some degree of restriction to the 
basin (Fig. 3F), but complete restriction is unlikely. The preservation of 
open-marine, pelagic graptolite faunas throughout the entire core 
(Maletz et al., 2020) indicates at least a surficial exchange of open- 
marine waters. The connectivity to open marine conditions is indi-
cated by synchronous shifts in δ18O and δ13C records from nearby sec-
tions from the same basin (Rasmussen et al., 2016; Edward et al., 2022), 
as well as the MDICE that has been previously identified in δ13Corg re-
cords from this drill core (Bergström et al., 2020). Additionally, our 
ε205Tl data we present are not dominated by values that are represen-
tative of input values, a basin restriction scenario that has been docu-
mented in Tl isotopic trends in the modern Black Sea (Owens et al., 
2017). While not completely constrained, the degree of restriction may 
just be limited to an intermediate–shallow sill that prevented full bottom 
water exchange with open-marine conditions. 

5.2. Signatures of global marine paleoredox responses throughout the 
Middle–Late Ordovician 

With local paleoredox conditions within the Baltoscandian paleo-
basin constrained by Fe speciation, enrichments of redox sensitive trace 
metals and depletion of Mn, we can now use our Tl and pyrite sulfur 
isotope datasets to interpret changes in the global burial flux of Mn- 
oxides and pyrite. Thus, these two biogeochemical trends have the po-
tential to reflect global fluctuations in Ordovician marine redox condi-
tions. Our Tl isotopic profile shows heavy values, at or beyond Tl input 
values to the modern oceans (Owens, 2019), in the H. lentus graptolite 
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Biozone and progressively trends towards isotopically lighter values 
throughout the uppermost Darriwilian (Pt. elegans Biozone and upward), 
which we interpret as a shift towards enhanced formation and burial of 
Mn-oxides resulting from progressive oxygenation of the global oceans. 
Globally pervasive reducing marine conditions in the early Darriwilian 
(H. lentus Biozone) were likely the primary cause of the heavy Tl isotopic 
values compared to the isotopically light modern ocean ε205Tl values of 
− 6 (Owens et al., 2017). It is important to note that the observed shift 
towards lighter Tl isotopic values can also be controlled by Tl burial into 
the alteration of oceanic crust (AOC) on timescales greater than ~5 Myr, 
where this output flux is thought to have an increased significance 
(Nielsen et al., 2009; Coggon et al., 2014; Owens et al., 2017). Our study 
interval encompasses ~11 Myr (middle of the H. lentus to the top of the 
N. gracilis biozone), with the detailed graptolite biostratigraphy from 
Maletz et al. (2020) and age calibrations of these specific biozones based 
upon the latest Geologic Time Scale from Goldman et al. (2020). 
Therefore, AOC may play a greater role in controlling Tl isotopic trends 
than studies focused on singular, short lived events (i.e., ≤ 1Myr) in 
Earth history (Ostrander et al., 2017; Them et al., 2018; Fan et al., 2020; 
Newby et al., 2021). AOC is generally associated with low temperature 
alteration of crustal material at mid ocean ridges; however, unambigu-
ous proxies that can be used for determining the relative strength of this 
flux are underdeveloped. Increased mid-ocean ridge productivity can 
potentially drive changes in seawater stable Sr isotopes (87Sr/86Sr) to 
lower values, which is broadly consistent with the observed drop in 
87Sr/86Sr isotopic values derived from well-preserved conodont ele-
ments throughout the Middle–Late Ordovician (Young et al., 2009; 
Saltzman et al., 2014; Edwards et al., 2015; Avila et al., 2022). Never-
theless, our observed negative Tl isotopic trend precedes the trend to 
lower 87Sr/86Sr isotopic values, thus suggesting that enhanced AOC may 
not be a primary driver of our Tl trend. Additionally, proxies utilized for 
silicate weathering (including 87Sr/86Sr and εNd) have potentially 
identified enhanced weathering and resultant riverine input in chron-
stratigraphically correlative carbonates (Young et al., 2009; Conwell 
et al., 2022). This increase in riverine input is unlikely to influence the 
presented ε205Tl record, as an increase towards bulk earth values of Tl 
(ε205Tlriv = − 2) would produce a record towards more positive Tl 
values. However, this is the opposite of our observed data within the the 
Röstånga-2 drill core. Thus, we consider changes associated with 
weathering as a negligible influence on the ε205Tl records. Inversely, we 
can compare active tectonic suture lengths as a first order estimate for 
changing mid-ocean ridge activity if we assume that total Earth volume 
did not significantly fluctuate during the geologically short analyzed 
(~11 Myr) interval. A relative increase in suture length should be 
inversely related to an increase in mid-ocean ridge activity to accom-
modate enhanced plate subduction. A noted increase in active suture 
lengths throughout the Middle Ordovician is thought to reflect the 
ongoing Taconic Orogeny along the eastern margin of Laurentia, and 
thus the influence of this flux may play a non-negligible role in con-
trolling marine Tl isotopic compositions (Macdonald et al., 2019). These 
suture lengths and associated plate subduction rates are highly depen-
dent on paleogeographic reconstructions and the preservation of 
obducted ophiolites, and at best can only be used as first-order estima-
tions of mid-ocean ridge activity. Ultimately, identifying the total extent 
of AOC influence on our Tl isotopic trends remains elusive and may alter 
the total estimated extent of well‑oxygenated seafloor area that is dis-
cussed below. 

Recent mass balance calculations for another negative Tl isotope 
excursion surrounding the Neoproterozoic (Ediacaran) Shuram δ13C 
excursion estimate that a Tl isotopic shift from ε205Tl = ~0 to − 5 would 
require a significant change in the strength of the AOC flux of ~25 to 
30% (Ostrander et al., 2020). While a significant change in the AOC flux 
is possible over our ~11 Myr study interval, this is on the lower end of 
the duration of seafloor spreading rates that control second-order sea 
level cycles at ~1 to 100 Myr timescales (Miller et al., 2005; Haq and 
Schutter, 2008). Additionally, changes in the AOC flux would occur over 

a longer geologic time scale (multi-million years to tens of million 
years), while rapid fluctuations (less than ~5 million years) in Mn-oxide 
burial would be superimposed onto these long-term trends and thus 
cannot be the sole mechanism driving the observed Tl isotopic profile. 
The extent of control that AOC has on our Tl isotopic trends is currently 
under-constrained, however changes in marine oxygen contents have 
been proposed to have been a major factor for biodiversity changes in 
the Ordovician. Several models have attempted to reconstruct changes 
in atmospheric oxygen, and have predicted that an increase in pO2 did 
occur in the Middle Ordovician, consistent with the trends in our Tl 
isotope dataset being interpreted as driven primarily by an increase in 
Mn-oxide burial in the Darriwilian (Edwards et al., 2017; Krause et al., 
2018; Lenton et al., 2018). Furthermore, there are several global marine 
redox proxy datasets that span this time interval from carbonate settings 
indicating potential changes in the global marine redox conditions 
during the Middle Ordovician (see below for more detailed discussion; 
Young et al., 2016; del Rey et al., 2022). 

The changes in global Mn-oxide burial rates inferred from our Tl 
isotopic trends can subsequently be used to infer first-order trends in the 
global extent of anoxia in the Middle–Late Ordovician. Previous studies 
have estimated that ~95% of the modern sea floor area are considered 
oxygenated to allow burial of authigenic Mn-oxides, and conversely 
~5% of modern sea floors are considered anoxic (Meile and Van Cap-
pellen, 2003; Thullner et al., 2009; Reinhard et al., 2013). As a result of 
widespread Mn-oxide burial within well‑oxygenated settings, and a 
minor contribution of AOC, modern seawater Tl isotopic compositions 
are at − 6 (Owens et al., 2017; Ostrander et al., 2020). In deep sea set-
tings, oxygenated seafloor extent is estimated to bury between 0.7 and 
2.6 Gt of Mn in the forms of crusts and nodules (Broadus, 1987; Meile 
and Van Cappellen, 2003; Thullner et al., 2009). A recent study has, 
however, identified that non-crystalline microparticles of Mn-oxides 
may be an additional factor to the global Mn budget (Uramoto et al., 
2019). Regardless of the absolute flux of Mn-oxide burial in modern 
marine settings, based on our reasoning above, we interpret that our 
Middle–Late Ordovician geochemical trends primarily reflect changes in 
the global Mn-oxide burial. A recently published Tl isotope mass balance 
model has identifed three major mechanisms that exert primarily con-
trols on marine Tl isotopic compositions, Mn-oxides that are deposited 
beneath well‑oxygenated bottom waters (foxic), low temperature hy-
drothermal alteration associated with AOC (fAOC), and sediments that 
are deposited beneath anoxic bottom waters (fanoxic) (Ostrander et al., 
2020). This mass balance explores all possible flux strength combina-
tions to reproduce possible Tl isotopic excursions found in the geologic 
record. Utilizing this mass balance model of Tl isotopes, to produce a 
contemporaneous sea-water Tl isotopic value = − 2 found in the 
Röstånga 2 drill core, virtually no Mn-oxide burial can occur in marine 
sediments, e.g., fanoxic is the dominant mechanism exerting control on 
seawater Tl isotopic compositions, while fAOC plays a minor role 
(Ostrander et al., 2020). Using the same mass balance model discussed 
above, and assuming that Mn-oxide burial flux scales directly with 
oxygenated seafloor area, along with a similar starting Mn marine 
reservoir, we estimate that Middle–Late Ordovician Mn-oxide burial 
fluxes (e.g., foxic) increased by ~15–25% at the expense of fanoxic to 
produce the minimum Tl isotopic values of ~ − 5. In this estimation, we 
also assume that no major contemporaneous changes in fAOC occurred; 
however a decrease in fAOC at the expense of fanoxic would ultimately 
decrease the estimated extent of reducing conditions. If we assume that 
changes in Mn-oxide are correlated with the extent of oxic seafloor, we 
estimate ~10–15% of early Darriwilian marine settings (where ε205Tl =
− 2) were sufficiently oxygenated to bury Mn-oxides, and transiently 
progressed to ~80% of seafloor area being sufficiently oxygenated to 
bury Mn-oxides by the late Darriwilian–early Sandbian (where ε205Tl =
− 5). These estimates likely represent an oversimplification in the causal 
factors responsible for changes in Tl isotopic compositions, such as the 
absolute strength of Mn-oxide burial and changes in oxic sea floor 
extent. However, these estimates represent a first-order quantification of 
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seafloor oxygenation during the Middle Ordovician – and according to 
these results, substantial changes in the extent of seafloor oxygenation 
coincide with peak faunal richness in all major marine taxa. 

Our new δ34Spyr profile from the Röstånga-2 drill core shows similar 
first-order trends to δ34SCAS found in Laurentian, South Chinese and 
Argentine Precordilleran margins. These changes in δ34SCAS values 
generally show a ~ 12‰ to ~15‰ negative excursion leading into the 
MDICE interval (Fig. 4), with a return to baseline or heavier values in the 
lower Sandbian (Thompson and Kah, 2012; Kah et al., 2016; Young 
et al., 2016; Edwards et al., 2019; Kozik et al., 2019). While the 
Röstånga-2 drill core utilizes graptolite biostratigraphy and Laurentian 
margins utilize conodont biostratigraphy, we can correlate these suc-
cessions with reasonable confidence using the latest global biostrati-
graphic schemes that integrate fine-grained clastic with carbonate facies 
biozonations (i.e., Goldman et al., 2020). These sulfur isotopic datasets 
show remarkably similar and synchronous changes in terms of magni-
tude and direction, suggesting that first-order changes in global sulfur 
cycling affected Baltic margins as well. Pyrite sulfur isotopic composi-
tions are influenced by a variety of factors, ranging from sedimentation 
rate, oxygen penetration depths, seawater sulfate concentration, type 
and abundance of organic matter and reactive iron, and MSR rate (Lang 
et al., 2020; Pasquier et al., 2021). A sufficiently large marine sulfate 
reservoir is required for pyrite sulfur isotopic compositions to mirror 
contemporaneous seawater sulfur isotope values, which can be recorded 
by δ34SCAS (Gomes and Hurtgen, 2015; Kah et al., 2016; Canfield, 2019). 
Several estimations for seawater sulfate concentrations have been made 
utilizing a variety of methods, and ultimately produce a range from 2 to 
15 mM throughout the Ordovician (Horita et al., 2002; Algeo et al., 
2015; Kah et al., 2016; Young et al., 2016). The negative shift in δ34SCAS 
datasets seen in Middle Ordovician sections has largely been attributed 
to a global reduction in reducing marine conditions, and thus a reduc-
tion in pyrite burial, which ultimately increased coeval seawater sulfate 
concentrations (Thompson and Kah, 2012; Kah et al., 2016; Young et al., 
2016). Due to the similarity in timing, magnitude and directionality of 
sulfur isotopic change in δ34SCAS from western and eastern Laurentia, 
Argentine Precordillera, and South China with our new δ34Spyr dataset 
from Baltica, we interpret these records to reflect changes in global 
marine paleoredox conditions (Kah et al., 2016; Young et al., 2016). 
With this framework in mind, we can now interpret changes in Tl iso-
topic compositions, as well as δ34SCAS, as global indicators for paleo-
redox changes associated with the peak faunal diversity interval of the 
GOBE. 

An increase in marine oxygenation associated with changes in global 
ocean circulation patterns has been previously proposed to explain 
several of the biodiversity and geochemical trends in the Middle–Upper 
Ordovician, including changes in δ34SCAS (Kah et al., 2016; Rasmussen 
et al., 2016; Young et al., 2016; Kozik et al., 2019). This ventilation and 
subsequent marine oxygenation is likely responsible for the large 
negative excursion (~12‰) in δ34SCAS (discussed above) in Darriwilian 
carbonate platform settings associated with the MDICE interval 
(Thompson and Kah, 2012; Kah et al., 2016; Young et al., 2016). This 
excursion in δ34SCAS has been interpreted as a global reduction in pyrite 
burial during the Middle Ordovician, possibly due to ventilation and 
cooling of sea surface temperatures (SSTs). Young et al. (2016) con-
structed a simple forward box model to quantify changes in ancient 
fluxes (including altering riverine input, pyrite burial rates and the 
fractionation factor between reactant sulfate and product sulfide, i.e., 
Δ34S) needed to reproduce the observed δ34SCAS trends and ultimately, 
concluded that a reduction in the pyrite burial flux between 18 and 45% 
was responsible for the secular change in seawater sulfate isotopic 
compositions. Here we build upon these previously published datasets in 
an attempt to add a first-order quantification on the shrinking areal 
extent of global seafloor with highly reducing conditions (e.g., euxinia) 

throughout the Middle–Late Ordovician. Additionally, this study esti-
mates that the pre-excursion pyrite burial flux was significantly higher 
(Middle Ordovician Fpyr = 1.1 × 1018 mol S/Myr) than a modern flux of 
0.67 × 1018 mol S/Myr (Young et al., 2016). In modern marine settings, 
euxinia is estimated to occupy ~0.15% of the total seafloor area, and the 
corresponding global reduced sulfur burial rate is estimated to be ~3.1 
× 1016 mol S/Myr, most of which is buried within the euxinic Black Sea 
(Neretin et al., 2001; Reinhard et al., 2013). This burial of reduced S 
includes pyrite burial as well as intermediate species and organically 
bound S, and thus our calculations likely overestimate changes in the 
euxinic conditions. Importantly, our calculation of the extent of euxinic 
conditions presented here does not account for changes in Δ34S, which 
can aid in modulating the changes in pyrite burial fluxes needed to 
reconstruct changes in δ34SCAS. In these calculations we assume that this 
reduction in pyrite burial flux occurs primarily in euxinic settings, and 
not in reducing, but non-euxinic settings. We estimate that the extent of 
euxinic conditions in the early Darriwilian was ~35% more than the 
modern extent, equating to approximately 5.3% of the Ordovician ma-
rine bottom waters experiencing euxinia. The subsequent ~18–45% 
reduction in global pyrite burial as estimated by Young et al. (2016) in 
the mid-Darriwilian would then reduce the maximum global estimate of 
euxinia to ~4.3–0.1% in the late Darriwilian. We reiterate that these 
estimates represent solely changes in pyrite burial, and that changes in 
the riverine flux and/or changes in the fractionation factor between 
sulfate and product sulfide could alter these estimates, as shown in a 
recent study on the Upper Ordovician (Kozik et al., 2022). 

Other paleoredox proxy studies have provided additional support for 
the dynamic change in marine oxygen levels we interpret to have 
occurred during the Middle Ordovician. A recent study compiling iron 
geochemistry from several hydrographically dispersed paleocontinents 
has identified that a significant proportion of iron speciation datasets 
from the Lower–Middle Ordovician (Floian to early Darriwilian stages) 
were largely deposited under anoxic conditions, but many of the data-
sets identify less reducing conditions during the Late Ordovician 
(Sandbian Age), as part of a prolonged trend towards more modern, well 
oxygenated Earth systems (Sperling et al., 2021). A recent study utilizing 
uranium isotopes (δ238Ucarb) from a carbonate-dominated Baltic 
sequence has claimed that marine oxygenation was likely not a major 
driver of the GOBE (del Rey et al., 2022). This study interprets the 
relatively invariant δ238Ucarb within the latest Dapingian through the 
earliest Darriwilian (Dp3–Dw1 stage slices) as stable paleoredox con-
ditions, that coincided with peak diversification rates associated with 
the GOBE. This study subsequently identified a long term trend towards 
heavier δ238Ucarb values within the latest Darriwilian (Dw3 stage slice), 
following the onset of the highest rates of diversification found in Baltica 
and Laurentia (Kröger et al., 2019; Rasmussen et al., 2019; del Rey et al., 
2022). This overall trend towards more oxygenated marine environ-
ments throughout the Darriwilian to earliest Sandbian is ultimately 
consistent with our Tl isotopic trends and interpretations. Other 
nontraditional geochemical records that utilize δ98Mo have identified 
shifts to heavier values in the Middle Ordovician, and interpreted this to 
reflect a shift towards more oxygenated deep marine settings (Dahl 
et al., 2010; Lenton et al., 2016). Collectively, these multiple lines of 
independent geochemical evidence, in conjunction with our newly 
identified long-term negative Tl isotopic shift confirm that an increase in 
global marine oxygenation coincided with cooler global SSTs and 
climate during this interval of the Middle Ordovician (Trotter et al., 
2008; Goldberg et al., 2021; Edwards et al., 2022). Based on the col-
lective evidence discussed here, the peak rate in diversification occurs 
within the Dapingian–earliest Darriwilian, while the long term 
oxygenation trends are likely linked to the interval of peak faunal 
richness in the Middle–Late Ordovician (Fig. 4). 
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5.3. Paleoredox changes coincide with peak rates of Ordovician 
biodiversification 

Our new Tl isotopic trends reveal a steady increase in bottom water 
oxygen levels which may have fueled the peak rates of marine bio-
diversification in the Middle Ordovician. This expansion in oxic condi-
tions likely contributed to the increased ecosystem complexity and 
biodiversity as more shelf areas and epicontinental seaways became 
increasingly oxygenated (Rasmussen et al., 2019; Stigall et al., 2019). 
Using the Paleobiology Database, Rasmussen et al. (2019) found a 
strong correlation between increases in modeled atmospheric pO2 levels, 
lowering global average temperature and generic richness, however the 
increase in biodiversity found in this study preceded the increase in 
oxygenation. Our new global marine redox proxy dataset provides in-
dependent lines of evidence that significant changes in marine oxygen 
levels (based on changes in ε205Tl) and global euxinia (based on changes 
in δ34SCAS) align closely with changes in marine biodiversity records 
generated from the Paleobiology Database (Fig. 5). Interestingly, our 
geochemical proxy data do not reflect biodiversification patterns from 
datasets compiled from other paleocontinents, such as South China 
(Deng et al., 2021). If indeed changes in marine oxygenation were a 
primary controlling factor in the timing and rate of peak Ordovician 
diversification, spatial heterogeneities in paleoredox conditions due to 
differences in upwelling and paleocurrents linked to dynamic global 
cooling, may ultimately be an important contributing factor for these 
discrepancies. This may be exceedingly prevalent in high latitude set-
tings, i.e., Gondwanan and peri-Gondwanan margins in the southern 

hemisphere, as this cooling trend may have enhanced dissolved oxygen 
content at sites of deep water formation (Rasmussen et al., 2016). 

The changes in oxygenation were plausibly linked with cooling 
global climate conditions during the Middle Ordovician, a time interval 
in which surface and deep water currents may have been altered due to 
cooling SST’s (Trotter et al., 2008; Rasmussen et al., 2016; Pohl et al., 
2017; Edward et al., 2022; Edwards et al., 2022). The establishment of 
cooler SSTs (within the modern equatorial range) during the Middle 
Ordovician possibly signals the start of icehouse conditions that even-
tually led to Gondwanan glaciation in the Late Ordovician (Trotter et al., 
2008; Edwards et al., 2022). This overall cooling trend may be reflected 
in the rapid, third-order sea level fluctuations observed throughout the 
Middle Ordovician (Haq and Schutter, 2008). The shift towards isoto-
pically light ε205Tl values in the early Darriwilian is coincident with 
minima in global sea level records for the Middle Ordovician, suggesting 
a very plausible connection between marine oxygenation and global 
climate. These connections between marine oxygen, global climate and 
sea level reflect synergistic effects, wherein global cooling enabled more 
dissolved oxygen incorporation within marine waters. We envision that 
thermohaline circulation intensified as a result of enhanced deep-water 
formation around polar Gondwanan margins (e.g., Pohl et al., 2022), 
leading to increased renewal of deep-water oxygenation throughout our 
studied time interval, as seen with our Tl isotopic trends. Importantly, 
our Tl isotope data are consistent with recent global modeling of upper 
oceanic oxygen for this interval of the Ordovician (Pohl et al., 2022). 
Ultimately, Middle Ordovician cooling would have allowed for 
enhanced oxygen solubility during deep-water formation, and the 
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invigorated thermohaline circulation led to increased marine ventilation 
as indicated by our negative Tl isotopic trend, likely corresponding to an 
increase in Mn-oxide burial under expanding oxic conditions globally. 

Previous studies have identified that faunas with different life modes 
(i.e., planktonic, nektonic, benthic) diversified asynchronously in the 
Ordovician, with planktonic faunas diversifying before and at a faster 
rate than those with a benthic mode of life (Servais et al., 2010; Stigall 
et al., 2019; Deng et al., 2021). These diversification patterns may be 
intimately related to the evolving paleoredox landscape, as a protracted 

and/or episodic ventilation of Ordovician oceans may have affected 
marine shelves and continental margins differently in hydrographically 
separated regions. Recent comparisons of Ordovician biodiversity 
datasets also indicate that marine animal diversification was heteroge-
neous with respect to different paleocontinents i.e., Laurentian/Baltic 
and South China diversity trajectories (Stigall et al., 2019; Servais et al., 
2021; Deng et al., 2021). While our new Tl isotopic records, or the sulfur 
isotope records discussed above, cannot specifically identify where the 
oxygenation was occurring in Ordovician oceans, these proxies do 
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indicate that there was an enhanced capacity to bury more Mn-oxides. 
This suggests that large swaths of marine sea floors transitioned from 
highly reducing conditions to less reducing (and inversely, the capacity 
to form and bury pyrite was diminished based on sulfur isotope records). 
Currently, we are unaware of any published temporally equivalent 
proxy dataset to the one present here, that can confidently support 
global changes in upper water column redox conditions (e.g., iodine- 
to‑calcium ratios, or unambiguous trace metal concentration trends). 
Regardless, the diversification of planktonic groups such as chitino-
zoans, acritarchs, and graptolites during the Floian–Dapingian, suggests 
that water-column oxygen contents may have increased due to a reor-
ganization in thermohaline currents (Rasmussen et al., 2016; Pohl et al., 
2017; Stigall et al., 2019), prior to bottom-water oxygenation in the 
middle–late Darriwilian that coincided with diversification of benthic 
groups (e.g., brachiopods, corals, echinoderms, bryozoans). Following 
this potential oxygenation of Ordovician water columns, our new Tl 
isotopic record alongside trends in sulfur isotopic compositions (i.e., 
δ34SCAS and δ34Spyr), suggest that bottom water conditions, and thus 
oxygen penetration into sediments may have increased, allowing epi- 
and infauna to diversify later in the Darriwilian–Sandbian. With this 
mounting evidence that paleoredox was indeed changing throughout 
the Middle–Late Ordovician through enhanced burial of Mn-oxides, (and 
a reduction of pyrite burial), these changes are likely intimately related 
to ecospace restructuring and the increase in biodiversity found in this 
interval. This increase in oxygen availability allowed for enhanced 
predation as high trophic level fauna have a higher oxygen quota, as is 
evident from the increase in bioerosion structures in Middle–Late 
Ordovician strata (Fig. 4F) (Buatois et al., 2016). Secondly, this expan-
sion of oxygenated conditions likely produced deeper oxygen penetra-
tion into sediments due to the suppression of sediment chemoclines, 
allowing for benthic organisms such as gastropods and bivalved fauna to 
increase burrowing depths which would contain previously inaccessible, 
labile organic matter, especially evident in deep-marine bioturbation 
structures (Buatois et al., 2016; Buatois and Mángano, 2018). This new 
food source either in sediments or through predation, may then have 
fostered new ecospaces fueling the biodiversification patterns 
throughout the GOBE. 

6. Conclusions 

Our new multiproxy dataset includes pyrite sulfur isotopes, iron 
speciation, trace element concentrations and Tl isotopic records from 
the Middle–Upper Ordovician in the Röstånga-2 drill core of Skåne 
(Scania), southern Sweden. It documents both local and global paleo-
redox conditions from an expansive Ordovician black shale succession of 
Baltica. Local bottom water paleoredox conditions are interpreted to 
have been predominantly anoxic throughout deposition of the Röstånga- 
2 core succession, and with sulfidic sediment porewaters likely 
throughout much of the study interval as indicated by the combination 
of iron speciation and molybdenum concentrations. Our new Tl isotopic 
dataset suggests a protracted increase in marine oxygenation through 
the Middle to Late Ordovician. This novel Tl isotopic record presents 
new evidence for expanding oxic marine conditions surrounding peak 
generic richness of marine animals in the Middle–Late Ordovician. 
Additionally, our new pyrite sulfur isotope records show nearly syn-
chronous changes with Laurentian sulfur isotopic records (both CAS and 
pyrite), which suggest that global sulfur cycle changes are also recorded 
and reflected within the new records presented here. Our Tl isotope 
dataset supports the previous implications put forward for the coeval 
δ34SCAS studies from Laurentia, indicating that there was an overall 
reduction in globally reducing conditions throughout the Darriwi-
lian–Sandbian ages of the Middle–Late Ordovician. This transition to 
more oxic conditions in the Middle Ordovician oceans arguably was an 
important factor for the increased biodiversification in the peak interval 
of the GOBE. We attribute these shifts in paleoredox conditions to a 
cooling global average climate and a strengthening of thermohaline 

circulation which led to enhanced marine ventilation during the Middle 
Ordovician. With these newly ventilated areas and increased oxygen 
availability, sulfidic conditions were likely suppressed to greater depths 
below the sediment-water interface, thus facilitating further diversifi-
cation of aerobic metabolic pathways, continued diversification and 
ultimately ecosystem reorganizations. 
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