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ARTICLE INFO ABSTRACT

Keywords: It is well documented that Upper Ordovician and Silurian successions record multiple marine turnover events —
Hirnantian including the second-largest mass extinction in the Phanerozoic — widespread glaciation, and multiple global
Llandovery carbon cycle perturbations. Whereas causal mechanisms for the Late Ordovician major mass extinction event
Trace metals involving climate, paleoceanographic variation, and §'C records have been published, similar records remain
Kz;‘xia poorly constrained for subsequent extinction events in the early Silurian. Here, we present new organic matter
Sulfur isotopes carbon isotope (813C0,g) chemostratigraphy and corresponding paleoredox proxies (Fe speciation, [Mn, V, Mo],
Fuxinia and pyrite sulfur isotopes) from two organic-rich drill core sections in Sweden and Latvia that span the upper

Katian through lower Wenlock stages (446-431 Ma). Pyritized Fe and bulk sedimentary Mn concentrations from
Upper Ordovician strata in southern Sweden suggest a local redox shift to more reducing conditions in the late
Hirnantian, possibly including euxinic (anoxic and sulfidic water column) conditions that coincide with the
second mass extinction pulse. The new high-resolution §'3C,,, and 8*S,,, datasets from the late Aeronian (early
Silurian) interval within both drill cores show positive excursions that are broadly coincident with the associated
Sandvika and sedgwickii extinction events. Independently, Fe speciation and bulk sedimentary trace metal data
from this late Aeronian interval record locally euxinic conditions in both the deep basinal (Sweden) and distal
shelf (Latvia) settings before and during the late Aeronian positive §'°C excursion. This multiproxy paleoredox
dataset provides the first direct evidence for local to regional expansion of reducing marine conditions coin-
cident with this early Silurian (late Aeronian) biotic event and positive §'°C excursion. Additionally, new §3*S,,,
values spanning the Llandovery/Wenlock boundary interval in the Latvia core show a positive excursion coin-
cident with Fe speciation and trace metal enrichments that imply a local redox perturbation with intermittently
euxinic bottom waters during the rising limb of the Ireviken positive 8'>C excursion. The combination of these
geochemical data for local- to regional-scale (more data required for global interpretations) changes in marine
redox conditions with paleobiological records and evidence for eustatic sea-level rise indicate that environ-
mental stresses related to an expansion of anoxic to euxinic conditions were a probable driver for several ex-
tinction events during the latest Ordovician—early Silurian.

1. Introduction

Environmental changes throughout the Ordovician and Silurian
periods were a dominant primary control on the mode and tempo of
early Phanerozoic animal evolution and extinction. This interval of the
Paleozoic was characterized by a global greenhouse-to-icehouse cli-
matic transition, dramatic fluctuations in sea level, multiple marine
extinction events, and numerous positive carbon isotope (8'3C) excur-
sions (Frakes et al., 1992; Jeppsson, 1998; Haq and Schutter, 2008;
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Trotter et al., 2008; Saltzman and Thomas, 2012; Ghienne et al., 2014;
Crampton et al., 2016; Rasmussen et al., 2016, 2019). The first major
mass extinction event of the Phanerozoic, the Late Ordovician mass
extinction (LOME; ~444 Ma), resulted in the loss of ~85% of marine
animal species and ~ 26% of animal families (Sepkoski, 1981;
Brenchley et al., 1994; Harper et al., 2014). The LOME has been asso-
ciated with the Hirnantian positive carbon isotope excursion (HICE),
which has been documented from multiple paleocontinents and basins
globally (e.g., Kump et al., 1999; Bergstrom et al., 2016; LaPorte et al.,
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2009; Zhang et al., 2009). Numerous possible kill mechanisms have
been proposed for the LOME including climatic cooling and habitat loss
linked to sea-level decrease, large igneous province emplacement, and
widespread anoxia or potentially euxinia in the global oceans
(Brenchley et al., 2001; Finnegan et al., 2012; Hammarlund et al., 2012;
Jones et al., 2017).

Within the succeeding Llandovery Epoch of the Silurian (~443 to
433 Ma) there are three known extinction events: a Rhuddanian ex-
tinction event (Cystograptus vesiculosus to Coronograptus cyphus grapto-
lite zones), a late Aeronian extinction event (Lituigraptus convolutus to
Stimulograptus sedgwickii graptolite zones), and an early Telychian ex-
tinction event (Spirograptus turriculatus to Streptograptus crispus grapto-
lite zones) (e.g., Melchin et al., 1998). Additionally, there is a well-
known and globally documented extinction event that spans the Llan-
dovery-Wenlock boundary (Cyrtograptus murchisoni to early Mono-
graptus riccartonensis zones) (e.g., Loydell, 2007; Cramer et al., 2010).
The Rhuddanian bioevent is largely documented in graptolite pa-
leontological data where extinction and origination rates increased in
concert yielding only minor global impacts to this clade (Cooper et al.,
2014). Late Aeronian paleontological records document an extinction
event among several marine groups known as the ‘Sandvika Event’ (e.g,
Aldridge et al., 1993; Jeppsson, 1998), and Stimulograptus sedgwickii
Event in graptolites (Melchin et al., 1998). An early Telychian extinc-
tion interval was first recognized in graptolites, known as the Utilis
Event (Loydell, 1994; Storch, 1995), and it partially overlaps with an
extinction in conodonts known as the ‘Valgu Event’ (Munnecke and
Mannik, 2009). Positive carbon isotope excursions (CIEs) are coincident
with the late Aeronian, early Telychian, and Llandovery-Wenlock
boundary biotic events (Kaljo and Martma, 2000; Kaljo et al., 2003;
Cramer and Saltzman, 2005, 2007; Melchin and Holmden, 2006; Fryda
and Storch, 2014; Bancroft et al.,, 2015; Waid and Cramer, 2017;
McAdams et al., 2017).

Extreme oxygen deficiency has been linked to several major marine
extinction events during the early Paleozoic via geochemical proxy
records for widespread anoxic and/or euxinic (sulfidic) water column
conditions (Gill et al., 2011a, 2011b; Edwards et al., 2018; Bowman
et al., 2019). There is increasing consensus using independent geo-
chemical proxies from multiple ocean basins that marine redox condi-
tions varied and played a mechanistic role in the LOME (Zou et al.,
2018). However, proxy records constraining the paleoredox conditions
for the recovery interval of this extinction in the early Silurian
(Rhuddanian Stage) are undocumented even though there was wide-
spread organic-rich black shale deposition during this time (Melchin
et al., 2013). Carbon isotope chemostratigraphic studies, combined
with the sedimentological and paleontological work, provide the fra-
mework for previously proposed Silurian ocean-climate models (e.g.,
Bickert et al., 1997; Jeppsson, 1998; Cramer and Saltzman, 2007).
However, the links between extinction, marine redox state, global
weathering rates, and atmospheric pO, and pCO, levels are not well
constrained, and thus the mechanisms driving these Llandovery events
are largely unconstrained. A combined multiproxy geochemical ap-
proach allows for the direct testing of stratigraphic extent and magni-
tude of local to regional redox perturbations associated with these
known CIEs and extinction events. In this study, we have investigated
two organic-rich shale to marl successions from Baltoscandia that span
the Upper Ordovician-Lower Silurian (upper Katian-lower Sheinwoo-
dian stages), one drill core from Scania, southern Sweden and another
from western Latvia (Fig. 1) with previous detailed biostratigraphic
studies (Koren et al., 2003; Loydell et al., 2003; Maletz et al., 2014). We
present new organic matter carbon isotope (813Corg) and sedimentary
pyrite sulfur isotope (834Spyr) measurements, iron speciation, and trace
metal concentrations (molybdenum, vanadium, manganese). Our Late
Ordovician geochemical datasets provide independent local constraints
on previous marine redox proxies that have been proposed for the
LOME. Furthermore, our integrated multiproxy geochemical datasets
are some of the first to constrain local to regional marine redox
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conditions to discern the possible mechanism(s) responsible for the
known extinction records from the early Silurian.

2. Background
2.1. Geologic setting

The paleocontinent of Baltica was approaching equatorial latitudes
during the Late Ordovician-early Silurian (Fig. 1), and the closure of
the Tornquist Sea continued throughout the collisional tectonic events
that began to dock Avalonia along the southwestern margin of Baltica
(Vecoli and Samuelsson, 2001; Lees et al., 2002; Cocks and Torsvik,
2002). The nearby Iapetus Ocean was also narrowing, although final
closure did not occur until the late Silurian-Early Devonian during the
Caledonian Orogeny (van Staal et al., 2009). The Rostanga-1 core was
drilled in the province of Scania, Sweden and is located within the
structurally complex Tornquist Zone that separates the Baltica from the
rest of the European continent (Bergstrom et al., 1999; Bergstrom et al.,
2016). The Rostanga-1 core contains predominantly organic-rich shales
and mudstones deposited within a foreland basin along the southern
margin of Baltica during the Late Ordovician through early Silurian
(Katian through Telychian stages). The Rostanga-1 core is presumed to
have been deposited within the deeper parts of a foreland basin
(~1000 =+ 300 m; Bjerreskov and Jgrgensen, 1983). Previous bios-
tratigraphic work constrains the light to medium grey mudstones with
rare marl/limestone beds of the upper Lindegérd Formation to the
Metabolograptus persculptus and Avitograptus avitus graptolite biozones of
the late Hirnantian Stage (Bergstrom et al., 1999; Koren et al., 2003).
The overlying finely laminated (mm-scale) black shales and medium
grey mudstones/shales of the Kallholn Formation lies within the Aki-
dograptus ascensus through S. crispus graptolite biozones of Rhuddanian
through Telychian stages (Bergstrom et al., 1999; Koren et al., 2003). A
considerable biostratigraphic gap is present at 35.4 m level within the
Rostanga-1 core; this apparent hiatus spanned the early Aeronian De-
mirastrites triangulatus through part of the Pribylograptus leptotheca
graptolite biozones (Maletz et al., 2014).

The strata preserved within the Aizpute-41 core from western Latvia
(Fig. 1B) were deposited in a distal-shelf environment on the eastern
side of the Baltic Basin during the early Silurian (Kiipli, 2004; Kiipli
et al.,, 2009). Additionally, strata from this core locality were most
likely deposited below storm wave base as there are no obvious sedi-
mentary structures found to indicate local storm or wave action (Kiipli
et al., 2004, 2009). Previous biostratigraphic work constrains the in-
terbedded shales and thin argillaceous limestones of the Remte For-
mation to the Rhuddanian Stage within the C. cyphus graptolite biozone
and Distomodus kentuckyensis conodont biozone (Loydell et al., 2003).
The overlying finely laminated black shales of the Dobele Formation are
latest Rhuddanian through Aeronian in age, constrained to the upper C.
cyphus through S. sedgwickii graptolite biozones and Pseudolonchodina
expansa through D. staurognathoides conodont biozones (Loydell et al.,
2003). The overlying Jurmala Formation consists largely of laminated
green to red marlstones with minor intervals of bioturbation deposited
during the Telychian, S. turriculatus through C. lapworthi graptolite
biozones and D. staurognathoides through Pterospathodus amorphog-
nathoides conodont biozones (Loydell et al., 2003). The laminated green
to brown marlstones of the Riga Formation are early Wenlock in age
(Sheinwoodian Stage) constrained by C. murchsoni through M. riccar-
tonensis graptolite biozones and P. amorphognathoides through Kock-
elella ranuliformis conodont biozones (Loydell et al., 2003; Cramer et al.,
2010). Additionally, numerous K-bentonites identified in the Aero-
nian-Telychian strata of the Aizpute-41 drill core provide radiometric
dating constraints and correlations across Baltica (Kiipli et al., 2013,
2014).
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Fig. 1. Paleogeographic reconstructions of the early Silurian (modified from Kiipli et al., 2009). A, Regional paleogeographic map during the early Silurian
(~440 Ma), showing locations of the early Silurian study areas (previous studies include Kaljo and Martma, 2000; Melchin and Holmden, 2006; Cramer et al., 2010;
Hammarlund et al., 2012; Bancroft et al., 2015; McAdams et al., 2017; Waid and Cramer, 2017). B, Inset map showing locations of the Aizpute-41 and Résténga-1
drill cores in the Baltic Basin and distribution of facies belts (modified from Loydell et al., 2003; Bergstrom et al., 2016).

2.2. Carbon and sulfur isotopes

Variations in the carbon isotope compositions of marine carbonates
(8"3Cearp) are used to interpret perturbations in the global carbon cycle
throughout geologic history, specifically as a proxy for intervals of
enhanced burial of isotopically light organic carbon and at times an
important tool for stratigraphic correlation (e.g., Saltzman and Thomas,
2012). Carbon isotopes of organic-rich marine sediments (813C0rg) have
been utilized to represent local changes in carbon cycling as sedimen-
tary total organic carbon (TOC) can be affected by photosynthetic
fractionation associated with carbon fixation by marine primary pro-
ducers, organic matter source variations, secondary biological fractio-
nation (i.e. heterotrophy), and diagenesis (Hayes et al., 1999; Kienast

et al., 2001; Royer et al., 2001). Additionally, 8">C,y, values can also be
used to interpret changes in the global DIC reservoir if 813C0rg values
are shown to covary with correlative 8'3C,urp, values and local organic
matter source and secondary effects have not significantly impacted the
observed trends in 513corg data (e.g., Patzkowsky et al., 1997;
Joachimski et al., 2002; LaPorte et al., 2009).

Sulfur plays a critical role in regulating the partial pressure of at-
mospheric oxygen (pO,) on geologic time scales and is dynamically
cycled between inorganic reservoirs and organic substrates through a
series of oxidation/reduction reactions via abiotic and biotic processes
(e.g., Berner, 1985; Fike et al., 2015). Microbial sulfate reduction (MSR)
couples the long-term carbon and sulfur cycles via anerobic respiration
of marine organic matter, and oceanic sulfate levels are linked to
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atmospheric O, content via oxidative weathering of pyrite and other
terrestrial sulfide minerals (e.g., Berner, 2006 and references therein).
Sedimentary pyrite (FeS,) and its precursor minerals are quickly formed
through reactions with hydrogen sulfide (H,S), which is a by-product of
microbial sulfate reducers metabolism, and dissolved Fe?™ (Canfield
et al., 1992). MSR in modern marine environments predominantly oc-
curs within the sediments, however, when this process takes place in
the water column it has dramatic consequences on life due to the
toxicity of H,S to most aerobic organisms (Vaquer-Sunyer and Duarte,
2010).

Parallel trends in 8'°C and 8°*S records from multiple stratigraphic
sections have been used to interpret and quantify global oceanic redox
conditions (e.g, Gill et al., 2011a, 2011b; Owens et al., 2013; Young
et al., 2019). Expansion of reducing conditions globally can lead to the
increased burial rates of organic carbon and pyrite, which subsequently
lead to parallel positive seawater trends in §'3C and 83*Sc,g (carbonate-
associated sulfate) values recorded in marine carbonate sequences.
Additionally, sedimentary pyrite contents and 834Spyr records have the
potential to constrain local redox conditions as 8**S,,, values are sen-
sitive to the location of pyrite formation (e.g., within the reducing
water column, sediment-water interface, and/or within sediments) and
availability of reactive iron (Lyons, 1997; Gomes and Hurtgen, 2015).

2.3. Iron geochemistry

Iron geochemistry from organic-rich shales and mudstones are used
to constrain local redox conditions using the ratios of various groups of
Fe minerals. The total iron to aluminum ratio (Fer/Al) can be used as a
paleoredox proxy to interpret anoxic deposition (Lyons and Severmann,
2006), ratio enrichments greater than Phanerozoic averages for oxic
marine mudstones/shales suggest reducing conditions (0.53 =+ 0.1;
Raiswell et al., 2008). The ratio of highly reactive iron (Feyg) to total
iron (Fer) can also indicate an anoxic depositional setting due to the
relatively large fraction of reactive iron that is common in these en-
vironments (Poulton and Canfield, 2011). Marine mudstones contain
highly reactive iron minerals, such as pyrite, magnetite, siderite, and
ankerite, which together define the highly reactive iron pool, Feyp (e.g.,
Poulton et al., 2004; Poulton and Canfield, 2005, 2011). These iron-
bearing mineral phases (Feyg) are enriched relative to Fet in sediments
deposited beneath anoxic waters that are ferruginous (anoxic and Fe** -
rich, sulfate-limited) or euxinic (anoxic and sulfide-rich, iron-limited)
(e.g., Raiswell et al., 2018). Thus, Feyr/Fer values above the threshold
of 0.38 indicated deposition under an anoxic water column with en-
hanced Fe delivery, however values between 0.22 and 0.38 may re-
present an anoxic water column with high sedimentation rates or other
variables that may mask any Fe enrichments (Poulton and Canfield,
2011; Raiswell et al., 2018). In sulfidic water columns (euxinic) or
sulfidic pore fluids, most of the iron for pyrite formation (Fep,) is from
iron oxyhydroxides and carbonate minerals that are reactive to hy-
drogen sulfide on short, early diagenetic time scales (< 10 yr; e.g.,
Canfield et al., 1992; Raiswell and Canfield, 1996). The ratio of pyrite
iron (Fepy) to Fepg is used to track the degree that the Feyg pool is
converted to pyrite, and an accepted threshold value of 0.70 or larger
separates ferruginous from euxinic conditions (Mérz et al., 2008). It is
important to note that high Fe,,/Feyyr values can be achieved in two
contrasting settings, in a euxinic water column or in oxic water column
where porewater sulfide accumulates within the sediments at depth
(Hardisty et al., 2018).

2.4. Trace metal geochemistry

The cycling of bio-essential and redox-sensitive trace metals such as
molybdenum (Mo) and many others can be used to track changes in
primary productivity and redox states of the ocean (e.g., Algeo and
Maynard, 2004; Scott et al., 2008; Gill et al., 2011a, 2011b; Owens
et al., 2012, 2016, 2017; Reinhard et al., 2013). Furthermore, with
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independent constraints on local redox from iron geochemistry inter-
pretations of trace metal enrichments can be used to infer global redox
shifts from oxic to anoxic conditions (V, Cr, Zn), and euxinic conditions
(Mo). Molybdenum, primarily in the form of molybdate (Mo00427), is
the most abundant transition metal in the modern well-oxygenated
oceans (e.g., Tribovillard et al., 2006) and has a relatively long re-
sidence time of ~450 kyr (e.g., Miller et al., 2011). The primary input
of Mo to the oceans is oxidative weathering of sulfide minerals (i.e.,
pyrite) via rivers (e.g., Miller et al., 2011). Under oxic conditions, Mo is
readily adsorbed by Mn- and Fe-oxides when the chemocline is below
the sediment-water interface (e.g., Algeo and Tribovillard, 2009).
However, Mo is most efficiently buried in the presence of free sulfide,
either in the water column or within the sediment porewaters, with the
former considerably more efficient (Scott and Lyons, 2012). Significant
Mo enrichments (20 to > 100 ppm) in the geologic record can be in-
terpreted as deposition under euxinic water column conditions or sul-
fidic pore waters under an anoxic water column (e.g., Hardisty et al.,
2018). Vanadium (V) in the modern ocean is characterized by a smaller
reservoir size and shorter residence time (~50 to 100 kyr) relative to
Mo (Algeo, 2004). Marine [V] are primarily controlled by the burial
flux as vanadate oxyanions (HVO,?~ and HVO, ™) associated with Mn-
and Fe-oxides and efficiently buried under low oxygen conditions (e.g.,
Tribovillard et al., 2006). Vanadium is actively incorporated into
marine sediments in low oxygen conditions and continues to be se-
questered under euxinic conditions (Algeo, 2004). Therefore, enrich-
ment of V in marine sediments can occur independently of free sulfide,
unlike Mo which requires sulfidic conditions for reductive enrichment.
Thus, trends in [V] can be used as an indicator of low oxygen to anoxic
conditions which has been suggested for global differential trace metal
drawdown (Owens et al., 2016).

Manganese (Mn) concentrations can also be used as local redox
proxy due to its rapid response to changes in local oxygen conditions.
Oxidized Mn (III/1V) is rapidly reduced to Mn®*, due to its high redox
potential, as oxygen concentrations decrease in dysoxic to anoxic con-
ditions (Rue et al., 1997; Algeo and Maynard, 2008). As a result, Mn-
oxides under low oxygen conditions are dissolved, soluble Mn** is
recycled into the water column, allowing for the possible deposition of
other types of Mn-minerals (e.g., sulfides, carbonates; Force and
Cannon, 1988; Force and Maynard, 1990; Dickens and Owen, 1994;
Algeo and Maynard, 2004; Owens et al., 2017). Thus total sedimentary
Mn concentrations enriched above-average crustal values of 850 ppm
(Turgeon and Brumsack, 2006; Boyer et al., 2011) likely represent more
oxidizing conditions.

3. Methods
3.1. Samples

The Aizpute-41 core is housed at the Tallinn University of
Technology in Estonia where it was sampled and described (additional
information at https://geocollections.info/locality/156). Lithologic
samples were collected at 10 cm to 1-m intervals from the Aizpute-41
core for geochemical analyses at Florida State University (FSU). The
Rosténga-1 core is archived at Lund University in Sweden where it was
described and sampled, and lithologic samples were collected at half-
meter intervals for geochemical analyses at FSU. Samples were selected
from horizons of the cores that have no obvious signs of recrystalliza-
tion, secondary calcite veins, K-bentonite beds, and pyrite nodules were
avoided. Samples were sonicated in ultrapure (deionized, 18.2 MQ)
water to remove any potentially weathered surfaces and drilling mud
residues, dried, and subsequently powdered using an agate mortar and
pestle.

3.2. Organic carbon isotopes

In total 170 samples were analyzed for §'C,,, from the Aizpute-41
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and Rostanga-1 cores. Approximately ~0.5 g of powdered shale sam-
ples were weighed and then reacted with 6 N HCl. Each sample was
acidified and centrifuged three times to remove all carbonate minerals.
The remaining insoluble residues were then rinsed in ultrapure (deio-
nized, 18.2 MQ) water three times to remove all HCl, and then the
samples were placed in a 70 °C oven to dry overnight. The residues were
then homogenized and weighed into tin capsules for isotopic analysis.
The carbon isotopic ratios of the samples were then measured using a
Carlo Erba Elemental Analyzer coupled to the ThermoFinnegan Delta
Plus XP isotope ratio mass spectrometer (IRMS) via a Conflo-III device
at the National High Magnetic Field Laboratory at FSU (NHMFL-FSU).
Sample precision and calibration of data are done through routine
analyses of laboratory standards that are calibrated against IAEA
standards. Standards include: Acetanilide (—29.2%o0), Urea 2
(—8.13%0) and WYSTD (—12.7%0), with standard deviations for
813Corg of + 0.2%0 and = 0.7% for %C (10) or better. All carbon iso-
tope results are reported in standard delta-notation (8) with units re-
ported as per mil (%o) relative to the VPDB (Vienna Pee Dee Belemnite)
standard for 8"3C. The weight percent of total organic carbon (TOC) in
the samples was determined by comparison of voltages for the ion beam
intensities of masses 44, 45, and 46 CO," between our samples and
known wt% carbon of the gravimetric standard Acetanilide. The un-
certainty of these TOC measurements is better than + 5%.

3.3. Pyrite sulfur isotopes

Sedimentary pyrite was extracted from 116 samples, taken from
both the Aizpute-41 and Rostdnga-1 cores, using the standard chro-
mium reducible sulfur extraction but modified following Bruchert and
Pratt (1996). Approximately 0.5-2.0 g of powdered samples were
weighed into an extraction flask. Pyrite sulfur was extracted from the
samples using a mixture of ~70 ml of 12 M HCl and ~ 30 ml of 1.0 M
chromium chloride (CrCl,6H,0O) that was heated and continuously
stirred in an N,-purged extraction flask. Evolved H,S gas was passed
through a buffered solution (0.1 M sodium citrate) and then into a
0.1 M AgNOjs solution to precipitate Ag,S for ~2-3 h. Subsequently, the
Ag,S precipitate was then filtered, rinsed, dried, and weighed for con-
centration determinations. Ag,S powders were then weighed into tin
cups along with 2-5 mg of V,05 for sulfur isotope analysis using a
Thermo Isolink Elemental Analyzer coupled to a Thermo Delta V Plus
IRMS via a Conflo-IV open split interface at the NHMFL-FSU. All sulfur
isotope results are reported in standard delta-notation (8) with units
reported in per mil (%o) relative to VCDT (Vienna-Canon Diablo Troi-
lite). Samples are calibrated to internal laboratory standards EMR-CP
(+0.9%0), PQM2 (—16.0%0), ERE (—4.7%o0), PQB-D (+40.5%0), and
SWP (+ 20.3%o0) with standard deviations of + 0.2%o (10) or better. In
addition to sulfur isotope analysis, the total amount of Ag»S precipitate
was gravimetrically determined to calculate weight percent pyrite, as-
suming quantitative stoichiometry of FeS, to Ag,S which was used to
calculate pyrite Fe (Fepy).

3.4. Iron speciation

Ninety-seven samples were selected to be analyzed for sequential Fe
extractions (Fe speciation) from the Aizpute-41 and Rosténga-1 cores
following methods outlined by Poulton and Canfield (2005). Approxi-
mately 0.1 g of powdered rock samples were weighed into 15 ml cen-
trifuge tubes. First, Fe from carbonate minerals (Fe,.,) was extracted
using 10 ml of 1.0 M sodium acetate solution buffered to pH 4.5 with
48 h of continuous shaking. Second, Fe from oxides and oxyhydroxide
minerals (Fe,,) was extracted using 10 ml of 0.29 M sodium dithionite
buffered to pH 4.8 with 0.35 M acetic acid and 0.2 M sodium citrate for
2 h with constant shaking. Third, Fe in the phase of magnetite (Fenag)
was extracted from the remaining residue using 0.2 M ammonium ox-
alate and 0.17 M oxalic acid buffered with ammonium hydroxide to
pH 3.2 for 6 h with continuous shaking. Following each of the three
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sequential Fe extractions, samples were centrifuged and supernate
saved for geochemical analysis. Subsequently, centrifuged samples
were rinsed and agitated with ultrapure water, centrifuged again, and
decanted before progressing to the next sequential extraction step.
Supernate of each extraction was diluted using 2% ultrapure HNO3 and
analyzed for Fe concentrations using an Agilent 7500cs inductively-
coupled plasma mass spectrometer (ICP-MS) at the NHMFL-FSU. Highly
reactive Fe (Feyg) is calculated as the sum of these species:
Fecarb + Feox + Femag + Fepy. Duplicate samples had a reproducibility
of 7% for the entire extraction method which is similar to other labs.

3.5. Elemental concentrations

Bulk elemental composition of the same 97 samples analyzed for
sequential iron speciation (described above) was determined through
multi-acid digestion. Sample masses of 50-100 mg were weighed into
Teflon beakers and microwave digested using a CEM MARS 6 instru-
ment to remove organic carbon without volatilizing redox-sensitive
trace elements. Samples were completely dissolved using a standard
multi-step trace metal acid digestion using various combinations of
trace-metal free HNO3, HCl, and HF. These acids were added to the
samples with heat (~120-180 °C) for 24-48 h, and dried down before
having adding additional more acid. If organic matter was present in
sample solutions post-microwave digestion, it was then oxidized using
ultrapure H,0,. After complete dissolution of the samples, they were
dried down and dissolved in 2% HNOj3 for analysis on an Agilent 7500cs
quadrupole ICP-MS for trace metal concentrations at the NHMFL-FSU.
International reference material (USGS standards SDO-1, SCO-1, and
SGR-1), were dissolved simultaneously and were all within the accepted
analytical ranges for all reported elements. All results are reported in
parts per million (ppm) with an analytical precision of = 5% or better
for Mo, V, and Mn. Procedural blanks were below detection limits.

4. Results
4.1. Rostdnga-1 core, Sweden

Carbon isotopes within the upper part of the Lindegérd Formation
(68 m to 65 m) have initial baseline 813C0rg values that range between
—30.0%0 and — 29.5%o, and 813C0rg values are perturbed abruptly to
~ — 26.5%o at 64 m interval within the drill core (Fig. 2). The 8'*Corg
values remain isotopically more positive for ~20 m (up to the 54 m
interval) where they begin to return to a new baseline of ~ —31.5%o
within the upper M. persculptus and A. avitus graptolite biozones of the
Hirnantian Stage. The 813Corg values remain stable between —31.5%o
and — 29.5%o within the upper A. avitus through C. vesiculosus grap-
tolite biozones. At 34 m, within the late Aeronian L. convolutus grap-
tolite biozone, 8'>C,, values begin to shift positively from these pre-
vious baseline values and reach a maximum value of —27.4%o in the S.
sedgwickii graptolite biozone. In the S. guerichi graptolite biozone
8"'3Cyrq values return to a new baseline of —29.0%o. At 13 m within the
core 813COrg values shift positively from baseline values of —29.5%o to a
maximum recorded value of —27.7%o at the top of the core within the
Streprograptus crispus graptolite biozone.

The §%'S,, values within the Lindegérd and Kallholn formations
document a broadly coupled trend with 613C0rg values (Fig. 2). In the
upper Katian-Hirnantian topmost Lindegdrd Formation 834SPy values
shift positively from a baseline average of ~ — 8%o to ~ + 4%, co-
inciding with higher §'3C,,, values, and then §3'S,, values fall back to
~ — 25%o in the upper M. persculptus and A. avitus graptolite biozones.
The 8%'S,, values shift positively in the late Aeronian L. convolutus
graptolite biozone from baseline values of —29%o to —6.5%o within the
S. sedgwickii graptolite biozone that corresponds to peak 8'>Co, values
within the same interval of the drill core. In the grey shale/mudstone
facies (S. crispus graptolite biozone) near the top of the core, §3S,,
values shift positively from a baseline of —32%o to a maximum of
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Fig. 2. Late Ordovician—early Silurian stable isotopic data (813C0rg and 834Spy) from the Rosténga-1 drill core, Sweden. Graptolite biozones are plotted from previous
biostratigraphic studies (Bergstrom et al., 1999; Koren et al., 2003; Maletz et al., 2014). Grey bars denote globally documented positive carbon isotope excursions

(CIEs), including the HICE-Hirnantian carbon isotope excursion.

—22%o that corresponds to the rising 813Corg values from the same
interval.

Iron geochemistry was analyzed on a series of samples throughout
the Lindegard and Kallholn formations (Fig. 3A-C). The mudstones
within the Lindegérd Formation (upper Katian-Hirnantian) have an
average Fer/Al value of 0.62 (the Phanerozoic average), with a range
from 0.45 to 0.81. The upper Hirnantian to upper Aeronian (A. avitus—
P. leptotheca graptolite biozones) black shales of the Kallholn Formation
have an average Fer/Al value of 0.46, with a range from 0.40 to 0.58.
The Fer/Al value increase in the upper Kallholn Formation with an
average of 0.60, ranging from 0.42 to 0.90.

The ratio of Feyg to Fer within the Lindegard Formation trends from
values < 0.1 to values of 0.36 within the M. persculptus and A. avitus
graptolite biozones. The Feyr/Fer values within the lower Kallholn
Formation fluctuates between 0.21 and 0.61, A. avitus through C. cyphus
graptolite biozones, with most samples near the value of 0.22. Feyr/Fer
values plot above 0.22 in the P. leptotheca through lower S. sedgwickii
graptolite zones except for two data points that fall below this value,

which corresponds to the interval of bioturbated grey mudstone
(971.5-972.5 m). Feyr/Fer values remain below 0.22 for the remainder
of the Kallholn Formation (Telychian; S. guerichi-S. crispus graptolite
biozones) except four data points. Fep,/Feyr values show large varia-
bility throughout the Kallholn Formation. The ratio of Fe,, to Fepyr
within the Lindegdrd Formation trends stratigraphically from va-
lues < 0.1 to values > 0.7 in the upper part of the formation. The Fe,/
Feyg ratios in the overlying Kallholn Formation, A. avitus through C.
cyphus graptolite biozones, are mostly > 0.70. In the late Aeronian
portion of the Kallholn Formation, P. leptotheca through lower S. sedg-
wickii graptolite zones, Fe,,/Feyg values are > 0.70 corresponding to
the same interval with Feyr/Fer values > 0.22, except for two data
points. The remainder of the upper Kallholn Formation, upper S. sedg-
wickii through S.crispus graptolite biozones, records Fep,/Feygr ratios
largely (75% of samples) below 0.70.

Trace metal analysis was completed on all samples from the
Rosténga-1 core (Fig. 3D-F) that have corresponding iron geochemistry
described above. Molybdenum concentrations in the Lindegérd
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Fig. 3. Late Ordovician—early Silurian paleoredox geochemical data from organic-rich marls and mudstones of the Réstanga-1 drill core, Sweden. Grey bars denote
globally documented positive carbon isotope excursions (CIEs), including the HICE-Hirnantian carbon isotope excursion. A, Dashed vertical line and solid line for
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values for Fer/Al and Mn.

Formation average 4 ppm, with a range from 3 to 5 ppm. Mo contents
for the overlying black and grey shales of the entire Kallholn Formation
are higher than the Lindegard Formation, with an average of 8 ppm, but
have a wide range from 1 to 49 ppm. Mo contents are highest in the
interval from 35 m to 30 m (P. leptotheca through S. sedgwickii graptolite
zones), where concentrations are elevated between 20 and 49 ppm.
Vanadium concentrations trend similarly to [Mo] throughout the Lin-
degard and Kallholn formations, with the majority of the drill core
having values below 200 ppm. However, the highest V enrichments
(ranging from 437 to 621 ppm) fall within the same interval corre-
sponding to the highest [Mo] in the late Aeronian. Manganese con-
centrations and Mn/Al ratios show approximately correlative trends
throughout the Rostanga-1 drill core (Fig. 3F; Fig. DR 1F). Mn contents
from the Lindegard Formation average 2276 ppm (ranging from 406 to
6463 ppm). Mn concentrations in the overlying Kallholn Formation are
markedly lower, an average of 618 ppm (Fig. 3F).

4.2. Aizpute-41 core, Latvia

The 8'3C,, data recorded from the Aizpute-41 core display a wide
range of values from near —30%o to —26%o (Fig. 4). In the Remte

Formation, 8'°C,,, values initially range between —27.5%o
and — 27.0%o, and then within the lower C. cyphus Biozone, a shift to
more negative baseline values (—29.5%o to —29.0%o) corresponds to a
lithofacies transition from an argillaceous lime mudstone to thinly in-
terbedded limestone and shales. The overlying black shales of the Do-
bele Formation (upper C. cyphus through L. convolutus graptolite bio-
zones) have 8'3C,, values that average — 29.0%o, with a range from
—29.6%0 to —28.5%0. Within the uppermost 1.5 m of the Dobele
Formation (upper L. convolutus through S. sedgwickii graptolite bio-
zones) 8'>Cory values shift positively from —29.5%o to a maximum
value of —27.0%o, and then shift back to —28.5%o near the contact of
Dobele and Jurmala formations. The 8'3C,,, values in the overlying
Jurmala Formation are perturbed positively from —28.5%o to —26.5%o0
between 969 and 960 m, and then return to a new baseline of —28.0%o
in the 950 to 940 m interval (S. turriculatus through Oktavites spiralis
graptolite biozones). Within the upper Jurmala-lower Riga formations
(Streptograptus lapworthi to C. murchisoni graptolite biozones) SIBCorg
values shift positively from —29.0%o0 to —27.0%o at the top of the
sampled interval within the core (M. firmus— M. riccartonensis graptolite
biozones).

The §%'S,, values display largely coupled trends with carbon
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Fig. 4. Llandovery-early Wenlock (early Silurian) stable isotopic data (813COrg and 834Spy) from the Aizpute-41 drill core, Latvia. Graptolite and conodont biozones
are plotted from previous biostratigraphic studies (Loydell et al., 2003; Cramer et al., 2010). The 8'3Carp data (blue circles) are replotted from Cramer et al. (2010).
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isotopes and record a large variation over the extent of the Aizpute-41
core ranging from —30%o to +5%o (Fig. 4B). In the Remte Formation,
8345Py values are at —30%o in the lower C. cyphus Biozone except for
one data point that plots near —10%o. Values increase to —20%o within
the lower Dobele Formation (top of C. cyphus Biozone) and quickly
return to — 30%o near the L. convolutus/S. sedgwickii graptolite biozone
boundary. In the S. sedgwickii Biozone §3*S,, values shifts from — 33%o
to a maximum value of —18.4%o and then values trend back to — 33%o,
coincident with a positive shift in 8'>Co,, values. Following this + 14%o
magnitude positive excursion, §**S,;, values are highly variable ranging
between —31.7%o0 and + 5.4%o within the lower to middle Jurmala
Formation. In the upper Jurmala Formation (S. lapworthi to C. murchi-
soni graptolite biozones) §°*S;, values are stable with an average of
— 25%o, and then shift positively in the overlying Riga Formation with a

maximum value of —12%o.

Iron geochemistry was also analyzed on samples throughout the
core (Fig. 5), with Fer/Al values falling below the average crustal va-
lues (0.62) for the majority of the section but plot above these values in
the upper S. sedgwickii through lower Monoclimacis crenulata graptolite
biozones. The Feygr/Fer values for the Remte Formation are at or
slightly above 0.38, and then following the lithofacies transition values
fall well below this value. Near the transition to the black shales of the
Dobele Formation, Feyg/Fer values shift to values that fall between
0.22 and 0.38. Feyr/Fer values remain above 0.22 (the possibly anoxic
threshold) until the very top of the Dobele Formation (upper S. sedg-
wickii graptolite biozone) where values fall below 0.22 and remain low
throughout the overlying Jurmala Formation. The Fep,/Feyg values
from the Remte Formation are below 0.70, and then near the transition
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Fig. 5. Llandovery—early Wenlock (early Silurian) paleoredox geochemical data from organic-rich marls and mudstones of the Aizpute-41 drill core, Latvia. Grey bars
denote globally documented positive carbon isotope excursions (CIEs). A, Dashed vertical line and solid line for Feyr/Fer represent the threshold for possibly anoxic
(0.22) and anoxic (0.38) bottom waters, respectively. B, Dashed vertical line and solid line for Fe,/Feyg represent the threshold for possibly euxinic (0.70) and
anoxic (0.78) bottom waters, respectively. C, dashed vertical line represents Phanerozoic average crustal values for Fer/Al.

to the Dobele Formation black shales, Fe,/Fepr values show enrich-
ments towards values > 0.70. The Fe,,/Feyr values from the Dobele
Formation are predominantly > 0.70 until the very top of the formation
where they fall below 0.70. The Fe,,/Feyg values in the Jurmala For-
mation are generally low (below 0.70), but these values steadily in-
crease towards the top Monograptus firmus graptolite biozone.
Molybdenum concentrations for the Aizpute-41 core overall are
slightly enriched compared to modern oxic marine sediments with an
average of 20 ppm (Figs. 5 and 6), however, the black shale facies of the
Dobele Formation has an average of 45 ppm, ranging from 14 to
150 ppm. The most enriched molybdenum concentrations of 150 ppm
correspond to Fep,/Feyr values above 0.78 and coincide with peak
813Corg values in this upper Aeronian interval. The Mo concentrations
within the Telychian Jurmala Formation average 8 ppm, with a range of

1 to 15 ppm. While molybdenum concentrations within the overlying
early Wenlock Riga Formation increase to an average of 17 ppm, with a
range from 10 to 23 ppm, corresponding to Feyg/Fer values below 0.38
and Fep,,/Feyg values below 0.70. Vanadium concentrations trend si-
milarly to molybdenum concentrations throughout the Aizpute-41 core
(Fig. 5D), with maximum vanadium concentrations of 3000 ppm cor-
responding to the interval with the elevated §'C,,, values and highest
molybdenum concentrations in the late Aeronian. Manganese con-
centrations and Mn/Al ratios show correlative trends throughout the
Aizpute-41 core, with manganese concentrations predominantly below
850 ppm throughout the study interval and therefore were not plotted
in Fig. 5 (see Appendix Table 2; Fig. DR1).
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5. Discussion

Utilizing the previously detailed biostratigraphic studies of our two
drill cores (see Section 2.1 above) allows us to constrain four globally
documented CIEs from the Late Ordovician and early Silurian. The
+4%o magnitude perturbation in the Late Ordovician 8'>C,y, records
from southern Sweden (Fig. 2) is documented as the global Hirnantian
positive carbon isotope excursion or HICE (e.g., Bergstrom et al., 2016).
The +2.5%o magnitude perturbation in the 8§'3C,, records from late
Aeronian strata from both Aizpute-41 and Rostanga-1 cores (Figs. 2, 4,
6) have been documented as the globally occurring Late Aeronian CIE
(e.g., Melchin and Holmden, 2006; Fryda and Storch, 2014). The early
Telychian +2 to 2.5%o magnitude perturbation in the 813C0rg records
from both Aizpute-41 and Rostanga-1 cores (Figs. 2 and 4) has been
labeled as the globally recognized Valgu CIE (e.g., Munnecke and
Mannik, 2009; Bancroft et al., 2015; Waid and Cramer, 2017). Lastly,
the +2%o magnitude perturbation in the 813Corg values from the late
Telychian-early Sheinwoodian interval of the Aizpute-41 core (Fig. 4) is
recognized as the rising limb of the Ireviken CIE, and correlates well
with the positive perturbation in 8§'3C.., values previously documented
from this drill core (Cramer et al., 2010).

Linear relationships between 813COrg values and TOC wt% can be
indicative of diagenetic alteration through thermal heating or oxidative
loss of volatile organic compounds (Meyers, 1994), which is particu-
larly important for organic matter-rich facies such as those of the deep,
basinal Rostanga-1 strata. Despite some degree of thermal heating
suggested for the RGsténga-1 core (Bergstrom et al., 1999) these deeper-
water black shales show no correlation between 813C0rg and TOC wt%
(R?> = 0.04,r < 0.21,p > .01,n = 110). The Aizpute-41 core samples
show a low to moderate correlation between 8'>Cor, and TOC wt%
(R? = 0.38,r = 0.62,p < .0001,n = 112) which may be indicative of
minimal amount of diagenetic or thermal alteration. Additionally, the
CAI values for drill cores from this area of Latvia indicate these strata
experienced even less thermal heating (CAI = 1; Nehring-Lefeld et al.,
1997) than the Rostanga-1 core strata, thus it is unlikely that diagenetic
alterations affected any of the reported data.

Here we interpret the broad-scale trends in our shale-based proxy
data, Feygr/Fer, Fe,y/Feyg, and 834Spy, to constrain local marine redox
conditions (Figs. 3, 5, and 6). Subsequently, our local paleoredox in-
terpretations help to constrain the global marine redox conditions of
[Mo, V] which can record local redox conditions and/or global redox
state of the ocean through the marine reservoir size (Gill et al., 2011a,
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2011b; Reinhard et al., 2013; Sahoo et al., 2016; Owens et al., 2016).
Furthermore, constraining the redox conditions within the context of
the known global biotic records for extinction/faunal turnover may
provide a possible kill mechanism during these intervals. We focus on
three intervals: latest Ordovician HICE, early Silurian Late Aeronian
CIE, and early Silurian Ireviken CIE. The geochemical datasets from
these intervals can be either a) compared to previously published pa-
leoredox proxy data from time equivalent strata in the Baltic Basin or
other basins, or b) these datasets document consistent trends from both
study sections. The early Telychian shale-based redox proxy datasets
from both study localities lack consistent trends, with only the southern
Sweden section recording evidence for intermittent anoxic to possibly
euxinic bottom water conditions based on elevated Feyr/Fer and Fe,,/
Fepr during the Valgu CIE. Furthermore, there are no additional pa-
leoredox records published through the early Telychian to compare to
this dataset, thus there is no further paleoredox discussion on this in-
terval as it remains underconstrained.

5.1. Late Ordovician HICE marine redox conditions and major mass
extinction (LOME)

The Fe and trace metal geochemical records of the late
Katian-Hirnantian organic-rich mudstones have previously been dis-
cussed (Hammarlund et al., 2012) from the nearby Billegrav-2 drill core
(Bornholm Island, Denmark). Our study provides independent geo-
chemical constraints on this deeper section of the Baltic Basin prior to,
during, and after the HICE. The Feygr/Fer values of strata in the pre-
excursion through peak-HICE values interval (Fig. 3A) are consistent
with modern marine sediments deposited under less reducing and
possibly oxic water column conditions (Raiswell et al., 2018). However,
in the late Hirnantian interval (falling limb of HICE and post-excursion
baseline 8'3C values) Feyr/Fer values indicate anoxic conditions, while
the corresponding Fe,,,/Feyg ratios trend from values less than the 0.7
euxinic threshold to more elevated values, supporting an interpretation
of the local marine bottom waters becoming more reducing by the late
Hirnantian. Reducing marine water column conditions (anoxic, ferru-
ginous, and euxinic conditions) typically enrich Fer relative to Al (e.g.,
Raiswell et al., 2008). All Hirnantian samples record elevated Fer/Al
values (compared to Paleozoic crustal average), but this is in contrast
with corresponding lowered ratios of Feygr/Fer that suggest more oxic
conditions. A possible explanation for the higher than expected Fer
contents in the pre-excursion through peak-HICE interval is an elevated
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Fe delivery compared to Al that did not affect the Feygr/Fer ratio. This
could be due to an enhanced silicate-Fe delivery to this area from
glacioeustatic sea-level drop and subsequent increased continental
weathering associated with Gondwana glaciation/ice sheet expansion
during the Hirnantian. These trends in iron geochemistry are consistent
with the previously published iron speciation data from the nearby
Billegrav-2 drill core within the latest Katian through Hirnantian in-
terval (Hammarlund et al., 2012). Overall these data are consistent with
a weathering hypothesis that was previously proposed to explain both
the HICE records and Gondwana glaciation at high latitudes (Kump
et al., 1999).

Manganese concentrations from the HICE interval in the Rostanga-1
core, Sweden (Fig. 3F) are all well above the modern average for
marine sediments deposited within an oxic water column conditions of
~850 ppm (Turgeon and Brumsack, 2006). Interestingly, [Mn] shows a
significant enrichment trend from the pre-excursion through peak-HICE
values interval coincident with increased carbonate content in these
marine mudstones (i.e., a transition from siliciclastic mudstones to
marls) and this is in the same interval where Feyr/Fer and Fepy/Fepr
ratios increase to more reducing conditions (Fig. 3A,B,F). These cor-
responding Mn enrichments and Fe,,/Feyg ratios could be due to in-
creased amounts of reduced Mn-minerals deposited near a chemocline.
This phenomenon is observed in the modern-day Black Sea where sig-
nificant amounts of non-oxide Mn minerals, such as Mn-carbonates, are
deposited as a “bathtub ring” near the chemocline where there is a
mixing of anoxic waters with overlying oxic waters (Force and Cannon,
1988; Force and Maynard, 1990; DeLange et al., 2008). Subsequently,
Mn contents decrease abruptly to values well below the modern marine
oxic threshold within the late Hirnantian black shales in the post-HICE
baseline interval. Vanadium concentrations, a trace-metal proxy that
requires low-oxygen to an anoxic water column, but not necessarily
euxinic conditions (e.g., Algeo and Maynard, 2004; Sahoo et al., 2012,
2016; Reinhard et al., 2013; Owens et al., 2016, 2017) also show mildly
enriched values in these late Hirnantian black shales. However, Mo
contents, which require euxinic conditions to enrich significantly (20
to > 100 ppm), show only minimal enrichments in this interval despite
Fe speciation evidence for sulfidic conditions. These muted Mo en-
richments within the late Hirnantian black shales are consistent with
modern non-euxinic water columns that have sulfide restricted to se-
diment porewaters (Hardisty et al., 2018). This interval of minor en-
richments [V, Mo] documented here is consistent with the modest Mo
enrichments (~25 ppm) documented from the late Hirnantian interval
within nearby Billegrav-2 core (Hammarlund et al., 2012). Therefore,
both trace metals and Fe speciation suggest only a local to regional shift
from oxic conditions to a reducing marine water column from the early
to late Hirnantian. These elevated Feyr/Fer and Fep,/Feyr ratios
combined with modest enrichments of [Mo] could potentially be the
result of a drawdown of marine trace metal inventories in the latest
Hirnantian oceans (see below for further global redox discussion).

Global biotic records from late Katian through Hirnantian document
a major mass extinction event, the LOME, historically shown to be
composed of two distinct pulses (Brenchley et al., 1994, 2001), al-
though a single pulse has been recently proposed (Wang et al., 2019).
The first pulse of extinction mainly affected nektonic and planktonic
organisms in the shallow shelf and some deeper water environments,
while the second pulse impacted faunas across a wide range of marine
habitats (Harper et al., 2014). Finnegan et al. (2012) have argued for
global cooling and habitat loss as major drivers for extinction in low-
latitude settings. Euxinia has also been proposed as the main driver for
both pulses of the LOME, however support for this mechanism is largely
based upon local redox proxy evidence from a few low-latitude marine
basins (e.g., Zou et al., 2018). Our local redox proxies, Fe speciation and
trace metal data, along with the correlative data of Hammarlund et al.
(2012) suggest that marine environments were locally to regionally
oxic within the Baltic Basin during the latest Katian and into the early-
mid Hirnantian, coincident with the rising limb and peak §'C values of
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the HICE. This shift to more oxic marine conditions into the early
Hirnantian from the late Katian has also been recorded in shale geo-
chemical records from the Carnic Alps, Austria and Dobs Linn, Scotland
(Hammarlund et al., 2012). Shale redox proxy records from South
China show evidence for euxinic conditions during both pulses of the
LOME, however, the extent of reducing conditions in this basin de-
creased from the pre-HICE to peak-HICE values interval (Zhang et al.,
2009; Yan et al., 2012; Zou et al., 2018). These trends in local paleor-
edox proxy records from multiple ocean basins also coincide with
continued eustatic sea-level fall as ice sheets over Gondwana reached
their maximum extent during the Hirnantian (e.g., Brenchley et al.,
2006; Harper et al., 2014). Thus, as global temperatures declined and
eustatic sea-level fell, many of the remaining marine settings became
more ventilated with oxic to suboxic conditions.

Additionally, §%*Scag records (a global paleoredox proxy) and geo-
chemical modeling have shown that Hirnantian 834Spy records (a local
paleoredox proxy) are more reflective of changes in MSR-related sulfur
isotopic fractionation associated with global cooling and glaciation at
this time, and not changes in global increases in pyrite burial under
widespread euxinic conditions (Jones and Fike, 2013; Present et al.,
2015). A recent study has linked glacioeustatic sea-level change to large
variations in 8°*S,, records from marine sediments deposited over the
last 500 kyr, whereby positive excursions in §%*S,, are driven by
changes in sedimentation rates and connectivity with overlying water
column during sea-level fall (Pasquier et al., 2017). Therefore, com-
bining the interpretations of our data with previous publications sug-
gest that the mechanism for the first extinction pulse of the LOME in-
volved a major eustatic sea-level drop of =100 m, global cooling, and
glaciation. Glacioeustatic sea-level drawdown would have drained
widespread epeiric seaways globally, thus eliminating vast areas of
habitable shallow marine environments in the Hirnantian (Sheehan,
2001). This dramatic reduction in marine shelf area would have led to
the extinction of many endemic communities via habitat loss and car-
rying capacities of the remaining environments being exceeded
(Brenchley et al., 2001). Recent sea-level reconstructions from sedi-
mentary successions on Baltica, including both Aizpute-41 and Ros-
tanga-1drill cores, suggest multiple regressive events within the Hir-
nantian (Kiipli and Kiipli, 2020). Sea-surface temperature proxies
record a rapid cooling by ~5 °C during the Hirnantian and are con-
sistent with this climate-driven first extinction pulse scenario (Trotter
et al., 2008; Finnegan et al., 2011).

Global temperatures and eustatic sea level rose during the late
Hirnantian, and local paleoredox proxy records (i.e., Fe speciation and
trace metals) from multiple ocean basins indicate that anoxic marine
conditions were widespread on continental margins at this time
(Finnegan et al., 2011; Hammarlund et al., 2012; Melchin et al., 2013;
Ahm et al., 2017; Zou et al., 2018). Additionally, the [Mo] vs. TOC
values from the late Hirnantian in the southern Sweden section (Fig. 3E;
Fig. DR1) covary with minor trace metal enrichments. The relationship
of [Mo] to TOC wt% from modern and ancient euxinic marine condi-
tions is well-documented, and this relationship can vary depending
upon basins connectivity to the open ocean which affects the overall
basin Mo inventory budget (Lyons et al., 2009). The Mo/TOC values for
the pre-HICE to peak-HICE values interval are largely near zero with
several intervals of high values (20 to 40) that are largely reflective of
low [Mo] relative to even lower TOC contents (< 0.2%), and not of
values consistent with modern euxinic basins. The elevated Mo/TOC
values (average of 7.3) in the falling limb and post-HICE baseline in-
terval (Fig. 3D, E) and the corresponding minor trace metal enrich-
ments could be the result of either a semi-restricted basin or possibly
global drawdown of marine trace metal inventories. If trace metal en-
richments in this basin during the latest Ordovician were primarily
controlled by weak connectivity with the adjacent Iapetus Ocean and
thus the renewal times of deep basinal waters were greater than rates of
Mo uptake this would be similar to Mo-depleted modern Black Sea and
Framvaren Fjord that have comparable Mo/TOC values (~4.5 to 9;
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Algeo and Lyons, 2006). The other possibility is that latest Ordovician
trends in trace metals and Mo/TOC resulted from a global drawdown of
marine trace metal inventories due to an expansion of euxinia during
the latest Hirnantian on the order of that suggested for the Cretaceous
Oceanic Anoxic Event 2 (OAE2; Owens et al., 2016; Dickson, 2017).
Due to the limited amount of high-resolution Hirnantian trace metal
datasets we cannot confidently interpret our trends as being the result
of a global expansion of euxinia at this time.

Our local dataset from southern Sweden, when combined with other
studies from several basins within the late Hirnantian, indicates these
local environments were euxinic and these conditions persisted through
the early Rhuddanian (Hammarlund et al., 2012; Zou et al., 2018).
However, there is no observed positive excursion in 834Scas values
(Jones and Fike, 2013) which would be expected for a global expansion
of euxinia that coincided with these observed local paleoredox shifts as
has been observed for other Phanerozoic events (Gill et al., 2011a,
2011b; Owens et al., 2013; Young et al., 2019). A recently generated
838U record from Hirnantian marine carbonates (same succession
previously analyzed for 834Scas records), indicates that anoxic condi-
tions increased globally and were a potential kill mechanism for the
second pulse of the LOME (Bartlett et al., 2018). When combining both
global and local paleoredox proxy records throughout the late Hir-
nantian interval they suggest an expansion of non-sulfidic anoxia in the
global oceans, likely within continental margin settings, may have been
a causal mechanism for the second extinction pulse of the LOME.

5.2. Late Aeronian CIE (early Silurian) marine redox conditions, marine
extinction (Sandvika/sedgwickii event), and widespread anoxia

The Rosténga-1 core, Sweden and Aizpute-41 core, Latvia represent
distinct marine depositional environments, and the similarities between
iron and trace metal geochemistry, particularly in the late Aeronian
strata, suggest primary signatures that are indicative of at least regional
to potentially global redox conditions. The majority of the Feyr/Fer
values from the late Aeronian interval of the Kallholn Formation in
Sweden (Fig. 3A) and Dobele Formation in Latvia (Fig. 6C) are enriched
relative to average modern oxic marine sediments suggesting that there
was an expansion of anoxic conditions prior to and during peak values
of the Late Aeronian CIE (Raiswell et al., 2018). The corresponding
Fe,/Feyr ratios before the Late Aeronian CIE document values greater
than the 0.7 euxinic threshold, and trend towards less enriched values
through the duration of the CIE interval, suggesting the local conditions
were initially very reducing (i.e., sulfidic) and shifted towards more
oxic conditions. The Fer/Al ratios within this same interval at the
Sweden locality show a trend from values within the Phanerozoic
crustal averages (e.g., Raiswell et al., 2008) to values that are notably
enriched in iron relative to aluminum. A local shift to a more reducing
water column is not necessarily favored for the observed enrichment in
Fer/Al ratio at the Sweden locality as Fe speciation data indicate a shift
to more oxic marine waters. A possible explanation for the trend to
significantly enriched Fer contents through the Late Aeronian CIE in-
terval is more likely related to an elevated detrital Fer/Al ratio as sea
level began to drop at this time in the Baltic Basin (Johnson, 2010).
However, the Fer/Al values from Latvia show a different trend where
ratios are at or slightly below Phanerozoic crustal averages in the pre-
Late Aeronian CIE interval, and then increase to enriched Fer/Al ratios
that closely correspond to the CIE. These distinct trends in Fer/Al va-
lues suggest a more enhanced Fe transport and trapping by locally
euxinic conditions and associated Fe scavenging through local pyrite
formation. This is consistent with the corresponding §°*S,, data from
both Sweden and Latvia which record a + 14%o to +22%o magnitude
shift indicating a local to regional increase in pyrite burial (Figs. 2 and
6). Coincident parallel positive excursions in 8>*S;, and 8'>C records
have also been documented in many intervals throughout the Paleozoic
in association with widespread reducing conditions and marine ex-
tinction - for example, the late Cambrian SPICE (Gill et al., 2011a,
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2011b), Early Ordovician (Tremadocian; Edwards et al., 2018), early
Silurian (Ireviken CIE; Rose et al., 2019; Young et al., 2019), and late
Silurian (Lau CIE; Bowman et al., 2019). When our late Aeronian 8'3C
and 834Spy excursion records are interpreted together with Fe speciation
and trace metal (see discussion below) datasets they are consistent with
a transient increase in global burial rates of reduced carbon and sulfur
species.

A notable extinction event in late Aeronian strata has been docu-
mented among many taxa from the early Silurian oceans, known as the
‘Sandvika Event’ (e.g., Jeppsson, 1998). It has been estimated that
~23% of conodont and trilobite species became extinct, while bra-
chiopods and acritarchs (microphytoplankton) also show evidence for
significant turnover and extinction (Helbert et al., 1982; Thomsen and
Baarli, 1982; Chatterton et al., 1990; Aldridge et al., 1993; Jeppsson,
1998). Additionally, there was a major extinction in graptolites (a
major Paleozoic zooplankton group) at this time, spanning the late L.
convolutus and S. sedgwickii graptolite biozones (Storch, 1995; Melchin
et al., 1998; Cooper et al., 2014; Crampton et al., 2016). These biotic
records can now be integrated with our new 8'C datasets from Baltica
that documents a correlation of the Late Aeronian CIE with the Sand-
vika/sedgwickii events. Specifically, the onset of the extinction event is
now shown to precede the Late Aeronian CIE (Fig. 6). Marine fauna
representative of both shallow- and deep-water environments are
documented to have correlative extinctions during the same interval
that geochemical evidence suggests an expansion of reducing bottom
water conditions. However, these observations combined with our new
geochemical data indicate that these marine taxa were affected by the
same event and potential mechanism that caused the perturbation to
the global carbon cycle.

The new Fe speciation and trace metal geochemical records suggest
anoxic to euxinic bottom water conditions were present, at least, in the
southwestern and eastern portions of the Baltic Basin during the late
Aeronian (Fig. 7). Additionally, previously published shale-proxy data
from the Kallholn Formation in the northern part of the Baltic Basin also
indicates reducing marine conditions (Lu et al., 2017), and these strata
are broadly correlative to our Late Aeronian sections (Bergstrom et al.,
2012; Walasek et al., 2018). Specifically, there are two intervals of [V,
Mo] enrichments of up to 3000 and 150 ppm, respectively, followed by
drawdowns within the Sandvika/sedgwickii extinction interval. The first
trace metal enrichment-drawdown trend occurs in the pre-Late Aero-
nian CIE interval, and a second that occurs within the CIE interval
(Figs. 3 and 6). Additionally, [Mo] to TOC values from both sections
covary with the trace metal enrichment and drawdown trends allowing
for potential reservoir relationships to be assessed as corresponding Fe
speciation data suggest relatively stable euxinic conditions at both
study sites (Figs. 3 and 6). Mo/TOC data from pre-Late Aeronian CIE
interval from both sections average between 7.5 and 12.4, and then
these values enrich to average values of 20.5 to 23.7 for the two sec-
tions within the Late Aeronian CIE (Figs. 3E and 6G). After both of the
intervals of high Mo/TOC ratios the values decline to averages of <2.5.
The declines in [V, Mo] and corresponding changes in Mo/TOC could
be suggestive of a global expansion of reducing conditions prior to and
during the Late Aeronian CIE, whereby expansion of reducing condi-
tions would have depleted marine inventories of redox-sensitive metals.

Dramatic declines in trace metal concentrations have been asso-
ciated with OAE2 where the global drawdown of [V] preceded the CIE
while [Mo] drawdown occurred nearly coincided with the OAE (de-
fined by the CIE), however, the locality distinguishing this stratigraphic
framework was at a very high-resolution (e.g., Owens et al., 2016,
2017). Importantly, model estimates suggest only 3 to 7% of the sea-
floor experienced euxinic conditions during OAE2 (Owens et al., 2013,
2016; Dickson, 2017), thus ocean-scale reducing conditions are neces-
sary for the documented trace metal drawdowns. These patterns of
trace metal concentrations and Mo/TOC dynamics could also reflect the
strength of the Baltic Basin's connectivity to the Iapetus Ocean during
the late Aeronian, and thus the renewal time of this basin's deep waters
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Fig. 7. Conceptual model of marine redox changes in the Baltic Basin during the late Aeronian. A, Cross section illustrating an oxygen minimum zone (OMZ) before
the Late Aeronian CIE across the Baltic Basin shelf to slope transect. Changes in sea level (relative to sea-level highstand during the Late Aeronian CIE in panel-B are
shown by a dashed line. B, Cross section illustrating an expanded OMZ during the Late Aeronian CIE across the Baltic Basin shelf to basin transect. C, Cross section
illustrating presence of sulfide in sediment pore waters after the Late Aeronian CIE across the Baltic Basin shelf to slope transect. D, Map-view schematic illustrating
the maximum aerial extent of the OMZ in the Baltic Basin during sea-level rise in the late Aeronian. Solid black line indicates the extent of OMZ based on redox data
from this study. Dashed black line indicates possible extent of OMZ based on redox data from the Solberga-1 drill core (Lu et al., 2017). SO: Solberga-1 core; AZ:

Aizpute-41 core; RO: Rostanga-1 core.

relative to Mo uptake rates and sulfide build-up within the water
column as Mo/TOC ranges from averages near modern Framvaren Fjord
(~ 9) to values within the modern range of Cariaco Basin (~25; Algeo
and Lyons, 2006). These patterns of marine redox dynamics are con-
sistent with eustatic sea-level rise (i.e., Haq and Schutter, 2008;
Johnson, 2010) that could have caused an expansion of anoxic and
euxinic waters from deeper marine environments into shallower shelf
settings as a causal mechanism for the extinction event and associated
global perturbation of the carbon cycle (Fig. 8). Furthermore, our data
suggest at least regional expansion of anoxia to euxinia preceded the
Late Aeronian CIE and coincided with the onset of the extinction, a
pattern that has been recently documented for the late Silurian Lau CIE
and the associated progression of the extinction event (Bowman et al.,
2019) and at least two Mesozoic OAEs (Ostrander et al., 2017; Them
et al., 2018). However, to confidently attribute our late Aeronian trace
metal drawdowns to either global depletion of marine inventories or
local basinal factors related to eustatic sea-level and open ocean con-
nectivity, further studies are required to confirm this hypothesis from
additional ocean basins that were persistently euxinic before, during,
and after the Late Aeronian CIE and/or utilizing a redox proxy that is
more indicative of global processes.

5.3. Ireviken CIE (early Silurian) marine redox conditions, marine
extinction (Ireviken Event) and widespread anoxia

This study provides the first shale-based redox proxy data spanning
the Llandovery-Wenlock boundary and the rising-limb of the associated
Ireviken CIE. Our Fe speciation and Fey/Al ratios indicate a transition to
increasingly reducing marine water column conditions leading into the
rising limb of the Ireviken CIE. The corresponding §**S,,, data from this
interval of the Aizpute-41 core, Latvia record a + 13%o magnitude
excursion that is coincident with the rising limb of the Ireviken CIE
(Fig. 4), indicating a local increase in pyrite burial, consistent with Fe
speciation data (Fig. 5A-C) indicating a shift to more locally reducing
conditions. This positive excursion in §**S,, data can also be seen in
carbonate sections within the Baltic Basin (Richardson et al., 2019;
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Rose et al., 2019) and the Great Basin, Nevada suggesting a more global
extent of reducing conditions and an overall increase in pyrite burial
rates (Young et al.,, 2019). The [Mn] concentrations for the upper
Jurmala-lower Riga formations (data repository Table 2) are all well
below the average shale values suggestive of locally reducing condi-
tions. Vanadium concentrations only show minimal enrichments
(average of 150 ppm) across the upper Jurmala-lower Riga formations
(Fig. 5D), and then a steady decline through the rising limb of the Ir-
eviken CIE. Molybdenum contents show modest enrichments (average
of 20 ppm) and a decline over the same interval as vanadium, with
enrichments overlapping with modern marine environments that are
intermittent/seasonally euxinic (Scott and Lyons, 2012). When we
combine these [Mo] with the corresponding Fe speciation data it sug-
gests that sulfidic conditions were likely limited to the sediment pore-
waters or very close to the sediment-water interface.

The Ireviken Event is recorded within late Llandovery-early
Wenlock strata (Fig. 4), and is one of the most severe marine extinction
events of the Silurian which has been documented globally (e.g.,
Calner, 2008). Most marine clades were affected by this extinction
event, including severe declines in conodonts, graptolites, trilobites,
acritarchs, chitinozoans, corals, and brachiopods (e.g., Jeppsson, 1997;
Melchin et al., 1998; Munnecke et al., 2003; Hints et al., 2018). These
early Silurian paleontological records of global biotic change have been
previously well-integrated with §'3C datasets that document an asso-
ciated positive shift, the Ireviken CIE (e.g., Cramer et al., 2010). Fur-
thermore, recent carbonate-based paleoredox studies have shown direct
evidence, from multiple basins and paleocontinents, for both local and
global expansion of reducing conditions throughout this marine ex-
tinction event and associated CIE (Richardson et al., 2019; Rose et al.,
2019; Young et al., 2019). Both Fe and trace metal concentrations from
the western Latvia section provide evidence for a shift towards more
reducing conditions in this deep shelf setting of the Baltic Basin
(Fig. 5A-D). Although [Mn] are low throughout the late Llandovery-
early Wenlock boundary interval, iron speciation values shift from oxic
to possibly anoxic/euxinic conditions during the rising limb of the Ir-
eviken CIE (Fig. 5A-B). Additionally, Mo/TOC ratios from this section
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Fig. 8. Correlation of 813C0rg data between sections from Baltica sections (this study), Laurentia (Melchin and Holmden, 2006), and peri-Gondwana (Perunica
terrane; Fryda and Storch, 2014). Please note that positions of grey boxes indicate intervals of strata at each section that can be confidently correlated using graptolite
biostratigraphy and now 8'>Cory chemostratigraphic profiles. The boundaries of the grey boxes for the Late Aeronian CIE and Valgu CIE scale with thickness and

relative position of graptolite biozone boundaries within each of the sections.

covary with the trace metal enrichment and possible drawdown, with
average values ~17.5 in the lower Riga Formation that then trend to
values of 7.2 (Fig. 5E). Similar to the previous late Aeronian trace metal
discussion (Section 5.2 above), this could represent a potential early
Wenlock trace metal drawdown. The corresponding change in Mo/TOC
values possibly suggesting a global expansion of reducing conditions
that began to deplete the marine inventories of redox-sensitive metals
or, conversely, changes in basin connectivity to the open ocean during
the Ireviken CIE. Sea-level records across this interval broadly indicate
a rise in the early Wenlock (Johnson, 2010). However, detailed sea-
level reconstructions from the nearby Priekule core, Latvia together
with evidence from other Baltic sections indicate that the uppermost
sampled part in the Aizpute-41 core corresponds to a sea-level lowstand
(Kiipli et al., 2010). This is consistent with basin restriction explanation
of trace metal and Mo/TOC records documented here. However, further
exploration is required from different sections and basins that were
persistently euxinic before, during, and after the Ireviken CIE.

6. Conclusions

The documented stratigraphic trends in geochemical data from
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deeper marine settings of southern Sweden (Résténga-1 core) and
western Latvia (Aizpute-41 core) feature dynamic local and potentially
global marine redox conditions surrounding the latest Ordovician HICE,
Late Aeronian CIE, and Ireviken CIE and associated extinction events.
The new late Katian-Hirnantian shale-based redox proxy data, Feyr/
Fer, Fep,/Feyr, and [V, Mo], suggest a perturbation from oxic to anoxic
bottom water conditions with a local to regional extent that occurred
during the late Hirnantian, but did not coincide with the peak §'°C
values (HICE) and correlative positive 834Spy excursion. Furthermore,
when combining these new geochemical datasets with previously
published local and global paleoredox studies, it suggests that an ex-
pansion of non-sulfidic anoxia in the global oceans may have been a
causal mechanism for the second extinction pulse of the LOME during
late Hirnantian sea-level rise and deglaciation. However, additional
redox proxy application is required to continue assessing the role of
marine redox conditions played in the first major mass extinction event
of the Phanerozoic.

Our integrated Fe speciation, trace metal, 813C0rg, and 834Spy data-
sets are some of the first to constrain local to regional marine redox
conditions within the Baltic Basin throughout the Llandovery. The new
shale-based redox proxies from two sections show evidence for anoxic
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to euxinic water column conditions across this basin prior to, and
during the Late Aeronian CIE. Additionally, there are two intervals of
trace metal enrichment followed by drawdowns within the upper
Aeronian strata, and these could be linked to either global depletion of
marine inventories or local basinal factors related to eustatic sea-level
and open ocean connectivity. Further studies are required from a dif-
ferent basin with persistently euxinic conditions to assess the ultimate
causes of these trends in trace metal data. Regardless, these new shale-
based multiproxy datasets reveal strong evidence for at least regional
expansion of water column anoxic to euxinic conditions, and possibly
on a global scale. Our new late Aeronian 8'3C,y and §3*S,, records
show parallel positive excursions indicating that increased burial of
organic carbon and pyrite under widespread anoxic to euxinic condi-
tions occurred during this time. These geochemical trends are con-
sistent with an expansion of anoxic to locally euxinic waters from
deeper marine environments into shallower shelf settings as a causal
mechanism for the associated marine extinction events (Sandvika/
sedgwickii events). Lastly, our late Llandovery-early Wenlock shale-
based redox proxy data document enrichments that suggest anoxic to
intermittent euxinic bottom water conditions were coincident with the
rising limb of the Ireviken CIE in the deeper shelf setting of Latvia.
These data are consistent with previous carbonate-based redox proxy
studies that suggest that the Ireviken CIE and associated marine ex-
tinction represents one of many major anoxic-euxinic events in Late
Ordovician-Silurian oceans. More broadly, our study supports previous
studies of oxygen depletion in subsurface waters of Paleozoic oceans
and highlights oxygen's critical role in biospheric evolution in the early
Paleozoic.
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