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ARTICLE INFO ABSTRACT

Editor: Dr. Maoyan Zhu The mid-Silurian Mulde/Iundgreni Event was characterized by a widespread biotic crisis among marine taxa (e.g.,

graptolites, conodonts), associated with a notable double-peaked positive carbon isotope excursion. These biotic

Keywords: and chemical signatures provide evidence that this time interval experienced significant environmental change.

Silurian ) While there has been significant research on this critical interval within the Silurian, the oceanic redox condi-

PMlildE/ Lundgrem event tions encompassing this event remain poorly constrained. Here, we utilize a multiproxy approach to investigate
aleoredox

the paleoredox dynamics within two geographically distinct marine basins and paleocontinents spanning the
Mulde/lundgreni Event: Abbott River, Twilight Creek (Arctic Canada, Laurentia), and the Priekule-20 core
(Latvia, Baltica). We present new organic carbon isotopes (513C0rg), pyrite sulfur isotopes (634Spyr), iron speci-
ation, and trace metal data to reconstruct regional marine paleoredox conditions from three separate localities
providing a more global view. Our geochemical records reveal synchronous positive excursions in 813C0,g and
53481,),r across all sections, indicating increased burial of organic carbon and pyrite. Iron speciation data suggest
persistently ferruginous anoxic bottom waters in Laurentia throughout the study interval. In contrast, bottom
water redox conditions in Baltica were more variable, fluctuating from possibly oxic to ferruginous anoxic
conditions during the Mulde carbon isotope excursion (CIE). Trace metal patterns include an initial enrichment
followed by a reduction in all sections suggesting a drawdown during the first Mulde CIE peak, a renewed
enrichment during biotic recovery, and a second decrease indicating another drawdown coinciding with the
second Mulde CIE peak. Importantly, this two-step enrichment-drawdown pattern mirrors the double-peaked
nature of the Mulde CIE, and thereby suggests globally dynamic bottom water conditions. Mo and U enrich-
ment factors suggest differing degrees of restriction, but shared temporal trends still imply a global redox signal.
These results support a model in which climate-driven sea-level fluctuations modulated marine deoxygenation,
contributing to the timing and selectivity of extinctions among hemipelagic and planktonic taxa.

Iron speciation
Trace metals

Pyrite sulfur isotopes
Ocean anoxia

1. Introduction

Despite being the shortest period of the Paleozoic Era, the Silurian
stands out as a time of intense evolutionary and environmental change,
punctuated by a series of dramatic sea-level fluctuations and biotic crises
that significantly impacted marine ecosystems (Kaljo and Marss, 1991;
Cramer et al., 2011; Melchin et al., 2020). Recurrent intervals of envi-
ronmental upheaval commonly coincide with perturbations of the global

carbon cycle (Jeppsson, 1998; Saltzman, 2001; Cramer et al., 2012;
McAdams et al., 2019). The connections between intervals of biotic
turnover to marine redox conditions, atmospheric Oz and CO- levels,
and continental weathering rates are poorly constrained for much of the
Silurian (Krause et al., 2018; Bowman et al., 2019; Sproson et al., 2022).
Only a very few intervals within the Silurian have been investigated in
enough detail to provide some information about the marine redox state
at the global and/or local scale (Bowman et al., 2019; Young et al., 2019;
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Stockey et al., 2020; Wang et al., 2024).

Among the Silurian biotic crises, the earliest identified was a sig-
nificant extinction event affecting graptolites (a major early Paleozoic
zooplankton group), initially named the “Big Crisis” (Jaeger, 1959).
During the early to middle Homerian Age of the Wenlock Epoch, mid-
Silurian, this extinction reached its maximum intensity, and is more
commonly referred to as the lundgreni Event; the latter name is derived
from the graptolite biozone Cyrtograptus lundgreni, in which the extinc-
tion reaches its peak at the end of this Zone (Koren, 1991; Porebska
et al., 2004). The interval is also known as the Mulde Event, named after
an area on the island of Gotland, Sweden (e.g., Jeppsson and Calner,
2002). Coincident with this biotic crisis, a distinctive geochemical
signature was identified: a double-peaked positive carbon isotope
excursion (CIE) (Kaljo et al., 1997; Saltzman, 2001; Calner et al., 2006;
Cramer et al., 2006; Noble et al., 2012; Danielsen et al., 2019) recorded
in both carbonate (5*3Ccar) and organic carbon (613C0rg) isotope re-
cords. These global 5'3C records suggest significant perturbations to the
global carbon cycle coincident, at least in part, with the marine
extinction event (Biebesheimer et al., 2021). Despite the global recog-
nition of the Mulde CIE (also known as the Homerian CIE; e.g., Manda
etal., 2019; Ray et al., 2019), there is no consensus about the underlying
causal mechanism(s). Other studies have proposed eustatic sea-level
changes, ocean circulation shifts, and volcanic activity as potential
mechanisms, but a definitive explanation remains elusive (Munnecke
et al., 2010; Cramer et al., 2012). Conodont-phosphate oxygen isotope
data indicate a global cooling event during this interval of the mid-
Silurian, and it has been proposed as a potential causal mechanism
(Trotter et al., 2016). However, there is a lack of corroborating evidence
in the geological record, such as glacial sediments, to support this hy-
pothesis. Furthermore, it remains unclear how temperature change
alone would mechanistically drive the associated perturbation of the
global carbon cycle.

Most geochemical investigations of the Mulde CIE and the associated
extinction event have focused primarily on carbon isotope records
(Noble et al., 2005, 2012; Cramer et al., 2006; Biebesheimer et al.,
2021), and there is a notable absence of comprehensive marine paleo-
redox studies for this critical interval. This gap in our understanding
limits our ability to fully comprehend the environmental changes asso-
ciated with the Mulde/lundgreni Event and their potential role in driving
the documented biotic crisis. The present study aims to address this
knowledge gap by employing a multiproxy approach to investigate po-
tential redox changes during the Mulde CIE and associated extinction
events. We utilize iron speciation, redox sensitive trace metal
geochemistry, and pyrite sulfur isotopes (634Spyr) to evaluate whether
significant changes in regional oceanic oxygen levels played a role in the
mid-Silurian Mulde/lundgreni Event. Specifically, this multiproxy
approach may allow us to distinguish different intervals within the
marine redox ladder in these specific regions (e.g., Bowman et al.,
2021). This study focuses on three geographically distinct sections,
where the extinction event and CIE have been previously well-
documented, to provide a more comprehensive understanding of
different paleoenvironmental settings and ocean basins throughout the
Mulde/Iundgreni Event. Two outcrop sections from the northern margin
of Laurentia are examined: the Abbott River and the Twilight Creek
sections located in present-day Arctic Canada. Additionally, we
analyzed samples from the Priekule-20 core in Latvia, representing the
paleocontinent of Baltica. This comprehensive marine paleoredox
investigation will provide new insights into the local to regional envi-
ronmental conditions surrounding this major Silurian biotic crisis and
contribute to our understanding of the complex interplay between
geochemical perturbations and biological extinctions in Earth’s history.
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2. Background
2.1. Geological setting

The three study sections outcrop along Abbott River on Cornwallis
Island and Twilight Creek on Bathurst Island regions of modern-day
Arctic Canada, and the Priekule-20 core succession within the subsur-
face of western Latvia (Fig. 1). The Cape Phillips Formation, which in-
cludes the Abbott River and Twilight Creek sections, accumulated in a
deep marine basinal environment. This depositional setting was located
offshore from the Franklinian Shelf, along the northern margin of the
paleocontinent of Laurentia (Noble et al., 2012; Melchin et al., 2013).
This margin of the Laurentian Craton was characterized by the accu-
mulation of carbonate and clastic sediments from the late Cambrian to
the Devonian, primarily in a passive margin environment (Trettin, 1989;
Harrison et al., 1999). The Abbott River section on Cornwallis Island’s
western coast exemplifies a more proximal depositional environment
close to the basin’s edge, roughly 25 km from the shelf-slope transition
(Noble et al., 2012). The Twilight Creek section on Bathurst Island is
located more than 100 km northwest of the shelf-slope transition, rep-
resenting a more distal, deeper basin environment (Noble et al., 2012).
The Abbott River section is characterized by thin to medium-bedded
platy mudstone and shale that is calcareous to dolomitic, interlayered
with thicker layers of bioclastic wackestone. Calcareous and dolomitic
concretions are widespread throughout the section, containing well-
preserved graptolites (Lenz et al., 2006; Noble et al., 2012). The Twi-
light Creek section, by comparison, consists of organic-rich, thinly
bedded platy calcareous mudstone and graptolitic shale. The Cape
Phillips Formation in this region spans the Hirnantian (latest Ordovi-
cian) through Pridoli (latest Silurian), with the Wenlock represented by
over 100 m of continuous exposure at Twilight Creek (Lenz et al., 2006;
Noble et al., 2012).

The Priekule-20 core site is located in modern-day Latvia represents
a deep shelf setting within the Baltoscandian paleobasin, which during
the Silurian was part of a tropical, epicratonic seaway on the southern
edge of the paleocontinent Baltica (Kiipli et al., 2010). The Priekule-20
succession spans the Rhuddanian to Ludfordian stages of the Silurian,
encompassing a thickness of 436 m. The studied interval includes the
Riga Formation, corresponding to the Cyrtograptus lundgreni graptolite
biozone, followed by the Siesartis Formation, which includes the Goth-
ograptus nassa-Colonograptus ludensis graptolite biozones. Above this lies
the Dubysa Formation, containing the Nova Beds in its upper part. The
succession primarily consists of gray shales and marlstones, with occa-
sional argillaceous limestone interbeds, indicative of a deep shelf envi-
ronment characterized by low oxygen levels at the seabed, as evidenced
by the absence of bioturbation in the shales (Kaljo et al., 1997; Kiipli
et al., 2010).

2.2. Framework for redox interpretations

2.2.1. Pyrite sulfur isotopes

The sulfur cycle is a fundamental regulator of Earth’s redox condi-
tions through geological time. In modern oceans, sulfate (SO37) con-
stitutes one of the most abundant dissolved ionic species and operates as
a critical terminal electron acceptor in microbial sulfate reduction
(MSR). During MSR, microorganisms exhibit preferential utilization of
lighter sulfur isotopes in their metabolic processes, analogous to bio-
logical carbon isotope fractionation. While organic matter typically
functions as the primary substrate for MSR, these microorganisms can
also metabolize methane in environments where organic matter is scarce
(Canfield, 2001; Amend et al., 2004). The principal product of MSR,
hydrogen sulfide (HS), readily combines with available iron to form
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Fig. 1. Locality maps for all successions investigated in this study. A) Paleogeographic reconstruction of the middle Silurian showing the approximate locations of the
studied sections from Arctic Canada (Abbott River and Twilight Creek) and Latvia (Priekule-20 core). The star indicates the approximate location of the Prague Basin
(Perunica terrane; Fryda and Frydova, 2025), which is discussed in the text for comparison (Modified after Scotese, 2014). B) Present-day locations of studied
sections at Abbott River (ABR) and Twilight Creek (TWC) in Arctic Canada (Modified after Noble et al., 2012). C) Present-day location of Priekule-20 core (PC) in

western Latvia (Modified after Kiipli et al., 2010).

pyrite in both water columns and sediments. Pyrite burial represents a
key control on atmospheric oxygen levels over geological timescales — its
longterm burial releases O, to the atmosphere, while its oxidation
consumes Oy (Lyons and Gill, 2010). This process is intrinsically linked
to carbon cycling, as the organic matter utilized in MSR originates from
photosynthetic organisms. Unlike oxic remineralization, which returns
fixed carbon to CO3, MSR ultimately leads to pyrite formation through
H,S production and subsequent reaction with Fe?'. The isotopic
composition of sedimentary pyrite (634Spyr) provides crucial insights
into ancient marine redox conditions and sulfur cycling. Enhanced py-
rite burial through increased MSR activity typically results in more
positive 63481,},r values, while more limited MSR and pyrite formation
often correspond to lighter isotopic signatures. Variations in pyrite
sulfur isotopes document changes in marine redox conditions and mi-
crobial sulfur cycling throughout Earth’s history (Gill et al., 2007).

2.2.2. Iron geochemistry

Iron is an essential element for fundamental biological processes and
plays a crucial role in Earth’s biogeochemical cycles. It serves as a key
component in electron transfer during photosynthesis, acts as a cofactor
in nitrogen fixation, and is vital for respiratory proteins and various

enzymatic processes (Raiswell and Canfield, 2012). The cycling of iron
in marine systems is intimately linked to the sulfur cycle, and its
different oxidation states make it particularly sensitive to changes in
environmental redox conditions (Poulton and Canfield, 2011). Iron
speciation has emerged as one of the most widely applied paleoredox
proxies, uniquely capable of distinguishing between three major oceanic
redox states - ferruginous (anoxic, containing dissolved ferrous Fe), and
euxinic (anoxic, containing dissolved sulfide) (Poulton and Canfield,
2011), and by oxygenated conditions (albeit not direct evidence but
rather due to elimination of the other two redox conditions). The proxy
is built upon decades of research into the biogeochemical behavior of
iron and sulfur during early diagenesis and is based on operationally
defined iron pools that exhibit different reactivities towards dissolved
sulfide (Canfield et al., 1992; Poulton and Canfield, 2005). The highly
reactive iron pool (Feyr) consists of iron phases that readily react with
sulfide on early diagenetic timescales, including iron carbonate, iron
(oxyhydr)oxides, magnetite, and iron sulfides (Poulton et al., 2004;
Poulton and Canfield, 2005). The utility of iron speciation stems from
characteristic enrichments of Feyg in sediments deposited under anoxic
conditions relative to oxic settings. Modern and ancient sediments
deposited under oxic conditions typically show Feyg/Fer ratios below
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0.38, while anoxic settings commonly have ratios exceeding this
threshold (Raiswell and Canfield, 1998; Poulton and Raiswell, 2002).
Within anoxic settings, further refinement of bottom water redox con-
ditions can be made based on the ratio of pyrite iron to highly reactive
iron (Fepy/Feyr). Ratios >0.6-0.8 commonly indicate euxinic condi-
tions (Anderson and Raiswell, 2004; Marz et al., 2008; Benkovitz et al.,
2020), whereas ratios <0.6 suggest ferruginous conditions (Poulton and
Canfield, 2011; Poulton, 2021). In euxinic environments like the modern
Black Sea, these enrichments occur through the water-column formation
of iron sulfides, with additional dissolved or reactive particulate Fe
supplied via release from sediments on the shallower shelf through a
mechanism termed the “shelf-to-basin Fe shuttle” (Anderson and Rais-
well, 2004; Lyons and Severmann, 2006).

2.2.3. Trace metal geochemistry

Molybdenum (Mo) has emerged as a particularly useful proxy due to
its consistent modern seawater concentration (~107 nM), well-
understood behavior under different redox conditions (e.g., Tribo-
villard et al., 2006), and relatively long modern residence time of ~450
kyr (e.g., Miller et al., 2011). Mo requires strongly reducing, sulfidic
conditions for significant enrichment with euxinic (anoxic and sulfidic
waters) being more enriched. In oxic waters, Mo exists as stable
molybdate (MOO%’) ions. However, in the presence of euxinic waters,
Mo is efficiently sequestered in sediments through the reduction of
molybdate to thiomolybdates (MoO*S4.y, where x = 0 to 3), which are
particle-reactive and prone to scavenging by sulfides and sulfur-rich
organic molecules (Tribovillard et al., 2006).

Vanadium (V) is a redox sensitive trace metal that can become
enriched in mildly reducing environments with anoxic water columns
lacking free hydrogen sulfide and, in the modern ocean, is characterized
by a smaller reservoir size and shorter residence time (~50-100 kyr)
compared to Mo (Algeo, 2004). This occurs as V(V) undergoes reduction
to V(IV), producing compounds like vanadyl ions (VO3) or hydroxyl
species (e.g., VO(OH)>"). These forms of vanadium can accumulate in
sediments via surface adsorption or by creating organometallic com-
plexes. When conditions become more strongly reducing (e.g., anoxic +
free hydrogen sulfide = euxinic), V experiences further reduction to V
(II), potentially precipitating as oxide (V903) or hydroxide (V(OH)3)
phases (Algeo and Maynard, 2004; Owens et al., 2017). The initial
reduction of V occurs under low oxygen conditions and is not dependent
upon the presence of sulfide, and thus has been used to potentially
indicate changes in local/global anoxia when paired with other proxies
that can track sulfidic conditions (Owens et al., 2016; Kozik et al., 2023).

Manganese (Mn) shows opposite behavior under reducing conditions
compared to Mo and V. Under oxic conditions, dissolved Mn(II) is
oxidized to form insoluble Mn(IILIV) oxyhydroxides that serve as
important carriers for other trace metals through scavenging processes
(Calvert and Pedersen, 1996). Under reducing conditions, Mn-
oxyhydroxides become unstable and dissolve, releasing both Mn and
the scavenged trace metals back into solution. Because Mn-oxide min-
erals require oxygen for formation, they cannot be preserved under
anoxic or euxinic conditions, leading to Mn depletion in sediments
deposited under reducing conditions (Tribovillard et al., 2006). The
transformation between oxidized and reduced forms is particularly
sensitive to oxygen availability — Mn(III/IV) rapidly converts to Mn?*
when oxygen concentrations decline (Rue et al., 1997; Algeo and May-
nard, 2008). Therefore, sedimentary Mn concentrations above average
crustal values of 850 ppm typically indicate more oxidizing depositional
environments (Turgeon and Brumsack, 2006; Boyer et al., 2011).
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3. Materials and methods

A total of 84 samples were collected: 27 from the Abbott River sec-
tion, 24 from the Twilight Creek section, and 33 from the Priekule-20
core. Stratigraphic intervals with notable diagenetic alteration (i.e.,
recrystallization, pyritization, or iron oxide staining) were avoided
while sampling. All samples were cleaned three times with ultra-pure
water (deionized, distilled; 18.2 MQ) in an ultrasonic bath to remove
weathered portions and surficial contaminants. Subsequently, approxi-
mately 5-10 g of each sample were powdered using an agate mortar and
pestle and splits of each sample were used for the following analyses.

3.1. Carbon isotopes

For the Priekule-20 core, each sample (approximately 0.5 g of
powder) was treated with 6 N HCI to eliminate carbonate minerals. The
samples underwent three cycles of acidification and rinsing with ultra-
pure water (18.2 MQ), followed by overnight drying at 70 °C. The
dried residues were homogenized and encapsulated in tin for isotopic
analysis. The 613Corg measurements were performed using an elemental
analyzer (Carlo Erba) interfaced with an isotope ratio mass spectrometer
(ThermoFinnigan Delta Plus XP) via a Conflo III system at the National
High Magnetic Field Laboratory, Florida State University (NHMFL-FSU).
Data calibration and sample precision were monitored through regular
analysis of laboratory standards, which are calibrated against Interna-
tional Atomic Energy Agency (IAEA) standards. Results are expressed in
standard delta-notation (8) as per mill (%o) relative to Vienna Pee Dee
Belemnite (VPDB). The organic carbon isotope standards used at
NHMFL-FSU included Acetanilide (5'3C = —29.2 %o), Urea-2 (§'°C =
—8.3 %o), and WYSTD (5'3C = —12.7 %o). The analytical precision for
613Corg and %C was +0.2 %o and + 0.7 % (10) or better, respectively.
Total organic carbon (TOC) content was determined by comparing CO%*
ion beam intensities (masses 44, 45, and 46) between unknown samples
and the gravimetric standard acetanilide analyzed in the same sequence.
The uncertainty for TOC measurements was less than +5 %.

3.2. Pyrite extraction and sulfur isotope analyses

Pyrite sulfur was extracted from all samples using a modified version
of the chromium reducible sulfur extraction method described by
(Briichert and Pratt, 1996). For each sample, 0.5-2.0 g of powdered
sample was placed in a glass extraction vessel and reacted with a solu-
tion containing 70 mL of 12 M HCl and 30 mL of 1.0 M CrCly. This
mixture was heated and stirred continuously for 2-3 h. The resultant
H»S gas was first carried via Na(g) through a 0.1 M sodium citrate so-
lution (pH 4), then through a 0.1 M AgNOs solution to form AgsS pre-
cipitate. This precipitate was collected by filtration, washed with
ultrapure water (18.2 MQ), dried, and weighed to determine concen-
tration. The mass of Ag,S precipitate was used to calculate the weight
percentage of pyrite in the sample, assuming complete conversion of
FeS; to Ag»S. These data were then used to derive the pyrite iron content
(Fepyy). Isotopic analysis of pyrite sulfur was performed using an
elemental analyzer (Thermo-Isolink) coupled to an isotope ratio mass
spectrometer (Thermo Delta V Plus) via a Dual Inlet system. Calibration
and precision were assessed using laboratory standards referenced to
IAEA standards. Results are reported in delta notation (8) as per mill (%o)
relative to Vienna Canyon Diablo Troilite (VCDT). The sulfur isotope
standards used at NHMFL-FSU included IAEA S-3 (5**S = —32.3 %),
PQM2 (—16.0 %o), ERE AgsS (—4.7 %0), EMR-CP (0.9 %o), SWP (20.7 %),
and PQB-D (40.5 %o). The analytical precision for 834Spyr measurements
was +0.2 %o or better.
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3.3. Iron speciation

Iron speciation analysis was conducted on all samples used for pyrite
isotope measurements, following the methodology described by
(Poulton and Canfield, 2005). For each sample, approximately 0.1 g of
powder was placed in a clean 15 mL centrifuge tube. The sequential
extraction process involved three main steps. First, carbonate-associated
iron (Fecarp) Was extracted using 10 mL of 1.0 M sodium acetate (pH 4.5)
for 48 h of continuous shaking. Following this, iron from oxides and
oxyhydroxides (Fe,x) was extracted using 10 mL of 0.29 M sodium
dithionite (pH 4.8, buffered with 0.35 M acetic acid and sodium citrate)
for 2 h of constant shaking. Finally, magnetite-associated iron (Fepag)
was extracted using a mixture of 0.2 M ammonium oxalate and 0.17 M
oxalic acid (pH 3.2, adjusted with ammonium hydroxide) for 6 h of
continuous shaking. After each extraction step, samples were centri-
fuged, and the supernatant was collected for analysis.

Samples were rinsed with ultrapure water (18.2 MQ resistivity),
centrifuged, and decanted between extractions. The extracted solutions
were diluted with 2 % ultrapure HNO3 and analyzed for iron concen-
trations using an Agilent 7500cs inductively-coupled plasma mass
spectrometer (ICP-MS) at the National High Magnetic Field Laboratory,
Florida State University (NHMFL-FSU) and Agilent 7900 Quadrupole
ICP-MS at the University of California-Riverside. The total highly
reactive iron (Feyr) was calculated as the sum of all extracted iron
species: Feyr = Fecarb + Feox + Femag + Fepyr, where Fepyr represents
pyrite-associated iron determined in previous analyses.

3.4. Trace metals

Trace metal concentrations were determined for the same sample set
previously analyzed for iron speciation and pyrite isotopes. The
analytical process began with approximately 100 mg of each sample
being weighed into ceramic crucibles and heated to 500 °C for ~15 h to
eliminate volatile and reactive organic matter in the samples. The
resulting residues were then transferred to Savillex beakers for multi-
acid digestion. Following this, the samples underwent a series of treat-
ments with ultra-pure acids and oxidizing agents, including HNOs, HCI,
HF, and hydrogen peroxide. Each treatment involved a reaction period
of 24-48 h at elevated temperatures (120-180 °C), with complete drying
between each acid addition. After achieving total dissolution, the sam-
ples were dried once more and reconstituted in a 2 % HNOs solution.
Trace metal analyses were performed using an Agilent 7500cs ICP-MS
and a Thermo Element 2 instrument at the NHMFL-FSU. To ensure
analytical accuracy, USGS standards SDO-1, SCO-1, and SGR-1 were
processed and analyzed alongside the samples. The trace metal con-
centrations are reported in parts per million (ppm), with an analytical
precision of +5 % or better for Mo, V, Fe, and Mn.

We have also calculated enrichment factors, from our determined
trace metal concentrations (described above), to assess authigenic en-
richments of given redox sensitive trace metals with varying upper
continental crust concentrations, by normalizing a given trace metal to
aluminum. This method, adapted from (Algeo and Tribovillard, 2009)
approach, is expressed as: Xgr = [(X/ADsample/(X/ADpaas]. In this
equation, Xgr represents the enrichment factor for a specific redox
sensitive metal, where X is the concentration of that metal and Al is the
concentration of aluminum. We then standardize these sample concen-
trations against the Post-Archean Australian Shale (PAAS) composition,
as defined by (Taylor and McLennan, 1995). Enrichment factors
exceeding 3 are interpreted as indicative of detectable trace metal
enrichment above crustal values, while factors surpassing 10 signify
substantial sedimentary enrichment (Algeo and Tribovillard, 2009). In
addition to absolute concentrations, we also report carbonate-corrected
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trace metal concentrations to account for potential dilution effects in
carbonate-rich samples. However, the carbonate-correction does not
substantially alter the overall stratigraphic trends in the absolute trace
metal data.

4. Results
4.1. Abbott River section

The Mulde CIE was first identified within the Cape Phillips Forma-
tion, by Noble et al. (2005, 2012) at the Abbott River section. This
outcrop is interpreted to have been deposited closer to the basin margin,
where it spans from just prior to the C. lundgreni Event through the
C. praedeubeli-C. deubeli biozones and is characterized by a dual-peaked
positive excursion, with the first peak reaching +3.4 %o magnitude shift,
and the second peak following shortly after (Fig. 2A). Pyrite sulfur
isotope (634Spyr) values fluctuate around 26 %o, reaching approximately
36 %o during the first peak of the Mulde CIE. Subsequently, 634Spyr
values decrease slightly to ~30 %o and then increase again to approxi-
mately 40 %o prior to the second peak of the Mulde CIE. Following this,
634Spyr values show some variability but generally are lowered to values
near 25 %o (Fig. 2C). Pyrite content is generally below 1 wt%, ranging
from near zero to 1.2 wt%, with an average of 0.4 wt% (Fig. 2D).

Iron speciation (Feyg/Fer) for Abbott River are predominantly above
0.38, the threshold for anoxic bottom waters, with only two samples
falling below this threshold and one sample below 0.22 (Fig. 3A). Fepy,/
Feyp ratios for all samples except one are below 0.6, within the threshold
for ferruginous bottom waters (Fig. 3B). Fer/Al ratios are mostly below
0.55 + 0.11, the Phanerozoic average shale value (Raiswell et al., 2018),
during the C. lundgreni biozone but after the extinction horizon showing
higher values through the C. praedeubeli — C. deubeli biozone but
decreased through the L. progenitor biozone of the Gorstian (Fig. 3C).
Carbonate-corrected trace metal concentrations show the following
distributions: Mn (Mn¢c) averages 505 ppm (range: 217-1732 ppm)
(Fig. 3D), V (V¢c) averages 339.6 ppm (range: 56.2-1311.2 ppm)
(Fig. 3E), and Mo (Mocc) averages 25 ppm (range: 5-85 ppm) (Fig. 3F).
Vanadium concentrations display a distinct stratigraphic pattern,
beginning at moderate levels of ~300-400 ppm in the C. lundgreni
biozone, then showing significant enrichment up to 1311 ppm coin-
ciding with the early phase of the lundgreni extinction event. These
elevated V concentrations then decrease markedly through the first peak
of the Mulde CIE, dropping to values closer to 56 ppm. Molybdenum
exhibits a parallel trend, with concentrations increasing to maximum
values of about 85 ppm during the early extinction interval, followed by
a notable decrease to approximately 5-10 ppm during the peak of the
Mulde CIE. TOC normalized values of Mo predominantly follow the
trends of Mocc concentrations with the highest value of 107 ppm at the
end of the C. lundgreni biozone (extinction event interval) (Fig. 3F).

4.2. Twilight Creek Section

The Mulde CIE has also been documented in the more distal setting of
the Twilight Creek section (Fig. 4) (Noble et al., 2012). Pyrite sulfur
isotope (634Spyr) values exhibit some variability throughout the upper
Sheinwoodian, with average values being around 28 %o. At the end of the
lower Homerian, values are approximately 25 %o, increasing to around
31 %o at the lower/upper Homerian boundary (coincident with the first
peak of the Mulde CIE). 634Spyr values then show a decreasing trend
before the early Gorstian, where they increase again to approximately
32 %o before decreasing (Fig. 4C). Pyrite content is consistently below 1
wt%, ranging from near zero to 0.7 wt%, with an average of 0.2 wt%
(Fig. 4D).
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Fe speciation data show Feygr/Fer ratios exceeding 0.38 for all Carbonate-corrected trace element concentrations show the
samples except one, above the anoxic threshold, from the upper Shein- following distributions: Mn concentrations were low, averaging 551.7
woodian which falls within the possibly anoxic interval of 0.38 to 0.22 ppm (range: 112.3-2640.6 ppm) (Fig. 5D); V concentrations were high,
(Fig. 5A). Fepy/Fepr ratios predominantly fall below 0.6, falling within averaging 460.3 ppm (range: 134.2-1390.6 ppm) (Fig. 5E); and Mo

the ferruginous range, with some Sheinwoodian samples ranging be- concentrations were elevated, averaging 31.4 ppm (range: 5.2-180.3
tween 0.6 and 0.8 within the possibly euxinic range (Fig. 5B). Fer/Al ppm) (Fig. 5F). Vanadium concentrations exhibit a pronounced strati-
ratios are predominantly close to the Phanerozoic average shale value graphic trend, beginning at relatively high levels around 600-700 ppm
near 0.55 + 0.11. Interestingly coincident with the first peak of the in the Sheinwoodian, then progressively increasing to reach peak en-
Mulde CIE two Fep/Al values rise significantly above 0.55, in addition to richments of approximately 1391 ppm just before the lundgreni extinc-
a few points within the Gorstian part of the section (Fig. 5C). tion interval. Following this maximum enrichment, V concentrations
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decrease substantially through the first peak of the Mulde CIE, declining
to values around 134 ppm in the upper Homerian. Molybdenum dem-
onstrates a similar pattern through this interval, with concentrations
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increasing to about 40-50 ppm leading into the extinction event, fol-
lowed by a marked decrease to approximately 5 ppm during the Mulde
CIE interval. Both elements show some enrichment in the early Gorstian,
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Fig. 7. Iron speciation and trace metal data from the Priekule-20 core. A) Ratios of highly reactive iron to total iron (Feygr/Fer). B) Ratios of pyrite iron to highly
reactive iron (Fepy,/Fepg). C) Total iron to aluminum ratios (Fer/Al). D-F) Absolute and carbonate-corrected concentrations of manganese (Mn), vanadium (V), and
molybdenum (Mo), respectively, as well as enrichment factors (EF) for V and Mo. The orange bar marks the interval corresponding to the Mulde/Iundgreni extinction
horizon. UCC = upper continental crust; CC = carbonate-corrected. The black arrow indicates isolated data points discussed in the text.
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with V reaching around 800 ppm and Mo showing elevated values,
before returning to lower concentrations. TOC normalized values of Mo
track the trends of Moc¢ concentrations with peaks of 65 during the first
peak of the Mulde CIE and within the Gorstian (Fig. 5F).

4.3. Priekule-20 core

The Mulde CIE recorded within the Priekule-20 core exhibits the
double-peaked pattern recorded in other sections globally, with the first
peak in 613C0rg having a maximum magnitude of +3.65 %o. The first
peak occurs after the Cyrtograptus lundgreni and Gothograptus nas-
sa—Colonograptus ludensis graptolite biozone boundary (coinciding with
the Riga and Siesartis formational boundary), while the second peak is
within the G. nassa-C. ludensis biozone (Fig. 6A). Total organic carbon
(TOC) content averages 1.1 wt%, ranging from 0.5 to 1.7 wt% (Fig. 6B).
Pyrite sulfur isotope (634Spyr) values fluctuate around —22 %o in the
C. lundgreni biozone, then abruptly increase across the C. lundgreni and
G. nassa-C. ludensis graptolite biozones boundary, reaching +3.4 %o at
the peak of the CIE (early G. nassa-C. ludensis biozones). Subsequently,
values decrease and fluctuate between —20 %o and — 10 %o, with an
exception of a positive value of 0.5 %o at the Siesartis and Dubysa For-
mations boundary (Fig. 6C). Pyrite content is uniformly low, ranging
from 0.03 to 0.2 wt%, with an average of 0.1 wt% (Fig. 6D).

Fe speciation data show Feyr/Fer ratios below 0.22 for all samples in
the C. lundgreni graptolite biozone, within the oxic range. Values range
between 0.22 and 0.38, within the possibly anoxic range, from the lower
part of the G. nassa-C. ludensis biozones (first peak of the Mulde CIE)
through the lower part of the Siesartis Formation. For the remainder of
the section, most of the Feyr/Fer values fluctuate near 0.22 (Fig. 7A).
Fepyr/Fepr ratios for most samples range between 0.6 and 0.8, within the
possibly euxinic bottom waters range, with a few samples below 0.6 and
one approximately 0.8 (Fig. 7B). Fer/Al ratios ranged from 0.46 to 0.69.
However, Fer/Al ratios were elevated above the Phanerozoic average
shale value of 0.55 within the Mulde CIE interval (Fig. 7C).

Carbonate-corrected trace element concentrations show the
following distributions: Mn concentrations were low, averaging 325.2
ppm (range: 95.8-1295.8 ppm) (Fig. 7D); V concentrations were
modestly elevated, averaging 198.6 ppm (range: 70.6-308.6 ppm)
(Fig. 7E); and Mo concentrations were low, averaging 9.1 ppm (range:
5.3-15.5 ppm) (Fig. 7F). Vanadium concentrations show modest en-
richments beyond UCC values, around 250-300 ppm in the C. lundgreni
biozone, then increasing to reach maximum enrichments of approxi-
mately 308.6 ppm near the lundgreni extinction horizon and the
boundary between the Riga and Siesartis Formations. Following this
enrichment, V concentrations decline notably through the first peak of
the Mulde CIE, dropping to values around 100 ppm in the G. nassa-C.
ludensis graptolite biozones. Molybdenum exhibits a similar temporal
trend, albeit with more modest absolute values, increasing from baseline
values of around 8-10 ppm to reach enrichments of ~16 ppm leading
into the extinction interval, followed by a decrease to approximately
6-7 ppm during the Mulde CIE, with a subtle recovery to values of 8-10
ppm afterward. Both V and Mo maintain relatively stable concentrations
through the remainder of the studied interval, with only minor fluctu-
ations in the upper part of the core succession. TOC normalized values of
Mo range from 4 to 14 and broadly track the trends in Mocc data.

5. Discussion

Although the majority of our samples are fine-grained siliciclastic
shales, some intervals display elevated carbonate contents. Following
(Clarkson et al., 2014), we applied a minimum threshold of >0.5 wt%
total Fe to ensure reliable redox interpretations in these carbonate-rich
samples. Almost all of our samples exceeded the Fe threshold, with only
three exceptions. We have identified coincident positive excursions in
both 613C0rg and 634Spyr records from all three successions, indicating
that in both of these marine basins recorded evidence of enhanced burial
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of pyrite and organic matter during the first peak of the Mulde CIE.
Changes in sedimentary 634Spyr values are interpreted to reflect local
sulfur cycling changes or possibly reflect early-stage diagenetic pro-
cesses (Pasquier et al., 2017). 634Spyr values can be influenced by several
local factors such as sedimentation rates, types of organic matter, and
local oxygen penetration depths (Gomes and Hurtgen, 2015), and it is
very unlikely that these disparate basins would have the same deposi-
tional and post-depositional histories, given the differences in hydro-
graphic settings and respective continental margins (Panthalassic vs.
Rheic oceans). Therefore, the similar trends in 613C0rg and 634Spyr (i.e.,
nearly coincident positive shifts) suggest that both of these records could
reflect changes in the global pyrite and organic carbon burial rates,
rather than local processes. Even though we cannot rule out diagenetic
processes and local influences entirely, these processes seem minimal as
secondary factors (amplifying or dampening magnitudes) and thus we
evaluate our paleoredox proxy datasets as being mostly reflective of
primary seawater conditions. Here we will first discuss our iron
geochemistry, sulfur isotopes, and trace metal concentrations within the
context of local paleoredox conditions within the Franklinian shelf and
Baltoscandian paleobasin, respectively. Subsequently, with local pale-
oredox conditions constrained in both paleobasins, we then interpret
changes in V, Mo, and U concentrations and 63481,},r to possibly reflect
changes within the global extent of reducing conditions in mid-Silurian
oceans. Finally, these combined local, and possibly global, perspectives
on marine (de)oxygenation will be linked to well-established mid-Silu-
rian biodiversity trends.

5.1. Local redox conditions in the deep shelf/slope of northern Laurentia

Iron speciation indicates that at both northern Laurentian sections
(Abbott River and Twilight Creek; Figs. 3 and 5) there were persistently
reducing marine bottom water conditions, with almost all Feyg/Fer
values above the 0.38 anoxic threshold. Most of the Fepy,/Feyr values
from both Laurentian sections are below the 0.6 threshold for possibly
euxinic conditions, and when taken together with the corresponding
Feygr/Fer data we can interpret this portion of the Franklinian deep
shelf/slope had persistently ferruginous-anoxic bottom waters
throughout this interval of the mid-Silurian. Fe/Al ratios in the Abbott
River section are generally close to the Phanerozoic average shale values
(Fer/Al = 0.55 + 0.11; Raiswell et al., 2018) before the extinction ho-
rizon, indicating a predominantly detrital Fe source with limited redox-
driven Fe mobilization. Some variability is observed in the Fe/Al data
with lower values (Fer/Al <0.55 + 0.11) possibly reflecting higher
sedimentation rates, which can suppress Fe enrichment by diluting Fe
accumulations in the sediment (Raiswell et al., 2018). During the Mulde
CIE, Fer/Al values are mostly enriched beyond the Phanerozoic average
shale (Fer/Al >0.55 + 0.11), suggesting benthic Fe shuttling and Fe
remobilization under reducing conditions (Hardisty et al., 2018). These
trends point to periodic Fe transport and redeposition, likely driven by
fluctuating redox conditions rather than changes in detrital input. In the
Twilight Creek section, Fer/Al values remain close to Phanerozoic
average shale values for much of the interval, but show similar enrich-
ments within the Mulde CIE, as seen in Abbott River section, suggesting
localized Fe mobilization and redox-driven Fe cycling (Hardisty et al.,
2018). However, the higher Fer/Al values during the Mulde CIE likely
indicates some benthic Fe shuttling processes, where enhanced Fe
redeposition occurred reflecting an active iron shuttle in the basin at this
time (Raiswell et al., 2018). These patterns further support our corre-
sponding iron speciation data of persistently ferruginous conditions,
with Fe cycling playing a key role in local geochemical trends.

Manganese (Mn) concentrations of analyzed samples from the
Abbott River and Twilight Creek sections exhibit values below the
average Mn concentration of modern oxic sediments (~850 ppmy;
(Morford and Emerson, 1999). Even after carbonate correction, only a
limited number of samples exceed this threshold (Figs. 3 and 5), broadly
supporting the Fe speciation data that indicate locally reducing
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conditions (Boyer et al., 2011). Vanadium (V) concentrations show a
distinct stratigraphic pattern in both sections, beginning at moderate
levels of ~300-400 ppm in the C. lundgreni Zone, then showing signif-
icant enrichment up to 1311 ppm (Abbott River) and 1391 ppm (Twi-
light Creek) coinciding with the early phase of the lundgreni extinction
event. These elevated V concentrations then decrease markedly through
the first peak of the Mulde CIE, dropping to values closer to upper
continental crust levels (UCC, 97 ppm) in both sections. Vanadium re-
quires local water columns to be suboxic to anoxic to become enriched
within the sediments, but not necessarily euxinic conditions (Algeo and
Maynard, 2004; Owens et al., 2016, 2017). In severely reducing con-
ditions (e.g., euxinic bottom waters) V can be enriched to concentrations
of many hundreds to thousands of ppm (Young et al., 2020; Bowman
et al., 2021; Kozik et al., 2023). This pattern of initial enrichment fol-
lowed by depletion suggests significant changes in local redox condi-
tions — from strongly reducing environments that enabled substantial V
accumulation in sediments prior to and during the early extinction in-
terval, to conditions that limited V sequestration during the first peak of
the CIE.

Molybdenum concentrations exhibit similar trends to V in both
sections, increasing to ~40-50 ppm at Twilight Creek and ~ 85 ppm at
Abbott River during the early extinction interval, followed by a notable
decrease to ~5-10 ppm during the first peak of the Mulde CIE. The
moderate Mo enrichments (20-40 ppm) throughout most of both sec-
tions suggest at least sulfidic pore waters underlying anoxic bottom
waters. However, it is possible that some intervals of intermittent water
column euxinia existed (Scott and Lyons, 2012; Hardisty et al., 2018).
Given the local redox conditions were stable, based on the Fe speciation
and [Mn], the subsequent decrease in Mo concentrations could be
indicative of a drawdown in the oceanic Mo reservoir due to globally
extensive reducing/euxinic conditions can lead to a global depletion of
dissolved Mo (Algeo, 2004; Owens et al., 2016). Alternatively, this could
reflect a local change in the bottom water redox conditions from
strongly reducing to reducing (e.g., non-sulfidic but still anoxic).

Cross-plots of U and Mo enrichment factors (Ugr vs Mogg) can pro-
vide valuable insights into paleoceanographic conditions, including
benthic redox states, the degree of basin restriction, and the evolution of
water mass chemistry during deposition (Algeo and Tribovillard, 2009)
(Fig. 8). Almost all of the samples at the Abbott River and Twilight Creek
sections record enrichment of >10 for both Ugr and Mogg with just a few
samples showing Ugr below 10 (Fig. 8), plotting mostly near the 0.3 x
seawater (SW) line. However, six samples record Mogg values above the
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1 x SW line indicating intervals of strongly reducing, possibly euxinic
conditions, potentially with an active particulate shuttle enhancing Mo
enrichment (Algeo and Tribovillard, 2009). The generally higher Mogg
values than Ugp, averages of 36 and 24, respectively, imply anoxic
conditions with Fe reduction zone within the water column, allowing for
additional enrichment of Mo and bolstering the interpretations of local
redox conditions from Fe speciation as predominantly ferruginous bot-
tom water conditions (Algeo and Tribovillard, 2009). The Mogp-Ugr
covariation pattern for both the Abbott River and Twilight Creek sec-
tions indicates variable redox from anoxic to possibly euxinic bottom
water conditions during deposition.

Mogg-Ugr cross-plots have also been used to interpret basin connec-
tivity through comparison of Mo/U molar ratios with those of open
seawater (c. 7.5-7.9; Algeo and Tribovillard, 2009). Additionally, [Mo]-
TOC cross-plots can be used to interpret basin connectivity by compar-
ison of Mo/TOC ratios with those of modern euxinic basins with varying
degrees of restriction to the open ocean (Algeo and Lyons, 2006). The
ratios for both Abbott River and Twilight Creek sections fall primarily
between 1x and 0.3x the molar ratio of seawater (Fig. 8), indicating
that these shales were likely deposited under predominantly anoxic
conditions as opposed to euxinic or suboxic. Importantly, the common
occurrence of open-marine pelagic graptolite and radiolarian faunas
(Noble et al., 2005, 2012) throughout these entire sections indicates
good exchange of open marine waters. The wide range of Mogg-Ugr
values and the Mo/TOC ratios (Fig. 8) from the northern Laurentia deep
shelf/slope that plot above the 1 x SW line to near the 0.3 x SW line
indicate redox variation from a largely open marine setting. In summary,
our iron and trace metal geochemistry indicate that shales from this
region of northern Laurentian were deposited under predominantly
ferruginous anoxic conditions in a largely open marine setting during
the mid-Homerian.

5.2. Local redox conditions in the deep shelf of Baltica

Iron speciation indicates that the succession from Baltica (Priekule-
20 core, Latvia) before and after the Mulde extinction event fall within
the oxic range of Fegr/Fer less than 0.22, and throughout the Mulde CIE
the Feygr/Fer values range between 0.22 and 0.38, interpreted as
possibly anoxic (Fig. 7). The corresponding Fepy/Fepr largely fall
within the “possibly euxinic” range (0.6 to 0.8). The Fer/Al ratios in the
Priekule-20 core are generally close to the Phanerozoic average shale
value (Fer/Al = 0.55 £ 0.11; Raiswell et al., 2018) before and after the
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Fig. 8. A) Cross-plot of uranium and molybdenum enrichment factors (Ugr vs. Mogg) from the Abbott River, Twilight Creek, and Priekule-20 core. Dashed lines
indicate Mo/U ratios between 7.5 and 7.9 and fractions of seawater (SW) adapted from Algeo and Tribovillard (2009). B) Cross-plot of molybdenum (Mo) versus total
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Mulde CIE, suggesting a predominantly detrital Fe source with minimal
enrichment. During the Mulde CIE, Fep/Al values show significant en-
richments beyond the Phanerozoic average indicating benthic Fe shut-
tling and Fe remobilization under reducing conditions (Hardisty et al.,
2018). These coincident Fe enrichments with higher carbon isotope
values of the Mulde CIE, suggest a link between enhanced Fe cycling and
fluctuating local paleoredox shifts associated with this global carbon
cycle perturbation.

Manganese (Mn) concentrations in the Priekule-20 core are consis-
tently low throughout the study interval, most values are <400 ppm,
with a few data points near >750 ppm (Fig. 7D). The consistently low
Mn values, are well below average oxic sediment levels (850 ppm),
indicating persistent reducing conditions (e.g., Mn-reduction) and low
oxygen availability in this part of the basin. When the persistently low
[Mn] are combined with the Fe speciation data suggesting variable
redox conditions ranging from possibly oxic to ferruginous throughout
the Mulde CIE interval, the most parsimonious interpretation is that
bottom waters were reducing throughout but oscillated from being
within the Mn-reduction to Fe-reduction portions of the redox ladder.
Vanadium concentrations are only modestly enriched beyond UCC
values, at ~250-300 ppm in the C. lundgreni biozone, reach maximum
enrichments of approximately 309 ppm within the extinction horizon,
near the boundary between the Riga and Siesartis formations. Subse-
quently, V decline notably through the first peak of the Mulde CIE,
dropping to values around 100 ppm in the G. nassa—C. ludensis graptolite
biozones. Trends within molybdenum concentrations exhibit a similar
pattern to V enrichments in the Priekule-20 core, albeit with only minor
to moderate enrichments beyond UCC values, increasing from baseline
values of around 8-10 ppm to reach maximum enrichments of 16 ppm
within the extinction interval, followed by a decrease to approximately
6-7 ppm during the Mulde CIE, with a subtle recovery to minor-mo-
derate enrichments ~10 ppm afterward. The Mo values are much less
enriched compared to the Arctic Canada sections, but interestingly a
similar pattern of enrichment and drawdown is observed both in the
Priekule-20 core and the Arctic Canada sections. The overall minor en-
richments of Mo throughout the Priekule-20 core suggests this deeper
shelf setting did not experience significantly reducing conditions (i.e.,
euxinic conditions) within the bottom waters, but there may have been
some intervals of sulfidic conditions that developed only within the
sediment porewaters of this part of the basin.

Based upon the calculated values for U and Mo enrichment factors,
uranium shows significant enrichments compared to molybdenum
throughout these mudstones of the Priekule-20 core. The Ugp values
range from 28.51 to 102.6, with an average of 44.4, and Mogg values
ranged from 3.5 to 12.4, with an average of 7.1 (Fig. 8). All samples plot
below the 0.1 x SW line, indicating predominantly suboxic to anoxic
bottom water conditions during deposition. This trend reflects prefer-
ential enrichment of U over Mo, likely due to U reduction occurring
before significant Mo accumulation. The extremely low Mo/U ratios
suggest suboxic to anoxic conditions with minimal sulfide availability or
Mo depletion in the water column, likely indicating basin restriction
(Algeo and Tribovillard, 2009). These Mogg-Ugr cross-plot and [Mo]-
TOC cross-plot patterns (Fig. 8) are consistent with a moderately
restricted basin setting characterized by suboxic to anoxic, but not
euxinic, bottom waters. In summary, our iron and trace metal
geochemistry indicate that shales from this region of Baltica were
deposited under suboxic conditions prior to and after the Mulde CIE
interval and ferruginous anoxic conditions during the Mulde CIE in a
moderately restricted marine setting during the mid-Homerian. The
shifts within the iron speciation data combined with variable trace metal
concentrations suggest an expansion then contraction of an oxygen
minimum zone (OMZ) in the deep shelf of the Baltic Basin during this
interval of the Silurian. Interestingly, iron- and trace element-
geochemistry have indicated an OMZ expansion followed by contrac-
tion within this same basinal setting during the late Silurian Lau/
kozlowskii event (Bowman et al., 2021).
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5.3. Implications for Homerian global redox conditions

This study provides the first shale-based redox proxy data spanning
the Homerian Stage and the Mulde/lundgreni extinction event and
associated CIE. The parallel positive 613Corg and 634Spyr excursions
recorded from the Abbott River, Twilight Creek, and Priekule-20 core
sections indicate enhanced burial of reduced carbon and sulfur as
organic matter, pyrite, and organic sulfur compounds under anoxic to
euxinic marine bottom waters (e.g., Gill et al., 2011). The Laurentian
sections record a + 15 %o to +6 %o magnitude shift in 634Spyr (Abbott
River and Twilight Creek, respectively), while the Priekule-20 core re-
cords a + 25 %o magnitude shift. The variations in both baseline values
and excursion magnitudes of 634513},r reflect distinct characteristics of
each depositional setting with regards to microbial sulfur cycling (e.g.,
local organic matter sources, local redox conditions, iron availability)
(Gomes and Hurtgen, 2015). However, the striking synchronicity of
these positive shifts across geographically separated regions points to a
broader global signal overprinting these local effects. The parallel pos-
itive excursions in both 613C0rg and i“)g“Spyr across all studied sections
indicate enhanced burial of reduced carbon and sulfur as organic matter
and pyrite during this interval, suggesting widespread expansion of
reducing conditions in the global oceans. When our Homerian 613C0rg
and 634Spyr excursion records are interpreted with Fe speciation and
trace metal datasets they are consistent with a transient increase in
global burial rates of reduced carbon and sulfur species.

Trace metal concentrations (i.e., V, U, Mo) can elucidate key aspects
of global ocean chemistry through time, including redox state, trace
metal availability, and fluctuations in marine reservoir size. Interest-
ingly the strongest enrichments are found within our V records, with Mo
data recording only minor enrichments but still exhibiting similar pat-
terns enrichment to vanadium (Figs. 3, 5, 7). The remarkably coincident
nature of the trends in trace metal datasets, recording two distinct in-
tervals of enrichment followed by declining concentrations in all three
sections from two different ocean basins, argues against purely local
factors (e.g., changes in local redox, changes in hydrographic connec-
tivity) driving these trends. Importantly, recently published trace metal
records from the Prague Basin (peri-Gondwana terrane; Perunica) show
the same temporal pattern of initial enrichment followed by drawdown
(Fryda and Frydova, 2025), further supporting the interpretation that
these patterns reflect global changes in seawater inventories of these
trace metals. The overall lower trace metal concentrations from the deep
shelf of Baltica as compared to the deep shelf/slope setting of northern
Laurentia reflect local/basin scale marine redox differences, however
the coincident trends in trace metal datasets are still recorded in all
successions. Collectively, when all of these Homerian trace metal data-
sets from three different paleocean basins are combined they strongly
suggest a fluctuations in the global marine inventories of these trace
metals during this interval of the mid-Silurian. The initial trace metal
enrichments (V, Mo) in the early Homerian followed by drawdown into
the first peak of the Mulde CIE, initially reflect a sufficiently large global
reservoir of these elements to allow for such local enrichments but
subsequently these reservoirs became drawn down at a global scale
coinciding with the interval of extinction. This interpretation suggests
that throughout this interval of the early Homerian anoxic marine
conditions became more widespread or sufficiently reducing (i.e.,
euxinic) at global scales to induce a reservoir drawdown (Lyons et al.,
2009; Reinhard et al., 2013; Owens et al., 2016; Kozik et al., 2023).
Following the first peak of the Mulde CIE trace metal records from all
sections record enrichments beyond UCC values in the mid-Homerian
(Fig. 9), suggesting redox conditions within the oceans became less
reducing and/or the extent of anoxic bottom waters contracted to allow
for trace metal inventories to increase enough for local enrichments
again. This second interval of trace metal enrichment was followed by
another interval of drawdown that corresponds to the second peak of the
Mulde CIE suggesting a second interval of expanded anoxic marine
conditions in the late Homerian.
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Dramatic declines in trace metal concentrations have been associ-
ated with Late Cretaceous OAE2 with V being drawn down prior to the
CIE and Mo drawdown coincident with the CIE (Owens et al., 2016,
2017). Of note, model estimates suggest that only 3 to 7 % of the seafloor
experienced very reducing (i.e., euxinic) conditions during OAE2. Thus,
global ocean-scale reducing conditions are not necessary for these trace
metal drawdown events (Owens et al., 2016; Dickson et al., 2017),
although a greater extent of reducing conditions is required if there is
less euxinia globally. While local redox conditions in our study areas do
not indicate stable oxic conditions prior to the Mulde CIE, our data
indicate, at the very least, two marine regions of expansion of reducing
conditions followed by a modest contraction of those reducing marine
bottom waters. This pattern of expansion of marine reducing conditions
has been recently documented for two Silurian extinction events and
associated CIEs (Young et al., 2020; Allman et al., 2024), for the late
Cambrian SPICE and associated biomere extinction (Gill et al., 2021),
and the Late Ordovician mass extinction and CIE (Zou et al., 2018). In
order to confidently attribute our Homerian trace metal patterns of two
successive intervals of enrichment-drawdown to either global changes
in marine inventories or local basinal factors related to eustatic sea level
and open ocean connectivity, further studies at higher resolution sam-
pling are required from sites that are persistently euxinic before, during,
and after the Mulde CIE.

5.4. Biotic response (Mulde/lundgreni event) to widespread anoxia

Global palaeobiological records throughout the upper Wenlock
(Homerian Stage) document a major marine extinction in the mid-
Silurian oceans, with a loss of as many as 95 % of graptolite species in
some regions (Storch, 1995; Lenz et al., 2006; Cooper et al., 2012). The
‘lundgreni Event’, while it was the most severe for graptolites, also
significantly impacted other planktonic marine groups. Other major
phytoplankton and zooplankton groups showed significant reductions in
biodiversity, with ~50 % loss of acritarchs, prasinophytes, and ~ 75 %
loss of radiolarians (Kaljo et al., 1996; Porebska et al., 2004). Based on
chitinozoan records from Baltica, this marine microfossil group also
experienced a rapid decline in this interval, with the highest extinction
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and turnover rates per million year through the entire Ordovician and
Silurian (Hints et al., 2018). Conodonts, on the other hand experienced a
more modest extinction, the ‘Mulde Event’, that was stepwise with 3
separate extinction horizons (Jeppsson and Calner, 2002; Jeppsson and
Calner, 2002; Porebska et al., 2004; Calner et al., 2006). The extinction
event also impacted trilobites, resulting in the global disappearance of
multiple genera (Adrain and Edgecombe, 1997). These biotic records
have been well integrated with 5'3C records from Perunica, Baltica, and
Laurentia (Cramer et al., 2012; Manda et al., 2019; Biebesheimer et al.,
2021). Our new data when combined with these previous observations
indicate that these marine groups were most likely affected by the same
event that caused the perturbations to the global carbon cycle and trace
metal inventories. A major biogeochemical perturbation occurred dur-
ing this time interval and is possibly linked to major climatic feedbacks.

Silurian paleobiological records clearly show major marine faunal
turnovers occurred in the mid-Homerian coincident with positive shifts
in 6!3C and 634Spyr records (Fig. 9). The first peak of the Mulde CIE is
associated with increased reducing conditions in marine settings under
which carbon and sulfur burial rates likely increased. Marine taxa from
planktonic/nektonic to hemipelagic marine groups were specifically
most affected in this extinction event, with shallow water sessile
epifaunal groups only very marginally impacted. This pattern of
extinction broadly coincides with a sea-level drop in the mid-Homerian
(Danielsen et al., 2019; Manda et al., 2019) and new geochemical evi-
dence presented here of widespread reducing conditions in these deeper
marine settings. Specifically, trace metal data (V, U, Mo) from three
different paleocean basins suggest more oxic bottom waters globally,
largely predating the extinction event and Mulde CIE as eustatic sea
level began to drop. Shale redox proxies from multiple global locations
(trace metal drawdowns, positive 634Spyr) suggest expansion of local and
possibly global anoxia during the extinction interval, as sea level was at
its lowest and then began to rise during the first peak of the Mulde CIE.
Marine biodiversity levels began to recover after the first peak of the
Mulde CIE (e.g., Cramer et al., 2012), and trace metal records (V, Mo
enrichments) suggest that the extent of the anoxic seafloor contracted
while sea level was at a highstand. Shale proxy records (trace metal
drawdowns) also indicate another interval of expansion of anoxia
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coincident with the second peak of the Mulde CIE and sea-level fall
(Fig. 9). Upon establishment of post-Mulde CIE baseline 5'3C values
during sea-level rise, the shale proxy records suggest redox conditions
within the global oceans became less reducing. Sequence stratigraphic
evidence for sea-level change and paleobiologic extinction-recovery
records, combined with this new geochemical evidence for vacillating
marine redox conditions, reinforces the role that anoxia was a potential
driver for Mulde/lundgreni extinction event (Fig. 9). The apparent con-
nections between sea level, redox conditions and extinction highlight
the important role that climate likely had in modulating the expansion
and contraction of reducing conditions in the mid-Silurian oceans. The
specific correlation of two episodes of sea level fall with new
geochemical evidence for expanded reducing conditions also can
potentially explain the double-peaked expression of the Mulde CIE.

In the context of other major Silurian biogeochemical events, this
mid-Homerian event records a distinctive two-phase pattern in trace
metal datasets: initial enrichment followed by a decrease in the
enrichment pattern suggests a drawdown during two distinct intervals
that coincide with the double-peaked nature of the Mulde CIE. This
contrasts with the late Ludlow Lau CIE, which exhibits a single trace
metal drawdown phase (Bowman et al., 2021; Allman et al., 2024),
suggesting different temporal dynamics in the expansion and contrac-
tion of reducing conditions between these Silurian events. Furthermore,
the taxonomic selectivity of the Mulde/lundgreni extinction differs
markedly from the Lau/kozlowskii extinction event (e.g., Noble et al.,
2012 and references therein). The Mulde/lundgreni extinction primarily
affected planktonic/hemipelagic taxa, and a more modest stepwise
extinction among conodonts, while other benthic taxa remained rela-
tively unaffected. In contrast, the Lau/kozlowskii extinction event
impacted a broader spectrum of marine taxa across diverse ecological
niches, causing significant extinctions in multiple groups including
conodonts, acritarchs, brachiopods, and vertebrates (e.g., Bowman
et al., 2019 and references therein). This pattern of selective extinction
during the Mulde/lundgreni extinction event, coupled with our vacil-
lating trace metal data, suggests a more temporally complex and
spatially restricted expansion of anoxic water masses that primarily
affected offshore mid-water dwelling organisms, rather than the more
widespread anoxia that affected deep to shallow water marine envi-
ronments during the Lau/kozlowskii Event. This pattern of redox-driven,
taxonomically selective extinction associated with sea-level drop also
differs from the late Llandovery-early Wenlock Ireviken extinction
event (e.g., Young et al., 2019 and references therein), where expanded
euxinia and sea-level rise have been linked to this marine biotic turnover
event.

Importantly, our results suggest that a specific combination of
environmental factors that include widespread reducing conditions in
offshore marine settings coincident with sea-level fall and potential
cooling (e.g., Trotter et al., 2016) led to this mid-Homerian extinction
event that primarily affected offshore mid-water dwelling organisms. As
shallow marine habitat space was reduced and OMZs expanded, these
reducing waters would have been largely confined to deep shelf/ upper
slope settings due to coincident sea-level fall (Fig. 9). In this scenario,
ferruginous and/or euxinic conditions would have expanded into
offshore mid-water depths and disproportionally affected planktonic/
hemipelagic taxa in deeper water settings that are thought to have been
more vulnerable to environmental changes (e.g., impacting graptolites;
Cooper et al., 2012; Crampton et al., 2016). A similar combination of
redox fluctuations, climate variability, and sea-level change has also
been implicated in the Late Ordovician Mass Extinction (Kozik et al.,
2022a, 2022b). Ultimately, more detailed paleoredox investigations
utilizing different proxies (698Mo, 6238U, £205T]) with different redox
sensitivities are needed to gain better insights into the role marine ox-
ygen played in this mid-Homerian event. Additionally, a more thorough
investigation and integration of sequence stratigraphy with silicate
weathering proxy and sea surface temperature proxy datasets is needed
to reconcile the apparent offsets between weathering, climate and sea
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level responses during this interval of the Silurian (e.g., Johnson, 2010;
Trotter et al., 2016; Sproson et al., 2022).

6. Conclusions

The multiproxy geochemical data from the Abbott River, Twilight
Creek, and Priekule-20 core sections provide new insights into marine
redox dynamics across the Mulde/lundgreni extinction event. Our 634Spyr
records show positive excursions that parallel the first peak of the Mulde
CIE, indicating increased pyrite burial under widespread reducing con-
ditions in the mid-Silurian oceans. Iron speciation data reveal basin-
specific redox conditions: persistent anoxic-ferruginous bottom waters
along the Laurentian margin contrasted with more variable redox con-
ditions within the Baltoscandian basin, that shifted from oxic to anoxic
bottom waters during the Mulde CIE. Trace metal concentrations show a
distinctive pattern across both paleocontinents — initial enrichment prior
to the extinction event followed by significant drawdown during the
extinction interval and rising limb of the first peak of the Mulde CIE,
suggesting a possibly global expansion of reducing seafloor environ-
ments. Subsequently, trace metal concentrations show another interval
of enrichment coinciding with the falling limb of the first peak of the
Mulde CIE and the biotic recovery interval. This is followed by a second
drawdown in trace metal concentrations that coincides with the second
peak of the Mulde CIE. This global interpretation and model is further
supported by enrichment factors of Mogr and Ugg that indicate varying
degrees of basin restriction in both regions; however, similar temporal
trends indicate these data while reflecting local factors they also record
global signals. The integration of these geochemical datasets provides
the first direct evidence linking the Mulde/lundgreni biotic crisis with
changes in marine redox at both local and potentially global scales.

Contextualizing these geochemical trends with established extinc-
tion patterns and eustatic sea-level records, a compelling mechanistic
relationship emerges. The synchronous positive excursions in §!3C and
5%4S coupled with trace metal drawdown suggest that reducing marine
conditions expanded across multiple ocean basins during the mid-
Homerian, coinciding with the primary extinction pulse of pelagic and
hemipelagic fauna and the mid-Homerian sea-level fall. The Silurian
oceans demonstrably experienced repeated cycles of coincident sea-
level changes, marine extinctions, and perturbations of the global car-
bon cycle. However, notable differences exist between these marine
extinction events and associated positive CIEs (e.g., magnitude, double
vs. single peaks), and our data suggest there were differences in cycles of
deoxygenation associated with these intervals of the Silurian as well.
More broadly, our multiproxy dataset provides further evidence that
oxygen levels constituted a major factor controlling Paleozoic biodi-
versity and evolutionary trajectories, supporting the hypothesis that the
Paleozoic Era was characterized by dynamic redox conditions rather
than progressive, unidirectional oxygenation of marine environments.
The apparent sensitivity of Silurian marine ecosystems to these redox
fluctuations highlights the crucial role that ocean oxygen availability
played in shaping the evolution of complex marine life throughout the
Paleozoic. Meanwhile, the differential responses between taxa during
distinct events like the Mulde/Iundgreni extinction event reveal that
extinction selectivity may have been driven by the correspondence of
sea level, climate, and intensity of deoxygenation.
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