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A B S T R A C T   

The Silurian was a dynamic time characterized by significant climatic and sea level changes, biotic crises, and 
carbon cycle volatility. The largest magnitude perturbation to the Silurian global carbon cycle was the mid- 
Ludfordian carbon isotope excursion, termed the Lau CIE, which was coincident with the Lau/Kozlowskii 
extinction (LKE). Much of the published research on the late Silurian has described changes in the biotic record 
and global marine redox conditions. Limited work has been done, however, to elucidate the variability in local 
paleo-redox conditions. Here, we use a suite of paleo-redox proxies to examine a shallow shelf carbonate suc-
cession from Gotland, Sweden, and a deep shelf clastic sequence from Latvia. Low iodine-to‑calcium ratios from 
the carbonate succession suggest an anoxic water column, or significant exchange with nearby reducing water 
masses. Iron speciation data and moderate trace metal enrichments suggest that the sediments of the deeper shelf 
were deposited in an oxygen minimum zone with a denitrifying water column before and during the LKE with 
sulfidic conditions limited to the sediment porewaters. After the extinction, a relative depletion in trace metal 
concentrations (V, Hg, U, Mo) suggest that water column conditions were locally less reducing. The depletion in 
trace metal concentrations is coeval with previously reported global increases in anoxia and euxinia after the LKE 
and, thus, potentially could have resulted from a global drawdown in trace metals overprinted upon the local 
record of paleo-redox change.   

1. Introduction 

One of the largest carbon isotope excursions of the Phanerozoic was 
the late Silurian (Ludfordian Stage) Lau CIE, with peak excursion 
magnitude averaging between +5 to +9‰ (Munnecke et al., 2003; see 
Calner, 2008 for review; Saltzman and Thomas, 2012). The Lau CIE was 
accompanied by the most severe extinction event of the Silurian and 
tenth most severe extinction in Earth history, the Lau/Kozlowskii 
extinction (LKE), named for the asynchronous extinctions of conodonts 
and graptolites (Jeppsson, 1990; Koren, 1993; Urbanek, 2003; Bond and 
Grasby, 2017; compiled in Bowman et al., 2019). The onset of the LKE 
slightly predates the Lau CIE and it has been suggested for almost two 

decades that both the extinction event and the carbon cycle perturbation 
were the result of an expansion of reducing conditions in the global 
ocean (e.g., Munnecke et al., 2003; Stricanne et al., 2006). Recent 
studies of the Ludfordian strata of Baltica (Bowman et al., 2019; del Rey 
et al., 2020) and southern Laurentia (Bowman et al., 2020) have used a 
variety of geochemical and paleontological tools to test this hypothesis. 
In the deep-water shales and marls of the Baltic Basin (Latvia), a positive 
excursion in thallium isotopes was recorded coincident with the onset of 
the LKE (Bowman et al., 2019). This excursion suggests that the first 
extinction stages of the LKE, in benthic and nektonic fauna, were caused 
by a global expansion of bottom-water anoxia (Bowman et al., 2019). 
This is supported by a study by del Rey et al. (2020) that applied 

* Corresponding author. 
E-mail addresses: cvb5950@psu.edu (C.N. Bowman), themtr@cofc.edu (T.R. Them), knightmd1@g.cofc.edu (M.D. Knight), dimitri.kaljo@taltech.ee (D. Kaljo), 

mats.eriksson@geol.lu.se (M.E. Eriksson), olle.hints@taltech.ee (O. Hints), tonu.martma@taltech.ee (T. Martma), jdowens@fsu.edu (J.D. Owens), sayoung2@fsu. 
edu (S.A. Young).  

Contents lists available at ScienceDirect 

Palaeogeography, Palaeoclimatology, Palaeoecology 

journal homepage: www.elsevier.com/locate/palaeo 

https://doi.org/10.1016/j.palaeo.2021.110624 
Received 18 May 2021; Received in revised form 17 August 2021; Accepted 18 August 2021   

mailto:cvb5950@psu.edu
mailto:themtr@cofc.edu
mailto:knightmd1@g.cofc.edu
mailto:dimitri.kaljo@taltech.ee
mailto:mats.eriksson@geol.lu.se
mailto:olle.hints@taltech.ee
mailto:tonu.martma@taltech.ee
mailto:jdowens@fsu.edu
mailto:sayoung2@fsu.edu
mailto:sayoung2@fsu.edu
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2021.110624
https://doi.org/10.1016/j.palaeo.2021.110624


uranium isotopes using brachiopod shells in the shallow-water carbon-
ates of the Baltic Basin (Gotland, Sweden). This study reports uranium 
isotope values more negative than that of the modern ocean, suggesting 
that the global Ludfordian oceans had a greater extent of anoxic water 
masses. No uranium isotope excursion, however, has thus far been 
recorded, likely because their sampled interval corresponds primarily to 
before and during the LKE event (early – middle Ludfordian) when 
global marine redox conditions were consistently reducing, with the 
initial deoxygenation and later recovery not captured in this temporally 
incomplete record. The expansion of reducing conditions in the Lud-
fordian oceans has been further elucidated by records of positive ex-
cursions in carbonate-associated sulfate (CAS) sulfur isotopes in 
carbonate strata from Baltica (Gotland; Bowman et al., 2019) and 
southern Laurentia (Tennessee, USA; Bowman et al., 2020). The positive 
excursion in CAS sulfur isotopes suggests a notable increase in the burial 
of pyrite in the global oceans, likely due to an expansion of euxinic 
conditions (anoxia with free sulfide) in the water column and/or sulfidic 
conditions in sediment porewaters (Bowman et al., 2019, 2020). This 
subsequent expansion in the severity and/or extent of reducing condi-
tions in the global ocean was coincident with the onset of the Lau CIE 
and likely related to the later extinctions in planktic fauna during the 
LKE (Bowman et al., 2019). 

These fluctuations in paleo-redox conditions likely triggered changes 
in the Ludfordian biotic record, and the resultant interval of enhanced 
carbon burial (i.e., initiation of the Lau CIE). The redox variability is 
discussed as an expansion of the fraction of reducing conditions in the 
global oceans, rather than the entire global oceans becoming anoxic or 
euxinic. Previous studies have used geochemical box modeling to esti-
mate the extent of marine euxinia during comparable events in the 
Mesozoic and Paleozoic, finding that increases of only ~5–10% of the 
global seafloor are necessary to drive geochemical perturbations like 
those observed in the Ludfordian (e.g., Gill et al., 2011; Owens et al., 
2013; Dickson et al., 2016; Lau et al., 2016; Zhang et al., 2018; Young 
et al., 2019). A few studies have parsed out the extent of anoxic vs. 
euxinic environments, but in all such cases, the extent of reducing bot-
tom waters was still only a fraction of the total global seafloor. Detailed 
local redox conditions in the Ludfordian have only been documented 
along the carbonate shelf of the southern Laurentian margin, where 
Bowman et al. (2020) identified variations in local water-column and 
sediment porewater redox, based on I/Ca ratios and pyrite sulfur iso-
topes, that coincided with the Lau CIE and changes in local biotic re-
cords (e.g., carbonate microfacies). Few constraints exist for local to 
regional redox dynamics through the Lau CIE and LKE intervals in the 
Baltic Basin, however, despite this region having the most comprehen-
sive documentation of changes in the biotic record and global ocean 
redox state. 

We present new iodine-to‑calcium ratio data from the shallow shelf 
carbonates of Gotland, Sweden. As most of the commonly used local 
paleo-redox proxies are exclusively used in organic-rich shales and 
mudstones, I/Ca values offer important insight into the local redox 
conditions of shallow carbonate shelf environments. We also show new 
iron speciation and trace element (Mn, V, Hg, U, Mo) concentration data 
from the deep shelf shales and marls of Latvia. Variations in authigenic 
trace metal concentrations can be interpreted as indicators of either 
local or global redox change, contingent upon local redox conditions. As 
such, we have used Fe speciation to offer an independent constraint on 
local paleo-redox. Altogether, these proxies are used to assess changes in 
the local water column and sediment porewater redox conditions in the 
Baltic Basin through the Lau CIE and the Lau/Kozlowskii extinction 
intervals. Key information and additional references for each of these 
local paleo-redox proxies are summarized in Table 1. Herein, suboxic 
refers to low, but non-zero, oxygen concentrations; anoxic refers to ox-
ygen concentrations that are effectively zero; euxinic refers to anoxic 

water column conditions with free hydrogen sulfide. Local paleo-redox 
conditions are first discussed in terms of this more conservative termi-
nology before using comparisons to modern oxygen minimum zones 
(OMZ) to more specifically define water column and sediment pore-
water redox conditions. 

2. Geologic setting and biostratigraphy 

The late Silurian Baltic Basin was a tropical, epicratonic seaway on 
the southern margin of the paleocontinent Baltica (e.g. Eriksson and 
Calner, 2008; Fig. 1). This basin was dominated by rimmed carbonate 
shelves with parallel facies belts ranging from lagoonal facies in the 
north to deep shelf facies in the south, deepening towards the Rheic 
Ocean (Kaljo et al., 1997; Eriksson and Calner, 2008). The Baltic Basin 
was well connected to the Rheic Ocean during the Ludfordian despite 
the ongoing Caledonian Orogeny as Laurentia and Baltica collided – 
though the orogenic activity did result in higher subsidence and sedi-
mentation rates in the deepest parts of the Baltic Basin (Kozłowski and 
Munnecke, 2010; Kozłowski and Sobień, 2012). 

The Uddvide-1 drill core (63.555556◦N, 16.890278◦E), and nearby 
outcrop samples, from the island of Gotland, Sweden, are predominantly 
composed of carbonates from the shallow shelf of the western margin of 
the Baltic Basin (Younes et al., 2017). Approximately 30 m of the 
Uddvide-1 drill core, in the Lau CIE interval, consists of a coarsening- 
upward siliciclastic sequence that is linked to the progradation of a 
delta into the basin (Eriksson and Calner, 2008). Conodont biostratig-
raphy is based on nearby sections from southern Gotland within a few 
kilometers of the sampled drill core (e.g., Jeppsson, 2005). The Lau 
conodont extinction is defined based on a series of stepwise extinctions 
beginning with the practical last appearance datum (pLAD) of Poly-
gnathoides siluricus (Jeppsson, 2005). 

The Priekule-20 drill core (56.443377◦N, 21.614994◦E) from 
southwestern Latvia consists of grey shales and marls from a deep-shelf 
setting near the center of the Baltic Basin. Graptolite biostratigraphy of 
the Priekule-20 core was constructed using graptolite occurrence data 
(e.g., Kaljo et al., 1997; Kiipli et al., 2010). The Kozlowskii graptolite 
extinction event is defined by the LAD of Neocucullograptus kozlowskii 
(Urbanek, 2003; Manda et al., 2012). Neither locality contains both 
conodonts and graptolites, thus the correlation between them is based 
on carbon isotope stratigraphy and the combined conodont and grap-
tolite biostratigraphic framework from other Ludfordian sections with 
interbedded shale and carbonates (Kaljo and Martma, 2006; Lehnert 
et al., 2007; Manda et al., 2012; Bowman et al., 2019; Fryda et al., 
2021). 

3. Materials and methods 

3.1. Sample preparation 

Samples were collected from the Priekule-20 drill core, Latvia, every 
2 to 4 m with finer sampling resolution (every 0.5 to 1 m) during the Lau 
CIE interval (e.g., Kaljo et al., 1997). Samples were collected every 0.5 to 
1 m from the Uddvide-1 drill core, Gotland, Sweden, and every 3 m for 
outcrop samples stratigraphically above the drill core (e.g., Eriksson and 
Calner, 2008). Intervals with notable diagenetic alteration (recrystalli-
zation, pyritization, or iron oxide staining) were avoided while sam-
pling. The outer margins of drill core samples and the weathered edges 
of outcrop samples were mechanically removed using a water-based, 
diamond-blade saw. Samples were powdered using either an agate 
mortar and pestle or an alumina ceramic SPEX8510 ShatterBox. Prior to 
crushing, approximately 1 g of powder was micro-drilled from carbon-
ate samples for carbonate carbon isotope and I/Ca analyses, all other 
data are from powdered bulk rock. For detailed methods of previously 
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Table 1 
Summary of local redox proxy background information and additional references. (Algeo and Tribovillard, 2009; Amos et al., 2014; Bagnato et al., 2017; Berner, 1970; Canfield and Berner, 1987; Lyons and 
Severmann, 2006; Miller et al., 2011; Poulton and Canfield, 2011; Shen et al., 2019; W. Lu et al., 2019) 

Proxy
Oxidized 

Species

Reduced 

Species

Marine Redox 

Zone(s)*

Pertinent 

Lithology

Geographic 

Scale
Threshold Value(s)

Reference for 

Threshold Value(s)
Additional References

I/Ca IO3- I- oxygen - nitrate 

reduction
carbonates

lo
ca

l

0-2.6 μmol/mol anoxic -

suboxic

>2.6 μmol/mol well-

oxygenated 

Z. Lu et al., 2016
Z. Lu et al., 2010; W. Lu et al., 2017, 2018, 

2019; Hardisty et al., 2014, 2017, 2021

FeT/Al

Fe3+ Fe2+

iron reduction

o
rg

an
ic

-r
ic

h
 s

h
al

es
an

d
 m

u
d

st
o

n
es

>0.64** anoxic, shuttling 

of reactive Fe
Raiswell et al., 2008

Berner, 1970; Canfield & Berner, 1987; 

Canfield et al., 1992, 1996; Poulton & 

Canfield, 2005, 2011; Lyons & Severmann, 

2006; Hardisty et al., 2018; Raiswell et al., 

2018

FeHR/FeT

iron - sulfate 

reduction

<0.38 oxic-suboxic 

>0.38 anoxic

Raiswell & Canfield, 

1998

Fepyr/FeHR
<0.7 ferruginous 

>0.7 euxinic
März et al., 2008

[Mn]
Mn3+

Mn4+ Mn2+

nitrate (& 

manganese) 

reduction

<850 ppm† likely suboxic -

anoxic

Morford & Emerson, 

1999

Force & Cannon, 1988; Force & Maynard, 

1991; Calvert & Pederson, 1993; Algeo & 

Maynard, 2004; Turgeon & Brumsack, 2006; 

Boyer et al., 2011

[V] V5+ V4+

V3+

nitrate - iron 

reduction

lo
ca

l/
g

lo
b

al

>97 ppm†† suboxic - anoxic Rudnick & Gao, 2003
Morford & Emerson, 1999; Tribovillard et al., 

2006

[Hg] ‡ Hg2+ Hg0 possibly nitrate -

iron reduction?

50 ppb††

>62.4 ppb‡‡ likely reducing

Rudnick & Gao, 2014 

Grasby et al., 2019

Bower et al., 2008; Sanei et al., 2012; Amos et 

al., 2014; Bagnato et al., 2017; Shen et al., 

2019; Them et al., 2019

[U] U6+ U4+ iron reduction >2.8 ppm†† anoxic - euxinic McLennan, 2001
Morford et al., 2001; Algeo & Maynard, 2004; 

Tribovillard et al., 2006; Lau et al., 2019 

[Mo] Mo6+

Mo5+

Mo4+

Mo3+

Mo2+

sulfate reduction >1.5 ppm†† anoxic - euxinic McLennan, 2001

Algeo & Lyons, 2006; Algeo & Tribovillard, 

2009; Miller et al., 2011; Scott & Lyons, 2012; 

Hardisty et al., 2018

* Based on marine redox ladder as presented in Froelich et al., 1979; Rue et al., 1997; Owens, 2019 
** Based on the average lithogenic values of Paleozoic oxic marine shales of 0.53 ± 0.11. 
† Average concentration of Mn in modern marine oxic sediments. 
†† Upper continental crust values. 
‡ Note that Hg is also used as a proxy for volcanism (see Grasby et al., 2019 for review). 
‡‡ Average Hg concentration in sedimentary rocks (mostly shales). 
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published organic carbon isotope, carbonate-associated sulfate and py-
rite sulfur isotope data, see Bowman et al. (2019). 

3.2. Iodine to calcium ratios 

I/(Ca + Mg) ratios were measured at the National High Magnetic 
Field Laboratory (NHMFL) at Florida State University using an Agilent 
7500cs quadrupole inductively coupled plasma mass spectrometer (ICP- 
MS) according to standard methods (Z. Lu et al., 2010; W. Lu et al., 2017; 
Hardisty et al., 2014, 2017; Zhou et al., 2014, 2015). Approximately 
2–5 mg of carbonate powder was preferentially micro-drilled from the 
carbonate mud matrix. The carbonate powder was dissolved in 3% 
HNO3. Samples were vortexed and centrifuged, and the supernatant was 
then diluted using 2% HNO3 to a ~ 50 ppm Ca + Mg solution. Previously 
samples have been diluted in a matrix of 0.5% HNO3 and 0.5% tetra-
methyl ammonium hydroxide; based on replicate sample analyses using 
this matrix and a matrix of 2% HNO3, there is no notable difference in I/ 
Ca values between the two methods (Bowman et al., 2020) provided that 
the samples are analyzed within the day of dissolution. Calibration 
standards were made fresh each day by serial dilution of a 10 ppm iodine 
ICP-MS standard from High Purity Standards and with a similar matrix 
of ~50 ppm Ca + Mg. The long-term accuracy of this procedure ±0.5 
μmol/mol is based on replicate measurements of known reference ma-
terials (KL1–2, KL1–4; e.g., Hardisty et al., 2014). In deep time, I/Ca 
values are commonly reported as I/(Ca + Mg), as they are herein, to 
account for variable carbonate chemistry and the dolomitization of 
ancient carbonates. For brevity, though, I/(Ca + Mg) will be referred to 

as I/Ca throughout the paper. 

3.3. Carbonate carbon isotope analyses 

For the analysis of carbonate carbon isotopes, 0.2–1 mg of carbonate 
powder, preferentially micro-drilled from micritic matrix where 
possible, was weighed and acidified with 100% H3PO4 at 25 ◦C for 24 h. 
The stable carbon and oxygen isotopes of the evolved gas were analyzed 
using a ThermoFinnigan Delta Plus XP isotope-ratio mass spectrometer 
(IRMS) at the NHMFL. All carbon and oxygen isotope values are re-
ported in standard delta notation (δ) with units of per mil (‰) relative to 
the Vienna Pee Dee Belemnite (V-PDB) standard. Based on long-term, 
replicate analysis of NBS-19 and other lab standards, the analytical 
precision of δ13Ccarb is ±0.05‰ (1σ). 

3.4. Sequential iron extraction 

Reactive iron species were sequentially extracted from approxi-
mately 100 mg of powdered sample using the method outlined by 
Poulton and Canfield (2005). First, powdered samples were soaked and 
continuously shaken in a 1 M sodium acetate (C2H3NaO2) solution 
buffered to pH 4.5 for 24 h to extract Fe associated with carbonate 
phases (Fecarb) including siderite and ankerite. Then for 2 h a 0.29 M 
sodium dithionite (Na2S2O4) solution buffered with 0.35 M acetic acid 
and 0.2 M sodium citrate to pH 4.8, under continuous shaking, was used 
to extract Fe associated with oxide phases (Feox) including goethite and 
hematite. Last, samples were soaked in a solution of 0.2 M ammonium 
oxalate (C2H8N2O4⋅H2O) and 0.17 M oxalic acid (H2C2O4⋅2H2O) buff-
ered to pH 3.2 with ammonium hydroxide (NH4OH) for 6 h under 
continuous shaking to extract Fe in magnetite (Femag). After each 
extraction step, samples were centrifuged and supernatant saved for 
geochemical analysis. Subsequently, centrifuged samples were rinsed 
and agitated with ultrapure water, centrifuged again, and decanted 
before progressing to the next iron extraction step. Supernatant from 
each extraction step was diluted using 2% ultrapure HNO3 and analyzed 
at the NHMFL on an Agilent 7500cs ICP-MS for Fe concentrations. The 
fraction of Fe in pyrite (Fepyr) was determined gravimetrically based on 
a chromium reducible sulfides extraction (Canfield et al., 1986). Highly 
reactive Fe (FeHR) was calculated based on the sum of Fecarb, Feox, Femag, 
and Fepyr. 

3.5. Elemental concentrations 

Bulk elemental compositions were determined through multi-acid 
digestion. Sample masses of 50 to 100 mg were weighed into teflon 
beakers and digested in a CEM MARS 6 microwave digestion system to 
remove organic carbon without volatilizing redox-sensitive trace ele-
ments. Samples were completely digested with a multi-acid digestion 
using various combinations of trace-metal grade HNO3, HCl, and HF. 
Acid was added to samples that were kept on heat (120 to 180 ◦C) for 
24–48 h, and dried before adding more acid. Organic matter that 
remained post-microwaving was oxidized with ultra-pure H2O2. After 
samples were dissolved completely, they were dried and dissolved in 2% 
HNO3 for analysis on an Agilent 7500cs ICP-MS at the NHMFL. Blank 
concentrations were below detection limits and replicate analyses of 
USGS standard SDO-1 were within 4% of the reported values for Mn, V, 
U, and Mo. 

3.6. Mercury concentrations 

Samples were analyzed for Hg at the Geochemistry of Ancient and 
Modern Environmental Systems (GAMES) Laboratory at the College of 
Charleston. Approximately 40–80 mg of powder was measured in a 
Milestone DMA-80 evo rapid mercury analyzer (Shelton, CT). Samples 
were heated in stages up to 750 ◦C to volatilize Hg. Volatilized Hg was 
then collected via gold amalgamation before analysis through atomic 
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Latvia

Estonia
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Land
Shallow Shelf
Deep Shelf
Ocean

Rheic Ocean
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Late Silurian
425 Ma

Fig. 1. Paleogeographic reconstruction of the late Silurian Baltic Basin region 
with locations of the Gotland, Sweden, Uddvide-1 drill core and nearby surficial 
outcrops, and the Latvian Priekule-20 drill core marked by yellow stars (see 
Bowman et al., 2019 for detailed discussion of correlation and biostratigraphy 
of the two localities). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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absorption. A liquid standard (serial dilution of ICP-MS standard) was 
used to calibrate the DMA-80 and two international standards (TORT-3, 
DORM-4) were used to correct the raw data. All samples contained 
quantifiable Hg contents. The 2-σ standard deviations of TORT-3 and 
DORM-4 were 9.4 ng/g (n = 8) and 6.6 ng/g (n = 6), respectively, which 
are better than their reported errors. Average 2-σ reproducibility of 
samples (~22% of total) was ±3.4 ng/g (2-σ range of 0.1 to 4.1 ng/g). 

4. Results 

The Lau CIE has been previously documented from the Uddvide-1 
core, recovered from the island of Gotland, Sweden, as a ~ +7‰ 
excursion in both δ13Ccarb and δ13Corg (Fig. 2A; Younes et al., 2017; 
Bowman et al., 2019). The Gotland stratigraphic record ends during the 
falling limb of the Lau CIE, not capturing the return to baseline values. 
Iodine-to‑calcium ratios from the inner shelf carbonates on Gotland are 
low throughout the sampled interval (Fig. 2C). Most values before and 
during the CIE range from 0 to 0.2 μmol/mol – at or below the detection 
limit of this analysis. In the middle of the Eke Formation, during the 
rising limb of the CIE, there was a single higher value at 1.1 μmol/mol. 
The siliciclastic interval in the Uddvide-1 core, the Burgsvik Sandstone 
Member, was not analyzed for I/Ca ratios. 

Additional carbon isotope data from the deep shelf mudstones, the 
Priekule-20 core, Latvia, record the highest peak values of the Lau car-
bon isotope excursion at this locality as +5.8‰ in the Nova Beds of the 
Dubysa Formation (Fig. 3A). Total organic carbon was relatively high, 
but variable, at values between 0.6 and 1.2% in the Šešupe Member of 
the Dubysa Formation (Fig. 3B). Total organic carbon then decreases 
notably through the Nova Beds to ~0.2% by the peak of the CIE and 
stayed low through Engure and Mituva formations. Pyrite‑sulfur 

abundances follow a similar trend, with higher, but variable, values 
between 0.3 and 0.9% pre-CIE, which then decrease through the Nova 
Beds to values between 0 and 0.2% from the falling limb of the CIE into 
the post-excursion baseline (Fig. 3D). As with the offset between the 
peaks of the carbon and sulfur isotope excursions (Fig. 3A, C) noted by 
Bowman et al. (2019), pyrite‑sulfur content has a slower decline than 
that of TOC. 

The FeHR/FeT values ranged from 0.05–0.35 throughout the 
Priekule-20 core, averaging 0.16 with no notable trends in the data 
(Fig. 4A). The ratios of Fepyr/FeHR were high through the Šešupe 
Member and ranged between 0.61 and 0.94 (Fig. 4B). Fepyr/FeHR values 
dropped through the Nova Beds and lower Engure Formation, in concert 
with the decrease in pyrite‑sulfur content, to values of 0.03–0.48 
through the upper Engure and Mituva formations. The FeT to Al ratios 
were nearly constant throughout the sampled interval of the core, 
ranging from 0.40–0.54, averaging 0.47 (Fig. 4C). Manganese concen-
trations, as reported by Bowman et al. (2019), are low throughout the 
section. Concentrations ranged between 308 and 596 ppm, with lower 
average values (~381 ppm) through the Dubysa Member and slightly 
higher average values (~532 ppm) from the Nova Beds through the 
Mituva Formation (Fig. 4D). Through the Šešupe Member, V concen-
trations were high, with values averaging ~119 ppm before coming to a 
peak of 188 ppm just below the Nova Beds at the start of the rising limb 
of the CIE (Fig. 4E). The V concentrations then dropped to an average of 
~68 ppm through the CIE and the post-excursion baseline (the Nova 
Beds to the Mituva Formation). Concentrations of Hg followed a nearly 
identical stratigraphic trend through the section, with higher average 
values of ~78 ng/g, which rose to a peak of ~110–120 ng/g before 
falling to lower average values of ~24 ng/g (Fig. 4F). The U and Mo 
concentrations had similar stratigraphic trends to V and Hg, with higher 

Fig. 2. Stratigraphic column and geochemical data from the Uddvide-1 drill core and related outcrop samples (modified from Bowman et al., 2019). A) Carbonate 
and organic carbon isotopes. B) Carbonate-associated-sulfate (CAS) sulfur isotopes. C) I/(Ca + Mg) ratios. The Lau/Kozlowskii extinction is highlighted in light 
orange. Conodont biostratigraphy – P.: Polygnathoides, O.: Ozarkodina. 
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average values low in the section and lower average values in the upper 
part of the section, but with even more notable peaks in the upper 
Šešupe Member. The U concentrations in the lower part of the section 
averaged ~4.4 ppm, then rose to a peak of 8.9 ppm in the early LKE 
interval, and then decreased to an average of ~2.1 ppm by the late LKE 
interval and throughout the upper part of the section (Fig. 4G). The Mo 
concentrations averaged ~3.3 ppm in the lower part of the studied core, 
then rose to a peak of 24 ppm in the early LKE interval, and subsequently 
declined to an average of 0.3 ppm by the late LKE interval throughout 
the remainder of the study interval (Fig. 4H). All trace metal concen-
trations are reported as absolute concentrations, carbonate-corrected 
concentrations, and TOC-normalized concentrations. The carbonate- 
corrected concentrations are used to account for variable carbonate 
content in the Latvian Priekule-20 core (Fig. 4D-H). Carbonate content 
averages 31.5% in the Priekule-20 core, but there is significant vari-
ability, with a standard deviation of ±15.3%. The carbonate-correction, 
however, does not significantly impact any of the stratigraphic trends 
that are present in the absolute trace metal data. The TOC-normalized 
concentration data have similar trends to the absolute concentrations 
in the lower part of the core (upper Gorstian and lower Ludfordian). 
Trends in V/TOC, Hg/TOC, and U/TOC diverge from the absolue con-
centrations in the middle and upper Ludfordian with notably higher 
values in the TOC-normalized data in the upper part of the core. 

5. Discussion 

5.1. Local redox conditions of the shallow shelf 

The Gotland shallow shelf carbonate setting has been previously 

examined for diagenetic influence, and there has been little evidence 
found for meteoric diagenesis or thermal alteration (Eriksson and Cal-
ner, 2008; Bowman et al., 2019). Cross-plotted carbonate carbon and 
oxygen isotope data show no significant correlation to indicate the ef-
fects of meteoric diagenesis (Bowman et al., 2019). Moreover, conodont 
studies of the Ludfordian strata of Gotland report very low conodont 
color alteration index (CAI) values of ≤1, making thermal alteration 
unlikely (Jeppsson, 1983). 

Most I/Ca values before and after the CIE ranged from 0 to 0.2 μmol/ 
mol with a single higher value at 1.1 μmol/mol during the rising limb of 
the CIE (Fig. 2C). While the calcitic cements of the Burgsvik Sandstone 
were not analyzed for I/Ca, the shallower-water deposition of the clastic, 
prograding delta facies during the interval of lowest sea level in the 
Ludfordian (i.e., deposition within the well‑oxygenated mixed layer) 
makes it likely that I/Ca values would have been higher at that time 
(Eriksson and Calner, 2008). Modern, well‑oxygenated water columns 
typically have I/Ca ratios of 2.6 μmol/mol or higher (Z. Lu et al., 2016). 
As water column oxygen concentrations decrease though, iodate is 
rapidly reduced to iodide, and the primary electron acceptor used by 
microbial metabolisms begins to shift from oxygen to nitrate or lower 
based on the marine redox ladder (e.g., Rue et al., 1997). Near-zero 
values for I/Ca are interpreted as either carbonate precipitation/depo-
sition under anoxic conditions with quantitative, or near-quantitative, 
reduction of IO3

− to I− (Z. Lu et al., 2010), or as having been diage-
netically reset by the flow of reducing fluids (Hardisty et al., 2017). 
There is little evidence to suggest that this section experienced signifi-
cant post-burial diagenetic alteration that could have lowered I/Ca 
values (Bowman et al., 2019). Thus, while diagenetic resetting of the I/ 
Ca values is possible, the consistently low values suggest that the 

Fig. 3. Stratigraphic column for the Priekule-20 drill core with carbon and sulfur geochemical data (modified from Bowman et al., 2019). A) Carbonate (carb) and 
organic (org) carbon isotope data. B) Total organic carbon (TOC) weight percent. C) Pyrite (pyr) sulfur isotope data. D) Pyrite sulfur weight percent. The Lau CIE 
interval is outlined in thin black lines, the Lau/Kozlowskii extinction event is highlighted in light orange; wt%: weight percent. Graptolite biostratigraphy – L.: 
Lobograptus, S.: Saetograptus, B.: Bohemograptus, N.: Neocucullograptus, M.: Monograptus. 
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sampled interval of the lower to middle Ludfordian of the Gotland 
shallow shelf carbonate succession was likely deposited in or near an 
adjacent OMZ (Z. Lu et al., 2010; W. Lu et al., 2018; Owens et al., 2017; 
Bowman et al., 2020; Hardisty et al., 2021). There were no significant 
changes in local redox conditions before or during the Lau CIE along the 
shallow shelf of the Baltic Basin. This was likely because the carbonate 
succession records primarily the lower and middle Ludfordian (Fig. 6A, 
B), which represent the interval of time that was most reducing both 
locally and globally as bottom-water deoxygenation initiated and 
expanded (Tl excursion: Bowman et al., 2019; U isotopes: del Rey et al., 
2020) and later the burial of organic carbon and pyrite increased (CIE, 
sulfur isotope excursion: Bowman et al., 2019, 2020). 

5.2. Local redox conditions of the deep shelf 

The possibility of diagenetic alteration of the shales and marls of the 
Latvian deep shelf setting has also already been explored by Bowman 
et al. (2019). Cross-plotted TOC and δ13Corg data indicate the possibility 
for some amount of thermal alteration, likely due to burial as the Silu-
rian strata of Latvia are relatively flat-lying. Low conodont CAI values 
from other drill cores in the same area of Latvia, however, suggest 
thermal heating was limited (CAI = 1; Kaljo et al., 1997; Nehring-Lefeld 
et al., 1997). Sedimentation rates (undecompressed) for this part of the 
Baltic Basin deep shelf are estimated to be between 6.46 and 8.18 cm/ky 
through the Ludfordian (see Bowman et al., 2019 for sedimentation rate 
calculations) – and were even higher in the foredeep of the Caledonian 
orogen to the southeast at ~10.75 cm/ky (Kozłowski and Sobień, 2012). 
Based on the sedimentation rate data compiled in Sadler (1981), these 
rates are approximately an order of magnitude higher than estimates 
from sections of terrigenous shelf/slope environments of similar strati-
graphic extent and time span. Sedimentation rates have the potential to 
mask changes in redox proxies, particularly the accumulation of redox- 
sensitive major and trace elements through authigenic processes under 

reducing conditions (Lyons and Kashgarian, 2005; Hardisty et al., 2018), 
such as with the shuttling of reactive iron within a basin or the reduction 
of uranium at the sediment-water interface. 

Local redox conditions are assessed herein based, first, upon the 
speciation of iron into different mineral components (Fig. 4A-C). While 
high sedimentation rates are likely masking the signature of locally 
reducing conditions in the iron speciation data from the deep shelf of the 
Baltic Basin, we conservatively interpret the trace metal data presented 
here (Fig. 4D-H, 5) as being largely representative of local rather than 
global changes in redox conditions. The details of the local redox con-
ditions in the deep shelf of the Baltic Basin are discussed in three parts: 
the upper Gorstian through the lower Ludfordian (the ̌Sešupe Member of 
the Dubysa Formation; from the Lobograptus scanicus biozone to the 
lower Bohemicus bohemicus tenuis/N. kozlowskii biozone), the low-
er–middle Ludfordian (uppermost Šešupe Member of the Dubysa For-
mation; the upper N. kozlowskii biozone), and the middle–upper 
Ludfordian (the Nova Beds of the Dubysa Formation and the Engure and 
Mituva Formations, from just above the N. kozlowskii biozone to the 
Monograptus formosus biozone). The trace metal data are discussed in 
order of decreasing redox potential and, generally, absolute concentra-
tion data are referenced as neither carbonate nor aluminum normali-
zation significantly changed the stratigraphic trends. TOC-normalized 
trace metal data are also discussed, particularly for the middle to upper 
Ludfordian, as the trends vary notably from that of the absolute con-
centration data for V, Hg, and U. 

5.2.1. Upper Gorstian to lower Ludfordian: Within an OMZ 
Values of FeHR/FeT ranged between 0.05 and 0.35 in the oxic to 

possibly anoxic fields (Raiswell and Canfield, 1998) throughout the 
entire sampled interval from the upper Gorstian to the lower Ludfordian 
and on through the upper Ludfordian (Fig. 4A). This could indicate that 
the water column was consistently oxygenated (or not reaching Fe 
reduction), that redox conditions were variable, or that sedimentation 

LU
D

FO
R

D
IA

N
G

O
R

S
TI

A
N

asy bu
D

er ugn
E

N
ov

a
Š

eš
up

e

Mitu
va

xxxxxxxxxxxxx
xxxxxxxxxxxxx

LK
E

La
u 

C
IE

BA C D FE G H

A
no

xi
c

P
os

si
bl

y 
A

no
xi

c

Fe
rr

ug
in

ou
s

0.2 0.4 0.6 0.8

Fepyr/FeHRFeHR/FeT

S
ul

fid
ic

/E
ux

in
ic

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

FeT/Al

10 m

50 100
Hg (ng/g)

Hgcarbcorr (ng/g)

U
C

C

S
ed

 R
oc

k 
Av

er
ag

e

150

Hg/TOC (ng/g/wt%)

10 20 30
Mo (ppm)

Mocarbcorr (ppm)

U
C

C

Mo/TOC (ppm/wt%)

5 10

Ucarbcorr (ppm)
U (ppm)

U
C

C

U/TOC (ppm/wt%)

100 200

U
C

C

Vcarbcorr (ppm)
V (ppm)

300

V/TOC (ppm/wt%)

Av
er

ag
e 

O
xi

c 
S

ed
s

250 750 1250
Mn (ppm)

Mncarbcorr (ppm)

1915

Fig. 4. Iron speciation and trace metal data from the Priekule-20 drill core. A) Highly reactive (HR) to total (T) iron (Fe) ratios. B) Pyrite (pyr) to highly reactive iron 
ratios. C) Total iron to aluminum ratios. D) Absolute and carbonate-corrected manganese (Mn) concentrations. E-H) Absolute, carbonate-corrected, and TOC- 
normalized vanadium (V), mercury (Hg), uranium (U), and molybdenum (Mo) concentrations. The Lau CIE interval is outlined in thin black lines, the Lau/ 
Kozlowskii extinction is highlighted in light orange; carbcorr: carbonate-corrected, UCC: upper continental crust. 

C.N. Bowman et al.                                                                                                                                                                                                                            



rates were high enough to dilute or prevent the accumulation of highly 
reactive iron species (Hardisty et al., 2018; Raiswell et al., 2018). Fepyr/ 
FeHR values were high through the upper Gorstian and lower Ludfordian 
strata, typically above the euxinic threshold of 0.70, with most highly 
reactive iron minerals forming pyrite after the production of hydrogen 
sulfide as a by-product of microbial sulfate reduction (Fig. 4B). Com-
bined with the low FeHR/FeT, the high Fepyr/FeHR values suggest high 
concentrations of sulfide present (i.e., in the sulfate reduction zone) in 
sediment porewaters rather than the water column, as is observed at the 
modern Long Island Sound FOAM site (Raiswell and Canfield, 1998; 
Hardisty et al., 2018). As with FeHR/FeT, the FeT/Al values were rela-
tively constant throughout the entire sampled interval, averaging 0.47, 
just below the average lithogenic value of Paleozoic oxic marine shales 
(Fig. 4C; e.g., Raiswell et al., 2008). This is indicative of a lack of benthic 
iron shuttling from the shallow portions of the basin to the deeper shelf 
sediments (Canfield et al., 1996; Raiswell and Canfield, 1998; Hardisty 
et al., 2018; Raiswell et al., 2018). This could also be an artifact of high 
sedimentation rates or could suggest that the iron reduction zone of the 
marine redox ladder was only within the sediment porewaters rather 
than the lower water column. Manganese (Mn) concentrations were low 
through the Gorstian and lower Ludfordian, averaging 381 ppm, well 
below the average oxic sediment concentration of 850 ppm (Fig. 4D; 
Calvert and Pederson, 1993; Morford and Emerson, 1999; Turgeon and 
Brumsack, 2006; Boyer et al., 2011). This suggests that bottom waters 
were suboxic to anoxic, resulting in the reductive dissolution of Mn- 
oxides and preventing their further precipitation and burial (Force and 
Cannon, 1988; Force and Maynard, 1991; Dickens and Owen, 1994; 
Algeo and Maynard, 2004; Owens et al., 2017). 

Vanadium (V) concentrations averaged 119 ppm through the Gors-
tian and lower Ludfordian, modestly enriched in comparison to UCC 
values of 97 ppm (Fig. 4E; Rudnick and Gao, 2003). In extremely 
reducing environments, such as those with euxinic conditions, V can be 

enriched to concentrations of hundreds to thousands of ppm (e.g., 
Owens et al., 2016, 2017; Young et al., 2020). The minor to moderate 
enrichment in the Baltic Basin was likely representative of locally sub-
oxic to anoxic conditions in the deep shelf water column, possibly 
through either the nitrate or iron reduction zones of the marine redox 
ladder (Tribovillard et al., 2006; Canfield and Thamdrup, 2009). Mer-
cury (Hg) was also enriched in this interval (Fig. 4F) and had an overall 
trend very similar to those of V and U. Average Hg concentrations in the 
upper Gorstian and lower Ludfordian were ~ 78 ng/g, which is slightly 
above the average concentrations of both sedimentary rocks, at 62.4 ng/ 
g, and upper continental crust, at 50 ng/g (Rudnick and Gao, 2014). To 
inform our interpretation of the Hg concentration data, we normalized 
the raw concentration data to TOC (Figs. 4F, 5C), pyrite‑sulfur (Fig. 5D), 
and aluminum (Fig. 5E), to account for the most likely host mineral 
phases of Hg (e.g., Grasby et al., 2019; Shen et al., 2020). The trend in 
Hg/Al was almost identical to that of the absolute Hg data, as Al con-
centrations were fairly static through the sampled strata aside from short 
intervals where carbonate content was particularly high (see Supple-
mental Data file). This suggests that the enrichment in Hg in the Gorstian 
to lower Ludfordian was not the result of Hg adsorption onto clay 
minerals or changes in the input of terrigenous material (Sanei et al., 
2012). The challenge in the interpretation of Hg concentrations is 
assessing whether enrichments in Hg are due to increased loading from 
variations in atmospheric deposition (i.e., fluctuations in volcanic out-
gassing) or increased sequestration from changes in local OM flux and/ 
or redox conditions (Bower et al., 2008; Sanei et al., 2012; Grasby et al., 
2019; Them II et al., 2019). Trends in normalized Hg/TOC (Fig. 5C) and 
Hg/S-pyrite (Fig. 5D) data during the upper Gorstian and lower Lud-
fordian largely reflect those of the absolute concentrations but are 
notably enriched above absolute concentrations in the upper Ludfordian 
(see Section 5.2.3). There were outliers in each of the datasets that could 
be misinterpreted as excursions in either set of normalized data. In all 
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cases, however, the outliers observed had either low TOC wt% (at the 
lower limits for analytical precision,< ~0.2%) or pyrite concentrations 
were near zero. Additionally, there are no known emplacements of large 
igneous provinces in the late Silurian. The only K-bentonite ash beds in 
the studied portion of the Priekule-20 core are from the upper Gorstian 
interval, which has no associated Hg/TOC anomaly, making increased 
loading of Hg to the environment an unlikely explanation for the trends 
in the data. Last, this study site was located in a distal location within the 
Baltic Basin, and previous work has suggested that depositional settings 
simililar to this may not be ideal for recording changes in atmospheric 
Hg cycling (e.g., Them II et al., 2019). Altogether, these indicate that the 
Hg enrichments in the Gorstian and lower Ludfordian were caused by 
redox- and preservation-related mechanisms. This is further supported 
by the strong correlations between Hg and TOC, along with Hg and S- 
pyrite, with R2 values of 0.78 and 0.77, respectively. 

Uranium (U) concentration data show only minor enrichments 
through the Gorstian and lower Ludfordian, with average concentrations 
of 4.4 ppm in comparison to the UCC value of 2.8 ppm (Fig. 4G; 
McLennan, 2001). In modern anoxic marine settings, the enrichment of 
U occurs near the sediment-water interface or within sediment pore 
spaces, rather than in the water column; thus U concentrations are 
interpreted to be a proxy for bottom-water anoxia (Lau et al., 2019). The 
minor enrichments in U observed in the Baltic Basin are likely due to 
suboxic to anoxic bottom waters. Molybdenum (Mo) also only has minor 
enrichments through this time interval, with average concentrations of 
3.3 ppm compared to UCC values of 1.5 ppm (Fig. 4H; McLennan, 2001). 
When Fepyr/FeHR values are high, as they are in the Gorstian and lower 
Ludfordian strata from Latvia, low enrichments of Mo from 2 to 25 ppm 
are interpreted to have been associated with sulfidic porewater condi-
tions beneath oxic to anoxic water column conditions (e.g., Scott and 
Lyons, 2012; Hardisty et al., 2018). 

Based on trace metal cycling research focused on reducing marine 
environments within modern OMZs (Scholz, 2018 and references 
therein) and the paleo-redox conventions proposed by Canfield and 
Thamdrup (2009), the Gorstian and lower Ludfordian strata in this area 
were likely deposited within a nitrogenous OMZ. Water column redox 
conditions would have been reducing enough that oxygen was no longer 
the primary electron acceptor but not reducing enough for the extensive 
cycling of iron (Fig. 6A). Many modern OMZs with similar geochemical 
signatures have been termed “nitrogenous” as they have low oxygen 
concentrations and the respiration of organic matter occurs primarily 
through nitrate reduction via denitrification (the reduction of nitrate, 
NO3

− , to nitrite, NO2
− , and gaseous nitrogen compounds) and anaerobic 

ammonia oxidation (NO2
− reduced to N2 gas; Gruber and Sarmiento, 

1997; Kuypers et al., 2005; Hammersley et al., 2007; Lam and Kuypers, 
2011; Scholz, 2018). Manganese concentrations are low in the sediments 
underlying these modern nitrogenous OMZs, due to the reductive 
dissolution and bacterial reduction of Mn-oxide minerals, which, like the 
reduction of iodate, straddles the boundary of the oxygen and nitrate 
reduction zones on the marine redox ladder (Force and Cannon, 1988; 
Force and Maynard, 1991; Dickens and Owen, 1994; Turgeon and 
Brumsack, 2006; Scholz, 2018). Manganese concentrations were low 
through the Gorstian and lower Ludfordian (Fig. 4D). Vanadium is first 
reduced and accumulates in sediment under suboxic to anoxic condi-
tions in the nitrate and iron reduction zones of the marine redox ladder 
and is further enriched under euxinic conditions in the sulfate reduction 
zone (Morford and Emerson, 1999; Tribovillard et al., 2006). Concen-
trations of V in the upper Gorstian and lower Ludfordian were moder-
ately enriched above UCC values, averaging ~119 ppm. The moderate 
enrichment of V supports the idea of deposition under the anoxic con-
ditions of a nitrogenous OMZ along the deep shelf. The similarity in the 
stratigraphic profiles of V and Hg suggests that Hg can also become 
enriched under suboxic to anoxic conditions as it is buried with organic 
matter and/or adsorbed onto sedimentary pyrite in sulfidic porewaters 
in open connection with the overlying water column. This also suggests 
that the water column would have likely been in the manganese to 

nitrate reduction zones, with sulfate reduction in the sediment pore-
waters, as is the case in many modern OMZs (e.g., Scholz et al., 2011, 
2016). Based on low FeHR/FeT values, and FeT/Al values within one 
standard deviation of Paleozoic lithogenic values, water column redox 
conditions were not sufficiently reducing within the OMZ for the cycling 
of Fe between the sediments and water column (i.e., lack of benthic Fe 
shuttle). Any Fe cycling was likely happening within sediment pore-
waters or at the sediment-water interface and would have been diluted 
by the high sedimentation rates mentioned previously. The low en-
richments of U and Mo also fit well with the proposed environmental 
interpretation of a moderately-reducing, nitrogenous OMZ in the deep 
shelf of the Baltic Basin at this time. The lack of evidence for benthic Fe 
shuttling within the lower water column of the nitrogenous OMZ ex-
plains the low enrichments of U, which is typically reduced across the 
sediment-water interface when the iron reduction zone falls along the 
interface (Morford et al., 2001; Tribovillard et al., 2006; Lau et al., 
2019). Molybdenum is most effectively reduced and accumulates in 
sediments under sulfidic/euxinic conditions in the sulfate reduction 
zone, under even more reducing conditions on the marine redox ladder 
(Algeo and Lyons, 2006; Scott and Lyons, 2012). The low to moderate 
enrichments of trace elements through the upper Gorstian and lower 
Ludfordian may have been influenced by the high sedimentation rates 
discussed previously, wherein higher sedimentation rates could be 

Fig. 6. Schematic paleoceanographic reconstruction of the redox and sea-level 
changes in the Baltic Basin during the late Silurian (see sections 5.2 and 5.3 for 
discussion). Relative positions of the study sections are noted, water column 
reducing conditions are denoted by grey shading, sediment porewater reducing 
conditions are denoted by grey striped shading. A) Upper Gorstian – lower 
Ludfordian. B) Middle Ludfordian. C) Upper Ludfordian. U-1: Uddvide-1 core; 
P-20: Priekule-20 core; OMZ: oxygen minimum zone. Question mark represents 
temporal uncertainties in local redox conditions. 
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diluting the accumulation of redox-sensitive trace elements, leading to 
relatively conservative interpretations of the upper Gorstian and lower 
Ludfordian local redox conditions. However, the stratigraphic trends 
observed for the trace elements are not likely to be a product of changing 
sedimentation rates as normalizing trace element concentrations to 
aluminum did not impact their trends. 

5.2.2. Lower to middle Ludfordian: Sulfidic event within the OMZ 
In the stratigraphic trends of the trace metals that become enriched 

under reducing conditions (i.e., V, Hg, U, Mo), there was a peak in 
concentrations in the upper Šešupe Member of the Dubysa Formation in 
the lower-middle Ludfordian (Fig. 4E-H). Additionally, burial of organic 
matter and pyrite were high (Fig. 3B, D), Fepyr/FeHR values were high 
(Fig. 4B), and Mn concentrations were particularly low (Fig. 4D) during 
this time interval. We interpret this stratigraphic interval in the upper 
Šešupe Member to be representative of deposition within a nitrogenous 
OMZ during the most locally reducing conditions along the deep shelf of 
the Baltic Basin through the Ludfordian. It is possible that this interval of 
most locally reducing conditions (i.e., peaks in trace metal abundances 
in the LKE interval) represents a brief interval of time (possibly ca. 10 
ky) when free hydrogen sulfide expanded within the local bottom waters 
of the primarily nitrogenous OMZ, rather than only being present in the 
sediment porewaters. Thus the sulfate reduction zone may have 
migrated into the water column and enhanced the sequestration of trace 
metals into the underlying sediments. Similar phenomena have been 
recorded in the modern Peruvian and Namibian OMZs on a seasonal to 
interannual basis (Brüchert et al., 2003; Schnuck et al., 2013). Notably, 
this possible transient sulfide event within the OMZ of the Baltic Basin 
was coincident with the early extinction stages of the LKE event and 
directly proceeded the onset of the Lau CIE when the amount of organic 
carbon burial would have increased significantly. 

5.2.3. Middle to upper Ludfordian: On the edge of the OMZ 
Subsequently in the middle Ludfordian, during the falling limb of the 

Lau CIE and the coincident sulfur isotope excursion, values of Fepyr/FeHR 
decreased to an average of 0.25 (Fig. 4B), well below the euxinic 
threshold of 0.70 (Canfield et al., 1992; Raiswell and Canfield, 1998; 
März et al., 2008), coeval with decreased local pyrite burial (Fig. 3D). 
Although pyrite burial still occurred at this locality, it was no longer the 
primary reactive iron species being buried. This suggests that the sulfate 
reduction zone of the marine redox ladder where pyrite would have been 
accumulating was likely deeper within local marine sediments. In the 
upper Ludfordian, FeHR/FeT values were low and FeT/Al values were 
similar to that of average Paleozoic oxic marine shales, as they were in 
the Gorstian and lower Ludfordian, suggesting minimal to no benthic 
iron shuttle (Fig. 4A, C). Manganese concentrations were still low, 
averaging 532 ppm through the middle and upper Ludfordian; higher 
than the upper Gorstian and lower Ludfordian but still lower than that of 
average oxic sediments (Fig. 4D; Calvert and Pederson, 1993; Morford 
and Emerson, 1999; Turgeon and Brumsack, 2006; Boyer et al., 2011). 
This implies that bottom waters were still suboxic to anoxic, preventing 
the precipitation of Mn-oxide minerals, but were likely less reducing 
than earlier in the Ludfordian. 

Concentrations of V, Hg, U, and Mo all decreased to lower average 
concentrations, which were generally lower than UCC values, through 
the middle to upper Ludfordian strata within the Priekule-20 core. This 
could have been due solely to changes in local redox conditions 
(explored here) or could have been the result of an overprint of global 
changes in redox on the local paleo-redox record (see Section 5.3 
below). Concentrations of V were somewhat variable but decreased to 
an average of 68 ppm, compared to the UCC value of 97 ppm (Fig. 4E; 
Rudnick and Gao, 2003). This could be the result of suboxic water col-
umn conditions or fluctuating redox conditions, possibly with oxygen 
and nitrate variably acting as the primary electron acceptor of microbial 
metabolisms in the water column. Similarly, Hg concentrations, while 
variable, decreased to an average of 24 ng/g in the upper Ludfordian, 

which is lower than both the UCC value and the sedimentary rock 
average (Fig. 3F; Rudnick and Gao, 2014). This could also be tied to less 
reducing conditions locally and, like the previously enriched values, was 
certainly related to organic matter and pyrite burial, both of which 
decrease into the upper Ludfordian (Fig. 3B, D; Bower et al., 2008; Sanei 
et al., 2012; Grasby et al., 2019; Them II et al., 2019). Concentrations of 
U were also variable but decreased through the same stratigraphic in-
terval to an average of 2.1 ppm, just below the UCC value of 2.8 ppm 
(McLennan, 2001). Molybdenum concentrations decreased to an 
average of 0.3 ppm in the upper Ludfordian in comparison to UCC values 
of 1.5 ppm (McLennan, 2001). The lower average concentrations in both 
U and Mo suggest that the zones of iron and sulfate reduction were likely 
even deeper within the sediments of the deep shelf. 

Through this change in local paleo-redox conditions, there is no 
evidence to imply a change in sedimentation rate or terrigenous input. 
The carbonate-corrected trace metal data also rule out the possibility 
that the decrease in trace element concentrations could have been the 
result of dilution due to a change in the type of sedimentation (i.e., 
higher percentage of carbonate vs. siliciclastic material; grey symbols 
Fig. 4E-H). TOC-normalized trace metal data, however, are higher than 
the absolute and carbonate-corrected data in the upper Ludfordian for V, 
Hg, and U (black symbols Fig. 4E-G). Data where TOC wt% was less than 
0.2% (i.e., light grey symbols Fig. 5C) were not included in the trends of 
TOC-normalized data in Fig. 4 to avoid the appearance of excursions/ 
anomalies in the data resulting from TOC contents determined to be 
below analytical precision of the method. V/TOC in the upper Ludfor-
dian were as high as 356 ppm/wt%, 3–6 times higher than absolute 
concentrations (Fig. 4E). Hg/TOC reached concentrations of 125 ng/g/ 
wt%, more than double the coeval absolute Hg concentrations and 
similar to the Hg/TOC values of the upper Gorstian and lower Ludfor-
dian (Fig. 4F). U/TOC data of the upper Ludfordian were likewise 
similar to concentrations in the lower part of the core when local water 
column redox conditions were more clearly reducing, 2–5 times higher 
than the coincident absolute concentrations (Fig. 4G). Mo/TOC values 
remain low through the upper Ludfordian. These TOC-normalized trace 
metal data imply more strongly reducing conditions along the deep shelf 
in the upper Ludfordian than is suggested by the absolute 
concentrations. 

Based upon these interpretations, and comparison to modern open 
ocean marine OMZs, we suggest that the middle to upper Ludfordian 
strata were deposited under suboxic water column conditions just below 
(i.e., basinward) or along the boundary of the nitrogenous OMZ (Fig. 6C; 
Scholz, 2018 and references therein). Sediments below modern OMZs 
often have high FeT/Al values as a result of benthic iron shuttling 
(Scholz et al., 2014). Elevated FeT/Al values were not observed in the 
middle to upper Ludfordian strata here, but this could once again be 
explained by a lack of benthic iron shuttling in the overlying OMZ or 
dilution due to high sedimentation rates. A location at or just below the 
lower boundary of an OMZ would still have had minimal cycling of trace 
metals through the open connection between the sediment porewaters 
and the overlying suboxic water column. Furthermore, at the periphery 
of the nitrogenous OMZ, redox conditions likely would have fluctuated 
between the oxygen and nitrate reduction zones of the marine redox 
ladder (Fig. 6C). A combination of these two factors could explain why 
Mn concentrations remained low and V, Hg, and U had variable con-
centrations that were all still intermittently enriched above UCC values, 
with TOC-normalized data consistently higher than absolute concen-
trations (Scholz, 2018). The accumulation of sulfide, even in sedimen-
tary porewaters, was likely minimal through the upper Ludfordian given 
the depleted Mo concentrations (absolute and TOC-normalized) and low 
Fepyr/FeHR values. 

5.3. Global marine redox implications 

The lowest Mn concentrations, peaks in trace metal enrichments, and 
high Fepyr/FeHR in the lower-middle Ludfordian represent the most 
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locally reducing conditions in the water column of the deep shelf, 
possibly due to a sulfidic event within the nitrogenous OMZ (Brüchert 
et al., 2003; Schnuck et al., 2013; Scholz, 2018). Just after this peak in 
trace metal enrichments, in the middle Ludfordian during the rising 
limbs of the Lau CIE and the associated sulfur isotope excursion, there 
was a prominent decrease in the absolute and carbonate-corrected 
concentrations of V, Hg, U, and Mo until they were depleted below 
UCC values (Fig. 4E-H). 

While we have largely interpreted the trends in trace metal enrich-
ment and depletion recorded in the deep shelf of the Baltic Basin as 
being representative of local changes in redox conditions, it is possible to 
draw inferences about global changes in marine redox when considering 
the data collectively and in the context of other global marine redox 
proxy work that has been done throughout this interval in the Silurian (i. 
e., Bowman et al., 2019, 2020; del Rey et al., 2020; Fryda et al., 2021). 
The significant decrease in trace metal concentrations occurs during the 
early to middle Ludfordian, when records of Tl, U, and S isotopes suggest 
the most reducing marine conditions were expanding globally (Bowman 
et al., 2019, 2020; del Rey et al., 2020). As the fraction of anoxic and 
euxinic waters expand in the global ocean, trace metals are more readily 
sequestered into reducing sediments (e.g., Cretaceous OAE2, Owens 
et al., 2016). Thus, we suggest that the sharp decrease in trace metal 
concentrations through the lower to middle Ludfordian, which occurs 
when reducing conditions should be the most prevalent, could be the 
overprint of a global drawdown of trace metal inventories onto the shift 
in local paleo-redox conditions. If the decrease in trace metal concen-
trations was primarily the result of a global trace metal drawdown, it is 
possible that the middle to upper Ludfordian sediments of the deep shelf 
may have been deposited under more reducing conditions than that of 
the boundary of the nitrogenous OMZ. These global interpretations of 
our trace metal datasets remain speculative as there is not a long-term, 
open ocean euxinic deposit to capture such a signal. To further test this 
drawdown hypothesis, additional trace metal records are needed from 
several Ludfordian shale successions where the local redox conditions 
are consistently euxinic before, during, and after the LKE and associated 
Lau CIE to determine if these trends might represent global changes in 
trace metal inventories. 

6. Conclusions 

We have presented the first multi-proxy assessment of local paleo- 
redox variability in the Baltic Basin during the late Silurian (upper 
Gorstian–upper Ludfordian) from both shallow-shelf carbonate and 
deep-shelf shale/marl facies. Based on extremely low I/Ca values, the 
waters of the shallow shelf were influenced by consistently reducing 
marine waters via a significant exchange between the overlying water 
column and nearby reducing waters from a potential OMZ. Given the 
high Fepyr/FeHR values and moderately enriched trace metal concen-
trations, we suggest that the deep shelf of the Baltic Basin was domi-
nated by a moderately-reducing, nitrogenous OMZ from the upper 
Gorstian through the lower/middle Ludfordian. The low FeHR/FeT sug-
gest that there was no benthic iron shuttling from the shallow parts of 
the basin to the deep shelf, but the high Fepyr/FeHR values indicate the 
presence of sulfidic porewaters. It is likely that iron and sulfate reduc-
tion were happening exclusively within sediment porewaters in the 
upper Gorstian and lower Ludfordian. During the LKE interval, in the 
middle Ludfordian, there were notable coincident peaks in trace metal 
enrichments that may have been caused by a transient sulfidic event 
within the nitrogenous OMZ, briefly moving the sulfate reduction zone 
into the water column at the time when global marine redox conditions 
were the most reducing. These peaks were immediately followed by 
decreases in absolute trace metal concentration below UCC values 
during the rising limb of the Lau CIE, though TOC-normalized trace 
metal concentrations quickly rose back to concentrations similar to that 
of the early Ludfordian. Low FeHR/FeT and Fepyr/FeHR values, combined 
with variable trace metal concentrations, suggest that the sediments of 

the upper Ludfordian were deposited at or just below the basinward 
margin of the nitrogenous OMZ where redox conditions would have 
fluctuated. 

The peak in trace metal enrichments in the initial stages of the LKE, 
just prior to the Lau CIE, corresponds to the early expansion of bottom 
water anoxia previously documented as a positive excursion in thallium 
isotopes from the same locality (Bowman et al., 2019). The sharp 
decrease in trace metal concentrations that follows during the rising 
limb of the Lau CIE and the parallel sulfur isotope excursion might 
represent an overprint of a global drawdown in trace metals due to the 
fraction of euxinic and sulfidic conditions in the global oceans expand-
ing as organic carbon and pyrite burial increased globally (Bowman 
et al., 2019, 2020). To test this hypothesis, additional trace metal re-
cords are needed from other Ludfordian shale successions where the 
local redox conditions are consistently euxinic throughout the LKE and 
associated Lau CIE intervals. 

This study highlights the utility of multi-proxy studies in under-
standing local paleo-redox change and variability during global events, 
such as Paleozoic CIEs and Mesozoic ocean anoxic events, using a suite 
of iodine, iron, and trace metal redox proxies to unravel the most 
probable water column and sediment pore-water redox conditions 
across the shelf. We have also demonstrated the importance of under-
standing local marine redox dynamics to then make possible links to 
global-ocean scale redox changes. This work is the first to constrain local 
redox conditions within the Baltic Basin from which the biotic record of 
the LKE is known in the greatest detail. Thus, we are able to tie together 
local records of extinction and faunal recovery to changes in local ma-
rine redox conditions in the late Silurian. 
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