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Abstract 

The early Silurian Llandovery–Wenlock boundary interval was marked by significant marine 

perturbations and biotic turnover, culminating in the Ireviken Extinction Event (IEE) and the Early 

Sheinwoodian Carbon Isotope Excursion (ESCIE). Here, we apply multiple independent redox 

proxies to the early Wenlock Buttington section, which was deposited in a mid-shelf location in the 

Welsh Basin, UK. To account for regional geochemical variability in marine sediments due to factors 

such as sediment provenance, we first define oxic baseline values for the Welsh basin, utilizing deeper 

water, well-oxygenated intervals of late Llandovery age. Our approach documents unstable, 

oscillating redox conditions on the mid shelf at Buttington. We suggest that these dynamic redox 

fluctuations are likely to relate to changes in the position of the chemocline or a migrating oxygen 

minimum zone. Benthic biota such as trilobites, brachiopods, bivalves and gastropods appear to have 

been relatively unaffected by fluctuating oxic-ferruginous conditions, but were more severely 

impacted by the development of euxinia, highlighting the inhibiting role of toxic sulfides. By contrast, 

the redox perturbations appear to have placed extreme stress on graptolites, causing many extinction 

losses regardless of the specific development of euxinia.  

 

The Llandovery–Wenlock boundary of the early Silurian is marked by both marine 

environmental changes and biotic turnover (Calner, 2008; Lehnert et al., 2010; Loydell and Large, 

2019). The Ireviken extinction event (IEE), which was a crisis interval for conodonts, chitinozoans, 

trilobites and brachiopods (Jeppsson, 1997; Jeppsson et al., 1998; Hints et al., 2006), straddles this 

boundary and coincides with the onset of a substantial positive isotope excursion in both carbonate 

(δ13Ccarb) and organic carbon (δ13Corg), termed the early Sheinwoodian carbon isotope excursion 

(ESCIE; Saltzman, 2001; Munnecke et al., 2003; Cramer et al., 2012; Oborny et al., 2020; Hartke et 

al., 2021). The start of ESCIE can be dated to the late murchisoni graptolite Biozone (Figs. 1 & 2; 

Kaljo and Martma, 2006; Loydell and Frýda, 2007). Values then peak around the riccartonensis 
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Biozone, before the excursion ends in the mid Sheinwoodian (Fig. 2), during the belophorus (formerly 

flexilis) Biozone (Loydell and Frýda, 2007). The ESCIE has been attributed to enhanced organic 

carbon burial in anoxic deep ocean and intra-cratonic basinal settings, at a time when there was an 

expansion of carbonate platforms in lower latitude epeiric seas (Jeppsson, 1990; Bickert et al., 1997; 

Cramer and Saltzman, 2007).  

Hypoxia-triggered marine extinctions and carbon cycle perturbations appear to have been a 

recurring scenario during the Silurian (Jeppsson et al., 1998; Calner, 2008; Young et al., 2020), and a 

recent study in the Baltic region has shown that the early Sheinwoodian saw the expansion of euxinia 

(sulfidic water column conditions) in a continental margin location, with potential consequences for 

the resident biota (Young et al., 2019). Although both the IEE and ESCIE are observed globally, 

potential sulphur isotope (e.g., carbonate-associated sulphate (δ34SCAS) and pyrite sulphur (δ34Spy) 

isotopes) evidence for widespread shelf euxinia (Rose et al., 2019; Richardson et al., 2021) has been 

questioned, based on a suggested dominant control of lithofacies variability on isotope compositions 

due to regional sea-level change (Pasquier et al., 2021). In this scenario, observed increases in S 

isotope compositions may have been a consequence of enhanced closed system diagenesis as local 

sedimentation rate varied, rather than being due to elevated water column δ34S compositions through 

sulphate drawdown under widespread euxinic conditions. Furthermore, most studies have 

concentrated on shallow-water carbonate platforms (Jeppsson, 1997; Munnecke et al., 2003; Lehnert 

et al., 2010; Hughes and Ray, 2016; Yan et al., 2022), whilst the redox state of deeper siliciclastic 

successions remains more poorly constrained.  

Here, we report a reconstruction of the redox history of the early Wenlock (Sheinwoodian) 

interval from a mid-shelf section in the Welsh Basin (Fig. 1), using a combination of Fe speciation 

and redox-sensitive trace metal systematics. Our focus is on high-resolution, siliciclastic samples 

from Buttington, east Wales (Loydell and Large, 2019). However, since baseline oxic geochemical 

values can vary between basins, we have also assessed samples from two deeper-water sections from 
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within the Welsh Basin, in order to characterize the oxic geochemical signature in the region. The 

Buttington section has been the subject of detailed palaeoecological investigation (Loydell and Large, 

2019), and thus provides an ideal opportunity to investigate the biotic response of a mid-shelf region 

to the major environmental perturbations that occurred during the early Wenlock. 

 

Study area and sampled sections 

The Ordovician–Silurian Welsh Basin records deposition on the northerly-facing margin of the 

Avalonia microcontinent, and has the Midland Platform of central England on its eastern margin 

(James, 2005; Fig. 1A). The microcontinent drifted northwards as the Iapetus Ocean subducted 

beneath the Laurentia continent, and by the early Silurian the ocean had narrowed considerably (Stone, 

2014). Our focus is on three lower Silurian mudstone-dominated sections from the basin centre (Borth 

section), deep outer shelf (River Banwy section) and mid shelf (Buttington section) (Fig. 1B). The 

Borth section (Fig. 1C) is of early Telychian (late Llandovery) age (i.e., prior to the onset of the IEE 

and ESCIE) and records a mudstone-dominated turbidite succession developed distal to the turbiditic 

sandstones of the Aberystwyth Grits (Baker and Baas, 2020). The River Banwy location comprises a 

continuous mudstone-dominated section spanning much of the Llandovery–lower Wenlock (Fig.1C; 

Loydell and Fryda, 2007). We utilize the Borth and Banwy sections to provide regional baseline oxic 

values for consideration of redox proxy data from the key Buttington section, since such data may be 

particularly basin-specific (Algeo and Li, 2020; Poulton, 2021; Li et al., 2023). Hence, for the Banwy 

River section, our focus is only on samples from the upper crispus to lower centrifugus graptolite 

biozones, prior to the onset of the IEE and ESCIE (Fig. 1C).  

The Buttington section comprises early Silurian strata, including most of the Telychian Stage 

and the lower part of the Sheinwoodian Stage (Fig. 1C). The lower Cefn Formation comprises 

interbedded tempestite sandstones and mudstones (Loydell and Cave, 1993) that unconformably 

overlie Ordovician shales (Fig. 3). The overlying Tarannon Mudstone Formation predominantly 
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comprises green and purple shale. Finally, the Trewern Brook Formation is a dark grey mudstone, 

with an 8.75 m-thick olive calcareous silty mudstone unit at its base (Butterley Mudstone Member) 

and several thin bentonites (Fig. 3; Cave and Dixon, 1993; Loydell and Cave, 1993). Our focus is on 

the upper murchisoni to riccartonensis biozones of the Sheinwoodian Stage, which were sampled in 

an active quarry (Buttington) near Welshpool, in Powys, Wales. Previous research has established a 

detailed graptolite record and the carbon isotope chemostratigraphy for this section, demonstrating 

that the samples correspond to the early part of the ESCIE and the onset of the peak part of the IEE 

(Loydell et al., 2014; Loydell and Large, 2019).  

 

Materials and Methods 

Samples 

High-resolution sampling was conducted at Buttington, with 120 samples of dark grey mudstone 

collected from a 12.5 m-thick section from the uppermost Butterley Mudstone Member (lower 

Sheinwoodian) and continuing into the lower Trewern Brook Formation (Fig. 3). From the Banwy 

River section, ten samples of light grey mudstones from the Telychian crispus to centrifugus biozones 

were analysed, whilst for the coastal cliff section at Borth (see Cave and Loydell, 1997; James, 2005), 

78 pale grey mudstones from the early Telychian guerichi Biozone of the Borth Mudstones Formation 

were analysed (Fig. 1C). All samples underwent careful removal of weathered surfaces prior to 

analysis.  

 

Total organic carbon 

For the determination of total organic carbon (TOC), sample powders were pretreated with 10% 

HCl and shaken overnight twice to remove carbonate phases. The residues were then washed at least 

three times with Milli-Q water to eliminate residual acid. Dried and powdered samples were analyzed 

on a LECO CS-230 analyzer. Replicate analyses of certified standards (Soil 502–309, n=16) gave a 

relative standard deviation (RSD) of <3%, and measurements were within 2% of certified values. 
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Iron speciation 

Iron speciation was determined via an operationally-defined sequential extraction scheme for 

unsulfidized phases (Poulton and Canfield, 2005; Poulton, 2021), and a separate extraction scheme 

for Fe sulfides (Canfield et al., 1986). These techniques target Fe in carbonate phases (Fecarb), Fe 

(oxyhydr)oxides (Feox), magnetite Fe (Femag), and sulfide-bound Fe (Fepy), which together comprise 

highly reactive Fe (FeHR). The Fecarb pool was extracted using Na-acetate solution at pH 4.5 and 50°C 

for 48 h, followed by treatment with Na-dithionate for 2 h at room temperature to extract Feox, and 

then extraction of the Femag pool using an ammonium oxalate solution for 6 h at room temperature. 

Iron concentrations were then determined via atomic absorption spectrometry. Replicate analyses 

(n=8) of international reference material WHIT (Alcott et al., 2020) gave an RSD of <5% for all 

stages, and analyses were within 3% of certified values. Sulfide-bound Fe, including acid volatile 

sulfide (FeAVS; below detection in all cases) and pyrite (Fepy), was extracted using a two-step 

hydrochloric acid (HCl) and chromous chloride (CrCl2) technique (Canfield et al., 1986). The 

liberated H2S was collected as Ag2S, which was then determined gravimetrically and converted 

stoichiometrically to Fepy concentrations, with an RSD of <5%. 

 

Bulk element concentrations 

Approximately 80 mg of powder were ashed at 550℃ for 8 h, followed by dissolution with 

HNO3–HF–HClO4. After evaporation to dryness, the samples were treated with boric acid (H3BO3) 

and heated to dryness again, prior to being re-dissolved with hot HNO3. Total element concentrations 

were then analyzed via ICP-OES (ThermoFisher iCAP 7400) for major elements and ICP-MS 

(ThermoFisher iCAPQc) for trace elements. Replicate extractions of international sediment standard 

SGR-1 yielded RSDs of <2% for all major and trace elements of interest, and analyses were within 

3% of certified values. 
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Framework for redox interpretations 

To reconstruct water column redox conditions, we utilized independent inorganic redox proxies 

based on Fe speciation and redox sensitive trace metal concentrations. Fe speciation considers the 

ratio of FeHR to total Fe (FeT) (Poulton, 2021; Poulton and Canfield, 2005, 2011), and extensive 

calibration in both modern and ancient (which by definition considers the effects of diagenesis; cf. 

Pasquier et al., 2022) settings has led to general thresholds to distinguish oxic and anoxic depositional 

conditions (Raiswell and Canfield, 1998; Raiswell et al., 2001, 2018; Poulton and Raiswell, 2002; 

Poulton and Canfield, 2011; Clarkson et al., 2014; Poulton, 2021). Oxic water column conditions are 

commonly indicated when FeHR/FeT ≤0.22, in contrast to ratios ≥0.38, which commonly occur due to 

additional water column precipitation of FeHR phases under anoxic conditions (Poulton and Canfield, 

2005). Intermediate FeHR/FeT ratios (between 0.22 and 0.38) are considered equivocal (Poulton and 

Canfield, 2011), and additional evidence for water column redox conditions should be considered in 

these cases. In addition, however, an independent calibration of redox proxy thresholds should be 

considered for the particular study area where possible (Algeo and Li, 2020; Poulton, 2021), and thus 

we utilized this approach to provide an oxic FeHR/FeT range for the Welsh Basin (see below). 

For anoxic samples, the ratio Fepy/FeHR can then be used to distinguish between euxinic and 

ferruginous settings, whereby ratios above 0.6–0.8 commonly indicate euxinia (Anderson and 

Raiswell, 2004; März et al., 2008; Benkovitz et al., 2020) and ratios ≤0.6 imply ferruginous conditions 

(Poulton and Canfield, 2011; Poulton, 2021). For Fepy/FeHR ratios, it is not possible to utilize oxic 

samples to provide a basin-specific calibration of anoxic samples. Hence, to support our interpretation 

of Fepy/FeHR ratios based on the calibrated thresholds outlined above, we utilized independent 

evidence from redox sensitive trace metal systematics.  

We also note here recent challenges to the use of Fe speciation as a palaeo-redox proxy (Pasquier 

et al., 2022). Particular care needs to be taken when Fe speciation is applied to sediments with low Fe 
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contents (<0.5 wt% FeT; Clarkson et al., 2014), sediments resulting from rapid deposition (for 

example turbidites; Canfield et al., 1996), and those in proximity to hydrothermal inputs (Raiswell et 

al., 2018) or directly adjacent to (sub)tropical mountainous regions, where highly weathered sediment 

may supply a high proportion of FeHR directly onto the continental margin (Wei et al., 2021), thus 

circumventing the preferential trapping of FeHR that usually occurs in nearshore environments 

(Poulton and Raiswell, 2002). However, our calibration of regional oxic baseline values circumvents 

these potential problems, and our combined approach of using independent redox-sensitive trace 

metal (specifically U, Mo, Re) systematics provides a particularly robust assessment of the chemical 

conditions of deposition (Poulton, 2021).  

Uranium and molybdenum are highly soluble and exhibit limited enrichment in oxic sediments 

(Morford et al., 2009). Uranium predominantly exists as U(VI) in uranyl carbonate complexes 

(UO2(CO3)3
4−) in oxic seawater (Calvert and Pedersen, 1993), whilst Mo is stable as Mo(VI) in the 

molybdate oxyanion (MoO4
2−) under such conditions (Zheng et al., 2000). When anoxia develops 

around the sediment–water interface, soluble U(VI) is reduced to insoluble U(IV), primarily at the 

onset of the Fe(II)–Fe(III) redox boundary (Anderson et al., 1989). By contrast, the removal of Mo 

requires the specific presence of relatively high concentrations of HS– in the water column, resulting 

in the formation of thiomolybdates (MoOxS4
x−) under euxinic conditions (Helz et al., 1996; Zheng et 

al., 2002). Finally, Re is enriched in sediments located just below the sediment–water interface (~1 

cm) even under weakly reducing (dysoxic) conditions that lack U and Mo enrichment (Crusius et al., 

1996).  

Thus, combined consideration of Re, U and Mo systematics, alongside Fe speciation, may allow 

dysoxic, anoxic non-sulfidic (ferruginous) and euxinic conditions to be distinguished. However, oxic 

baseline values for redox-sensitive trace metals are particularly basin-specific (Algeo and Li, 2020), 

since there is a strong dependence on the composition of the sediment supplied to the basin. Therefore, 
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as with FeHR/FeT ratios, we utilize oxic samples from the basin to calibrate baseline depositional 

values for Re, U and Mo, thus allowing redox-driven enrichments to be fully assessed. 

 

Results 

In the Borth and Banwy River sections TOC ranges from 0.11 to 0.28 wt%, with an average of 

0.18 ± 0.03 wt% (Fig. 4). In the Buttington section, TOC values are generally higher, ranging from 

0.19 wt% to 0.68 wt%, with an average of 0.39 ± 0.03 wt% (Figs. 4 and 5A). Although the data show 

scatter, there are distinct zones that generally have higher TOC concentrations (up to 0.6–0.7 wt%; 

Fig. 5A). 

The phase partitioning of Fe is relatively constant in the Buttington section (Fig. 5D) and is 

dominated by reduced Fe phases (i.e., Fecarb, Femag and Fepy), with oxidized phases (i.e., Feox) 

accounting for only 7.6 ± 4.2% of the total FeHR pool. FeHR/FeT ratios average 0.40 ± 0.08 and 

Fepy/FeHR ratios average 0.40 ± 0.11 (Fig. 4), with both ratios showing little systematic variation up-

section (Fig. 5). By contrast, FeHR/FeT ratios are consistently lower in the Banwy River (average 0.08 

± 0.03) and Borth sections (average 0.08 ± 0.02), whilst Fepy/FeHR ratios are also very low (Banwy 

River = 0.03 ± 0.02; Borth = 0.08 ± 0.14; Fig. 4).  

Average U/Al and Mo/Al ratios for all three sections fall below average upper continental crust 

(UCC) compositions (Fig. 4), with the Buttington section having distinctly higher values (U/Al = 0.32 

± 0.04; Mo/Al = 0.13 ± 0.08) than the Banwy River (U/Al = 0.22 ± 0.05; Mo/Al = 0.02 ± 0.01) and 

Borth (U/Al = 0.22 ± 0.02; Mo/Al = 0.06 ± 0.06) sections (Fig. 4). By contrast, Re/Al ratios are 

slightly above the UCC value for the Banwy River (0.12 ± 0.03) and Borth (0.10 ± 0.02) sections, but  

these ratios are again considerably higher in the Buttington section (0.35 ± 0.10; Fig. 4). Through the 

Buttington section, U/Al ratios are relatively stable (Fig. 5E), whereas Mo/Al ratios show 

considerable fluctuation, with five clear intervals of higher values (Fig. 5F). Re/Al ratios are relatively 

stable in the lower part of the section, but show more variability up-section, although there are no 

consistent trends in the data (Fig. 5G).  
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Discussion  

Establishing an oxic baseline for the Welsh Basin  

Whenever possible, redox interpretations should be calibrated for the specific site of interest, 

since general redox thresholds are often inadequate when applied on a local or regional scale (Algeo 

and Li, 2020; Poulton, 2021; Takahashi et al., 2021; Li et al., 2023). This is clearly the case in the 

Welsh Basin, where samples from the Banwy River and Borth sections have FeHR/FeT ratios that fall 

well below the general oxic baseline value (Poulton and Canfield, 2011), whilst U/Al and Mo/Al 

ratios are considerably lower than UCC values (Fig. 4). In addition, Re/Al ratios are only slightly 

elevated in the Banwy River and Borth sections, relative to the UCC values, and the extent of 

pyritization (i.e., Fepy/FeHR) is also very low (Fig. 4). These combined geochemical characteristics 

strongly suggest deposition under oxic bottom water conditions (Tribovillard et al., 2006; Poulton 

and Canfield, 2011), with the slight enrichment in Re/Al possibly indicating suboxic conditions close 

to the sediment-water interface. Since there is no evidence for a significant change in the sedimentary 

provenance on the depositional timescale of these sections (Ball et al., 1992), the Banwy River and 

Borth sections allow oxic baseline values to be defined (here termed Welsh Basin Oxic (WBO) values; 

see Fig. 4). For FeHR/FeT ratios, the WBO oxic baseline was determined as the range measured for 

the Borth and Banwy River sections, whilst for redox sensitive trace metals, the oxic baseline was 

determined as the average values for the Borth and Banwy River sections (±1σ). 

 

Redox dynamics on the mid-shelf  

The enrichments in Re (relative to the WBO values) that are apparent throughout the Buttington 

section (Fig. 5G) suggest that the sediment-water interface was at least dysoxic. In addition, however, 

the highly elevated FeHR/FeT and U/Al ratios (Fig. 5) suggest that bottom water conditions were, at 

least periodically, fully anoxic. This consistent behaviour between independent redox proxies 

provides support for robust palaeoredox interpretations. However, the Buttington section is also 
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characterized by varying degrees of bioturbation (see Fig. 6 and discussion below), suggesting that 

the bottom waters likely fluctuated between fully anoxic and (at least partially) oxic on short 

timescales. Bioturbation impacts the geochemical record of sediments affected by fluctuating redox 

conditions by homogenizing anoxic enrichments in FeHR and redox sensitive trace metals over the 

depth interval affected by burrowing (Sperling et al., 2016; Poulton, 2021). Thus, persistent 

enrichments in both FeHR and U in sediments that have experienced bioturbation point to repetitive 

fluctuations between oxic/dysoxic and anoxic bottom water conditions (Poulton, 2021). 

In the Buttington section, Fepy/FeHR ratios below the lower threshold (0.6) for recognition of 

euxinia (Fig. 5C) suggest dominantly ferruginous conditions when the water column was anoxic. 

However, care should be taken with this interpretation in bioturbated sediments, since introduction of 

oxygen into sediment porewaters by the action of bioturbation would re-oxidize sulfide phases, likely 

resulting in decreased Fepy/FeHR ratios. In this context, Mo/Al ratios can be used as supporting 

evidence for the redox state of the water column, due to the requirement for relatively high 

concentrations of free sulfide to convert soluble molybdate to particle reactive thiomolybdate (Helz 

et al., 1996; Zheng et al., 2002). This tends to produce relatively high sediment enrichments in Mo, 

but needs to be considered alongside the caveat that Mo enrichments may also occur under 

ferruginous conditions via a particle shuttle mechanism. In this scenario, Mo may be drawn down via 

adsorption to Fe (oxyhydr)oxide minerals precipitated in the ferruginous water column, which 

generally gives moderate sediment enrichments (e.g., Algeo and Tribovillard, 2009; Tribovillard et 

al., 2012). 

Our data show several repetitive intervals of increased enrichments in Mo (Fig. 5F), despite the 

potential for subsequent remobilization and loss of Mo from the sediment during short-lived oxic 

interludes when intense bioturbation occurred (see below). To resolve whether these enrichments 

reflect drawdown under dominantly euxinic conditions or drawdown via a particulate shuttle 

mechanism under dominantly ferruginous conditions, a crossplot of UEF versus MoEF (where EF 
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represents the enrichment factor of a particular element) is commonly used (Fig. 7; Algeo and 

Tribovillard, 2009; Tribovillard et al., 2012). Enrichment factors are normally calculated relative to 

average continental crust (e.g., UCC), but for our samples, where we have demonstrated that average 

continental crust does not adequately reflect the composition of the terrestrial sediment delivered to 

the basin, we instead utilize our average WBO data. Thus, we calculate EFs as elementEF = 

(element/Al)sample/(element/Al)WBO. 

Figure 7 shows that the data plot on a trajectory indicative of a progressive increase in the 

intensity of reducing conditions (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). However, 

the data do not plot in the normal oxic through to euxinic phase space for marine sediments, likely 

because the impact of bioturbation also needs to be considered. In this context, both U and Mo would 

be increasingly remobilized from the sediment as bioturbation intensity increases, due to the 

introduction of oxygenated seawater and reoxidation of a proportion of the U and Mo that was 

originally sequestered as reduced authigenic phases. Therefore, we also consider the basic trajectories 

that bioturbation would impart on the broad position of the different redox and particulate shuttle 

zones (see Figure 7).  

Our approach clearly demonstrates that the Buttington data reflect changes in the intensity of 

reducing conditions (Fig. 7), with intervals where fluctuations between oxic and ferruginous 

conditions occurred on short timescales (which we term intervals OF1–OF6; Fig. 5). These intervals 

were, however, separated by periods where the lower water column was likely dominantly euxinic 

(intervals E1–E5; Fig. 5). As highlighted above, these dominantly euxinic intervals (as identified by 

Mo enrichments) do not coincide with Fepy/FeHR enrichments indicative of euxinia (Fig. 5), likely due 

to partial reoxidation of pyrite during short-lived oxic intervals. Burrowing during these oxic intervals 

only produced bioturbation indices in the range of 1 – 3 (Fig. 6), although small-scale burrowing by 

meiofauna could also have contributed without causing visible burrows. However, during 

bioturbation, anoxic FeHR/FeT enrichments would have been preserved due to the immediate re-
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precipitation of pyrite Fe as (oxyhydr)oxide phases. Thus, the combined geochemical signals are 

entirely consistent with intervals where deposition dominantly occurred under euxinic conditions, but 

with short-lived periods of better oxygenated conditions promoting limited bioturbation of the 

sediments (see Fig. 6). This dichotomy between geochemical proxies that record long-term redox 

conditions, and palaeoecological data that record short-term, better oxygenated interludes, is often 

encountered in ancient redox studies (e.g. Wignall 1994) 

 

Redox controls on the benthic biota and cause of the IEE  

Bioturbation intensity varies considerably at Buttington (Loydell and Large, 2019), with several 

intervals also being characterized by relatively low biotic diversity (Fig. 6). To investigate the 

potential roles of anoxia and sulfide toxicity on the biota, we recast the geochemical data in terms of 

Mo/U and Mo/Re ratios (Fig. 6), whereby high values denote elevated availability of dissolved sulfide 

in the water column and during early diagenesis. The euxinic intervals E3 and E5, and to a lesser 

extent E4, correspond with intervals of low bioturbation intensity and very low benthic diversity at 

times of prolonged euxinia (Fig. 6). By contrast, the first two, shorter-lived euxinic intervals (E1 and 

E2) show little distinct impact in terms of either bioturbation intensity or benthic diversity. This may 

be because the ecosystem was placed under progressive strain by each subsequent interval of euxinia, 

leading to increasingly detrimental consequences for the biota, or alternatively, the timescale of each 

euxinic pulse may have been critical, with longer intervals having a more pronounced impact. In this 

latter context, we also note that the sediment deposited during the first two shorter euxinic pulses 

would mostly have been within the potential bioturbation depth zone when the system recovered from 

euxinia. Hence, for these shorter euxinic pulses, the bioturbation index and benthic diversity 

parameters may have been overprinted by subsequent bioturbation when the system recovered to a 

more amenable oxic-ferruginous state. 
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In addition, some of the fluctuating oxic-ferruginous intervals (particularly OF2, OF3, OF5 and 

OF6) are also characterized by relatively low diversity (but not to the extent of the euxinic intervals), 

although bioturbation intensity appears largely unaffected (Fig. 6). We speculate that variability in 

the biotic response during these oxic-ferruginous intervals may reflect changes in the relative 

persistence of oxic vs anoxic conditions, with intervals of relatively prolonged or more frequent 

oxygenation promoting increased diversity. 

Overall, the consistent lithofacies throughout the Buttington section suggests that benthic fauna 

likely experienced uniform substrate conditions. As a result, variations in bioturbation activity were 

likely more influenced by changes in redox conditions than substrate consistency, with euxinia 

exerting a particularly strong impact. Benthic faunas demonstrate distinct evolutionary behaviours in 

response to varying oxygenation levels (Wignall, 1990). At Buttington, several benthic groups, 

including trilobites, brachiopods, bivalves and gastropods, were relatively unaffected during the oxic-

ferruginous intervals (Fig. 6). By contrast, survival of the benthos was more challenging in the 

dominantly euxinic intervals (Fig. 6).  

Our analysis of the Buttington section reveals dynamic, high amplitude redox changes in this 

mid-shelf setting during an interval that marks the early stages of the Ireviken extinction crisis, 

immediately before and during the onset of the Early Sheinwoodian CIE (Fig. 2). The extinction 

interval was characterized by a graptolite crisis, which persisted until the early riccartonensis Zone 

(Loydell and Large, 2019). The graptolite losses therefore correspond to the highly variable redox 

conditions at Buttington, but it remains to be seen if these variations are repeated in other regions and 

locations. It is notable, however, that the earlier major graptolite extinction that occurred during the 

first phase of the end-Ordovician mass extinction (at the end of the Katian Stage) has also been 

ascribed to rapid redox variations, rather than persistent anoxia (Kozik et al., 2022). It therefore 

appears likely that the dynamic fluctuations in marine redox conditions observed at Buttington may 
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have played a significant role in the biotic crisis during the early Sheinwoodian Stage of the Silurian 

Period.  

A broader scale Oceanic Anoxic Event (OAE) has been proposed for this time interval (Emsbo, 

2010), which may have been triggered by a substantial increase in primary production (Young et al., 

2019; Cichon-Pupiensis et al., 2021), while an alternative hypothesis involves a marine sedimentary-

exhalative brine event (Emsbo, 2017). Our data provide little direct insight into the primary driver(s) 

of anoxia at this time. However, both the broader scale redox fluctuations between ferruginous and 

euxinic conditions, and the shorter-term transitions to better oxygenated conditions, likely reflect 

changes in the position of the chemocline, or a migrating oxygen minimum zone (OMZ), highlighting 

that at least in mid shelf locations, redox conditions were highly unstable. Indeed, the Mo/Al ratios 

suggest a degree of cyclicity in the data (particularly if the two shorter euxinic intervals towards the 

base of the section are considered as one broader interval), and we note that these euxinic intervals 

commonly occur coincident with the zones that generally have higher TOC concentrations (Fig. 5) . 

This potential cyclicity hints at a possible orbital control on the broader-scale redox fluctuations, but 

at present this remains speculative and requires further detailed study. 

 

Conclusions 

Our independent redox proxy data from two deep-water sections in the Welsh Basin, UK, provide 

oxic baseline values for this trace-metal-lean region during the early Silurian. These calibrations allow 

a detailed evaluation of water column redox conditions in a mid-shelf location at Buttington. We 

identify an oscillating redox state on the mid-shelf in the early Wenlock, with extended intervals that 

were characterized by oxic-ferruginous conditions, but with regular transitions to a dominantly 

euxinic state. Benthos, such as trilobites, brachiopods, bivalves and gastropods, were relatively 

unaffected during oxic-ferruginous intervals, although the relative intensity of oxic versus ferruginous 

conditions appears to have been important. These faunas were, however, substantially impacted by 
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the development of euxinia, highlighting the specific role of toxic hydrogen sulfide as a key factor, 

on top of the detrimental impact of deoxygenation. Graptolites suffered an extinction crisis at this 

time, which may have been caused by the difficulties of adaptation to conditions of rapid water-

column redox variations, although this idea requires investigation of the redox stability in other 

regions. However, we note that the main end-Ordovician graptolite extinction event also occurred 

during an interval of dynamic oceanic redox fluctuations (Kozik et al., 2022).  

In summary, our data contribute to a growing geochemical database on the evolution of ocean 

redox conditions during the early Silurian, and suggest that dynamic fluctuations in regional redox 

conditions occurred in shelf seas. We thus provide new insight into the nature of more widespread 

anoxia at this time, as well as the ensuing implications for the biotic record during the Ireviken 

extinction event.  
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Figure Captions  

Figure 1. A. Global palaeogeography of Laurentia and Baltica in the late Llandovery, Silurian, with 

the red box showing the location of the Welsh Basin (modified from Scotese, 2014). B. 

Palaeogeography of the Welsh basin during the riccartonensis Biozone (mid-Sheinwoodian) 

(modified from Loydell and Cave, 1996). C. Stratigraphic correlation between the study sections 

(after Loydell and Cave, 1996). The red lines represent the sampled zones and the green line 

represents the duration of the IEE, with the dashes representing uncertainty in the precise timing of 

the onset. 

 

Figure 2. Correlation of carbon isotope curves at the Buttington and River Banwy sections. Isotope 

(δ13Corg and δ13Ccarb) data for the Banwy River section are from Loydell and Frýda (2007) and Cramer 

et al. (2010), and δ13Ccarb data for the Buttington section are from Loydell et al. (2014). IEE = Ireviken 

Extinction Event, ESCIE = Early Sheinwoodian Carbon Isotope Excursion. 

 

Figure 3. Detailed lithological log of the Buttington section. Modified from Cave and Dixon (1993) 

and Loydell and Large (2019). GSH = graptolitic shale horizons. 

 

Figure 4. Total organic C, redox proxy data and oxic baseline establishment for the early Silurian 

Welsh basin. Boxes represent the interquartile range and whiskers represent 1σ. The WBO lines 

represent the Welsh basin oxic values or ranges for the early Silurian. Specifically, shading on the 

FeHR/FeT plot represents the WBO oxic baseline range for the Borth and Banwy River sections, and 

the red dashed lines and shading on the redox sensitive trace metal plots represent the average oxic 

values and the 1σ range, respectively.  
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Figure 5. Geochemical data for the Buttington section of the Trewern Brook Mudstone Formation, 

Wales. Shading on the FeHR/FeT plot represents the WBO oxic baseline range, while dashed lines on 

the redox-sensitive trace metal plots represent the WBO composition. On the FeHR/FeT plot, published 

thresholds for general identification of oxic, possibly anoxic and anoxic water column conditions 

(Poulton and Canfield, 2011) are included for context. However, in this case, these thresholds are 

superseded by our regional oxic baseline calibration. Dashed lines on the Fepy/FeHR plot represent 

calibrated thresholds for the identification of ferruginous, possibly euxinic, and euxinic depositional 

conditions for anoxic samples (Poulton and Canfield, 2011; Poulton, 2021). Pale blue shading 

indicates intervals of more reducing conditions (possibly euxinic). mur. = murchisoni. 

 

Figure 6. Palaeoecological data in the context of TOC concentrations and fluctuations in dissolved 

sulfide in the water column (indicated by Mo/U and Mo/Re ratios). Bioturbation index and the 

occurrences of common benthic fossil groups (narrow bar = rare; widest bar = very common) are 

from Loydell and Large (2019). 

 

Figure 7. Plot of MoEF vs. UEF for samples from the Welsh basin considered in comparison to modern 

seawater (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). The impact of bioturbation on the 

suboxic, anoxic (i.e., ferruginous), euxinic and particulate shuttle zones is shown as dashed lines. The 

Buttington data are distinguished in terms of the broad intervals identified as being dominantly 

euxinic (ButtingtonE) and oxic-ferruginous (ButtingtonOF), based on Mo systematics (see Figure 5). 
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Figure 2.  
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Figure 3.  
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Figure 4. 
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Figure 6. 
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Figure 7. 
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