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Abstract Variations in depositional rates affect the temporal depositional resolutions of proxies used for
paleoenvironmental reconstructions; for example, condensation can make reconstructed environmental
changes appear very abrupt. This is commonly addressed by transforming proxy data using age models, but
this approach is limited to situations where numerical ages are available or can be reliably inferred by
correlation. Here we propose a new solution, in which relative age models are constructed based on
proxies for depositional rates. As a case study, we use the onset of the late Silurian Lau Carbon Isotope
Excursion (LCIE) in Gotland, Sweden. The studied succession is a gradual record of shallowing upward in a
tropical, neritic carbonate platform. As proxies for depositional rates we tested thorium concentration,
carbonate content, and the concentration of pelagic palynomorphs. These three proxies were used to create
relative age models using the previously published DAIME model. We applied these models to transform
the δ13Ccarb values as well as concentrations of selected redox‐sensitive elements. The three relative age
models yielded qualitatively similar results. In our case study, variations in depositional rates resulted in
peaks of redox proxies appearing up to 76% higher when taken at face value, compared to when accounting
for these rates. In the most extreme cases, our corrections resulted in a reversal in the stratigraphic
trend of elemental concentrations. This approach can be applied and developed across depositional setting
and types of paleoenvironmental proxies. It provides a flexible tool for developing quantitative models to
improve our understanding of the stratigraphic record.

Plain Language Summary The depositional rate reflects how quickly a given thickness of
sedimentary rock forms. Abrupt changes in environmental signals recorded in an interval of strata can be
the result of (1) fast changes in environmental conditions and average sedimentation rate or (2) average
changes in environmental conditions and slow sedimentation rate. To correct for this effect, age
models are used, but they are often not available or lack sufficient resolution to detect rapid changes in the
environment. We propose a method to estimate relative changes in depositional rates and test it in a
sedimentary section on the Swedish island of Gotland. The section preserves geochemical records of a
carbon cycle perturbation, expressed as shifts in carbon isotopes. It has also been proposed to record periods
of oxygen depletion in marine water, detectable as enrichment in elements sensitive to redox conditions.
We measured these parameters and compared the original values as preserved in the section with
values corrected for depositional rates. We show that (1) perturbations of the carbon cycle were most likely
more rapid than they appear in the section and (2) high depositional rates during the carbon cycle
perturbation partly disguised the intervals of oxygen depletion.

1. Introduction
1.1. How Paleoenvironmental Information in Sedimentary Rocks Is Transformed by
Depositional Rates

Variations in the volume and rate of influx of sediment can completely transform fossil accumulations by
concentrating and diluting individual hard parts. In extreme cases, they can lead to mixing of fossils from
completely different environments and stratigraphic ages at condensed surfaces or to smearing out of the
record of geologically abrupt events (Carroll et al., 2016; Fürsich & Aberhan, 1990; Kidwell, 1998;
Kowalewski, 1996). Less dramatic variations lead to records that are altered in more obscure manner,
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though these may be as important to understand. Simple models varying the input of sediment and skeletal
hard parts allow us to simulate the entire range of outcomes, where, for example, a barren interval or a
bloom horizon might be obtained by increasing or decreasing the depositional rate (Dominici et al., 2018;
Kidwell, 1985). In shallow aquatic and terrestrial settings, changes in the ecosystem and the environment
happen faster than the resolution of the depositional system and virtually all biological information pre-
served is shredded to some degree (Jerolmack & Paola, 2010; Kowalewski & Bambach, 2008; Straub
et al., 2020). Individual events can be distinguished in the geological record only if they take place at a tem-
poral scale lower or equal to that of the depositional resolution of the given succession. Although this has
been addressed in various ways when analyzing the fossil record (Tomašových et al., 2017; Tomašových &
Kidwell, 2010), individual sediment particles are, principally, subject to the same processes, for example,
reworking of sand grains by water or burrowing organisms and dilution or condensation by surrounding
sediment. Therefore, any parameters measured in these particles will be affected by the processes that are
already well known to alter the fossil record. This includes geochemical measurements such as isotope ratios
in bulk‐rock carbonates or trace element composition. The record of changes in any environment derived
from proxies based on geochemistry needs to account for the stratigraphic completeness and depositional
resolution of the sediment in which they are measured.

The depositional resolution, that is, the smallest duration that can be distinguished in a sedimentary
deposit, is estimated to be typically around 102–104 years in bedded nearshore and shelfal deposits
(Kowalewski & Bambach, 2008). The depositional resolution is the product of processes including deposi-
tional rates (i.e., the outcome of net sedimentation and erosion), bioturbation, and mechanical and chemi-
cal destruction of specific fractions, for example, decay of organic matter, boring and dissolving of bioclasts,
winnowing, and selective cementation. In this study, we investigate the impact of depositional rates on how
changes in the chemical composition of the sediment are preserved and interpreted. These rates are gener-
ally calculated in sections where some numerical ages are available and several statistical approaches are
available for radiocarbon‐dated sections (Parnell et al., 2011). But such ages are not available for many sec-
tions at all—particularly in deep time—and are too scattered across the geological record to allow for
high‐resolution age models for any given paleoenvironmental change. On the other hand, sedimentary
and sequence‐stratigraphic indicators often provide insights into relative changes in the depositional rate
at high resolution, for example, flooding surfaces at parasequence bases or firmgrounds. Changes in deposi-
tional rates within a given basin or facies model are often highly predictable and vary systematically
together with the position within the depositional sequence (Brett, 1995; Holland, 2000; Jarochowska
et al., 2018; Ray & Thomas, 2007).

1.2. The Late Silurian Lau Carbon Isotope Excursion

Here we investigate how changing depositional rates can alter the chemical composition and common ele-
mental redox proxies in a Silurian carbonate section. As a case study, we use the onset of the Lau Carbon
Isotope Excursion (LCIE), the strongest positive δ13C excursion in the Phanerozoic (Jux & Steuber, 1992;
Munnecke et al., 2010; Samtleben et al., 1996; Wenzel & Joachimski, 1996; Wigforss‐Lange, 1999). This
excursion is associated with global rapid sea level changes (Antoshkina, 2018; Chadimová et al., 2015;
Eriksson & Calner, 2008; Kozłowski & Sobień, 2012; Loydell & Frýda, 2011; McLaughlin et al., 2019;
Munnecke et al., 2010), resulting in a potential strong imprint of facies and changing depositional rate on
the record of carbon isotopes and associated changes in biota and seawater chemistry (Jarochowska &
Kozłowski, 2014; Mergl et al., 2018). Globally, the duration of the entire LCIE is indirectly constrained to
have lasted from ca. 422.96 ± 2.28 to 424.96 ± 1.15 Ma (Gradstein et al., 2012), but the onset is estimated
to have been very rapid. The global sea level fall synchronous with the onset of the regression is postulated
to have been glacioeustatically driven, supporting its short duration (Sproson, 2020). The duration of the
onset of the excursion (the rise from background to peak values), examined here, is below the resolution
of Silurian biostratigraphy as it was shorter than one conodont biochron (of the Polygnathoides siluricus
Biozone), and in most sections the rising values are constrained to one graptolite zone (Neocucullograptus
kozlowskii; Jeppsson, 2005).

The onset of the LCIE and other high‐amplitude Silurian carbon isotope excursions have been postulated to
systematically coincide with changes in seawater chemistry, including increased stratification of the water
column and anoxia (Bowman et al., 2019; Cramer & Saltzman, 2007; Hammarlund et al., 2019;
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McLaughlin et al., 2012; Munnecke et al., 2012; Smolarek et al., 2016; Sullivan et al., 2018; Vandenbroucke
et al., 2013, 2015; Vecoli et al., 2009; Young et al., 2020) manifested in enrichment of redox‐sensitive proxies.
What is more, these anoxic intervals have been proposed to be related with mobilization of heavy metals,
which would have affected the biota (Emsbo, 2017; Munnecke et al., 2012; Vandenbroucke et al., 2015).
The interpretation of these proxies and quantification of the spread and magnitude of anoxic conditions
are, however, complicated by the fact that they are recorded in an interval of rapid regression, which in
shallow settings is characteristically associated with facies shifts and numerous diastems. Therefore, the
dynamics of element concentrations are distorted by changes in the depositional rates, creating, for
example, accumulations at condensation surfaces. To circumvent these difficulties, we evaluate these
proxies at a section representing the distal shelf environment of a Silurian tropical carbonate platform, at
Bodudd, Gotland (Sweden) (Eriksson & Calner, 2008; Jeppsson et al., 2007; Samtleben et al., 2000). This
section records a comparably continuous record of the onset of the LCIE preserved in homogenous facies
(Figure 1). In such a section, it is possible to identify basic sedimentological and paleontological proxies
for the depositional rate and use these to develop relative age models. Here we examine the dynamics of
redox‐sensitive elements and their ratios across the onset of the LCIE and account for the effects of
depositional rates by transforming the original records using three relative age models. The models are
based on thorium input, carbonate content, and density of pelagic palynomorphs. The age models and
transformation are performed using the method introduced by Hohmann (2018).

The aim of this study is to test whether stratigraphic patterns of element concentrations, particularly of
redox‐sensitive trace elements, are affected by changing depositional rates and to what extent can this alter
their interpretations. As a case study to perform this test, we evaluate the hypothesis that peaks in the con-
centration of selected elements at the onset of the LCIE at Bodudd 1 are created by sedimentary

Figure 1. Lithological log of the Bodudd 1 section, Gotland, Sweden, changes of the δ13Ccarb values, selected redox‐sensitive proxies in the carbonate fraction,
variables used as proxies for relative age models, and positions of thin‐section samples (EJ_15‐xxx) shown in Figure 2. All data are newly produced in this
study except for palynomorph concentration, which is from Stricanne et al. (2006). Gray bars highlight peaks discussed in the text, and the arrow marks the
position of the boundary between the När and Eke formations according to Jeppsson et al. (2007).
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condensation. We also propose how relative age models can be created for a given depositional setting in the
absence of absolute ages and how they can be used to account for depositional rates in interpretations of data
preserved in sedimentary successions.

1.3. Estimating Relative Depositional Rates

The section used here as a case study represents a common case where no absolute ages are available to cre-
ate an age model. Nonetheless, for a given basin type and facies model, relative changes in depositional rates
can be estimated and are often manifest in the field, for example, as flooding surfaces. A quantitative esti-
mate of the relative depositional rate can be obtained from the inversed proportion of sediment components
which are diluted by sediment input. Here we will test three relative age models based on three commonly
used proxies for depositional rates. The proxies proposed here apply to carbonate platforms and can be read-
ily measured in the absence of absolute ages: thorium concentration, the carbonate content of bulk rock, and
the concentration of pelagic palynomorphs.
1.3.1. Thorium Concentration
The dynamics of both thorium and uranium in sedimentary rocks is very well understood as the concentra-
tions of these two elements are routinely measured in spectral gamma ray logs. Among thorium isotopes,
two have half‐lives long enough to be relevant for sedimentology: the long‐lived 232Th isotope (half‐
life = 1.4 × 1010 years) and the short‐lived 230Th (half‐life = 75 × 103 years) (Bacon & Anderson, 1982).
Both forms are present across conditions encountered in seawater as Th (IV), which has very low solubility
and is mostly transported by adsorption (Nozaki et al., 1987). 230Th in marine sediments and biogenic car-
bonates is largely derived from the decay of uranium, which is more soluble and therefore incorporated into
calcite and aragonite crystal lattice in higher proportions. Its short half‐life means, however, that in Silurian
carbonates 230Th will have decayed into its daughter isotopes, 226Ra, 206Hg, and 24Ne, virtually completely.
The dominant form, 232Th, is transported in heavy minerals, such as zircon and monazite, and therefore
accumulated in fine‐grained aluminosilicate‐rich siliciclastic facies (Ehrenberg & Svånå, 2001). Despite its
low solubility, a small proportion of weathering‐derived 232Th is mobilized in seawater and incorporated
in the crystal lattice of carbonate minerals (Robinson et al., 2004; Shen et al., 2008). Otherwise chemically
similar, uranium differs from thorium in that uranium forms a soluble uranyl form under oxidizing condi-
tions and is thus used as a redox proxy. The ratio Th/U is often employed as an indicator of terrigenous or
marine influence (Doveton, 1994) and redox conditions in the depositional environment (Adams &
Weaver, 1958). Here we use Th (effectively meaning 232Th) concentration instead of the more popular
Th/U ratio to avoid circularity: the relative age model based on Th content is used to evaluate the accu-
mulation of redox‐sensitive metals and test hypotheses on their precipitation due to changing redox con-
ditions. Consequently, the relative age model cannot be based on a redox‐sensitive element. Thorium
concentration in carbonate and other chemically precipitated sedimentary rocks shows good correlation
with total insoluble residue and can therefore be used as a proxy for the rate of carbonate deposition
(Adams & Weaver, 1958).

In siliciclastic settings, Th concentration is proportional to the amount of detrital siliciclastic material form-
ing the sediment and is therefore decreasing basinward (Adams & Weaver, 1958). In a tropical carbonate
platform environment, however, Th is diluted by carbonate. Based on this, we assume Th concentration
to be negatively correlated with the depositional rate in this setting. Following this assumption, the shallow,
euphotic zone of most intensive carbonate production is expected to have the lowest Th concentrations,
which increase with the distance from the center of the carbonate factory, that is, toward platform margin.
1.3.2. Carbonate Content
The locus of carbonate production and accumulation has shifted since the Paleozoic from the neritic factory
to the pelagic realm as a result of the evolution of calcareous plankton (Ridgwell, 2005). Therefore, in
post‐Paleozoic oceans carbonate content cannot be used as an indicator of the proximity of the neritic carbo-
nate platform. In the early Phanerozoic, however, carbonate content correlates well with the position along
the onshore‐offshore gradient and, thus, with the intensity of carbonate production (Schlager, 2003). The
Baltic Basin, where the Bodudd section is located, is representative of other Paleozoic tropical‐subtropical
basins in terms of facies distribution (Calner et al., 2006; Lazauskienė et al., 2003; Tomczykowa, 1988).
The epicratonic basin margin is formed by reefal, bioclastic, and microbial limestones, and the only clastic
lithosomes are associated with forced regressive strata (Calner et al., 2006; Eriksson & Calner, 2008;
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Jarochowska & Kozłowski, 2014; Kozłowski & Sobień, 2012; Radkovets, 2015). The carbonate content
decreases down the slope of the carbonate platform, represented by marls and calcareous mudstones, and
the deepest parts of the basin are formed by graptolitic shales (Hammarlund et al., 2019; Porębski et al., 2013;
Sullivan et al., 2018). Deposition in such a neritic carbonate platform takes place through in situ carbonate
accumulation. The closer to the onshore end of the onshore‐offshore gradient, the higher the deposition rate
of carbonate sediment. Therefore, we propose that carbonate content can in this setting be used to approxi-
mate the depositional rate.
1.3.3. Proportion of Pelagic Palynomorphs
Phytoplankton and zooplankton abundance in a rock sample reflects the common effect of multiple factors,
including productivity, depositional rate, and taphonomy (Mullins et al., 2004). To distinguish the individual
contributions of these three factors, the abundance itself would need to be transformed using an indepen-
dent age model. Here we evaluate to what extent this abundance is the result of changing depositional rates
by comparing the relative age model calculated from it with the two previous age models. At Bodudd, the
dominant groups of organic‐walled microplankton are acritarchs, prasinophytes, and chitinozoans. Of these
groups, chitinozoans did not belong to phytoplankton, but they also have been reconstructed to have had an
epipelagic type of distribution (Vandenbroucke et al., 2010) with only a small proportion of taxa showing
associationwith specific facies (Bergström&Grahn, 1985; Nestor, 1998). Acritarchs, on the other hand, show
strong differentiation along the onshore‐offshore gradient (Mullins et al., 2004; Stricanne et al., 2004, 2006),
but although the assemblages at Bodudd shift in their composition in line with increasing shallowing, the
total abundance remains strongly correlated between all pelagic palynomorphs, including prasinophytes
which are often observed to reach high abundance in restricted facies, for example, brackish or anoxic.
Taken together, we suggest that strongly synchronous changes in the absolute abundance of all palyno-
morph groups regardless of their differing ecologies, as documented at Bodudd by Stricanne et al. (2006),
reflect primarily their accumulation under varying depositional rates.

2. Materials and Methods
2.1. The Bodudd 1 Section, Gotland, Sweden

The strata exposed on Gotland reach from the Telychian to the Ludfordian (Calner et al., 2004a; Jeppsson
et al., 2006). They represent a relatively complete sequence of Silurian sedimentary rocks, which have not
undergone major burial or freshwater diagenesis (Munnecke et al., 1997; Munnecke & Samtleben, 1996).
During the Silurian Period, Gotland was located near the paleoequator, on the margin of the paleocontinent
of Baltica, and formed part of a large epicontinental carbonate platform. The sedimentary succession was
deposited directly on a large volcanometamorphic domain of the Fennoscandian Shield, consisting of
Rapakivi‐type granites (Koistinen et al., 2001). The homogenous composition of this domain constrains pos-
sible variation in the composition of the influx derived from bedrock weathering.

The Ludfordian (Ludlow, upper Silurian) Bodudd 1 section is exposed along the shoreline on the SW coast of
Gotland with a gentle NW dip of approximately 0.5° (Jeppsson, 2005; Figure 2). It has been logged in detail
(Figure 1), and four thin sections have been produced (EJ‐15‐426 through EJ‐15‐429) to aid facies analysis
(Figure 2). The northern end (57°4′15.40″N, 18°11′46.40″E) exposes strata representing the Botvide
Member (När Formation, Hemse Group), which at the base is dominated by laminated marl‐siltstone het-
erolith with pyrite concretions. The lowest 0.5 m of the section is laminated and devoid of bioturbations;
above that rare Chondrites can be found (Bioturbation Index, BI, of 1; Taylor & Goldring, 1993). In the upper
part, the carbonate and fossil contents increase and bioturbations becomemore common (BI 2). The younger
part of the Member is a limestone‐marl alternation. The fauna includes trilobites, cephalopods, brachiopods,
and acanthodians, that is, a mixture of benthic and pelagic organisms. Toward the top of the När Formation
at Bodudd an enrichment in dolomite, quartz sand, and silt (Samtleben et al., 2000), as well as in small
cephalopods, is observed (Calner et al., 2004b). Unlike in more proximal settings, where the boundary
between the Hemse Group and the Eke Formation is erosional, the transition between these units at
Bodudd 1 is conformable and gradual (Calner et al., 2004b). Therefore, the boundary in this section has
not been clearly defined. Hede (1921) placed it below the first appearance of oncoids, but it is not clear on
which basis. Jeppsson et al. (2007) marked this boundary approximately 1.5 m below the level used here,
but this placement was based on conodonts and δ13Ccarb values. Here we follow Calner et al. (2004b) in pla-
cing it at a prominent, dolomitic bed near the top of theMember. The Lower Eke Formation consists of white
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dolomitic mudstones with rare oncoids. Oncoids are rock‐forming in the uppermost part of the section,
which exposes the Middle Eke Formation. The southernmost end of the section is located at 57°4′
12.20″N, 18°11′14.20″E.

According to the regional conodont zonation by Jeppsson (2005) and Jeppsson et al. (2006), the Botvide
Member belongs to the Polygnathoides siluricus Zone and the Eke Formation to the icriodontid Zone, which
corresponds to the lower part of the Ozarkodina snajdri Zone recognized in other areas (Märss &
Männik, 2013). Bulk‐rock carbon isotope values at Bodudd 1 have been reported to rise gradually from
+1.7‰ to +6‰ in the När Formation and, over a much shorter stratigraphic thickness, to +7‰ in the
Eke Formation (Jeppsson et al., 2007; Samtleben et al., 2000). These values rise further in overlying strata
in nearby localities on Gotland, for example, to 7.8‰ at Bodudd 2, 8.2‰ at Ronehamn 2 (Samtleben
et al., 2000), and 9.2‰ at Ronnings 1 (Jeppsson et al., 2007). The sequence‐stratigraphic interpretations

Figure 2. The Bodudd 1 section. (a–c) Location in the western coast of Gotland, Sweden; (b, c) modified from Jeppsson et al. (2007). (d) Outcrop overview.
(e) Sample EJ‐15‐428, laminated heterolith near the base of the section. (f) Sample EJ‐15‐426, floatstone consisting of the brachiopod Dayia navicula and a
cephalopod orthocone, scale bar 0.5 cm. (g) Sample EJ‐15‐427, silty marl, scale bar 0.3 cm. (h) Mudstone with Dayia navicula near the top of the När Formation,
scale bar 2 cm. (i) Brachiopod‐ostracod coquina in peloidal grainstone matrix, Eke Formation, scale bar 1 cm.
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based on the entire region propose a highstand systems tract and the onset of a falling stage systems tract
(FSST) in the upper part of the När Formation with the FSST continuing into the lower part of the Eke
Formation (Eriksson & Calner, 2008; Kozłowski & Munnecke, 2010).

Strata exposed along the shoreline at Bodudd, on the SW coast of Gotland, have been sampled at low water
level in August 2014. Seventy‐five samples spanning the upper part of the Hemse Group and the base of the
Eke Formation have been collected for bulk‐rock carbon isotope analyses. A subset of 42 samples has been
used to measure rock elemental composition. The surfaces of samples have been cut off and the remainder
washed, sonicated in deionized H2O, and dried overnight at about 25°C in a cabinet desiccator. Samples used
for isotope analyses only were cleaned and powdered using a hand drill. Bulk‐rock isotope analyses were
chosen over analyses in skeletal fossils because the lower part of the section was effectively barren and fossil
sampling would not allow sufficient continuity.

2.2. Bulk‐Rock Isotope Analyses

Carbon isotope analyses were performed in the Isotope Laboratory of GeoZentrum Nordbayern (Erlangen).
Carbonate powders were reacted with 100% phosphoric acid at 70°C. Samples were measured using a
Gasbench II connected to a ThermoFinnigan Five Plus mass spectrometer. All values are reported in per mill
relative to Vienna Peedee Belemnite (V‐PDB) by assigning δ13C and δ18O values +1.95‰ and −2.20‰ to
international standard National Bureau of Standards 19 (NBS19) and −46.6‰ and −26.7‰ to international
standard LSVEC, respectively. Reproducibility and accuracy were monitored by replicate analysis of labora-
tory standards calibrated to NBS19 and LSVEC and were better than ±0.1‰ standard deviation for both
carbon and oxygen isotopes. All data are reported for calcite. The data set is available in Jarochowska
et al. (2020).

2.3. Trace Element Analyses

Trace element analyses were conducted on a Thermo Scientific X‐Series 2 quadrupole inductively coupled
plasma mass spectrometer at GeoZentrum Nordbayern (Erlangen). For the first run of trace element ana-
lyses 15 samples mainly concentrated in the upper half of the profile were selected. These rock samples were
crushed and powdered in an agate mortar. For each sample 0.1 g of rock powder was accurately weighed,
and the carbonate fraction selectively dissolved using 1 M (mol/L) acetic acid following the method estab-
lished by Zhao et al. (2009) to omit the contribution of the detrital fraction. Concentrations of rare earth
elements (REE) have been normalized using the Post Archean Australian Shale (PAAS) according to
McLennan (2001) and Piper and Bau (2013). Element concentrations were calculated from the exact weight
of each powdered sample assuming that the sample is 100% carbonate. These values were then divided by the
measured carbonate content of the respective sample to obtain the actual trace element concentrations. A
carbonate bomb was used to determine the carbonate content in percentage by weight (wt. %) (Müller &
Gastner, 1971). After analyzing the results of the first batch, a second batch of 27 samples was selected
and analyzed to fill in gaps, especially in the lower half of the profile. Cerium anomaly Ce* was calculated
as [Pr] × ([Pr] × [Nd]−1) according to Lawrence et al. (2006). The data set is available in Jarochowska
et al. (2020).

2.4. Transformation by Relative Age Models

Each of the three relative age models was created by fitting a linear regression model to the data series using
ordinary least squares regression implemented in R Software (R Core Team, 2015). Figure 3 compares the
obtained age models with constant deposition. Only data from the När Formation, which represented a con-
tinuous gradient of environments and depositional rate, were analyzed. Element concentrations were trans-
formed with each of the relative age models using the patterntodepositionmodel function of the
DAIME package for R Software (Hohmann, 2020). Ratios, that is, carbon isotope values as well as europium
and cerium anomalies (Eu/Eu* and Ce/Ce*), were transformed using the pointtransform function,
which transforms stratigraphic height to time but not the values. The results have been scaled into the ori-
ginal height interval of the investigated section in meters, so that the results can be directly compared with
the un‐transformed data (Figure 4). R codes allowing to reproduce the analysis are provided in Jarochowska
et al. (2020). Figure 4 should be read as if the changes in chemical composition, as they have been trans-
formed into the time realm, had been recorded in a sedimentary section with the same total thickness but
a constant deposition rate (1:1 relationship between thickness and time).
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3. Results
3.1. Bulk‐Rock Carbon Isotopes

Bulk‐rock δ13Ccarb values at Bodudd 1 (Figure 1 and gray lines in Figure 4) remain around 1.5‰ in the lower
half of the section and start increasing at the height of 2 m to 6.1‰ at the top of the När Formation at 4.5 m.
They reach 7.3‰ in the Eke Formation in the topmost part of the outcrop (5.56 m). Oxygen isotope values,
used here only to screen for potential diagenetic alteration, range from−7.9‰ to −4.3‰, and the coefficient
of covariation between oxygen and carbon isotope values is R2 = 0.3, suggesting no major alteration (Banner
& Hanson, 1990).

3.2. Trace Elements and Redox Proxies—Original Values

Vanadium and nickel concentrations (Figure 1 and gray lines in Figure 4) show high variability but overall
decreasing trends in the lower part of the section (2 to 10 ppm in V, 2 to 27 ppm in Ni; Figure 1). Both ele-
ments show distinct double peaks at the stratigraphic heights of 2.38 m (7.36 ppm V, 11.56 ppmNi; Figure 1)
and 2.48 m (4.99 ppm V, 14.16 ppm Ni; Figure 1), followed by low values ranging throughout the upper part
of the När Formation. Cesium concentration remains low throughout the section (mean 0.05 ppm) except
for a double peak at the same levels: 0.33 and 0.14 ppm (Figure 1). This level, at which multiple elements
show higher concentrations, shortly post‐dates the onset of the LCIE at Bodudd 1. Uranium concentration
shows different dynamics, with low levels below 2 ppm except for a single peak of 9 ppm at 0.2 m (Figure 1).

Eu/Eu* varies between 1.1 and 1.17 in the lower part of the section up to the level where V, Ni, and Cs show
prominent peaks (2.38 m; Figure 1). There it has low values (1.11 and 1.10), and it remains low (1.09 to 1.12)
thereafter. Ce/Ce* has mirrored dynamics, with low but variable levels in the lower part and elevated values
starting with 0.93 at 2.38 m. This level of value reversal in both proxies occurs at approximately 3 m, and this
point will be used further as a benchmark in comparisons between models.

3.3. Th‐Based Relative Age Model

This relative age model (Figure 4a) indicates the lowest depositional rate in the lower part of the section and
the most rapid increase in the upper part when comparing among all models (Figure 3). It indicates that the
onset of the LCIE was even more rapid than it appears from the stratigraphic section; that is, the rise in
δ13Ccarb starts at approximately 2.9 m of the section, not at 2 m as in the original data (Figure 1 and gray lines
in Figure 4). Un‐condensing the deeper‐water deposits in the lower part of the section results in lower levels
of V and Ni, as well as their lower variability: Previously noted high‐frequency and high‐amplitude peaks are
more protracted and less dramatic; for example, the highest peak in V (10.02 ppm) has decreased by 38%

Figure 3. Relative age models calculated from three different proxies using the DAIME model.
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(6.25 ppm) in the transformed data. Similarly, the uranium peak near the base of the section decreased by
45% from 9.24 to 5.25 ppm. In other words, condensation according to this model resulted in an increase
of the top absolute values by 76%. On the other hand, because the depositional rate is in this model
highest in the upper part of the section, the trends in V, Ni, and Cs concentrations have been reversed
from gradual decreases to step‐wise increases. In the original data, V and Cs concentrations in the
topmost När Formation were 1.10 and 0.03 ppm, respectively, and rose to 6.61 and 0.17 ppm after
transformation. The distinct peaks identified at 2.38 and 2.48 m have, when accounting for high

Figure 4. δ13Ccarb and redox‐sensitive elemental concentrations and their ratios transformed using three relative age models (thick black lines) compared with
original values (thin gray lines) in the När Formation at Bodudd 1. Eu/Eu* denotes Eu enrichment due to reduction to Eu2+ under reducing seawater conditions
and Ce/Ce* = cerium depletion in oxygenated water owing to oxidation to Ce4+ and precipitation as CeO2 (Lawrence et al., 2006; Rasmussen et al., 1998).
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depositional rate, become even higher and more abrupt, nowmarking the onset of rises in the concentration
of their respective elements. The high depositional rate moved also the reversal of the Eu/Eu* and Ce/Ce*
values from approximately 3 to 3.7 m, indicating a much shorter interval with low europium anomaly and
high cerium anomaly levels.

3.4. Carbonate Content‐Based Relative Age Model

The relative age model based on carbonate content deviates the least from constant deposition among the
threemodels considered here, and, accordingly, the changes in the transformed data and their interpretation
are the smallest. The onset of the LCIE is at 2.3 m instead of 2.0 m. The lower part of the section changed
little under this model. V and Ni show high variability, and their concentrations have decreased less than
they had in the Th‐based model; for example, the peak in V decreased by 21% to 7.93 ppm. The strongest
changes in the depositional rate in this model are expected in the middle part of the section, whereas the top-
most part is similar to the original data; for example, there is no reversal of trends in the concentrations of V,
Ni, and Cs. The U peak decreased by 25% to 6.97 ppm. The level at which Eu/Eu* and Ce/Ce* values flip has
moved only approximately 0.3 m upward.

3.5. Pelagic Palynomorphs‐Based Relative Age Model

In this model the onset of the LCIE is shifted upward by approximately 0.5 m. The position of peaks in the
concentrations of V, Ni, and Cs above the onset of the excursion has shifted upward by approximately 0.6 m,
but their reconstructed values increased only marginally: by 4% to 7.69 ppm for V, by 7% to 15.12 ppm for Ni,
and by 6% to 0.35 ppm for Cs. The level at which Eu/Eu* and Ce/Ce* values reverse moved approximately
0.45 m upward. As in the model based on carbonate concentration, no increasing trend in the levels of
these metals was noted in the top of the section. Also, the U peak remained sharp, and its amplitude
decreased by 33%.

4. Interpretation and Discussion
4.1. The Effect of Depositional Rates

The interpretation of paleoenvironmental proxies often invokes “rapid” or “gradual” changes, even if an
absolute age model is not available to gauge the tempo. This is the case, for example, for deep‐time strata,
where the number and the precision of geochronological dates are low, or for high‐energy or redeposited
strata where volcanic ash does not preserve. Often it is the relative timing of events that is of interest, for
example, when biotic changes are correlated with changes in the environment (Danise et al., 2019; Pašava
et al., 2017; Rita et al., 2019; Sullivan et al., 2018). Here we used a deliberately simple geological section
which records a gradual facies shift from deep to shallow to illustrate how small changes in the relative
depositional rates impact the paleoenvironmental proxy record. The prominent peaks in redox proxies chan-
ged their magnitudes by up to 45%, and accounting for sedimentary condensation or dilution resulted in
reconstructing them asmore gradual or more abrupt events. Most strikingly, in all models the carbon isotope
excursion has been reconstructed as even more abrupt than it appears at face value. Similarly, coordinated
double peaks in V, Ni, and Cs, as well as the reversal in europium and cerium anomalies, which all took
place shortly after the onset of the excursion, were more abrupt and extended over a shorter period than
it seems in Figure 1. This reflects shallowing in the upper part of the När Formation, apparent in the shift
toward the interior of the carbonate platform and higher carbonate production. Based on thorium content,
this rise is so rapid that concentrations of V, Ni, and Cs were effectively rising at that time, even though this
rise is not discernible in the un‐transformed data.

The accumulation of redox‐sensitive metals in sediment is governed by three major factors: their concentra-
tion in the seawater, the dynamics (input and oxidation rate) of sedimentary organic matter, and the deposi-
tional rate (Algeo & Maynard, 2008). Here we focus on the last aspect. At high depositional rates, trace
metals are diluted by sediment input and their diffusion is limited (Liu & Algeo, 2020). This effect is expected
to be lower for elements enriched from the aqueous phase, for example, U, than in those which are predo-
minately or partly enriched from the organic matter to which they are bound, such as Ni (Tribovillard
et al., 2006). For elements enriched directly from water, low depositional rate allows more time for sediment
enrichment, for example, of U through uranyl ion diffusion from the sediment column (Crusius &
Thomson, 2000). An empirical and modeling study by Liu and Algeo (2020), which compared U and Mo
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enrichment in settings with similar redox conditions but different depositional rates, confirmed that these
rates exert a second‐order control on the enrichment of U and Mo and can increase the enrichment by up
to 400%.

Note that we refer to condensation in the way the term is used in the paleontological literature, that is, any
accumulation, whether of fossils or metals, due to the slowdown of deposition (Kidwell, 1989; Kowalewski &
Bambach, 2008), and not the narrower sense definition referring to condensed sediments (Föllmi, 2016). In
the latter case, alteration of the concentration record by element remobilization from the sediment becomes
important and would need to be taken into account.

4.2. Interpretation of Redox Proxies

Owing to the various sources andmobilities of redox proxies, redox state of the seawater is best reconstructed
using amultiproxy approach. Commonly used bulk‐rock concentrations represent trace metal influx present
in multiple phases, not only the hydrogenous authigenic phase, but also the detrital phase which does not
represent the composition of the seawater. This problem is circumvented here in that elemental concentra-
tions were measured in the carbonate fraction only (Zhao et al., 2009). As carbonates are, at the scale of the
platform, produced in situ, they are here taken to represent the conditions in the seawater at the time of their
precipitation. This process includes early diagenesis, that is, lithification, precipitation of cements, and trans-
formation of aragonite into calcite, it involves therefore a non‐negligible degree of time‐averaging. The
caveat of this approach is that the absolute values reported here may not be directly comparable with values
reported from bulk‐rock analyses and that the incorporation of trace elements may be influenced by meta-
bolic processes of carbonate‐precipitating organisms.

The lowest 0.5 m at Bodudd 1 represents dysaerobic facies, which is consistent with high U concentration,
although at a single level. Ni and V are also elevated at this level, but they do not co‐vary with uranium
and show peaks at multiple other levels. Ce/Ce* values are relatively low in this sample (0.77). Uranium
enrichment is an indicator of suboxic to euxinic conditions (Algeo & Tribovillard, 2009), and it is incorpo-
rated into aragonite as well as calcite (Kelly et al., 2003; Reeder et al., 2000). However, at Bodudd 1 its lack
of covariation with other proxies and occurrence in dysaerobic facies might indicate transient development
of anoxic conditions at the sediment‐water interface only. This would allow precipitation of U from the
water at this interface, but not enrichment of organic‐bound Ni and V. For Ni to become enriched in sedi-
ment, three conditions need to bemet: It has to be delivered there, which happensmostly in association with
organicmatter, which then has to decay to release it, and sulfides need to be present (Tribovillard et al., 2006).
Vanadium is also delivered to the sediment with organic matter. Its most reduced form V (III) can indicate
euxinic conditions, which—however—is unlikely given the facies, but its V (IV) form can be enriched in the
sediment and incorporated in calcite and aragonite (Mitchell, 2016; Smrzka et al., 2019). Both elements show
strong covariation with each other as well as with cesium.

Europium and cerium anomalies show high variations throughout the section, but their mirror‐like beha-
vior can be discerned nonetheless. This variability might reflect the mixture of authigenic carbonate preci-
pitated at the seafloor with cements precipitated within the sediment. Cerium anomaly remains at low
levels, indicating depletion of the element under oxic conditions, up to approximately the onset of the
LCIE at around 2 m. As δ13Ccarb values rise, Ce/Ce* also increases to levels around 0.95, suggesting suboxic
conditions in the water column in this interval.

The concentrations of redox‐sensitive elements and REE anomalies observed at Bodudd 1 show high varia-
bility over a short thickness of the section and over an estimated short time of deposition. This is not unex-
pected in shallow‐water facies. The chemical composition of marine carbonates is most variable at the
proximal end of the onshore‐offshore transect (Coimbra et al., 2015) and cannot be compared with litholo-
gically homogenous deep‐water sections where these proxies are most commonly applied (e.g., Sullivan
et al., 2018). In stark contrast with traditional approaches, where homogenous sections are analyzed to elim-
inate factors other than redox conditions that may affect the chemical compositions, Bodudd 1 was specifi-
cally chosen for its record of abrupt, severe changes in the relative sea level and potentially in the redox state
of the water. The variability we observed is consistent between proxies, which allows us to exclude random
errors as the cause for high variance. Instead, variations largely follow the dramatic facies shift associated
with the rapidly falling relative sea level. The highest variability is observed in the dysoxic heterolith in
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the lowest part of the section, where sedimentary structures indicate shifts between quiet settling of carbo-
nate mud and rapid erosion by coarser material (Figure 2e). In the upper part of the section, lower variability
coincides with increased bioturbation, which has likely contributed to homogenization of the values.
Finally, the peak at the onset of the CIE is recorded in all proxies and even when the depositional rates
are accounted for. Overall, the high variability at Bodudd 1 supports the hypothesis of a variable redox state
even in shallow‐water settings during the onset of the LCIE (Bowman et al., 2019; Munnecke et al., 2012;
Vandenbroucke et al., 2015).

4.3. Development of Age Models

Results of transformations using the three relative age models were quantitatively different but were con-
sistent in the direction in which they changed the interpretation. They all indicated an even faster onset
of the LCIE, smaller values and lower variability of redox proxies at the base of the section, and a later posi-
tion and higher amplitude of the V, Ni, and Cs peaks above this onset. These interpretations are important
for the detailed reconstruction of the dynamics of this particular paleoceanographic perturbation and illus-
trate how the interpretation of other such events can be improved by accounting for the depositional rate.
Each of the proxies used to construct relative age models is subject to other controls than the sheer
onshore‐offshore gradient. For instance, thorium is affected by sedimentary winnowing and focusing, by
dust input (Kozłowski & Sobień, 2012), and by changes in provenance (Adams & Weaver, 1958). Major
changes in provenance can be excluded here owing to the homogeneity of the underlying volcanometa-
morphic domain (Koistinen et al., 2001). Climate change which influences weathering and runoff also
affects both thorium content and carbonate production, the latter being also sensitive to changes in
seawater pH. The relative importance of these processes should be, for any section, contrasted with the
sedimentary context.

In the case of Bodudd 1, the dominant change in the section is a rapid shallowing and transition from
offshore, mixed siliciclastic‐carbonate facies to a tropical shallow inner platform environment. This
abrupt sea level fall is recorded globally (Eriksson & Calner, 2008; Kozłowski & Sobień, 2012; Loydell &
Frýda, 2011; McLaughlin et al., 2019; Munnecke et al., 2010) and attributed to glacioeustasy
(Sproson, 2020). Therefore, local sedimentological processes such as winnowing or changes in provenance
can be excluded as driving the observed trend. The onshore‐offshore gradient is the main factor differentiat-
ing multiple environmental parameters at the basin scale, including the distribution of organisms
(Jarochowska et al., 2018; Scarponi & Kowalewski, 2004; Tomašových, 2006), the composition and variabil-
ity of sediment composition (Coimbra et al., 2015), and Th concentration (Adams & Weaver, 1958;
Doveton, 1994; Ehrenberg & Svånå, 2001). It is also manifest as the driving force behind the composition
and abundance of palynomorph assemblages in the Silurian carbonate platforms (Mullins et al., 2004;
Stricanne et al., 2004, 2006). The three proxies for the depositional rate used here are, therefore, a quantita-
tive expression of directly observable and well‐documented prominent facies shift. A shift from high to low
primary productivity, which might have affected palynomorph concentration, has been hypothesized imme-
diately before the onset of the LCIE (Cramer & Saltzman, 2007; Jeppsson & Aldridge, 2000). It is consistent
with the overall decrease in the relative abundance of planktonic palynomorphs at Bodudd 1, if facies effect
is ignored (Figure 1, Stricanne et al., 2006). However, how palynomorph abundance does or does not reflect
productivity is an open question. Moreover, this decrease is associated with systematic changes in the com-
position, for example, an increased proportion of terrestrial spores (Stricanne et al., 2004, 2006). This shift in
composition supports the alternative hypotheses by Porębska et al. (2004) and Loydell (2007) that observed
changes are related to community turnover rather than changes in productivity.

Palaeoclimatic change has been associated with carbon cycle perturbations recorded during the LCIE, but its
character and role are still debated. According to Jeppsson and Aldridge (2000), the times of the onset of the
excursion would have been marked by a transition from humid to arid climate, which would contribute to a
higher carbonate content through lower input of argillaceous material, offering a potential alternative expla-
nation for the changes we observed. Isotopic evidence from brachiopod shells and conodont apatite supports
rapid cooling during this interval (Lehnert et al., 2007; Trotter et al., 2016). Lower temperatures are expected
to decrease the rates of carbonate production in the tropical factory, thus potentially weakening carbonate
content as a proxy for bathymetry, but the position along the onshore‐offshore gradient remains the primary
control in spite of this secondary, contrasting control.
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We deliberately addressed a section that is of global interest but lacks a numerical “absolute” age model to
illustrate how such situation can be approached, but analogous transformations using the DAIME model
can be done using numerical ages, a mixture of relative and numerical age model, and even depositional
rates expressed at the ordinal scale, for example, low for transgressive and high for regressive deposits
(Hohmann, 2018, 2020). The general agreement in the conclusions of the three relative models suggests that,
although each of them is based on multiple assumptions, they may be sufficient for their purpose. What is
more, the quantitative results of the transformation allow statistical analyses of the corrected data. Other
proxies for depositional rates to base the models upon are needed for other depositional environments, so
in each case a proper understanding of the depositional system is necessary; the set of proxies for deposi-
tional rates is therefore unconstrained and depends also on the depositional resolution of the given site.
Concentrations of palynomorphs should, however, be applicable across various settings, including terres-
trial. At the moment the models are not entirely actualistic as weathering rates and high‐resolution carbo-
nate production rates are rarely reported together with depositional rates, especially in marine settings
where they are hard to measure. But the importance of this aspect for interpreting geochemical proxies is
gaining appreciation (Liu & Algeo, 2020; Trayler et al., 2020). Our example includes only a small fragment
of a single depositional sequence, most likely spanning just one systems tract, and therefore focuses mostly
on the effect of instantaneous depositional rates. Applying the approach to sections covering longer periods
would require accounting for stratigraphic completeness, that is, to estimate the positions of hiatuses and
their durations (Straub et al., 2020; Tipper, 2016). Several studies have demonstrated that this is possible
without absolute ages when the depositional system is well understood (Davies et al., 2019; Miall, 2015).
Considering how big an impact depositional rates have on reconstructing past climate, biotic, and oceano-
graphic changes (Kidwell, 1998; Kowalewski, 1996; Trachsel & Telford, 2017), we advocate for its imprint
to be increasingly integrated in these reconstructions.

5. Conclusions

Relative age models constructed from three proxies for depositional rate have shown similar results in our
Silurian text case. Themodel based on thorium input indicated the strongest deviation from constant deposi-
tional rate, and the model based on carbonate content the weakest. Transforming δ13Ccarb, Eu/Eu*, and
Ce/Ce* ratios as well as concentrations of selected redox‐sensitive elements indicated that the onset of the
LCIE at Bodudd appeared more protracted in terms of rock thickness than it would be under constant
depositional rates. Elevated values of V, Ni, and Cs near the onset of the excursion appeared lower in the
un‐transformed data as a result of dilution by increased sediment input, thus allowing us to reject the
hypothesis tested here that the peaks are created through sedimentary condensation; this process makes
them appear more abrupt. Under the thorium‐based relative age model, increasing trends in the concentra-
tions of redox‐sensitive elements appeared in the LCIE interval, whereas they were not visible in the
un‐transformed data. Here applied to one particular section, the general use of the DAIME model and the
proxies for depositional rates can be used across the column and settings and further expanded to incorpo-
rate hiatuses and numerical ages. Our approach allows formulating testable hypotheses about stratigraphic
trends in paleoenvironmental proxies, which can be further falsified or refined. This approach relies on a
thorough understanding of the depositional system and the scale of measurement of the depositional rates
(Miall, 2015; Tipper, 2016).
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