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A B S T R A C T

The Kosov quarry section (Prague Basin, Czech Republic) preserves one of the most complete Silurian successions 
spanning the Ludfordian (late Silurian) Biogeochemical Event (LBE), encompassing the mid-Ludfordian Carbon 
Isotope Excursion (MLCIE), the largest positive δ13Ccarb excursion of the Phanerozoic. The LBE is associated with 
enhanced organic carbon burial, CO₂ drawdown, redox reorganisation, climatic cooling, sea-level change, and 
faunal turnover, yet its tempo and driving mechanisms remain poorly constrained. Here, we establish an 
anchored astrochronology for the Kosov section, based on lithological induration patterns and on the estimated 
absolute age of the Ludfordian-Pridoli boundary. The resulting age model resolves astronomical cycles from 
precession to the 405-kyr eccentricity cycle, allowing us to constrain the onset of the LBE to 424.30 ± 0.61 Ma 
and to determine its total duration as 1.15 ± 0.26 Myr. Spectral and phase analyses reveal a strong imprint of 
eccentricity cycles in both the induration record and the δ13Ccarb rate-of-change record, with the latter reaching 
up to +0.09 ‰/kyr. The observed phase relationship indicates that the highest rates of carbon burial were 
synchronised with minima in astronomical eccentricity. The unusually high δ13Ccarb rates of change reflect a 
fundamental threshold in ocean circulation, triggered at the onset of the LBE, which reorganised the global ocean 
overturning system and resulted in the formation of a quasi-stable carbon reservoir that was paced by astro
nomical forcing. Our astrochronology thus provides the first high-resolution temporal calibration of the entire 
LBE and establishes a robust quantitative framework for assessing the sensitivity, pacing, and magnitude of 
carbon-cycle instability of Silurian δ13Ccarb excursions.

1. Introduction

Understanding large-scale carbon cycle perturbations is crucial, as 
they provide insights into the feedbacks that govern Earth’s climate 
system and the thresholds beyond which these feedbacks can drive 
nonlinear climate responses (Berner, 2004; Gregory et al., 2009; Zeebe 
and Ridgwell, 2011; Isson et al., 2020). These feedbacks are mediated 
through changes in carbon partitioning among the atmosphere, ocean, 
and biosphere, which directly regulate global temperature, ocean 
chemistry, and redox structure. As a result, carbon redistribution in
fluences both the onset of environmental collapse and its recovery 
(Cramer and Jarvis, 2020). While tectonic and volcanic processes, 
alongside major evolutionary and biogeochemical shifts in organic 
carbon burial, dominate multimillion-year trends, on timescales of 10³ 

to 10⁶ years, the system is sensitive to astronomical forcing (Calvert and 
Pedersen, 1982; Hinnov, 2018; Laurin et al., 2015; Laurin et al., 2017).

Astronomical theory posits that cyclic variations in the Earth’s as
tronomical parameters (eccentricity, obliquity, and precession) alter the 
distribution and intensity of solar radiation received at the surface, 
leading to periodic changes in climate and oceanographic circulation 
(Hays et al., 1976; Hinnov and Hilgen, 2012). The global carbon cycle 
can respond to astronomical forcing through shifts in weathering, 
nutrient delivery, primary productivity, and the preservation of organic 
carbon in sediments (De Vleeschouwer et al., 2020; Ma et al., 2011; 
Vervoort et al., 2024). Although astronomical forcing’s imprint on car
bon burial and geochemical redox cycles is well-documented 
(Gambacorta et al., 2016; Huang et al., 2021; Laurin et al., 2015), its 
strength and expression across Pre-Cenozoic biogeochemical events 
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remain poorly resolved (De Vleeschouwer et al., 2024).
The Silurian period is marked by recurrent environmental in

stabilities and accompanying extinctions-recovery cycles (Calner, 2008; 
Melchin et al., 2020; Štorch, 1995), accompanied by some of the largest 
δ13C excursions of the Phanerozoic (Cramer and Jarvis, 2020; Claussen 
et al., 2024; Melchin et al., 2020; Saltzman, 2005). Notably, extinction 
rates were comparatively modest, implying an unusual coupling among 
climate, ocean circulation, the carbon cycle, and life during Silurian 
events (Calner, 2008; Li et al., 2021).

A longstanding paradox in Silurian stratigraphy is that many positive 
δ13C excursions coincide with a shift toward reefal and carbonate plat
form facies, rather than the widespread organic-rich anoxic shale de
posits typically observed during similar events in other parts of the 
Phanerozoic (Aldridge et al., 1993; Becker et al., 2020; Cramer and 
Saltzman, 2007a, 2007b; Emeis and Weissert, 2009; Jeppsso, 1990; 
Jeppsson et al., 1995; Munnecke et al., 2003; Ohkouchi et al., 2015). To 
reconcile this mismatch between large amplitude isotopic excursions 
and the geological record, several conceptual models have been devel
oped. The earliest and most influential is the Primo Secundo (P-S) state 
model and its subsequent adaptations (Bickert et al., 1997; Cramer, 
2007a, 2007b; Jeppsson, 1990; Munnecke et al., 2010), which posits 
that the Silurian climate and ocean circulation oscillated between two 
distinct modes. The P-state represents a humid, low δ13C interval char
acterised by enhanced continental runoff and intensified hydrological 
cycling. These conditions promoted widespread marl deposition, while 
ocean circulation drove an influx of δ13C-depleted deep waters onto the 
shelf. In contrast, the S-state represents an arid, high-δ13C interval 
characterised by reduced runoff and weakened continental weathering. 
This state was defined by a sluggish, salinity-driven ocean circulation 
that resulted in clear, oligotrophic shallow waters, which in turn drove 
the expansion of carbonate platforms and reef growth. Simultaneously, 
this reorganisation of ocean circulation led to a stratified ocean that 
favoured the formation of deep-ocean anoxia. Transitions from the 
P-state to the S-state are proposed to act as a nonlinear amplifying 
mechanism for Silurian δ13C excursions, where the spread of deep ocean 
anoxia allowed for the significant burial of organic carbon required to 
drive Silurian δ13C excursions (Bickert et al., 1997; Cramer, 2007a, 
2007b; Jeppsson, 1990; Munnecke et al., 2010).

In contrast to this low-latitude–centred P-S state framework, recent 
Earth system modelling of the Hirnantian (latest Ordovician) shows that, 
at higher latitudes, Palaeozoic ocean circulation was particularly sen
sitive to atmospheric pCO₂ (Pohl et al., 2021). In the simulation of Pohl 
et al. (2021), progressive cooling driven by declining pCO2 acts as a 
primary control on the oxygenation state of the deep ocean. Initial 
cooling suppresses high-latitude deep-water formation, leading to 
sluggish circulation and a decoupling between the shallow, oxygenated 
ocean and the deep, anoxic ocean.

Despite these different processes, both the P-S state model and the 
simulations of Pohl et al. (2021) converge on a similar oceanographic 
outcome: a decoupling between the shallow, oxygenated ocean and the 
deep, anoxic ocean. This stratification likely fostered a quasi-stable, 
anoxic deep-ocean carbon reservoir, with astronomical forcing pacing 
the storage and release of carbon from it. While originally proposed for 
the Cretaceous by Laurin et al. (2017), the concept of quasi-stable res
ervoirs has more recently been used to explain Silurian carbon-cycle 
dynamics (Sproson, 2020; Sproson et al., 2022). Both the P-S state 
model and the Hirnantian simulations remain largely conceptual or 
low-resolution, with poorly constrained temporal relationships to sea 
level, temperature, and astronomical forcing, compounded by the low 
precision of the Silurian timescale (Melchin et al., 2020). As a result, the 
pacing, rates, and amplification mechanisms of Silurian carbon-cycle 
perturbations remain unresolved, highlighting the need for integrative 
stratigraphic, geochemical, and astrochronological approaches.

The Ludfordian Biogeochemical Event (LBE) represents the most 
extreme carbon-cycle disruption of the entire Phanerozoic, culminating 
in the mid-Ludfordian Carbon Isotope Excursion (MLCIE), reaching 

δ13Ccarb values of +8-12‰ (Cramer and Jarvis, 2020). The LBE was 
accompanied by an extinction event, temperature and sea-level changes, 
and redox fluctuations (Calner, 2005; Calner and Eriksson, 2006; Calner, 
2008; del Rey et al., 2023; Frýda and Manda, 2013; Frýda et al., 2021a; 
Kozłowski and Sobień, 2012; Trotter et al., 2016; Sproson, 2020; Zhang 
et al., 2022). This makes the LBE a critical test case for evaluating 
climate models, particularly the impact of astronomically paced climate 
forcing on large-amplitude δ13C excursions. Despite its global expression 
and conceptual importance, the duration, tempo, and internal structure 
of the LBE remain poorly constrained. Resolving whether the LBE rep
resents a short- or long-lived perturbation, and whether proposed cli
matic transitions were abrupt, gradual, or astronomically paced, 
requires a robust astrochronological framework capable of quantifying 
rates of environmental and carbon-cycle change. Specifically, 
high-resolution rate-of-change analysis is needed to decode the astro
nomical pacing of the carbon cycle and to test whether decoupling be
tween the shallow and deep oceans could have led to the formation of a 
quasi-stable deep-ocean anoxia sensu Sproson (2020). By tracking how 
carbon isotopic shifts respond to astronomical cycles, it will become 
possible to determine whether such a reservoir was present during the 
LBE.

Here, we conduct a high-resolution cyclostratigraphic analysis of the 
Kosov section, which provides a near continuous sedimentary archive 
across the LBE. We use the induration record of Frýda et al. (2021a) as 
the primary proxy for astrochronological tuning, thereby enabling the 
estimation of durations and associated uncertainties for the LBE and its 
subintervals. Based on the age model of the tuned induration record, we 
calculate rates of change in the δ13Ccarb record (‰/kyr). We then eval
uate the astronomical imprint and phasing using lithological and 
geochemical proxies to constrain the pacing of carbon burial and 
remineralisation, helping us delineate the role of astronomical forcing in 
pacing the carbon cycle during the LBE.

2. Geological setting

This study focuses on the upper Silurian (Ludfordian) succession at 
the Kosov Quarry in the Prague Basin of the Czech Republic (Fig. 1A-B). 
The basin forms part of the Barrandian (Teplá-Barrandian terrane) 
within the Bohemian Massif (Frýda and Manda, 2013; Frýda et al., 
2021a, 2021b). During the Ludfordian, the terrane was situated at 
~25-30◦S (Scotese, 2021; Tasáryová et al., 2014), and sedimentation 
occurred in a deep-marine setting within an intra-plate linear rift basin 
subdivided into several sub-basins (Horný, 1955; Kříž, 1991). Deposi
tion took place within a slope-to-basin system developed along the 
margins of the Kosov volcanic centre (Lehnert et al., 2007a; Frýda and 
Manda, 2013).

The studied Kosov section (No. JF195; 49◦56′12.2″N, 14◦03′20.1″E) 
provides one of the most complete records of the Ludfordian Biogeo
chemical Event (LBE), including the Lau/Kozlowskii Bioevent (LKB) 
(culmination of the Siluricus Ocean Anoxic Event, Frýda et al., (2021b)), 
the mid-Ludfordian Carbon Isotope Excursion (MLCIE), and a 
mid-Ludfordian glaciation, which together represent key components of 
the LBE (Lehnert et al., 2007b; Frýda et al., 2021a, 2021b; Frýda and 
Manda, 2013) (Fig. 1B). The locality has been extensively investigated 
with studies documenting sedimentological, palaeontological, 
geochemical, and faunal changes across the LBE (del Rey et al., 2023; 
Farkaš et al., 2016, 2024; Frýda et al., 2021a, 2021b; Frýda and Manda, 
2013; Kříž, 1992; Manda and Kříž, 2006; Štorch, 1995; Tonarová et al., 
2025; Zhang et al., 2022) (Fig. 1).

The Ludfordian succession exposed at Kosov Quarry belongs to the 
upper Kopanina Formation (Kříž, 1992; Lehnert et al., 2007a) (Fig. 2A). 
The section begins with dark brown to grey finely laminated shales that 
rapidly transition into interbedded limestone beds (Horný, 1955; Kříž, 
1991; Lehnert et al., 2007a; Frýda and Manda, 2013; Gocke et al., 
2012; Mergl and Frýda, 2025). In the lower part of the section, lime
stone beds are interbedded with shales, while in the middle and upper 
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parts they are interbedded with marls, forming laterally continuous 
limestone-marl/shale couplets that characterise the deeper-water facies 
of the upper Kopanina Formation (Lehnert et al., 2007a; Kříž, 1992; 
Manda et al., 2012; Gocke et al., 2012).

The Kosov section encompasses the mid-Ludfordian Carbon Isotope 
Excursion (MLCIE) of the LBE, which is subdivided into three chemo
stratigraphic zones: the R, S, and F Zones (Frýda and Manda, 2013) 
(Fig. 2E, F, H). The R-Zone marks the rapid positive shift in δ13Ccarb 
values after the last appearance datum of P. siluricus and corresponds 
(Frýda et al., 2021b). The S-Zone represents the high δ13Ccarb plateau, 
while the F-Zone is characterised by a gradual decline in δ13Ccarb values 
(Allman et al., 2024; Frýda et al., 2021b).

3. Materials and methods

A cyclostratigraphic analysis was performed on the induration re
cord extracted from the litholog published by Frýda et al. (2021a). The R 
code and Quarto used for this analysis are available at: https://github. 
com/stratigraphy/Kosov-cyclostrat. The curve shown on the 
right-hand side of the published litholog (Fig. 2A, G) of Frýda et al. 
(2021a) was extracted using Adobe Illustrator and subsequently 
rescaled to a 0-5 induration scale, from 0 the least competent to 5 most 
competent.

3.1. Primary depositional analysis of the rhythmic bedding in the Kosov 
section

To establish a reliable cyclostratigraphic framework, it is imperative 
to determine whether the rhythmic bedding at the Kosov section reflects 
primary environmental pacing or secondary diagenetic overprinting 
since the origin of limestone-marl alternations is frequently debated 
(Munnecke et al., 2023; Westphal, 2006). Microfacies analysis shows 
that the limestone beds contain coarse organo-detrital components and 

pervasive bioturbation, whereas the interbedded shales are thinly 
laminated (Gocke et al., 2012). With limestone beds hosting distinct 
brachiopod and trilobite assemblages that differ from those in the shale 
interbeds (Mergl and Frýda, 2025; Vokáč, pers. comm., 2026). The 
presence of localised hardgrounds atop the limestone beds, colonised by 
epifauna, demonstrates that limestone beds attained competence on the 
seafloor (Frýda, unpublished observation). The δ13Corg values in the 
limestone beds are consistently 2‰ lighter than those in the shales, a 
systematic isotopic offset not observed in diagenetic limestones (Allman 
et al., 2024). Furthermore, 87Sr/86Sr ratios in these limestones follow the 
Ludfordian seawater trend (Farkaš et al., 2016)(0.7083-0.7087), and the 
stability of δ34S pyrite signals across both lithologies (Frýda et al., 
2021a, 2021b; Allman et al., 2024) indicates that the succession has 
not been subjected to a high degree of post-depositional alteration 
(Roberts et al., 2018). Sedimentological and geochemical observations 
from the Kosov quarry therefore indicate that the beds are of primary 
origin, with varying carbonate-to-clay ratios, where higher carbonate 
content produces the competent beds in the observed rhythmic alter
nation (Pas et al., 2024; Boulila et al., 2010; Weedon, 2003). The re
cord's bimodal distribution, characterised by strong contrasts between 
soft shales and limestone, likely resulted from early diagenetic CaCO 
migration that amplified pre-existing variability (Bathurst, 1987; 
Marsaglia et al., 2017; Frýda et al., 2021a). Since the litholog was 
generated independently of cyclostratigraphic objectives, any observa
tional bias is minimised. Collectively, the sedimentological, paleonto
logical, and geochemical evidence confirms that the Kosov induration 
record preserves a primary environmental signal suitable for cyclo
stratigraphic analysis.

3.2. Spectral analysis and construction of the astrochronology

The cyclostratigraphic study of the induration and the δ13Ccarb re
cords used the WaverideR (Arts et al., 2024; Arts, 2023) and Astrochron 

Fig. 1. Overview of the Kosov section. A. Location of the Kosov quarry section in a Late Silurian (420 Ma) (modified after Scotese, 2021). B. Location of the Kosov 
section in the Silurian strata of the Prague syncline in the Czech Republic (modified after Frýda et al., 2021a).
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(Meyers, 2019, 2015) R packages. The cyclostratigraphic analysis began 
by applying the Time Optimisation (TimeOpt) function of the astrochron 
R package to the induration record, yielding a first-order estimate of the 
sedimentation rate (Meyers, 2015). The TimeOpt function was run 
twice: once to evaluate the 405-kyr eccentricity amplitude modulation 
of the 100-kyr eccentricity band and the concentration of power at the 
100-kyr and 405-kyr eccentricity frequencies, and once to evaluate the 
same parameters at the precession and 100-kyr eccentricity frequencies. 

The optimal fit of the astronomical cycles was evaluated over a range of 
sediment accumulation rates from 0.1 to 3 cm/kyr, encompassing the 
minimum and maximum estimates of the duration of the studied interval 
(Arts et al., 2024; Cramer et al., 2015; Melchin et al., 2020).

The first-order sedimentation rate estimate from the TimeOpt runs 
was used to calculate the period (m) of the 405-kyr eccentricity cycle, 
making it possible to filter the 405-kyr eccentricity cycle from the 
induration record. The extracted cycle was then used for minimal 

Fig. 2. Stratigraphic setting, Kosov Quarry section A. Litholog B. Chronostratigraphy C. Graptolite Zonation D. Conodont Zonation E. Carbon isotope zonation. F. 
Event stratigraphy. I. Induration record extracted from Fig. 2A. G. combined δ13Ccarb records of Farkaš et al. (2016) and Frýda et al. (2021a). Noted are the onset of 
the Lau/Kozlowskii Bioevent and the mid-Ludfordian Carbon Isotope Excursion (MLCIE) after Frýda et al. (2021b). A-H - modified after Frýda and Manda (2013), and 
Frýda et al. (2021a,b).
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tuning, in which the distance (m) between successive peaks of the cycle 
was used to create a period (m) curve for the 405-kyr eccentricity cycle 
(Hinnov, 2013). This period (m) was then used to guide the tracking of 
the period (m) of the 405-kyr eccentricity cycle in the continuous 
wavelet transform (CWT) scalogram. The tracked period (m) curve was 
then recalculated using the ratios between the 405-kyr eccentricity cycle 
and those of other known astronomical cycles. These (recalculated) 
curves were then overlain on the CWT scalogram to verify whether they 
passed through regions of high spectral power, thereby validating the 
presence of known astronomical cycles.

The tracked 405-kyr eccentricity period (m) curve was used to 
establish an anchored astrochronology by tying the floating timescale to 
the astrochronologically calibrated age of the Ludlow-Pridoli boundary 
(423.03 ± 0.53 Ma) (see Arts (2023) for the used technique and see Arts 
et al. (2024) for the revised age of the Ludlow-Pridoli boundary). The 
Ludlow-Pridoli boundary is placed at 22 m, with an uncertainty of ±2 m 
to account for diachrony in biozonation. The anchoring modelling 
workflow also includes an astronomical cycle peak check that rejects 
modelling runs lacking spectral peaks corresponding to expected as
tronomical cycles. The cycle targets used for this check are 405 ± 20.25 
kyr, 110 ± 35 kyr, 33 ± 7 kyr, and 19 ± 6 kyr, corresponding to ex
pected durations of the long eccentricity, short eccentricity, obliquity, 
and precession cycles during the Silurian (Farhat et al., 2022; Waltham, 
2015; Wu et al., 2024). The uncertainties of the targets are set conser
vatively to reflect the uncertainty of these astronomical cycles during 
the Silurian. The anchored numerical age model was then used to assign 
ages and durations (with uncertainties) to the Kosov section record and 
its subsections.

The anchored age model also enabled the study of the imprint of 
astronomical cycles in the induration record in the time domain. Special 
attention was paid to the phase relationship between the 100-kyr ec
centricity cycle directly extracted from the record and the 100-kyr ec
centricity cycle extracted from the Hilbert transform of the precession 
cycle, and between the 405-kyr eccentricity cycle directly extracted 
from the record and the 405-kyr eccentricity cycle extracted from the 
Hilbert transform of the 100-kyr eccentricity cycle. The phase rela
tionship between these cycles allowed inference of the cycle’s phases 
extracted from the proxy record relative to the true phases of the as
tronomical cycles (Hinnov, 2000; Laskar et al., 2004). The combined 
δ13Ccarb records of Farkaš et al. (2016) and Frýda et al. (2021a) were also 
converted to the time domain, enabling the calculation of the rate of 
change (‰/kyr) of the tuned δ13Ccarb record. This record was subse
quently investigated for imprint of astronomical cycles.

4. Results

4.1. Building an age model for the Ludfordian Biogeochemical event

The TimeOpt consistently identifies an optimal sedimentation rate 
centred at approximately 1.8 cm/kyr, with a broader interval of elevated 
fits between 1.2 and 2.0 cm/kyr (Fig. 3A, B, E, F). In the TimeOpt run 
evaluating the 405-kyr eccentricity amplitude modulation of the 100- 
kyr eccentricity band, together with the concentration of spectral 
power at the 405-kyr and 100-kyr eccentricity frequencies, both the 
envelope fit (r²[envelope]) and the combined optimal fit metric (r²[opt]) 
converge toward a pronounced maximum near 1.8 cm/kyr. In contrast, 
the r² power spectrum metric displays a less sharp response (Fig. 3A, B). 
At the optimal solution of 1.8 cm/kyr, the reconstructed eccentricity 
model closely tracks the amplitude envelope of the filtered short ec
centricity signal, indicating coherent eccentricity-driven amplitude 
modulation (Fig. 3C, D). In the second TimeOpt run, evaluating the 
eccentricity amplitude modulation of the precession band and the con
centration of power at the precession and 100-kyr eccentricity fre
quencies, the overall fit of values is lower. Nevertheless, both 
r²[envelope] and r²[opt] again converge toward a maximum at 
approximately 1.8 cm/kyr, while the r² power spectrum is more 

ambiguous (Fig. 3E, F). At the corresponding optimal solution of 1.8 cm/ 
kyr, the reconstructed eccentricity model follows the amplitude enve
lope of the filtered precession signal, but with reduced coherence rela
tive to the other modelling run (Fig. 3C, D, G, H).

Based on the sedimentation rate estimates obtained from the Time
Opt modelling run, the 405-kyr eccentricity cycle was extracted from the 
induration record using a Taner band-pass filter spanning 4.86-8.1 m 
(Fig. 4A). When superimposed on the original signal, the filtered 405-kyr 
cycle appears as a primary modulating rhythm of intervals with low and 
high induration values (Fig. 4A). Next, a sedimentation-rate curve was 
constructed using the minimal-tuning technique, in which the distance 
between successive peaks of the extracted cycle is set to the duration of 
the interpreted astronomical cycle yielding a varying sedimentation-rate 
(cm/kyr) curve (Fig. 4B).

The sedimentation rate curve (cm/kyr) obtained from the minimal 
tuning was multiplied by 4.05 to get the corresponding period (m) curve 
of the 405-kyr eccentricity cycle (Fig. 5). This period (m) curve was then 
superimposed on the CWT scalogram (Fig. 5), where the curve can be 
observed to pass through an area of high spectral power, verifying with 
the presence of the 405-kyr eccentricity cycle in the induration record. 
Next, the period (m) of the 405-kyr cycle was tracked within the CWT 
(shown as the grey line in Fig. 5). To test the validity of this tracked 
period (m) curve, it was rescaled using the ratios between the 405-kyr 
eccentricity cycle and the 100-kyr eccentricity, obliquity, and preces
sion cycles (Laskar et al., 2004, 2011; Waltham, 2015). The recalculated 
period curves for 100-kyr eccentricity, obliquity, and precession vali
date the original 405-kyr CWT, as they pass through regions of high 
spectral power. However, as the power of these shorter cycles is inter
mittent and noisy, their interpretation requires caution.

The tracked period (m) curve of the 405-kyr eccentricity cycle was 
used to construct a floating astrochronology, with an assigned uncer
tainty based on the analytical uncertainty of the wavelet transform (Arts 
et al., 2024). This floating age model with uncertainty was then 
anchored to the astrochronologically calibrated age of the 
Ludlow-Pridoli boundary (423.03 ±0.53 Ma) (Arts et al., 2024) (Fig. 6). 
The anchoring modelling workflow included a ±2 m added uncertainty 
for the Ludlow-Pridoli boundary and a check for the preservation of 
spectral peaks of known astronomical cycles to reject unrealistic age 
models and constrain uncertainty propagation away from the anchoring 
point.

The anchored numerical age model was used to assign ages and 
durations (with uncertainties) to the Kosov section, its subsections and 
the biozones (Frýda et al., 2021b; Frýda and Manda, 2013) (Table 1). 
The calculated ages, durations, and uncertainties were rounded to the 
nearest 10 kyr to align with the precision of the anchor point (Table 1).

4.2. Proxy records and astronomical cycles in the numerical time domain

The age model was used to convert the induration and δ13Ccarb re
cords to the numerical time domain (Fig. 7A-E). Subsequently, the CWT 
was applied to the tuned induration record (Fig. 7F). Fig. 7F shows 
spectral peaks corresponding the ~8.5 kyr (half precession?) ~16-kyr 
(precession), 28-kyr (obliquity), 50-kyr (eccentricity), 100-kyr (eccen
tricity), 200-kyr (eccentricity), 405-kyr (eccentricity) and 800-kyr (ec
centricity?) cycle (Fig. 7F) (for additional EHA and MTM spectra of the 
tuned induration record (see SI 2.).

To further analyse these cycles, the precession, obliquity, 100-kyr 
eccentricity, and 405-kyr eccentricity cycles were extracted from the 
tuned induration record (Fig. 7F-J). When these extracted cycles are 
overlaid on the tuned induration record, it becomes evident that 
obliquity and precession form the primary bed-to-bed pattern, with the 
100- and 405-kyr eccentricity cycles modulating intervals of low and 
high induration values. Additionally, the Hilbert transform was applied 
to the precession, obliquity, and 100-kyr eccentricity cycles extracted 
from the tuned induration record (Fig. 7H, I, K). The 100 and 405-kyr 
eccentricity cycles were extracted from the Hilbert transform-derived 
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Fig. 3. TimeOpt results. A. Fit: r²[envelope] (red) and r²[power] (grey) for TimeOpt run 405 vs 100-kyr ecc. B. Optimal Fit: r²[opt] for TimeOpt run 405 vs 100-kyr 
eccentricity. C. Envelope (red); Reconstructed eccentricity. Model (black) for TimeOpt run 405 vs 100-kyr eccentricity. D. Envelope (red); Filtered Data (blue) for 
TimeOpt run 405 vs 100-kyr eccentricity. E. Fit: r²[envelope] (red) and r²[power] (grey) for TimeOpt run 100-kyr eccentricity versus precession. F. Optimal Fit: 
r²[opt] for TimeOpt run 100-kyr eccentricity versus precession. G. Envelope (red); Reconstructed eccentricity. Model (black) for TimeOpt run 100-kyr eccentricity 
versus precession. H. Envelope (red); Filtered Data (blue) for TimeOpt run 100-kyr eccentricity versus precession.
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amplitude record of the precession and 100-kyr eccentricity cycle and 
compared to the 100 kyr and 405-kyr eccentricity cycles directly 
extracted from the record (Fig. 7H-J). Both the 100-kyr and 405-kyr 

eccentricity cycles extracted from the Hilbert transform amplitudes of 
the 100-kyr eccentricity cycle, and precession are antiphased relative to 
their counterparts directly extracted from the induration record 

Fig. 4. Minimal tuning. A. Induration record and the extracted 405-kyr eccentricity cycle. B. Sedimentation rate (cm/kyr) based on the minimal tuning.

Fig. 5. The Continuous Wavelet Transform (CWT) of the induration record extracted from the litholog of Frýda et al. (2021a) and the period (m) of astronomical 
cycles based on the sedimentation rates attained from the minimal tuning and the tracked period (m) of the 405-kyr eccentricity cycle. Black line = tracked period 
(m) of the 405-kyr eccentricity cycle. Red line = the period (m) of the 405-kyr eccentricity cycle (minimal tuning based). Purple line = the 100-kyr eccentricity cycle 
(recalculated tracked period (m) of the 405-kyr eccentricity cycle). Blue line = the obliquity cycle (recalculated tracked period (m) of the 405-kyr eccentricity cycle). 
Dark green line = the precession cycle (recalculated tracked period (m) of the 405-kyr eccentricity cycle).
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(Fig. 7G, J).

4.3. δ13Ccarb (rate-of-change) curves

The rate of change (‰/kyr) of the δ13Ccarb curve was calculated from 
the LOWESS regression line applied to the δ13Ccarb record to minimise 
the influence of short-term local noise (Fig. 8E-F). The rate of change 
(‰/kyr) reaches a maximum of +0.09 (‰/kyr) during the onset of the 
LBE (Fig. 8F). The rate-of-change (‰/kyr) record shows a strong imprint 
of the 100-kyr eccentricity cycle, which was subsequently extracted and 
plotted (Fig. 8F-G). The 100-kyr eccentricity cycle extracted from the 
rate-of-change (‰/kyr) record is generally in phase with the 100-kyr 
eccentricity cycle extracted from the induration record during the LBE 
(Fig. 8F-G).

5. Discussion

5.1. Astrochronology and the imprint of astronomical cycles through the 
Ludfordian Biogeochemical Event

The establishment of the astrochronological framework for the Kosov 
section represents a new step toward quantifying the tempo of the LBE 
and completing the (Silurian) astronomical timescale. The new 
anchored astrochronology provides a high-resolution temporal calibra
tion, allowing us to examine the imprint of astronomical cycles and their 
role in modulating processes during the LBE.

The anchored astrochronological age model was used to assign ages, 
durations, and associated uncertainties to chrono- and geochronologic 
units, lithological units, and events in the Kosov section (see Table 1). 
The LBE started at 424.30 ± 0.61 Ma and lasted 1150 ± 260 kyr. In 
contrast, the LKB (culmination of the Siluricus Ocean Anoxic Event, 
Frýda et al., (2021b)) lasted only 30 ± 10 kyr. A previous estimate for 
the onset of the LBE is based on a dated hiatus in the Cellon section, 
spanning 424.19 ± 0.55 Ma to 423.83 ± 0.55 Ma (Arts et al., 2024). 
Another age constraint is a U-Pb zircon age of 424.08 ± 0.20 Ma, from 
Podolia, Ukraine, from a bentonite located less than 1 m below the onset 
of the MLCIE (Cramer et al., 2015). The new astrochronologically tuned 
age for the onset of the LBE (424.30 ± 0.61) falls within the range of 
these published ages. The increase in uncertainty away from the anchor 
point was constrained in the modelling workflow by a check for the 
preservation of spectral peaks of known astronomical cycles, thereby 
rejecting outliers and reducing the increase in uncertainty away from 
the tie-point, resulting in a semi-objective measure of cyclostratigraphic 

Fig. 6. Astrochronological numerical age- depth model. The black line is the mean age-depth curve, and the red and blue lines are time plus and minus two standard 
deviations (2σ). The red dotted line is the anchor point at the Ludfordian-Pridoli boundary at 22m.

Table 1 
Durations and ages for chronostratigraphic/geochronologic units, lithological 
units, events and conodont zones. All dates are rounded to the nearest 10 kyr to 
agree with the accuracy of the anchor of the Ludfordian-Pridoli boundary.

Interval position 
(m) 
bottom

position 
(m) top

Age 
bottom 
(Ma) 
±2sd

Age top 
(Ma) 
±2sd

duration 
(kyr) 
±2sd

Entire record -8.00 25.00 424.87 
± 0.68

422.86 
± 0.55

2020 ±
450

Ludfordian 
Biogeochemical 
Event

-0.40 20.00 424.30 
± 0.61

423.15 
± 0.55

1150 ±
260

LKB (culmination 
of the Siluricus 
Ocean Anoxic 
Event)

-0.40 0.00 424.30 
± 0.61

424.27 
± 0.61

30 ± 10

Elevated (Trace) 
metal 
concentrations

-4.4 0.4 424.6 ±
0.65

424.25 
± 0.61

350 ± 80

Mid-Ludfordian 
Carbon Isotope 
Excursion 
(MLCIE)

0.00 20.00 424.27 
± 0.61

423.15 
± 0.55

1120 ±
250

R-zone 0.00 1.40 424.27 
± 0.61

424.18 
± 0.60

90 ± 20

S-Zone 1.40 11.60 424.18 
± 0.6

423.62 
± 0.56

570 ±
130

F-Zone 11.60 20.00 423.62 
± 0.56

423.15 
± 0.55

470 ±
110

Ludlow part 
section

0.00 22.00 424.27 
± 0.61

423.03 
± 0.54

1240 ±
280

Pridoli part section 22.00 25.00 423.03 
± 0.54

422.86 
± 0.55

180 ± 40

P. siluricus Biozone 
part section

-8.00 -0.40 424.87 
± 0.68

424.3 ±
0.61

570 ±
130

P. latialata - O. 
snajdri Interval 
Biozone

-0.40 18.00 424.3 ±
0.61

423.26 
± 0.55

1040 ±
230

O. crispa Biozone 
part section

18.00 25.00 423.26 
± 0.55

422.86 
± 0.55

400 ± 90
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uncertainty, avoiding the subjectivity of cycle-error counting.
By isolating the precession, obliquity, and the 100 and 405-kyr ec

centricity cycles from the tuned induration record, the hierarchical 
imprint of astronomical forcing becomes particularly clear (Fig. 7G-K). 
Bed-scale induration alternations are primarily paced by precession and 
obliquity, while their organisation into larger bundles is governed by 
eccentricity in a systematic hierarchy characteristic of astronomical 
forcing (Hinnov, 2000; Laskar et al., 2004; Laskar, 2020).

The periods interpreted as obliquity (28 kyr) and precession (16 kyr) 
cycles are at the shorter end than is expected for the Silurian (Farhat 
et al., 2022; Waltham, 2015; Wu et al., 2024), yet remain within the 
current uncertainty range for the estimated durations of these cycles 

during the Silurian. Obliquity and precession, but even more so the half 
precession, are at or even near the resolution of the record. As such, care 
should be taken when interpreting these cycles, as some of the extracted 
individual wiggles may be artefacts of signal processing. Complemen
tary EHA and MTM-based spectral analyses do contain clear obliquity 
and precession peaks, while the amplitude of the half-precession peak is 
low, so a harmonic origin of the half-precession cycle cannot be dis
counted (see SI 2). Since the imprint of obliquity and precession is 
suboptimal, calculations of parameters such as the Earth-Moon distance 
were not attempted, as it would introduce an unquantified uncertainty 
into any estimates.

A spectral peak of ~55 kyr was observed in the average CWT 

Fig. 7. Induration proxy record in the time domain, including the wavelet scalogram of the induration record and astronomical cycles extracted from said record. A 
Stages. B. Event zone subdivision C. Event stratigraphy. D. The δ13Ccarb record. E. The Induration record. F. Wavelet scalogram of the induration record with the 
average spectral power on top. The black vertical lines in the wavelet scalograms are durations of known astronomical cycles. From left to right, these cycles are the 
8.5-kyr half precession, ~16-kyr precession, 28-kyr obliquity,50-kyr eccentricity, 100-kyr eccentricity, 200-kyr eccentricity and the 405-kyr eccentricity cycle. G. The 
black line is a 405-kyr eccentricity cycle extracted from the Induration record. The red line is the 405-kyr eccentricity cycle extracted from the Hilbert transform of 
the 100-kyr eccentricity cycle of the Induration record. H. The 100-kyr eccentricity cycle was extracted from the Induration record (black line) and the Hilbert 
transform of the 100-kyr eccentricity cycle (red line). I. Precession cycle extracted from the Induration record (black line), and the Hilbert transform of the precession 
cycle (red line). J. The black line is a 100-kyr eccentricity cycle extracted from the Induration record. The red line is the 100-kyr eccentricity cycle extracted from the 
Hilbert transform of the precession cycle of the Induration record. K. The obliquity cycle extracted from the Induration record (black line) and the Hilbert transform 
of the precession cycle (red line).
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scalogram (Fig. 7F). This spectral peak could correspond to the 55-kyr or 
54-kyr eccentricity cycle or the 52.8-kyr obliquity cycle (Laskar, 2020; 
Laskar et al., 2004). The spectral power of the 55-kyr cycle in the CWT 
scalogram is highly variable, indicating that the 55-kyr cycle might be 
transient and unrelated to astronomical forcing (Fig. 7F). A 200-kyr 
cycle can also be identified in the record (Fig. 7F). Given the strong 
imprint of the 100-kyr and 405-kyr eccentricity cycles, it is reasonable to 
interpret the 200-kyr cycle as the seldom observed 200-kyr eccentricity 
cycle (Hilgen et al., 2020).

Several longer-term trends/cycles can be observed in the data, 
including a spectral peak at 800 kyr (Fig. 7F). The 800-kyr can be linked 
to the 812-kyr obliquity cycle (Hinnov, 2000). However, since the re
cord is rather short (2020 kyr), there is substantial uncertainty about 
whether the 800-kyr cycle is truly astronomical in origin or an artefact of 
underlying long-term trends. The same is true for the impact of the 
longer cycles, such as the 1.2 Myr obliquity and 2.4 Myr eccentricity 
cycle, which have been suggested to play a role in pacing Palaeozoic 
events (Crampton et al., 2018; Sproson, 2020; Sproson et al., 2022). To 
fully understand the impact of astronomical forcing on the LBE, 

including the long multi-million-year astronomical cycles, substantially 
longer records are needed.

5.1.1. Phase relationships and eccentricity driven insolation control on 
induration

The amplitude modulation of astronomical cycles in the induration 
record provides an insight into the phase relationships between proxy 
signals and “true” astronomical cycles (Arts et al., 2024; Hinnov, 2000; 
Laurin et al., 2017; Zeeden et al., 2015). Since amplitude-modulating 
cycles affect the signal amplitude in a unidirectional manner, the as
tronomical cycles extracted from amplitude records are in phase with 
their true astronomical cycle counterparts, regardless of whether the 
proxy responds positively or negatively to insolation forcing (Arts et al., 
2024; Hinnov, 2000; Laurin et al., 2017; Zeeden et al., 2015)(SI 1). The 
100- and 405-kyr eccentricity cycles extracted from the precession and 
100-kyr eccentricity amplitude records, respectively, show an 
anti-phase relationship with the corresponding eccentricity cycles 
directly extracted from the induration record (Fig. 7G, J). This rela
tionship indicates that minima in the astronomical eccentricity cycles 

Fig. 8. Rate of change (‰/kyr) of the δ13Ccarb record. A Stages. B. Isotope zonation. C. Event stratigraphy. D. The Induration record. E. The δ13Ccarb record (light 
green), and the LOWESS smoothed curve (dark green) F. The δ13Ccarb rate of change record (‰/kyr) and the 100-kyr eccentricity cycle extracted from said record. G. 
The 100-kyr eccentricity cycle extracted from the δ13Ccarb rate of change record (‰/kyr) (dark green) and the 100-kyr eccentricity cycle extracted from the 
induration record (red). Grey bars denote maxima in the 100-kyr eccentricity cycle extracted from the induration records which correspond to astronomical 100-kyr 
eccentricity minima.
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correspond to maxima in the equivalent components extracted from the 
induration record.

The phase relationship provides a mechanistic explanation of how 
changes in eccentricity-driven insolation influenced bed hardness. 
During eccentricity maxima, increased seasonal variability likely 

enhanced runoff and detrital input, thereby suppressing carbonate 
production and producing softer, shale- and clay-rich beds with lower 
induration. Conversely, during eccentricity minima, reduced seasonality 
favoured carbonate production, generating the harder, more competent 
limestone beds that allow the induration record to directly reflect 

Fig. 9. The GTS 2020 δ13Ccarb curve and the δ13Ccarb rate of change curve calculated from the δ13Ccarb curve, which is compared to the δ13Ccarb record and δ13Ccarb 
rate of change record from the Kosov section. A. Timescale GTS 2020 (shifted up by 0.25 Myrs). B. δ13Ccarb curve from the GTS 2020 (shifted up by 0.25 Myrs) 
overlain by the δ13Ccarb curve of the Kosov section. C. δ13Ccarb rate of change (‰/kyr) curve calculated based on the δ13Ccarb curve from the GTS 2020 (shifted up by 
0.25 Myrs) overlain by the δ13Ccarb rate of change (‰/kyr) curve based on the Kosov section. D. The Silurian δ13Ccarb curve from the GTS 2020 (shifted up by 0.25 
Myrs) overlain by the δ13Ccarb curve of the Kosov section. E. The Silurian δ13Ccarb rate of change (‰/kyr) curve, calculated based on the δ13Ccarb curve from the GTS 
2020 (shifted up by 0.25 Myrs), overlain by the δ13Ccarb rate of change (‰/kyr) curve based of the Kosov section. F. The δ13Ccarb rate of change record (‰/kyr) and 
the 100-kyr eccentricity cycle extracted from said record. G. 100-kyr eccentricity cycle extracted from the induration record. Grey bars denote 100-kyr eccentricity 
maxima in the induration record, which correspond to astronomical 100-kyr eccentricity minima. H. Isotope zonation. I. Event zonation.
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eccentricity-modulated carbonate content (Martinez, 2018; Mutterlose 
and Ruffell, 1999).

The established relationship between eccentricity and induration can 
also be used to interpret the imprint of astronomical cycles on the rate of 
change (‰/kyr) of the δ13Ccarb record. Since the 100-kyr eccentricity 
cycle extracted from the rate of change (‰/kyr) record is generally in 
phase with the 100-kyr eccentricity cycle extracted from the induration 
record, it can be inferred that the δ13Ccarb rate of change (‰/kyr) is the 
highest during astronomical eccentricity minima (Fig. 7J).

5.2. Evaluating the drivers and pacing of the carbon-cycle during the 
Ludfordian Biogeochemical Event

The new astrochronologically anchored age model enables the first 
robust estimation of δ13Ccarb rate-of-change (‰/kyr) values across the 
LBE (Figs. 8,9). Until now, the tempo of major Palaeozoic carbon isotope 
excursions has remained poorly constrained. Most studies report 
δ13Ccarb variations as differences across discrete intervals spanning tens 
to hundreds of kiloyears, so while the overall magnitude and duration of 
excursions are known, their true rates of change remain unresolved, 
limiting quantitative comparisons among carbon-cycle perturbations 
(Maloof et al., 2010; Reershemius and Planavsky, 2021; Ma et al., 2022; 
De Vleeschouwer et al., 2024; Zhang et al., 2025; Huygh et al., 2026).

By utilising a LOWESS regression of the δ13Ccarb curve to minimise 
short-term noise, we establish a stable regional reference curve that 
allowed for the calculation of the δ13Ccarb rates of change (Fig. 8F). 
During the LBE, δ13Ccarb rate-of-change values reached a maximum of 
+0.09 ‰/kyr. This is approximately four times higher than the ~0.02 
‰/kyr estimate derived from the GTS 2020 timescale (Cramer and 
Jarvis, 2020; Gradstein et al., 2020)(Fig. 9C, E, F). These results 
demonstrate that rate-of-change values depend heavily on the under
lying age model, highlighting the importance of cyclostratigraphy for 
resolving Palaeozoic event dynamics. Ultimately, regardless of the spe
cific model used, the unusually large amplitudes and high rates of 
change observed underscore the extreme sensitivity of the Silurian 
carbon cycle (Fig. 9C, E, F).

5.2.1. Astronomical pacing of carbon cycle dynamics
The δ13Ccarb rate-of-change record contains a clear imprint of the 

100-kyr eccentricity cycle during the R and S isotope zones (Figs. 8F-G, 
9F-G). The highest δ13Ccarb rates-of-change consistently occur during 
short astronomical eccentricity minima, suggesting that minima in ec
centricity dampened the amplitude of climatic precession, thereby 
decreasing seasonal contrast and producing more stable climatic con
ditions. These conditions would have resulted in enhanced burial and 
preservation of organic carbon in quasi-stable anoxic deep-ocean res
ervoirs, sensu Sproson (2020) and Sproson et al. (2022).

5.2.2. Drivers of the amplified δ13Ccarb rate-of-change signal
Astronomical forcing alone cannot explain the amplified δ13Ccarb 

rate-of-change signal during the R and S isotope zones (Figs. 8F-G, 9F- 
G). Recent evidence suggests the LBE was initiated by an anomalous 
influx of trace metals into the ocean, which promoted the expansion of 
shallow-marine anoxia (Frýda et al., 2021a; De Backer et al., 2026). This 
period of elevated trace metal concentrations persisted for approxi
mately 350 ± 80 kyr (from 424.6 ± 0.65 Ma to 424.25 ± 0.61 Ma) while 
the carbon cycle's prolonged volatility during the R and S zones (424.27 
± 0.61 to 423.62 ± 0.56 Ma), continued long after trace-metal con
centrations had returned to baseline levels. A secondary amplification 
mechanism is therefore required to sustain the observed carbon cycle 
response.

Two distinct frameworks offer plausible secondary amplification 
pathways via large-scale reorganisation of ocean circulation. The first 
involves climatic state switching between the so-called P and S ocean- 
climate states (Jeppsson, 1990; Jeppsson et al., 1995; Bickert et al., 
1997; Calner, 2008; Cramer and Saltzman, 2005). During the onset of 

a Silurian event, a transition from a humid P-state, characterised by 
enhanced runoff and marl-dominated sedimentation, to an arid S-state 
with reduced runoff and widespread carbonate production occurs. Such 
a state switch also entails a fundamental shift toward a negative 
evaporation-precipitation balance in low-latitude shelfal areas, which 
would result in the creation of dense, saline surface waters that activate 
low-latitude downwelling centres. This process would reorganise ocean 
circulation patterns, promoting water-column stratification and the 
development of widespread deep-ocean anoxia, creating a quasi-stable 
deep-ocean carbon reservoir that increases the carbon cycle's sensi
tivity to external forcing (Sproson, 2020; Sproson et al., 2022).

Alternatively, Earth system modelling by Pohl et al. (2014, 2021, 
2022) emphasises high-latitude processes and demonstrates that 
Palaeozoic ocean circulation was highly sensitive to atmospheric pCO₂. 
In Hirnantian simulations by Pohl et al. (2021), progressive cooling 
associated with declining pCO₂ suppresses the formation of high-latitude 
deep water. The resulting sluggish circulation and decoupling between 
the shallow, oxygenated and deep, anoxic oceans would have made the 
deep ocean a quasi-stable carbon reservoir, sensu Sproson (2020) and 
Sproson et al. (2022). Further cooling in the models of Pohl et al. (2021)
shifted deep-water formation to southern high latitudes, increasing 
ocean ventilation. This scenario closely corresponds to the F isotope 
zone, during which sea level was low (Manda et al., 2012), δ13Ccarb 
values began to decline, and the rate-of-change of δ¹³Ccarb became 
negative, reflecting the remineralisation of stored organic carbon and 
the returning isotopically light carbon to the ocean-atmosphere system 
(Figs. 8F-G, 9F-G). The absence of strong eccentricity pacing during the 
F-zone suggests that carbon burial was no longer dominated by 
eccentricity-paced stagnation. Although rising pCO₂ should have trig
gered a return to a sluggish circulation regime, hysteresis-like behav
iour, in which nonlinear sea-ice and heat-transport feedbacks allowed 
the climate to follow an alternative recovery branch, could have avoided 
another episode of deep-ocean anoxia (Pohl et al., 2014). This highlights 
a key distinction between models: while the Pohl et al. (2021) frame
work accounts for the systems recovery, the P-to-S state-switch frame
work currently lacks such a mechanism.

Whether driven by low-latitude downwelling during P-to-S transi
tions or enhanced high-latitude ventilation under declining pCO2, ver
tical decoupling resolves the Silurian paradox of simultaneous carbonate 
deposition and major positive δ13Ccarb excursions. As it explains the 
transition from marl- and shale-dominated successions to carbonate-rich 
facies on low-latitude shelves (Aldridge et al., 1993; Cramer and 
Saltzman, 2007a, 2007b; Jeppsson, 1990; Jeppsson et al., 1995). By 
invoking oxygenated surface waters above a stratified, poorly ventilated 
deep ocean, the resulting stable surface conditions fostered reef and 
platform development, while the isolated deep basins promoted organic 
carbon burial, driving the δ13Ccarb excursion. Astronomical forcing 
further regulated this system; specifically, reduced seasonality during 
eccentricity minima stabilised runoff and nutrient delivery, simulta
neously promoting shallow-shelf carbonate production and deep-ocean 
stratification. Consequently, while δ13Ccarb rate-of-change values and 
carbonate deposition co-occur, they are only indirectly linked as con
current responses to the same astronomical pacing

Although distinguishing between specific circulation models re
quires expanded multi-proxy datasets, the δ13Ccarb record provides 
critical insight into the timing of these reorganisations. Persistently 
positive rate-of-change values in the R and S zones indicate sustained net 
carbon burial (Figs. 8F-G, 9F-G). The absence of the periodic reversals 
expected from the remineralisation of organic carbon suggests that as
tronomical forcing did not drive repeated oscillations between circula
tion states; rather, the system crossed a threshold once at the onset of the 
LBE.

5.2.3. The LBE as a mechanistic template for interpreting Phanerozoic 
carbon isotope excursions

Shifts between distinct ocean circulation states provide a 
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mechanistic explanation not only for the LBE but also for other Silurian 
carbon-cycle perturbations. Relatively modest perturbations to the 
baseline climate could have pushed the Silurian ocean system past 
tipping points, reorganising the ocean circulation state. From this 
perspective, the LBE does not represent an isolated oceanographic 
anomaly but a latent sensitivity within the Palaeozoic climate system. 
The similarities between the LBE and the Hirnantian Carbon Isotope 
Excursion (HICE) as modelled by Pohl et al. (2021) suggest that the 
boundary conditions enabling the shelf behaviour may already have 
been established by the Late Ordovician. Hence, the HICE may represent 
an earlier manifestation of climate instabilities that continued to influ
ence Silurian oceanography, with Silurian events reflecting repeated 
expressions of the same underlying sensitivity.

As a particularly well-resolved example of Earth system threshold 
behaviour, the LBE serves as a deep-time benchmark for assessing the 
sensitivity, pacing, and magnitude of the carbon cycle. The astronomi
cally paced δ13Ccarb rate-of-change record (Figs. 8, 9) underscores the 
importance of incorporating astronomical forcing into future Earth 
system modelling and stratigraphic studies when investigating carbon- 
cycle perturbations. Furthermore, concepts such as circulation-mode 
switching, pCO₂ sensitivity, and the development of an astronomically 
paced quasi-stable deep ocean carbon reservoirs represent fundamental 
Earth-system aspects (Duplessy and Shackleton, 1985; Batenburg et al., 
2016; Laurin et al., 2017; De Vleeschouwer, 2020; Westerhold, 2020; 
Martinez et al., 2023; Vervoort et al., 2024, 2026). The LBE can thus also 
serve as a mechanistic template for interpreting other Phanerozoic δ13C 
excursions. In this context, the LBE not only records a Silurian 
carbon-cycle perturbation but also illustrates how astronomical forcing, 
when amplified by threshold behaviour, can pace the carbon cycle to a 
surprisingly large degree.

6. Conclusions

This new astrochronology from the Kosov section provides the first 
continuous, anchored framework for the Ludfordian Biogeochemical 
Event (LBE), the largest positive δ13Ccarb excursion of the Phanerozoic. 
Cyclostratigraphic data indicates that the LBE began at 424.30 ± 0.61 
Ma and lasted 1150 ± 260 kyr. At the onset of the event, δ13Ccarb rate-of- 
change values reached a maximum of +0.09 ‰/kyr, demonstrating that 
Silurian carbon-cycle perturbations were not only large in magnitude 
but also unusually rapid.

Both the induration (the degree of rock hardness) and δ13Ccarb rate- 
of-change records reveal a pervasive imprint of astronomical cycles, 
ranging from precession to the 405-kyr eccentricity cycle. Phase re
lationships derived from amplitude modulation indicate that the indu
ration record is anti-phased with astronomical eccentricity cycles, 
consistent with reduced runoff and enhanced carbonate production 
during eccentricity minima. Critically, the δ13Ccarb rate-of-change re
cord contains a strong 100-kyr eccentricity signal, with maxima occur
ring during astronomical eccentricity minima. This provides direct 
evidence of an eccentricity-paced carbon cycle during the Silurian and 
establishes the δ13Ccarb rate of change as a powerful proxy for resolving 
the tempo of deep-time carbon cycle perturbations.

While astronomical forcing robustly explains the pacing of carbon 
burial, it does not account for the sustained amplification of δ¹³Ccarb 
rate-of-change values during the main phase of the LBE. Instead, the 
data indicate that the carbon cycle crossed a critical threshold early in 
the event, resulting in a large-scale reorganisation of ocean circulation. 
Within the P-S state framework, this threshold is associated with the 
creation of low-latitude downwelling centres. Whereas, in the model of 
Pohl et al. (2021), the threshold is defined by a specific pCO2 tipping 
point that triggers suppression of high-latitude deep-water formation. 
Whether driven by these low-latitude circulation changes or pCO2-
sensitive shifts in high-latitude deep-water formation, both mechanisms 
converge on the same outcome: a vertically decoupled ocean featuring 
oxygenated shallow shelves and a stratified, anoxic deep ocean. In this 

state, the deep ocean acted as a quasi-stable carbon reservoir, facilitating 
carbon accumulation and enhancing the system's sensitivity to astro
nomical forcing.

These findings indicate that large Silurian carbon-isotope excursions 
resulted from an intrinsically sensitive Earth system capable of crossing 
circulation thresholds, with the LBE illustrating how astronomical 
forcing, amplified by internal feedbacks and ocean circulation reor
ganisation, can pace high-amplitude carbon-cycle variability.
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