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Abstract

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 8'3Ccan, excursion of the Phanerozoic. The LBE is associated with climatic
cooling, redox reorganisation, sea-level change, and faunal turnover, yet its tempo and
driving mechanisms have remained poorly constrained. Here, we establish an anchored
astrochronology for the Kosov Quarry succession based on lithological induration
patterns and anchored to the Ludfordian—Pridoli boundary. The resulting age model
resolves astronomical cycles from half-precession (~8.5 kyr) to 405-kyr eccentricity cycle
and constrains the onset of the LBE to 424.30 + 0.60 Ma, with a total duration of 1.15 +
0.26 Myr. The Lau—Koztowskii Bioevent, representing a brief extinction pulse during the
culmination of the Siluricus ocean anoxic event just before the MLCIE, lasted 30 £ 10 kyr.
Spectral and phase analyses reveal a strong imprint of the eccentricity cycles in the
induration, lag-1 sea-level, and 0'3Ccan, rate-of-change (%o/kyr) records. Phase
relationships indicate that the sea level was subjected to a glacio-eustatic regime. The
0'3Ccarb change rate reached up to 0.09 (%c/kyr), implying rapid carbon burial during
eccentricity minima, transient CO, drawdown, and possible glacial expansion. These
results demonstrate that eccentricity pacing exerted a first-order control on Silurian
carbon-cycle feedbacks and sea-level change. Our astrochronology provides the first
high-resolution temporal calibration of the entire LBE and a quantitative framework for

integrating astronomical forcing into Palaeozoic carbon-cycle perturbations.
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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 or runaway 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 influences both the onset of environmental
collapse and its recovery (Cramer and Jarvis, 2020). While tectonic and volcanic
processes dominate multimillion-year trends, on timescales of 10°-10° years, the system
is sensitive to astronomically driven variations in insolation, hydrology, and organic
carbon burial (Calvert and Pedersen, 1992; Hinnov, 2018; Laurin et al., 2015; Laurin et

al., 2017).

Astronomical theory posits that cyclic variations in the Earth’s astronomical 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 carbon burial and geochemical redox cycles is well-documented

(Gambacorta et al., 2016; Huang et al., 2021; Laurin et al., 2015; Li et al., 2024), its
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strength and expression across Pre-Cenozoic biogeochemical events remain poorly

constrained (De Vleeschouwer et al., 2024).

The Silurian Period is marked by recurrent environmental instabilities and accompanying
extinctions—recovery cycles (Calner, 2008; Melchin et al., 2020; Storch, 1995),
accompanied by some of the largest carbon-cycle perturbations of the Phanerozoic, with
0'3C excursions ranking among the highest of the entire era (Cramer and Jarvis, 2020;
Claussen et al., 2024; Melchin et al., 2020; Saltzman, 2005). Notably, extinction rates
during Silurian events were comparatively modest, implying a coupling among climate,
ocean circulation, the carbon cycle, and life that is not commonly observed (Calner, 2008;

Li et al., 2021).

A longstanding paradox is that many Silurian positive 8'3C excursions coincide with a
shift toward reefal and carbonate-platform facies rather than widespread organic-rich
anoxic shale deposits as typically observed in other parts of the Phanerozoic (Aldridge et
al., Becker et al., 2020; Cramer and Saltzman, 2007a, 2007b; Emeis and Weissert, 2009;
Jeppsson 1993; Jeppsson, 1990; Jeppsson et al., 1995; Munnecke et al., 2003; Ohkouchi
et al.,, 2015). To reconcile mismatch between large-amplitude 3'3C excursions and
geological record, several conceptual models have been developed with the earliest and
most influential being the P-S state model that proposes that oscillations between low
latitude humid, low-3'3C P-state (enhanced runoff, marl deposition, and circulation
promoting &'3C-depleted deep-water influence) and low latitude arid, high-8'3C S-state
(reduced runoff, enhanced carbonate production and reef growth, and a reorganized
circulation favouring stratification and deep-water oxygen depletion). Transitions from P-

to S-state are proposed to act as a nonlinear amplifying mechanism for Silurian 3'3C

6



141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

excursions (Bickert et al., 1997; Cramer, 2007a, 2007b; Jeppsson, 1990; Munnecke et
al., 2010). However, this one and alternative models remain largely conceptual and basin-
specific, 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 Phanerozoic Eon, culminating in the mid-Ludfordian Carbon Isotope
Excursion (MLCIE), reaching 8'3Ccar, values of 8-12%o. (Cramer and Jarvis, 2020). The
LBE was accompanied by a faunal turnover, temperature and sea-level changes, and
redox fluctuations (Calner, 2005; Calner and Eriksson, 2006; Calner, 2008; del Rey et al.,
2023; Fryda and Manda, 2013; Fryda et al., 2020; Koztowski and Sobien, 2012; Trotter
et al., 2016; Sproson, 2020; Zhang et al., 2022). Crucially, the LBE exemplifies the
Silurian paradox, making it a critical test case for evaluating climate models, such as the
impact of astronomically paced climate forcing on large-amplitude 8'3Ccary €Xcursions
amplified by circulation-state transitions, or simply resulting from localised organic-carbon
accumulation. Furthermore, the LBE also offers a unique opportunity to assess whether
large-amplitude &'3C excursions reflect astronomically paced climate forcing amplified by
circulation-state transitions, or simply resulting from localised organic-carbon
accumulation. Despite its global expression and conceptual importance, the duration,
tempo, and internal structure of the LBE remain poorly constrained, as most existing

interpretations rely on low-resolution or imprecise time scales. Resolving whether the LBE
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represents a short-lived perturbation or a prolonged interval of instability, and whether
proposed climatic transitions were abrupt, gradual, or astronomically paced, requires a
robust astrochronological framework capable of quantifying rates of environmental and

carbon-cycle change.

Here, we conduct a high-resolution cyclostratigraphic analysis of the Kosov quarry
section, which provides a nearly continuous sedimentary archive across the LBE. We use
the induration record of Fryda et al. (2020) 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 tuned induration record, we derive a lag-1 sea-
level proxy to assess sea-level variability and calculate rates of change in the 8'3Ccan
record (%o/kyr). We then evaluate the astronomical imprint and phasing in lithological,
geochemical, and sea-level proxies to constrain the pacing of carbon burial and
remineralisation, the coupling between sea-level change and 613Ccarb perturbations, and

the role of astronomical forcing in modulating carbon-cycle feedbacks during the LBE.

2. Geological setting

This study focuses on the upper Silurian (Ludfordian) succession of the Kosov quarry,
located in the Prague Basin of the Czech Republic (Fig. 1A-B). This basin forms part of
the Barrandian (Tepla-Barrandian terrane) within the larger Bohemian Massif (Fryda and
Manda, 2013; Fryda et al., 2021, 2020). During the Ludfordian, the terrane was positioned
at ~25-30°S (Scotese, 2021; Tasaryova et al., 2014), and deposition occurred in a

hemipelagic setting within an intra-plate linear rift basin divided into several sub-basins
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(Horny, 1955; K¥iz, 1991). The tectonic affinity of the Barrandian terrane remains debated,
with it being either a peri-Gondwanan fragment or its own isolated Perunica

microcontinent (Fatka and Mergl, 2009).

The studied Kosov section (No. JF195; 49°56'12.2"N, 14°03'20.1"E) provides one of the
most complete global records of the Ludfordian Biogeochemical Event (LBE), including
the Lau/Kozlowskii Bioevent (LKB), the mid-Ludfordian Carbon Isotope Excursion
(MLCIE), and a mid-Ludfordian Glaciation, all integral parts of the LBE (Fryda et al., 2021,
2020; Fryda and Manda, 2013) (Fig. 2 G, H, J). The succession comprises carbonates
with marly interbeds and shales, including micritic mudstones, skeletal limestones, and
crinoidal grainstones (Kfiz, 1992; Lehnert et al., 2007a) (Fig. 1C). The site has been
widely studied for its sedimentology, palaeontology, geochemical and faunal changes
across the LKB and MLCIE (del Rey et al., 2023; Farkas et al., 2016, 2024; Fryda et al.,
2020, 2021; Fryda and Manda, 2013; Kfiz, 1992; Manda and Kfiz, 2006; Storch, 1995;
Tonarova et al., 2025; Zhang et al., 2022)(Fig 1C-J). The mid-Ludfordian CIE is
subdivided into three chemostratigraphic zones (R, S, and F Zones; Fryda and Manda
(2013))(Fig. 1G-J). The R-Zone, marking the rapid positive 5'3Ccar shift following the LAD
of P. siluricus, corresponds to the P. latialata-O. snajdri Interval Biozone of Corradini et
al. (2015). The S-Zone represents the sustained high 8'3Ccarn plateau and maximum
carbon burial and coincides with the middle part of the P. latialata-O. snajdri Interval
Biozone. The F-Zone, characterised by a gradual decline in 8'3Ccar values, spans the
upper part of the P. latialata-O. snajdri Interval Biozone and terminates in the O. crispa
Biozone, reflecting post-extinction recovery and reestablishment of normal marine

conditions (Allman et al., 2024; Fryda et al., 2021).
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Fig. 1. Regional overview of the Kosov section. A. Palaeogeography. B. Basinal setting.
C. Litholog D. Chronostratigraphy E. Graptolite Zonation F. Conodont Zonation G. Carbon
isotope zonation. G. Event stratigraphy. I. Induration record extracted from Fig 1C. J.
combined 673Ccan records of Farka$ et al. (2016) and Fryda et al. (2020) . Noted are the
onset of the Lau/Kozlowskii Bioevent and the mid-Ludfordian Carbon Isotope Excursion
(MLCIE) after Fryda et al. (2021). A - after Scotese (2021) and Fryda et al. (2021), B-H,

J — modified after Fryda and Manda (2013), Fryda et al. (2020) and Fryda et al. (2021).

3. Materials and Methods

A cyclostratigraphic analysis was conducted on the induration record extracted from the
litholog published in Fryda et al. (2020) (see https://github.com/stratigraphy/Kosov-
cyclostrat for the R code Quarto document). The induration record is considered a proxy
for lithification intensity and sedimentary competence, with low values corresponding to
soft shales and marl and high values corresponding to competent limestone beds (Fryda
et al., 2020; Marsaglia et al., 2017). The cyclostratigraphic study of this induration record
used the WaverideR (Arts et al., 2024; Arts, 2023) and Astrochron (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
11
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frequencies. The optimal fit of the astronomical cycles was evaluated across a range of
sediment accumulation rates from 0.1 to 3 cm/kyr, which encompasses 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. Using this information, it was possible to
filter the 405-kyr eccentricity cycle from the induration record. The extracted cycle was
then used for minimal 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 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 recalibrated age of the Ludlow—Pridoli
boundary). The anchored numerical age model was then used to assign ages and

durations (with uncertainty) to the record of the Kosov quarry section 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
12
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relationship between the 100-kyr eccentricity cycle directly extracted from the record and
the 100-kyr eccentricity 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 relationship between these cycles allowed inference of the cycle’s phases
extracted from the proxy record relative to the true phases of the astronomical cycles

(Hinnov, 2000; Laskar et al., 2004).

A lag-1 curve was also generated by applying a Monte Carlo simulation of the windowed
lag-1 autocorrelation coefficient to the induration record in the time domain. This record
functions as a proxy record for the sea-level curve (Li et al., 2018). The imprint of
astronomical cycles in the lag-1 record was investigated and compared with that in the
induration record to understand the relationship between astronomical forcing and sea-
level change during the Ludfordian Biogeochemical Event. The combined &'3Ccan
records of Farkas et al. (2016) and Fryda et al. (2020) were also converted to the time
domain, enabling calculation of the rate of change (%o/kyr) on the tuned 8'3Ccan record.

This record was subsequently 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/ka, with a broader interval of elevated fits between 1.2 and 2.0

13
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cm/ka (Fig. 2A, 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
(r[envelope]) and the combined optimal fit metric (r*][opt]) converge toward a pronounced
maximum near 1.8 cm/ka. In contrast, the r? power spectrum metric displays a less
sharply defined response (Fig. 2A, B). At the optimal solution of 1.8cm/kyr, the
reconstructed eccentricity model closely tracks the amplitude envelope of the filtered
short eccentricity signal, indicating coherent eccentricity-driven amplitude modulation
(Fig. 2C, D). In the second TimeOpt run, evaluating the eccentricity amplitude modulation
of the precession band and the concentration of power at the precession and 100-kyr
eccentricity frequencies, the overall fit of values is lower. Nevertheless, both r’[envelope]
and r?opt] again converge toward a maximum at approximately 1.8 cm/kyr, while the r?
power spectrum remains comparatively ambiguous (Fig. 2E, F). At the corresponding
optimal solution of 1.8 cm/kyr, the reconstructed eccentricity model follows the amplitude
envelope of the filtered precession signal, but with reduced coherence relative to the 405-

kyr versus 100-kyr eccentricity modelling run (Fig. 2C, D, G, H).
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Fig. 2. TimeOpt results. A. Fit: r¥lenvelope] (red) and r’[power] (grey) for TimeOpt run 405
vs 100-kyr ecc. B. Optimal Fit: rifopt] for TimeQOpt 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: r}lenvelope] (red) and r3ipower] (grey) for TimeOpt run 100-kyr
eccentricity versus precession. F. Optimal Fit: r’[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.

Based on the sedimentation rate estimates obtained from the TimeOpt 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, corresponding to the optimal sedimentation rate range
of 1.2-2.0 cm/kyr identified by the TimeOpt modelling run (Figs. 2, 3A). 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, demonstrating that
the cycle is present in the original signal. Not an artefact of signal processing (Fig. 3A).
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 (Fig. 3B). This procedure yields a varying

sedimentation-rate (cm/kyr) curve (Fig. 3B).
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Fig. 3. Minimal tuning. A. Induration record and the extracted 405-kyr eccentricity cycle.

B. Sedimentation rate and sedimentation rate (cm/kyr) based on the minimal tuning.

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.
4). This period (m) curve was then superimposed on the continuous wavelet transform
(CWT) scalogram (Fig. 4), where the curve can be observed to pass through an area of
high spectral power, consistent 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. 4). To test the validity of this tracked period curve, it was
rescaled using the ratios between the 405-kyr eccentricity cycle and the 100-kyr
eccentricity, obliquity, and precession cycles (Laskar et al., 2004, 2011; Waltham, 2015).
The recalculated period (m) curves for the 100-kyr eccentricity, obliquity, and precession

17



325 cycles similarly pass through regions of high spectral power, thereby validating the

326  presence of these cycles and the tracking of the 405-kyr eccentricity cycle in the original

327 CWT.
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329  Fig. 4. The Continuous Wavelet Transform (CWT) of the induration record extracted from
330 the litholog of Fryda et al. (2020) and the period (m) of astronomical cycles based on the
331 sedimentation rates attained from the minimal tuning and the tracked period (m) of the
332 405-kyr eccentricity cycle. Black line = tracked period (m) of the 405-kyr eccentricity cycle.
333  Red line = the period (m) of the 405-kyr eccentricity cycle (minimal tuning based). Purple
334 line = the 100-kyr eccentricity cycle (recalculated tracked period (m) of the 405-kyr
335 eccentricity cycle). Blue line = the obliquity cycle (recalculated tracked period (m) of the
336  405-kyr eccentricity cycle) Dark green line = the precession cycle (recalculated tracked

337  period (m) of the 405-kyr eccentricity cycle).
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The tracked period (m) curve of the 405-kyr eccentricity cycle was used to construct a
floating astrochronology, with an assigned uncertainty 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 5). This anchored numerical age model could
then be used to assign ages and durations (with uncertainties) to the records of the Kosov
quarry section and its subsections and biozones identified in the succession (Fryda et al.,
2021; Fryda and Manda, 2013)(Table 1). The calculated ages, durations, and their
associated uncertainties were rounded to the nearest 10 kyr to align with the precision of

the anchor point (Table 1).
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Fig. 5. 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

(20). The red dotted line is the anchor point at the Ludfordian-Pridoli boundary at 22m.
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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

Entire record

Ludfordian
Biogeochemical
Event

LKB (culmination of
the Siluricus ocean
Anoxic Event)

Mid-Ludfordian
Carbon Isotope
Excursion (MLCIE)

R-zone

S-Zone

F-Zone

Ludlow part section
Pridoli part section

P. siluricus Biozone
part section

P. latialata - O.
snajdri Interval
Biozone

O. crispa Biozone
part section

position

(m)

bottom

-8.00
-0.40

-0.40

0.00

0.00

1.40

11.60
0.00
22.00
-8.00

-0.40

18.00

position
(m) top

25.00

20.00

0.00

20.00

1.40
11.60
20.00
22.00
25.00
-0.40

18.00

25.00

Age bottom  Age top (Ma) duration (kyr)

(Ma) £2sd

424.87 £ 0.67

424.30 £ 0.60

424.30 £ 0.60

424.27 £ 0.60

424.27 £ 0.60
424.18 £ 0.59
423.62 £ 0.54
424.27 £ 0.60
423.03 £0.53
424.87 £ 0.67

424.3 + 0.60

423.26 £ 0.53

+2sd

422.86 + 0.53

423.15+0.53

424.27 +0.60

423.15+0.53

424.18 £ 0.59
423.62 £ 0.54
423.15+0.53
423.03 £ 0.53
422.86 + 0.53
424.3 +0.60

423.26 £ 0.53

422.86 +0.53

+2sd

2020 £ 450

1150 + 260

30+£10

1120 + 250

90 + 20
570 £ 130
470 =110
1240 = 280

180 + 40
570 £ 130

1040 + 230

400 £ 90

4.2 Proxy records and astronomical cycles in the numerical time

domain

The age model was used to convert the induration and 8'3Ccar, records to the numerical

time domain (Fig. 6A-E). Subsequently, the continuous wavelet transform (CWT) was

applied to the tuned induration record (Fig. 6F). The CWT scalogram reveals distinct
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365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

spectral peaks corresponding to astronomical cycles: 8.5-kyr (half precession), ~16-kyr
(precession), 28-kyr (obliquity), 50-kyr (eccentricity), 100-kyr (eccentricity), 200-kyr
(eccentricity), and 405-kyr (eccentricity) (Fig. 6F). The presence of these spectral peaks

in the CWT scalogram validates the underlying age model.

To further analyse these cycles, the precession, obliquity, 100-kyr eccentricity, and 405-
kyr eccentricity cycles were extracted from the tuned induration record (Fig. 6F-J). When
these extracted cycles are overlaid on the tuned induration record, it becomes evident
that obliquity and precession form the fundamental bed-to-bed pattern. The 100-kyr
eccentricity cycle also contributes to this pattern. Still, it primarily modulates the rhythm
of intervals with low and high induration values, whereas the 405-kyr eccentricity cycle
plays a dominant role in modulating the broader stratigraphic trends. Additionally, the
Hilbert transform was applied to the precession, obliquity, and 100-kyr eccentricity cycles
extracted from the tuned induration record (Fig. 6H, |, K). The 100 and 405-kyr eccentricity
cycle was extracted from the Hilbert transform-derived amplitude record of the precession
and 100-kyr eccentricity cycle and compared to the 100 kyr and 405-kyr eccentricity cycle
directly extracted from the record (Fig. 6H-J). Notably, 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. 6G, J).
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Fig. 6. 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 6'3Ccan 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
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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).

4.3 The lag-1 sea-level and the 3"*Ccar (rate-of-change) curves

The lag-1 autocorrelation coefficient curve (computed with the lag-1 function on
WaverideR, via a windowed Monte Carlo analysis, (Fig. 7E) serves as a proxy for sea-
level changes (Li et al., 2018). Before the Mid-Ludfordian Carbon Isotope Excursion
(MLCIE), the lag-1 sea-level curve is characterised by stable high values, interpreted as
high sea-level, superimposed on low-amplitude fluctuations. At the onset of the
Lau/Kozlowskii Bioevent (LKB), a minor sea-level rise is observed, followed by a large
fall, interpreted as a minor transgression followed by a regression. Afterwards, values
stabilise and stay low during the middle of the MLCIE &'3Ccan, excursion. At the boundary
between the S and F 8'3Ccarb zones, a large drop is observed, indicative of a regression.

Towards the top of the studied succession, the curve returns to higher lag-1 sea-level
23
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values, indicating a major transgression. Prior to the onset of the LBE, no clear imprint of
the 100 and 405-kyr eccentricity cycles is detected (Fig. 7E). In contrast, after the onset
of the LBE, a moderate imprint of these eccentricity cycles emerges. These signals were
extracted and compared with the same cycles extracted from the induration record (Fig.
7F-G). The 100 and 405-kyr eccentricity cycles extracted from the rate lag-1 record are
generally anti-phased relative to the eccentricity cycles extracted from the induration
record (Fig. 7F-G). The rate of change (%o/kyr) of the 8'3Ccarb curve was calculated from
the LOWESS regression applied to the &'3Ccar record (Fig. 7H-1). The regression was
applied to minimise the influence of short-term local noise (Fig. 7H). The rate of change
(%o/kyr) reaches a maximum of 0.09 (%o/kyr) during the onset of the LBE (Fig. 71). The
rate-of-change (%o/kyr) record shows a strong imprint of the 100-kyr eccentricity cycle,
which was subsequently extracted and plotted alongside the 100-kyr eccentricity cycle
from the induration record (Fig. 71). The 100-kyr eccentricity cycle extracted from the rate-
of-change (%o/kyr) record is generally anti-phased with the 100-kyr eccentricity cycle

extracted from the induration record (Fig. 7J).
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Fig. 7. Lag-1 sea-level and rate of change (%ds/kyr) of the 6'3Ccan record. A Stages. B.

Event zone subdivision. C. Event stratigraphy. D. The Induration record. E. The lag-1 sea-

level curve (Logit transform) (red) and the 100 and 405-kyr eccentricity cycle extracted

from said record (brown) (high values indicate a high sea-level). F. The 405-kyr

eccentricity cycle extracted from the lag-1 curve (brown) and the 405-kyr eccentricity

cycle extracted from the Induration record (blue). G. The 100-kyr eccentricity cycle

extracted from the lag-1 curve (brown) and the 100-kyr eccentricity cycle extracted from
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the Induration record (blue). H. The 6'3Ccan record (light green), and the LOWESS
smoothed curve (dark green) I. The 6"3Ccan rate of change record (%o/kyr) and the 100-
kyr eccentricity cycle extracted from said record. J. The 100-kyr eccentricity cycle
extracted from the &"3Ccan rate of change record (%o/kyr) (dark green) and the 100-kyr

eccentricity cycle extracted from the induration record (red).

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 quarry section
represents a new step toward quantifying the tempo of the largest carbon isotopic
anomaly of the Phanerozoic, the late Silurian Ludfordian Biogeochemical Event (LBE),
and towards completing the (Silurian) astronomical timescale. The new anchored
astrochronology provides the first virtually complete, high-resolution temporal calibration,
allowing us to examine the imprint of astronomical cycles and their role in modulating the

processes at play 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 quarry section, as tabulated in Table 1. The LBE started at 424.30 +
0.60 Ma and lasted 1150 + 260 kyr. In contrast, the Lau—Koztowskii Bioevent (LKB) 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).
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Another age constraint is a U-Pb zircon age of 424.08 + 0.20 Ma, obtained from a
bentonite less than one meter below the onset of the positive 8'3Ccart €xcursion (Cramer
et al., 2015). The new astrochronologically tuned age for the onset of the LBE (424.30 +
0.60) falls within the independently derived age range (when accounting for the
associated uncertainty), thereby reinforcing the robustness of our results. The estimated
uncertainties on event durations are approximately 15%. A future multi-proxy approach
on the same interval may further refine the astrochronological framework of the Kosov

quarry section (Arts et al., 2024).

By isolating the precession, obliquity, and eccentricity components at 100 and 405-kyr
from the tuned induration record (Fig. 6G—K), the hierarchical imprint of astronomical
forcing on the Kosov Quarry succession becomes particularly clear. Bed-scale induration
alternations are predominantly paced by precession and obliquity. In contrast, their
stratigraphic organisation into bundles is controlled by eccentricity, consistent with
eccentricity's role in modulating the amplitude of the precession cycle. This observation

further supports an astronomically forced origin of the observed induration patterns.

The periods interpreted as obliquity (28 kyr) and precession (16 kyr) cycles are at the
shorter end of the typically expected durations 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. A spectral peak of ~55 kyr was
observed in the average CWT scalogram (Fig. 6F). 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), or could be unrelated to astronomical forcing. The spectral power of

the 55-kyr cycle is highly variable, indicating that the 55-kyr cycle might be of a transient
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nature unrelated to astronomical forcing. A 200-kyr cycle can also be identified in the
record(Fig 6F). 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).

5.1.1 Phase relationships

The amplitude modulation of astronomical cycles in the induration record provides a
critical insight into the phase relationships between proxy signals and “true astronomical
cycles, as well as their connection to insolation changes (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 astronomical cycles extracted from
amplitude records are in phase with their true astronomical cycles counterparts,
regardless of whether the proxy responds positively or negatively to insolation forcing,
allowing one to uncover the phase relationship between proxy-derived astronomical
cycles, the true astronomical cycles, and insolation variations (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 amplitude records of the precession and 100-kyr eccentricity
cycles, respectively, show an anti-phase relationship with the corresponding eccentricity
cycles directly extracted from the induration record (Fig. 6G, J). This relationship indicates
that minima in the astronomical eccentricity, obliquity, and precession cycles correspond
to maxima in the equivalent components extracted from the induration record.
Consequently, this indicates that peaks in the induration values occur during austral
summer insolation minima. A plausible mechanism that can be invoked to explain this

insolation to proxy relationship is that during austral summer insolation minima,
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seasonality decreased, reducing runoff pulses resulting enhanced carbonate production
leading to higher induration values, whereas during austral summer insolation maxima,
seasonality increases, resulting in higher runoff, increased detrital products, and
decreased carbonate productivity, leading to lower induration values (Martinez, 2018;

Mutterlose and Ruffell, 1999).

The established relationship between insolation and induration can also be used to
interpret the imprint of astronomical cycles on the rate of change (%o/kyr) of the 3'3Ccarb
record and the lag-1 sea-level curve. Since the 100-kyr eccentricity cycle extracted from
the rate of change (%o/kyr) record is generally in phase with the 100-kyr eccentricity cycle
extracted from the induration record, it can be inferred that the 6'3Ccarn rate of change
(%o/kyr) is the highest during astronomical eccentricity minima (Fig. 7J). The 100 and 405-
kyr eccentricity cycles extracted from the rate lag-1 record are generally antiphased with
the 100 and 405-kyr eccentricity cycles extracted from the induration record, indicating

that sea level is highest during astronomical eccentricity maxima (Fig. 7F-G).

5.2 Astronomical pacing of the lag-1 sea-level curve

The lag-1 curve used as a proxy for relative sea level at the Kosov quarry section is
consistent with previous sea-level reconstructions for the basin, which indicate two major
sea-level falls during the LBE (Fryda et al., 2021). The two regressions observed in the
lag-1 record (Fig 7E) during the LBE align with widespread sedimentological and isotopic
evidence for glacio-eustatic sea-level drawdown associated with the Mid-Ludfordian
Glaciation, as reported from Laurentia, Baltica, and Gondwana (Cherns, 1982; Eriksson

and Calner, 2008; Fryda et al., 2021; Jeppsson et al., 2007; Kiipli et al., 2010; Lehnert et
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al.,, 2007a, 2007b; Manda and Kfiz, 2006; Trotter et al., 2016). Together, these
observations support the interpretation that a short-lived icehouse episode occurred
within an otherwise greenhouse-like late Silurian climate. The lag-1 curve further indicates
that the second regression during the LBE was larger than the first. Although this
difference has not been explicitly quantified in earlier studies, it is consistent with the
stratigraphic record of two distinct karstification surfaces developed across shallow-
marine carbonate platforms during this interval (Cherns, 1982; Eriksson and Calner,
2008; Fryda et al., 2021; Lehnert et al., 2007a). These surfaces provide independent
support for a stepwise intensification of sea-level lowering through the LBE, culminating
in the Mid-Ludfordian Glaciation. Indeed, the lag-1 record contains 100 and 405-kyr
eccentricity cycles that are generally antiphased with those extracted from the induration
record, indicating that sea level was highest during eccentricity maxima (Fig. 7F). This
relationship between astronomical forcing and sea level is similar to that observed during
a glacio-eustatic regime (Lourens and Hilgen, 1997; Li et al., 2018). The emergence of a
clearer eccentricity signal during the LBE suggests that astronomically paced glacio-
eustatic fluctuations were amplified by climatic changes associated with the Event,

ultimately culminating in the Mid-Ludfordian Glaciation (Fryda et al., 2021).

5.3 Evaluating the drivers and pacing of carbon-cycle change

during the Ludfordian Biogeochemical Event

Quantifying the rate of 8'3Ccar, change (%o/kyr) provides direct insight into the sensitivity
and feedback timescales of the Silurian carbon cycle. Until now, the tempo of major

Palaeozoic carbon-isotope excursions has remained largely unconstrained, limiting
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comparisons with its younger Mesozoic and Cenozoic counterparts. The comparison
between &'3Ccamexcursions is further complicated since changes in 8'3Ccarp are usually
reported over discrete intervals of tens to hundreds of kiloyears, and rarely calculated
directly from the 8'3Ccarn, curve; consequently, for most perturbations, we know the overall
magnitude and duration from onset to peak, but the true rates of change of the excursion
remain unresolved. The new astrochronologically anchored age model presented here

enables the first robust estimation of 6'3Ccar, change rates across the LBE (Fig 7H).

During the LBE, the 8'3Ccarn rate of change reached a maximum of 0.09 %o per kyr (Fig.
7H). These 8'3Ccarn rate-of-change values were derived from a LOWESS regression of
the 8'3Ccarb curve to minimise short-term local noise, providing a stable regional and
potentially global reference for the LBE. The maximum rate of change of 0.09 (%d/kyr) is
four times higher than the ~0.02 %o per kyr estimate calculated from the 8'3Ccar, curve of
the GTS 2020 reference (Cramer and Jarvis, 2020) (Fig. 8C, D). Unlike the spline-based
age interpolation in GTS 2020, which lacks the resolution to capture rapid changes
associated with biogeochemical events, the astronomically calibrated age model provides
a continuous timescale that allows for reliable rate-of-change estimates (Gradstein et al.,
2020). The higher values reported here may therefore better represent the actual rates of
change in 0'Ccan. Furthermore, these results highlight the importance of
cyclostratigraphic approaches for establishing high-resolution age control, enabling
precise characterisation of the tempo and structure of (Silurian) biogeochemical events

and their associated carbon-cycle perturbations.

Following the same principle as for other proxies, it can be established that the 100-kyr

eccentricity cycle exerted a primary control over carbon-cycle dynamics during the LBE
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and that the rate of change of the 8'3Ccarb record (%o/kyr) is generally anti-phased with the
100-kyr eccentricity cycle and is the highest during astronomical eccentricity minima
(Figs. 7H-J and 8D). The observed phase relationship aligns with a scenario in which
eccentricity minima decrease the amplitude of climatic precession, thereby reducing
seasonality and creating more stable conditions that favoured the burial and preservation
of carbon in quasi-stable carbon reservoirs (Laurin et al., 2017, Laurin et al., 2015;
Sproson, 2020; Sproson et al., 2022). The eccentricity-paced fluctuations in carbon
storage and release likely contributed to transient atmospheric CO, drawdown and
cooling, facilitating glacial expansion during the LBE (Fryda et al., 2021; Sproson et al.,

2022).

Although astronomical forcing provides a compelling explanation for the pacing of 8'3Ccar
change, the marked amplification of change-rate amplitudes during the LBE indicates that
it alone is insufficient to account for the full magnitude of the response (Fig. 7H). The
Silurian P-S climate state model provides a mechanism for amplifying the carbon-cycle
response (Bickert et al., 1997; Calner, 2008; Cramer and Saltzman, 2005; Jeppsson,
1990; Jeppsson et al., 1995). This model describes a shift between two distinct climate
states: the P-state, characterised by low-latitude humid conditions, enhanced continental
runoff, and marl-dominated sedimentation, and the S-state, marked by low-latitude aridity,
reduced runoff, and increased carbonate production and reef growth. The transition from
P- to S-state would have reduced low-latitude freshwater input, activated low-latitude
downwelling centres, reorganised ocean circulation, and intensified water-column
stratification, thereby promoting the expansion of deep-ocean anoxia. The resulting quasi-

stable carbon reservoirs could have enhanced organic carbon burial, thereby increasing
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the carbon cycle's sensitivity to astronomical forcing (Sproson, 2020; Sproson et al.,
2022). Within this framework, astronomically paced climate variability was more efficiently
translated into amplified 8'3C excursions, with astronomical forcing acting as a

pacemaker and P-S state transitions amplifying the carbon cycle response.

The plausibility of a (P-S) climatic state transition amplification pathway has some merit
when considered alongside recent Earth system modelling. Simulations by Pohl et al.
(2021, 2022) demonstrate that continental configuration can strongly influence ocean
circulation, leading to nonlinear expansions of deep-ocean anoxia under modest climatic
forcing. Specifically, Hirnantian simulations show that declining atmospheric pCO, and
glacio-eustatic sea-level fall promoted widespread deep-water deoxygenation,
comparable to the LBE, with rising 8'3Ccarb values and sea-level fall. Whether low- or high-
latitude processes dominated the expansion of Silurian deep-water anoxia remains
unresolved and requires further modelling and chemostratigraphic data. The LBE exhibits
several features consistent with a P-to-S state switch (Calner, 2005; Crampton et al.,
2016; Jeppsson, 1998; Jeppsson and Aldridge, 2000). Yet its similarity to the Hirnantian
as modelled by Pohl et al. (2021) suggests that Silurian events may need to be
reconsidered within a broader framework of pCO, sensitivity and circulation-mode
switching. Indeed, the Hirnantian may represent the earliest expression of the circulation
instabilities that continued to shape Silurian oceanography, suggesting that later Silurian
events were either repeated manifestations of the same underlying paleoceanographic

and climatic sensitivities or evolving manifestations of them.

Concepts such as circulation-mode switching, pCO, sensitivity, and the development of
quasi-stable carbon reservoirs are not unique to the Silurian but represent fundamental
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Earth-system behaviours that can be organised and paced by astronomical cycles
(Vervoort et al., 2024; Vervoort et al., 2026; Devleeschouwer 2020, 2020; Laurin et al.,
2017; Duplessy and Shackleton, 1985). Placing the LBE within this broader Phanerozoic
framework is essential, as it allows Silurian carbon-cycle dynamics to be evaluated
alongside younger intervals for which astronomical forcing is firmly established as a
primary pacemaker of the climate and carbon cycle (Batenburg et al., 2016; Fang et al.,
2025; Laurin et al., 2017; Martinez et al., 2023; De Vleeschouwer, 2020; Westerhold,
2020; Zhao et al., 2025). Viewed from this cross-era perspective, the Silurian record
provides a critical deep-time test of whether the same astronomically driven mechanisms
and feedback structures that shaped known pre-Silurian carbon-cycle perturbations were
already operating during the Silurian. While Silurian-specific climatic models have been
valuable in linking carbon-cycle perturbations to the geological record, this work
demonstrates that integrating concepts such as inclusion of astronomically forced “quasi-
stable reservoirs,” a concept originally developed for the Cretaceous and only later
hypothesised for the Silurian (Laurin et al., 2017; Sproson et al., 2020), illustrates the
value of looking beyond era-specific concepts. By the same logic, but applied in reverse,
Silurian-style climate-state transitions and tipping points in the global climate—ocean
circulation system may account for apparent discrepancies between the geological record
and reconstructed carbon-cycle responses during non-Silurian perturbations, where
comparable nonlinear feedback scenarios may have operated but remain unrecognised.
The introduction of the novel 8'3Ccarp rate-of-change curve/proxy further supports this
cross-era approach. Comparing the rates calculated in this study with those from

GTS2020 already suggests that current non-cyclostratigraphic age models may
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significantly underestimate the tempo of Silurian carbon-cycle perturbations (see Fig. 8).
This discrepancy underscores the essential role that astrochronologically anchored
frameworks play in determining the true rate of change of any Phanerozoic carbon-cycle
perturbations. Additionally, the identification of the 100-kyr eccentricity cycle as the
primary pacemaker of the Silurian carbon cycle, as evidenced by the 0'3Ccar rate-of-
change records, demonstrates the utility of this novel proxy for investigating carbon-cycle
perturbations. In this context, the LBE serves as a deep-time benchmark for assessing
the sensitivity of the Phanerozoic carbon cycle to astronomical forcing and as a template
for quantifying the pacing and tempo of carbon-cycle perturbations. Taken together, the
astrochronological framework established here demonstrates that the LBE occurred
within a highly sensitive Silurian Earth system in which astronomical forcing, carbon
burial, sea-level variability, and oceanographic reorganisation were tightly coupled,
highlighting the pronounced sensitivity of the early Palaeozoic climate system and carbon

cycle to astronomical forcing.
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Fig. 8. The GTS 2020 its 8"3Ccan curve and the 8'3Ccan rate of change curve calculated
from the 0"3Ccarn curve, which is compared to the &"3Ccany record and 0'3Ccarn rate of
change record from the Kosov Quarry section. A. Silurian timescale GTS 2020 (shifted
up by 0.25 Myrs). B. Silurian 8"3Ccary curve from the GTS 2020 (shifted up by 0.25 Myrs)
overlain by the 6"3Ccarn curve of the Kosov Quarry section. C. Silurian 6'3Ccan rate of
change (%do/kyr) curve calculated based on the 8'3Ccar curve from the GTS 2020 (shifted
up by 0.4 Myrs) overlain by the 8'3Ccan rate of change (%d/kyr) curve based on the one of
the Kosov Quarry section. D. The 6'3Ccan rate of change record (%d/kyr) and the 100-kyr

eccentricity cycle extracted from said record.

6. Conclusions

The new astrochronology from the Kosov Quarry provides the first continuous, anchored
astrochronological framework for the Ludfordian Biogeochemical Event (LBE),
encompassing the largest positive 8'3Ccart excursion of the Phanerozoic. The anchored
cyclostratigraphic framework indicates that the LBE began at 424.30 + 0.62 Ma and lasted
1150 + 260 kyr, whereas the associated Lau—Koztowskii Bioevent was considerably
shorter, spanning only about 30 + 10 kyr. Using the cyclostratigraphic framework, we
calculated that the &'3Ccarb rate-of-change reached a maximum of 0.09 %o/kyr) during the
onset of the LBE. Multiple proxy records show a pervasive imprint of astronomical cycles,
with cycles ranging from the 8.5-kyr half-precession to the 405-kyr eccentricity cycle.
Phase relationships inferred from the amplitude modulation of lower-order cycles by
higher-order astronomical cycles indicate that the induration record is antiphased, with

low induration corresponding to austral summer insolation minima, consistent with a
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scenario in which reduced runoff enhanced carbonate production. This phase relationship
study was also extended to the lag-1 sea-level curve and &'3Ccan, rate-of-change curve.
This shows that the 100 and 405-kyr eccentricity cycles extracted from the lag-1 sea-level
curve are in phase with astronomical eccentricity maxima, indicating astronomically
paced glacio-eustatic fluctuations consistent with a short-lived icehouse phase in the late
Silurian. Critically, the 8'3Ccar, rate-of-change curve contains a strong 100-kyr eccentricity
signal that is antiphased with astronomical eccentricity, providing the first direct evidence
that eccentricity paced the carbon cycle during the Silurian. This also represents the first
documentation of eccentricity-paced 8'3C rate changes, establishing the 8'3Ccan, rate-of-
change curve as a novel and powerful proxy for investigating carbon-cycle perturbations
across the Phanerozoic. While astronomical forcing robustly accounts for the observed
pacing, the increase in amplitude of the carbon-cycle’s response during the LBE required
an additional amplification mechanism. This was likely driven by the characteristic Silurian
transition between (P- and S) climatic states, during which shifts in oceanographic
circulation and redox architecture created a quasi-stable deep-ocean reservoir.
Collectively, these findings establish the LBE as a cornerstone for evaluating the
sensitivity of the early Palaeozoic carbon cycle to astronomical forcing, with implications
for understanding the tempo and feedback structure of Phanerozoic Earth-system change

more broadly.
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