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Abstract

The first stage of the Early Jurassic, the Hettangian, records the aftermath and recovery
immediately following the end-Triassic mass extinction. To fully understand the post-
extinction Earth processes, an accurate timescale is required. Although several studies have
attempted astronomical calibration, results are controversial and differ by a factor of more
than two. Here we propose a new age model based on multiple time series datasets (X-ray
fluorescence, core gamma ray, magnetic susceptibility, organic carbon isotopes) from the
Prees 2C borehole, Cheshire Basin, UK, which provides a more complete Hettangian
succession than the classic composite section in the Bristol Channel area. The resulting
minimum duration of the Hettangian is 2.18 Myr based on a 405 kyr tuned age model, and
we find no compelling evidence for the much longer duration of up to 4 Myr recently
proposed, indicating a relatively brief post-extinction recovery time. By anchoring through
existing U-Pb dates for the Triassic-Jurassic boundary and incorporating the uncertainties of
dating and stratigraphic gaps, the Hettangian is suggested to range from 201.36 + 0.18 Ma
to 199.18 * 0.18 Ma. The Hettangian timescale established in this study provides an
important reference value for improving the international geological time scale (GTS) of the

Jurassic Period.
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1. Introduction
The end-Triassic through Early Jurassic time (~202 — 175 Ma) was marked by a series of rapid

perturbations in climate, environment, and global geochemical cycles, such as occurred at



the end-Triassic mass extinction and in its aftermath (Hesselbo et al., 2002; Blackburn et al.,
2013; Smith et al., 2014; Hull, 2015; Percival et al., 2017). Astrochronology and
establishment of an astronomical timescale (ATS) for the Early Jurassic (Ruhl et al., 2010;
Ruhl et al., 2016; Xu et al., 2016) are of particular importance because they lay the
foundation for identifying and understanding the key Earth system processes and their rates
during and after a major mass extinction event (Hesselbo et al., 2004; Guex et al., 2012;

Thibodeau et al., 2016; Atkinson and Wignall, 2019; Singh et al., 2023; Bos et al., 2024).

Research on sedimentary cycles of the Hettangian stage, the first subdivision of Jurassic
time, dates back to the 1940s, when possible astronomically-driven deposition of the Blue
Lias limestone beds at Lyme Regis, SW England, was first tentatively suggested (Shukri,
1942). The duration of the Hettangian has since been much debated, but hitherto no
consensus has been reached. Several researchers have focused on the visible lithological
cyclicity and numbers of cycles to attribute astronomical forcing (Weedon, 1986;
Waterhouse, 1999; Paul et al., 2008). Using different geological datasets, mostly from the
same region in the SW of the United Kingdom, the duration of the Hettangian was
estimated as >1.29 Myr (Weedon et al., 1999), >2.86 Myr (Weedon and Jenkyns, 1999), and
~1.8 Myr (Ruhl et al., 2010; Hising et al., 2014; Xu et al., 2016), with limited constraints
available by radioisotopic dating (e.g. ~2 Myr from Schaltegger et al. (2008)). Additionally,
other studies indirectly constrain the duration of the Hettangian stage from younger strata
through an astronomical timescale anchored in the Toarcian stage (Ruhl et al., 2016; Storm

et al., 2020; Hudson et al., 2025a).



A detailed study of the Hettangian was carried out by Weedon et al. (2019), who analysed
magnetic susceptibility and ammonite biostratigraphic data from a number of localities
including the natural exposures of the Somerset coast (United Kingdom, Figure 1).
Considering local stratigraphic incompleteness, they proposed a ~4.1 Myr duration for the
Hettangian, which is approximately double that suggested in most previous studies.
Nonetheless, some new floating cyclostratigraphy studies from the Schandelah-1 core of
Lower Saxony Basin, Germany (Bos et al., 2024), the Niektan PIG core of the Polish Basin
(Lodowski et al., 2024) and Carnduff-2 core of the Larne Basin, Northern Ireland (Perera et
al., 2025) continue to suggest a short Hettangian duration. A multi-section estimates using
the TimeOpt approach by Hounslow et al. (2025) also indicated a relatively short earliest
Hettangian (Tilmanni Zone and Planorbis Subzone) duration. To test the controversial
proposal of a long Hettangian, new analysis is required using high-quality successions
lacking long periods of non-deposition or erosion and characterised by multiple high-

resolution datasets.

The Prees 2C borehole, drilled in 2020-21 as part of an International Continental Scientific
Drilling Program (ICDP) project, recovered an expanded Hettangian marine succession
targeted specifically for cyclostratigraphic study and complementary to now much-studied
legacy core from the Llanbedr (Mochras Farm) borehole situated ~100 km to the west
(Figure 1). Here, we present an analysis of multiple geochemical and geophysical datasets
from the Prees core to cover the entire Hettangian (late Rhaetian to the early Sinemurian)
to establish an astronomical timescale including estimates of the lengths of ammonite-
based chronozones. At the same time, we consider the evidence for the precise timing of

eccentricity minima and maxima through the Hettangian and their sedimentological



expression and assess whether the core records the sedimentological effects of a long

astronomical obliquity signal.

2. Geological setting

The Prees 2C borehole (Hesselbo et al., 2023) is sited in the Cheshire Basin (Shropshire,
England). The Cheshire Basin, active from the Permian through to at least the Early Jurassic,
extends geographically from the Manchester area south into Shropshire (Fig. 1). The basin
comprises a half-graben with a series of well-defined bounding faults along its eastern and
southeastern margins (Evans et al., 1993; Plant, 1999), with basin formation primarily
controlled by subsidence along the Wem-Red Rock fault system (Evans et al., 1993). The
geological succession in the Cheshire Basin includes the Mercia Mudstone Group, the
Penarth Group and the Lias Group (Warrington et al., 1999) which collectively span the
Triassic-Jurassic transition. The Permian-Triassic fill of the Cheshire Basin is extraordinarily
thick, indicative of long and continuous history of extensional movement on the bounding
faults (Evans et al., 1993). Subsidence continued into the Early Jurassic based on the proven
but mostly unexposed Jurassic Lias Group composed predominantly of calcareous and silty

mudstone in the vicinity of Prees (Evans et al., 1993).

The Prees 2C borehole recovered approximately 620 m of latest Triassic to Early Jurassic
strata, dating through the Jurassic-Triassic transition and into the early Pliensbachian (Fig.
2A). Ammonite biostratigraphy and organic carbon-isotope stratigraphy provide the detailed
relative age framework. The Hettangian stage at Prees spans from 592.33 to 464.86 m
(mccd; corrected core depth, see Hesselbo et al. (2023) and Ullmann et al. (2026) for

details), with a thickness of 127.47 + 1.38 m (Fig. 2). Specifically, the depth interval of the



Tilmanni (592.33 — 583.30 m), Planorbis (583.30 — 555.59 m), Liasicus (555.59 —514.04 m),
and Angulata (514.04 — 464.86 m) chronozones and their constituent subzones can be
further identified based on ammonite fossils from this core and from the nearby Wilkesley
borehole (or using carbon-isotope stratigraphy in the case of the base of the Hettangian)

(Hesselbo et al., 2023; Ullmann et al., 2026).

3. Samples and methods

3.1 Geochemical and geophysical data

Detailed descriptions of the analytical methods used to obtain the data evaluated in this
study are given in Hesselbo et al. (2023) and Ullmann et al. (2026). Project data include
ammonite chrono-biostratigraphy, multi sensor core logging (MSCL — Geotek), carbon
isotope ratios of bulk organic matter, and core scanning x-ray fluorescence (XRF — Itrax)
(BGS Core Scanning Facility, 2022). The MSCL (magnetic susceptibility and natural gamma
ray emission) measurements were carried out at step size of 2 cm, and the XRF data were
measured in 1 cm increments. The stable carbon isotope data used herein were obtained at
a resolution of 20 cm although the latest Triassic sample spacing is sometimes at lower

resolution due to local lack of organic matter (Ullmann et al., 2026).

3.2 Time series analysis
High resolution geochemical and geophysical records were used for time series analysis
through the Matlab Acycle software (Li et al., 2019) and Astrochron R package (Meyers,

2014). The analytical steps and parameters are summarized in Table 1.

Table 1. Analytical steps and parameters for time series analysis.

Processes Methods Aims Parameters




Remove spikes

Reduce amplitude suppression

<44000, >435000 counts
(Lowemark et al., 2019) for Fe, <4
for Zr/Rb

Highlight short-period cycles the

Sliding window covering 40% of

Detrend rLOESS amplitudes of which are attenuated . .
L overall time series length
by long-term variations
. . Sampling rate of 1 cm for Ca, Fe,
. . Synth tabl | te f .
Interpolation Linear ynthesise stable sampling rate tor Si/Al, Zr/Rb, 2 cm for GR, MS, and

further steps

20 cm for Cisotope data

Smooth

Moving Gaussian

Facilitate visual analysis

5-point smoothing

Sedimentation
rate assessment

COCO and eCOCO
(Li et al., 2018),

TimeOpt and
eTimeOpt
(Meyers, 2019)

Estimate the product-moment
correlation coefficient between the
power spectra of best-guess
astronomical solutions and
paleoclimate proxy data (Li et al.,
2018) to assess the potential
sedimentation rate

Sedimentation rate range: 0.1 —
20 cm/kyr, with a step of 0.1
cm/kyr; Middle age of data: 200
Ma; Sliding window: 55 m, step:
0.74 m; Monte Carlo: 2000 times.

Spectral analysis

Multi-taper
method

Analyse overall spectrum to identify
the likely orbital frequencies

Robust AR(1) red noise modelling
(Mann and Lees, 1996) and SWA
noise modelling (Weedon et al.,
2019)

Filter identified orbital forcing

Bandpass of >25 % central

Filter Gauss bandpass frequency, isolate target frequency (Kodama and Hinnov,
astronomical cycle curve 2015)
Convert the depth
scale to time scale
Depth-ti Tuning based on 405 k |
cP !me (Laskar, 2020) by Construct age model u.n!ng asedon yreyee
conversion minima.

iteration of steps
3and 4

Detrending can enhance high-frequency signals in the spectrum, but also can suppress low-
frequency signals, leading to the loss of some long-term cycles (e.g., ~1.2 Myr and ~2.4
Myr). The COCO/eCOCO step (Table 1) was processed by comparing the spectra of
detrended data and a target spectrum for the earliest Jurassic; thus the results can be
affected by the detrending process (Li et al., 2018). The robust AR(1) model may also
produce false positive results in the spectral signal, leading to misidentification of
astronomical cycles (Smith, 2023). Therefore, an improved smoothing window averaging
(SWA) model (Weedon et al., 2019) was applied in the present study to check the
confidence level for the tested spectrum. Cycles that were identified visually based on raw
data features and described lithofacies, were also taken into consideration in the

identification of possible astronomical cycles as discussed further below.



4. Cycle analysis of the Hettangian at Prees

4.1 General observations on Hettangian strata at Prees

The total thickness of the marine Hettangian succession at the principal UK localities
increases from the Somerset coast (~¥80 m) through Prees (~¥130 m) to Mochras (~170 m),
and is comparable to fluvio-lacustrine strata in the Junggar Basin, NW China (Fig. 2), where
astrochronology has also been applied (Sha et al., 2015). All these successions are far
thinner than the continental Hettangian strata (~1800 m) in the Hartford Basin, eastern USA,
comprising sedimentary strata together with ~200 m total thickness of Holyoke and
Hampden Basalts (Kent and Olsen, 2008; Kent et al., 2017). Noting that the Hartford Basin
was an actively subsiding continental syn-rift basin in the Early Jurassic, the exceptional

thickness should not be used as a straightforward indicator of stage duration.

The ammonite biostratigraphy and carbon-isotope stratigraphy from Prees 2C are consistent
with data from the Wilkesley borehole (about 15 km from Prees), Mochras, and the
Somerset coastal exposures (Storm et al., 2020; Hesselbo et al., 2023; Ulimann et al., 2026).
The base of the Hettangian in Prees 2C, i.e., the Triassic—Jurassic boundary, is at or below a
psiloceratid ammonite fragment at depth of 583.27 mccd (Ullmann et al., 2026). Carbon-
isotope stratigraphy indicates that the system boundary probably lies at the junction
between Lilstock Formation and Redcar Mudstone Formation of the Lias Group (Fig. 2)
(Hesselbo et al., 2023). However, there is a small degree of uncertainty due to a lack of age-
diagnostic fossils recovered so far from the bottom ~9 m of the Redcar Mudstone Formation
at Prees. The Prees 2C core shows relatively thicker chronozones compared to the Somerset

coast, especially the basal zone of the Jurassic, the Tilmanni Zone (Fig. 2).



The Hettangian at Prees mainly comprises mudstone and calcareous mudstone (Fig. 2) the
latter prominent particularly in the lower Tilmanni Zone where thin beds and laminae of
limestone occur within the mudstone (Fig. 2). The lithofacies for the upper Tilmanni,
Planorbis, and lowermost Liasicus zones comprises dark grey mudstone with few carbonate-
rich beds, whilst the upper Liasicus Zone and all of the Angulata Zone consist of interbedded

dark grey mudstone and pale grey bioclast-rich calcareous mudstone or marl (Fig. 3).

The MSCL natural gamma ray logs and selected core-scanning XRF data (Ca-content and
Si/Al) are plotted against graphical logs in Figure 3. Where the GR and Ca curves do not
exhibit obvious cyclical changes (i.e., 587 — 552 m and 469 — 463 m), the Si/Al elemental
ratio can be used as an auxiliary time series for investigation. Si/Al is an established proxy
for grain size change, because it mostly reflects the quartz/clay ratio which in turn has a
relationship to grain size (Liang et al., 2013). Grain size can alternatively be represented by
the Zr/Rb ratio (Bahr et al., 2014; Wu et al., 2020; Sinnesael et al., 2025). Lastly elemental
data for Fe are also considered; the mineral hosts of Fe may be more complex than Ca, with
the element being present largely in early diagenetic pyrite, but also clay minerals and

carbonate phases of diverse origins.

These time series datasets and the accompanying visual core descriptions from Prees show
clear lithological cycles ranging from 50-150 cm. As is abundantly documented in many
studies, such cycles in the Lias Group record alternations in the depositional environment
from relatively quiet water, more clay-rich and generally poorly oxygenated bottom water
conditions, to relatively oxic, more silty conditions with more biogenic carbonate (Hallam

and Lang, 1960; Hesselbo and Jenkyns, 1995; Hesselbo et al., 2004).



4.2 Astronomical cycles in the depth domain

4.2.1 Visual cycle interpretation, Prees 2C

Gamma ray and calcium content records show opposing trends because of dilution of clay
by carbonate (Fig. 3). An obvious up-section change within both datasets is apparent at the
depth of ~550 mccd, where weak cyclical variation below gives way to a strong high-
frequency cyclical variation through to the top of the Hettangian (Fig. 2, Fig. 3). The
elemental Fe record shows a similar trend to GR, except when the Fe signal is dominated by
the presence of pyrite identified by visual core observation and Sulfur readings from XRF
(see section 4.2.2). Also, the elemental Fe content does not show the strongly developed
high-frequency small-scale core GR cycles of the later Hettangian succession. The MS and C-
isotope results, in contrast to the core GR, Ca and Fe records, mainly show relatively long-

term cycles, with no obvious high-frequency periodicity (Fig. S1A, B).

From visual inspection, the visual long-eccentricity cycles (JE,) were selected basing on 1)
the obvious precession- short eccentricity relationship in raw data feature; 2) a
corresponding broad data trend expressed in multiple records; 3) the amplitude of
precession is consistent with the modulation of eccentricity cycle. According to the criteria
of visual cycle selection, ~1.4 m cycles are found in the raw GR and Ca data series, especially
the interval from 550 to 420 mccd, with a greater thickness of ~1.5 m through ~ 540 — 510
mccd and reduced thickness of ~1 m evident around ~510 — 470 mccd (Fig. 3b). A relatively
thicker cycle composed of a bundle of five ~¥1.4 m cycles is also observed, and the 1:5 ratio
indicates that these small-scale cycles likely correspond to astronomical precession (Fig. 3).

Therefore, if identification of the precession cycle is correct, the long eccentricity cycle



would be expected to be ~28 m thick and the strata to have an average sedimentation rate
of ~7 cm/kyr. It is also notable that amplitude variations in visually identified precession
cycles correspond closely to candidate eccentricity cycles, as expected from theory and
observation in this depositional setting (e.g., Hollaar et al., 2023), and allowing hypothetical
recognition of maximum eccentricity (high amplitude precession) and minimum eccentricity
(low amplitude precession). Visually identified long-eccentricity cycles are marked by JE,in
the present study (Fig. 3). In the depth interval of 640 — 550 mccd, a relatively weak and
high frequency cyclicity is visible in the GR and Ca datasets (~0.8 m period), suggesting a
likely lower sedimentation rate in the deeper part of the core. In the studied interval a total
of 9 long eccentricity cycles are thus recognized by visual analysis (Fig. 2). The interpreted

long-eccentricity cycles are labelled T,* and JE,1-JE\8 in Figure 3.

We note that there appears to be an additional short eccentricity cycle in JE\4 (i.e., five
cycles) indicated in Figure 3 which we discuss further in section 4.2.2. Anomalies in
constituent short-eccentricity cycles are also found in JE,1, manifesting as a rapid change in
GR values near the base of the Hettangian. On this evidence we interpret that there is either
a hiatus or condensation at ~592.5 mccd (Fig. 3d). This possible hiatus at the Triassic—
Jurassic boundary is supported, albeit weakly, by sedimentological evidence: there is an
abrupt upward change in depositional environment from very shallow water of the Cotham
Member, through a very thin (18 cm) Langport Member representing marine muddy
carbonate deposition, into the millimeter-laminated mudstone of the basal Lias

(Warrington, 1997; Hesselbo et al., 2023).



4.2.2 Statistical cycle identification and comparisons with visually identified cycles, Prees
2C

According to the correlation coefficient results (see section 3.2), the average sedimentation
rate for Prees is 7.8 cm/kyr with a confidence level of over 90 % (Ho significance level < 0.1)
resulting from 2000 Monte Carlo simulations comparing the correlation between target
periodogram (spectrum of La2010d solution (Laskar et al., 2011)) and studied datasets (Fig.
4). TimeOpt analysis of the GR, Ca, and Fe records suggest ~7 cm/kyr, ~10.5 cm/kyr and ~16
cm/kyr sedimentation rate in the spectral domain (periodogram vs. astronomical
frequencies) and time domain (short eccentricity envelope vs. long eccentricity filter) (Fig.
5). The ~16 cm/kyr value differs significantly from the visually observed cycles, and if correct
implies precession cycles of more than 3 m thickness alongside a long eccentricity cycle of
~64 m and a Hettangian duration of less than 1 Myr; such inference is strongly at odds with
visual observations on the core as well as any previous cycle and radioisotopic analysis and
so is rejected here. The eCOCO results of core GR, Ca and Fe data series (Fig. 4) show similar
trends as the TimeOpt analysis, with low sedimentation rate at the bottom (~7 cm/kyr),
increasing above ~560 mccd (complex and unstable, ~11 cm/kyr), and then decreasing
above ~480 m (~8 cm/kyr). The same changes of sedimentation rate can also be inferred
from the thickness variations of visually identified precession cycles in GR and Ca curves,
where there are thicker cycles in the middle segment. By integrating the COCO/TimeOpt
method and the visual cycle identification, we consider ~7-8 cm/kyr as the most likely

sedimentation rate for Prees 2C during the Hettangian Stage.

From the overall multi-taper method (MTM) spectral analysis results (Fig. 6), GR, Ca and Fe

content datasets have similar properties with power concentrated at ~27, 10, 7, 4.7, 3.2,



2.6, 1.7, 1.3, and 1 meter. Therefore, based on results from COCO and TimeOpt analysis, the
peaks at ~27, ~7, ~3, and ~1.3 meters, with an approximate ratio of 20:5:2:1, are
hypothesized to represent the astronomical cycles of long and short eccentricity, obliquity,
and precession. Based on the SWA noise model, the ~27 and ~10 meter peaks from GR, Ca
and Fe datasets pass the 1% false discovery rate (FDR) criterion and the ~6.7, ~4.9, 2.6, ~1.6,
~1.4,~1,~0.7,~0.59, ~0.56, and ~0.39 m peaks reach the 95% chi-square level (Fig. S2). The
~27,~6.7,~2.6, and ~1.4 meter peaks using this age model have an approximate ratio of
20:5:2:1, and are also consistent with the MTM, COCO/TimeOpt and visual cycles, further

indicating long and short eccentricity, obliquity, and precession cycles.

Using these hypothesized eccentricity frequencies, the peaks of ~27 m and ~7 m wavelength
are filtered using the Gaussian band-pass filter method with the bandwidth covering the
entire peak that is broadened by thickness variation caused by varied sedimentation rate
(GR: 0.01637-0.05819, 0.1000-0.1872; Ca: 0.01637-0.05818, 0.105-0.185; Fe: 0.02336—
0.04936, 0.106-0.180). A total of 9.5 x ~27 m cycles are filtered (labeled TEs* and JE; 1-8),
representing the ~405 kyr astronomical cycle. From the filter result (Figs. 3, 6) cycles JEs4-5
have a greater thickness than others, in agreement with the results of eCOCO and visual

inspection (Fig. 3).

Analyses of the MS and C-isotope data are not fully consistent with the results described
above. Peaks of 23, 17.2, 9.5, 5.2, 3.3, 2.5, 1.6, and 1.1 meters are found from of detrended
MS data, and the identification of long eccentricity signal of ~27 m (based on the MTM of
core GR, Ca, and Fe records) is mixed with a strong ~17.2 m cycle signal. Therefore, the

mixed long eccentricity cycle spectrum leads to a different filter output, where the TE;*—JE4



cycles are similar to the core GR, Ca, and Fe filter output, whereas JE5—8 do not show a
clear long eccentricity cycle for these time series (Fig. S1A). The carbon-isotope time series
shows an MTM spectral result with the main peaks of 29.7,17.2, 10.2, 7, 5.9, 3.5, and ~1.3
meters. The peak of ~29.7 m, corresponding to the previous result of ¥27 m, and the peak
ratios for ~29.7, 7, 2.7, and 1.3 m of 20:5:2:1, indicate potential astronomical cycle signals.
The filter centred on 29.7 m shows that cycles JEs3—7 roughly correspond to the GR, Ca, and
Fe filter output, while cycles JEs1-2 do not show a good filter result (Fig. S1B). Raw C-isotope
data show relatively stable values through 555-420 mccd depth, and larger amplitudes of
change in the 600-555 mccd range (Fig. 2A), which may explain the weak cycle identification
of JEs1 and JEs2 in particular. Carbon-isotope records of the Hettangian, especially around
the Triassic—Jurassic transition where the mass extinction event occurred, are likely directly
and indirectly affected by non-cyclic factors such as volcanic forcing, resultant climatic
changes, water mass anoxia, and associated carbon-cycle tipping points (Fujisaki et al.,

2018; Korte et al., 2019; Hesselbo et al., 2020a; Ullmann et al., 2026).

The anomalous number of short eccentricity cycles comprising JE4, whether recognized
visually or expressed in the bandpass filer requires further comment. It is particularly
noteworthy that this is the only part of the core record where the recognized short
eccentricity cycles no longer correspond to amplitude modulation of precession (Fig. 3c).
The carbonate layers at ~524 mccd cause a higher Ca count and larger amplitude of the Ca
record, which will further affect the statistical eccentricity cycle identification. Therefore, we
treat the amplitude modulation in this interval as more convincing indicator of short

eccentricity than the either a crude cycle count or gaussian filter would suggest, but have to



leave open the possibility that an undetected hiatus may be present in which 3 short

eccentricity cycles are missed.

Overall, the astronomical timescale derived from core GR, Ca and Fe records shows
consistent results, which can be used to construct the detailed age model for Prees (Fig. 6D-
F). Both visually and statistically recognised cycles are taken into consideration. The age
model developed here was first generated using Acycle software based on the core depth
position of the minimum of each statistically derived 405-kyr cycle. Considering the atypical
development of carbonate layers in JEs4, the minimum position is adjusted based on the
visually recognised JE\4. Through building the age model based on the long eccentricity
cycles (Table S1) and tuning the dataset to the time domain, an astronomical timescale
covering about ~3.8 Myr, including a Hettangian of ~2.2 Myr duration, is established for the

latest Triassic and early part of the Early Jurassic analysed here (Fig. 6D-F).

All analysed data show an obvious peak compatible with the ~405 kyr cycle in the MTM
spectral results except for the MS time series (Fig. S1C). Equally, all datasets show a strong
~170 kyr spectral signal which may correspond to the ~173 kyr orbital obliquity (Boulila et

al., 2018). We discuss the origin of this latter cycle in more depth in Section 7 below.

5. Previous studies on the duration of Hettangian

5.1 Debates of Hettangian duration in different sites

Several studies have estimated the duration of the Hettangian using different outcrops and
boreholes, of which the St Audrie’s Bay to Quantoxhead composite section (‘Somerset

coast’) is most intensively studied and thought to have global correlation potential for the



Hettangian stage (Ruhl et al., 2010; Hising et al., 2014; Xu et al., 2016; Weedon et al., 2019).
Most previous studies of these outcrops have yielded a similar duration of ~1.8 Myr for the
Hettangian by establishing an astronomical age model, for example the ~1.8 Myr duration of
the ATS from lithofacies, organic C-isotopes, and Total Organic Carbon (TOC) (Ruhl et al.,
2010), the ~1.7 Myr duration by counting the inferred ~100 kyr eccentricity cycles of organic
C-isotopes combined with a paleomagnetic investigation (Husing et al., 2014), and ~1.89
Myr duration from organic carbon-isotope cyclostratigraphic analysis (Xu et al., 2016). This
latter result is shorter than that from Storm et al. (2020) based on the Mochras borehole
dataset (but still within the uncertainties), which indicates a residual duration of ~2.3 + 0.5
Myr for the Hettangian Stage based on the estimated durations of other stages of the Early
Jurassic (Table 2), and is consistent with the Geomagnetic Polarity Time Scale (GPTS) in the

Hartford Basin, USA (Kent and Olsen, 2008; Kent et al., 2017; Kent et al., 2018).

It should be noted that some of the differences between duration estimates stem from
different concepts for the definition of the base of the Hettangian, the Global Stratotype
Section and Point (GSSP) of which was established in 2010 (Hillebrandt et al., 2013). For
example Ruhl et al. (2010), predating this decision, take the base of the Jurassic as
equivalent to the base of the Planorbis Zone, and so their duration does not include the
Tilmanni Zone (which in their interpretation has a duration of 100 kyr), resulting in a shorter
Hettangian estimate. Similarly, Storm et al. do not compensate for missing time in the
Sinemurian at Mochras due to faulting (see Hudson et al., 2025), which conversely forces a
longer duration for the preceding Hettangian stage. Recent studies on the Sinemurian Stage
by Leu et al. (2024) suggested a minimum ~6.2 Myr duration using low-resolution

(downhole) gamma ray data of the Prees 2C core, and this duration was updated to ~7.3



Myr by Hudson et al. (2025a) through analysis of the calcium and organic carbon isotope
data from Mochras. The longer Sinemurian stage necessitates a short duration (~2 Myr) for
the Hettangian stage using an U-Pb CA-ID-TIMS radioisotopic anchor point in the early
Toarcian and given that cyclostratigraphic calibration for the Pliensbachian is well

documented and reasonably stable (Hudson et al., 2025a).

In contrast, Weedon et al. (2017) described several substantial hiatuses in the Hettangian
strata of the Somerset coast based on field observations and from cross plots of
biostratigraphic and cycle correlation, which they argued were not fully accounted for in
previous studies. For the Somerset coast, using their methodology, prominent hiatuses are
located at the base of the Planorbis Subzone and the base of the Johnstoni Subzone (both
Planorbis Zone), and in the Depressa Subzone of the Angulata Zone, amongst other levels
(Weedon et al., 2017). Considering these hiatuses, Weedon et al. (2019) carried out an
analysis of the cyclicity within a composite of the magnetic susceptibility datasets of the
Somerset coast section together with Southam Quarry (Long ltchington, Warwickshire,
England), Lavernock (South Wales coast), and Lyme Regis (Devon/Dorset, SW England) —
see Fig. 1 for map —, and proposed a >4.1 Myr duration for the Hettangian Stage, including
an estimated ~0.89 Myr for the total duration of hiatuses. Nevertheless, the long duration of
the Hettangian is largely a consequence of the ~2 Myr length estimate for the Tilmanni and
Planorbis zones combined, with a ~0.7 m thickness of the short eccentricity cycle in
Somerset, 0.81 m in Wales, and 0.46 m in Dorset. However, the identification of the
eccentricity cycle in these two basal zones may be compromised by the thinness of
segments selected by Weedon et al. (1.5 - 13.5 m, fig. 5 in Weedon et al. (2019)) and also

the method of spectral analysis (Smith, 2023). These thin segments would make it hard to



confidently identify a signal of a relatively thick eccentricity cycle if it existed in the
spectrum using either a robust AR1 model (Mann and Lees, 1996) or improved smoothed
window averaging (SWA) model (Weedon et al., 2019). The restricted length of targeted
data segments would also complicate identification of orbital cycles through the ratios

between lengths of cycles.

5.2 Re-appraisal of MS-based cyclostratigraphy for the Somerset sections

To further assess the results obtained by (Weedon et al., 2019) and compare with the new
results from Prees, we re-analysed the published magnetic susceptibility data of the
Somerset coast sections to explore the sedimentation rates. Application of the eCOCO
method suggests a change in sedimentation rate from ~3.4 cm/kyr or >8 cm/kyr in the 1.5 m
(base Hettangian) to 20 m height interval, rising to ~6 cm/kyr in the ~ 20-55 m interval, and
then decreasing to ~2.8 cm/kyr from 55 m to the top of the section (Fig. 8). Similar rate
changes are evident in the Fast Fourier Transform evolutionary spectral analysis (basing on
FFT-MTM package in Acycle software), especially the hypothetical short eccentricity
frequency values of ~0.33 m™ (0-25 m), ~0.15 m™ (25-45 m), ~0.2 m (45-55 m), and ~0.4

m (55-87.5 m) (Fig. 7).

Compared to the spectra of the four separate stratigraphic ‘segments’ from Weedon et al.
(2019), which roughly correspond to the four intervals listed above, the evolutionary
spectrum partly supports their segments B and D but disagrees strongly in the lowest
segment A. The spectrum of segment A of Weedon et al. (2019) may thus be interpreted
differently, potentially resolving the conflict of the apparent anomalously long duration of

the Tilmanni and Planorbis zones. Based on the changing sedimentation rate from eCOCO



analysis and the evolutionary spectrum, a new segment subdivision is proposed here,
comprising segment 1 (0—22 m), segment 2 (22-55 m), and segment 3 (55-87.5 m). The
boundaries of segment B and C and segment C and D from Weedon et al. (2019) do not
show any obvious step changes in sedimentation rate, but instead rather continuous
change. According to the evolutionary spectrum and correlation coefficient, a total of 22
short eccentricity cycles can be filtered in the present study spanning the latest Rhaetian to
earliest Sinemurian, which is consistent with visually identified short eccentricity cycles and
the filter output of Weedon et al. in the Liasicus and Angulata zones (Fig. S3). The duration
of the Somerset coast composite section is thus calculated (~19 short eccentricity cycles, Fig.
S5) as ~1.87 Myr without hiatuses (Table 2), which is consistent with previous results for a

short Hettangian (Ruhl et al., 2010; Hising et al., 2014; Xu et al., 2016).

To further explore this result, the Lavernock and Lyme Regis sections were also re-analyzed
in the present study (Fig. S4) using the data of Weedon et al. (2019). The evolutive spectrum
of the Lyme Regis section shows strong peaks at ~4.4, ~1.56, ~0.7, 0.46, ~0.26, and ~0.17 in
the Planorbis and Tilmanni zones, with a reasonable astronomical cycle ratio of 20:5:2:1.
The 0.46 m signal, which was interpreted as a short-eccentricity cycle signal by Weedon et
al. (2019), could thus instead correspond to obliquity (with a sedimentation rate of ~1.15

cm/kyr).

The evolutive spectral analysis of the Lavernock section shows signal peaks of ~3, ~0.8, ~0.4,
~0.34, ~0.29, ~0.2, ~0.17, and ~0.15 meters (Fig. S4). This result is roughly consistent with
Weedon et al. (2019), which has a strong and continuous ~0.8 m signal throughout the

dataset, with several ~2.8 — 4.2 m low frequency signals at 0 — 12 m height in the section. It



may be assumed that the 0.8 m cycle represents short eccentricity, and the ~3.2 m cycle
corresponding to long eccentricity cycle (with a 1:4 ratio) as concluded by Weedon et al.
(2019). However, due to the thinner and incomplete strata at Lavernock, it may also be
challenging to identify a much longer cycle if it existed. Therefore, it is also plausible that the
~3 m cycle at Lavernock represents short eccentricity (with a sedimentation rate of ~3

cm/kyr).

Regarding the placement and magnitude of hiatuses from Weedon et al. (2017), assuming
that, as proposed here, the Planorbis Zone from Lavernock and Lyme Regis sections also had
a relatively rapid sedimentation rate, the duration of hiatuses of 0.64 Myr within the
Planorbis Zone (Fig. 8) should also be compressed to ~0.16 Myr. Therefore, the total
duration of the Hettangian from the Somerset Coast composite section is increased to ~2.28
Myr, comprising ~1.87 Myr of deposited strata, 0.16 Myr of hiatus in the Planorbis Zone,
and 0.25 Myr of hiatus in the Liasicus (0.05 Myr) and Angulata (0.2 Myr) zones (Table 3, Fig.
8). We further stress that the ‘Somerset Coast’ is a composite section and there is also
potential error involved in splicing the sections together because there is lateral variation in
the diagenetic cementation of limestone beds used for correlating one section to another.

This source of error is at present underexplored.

6. Astronomical timescale for the Hettangian from Prees 2C

According to our new age model, the Hettangian stage is estimated to have the duration of
2.18 Myr (Fig. 8), which is well within the uncertainty of the duration from GTS2020 (201.4 +
0.2 Ma to 199.5 * 0.3 Ma; (Hesselbo et al., 2020b). Specifically, the duration of four

ammonite chronozones within the Hettangian — Tilmanni, Planorbis, Liasicus, and Angulata —



are 0.16 Myr, 0.58 Myr, 0.66 Myr, and 0.78 Myr, respectively, assuming that zonal
boundaries are located at the mid-point of biostratigraphic uncertainty (Table 2). Direct
radio-isotopic dating is currently missing for the Prees core, and is not soon likely to yield
precise dates due to the lack of volcanic ash beds (although refined Re-Os dating is a distinct
future possibility). Therefore, the geochronological age of the Triassic-Jurassic boundary
(201.36 £ 0.17 Ma, (Wotzlaw et al., 2014)) and Hettangian-Sinemurian boundary (199.43 +
0.10 Ma; (Schaltegger et al., 2008), (Guex et al., 2012)) from the marine Pucara Group in
Peru can be referenced here for the chronostratigraphic calibration. Of these two possible
tie points the age of the Triassic-Jurassic boundary is much preferable, because the
Hettangian-Sinemurian boundary radioisotopic age is relatively more imprecise (a larger gap
between biostratigraphic indicators) and in a succession that is difficult to correlate to NW
Europe (e.g., see Hudson et al., 2025). Hence, we propose the Hettangian stage be assigned

an age range from of 201.36 to 199.18 Ma plus uncertainty on the tie point age.

The uncertainties on the duration and calibrated age should be considered in several
aspects. Firstly, the radioisotopic uncertainties of the U-Pb date of the Triassic-Jurassic
boundary by EARTHTIME tracers amount to 0.17 Myr (Wotzlaw et al., 2014; Hesselbo et al.,
2020b). With the advancement of radioisotopic dating methodology, estimates of the age of
boundaries and events are now increasingly hampered by (bio-)stratigraphic limitations
(Hesselbo et al., 2020b). Specifically, there exists a ~5.6 m ammonite fossil gap between the
first occurrence of Psiloceras spelae spelae and the last occurrence of Choristoceras
crickmayi (figure 1B in Schoene et al. (2010), where the true first evolutionary occurrence of
P. spelae could be at any position in this gap. The duration of the ~5.6 m ammonite fossil

gap can be calculated according to the dated age of samples LM4-100/101, LM4-90, and



LM4-86 (Wotzlaw et al., 2014; Hesselbo et al., 2020b). Assuming the sedimentation rate of
the fossil gap remains unchanged, the average sedimentation rate can be calculated as 4.31
cm/kyr, and the duration of the ~5.6 m ammonite fossil gap is ~130 kyr, corresponding to an

uncertainty of =65 kyr.

A further substantial uncertainty arises from cycle identification, filter selection, the
placement of 405-kyr tuning tie points and interpolation between adjacent tie points. The
positional uncertainty is defined as the maximum absolute deviation from the adopted tie
point using the three methods considered (visual cycles; statistical cycles; amplitude
modulation cycles; Table S1). The maximum difference of the cyclostratigraphic model
uncertainty could be therefore calculated, which may further affect the ages and durations
of individual zones and subzones with generally no change for the total duration. The total
calculated cyclostratigraphic uncertainty is combined with biostratigraphic boundary
uncertainty by Root Sum of Squares (RSS) method reported in Table 2. Hinnov (2018)
suggested that high-quality intercalibration between astrochronology and radioisotope
geochronology may achieve an absolute-age uncertainty of approximately 0.05%, equivalent
to approximately 0.10 Myr at the Triassic—Jurassic transition. We therefore regard +0.10
Myr as a conservative minimum uncertainty for absolute astrochronological ages, although
this value is not treated as an additional independent component of the interval-duration

uncertainty.

Uncertainty of the Hettangian duration also may come from the potential for hiatuses in the
Prees 2C borehole itself, although we have not found clear evidence so far to prove the

existence of any hiatuses. The unmatched cycle hierarchy of short and long eccentricity in



JEs4 is compensated by interpretation of amplitude modulation of precession cycles instead,
and the age model is established according to long eccentricity, therefore having no

influence on the estimated Hettangian duration.

The total uncertainty of the base Hettangian age (+0.18 Myr) was propagated using the RSS
method, combining the analytical uncertainty from CA-ID-TIMS dating (Wotzlaw et al., 2014)
and the stratigraphic uncertainty derived from the biostratigraphic gap (Fig. S5). Using that
logic the base Hettangian age of 201.36 + 0.18 Ma and Hettangian duration of at least 2.18
Myr can be estimated. Separately, the Hettangian-Sinemurian boundary age, resulting in the
combined uncertainties of 0.18 Myr of base Hettangian and propagated cyclostratigraphic

uncertainty of ~0.04 Myr, would be 199.18 £ 0.18 Ma.

Compared to previous published durations of the Hettangian from other records, the result
of this study is similar with that of Storm et al. (2020) from the Mochras drill core, but
longer than all the previous durations for the Somerset coast except Weedon et al. (2019),
or for the Hartford Basin (Kent et al., 2017) (Table 3). The magnetostratigraphic analysis
from the Hartford Basin (Kent and Olsen, 2008) and Somerset coast (Hising et al., 2014)
both show three short reversed polarity zones, and these have been used to help define the
chronostratigraphy in the Hartford Basin leading to roughly similar stage durations. The
astronomical tuning of Somerset and the Hartford Basin sections was also used to define the
top of the Hettangian in the Junggar Basin of China (Sha et al., 2015). The results from a
multi-section applying the TimeOpt sedimentation rate analysis cross the Triassic-Jurassic
boundary indicated a duration of 262 + 53 kyr for the Tilmanni Chronozone and 238 + 27 kyr

for the Planorbis Subchronozone, yielding a combined duration of approximately 0.50 Myr



(Hounslow et al., 2025), broadly comparable to the ~0.44 Myr obtained from the Prees-2C

core although they assigned a longer Tilmanni Zone.

As discussed above, the greatest contrast in estimated durations between Weedon et al.
(2019) and the present study are for the Planorbis and Tilmanni zones. This is also reflected
by the slope changes in the duration cross plot between Prees and Somerset coast section
(Fig. 9). The here reanalysed Somerset MS record of Weedon et al. (2019) shows shorter
Tilmanni and Planorbis zones, roughly the same duration of Liasicus, and a longer Angulata
Zone compared to that from Prees (Table 3), although the total Hettangian duration of both
are fairly consistent (2.18 Myr from Prees and 2.28 Myr from Somerset coast). Specifically,
the reanalysed MS results shows that the Tilmanni Zone is 0.05 Myr shorter in Somerset
than that in Prees, but it is still comparable considering the biozone uncertainties and the
potentially incomplete strata at the base Hettangian on the Somerset coast. Hiatuses in the
Planorbis Zone may also cause a 0.2 Myr shorter duration in Somerset compared to the
Prees. The duration of the Liasicus Zone is consistent for both Prees and the Somerset coast,
and the 0.03 Myr difference is well within the uncertainties. The duration of the Angulata
Zone on the Somerset coast is 0.3 Myr longer than that in Prees, indicating a potential
hiatus may exist in the Angulata Zone of Prees, or that there is an error in construction of
the composite Somerset section. Notably the composite Somerset section is spliced in the
lower Angulata Zone based only on correlation of limestone marker beds with the inherent

uncertainty that this entails.

Table 2. Boundaries of zones and subzones of Prees in depth and time
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Depth ATS Time oundary Duration

(mced) (kyr) Depth ATS Time (Kyr)
(mccd) (kyr)

Stage Zone Subzone
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n g Liasicus Portlocki top | 530.86 1181
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m - 20
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*The mccd depth of zone and subzone are based on Ullmann et al., 2026. Boundary-age uncertainties combine the
biostratigraphic placement uncertainty with the cyclostratigraphic model spread generated by the alternative visual,
filtered and amplitude-modulation tie-point schemes (Table S1), using root-sum-of-squares. They do not include
unquantified missing time caused by a possible hiatus or an incorrectly counted 405-kyr cycle. Durations are rounded to the
nearest 10 kyr to avoid unjustified precision.

Table 3. Duration of biozones according to the astronomical timescale

Moch | artford
Prees Somerset Coast, Bristol Channel Basin ras ar Pr
Basin
Farm
Reana (Hus | (Sto
Zone and .
subzone lysed Xu et 108 o
Prees (Weed (Weedon et al N (Ruhl et et et (Kent and
2C on et al., 2019) ZOié) al., 2010) | al., | al., | Olsen, 2008)
al., 2014 | 2020
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De. .
e 99 0. 46
0 0 0. 88
An. Co. ) . (1.08 0. 62 1. 34 0.82 0.8 0.82 / /
39 | 78
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Ex. 1 0. 26
0.
La. 2 | o 0. 66 0.19
Li. ) (0.71 0. 66 0.72 0.75 0.66 / /
P 0. | 66 ) 0. 46
o. a4 .




Jo. go 0 0.22 0. 69
P1. 0 5é (0. 38 1.59 0.24 0.25 0.22 / /
P1. 0% ) 0.89
Ti. 0. 10 0.11 0.52 0.11 / / / /
16 | 16
~1.87 2.3
Sum ~2.18 (2.28 4.1 1.89 1.8 1.7 + 1.69
) 0.5

*All data are presented in Myr. Values in bracket of Reanalysed MS record volume are the durations including hiatuses. Bu.
— Bucklandi, An. — Angulata, Li. — Liasicus, Pl. — Planorbis, Ti. — Tilmanni, Cb. — Conybeari, De. — Depressa, Co. — Complanata,
La. — Laqueus, Po. — Portlocki, Jo. — Johnstoni.

7. Climatic effects of the astronomical cycles in Prees and expression of the long obliquity
cycle

The classical Milankovitch (e.g. 405, 100, ~40, ~20 kyr) and other, generally longer,
astronomical cycles (e.g. 2.4 Myr, 1.2 Myr, 173 kyr) are all involved in regulating the Earth’s
climate. The ~173 kyr periodicity is associated with the interaction between the nodal
precession frequencies of Earth and Saturn (s3 — sg) and is expressed as a periodicity of
Earth's orbital inclination and an amplitude-modulation cycle of Earth’s obliquity (Hinnov,
2000, 2018). Owing to the large mass of Saturn, the s3 — sgis unusually stable and may
therefore serve as a useful astronomical metronome in stratigraphic successions
characterized by dominant obliquity forcing and low precession contribution stratigraphic
successions (Boulila et al., 2018; Hinnov, 2018). This astronomical cycle and its climate

effects are well expressed in the Prees borehole.

Here we find that the long obliquity cycle and the long and short eccentricity cycles of Prees
show a mutually inhibitory relationship, both in the raw depth series (Fig. 3) and the
evolutive spectrum (Fig. S6). Through depth intervals ~510 — ~470 mccd (corresponding to
JES5 and JEs6), the long obliquity signal of ~12 m in the evolutive spectrum is enhanced while

the eccentricity signal is weak (Fig. S6). This feature can also be identified in the raw data



records for the long eccentricity cycles JE,5 and JE,6, where an obvious intermediate cycle
comprises two short eccentricity cycles (Fig. 3a, 3b). The phenomenon of eccentricity cycle
concealment has also been found in the marine sediments of southern China for the early
Triassic, with multiple concealments of the 405 kyr cycle along with enhancement of the
obliquity cycle signal (Li et al., 2016). It is noted, however, also that well-documented long
obliquity cycles are rare in raw data (Huang et al., 2021). This observation leads us to
hypothesise that nonlinear processes (the threshold effects) of the Earth's climate system
are occurring in JEs5 and JEs6; that is, a series of nonlinear processes and multiple equilibria
could amplify the small amplitude changes of obliquity and ultimately have manifested in
the paleoclimate proxies (Huybers, 2006). Previous studies have shown that the processes in
the mid- and low-latitude regions of the climate system can respond nonlinearly to solar
radiation forcing, which may be related to the global carbon cycle (Westerhold et al., 2018;
Westerhold et al., 2020; Ao et al., 2021). Huang et al. (2021) also proposed the threshold
model to explain the influence of a ~173 kyr long obliquity cycle on Earth’s climate system

and organic carbon burial.

In the present study, the transition between eccentricity cycle and long obliquity cycle
indicates the change of dominant astronomical cycle pacing of the Hettangian climate. The
long obliquity (173 kyr) cycle appears to have regulated the strength of the obliquity forcing
by regulating the tilt angle. A possible mechanism proposed by Li et al. (2016) with regard to
the Early Triassic, is that the obliquity modulation cycle drives the distribution of global
water vapor, resulting in a long-term imbalance between rainfall and evaporation-runoff

within the continents, and causing changes in the capacity of continental groundwater



reservoirs. The influence of groundwater change may then also be found in global sea-level

change, paleoclimate, and the carbon cycle (Huang et al., 2021; Tian et al., 2022).

This transition in dominant climatic pacemakers—from eccentricity to long obliquity—and
the associated nonlinear responses highlight a potential complex, astronomically forced
climatic backdrop for the Hettangian, which may also have contributed to previously widely
ranging estimates for the stage length. The high-resolution astrochronological framework
established here allows these climatic oscillations to be precisely dated, providing a
temporal template against which the rates of post-extinction biotic recovery can be

measured.

Besides astronomical age models, constraints on the pacing of ecosystem recovery in the
Early Jurassic derive from radiometric age dates (Schaltegger et al., 2008; Guex et al., 2012;
Blackburn et al., 2013). Such radiometric ages have been of outstanding importance for the
construction of the geologic timescale (Hesselbo et al., 2020b) and establishment of
synchroneity of CAMP volcanism with the end Triassic extinction and some of the broader
patterns of recovery (Blackburn et al., 2013; Thibodeau et al., 2016). However, these ages
derive from outcrops with incompletely known relation to European biozonation schemes,
in particular the ammonite biozones and subzones which often act as subdivisions to study
biotic changes (e.g., (Hallam, 1997)). To study recovery rates at a finer scale,
cyclostratigraphic control on the durations of ammonite biozones and reconciliation of
contrasting duration estimates for key successions are therefore essential. The data from
the Cheshire Basin allows additional tie points to be added to the chronology of biotic

recovery via biozone and biosubzone durations of the Hettangian stage, which saw the



radiation of Jurassic ammonoids from the genus Psiloceras (Page, 2008; Guex et al., 2012)
and benthic recovery (Atkinson and Wignall, 2019). The new findings give further weight to
a relatively brief Hettangian Stage (~2.18 Myr), and cast doubt on protracted recovery
implied by long Tilmanni and Planorbis zones (Weedon et al., 2019), instead arguing for

comparatively rapid diversification of biota in the aftermath of the extinction.

Conclusions

The timescale of Early Jurassic Hettangian stage is important for understanding the post-
extinction processes and improving the international geological timescale of the Jurassic
Period. In this study, multiple geochemical and geophysical datasets from the Prees 2C
borehole (Cheshire Basin, UK) were used to carry out an astrochronological analysis for the

Hettangian stage. The principal findings are:

1. Aminimum ~2.18 Myr long duration is established using a 405 kyr cycle tuned age model
for the Hettangian Stage in Prees 2C based on cyclostratigraphic analysis, and the age range

of the Hettangian is further proposed to be 201.36 + 0.18 Ma to 199.18 £ 0.18 Ma based

on the published U-Pb age of the base of the Hettangian.

2. The magnetic susceptibility data from a previous study on the Somerset coast, Weedon et
al. (2019), are re-analysed here. We determine a ~1.87 Myr astronomical duration without
hiatuses (2.28 Myr with hiatuses) based on the ~100 kyr eccentricity tuning result, which is
consistent with other previous results from the Somerset coast outcrop. The entire duration
of 2.28 Myr is also very similar to the present study based on Prees, while some unresolved

inconsistencies remain when comparing durations of ammonite biozones.



3. During the Hettangian, a mutually inhibitory relationship is hypothesised between the

long obliquity (~173 kyr) and eccentricity cycles. This transition in climatic pacemakers

suggests that nonlinear threshold responses amplified obliquity forcing, dominating the

climatic changes when eccentricity signals were weak.
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Figure captions

Figure 1. A: Hettangian paleogeography modified from (Scotese, 2014), and locations of the
Hartford Basin (Kent et al., 2017), key UK sites (Storm et al., 2020, Hesselbo et al., 2023), and
the Junggar Basin (Sha et al., 2015). B: Occurrence of Jurassic and Early Cretaceous strata in
the central and southern UK with locations of boreholes and outcrop sections referred to in

this study (Wessex Basin from (Pharaoh, 1996)).

Figure 2. Overview of lithofacies and key datasets from the Hettangian of boreholes at Prees
(A) and Mochras (B), the Somerset coast, UK outcrop (C), Junggar Basin, NW China (D), and
Hartford Basin, USA (E). Carbon-isotope record and lithology of Mochras drill core (B) are
from (Ullmann et al., 2021). Magnetic susceptibility data from Somerset coast (C) are from

(Weedon et al., 2019) and (Ruhl et al., 2010), lithofacies from (Weedon et al., 2019) (pale



marl = grey, dark marl = dark grey, laminated shale = black, limestone bed = white). Litho-
index records from Junggar Basin (D) from (Sha et al., 2015), with values indicating rock
colour (increasing value from black to pale grey) and lithology. Lithofacies and

magnetostratigraphy of Hartford Basin are from (Kent et al., 2017).

Figure 3. Detailed lithofacies, visual cycle interpretation, core-scanning data, and cycle filter
outputs for the Hettangian Stage, Prees 2C. For clarity, the continuous lithofacies and data
records are separated into four panels (a: 477 — 436 mccd, b: 519 — 478 mccd, c: 561 — 520
mccd, d: 604 — 562 mccd). The curves in each panel from left to right are — Ca content, core
natural gamma ray, Si/Al value, precession filter, short eccentricity filter, long orbital
eccentricity filter, and organic carbon isotopes. The color of the curve is consistent with its
labels. Identified cycles are labelled as follows: JE, - Jurassic visual long Eccentricity, TE, -
Triassic visual long Eccentricity, JEs - Jurassic statistical long Eccentricity. Jes - Jurassic

statistical short eccentricity.

Figure 4. COCO and eCOCO results of Prees gamma-ray, Ca and Fe content. The correlation
coefficient analysis was processed with 2000 Monte Carlo simulations using the target
astronomical spectrum Laskar2010d with middle age of 200 Ma, and the test sedimentation
rate range from 0.1 — 20 cm/kyr and a step of 0.1 cm/kyr. eCOCO was preceded with a 55 m

sliding window and 0.74 m step.

Figure 5. eTimeOpt results of Prees GR (A), Ca (B), and Fe (C). The analysed data series were
detrended using a robust LOWESS (locally weighted scatterplot smoothing) with a smoothing

window covering 40% of the data points. Tested sedimentation rate was 0.1 — 20 cm/kyr,



with a linear distribution of 200 test sedimentation rates. The target frequency used the
astronomical spectrum Laskar2010d with middle age of 200 Ma. eTimeOpt analysis was

performed using a window of 77 m and step of 0.7 m, with the Pearson correlation method.

Figure 6. Cycle analysis of time-series datasets of GR, Ca and Fe in the depth domain (A-C)
and time domain (D-F). The detrended data are shown in left side panels alongside the
interpreted 405 and 100 kyr eccentricity cycle filters, and related MTM spectra of detrended
data records are in the right-side panels. All raw data are detrended by 40% thickness using
LOESS method (A-C), and the Fe record is further processed by 5-point smoothing to
eliminate abnormal peaks (C). D-F are the 405-kyr tuned results of A-C, respectively, with
related MITM spectra shown in right side panels. The bandpass filter widths in the depth
domain are as follows: GR: 0.01637-0.05819 m™, 0.1000-0.1872 m™; Ca: 0.01637-0.05818 m"
1,0.105-0.185 m™; Fe: 0.02336-0.04936 m™, 0.106-0.180 m™. All filters of the tuned data
apply a bandpass of 0.001469-0.003469 cycles/kyr for ~405 kyr cycle and 0.007-0.013
cycles/kyr for ~100 kyr cycle. Confidence levels of MTM analysis are all derived using robust

AR(1) red noise model (Mann and Lees, 1996).

Figure 7. FFT-MTM (left panel) and eCOCO (right panel) analysis of magnetic susceptbility
record of the St Audrie’s Bay/East Quantoxhead composite section. FFT-MTM evolutionary
spectral analysis of magnetic susceptibility record from the St Audrie’s Bay/East
Quantoxhead composite section. The tested frequency is ranged from 0 — 3.5 m™,, and the
window is 17.448 m, step is 0.13958 m. The test sedimentation rate is range from 0.1 — 20

cm/kyr with a step of 0.1 cm/kyr. The Laskar2010d solution is selected as target model and



the middle age is 200 Ma. 2000 times Monte Carlo simulation tests have been processed

with a sliding window of 22.08 size and 0.3 m step.

Figure 8. Comparison of astronomical timescales between Prees and previous studies from
Somerset Coast, UK (Weedon et al., 2019), Hartford Basin, USA (Kent et al., 2017), Inuyama,
Japan (lkeda et al., 2017), and GTS2020 (Hesselbo et al., 2020b). Vertical red lines show the
base and top of the Hettangian, and blue dashed lines represent ammonite zone boundaries.
The light gray data records together with blue curves are the tuned data and their 405 kyr

filter in time domain, except for that from Weedon et al. (2019), which is the ~100 kyr filter.

Figure 9. Crossplots of Hettangian duration between Prees borehole and reanalyzed
Somerset Coast section in time domain (a) and depth domain (b). Symbols represent
corresponding ammonite chronozone and subchronozone boundaries. Horizontal error bars
show boundary-placement uncertainty in the Prees 2C core according to Ullmann et al.
(2026), and vertical error bars show the corresponding uncertainty in the Somerset
composite section (Weedon et al., 2019). The solid and dash line in (a) connects successive
correlated zone and subzone boundaries, respectively. Changes in slope illustrate

differences in relative minimum durations of different zones.
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Highlights:
e A new Hettangian astronomical timescale is established from the Prees 2C core,
yielding @ minimum duration of 2.18 Myr
e The Hettangian is proposed to span from 201.36 £ 0.18 Ma to 199.18 + 0.18 Ma
anchored to U-Pb dates

e Re-analysis resolves the Hettangian duration controversy, supporting a ~2.3 Myr
rather than ~4.1 Myr timescale

e A mutually inhibitory relationship between ~173 kyr obliquity and eccentricity cycles
potentially reveals nonlinear climate responses
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