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Abstract. Early Jurassic palaeoenvironments were perturbed during episodes of major global climate and biogeochemical change at the 
Triassic–Jurassic boundary and Early Toarcian Oceanic Anoxic Event (T-OAE). Other poorly understood palaeoclimate fluctuations and 
carbon-cycle perturbations occurred between these episodes, including the mid-Sinemurian Liasidium Event and the Sinemurian–
Pliensbachian Boundary Event. Understanding of the causes and significance of these phenomena is limited by uncertainties in the geo-
logical timescale, particularly for the Sinemurian Stage. In this paper we present new multiproxy geochemical data through the Sinemuri-
an and earliest Pliensbachian stages from the Llanbedr (Mochras Farm) borehole (NW Wales). The Mochras record is apparently 
stratigraphically complete except in the Upper Sinemurian which is affected by a normal fault that removes the lower part of the Oxyno-
tum Zone. A floating astrochronology is developed for the Sinemurian Stage based on identification of the 405-kyr orbital eccentricity 
“metronome” in weight percent calcium and stable organic carbon isotopes (δ13Corg) from Mochras, together with data from the Robin 
Hood’s Bay base-Pliensbachian GSSP section in Yorkshire, UK. The results indicate a minimum duration for the Sinemurian Stage of 
7.3 Myr (7.1 Myr from Mochras and an additional 0.2 Myr from Robin Hood’s Bay for the lower Oxynotum Zone). This interpretation of 
a long Sinemurian requires a short duration (~2 Myr) for the Hettangian stage.

INTRODUCTION

BACKGROUND AND AIMS

The Early Jurassic (201.4–174.1 Ma) biogeochemical 
systems were perturbed at several points in time by globally 

significant changes to the climate. The greatest of these oc-
curred at the Triassic–Jurassic boundary at ~201.4 Ma, and 
in the Early Toarcian at ~183 Ma (e.g., Korte et al., 2019; 
Schoepfer et al., 2022; Bos et al., 2024; Gambacorta et al., 
2024). These events are associated with mass extinction 
(e.g., Raup, Sepkoski, 1982; Little, Benton, 1995; Pálfy 
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et al., 2000; Wignall, 2001; Cecca, Macchioni, 2004; Caru-
thers et al., 2013; Wignall, Atkinson, 2020; Lindström, 
2021), oceanic and marine-shelf anoxia (Jenkyns, 1988, 
2010; van de Schootbrugge et al., 2013), likely extreme 
temperature fluctuations including greenhouse warming 
(Korte et al., 2009; Pieńkowski et al., 2016; Ruebsam et al., 
2020; Ullmann et al., 2020) and some of the largest pertur-
bations to the global carbon cycle in the Mesozoic (Hes-
selbo et al., 2000, 2002, 2007; Pálfy et al., 2001; Jenkyns 
et al., 2002; Kemp et al., 2005; Pieńkowski et al., 2016; 
Ruhl et al., 2020; Storm et al., 2020). Both the Triassic–Ju-
rassic mass extinction and the Toarcian Oceanic Anoxic 
Event have been convincingly linked to climate forcing by 
igneous processes associated with large igneous provinces 
that occurred at the same time (e.g., Pálfy, Smith, 2000; Co-
hen, Coe, 2002; Suan et al., 2010; Burgess et al., 2015; Per-
cival et al., 2015, 2016; Davies et al., 2017; Heimdal et al., 
2020; Ruhl et al., 2022; Bos et al., 2024; Fendley et al., 
2024).

The intervening ~18 Myr of the Early Jurassic (the Het-
tangian–Pliensbachian stages) has yielded evidence for more 
modest but potentially regular oscillations to the exogenic 
carbon reservoir, as expressed by carbon-isotope values of 
marine and terrestrial organic matter and carbonate (Ruhl 
et al., 2010; Korte, Hesselbo, 2011; Jenkyns, Weedon, 2013; 
Riding et al., 2013; Duarte et al., 2014; Franceschi et al., 
2014; Porter et al., 2014; Xu et al., 2017; Hesselbo et al., 
2020a, b; Storm et al., 2020; Pieńkowski et al., 2020; Ull-
mann et al., 2021). Short duration (<1 Myr) negative car-
bon-isotope excursions (CIE’s) in the Sinemurian have been 
associated with episodes of supposed climate warming (Jen-
kyns et al., 2002; Korte, Hesselbo, 2011; Jenkyns, Weedon, 
2013; Riding et al., 2013; Hesselbo et al., 2020b), whilst the 
late Pliensbachian positive carbon-isotope excursion is sug-
gested to be associated with at least regional cooling (Korte, 
Hesselbo, 2011; Korte et al., 2015; Ruebsam et al., 2019; 
Hollaar et al., 2023). On longer, multi-million year, time-
scales the carbon-isotope ratios of marine dissolved inor-
ganic carbon and sea-water temperature are not so clearly 
linked (Korte et al., 2015; Hesselbo et al., 2020a).

Understanding climatic events in the Early Jurassic re-
quires a precise global timescale. For the Jurassic, radioiso-
topic ages from ash beds in South America (Schaltegger 
et al., 2008; Schoene et al., 2010; Wotzlaw et al., 2014; Al-
Suwaidi et al., 2022) are tied to mostly European marine 
sedimentary records (Ruhl et al., 2010, 2016, 2022; Storm 
et al., 2020) through chemostratigraphic and biostratigraphic 
correlation (see e.g., summary in Hesselbo et al., 2020c). 
Astronomical timescales are developed for the Hettangian 
(Ruhl et al., 2010; Weedon et al., 2019), the Pliensbachian 
(Ruhl et al., 2016; Pieńkowski et al., 2021) and the Toarcian 
(Kemp et al., 2005; Suan et al., 2008; Boulila et al., 2014; 

Pieńkowski et al., 2024) stages of the Jurassic based on the 
expression of Milankovitch cycles of precession, obliquity, 
and eccentricity in these marine sedimentary successions. 
However, the Sinemurian Stage has proven more difficult to 
calibrate, due to a lack of suitable long and apparently com-
plete successions with good ammonite biochronostratigra-
phic control, and for GTS2020 (Hesselbo et al., 2020c) the 
length of the Sinemurian was estimated only by cyclostrati-
graphic calibration of the adjacent stages (6.6 Myr long).

Otherwise excellent chemostratigraphic records have 
lacked one or more important attribute sufficient to analyse 
the full spectrum of Milankovitch cycles for the entire stage, 
such as radiometric or biostratigraphic calibration (Ikeda, 
Tada, 2014), length and completeness (Jenkyns, Weedon, 
2013; Schöllhorn et al., 2020) or sample resolution (Storm 
et al., 2020). Recent work on a new borehole, the Prees 2 
borehole in the Cheshire Basin, Shropshire, UK, has shed 
new light on the Rhaetian to lower Pliensbachian, but also 
lacks a complete upper Sinemurian section (Hesselbo et al., 
2023; Leu et al., 2024).

Construction of an astrochronology for the Sinemurian 
is further complicated by the uncertainty surrounding the 
durations of neighbouring stages. The age of the Hettan-
gian–Sinemurian boundary is constrained through anchored 
astrochronologies from the lacustrine record in the Newark 
and Hartford basins, USA, and shallow marine coastal re-
cord of Somerset, UK, yielding a consistent 1.9 Myr dura-
tion for the Hettangian (Ruhl et al., 2010; Kent et al., 2017; 
Huang, 2018) anchored to the radiometric age of the T-J 
boundary (201.4 Ma; Schaltegger et al., 2008; Schoene 
et al., 2010; Wotzlaw et al., 2014). However, more recently 
a study of multiple basins in the UK (including re-interpre-
tation of the same Somerset coastal section studied previ-
ously) yielded a far longer ≥4.1 Myr duration for the Het-
tangian stage (Weedon et al., 2018, 2019). This latter study 
postulated multiple hiatuses within different sections to ar-
gue for missing time in the records from each basin and 
thus, through construction of a composite, yielded a much 
longer total duration for the stage. The varying durations es-
timated for the bounding stages of the Sinemurian thus give 
a broad and uncertain time-window for the Sinemurian stage 
ranging from ~7.0 to 4.2 Myr. Indeed, the Sinemurian stage 
now represents a keystone interval for a complete integrated 
timescale for the Early Jurassic.

The onshore basins of the United Kingdom preserve re-
latively continuous marine sedimentary records from the 
Early Jurassic and have been foundational for development 
of the ammonite chronostratigraphic scheme that underpins 
the Early Jurassic timescale (Cope et al., 1980; Cox, 1990; 
Page, 2003, 2010a, 2017). Excellent coastal exposures have 
been used to define Global Stratotype Sections and Points 
(GSSPs) for the base-Sinemurian at East Quantoxhead, 
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Somerset (Bloos, Page, 2002), and the base-Pliensbachian at 
Robin Hoods Bay, Yorkshire (Meister et al., 2006). More-
over, boreholes drilled in the 1960’s and 1970’s have yield-
ed a series of cores and core samples that complement the 
coastal exposures with generally more continuous records of 
the Early Jurassic, and which are available for study at the 
British Geological Survey National Core Repository at Key-
worth, Nottingham, UK.

Here, we present new data from previously unexploited 
borehole material from onshore UK and integrate with re-
sults from the coastal exposures that host the two GSSP’s 
(Fig. 1). The new analyses are from the Llanbedr (Mochras 
Farm) Borehole – also known as Mochras – in the Cardigan 
Bay Basin, the succession from which is stratigraphically 
expanded and also stratigraphically complete at the ammo-
nite chronozone level (Wood, Woodland, 1968; Woodland 

Cardigan
Bay

Basin

Welsh
Massif

London-Brabant
Massif

Cheshire
Basin

Mochras
Prees

Bristol Channel Basin

Wessex-Channel Basin

Worcester
Graben

Cleveland
Basin

IRISH
SEA

Robin Hood’s
Bay (Base 

Pliensbachian 
GSSP)

East Quantoxhead 
(Base Sinemurian

GSSP)

Legend
Key Boreholes

Key outcrop
Jurassic–
Early Cretaceous
Likely Mesozoic
Fault 
Modern coastline 

100 km

Fig. 1. Key localities discussed in the text

The Llanbedr (Mochras Farm) borehole is located on the eastern preserved edge of the Cardigan Bay Basin. Figure based on BGS 1:1,500,000 series tectonic 
map of Britain, Ireland and adjacent areas, Sheet 1 (Pharaoh, 1996) and is modified from Hesselbo et al. (2023)
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1971; Dobson, Whittington 1987; Hesselbo et al., 2013, 
2023; Copestake, Johnson 2014; Pieńkowski et al., 2024). 
We use here a multi-proxy approach to understand the 
mechanisms that imprint Milankovitch cyclicity in this ma-
rine record and compare the Mochras record with that from 
the Robin Hood’s Bay coastal exposures (Hudson et al., 
2025), to construct an astronomically calibrated floating 
timescale for the whole Sinemurian. The significance of the 
new timescale is then discussed with reference to estimated 
durations of the underlying Hettangian stage.

GEOLOGICAL SETTING

During the Jurassic Period, the UK area comprised a se-
ries of sedimentary basins that developed in response to 
widespread lithospheric extension across NW Europe from 
the Permian to Cretaceous periods (e.g., Ziegler, 1990; Cope 
et al., 1992; Bjerrum et al., 2001; Powell, 2010). The latest 
Triassic is marked by a widespread marine transgression 
across northern Europe (Arkell, 1933, 1956; Hallam, 2001; 
Pieńkowski, 2004; Pieńkowski et al., 2008). In the Jurassic, 
the UK area was part of a generally shallow marine epicon-
tinental shelf, populated with a series of small islands sepa-
rated by subsiding basins controlled by E–W, N–S or NE–SW 
fault systems (e.g., Hesselbo, 2012). The Mochras borehole 
(Cardigan Bay Basin, Wales), and the Robin Hoods Bay sec-
tion (Cleveland Basin, Yorkshire, England) record marine 
successions from two of these distinct subsiding sedimenta-
ry basins (Fig. 1; Woodland, 1971; Powell, 2010). The re-
cords from almost all the onshore UK sedimentary basins 
comprise relatively shallow-marine storm-influenced facies 
(Sellwood, 1970; Hesselbo, Jenkyns, 1995; van Buchem, 
Knox, 1998; Powell, 2010; Hesselbo et al., 2020b) whilst, 
exceptionally, the Lower Jurassic of the Cardigan Bay Basin 
is interpreted, on the basis of trace fossils and facies se-
quences, as deposited in relatively deep water, below storm 
wave base and with sediment transport by contour currents 
(Pieńkowski et al., 2021, 2024).

The Mochras borehole, located in the footwall of the 
prominent Mochras Fault, at the eastern end of the Cardigan 
Bay Basin, recorded an unexpectedly thick ~1300 m succes-
sion of Hettangian–Toarcian argillaceous strata, the thickest 
onshore UK Lower Jurassic succession known (Wood, 
Woodland, 1968; Tappin et al., 1994). The borehole was 
drilled in 1969 by Aberystwyth University and the British 
Geological Survey and terminated at 1938.4 mbs in the Up-
per Triassic.

The Sinemurian Stage is well defined by ammonite fos-
sils, with ~500 m of Sinemurian strata preserved at Mo-
chras. Lower Jurassic strata are referred to the Lias Group 
across the whole of the UK area, and in southern England 

and Wales the lower Lias Group is subdivided into the Het-
tangian–Sinemurian Blue Lias Formation (Cox et al., 1999) 
comprising limestone/mudstone interbeds, and a Sinemur-
ian–Pliensbachian Charmouth Mudstone Formation com-
posed predominantly of mudstone. Both formations have 
abundant marine macrofossils, including bivalves, brachio-
pods, crinoids, and ammonites; in Mochras the Lias Group 
has not been formally subdivided into formations, but the 
broad pattern of reduction up-section in carbonate content 
evident elsewhere is present (e.g., Ullmann et al., 2021).

The Mochras borehole was fully cored with nearly 100% 
recovery, but much of the core was broken up shortly after it 
had been retrieved. Some of this material was used for mac-
rofossil biostratigraphy, with much of the remainder ar-
chived at the UK National Core Repository or distributed to 
third parties (a set of Mochras subsamples is presently main-
tained at the Rutgers University Core Repository New Jer-
sey, USA). The rock samples worked on for this study uti-
lise the ‘registered specimens’, ‘reserve samples’ and 
‘archive core slabs’ at the National Core Repository, Key-
worth. Registered specimen refers to samples that were col-
lected usually based on features of palaeontological interest, 
and commonly embedded in core whole rounds, with the 
depths of each specimen precisely recorded. ‘Reserve sam-
ple’ refers to bags of gravel-sized fragments, collected from 
a stratigraphic thickness of on average 5 feet in the case of 
Mochras; these samples have no clear bedding context, con-
tain few fossils, and stratigraphic precision is limited by the 
collection interval. Multiple bags were in some cases col-
lected from the same intervals. Archive core slabs are gener-
ally ½ rounds for the Sinemurian where they exist.

PREVIOUS RECORDS OF CYCLICITY

The Lower Jurassic has previously yielded evidence for 
Milankovitch cyclicity in the Lias Group from the Wessex 
and Bristol Channel basins (Weedon, 1986; Smith, 1989; 
Waterhouse, 1999; Weedon, Jenkyns 1999; Weedon et al., 
1999, 2018, 2019; Bonis et al., 2010; Clémence et al., 2010; 
Ruhl et al., 2010; Hüsing et al., 2014; Xu et al., 2017; 
Huang, 2018), the Cheshire Basin (Hesselbo et al., 2023; Leu 
et al., 2024), the Cleveland Basin (van Buchem, McCave, 
1989; van Buchem et al., 1992, 1994; Hesselbo, Jenkyns, 
1995), and the Cardigan Bay Basin (Ruhl et al., 2016; Storm 
et al., 2020; Pieńkowski et al., 2021, 2024; Hollaar et al., 
2021, 2023, 2024).

In the Bristol Channel Basin, particularly along the well-
studied coastal exposures where the base-Sinemurian GSSP 
is situated (Fig. 1), the Blue Lias Formation shows Milanko-
vitch frequency cyclicity in both carbonate content (Weedon 
et al., 2019) and in organic matter content and organic car-
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bon-isotope values (Ruhl et al., 2010; Xu et al., 2017). 
However, in detail, there are significant differences in inter-
pretation. For example, Ruhl et al. (2010) identified cyclici-
ty at a 4 to 6 m scale which they assigned to short eccentri-
city based on the observed lithological bundling. In contrast, 
Weedon et al. (2019) argue that particularly in the earliest 
Jurassic Tilmanni and Planorbis ammonite chronozones, 
sedimentary cyclicity at ~70–80 cm is the 100-kyr eccen-
tricity signal, with a substantial increase in sedimentation 
rate after deposition of these earliest Jurassic strata.

In the Cardigan Bay Basin, Mochras borehole, metre-
scale astronomical precession-related couplets of carbonate-
rich silty beds and carbonate-poor clay-rich beds occur 
strongly through the Pliensbachian and Toarcian stages, and 
these show a bundling and lithological variation that is con-
sistent with a Milankovitch imprint including obliquity, and 
short and long eccentricity cycles (Ruhl et al., 2016; Hollaar 
et al., 2023), as well as potentially long-duration so-called 
grand eccentricity cycles at a periodicity of 2.4 Myr (Pień-
kowski et al., 2021, 2024).

Spectral analysis of low-resolution carbon-isotope geo-
chemistry from Mochras core samples suggests a stable 
405 kyr metronome also running throughout the Early Juras-
sic (Storm et al., 2020), including through the relatively un-
derstudied Sinemurian part of the core. Those few intact 
core slabs that are preserved for the Mochras Hettangian and 
Sinemurian also show strong evidence of metre-scale litho-
logical cyclicity that can hypothetically be related to preces-
sion (Hesselbo et al., 2013; Storm et al., 2020).

It is clear from these detailed outcrop studies, and pre-
vious borehole analysis, that the Sinemurian of the Mochras 
borehole has the potential to faithfully record Milankovitch 
frequency cyclicity.

METHODS

SAMPLES AND DATA SOURCES

A total of 1150 registered specimens and 403 archive 
core slabs were used to generate ‘Device B’ portable X-Ray 
Fluorescence (p-XRF) data (see next Section below for fur-
ther explanation), and the Ca values are published in Ull-
mann et al. (2021). Another set of 193 measurements were 
made from registered specimen offcuts which have not been 
previously published and pertain to ‘Device A’. All of these 
samples and data have precise depth information and a me-
dian sample spacing of 25 cm. These data are supplemented 
with measurements made from the reserve sample set, 
whose depths are imprecisely known (comprising a ~1.4 m 
stratigraphic range) but generally regularly spaced and rang-
ing through the whole stage. Such data include 185 Rock 

Eval pyrolysis-based Ca content data (Storm et al., 2020). 
The addition of this sample set closes some sample gaps and 
improves the median resolution to 23 cm. All data are in-
cluded in Supplementary Data Files 1, 2 and 3.

PORTABLE X-RAY FLUORESCENCE (P-XRF)

Elemental data were obtained from samples of the ma-
trix of solid rock cut from the selected registered specimens 
and core samples as inventoried above. The p-XRF analysis 
was conducted on flat-cut surfaces of rock, comparable to 
using full cut core as practised by Ruhl et al. (2016). Olym-
pus Innov-X Delta Premium XRF Analyzers at the Univer-
sity of Exeter, Camborne School of Mines, were used set to 
‘Geochem’ mode. Readings were collected for 50 s each for 
voltages of 40 and 10 kV, capturing the trace and major ele-
ment concentrations from Mg to Pb. Reproducibility of the 
measurements was controlled through interspersed measure-
ments of the standard NIST 2710a (every 10th sample); see 
Supplementary Data Files 2, 3. Sample heterogeneity was 
modelled through the analysis of representative samples 
many times in different parts of the same samples. Two in-
struments were used, devices A and B; results from each 
were cross calibrated by measurement of an overlapping 
sample set (n = 12, details provided in the Supplementary 
Data Files 4, 5). The p-XRF results can only be regarded as 
semi-quantitative, due to matrix and instrumental effects, 
with the accuracy of the signal constrained through repeat 
measurements of the standard. The p-XRF measurement po-
sitions were designed to avoid sample complications due to 
intersecting fossils (anomalously high Ca) or pyrite nodules 
(anomalously high Fe and S).

TIME SERIES METHODS

The analysis package Acycle (v2.1; Li et al., 2019) was 
used for the time series analysis. Core depth series data were 
pre-processed for time series analysis using a typical metho-
dology involving three steps: 1) removal of outliers using 
the R boxplot algorithm to remove data points that fall out-
side of the 95% confidence interval of the median value; 2) 
linear interpolation to the median sample spacing in Acycle 
using the ‘interpolation’ function, and; 3) detrending in or-
der to bring the data towards a long-term stationary mean in 
Acycle (‘Detrend’ function). Further parameterisation is de-
scribed in the next Section.

Initial analysis was conducted in the core depth domain. 
Power spectra were computed using the multi-taper method 
(MTM) with AR1 classical red noise modelling for analysis 
of the geochemical depth series. The power spectra were exa-
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mined for the typical ratio of spectral peaks that is expected 
from Milankovitch cyclicity and compared with the results 
of visual cycle analysis.

Sedimentation rate analysis was conducted on the weight 
percent Ca record using the Average Spectral Misfit (ASM) 
method (Meyers, Sageman, 2007) as implemented in Acycle 
(Li et al., 2018). The data were tuned to a bandpass filter in 
the depth domain, that corresponded to the hypothesised 
405 kyr long orbital eccentricity cycle in the data, as in-
ferred from visual analysis of the Ca data. Subsequently, the 
power spectra of the time-converted data series were exam-
ined for the orbital eccentricity, obliquity and precession in-
dex as calculated for the Early Jurassic (Waltham, 2015). 
Uncertainty in the interpretation, while subjective, was esti-
mated from the range of possible cycles identified from vi-
sual analysis versus the number of cycles in the bandpass 
filter that was used to time-convert the dataset. Further de-
tail on the treatment of the data and generation of the age 
model are outlined below in the Section below.

RESULTS

GENERAL OBSERVATIONS AND PRINCIPAL DATASETS

The uppermost Sinemurian to Toarcian of the Mochras 
borehole, for which core slabs are still available, is charac-
terised by primary cycles of alternating pale-medium grey 
argillaceous calcareous silty mudstone and darker grey, 
sometimes laminated micaceous silty mudstone (Ruhl et al., 
2016; Hollaar et al., 2021, 2023, 2024; Pieńkowski et al., 
2021, 2024). Sporadic carbonate nodules are also present, 
and some thin argillaceous limestone beds may also repre-
sent conjoined nodules (Pieńkowski et al., 2021). These cy-
clic alterations are picked out through varying colour and 
hardness which are visual proxies for carbonate content. 
Based on ichnofacies and lithofacies sequences, the environ-
ment of deposition is interpreted as below storm wave base, 
with cyclicity governed by fluctuation in bottom (contour) 
current strength (Pieńkowski et al., 2021, 2024).

Similar characterisation of the sedimentary cycles for 
most of the Hettangian–Sinemurian interval is limited by the 
preservation of only a few intact core slabs; however, the 
likely ubiquitous presence of metre scale cycles can be as-
sumed based on those slabs that are preserved (e.g., Hes-
selbo et al., 2013), alongside the very strong expression of 
metre-scale precession in higher parts of the Mochras Lower 
Jurassic, where orbitally-tuned age models exist.

A high resolution ammonoid biochronology of the Sine-
murian interval of the Mochras borehole was established 
though a search of nearly 6,500 registered borehole speci-
mens housed in the British Geological Survey (BGS) collec-

tions. The affinities of the fauna correspond to the North-
West European Province (Page, 2008) and hence the 
chronozonal scheme applied is that of Dean et al. (1961) 
and later reviewed by Page (2003). Ammonoid faunas were 
correlated against the latest scheme of 77 biohorizons appli-
cable to the province (see Page, 2010a, b), although the li-
mits of sampling a relatively small core diameter mean that 
the limits of subzones are quite uncertain.

A fault has been interpreted to cut the Sinemurian strata 
at 1372 mbs, associated with fractured rock, slickenlines, 
and calcite veining (Fig. 2; Woodland, 1971; Ullmann et al., 
2021). The revised ammonite zonation in Hesselbo et al. 
(2023) shows that the base of the Oxynotum Zone coincides 
(within uncertainty) with the level of the fault; given that the 
lower subzone of the Oxynotum Zone (i.e. the Simpsoni 
Subzone) is unproven, it is likely that an extensional fault 
cuts out the lower Oxynotum Zone and, potentially, some 
smaller portion of the uppermost Obtusum Zone.

Portable XRF data for calcium show strong inverse line-
ar relationships with Si, Al, Rb, Zr, K, Ti and Fe through the 
Sinemurian section at Mochras (Fig. 3). Calcium is primari-
ly incorporated in calcite which, from petrographic studies, 
makes up the principal carbonate mineral in the Mochras 
borehole (Ullmann et al., 2021), and calcium carbonate con-
tent has a strong dilution effect on other elements. The ele-
ments Si and Zr are commonly associated with silt to fine 
sand grade quartz and zircon, respectively, while Al, K and 
Rb are commonly contained in aluminosilicates, giving an 
approximation of clay abundance (and grain size) in other 
comparable successions (e.g., Hesselbo et al., 2020b; La-
Grange et al., 2020; Thöle et al., 2020). Calcium shows no 
linear correlation to Si/Al, Zr/Rb or to redox sensitive ele-
ments Mo, and S (commonly associated with sulphides) 
suggesting that the carbonate dilution in the Sinemurian sec-
tion is neither entirely diagenetic nor solely associated with 
the clastic grain size (Figs. 2, 3). It is likely that varying si-
liciclastic flux as well as diagenetic enrichment may have 
affected the carbonate content in the Mochras borehole li-
thologies. It is also possible that different processes control 
the patterns in Ca in individual (orbitally-paced) cycles, ver-
sus longer term trends at Mochras (the Mochras Pliensba-
chian precession cycles show a marked positive relationship 
between carbonate content and inferred grain size; Hollaar 
et al., 2023).

VISUAL INTERPRETATION OF CYCLICITY

Calcium values from XRF range between 0.83% and 
45.8% with an average value of 16.4% (Fig. 2). The Buck-
landi Zone shows high amplitude variations in Ca content 
that align well with descriptions of marl or limestone beds in 
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the wellsite sedimentary log. Intervals of generally Ca-rich 
(up to 45%) and Ca-poor (down to ~1%) samples define 
large-scale, 30–24 m, oscillations through the section. Se-

veral extended intervals of very low calcium values (2–5%) 
occur primarily at ~1605 mbs (mid Semicostatum Zone), 
~1580–1555 mbs (upper Semicostatum Zone), ~1500 mbs 
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Ammonite chronostratigraphy from Woodland (1971), Page in Copestake and Johnson (2014), Hesselbo et al. (2023), and Page et al. (2025). Percentage Ca is 
based on p-XRF Ca content (this study, Ruhl et al., 2016) and Rock Eval pyrolysis data (Storm et al., 2020). Stable carbon isotope data from bulk organic 
matter are from Storm et al. (2020). Fault position at 1372 mbs from Woodland (1971). All other data are from the present study and based on p-XRF 
measurements. The Mo content is commonly below detection limit (1 ppm). The Zr/Rb ratio is used here as grain-size proxy and suggests slightly coarser-
grained (i.e. silty) sediments in the late Semicostatum to early Obtusum zones, and the Oxynotum Zone. Higher Mo and S concentrations reflect likely 
development of dysoxic conditions on the seafloor. Anomalous wider sample spacing (>1.5 m) is indicated with line and shading gaps which is either due to 
original core loss or lack of registered specimens
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(mid Turneri Zone), ~1460 mbs (base Obtusum Zone) and 
1390–1370 mbs (Obtusum–Oxynotum zonal boundary).

For grain-size proxies the trends are identical between 
Si/Al and Zr/Rb (Supplementary Data Files 2, 3), and oscil-
lations show similar scales, even if they are generally out of 
synchrony with trends seen in Ca%. Values of Zr/Rb are low 
at the base of the Sinemurian section, indicating fine grained 
sediment, gradually increasing throughout the Bucklandi 
and lower Semicostatum zones up to 1577 mbs, where there 
is an abrupt jump to much higher but oscillating values in 
the upper Semicostatum and Turneri zones, indicative of 
a coarser clastic component (Fig. 2). The Obtusum Zone is 
characterised by initially low values (i.e. finer grained), ris-
ing to a high point at ~1445 mbs, and followed upwards by 
a gradual decrease to a minimum at the Obtusum–Oxyno-
tum boundary. The Oxynotum Zone has high values again, 
dropping abruptly to low values through the Raricostatum 
Zone, and the Jamesoni Zone of the Pliensbachian, indicat-
ing a return to finer siliciclastic grain size.

Redox sensitive elements are on average very low in 
content, in concordance with the relatively low TOC (~1%) 

measured for the Sinemurian (Storm et al., 2020). Molybde-
num (Mo) is mostly below detection limit, but rises locally 
to a maximum of 32 ppm at the top of the studied section. 
Detection occurs weakly between 1405 and 1365 mbs (Ob-
tusum–Oxynotum zones) and strongly between 1286 and 
1212 mbs (Raricostatum–Jamesoni zones, especially the lat-
ter). Sulphur (S), allied closely to sulphide in the form of 
pyrite, also rises significantly in the Raricostatum and Jame-
soni zones.

The d13Corg time series (bulk organic matter) shows 
a long-term stratigraphic trend rising from the base of the 
Sinemurian to an Early Jurassic high of –23.4‰ in the Turn-
eri Zone, and then a stepped decrease to the mid-Jamesoni 
Zone in the earliest Pliensbachian (Storm et al., 2020). Su-
perimposed onto this trend are a series of 20–30 m scale 
1–2‰ oscillations in d13Corg. The lightest values occur on 
this beat as sharp negative spikes, e.g. at ~1720 mbs (Buck-
landi Zone). Several more extended intervals of isotopically 
lighter organic carbon isotopes occur, notably at 1660–
1640 mbs in the Bucklandi–Semicostatum zonal transition, 
and 1405–1375 mbs in the upper Obtusum Zone in the mid-
Sinemurian. The sampling rate of the d13Corg data (~1.4 m 
average, compared to 0.23 m for Ca) may be responsible for 
aliasing the underlying variability, particularly in the Rari-
costatum and Jamesoni zones (see Hollaar et al., 2024 who 
show a higher resolution dataset).

TIME SERIES ANALYSIS

Apparently periodic oscillations in all the datasets are 
observed on the primary scale of ~20–30 m, a cyclicity here 
termed C1. These are superimposed on longer period varia-
tions at a length scale of around 100 m or greater. Within the 
C1 cycles are typically bundles of ~4 shorter cycles at ~6 m 
scale, termed here C2, as illustrated in Figure 4 (full detail 
set out in Hudson, 2021). Through the whole Sinemurian 
succession, 17–18 C1 cycles are observed ranging from 21 
to 33 m in thickness with a median of 28 m (Fig. 5).

All data were linearly interpolated to the median sample 
spacing (Ca composite at 23 cm; d13Corg at 1.2 m), and de-
trended using a 114 m (Ca composite, d13Corg) locally esti-
mated scatterplot smoothing technique (rLOESS). The 114 m 
rLOESS method was chosen to remove the long trends iden-
tified in provisional analysis that were present at ~495 m 
(close to series length), 190 m and 116 m periods.

Application of the ASM test indicates that the sedimen-
tation rate for the Sinemurian at Mochras was not constant 
(Fig. 6). Four sedimentation rates have a null hypothesis 
signi ficance level of 1%, at 6.1, 7.2, 7.8–8.1 and 9.2 cm/kyr. 
These values are somewhat higher than those calculated for 
the subsequent Pliensbachian (4.5–5.1 cm/kyr; Pieńkowski 
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Fig. 5. Detrended Ca content data (orange line) and carbon isotopes (green line) for the whole Sinemurian at Mochras,  
together with cycles derived from visual analysis of these data (dashed red and green lines, labelled 1–18)

Also shown are the Gaussian bandpass filters as applied to these datasets for specific periods (28 ±4 m, which we infer to represent the 405 kyr cycle (red 
line), and 7.00 ±0.25 m which we infer to represent the 100 kyr cycle (blue line)), compared to those used for Storm et al. (2020; grey). Fault is shown at 
1372 m at the base of the Oxynotum Zone
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et al., 2021) concordant with a long-term slowing of accu-
mulation through the Early Jurassic at this site.

The MTM power spectra are shown in Figure 7. For all 
elemental proxies and methods, power is consistently con-
centrated at wavelengths of 31, 24, 7.6–6.7, 2.4 and 1.5–
1.0 m. Re-analysis of organic carbon isotope data, which are 
at a lower resolution, yields similar results to Storm et al. 
(2020) with power concentrated at 33–30, 14, and 5 m 
(>99.9% CL), and 2.4 m (>95% CL). No significant cycles 
were identified below the 2.4 m wavelength. Despite the 
lower resolution, the results from analysis of the d13Corg and 
Ca data are comparable at long periods.

Based upon average sedimentation rates and bundling of 
C2 and C3 cycles identified in visual analysis, the wave-
lengths 6.7–7.6 m are candidates for the 100-kyr eccentrici-
ty cycle, with C1 cycles therefore indicative of the 405-kyr 
eccentricity cycles. Thus, assuming Milankovitch ratios ap-
ply, and that the 32–24 m cycle represents the long eccen-
tricity forcing, the 7.5–6.7, 2.4 and 1.5–1.0 m peaks align 
well with the predicted short eccentricity, obliquity, and or-
bital precession bands of the Jurassic (Waltham, 2015).

Bandpass filters (32–24 m) of the Ca and d13Corg data 
define 17.5 candidate 405 kyr cycles (Fig. 5); however, the 
bandpass falls out of phase with the data at 1655–1630, 
1525–1490 and 1250–1280 mbs. Detailed visual analysis 
through the section defines between 17 and 18 cycles in total 
with some uncertainty at 1650 and 1390 mbs with potential-
ly truncated cycles indicated by shorter wavelengths. Hence, 
taking into account the uncertainty, the Sinemurian of the 
Mochras borehole contains between 17 and 18 candidate 
405 kyr cycles equating to an estimated floating duration of 
17.5 × 405 kyr = 7090 ±200 kyr.

Tuning to the bandpass filter (32–24 m) and the custom 
age model from visual analysis yield consistent results, with 

power concentrated at periodicities of 405, 100, 35 and 21–
17 kyr compatible with the hypothesis of Milankovitch cy-
clicity. For comparison, a recent Bayesian inversion of 34 
cyclostratigraphic datasets from 0–650 Ma (that includes the 
Pliensbachian Mochras Ca record of Ruhl et al., 2016) mo-
dels obliquity and precession periods at 195 Ma (Tables S3–
S5, Wu et al., 2024): 37.0091 ±0.2183 kyr (main obliquity 
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period); 22.3267 ±0.0680 kyr, 21.1637 ±0.0612 kyr, and 
18.2383 ±0.0477 kyr (the three main precession periods).

Further, broad peaks are present at low periods particu-
larly at ~1.2–0.9 Myr (Fig. 8). Peaks observed at periodici-
ties of 739 kyr and 58.8 kyr may be associated with orbital 
eccentricity terms (690 kyr and 54–55 kyr in figure 4.4 in 
Laskar, 2020).

DISCUSSION

A NEW SINEMURIAN ATS

The Mochras borehole preserves a relatively complete 
Sinemurian stratigraphy and, supported with data from Ro-
bin’s Bay, we use Mochras as the primary basis for an as-

sessment of the duration of the Sinemurian stage. The close 
agreement in number and pattern of cyclicity, primarily the 
interpreted 405 kyr metronome in Ca and d13Corg between 
the Cardigan Bay and Cleveland basins, is strong evidence 
for a larger scale climatic control on the Sinemurian marine 
deposits.

The high-resolution chemostratigraphy in the present 
study facilitates a detailed visual analysis which for the first 
time allows for identification of the precession band cyclici-
ty in much of the Sinemurian. The overall interpretation 
here is similar to that of Storm et al. (2020) seen in Figure 5, 
with the bandpass filter used to tune the Storm model shown 
in grey compared to the filter used in this study in red. Our 
new age model yields greater time in the Bucklandi, Semi-
costatum, and Raricostatum zones compared to Storm et al. 
(2020) with narrowly less time in the Turneri and Oxynotum 
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Zones. Storm et al. (2020) noted a possible shift in sedimen-
tation rates in the Raricostatum Zone based on Evolutive 
Harmonic Analysis, but this change was not captured in 
their 405 kyr tuning, accounting for ~350 kyr of the addi-
tional time.

In addition, correlation of the new ATS for Mochras to 
the new astrochronology from the Sinemurian–Pliens-
bachian boundary section at Robin Hood’s Bay, Yorkshire 
(Hudson et al., 2025), confirms the presence of 3.5 × 405 kyr 
cycles (~1400 kyr) in the Raricostatum Zone (Fig. 9). The 
Oxynotum Zone at Robin Hood’s Bay has been shown to 
be approximately 2 × 405 kyr, or ~0.8 Myr in duration 
(Hudson et al., 2025), about 200 kyr longer than estimated 
here for the Mochras record (1.5 × 405 kyr cycles, or 
~600 kyr), accounted for here by fault removal of the bot-
tom part of the zone at Mochras. If this is correct, the to-

tal Sinemurian duration should be extended from 7.1 to 
7.3 Myr.

Recently, Leu et al. (2024) have carried out a cycle ana-
lysis for the International Continental Scientific Drilling 
Program (ICDP) borehole drilled at Prees in the Cheshire 
Basin (about halfway between Mochras and Robin Hood’s 
Bay (Fig. 1; Hesselbo et al., 2023). The upper Sinemurian at 
Prees is complicated by shallow water sedimentation and 
likely hiatuses, but study of the downhole gamma ray log 
yielded a length for the Bucklandi Zone of 1.2, and 2.4 Myr 
for the Semicostatum Zone. Initial results from Prees are 
likely to be subject to revision based on analysis of all the 
data, but the apparently longer duration of the Semicostatum 
Zone in Prees (2.4 Myr) compared to Mochras (1.6 Myr) 
suggests that the Bucklandi–Semicostatum interval should 
be the focus of more detailed study.
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Fig. 9. Correlation of Mochras and Robin Hood’s Bay based on carbon-isotope stratigraphy and ammonite chronostratigraphy

Grey shading illustrates where lack of index ammonites results in uncertain relative age assignment. Ca content records are also shown for Mochras, but the 
carbonate content is generally low at Robin Hood’s Bay and is not shown. Interpreted 405 kyr bandpass filters (in the depth domain) are shown in red for each 
record along with visually identified cycles that support the bandpass filter method. Interpreted 100 kyr cycles are shown in blue for Robin Hood’s Bay. 
Bandpass filters for Mochras are from Ca content, whilst for Robin Hood’s Bay they are based on bulk organic carbon isotope stratigraphy (Hudson et al., 
2025). Correlatable features of the carbon-isotope stratigraphy are shown using dashed grey lines, and zonal biochronostratigraphy using solid grey lines. The 
negative carbon isotope excursion in organic matter that characterises the Liasidium Event (lower Oxynotum Zone) at Robin Hood’s Bay is cut out by the fault 
in Mochras at 1372 m
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ACCOMMODATING TIME  
IN THE EARLY JURASSIC

The time available for the Sinemurian is constrained by 
the durations of the bounding stages (Hettangian and 
Pliensbachian). This is typically a good measure of whether 
a floating timescale is plausible. However, for the Early Ju-
rassic there is debate surrounding the duration of the Het-
tangian.

The Hettangian duration has hitherto been estimated 
through astronomically tuned age models from St Audrie’s 
Bay (shallow marine; Ruhl et al., 2010; Hüsing et al., 2014), 
the Newark–Hartford Basin astrochronstratigraphic polarity 
timescale (lacustrine; Kent, Olsen, 2008; Kent et al., 2017), 
and the Junggar Basin (fluvio-lacustrine; Sha et al., 2015) 
that have indicated a consistent ~1.9 Myr duration, tied to 
the Triassic–Jurassic boundary U-Pb age of 201.4 Ma (Schal-
tegger et al., 2008; Schoene et al., 2010; Guex et al., 2012; 
Wotzlaw et al., 2014). This duration is supported by correla-
tion to a Peruvian radioisotopic (U-Pb) date of 199.4 ±0.1 Ma 
for the Hettangian–Sinemurian boundary (Guex et al., 2012; 
Wotzlaw et al., 2014). Support for a short duration also 
comes from interpretations of long-term cyclic changes in 
palynological content from the Schandelah-1 core in Ger-
many (Bos et al., 2024).

However, reinterpretation of the St Audrie’s Bay succes-
sion and comparison to the adjacent Glamorgan coast, Lyme 
Regis (Wessex Basin) and UK Midlands successions yield-
ed a much longer duration for the Hettangian stage (Weedon 
et al., 2018, 2019). The minimum duration for the Hettang-
ian proposed by these authors is 4.1 Myr, obtained by taking 
the greatest zonal duration from each site and quantifying 
sometimes cryptic hiatuses using high-resolution ammonoid 
biohorizonal correlations (see Page, 2017 for discussion 
of the methodology). The amount of time suggested for 
St Audrie’s Bay alone amounts to 3.2 Myr using the method 
of Weedon et al. (2019), meaning that even the shorter sug-
gested duration conflicts with the Hettangian-Sinemurian 
boundary age of 199.4 ±0.1 Myr (Guex et al., 2012; Wotz-
law et al., 2014). On the other hand, the ash bed in which 
that age is measured is located within a 13 m biostratigraph-
ic gap between the last Hettangian specimen and the first 
Sinemurian indicator (Weedon et al., 2019). With this much 
biostratigraphic uncertainty the true uncertainty associated with 
the boundary age is far greater than quantified and should be 
treated as provisional until further data are available.

To evaluate the longer duration, it is necessary to under-
stand which part of the SW UK succession the additional 
time of Weedon et al. (2019) comes from. The study of Ruhl 
et al. (2010) notably did not include the Tilmanni Zone at 
the base of the Jurassic, and the Weedon et al. (2019) added 
~530 kyr based on estimated length of this zone. The 

Weedon et al. (2019) study also added a further 730 kyr 
through interpretation of much lower sedimentation rates in 
the Planorbis Zone, arguing that a sedimentary cyclicity at 
~70 cm wavelength is not precession-controlled at St Audrie’s 
Bay or in Glamorgan, as implied by Ruhl et al. (2010), but 
instead a product of short eccentricity forcing. Weedon et al. 
(2019) argue that the bed thicknesses in the Planorbis Zone 
are evidence for a very slow sedimentation rate. They also 
suggested that the irregular spacing stemming from omis-
sion of limestone beds in the analysis of Ruhl et al. (2010), 
resulted in missed shorter period cycles and incorrect cycle 
assignment. Although it is undoubtably correct that the 1.7 
Myr from St Audrie’s Bay is an underestimation, re-analysis 
of Ruhl et al. (2010) data with inclusion of limestones, and 
accounting for the Tilmanni Zone, produced a 1.97 Myr du-
ration (Huang, 2018), and also identified precession and 
obliquity band cyclicity above the 95% CL in the periods 
predicted by Ruhl et al. (2010).

The remaining additional time is related to the integra-
tion and correlation of ammonite bio-horizons into the astro-
nomical models. The Weedon et al. (2019) interpretation is 
based on systematic cm-by-cm collection of ammonoids 
from all three key sections (Lyme Regis, West Somerset 
coast, and Lavernock) and recovery of over 3500 specimens. 
The identified Biohorizons were used to provide chronostra-
tigraphic tie-lines between sections (Weedon et al., 2018, 
2019). As discussed by Weedon et al. (2018) clustering of 
biohorizons records in one section relative to another pro-
vides evidence of slowed sedimentation including potential 
hiatuses, but the absence of a record can also be due to other 
factors including preservational. Confirmation of the nature 
of any apparent gaps – and hence ‘missing’ cycles in any 
section – would, however, require further investigation (see 
e.g., Ullmann et al., 2025 for example of complementary 
chemostratigraphic approach).

On balance, it is difficult to resolve the two estimates 
(1.9 Myr versus 4.1 Myr) for the duration of the Hettangian 
based only on the existing data. The methodology presented 
by Weedon et al. (2019) using multiple sites and assuming 
maximum incompleteness at each site will a priori create 
long timescales, whilst the contrasting assumption of default 
section completeness will tend to produce timescales that 
are too short. The true duration is likely to lie between these 
end members.

Assuming a ‘short’ duration for the Hettangian 
(~2 Myr), the 7.3 Myr duration estimate for the Sinemuri-
an herein is within error of the current time available for 
the Sinemurian based on radio-isotopic tie-points and pre-
vious estimated durations for the Pliensbachian Stage 
(Fig. 10). However, more than ~0.5 Myr additional time 
added to the Hettangian or the Sinemurian creates a prob-
lem that requires accommodation. For example, a 4.1 Myr 
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long Hettangian would leave only 4.9 Myr for the Sinemu-
rian (Weedon et al., 2019). The base-Hettangian (Triassic–
Jurassic) boundary has a highly reproducible robust age 
that prevents significant additional Hettangian/Sinemurian 
time being added at the base of the Jurassic (e.g. as sum-
marised in Hesselbo et al., 2020a).

Additional time could also hypothetically be removed 
from the Pliensbachian to Toarcian interval. The base-
Pliensbachian boundary at 192.5 ±0.4 Myr is not constrained 
through firm radiometric dating and comes from the 8.4–
8.9 Myr astronomically tuned age model for the Pliensba-
chian of the Mochras borehole, which has a clear 405-kyr 
cyclicity, and high-resolution calcium content and d13Corg 
data as well as corroborating data from ichnofossils and fa-
cies analysis (Ruhl et al., 2016; Huang, 2018; Hesselbo 
et al., 2020c; Storm et al., 2020; Pieńkowski et al., 2021; 
Hollaar et al., 2024). A similar duration (8.7 Myr) was also 
calculated recently based on analysis of a magnetic suscepti-
bility record from the Sancerre Borehole, Paris Basin, 
France (Charbonnier et al., 2023). The Mochras record is 
tied to the base-Toarcian radiometric age of 183.5 ±0.5 Myr 
in Argentina (refined from Al-Suwaidi et al. (2022) using 
carbon-isotope stratigraphy for precise correlation to the 
GSSP). It is possible that correlation uncertainty here could 
accommodate some time because correlation with European 

sections is based on a combination of carbon-isotope strati-
graphy and ammonite biostratigraphy, but an increasing 
abundance of data (e.g., Storm et al., 2024) supports the cor-
relation. 

Further correlatable and precisely dated horizons also 
exist from the late Pliensbachian of the western US (De 
Lena et al., 2019) and for the Toarcian Oceanic Anoxic 
Event in Japan (Kemp et al., 2024). As shown in Figure 10, 
even the end of the Toarcian Oceanic Anoxic Event becomes 
Pliensbachian in age with a ‘long’ Hettangian and assuming 
the Sinemurian estimate presented here is correct, whilst the 
definite late Pliensbachian tie point becomes ‘early-mid 
Pliensbachian’ in age. Such distortions of the time scale are 
inadmissible.

In summary, the longer Sinemurian is within error of the 
time available to accommodate it only by accepting a ‘short’ 
Hettangian. This observation suggests that the longest dura-
tion of 4.1 Myr proposed for the Hettangian by Weedon 
et al. (2019) is too long, due to perhaps minor uncertainties 
in the biohorizon method, but likely mostly related to over-
estimation of the time allocated to the basal two zones of the 
stage. It is also possible that any additional time, if present, 
could be accounted for by a shortened Pliensbachian, but 
this alternative solution conflicts with an increasing number 
of other studies.
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The radioisotopic constraints are as follows: End T-OAE, U-Pb, 182.50 ±0.06 Ma (Kemp et al., 2024); Base Toarcian, U–Pb, 183.5 ±0.5 Ma (adjusted from 
Al-Suwaidi et al. (2022) to accommodate correlation between Neuquén Basin, Argentina and UK sections based on carbon-isotope stratigraphy rather than 
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CONCLUSIONS

The geochemical and geophysical datasets generated for 
the Sinemurian and earliest Pliensbachian of the Mochras 
borehole exhibit a full suite of Milankovitch periodicities 
identified through power spectral analysis. The stable 405-kyr 
eccentricity cycle is dominant in carbon-isotope and ele-
mental data, reflecting periodic changes in the depositional 
environment. Using the 405-kyr metronome, the amount of 
time recorded in the Mochras boreholes is re-estimated. Ap-
proximately ~0.2 Myr of record is suggested to be missing 
at Mochras due to intersection of the borehole with an ex-
tensional fault. Primarily using the high-resolution Ca-con-
tent data for the expanded Mochras succession, a detailed 
astronomically tuned timescale is constructed for the Sine-
murian stage, suggesting 7.3 Myr duration for the whole 
stage. Based on radioisotopic constraints and previous stud-
ies of the Pliensbachian duration, a short (~ 2 Myr) Hettan-
gian is deemed most likely correct.
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