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A B S T R A C T

Understanding the synchronicity of global climatic, environmental, and biotic events around the Norian-
Rhaetian boundary (NRB) is problematic because of major international differences in biochronology. We
instead use magnetostratigraphic and global carbon isotopic changes to produce more precise global correlation.
This work focusses on the base and top of the Rhaetian, with principal age control from a new late Norian to
latest Rhaetian magnetostratigraphy from Lavernock (southern Wales) which can be directly correlated to the
proposed NRB sections at Pignola Abriola (Italy) and Steinbergkogel (Austria). A disconformity exists in the
Lavernock section in its late Norian part (Branscombe Mudstone Formation), but the NRB interval is largely
complete. The magnetostratigraphy and a composite δ13Corg stratigraphy from three British sections, demon-
strate synchronous changes in both terrestrial and marine records. This analysis indicates the older proposed
definition of the NRB from Steinbergkogel is in the upper few metres of the Branscombe Mudstone Formation,
while the younger NRB definition from Pignola Abriola is in the upper parts of the Blue Anchor Formation. The
latest Rhaetian magnetostratigraphy from Lavernock records reverse magnetochrons UT26r and UT28r which
closely pre-date and post-date the widely recognised Marshi and Spelae carbon isotope excursions, respectively.
Magnetochrons UT28r and UT27r were previously recognised at St Audrie’s Bay (SW England), with relation-
ships to the Newark Supergroup which tightly constrain the first phase of CAMP eruptions to overlap the Spelae
excursion. The carbon isotope excursions present in the Blue Anchor Formation lacustrine successions, demon-
strate the likely atmospheric, and global spread of these perturbations.

1. Introduction

The pulsed turnover from latest Triassic to earliest Jurassic taxa
occur over some ~7 Myr, with changes principally seen around the
lower and upper boundaries of the Rhaetian (Jin et al., 2022; Caruthers
et al., 2022; McRoberts et al., 2008; Lucas and Tanner, 2018). Under-
standing the causes of these changes has been hampered by the lack of a
robust Rhaetian international timescale; this is due to a paucity of
chronostratigraphic markers for subdivision and major regional differ-
ences in biochronology from differing faunas and floras. The extinctions
and turnovers near the base of the Jurassic have been more intensely
studied and are likely linked to pulsed climatic changes caused by the
central Atlantic magmatic province (CAMP) flood basalts (Wignall,

2001; Marzoli et al., 2004; Lindström et al., 2017, 2021; Yager et al.,
2021); although there are opposing views about the relative timing
(Beith et al., 2023).

The faunal turnovers near the base of the Rhaetian have been less
well studied and may be linked to several proposed palaeoclimatic
changes (Caruthers et al., 2022; Chen et al., 2024). In Upper Triassic
continental basins, such as in Britain and the Central European (Ger-
manic) Basin, the interval including the upper Norian to upper Rhaetian
is recorded by progressive loss of continental red-bed deposits (formed
in arid lacustrine environments; Fig. 1a), and an increasing marine in-
fluence (Hounslow and Ruffell, 2006; Bachmann et al., 2010; Barth
et al., 2018). In the UK this change is punctuated by increases in shelly
faunas associated particularly with the lower parts of the Penarth Group
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(Fig. 1b), and with open marine faunas by early Hettangian times
(Mander et al., 2008; Boomer et al., 2021). The detailed synchronicity of
the environmental changes seen in the Central European basins with the
better dated marine Rhaetian successions had remained problematic,
until magnetostratigraphic and isotopic studies helped better resolve
international correlation in the Rhaetian (Hounslow and Muttoni, 2010;
Kent et al., 2017; Lindström, 2021). An important issue with the Central
European successions is defining the duration and synchronicity of
several regional hiatuses which punctuate the Rhaetian shallow marine
and lacustrine successions (Lindström and Erlström, 2006; Barnasch,
2009; Bachmann et al., 2010), a situation complicated by the probable
diachronous transgression of the marine facies (Barth et al., 2018).

This work addresses two issues. Firstly, establishing a magneto-
stratigraphy for the Lavernock Point– Penarth cliff sections in South
Wales (hereafter referred to as the Lavernock section; Fig. 1a). This al-
lows a better understanding of the regional significance of hiatuses in
the UK Rhaetian successions, when integrated with existing English
datasets from St Audrie’s Bay (hereafter referred to as St Audrie’s) and
the Seaton-Haven Cliffs (Gallois, 2007, 2009; Hounslow et al., 2004;
Hounslow and Gallois, 2023). Secondly, organic carbon isotope data
from the lower part of the Rhaetian from these three sections are used to
test the potential for refining correlations to marine records: δ13C re-
cords have strong potential for better international correlation in the
Rhaetian, as with other intervals in the Triassic (Lucas, 2023).

1.1. Base of the Rhaetian: Uncertainty in its position

How to internationally define the Norian-Rhaetian boundary (NRB)

is still debated and complicates detailed studies of the Rhaetian (Fig. 2).
The primary boundary marker, the conodont Misikella posthernsteini
Kozur & Mock 1991 has been proposed in GSSP candidate sections at
Steinberkogel (Krystyn et al., 2007) and Pignola Abriola (Rigo et al.,
2016) although based on differing characteristics (Galbrun et al., 2020).
Fundamentally, this is a disagreement about when this species can be
considered a distinct taxon in its evolution from Misikella hernsteini
Mostler 1978 (Karádi and Korte, 2023; Caruthers et al., 2022). Older
(NRB1, at Steinbergkogel; Fig. 1b) and younger (NRB2, at Pignola
Abriola; Fig. 2) positions for this boundary have been proposed, with
NRB1 supported by other kinds of stratigraphic markers (Krystyn et al.,
2007; Krystyn, 2010), and NRB2 being tied to a major negative carbon
isotope excursion 50 cm below the presence of this taxon in the Pignola-
Abriola section (Rigo et al., 2016). These NRB positions may differ in age
by some 2 to 3.5 Myr. At the Austrian NRB1 candidate section at
Steinbergkogel, the two definitions of M. posthernsteini have first oc-
currences a few tens of cm from each other (Galbrun et al., 2020). The
correlation of the magnetostratigraphy between these sections clearly
implicates diachroneity of the taxon definition for NRB2 (Fig. 2). NRB1
is closely associated with the last occurrence of Monotis salinaria
(Schlotheim 1820) in the uppermost Sevatian, and overlying dwarf
monotid faunas at the boundary interval in the base of magnetochron
UT23r.1r (Krystyn et al., 2007; McRoberts et al., 2008). In contrast using
the last appearance of Monotis together with the first occurrence of the
conodont Mockina mosheri (Kozur & Mostler 1976) morphotype B holds
more promise for locating the NRB in North American sections, where
M. posthernsteini is rare (Lei et al., 2022, 2023). This location for the NRB
may approximately correlate to NRB1 (Fig. 2; Krystyn et al., 2007;

š
š

š

Fig. 1. a) Summary map of locations and environmental facies for the interval occupied by the Branscombe Mudstone Fm, with base map modified from Geluk
(2005), using the facies concepts from McKie (2014). B) Summary lithostratigraphy for the Norian- Rhaetian of southern Britain and NW Germany, with regional
correlations and disconformities based on Barnasch (2009) and this work. Summary geomagnetic polarity and substage (SS) scale from Hounslow and Gallois (2023).
Numbered subdivisions of the Rhaetian based on conodont zones of Krystyn (2008b); with 1 = bidentata- posthernsteini Zone. 2 = posthernsteini -hernsteini Zone, 3 =

rhaetica Zone, 4 = ultima Zone. Choices for Norian- Rhaetian boundary (NRB1 and NRB2) as in Fig. 2.
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Krystyn, 2008b).
What could be global carbon isotope excursions at the NRB (Fig. 2),

appear at three intervals (S1 to S3; Zaffani et al., 2017, 2018; Rigo et al.,
2020), although the critical youngest, S3, is currently only well
expressed in a few datasets (Zaffani et al., 2018; Jin et al., 2022). These
negative carbon isotope excursions at around the NRB2 position have
not been universally identified in other sections, although this could be
due to problems with precise correlation (Caruthers et al., 2022; Karádi
and Korte, 2023; Rizzi et al., 2020; Lei et al., 2023). Using the magne-
tostratigraphy for correlation between the two candidate sections, it is
plausible that the carbon isotope changes at Pignola Abriola have coeval
δ13Ccarb changes at Steinbergkogel, although suppressed in magnitude
(Fig. 2).

2. The Lavernock Point to Penarth sections: Synthesis and new
field observations

The cliff and foreshore exposures at and east of Lavernock Point
(near Penarth), expose an Upper Triassic succession (Richardson, 1905;
Ivimey-Cook, 1974; Waters and Lawrence, 1987; Warrington and
Ivimey-Cook, 1995) starting in the Norian aged upper Mercia Mudstone
Group (Branscombe Mudstone and Blue Anchor formations; Figs. 3, 4)
through the upper Rhaetian Penarth Group (Westbury and Lilstock
formations) into the base of the Jurassic Lias Group (Fig. 5). This suc-
cession records a progressive change from continental lacustrine and
floodplain mudstones with evaporites (Branscome Mudstone Fm) into
increasingly marine-influenced playas (Blue Anchor Fm) through to
fully marine and marginal marine/brackish seas (Penarth Group). This
study is based on a new measured section through the Branscombe
Mudstone Fm (Fig. 3). The measured sections in the Blue Anchor Fm and

Penarth Group (Figs. 4 and 5) are based onWaters and Lawrence (1987).

2.1. Branscombe Mudstone Formation (Mercia Mudstone Group)

The cliffs and foreshore at Lavernock expose the upper 20 m of the
Branscombe Mudstone Fm (Waters and Lawrence, 1987; Warrington
and Ivimey-Cook, 1995). The dominant lithology is a silty, dolomitic red
mudstone, although green coloured mudstone beds, or green mottles,
are common. The mudstones are non-fossiliferous (Warrington and
Ivimey-Cook, 1995) but contain both nodular and vein-hosted gypsum,
and/or nodular celestite (Fig. 3). The nodular gypsum can attain
thicknesses of 30–40 cm and often display a cm-wide halo of green
coloured mudstone. Celestite nodules are typically around 10 cm
diameter and become more common than gypsum in the upper 4 m of
the formation (Fig. 3). Prominent nodular vugs (former gypsum nod-
ules) may be present in the celestite-bearing mudstones. Low-angle cross
bedding and lenticular fine-grained sandstones are present ~2 m below
the top of the formation (~20 cm below sample LP37) at a level of
disconformity with a very shallow angle of truncation (Fig. 3). A few
horizons show peloids, and recently a sauropod track (Hartley and
Shuttleworth, 2024) has been found close to the base of the measured
section.

The Branscombe Mudstone Fm at Lavernock represents evaporitic
lacustrine and alluvial flat environments traversed by sauropods; the
sulphates precipitated out of saline groundwater. Some of the nodular
gypsum shows chicken-wire textures, probably after primary deposi-
tional anhydrite (Alan Kendall pers. comm.). The low angle cross-
bedding is contained in shallow channels or sheetwash deposits which
have locally eroded the underlying sediments under shallowing-upward
conditions. The peloids may indicate localised soil-zone processes, or

Fig. 2. Summary of linked carbon isotope stratigraphy and magnetostratigraphy across key Norian-Rhaetian boundary sections. Pignola Abriola data from Rigo et al.
(2016, 2020), Zaffani et al. (2017, 2018), with intersection correlation proposed by Hüsing et al. (2011). Steinbergkogel data from Krystyn et al. (2007), Krystyn
(2008a, 2008b), Hüsing et al. (2011). The proposed boundary positions are NRB1 and NRB2. Magnetozones re-labelled as in the marine Norian-Rhaetian boundary
composite in Hounslow and Gallois (2023) adapted here as Fig. 12. Isotope data for section STK-A in Krystyn et al. (2007) was stretched using the bed boundaries into
the section/bed thicknesses of Hüsing et al. (2011). Possible coeval isotope excursions shown with red dot-dash lines, and carbon isotope trends (grey boxes) S1, S2
and S3 from Zaffani et al. (2017), with sub-peaks (P) and negative excursions (E) labelled with subscripts. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. A) Sedimentary log of the Branscombe Mudstone Fm and basal Blue Anchor Fm in the Lavernock Point to Penarth section, and the geomagnetic polarity of the
sampled horizons (LP sample numbers on left of log). M = mudstone, SL = siltstone, a–b, c–d, e–f are matching levels in adjacent columns. B) Key to the sedimentary
logs, and geomagnetic polarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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perhaps some mud transportation as aggregates, as in modern arid set-
tings (Magee et al., 1995).

2.2. Blue Anchor Formation (Mercia Mudstone Group)

At Lavernock the Blue Anchor Fm is 15 m thick and represented
entirely by the Rydon Mb of Mayall (1981); the base is sharp, defined by
the first grey-green more thinly bedded mudstone (Fig. 4). Mudstone
dominates but 20 cm thick argillaceous dolostones and limestones
become more common upward (Warrington and Ivimey-Cook, 1995).
Gypsum nodules are again common in the lower part and a prominent
1.2 m thick red mudstone (the ‘pink-band’ of Waters and Lawrence,
1987) is a convenient marker horizon (Fig. 4). Mudcracks, intraclasts
and simple burrows are present and vertebrate tracks occur ~5 m below
the top of the formation (Falkingham et al., 2022). Overall, the Blue
Anchor Fm at Lavernock broadly represents a regionally traceable
(Hounslow and Ruffell, 2006) transition from evaporitic alluvial flats,
through evaporative, semi-permanent lakes, to marginal marine muds in
the overlying basal Westbury Fm. The red mudstone of the ‘pink-band’
suggests a brief resumption of drier alluvial-mudflat conditions as seen
in the Branscombe Mudstone Fm.

2.3. Westbury and Lilstock formations (Penarth Group)

The Penarth Group is around 11 m thick and has an erosive,

unconformable lower contact with the Blue Anchor Fm, at the base of
the Westbury Fm (Mayall, 1981). The Westbury Fm is characterised by
dark shales with decimetre thick sandstones and limestones arranged
into six persistent depositional cycles in South Wales (Ivimey-Cook,
1962, 1974). These start with fine-grained sandstones that fine upward
into shales with marine bivalves. The Westbury Fm represents broadly
shallow marine deposition, with the coarse clastics deposited during
storms, and/or by transgressive lags reworking phosphatised near-shore
material (MacQuaker, 1994; Suan et al., 2012).

The Lilstock Fm (Penarth Group) overlies the Westbury Fm with a
prominent channelised erosion surface marking the base of the Cotham
Mb; green-grey calcareous mudstones and wave ripple marked thin
siltstones and limestones follow with marine fossils present (Fig. 5a).
The lower Cotham Mb ends with a 15 cm thick mudstone displaying
prominent synsedimentary deformation (micro faults and slump folds).
The basal beds of the upper Cotham Mb include a thin oolitic sandstone
that fills large desiccation cracks, some of which penetrate to the top of
the Westbury Fomation. Wavy bedded calcareous mudstone and silt-
stones follow, these lack macrofossils but foraminifera and ostracods
indicate a schizohaline environment. The overlying Langport Mb begins
with 0.65 m of porcellanous limestones (porous micritic limestones)
with marine bivalves (Langport beds or White Lias facies; Gallois, 2009),
passing upward into ~2 m of grey calcareous mudstones again with
marine bivalves (Watchet Beds; Fig. 5a). Paper shales of the Hettangian
Blue Lias facies rest sharply on the uppermost Watchet Beds. The

�

Fig. 4. A), b) The Blue Anchor Formation at Lavernock and c) sedimentary log of the Blue Anchor Fm at Lavernock Point (log modified from Waters and Lawrence,
1987), with polarity of the sampled horizons. See Fig. 3b for key to log. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Lilstock Fm (Penarth Group) mostly represents shallow, inshore, trans-
gressive, marine deposits, generally connected to the open ocean but at
times more closed off to form the lagoonal deposits of the Cotham Mb.
Horizons of synsedimentary deformation and desiccation cracking in the
Cotham Mb may be traceable throughout the Bristol Channel Basin
(Gallois, 2009), with the deformation likely caused by seismic events,
possibly linked to CAMP-related tectonism (Laborde-Casadaban et al.,
2021).

3. Sampling and Laboratory Methods

Oriented hand samples were collected with reference to the

measured sections, with vertical sample spacing not more than 0.5 m,
but guided by bed thickness and lithology/facies variation. Sample
orientations were measured using a purpose-designed surface orienta-
tion staff (Hounslow et al., 2022a). The samples were subsequently re-
oriented and mounted in plaster, with the oriented surface horizontal.
Specimens were cut from these blocks, mostly dry on a diamond saw,
since the mudstones were prone to disintegration in water. Tilt tests
were not possible due to low dispersion in the shallow bedding dips (of
2-12o). Selected sub-samples were used for organic carbon isotope
analysis.

3.1. Magnetic methods

The natural remanent magnetisation (NRM) of 181 specimens was
measured with GM400 3-axis squid magnetometer, with removal of the
residual holder magnetisation (holder mean ~ 0.35 × 10− 10 Am2) and
estimation of directional precision using the γ95 of Briden and Arthur
(1981) with 12 measurements of each X, Y, Z, using three specimen
positions. The practical measurement floor was around 3 μA/m. For this
sample set, median γ95 is 8.2◦ with 29 % of measurements having γ95 >
15◦. A subset (37) of the stronger specimens was measured on a JR5
spinner magnetometer. Thermal demagnetisation was effective on the
red and reddish mudstones (up to ~650-710 ◦C; Supplementary Infor-
mation (SI) Fig. S7). A combined scheme was used on the grey and green
lithologies (magnetite-dominated magnetisations) with thermal
demagnetisation (up to ~200-350 ◦C), followed by reversing-tumbling
AF demagnetisation up to 80 mT. The same procedure was used by
Hounslow et al. (2004), Hounslow and Gallois (2023) and Hüsing et al.
(2014) on rocks from the same formations. A Magnetic Measurements
Ltd. MMTD1 (with field cancellation generally <5nT) was used for
thermal demagnetisation and a Molspin Ltd. demagnetiser for AF
demagnetisation. Specimens were kept in zero-field Mu-metal boxes
between heating steps to limit viscous remanence acquisition caused by
thermal alteration, which was monitored by magnetic susceptibility (K)
measurements. The red-mudstones samples had particularly strong
short-term viscous magnetisations, with many also showing major in-
creases in K around 500 ◦C (SI Figs. S4- S6).

The demagnetisation data were analysed with the LINEFIND soft-
ware (Kent et al., 1983), a more sophisticated version of the standard
principal component analysis. The demagnetisation behaviour and na-
ture of characteristic remanence was classified into either line-fits (S-
class behaviour) or great circle trends (T-class behaviour, fitted to a
great circle plane). In each case the degree of scatter was sub-divided
into three qualitative classes (T1 to T3, and S1 to S3), with T1 and S1
having the least scatter and being most well defined, and S3 and T3 the
most scatter and least-well defined. A demagnetisation class of X was
used for specimens which were either very scattered, insufficiently
demagnetised, or were inferred to have no characteristic remanent
magnetisation (ChRM). The inferred polarity was similarly divided into
three quality categories for reverse (R, R? and R??) and normal polarity
(N, N?, N??). A last polarity category of U was used for specimen data in
which the polarity could not be confidently assigned. Details of this
categorisation can be found in Hounslow et al. (2004) and Hounslow
and Gallois (2023). Directional analysis used the PmagTools software
(Hounslow, 2023).

Magnetic mineralogy of the whole section was not investigated in
detail and is assumed to be like the same formations investigated by
Hounslow (1985), Hounslow et al. (2004), Hüsing et al. (2014) and
Hounslow and Gallois (2023). An inter-section comparison of the NRM
intensity and magnetic susceptibility of these formations is shown in SI
Fig. S1. A single red-mudstone sample from the Branscombe Mudstone
(LP55; Fig. 3a) was investigated by Maher et al. (2004) with low tem-
perature methods and shown to contain largely fine-grained hematite
like other similar UK red-beds (SI Fig. S2).

A small sub-set of specimens (from LP1,5,7,8,12,13,14,17; from the
Penarth Group; Fig. 5a) was investigated with rotational remanent

Fig. 5. a) The sampling (LP sample code), sedimentary log and geomagnetic
polarity of the Penarth Group at Lavernock (log adapted from Waters and
Lawrence, 1987). b) δ13Corg data from Suan et al. (2012) (open circles) and
Beith et al. (2021) (smaller filled circles), and δ13Ccarb from Korte et al. (2009)
(squares). The isotope data were mapped onto the section log using the li-
thologies, not directly the meter heights, which differ slightly between these
studies. The Marshi and Spelae Isotope excursions of Lindström et al. (2017) are
labelled with ❶ and ❷. Both a) and b) have equivalent meter divisions. Key to
the log in Fig. 3b.
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magnetisation (RRM) methods (Hounslow et al., 2023), using a 2G
RAPID magnetometer. RRM is related to the mechanisms of gyrorema-
nent magnetization acquisition and is acquired when samples are
rotated in an alternatingmagnetic field (Wilson and Lomax, 1972; Potter
and Stephenson, 1986; Mahon and Stephenson, 1997). The RRM pro-
duced is either parallel or antiparallel to the rotation vector, and for
magnetite is preferentially acquired by single domain particles (Potter
and Stephenson, 1986). Hematite does not acquire RRM, but pyrrhotite
and greigite do. This sample-set was investigated, since there is uncer-
tainty in the contribution of magnetic sulphides to the magnetisation in
the Penarth and Lias Groups (Hounslow et al., 2004; Hüsing et al.,
2014), and RRM methods are particularly sensitive for distinguishing
magnetic sulphides from magnetite (Snowball, 1997). The magnitude
and sign of RRM is expressed as the Bg parameter (Potter and Ste-
phenson, 1986). Also utilised are the static (i.e. the conventional form)
anhysteretic remanent magnetisation (ARM), the rotational ARM
(ARMROT) at rotation rates of 2.5 Hz and 0.262 Hz, and the percentage of
static ARM remaining after static 40 mT demagnetisation (d.ARM40mT).
These provide a set of mineral-diagnostic proxies (Hounslow et al.,
2023; Fig. 6). A static AF field of 100 mT was used with ARMROT, ARM
and RRM (peak AF hold time, 92 ms). The DC field used for ARM and
ARMROT was 100 μT. For the RRM an AF hold time of 962 ms was used,
the optimum proposed by Hounslow et al. (2023) for the demagnetising

system of the RAPID magnetometer.
Options for polarity correlations were quantitatively assessed for

statistical similarity with the similarity of matrices index (SMI), Pro-
crustes similarity index (PSI) and distance correlation (dCor) statistics
(Székely and Rizzo, 2017; Indahl et al., 2018). These multivariate sta-
tistics used five variables to characterise magnetozones/chrons: t0
(thickness, or duration) of the magnetozone, geometric mean of t,
loge(t− 1/t0), polarity bias, Shermans ω2 statistic. These use, t+1, t− 1, the
corresponding values for the underlying and overlying magnetozones
and t0, metrics that are less dependent on sedimentation rate changes
(Man, 2008). The polarity bias, ω2 and geometric mean metrics char-
acterise more about the local polarity structure than using t0 or loge(t− 1/
t0) individually (Olson et al., 2014) and have been used in other quan-
titative multivariate polarity correlation assessments (Man, 2008;
Hounslow et al., 2022a). The probability of association of the corre-
sponding polarity patterns uses the RV-based statistic PRV, and permu-
tation test for dCor giving PdCor (Székely and Rizzo, 2017; Josse and
Holmes, 2016). Lastly the divergence of magnetozone characteristics in
the correlation models were characterised by the Euclidean distance (di,
using the above five metrics above). Care was taken to standardize the
five metrics. The packages MatrixCorrelation, dCor and FactoMineR
were used in R for this assessment (R Core Team, 2022). Datasets and R-
scripts are given in the Figshare repository (Hounslow, 2024).

Fig. 6. Summary rock magnetic data for the Lavernock samples, compared to the set of well characterised reference materials in Hounslow et al. (2023). a), b) and c)
relate to the same parameterized reference datasets as in figs. 14a, 14b and 14d in Hounslow et al. (2023). Additionally, comparable data for non-red samples in the
Dunscombe Mudstone and Blue Anchor formations from the South Devon coast (Hounslow and Gallois, 2023) are show for comparison. Dataset listed in Hounslow
(2024). In b) the top of the panel shows the range of d.ARMz40mT values for the petrological oxidation states I to VI (Watkins and Haggerty, 1967) of basalts from the
Steen’s Mountain and Icelandic basalts (from Dunlop, 1983). Grey arrows in b) and c) shows the likely progression to multidomain type behaviour, from SD-like
behaviour at low ARMROT/ARM and ARMROT (2.5 Hz/0.26 Hz) ratio. For all these data the RRM was measured with an AF hold time of 962 ms. Rotation rate
= ω in Hz. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Organic carbon isotope method

A sub-sample from selected palaeomagnetic samples was measured
for δ13Corg. Around 20 g of sub-sample was powdered in a ball mill, and
carbonate minerals were removed by reacting the homogenised material
with 6 N HCl at 25 ◦C for 24 h, which removes dolomite, siderite and
ankerite (Brodie et al., 2011). After reaction-ceased, residues were
washed several times with distilled water to remove any traces of acids.
Residues were then oven-dried at 50 ◦C for 24 h and subsequently re-
powdered prior to δ13Corg isotope analysis. Decarbonated residues
were weighed into tin capsules and loaded into an auto-sampler con-
nected to an Elementar Vario MICROcube, from where they were
dropped into the furnace at 950 ◦C. Produced gases were passed (under
He) through chemical traps to remove sulphur, excess oxygen, and
water. Large sample masses were used to enable reliable measurements
of δ13Corg down to around 0.02 % total organic carbon. Percent total
carbon (%TOC) and total nitrogen (%NT) were measured with a preci-
sion of ~0.01 %. Nitrogen was separated from CO2 by temperature
programmed desorption. The isotopic composition of the resultant pu-
rified CO2 was then measured using an Isoprime100 Isotope mass
spectrometer. Carbon isotope ratios are reported as delta values (δ13C)
in per mil relative to the international VPDB scale (standards used: NBS-
18 = − 5.014 ‰; LSVEC = − 46.6 ‰). Analytical precision (1σ) is esti-
mated to be ±0.15‰ for δ13Corg based on the replicate analysis of pure,
well-mixed, organic compounds used as laboratory calibration
materials.

4. Results

4.1. Magnetic mineralogy

The NRM intensity and magnetic susceptibility show a broad parti-
tion into the more strongly magnetic red mudstones in the Branscombe
Mudstone Fm and weaker magnetic properties in the Blue Anchor Fm
and Penarth Groups (Fig. 7b; SI Fig. S1). This is apart from larger NRM
intensity in the ‘Pink Band’ (~+6m; Fig. 7b) of the Blue Anchor Fm, and
LP20 (15.12 m; Fig. 4) in the top of the Blue Anchor Fm.

The RRMmeasurements of samples from the Penarth Group all show
(except one sample; LP5) small negative Bg values (Fig. 6a). These are
typical of reference natural magnetite materials, and unlike the large
negative Bg of greigite and the positive Bg values of pyrrhotite
(Snowball, 1997; Hounslow et al., 2023). The d.ARM40mT of the Lav-
ernock samples show a tight grouping near to reference material with
oxidized magnetite as seen in other siliciclastic Triassic sediments
(Fig. 6b). The low ARMROT/ARM ratio of these is clearly distinct from
reference greigite and natural pyrrhotite (Fig. 6b). Fully multidomain
(MD) behaviour in magnetite should give Bg = 0 (Potter and Ste-
phenson, 1986), and d.ARM40mT< 10 % (Fig. 6b; Dunlop, 1983). Hence,
at the low rotation rates used here transitions towards MD behaviour are
shown by variability towards lower d.ARM40mT with ARMROT/ARM
ratios approaching ~1 (grey arrows in Figs. 6b,c). Under the experi-
mental conditions used here, it may be that close-to-MD behaviour could
also be shown as small positive Bg values (Hounslow et al., 2023). The
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Fig. 7. Summary of petromagnetic and magnetostratigraphic data for the Lavernock section. a) simplified sedimentary log. b) NRM intensity and volumetric
magnetic susceptibility, c) Demagnetisation behaviour classification of specimen data. d) Specimen polarity classification. e) Specimen virtual geomagnetic pole
latitude (VGPR) with respect to the mean poles for the Mercia Mudstone and Penarth groups. f) interpreted section polarity and lithostratigraphy. MZ = labels of
magnetozone couplets (LP = Lavernock Point). LM = Langport Member, CM = Cotham Member. * on LP2r.1n indicates these two normal submagnetozones are likely
a single submagnetozone, due to uncertainty in sub-section correlation at samples LP58 and LP57 (Fig. 3).
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ratio of ARMROT for 2.5 Hz/0.26 Hz appears to provide an approximate
proxy of magnetite particle size, with values ~0.6 indicative of SD
magnetite (Chalk bacterial magnetite sample-set; Fig. 6c) and values
towards ~1–1.1 indicating close-to MD-type behaviour. In this context it
would appear the Penarth Group set has rather middling values, finer-
grained than Mercia Mudstone Group (MMG) siliciclastics, but like the
Carnian-age siliciclastics of the De Geerdalen Fm (from Svalbard). In
summary, there is no evidence for a contribution from magnetic sul-
phides to the most stable remanence carriers in these samples, a rema-
nence which instead is carried by fine-grained, oxidized magnetite.

4.2. Palaeomagnetic results

Creer (1957) investigated 11 MMG samples at Lavernock and infer-
red a composite NRM comprising a likely dual polarity shallow primary
inclination component, a secondary present-day like component, and a
temporary viscous component. This was inferred by comparison to a
bigger set collected from near the base of the MMG at Sidmouth (SW
England). This was based on undemagnetised data, but samples were
stored long-term in zero field prior to measurement. Broadly, this basic
inference remains unchanged with our bigger sample set, and modern
instrumentation. With modern techniques, thermal demagnetisation of
the red mudstones shows a wide range in NRM unblocking tempera-
tures, with typically less than 10 % of the NRM remaining by around
600-700 ◦C (SI Figs. S4 - S6).

The magnetisations from our sample-set are inferred to comprise two
key magnetisations. Firstly, a component (LT component) with lower
stability than the primary remanence, and often evident by strong linear
segments in Zijderveld plots, and often steep-downwards directions (see
SI Figs. S7, S10). This component in the combined scheme was often
extracted starting from the NRM (or 100-200 ◦C steps) to the last stages
of thermal demagnetisation or early stages (5–30 mT) of AF demag-
netisation (SI Fig. S8a). For thermal demagnetisation of hematite
dominated specimens the LT component typically started from ~100 ◦C
(or up to ~400 ◦C) with ending segment ranges up to 400-650 ◦C (SI
Fig. S8a). In some 11 % of specimens this was the only component
detected. LT component directions are quite scattered (SI Fig. S10) but
have groupings near the expected Brunhes-age magnetic field (SI
Fig. S10). The scatter may be caused by component overlap with tem-
porary components and/or Triassic directions.

Secondly a dual polarity characteristic magnetisation (ChRM)
inferred to be the primary Triassic magnetisation (Fig. 8). Using the
thermal demagnetisation scheme, the S-class specimens have fits most
frequent starting from 400 to 650 ◦C, with end of line segments typically
to the origin, but commonly ending at 650-700 ◦C (SI Figs. S7, S8b). For

the combined demagnetisation scheme, the start of the fitted segments
ranged from thermal steps 200-350 ◦C or early AF (5–15 mT), and most
frequently ended in the origin, but also with some ending in the 25–50
mT range (SI Fig. S8b). For the T-class specimens the great circle fits
typically started from the NRM to 200 ◦C steps, and most frequently
included the origin (SI Fig. S9).

31 % of specimens yielded S-class behaviour, with 58 % yielding T-
class behaviour, with the remaining 11 % classified as X-class (Fig. 7c).
The average α95 of the line fits for the S-class divisions (S1, S2, S3) were
7.6o, 11.2 o and 18.1 o, and for the T-classes (T1, T2, T3) the α95 of the
poles to the great circle planes were 16.7 o, 15.2 o and 24.4 o respec-
tively. The average excess standard deviation used in LINEFIND was 1.8,
indicating the average fitted error model variance is some 1.82 times the
average measurement model variance (Kent et al., 1983).

The mean directions pass reversal tests with class Rb and Rc, and
VGP dispersion is within the range (A95min, A95max) expected (Table 1)
according to the criteria proposed by Deenen et al. (2011). The mean
direction for the MMG gives a palaeopole close to other Upper Triassic
poles, and elsewhere in the MMG (summary data in Hounslow and
Gallois, 2023). However, the sample mean directions for the Penarth
Group, are overly steep, and may be contaminated by the Brunhes-like
overprint, although the overall mean direction is only 5o from the
mean direction of 019/59o of Hüsing et al. (2014) from the Hettangian
at St Audrie’s Bay.

4.3. Magnetostratigraphy

Of the 218 specimens measured, 35 % gave normal polarity, 45 %
reverse, and 20 % of specimens failing to yield unequivocal polarity
(Fig. 7d). Since multiple specimens from each sample were measured,
only 3 samples failed to yield polarity out of the total of 76 samples
yielding specimens (six samples failed to yield any specimens; Fig. 3a).

The polarity yields four major magnetozone couplets (LP1 to LP4n),
with five submagnetozones defined by a single sample (but two or more
specimens), LP2r.1n, LP3n.1r, LP3r.1n, LP3r.3n, LP3r.5n and LP4n.1r
(Fig. 7f). The two apparent normal magnetozones in LP2r in depth scale
are likely the same magnetozone (LP2r.1n), due to uncertainty in sub-
section correlation across a landslip and fault, so samples LP57 and
LP58 may be out of stratigraphic order (Figs. 3a, 7f). Three tentative
submagnetozones, LP1r.1n, LP3r.2n and LP3r.4n are defined by single
specimens (Fig. 7f). The proposed correlations between other coeval UK
sections are shown in Fig. 9, with correlation to sections outside Britain
discussed below. The correlations between the Seaton sections and St
Audrie’s are from Hounslow and Gallois (2023). The studied sequence
clearly contains some erosional disconformities that segment any

Fig. 8. Directional means for the samples from the Mercia Mudstone and Penarth groups at Lavernock.
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magnetostratigraphic correlation, hiatuses which are well described
(Mayall, 1981; Gallois, 2009), with in the case of Lavernock, an addi-
tional low angle disconformity surface some 2 m from the top of the
Branscombe Mudstone Fm (below sample LP37; Fig. 3a).

4.4. Carbon isotope results

The Lavernock carbon isotope data when combined with that from
Suan et al. (2012) shows a general upwards increase in δ13Corg
(Fig. 10a). Those from St Audrie’s shows a similar trend, whereas those
from Haven Cliff displays no trend above lower and negative δ13Corg in
the base of the sampled interval (Fig. 10b,c). When considered as whole,
with respect to %TOC the δ13Corg values show a trend to higher values
with increasing %TOC (Fig. 10d). However, δ13Corg generally are within
the range expected for Late Triassic terrestrial organic matter (Dal Corso
et al., 2012; Whiteside et al., 2010; Schaller et al., 2015; Bacon et al.,
2011), rather than marine organic carbon (OC) since Late Triassic ma-
rine OC typically has δ13Corg between − 26 to − 30 ‰ (Dal Corso et al.,
2012; Williford et al., 2007; other sources in Hounslow et al., 2022b).
Indeed, only a sparse marine presence can be inferred from small
abundances of acritarchs and dinoflagellates in the top ~1 m of the Blue
Anchor Fm at Lavernock (Orbell, 1973). More abundant marine organic
matter is likely present in the Williton Mb in North Somerset sections
associated with a marine macrofauna (Mayall, 1981; Warrington and
Ivimey-Cook, 1995). The data from the Williton Mb at St Audrie’s
(Hesselbo et al., 2002; Fig. 10c), shows abruptly lower δ13Corg. which is
likely a consequence of both the hiatus across the base of the Williton
Mb, and the presence of more marine OC with lower δ13Corg. In sections
from North Somerset the OC source from the upper 13 m of the Blue
Anchor Fm (Thomas et al., 1993) is related to %TOC such that when
<~0.1 % it is dominated by plant fragments and spores, when >0.2 %
TOC it has major amounts of amorphous OC (of algal origin) and/or
sources from dinoflagellates, associated especially with Rhaetogonyaulax
(Sarjeant 1963). Whilst conventionally associated with marine systems,
dinoflagellates are common in freshwater, and marine forms can be
tolerant of salinity changes. In essence the palaeoenvironmental signif-
icance of Rhaetogonyaulax is currently not fully understood (Mangerud
et al., 2019).

5. Discussion

5.1. Interpretation of carbon isotope changes

The general relationship between%TOC-δ13Corg appears to be in part
related to lithology with the red mudstones having generally lower %
TOC and lower δ13Corg (red symbols in Fig. 10d). Microbially mediated
respiration of organic matter could leave bulk δ13Corg values either not

much affected, or increased slightly as the nitrogenous, lower δ13Corg
organic matter is consumed (Hayes, 1983; Macko and Estep, 1984).
However, refractory residual lignin, left after microbial and thermal
degradation usually has lower δ13Corg than the bulk organic matter
(Benner et al., 1987), so the red mudstones may contain more refractory
OC. This is to some extent borne out by the Rhaetian and Norian plant
and palaeosol δ13Corg (Richey et al., 2023), which shows on average
lower δ13Corg for woody material, and higher values for the leaf and
palaeosol material (right side of Fig. 10d). Alternatively, the higher
δ13Corg in the younger intervals in the sections (grey-green mudstone;
Fig. 10d) could relate to increasing abundance of algal and dinoflagel-
late sources (Thomas et al., 1993). The appearance of well-preserved
miospores higher in the Blue Anchor Fm, may also reflect a conse-
quential lessening in organic matter degradation. However, the mid and
upper parts of the Rydon Mb at Lavernock Point and Haven Cliff have
average values of ~ − 24‰, whereas those at St Audrie’s are around −

22‰. This suggests some compositional differences in the OC between
these sections, as well as additional variation, unrelated to the changes
explained above. Moreover, as values <− 25 ‰ are not lithology
dependent, we interpret the δ13Corg fluctuations to record a primary
regional/global change signal. A more complete understanding of
organic matter compositional controls over this interval awaits more
detailed OC characterisation and geochemistry.

There are three (CIE-1 to 3) possible regional/global carbon isotope
excursions, two centred around coeval normal magnetozones LP3r.1n ≡
HC3n ≡ SA4r.1n (≡ is used to symbolise coeval magnetozones), and a
possible third just above coeval magnetozones LP3r.3n ≡ HC3r.2n, but
not seen in all sections (Fig. 10). To produce a composite age-related
δ13Corg record, the data from Lavernock and St Audrie’s are correlated
to that at Haven Cliff using the top and base of magnetozone boundaries
(Fig. 11a). In each section the δ13Corg data were divided into a lower and
an upper segment for correlation. Correlation between lower segments
used the top and base of SA4n ≡ HC2n and HC3n ≡ LP3r.1n ≡ SA4r.1n
for the Lavernock and St Audrie’s correlations (Fig. 11a). Correlation of
upper segments used the top of HC3n ≡ LP3r.1n ≡ SA4r.1n in both, and
LP3r.2n at Lavernock, which also aligns submagnetozones LP3r.2n and
HC3r.1n (Fig. 11a). For St Audrie’s the maximum in δ13Corg at ~ − 13m,
was matched with a similar maximum at Lavernock at ~ + 10 m
(Fig. 10b, c). This approximately equated the top of the Rydon Mb at
both Haven Cliff and St Audrie’s. Using these correlations provides good
consistency in δ13Corg values between Haven Cliff and Lavernock,
consequently a δ13Corg curve was fitted using the combined dataset
(Fig. 11a). However, the St Audrie’s δ13Corg data show deviation from
that in the other sections starting at a level approximately at the base of
the Blue Anchor Fm at Haven Cliff (i.e., the 0 m level; Fig. 11a), but
otherwise shows fluctuations whichmatch those from the other sections,
suggesting these are at least regionally coeval. Significantly, the δ13Corg

Table 1
Directional means for the Lavernock section data (with tectonic correction), reversal tests and VGP poles. +T-class specimens use the directions from the great circle
combined mean (method of McFadden and McElhinny, 1988). $ = conventional Fisher mean using specimen data. NS = number of levels (sites), Nl = number of
specimens used with fitted lines, and Np = number of specimens with great circle planes used in the determining the mean direction. α95, Fisher 95 % cone of con-
fidence. k, Fisher precision parameter. GO is the angular separation between the inverted reverse and normal directions, and GC is the critical value for the reversal test
(McFadden and McElhinny, 1990). In the reversal test the GO/GC values flagged with * indicate common K values, others not flagged have statistically different K-
values for reverse and normal populations, in which case a simulation reversal test was performed. Plat and Plong are the latitude and longitude of the mean virtual
geomagnetic pole. A95 (min, max) = Fisher 95 % confidence interval for VGP-based site mean (Ns sites), and A95min and A95max threshold values of Deenen et al.
(2011). %VGP45= percent of samples yielding VGP latitude< |45|, as a reflection of the match to modern geomagnetic field models and palaeomagnetic data in which
%VGP45 is a ~ 3–4 % (Cromwell et al., 2018). Statistics determined with Pmagtool v.5 (Hounslow, 2023).

Type/ Unit Dec(◦) Inc(◦) k/α95(◦) Ns/Nl/Np Reversal Test GO/GC(◦) Plat/ Plong(◦) Dp/Dm (◦) A95 (min, max), %VGP45

Penarth Group
Specimen line fits$ 28.1 61.7 59.1 14/21/0 – – 69.2/100 5/6.5 –
Sample mean+ 30.3 64.8 98.5 15/21/17 Rc 10.3/18 70/88.2 5.1/6.3 5.6 (4.1,14.9),0

Mercia Mudstone Group
Specimen line fits$ 44 37.1 12.5/6.2 34/46/0 Rc 5.4/10.6* 44.1/112 4.3/7.3 –
Sample mean+ 38.1 35.8 18.4/4.5 58/46/88 Rb 8.3/9.1* 46.6/119 3.6/6.3 4.4 (2.4,6.4), 6

M.W. Hounslow and J.E. Andrews Palaeogeography, Palaeoclimatology, Palaeoecology 656 (2024) 112579 

10 



variations below the composite zero metre level at Haven Cliff are
expressed in both red and non-red mudstones, indicating that organic
matter degradation, has a limited impact on these changes (Fig. 11a).

5.2. The Sevatian and Rhaetian interval in UK sections, role of
disconformities

The study of the Lavernock section represents the third magneto-
stratigraphic study from SW Britain of the interval from the upper parts
of the Branscombe Mudstone Fm into the Lias Group (Fig. 9). The upper
parts of the Branscombe Mudstone are of mixed polarity, the Blue An-
chor Fm is dominantly reverse polarity and the Penarth and basal Lias
groups dominantly normal polarity.

In the Branscombe Mudstone Fm the magnetostratigraphic correla-
tion between the Haven Cliff section at Seaton and the St Audrie’s

section follows Hounslow and Gallois (2023). The correlation between
the top of coeval magnetozones HC2n ≡ SA4n are particularly well
defined in the uppermost part of the BranscombeMudstone (Fig. 9). This
magnetochron provides a clear correlation point into the Newark Su-
pergroup astronomical polarity timescale (APTS), Chinle Fm and the
biostratigraphic-based polarity timescale, here referred to as GTPS-B
(Hounslow and Muttoni, 2010; Kent et al., 2017; Hounslow and Gal-
lois, 2023; Wang et al., 2023; Fig. 9). Above this is the reverse polarity
dominated upper-most part of the Branscombe Mudstone and the lower
and mid parts of the Blue Anchor Fm (i.e. the Rydon Mb). This interval
contains three (tentatively 4) brief normal magnetozones, as borne out
by the consistency in the δ13Corg change (Fig. 11a). However, insuffi-
ciently close sample spacing in some sections, and insufficient numbers
of measured specimens indicate tentative (or missed) submagnetozones
in some sections. Therefore, at Lavernock LP3r.1n, LP3r.2n and LP3r.3n

Fig. 9. Magnetostratigraphic correlation of the UK sections in the upper Branscombe Mudstone Fm, Blue Anchor Fm and Penarth Group (left three columns), and
their correlation to key sections with polarity stratigraphy elsewhere. Adapted from similar summaries in Hounslow and Gallois (2023). GPTS-B = marine bio-
chronology calibrated geomagnetic polarity scale as in Hounslow and Gallois (2023), adapted from Hounslow and Muttoni (2010). CIE column are carbon isotope
excursion labels as in Figs. 2,5 and Lindström et al. (2017). T-T = Top-Tilmanni. Rhaetian 1, 2, 3, 4 are the four conodont zones for the Rhaetian as in Krystyn
(2008b) and in Fig. 1b. The more recent Rhaetian conodont zones of Rigo et al. (2018), cannot be easily tied to the magnetostratigraphy, but are shown for the
Sevatian (an. = andrusovi). Sloping boundaries in conodonts column indicates zonal boundary uncertainty with respect to the magnetochrons. Correlation options 1
and 2 as discussed in the text, and disconformity codes (red background) in UK sections (e.g. [D6]) applied from Barnasch (2009) and this work. AAC = anchored
astrochronology. LF = Lilstock Fm, WM = Williton Member. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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are likely correlated to HC3n, HC3r.1n and HC3r.2n, respectively at
Haven Cliff (Seaton composite). At St Audrie’s SA4r.1n is likely coeval
with HC3n at Haven Cliff, due to its presence low in magnetozone SA4r
and also low in magnetozone interval HC2r-HC3r (Fig. 9).

Below SA4n ≡ HC2n in the Branscombe Mudstone are three major
reverse magnetozones, well represented at St Audrie’s by SA1r, SA2r
and SA3r. The coeval equivalents to SA2r in the Seaton section are
SS12r, and LP2r at Lavernock (Fig. 9). This reverse magnetochron
contains an earlier normal submagnetochron, which is represented in
the coeval interval in the Chinle Fm (i.e. CC6n.2n), Newark Supergroup
(E15r.1n) and at Seaton (SS12r.1n). In the Chinle Fm, magnetozone
CC6r contains an upper normal submagnetozone (CC6r.1n), which at
Lavernock is considered coeval with the base of LP3n (i.e. base of
LP3n.1n; Fig. 9). There is no clear representative of SA4n ≡ HC2n in the
Lavernock section, and for this reason, a hiatus is inferred at the
disconformity below sample LP37 (Fig. 3). Of the three sections studied
from SW Britian, Lavernock is the most proximal to Mercia Mudstone
lacustrine shoreline deposits (Tucker, 1977), and is thereforemore likely
to contain erosional hiatuses.

A disconformity at the base of the Blue Anchor Fm has also been
inferred in central England, based on borehole logs (Horton et al., 1987;
Old et al., 1987), and is probably coeval with that identified at Lav-
ernock. Likewise, Barnasch (2009) correlated the Lower Exter Fm of NW
Germany to the Blue Anchor Fm of the onshore succession of the Anglo-

Dutch Basin, whose base is marked by the D5 disconformity (Franz et al.,
2018). A similar relationship was inferred by Bachmann and Kozur
(2004). The Lower Exter Fm has been divided into 2 or 3 sequences
(Franz, 2008; Barnasch, 2009), with the older D5.1 disconformity
transitional into the uppermost part of the Arnstadt Fm in parts of
Germany (Franz, 2008; Fig. 1b). The similarity in positioning of the
disconformities between the NW German Keuper and that from SW
Britain is striking, and we propose that the D5.1 and D5.2 disconfor-
mities are likely expressed in those seen at Lavernock (and likely also in
the English Midlands). The overlying D5.2 disconformity likely relates
to that at the base of the Williton Mb (Figs. 1b, 9). The third discon-
formity (D5.3) proposed by Franz (2008), is not evident in the UK, and
perhaps this relates to missing intervals at the base of disconformity D6
in the UK. With, the recognition of the D4 disconformity at the base of
the Branscombe Mudstone Fm (Hounslow and Gallois, 2023; Fig. 1b),
the striking similarity to the Triassic of the southern Permian Basin,
warrants more detailed investigations of the parts missing across these
disconformities, which has been a confounding issue with the German
Keuper sequences (Franz et al., 2018).

5.3. Relationship to Sevatian and early Rhaetian marine sections

There are two options for how SA4n≡HC2n correlate to the GPTS-B.
Option-1 is that used by Hounslow and Gallois (2023), which correlates

☯☯
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��

LP73

Fig. 10. a, b, c) The carbon isotope (δ13Corg), percent total organic carbon (%TOC) and percent elemental nitrogen datasets in the top parts of the MMG, with respect
to the simplified logs and the magnetostratigraphy. Magnetostratigraphy for Haven Cliff and St Audrie’s Bay sections from Hounslow and Gallois (2023) and
Hounslow et al. (2004). δ13Corg data are partitioned into lithology and mudstone colour (key on top of d). Additional carbon isotope data for the Williton Member
from Hesselbo et al. (2002), and for Lavernock from Suan et al. (2012). CIE = Inferred possible carbon isotope excursions 1 to 3. d) All the measured δ13Corg with
respect to total organic carbon, partitioned into lithology and mudstone colour (key on top of panel). Extreme samples which fall into CIE1 and CIE2 are grouped and
labelled. Right side of panel, range of Late Triassic marine and terrestrial organic matter from Richey et al. (2023), and sources listed in Hounslow et al. (2022b).
BMF=Branscombe Mudstone Fm, WM = Williton Member.
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these magnetozones to UT23n, and by implication also E18n≡ CC9n for
the Newark and Chinle successions (red correlation lines in Fig. 9).
Option-2 is that used by Kent et al. (2017) andMaron et al. (2019) which
relates E18n ≡ SA4n to UT23r.1n (black correlations in Fig. 9), and by
implication also HC2n and CC9n. Option-2 implies a normal sub-
magnetochron is missing from UT23r.2r or UT24r in GPTS-B, and also
from E16r in the Newark Supergroup and from CC7r in the Chinle Fm
(Fig. 9). Where the missing magnetochron is placed in the interval
UT23r.2r -UT24r gives rise to two alternatives for Option-2, 2A and 2B
(Fig. 11d, e). How to correlate the MMG datasets to GPTS-B in this in-
terval also gives rise to two sub-options for Option-1 (1A and 1B;
Fig. 11b, c). These alternatives are assessed with the δ13Corg data.

The Option-1 correlation implies no missing major magnetozones if
correlating GPTS-B to the Newark Supergroup; which likewise applies to
Option-1A for the Haven Cliff section (Table 2; Fig. 11b). There is no
useful constraining biostratigraphy which favours options 1 or 2, so any
confirmation comes from either the pattern of polarity changes, or the
δ13Corg around the contentious interval. The brief reverse sub-
magnetozones in both SA4n ≡ HC2n (Fig. 9) and similar sub-
magnetozones detected in UT23n (at Pignola Abriola and Pizzo

Mondello; Fig. 12), give support to Option-1. In addition, based on
anchored astrochronology datasets from Austria, NRB1 is around 208
Ma (Galbrun et al., 2020), which for Option-1 would relate to ~207.5
Ma in the Newark APTS, but for Option-2 would suggest ~209.5 Ma.
Correlation Option-1 is therefore a better fit to the astrochonologies and
the presence of securely known magnetozones.

Longer-range statistical similarities were also evaluated using the
UT20r to UT25n interval (Table 2). This uses a statistical composite
polarity scale of this interval, constructed using the method of Hounslow
(2016), using the five marine section datasets with constraining cono-
dont biostratigraphy (Fig. 12, excluding the noisier Xiquelin section
data). The statistical composite is expected to average out local sedi-
mentation rate changes from the five marine sections giving a scale with
a likely closer approximation to relative duration for the magnetochrons
(composite shown in GPTS-B in Fig. 9). This composite UT20r-UT25n
interval was then compared to the polarity scales of the Newark Su-
pergroup (scaled to duration as in Kent et al., 2017, table 3), and that
from the Seaton and St Audrie’s sections. Data from Lavernock were not
used due to segmentation across the D5.1 hiatus. These comparisons
generally yield larger MSI, PSI and dCor values for the Option-2
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Fig. 11. a) The δ13Corg data displayed with respect to the metre scale at the Haven Cliff section, using the magnetozone boundaries for correlation. Right panel shows
position of the normal polarity magnetozone boundaries used for the Lavernock and St Audrie’s data in blue and green against the correlated position of magne-
tozones at Haven Cliff, in black (same colours used for the perimeter of the symbols for the δ13Corg data). The two separate pinning points used for UT23r.1n at St
Audrie’s (top and base of UT23r.1n at Haven Cliff) are shown as the two green normal magnetozones. The curve through the Lavernock, Haven Cliff and St Audrie’s
data (only below − 1 m) is a loess curve (span = 0.095, using M-estimation procedure with Tukey’s biweight). Columns b), c), d) and e) are the correlation options (as
in text) for the Pigola Abriola δ13Corg and polarity data, with the locations of the peaks (subscripts P, P1, P2) and negative excursions (E, E1, E2) of the isotope trends
S1, S2, S3 as in Fig. 2 (with δ13Corg using scale same as in a). The pins show the pinning points used for stretching the δ13Corg data in each option. These mostly use the
tops or mid part of the magnetozones, but also prominent lows/highs in δ13Corg near the polarity boundaries where data gaps occur in the Pignola Abriola δ13Corg
data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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correlations, indicating a greater similarity. For the Seaton section
Option-2A has the larger MSI, PSI and dCor. In the case of St Audrie’s
dCor is smaller for the Option-2 case. For the better of the Option-2 cases
the most dissimilar magnetozones, with the largest di (referred to as
dmax), are from non-coeval magnetozones E16n, HC2n and SA4r.1n. In
the case of the better Option-1 correlations the dmax values belong to
SA3r ≡ E17r (matched to UT22r.2r), and HC2r (matched to UT23r.1r;
Fig. 11).

Additional assessment comes from of the match of the δ13Corg stra-
tigraphy from the MMG to the marine records, on the assumption that
similarity in δ13Corg fluctuations provides improved correlation models.
Currently the possibility for linked magnetostratigraphic and δ13C
datasets are only feasible at Pignola Abriola and Steinbergkogel (Fig. 2).
Other datasets crossing the NRB interval are described by Ward et al.
(2004), Whiteside and Ward (2011), Caruthers et al. (2022), Karádi and
Korte (2023) and Lei et al. (2023) but cannot be precisely related to the
timeframe provided by the magnetostratigraphy. Zaffani et al. (2017)
defined intervals showing trends (from δ13C peaks to overlying negative
excursions) in δ13C over the basal Rhaetian boundary interval as trends
S1, S2 and S3 (Fig. 2). Some additional data at Pignola Abriola are from
Rigo et al. (2020). These δ13Corg data are rather noisy with average
deviation between samples within 10 cm of each other at 1.18 ‰. The
four magnetostratigraphic correlation options relating the Pignola
Abriola δ13Corg stratigraphy to that from theMMG are shown in Fig. 11b-
e. The depth scale of the Pignola Abriola δ13Corg data were linearly-
stretched to fit the correlated pinning points at magnetozone bound-
aries, or the middle of magnetozones. Some pinning points used δ13Corg
data values adjacent to the magnetozone boundaries (e.g. top S2E, and
S3E1; Fig. 11b-e) to better accommodate unsampled intervals and
matching of the δ13Corg data points between the stretched intervals
(marked with pins in Fig. 11). The statistical correlation (Pearson R
value) between of the Pignola Abriola δ13Corg data and a composite
curve generated from all the MMG δ13Corg points was also determined as
an additional evaluation tool (see SI Fig. S11, Pearson R values in
Fig. 13a). The δ13Corg statistical correlation used the 4–5 segments
spanning the pinning points (segments on Fig. 11b, e) for the four op-
tions in Fig. 11.

For Option-1 the peak in δ13Corg at S2P in the early part of UT23r.1r,
and a negative excursion (S2E) in the later part of UT23r.1r have possible
coeval features in the MMG at and below CIE-1 (Fig. 11a, b,c). The
differences perhaps relate to inadequately detailed sampling in theMMG
sections. The S3P1 peak is a better match in the Option-1B model to the
δ13Corg changes in the MMG, than the Option-1 A model (segment 2;
Figs. 11b,c; 13a). The excursion S3E2 at Pignola Abriola is only really

defined by a single point in δ13Corg but by more data for δ13Ccarb, which
extends the excursion to higher levels in the section (Fig. 2). S3E2 is
above the uppermost normal magnetozone at Pignola Abriola (Fig. 2),
yet the tentative LP3r.4n in the MMG is at or just above the CIE-3
excursion, which for Option-1B suggests LP3r.4n is spurious. For
Option-1A when CIE-3 and S3E2 are aligned these give larger R-values
than for option 1B (Fig. 11b, 13a). Therefore, in spite of the reasonable
match of S3P1 in Option-1B, the Option-1A is a rather better match
overall in terms of the better validated magnetozones, and their rela-
tionship to the δ13Corg. For the option-1A model, although the δ13Corg
data is sparse in UT24r.1r, it is possible excursion S3E1 and a similar one
immediately at the lower boundary of UT24r.1n may match the more
minor changes seen in the MMG data (Fig. 11a,b).

For the Option-2 correlation models the S3P1 peak in δ13Corg is
limited to the upper part of UT23r.2r, perhaps representing the positive
peak in δ13Corg between CIE-1 and CIE-2 (Fig. 11a, d,e). The S3E1
excursion could represent CIE-2, with a short trend to larger δ13Corg (as
peak S3P2) in Option-2A and at around − 3 m in the MMG composite
(Fig. 11a,d,e). The prominent excursion S3E2 appears unrepresented in
Option-2A but is coeval with CIE-3 in Option-2B (Fig. 11a,e). Also, in
Option-2B the S3P2 peak in δ13Corg could represent the long run of larger
δ13Corg values in the MMG composite between − 2 to 8 m, although the
few sample points between UT24n and UT24n.1n (Fig. 11e) limit a
detailed comparison. Therefore Option-2B is the preferred of the Option-
2 models, also having the larger R-values (Fig. 13a).

Considering only the magnetostratigraphy, Option-1A is preferred
since, 1) it has no missing or additional well-validated magnetozones
(other than the tentative/spurious LP3r.4n); 2) the relative thickness
and presence of minor submagnetochrons/zones in both UT23n and
SA4n ≡ HC2n are a good match in the stretched records in Fig. 11a,
compared to the inadequately short UT23r.1n in Option-2. In either
option-1 or 2 the segment-1 is rather condensed in the MMG composite
(the SA4r-SA4r.1n; HC2r- HC3n intervals) compared to Pignola Abriola,
and largely visa-versa for the overlying segments (Fig. 13b). This may
reflect a lateral expression of the D5.1 disconformity as seen at Lav-
ernock, which in part covers this interval (Fig. 9), perhaps through
cryptic condensed beds so far undetected in this interval. This may play
a part in distorting the statistical polarity comparisons adjacent to SA4n
≡ HC2n.

Clearly a more detailed study of carbon isotopes could clarify the
details adjacent to CIE-1 and CIE-2 in the UK sections. This would help
consolidate the relationships in this interval, which otherwise has close
sample-spacing in the Pignola Abriola section in either correlation op-
tion. A persistent feature in sections from western North America is a

Table 2
Statistics for the comparison of the two magnetic polarity correlation models (Options 1 and 2) for the UT20r to UT25n interval. The sub-option is shown inside []
where relevant. SMI, PSI= similarity of matrices index and Procrustes similarity index (Indahl et al., 2018), and dCor= distance correlation (Székely and Rizzo, 2017),
all with ranges 0–1.0 (none to perfect similarity). PRV= the RV-based statistic testing the probability of association between the sets as in Josse and Holmes (2016), and
PdCor probability of correlation for the dCor statistic. **<0.01, * 0.01–0.05, ⊃ >0.05 (smaller the values, greater the probability of association). dmax=magnetochron/
magnetozone with largest Euclidean distance. Nc = number of magnetozones/chrons in the comparison. Absent/extra = magnetozones: absent from the GPTS-B set
used/ additional magnetozones in the comparison set. These are data for each variable in the dataset scaled to zero mean and 1σ. Top of RydonMb used as the proxy for
base of UT25n; base of St Audrie’s section used as proxy for base UT20r. Without 1σ scaling the intercomparison of Option-1 and 2 correlations give comparable
conclusions, but the PRV and PdCor values for the St Audrie’s correlations yield <~0.05 (See SI for data details, and R-script).

Comparison SMI, PSI, dCor PRV, PdCor Nc, dmax Absent/ extra, normal magnetozones

Option- 1
Newark➔ GPTS-B 0.532,0.776,0.761 **,** 16, E17r ≡ UT22r.2r none
Seaton ➔ GPTS-B [1A] 0.39, 0.648,0.672 **,** 14, HC3r.1n ≡ UT24n none
Seaton ➔ GPTS-B [1B] 0.531, 0.686,0.661 **,* 12, HC2r ≡ UT23r.1r /HC3r.1n
St Audrie’s ➔ GTPS-B 0.524,0.535,0.635 ⊃,⊃ 9, SA3r ≡ UT22r.2r UT24n, UT24r.1n /SA3r.1n

Option-2
Newark➔ GPTS-B [2B] 0.683,0.811,0.828 **,** 14, E16n ≡ UT22n UT22r.1n, UT23n.1r/ E20r.1n
Seaton ➔ GPTS-B [2A] 0.588,0.751,0.725 **,** 12, HC2n ≡ UT23r.1n /HC3r.2n
Seaton ➔ GPTS-B [2B] 0.484,0.712,0.673 **,** 12, HC2n ≡ UT23r.1n /HC3r.1n
St Audrie’s ➔ GTPS-B 0.643,0.567,0.614 ⊃,⊃ 9, SA4r.1n ≡ UT24n UT21r.1n, UT22r.1n, UT24r.1n/SA3r.1n
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negative carbon excursion, near the last occurrence of non-dwarf mon-
otids (Lei et al., 2022, 2023), which may approximately relate to the
position of NRB1 for the base of the Rhaetian (McRoberts et al., 2008;
Krystyn et al., 2007). This broadly agrees with our data, which show
more substantial (~4 ‰) excursions in δ13Corg compared to the more
minor (~2 ‰) excursion seen at the NRB2 position. Interestingly, Pan-
thalassan sections show a possible eustatic promoted transgression close
to NRB1 (Lei et al., 2022), which may relate to the transgression which
brings in the Blue Anchor type facies above the red mudstones of the
Branscombe Mudstone Fm. Whilst the precise relative timing of this
between Panthalassan and UK sections cannot be assessed with current
data, this deserves further investigation.

Many ideas on the origin of the potentially global carbon isotope
excursions at around the NRB have been proposed (Jin et al., 2022; Lei
et al., 2022, 2023; Chen et al., 2024), with none so far offering realistic
estimates of the global volumes of carbon needed for these changes.
Chaotic isotopic changes are a regular feature, as are de-coupled organic
and carbonate carbon isotope records (Zaffani et al., 2017; Lei et al.,
2022), and rather poor inter-section synchronicity according to
biostratigraphic markers in coeval sections (Lei et al., 2023). The de-
coupling of organic and carbonate isotope datasets is also a feature of

the Rhaetian-Hettangian boundary extinction, perhaps relating to
changes in the biological community contribution to organic and car-
bonate producers (Yager et al., 2017), or recycling of inert organic
carbon changing the δ13Corg response (Bachan et al., 2012). Similar
complexities likely relate to the NRB datasets.

The apparently poor synchronicity of CIE’s at the NRB probably re-
lates to the diachronous nature of biostratigraphic boundaries around
the NRB as is evident by the biostratigraphic dating markers on Fig. 12.
Some of the rather more chaotic isotopic changes could relate to variable
terrestrial organic carbon sources (i.e. up to about 5 ‰ δ13Corg differ-
ences; Fig. 10d), and for δ13Ccarb in marine successions with possible
diagenetic impacts. However, substantial surface seawater temperature
changes occurred in Tethys in the Sevatian to Rhaetian-1 interval,
possibly promoted by mountain building of late Norian-age on the
northern fringes of Tethys (Chen et al., 2024). Emplacement of a large
igneous province has been hypothesised as the cause of the CIE’s at the
NRB (Rigo et al., 2020), but so far without substantive support on the
timing or volumes of CO2 required. An oceanic anoxic event associated
with NRB2 (and the S3E2 CIE) has also been linked to this volcanic event
via CO2 injected into the ocean/atm (Rigo et al., 2020). However,
conclusive evidence for the origin of the NRB carbon cycle changes

Fig. 12. Construction of the polarity composite and marine biochronology calibrated GTPTS (GTPS-B) over the Norian-Rhaetian boundary interval. In GPTS-B the
interval from UT20r to UT25n is a statistical composite constructed using the method in Hounslow (2016), with the workings in the Excel spreadsheet in Hounslow
(2024). This dataset is based on fig. 10 in Hounslow and Muttoni (2010), but with the addition of new data from Steinbergkogel of Hüsing et al. (2011), Pignola
Abriola of Maron et al. (2015) and Bertinelli-et al. (2016) and Xiquelin from Chen et al. (2024). The key biostratigraphy for the Steinbergkogel sections is shown in
Fig. 2. The two proposed options for the base of the Rhaetian are NRB1 and NRB2 (Bertinelli et al., 2016; Galbrun et al., 2020). The Sevatian conodont zones are those
of Rigo et al. (2018). See Hounslow and Muttoni (2010) for other sources of other data in this figure. The Sevatian 1 and 2 subdivisions use the biostratigraphic
concepts with the original magnetostratigraphic data. Conodonts at Pizzo Mondello updated from Mazza et al. (2012). @ = anchor points for composite. Bz/d =

biozone or stage/substage subdivision number. Xiquelin data not used in the statistical composite.
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remains elusive.

5.4. The Rhaetian-Hettangian boundary interval

The Penarth Group has a pattern of polarity changes like that seen at
St Audrie’s (Fig. 9), although magnetozones coeval with SA5n.2r and
SA5n.3r are not detected at Lavernock. A more substantive reverse
magnetozone at Lavernock (LP3r.6r) in the base of the Westbury Fm,
just below the Marshi CIE (Fig. 5) concurs with a similar relative posi-
tioning at St Audrie’s for SA5n.1r (Hounslow et al., 2004). These reverse
magnetozones are coeval with E22r ≡ UT26r (Fig. 9).

Significantly, a reverse polarity sample (magnetozone LP4n.1r) from
the top of the ‘White Lias’ limestone interval in the Langport Mb appears
to be coeval with the SA5r magnetozone at St Audrie’s (Figs. 5, 9). The
correlation of the Watchet Beds at Lavernock (and in South Glamorgan)
has been contentious, with some suggesting they are coeval with the
base of the Lias Group, based on their lithological similarity (Whittaker,
1978; Hesselbo et al., 2004; Beith et al., 2021), similar palynology
(Warrington in Waters and Lawrence, 1987) and abundance of Liostrea.
The δ13Ccarb stratigraphy places LP4n.1r within the base of the positive
excursion (Korte et al., 2009; Ruhl et al., 2020), which immediately
follows the Spelae CIE (Figs. 5, 9), which allows a precise correlation to
SA5r at St Audrie’s at the same position in the isotope stratigraphy. This
is around the base of the Hettangian (Korte et al., 2019), consistent with
the Neophyllites lavernockensis Hodges, 2021 in the ‘White Lias’ lime-
stones of the Lilstock Fm at Lavernock (Hodges, 2021).

Lindström et al. (2021) have made a case that CAMP volcanism was
well underway by the time of the Spelae CIE (Fig. 9). Since the CAMP
volcanics studied so far are almost entirely normal polarity this must
place their initiation within UT27n or more probably within UT28n,
since the magnetochron UT27r≡ E23r is persistently observed at several
locations with immediately overlaying CAMP basalts (Kent et al., 2017).
This places SA5r ≡ LP4n.1r within the interval occupied by the CAMP
flows and intrusions, which continued through the earliest Hettangian
biotic recovery (Blackburn et al., 2013). Using the timescale of
Lindström et al. (2021) this would place SA5r ≡ LP4n.1r ≡ UT28r at ca.
201.35 Ma, at or below the Preakness/Holyoke basalts, and ca. 210 kyrs
after the first CAMP basalts. The Holyoke Basalt was not intensely
sampled in the study of the CAMP succession by Kent and Olsen (2008),
and hence the equivalent of UT28r is probably still to be found in the
CAMP successions in the basins of eastern North America. If the reverse

magnetozone in the base of the Cotham Mb at St Audrie’s (i.e. SA5n.3r)
is coeval with E23r, as inferred here and by Whiteside et al. (2007); then
this places the initial eruptions of the CAMP basalts in North America
coeval with the basal parts of the Cotham Mb at ca. 201.56 Ma (some
3.8 m below SA5r). The duration of the first pulse of CAMP was possibly
as long as ca. 120 ka (Blackburn et al., 2013), which would place the end
of the first CAMP pulse at ~2.2 m above SA5n.3r, which is within the
mid parts of the Langport Mb at St Audrie’s, and hence the Spelae CIE
relates to the mid and upper parts of the first CAMP pulse. This first pulse
coincides with the two phases of rarity, and the main crisis in land plants
as inferred by Lindström (2021).

6. Conclusions

Magnetostratigraphic and organic carbon isotopic data from the
Lavernock section, combined with carbon isotope data from other
coeval sections provide a more detailed regional understanding of the
chronostratigraphy of British Upper Triassic strata, particularly that
around the NRB.

The magnetic mineralogy of the samples from the Lavernock section
are like that at other coeval sections, but rock magnetic measurements
centred on rotational remanent magnetisation measurements demon-
strate the Penarth Group remanence properties have little or no
contribution from magnetic sulphides.

The magnetostratigraphy of the Lavernock section is similar to
coeval sections in SW England but differs in that a hiatus is present in the
late Sevatian occupied by parts of magnetochrons UT22r and UT23n.
This missing interval is inferred to represent disconformity D5.1 of the
German Keuper, with the overlying D5.2 disconformity equivalent to
that at the base of the Williton Mb of North Somerset. The magneto-
chrons of Rhaetian-1 age are well represented in the topmost part of the
Branscombe Mudstone Fm and Blue Anchor Fm, demonstrating the base
of the Blue Anchor Fm is slightly diachronous between UK sections.

Combining the organic carbon isotope stratigraphy using coeval
magnetozone boundaries from the Rhaetian-1 age sections at Lavernock,
St Audrie’s and Haven Cliff demonstrates a consistent pattern of isotopic
changes, with three possible negative isotope excursions. With the aid of
statistical evaluations, two base-types of correlation models are
explored, assessing how the MMG magnetostratigraphy may correlate
with that in the NRB GSSP candidate marine sections at Pignola Abriola
(Italy) and Steinbergkogel (Austria). The co-occurrence of

Fig. 13. Statistics displayed as ‘heat maps’ for the correlation options shown in Fig. 11. a) Pearson correlation coefficient (R) for Pignola Abriola δ13Corg data points
correlated to the fitted loess curve for the Mercia Mudstone Group (MMG) dataset (SI Fig. S11), broken down into the 4 to 5 segments between the base and top of the
composite MMG, and the pinning points as shown in Fig. 11. b) The ratio of thickness (in metres) of the pinned segments as used in a) and shown in Fig. 11. E.g.
Segment 1 (UT23r.1r + UT23r.1n in Option 1; Fig. 11b, and UT23r.2r + UT24n in Option 2; Fig. 11e) is consistently relatively thicker at Pignola Abriola, compared
to overlying segments, in which the Haven Cliff section is mostly relatively thicker.

M.W. Hounslow and J.E. Andrews Palaeogeography, Palaeoclimatology, Palaeoecology 656 (2024) 112579 

16 



magnetostratigraphy and carbon isotopic changes in these sections
provides an additional sound framework for evaluation of these corre-
lation models. These highlight the stronger carbon isotope excursions
are located near the first occurrence ofM. posthernsteini s.l as used at the
Steinbergkogel sections, which are near coeval with the last occurrence
of non-dwarf Monotis. The correlation model preferred based on a bal-
ance of this evidence places the NRB (using the olderM. posthernsteini s.l
definition, NRB1) in the uppermost few metres of the Branscombe
Mudstone Fm. The younger candidate definition of the NRB (using the
M. posthernsteini s.s definition, NRB2) places it in the upper parts of the
Blue Anchor Fm, adjacent to a less pronounced, negative excursion, best
seen at Lavernock with the current sampling density (Fig. 11a). Clear-cut
evidence for the origin of the NRB carbon isotope excursions changes
remain elusive, but they are expressed in the British terrestrial succes-
sions, which suggests global character.

At Lavernock the equivalent to the St Audrie’s magnetozone SA5r (≡
UT28r) is detected in the ‘White Lias’ limestone of the Langport Mb,
close to the occurrence of Neophyllites lavernockensis. This magnetozone
postdates the Spelae carbon isotope excursion and is located at the base
of the positive carbon isotope excursion probably marking the base of
the Hettangian. The coeval equivalent to UT26r is also detected in the
Westbury Fm at Lavernock, prior to the Marshi carbon isotope excursion
which is in magnetochron UT27n of Rhaetian-4 age. Correlation of these
to CAMP bearing successions, highlights the near coeval occurrence of
the initial CAMP basalts and the base of the Cotham Mb of the Lilstock
Fm, within the end Triassic extinction interval of Lindström et al.
(2017).
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