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Abstract: Global synchronisation of environmental change in terrestrial successions in
deep-time is challenging due to the paucity of dating methods, a case also applicable to the
Middle to Upper Triassic Mercia Mudstone Group in Britain. Using coastal cliff sections,
magnetostratigraphy was evaluated at 263 horizons, defining 53 magnetozones.
Magnetozones from the lower 140 m of the group demonstrate correspondence to those from
the mid Ladinian to early Carnian polarity timescale, dating which is compatible with
magnetostratigraphy from the underlying Sherwood Sandstone Group. Magnetostratigraphy
of the Dunscombe Mudstone Formation, and associated palynological data, suggest a late
Carnian to earliest Norian age, and a dramatically lower accumulation rate than adjacent
formations. The polarity record demonstrates coeval flooding events, evaporite deposits and
intervals of sand supply between the Wessex Basin and the Central European Basin in the
Carnian. This is the result of linked climatic and eustatic changes between these separate
basins, related to aeolian dust supply and the shrinkage of hyper-arid source regions for the
fines. Magnetostratigraphy from the Branscombe Mudstone and Blue Anchor formations
demonstrates their Norian and early Rhaetian age. These and other data suggest an alternative
synchronization of marine and non-marine polarity records for the Norian polarity timescale.
198 words
Supplementary material: Section details and detailed logs of the sampled sections and
inferred sequence boundaries, magnetic mineralogy data, demagnetisation behaviour and
mean directions, summary of virtual geomagnetic pole data and a comparison to other
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32 scales. Excel sheet of magnetic data statistically evaluated correlation models, and age
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Accurate and precise dating of sediment successions is the cornerstone of global
understanding of many past environmental changes in deep time. It is particularly challenging
merging datasets from terrestrial successions into such understanding, because of the
common lack of detailed, accurate and precise biostratigraphies. In Europe the Middle and
Late Triassic contains rather contrasting intervals of environmental change. The Middle
Triassic saw the marine flooding of the Central European Basin (CEB) from the Palaeotethys
Sea, through gateways on its southern borders (McKie 2017). Faunal and floral turnovers
were low during the Middle Triassic (Brayard et al. 2009; Song et al. 2018). During the
Carnian, the start of the Late Triassic, major environmental changes are linked to a northern-
hemisphere-focused humid episode (Ruffell et al. 2016), which is associated with the
diversification of the dinosaurs (Bernardi et al. 2018). The transition into the Norian
witnessed major turnovers in marine biota (Dal Corso et al. 2020), linked to significant
fluctuations in sea-water temperature, which later in the Norian witnessed rising temperatures
and a climax in reef-building in the Palaeotethys (Sun et al. 2020).

In Britain the Mercia Mudstone Group (MMG) occupies part of the Middle (Ladinian
Stage) and most of the Upper Triassic (Carnian to Rhaetian stages), which is ~36 Myr in
duration, representing 72% of the Triassic (Ogg et al. 2020). However, the chronostratigraphy
of the MMG is poorly understood, so synchronisation of environmental signals encoded in
these red-bed sediments has remained elusive. The type section of the MMG is on the Devon
coast and lies within the Dorset and East Devon Coast World Heritage Site (Gallois 2019).
The MMG sections on the Devon coast are among the best exposed and accessible Middle
and Upper Triassic sedimentary rocks in Europe. The MMG contains palynological
assemblages recorded from two intervals, which allow a loose biostratigraphic age
assignment to parts of the Carnian and Rhaetian (Warrington 1997; Hounslow et al. 2004;
Baranyi et al. 2019). Other intervals are barren, hence the detailed chronostratigraphy of the
remainder of the MMG is unknown. On the Devon coast the MMG rests on the Middle
Triassic Otter Sandstone Formation (Fm), with the age of its upper part based on
magnetostratigraphy and vertebrate fossils, thought to be Anisian in age (Benton et al. 1994;
Benton 1997; Hounslow and Mclntosh 2003). The current work addresses the age of the
MMG using magnetostratigraphy, which allows the importation of chronostratigraphy by
correlation with conodont and ammonoid dated successions elsewhere, that contain a linked
magnetostratigraphy. This provides better insight into synchronisation of environmental

changes with elsewhere in Europe.
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The MMG was also important in the early development of palacomagnetism, with
geomagnetic reversals first detected in this unit in the pioneering study of Clegg et al. (1954).
Expanding on preliminary work of Creer et al. (1954), the details of the first
magnetostratigraphy from Triassic age sediments was by Creer (1959) from a 52 m section
across the Otter Sandstone Fm - MMG boundary east of Sidmouth, in which three
magnetozones were identified. Also pioneering was the use of alternating field tumbling
demagnetisation on sediments which was later followed by a pioneering study using low-
temperature methods to characterise the magnetic mineralogy of red beds (Creer 1961).

Currently, the Middle and Late Triassic geomagnetic polarity timescale (GPTS) is
reasonably well understood allowing international chronostratigraphic correlations to be
established (Gallet et al. 2007; Hounslow and Muttoni, 2010; Maron et al. 2019; Zhang et al.
2020; Ogg et al. 2020). However, the magnetic polarity pattern in some parts of the Carnian
is less certain (Zhang et al. 2020; Hounslow et al. 2022a). In the Upper Triassic uncertainty
remains about an internationally agreed position for the base of the Rhaetian (Galbrun et al.
2020), although that for the base of the Norian is closer to formal acceptance (Hounslow et al.
2021b).

We determined a magnetostratigraphy from the Devon coastal outcrops, providing the
first detailed chronostratigraphy of the MMG. This provides a better understanding of the
synchronisation of the British Middle and Upper Triassic with respect to the much better
studied German Triassic. These data also allow re-assessment of the composite polarity
timescale through the Norian by using additional data from the Upper Chinle Formation (of
New Mexico and Arizona) and elsewhere. This suggests a revised GPTS that shows better
convergence of the astronomically scaled magnetostratigraphy from the Newark Supergroup

and biostratigraphically better-dated marine sections through the Norian-Rhaetian.

The Mercia Mudstone Group in the Wessex Basin

The sections exposed in the east Devon cliffs between the outfall of the River Sid [SY
129 873] at Sidmouth, and east of the outfall [SY 273 893] of the River Axe at Seaton
provide the type section of the Mercia Mudstone Group (Howard et al. 2008; Gallois, 2019
Fig. 1). A total of about 470 m of Mercia Mudstone Group sediments, predominantly red
mudstone (and some green) with a few thin beds of sandstone, are exposed in these sections.
There are minor gaps in the succession due to faulting with potentially larger gaps in the Axe

Valley Fault Zone (Fig. 1). Micro- and macro-fossils are largely absent in these mudstones.

4



100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

Page |5

The MMG was previously inferred to range in age from the early Ladinian to late Rhaetian
based on: a) Anisian-age vertebrates (Benton et al. 2002) and a magnetostratigraphy from the
underlying Otter Sandstone Fm (Hounslow and McIntosh 2003), b) Carnian miospores from
the predominantly green and grey mudstones in the Dunscombe Mudstone Fm (DMF) and
immediately adjacent units (Baranyi et al. 2019) and c¢) Rhaetian miospores from the Lyme
Regis Borehole (Warrington 1997) and miospores and magnetostratigraphy from the top-
most Branscombe Mudstone and Blue Anchor formations in the Bristol Channel Basin
(Hounslow et al. 2004).

The MMG comprises four formations and eight members (Gallois 2001) that crop out
in almost continuous coastal cliffs between Sidmouth and Seaton (Fig. 1; Table 1). Detailed
lithological logs and magnetostratigraphic sampling points for the sections between Sidmouth
and Haven CIliff are shown in the Supplementary Information (SI Figs. S1.1 to S1.7).

The red mudstones that make up most of the MMG are thought to have formed
largely in arid playa environments, with mud input likely via mud-pellets (Talbot et al. 1994;
McKie 2017), and/or loess accumulation (Jefferson et al. 2000; Mao et al. 2021). In more
marginal situations in the north-eastern part of the Bristol Channel Basin some horizons have
pedogenic features such as slickensides (Milroy et al. 2019). However, palaeosols are not
present in most of the MMG on the Devon coast but do occur within the Dunscombe
Mudstone Fm (DMF) and its immediately underlying unit. Sedimentological evaluation of
the DMF indicates it formed in a freshwater lacustrine environment with shallow channels
(Porter and Gallois 2008), with associated beds of halite/sulphate collapse breccias (Gallois
2003). Within this general pattern of sedimentation there are regional lithological variations
that are poorly understood in the absence of age-diagnostic indicators. However, overall
facies are like those of other Germanic-type facies in western Europe (Aigner and Bachman
1989; Reinhardt and Ricken 2000; Vollmer et al. 2008; McKie 2017). The Wessex Basin in
which these strata accumulated is a sag basin without bounding faults (Butler, 1998). Coeval
Upper Triassic basin-margin strata (carbonates and some coarse clastics) onlap basement,
with limited areal occurrence, in marginal units to the NW (Milroy & Wright, 2000; Milroy
et al. 2019). This basin therefore is tectonically quiescent in contrast to some other well
studied Upper Triassic basins, such as the Newark Rift Basin, where tectonism played a more

active role in sedimentation (Withjack et al. 2013).
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Sampling and Methods

Samples were collected from 262 horizons, including four from the Pennington Point
Member (which overlap the sampling of Hounslow and Mcintosh (2003) from the Otter
Sandstone Fm). From these samples, 447 specimens were measured (Table 2), placed onto
sub-sections that represent natural continuously exposed segments of the MMG outcrop (see
SI section 1). Red mudstone horizons were preferred for sampling, if available, but non-red
lithologies were sampled in the DMF and Blue Anchor Formation (BAF). Sampling used
exclusively oriented hand-samples, prepared from suitable exposures, using hammers and
digging tools to expose a fresh block. Flat surfaces on these were oriented with a magnetic
compass and a specially designed ‘foot-print’ orientation staff (Hounslow et al. 2022b).
Samples were wrapped in the field for protection during transportation. Sampling was
segmented into subsections detailed in Table 2 and SI section S1.

In the laboratory, specimens were re-oriented and set in dental plaster, from which
cubic palaeomagnetic specimens were cut dry with a diamond saw (the mudstones tend to
fracture and crumble when exposed to saw coolant water).

Low field magnetic susceptibility (K) was measured using either an AGICO
Kappabridge or Bartington MS2 meter. Measurements of Natural Remanent Magnetisation
(NRM) were made using a 3-axis CCL GM400 cryogenic magnetometer (noise floor ~ 0.002
mA/m with holder correction). Red mudstone specimens were subjected to stepwise thermal
demagnetisation, using a Magnetic Measurements Ltd, MMTD1 thermal demagnetiser, in
100-50°C steps up to 720°C, with most steps above 400°C. Magnetic susceptibility
measurements were performed after each heating step, to monitor mineralogical changes
caused by the heating, which were mostly minor (see SI). Some non-red samples from the
DMF and BAF (41 specimens in total) were measured by a combination of thermal
demagnetisation up to around 300-400 °C followed by reverse-tumbling AF demagnetisation
(on a Molspin demagnetiser). This procedure was used to limit thermal alteration which
obscured the characteristic remanent magnetisation (ChRM) in these lithologies. The
specimen demagnetisation results were analysed using principal component analysis in the
LINEFIND software (Kent et al. 1983), to extract the Triassic ChRM from the specimen data
(See Hounslow and MclIntosh 2003; Hounslow et al. 2008a; 2021a for analysis details). Great
circle type behaviour was also shown by many specimens during demagnetisation, and
behavioural classes S (for linear -fits) and T (great circle behaviour) were assigned to

specimens (see demagnetisation behaviour panel in Figs 2 to 7). These were further sub-
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divided into three qualitative classes (S1, S2, S3 and T1, T2, T3; with class 1 the top quality)
based on the directional scatter and number of points in the fitted principal component data
(see Hounslow et al. 2008a; 2021a for classification details). Directional data for some of the
weakest intensity specimens was too erratic and these specimens were rejected (X-class).
Based on the approach to expected Triassic directions and the behaviour classes, the
specimen is assigned a polarity quality (R, R?, R??, 7, N??, N? or N), to indicate its reversed
or normal polarity status, with R? or N? indicating a polarity assignment of lower quality,
compared to R or N of top quality. '?" indicates the specimen could not be confidently
assigned a polarity (Figs. 2 to 8).

The specimen virtual geomagnetic pole (VGPRr) latitudes (Hounslow et al. 2022b),
were determined with respect to the reference mean VGP direction for either the Sidmouth
Mudstone (MS, MD samples), Dunscombe Mudstone (MW samples), Branscombe Mudstone
(ML, SH, MB, SE samples) or Haven Cliff (HC samples) data. Values of VGPr latitude near
+90° indicate a normal polarity specimen and values near -90° indicate reverse polarity (Figs.
2 to 8). Directional statistics (see SI Table S3.1) were determined with PMagtool v.5
(Hounslow 2006).

The magnetic mineralogy of the red mudstones of the Sidmouth Mudstone Fm was
described by Creer (1957, 1961), and additional data are given in SI section 2, confirming
haematite dominates the natural remanent magnetisations (NRM) in most of the MMG.

Statistical t of the magnetic polarity correlations was determined by firstly
characterising the polarity pattern in terms of five metrics for each magnetozone, to, loge(t-
1/to), polarity bias, Shermans > statistic and geometric mean. Where to is the thickness (or
duration) of the magnetozone, and t+1, t.; are the corresponding values for the underlying and
overlying magnetozones. The later three metrics use t+1, to and t.;. Loge(t-1/to) is used in
quantitative polarity correlation since it is less dependent on sedimentation rate changes
(Man, 2008; Lallier et al. 2013). The polarity bias, @2 and mean thickness metrics
characterise more about the local polarity structure than using to or loge(t-1/to) individually
(Olsen et al. 2014) and have been used in quantitative multivariate polarity correlation
(Hounslow et al. 2022b). Using these metrics for each magnetozone the polarity correlation
models were evaluated for statistical similarity using the similarity of matrices index (SMI)
and Procrustes similarity index (PSI) using methods in Indahl et al. (2018), The probability of
association of the corresponding polarity patterns uses the RV-based statistic Prv (Josse et al.

2007). Lastly the divergent characteristics of each magnetozone in the correlation models was
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characterised by the Euclidean distance (d;) using the above five metrics above, in which
more problematic intervals of correlation are highlighted with larger d;. Care was taken to
approximately normalise the five metrics to similar means and standard deviations. This
involved using loge(t-1/t0)*0.5 and 2*®; and most-often scaling magnetozones to duration (in
Myr). This allows comparison of the median of d; (dmedian), as an additional approximate
measure of overall polarity pattern divergence. Statistical comparisons used R.

We also provide a preliminary assessment of the sequence stratigraphy of the MMG,
which is used with an assessment of the wider regional implications of this study. Details of
sequence boundaries selected are indicated in SI Table S1.2. These use the playa-lacustrine
environmental models proposed by Aigner and Bachman (1989), Reinhardt and Ricken
(2000) and Vollmer et al. (2008).

Results

NRM intensity is broadly related to colour, with red-mudstones having intensity 1-7
mA/m, and others 0.03- 1.5 mA/m (left panels in Figs. 2 to 8). The multi-coloured lithologies
from the DMF have a less simple relationship to NRM intensity (Figs. 4a; see SI section 2).
Demagnetisation behaviour shows two components: a low laboratory unblocking temperature
(LT) component and a dual polarity ChRM at the highest unblocking temperature. The LT
component typically ranges from NRM or 100 °C to around 350°C, but in some specimens
can extend to 500°C or more rarely to 600°C (See SI section 3). The LT component typically
dominates the magnetisation, which rapidly demagnetises in intensity towards 400 °C (SI
section 2). The Fisher mean of the LT component (in geographic coordinates) is 349°, +53°
(0105=5.9°, k=3.3, n=245) and may be partly a Brunhes-age component, but with many
specimens displaying partial overlap with the Triassic components (see SI section 3 for
details and demagnetisation plots). However, the mean inclination is shallower than expected
for the Brunhes (~67°), indicating the LT component could be partly acquired during the
Early Cretaceous, when the MMG were eroded and onlapped (Fig. 1).

The ChRM in red mudstones is shown predominantly by linear fits to the high
temperature steps (on average from 480 °C to 680-700 °C or the origin; see SI section 3), but
with some more unusual specimens having ChRM that unblocks from 150-400 °C. In the non-
red lithologies from the DMF, ChRM ranges are 300-400°C to 40 - 80mT or the origin.
Linear fits comprise data from 62% of specimens (S-class data points in Figs. 2 to 8, 255
specimens). The ChRM identified by great circle trends toward the expected direction (T-

8
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type behaviour; Figs. 2 to 8), comprised 32% of specimen data (133 specimens). The
remaining 6% of specimens failed to yield useful directional data either due to complete LT
and ChRM component overlap or absence of a ChRM (indicated as X-class). A total of 88%
of specimens were assigned polarity using the two better categories of polarity quality (i.e. N,
R, N?, R?).

Mean directions were determined for each section using either the S-class directions
(Fig. 9) or additionally using the great circle data from the T-class specimens (SI Table S3.1).
Directions mostly pass the reversal test with class Rb or Rc, and the derived palaeopoles are

like other Triassic poles from stable Europe (see SI section 4).

Magnetostratigraphy

Magnetozones are assigned to 12 major magnetozone couplets labelled SS1 to SS12
(Sidmouth to Seaton composite section), with SS12 in the Seaton Cliff section. The basal
reverse magnetozone in the MMG is labelled BS8r, continuing the labelling used by
Hounslow and McIntosh (2003) for the Budleigh Salterton to Sidmouth sections in the
Sherwood Sandstone Group (Fig. 2). The Haven Cliff section uses a separate magnetozone
code (HC1n to HC3r; Fig. 8) because its relationship with the SS-magnetozones is less
secure.

The lower ~140 m of the MMG between the River Sid outfall to Hook Ebb (Figs. 2,3)
is composed of 11 magnetozones, with the thickest magnetozone (SS1n) in the whole of the
group at 36 m, in the Salcombe Hill Mudstone Mb (Fig. 2). The polarity in the top of the
Otter Sandstone Formation (Pennington Point Mb) east of Sidmouth is consistent with that
previously measured in the same interval west of Sidmouth by Hounslow and MclIntosh
(2003), and their correlated data are also shown on Fig. 2. Some larger sampling gaps are
present in the Hook Ebb Mudstone Mb (Fig. 3), and three of the magnetozones are defined by
single samples (2 specimens each; SS2r.1n; SS3n.1r) in the Salcombe Mouth to Hook Ebb
section (Fig. 3). Polarity data of Creer (1959) from the lower part of this section identifies the
base of a normal polarity magnetozone some 17 m above a green sandstone level, which is
presumably near the top of the Otter Sandstone, and normal polarity below the sandstone
level, with an intervening reverse magnetozone some 17-22 m thick. These polarity changes
are like our data, but reverse magnetozone (BS8r) is some double the thickness of Creer’s.
Lithological logs were not given by Creer (1959), so either; a) these differences relate to a

thickness error, or b) the upper part of BS8r in Creer’s data was too strongly overprinted by

9
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the LT overprint, that AF demagnetisation at 120 mT (and 3 years storage in zero field) failed
to remove it.

The SS1n-SS3r polarity boundary coincides with the basal sandstone bed in the base
of the Salcombe Mouth Mb, indicating there could be a hiatus at this level. Similarly, the
SS2r-SS3n polarity boundary coincides with a halite breccia bed so it could be there is a
hiatus between samples MD1 and MD4 across this ~1 m breccia interval.

The 45 m of section at Strangman’s Cove preserves 18 magnetozones, with three
additional tentative reverse magnetozones in the upper part of the Little Weston Mudstone
Mb (SS3n.2r, SS3n.3r, SS3n.4r; Fig. 4). This part of the Little Weston Mudstone Mb was one
of the least well exposed parts of the MMG (at the time of sampling), and the sparser
sampling probably inadequately represents the polarity changes. The high sampling density in
the lower and mid parts of the DMF indicates frequent reversals, or a relatively condensed
interval in the MMG. The Lincombe Sandstone Mb (a lenticular siltstone/sandstone body if
evaluated using adjacent outcrops) is exclusively reverse polarity (SS4r; Fig. 4). The change
in polarity across the base of the Lincombe Sandstone Mb could indicate a hiatus at its base.
Likewise, the halite breccias in the section likely indicate a hiatus in the section at these
levels (Fig. 4). An interval at -2.5 m with slickensides (Fig. 4) is a probable palaeosol. This
occurs in an interval of strata that is infrequently exposed in the upper part of the Little
Weston Mudstone Mb (172 -183 m in composite height; SI Fig. S1.3).

The stratigraphically higher but partially overlapping 45 m section at Littlecombe
Shoot west displays dominantly reverse polarity with a single-sample normal magnetozone in
the lowest Littlecombe Mudstone Mb (SS8r.1n; Fig. 4). Samples from the upper sandstone
are of reverse polarity (magnetozone SS9n.1r; Fig. 5) embedded in a thicker normal polarity
magnetozone SS9n, which extends into the base of the section at Littlecombe Shoot east (Fig.
5a). The magnetostratigraphy in the Littlecombe Shoot Mb may be more complex than the
sampling indicates, because seven of the submagnetozones in this member are based on only
single samples (but 2 specimens from each, e.g., basal part of SS9r; Fig. 5).

The section between Red Rock and Branscombe Mouth starts in reverse magnetozone
SS9r (Fig. 6), like the upper-most sampled part at Littlecombe Shoot east, but passes up into
normal polarity (SS10n, SS11n), which is dominant in the mid and upper parts of this section
(Fig. 6). Two submagnetozones are defined by a single sample, one at the base of the Seaton
Mudstone Mb (SS9r.3n), and one at ~48 m above the base of the Seaton Mudstone Mb
(SS11n.1r; Fig. 6).

10
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The Seaton CIiff section is dominated by normal magnetozone SS12n, but with three
submagnetozones defined by single samples (SS12n.1r, SS12r.1r, SS12r.1n; Fig. 7).

The Haven Cliff section has well defined magnetozones, particularly those in the
uppermost Seaton Mudstone Mb and throughout the Haven Cliff Mudstone Mb where
sampling density is higher (i.e., HC2n; Fig. 8). The specimens from the BAF were
challenging to measure and analyse due to the weak NRM intensity (many <0.1 mA/m),
larger directional scatter, and dominance of great-circle type behaviour (Fig. 8). Four
magnetozones are defined by a single sample, with multiple specimens (HC1n.1r, HC1n.2n,
HC2n.1r and HC3r.1n), and three tentative submagnetozones (HC2n.2r, HC3n.1r, HC3r.2n;
half width bars in polarity column; Fig. 8) are defined by a single specimen. One sample has
specimens of opposite polarity and is assigned unknown polarity (grey bar at -11 m; Fig. 8).

Overall, the MMG magnetostratigraphy has a moderate number of magnetozones
defined by single samples (21 out of the total), which is a non-ideal situation, and could be

rectified with detailed sampling of sparse intervals.

Discussion and synthesis

Timing issues in red-bed magnetisations

The fine-grained haematite (the pigment) which colours many red-bed successions
generally has been generated over-long time intervals by oxic diagenesis. This pigment
component often largely carries the overprint magnetisations or it is sufficiently fine-grained
to acquire no persistent remanence. The specularite (haematite generally > 1um in size) in red
beds is responsible for the stable magnetisations either produced during deposition, during
very early burial, or in some cases during longer-term diagenesis, like the pigment (see
reviews by Butler, 1992 and Swanson-Hysell et al. 2019). Some of the issues connected with
the ‘red-bed controversy’, which was most active in the late 1970-1980’s, were also related to
the incomplete demagnetisation methods (i.e. blanket demagnetisation) often employed at the
time, which were unlikely to separate primary from secondary components and later
diagenetic-related magnetisations. These have now been superseded by more complete
demagnetisation approaches. It is clear from the work of Creer (1959, 1961) that the MMG
contains both pigment and specularite. Likely, the LT component in the MMG is largely
carried by the pigment, as evidenced by the often-rapid intensity decay during thermal

demagnetisation and unblocking of this component (see SI). Isolation of magnetisations in
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randomly tilted intraformational intraclasts is the classic way to test for specularite
components acquired prior to deposition (Swanson-Hysell et al. 2019). Intraclasts are rare in
the MMG (and only of small size), so this method cannot be easily applied.

We infer that the ChRM in the MMG red-sediments is largely carried by detrital
haematite deposited during deposition (or close to that time). This is based on: 1) The ChRM
is carried by both haematite and magnetite in the DMF, which contains both normal and
reverse polarity intervals. The DMF red mudstones appear little different magnetically to
other parts of the MMG. 2) The ChRM directions are of dual polarity with palacopoles much
like many other European Triassic sediments; 3) Magnetisations are simple in directional
behaviour, unlike those inferred to be acquired over long-term intervals which tend to be
more complex (Butler, 1992). 4) Magnetozones are straightforward to define, without many
single-sample polarity intervals, which could be a characteristic of patchy diagenetic
production of specularite.

However, it cannot be excluded that some of the specularite has been produced over
longer time intervals. This could be responsible for the great-circle type behaviour seen in
some specimens, so longer-term diagenetic-related magnetisations are not fully separated
from near-depositional components when demagnetised. The wide dispersion in the
declination of the poles to the great circles for the specimens with t-class ChRM’s (SI Fig.
S3.2) is consistent with contamination from rather dispersed secondary components, perhaps
acquired over longer and variable time-intervals into the Brunhes (e.g., SI Fig. S3.1).
Possibly some of the 6% of specimens that retain no ChRM are dominated by magnetisations

from pigment or diagenetic specularite.

Age of the Sidmouth Mudstone Formation and international comparisons

Independent constraints on the age of the Sidmouth Mudstone Fm (SMF) are provided
firstly by vertebrates, largely from the Chiselbury and Pennington Point members (and some
older occurrences from the Otterton Ledge Member) of the underlying Otter Sandstone Fm
(Benton et al. 1994; Spencer and Storrs 2002; Gallois 2005; Coram et al., 2017). The key
taxon Eocyclotosaurus is largely known from the upper parts of the Otter Sandstone (Coram
et al., 2017). The age of these vertebrate assemblages has been inferred by comparison to
similar assemblages in better dated strata of the R6t Formation (in Germany) and the
Holbrook Member (Moenkopi Formation, USA) described by Lucas and Schoch (2002). The
Ro6t Formation in the CEB is early Anisian in age (Nawrocki and Szulc 2000; Szurlies 2007).
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From the Moenkopi Formation (in Arizona), magnetostratigraphy from the Holbrook
Member suggests it has a late Anisian age range from magnetochrons MT4 to MT7, a
correlation also constrained by (CA-TIMS) U-Pb detrital zircon dates (Haque et al. 2021; Fig.
10).

In addition, vertebrate assemblages like those of the Otter Sandstone Fm occur in the
Bromsgrove Sandstone of the Midlands, which is inferred to be Anisian (Seyfullah et al.
2013), because the overlying MMG has Anisian age palynomorphs (Benton et al. 1994). In
contrast, fish remains from the Otter Sandstone Fm suggest a Ladinian age (Milner et al.
1990). The level of uncertainty in the widely inferred Anisian age for the Otter Sandstone
Fm, based on the vertebrates alone is unclear. Indeed, some have emphasized the inherent
uncertainties and flaws in the concept of land vertebrate faunachrons and their means of age
control (Rayfield et al. 2009; Irmis et al. 2010; Martz and Parker, 2017)

Secondly, age is inferred from miospores in the uppermost SMF, DMF and basal
Branscombe Mudstone (Baranyi et al. 2019). Two palynologically-productive samples some
38 m below the base of the DMF in the Wiscombe Park-1 borehole, were assigned to the
early Julian Substage (earliest Carnian) by Baranyi et al. (2019), a position some 6 m above
the base of the Little Weston Mudstone Mb (Gallois 2007).

The Little Weston Mudstone Mb palynology accords with the normal polarity
dominance of this member, which characterises the early part of the Julian (Fig. 10). The
underlying magnetostratigraphy from the remainder of the SMF seems a good match to the
GPTS in the mid and late Ladinian (Fig. 10). However, there are differences in the presence
of brief normal subchrons in MT11r, which are only seen from the Seceda core dataset
(Maron et al. 2019; Hounslow and Muttoni 2010). Other marine sections containing MT11r
such as Mayerling and Gammsstein-1 only have reverse polarity (Maron et al. 2019), like our
data from magnetozone BS8r (Fig. 10). These correlations suggest the base of the SMF
closely corresponds with the start of MT11r in the mid Ladinian.

The reverse polarity dominated mid and late Anisian (MT4r to MT8r) is a distinctive
polarity feature of the Middle Triassic (Fig. 10). This MT4r-MT8r interval is primarily
evidenced by well-dated magnetostratigraphies from the Mushcelkalk (Nawrocki and Szulc
2000), the upper Guandao section (Lehrmann et al. 2015; Li et al. 2018), and the Milne
Edwards Fjellet section on Svalbard (Hounslow et al. 2008b). The coeval upper part of this
interval (MT7 to MT8r) is also found in other sections from Italy, Greece, Austria, and

Svalbard (Hounslow et al. 2008b; Maron et al. 2019). The MT4r to MT8r chron interval is
13
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most likely equivalent to the BS3r to BS6r magnetozones in the Otterton Ledge Mb of the
Otter Sandstone Fm (correlation option-1 in Fig. 10). This correlation option gives a fair
correspondence between the number and relative thickness of magnetozones in the BS6 to
BS8n interval and the two possible GPTS interpretations for this interval. Option-1 (our
preferred solution) places the base of the Ladinian close to the base of the Chiselbury Mb of
the Otter Sandstone (Fig. 10).

The differences between the GPTS of Hounslow and Muttoni (2010) and Maron et al.
(2019) in the MT4r-MTS8r interval are due to use of the Guandao section data as the reference
section for the lower and mid parts of this interval by Maron et al. (2019). Whereas
Hounslow and Muttoni (2010) used more datasets for this interval. Because of the uncertainty
in this part of the GPTS, a second possibility is that the MT4r-MT8r interval represents BS31-
BS5r, shown as correlation option-2 in Fig. 10. Option-2 results in more changes in
accumulation rate (if magnetochron thickness in the GPTS is a proxy for time) in the Otter
Sandstone Fm than option-1. Also, option-2 gives two additional reverse magnetozones in
BS7n.1n, BS7r which are not represented in MT11n. However, magnetochron MT11n is only
partially represented in the Belvedere and Aghia Triada sections, with both displaying a
tentative reverse submagnetozone near the base (Maron et al. 2019), so MT11n may contain
more reverse subchrons than shown in these reference sections. The loss of time at potential
hiatuses in the Otter Sandstone at the base of the Chiselbury and Pennington members
appears to be small, although perhaps all three correlation options suggest part of MT8r
(SC2r in GPTS-A) may be missing, based on the thinner reverse polarity of BS6r.

The statistical evaluation of these correlations shows that correlations to GPT-A
(Option-1) gives the better and larger SMI (0.53), but the correlations to GPTS-B give the
larger PSI value (Table 3). As a comparison the GPTS-A to GPTS-B statistics show a higher
level of similarity, as would be expected, because both are constructed from mostly similar
datasets. The median Euclidean distance is smaller (0.48) for the correlation to GPTS-B,
suggesting this has some advantage over the correlations with GTS-A. All three correlation
options pass the RV-test of similarity at >99% probability (Prv <0.01; Table 3). The more
problematic magnetozones (i.e., with larger d;) for comparison are Anisian magnetochrons
MT4r and MT5n using GPTS-B, and BS3r.2r, BS5r, BS6n.1n for GPTS-A (flagged in Fig.
10). All correlation options indicate magnetochrons MT12n and MT11 have larger d;

indicating these are more problematic comparisons.
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Comparison to the Triassic of the Central European Basin (CEB)

In the CEB the Longobardian to early Carnian interval are assigned to the Grabfeld
Fm (Bachmann and Kozur 2004; Nitsch et al. 2005; Hagdorn and Nitsch 2009), largely based
on miospore correlations (Kiirschner and Herngreen 2010). Regionally the Grabfeld Fm is
divided into three units (lower, middle, and upper) with boundaries locally expressed as
disconformities (Nitsch, et al. 2005), but in the Morsleben 52a core as correlative
conformities. Sulphate bearing units largely occur in the Lower and Middle Grabfeld Fm, like
those seen in the Hook Ebb Mudstone and Little Weston Mudstone members (Fig. 11). A
magnetostratigraphy through the Grabfeld Fm in core Morsleben 52a and associated northern
CEB cores (Fig. 11), allowed construction of a composite for this formation (Zhang et al.
2020), which has a connected cycle-stratigraphy (Barnasch 2010). The magnetostratigraphy
from the Lower and Middle Grabfeld Fm and upper part of the underlying Urfurt Fm shows a
fair correspondence to the upper part of the SMF (Fig. 11). This suggests the maximum
regressive surface in the Salcombe Mouth Mb may relate to the upper-most regressive
interval in the Erfurt Fm, below the flooding surface expressed by the transgressive, marine
Grenzdolomit horizon. This correlation is emphasised by the sulphate bearing interval
between SS2r to basal SS3n and the dominance of coeval evaporites, typical (Nitsch et al.
2005) of the Middle Grabfeld Fm (Fig. 11). Possible hiatuses may be at the base of the
Salcombe Mouth Mb and the base of magnetozone SS2n where there is coincidence of
polarity boundaries and beds with distinctly differing lithology to underlying units. In the
CEB the Urfurt Fm, unlike the overlying Grabfeld Fm contains sandstone beds, a simple
comparison which also applies to the Salcombe Mouth Mb and the overlying Hook Ebb
Mudstone pair of units. Therefore, as an approximation the interval from the base of the
Pennington Point Mb to the base of magnetozone SS2n is coeval with the mid and upper parts
of the Urfurt Fm (Figs. 10, 11), which has a strongly diachronous boundary with the
underlying Muschelkalk (Franz. et al 2013)

Correlation of the MMG polarity data to the GPTS is ambiguous around the base of
the Carnian. Firstly, miospores place the base of the Carnian below the productive samples in
the Little Weston Mudstone Mb (Baranyi et al. 2019), and near the base of the Upper
Grabfeld Fm in the CEB (Bachmann and Kozur 2004; Kiirschner and Herngreen 2010).
Secondly, uncertainty about the GPTS construction in the early Carnian (Julian-1 interval)
also leads to duplicate options for correlations of magnetozones SS3n and MK2n (Fig. 11).

The most likely correlation for the bases of SS3n and MK2n is with the base of UT1n in both
15
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GPTS-A and GPTS-B (Fig. 11). If the single specimen of conodont Paragondolella
polygnathiformis (conodont proxy for the base of the Carnian; Rigo et al. 2018) found in the
Carnian GSSP at Stuores is representative of its first appearance, then UT1n and UT2n may
be duplicates in GPTS-B, and instead magnetochron MAS (in GPTS-A) may be
representative of this interval (Fig. 11). This would suggest SS2r and MK1r are the likely
equivalents of MT13r (and MA4r), a magnetochron which so far only has a
thickness/duration estimate from the Mayerling section (Gallet et al. 1998).

The upper part of magnetozone SS3n in the Little Weston Mudstone Mb has
insufficiently detailed sampling to properly define a polarity stratigraphy. However, by
comparison to the upper part of the Grabfeld Fm, it is clear this interval is either condensed,
or contains a hiatus. The most likely candidates for either of these scenarios are the palaeosol
at 179 m or its underlying halite collapse breccia (Fig. 11). If a hiatus, this may be coeval
with a disconformity often inferred at the base of the Upper Grabfeld Fm (Bachmann and
Kozur 2004; Hagdorn and Nitsch 2009; Kozur and Weems 2010).

Age of the Dunscombe Mudstone Formation (DMF) and international comparisons

Independent evidence of the age of the DMF are firstly provided using miospores
from the Strangman’s Cove section, in which Baranyi et al. (2019) placed the Julian-Tuvalian
boundary around the upper boundary of the DMF. Their miospore data from the body of the
DMF suggest that most of this formation is late Julian (or Julian) in age. Warrington (1971)
similar concluded that palynomorph assemblages from the DMF were Carnian in age, and
Fisher (in Jeans, 1978) recognised older and younger Carnian palynomorph assemblages with
the boundary between them placed within the Lincombe Sandstone Mb. Warrington (1997)
also inferred a Carnian-age in two samples from the Lyme Regis Borehole, which probably
come from the DMF (Gallois 2006). However, the precision with which the Julian and
Tuvalian substages can be identified with miospores in the MMG is uncertain, because as
noted by Baranyi et al. (2019), miospore occurrences are often diachronous between the
Triassic Germanic and Tethyan realms, and independent age control is poor for miospores
from the inferred Tuvalian and Norian of the Germanic realm (Kiirschner and Herngreen
2010). Characterising the Carnian-Norian transition using miospore assemblages more
generally is also problematic (Cirilli 2010; Lucas et al. 2012; Hounslow et al. 2021b).

Secondly, a single specimen of the spinicaudatan, Laxitextella multireticulata (Reible)

was found in the Lincombe Sandstone Mb from fallen blocks at Weston Mouth (Kozur in
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Gallois 2019). This species also occurs in the Middle and Upper Grabfeld Fm of the CEB
(Geyer & Kelber, 2018), and from the Upper Meride Limestone of the southern Alps (Kozur
& Weems, 2010). The Upper Meride limestone is early Longobardian in age (Stocker et al.
2012), currently providing the best age calibration of L. multireticulata . However, the range
of L. multireticulata is unknown in detail, and more ‘advanced forms’ have been described,
similar to the younger L. laxitexta, which is known to range into the Norian (Geyer & Kelber,
2018). Until more is known about the age range of L. multireticulata a single specimen from
the DMF cannot be confidently used to infer precise ages.

Thirdly, age can be inferred using negative carbon-isotope excursions (CIE) found in
the DMF both in the Strangman’s Cove section and the Wiscombe Park boreholes (Miller et
al. 2017; Baranyi et al. 2019; marked on Hook Ebb-Strangman’s Cove section in Fig. 12 as
DIE#). These provide additional means of correlation to marine sections with better age
control. The Carnian possesses several CIE in the Julian which are in part well calibrated to
biostratigraphy (Mueller et al. 2016; Dal Corso et al. 2018; Lu et al. 2021; Mazaheri-Johari et
al. 2021; Li et al. 2022). These are marked on the Ogg et al. (2020), GPTS-A in Fig. 12 (as J1
to J4); although these are less well-calibrated to magnetostratigraphy. CIE also occur in the
Tuvalian and basal Lacian interval (Jin et al. 2019; Hounslow et al. 2022a; marked on the
GPTS-B column (T1 to L1) in Fig. 12) and are better calibrated to magnetostratigraphy.

The magnetostratigraphy from the late Tuvalian and Julian is generally well
characterised by section-based studies from Turkey, Italy, Austria, Slovakia and China
(Hounslow and Muttoni 2010; Maron et al. 2019; Figs 11, 12). However, the
magnetostratigraphy of the early Tuvalian (Tuvalian-1; Fig. 12) is less certain, and one option
is to project the poorly-dated Stockton Formation dataset (Newark Supergroup, E-numbered
magnetozones) into the mid Carnian (Figs. 12, 14). This option is used in GPTS-A (Fig. 12)
and by Zhang et al. (2020), based on magnetostratigraphy from the northern CEB cores.
However, Hounslow et al. (2022a) have proposed a rather different polarity scale for the
Tuvalian (GPTS-B; Fig. 12), based partly on polarity datasets from Svalbard and constrained
by CIE correlations in the Tuvalian.

In terms of geomagnetic polarity, the most distinctive feature of the Lacian Substage
is the dominance of reverse polarity (Newark magnetozones E8r-E12r; chrons UT13r-UT16r;
Fig. 14). This clearly associates the dominant reverse polarity in the top of the DMF and
lower Littlecombe Shoot Mb (SS7 to SS8r) to the Lacian (Figs. 12, 15). This correlation
places the base of the Norian within SS6r.1n or SS7n in the upper part of the DMF (Fig. 12).
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This part likely has missing intervals at the halite collapse breccias in the section (breccias in
SS6-SS7 magnetozones). The preferred correlations shown in Fig. 12 (magnetozones SS5r
and SS6n to GPTS-B) are based on the correlation of the DMF isotope excursions DIE4,
DIES to CIE (T5+T6) and T4 respectively (Fig. 12). Magnetozones SS5n and SS6n may
additionally correspond with magnetozones MK5n.1n and MK5n.2n in the Weser Fm from
the northern CEB cores (upper red correlation lines in Fig.12).

The Little Weston Mudstone Mb and basal DMF are normal-polarity dominated and
hence the Julian-1 magnetochron interval UT1n- UT2n in GPTS-A, may correlate with the
pattern of polarity changes inadequately represented by the sampling in this part of the MMG
(Fig. 12). Overlying chron UT2n (blue labels on GPTS-A) is a reverse polarity dominated
interval (MK3r-MK4r at Morsleben; SS3r-SS4r in the DMF), which is probably equivalent to
the UT6r - UTO9r interval in the GPTS-B (based on data from Svalbard and the Pignola-2
section; Maron et al. 2017; Hounslow et al. 2022a). In the DMF the isotope excursion DIE-3
likely correlates to the J3+J4 excursions (Mazaheri-Johari et al. 2021) of Julian-2 age (black
correlation line in Fig. 12). Based on the association of normal polarity around DIE-1, and the
dominantly reverse polarity in UT3r-UT4r, it seems less likely that DIE-2 is the equivalent of
excursion J2 known from the earliest Julian-2 (Fig. 12). A better alternative is that a missing
interval may be present at the halite collapse breccia in SS3r, and DIE-2 and DIE-1 are
probably older CIEs within Julian-1 (e.g., as in Mueller et al. 2016). This suggests the reverse
polarity of the Lincombe Sandstone Mb is coeval with that of the Stuttgart Fm in the
Morsleben cores, and both are early Tuvalian in age. Since the polarity changes across the
base of the Lincombe Sandstone Mb, this level could be a minor hiatus/missing interval (Fig.
13) because this sandstone has a channel-like (but not clearly down-cutting) geometry (Porter
and Gallois 2008).

A magnetostratigraphy from the Polish ‘Schilfsandstein’ (Nawrocki et al. 2015,
Wojcik et al. 2017) has indicated three normal polarity submagnetozones, in a dominantly
reverse polarity interval like the style of polarity changes in the Stuttgart Fm of the
Morsleben cores; although in Poland fragmentary recovery of polarity from over and
underlying strata precludes any detailed correlation. Refinement of the association of carbon
isotope excursions with respect to the magnetostratigraphy in the late Julian would assist with
international correlation at a finer scale.

The statistical assessment of these correlations shows that SMI is largest for the DMF

to Morsleben correlations, with the largest PSI for the DMF to GPTS-B correlations (Table
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3). This later correlation also has the smallest median d; (at 0.77), and the larger probability of
association (more than 99% chance of association). This suggests statistically the correlation
to GTPS-B is the better, with the most problematic intervals for comparison being SS4r,

SS6n and SSé6r.1r (Fig. 12). For comparison, the GPTS-A to GPTS-B correlations have
smaller SMI and PSI indices, indicating poorer relationships. This is probably because these

are constructed from entirely different polarity datasets through the Tuvalian.

Comparison to the Stuttgart and Weser formations of the CEB

At a simple-level, the sandstone and calcareous ‘group’ divisions of Jeans (1978) for
the DMF (Fig. 13) are like the halite-sandstone-halite bearing ‘sandwich’ of the Stuttgart Fm
and its adjacent formations in the CEB (Bachmann et al. 2010; Hagdorn and Nitsch 2009).
The presence of dolostone beds in both successions also enhances the degree of similarity to
the DMF, with flooding surfaces in the CEB usually represented by dolostone beds. Using the
magnetostratigraphic correlations and the events and cycles of Barnsach (2010) from the
Morsleben 52a core, and Franz et al. (2014) from more widely in the CEB, some of these
flooding surfaces may have coeval expression in the Devon successions; particularly those of
the Neubrandenburg, Beaumont and Lehrberg beds (Figs. 12, 13). However, the small cycles
of Barnsach (2010) do not have a clear synchronous expression in the DMF.

The set of halite-dissolution breccias in the Upper Weser Fm from the Moresleben
52a core, and those near beds K and J in the DMF may be indicative of coeval flooding
events around the base of the contemporary SS7r and MK5r.1r magnetozones (Fig. 13).
Indeed, three widely distributed halite units are known in the CEB in the Weser Fm
(Bachmann et al. 2010), which may be coeval with the three collapse breccias seen in the
upper part of the DMF between 26- 30 m (Fig. 13). If these relationships are correct, the
boundary between the Weser and Arnstadt formations (the D4 or early Kimmerian-I
unconformity; Feist-Burkhardt et al. 2008) may be coeval with the sequence boundary at bed
N in the base of the Littlecombe Shoot Mudstone Mb (Fig. 13).

Despite episodic eustatic marine influence on the Middle Keuper in the CEB (sourced
through a southern gateway; Bachmann et al. 2010; Franz et al. 2014), and the correlations
proposed in Fig. 13, there is no direct evidence for marine intervals in the Wessex Basin in
this interval. If there was, this would likely be a route from the SW through the SW
Approaches basins (McKie 2017). More detailed investigation of the dolostone intervals in

the DMF may shed light on this possibility.
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Rhaetian and upper Norian: Blue Anchor Formation (BAF), Seaton and Haven
Cliff Mudstone members

In addition to the miospore data discussed above in the base of the Branscombe
Mudstone Fm, palynomorphs from the upper parts of the BAF suggest a Rhaetian age
(Warrington 1997, 2005). These Rhaetian assemblages are comparable to those from the St
Audrie’s Bay section in North Somerset, where similar assemblages continue into the Penarth
Group (Hounslow et al. 2004; Bonis et al. 2010).

Alternative GPTS’s have been proposed for the mid Norian to early Rhaetian. Firstly,
that of Kent et al. (2017) and Maron et al. (2019) utilise a reference scale largely from the
Newark Supergroup magnetostratigraphy (Fig. 15), with the chronostratigraphy imported
using a correlation to selected marine sections with magnetostratigraphy. Secondly, is the
GPTS-B (Fig. 14) a marine-section based composite of Hounslow and Muttoni (2010), which
is updated here with new data for the Sevatian to early Rhaetian (see SI Fig. S5.1).
Correlations between GPTS-B and some key non-marine sections for this interval are shown
in Fig. 14, with the addition of a composite for the upper Chinle Formation (its construction
is outlined in SI section 5.1). GTPS-B provides the better base to understand the likely
chronostratigraphy of the upper parts of the MMG (Fig. 15).

The magnetostratigraphy from the Haven Cliff section is closely comparable to that
from the St Audrie’s Bay section (Fig. 15), even down to the reverse submagnetozones in the
coeval mid parts of HC2n and SA4n and the probably coeval reverse submagnetozones
SA3n.1r and HCIn.1r (Fig. 15). The relative thicknesses of coeval magnetozones varies
somewhat between these sections, but both are closely comparable to the
magnetostratigraphy from the upper Passaic Fm (E16n to E19 magnetozones) of the Newark
Supergroup (Fig. 15). These relationships are also consistent with an unanchored
astrochronology from the MMG at St Audrie's Bay and its synchronisation with the Newark
Supergroup cyclostratigraphy (Kemp & Coe, 2007). Newark magnetozones E15 to E19 are
widely associated with late Norian (Sevatian age strata) and their transition into the earliest
parts of the Rhaetian (Fig. 14; SI Figs. S5.1, S5.2; Maron et al. 2019). Based on these
magnetostratigraphic correlations, the two proposed choices for the base of the Rhaetian
(NRB1 and NRB2 in Figs. 14, 15), place the Rhaetian boundary either in the upper part of the
Haven Cliff Mudstone, or within the lowest part of the BAF (Fig. 15). This indicates that
magnetozone HC1n (in the Haven Cliff section) should equate to Newark magnetozone

E16n, St Audrie’s Bay magnetozone SA3n and magnetochron UT22n.
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The age of NRBI1 based on the anchored astrochronology from Austrian sections
places it at ~208 Ma (Galbrun et al. 2020), consistent with both the placement of NRB1 (from
magnetostratigraphic correlations in Fig. 14) and the anchored astrochronological age (207.6
Ma; Kent et al. 2017) for the base of E18r in the Newark Supergroup (Fig. 14). Based on the
biostratigraphy from the Chinle Fm; the Redonda Mb (magnetozone CC8n-CC10n interval;
Fig. 14) is usually assigned a Rhaetian age (Zeigler and Geissmann 2011; Heckert and Lucas
2015). In addition, the similarity in Chinle Fm detrital zircon ages to the Newark-Hartford
APTS ages between CC5r-CC9n (E14r- E18n in Newark-Hartford APTS) indicates a close
correspondence between the polarity patterns in the Chinle Fm and Newark Supergroup (top
left Fig. 15), and the corresponding interval in GPTS-B. This locates NRB1 near the base of
magnetozone CC9r in the Chinle Fm composite, and consequently robustly demonstrates the
international consistency in the polarity patterns in this Sevatian to early Rhaetian interval,
from magnetochrons UT20r to UT24r (Fig. 14).

In the Wessex Basin the interval encompassing the Seaton Mudstone Mb to the base
of the BAF is regionally rather consistent in thickness (Gallois 2001; 2003), with the nearest
borehole to the coastal outcrops (at Marshwood) showing ~ 145 m (Gallois 2003) for this
interval. This is used as a thickness estimate for the Seaton Mudstone Mb in the coastal
outcrops. We consider that magnetozone SS12n is not the equivalent of either HC1n, SS11n
or SS10n, also in the Seaton Mudstone Mb, for the following reasons. Firstly, projecting the
top of the Seaton section (above the sampled interval), based on a test of the equivalence of
SS12n and HC1n, would indicate that the Haven Cliff Mudstone Mb should be close to the
top of the Seaton section; yet there is no evidence of the Haven Cliff Mudstone Mb in the
Seaton fault blocks. Secondly, the mudstones from the Seaton Mudstone Mb in the
Branscombe section, have cm-scale sandy laminae which are absent from the Seaton Cliff
section, suggesting these sections are not lithologically equivalent. Thirdly, SS11n is some 23
m thick compared to 14 m for SS12n and also have no consistent lithological matches using
the detailed logs (see the SI). Fourthly, SS10n (11 m thick) is a similar thickness to SS12n,
yet any lithological match, using the assumption of magnetozone equivalence is poor. Also,
this match would require the Red Rock Gypsum Mb to be shortly below the Seaton section, a
situation for which there is no evidence in the ~40 m of poorly exposed outcrop to the west in
the Axe valley fault blocks. The later three arguments suggest that magnetozone SS12n is not
equivalent to magnetozones SS11n or SS10n seen in the Branscombe Mouth section. Using

the above thickness estimate of the Seaton Mudstone Mb and the cumulative sampled
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thicknesses of this member, indicates that ~26 m of this member remains unsampled from
this study.

Therefore, magnetozone SS12n is inferred to be magnetochron UT21n, as also seen in
the basal part of the St Audrie’s Bay section (SA2n; Fig. 15 and E15n in the Newark APTS).
Additional support for this is that the pattern of polarity changes in the Seaton Cliff section is
like that in magnetozone CC6n in the Chinle Fm. Also, both the Pizzo Mondello and Kavur
Tepe sections have reverse sub-magnetozones in UT21n, like those detected within CC6n and

SS12n, similarities strengthening this proposed correlation.

The Branscombe Mudstone Formation and the middle Norian (Alaunian)

The interval from magnetozones SS9n to SS11n contains three major normal polarity
intervals (SS9n, SS10n, SS11n), like both the marine-based GPTS-B, and the interval CC4n
to CC5n in the upper Chinle Fm composite (Fig. 15). For this reason, and the constraints
from overlying and underlying polarity patterns, we correlate the interval SS9n - SS11n with
UT18n - UT20n (Fig. 16). However, this interval is unlike the Newark Supergroup APTS,
which has only two thick normal magnetozones over this interval. This suggests that the
Newark Supergroup magnetozone interval E14n-E14r may be incomplete (marked in Fig.
15). Other than the marine-based sections over this interval, there are also coeval non-marine
sections from the Fleming Fjord Group and the Los Colorados Fm (Fig. 14). The middle
Norian interval has also been evaluated in cores and sections from the Holy Cross Mountains
in Poland (Wojcik et al. 2017) through the Arnstadt Formation, which displays a pattern of
polarity reversals similar in overall style to the UT18n to UT21n, although the fragmentary
recovery of polarity precludes a detailed comparison.

The magnetostratigraphy from the Fleming Fjord Group does not extend to older
strata to confirm the polarity pattern UT18n-UT20n, but matches well with GTPS-B (Fig.
14), using the preferred correlation of Kent and Clemmenson (2021) and the coeval parts of
the Newark APTS. Some 60 m below the base of the Colorados Fm is a precise ID-TIMS
zircon date (i.e., 221.8 +0.3 Ma), which when compared to the Chinle Fm composite (with its
detrital zircon dates), suggests the magnetostratigraphic match shown as Option-2 in Fig. 14.
The correlation shown as Option-1 was that preferred by Kent et al. (2014) based on the less
precise Ar/Ar date (225.9 £3.7 Ma), which also gives a satisfactory polarity match between
the upper part of the Colorados Fm and magnetochrons UT18n to UT20n (Fig. 14), but

unsatisfactory match using the more precise ID-TIMS date.
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The proposed missing interval in the Newark APTS (marked in Figs. 14, 15)
corresponds with an abrupt upwards decrease in accumulation rate near the boundary of
magnetozones E14n-E14r (from ~24 to 14 cm/ka), based on the astrochronology using depth
rank and colour (Meyers 2019; Wang et al. 2022). This suggests an abrupt and major shift in
sedimentary regimes at the proposed position of the missing interval.

These strands of evidence, along with the new data from the MMG, although not
conclusive by themselves, collectively support the Newark APTS to GPTS-B correlation
shown in Figs. 14, 15. Significantly this solution may solve the long-running debate (Gallet et
al. 2003; Muttoni et al. 2004; Hounslow and Muttoni 2010; Galbrun et al. 2020; Ogg et al.
2020) about how the Newark APTS in the mid Norian relates to the marine-based GPTS.
This conundrum is fundamentally linked to ambiguity in how to relate the biostratigraphy of
the Newark Supergroup to international stages (Tanner and Lucas 2015; Galbrun et al. 2020).
With the solution proposed here, the chronostratigraphic and biostratigraphic divisions of the
Norian are now satisfactorily aligned with the astrochronology from the Newark Supergroup
(Fig. 14). This interpretation indicates the Branscombe Mudstone Fm contains the full
complement of magnetochrons known from the early Norian to the early Rhaetian (Fig. 15).

The statistical evaluation of these correlations shows that the GPTS-B to Chinle
composite show the strongest association with the largest SMI, PSI and smallest median d;
(Table 3). The Newark Supergroup APTS to Chinle composite shows a similar level of
association as between the GPTS-B and the MMG, with all three of these having a
probability of association > 99% (Prv <0.01; Table 3). Magnetozones SS9n.2n, SSOr.3r,
HC2n.2n and HC2r, have the larger d; indicating more divergence of these zones. These
statistics support the overall correlation relationships proposed above. They also suggest that
in spite of the very different tectonic and sedimentologic settings of these three terrestrial
successions, they all share a common record of polarity changes which is not impacted to a
major extent by hiatus. This does not mean that these successions are complete, as inferred at
the hiatuses in the MMG, it may just indicate that at the time-scale of polarity changes, the
sediment record is sufficiently complete to approximate the relative length-scales of most

major magnetochrons.

Controls on accumulation rates in the Mid-Late Triassic in Britain

With the proposed correlation to the polarity scales, we estimate accumulation rates in

the Otter Sandstone Fm and Mercia Mudstone Group. Attachment of polarity boundaries to
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chronometric time used the Bayesian age model of Hounslow et al. (2018) for the Middle
Triassic to early Carnian (polarity chrons up to UT5n). The late Carnian to Rhaetian interval
used the Newark Supergroup astrochronology of Kent et al. (2017) and Wang et al. (2022),
which give only slightly different ages for the magnetochrons. That using the Bayesian age
model and Kent et al. (2017) ages is referred to as age model-1 and that using the Bayesian
age model and Wang et al. (2022) ages is model-2 (Fig. 16). As an alternative to the late
Ladinian-Carnian part of these models we also use the chronometric scale proposed by Zhang
et al. (2020). Alternatively, Miller et al. (2017) proposed a 1.09 Myr duration (based on an
astrochronology from the Wiscombe Park borehole) for the interval from the base of the
DMF to near the correlated base of magnetozone SS6r. This same interval gives a duration of
7.0 Myr and 8.1 Myr using age model-1 and the Zhang et al. (2020) age model respectively.
Likely the ca 8 m cycles identified by Miller et al. (2017) are closer to 2.4 Myr eccentricity
cycles.

Using these three age models, instantaneous accumulation rates between polarity
boundary ages were estimated (data points in Fig. 16). The accumulation rates are not
significantly impacted by the inferred missing interval in the Newark Supergroup APTS,
because rates are based on chron durations. Since the age estimates of polarity boundaries in
the MMG are likely biased by sampling resolution and fidelity of polarity recovery, and by
uncertainties in the chronometric estimation of magnetochrons in the age models, we have
averaged the accumulation rates (using a 3-point geometric mean) for the model-1 and
Carnian age models (Fig. 16). The alternate Carnian age model does not significantly modify
the accumulation rates. These accumulation rates also include the potential missing time at
the likely hiatus levels identified.

These data indicate thye Devon coastal succession overall has a baseline
accumulation rate of 30-50 m/Myr throughout this interval, which presumably relates to
typical subsidence and accommodation space availability in this part of the Wessex Basin.
There are several deviations from the baseline rates (Fig. 16).

In the upper part of the Otterton Ledge Mb there is a reduction of accumulation rate to
~10-20 m/Myr, which corresponds with the upper part of the 2™ fluvial cycle of Newell
(2018a) in this member. This reduction in accumulation rate corresponds with the Anisian-
Ladinian boundary interval. In the northern part of the CEB the Illyrian-Fassanian boundary
also corresponds with the initial regression of the Lower Keuper (Erfurt Fm) over the marine

limestones of the Upper Muschelkalk. In the southern CEB, with a stronger marine influence,
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this diachronous regression was completed in the late Fassanian (Franz et al. 2013). The
facies shift expressed by Muschelkalk-Keuper transition is the major environmental change
of the Middle and Upper Triassic Germanic facies in Europe. Our dating shows that the Otter
Sandstone-MMG transition (Chiselbury to Sid Mudstone members) is coeval with this
diachronous environmental shift. However, the Wessex Basin was not hydrologically
connected to the CEB (McKie 2014) in this interval. More importantly in the Wessex Basin
this transition shows a transgressive relationship. The transgressive character is shown most
clearly above the sequence boundary (Gallois 2005; Newell 2018a) at the base of the
Pennington Point Mb, which is an erosive transgressive surface with an overlying
transgressive system tract (TST) extending into the Salcombe Hill Mudstone Mb (Fig. 16).
The nature and boundaries of the Pennington Point Mb indicate it genetically belongs to the
MMG successions (Gallois 2003). Although the CEB and the Wessex Basin have opposite
sequence stratigraphic tracts in this age interval, they both show a flood of silt-and clay-grade
siliclastics overwhelming carbonate and fluvial sand-prone systems respectively. In the CEB
the source of sand was predominantly from Scandinavia in the Keuper (Paul et al. 2008), but
from Cadomian basement rocks of the Armorican Massif throughout the Otter Sandstone Fm
(Morton et al. 2013). The likely common factor linking the incoming Erfurt Fm and MMG
successions was an increasing aridification and greater supply of loessic silt and clay during
the transition into the Ladinian. Loessic silt may have had a bigger impact on the dry-playas
(McKie 2017), of the Sidmouth Mudstone Fm, than in the CEB, where wet-playa facies tend
to dominate in coeval mudstones (Aigner and Bachmann, 1989; McKie 2017).

The DMF shows the largest reduction in accumulation rates, which began in the upper
part of the Little Weston Mudstone Mb and shows recovery through the lower part of the
Littlecombe Shoot Mudstone Mb (Fig. 16). This dramatic reduction in accumulation rates is
likely associated with Carnian environmental changes that are best understood in the mid-
Carnian (Dal Corso et al. 2020). Probable causes of this large reduction in accumulation rate
are:

A. Fine-sediment bypass: the sink for detrital fines was largely directed to basin
depocenters with sand- grade material remaining at basin margins and within channel
systems that are directed to basin depocenters (Porter & Gallois 2008). Certainly,
during the Carnian much greater thicknesses of halite accumulated in depocenters in
the Wessex Basin (Gallois 2003), probably coeval with the halite-breccia intervals
above and below the sand-bearing interval in the DMF. The basin-flank halite
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deposits were likely re-worked during ephemeral periods of high groundwater and re-

charged to depocenters (McKie 2017), as inferred in the CEB by Franz et al. (2014).

A similar style of Carnian-age, by-pass basin-filling is seen in the CEB, giving

distinctive depocenter sags from filling of accommodation space, particularly during

the interval of the Grabfeld Fm (Bachmann et al. 2010). Alternatively, this geometry
is commonly inferred as a pulse of renewed extensional tectonics (Bachman et al.

2010; McKie 2017), rather than flank condensation with sediment by-pass and

accommodation spacing filling. Rejuvenated extensional subsidence does not concur

with the observed reduction in basin flank accumulation rates.

B. Shut down in fine sediment supply from hinterlands and desert margins: This comes
about by lack of supply, perhaps caused by enhanced vegetation trapping in hinterland
soils or lakes, so that loessic sources areas ceased to supply the same volume of fines,
yet the limited supply of fluvial-derived sand+fines continued. At the present-day,
desert dusts in low latitudes are principally supplied from desert margins, with the
largest single sources being from deflation of lake basins (Bristow et al. 2009),
providing seasonally phased supplies of dust (Middleton 2017; Li et al. 2020).

The conundrum of the mid Carnian in western European Germanic-style basins is the
sedimentological indication of sandy, wetter lacustrine and fluvial systems in the mid Carnian
(Porter and Gallois 2008; Kozur and Bachmann 2010; Franz et al. 2019; Ruffell et al. 2015),
yet palynological data suggest similar dry-land vegetation (xerophytes) throughout the
Carnian crisis (Baranyi et al. 2019; Franz et al. 2019). One way to balance this apparent
dichotomy is a flashier riverine input, so that ephemeral/seasonal storms deliver the sand-
grade material, yet ground water and soil moisture is not maintained throughout the growing
season, so hygrophytic flora was not able to fully develop, a situation which has been
proposed for the Carnian of the Wessex Basin (Baryani et al. 2019). A greater contribution
from xerophytic regionally-derived pollen rain, may also have limited the ability to detect
local hygrophytic vegetation that developed during these brief wetter intervals. This
imbalance may have been enhanced by spread of hinterland xerophytes, into previously
hyper-arid areas, due to seasonally more humid, but annually essentially dry desert margins.
This may be linked to point B above. Franz et al. (2014) have proposed an alternative
scenario for the Stuttgart Fm in the CEB invoking marine transgressions as the forcing factor
for local development of hygrophytes, which is not applicable in the Wessex Basin due to a

lack of evidence for marine influence.
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The dry playa facies of the Branscombe Mudstone Fm do not reach maximum
accumulation rates until the mid Norian, at around the position of the Red Rock Gypsum Mb,
which likely represents an interval of wet-playa facies (i.e., facies divisions of McKie 2017),
probably marking a maximum flooding surface. A second maximum flooding surface in the
late Alaunian corresponds with a distinctive high gamma pick seen consistently on log
profiles in the Wessex Basin (Gallois 2003; Newell 2018b). This likely relates to an interval
with cm-thick black mudstones which are exposed on the low tide beach below the Seaton
section (so likely in magnetozone UT20r; Fig. 15). This ‘high gamma event’ heralds a decline
into lower accumulation rates in the upper Seaton Mudstone Mb, and the development of
wet-playa facies in the Haven Cliff Mudstone Mb and BAF. Since the units above the Red
Rock Gypsum Mb are consistent in thickness across the Wessex Basin (Gallois 2003), the
likely reason for the accumulation rate decrease may be increasing humidity into the Sevatian

and early Rhaetian, impacting sediment supply, like outlined in B) above.

Conclusions

1. A magnetostratigraphy is recovered from most of the 474 m of the Mercia Mudstone
Group from coastal outcrops in the type-section of the group. Some outcropping intervals
need refining, because the sampling density is inadequate to robustly define some thin
magnetozones.

2. Characteristic magnetisations are largely carried by haematite, but with some rare levels
in the Dunscombe Mudstone Fm where magnetisations are carried by magnetite.

3. The magnetostratigraphy can be correlated with better dated marine and non-marine
sections elsewhere, and thus establishes the first accurate chronostratigraphy for the
MMG. The interval studied ranges from the early Ladinian (mid Fassanian Substage) to
the early part of the Rhaetian. Other geochronological tools applied to the MMG, such as
cyclostratigraphy, may assist in improving and adapting the proposed age assignments.

4. Using our data and a collective assessment of magnetostratigraphies from other Norian
sections, allows us to proposal a solution to the long-standing debate about the polarity
pattern through the mid Norian.

5. The interval of the Hook Ebb Mudstone to Little Weston Mudstone members is closely
comparable in facies and age to the Grabfeld Fm in the CEB.

6. A comparison of our magnetostratigraphy to that from the Middle Keuper Group of the

CEB indicates a close similarity to the Dunscombe Mudstone Fm, including the

27



846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874

Page |28

equivalence of sandstone-bearing intervals of the Lincombe Sandstone Mb and the
Stuttgart Fm of the CEB. The coeval nature of some flooding surfaces and the timing of
evaporites between the Dunscombe Mudstone Fm and the Weser Fm of the CEB
indicates synchroneity of some climatic events between these two basins. Additional
work on the more sparsely-sampled upper part of the Little Weston Mudstone Mb would
improve the chronology of this apparent Julian age interval.

7. Using the derived age models of the Devon succession, accumulation rates are
dramatically lower from the mid Carnian, but show recovery in the early Norian. These
changes reflect sediment by-pass on the flanks of the Wessex Basin and a major
slowdown in fine sediment delivery. This was likely due to limited aeolian supply of dust
from shrinkage of the hyper-arid source areas, caused by seasonal climatic humidification
from the mid Carnian to earliest Norian.

8. The data detailed here enables environments and habitats in the Middle-Late Triassic in
Britain to be better related to other widely geographically spaced localities and it should
improve details of palacogeological maps, bringing the British Triassic succession into

much better time-alignment with the Germanic Triassic.
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Figure Captions

Geological sketch sections of the Mercia Mudstone Group outcrop in the cliffs
between Sidmouth in the west and Bindon Cliffs (east of Seaton). All sections
projected onto a west-east line. Drift deposits and minor landslides omitted for clarity.
Inset shows location in UK.

Summary of the magnetostratigraphic data for the Sidmouth to Salcombe Mouth
section. A) simplified sedimentary log (see SI Fig. S1.1 for detailed log) and magnetic
susceptibility (MS) and initial natural remanent magnetisation (NRM) intensity (each
point represents a demagnetised specimen). B) Demagnetisation behaviour
classification of specimen data. C) Specimen polarity classification. D) Virtual
geomagnetic pole latitude (VGPRr) with respect to the formation mean pole, with S-
class data with filled symbol and T-class data with unfilled symbol; E) interpreted
polarity and section lithostratigraphy. MZ=labels of magnetozone couplets (BS8r is a
continuation of that used by Hounslow and McIntosh (2003) for the Budleigh
Salterton to Sidmouth Section); SS=Sidmouth to Seaton sections.

Summary magnetostratigraphic data for the Salcombe Mouth to Hook Ebb section.
See Fig. 2 for column details. See SI Fig. S1.2 for detailed log.

Summary magnetostratigraphic data for the Strangman’s Cove section. See Fig. 2 for
column details. The position of the organic matter carbon isotope excursions of Miller
et al. (2017) and Baranyi et al. (2019) are shown as (C). See SI Fig. S1.3 for detailed
log.

Summary magnetostratigraphic data for the Littlecombe Shoot sections. Upper panels
are the western section, and lower panels the eastern section. See Fig. 2 for column
details. See SI Fig. S1.4 for detailed log. DMF=Dunscombe Mudstone Fm.

Summary magnetostratigraphic data for the Red Rock to Branscombe Mouth section.
See Fig. 2 for column details. See SI Figs S1.4 and S1.5 for detailed logs.

Summary magnetostratigraphic data for the Seaton Cliff section. See Fig. 2 for column
details. See SI Fig.S1.6 for detailed log.

Summary magnetostratigraphic data for the Haven Cliff section. See Fig. 2 for column
details. See SI Fig. S1.7 for detailed log.

Specimen S-class ChRM directions for the sections. A) Sidmouth Mudstone Fm and
Pennington Point Member from the Sid outfall to Hook Ebb sections. B) The

Strangman’s Cove section, largely in the Dunscombe Mudstone Formation; C) The
42
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Littlecombe Shoot sections in the Littlecombe Shoot Mudstone Member. D) The Red
Rock Gypsum and Seaton Mudstone Members in the Branscombe Mouth and Seaton
Cliffs sections; E) Haven Cliff section. See SI Table S3.1 for mean directions and

other directional tests.

Fig. 10. Magnetic polarity correlations for the interval from the middle part of the Otter

Sandstone Fm and lower part of the Sidmouth Mudstone Fm. GPTS-A from Maron et
al. (2019), Ogg et al. (2020) and GPTS-B from Hounslow and Muttoni (2010). Otter
Sandstone data from Hounslow and McIntosh (2003), with lithostratigraphy of
Newell (2018a) and Gallois (2001). PPM= Pennington Point Member. See text for
description of option-1 and option-2 correlations. Details of the statistical

comparisons are in the SI.

Fig. 11. Correlation of the upper part of the Sidmouth Mudstone Fm to the Erfurt to Grabfeld

formations of the Central European Basin (Morsleben polarity from Zhang et al.
2020). Likely correlation to the GPTS composites of Hounslow and Muttoni (2010)
and Maron et al. (2019) are indicated. The differences between the two GTPS are
related to the differences in correlation between the marine Stoures and Mayerling
sections. GPTS-B uses that proposed by Broglio Loriga et al. (1999), GPTS-A use the
first occurrence of the conodont Paragondolella polygnathiformis (Mietto et al. 2012;
a single specimen at Stuores). The base of Julian-2 (J2) in GPTS-A is based on
conodonts in Zhang et al. (2017), and in GPTS-B conodonts of Gallet et al. (1998).

Fig. 12. Comparison of the magnetostratigraphy of the Carnian-age interval of the MMG with

the GPTS-A of Ogg et al. (2020) and GPTS-B of Hounslow et al. (2022a). The
correlation of the Morsleben core data to the GPTS-A is that of Zhang et al. (2020).
Position of negative carbon isotope excursions (C) shown are based on Fig. 5 for the
MMG excursions (labelled DIE# on MMG column), Hounslow et al. (2022a) for the
Tuvalian-Lacian excursions (CIE, T1 to T6 & L1), and Dal Corso et al. (2018) and
Mueller et al. (2016) for the Julian excursions (J1- J4 on GPTS-A).

Fig. 13. Comparison of the Dunscombe Mudstone Fm (DMF) to the cycles and

magnetostratigraphy of the Morsleben cores. Bed labels on DMF from Gallois and
Porter (2006). Cycles in Morsleben 52a from Barnasch (2010), and lithostratigraphy
from Franz et al. (2014). Red arrows are possible sequence stratigraphic correlations.

Seq.= sequence stratigraphy outlined in SI Table S1.2.
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Fig. 14. Summary data for composite magnetostratigraphy through the Norian and early

Rhaetian, modified from Hounslow and Muttoni (2010) (see SI section 5 for source
details). See SI Fig. S5.3, S5.4 and SI section 5.1 for details of the upper Chinle
Formation composite and detrital zircon ages. Newark Supergroup
magnetostratigraphy from Kent et al. (2017), with astronomically anchored ages from
their table 3. Red arrowed bar is the estimated stratigraphic uncertainty range in
placing the radiometric date of Furin et al. (2006) onto the magnetostratigraphy. E.
quadrata (E. abneptis A) and E. slovakensis (E. n. sp. D) conodont biozones are from
Krystyn et al. (2009), others from Rigo et al. (2018). Fleming Fjord and La Sal
section data from Kent and Clemmenson (2021) and Kent et al. (2014) respectively.

Radioisotopic dates below La Sal section described in Irmis et al. (2022).

Fig. 15. Correlation of the magnetostratigraphy of the Norian-Rhaetian part of the MMG to

the GPTS-B from Fig. 14. The likely missing interval in the Newark Supergroup in
the middle of the E14 magnetozone is explained in the text. NRB1 and NRB2 are the
positions proposed for the base of the Rhaetian of Krystyn et al. (2007) and Rigo et al.
(2016) respectively. Magnetostratigraphic composite for upper Chinle Fm from SI
Fig. S5.4. St Audrie’s Bay data from Hounslow et al. (2004).

Fig. 16. The accumulation rates for the Otter Sandstone Fm and the Mercia Mudstone Group,

using three age models. Symbols represent ‘instantaneous’ accumulation rates using
the magnetochron durations, and the lines are geometric means of three adjacent
instantaneous accumulation rates. Abbreviations: -M= Member, -MM= Mudstone
Member, PP= Pennington Point, SH=Salcombe Hill; SM=Salcombe Mouth;
HE=Hook Ebb; LW=Little Weston, LS=Littlecombe Shoot; RRG=Red Rock
Gypsum; S= Seaton, HC=Haven Cliff; BAF=Blue Anchor.
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Formation

Member [thickness, metres]

Type locality

Blue Anchor Fm (BAF)

[c. 30 incomplete] on Devon coast

Blue Anchor, Somerset

Branscombe Mudstone Fm (BMF)

Haven Cliff Mudstone Mb [20]

Haven Cliff

Seaton Mudstone Mb [c.115 incomplete]

Branscombe Mouth to Seaton

Red Rock Gypsum Mb [9.5]

Red Rock

Littlecombe Shoot Mudstone Mb [78.6 incomplete]

Littlecombe Shoot

Dunscombe Mudstone Fm (DMF)

[35.7 incomplete!]

Strangman's Cove

Sidmouth Mudstone Fm (SMF)

Little Weston Mudstone Mb [34.6]

Hook Ebb

Hook Ebb Mudstone Mb [63.4]

Salcombe Mouth to Hook Ebb

Salcombe Mouth Siltstone Mb [11.0]

Salcombe Mouth

Salcombe Hill Mudstone Mb [60.5]

Salcombe Hill to Salcombe Mouth

Sid Mudstone Mb [15.5]

Sid outfall to Salcombe Hill

Otter Sandstone Fm

(Sherwood Sandstone Group)

Pennington Point Mb [22]

Pennington Point (Sid outfall)

Table 1. Lithostratigraphic subdivision of the Mercia Mudstone Group exposed on the Devon coast (after Gallois, 2001, 2019).

Fm=Formation; Mb= Member. 'Later sections have shown up to 41 m for the DMF.




Section [site code] Section thickness (m) Thickness N/Ns Grid Reference
sampled (m)
Haven Cliff [HC] 67 (unknown gap at base,c 6 m | 60 164/81 SY2565 8972-SY 2730 8936
gap at top)
Seaton Cliff [SE] 29 (unknown gaps at base and 19.5 30/17 SY2382 8979
top)
Red Rock- Branscombe Mouth 64; (c. 15m gap at base, 64 40/30 SY 1984 8807-SY2029 8815
[MB] unknown gap at top)
Littlecombe Shoot east [SH] 31 25 20/10 SY1800 8799-SY 1984 8807
Littlecombe Shoot west [ML] 39 37 28/20 SY1691 8793-SY 1800 8799
Strangman's Cove [MW] 61 57 93/44 SY 1691 8793
Salcombe Mouth-Hook Ebb [MD] | 70 55 27/19 SY 1462 8765-SY 1566 8776
Sid Outfall-Salcombe Mouth [MS] | 102 98 45/41 SY 1290 8733-SY 1462 8765
Total 463 plus gaps ~361 447/262

Table 2. Summary of magnetostratigraphic sampling from the Mercia Mudstone Group, Sidmouth to Haven Cliff. Thicknesses are those shown

on the SI FigsS1.1 to S1.7. Localities shown on Fig. 1, and details in SI Table S3.1. N=Number of specimens ;Ns= Number of sampled horizons.




Reference GPTS Comparison Fig. | SMI, PSI, Prv Nec, Absent/ extra magnetozones
dmedian

GPTS-A (Option-1); GD4r- | BS3r-SS3n 11 0.53,0.64,<0.001 24,0.73 SC4r.1n, SC4r.2n, SC2r.1n, SC2r.2n / BS3r.1n

MAS5Sn BS4n, BS4r,

GPTS-A (Option-2); GD4r- | BS3r-SS3n 11 0.37,0.59, 0.002 22,0.74 GD6n,GD6r, SC2r.1n, SC4r.1n, SC4r.2n/ BS7n.2r,

MAS5n BS7n.1n, BS7r

GPTS-B ; MT4r-UT1n BS3r-SS3n 11 0.42,0.67,<0.001 24,0.48 MT7n.1r, MT8r.1n, MT11r.1n, MT11r.2n/ BS4n
SS2r.1n,SS2r.2r.

GPTS-A ; GD4n- MASn GPTS-B; MT4n-UT1n 11 0.78,0.91, <0.001 31,0.37 MT5n/ MA3r, MA4n

Morsleben;MK3r.1r- SS3r-SSér 13 0.64,0.54,0.47 9,0.92 MKS5r.1n/ SSér.1n, SS7n

MKS5r. Ir

GPTS-A; WY In.2r-E9r SS3r-SS8r 13 0.52,0.58, 0.046 15,0.91 E2r,E3r,E4r,E5n. 1r/none

GPTS-B ; UT4n-UT14r SS3r.1n- SS8r 13 0.51, 0.72, <0.001 14, 0.77 UT6n-UT9n, UT11r.1n, UT11n.1r, UT12r.1n,
UT13n.11/ none

GPTS-B ; UT4n- UT14r GPTS-A; WY Ir.1r-E9r 13 0.4, 0.52, 0.030 20, 0.71 UTS8n, UT11n.1r, UT11r.1n, UT12r.1n, UT13n.1r/
El5n.1r

GPTS-B ; UT13r.2r- UT24n | SS7r—HC3r.1n 16 0.42,0.65,<0.001 | 28, 0.84 None/ SS9r.1n, SS9r.3n

Chinle; CC1n-CCOr.2r SS8n- HC3r 16 0.36,0.49,0.014 26, 1.08 CC3n, CC3r.1n, CC6r.1n / SS9r.1n, SS9r.3n,
SS12n.1r, HC2n.1r, HC3r.1n

Newark ATS; E9r-E20n Chinle; CClr.1r-CC9r.2n 16 0.36, 0.65, <0.001 26, 0.87 E13n.1r/ CC5n.1r, CC5n.2n, CC5r.1n, CCé6n.1r,

GPTS-B ; UT14r- UT24n Chinle; CClr.1r-CC9r.2n 16 0.48, 0.80,<0.001 | 30, 0.66 None/ CC5r.1n




Table 3. Statistics for the comparison of magnetic polarity correlation models in this work. The reference and comparison are the polarity patterns correlated,
as shown in the figure number, using the magnetozone/chron ranges indicated. SMI, PSI= similarity of matrices index and Procrustes similarity index
determined as in Indahl et al. (2018), with ranges 0-1.0 (no to perfect similarity). Pry=the RV-based statistic testing the probability of association between
the two sets (<0.05=strong association) as in Josse et al. (2007). dmedgian= median Euclidean distance of the number of magnetozones/chrons in the comparison
(Nc), larger dmedian correspond to larger average divergence. Absent/extra= magnetozones absent from the reference GPTS set used/ additional magnetozones

in the comparison set not shown in the reference set. See SI for data details.
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Fig. 2

Metres above base of Sidmouth Mudstone Fm
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Metres above lowest outcrop at Salcombe Mouth
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Metres above base of Dunscombe Mudstone Fm
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Metres above base Seaton Mudstone Mb
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GPTS-A
(Maron et al. 2019)

Polarity composite on GPTS B
(Hounslow & Muttoni 201
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GPTS-A

Ogg et al. 2020 Hook Ebb- GPTS-B

Morsleben cores Strangman’s Cove  Hounslow et al. 2022a
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