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Abstract

Magnetostratigraphic studies in the Silurian are absent, and what is understood about
the geomagnetic polarity during this time is based on polarity bias-type data from palaeopole-
type studies. We provide the first composite magnetic polarity record through the Lower
Silurian (Llandovery) from the magnetostratigraphy of six sections. These are integrated with
graptolite biostratigraphy and some carbon isotope chemostratigraphy. The palacomagnetic
signal is carried by both haematite and magnetite, with haematite dominating in red-coloured
mudstones and mostly magnetite in non-red lithologies. The influence of possible tectonic
disruption of the fabric is assessed using anisotropy of magnetic susceptibility. Only the most
thermally mature section at Backside Beck shows the imprint of initial tectonic fabric
formation. The Llandovery is divided into 6 major normal-reverse-polarity chron couplets
(referred to as LL1 to LL6). An additional longer exclusively normal polarity interval
(referred to as WE1n) beginning in Telychian Stage slice Te3, runs into the lower
Sheinwoodian. Within these five polarity couplets there are 10 further submagnetozones, and
10 tentative submagnetozones. Average reversal frequency (including the tentative
submagnetozones) was ca. 3.0 Myr ' in the Early Silurian, which is probably an
underestimate, due to insufficient sampling density in some parts of the Rhuddanian and
Aeronian. This reversal frequency is similar to that in the late Cenozoic, indicating the future
potential utility of magnetostratigraphy for high-resolution correlation and dating in the Early
Silurian.
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1. Introduction

The Silurian is a ‘blank spot’ with respect to magnetostratigraphic studies, and our
current understanding of Silurian geomagnetic polarity, is based on the polarity bias
compilations of Trench et al. (1993), and a more statistical approach by Algeo (1996) using
palaeopole-type studies. These seemed to indicate a strong normal-polarity bias which
declined through the Silurian, but with a Wenlock age normal-polarity dominated interval,
and probable mixed polarity during the Early Silurian (Llandovery) and Late Silurian (Trench
et al., 1993). In contrast Jelenska et al. (2005) and Bakhmutov and Poliachenko (2014) have
detected almost entirely reverse polarity in the Middle and Upper Silurian successions of the
Podolia region of Ukraine, which is difficult to reconcile with the apparently primary
palacomagnetic data from igneous-volcanic and red bed sources used by Trench et al. (1993).
Since the polarity bias-based studies of Trench et al. (1993) and Algeo (1996) more
palaeopole-type data has accumulated (e.g. Huang et al., 2019), but it does not change the
fact that detailed bio-magnetostratigraphic studies are required to construct a geomagnetic
polarity timescale for the Silurian. The attempts by Khramov and Rodionov (1980) and
Khramov and Shkatova (2000), compiled into the variously updated Russian stratigraphic
scales, are presumably based on similar polarity bias data from palaeopole-type studies,
although the details of the Khramov and Shkatova (2000) and Molostovskii et al. (2007)
updated compilations are not described. The Silurian part of the Russian magnetostratigraphic
scale may derive from the data of Danukalov et al. (1983) from the Urals, a region which has
been inferred in later studies to be largely remagnetised (Golovanova et al., 2017).

Clearly the ability to utilise geomagnetic polarity for high resolution correlation and
dating, such as used in the Mesozoic and Cenozoic, is currently not available for the Silurian.
A better understanding of the polarity pattern and reversal rates is also needed to understand
the long-term behaviour of the geomagnetic field and how this is impacted by the dynamics
of interactions across the mantle-core boundary, and how that may be affected by plates
subducted into the mantle (Biggin et al., 2012; Olson et al., 2014; Hounslow et al., 2018).

We use magnetostratigraphic data from six sections in the Llandovery to generate a
detailed geomagnetic polarity pattern for this interval. This uses the Backside Beck,
Buttington Quarry and Hillend Farm sections in the UK; the Bardo Stawy section,
Grabowiec-6 core from Poland and Core-A from Lithuania (Fig. 1).

2. Methods

Palaecomagnetic samples from the sections were collected using hand samples, oriented
with a magnetic compass. Cubic specimens were cut from the palacomagnetic hand samples
using a circular saw. At Lancaster measurements of Natural Remanent Magnetisation (NRM)
were made using a CCL cryogenic magnetometer (noise level ~2 LA/m), using three
specimen positions (12 measurements of X,y,z in total), from which the magnetisation
variance was determined. Some specimens from Core-A were measured on a 2G Enterprises
RAPID magnetometer (noise level ~ 0.5 LWA/m, one sample position; with GRM correction
using GM4Edit; Hounslow, 2019). Specimens were housed in Mu-metal boxes with an
ambient magnetic field <10 nT at all times, other than when being measured or demagnetised.
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In Warsaw the specimens were measured with an AGICO JR6A spinner magnetometer (noise
level ~10 LA/m).

Characteristic remanent magnetisation (ChRM) directions were isolated using principal
component-based statistical procedures as implemented in LINEFIND, which uses the
measurement variance along with rigorous statistical procedures for identifying linear and
planar structure in the demagnetisation data (Kent et al., 1983; Hounslow et al., 2008). Both
linear trajectory fits and great circle (remagnetisation circle) data were used in defining the
palaecomagnetic behaviour, guided by objective and qualitative selection of the excess
standard deviation parameter (p), which governs how closely the model variance (used for
analysis), matches the data measurement variance (Kent et al., 1983). More information about
using LINEFIND is in Hounslow et al. (2021). The PMAGTOOL v5. software (Hounslow,
2006) was used for the analysis of mean directions, virtual geomagnetic poles, fold and
reversal tests.

ChRM behaviour was classified using the same procedures as Hounslow et al. (2008,
2021) into, 1) linear trajectory line fits (termed S-type data) and 2) great-circle trends, of
varying arc length, toward interpreted reverse- and normal-polarity directions, called T-type
demagnetization behaviour. For S-type data, specimens were assigned a quality factor based
on the visual noisiness and length of the principle component fits, with S1 for best quality
data to S3 for lowest quality data. T-type behaviour was visually classified into three quality
classes, T1, T2 and T3 based on the visual length and scatter of the demagnetisation points
about the great circle, with T1 being the best quality and T3 the lowest. Line-fit and great
circle plane analysis statistics are detailed in the Supplementary Information (SI) Table S4.

Specimens were also assigned a polarity rating/quality (e.g. for normal polarity N, for
excellent, N?? for poor) like the procedures used by Ogg and Steiner (1991) and Hounslow et
al. (2008). In addition we display polarity data as virtual geomagnetic pole (VGP) latitude (or
inclination for the core-based datasets), based on mean directions for each of the sections or
cores (Opdyke and Channell, 1996). In addition to fold and reversal tests, we also use the
VGP-mean A95,,, and A95,,.x thresholds of Deenen et al (2011) as an expression of likely
capture of secular variation in the directional data.

Progressive isothermal remanent magnetisation (IRM) acquired in fields up to 1.8 T,
and anhysteretic remanent magnetisation (ARM) (methods in Walden, 1999) were applied to
investigate the magnetic mineralogy. ARM was converted to Y arm using the 0.1 uT DC field
used. The IRM and ARM was measured using Molspin or JR6 spinner magnetometers.
Magnetic susceptibility of specimens from UK sections were measured on a Bartington

MS2B probe (at 0.47 kHz) and normalised to sample mass to give ) units in m’ /kg. Those
from Bardo Stawy were measured on an AGICO Kappabridge and normalised to volume
(here indicated as K). Surface magnetic susceptibility (Kg,f) was measured on Grabowiec-6
and Core-A using a Bartington Ltd MS2K surface probe to assist lithostratigraphic sub-
division and correlation.
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To assess the preservation of the sedimentary fabric and the extent of fabric
modification by tectonic deformation (Lgvlie and Torsvik, 1984; Parés et al., 1999),
anisotropy of magnetic susceptibility (AMS) was measured on specimens from Backside
Beck, Buttington Quarry and Grabowiec-6, which have the higher degrees of conodont
alteration indices (Aldridge, 1986). This used an Agico KLY3S Kappameter with rotator.

To improve the dating and correlation, organic carbon isotopes (813C0rg) were measured
to evaluate the carbon isotope stratigraphy (Cramer et al., 2011; Hammarlund et al., 2019;
McAdams et al. 2019). This was for Backside Beck, Bardo Stawy and Hillend Farm (see SI
Tables S1, S2). Some carbonate carbon isotopes (813 Cearp) Were also measured in Core-A.
The analytical methods followed Hounslow et al. (2021) for the section data and Sullivan et
al. (2018) for Core A and Grabowiec-6. Older published graptolite zonations and data are
converted to the new zonations of Loydell (2012) using the relationships of Zalasiewicz et al.
(2009). We also utilise stage slices based on McAdams et al. (2019).

3.Geology and stratigraphy of sections and cores

3.1 Bardo Stawy section, Holy Cross Mountains, Poland

The Bardo Stawy section is in the southern limb of the Bardo Syncline (Kielce Region,
SI Fig. S1c), and displays an interval through the Rhuddanian, probably continuous from the
underlying uppermost Ordovician (Modlinski and Szymanski, 2005; Trela and Salwa, 2007,
Fig. 2). Bedding dip are 50° to 130° to the NNE and conodont alteration indices are around
1.5, typical for the early Palaecozoic from the southern and mid parts of the Kielce Block of
the Holy Cross Mountains (Belka, 1990).

The Zalesie Formation (Fm) comprises grey, green and yellow mudstones, with some
sandier intervals (~6 m thick, Fig. 2a), regressive deposits related to the early Hirnantian
glaciation (Trela, 2007). The Zalesie Fm contains a Hirnantian fauna of Mucronaspis
mucronata and Mu. olini trilobites and brachiopods (Kielan, 1959; Temple, 1965). 513C0rg
changes display the Hirnantian carbon isotope excursion (HICE; Fig. 2e; Fig. 3) and the
BC16 and BC17 isotope zones of Ainsaar et al. (2010).

The overlying lowermost pale brown shales of the Rembéw Member (Mbr) contain
graptolites of the upper Hirnantian Normalograptus persculptus Biozone, including N.
parvulus, N. cf. persculptus, N. miserabilis, N. avitus, and N. normalis (Masiak et al., 2003).
Above (ca. 2 to 6 m) are thinly bedded, black radiolarian cherts (Fig. 2a), interpreted as
deposits related to transgressive flooding following the uppermost Hirnantian glaciation.
They are followed by laminated graptolite siliceous shales interbedded with infrequent chert
beds of the Zbrza Mbr (Fig. 2a). Outside its lowermost 0.5 m the Bardo Fm contains
graptolites of the Akidograptus ascensus to Coronograptis cyphus biozones (Bednarczyk and
Tomczyk, 1981; Masiak et al., 2003; Kremer, 2005). The Cystograptus vesiculosus Biozone
contains C. vesiculosus, normalograptids such as N. medius, N. rectangularis and N. balticus
and species of Atavograptus, Dimorphograptus, Diplograptus, Glyptograptus, Huttagraptus,
Neodiplograptus, Paraclimacograpthus, Pseudorthograptus, Rhapidograptus and
Sudburigrapthus (Masiak et al., 2003). The boundary between the Remb6éw and Zbrza
members of the Bardo Fm occur in the vesiculosus Biozone. According to Tomczyk (1962,
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see also: Bednarczyk and Tomczyk, 1981; Trela and Salwa 2007) the uppermost part of the
Zbrza Mbr belongs to the cyphus Biozone. The sandstone bed overlying this member (Fig.
2a) is either related to regression triggered by a local tectonic event (Trela and Salwa, 2007)
or may be a response to the earliest Aeronian regression seen in other areas in Poland.

3.2 Core A, Livonian Tongue, Lithuania

Core-A (55°25'35.5"N; 22°18'47.5"E; 106 m elevation) is from the Livonian Tongue,
an early Palaeozoic sag basin that extends across western Lithuania and Latvia and southern
Estonia and was an extension of the Central Baltic Basin to the SW (Modlinski et al., 1999;
Paskevicius, 2007; Dronov et al., 2011; Fig. 1). Core-A covers most the Ordovician and 15 m
of the lower Llandovery, which are described here (Fig. 4). Bedding dips are near zero and
thermal alteration shown by regional conodont alteration indices are around 1.0 (Nehring-
Lefeld et al., 1997).

The biostratigraphy of the Llandovery in the Livonian Tongue is well established with a
major hiatus at the base of the Remte Fm; at the Ordovician- Silurian boundary (Lazauskiene
et al., 2003; Dronov et al., 2011; §liaupa et al., 2016; Radzevicius, 2013 ). The graptolite
stratigraphy from the Aizpute-41 core (from Latvia), and wider in the Livonian Tongue,
indicates Rhuddanian sedimentation probably began in the Rh3 stage slice, cyphus Biozone
(Loydell et al., 2003; Radzevicius, 2013). This biozone continues into the base of the Dobele
Fm with the top of the formation within the uppermost Aeronian Ae3 stage slice (Fig. 4). The
lowest ~10 m of the Jurmala Fm are within the early Telychian (e.g. the nearby Kurtuvénai-
166 core, Kiipli et al., 2014) like in Core-A, which all share a similar biostratigraphy to the
Aizpute-41 core (Fig. 4a). A limestone bed in the basal Jurmala Fm correlated between Core-
A and Aizpute-41 confirms the similar lithostratigraphy (Fig. 4).

The Osmundberg Bentonite (Kiipli et al., 2012) is centred at 11.7 m in the core
corresponding to a distinct low Kgs signal between 11.4 and 12.0 m (Fig. 4a). Palaeozoic
bentonites typically have low magnetic susceptibility compared to clastic mudrocks (Svensen
et al. 2015; Brocke et al., 2017; Ballo et al., 2019). In the Aizpute-41 cores this bentonite is in
the latest part of Tel, like in Core-A (Fig. 4b) or middle Spirograptus turriculatus Biozone
(late Tel) in various sections (Bergstrom et al., 1998; Inanli et al., 2009). More positive
trending 5" Core from around 5 m to the 11 - 14 m level may be a trend into the early part of
the Valgu carbon isotope excursion (CIE), which is normally placed in the top part of stage
slice Te2 (Fig. 4b; Munnecke and Minnik, 2009). However, there is some doubt about the
isochronous character of the Valgu CIE, since some have detected it within Tel (Bancroft et
al., 2015), or slightly higher within the interval late Te2 to early Te3 stage slices
(Hammarlund et al., 2019).

3.3 Backside Beck section, Lake District, UK

Palacomagnetic pole-type data from Llandovery sedimentary successions from Europe
are sparse. However, Telychian red beds in the Howgill Fells in the UK have provided good
palaecomagnetic data (Channell et al., 1993), which included data from the Backside Beck
area (54°23'33.9"N; 2°27'51.0"E; 383 m elevation; SI Figs. S1a, S2). For this reason we have
re-studied the section for magnetostratigraphy, although previous palacomagnetic work
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focussed on the red-beds in the Hebblethwaite Mbr (Channell et al., 1993). In northern
England conodont alteration indices in the Lower Silurian are 4-5 (Oliver et al., 1984;
Aldridge, 1986), although the Lower Silurian in the Howgill Fells is a little less thermally
mature than this (Oliver, 1988). The section is the most thermally mature of those we have
studied.

The Hirnantian-Rhuddanian transition is within the base of the Skelgill Formation,
where the Spengill Mbr (Rickards, 1970,1988; Kneller et al., 1994) of the Hirnantian is
followed above by graptolitic black shales starting in the Parakidograptus acuminatus
Biozone (Fig. 5a; SI Figs. S3, S4). These black shales of the lower part of the Skelgill
Formation represent the post-glacial transgression, though this facies change may be
diachronous across northwest England (Ingham and Rickards, 1974). Changes in 613C0rg
across this boundary indicate that most of the middle and upper Hirnantian is missing
(Hounslow et al., 2021), with just the early parts of the HICE present (Fig. 3d).

The Skelgill Fm comprises 34 m of finely laminated pyritous black mudstone
containing continuous graptolite zones from acuminatus to Stimulograptus sedgwickii — S.
halli. Sandstone beds in the sedgwickii - halli zonal interval might mark increased turbidite
clastic input during the sedgwickii glaciation of Page et al. (2007). Palaeomagnetic sampling
was focussed in the lower part of this formation, due to a fault zone in the mid parts (SI Fig.
S4). 813C0rg shows a broad low in the lower part of the Skelgill Fm, within the middle
Rhuddanian, increasing to more positive values in the Monograptus revolutus Biozone (Rh3
slice), like at Dob’s Linn and Bardo Stawy (Fig. 3).

The base of the Browgill Formation, near the base of the Sp. guerichi Biozone, is where
grey-green mudstone beds (formed in a dysaerobic environment) started to dominate over
black mudstones, formed in anaerobic conditions. The formation comprises 50 m of
mudstones containing graptolitic beds within the Sp. guerichi to Monoclimacis griestoniensis
biozonal interval. The grey mudstones are overlain by 50 m of predominantly red-brown
mudstones of the Hebblethwaite Mbr (Rickards and Woodcock, 2005; Fig. 5). Occasional
thin black shales in this member in a section 10 km further south have yielded graptolites
indicating the Mo. crenulata to Cyrtograptus insectus zonal interval, along with trilobites and
brachiopods (Rickards, 1973), indicating the red beds are marine. They are overlain by 8 m of
pale grey mudstone, the Far House Mbr, lacking black graptolitic beds and therefore of
uncertain age (Fig.5a, SI Fig. S3).

The Far House Member is gradational into the overlying Dixon Ground Member (of the
Brathay Formation, 240 m thick), the uppermost part of the section studied (Fig. 5a). The
Dixon Ground Member has yielded graptolites of the Cy. centrifugus Biozone the topmost
Telychian biozone (Melchin et al., 2012; Loydell, 2012).

Outcrops at Backside Beck are not entirely continuous, but spread discontinuously over
ca. 1 km. Consequently in the upper Telychian parts of the section samples were located on
the ground using a combination of GPS, tape- measurements and map work to produce the
composite stratigraphy, based around converting sample locations to stratigraphic position
using bedding dips. Bedding dips in the section are 30-50° to the NNE.



Llandovery GPTS- PPP: 7

3.4 Hillend Farm sections, Welsh Borders, England

Three sub-sections through the Pentamerus Beds and overlying Purple Shales Fm occur
at Hillend Farm, near Plowden in Shropshire (52°28'59.7"N, 2°053'24.8"W elevation 169 m;
Fig. 1) forming a discontinuous section through the middle Llandovery (Aldridge et al., 2000;
SI Fig. S5, Fig. 6a). Bedding dips in the sections are 20-40° to the SE and conodont alteration
indices are ~2.5 (Aldridge, 1986).

The Pentamerus Beds form a transgressive unit onlapping Neoproterozoic basement
which outcrops a few 10’s of metres to the west of the base of the sampled section (SI Fig.
1b; Whittard, 1932; Wright, 1968; Bridges, 1975). The Pentamerus Beds are calcareous
mudstones and shales, locally sandy, bearing the brachiopod Pentamerus, often in coquina
beds (Fig. 6a). The overlying Purple Shales Fm is a weakly-laminated purple to brown
mudstone with occasional bentonitic layers and calcareous concretions (Fig. 6a). According
to mapping (Wright, 1968), the base of the Purple Shales Fm may be only 2-3 meters below
our upper sampled sub-section. The Pentamerus Beds bear a graptolite fauna of middle to
upper Aeronian, Lituigraptus convolutus Biozone to St. sedgwickii Biozone, with the later
zone within the uppermost 17 m of the beds (at some 2.5 km to the NE of the section, at
Hamperley; Cocks and Rickards, 1968; SI Fig. 1b). The middle of our subsections (that
described by Bridges, 1975; Aldridge et al., 2000; Crossley and Clark, 2014; Fig. 6a) has
yielded a graptolite fauna of Clinoclimacograptus retroversus with the brachiopod Eocoelia
hemisphaerica, probably indicating the sedgwickii Biozone (Loydell and Smith, 2002).

Conodont assemblages recovered from several beds in this middle sub-section have
yielded Pranognathus tenuis, Icriodella deflecta, Icriodina irregularis (Pa element of
Distomodus kentuckyensis), Ozarkodina hassi and O. oldhamensis (Aldridge, 1972). All apart
from Pr. tenuis have a long range from the Hirnantian, but Pr. tenuis probably has a restricted
range in the upper Aeronian through the convolutus and sedgwickii biozones (Cramer et al.,
2011; Bergstrom et al., 2012).

The lower parts of the Purple Shales Fm contain a fauna of guerichi- turriculatus zonal
interval (Tel slice), together with a conodont assemblage without Pr. tenuis, indicating an
interval in the early Telychian (Aldridge et al., 1993). Acritarch zonation correlations
between this area and the Llandovery type area suggest a similar age, with the base of the
Purple Shales Fm equivalent to the middle to upper part of the guerichi- turriculatus zonal
interval at Llandovery (Hill, 1974). 813C0rg data from the sections show part of a trend to
more positive values from around -29 to -27.5 % which according to the biostratigraphy is
spans the Aeronian-Telychian boundary (Fig. 6). This may represent a trend younging
upwards to the Valgu CIE higher in the Purple Shales Fm, since similar 8" Corg trends in this
age interval are detected by Hammarlund et al. (2019) and Bancroft et al. (2015).

The Purple Shales Fm is some 50 m thick, 2.5 km to the NE at Hamperley (Cocks and
Rickards, 1968), so our ca. 15 m thick composite section through the lower part of the
Purples Shale, may cover some 25-30 % of time represented by this unit. The Purple Shales
Fm ranges in age through the Telychian into the lowest Sheinwoodian in the Sheinwoodian
GSSP, some 16 km to the NE (Cocks and Rickards, 1968; Bassett 1989). The composite
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section therefore covers the interval through the Aeronian- Telychian boundary and perhaps
well into the guerichi-turriculatus zonal interval (SI Fig. S5).

3.5 Buttington Quarry section, Welshpool, Wales

This working quarry (52°41'03.9”N, 3°04'58.8"W, elevation 109 m; Fig. 1), contains all
the Telychian into the Sheinwoodian without apparent break, and is an important reference
section intermediate in position between the Shropshire Silurian to the east and the Welsh
Basin units to the west (Aldridge et al., 2000). Conodont alteration indices are ca. 3
(Aldridge, 1986).

The Cefn Fm at Buttington (~100 m thick; Ziegler et al., 1968) is predominantly grey
and greenish-grey mudstones with sparse cm-thick rippled and laminated sandstone beds
(Fig. 7; S1 Fig. S6). The lower third of the Cefn Fm at Buttington Quarry is early Aeronian
(based on Stricklandia cf intermedia; Ziegler et al., 1968), but the upper 10 m sampled here is
around the Aeronian-Telychian boundary, because of Spirograptus turriculatus (johnsonae
Subzone) found just above the base of the overlying Tarannon Shales Fm (Cave and Dixon,
1993; Aldridge et al., 2000; Mullins and Loydell, 2002). The Tarannon shales are mostly grey
or red mudstones, with some cm-thick intervals of black mudstone, occasional greenish-grey
or brownish mudstones, and some cm-thick sandstone beds. The unit contains a large number
of bentonitic ash bands, with the thickest present towards the top of the formation (Fig. 7a; SI
Fig. S6). Aldridge et al. (2000) indicate a crenulata- insectus zonal interval 7-8 m below the
major bentonite band near the top of the Tarannon Shale Fm. The overlying Butterley Mbr
(of the Trewern Brook Mudstone Fm), is within the Telychian- Sheinwoodian boundary
interval, since the Cy. murchisoni Biozone is found 43 cm above the top of the Butterley
Member (Loydell et al., 2014). Carbon isotope data in the 13 m of the Trewern Brook
Mudstone Fm, above the Butterley Mbr, show the lower part of the early Sheinwoodian
carbon isotope excursion (Loydell et al., 2014).

We sampled some 10 m of the uppermost Cefn Formation, and the entire Tarannon
Shales Fm into the basal 0.2 m of the Butterley Mbr, using 7-subsections tied together by
marker beds (SI Figs. S6, S7). The section is faulted by a number of NNE oriented strike-
faults and beds are also displaced by NW oriented faulting. The throw across most of the
faults can be accounted for by using intervals of red mudstones, and sandstone beds to
correlate the sub-sections, to produce a composite stratigraphic log. Bedding dip are 80-90 °
to the SE.

3.6 Grabowiec-6 Core, Lublin slope, Poland

The Grabowiec-6 well (Fig. 1; 50°57'5.2"N; 23°25'56.8"E; 209 m elevation; Fig. 1)
cored Katian to upper Ludfordian horizontally bedded units (Sullivan et al., 2018). Only the 7
m of the Llandovery (beginning at 3793.1 m) are described here (Fig. 8), which sit above a
major regional hiatus (Podhalanska, 2019; Porebski and Podhalanska, 2019) with the
underlying Upper Ordovician at 3993.18 m (Hounslow et al. 2021). The Llandovery
comprises mudstone and calcareous mudstone which is glauconitic near its base. Maximum
burial temperatures shown by regional conodont alteration indices are around 3-4 (Nehring-
Lefeld et al., 1997).
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In Grabowiec-6 the uppermost Telychian Oktavites spiralis Biozone is first present in
mudstones at 3793.15 m, indicating the absence of most of the Llandovery (Fig. 8a).
Evidence for the earliest Sheinwoodian murchisoni Biozone is at 3787.21 m indicating the
base of the Wenlock is within the intervening 5.9 m (Sullivan et al., 2018; Fig. 8a). In the
interval above 3793 m, 513 Corg values indicate the rising limb of the lower Sheinwoodian
isotope excursion which peaks at ~3780 m in Grabowiec-6 (Sullivan et al., 2018). The
Llandovery here is equivalent to the Pasiek Formation in nearby wells Biatopole IG-1 and
Lopiennik IG-1 (Modlinski and Szymanski, 2008, 2012; Porgbski and Podhalanska, 2019).

4. Magnetic results.

4.1 Magnetic mineralogy

The magnetic mineralogy of samples from the sections and cores range from hard to
soft coercivity behaviour, with high coercivity minerals (haematite, goethite) seen by the non-
saturation at 300 mT IRM fields (Fig. 9a,e), and remanent coercivity (Hcr) >200 mT (SI Fig.
S8). At Backside Beck the red-samples from the Hebblethwaite Mbr, and some non-red
samples from the Browgill Fm have >80% of IRM acquisition above 200 mT and Hcr >280
mT (Fig. 9a). Similar behaviour is seen to dominate the reddish lithologies from Hillend
Farm and Buttington Quarry (Fig. 9¢). The hard ferrimagnetic mineral in most of these
samples is haematite as shown by the resistance of the NRM to thermal demagnetisation (see
later).

Samples from the Skelgill Fm at Backside Beck, the Silurian at Bardo Stawy (Zbra
Fm), Grabowiec-6, Core-A and grey lithologies at Buttington Quarry have some of the softest
behaviour (H., <35 mT; SI Fig. s8), but with some of these also having 10-20% IRM
acquisition above 200 mT (Fig. 9a,b,e). Behaviours intermediate between these hard and soft
end members are found at Backside Beck and Bardo Stawy (Rembow Fm; Fig. 9b). The
relative consistency of the Her and IRM; 1/ arm Values in those samples with soft coercivity
behaviour, suggest a similar mineralogy in most of the sections and cores. Using the data in
Peters and Dekkers (2003) suggests this is most likely magnetite, with magnetic particle sizes
<0.1 pm in size (SI Fig. S8).

4.2. Magnetic fabric

At Backside Beck the MS is largely carried by paramagnetic minerals (English, 1999;
SI Fig. S9), and so the AMS represents paramagnetic mineral crystallographic alignments.
The AMS in the Backside Beck section displays four main fabric types, reflecting both the
sedimentary fabric, but also the weak cleavage development (Fig. 10).

a) Sedimentary-type fabrics with K3 normal to bedding, and oblate fabrics, which dominate
in the Hebblethwaite, Far House and Dixon Ground members (Fig. 10b,c; SI Fig. S13b).

b) Inverse sedimentary fabrics (Rochette, 1988), with K; normal to bedding which are
concentrated in the Browgill Fm (Figs. 10a; SI S13c). In undeformed sediments this
fabric is commonly associated with preferred c-axis orientation of siderite or ankerite
normal to the bedding (Hounslow, 2001), but here is probably related to the presence of
sedimentary Mn-carbonate (English, 1999).
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¢) AMS fabrics in which the K; axis parallels the bedding-cleavage intersection, directed to
the WNW dipping shallowly downwards (Fig. 10a; SI Fig. S13a). This kind of fabric is
normally the first indication of incipient strain (Parés et al., 1999), and is interpreted to be
related to the formation of the incipient, weak cleavage. This kind of fabric occurs
throughout the section.

d) AMS fabrics which are inverse to the cleavage, and occur through the section except in
the Spengill and Far House members (Fig. 10a; SI Fig. S14). It is probable this fabric may
be related to Fe or Mn carbonate partially re-crystallised with c-axes normal to the
cleavage plane during tectonism, similar to the process envisaged by Thmlé et al. (1989)
for ferroan calcite.

The AMS fabrics in the Hillend Farm and Buttington Quarry sections are simpler and
exclusively of sedimentary types (oblate fabrics, K3 vertical to bedding; Fig. 11; Galvin,
2016). The K directions appear to reflect palaco-transport parallel to the palaeocoastline
directed to the NE, as suggested by a variety of sediment transport data from coeval
sediments (Bassett et al., 1992; Underwood, 1994; Galvin, 2016). Similar sediment-transport
related K; directions are also known from the upper Silurian in the Welsh Borders (Bailey &
Rees, 1973). Distal shelf turbidite beds within the Purple Shales Fm typically show both
offshore transport by storm currents and along-shore transport by residual oceanic currents
(Benton and Gray, 1981). Presumably the rather more distal shelf setting at Buttington has
similar processes operating. The differing K, trends of the Cefn Fm and Tarannon Shales Fm,
and with K; diverging from bedding strikes (Fig. 11b), suggests tectonic re-orientation is not
developed. The AMS data from the Grabowiec-6 core displays exclusively sedimentary-type
fabrics (SI Fig. S18). The K, axes show a trend normal to the depth-related facies belts in
eastern Poland and western Ukraine (Teller, 1997). Therefore, unlike at Hillend Farm and
Buttington Quarry, the AMS K, may reflect a down-slope transport process, which is perhaps
indicative of the more distal slope setting of Grabowiec-6.

In summary, AMS data suggest tectonic modification is strongest in the Backside Beck
section, consistent with the largest degree of thermal maturation. Other sections with lower
thermal maturation suggest little or no tectonic fabric modification.

4.3 Palaeomagnetic and magnetostratigraphic results

4.3.1 Bardo Stawy

Magnetic susceptibility and NRM intensity are rather smaller in the Rembéw Mbr
compared to the Zbrza Mbr (Fig. 2a). The low stability component between the NRM and
around 150-200°C (or into the early stages of AF demagnetisation), is interpreted as a
Brunhes-like component (Fig. 12j,k). In some specimens, this is present until full
demagnetisation, and tends to dominate the NRM in the upper part of the section (Fig. 2c).
There is no evidence for a post-folding Kiaman (Permo- Carboniferous) normal-like
directions in these samples, contrasting to the nearby Bardo diabase, where Nawrocki (2000)
found a pre-folding early-middle Carboniferous normal polarity component. Some
intermediate and high stability components seem to be pre-folding, dual-polarity shallow E-
W oriented, ‘Devonian-like’, but are scattered, probably due to overlap with the Brunhes-like
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component (SI Fig. S15). The ChRM directions, are mostly the high stability components
(but sometimes intermediate stability components), of both reverse and normal polarity. 65%
of specimens contain evidence of ChRM polarity, with 52% of these being line-fits (Fig. 2b),
defining one normal and one reverse-polarity magnetozone, with two additional tentative
reverse submagnetozones respectively (Fig. 2d). Mean directions are similar using Fisher
means or great-circle combined means (Table 1; Fig. 13). The reversal test is not robust, since
there are few specimens with reverse polarity (Fig. 13b). The data pass fold tests with 100%
unfolding within the 95% confidence interval for the proportional and DC fold test and Pt
>5% tor the McFadden (1998) test (Tables 1, 2). The VGP-mean, A95 is within the
thresholds of Deenen et al. (2011) indicating directional dispersion is within the range of
secular variation.

4.3.2 Core-A

Thermal demagnetisation to 250-340°C followed by AF demagnetisation, best suited
samples. Low temperature (LT) components extracted between the NRM and around 250 or
300°C are steep down-directed, and interpreted as a Brunhes age component (Fig. 12d; 13d).
In a small proportion of samples, the LT component is very steep and may be of drilling-
induced origin (De Wall and Worm, 2001). In most, the LT component tends to dominate the
magnetisation intensity, but with evidence of an additional dual polarity ChRM component
remaining to the highest demagnetisation stages (Fig. 13e). The mean inclination of the LT
component in the Silurian samples is 70° (0gs=3.7°, n=30; method of McFadden and Reid,
1982; expected geocentric axial dipole field inclination of 71°). The LT component was used
to re-orient the core runs (e.g. Hailwood and Ding, 1995), and recover mean ChRM
directions (Table 1, and Fig. 13e). The LT data from specimens in contiguous core runs were
averaged to determine the mean azimuth for runs where possible. However, some 20% of
ChRM specimen data could not be oriented using these methods, so both VGP latitude and
inclination data is shown (Fig. 14d). A Kiaman component was not found in these samples.

All Silurian specimens contained evidence of the ChRM, often in the mid to late stages
of those subjected to AF demagnetisation (Figs. 12c,d; 14c). All samples yielded a polarity
interpretation, and 90% of these were s-class line fits, with the remaining 10% interpreted as
T-class great circle trends, based on the re-orientation of the core runs (Fig. 14b). The
reversal test (McFadden and McElhinney, 1990) indicate a 10.6° difference in reverse and
normal directions, but the directions are rather dispersed, so the critical threshold of 23.4° is
larger than 20° yielding a pass but with class Ro (Table 1). The VGP- mean A95 is within the
thresholds of Deenen et al. (2011) indicating dispersion is typical of secular variation, but
dispersion has likely been increased by the less than perfect core re-orientation using the LT
component (Table 1). The specimen VGP latitudes (Fig. 14d) for the Silurian part of the
section was determined using the mean direction from -30 m to 16 m part of the core
(Ordovician data from Hounslow et al., 2021). These data define 3 major normal-polarity
magnetozones, with 9 tentative single-specimen magnetozones (Fig. 14d).

4.3.3 Backside Beck
Low stability components (often up to 200-400 °C) are steep and Brunhes-like (SI Fig.
S17a). Intermediate components are; a) shallow dual polarity E-W oriented, Early Devonian-
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like directions, are likely associated with peak Acadian deformation; and b) southerly
directed and shallow inclinations with both up and downwards dipping directions (SI Fig
S17b). These later intermediate components appear to be a mix of Late Carboniferous
(Kiaman), partial remagnetisation probably associated with the maximum burial of the
overlying Carboniferous successions (or Variscan folding). It is likely that some of these
directions are composites between the Devonian partial remagnetisation and the Ordovician-
Silurian, since many have positive southerly inclination and in-situ directions, unlike the
Kiaman field. Both these groups of re-magnetisation directions are also shown in the granites
and associated intrusive and aureole sediments of the Lake District (Piper, 1997; SI Fig
S17d).

A high stability ChRM is seen in hematite-bearing sediments by small-step
demagnetisation above 650°C (Fig. 12b), similar to the previous study of the Hebblethwaite
Mbr by Channell et al. (1993). These haematite-dominated magnetisations range throughout
the Browgill Formation, and not just within the red mudstones of the Hebblethwaite Mbr
(Fig. 5a). In non-red sediments the dual polarity ChRM is seen by thermal demagnetisation
steps above 400°C, or by AF demagnetisation above 40 mT (Figs. 12a, 15). In the Silurian
38% of specimens measured have a ChRM line fit, with another 33% of specimens
displaying trends towards interpreted Silurian directions (Fig. 5b,c). 29% of measured
specimens contain only overprint magnetisations. There is some preference for ChRM
preservation in those samples showing sedimentary or inverse sedimentary AMS, along with
those showing bedding-cleavage intersection AMS fabrics (SI Table S3). This may be a
formation-related connection between ChRM preservation and AMS fabric (SI Fig. S13f).
Fisher means or combined great circle means produce similar directions, and our directional
means (Table 1) are a little steeper in inclination than Channell et al. (1993) found in the
Hebblethwaite Mbr (compared to previous of 043°, -24°). The VGP- mean A95 is within the
thresholds of Deenen et al. (2011) indicating dispersion is within the range expected of
secular variation (Table 1).

The DC and the incremental fold tests both indicate 100% unfolding is included within
the 95% confidence interval (Table 2), and the McFadden fold test indicates 100% unfolding
is the most likely situation (Pf>5% for 100% unfolding). These indicate the ChRM is pre-
folding, like the previous dataset of Channell et al. (1993). The reversal test fails for the
means (Table 1), probably reflecting remaining contamination from the overprint
magnetisations.

These data define two normal and one major reverse-polarity magnetozones, with two
additional tentative normal and two tentative reverse submagnetozones (Fig. 5d). The
tentative reverse magnetozone in the base of the Skelgill Fm is the one sample from the
acuminatus Biozone.

4.3.4. Hillend Farm

Samples from the Purple Shales have a steep (Brunhes-like) low stability component,
removed by around 300°C, a component which is not present in the samples from the
Pentamerus Beds (SI Fig. S16a). Intermediate stability components show some E-W oriented
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shallow dipping dual polarity magnetisations (‘Devonian-like’; Fig. 12f), as well as
composite directions which seem to be a mix of both these components (SI Fig. S16c). The
Silurian ChRM is the highest stability component, starting between 350 - 400°C, until above
600°C demagnetisation steps (Fig. 12e,f). Thermal alteration starting above 550°C often
obscures and scatters the ChRM origin fits. 74% of specimens contain evidence of ChRM
polarity, with 51% of these being line-fits (Fig. 6b,c), defining four normal and four reverse-
polarity magnetozones, with one additional tentative reverse submagnetozone (Fig. 6d). The
VGP- mean A95 is within the thresholds of Deenen et al. (2011) indicating directional
dispersion is like that due to secular variation (Table 1). The directional data for the great
circle mean pass the reversal test with class C (Tables 1; Fig. 15). The fold tests are positive
for the proportional (75-147% unfolding 95% confidence interval) and McFadden (Pf >5% at
100% unfolding) tests (Table 2).

4.3.5 Buttington Quarry

Low stability components occurs between the NRM to ca. 200-250°C, with a mean
direction of 013/65 (geographic coordinates, GAD inclination= 69°), but with a large
dispersion (Fisher k=5, 09s=9.3°; SI Fig. S16b). This is interpreted as a Brunhes-age
component. Intermediate stability components (up to 350- 450°C or early stages of AF
demagnetisation, Fig. 12g), with a southerly, upwards directed magnetisation often dominate
the magnetisation (SI Fig. S16d) and are interpreted as Kiaman in age (mean of 200°,-13°,
Olos=5.9"n=72). The Kiaman component is particularly prevalent in the lower part of the
section. Kiaman components are common in other early and middle Palaeozoic data from the
southern Welsh Basin (Channell et al., 1992; SI Fig. S15a), but to a lesser extent in rocks
from the Welsh Borders (Piper, 1995). The high stability, ChRM component is most
effectively isolated with thermal demagnetisation in red-samples, and combined thermal and
AF in non-red samples (Fig. 12g,h). 68% of specimens contain evidence of ChRM polarity,
with 45% of these being line-fits (Figs. 7b,c, 16).

The VGP- mean A95 is within the thresholds of Deenen et al. (2011) indicating
dispersion is within the range expected of secular variation (Table 1). The reversal test is
positive for both Fisher or great circle means (Table 1). The range of bedding dips from 89°
to 32° allows a fold test using the line-fit data. The incremental fold test (Watson and Enkin,
1993) and the DC fold test (Enkin, 2003) give 95% confidence limits on unfolding of 50-
135%, and 100% 32% respectively, indicating the magnetisation passes fold tests (Table 2).
The ChRM data define eight normal and six reverse-polarity magnetozones, with an
additional two and three tentative normal and reverse submagnetozones respectively (Fig.7d).
The sampling at Buttington Quarry shows more magnetozones than the same age interval at
Backside Beck, likely due to a greater sampling density.

4.3.6 Grabowiec-6

Samples responded best to combined thermal demagnetisation to 250-300°C followed
by AF demagnetisation. A low stability (component LT) component was isolated by thermal
demagnetisation between 100 and 210-250°C. The mean of this component has a slightly
steeper inclination (73.5° 0ys=2.0; McFadden and Reid, 1982) than the expected modern field
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at the core site (of 68°). The LT component is interpreted as predominantly a Brunhes age
component. The intermediate, and often the high stability components are dominated by an
often negative inclination component, which is often stable until the last stages of
demagnetisation. Re-orientation of the core runs using the LT component shows the SSW
directed nature of this component (SI Fig. S19a). This is interpreted as a Kiaman partial re-
magnetisation, which is widespread in early Palacozoic sediments in Poland and the East
European Craton margins (Smethurst and Khramov, 1992; Jeleniska et al., 2005; Nawrocki,
2000). This Kiaman component in the samples is very well defined, and when used to re-
orient the core, indicates the LT component is scattered between the Brunhes field direction
and the Kiaman component (SI Fig. S15b). We therefore used the Kiaman component to re-
orient the specimens to assist in interpreting the behaviour of the Silurian component (details
of core re-orientation in Hounslow et al., 2021).

In the Silurian part of the core studied here, 42% of specimens contained evidence of an
additional magnetisation component at the highest demagnetisation stages, at AF
demagnetisation >60mT or thermal demagnetisation >400°C (Fig. 12i). In three of these
specimens a Silurian- line-fit direction (i.e. s-class a ChRM) could be extracted (Fig. 8b). In
the remaining 5 specimens this component is shown as great circle trajectory trends towards
expected Silurian normal and reverse-polarity directions, defining only normal polarity (Fig.
8d). Great circle trends were combined with the ChRM directions to produce a low precision
mean direction (Table 1), although the VGP dispersion shows A95 within that expected for
secular variation (Table 1).

4.3.7 Correlation of the Buttington Quarry, Backside Beck sections

Although the biostratigraphic position of the Aeronian-Telychian boundary cannot be
precisely located at Buttington, due to sparse graptolite occurrences (Mullins & Loydell,
2002), we tentatively correlate the s variations in the section with those at Backside Beck
(Fig. 17). The ¢ variations at Backside Beck are a rather simplified version of the K¢
variation measured by English (1999) in much more detail over the Ae3 to lower Te2 stage
slice interval (Fig. 17b,d). As well as the graptolite data, this correlation is also constrained
by the occurrence of the haematite-dominated magnetisation in both sections. We infer the
upper and lower boundaries of this type of magnetisation allows correlations between the
sections (Fig. 17a,b). This likely relates to an expression of the Telychian oxygenation event
of Hounslow et al. (submitted).

In the Ae3 to Tel interval at Backside Beck the &' Core show progressively more
positive values, with a probable peak around the 190-210 m level (Fig. 17c). The ‘Rumba
low’ (Hammerlund et al. 2019) appears to be present as well as possibly the Sommerodde
positive isotope excursion (SOCIE) of Hammarlund et al. (2019) located in the spiralis
Biozone and expressed in 813C0rg. This is consistent with the correlated position of the
spiralis Biozone (upper Te3) at Backside Beck based on the magnetic correlations in Fig. 17.
The SOCIE so far seems to be better expressed in deeper marine systems, like Backside
Beck. However, interpretation of the 613C0rg variations in the Telychian at Backside Beck is
hampered by a strong negative correlation with %TOC (SI Fig. S10), which particularly
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influences the 513C0rg variations in the late Tel stage slice and younger. This %TOC-8" Corg
correlation suggests some organic matter compositional control on 813C0rg, and is not an effect
due to greater organic matter oxidation in the oxic/aerobic mudstones, since oxic degradation
lowers 8'"°Coyg by ca. 1.5 “/o, (Lehmann et al., 2002).

5. Llandovery geomagnetic polarity stratigraphy

A composite Rhuddanian magnetostratigraphy can be compiled using the Backside
Beck, Core-A and Bardo Stawy sections (Fig. 18). The magnetozones are labelled using a
series prefix (LL for Llandovery, WE for Wenlock). Data for the early Rhuddanian indicates
dominantly normal polarity (LL1n magnetozone), except for near the Ordovician-Silurian
boundary where Bardo Stawy and Backside Beck show evidence of reverse polarity, which in
both cases, is interpreted as the uppermost part of UO6r of latest Hirnantian age (Fig. 18;
Hounslow et al., 2021). Magnetozone UO6r at Backside Beck is in the acuminatus Biozone
(the basal 10 cm of the Rhuddanian; SI Fig. S4), and is apparently younger than at Bardo
Stawy in the uppermost persculptus Biozone (or persculptus-ascensus boundary interval),
which may be either a small diachroneity issue with the biostratigraphy, or the polarity
pattern is incomplete in the earliest Rhuddanian. At Backside Beck an inferred hiatus at the
top of the Spengill Mbr indicates this reverse is truncated; with the Spengill Mbr in the early
Hirnantian, with only the earliest part of the HICE present (Figs. 3d, 17; Hounslow et al.
2021). Using the Bardo Stawy 5" Core data for correlation to the Rhuddanian GSSP at Dob’s
Linn (Figs. 2, 3) suggests the base Llandovery is very close to the base of LL1n.

Data from Bardo Stawy and Core-A suggests the late Rhuddanian cyphus Biozone is
largely reverse polarity (LL1r), with one tentative normal-polarity submagnetozone in the
uppermost Rh3 stage slice in Core-A (Fig. 18). In spite of the condensed Aeronian in Core-A
this provides the most complete Aeronian polarity pattern, since sampling at Backside Beck
is sparse and polarity quality less over this interval. The reverse-polarity magnetozone LL1r,
extends into the lower part of the Ae3 stage slice (Fig. 18), and is overlain by magnetozone
LL2n in the upper Aeronian Ae3 stage slice as seen in Core-A. Magnetozone LL2n in the
lower sections at Hillend Farm and two sampling levels at Backside Beck are also in the
sedgwickii-halli zonal interval.

A reverse-polarity dominated Tel stage slice is shown in Core A, and in the upper
section at Hillend Farm. At Backside Beck only two of the four successful sample levels (two
are uncertain polarity) in slice Tel are reverse polarity (Fig. 18). The carbon isotope data
from Backside Beck, Hillend Farm and Core-A show increasingly more positive values from
the upper Aeronian into the Tel stage slice, with possible 813C0rg peaks seen in Core-A and
Backside Beck. It seems unlikely the 813C0rg peaks are the Valgu CIE of Munnecke and
Minnik (2009) which is within the later part of the Te2 stage slice, but some additional
variation (a pre- Valgu peak?) in the progressively more positive increase towards the
overlying Valgu CIE like observed by Hammarlund et al. (2019).

The boundary of the Tel-Te2 stage slices is at a tentative normal submagnetozone in
Core-A (inferred to be LL3n), but this boundary cannot be placed accurately at Buttington
Quarry due to the sporadic graptolite occurrences. The first occurrence of red-mudstones and
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hematite bearing mudstones at Buttington Quarry and Backside Beck respectively (red line in
Tel stage slice; Fig. 18) provides an approximate correlation level within the Tel stage slice
(Fig. 17). We infer that LL3n is the normal magnetozone centred at the 10 m level at
Buttington Quarry. Its relatively thicker presence at Buttington Quarry compared to Core-A
may relate to some condensation in Core-A and perhaps fault repetition in the upper part of
this magnetozone at Buttington Quarry (fault at 11 m; Fig. 7a). At Buttington Quarry the
reverse submagnetozone (at 7 m) within LL3n is just below a thick bentonite, which Loydell
and Cave (1996) called bed 21 (see SI Fig. S6). This may be the Osmundsberg bentonite
apparently detected at Buttington Quarry (Inanli et al., 2009). We therefore interpret the
reverse polarity (representing magnetozone LL2r) in the upper part of the Hillend Farm
section (and youngest sample from the Pentamerus Beds) as equivalent to the interval of
reverse polarity (-7 to +3 m) across the Cefn Fm —Tarrannon Fm boundary at Buttington
Quarry. At Backside Beck a tentative normal polarity sample in the mid Tel stage slice
probably correlates to normal magnetozone LL3n in the lower Tarannon Shales at Buttington
Quarry (Fig. 18).

Above the normal polarity interval (i.e. LL3n) which contains the Osmundsberg
bentonite in both Core-A, and at Buttington Quarry, is a reverse magnetozone, followed by a
normal magnetozone (i.e. LL4n). In Core-A, LL4n is in the early part of the Te2 stage slice at
14.5- 16 m (Fig. 18) and is inferred to be equivalent to the normal magnetozone between 23-
34 m at Buttington Quarry. Around the Tel-Te2 boundary is a poorly sampled part of the
section at Backside Beck due to a felsite intrusion at this level.

Data from Backside Beck, Buttington Quarry and Grabowiec-6 indicates normal-
polarity dominates the uppermost Telychian into the basal Sheinwoodian, as our
magnetozone WEIn starting within the spiralis Biozone. In the evaluation of polarity bias
data by Trench et al. (1993), they identified a long-lasting normal-polarity interval beginning
in the uppermost Llandovery extending through the entire Wenlock (their W(N)
magnetozone). This was based on data from Gotland, the UK, Eire and China. Our WEIn
magnetochron is the base of this apparently long lasting normal polarity interval.

Below WEIn are reverse magnetozones LL6r and LL6n. 1r, with LL6n.1r only seen at
Backside Beck. Around stage slices Te3 to Te4 the correlation relationships between
Backside Beck and Buttington Quarry are to a large extent suggested by the magnetic
susceptibility changes, presence of major red-mudstone intervals and the SOCIE? excursion
in these sections (Fig. 17). The vertical scaling on the composite polarity scale through the
Telychian largely comes from the Buttington Quarry section.

Although the Telychian polarity changes are the most complex in the Llandovery, it is
likely there may be more reversals in the Telychian, since we have some gaps of several
metres in our most-densely complete dataset from Buttington Quarry. The condensed
Aeronian interval in Core-A suggests this age interval may also turn out to contain more
magnetozones than indicated. The 2017 geological timescale (Cohen et al., 2013) suggests
the Telychian is some 5.1 Myr long and astrochronological calibration has suggested a
slightly longer duration of 5.46 Myr (Gambacorta et al., 2018). Using both our tentative
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magnetozones and the better defined ones, suggests the reversal frequency through the
Telychian is a minimum of 4.2 to 4.5 Myr'". Including tentative submagnetozones in the
Aeronian and Rhuddanian indicates a reversal frequency of ca. 2.4 Myr ™ for this interval.

6. Conclusions

Our magnetostratigraphic data allows the construction of the first geomagnetic polarity
chronostratigraphic scale for the ca.10.4 Myr of the Llandovery, ranging into the earliest
Wenlock. This is defined using polarity data from six sections, a dataset supported by fold
and reversal tests, indicating the primary nature of the magnetisations, which is carried by
variable mixtures of both haematite and magnetite. At the Backside Beck section, directional
data is consistent with previous palacomagnetic data from the area. We construct a
correlation and age framework onto which these magnetostratigraphic datasets are linked,
using: a) existing graptolite biostratigraphy b) correlations using carbon isotope changes, and
¢) magnetic susceptibility data for within UK section correlations . The polarity boundaries
are generally rather loosely tied to the graptolite biozones for most of this interval, and will
require more work to improve cross-calibration.

The base of the Rhuddanian boundary is very close to base of normal magnetozone
LL1n, with the early and middle Rhuddanian dominantly normal polarity. The Aeronian is
dominantly reverse polarity, with normal-polarity magnetozone LL2n in the upper Aeronian.
This interval needs refinement, since it is based on the rather condensed part of Core-A.
Polarity data through the Telychian is rather better defined with data from more than one
section. The normal polarity magnetochron, WE1n starting around the base of the spiralis
Biozone and extending into lower Sheinwoodian provides a significant stratigraphic marker.
This is particularly the case, if the remainder of the Wenlock is also normal polarity, as
inferred from polarity bias data. The reversal frequency likely changed through the
Llandovery, between ca. 2.4 Myr™ in the early Llandovery, to ca. 4.3 Myr™ in the Telychian,
frequencies that are fairly typical of much of the Cenozoic.
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Section/core [code] | Age/ mean type Mean k/dlys (°) Ns/N1/NVN, Reversal Test VGP Pole D,/Dy, (°) | A95 (min,
Dec/Inc (°) [V/v] (©) I;ong./Lat. max),% VGP,s ()
BackSide Llandovery/ Fisher mean | 43.8/-26.8 19.8/5.7 21/90/34/0 R-[20.5, 9.6] 234.2/-12 6.2/142 | 5.7(3.6,12.1)
......... Beck [BB] Llandovery/ GC mean 45.6/-28.8 9.5/4.1 33/90/34/21 R-[16.9,9.6] 313.1/-10.2 | 2.5/4.5 6.7 (3,9.1), 8
Hillend Fisher mean 22.6/-36.4 17.9/9.6 12/50/19/0 Ro [11.9/31.4] 335.2/-1477 | 5.6/9.6 6.8 (4.4,17.1)
Farm [HEF] GC mean 20.6/-37.9 11.1/4.9 26/50/19/17 Rc [12.4/18.0] 337.4/-14.1 3.4/5.8 5.4(3.3,10.5),0
Bardo Fisher mean 10.6/-24.5 18.7/8.5 10/48/17/0 - 9.5/-25.7 4.9/9.1 9.1(4.8,19.2)
Stawy [B] GC mean 9.2/-22.4 12.3/5.0 18/48/17/12 Ro [21.4/21.2] 10.5/-27.1 2.8/5.3 5.6 (3.8,13.3), 7
Buttington Fisher mean 354.0/-53.2 | 13.8/7.2 29/101/31/0 Rc [9.7/14.4] 2.2/-3.5 6.7/9.7 9.2 (3.1,9.8)
Quarry [BQ] GC mean 357.7/-53.3 10.4/4.0 58/101/31/31 | Rb [9.2/9.8] 358.8/-3.4 3.9/5.6 5.6(2.6,6.4),2
Grabowiec-6 Silurian, GC mean 52.7/-45.9 12.2/21.3 7/19/3/4 - - - 18.2(5.5,24.1),0
Core-A Llandovery/ Fisher mean | 17.0/-33.9 9.4/10.9 21/30/21/0 Ro [10.6/23.4] 5.5/-14.5 7.1/12.5 | 11.6(3.6,12.1), 9

Table 1. Mean palaeomagnetic directions for the sections and cores. Code=sample code. k/0s= Fisher concentration parameter and 95% cone of

confidence. Ny=number of sample levels (sites), Ny=Total specimens measured, Nj=Number of specimens with line-fits, N,=Number of
specimens with great circle (GC) fits. GC mean uses method of McFadden and McElhinney (1988) using N+N,, data, and Fisher mean N; data.
For the reversal test (McFadden and McElhinny, 1990), y,=observed angle; y.=critical angle. Virtual geomagnetic pole (VGP) is the reverse
pole. A95 (min, max) = Fisher 95% confidence interval for the site mean VGP direction (Nj sites), and A95,i, and A95,,,« threshold values of
Deenen et al. (2011). %V GP4s= percent of samples yielding VGP latitude < 1451, as a reflection of the match to the modern geomagnetic field
and field models in which %V GPjys is 3-4% (Cromwell et al., 2018). Statistics determined with Pmagtool v.5 (Hounslow, 2006).
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Section Proportional Direction- correction McFadden

%ouf [lower, upper] %uf [confidence interval] %0 [f4, %0P¢], 100[f4, %P; ], N
Backside Beck 100 [66, 147] 132 [£34] 0[5.7,0.5], 100[1.5, 23],2
Hillend Farm 116 [75, 1471 ¢ 147 [£371 -© 0[16.4,01,100[2.4, 10],2 ©
Bardo Stawy 100 [77,122]° 99 [+12] 0 [28, 0], 100[0.9, 43],2
Buttington Quarry 88 [54, 133] 100 [+ 32] 0[4, 2.5], 100[0.9,43],2

Table 2. Fold test data for the sections. The three right hand columns indicate results from three types of fold tests, the proportional (Watson and
Enkin, 1993), the direction correction (DC) fold test (Enkin, 2003) and the ‘means’ fold test of McFadden (1998). The proportional and DC fold
tests display the 95% confidence interval on the degree of unfolding. %uf= best degree of unfolding, values in [..] indicate the unfolding % of the
95% confidence interval. "= parametric bootstrap used to define confidence limit (default is re-sampling with substitution of the data), “= points
which define the great circle (GC) mean used, since otherwise insufficient data (others are S-type data only). Bootstrap confidence intervals use
1000 simulations. N= number of groups defined in McFadden fold test. I= fold test is indeterminate. Backside Beck used the combined Silurian
and Ordovician data (Ordovician data from Hounslow et al., 2021). In the McFadden fold test the Py value indicates the probability the
magnetisation was acquired, so that when Py exceeds 5% it suggests it could have been acquired at that state of folding (or both). All have P¢> 5
at 100% unfolding. Fj is the f-statistic in the McFadden fold test.
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Figure Captions
Fig. 1. Sampling site locations in filled dots. Sections in black, cores in red, and other
locations discussed in text in unfilled circles.

Fig. 2. Detailed magnetic and carbon isotope data for the Bardo Stawy section. A)
Sedimentary log, natural remanent magnetisation (NRM) and volumetric magnetic
susceptibility (K). b) Specimen demagnetisation behaviour showing categorisation into S-
type good (S1), moderate (S2) and poor (S3) characteristic remanence (ChRM) line-fits; T-
type great circle fit qualities range from good (T1), moderate (T2) to poor (T3), and
specimens with no characteristic magnetisation are indicated in the X column (see text for
details). ¢) Interpreted specimen polarity quality, with those in the mid-grey column not
assigned a polarity (no ChRM). Poorest quality in column headed ?? best in N and R. d)
Specimen VGP latitude and section magnetic polarity. Polarity bar widths in the magnetic
polarity column correspond to interpreted horizon polarity quality, with full-bar width
corresponding to good quality and 1/4 bar width, the lowest confidence. e) Organic carbon
isotope and total organic carbon (%TOC), with inferred BC isotope zones of Ainsaar et al.
(2010). HICE= Hirnantian isotope excursion.

Fig. 3. 813C0rg data across the Ordovician- Llandovery boundary. a) black line from Chen et
al. (2006) and blue line from Gorjan et al. (2012). b) Dob's Linn from Underwood et al.
(1997), with biozones and extent of Hirnantian isotope excursion (HICE) after Bergstrom &
Goldman (2018). Coloured intervals are inferred correlations based on the isotope data. c)
and d) from this work. Ordovician carbon isotope data and ;¢ for Backside Beck from
Hounslow et al. (2021). BC15, BC16 are the late Ordovician isotope zones of Ainsaar et al.
(2010).

Fig. 4. a) Lithostratigraphy, stage slices, surface magnetic susceptibility (Kq,) and carbon
isotope data for Core-A. Photo ‘lithology’ is a compressed core photo, in which lighter
intervals correspond broadly to increased carbonate content. b) The stages slices, lithology
and bentonite beds are shown for the Aizpute-41 core (adapted from Loydell et al., 2003;
Kiipli et al., 2014). Lithology symbols and colours as in Fig. 6. In the Aizpute-41 core the
stratigraphic position of the Valgu carbon isotope excursion (CIE) is based on Munnecke and
Minnik (2009).

Fig. 5. Detailed magnetic data for the Backside Beck section. See Fig. 2 for column details.
Key to lithologies and colours in Fig. 6. S.S= stage slices of Cramer et al. (2011), McAdams
et al. (2019). A more detailed log of sampling spots is in SI Figs. S3, S4. Graptolite zonation
from Rickards (1976) adapted to revised zonation from Zalasiewicz et al. (2009). In a)
haematite dominated magnetisations based on resistance to AF demagnetisation.

Fig. 6. Detailed magnetic and organic matter carbon isotope data for the Hillend Farm
sections. See Fig. 2 for column details. A more detailed log of sampling spots is in SI Fig. S5.

Fig. 7. Detailed magnetic data for the Buttington Quarry section. See Figs. 2, 5 for column
details, and Fig. 6 for lithologic key. A more detailed log of sampling spots is in SI Fig. S6.
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Fig. 8. Detailed magnetic data for the Grabowiec-6 core. See Fig. 2 for column details.
Biostratigraphic and carbon isotope data from Sullivan et al. (2018).

Fig. 9. Normalised isothermal remanent magnetisation (IRM) acquisition curves for
representative specimens from the sections and cores. Specimen codes (e.g. BQ14 at
Buttington) and their corresponding sample heights/depths are marked on Figs. 2,5,6,7,8,14.

Fig. 10. Anisotropy of magnetic susceptibility (AMS) for specimens from the Backside Beck
section. a), b) show data on a contoured lower hemisphere. a) The K; (Kpaximum) directions
and average bedding plane (dashed line) and b) K3 (Kpinimum) and 95% confidence band for
the girdle normal to cleavage-bedding intersection (grey band). Both a) and b) are in
geographic coordinates and contoured using the Kamb Method, and inverse area squared
(Vollmer, 1995). c) AMS shape versus intensity plots (T versus h%) of the data partitioned
into stratigraphic units. The shape parameter, T = (2*In(K;)-In(K;)-In(K3))/(In(K;)-In(K3));
and AMS strength parameter, h%=100%(K;-K3)/K;. a) also contains the Ordovician data in
the section from Hounslow et al. (2021).

Fig. 11. AMS data for: a) Hillend Farm and b) Buttington Quarry sections. Showing in each
case the lower hemisphere AMS maximum (K;) and minimum (K3) axes in the stereonet and
the ellipsoid shape and intensity (T versus h%). Both sample sets show predominantly
sedimentary-type fabrics. Rose diagrams in b) show the K; axes for both the Cefn Formation
(left) and Tarannon Shales Formation (right). In both cases the directions differ from the
strike of the bedding at Buttington Quarry, indicating the K; axes probably represent
sediment transport directions.

Fig. 12.Example demagnetisation data for Silurian samples. In each case a) to k) consists of a
Zjiderveld diagram, stereonet and intensity decay (J/J,) plot (sometimes aligned vertically).
All in stratigraphic coordinates. Points plotted in black are thermal demagnetisation and in
blue are AF demagnetisation steps. Keys to Zijderveld and stereonets in b). Where can be
clearly shown, the Zijderveld plot has the ranges over which components extracted shown
with coloured arrow, and on the stereonet the direction of the associated components (key
under a)). Measurement confidence cones around some steps shown when 795 (Briden and
Arthur, 1981) is >20°. A) Backside Beck (BB46.2, class-S2, polarity quality: N),
height=217.4m. Three component magnetisation with Brunhes-like component NRM-200°C,
Devonian 200°C-500°C, and normal polarity ChRM 500°C to origin. B) Backside Beck
(BB30jc, S1, R), height= 160.2 m. Three component magnetisation with small Brunhes
NRM-350°C, Devonian 450-670°C and a dominant reverse polarity ChRM 670-685°C. C)
Core-A (11.19 m, S3, N?). Two component magnetisation, with dominant Brunhes-like
component NRM-210°C and normal polarity ChRM 450 (50 mT) to origin. D) Core-A (9.65
m, S2, R). Two component magnetisation, with Brunhes-like component 100-320°C and
reverse polarity ChRM 435- 500 (15- 80 mT). E) Hillend Farm (HEF33.1, T1, N?),
height=9.4 m. Two component magnetisation, with a Brunhes component NRM-250°C and
normal polarity ChRM 330 (30 mT) to origin. F) Hillend Farm (HEF3.2, S2, R?),
height=33.3 m. Two component magnetisation with Devonian-like NRM-300°C and reverse
polarity ChRM 510-620°C. G) Buttington Quarry (BQ90_2d, S1, N), height = 64.17 m. Two
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component magnetisation with a small Brunhes-like component at 150-300°C and normal
polarity ChRM from 350°C-450 (50 mT). H) Buttington Quarry (BQ39_1, S3, R), height=
19.59 m. Two component magnetisation with a 'Devonian-like' component 250°C-410 (10
mT) and reverse polarity ChRM 420 (20 mT) to origin. Initial component to 200°C
(geographic: D/I= 344/-9) is probably a Brunhes-Devonian composite component. I)
Grabowiec-6 (3786.72 m, T3, N??). Three component magnetisation with strong Brunhes
component (100-250°C) and strong Kiaman (410-490; 10 to 70 mT). The weak residual
normal polarity component is evident by a northwards great circle trend (confidence interval
Yos is <20° on each step). J) Bardo Stawy (BS-4z, S1, N), height=3.05 m. Two component
magnetisation with a 'Devonian-like' component from 100-125°C and a normal polarity
ChRM from 125°C to origin. K) Bardo Stawy (BS-32x, S3, R?), height= 14.45 m. Two
component magnetisation with a 'Kiaman-like' component 200°C-310 (10 mT) (Geographic:
D/I=176/-47) and an ill defined reverse polarity ChRM 330-360 (30 to 60 mT).

Fig. 13. a), b), ¢) Characteristic remanence (ChRM) directions for Bardo Stawy. Insitu
directions shown on the left, bedding corrected in the middle and bedding corrected poles to
great circles on the right. The planes through the ChRM great circle poles have a pole which
is near the mean of the ChRM line-fit directions in each site. The great circle line-fit ChRM
plane (derived from the S-type data) is that shown on the right most stereonet (c). S1 to S3
indicate the demagnetisation behaviour explained in the text. d), ) Low stability (LT) and re-
oriented ChRM data for Core-A. The LT data contains both the Ordovician (from Hounslow
et al. 2021) and the Llandovery data. e) Contains only the Llandovery data and the re-
orientation offered by the LT component for Core-A. The table on the right shows the mean
inclination for the Llandovery age samples from Core-A.

Fig. 14. Detailed magnetostratigraphic data for Core-A. The Saldus Fm (Hirnantian age) data
are from Hounslow et al. (2021). See Fig. 2 for column details. Width of bar for mean
inclination is 2*0ls.

Fig. 15. Characteristic remanence data for sections at Backside Beck and Hillend Farm. See
Fig. 13 for details.

Fig. 16. Characteristic remanence directions for Buttington Quarry. See Fig. 13 for details.

Fig. 17. Inferred correlations (dotted lines, coloured bands) of the Telychian intervals at
Buttington Quarry and Backside Beck sections. Data curves in a) and b) represent the average
i per sample (complete datasets in the SI). Intervals of red mudstone indicated. The stage
slices of Cramer et al. (2011) are shown for the biochronology. Buttington Quarry
biostratigraphy from Mullins & Loydell (2002), Loydell et al. (2014). c) Backside Beck
813C0rg data, with blue squares, points not used for curve estimate. Rhuddanian data at
BacksideBeck shown in detail in Fig. 3d. d) Backside Beck K,data from English (1999).

Fig. 18. Summary polarity data for the Llandovery and the proposed composite geomagnetic
polarity chronostratigraphic scale (GPCS). HICE= Hirnantian isotope excursion. SOCIE=
Sommerodde positive isotope excursion (SOCIE) of Hammarlund et al. (2019). [Z=Isotope
Zone. Pre-V? = possible pre-Valgu carbon isotope excursion. S.S= stage slices as used by
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McAdams et al. (2019). Where boundaries between the graptolite zones are reasonably well-
defined with respect to the polarity, these are marked, otherwise not shown. Sloping lines
between stage slices or biozones represent the uncertainty in placement with respect to the
polarity (not uncertainty with respect to the graptolite zones).
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Llandovery GPCS- Palaeogeography, Palaeoclimatology, Palaeoecology : Sl: 1

Supplementary Information for: “Geomagnetic polarity during the Early
Silurian: the first magnetostratigraphic study of the Llandovery”

By: Mark W. Hounslow, Samuel E. Harris, Krystian Wojcik, Jerzy Nawrocki, Nigel H. Woodcock,

James E.T. Channell, Kenneth T. Ratcliffe, Paul Montgomery

The supplementary information contains the following:

a)

Details of sampling locations both on suitable maps and in more detailed sedimentary logs
(Figs. S1 to S7).

Additional rock magnetic data (Figs. S8, S9).

Carbon isotope and organic matter concentration data for Hillend Farm, Bardo Stawy and
the Silurian in core-A (Tables S1, S2, Figs. S10, S11).

Details about structural information for Backside Beck (Fig. S12)

Anisotropy of magnetic susceptibility data (Figs. S13, S14, 518, Table S3)

Details of overprint magnetisations in the sections in the UK and Poland, and comparison to
published overprint directions (Figs. S15,516, S17, S19).

Statistics from the analysis of demagnetisation data (Table S4).

Nitrogen isotope data from Backside Beck (Fig. S20).

Compilation of the palaeomagnetic data for each specimen from all sections (in the
associated Excel file).
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Fig. S6. Log of Buttington Quarry section with sample positions and sub-sections (see Fig. S7 for sub-section locations). BQ palaeomagnetic samples larger
numbers, smaller axx,bxx,cxx numbers are additional samples collected by Chemostrat (not described here).

Mid Quarry
Section

West Quarry
Section

Gully Section

Slope Ramp
Section

GSSP
Section

SE Section

Fig. S7. Location of the sub-sections marked on Fig. S6 within Buttington quarry (image from Google Maps).
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Fig. S8. Additional rock magnetic data. a) Data showing Hcr and SIRM/Y,, along with the discrimination fields of Peters and Thompson (1998)- based on natural
minerals. The large range in Hcr suggests haematite dominates in some samples (with Hcr > 0.2 T, mostly red or reddish samples), and lower Hcr (<0.1 T) in other
drab coloured lithologies. Intermediate Hcr likely indicates mixtures between these two extremes. Our Hcr data <100 mT falls largely outside magnetite or
magnetic sulphide envelopes in a), due to a substantial paramagnetic contribution to 7y, which lowers the SIRM/y,: by a factor of 1/(1-p%), where %p is the
paramagnetic contribution to . B) Hcr and SIRM/Yarv data with the coloured boxes demarcating the limits of these parameters for different minerals (natural
and synthetics) from Peters and Dekkers (2003). Using this data it seems most likely that magnetite is the low Hcr mineral with probable particle sizes < 0.1um.
The Backside Beck data includes some from the Ordovician described by Hounslow et al. (2021).
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(BB20) Browgill Fm, 156 m
(BB33) Hebblewaite Mbr, 170.5 m
* (307) Spengill Mbr, 74.75 m

180 160 -140 120 -100 80 60 40 20 O 20

Temperature (°C)

Fig. S9. a) Low temperature magnetic susceptibility for representative samples from the Backside Beck

section, illustrating the paramagnetic-dominated susceptibility. This was measured (at Bradford Univ.)

using a Bartington Instruments Ltd MS2W probe and temperature system. Modelling of these

paramagnetic contributions using the method of Rochette & Fillion (1988), suggest that paramagnetic
minerals contribute near to 100% of the MS. English (1999) also demonstrated that the MS signal is largely
carried by chlorite in the grey mudstones in Cumbria. Piper et al. (1996) has also demonstrated a

paramagnetic control on the MS signal in the overlying Wenlock and Ludlow units.

Sample code 8"C,; VPDB
%N (wWt%) %TOC (Wt%) (°/00) Height (m)
Hillend Farm

HEF 20 0.08 0.07 -27.34 46.08
HEF 19 0.08 0.08 -27.57 44.95
HEF 18 0.08 0.08 -27.48 44.2
HEF 17 0.08 0.06 -27.14 43.52
HEF 16 0.08 0.07 -27.45 42.83
HEF 15 0.08 0.06 -27.33 42.05
HEF 14 0.08 0.07 -27.39 41.31
HEF 13 0.08 0.09 -28.92 40.45
HEF 12 0.08 0.07 -27.75 39.56
HEF 11 0.08 0.06 -27.22 38.75
HEF 10 0.08 0.10 -31.35 38.18
HEF 8 0.08 0.11 -30.54 37.7
HEF 9 0.08 0.05 -27.51 37.28
HEF 7 0.08 0.08 -27.74 36.2
HEF 6 0.09 0.07 -27.47 353
HEF 5 0.08 0.06 -27.15 34.86
HEF 3 0.09 0.09 -28.24 33.33
HEF 2 0.08 0.07 -27.24 32.28
HEF 1 0.10 0.11 -27.68 31.4
HEF 35 0.04 0.07 -28.74 10.44
HEF 34 0.05 0.14 -31.53 9.97
HEF 33 0.03 0.11 -28.70 9.4

HEF 32 0.02 0.12 -28.28 8.89
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HEF 31 0.02 0.08 -28.54 7.9
HEF 30 0.05 0.10 -29.89 7.25
HEF 43 0.01 0.15 -28.30 2.1
HEF 42 0.02 0.17 -28.27 1.43
HEF 41 0.03 0.06 -28.97 0.88
HEF 40 0.03 0.1 -28.44 0
Core-A
CA-1 - 2.28 -28.12 14.41
CA-2 - 6.30 -30.00 14.24
CA-3 - 3.92 -28.86 13.37
CA-4 - 6.63 -29.03 12.77
CA-5 - 0.53 -28.22 12.43
CA-6 - 1.87 -28.60 11.65
CA-7 - 1.70 -28.73 11.59
CA-8 - 1.28 -28.67 11.35
CA-9 - 3.00 -29.31 10.60
CA-10 - 9.73 -29.90 6.54
CA-11 - 6.64 -29.92 5.76
CA-12 - 5.98 -29.84 5.45
CA-13 - 2.18 -29.28 5.28
CA-14 - 1.23 -30.13 4.85
CA-15 - 3.21 -30.61 4.50
CA-16 - 1.30 -29.96 2.44
Bardo Stawy
BS1 0.04 0.05 -26.3324 0.02
BS4 0.05 0.05 -26.2705 0.27
BS8 0.07 0.08 -26.167 0.54
BS10 0.075 0.1 -25.7858 0.69
BS15 0.07 0.07 -26.0609 1.13
BS20 0.13 1.2 -29.6311 1.58
BS24 0.17 1.69 -30.5619 1.88
BS27 0.12 1.14 -30.9477 2.2
B3 0.04 0.61 -31.6312 2.55
B4 0.05 0.93 -31.6112 2.75
B5 0.02 0.6 -31.8717 3.05
B6 0.02 0.33 -31.6963 3.35
BS44 0.03 0.465 -31.4514 3.68
BS49 0.04 0.6 -31.5952 4.08
B7.2 0.02 0.47 -31.8664 4.75
BS60 0.02 0.42 -31.5207 5.06
BS68 0.06 1.33 -31.5959 5.83
BS70 0.16 2.42 -31.5458 9.05
BS81 0.14 2.75 -31.5561 9.62
BS99 0.12 1.465 -31.2582 10.67
B22 0.07 1.11 -31.3156 11.45
BS119 0.14 2.12 -31.2526 11.93
BS129 0.1 1.84 -31.0165 12.79
BS138 0.155 2.075 -30.7911 13.57
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Table S1. Organic carbon isotope data. Carbon isotope data for the Backside Beck section is contained in

the excel file with this SI.

8Cear, VPDB 8 0cars
Sample code (°/00) VPDB (*/c0) Height
Core-A
CA_C-13 1.12 -6.61 2.74
CA_C-14 1.22 -5.09 1.38
CA_C-15 1.20 -6.23 0.77
CA_C-16 1.11 -6.47 0.28

Table S2. Carbon and oxygen isotope data for bulk carbonate for the Silurian in Core-A. Measured using

methods in Sullivan et al. (2018).
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Fig. S10. a) Organic carbon isotope data versus %TOC values. b) Values for late Ordovician and early Silurian
marine and terrestrial organic matter (from Tomescu et al. 2009). The box plots show the mean and
quantiles, whereas the predicted liverwort shows the range in 8**C. This relationship hints at a likely organic

matter compositional control on the 613C0rg values, which suggests the more positive values may be

impacted by more terrestrial organic matter.
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Poles to bedding, Backside Beck
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Fig. S12. a) Poles to bedding in the Backside Beck section, separated according to the lithostratigraphy.
Fisher means of the poles indicated. In geographic coordinates. b) Poles to cleavage planes and c) bedding-
cleavage intersections in the Backside Beck Section. Fisher means of these directions are indicated (mean
includes the Ordovician data from Hounslow et al (2021). Key in c) applies to both b) and c). In geographic
coordinates. All symbols are lower hemisphere.
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Fig. S13. Interpretation of the anisotropy of magnetic susceptibility (AMS) of the Backside Beck section. a),
b), c) specimen data partitioned into fabric types of bedding-cleavage intersection, sedimentary and inverse
sedimentary fabric types respectively. The corresponding AMS shape-magnitude plots for a)+ b) in d), and
inverse sedimentary fabrics in e). f) percentage distribution of specimens for formations (bottom row for all
specimens) into the five types of interpreted AMS fabrics at Backside Beck.
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Fig. S14. Interpretation of the anisotropy of magnetic susceptibility (AMS) of the Backside Beck section. a),
b) specimen data partitioned into fabric types of inverse-cleavage and composite-cleavage fabric types
respectively. c) AMS data for the igneous sills in the succession. The corresponding AMS shape-magnitude
plots for the stereoplot are shown on the right. In a) and b) data is colour coded by AMS ellipsoid shape,
and the grey areas in the stereo plots are the 95% confidence regions for the cleavage planes (from mean in
Fig. S12) and the girdle to the cleavage-bedding intersection pole (from mean in Fig. S12).
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Demag. Sedimentary Inverse- Bedding- Inverse Composite

Type Sedimentary. cleavage cleavage cleavage
intersection

S1 4 0 0 0 0

S2 8 0 3 14 0

S3 21 60 23 22 41

T1 4 13 19 0 5

T2 17 0 16 3 0

T3 4 0 10 16 5

All S-class 33 60 26 35 41

All T-class 25 13 45 19 9

Devonian 25 7 3 41 32

Kiaman, PD 17 20 26 5 18

Remagnetised | 42 27 29 46 50

N 24 15 31 37 22

Table S3. Percentage of AMS fabric types with the types of demagnetisation categories. Not all specimens
measured for AMS were measured for palaeomagnetic properties, so some share their demagnetisation
type with sister specimens from the same sample. N= number of specimens in each AMS fabric type. Rows
in blue are the sum of the corresponding overlying types, with an entirely ‘remagnetised’ class (i.e. no
ChRM) represented by the sum of those with only Devonian, Kiaman or present-day overprints.

Comments about Table S3. There is higher proportion of samples containing ChRM with sedimentary or
inverse sedimentary AMS, with the largest percentage (73%) for those having the inverse fabric. This
percentage is also high for ChRM-containing specimens with the bedding-cleavage fabric (71%). S-type
specimens are most numerous in those with an inverse sedimentary AMS. This is probably a formation-
related feature, since most of these are from the Browgill Fm (Fig. S13f). Inverse cleavage and composite
cleavage fabrics are fairly equally distributed between remagnetised and ChRM-containing specimens.
Overall there is not a dramatic relationship between AMS fabric type and the preservation of a ChRM.
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Fig. S15. A, b) Overprint and remagnetisation directions (igneous and sedimentary rocks) in other published
studies from pre-Carboniferous units (Old Red Sandstone, [ORS], Ordovician and Silurian) from: a) the
Welsh Basin and b) Poland and Ukraine. Directions are shown with o5 confidence cones. Filled symbols
lower hemisphere, unfilled upper hemisphere. Equal area projection. Welsh Basin data from: Chamaluan
and Creer (1964), McClelland Brown (1983), Smith and Piper (1984), Piper (1995), Setiabudidaya et al.
(1994); Stearns and Van der Voo (1987), Channell et al. (1992a,b) and McCabe and Channell (1990), Poland
and Ukraine data from: Smethurst and Khramov (1992), Grabowski and Nawrocki (1996, 2001), Zwing,
(2003), Jelenska et al. (2005), Szaniawski (2008), Szaniawski and Lewandowski (2010), Szaniawski et al.
(2011). ¢), d) Low and intermediate stability overprint components from Bardo Stawy. Low stability
components are inferred as Brunhes overprints; with varying degrees of scatter due to unblocking spectra
overlap with intermediate stability components. Intermediate stability components at Bardo Stawy have a
more E-W axis, perhaps reflecting a Silurian-Kiaman composite component, or an Early Devonian (?)
component. Filled symbols lower hemisphere, unfilled upper hemisphere. Equal area projection.
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Fig. S16. Welsh Border sections (Buttington Quarry and Hillend Farm) low temperature (LT) and
intermediate stability overprint magnetisation directions. LT components indicate Brunhes overprints, with
varying degrees of scatter due to unblocking spectra overlap with intermediate and high stability
components. The dotted line around the SSW directed intermediate stability components loosely define a
Kiaman-like component (see Fig S15a). The Hillend Farm data also loosely define an ESE group, that may be
Devonian(?) in origin (like seen at Backside Beck; Fig. S17b,d). All data in geographic coordinates. Filled
symbols lower hemisphere, unfilled upper hemisphere. Equal area projection.
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Fig. S17. Backside Beck overprint magnetisation directions (a and b). c) Shows the ChRM directions
determined from the felsite and porphry sills in the section. d) Post Silurian magnetization directions (and
Olos confidence cones) for igneous bodies in the Lake District and southern Scotland detailed in Piper (1997).
These are both primary Devonian directions (E-W dual polarity group) and later overprints (Kiaman SSW
group) identified in the various units detailed in Piper (1997). All data in geographic coordinates. Filled
symbols lower hemisphere, unfilled upper hemisphere.
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Fig. S18. Anisotropy of magnetic susceptibility data for Grabowiec-6. The Ordovician data is from Hounslow
et al. (2021). The Telychian AMS clearly shows a sedimentary type fabric with K; near vertical and K; within
the bedding place, with a strongly oblate fabric.
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Fig. S19. Directional data from Grabowiec-6, which includes data from the Ordovician part of the core from Hounslow et al. (2021). In a), b) and d) the Silurian data
is shown with a blue tick on the symbol, and the Ordovician data without a tick.a) Kiaman directions oriented using the low stability (LT) component. B) The LT
component re-oriented using the Kiaman component. c) ChRm directions and their mean and 95% confidence cones. D) Poles to ChRM (T-type) great circle planes,
with the great circle shown being that normal to the S-type ChRM.
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Section/Core Class N rho Oos (°) equivalent
MAD" (°)
Backside Beck S1 5 1.6 3.7 0.6
(Silurian) S2 8 1.4 10.7 1.8
S3 21 2.5 8.0 1.3
T1 9 3 18.4 3.1
“ T2 8 2.35 15.7 2.6
T3 11 1.7 24.8 4.1
Hillend S1 1 1.2 9.0 1.5
Farm S2 8 2 12.4 2.1
S3 8 1.7 13.5 2.3
T1 3 2.5 15.3 2.6
T2 8 1.45 16.9 2.8
T3 7 3 15.3 2.6
Bardo Stawy S1 4 13 4.1 0.7
S2 1 1.7 12.0 2.0
S3 12 2 14.3 2.4
T1 3 3 19.3 3.2
T2 5 1.4 19.9 33
T3 7 2.5 23.4 3.9
Buttington S1 5 1.7 6.8 1.1
Quarry S2 5 2 13.8 2.3
(Silurian) S3 21 2 17.8 3.0
T1 9 2 219 3.7
T2 9 1.5 16.2 2.7
T3 18 2 214 3.6
Grabowiec-6 S1 0
S2 0
S3 3 1.2 20 33
T1 0
T2 0
T3 5 1.7 20.8 3.5
Core-A S1 1 1.4 27.0 4.5
(Silurian) S2 6 1 17.6 2.9
S3 19 1.55 18.9 3.2
T1 0
T2 2 1.4 15.0 2.5
T3 0 27.0 4.5

Table S4. Statistics from the LINEFIND fitting procedures applied to the demagnetisation classes. N=
number in each category. Rho=median excess standard deviation (Kent et al., 1983), and 0.5 is the
geometric mean of the 95% confidence interval as determined by LINEFIND. For T-class data this
uncertainty is on the pole to the great circle. * equivalent maximum angular deviation (MAD) to the Oigs
shown, which uses the calibration of Khoklov & Hulot (2016) with 3 points unanchored- i.e. their Cyymap (3)
conversion value of 6.0. For better defined lines and planes with more points than 3, MAD will be an
underestimate.

Statistics of demagnetisation data analysis

LINEFIND is explained in detail in Kent et al. (1983) and in outline in McFadden & Schmidt (1986), and has a
number of features which make it substantially different in use to ‘standard’ manual-PCA fitting as widely
used in much software. It requires an estimate of the variance of each measurement as measured on the
magnetometer. Also LINEFIND takes away the choice of which points to fit lines and planes to, and
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substitutes a choice of a proxy- estimate of the combined uncertainties in the data (this proxy is called rho-
the excess standard deviation). It also generates a 95% confidence angle on each fitted line and plane.
More practical details about using LINEFIND can be found in Hounslow et al. (2021). Statistics of the data
analysis using LINEFIND on our data are in Table S4.

Nitrogen isotope data

Limited nitrogen isotope data was measured on selected samples from Backside Beck to try and help with
interpreting the organic carbon isotope data. Using a sub-sample of the carbon isotope sample,
decarbonated residues were weighed into tin capsules and loaded into an auto-sampler connected 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
volumes could be used, so we could reliably measure 613Corg and 8"N,,, down to around 0.02% TOC.
Nitrogen isotopes were analysed using a ThermoFinnigan elemental analysers linked to a Delta+XL
continuous flow mass spectrometer. Oxidative combustion of organic matter at 900 °C yielded N? and CO?
for determination of >N/*N and C/N ratios. Yield of N° from organic matter was determined by comparison
of sample peak area with those from known weights of acetanilide. Ratios of 8Ny values (in °/,, ) versus
atmospheric N> were.

{[(15N/ 14N) sample / (15N/14N)atmos] '1}*1000

Comparison was with within-run laboratory standards calibrated against IAEA-600 and USGS 41 (6"°N
value=+0.4%o versus atmos. IAEA, 2004). Precision on replicates of within-run laboratory standards was
typically better than +0.4%. for §°°N (15), based on replicates of laboratory standards.

Interpretation

The total organic carbon (% TOC) and total nitrogen (%TN) are not collinear (Fig. S20a), as expected, if the
nitrogen was largely derived from organic matter (Krooss et al., 2005; Bauersachs et al., 2009; Luo et al.,
2016), implying that a major portion of the N is inorganic (although the measurement precision is poor at
TOC <0.16%). Meyers (1997) suggested that using whole sediment samples with %TOC <0.3%, nitrogen
contents are likely contaminated with significant inorganic nitrogen. Organic matter C/N ratios in modern
environments are typically 5-15 for marine and lacustrine organic matter and 15-75 (or larger) in terrestrial
organic matter (Meyers, 1997; Cloern et al., 2002; Krooss et al., 2005). Reasonably well characterised
Paleozoic organic matter has similar C/N ratios, but perhaps with somewhat larger values (i.e. C/N= 10 - 60)
for marine OM (Luo et al., 2016; Bauersachs et al., 2009). For the UK data from Backside Beck and Hill End
Farm, only for %TOC > 0.1-0.2 is there a reasonable positive relationship between %TN and %TOC (Fig.
S20a). The bulk of the %TN versus %TOC data spread can be modelled with an inorganic-N contribution of ~
0.075% falling between C/N ratios of 5 to 75 (black lines in Fig. S20a). It is probable there is a range in
inorganic-N contents, which is seen in some of the data with %TOC >0.16 and lower %TN, which are better
modelled by an inorganic-N content of ~0.045% (red lines in Fig. S20a). The poor precision in %TOC and
%TN precludes a fuller analysis other than to infer that samples with %TOC > ca. 0.16% may preserve a
better signal from the organic matter nitrogen. With this in mind, the 8°Ny; shows a relatively small range
in values with some evidence of a possible relationship with %TOC (Fig. S20b). At Backside Beck, the largest
8" Nyor for %TOC >0.2 is at 75.55 m (5 cm above base Skellgill Mbr) and 72.2 m (2.3 m below base of Spengill
Mbr). Those with larger %TOC >0.5% have more negative 8" Nior, (samples at 79.1 m, 82.5 m and 118.25 m;
Fig. S3), with that at 79.1 m in the Rhudannian CIE at Backside Beck and that at 118.25 m (maximus
Biozone) in the base of the Browgill Mbr (Figs. S3, S20b). Hence, 8"°N,o: may approximately match the §*C
changes in the Rhuddanian.
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Fig. S20. A) The relationship between %C and %N in organic matter data from Backside Beck and Hillend
Farm sections (only a fraction of these were run for §°N). The lines show modelled %TN contents for
various C/N ratios which match the expected ratios in organic matter (black= inorganic N=0.075%, red=
inorganic N of 0.045%). B) The "N, and %TOC data at Backside Beck.
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