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Abstract The Laurasian Seaway comprises a N-S oriented trans-Pangaean corridor linking Tethys to the
Boreal Sea during the Jurassic, and direction of water flow has been the subject of considerable debate. The
Llanbedr (Mochras Farm) borehole, Cardigan Bay Basin, Wales, is a uniquely informative record that
comprises an expanded deep-marine silty argillaceous succession of Early Jurassic age. Deposition there is
inferred to have been from contour currents under conditions that were deeper and more open than the restricted
basins of the eastern seaway. Quantitative mineralogy and detrital zircon ages define five mineral assemblage
units. Units 1 and 2 (Hettangian—Sinemurian) have mixed age spectra including abundant pre-Cadomian zircons
(>950 Ma) sourced from the north; associated mineralogy includes high albite and biotite content indicating
lack of chemical weathering. Unit 3 (uppermost Sinemurian) is similar to strata below but contains mostly
Caledonian zircons (~460 Ma) of more local origin. Unit 4 (Pliensbachian) has predominance of Cadomian
zircons (750-540 Ma), and quartz-rich sediment. The Unit 4 base corresponds to a sea-level rise and opening of
the E-W Hispanic Corridor connecting equatorial Panthalassa with Tethys and change in configuration of
sediment transport with sourcing postulated from the south and west. Unit 5 (uppermost
Pliensbachian-Toarcian), shows greater dominance of Cadomian zircons coincident with severe global change
at the Pliensbachian-Toarcian boundary and Toarcian Oceanic Anoxic Event. Timing and direction of inferred
provenance change suggests that seaway circulation was strongly influenced by the opening of the Hispanic
Corridor at the Sinemurian—Pliensbachian boundary and relatively stable thereafter.

Plain Language Summary About 200 million years ago the continents were merged into a single
supercontinent, Pangaea. As the supercontinent broke up, it was crossed by N-S and E-W oriented seaways and
oceanic corridors that strongly affected ocean and shelf circulation. Here we present mineralogical data from a
unique borehole location in NW Europe and document marked changes in sediment types and sources that can
be linked in particular to opening of the E-W oriented Hispanic Corridor, a major event in the break-up history
of the supercontinent.

1. Introduction

The Jurassic rift basins of NW Europe, Greenland and the eastern North American seaboard are amongst the most
studied Jurassic successions in the world (e.g., see overviews in Morton et al., 2025; Pierikowski et al., 2008;
Surlyk et al., 2021). Following marine transgression across the region in the Early Jurassic, these basins linked up
to form a N-S oriented Laurasian Seaway that provided a conduit for water exchange between the north polar
region (Boreal Sea) and the equatorial oceanic realm of the Tethys (Figure 1; Bjerrum et al., 2001; Dera &
Donnadieu, 2012; Piefkowski et al., 2021, 2024; Rossi et al., 2023; van de Schootbrugge et al., 2019).

From physical oceanographic modeling, the flow through the seaway was suggested to have reversed from a
southerly to northerly source during the Early Jurassic (Bjerrum et al., 2001; Dera & Donnadieu, 2012) or to have
been slowed or been occluded by tectonic uplift in the North Sea region (see Archer et al., 2019; Underhill &
Partington, 1993), thereby affecting marine temperature and heat transport in the seaway, and triggering major
cooling of the Arctic in the late Pliensbachian and late Toarcian stages in a positive feedback loop (e.g., Korte
et al., 2015). Additionally, the opening of an E-W equatorial marine connection during the Early Jurassic directly
linking Panthalassa and Tethys, the Hispanic Corridor (Aberhan, 2001, 2002; Damborenea et al., 2013; Porter
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et al., 2013), is further considered to have affected water flow within the Laurasian Seaway (Ruvalcaba Baroni
et al., 2018, their Figure 4), but in an opposite direction to that suggested by Bjerrum et al. (2001).

Evidence from the sedimentary record supporting or contradicting these predictions of large-scale change in
bottom currents through the seaway has been hard to come by. Our study site, the Llanbedr (Mochras Farm)
borehole in North Wales, Cardigan Bay Basin (Figure 1; Copestake & Johnson, 2014; Dobson & Whitting-
ton, 1987; Hesselbo et al., 2013; Wood & Woodland, 1968; Woodland, 1971) is uniquely useful in this regard.
Recently, it has been recognized that the mudstone/siltstone sedimentary facies recovered from Mochras are
much less restricted paleoceanographically than other basins lying to the east of the seaway (e.g., Percival
etal., 2016; Os-isotopes), and that deposition was in a deep-water (below storm wave base) contourite setting that
has the potential to indicate long-distance sediment transport directions and variations in flow strengths through
the Early Jurassic (Piefikowski et al., 2021, 2024; sedimentary facies and ichnology). Although the Mochras
borehole has provided geochemical data that have been used to document paleoenvironmental change and infer
astronomical timescales (e.g., Fendley et al., 2024; Hudson et al., 2025; Piefikkowski et al., 2021, 2024; Ruhl
et al., 2016, 2022; Storm et al., 2020; Ullmann et al., 2022; Xu et al., 2018), except for clay minerals (Deconinck
et al., 2019; Munier et al., 2021) mineralogical characterization of the core has largely been lacking up to this
point.

Jurassic sediment in the UK region is preserved in major extensional fault-controlled basins, where the marine
Early Jurassic Lias Group generally rests on marginal marine strata of the Late Triassic Penarth Group
(e.g., Ambrose, 2001; Cope, 1995; Cope et al., 1980; Hesselbo, 2012; Warrington et al., 1980). Basin initiation is
generally of Permian age and the pre-Jurassic fill comprises continental detrital or evaporitic facies (New-
ell, 2018; Tappin et al., 1994; Ziegler, 1990). In the Late Triassic, marine influence on sedimentation became
dominant, with a fully marine environment established just before or at the start of the Jurassic period
(Cope, 1984; Hesselbo et al., 2004; Mayall, 1981). In the UK area Jurassic marine sedimentation is characterized
by offshore marine deposition modulated by episodic regional and supra-regional progradation of shallow water
facies at times of relative sea-level fall (Hallam, 1969, 1981, 2001; Hesselbo, 2008; Hesselbo & Jenkyns, 1998;
Tappin et al., 1994).

The Cardigan Bay Basin, located adjacent to the north-western part of the Welsh Massif, is constrained by a series
of normal faults at its eastern and south-eastern edges, including the Mochras, Tonfanau, and Bala faults
(Figure 1; Dobson & Whittington, 1987; Tappin et al., 1994; Woodland, 1971). These faults are thought to have
had a Paleozoic origin and may have then been re-activated more than once (Chadwick & Evans, 2005; Tappin
et al., 1994). The Mochras Fault is hypothesized to be an important structure controlling thick sedimentary
successions in the Cardigan Bay Basin through the Permian, Triassic, Jurassic, and into the unconformably
overlying Cenozoic (Tappin et al., 1994; Wood & Woodland, 1968), although there is no direct evidence of
synsedimentary fault activity in the Jurassic record at Mochras. Sedimentation rates in the order of ~4—7 cm/kyr
have been estimated for Mochras (Hudson et al., 2025; Pienikowski et al., 2021, 2024; Ruhl et al., 2016; Storm
et al., 2020).

Here, we present a new record of sedimentary mineralogy for the Early Jurassic argillaceous deposits at Mochras,
focusing particularly on the middle Sinemurian to upper Toarcian part of the Mochras core where intact core slabs
are best preserved. We present two complementary mineralogical data sets that can be used to infer sediment
provenance and paleoclimatic conditions in the sediment source areas: (a) a quantitative mineralogical data set
based on elemental maps converted into mineral grains (using QEMSCAN) and (b) detrital zircon U-Pb ages. We
note also that neither of these techniques have been commonly applied to mudstone successions, but we hope here
to demonstrate their considerable potential. Using these data, we assess the mineralogical signatures of sediment
provenance and paleoclimate change through this important reference core and suggest new scenarios for regional
sediment transport and bottom water currents.

2. Materials and Methods
2.1. Polished Blocks and Thin Sections

The higher Jurassic (Toarcian—Pliensbachian) sections of the Mochras core (~602—-1,280 m below surface [mbs]),
are mostly intact and have been sawn lengthways into half or one-third slabs which are retained in the National
Core Repository of the British Geological Survey (BGS) in Keyworth, Nottingham. The complementary working
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Figure 1. Paleogeography and location maps. (a) Early Jurassic global
paleogeography, based on Dera et al. (2011); (b) Paleogeographic details of
the NW Tethyan region showing the Mochras locality (red spot) at the NW
margin of the Welsh Massif in the southern central area of the Laurasian
Seaway (map modified from Dercourt et al., 2000), reused with permission
from the Commission for the Geological Map of the World; (c) Principal
potential sediment source terranes in the British Isles region as configured
prior to North Atlantic seafloor spreading (based on Landing et al., 2022);
sources of pre-Cadomian zircons lie principally to the north of the Mochras
depositional site (Laurentia/Baltica) whilst sources of Cadomian zircons lie
to the south (Peri-Gondwanan terranes and Cadomia-Armorica). Sources
yielding Caledonian zircons are principally the deformed Laurentian margin,
Ganderia, and Megumia. It is important to note that considerable local
heterogeneity exisits within these terranes, for example, significant
Cambrian-Ordovician magmatism (~450-520 Ma) occurred on the
Gondwanan margin with ages that overlap with Caledonian events (Casas &

Murphy, 2018).

murian—Rhaetian, ~1,280-1,930 mbs), were broken up soon after recovery.
These cm-scale core fragments were aggregated into 5-foot (~1.4 m) in-
tervals (“reserve” bag samples) and provide the opportunity for further ana-
lyses, albeit with reduced stratigraphic precision.

The core also yielded several thousand rock specimens that were considered
of special (largely paleontological) value, and which were registered into the
BGS collections with precise depths recorded (“registered specimens”). All
these materials are also archived at the National Core Repository. Thin sec-
tions and rock blocks were prepared from all these materials for the present
study with the highest resolution in the Pliensbachian Stage, currently the
most data-rich interval of the borehole.

Working up-section, for quantitative mineralogy, 12 samples were prepared
from Hettangian strata (1,905-1,742 mbs), 38 from the Sinemurian
(1,742—1,260 mbs), 83 from the Pliensbachian (1,260-865 mbs), and 25 from
the Toarcian (865-700 mbs). The highest stratigraphic resolution, in the
Pliensbachian, is 1-2 m from ~1,068 to 865 mbs and 1-4 m from ~1,260 to
1,068 mbs, with a median of 2.4 m.

For the preparation of polished blocks, selected rock materials were dry cut to
fit in a 30 mm-diameter plastic mold which was then filled with Struers
Epofix two-part cold mounting resin. The samples were kept at room tem-
perature for at least 24 hr for the resin to consolidate. To avoid uneven
pressure on the sample which potentially influences the polishing surface
quality when automatically grinding by machine, the back side of the sample
blocks was manually ground first until a flat surface was achieved. The
samples were processed on a Kemet Forcimat sample holder attached to a
Forcipol 300 1V grinder and polisher using a pneumatic force of ~ 1-4 N with
pressures modified according to polishing step and lithology. The grinding
was carried out using silicon carbide polishing paper with 240, 400, 800,
1,200, 2,500, and 4,000 grit. Each stage was accompanied by a gentle wipe of
the sample surface by tissue to eliminate impurities and loose grains. Addi-
tional thin sections were mechanically polished using minimal water during
grinding and polishing to prevent the loss of clay. All samples were carbon
coated with a 25 nm-thick carbon layer for later Scanning Electron Micro-
scope (SEM) observation. Example SEM images are shown in the Supporting
Information S1 file.

2.2. Quantitative Mineralogy

Integrated petrological observation of samples was carried out using auto-
mated mineralogy (QEMSCAN®) technology. QEMSCAN® (Quantitative
Evaluation of Minerals by Scanning Electron Microscopy) allows mapping of
grains from elemental compositions, including attributes such as texture,
shape, size and constituent mineral phases. The system used in this study is
integrated with an FEI Quanta FEG SEM 650 SEM and uses a combination of
back-scattered electrons and energy dispersive X-rays. The spatially resolved
X-ray spectra within a targeted region on the sample surface are interpreted as
mineral composition by the software package “iDiscover.”

For this study, the “field scan” mode was chosen for comprehensive miner-
alogical observation. Spectra were collected with 1,000 total X-ray counts per
pixel at 0.5 pm spacing for each sample and compared to an in-house Species
Identification Protocol that discriminates minerals based on their
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characteristic X-ray and electron backscatter intensities. Total areas measured were ~6 mm? per sample, which
equates typically to a notional ~6,000 grains in a fine siltstone, and an analysis time of ~14-17 hr. Analyses were
carried out using a 10 nA electron beam current accelerated to 15 kV and focused to 4.8-5.6-unit beam diameter
depending on current output. Prior to each analysis, standard instrument tuning was performed, including beam
focusing, beam alignment and calibration of the X-ray and backscatter detectors.

All quantitative mineralogy data are available from the UK National Geoscience Data Center (Jiang et al., 2026a).

2.3. Grain Size Analysis Using Image]

Based on the 6 mm? SEM image generated during QEMSCAN scanning, the Java-based image processing
program Imagel] was used for the calculation of the proportion of minerals in various gray scales (Schneider
et al., 2012). “Median grain size” was chosen to describe the size distribution of the quartz population. This
normally corresponds to the grain that is encountered at the 50% weight mark when sorting the grains in the
sample from the smallest to the largest (Folk & Ward, 1957). The calculation was modified by using area instead
of weight in this study. As the most abundant detrital mineral, typically ~1,300 quartz grains were observed in the
quantified fraction of each sample. Due to this comparatively large number of grains, the median grain size of
quartz is considered to give a robust estimate of average grain size evolution. The median measure is taken to be
superior to average or maximum grainsize as it is not as liable to minor misidentification of small quartz grains, or
the random encounter of large detrital grains in the limited area studied. The diameter of individual grains was
calculated as the square root of their area and is therefore not an entirely accurate representation of their true
diameter but provides a reproducible, and comparable measurement. All grain size data generated by this method
are available from the UK National Geoscience Data Center (Jiang et al., 2026a).

2.4. Detrital Zircon Sampling and Preparation

Each sample was taken from the “reserve” bags to allow for sufficient mass to be processed. Two batches of
samples were collected: those numbered herein 1-50 were taken principally from the Pliensbachian, but range
across almost the whole Lower Jurassic profile. Those samples numbered 101-110 are from between 900 and
600 mbs (mostly Toarcian). Lithologically, the samples represent well indurated mudstone with varied carbonate
content. The rock samples were crushed in a jaw crusher and the material with the fraction smaller than 1 mm was
sieved. The sieved material was treated with 10% HCI in a water bath to remove carbonate, and after that 30%
hydrogen peroxide was used to remove organic matter. No chemical dissolution of the excess pyrite was applied.
The residue remaining after chemical treatment was washed on a sieve with a mesh of 30 pm. Sediment within the
fraction greater than 30 pm was sieved and the 30—125 pm fraction was used for further analyses. Two samples
(47 and 48, Toarcian) are notable because after chemical dissolution the obtained material was sticky and
increased in volume, which suggests that the rocks contain a higher content of swelling clay minerals of the
smectite type.

For optical observation the heavy fraction was separated in heavy liquids (sodium polytungstate with a density of
2.90 g/cm®) from each 30-125 pm sample. Zircon grains were collected from the separated heavy fraction by
handpicking using a binocular microscope. All potentially useful grains were selected from the concentrate, even
damaged (or uncertain) zircons. More than 1,700 zircons in total were extracted from the Mochras samples.

Zircon grains for age analyses were collected only from samples meeting a minimum quantity criterion of 30
grains. All zircon grains from the samples meeting that requirement were transferred directly from the container to
an adhesive tape. The zircon crystals were then mounted in epoxy resin together with Temora 2 standard grains
with 2°°Pb/?38U age of 416.8 = 0.3 Ma (Black et al., 2003), accompanied with reference 91,500 zircons used for
elemental concentrations U = 82.5 pg/g (Wiedenbeck et al., 2004). The megamounts (disc of 3.5 cm diameter)
usually contained 4 to 5 samples accompanied with the Temora 2 and 91,500 reference zircon grains. After the
resin had hardened, the mounts were polished until quasi-central grain sections were obtained.

The grains from each sample were documented in reflected light and transmitted light on a Nikon ECLIPSE
LV100POL optic microscope accompanied with NIS-Elements software. Polished surfaces were cleaned with
ethanol and Milli-Q deionized water. Zircon mounts were then prepared for SEM cathodoluminescence (SEM-
CL) imaging using the Hitachi Su 3,500 with CL detector. Zircon mounts were coated with a 2 nm thick layer of
high purity gold using a Quorum Q150 T PLUS vacuum coater. Before isotopic measurement, the gold film was
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removed and the mount re-cleaned and dried overnight in an oven at 30°C, prior to being recoated with about
15 nm of high purity gold (i.e., 99.999%) for sensitive high resolution ion microprobe (SHRIMP) analysis using a
Quorum Q150 T PLUS vacuum coater.

2.5. Dating of Zircons

The U-Pb zircon age analyses were conducted on the SHRIMP Ile/MC instrument at the Polish Geological
Institute, Warsaw, using a duoplasmatron as primary ion source, according to the general procedure described by
Williams (1998). The measurements were performed during two independent cycle-sessions, but according to the
same procedure and settings. Secondary ions were collected on a single electron multiplier by cycling the magnet
through six scans on nine masses: l%ZrZO, 204pp, 204.1 (as a background), 2°°Pb, 2°7Pb, 2°®pb, 228U, *%ThO, and
254(5().

Prior to each measurement, the surface of the analysis site was pre-cleaned by rastering of the primary beam for
2 min, to eliminate surface common Pb (Pbc). The acquisition time for each spot was 15 min, forming an elliptical
crater with spot size 20 X 23 and 4 pm depth. During each analytical session data were collected across the mount
in a sequence consisting of one analysis of a Temora-2 reference zircon measurement after every fourth unknown
sample analysis. The >**U-2"°Pb reference material of Temora 2 (416.8 + 0.3 Ma), analyzed usually from 14 to 21
spots during each session, yielded ***U/**Pb reproducibility (1o) in range of 0.75%-0.80%, indicating good
stability. The 2*®U/?°Pb calibration uncertainty (15) is given within Data File 2. These values covered the range
from 0.20% to 0.95%.

The raw data reduction and error assessment were carried out using the Squid 2.5 software (Ludwig, 2009). The
U-Pb zircon age data are available from the UK National Geoscience Data Center (Jiang et al., 2026b). Errors
given on single spot analyses are based on counting statistics, are at the 1c level and include the uncertainty of the
standard added in quadrature. To construct the concordia curves and probability plots showing an age distribution,
Isoplot 3.71 (Ludwig, 2012) was used. All plots are shown in the Supporting Information S1 files.

Pbc corrections for unknown samples were based on measured **Pb. The isotopic composition was calculated
using the Pb isotopic evolution model of Stacey and Kramers (1975), and the age corresponding to the preliminary
206pp/2381J age was calculated using the default Pbc compositions. Individual analyses with >5% (Pbc), were not
considered for interpretation. The concordia distance (d,.), that takes into account the uncertainties of the U-Pb
isotopic composition (Vermeesch, 2021) has been used as a discordance filter. To obtain an age spectrum for each
sample the 2°°Pb/**®U ages for zircon grains <1,000 Ma, and 2°’Pb/**°Pb for those >1,000 Ma were used. This is
a consequence of the relatively short half-life of the **>U parent, making 2°’Pb/**°Pb ages less precise than
206pp/2381J ages for relatively young zircons (Black et al., 2003; Gehrels, 2012). Moreover, the ages of the po-
tential source rocks are most often presented in publications using this assumption.

3. Results
3.1. Major Mineral Trends

Based on the stratigraphic distributions of the major and minor minerals described below, combined with the
results from the detrital zircon ages described in Section 3.2, five major mineral assemblage zones are recognized
(summary in Table 1).

Due to a relative sparsity of data through the lowest part of the core, we do not describe Unit 1 in detail, but
recognize it based on major changes in carbonate content, predominantly calcite, already described elsewhere
(Figure 2; Ullmann et al., 2022). Across other basins in the UK this compositional change corresponds to a
widespread lithostratigraphic transition from an underlying limestone-rich formation, the Blue Lias, to an
overlying relatively limestone-poor formation, the Charmouth Mudstone (Cox et al., 1999).

Long-term shifts in carbonate content exert the strongest control on the large-scale trends in mineral quantity at
Mochras, as evidenced here and in previous studies using X-ray fluorescence and X-ray diffraction methods
(Deconinck et al., 2019; Ruhl et al., 2016; Storm et al., 2020; Ullmann et al., 2022). Beginning in the Turneri Zone
(mid Sinemurian; ~1,500 mbs), carbonate content is comparatively low, averaging ~25% (Figure 3). Carbonate
content shows distinct fluctuations up-section but remains low into the Oxynotum Zone in the upper Sinemurian,
with lowest values encountered in the upper Obtusum Zone (~1,380 mbs).
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Table 1

Key Attributes of Mineral Assemblage Units in the Lower Jurassic of Mochras Based on Major and Minor Mineral Abundances Together With Detrital Zircon Ages

Mineral
Assemblage
units

Depths meters
below
surface (mbs)

Carbonate

(low = <35%;
high = >35%)

Zircon

Detrital minerals samples Zircon ages Stages

5 870-605

4 1,260-870

3 1,340-1,260

2 1,620-1,340

1 1,910-1,620

Low

High

High

Low

High

46-50,
102-110

750-540 Ma
dominance
(Cadomian)

Mixed but with
high 750-540 Ma

(Cadomian)

Mixed. Local

490-390 Ma
dominance

(Caledonian)

Ave. >950 Ma
(Pre-Cadomian)

Low K-feldspar, low biotite, high muscovite
in lower part, moderate albite,
moderate quartz

uppermost
Pliensbachian—Toarcian

High K-feldspar in higher part, low biotite, 29-45, 101 Pliensbachian
moderate to high muscovite, moderate

to high quartz

High K-feldspar, moderate albite, low 25-28

muscovite, low biotite

uppermost Sinemurian

High biotite, high albite 1024 middle—upper

Sinemurian
1-9 Ave. >950 Ma
(Pre-Cadomian)

Not determined Hettangian—lower

Sinemurian

Carbonate content rises to about 40% for the latest Sinemurian section at the base of Assemblage Unit 3, and
shows wide variation through the Pliensbachian, likely due to Milankovitch-forced paleoclimate change
(e.g., Hollaar et al., 2021, 2023; Ruhl et al., 2016). Pliensbachian strata are also characterized by two long-term
shifts in carbonate content, with optima averaging ~60% in the Jamesoni and Margaritatus zones, and lowest
values of ~25% in the middle Pliensbachian (at the Ibex—Davoei zonal boundary). Carbonate content for the
uppermost Pliensbachian (Spinatum Zone) shows an abrupt decline, corresponding to the base of Mineral
Assemblage Unit 5, reaching lowest values ~5% in the lower Serpentinum Zone of the lower Toarcian. Carbonate
content gradually recovers to about 40% in the mid Toarcian strata.

Quartz grain size exhibits clear long-term trends. The median quartz grain size as determined by image analysis of
polished blocks ranges from medium to coarse silt (Figure 3). The Sinemurian Units 2 and 3 show relatively
variable grain size, but we lack sufficient data resolution to identify bed-scale variations systematically. The
Pliensbachian strata of Unit 4 show a marked progressive coarsening up from medium silt at the base to coarse silt
at the top, in agreement with visual core descriptions (Pieikowski et al., 2021). A flattening of the coarsening
trend in the middle Pliensbachian correlates to reduced carbonate content and increased muscovite and albite
(Figure 2). Unit 5, uppermost Pliensbachian (Spinatum Zone) and Toarcian, is again finer (medium silt), but
shows considerable spikey variability.

Quartz content within the largely detrital non-carbonate fraction shows similar patterns, with first-order peaks and
troughs of abundances in carbonate and quartz closely coincident, an observation interpreted by Hollaar
et al. (2023) as a result of the integrated effects of both strengthened and weakened seasonality during maximum
precessional climate forcing in the seaway hinterland. Increase in quartz content is more gradual than carbonate
across the base of Unit 3, but the decline in quartz across the base of Unit 5 is very similar to that seen in carbonate
content (Figure 3).

Peaks in K-feldspar content mostly co-occur with peaks in quartz content, but significant enrichments to >1% in
the silicate and metal oxide (rutile) mineral fractions are more restricted stratigraphically. Albite, muscovite,
rutile and total clay contents generally show stratigraphic trends opposite to those of calcite, quartz, and K-
feldspar (Figure 3). Higher biotite and albite content is evident for Unit 2 compared to the units above, likely
reflecting mineralogically less mature assemblages (i.e., less strongly weathered).

JIANG ET AL.

6 of 20

85U8017 SUOUIWIOD 3A 1110 3(edl|dde aup Aq peusenob afe saoie YO ‘esn JO S9Nl 1oy A%eiq1T8UlIUO A8]IA UO (SUOIIPUOD-PUR-SLLBIWI0D" A3 1M ARIq 1 [BUI[UO//SANL) SUORIPUOD pUe Swie | 8L 88S *[9202/80/50] UO Ariqiaulluo A8 (1M Aenins eoifojoeD ushug Ad vi7bS00Vd9202/620T OT/I0pAu0o" A3 1M Arelq i jeuluo'sqndnBey/sdny woly pepeojumoq ‘9 ‘9202 ‘G2skz.Se



N\\I Paleoceanography and Paleoclimatology 10.1029/2026PA005444

ADVANCING EARTH
AND SPACE SCIENCES

a Detrital zircon % c b
~ ) < °
(1} 3 © 9 = o
= §=% =%z § 5
(] = © n O o
c calcareous marlstone S sgn 2g,38 TS L0 =
g marlstone 29 %g{j% 5233 S% 2SS 8o
o argill. mudstone 538 ®S 2 ’8928 ¢9 Es 25 Modes and assigned
£ S A —
. % calc. mudstone: =>d Om= Ow=b &= Z35 5 orogenic groups
Ja rﬁudstone 0 200 60 0 80 0 60 O 80 © abc d
e s i [ e .
600 " Aalensis | 119 NI a: 280-380 Ma (Variscan)
E Pseudoradiosa | jF16 | 2108 S b: 460 Ma (Caledonian)
650 4 —Dispansum c: 550 & 590 Ma (Cadomian
E Thouarsense . 182 9| d: 720 Ma (Cadomian)
700 3 _g Variabilis JF15 | ;105 ° E e: >950 Ma (pre-Cadomian)
7503 |8 e < B
4 |0 Bifrons . £ 0 Unit 5
800 E = JF14 48 S5 o n=775
= Serpentinum .47
B JF13
850 E Tenuicostatum |JF12b ! ! ! ! ! !
E -46 0 500 1000 1500 2000 2500 3000
900 E Spinatum  [JF12a :‘1‘81 Age Ma
3 JF T *aa o
3 *43
950 R Margaritatus JF10 *42 |
1000 3 | e =4O s
7 <
7 = Davoei i *40 ©
1050 4 |8 139 o
BRI Ibex 3
1100 4§ @| € =
10| o o
185 2 T T T 7 f a
1150 4 _:; 0 500 1000 1500 2000 2500 3000
= . o Age Ma
Jo
1200 3 g Jamesoni A
Ja
1250 3 "l
3 ©
1300 Raricostatum E
] =) .
E Unit 3
1350 E Oxynotum ] X v N ° n=185
7 / | | I
1400 ! | | | Ade a A
E Obtusum ¢ s ¢ s o T J r T ]
1450 3 I \ \ h o 0 500 1000 1500 2000 2500 3000
3 I
] ,E ! | | "' = Age Ma
7 | \
1500 5 Turneri ! ! ! S
i |§ 4 ¢ ¢
1 3 2 1 | \
550 ElE sormcontn .‘ : ! '
7 emicostatum ! ! v
1600 3 : : ! Unit 2
7 i :
1650 3 | ' : ! n =150
] Lol : / A Ady
7 v I f i
] | ! | | I AN /\m
1700 E Bucklandi  JEz5] | \ | ! ! ! ! T
1750 B } ! ! ! - 0 500 1000 1500 2000 2500 3000
E \
ERE JF3 | ; l . | = Age Ma
1800 E, Angulata ! '.‘ | ‘,' =}
B \
7 ] ! I | |
1850 4 |& JF2 ? ? ! ;
] T Liasicus ! | | !
\ |
Planorbis [ JFT [~ . ! ! ! Unit 1
@ - Timanni 7 e ¢ ° ¢ n=71
£
14
Ammonite  Foram fault
zonation  Biozone F- T T T T | —
0 500 1000 1500 2000 2500 3000
Age Ma

Figure 2. Summary ammonite biochronology (Copestake & Johnson, 2014; Hesselbo et al., 2023; Piefikowski et al., 2024) lithology (Ullmann et al., 2022), and sample
levels for this study, together with detrital zircon age populations grouped according to orogenic affinities. Age spectra are compiled for each mineral assemblage zone,
the ranges defined according to Moyen et al. (2025) (Variscan), McKerrow et al. (2000) (Caledonian), and Linnemann, Pereira et al. (2008), Linnemann, D’Lemos
et al. (2008) (Cadomian). Mineral assemblage zones are herein defined by abrupt and substantial changes in sedimentary mineral compositions and detrital zircon ages.
The succession is complete at the ammonite zonal level, although the fault at 1,372 m is thought to cut out about 15 m of strata belonging to the lower Oxynotum Zone
(Hudson et al., 2025). Uncertainties in zonal boundaries due to lack of marker taxa are indicated by gray shading.

3.2. Detrital Zircon Stratigraphic Distributions and Ultimate Origins

Zircons at Mochras have been assigned to four groups based on modal peaks for ages of formation which are
linked to known major tectono-magmatic events (see e.g., Chew & Strachan, 2014; Linnemann et al., 2007,
Linnemann, Pereira et al., 2008, Linnemann, D’Lemos et al., 2008, 2014, McKerrow et al., 2000, Moyen
et al., 2025). These are >950 Ma (pre Cadomian), 750-540 Ma (Cadomian), 490-390 Ma (Caledonian), and
380-280 Ma (Variscan). Results are shown as a percentage of those groups, alongside age spectra for samples for
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Figure 3. Overview of grain size, carbonate percentage and detrital mineral proportion from the carbonate-free fraction in mid Sinemurian to mid Toarcian part of the
Mochras core determined using QEMSCAN (this study). Grain size* refers to median grain size calculation (see Section 2.3.). Mineral assemblage units are the same as
for Figure 2 and are based on abrupt and substantial changes in sedimentary mineral compositions and detrital zircon ages. Detrital mineral abundances are calculated
after subtraction of the carbonate fraction. Mineral polymorphs such as rutile and anatase cannot be distinguished from each other using the QEMSCAN method—here
TiO, minerals are assumed to be rutile. aren = arenaceous mudstone, sil = siliceous mudstone, cal = calcareous mudstone.

each defined Mineral Assemblage Unit (Figure 2), and for all samples combined (Figure 4). Spectra for individual
samples are shown in Data File 2. It is important to emphasize that although the assignment of age modes to
specific tectono-magmatic events is an interpretation, the existence of these modes is a robust observation from
our analytical results. We discuss the potential sources of zircons in more depth in Section 4.

The age data (***Pb/***U for zircon grains <1,000 Ma, and *°’Pb/**°Pb for those >1,000) indicate several changes
through the stratigraphic profile (Figure 2). Below ~1,350 mbs, in the Hettangian to the upper Sinemurian in-
terval, pre-Cadomian grains dominate; though we note that these samples are relatively poor in detrital zircon.
The first major change occurs in the upper Oxynotum Zone (upper Sinemurian), between Unit 2 and Unit 3 and
comprises an increase in the frequency of grains of Cadomian and Caledonian age, at the expense of grains of pre-
Cadomian ages. A less prominent change is observed across the Sinemurian/Pliensbachian boundary, between
Unit 3 and Unit 4, where an increase in the number of Cadomian grains is noted, combined with a decrease in the
frequency of grains of other age classes, especially Caledonian. The stratigraphically highest major change takes
place approximately at the Pliensbachian/Toarcian boundary (~860 mbs), between Unit 4 and Unit 5, where the
numbers of Variscan and Cadomian grains increase relative to pre-Cadomian grains.

Of note also are general trends (Figure 2), particularly in the Sinemurian to Pliensbachian transition (from the
Oxynotum to Jamesoni biochronozones upwards) where there is a growing frequency of Cadomian grains and
falling proportion (although not so consistently) of pre-Cadomian grains. Less conspicuous is a slightly growing
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Figure 4. Compiled distribution of age data for analyzed detrital zircon samples of Mochras mudstone. Th/U versus U-Pb age diagram for (a) all detrital zircons and for
(b) grains <900 Ma. Probability Density Plot of total age population for (c) all detrital zircons (n = 2155) and for (d) grains <900 Ma (n = 1736/2155). A Th/U ratio less
than 0.1, which represents metamorphic zircons (e.g., Rubatto, 2017), is indicated.

trend of pre-Cadomian grains in the upper Toarcian, accompanied by a relatively high and stable frequency of
Cadomian grains. Compared to other age classes, Variscan grain frequencies remain relatively low throughout the
studied interval.

The pre-Cadomian age spectra from Mochras are multimodal and show considerable variations in ages of these
older zircon populations, although our sample resolution for the Hettangian and most of the Sinemurian is not
sufficient to resolve the stratigraphic evolution of the Precambrian components. Even though a minor proportion
of zircon populations in the Pliensbachian and Toarcian, there are small increases in abundance of pre-Cadomian
grains in the upper parts of each of these stages. Within the Pliensbachian and Toarcian stages three major age
groups occur including an early Neoproterozoic group with the prominent double age peaks at 970 and 1,000 Ma,
an early Mesoproterozoic (Calymmian) group, with the age peak at 1,500 Ma, and the Paleoproterozoic (Oro-
sirian) group with relatively smaller number of grains peaked at ~2,000 Ma. Within the Pliensbachian the peak
around 1,000 Ma is most prominent. The principal primary pre-Cadomian sources for zircons are on the margins
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of Laurentia, which comprises basement on the NW margins of the British Isles and further north during the Early
Jurassic (Figure 1). These terrains include the metamorphic complexes of NW Scotland containing zircons with a
Grenvillian (1,070-990 Ma) origin (e.g., Cawood et al., 2007; Krabbendam et al., 2017). A similar age of the
source rocks also relates to the Sveconorvegian orogenic belt of southern Scandinavia (Johansson et al., 2022).

The zircon age group between 750 and 540 Ma (with a bimodal peak at 550/590, and a subsidiary older mode at
720 Ma in our data) relates to the Cadomian orogeny. Cadomian terranes formed part of the active northern
margin of the Gondwana Supercontinent (Casas & Murphy, 2018; Linnemann, D’Lemos, et al., 2008, 2014).
During the Early Paleozoic much of the Gondwanan margin split away as mainly Avalonian terranes that accreted
on the southern margin of Laurentia. Thus, in the Jurassic these potential sediment sources lay mainly in the S of
the British Isles area and to the south and west (Armorican Massif, central western Iberia and Ganderia-Megumia,
East Avalonia and west Avalonia; Figure 1; Clarke et al., 2024; Fairey et al., 2018; Landing et al., 2022).

Caledonian zircons are dominant in Unit 3, but they are a distinct component of all units (Figure 2). The Cale-
donian orogeny occurred between 490 and 390 Ma, during the closure of the lapetus and Tornquist oceans and the
collision of the continents and terranes of Laurentia, Baltica, and Avalonia (e.g., Landing et al., 2022; McKerrow
et al., 2000; Pharaoh, 2018). Zircon-bearing rocks affected or formed by the Caledonian Orogeny occupy a wide
SW-NE oriented swath across the British Isles either side of the Iapetus Suture across Ireland and the England/
Scotland border (e.g., Chew & Stillman, 2009; Moecher et al., 2023) and Caledonian magmatic activity was
locally superimposed upon Cadomian basement. Zircons with Caledonian age signatures may ultimately have
been derived from igneous rocks of this belt.

Variscan-derived zircons are sparse in all mineral assemblage units (Figure 2). The Variscan orogeny, <380 Ma,
resulted from the continental collision between Laurasia and Gondwana, closing the Rheic Ocean and pre-
dominantly affecting the southern UK and much of northern and western Europe (Pharaoh, 2018).

The Th/U ratios of zircon grains can be used to classify them according to their stage of crystallization to enable
differentiation of the magmatic or metamorphic provenance of zircon populations (e.g., Rubatto, 2017;
Yakymchuk et al., 2018). Detrital zircon from all five units overwhelmingly originated from the felsic rocks (Th/
U > 0.1) of different ages and orogenic sources (Figure 4). Metamorphic zircons (Th/U < 0.1) were evidently
supplied mainly from denudation of the Cadomian host rocks (Figures 4a and 4b).

4. Discussion
4.1. Zircon Ages and Sediment Provenance—General Considerations

Zircon (ZrSiO,) is a durable mineral both physically and chemically, widely used in provenance studies and
commonly found in clastic sediments (Cawood, Nemchin, et al., 2003, 2004, 2007; Hawkesworth et al., 2010;
Linnemann et al., 2007; Rainbird & Ernst, 2001). The age of a single zircon grain is considered the crystallization
age of the rock in the source terrain and, at regional to global scales, orogenic events play a crucial role in zircon
formation due to their association with the substantial production of mainly magmatic zircon-bearing rocks
(Linnemann, Pereira et al., 2008, Linnemann, D’Lemos et al., 2008).

Zircon grains may be recycled many times before the last deposition (e.g., Chew et al., 2020; Moecher
et al., 2023). Thus, dominance of zircons with ages that match tectonic events gives a general rather than specific
indication of source area. Nonetheless, age spectra may be used to pinpoint times of significant source change to
the basin (e.g., Morton et al., 2021). Detrital zircons can be an indicator of the depositional age only in an active
magmatic environment. In consequence, non-volcanic epicontinental rifts, such as the Cardigan Bay Basin,
usually lack a component of syn-depositional magmatic activity and detrital zircon age groups are dominated by
input from older sources (e.g., see Cawood et al., 2012).

The Mochras samples are largely argillaceous, a lithology that has been only rarely used for provenance studies
(Leary et al., 2020; Slama & Pedersen, 2015; Sylvester et al., 2022). Detrital zircon U-Pb age data from mudstone
has been considered as an indicator for distal sources (Sldma & Pedersen, 2015), suggesting that selective sorting
may occur during long sediment transport distance (~2,000 km). Recently, however, it has been emphasized that
the zircon age spectra can also be independent of grain size (Leary et al., 2020) and allow reliable identification of
fine-grained source rocks rather than simply distal sources (Sylvester et al., 2022).
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A sedimentary deposit will contain components from multiple crystalline sources because of numerous magmatic
episodes in one region, tectonic juxtaposition of rocks of different ages, mixing by confluence of drainage from
multiple catchments, and recycling of older sediment and mixing with younger primary sources (Cawood,
Nemchin, et al., 2003; Chew et al., 2020; Fedo et al., 2003; Garzanti, 2016; Kosler et al., 2002; Moecher &
Samson, 2006). Zircon age clusters are commonly used to discriminate provenance and global crustal events
despite these complexities (Condie & Aster, 2010; Dickinson, 2008; Pointon et al., 2011; Thomas, 2011), but it is
important to recognize the strong potential for each of these factors to influence the observed age spectra.

Several studies have attempted to identify the zircon-age and other mineralogical characteristics of specific
provenance areas around the Cardigan Bay Basin, although not for the Jurassic. A study of the Carboniferous
sandstones of the Pennine Basin, lying about 200 km to the NE of the study site, documented clear changing
provenance directions through time based on identification of three principal sources (Morton et al., 2021). These
include a northerly source with Archean, wide ranging mid-Proterozoic and Early Paleozoic grains compatible
with source areas in Laurentia and Baltica (Hallsworth et al., 2000; Lancaster et al., 2017; Morton et al., 2021); (b)
a western source with zircon age characteristics broadly similar to our Cadomian group and inferred to have an
Avalonian origin (i.e., from terranes ultimately derived from the northern Gondwanan margin and accreted onto
Laurentia in the Early Paleozoic; e.g., Nauton-Fourteu et al., 2021) and (c) a more distant southeastern Variscan
source containing large numbers of Devonian and Carboniferous zircons (<380 Ma). On the basis of this analysis
source terrains were postulated to have shifted from the north to the west and finally to the southeast through the
Late Carboniferous (Morton et al., 2021).

Carboniferous sandstones from NE Wales show a variety of zircon age spectra that are considered, alongside
evidence from rutile crystallization temperatures, to represent three provenance groups ranging from complexly
recycled Devonian sandstones, long-distance transport from the SW, and long-distance transport from the north
(Waters et al., 2021). Notably, a group of sandstones show modal peaks around 610-620 Ma which may be
attributed to sourcing from the Monian metamorphic complex (Strachan et al., 2007; Waters et al., 2021) which
also lies adjacent to the Mochras study site; however, it is noteworthy that only samples from our Mineral
Assemblage Zone 2 show a modal peak that may match this source (Figure 2).

Closer still to the Mochras depositional site, detrital zircon ages have been studied from the Cambrian-Ordovician
age metasedimentary rocks of the Welsh Massif (Pothier et al., 2015). Although small in number, the reported
spectra show a wide range of characteristics, interpreted to have been brought about by tectonic juxtaposition
during the Caledonian Orogeny.

In the Wessex Basin, lying ~250 km south of the Mochras site, zircon age spectra have been analyzed for the
Triassic age Sherwood Sandstone Group yielding distinct provenances, including southerly sourcing from
Cadomian terranes, dominant directly sourced Variscan zircons, and a group with a strong component of recy-
cling from Devonian Old Red Sandstone (Morton et al., 2016).

It should be clear from the foregoing discussion that it is not possible to quantitatively tease out individual source
areas from the age spectra that we report here with any confidence. Therefore, instead we emphasize the overall
consistent stratigraphic trends in zircon age spectra through the Lower Jurassic at Mochras and focus on a dis-
cussion of how these trends relate to well documented contemporaneous tectonic and paleoclimatic events that
must have influenced sediment dynamics in the seaway.

4.2. Tectonic and Climatic Controls on Sedimentary Systems in the Laurasian Seaway

Several tectonic and climatic events and episodes are thought to have affected sedimentation in the studied region.
Below we summarize the salient factors and discuss how these may have contributed to the observed mineral-
ogical trends.

The potential role of the N-S oriented Laurasian Seaway as a conduit for water exchange between Boreal Sea and
Tethys Ocean has been much discussed (Figure 1; Arias, 2007; Baghli et al., 2022; Bjerrum et al., 2001; Dera &
Donnadieu, 2012; Piedlkkowski et al., 2021, 2024; Reggiani et al., 2010; Rossi et al., 2023; van de Schootbrugge
etal., 2019). A hypothetical change from south-to-north before the Toarcian and north-to-south afterward is based
principally on a modeling study (Bjerrum et al., 2001). Regional shifts in ammonite assemblages (Page, 2008) and
oxygen isotope values from nektobenthic bivalves, brachiopods and belemnites (Hesselbo, Korte, et al., 2020;
Korte et al., 2015; Korte & Hesselbo, 2011) are compatible with flow in the seaway being slowed or blocked (see
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Figure 5. Summary of paleoenvironmental and provenance indicators in the Cardigan Bay Basin and wider UK region. Records shown include from left to right:
Mochras carbon isotopes from bulk organic matter (Storm et al., 2020); Mochras quartz/feldspar ratios (this study); Mochras terrestrial plant macrofossil occurrences
(Ullmann et al., 2022); Mochras detrital zircon provenance (this study); Mochras and wider UK region calcite macrofossil 8'%0 as a paleotemperature proxy (Korte
et al., 2015; Ullmann et al., 2022); UK basin relative sea-level change (Hesselbo, 2008), and; Mochras clay mineral ratios and inferred climate state (K—Xkaolinite,
[—illite, Sm—smectite; Deconinck et al., 2019; Munier et al., 2021). Prominent named carbon cycle and climatic perturbations are indicated as gray bars: LPCE—Late
Pliensbachian Cold Event; OAE—Oceanic Anoxic Event.

Archer et al., 2019; Underhill & Partington, 1993) in the late Pliensbachian and late Toarcian. The same effect can
also be emulated by physical ocean modeling results (Dera & Donnadieu, 2012) in which it is suggested that
global warming during the Early Toarcian would have slowed bottom water circulation.

As well as the meridional N-S oriented Laurasian Seaway and contiguous Viking Corridor marine strait to the
north, the E-W oriented quasi-equatorial Hispanic Corridor was evidently also potentially an important factor
governing water mass flow in the seaway. Physical oceanographic modeling focused on the Toarcian indicates
that upon opening of the corridor, wind-driven westward flowing currents with their origins in equatorial Tethys
penetrated strongly further westwards and northwards into the Laurasian Seaway (Ruvalcaba Baroni et al., 2018,
their Figure 4). This strong clockwise gyre is a robust feature of all variations of the models investigated by
Ruvalcaba Baroni et al. (2018). Based on paleontological evidence, opening of the Hispanic Corridor occurred
substantially at the beginning of the Pliensbachian (Figure 5; Aberhan, 2001, 2002; Damborenea et al., 2013;
Porter et al., 2013), although—having a tectonic origin—it is likely to have been a drawn-out event.

Inference of relative sea-level change through the Early Jurassic in and around the UK region, has been made
based on sequence stratigraphy from outcrop and subsurface data (Figure 5; Copestake & Partington, 2023;
Hesselbo, 2008; Hesselbo & Jenkyns, 1998; van Buchem & Knox, 1998). The major features of regional relative
sea-level change are sea-level fall and coastal regression in the end-Sinemurian, late Pliensbachian and late
Toarcian, alongside major sea-level rise and shoreline transgression in the early Sinemurian, early Pliensbachian
and early Toarcian (Hesselbo, 2008; Hesselbo & Jenkyns, 1998). The sea-level rises, at least, have been suggested
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to be of global reach (Copestake & Partington, 2023; de Grasciansky et al., 1998; Hallam, 1981, 2001; Haq, 2017,
Sellwood, 1972; Surlyk, 1990).

Regarding Early Jurassic climate evolution, four principal paleoclimatic events with the potential to have had a
substantive effect on depositional environments in the Cardigan Bay Basin have been extensively discussed: three
potential hyperthermal events and one major cooling episode (Figure 5). The earliest of these is the late Sine-
murian Liasidium Event (Hesselbo, Hudson, et al., 2020; Riding et al., 2013). This possible hyperthermal event is
not clearly recorded in Mochras because strata of this age are cut out by a fault at 1,372 mbs (Figure 2; Hudson
et al., 2025). The following Sinemurian—Pliensbachian boundary event, characterized by a long-term negative
carbon-isotope excursion (Danisch et al., 2019; Duarte et al., 2014; Ferreira et al., 2019; Jenkyns et al., 2002;
Korte & Hesselbo, 2011; Schollhorn et al., 2020; Storm et al., 2020), has been suggested to be similar to the very
well documented Toarcian Oceanic Anoxic Event (T-OAE), albeit with a longer duration of about 3 Myr
(Franceschi et al., 2023; Ruhl et al., 2016).

The T-OAE is a major hyperthermal event whose imprint in carbon-isotope records, reconstructed paleo-
temperatures, and extensive marine and lacustrine organic matter accumulation is recorded globally, marking the
peak of environmental changes that began at the Pliensbachian—Toarcian boundary and extended into the mid
Toarcian (e.g., Hesselbo et al., 2000, 2007; Jenkyns, 1988, 2010; Remirez & Algeo, 2020; Thibault et al., 2018).
The T-OAE is considered to have been triggered by greenhouse gas release related to emplacement of the Karoo-
Ferrar large igneous province (Fendley et al., 2024; McElwain et al., 2005; Ruhl et al., 2022; Svensen et al., 2007).
Cooling in the late Pliensbachian has been identified but its characteristics are less well explored than for other
Early Jurassic events (Bodin et al., 2023; Hollaar et al., 2023; Korte et al., 2015; Merkel & Munnecke, 2023).

The main changes in observed sedimentary mineralogy and detrital zircon ages correspond closely in timing to
many of these major paleoclimatic and tectonic episodes. In the following section we consider the possible
mechanisms by which these environmental factors affected depositional processes and defined the observed
mineral assemblages.

4.3. Mineral Assemblage Unit Characteristics, Provenance and Paleoenvironmental Change

Mineral Assemblage Unit 2, belonging to the middle to upper Sinemurian is characterized by low carbonate
content, high feldspar to quartz ratios in the major detrital grains, high biotite content and detrital zircons that are
predominantly pre-Cadomian in age (Figure 5). Most zircons older than about 950 Ma will have been derived
from Laurentia and the deformed Laurentian margin (Figure 1), thus the zircon age spectra indicate an ultimate
provenance from the north (cf. Cawood, Nemchin, et al., 2003; Johansson et al., 2022; Johnson et al., 2016;
Morton et al., 2021). Although we have few data, it appears that Mineral Assemblage Unit 1, comprising the
Hettangian and lowest Sinemurian, has overall similar characteristics and provenance (Figure 2). The strongly
feldspathic nature of the sediment, particularly the abundance of albite, indicates relatively un-weathered and
first-cycle source materials.

It is difficult to fully exclude the possibility that the zircons have been recycled through a younger sedimentary
succession such as Upper Paleozoic strata that may originally have overlain Lower Paleozoic rocks now forming
the bulk of the Welsh Massif (e.g., Cope, 1984). However, it is clear that assemblages 1 and 2 contain far fewer
grains of Caledonian or Cadomian origins than the overlying units, and thus we interpret the overall pattern to
indicate greater preponderance of zircons ultimately derived from the north. If the overall stratigraphic patterns
observed through the whole core represent an unroofing stratigraphy, it is clear the unroofed succession contained
very systematically distributed zircon-age populations with an ordering that was preserved (albeit inversely)
during the erosion process occurring over some 20 million years of Early Jurassic time. Good preservation of a
purely reworked signal in consistent stratigraphic trends appears to us to be a much less likely explanation for the
observations than overall change in provenance direction through the Early Jurassic. This is especially the case
because there is no evidence that an unroofed succession would anyway have a predominance of reworked pre-
Cadomian grains at the top and a predominance of Cadomian grains at the base; the only clear evidence that we
have, from the Carboniferous sandstones of the Pennine Basin (Morton et al., 2021), would have led to an
ordering opposite to that observed.

Assemblage Unit 3, belonging to the uppermost Sinemurian ammonite chronozone (Raricostatum) is quite
distinctive in its detrital zircon population, comprising predominantly Caledonian grains, although its major
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detrital mineralogy is intermediate between the underlying and overlying strata and retains a strong feldspar
component (Figure 5). The depositional site is directly adjacent to the Megumia and Ganderia terranes (Figure 2)
that were strongly deformed in the Caledonian Orogeny, suggesting that this part of the succession has a strong
locally sourced component, and we also note that these terranes would also have imparted a Cadomian signature
to the derived sediments (Fairey et al., 2018).

The Pliensbachian Assemblage Unit 4 shows a step change increase in Cadomian-age zircons, whilst also
showing a substantial reduction in abundance of Caledonian aged grains. Overall, the detrital grains are quartz-
dominated; albite disappears from the assemblages, and K-feldspar content is low except at the very top of the
unit. This change in mineral assemblage indicates a significant change in sediment sources that coincides with
major relative (possibly global) sea-level rise in concert with the Sinemurian—Pliensbachian boundary event. The
coincidence suggests a reorganization of sediment dispersal systems across the region. The switch to grains with
an ultimate southern peri-Gondwanan Late Proterozoic (Cryogenian and late Ediacaran) source points toward the
establishment of bottom currents from the south or west in the earliest Pliensbachian and thus a reversal from the
previous state. As described in Section 4.2 above, this inferred change co-occurs with the modeled reversal in
seaway flow in the SW Laurasian Seaway that accompanies the opening of the Hispanic corridor (Ruvalcaba
Baroni et al., 2018). We therefore suggest that the observed mineralogical changes occurring across the
Sinemurian—Pliensbachian transition are controlled largely by this major tectonic and paleoceanographic event.
In conjunction, extensional tectonics occurred west of Iberia, opening up N-S oriented seaways in the Lusitanian,
Peniche and Galicia Interior basins, improving connectivity to Tethys of more northerly basins such as the
Cardigan Bay Basin (Walker et al., 2021). Moreover, regional relative sea-level rise at the beginning of the
Pliensbachian would have increased the cross-sectional area of all the seaways in the region, again facilitating
greater throughflow of water masses derived from equatorial Tethys (Section 4.2, Figure 5).

Whilst the grain size becomes distinctively coarser through Unit 4 (the bulk of the Pliensbachian Stage)—similar
to patterns of coarsening in adjacent sedimentary basins (Hesselbo, 2008)—the detrital zircon ages hardly change.
This observation is compatible with the interpretation of Pienkowski et al. (2021) that grain size in the Mochras
core reflects principally variations in contour current strength in the marine strait, rather than localized change in
sediment sources. Relative sea-level fall on the basin margins may at the same time have been responsible for
delivery of coarser sediment into the deep-water transport and depositional systems, with the two effects working
in concert. Our results are seemingly at odds with those of Dera et al. (2009) who suggested, on the basis of Nd
isotopes in fish teeth from the Paris Basin and Worcester Graben, that the water mass flow through the Laurasian
Seaway was north-to-south except in the latest Pliensbachian; however, we note that the reported isotope data are
very sparse and the crustal Nd isotope values would not be expected to distinguish source terrains in the region to
the same degree as the zircon age data.

Lastly, the base of Unit 5 represents a second step change toward dominance of Cadomian zircon grains
(southerly or westerly sources) with only residual proportions of either Caledonian or pre-Cadomian grains. This
change in zircon age spectra takes place alongside a transition through the top Pliensbachian and base Toarcian
toward much finer grained more micaceous mudstone containing little carbonate. Our major mineral data set does
not go higher than the middle Toarcian, but based on visual core description, the upper Toarcian is characterized
by coarsening in a very similar manner to the pattern observed for the Pliensbachian. Zircon age spectra continue
to be dominated by Cadomian grains to the top of the Toarcian section. The interpretation suggested here is that
the configuration of sediment transport from the south established in the Pliensbachian is maintained and
strengthened in the Toarcian.

The Pliensbachian—Toarcian transition, like the Sinemurian—Pliensbachian transition before, was a time of major
global sea-level rise, and the transition from a late Pliensbachian “Cool Mode” or even “Icehouse” (Figure 5;
Korte & Hesselbo, 2011; Merkel & Munnecke, 2023; Nordt et al., 2022; Price, 1999; Rogov & Zakharov, 2010;
Ruebsam & Schwark, 2021; Ruebsam et al., 2019) to the early Toarcian super-Greenhouse conditions manifest as
the T-OAE (e.g., Dera et al., 2011; Jenkyns, 1988, 2010; Suan et al., 2010). It is particularly notable that detrital
zircon age spectra maintain largely the same characteristics despite the marked change in other sedimentary grain
properties (Figures 2, 3 and 5). This suggests that contrary to previous interpretations (Bjerrum et al., 2001; Dera
& Donnadieu, 2012; Piefikowski et al., 2024) the major global paleoclimatic events in the early Toarcian may
have had relatively little impact in the pattern of water mass flows through the Laurasian Seaway. With respect to
the T-OAE, Xu et al. (2018) suggested enhanced turbidite deposition, evident as discrete very fine sand beds
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derived from the local basin margins as a result of greatly increased rainfall; our data currently do not have
sufficient resolution and stratigraphic precision to test this hypothesis, but such local derivation may explain the
spikiness (i.e., high fluctuations defined by single sample points) seen in our data for the OAE, as well as the
abundance of plant fossils (Figures 2 and 5).

5. Conclusions

The Lower Jurassic succession at Mochras (Cardigan Bay Basin), deposited in a silty argillaceous hemipelagic
deep water setting, comprises five mineral assemblage units based upon major and minor mineralogical com-
positions and detrital zircon provenance data. The mineral assemblage unit boundaries correspond to times of
major paleoenvironmental change including both sea-level rise and episodes of regional or global warming. These
transitions also lie close to or coincide with the Early Jurassic stage boundaries.

Detrital zircon age frequency data show clear changes in ultimate provenance, shifting from pre-Cadomian
(>900 Ma) in Unit 1 and Unit 2 (Hettangian and Sinemurian), Caledonian (490-390 Ma) dominance (briefly)
in Unit 3 (uppermost Sinemurian), to Cadomian (750-540 Ma) dominance in Unit 4 (Pliensbachian) and,
especially, Unit 5 (Toarcian). We interpret this pattern of change to correspond to a shift from northern prove-
nance during the Hettangian and most of the Sinemurian, to more localized derivation in the latest Sinemurian,
and southern and western dominance during the Pliensbachian and Toarcian. The observed trends and shifts are
interpreted as a response primarily to a systematic change in sediment transport paths in the meridional Laurasian
Seaway, with earlier southward flow switching to northward flow through the Early Jurassic, first at the beginning
of the Pliensbachian and then strengthened at the start of the Toarcian.

We hypothesize that this overall shift in transport direction in the Cardigan Bay Basin relates principally to
opening of the Hispanic Corridor around the time of the Sinemurian—Pliensbachian boundary, with ongoing
“Central Atlantic” rifting and global sea-level rise also playing supplemental roles. Further factors influencing the
details of sedimentary mineralogy include relative sea-level change and regional climate; relative sea-level
lowstand and associated semi-arid climate delivered sediment to the basin exhibiting significantly lower
mineralogical maturity than occurred during sea-level highstand and associated humid climate states.
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