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Abstract

The early Toarcian (~183 Ma) was characterized by a prominent volcanism-
induced warming event associated with a massive addition of >C-enriched carbon to
the ocean-atmosphere system. This warming likely contributed to marked ocean
deoxygenation during this time, giving the event its name: the early Toarcian oceanic
anoxic event (T-OAE). Although the T-OAE has been recognized globally, clear
geographic differences in the character of the event and its environmental effects have
been noted. Here we present new carbon isotope, element abundance and organic
geochemical data from a lower Toarcian succession on the Isle of Raasay, Scotland
(Hebrides Basin, Northwest European Shelf). These data provide the first evidence of
the T-OAE in Scotland. The succession is generally enriched in organic matter through
the T-OAE interval, though redox-sensitive trace element data indicate that oxic-
suboxic bottom water conditions prevailed, potentially interspersed with ephemeral
anoxic episodes. Our elemental data contrast with evidence for persistent
anoxia/euxinia in nearby basins, and emphasizes how deoxygenation was spatially
variable and dependent on water depth and basin hydrography. Similarly, the data
emphasize how anoxia was not a prerequisite for the deposition of organic-rich
lithologies during the T-OAE. Sedimentological evidence, coupled with inorganic
geochemical data, indicates increased coarse-grained detrital flux and enhanced

chemical weathering during the T-OAE. Our findings support emerging evidence for a
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marked strengthening of hydrological cycling and increased storminess at tropical and

subtropical latitudes globally in response to global warming during the T-OAE.

1. Introduction

The early Toarcian oceanic anoxic event (T-OAE, ~183 Ma) (Jenkyns, 1988) was
one of the most significant paleoenvironmental change events of the Phanerozoic. The
interval was characterized by extinction of marine organisms (Harries and Little, 1999),
floral turnover on land (Slater et al., 2019), and elevated seawater temperatures (Bailey
et al., 2003; Ruebsam et al., 2020). A crisis in carbonate production also occurred (e.g.
Han et al., 2018), putatively associated with ocean acidification (Suan et al., 2008;
Ettinger et al., 2021). The event was also associated with a prominent sea-level rise
(Hesselbo, 2008; Thibaut et al., 2018), widespread deposition of organic-rich sediments
(Jenkyns, 1988), enhanced continental weathering (Cohen, et al., 2004; Them, et al.,
2017; Kemp et al., 2020), and increased storm activity (Krencker et al., 2015; Han et
al., 2018; Izumi et al., 2018a). Of particular significance is a pronounced negative
carbon isotope excursion (CIE) recorded in marine organic carbon (Hesselbo et al.,
2000), terrestrial organic carbon and fossil wood (Hesselbo et al., 2000; Xu et al., 2017),
hemipelagic and shallow-water carbonates (Hesselbo et al., 2007; Han et al., 2018), and
individual organic biomarkers (e.g. Schouten et al., 2000).

The CIE is interpreted to reflect a substantial injection of >C-enriched carbon into
the ocean-atmosphere system, potentially caused by volcanism from the Karoo-Ferrar
Large Igneous Province, the thermogenic emission of '2C via intrusion of Karoo-Ferrar
sills in Gondwanan coal deposits (McElwain et al., 2005; Svensen et al., 2007), and/or
the dissociation of methane gas hydrates (Hesselbo et al., 2000, 2007; Kemp et al.,
2005). The CIE is commonly broadly coeval with the deposition of organic-rich rocks,
and the deposition of these facies worldwide has been linked to a significant episode of
seawater deoxygenation (Jenkyns, 1988; Pearce et al., 2008). Nevertheless, the extent
of seawater deoxygenation during the T-OAE is debated, and redox conditions appear
to have been highly variable between different basins, water depths and oceans

worldwide (e.g. Remirez and Algeo, 2020a). Given the fact that the oceanic
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environment has profound influences on extinction and radiation, it is important to
dissect the reasons for this spatial variability in redox. Moreover, research on
paleoclimate conditions during the T-OAE is of key importance for understanding the
Earth system responses to large-scale carbon release, and necessitates global analysis
from a range of geographic settings and environments.

In this paper, we present the first carbon isotope record of the T-OAE from the
Hebrides Basin, deposited in the sub-Boreal realm (Figs. 1 and 2). Our dataset
comprises bulk organic carbon isotope (8'*Corg), palynological carbon isotope (8'*Cpaty),
total organic carbon (TOC), Rock Eval pyrolysis, and element abundance data from a
lower Toarcian succession on the Isle of Raasay, Scotland. Our results reveal the
negative CIE in the sub-Boreal realm during the early Toarcian, which is coeval with
deposition of organic-rich dark grey-black shales. Our new geochemical data permit a
detailed investigation of seawater redox conditions through the T-OAE in the Hebrides
Basin, and also provide insights into continental weathering and hydrological cycling

in the sub-Boreal realm in response to T-OAE warming.

2. Geological setting

The Jurassic rocks of the Hebrides Basin are exposed in westerly-tilted fault blocks
in a major half-graben (Fig. 2). The Hebrides Basin is one of a series of basins on the
margins of the North Atlantic formed during early extensional phases in the evolution
of the Central and North Atlantic Oceans (Tankard and Balkwill, 1989). The western
margin of the Hebrides Basin is constrained by the Minch Fault Zone, east of the Outer
Hebrides (Stein, 1988). The unfaulted eastern margin is adjacent to the present coastline
of mainland Scotland (Morton and Hudson, 1995). Three phases of subsidence related
to extension (Late Triassic to Early Toarcian, Latest Toarcian to Late Bathonian, and
Early Oxfordian to Early Kimmeridgian) were separated by episodes of tectonic
quiescence (Toarcian and Callovian) (Morton, 1989).

Successions spanning the upper Pliensbachian to lower Toarcian are exposed on
the Isles of Skye and Raasay (Fig. 2; see, for example, Morton and Hudson, 1995). For

this study, Toarcian samples were collected from Raasay, and are augmented by two
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samples collected from just below the Pliensbachian-Toarcian boundary on Skye (Figs.
2 and 3). Both localities were situated at a paleolatitude of ~40°N, close to the Viking

corridor, which connected the Boreal Sea to northwestern Europe (Fig. 1).

2.1 Lithostratigraphy and depositional environment

The Toarcian succession on Raasay is exposed in and around disused ironstone
mine workings at Inverarish Burn in the south of the island (UK Grid Reference NG
573365; Figs. 2 and 3). Here, the section (in ascending stratigraphic order) consists of
a ~6 m succession of fine-grained sandstones of the uppermost Scalpa Sandstone
Formation, dark grey-black micaceous shales of the Portree Shale Formation, and
oolitic ironstones of the Raasay Ironstone Formation (Figs. 3 and 4; Lee, 1920; Howarth,
1956, 1992). The top of the Scalpa Sandstone Formation and fairly sharp transition to
the darker and finer-grained Portree Shale Formation are exposed in a tributary to the
northeast of the main ironstone workings (NG 5719 3688; Figs. 3B and 3C). The
transition from the Portree Shale Formation to the Raasay Ironstone Formation is
marked by dark grey-black shales with scattered chamosite ooids (Morton and Hudson,
1995), and can be observed on the floor of the opencast workings (NG 5690 3645).
Nearby, numerous randomly oriented belemnites occur on a bedding surface (the
“belemnite battlefield”), representing the top of the Portree Shale Formation (Fig. 3D;
Doyle and Macdonald, 1993; Price, 2010). An abundant ammonite fauna in the Portree
Shale Formation (Howarth, 1992) indicates deposition in a marine environment. A lack
of observed sedimentary structures observed within this formation potentially indicates
deposition in a quiescent environment. The transition from the Scalpa Sandstone
Formation to the finer-grained Portree Shale Formation likely resulted from a relative
sea-level rise (e.g. Morton, 1989).

The Raasay Ironstone Formation is characterized by thin, unevenly bedded
chamosite oolitic ironstones, intercalated with thin argillaceous beds (Morton and
Hudson, 1995; Figs. 3E and 3F). Previous work has indicated that some levels display
cross-bedding, ostensibly suggesting that the ironstones formed in a shallow water

environment with current action (Fig. 3F; Morton and Hudson, 1995). Hesselbo (2008)
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suggested that the ironstone represents an interval of sediment starvation during a sea
level highstand. The samples collected from just below the Pliensbachian-Toarcian
boundary on the Isle of Skye are from near the top of the Scalpa Sandstone Formation

from a section exposed on the east coast of the island (NG 5156 4710; Figs. 2 and 3A).

2.2 Biostratigraphy

The Dactylioceras tenuicostatum Zone, marked by the first occurrence of the
ammonite genus Dactylioceras, indicates the base of the Toarcian stage (Lee, 1920;
Howarth, 1956, 1992). Poorly preserved Dactylioceras tenuicostatum fossils occur
within the top 2 m of the Scalpa Sandstone Formation on Skye and Raasay, indicating
that the base of the Toarcian is within this formation, and the tenuicostatum Zone
extends into the lowest part of the overlying Portree Shale Formation (Howarth, 1992;
Fig. 4). Above this, the Harpoceras falciferum Zone (equivalent to the Harpoceras
serpentinum Zone) occurs within the rest of the Portree Shale Formation and overlying
Raasay Ironstone Formation. The falciferum Zone can be subdivided into the
Cleviceras exaratum and Harpoceras falciferum subzones. The exaratum Subzone in
the Portree Shale Formation has been defined on the basis of the recognition of
Cleviceras exaratum, coincident with the occurrence of dark grey-black shales (Lee,
1920; Howarth, 1992). The Raasay Ironstone Formation was assigned by Howarth
(1992) to the falciferum Subzone and includes part of the exaratum Subzone based on
the occurrence of Cleviceras elegans in the ironstone (Fig. 4). Importantly, previous
studies (e.g. Lee, 1920; Price, 2010) erroneously assigned the Raasay Ironstone
Formation to the Hildoceras bifrons Zone based on the purported presence of
Dactylioceras commune. However, work by Howarth (1992) did not identify this
species, and the presence of Cleviceras elegans confirms instead an (upper) exaratum
Subzone age. All other species found in the Raasay Ironstone Formation indicate a
falciferum Subzone age (Howarth, 1992), and thus the Raasay Ironstone Formation
must span at least the upper part of the exaratum Subzone and an unknown proportion

of the falciferum Subzone (Howarth, 1992; Fig. 4).
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3. Materials and methods
3.1 Sample collection

At Inverarish Burn, 20 rock samples were collected from the upper part of the
Portree Shale Formation and Raasay Ironstone Formation from the main opencast
workings (NG 5690 3645) at approximately 15 cm intervals. Thirty-eight samples were
also obtained from the uppermost Scalpa Sandstone Formation and Portree Shale
Formation from the tributary northeast of the main opencast workings (NG 5719 3688)
at intervals of 10 cm or less. Based on the orientation of the bedding in this area, an
exposure gap of ~13 cm separates the two sample sets (Fig. 4). On Skye, 2 samples
were collected from the uppermost Scalpa Sandstone Formation from the highest
exposed and accessible outcrop (NG 5156 4710; Figs. 2 and 3A). According to the
litho- and biostratigraphy of Morton (2009), these samples are from the P. hawskerense

Subzone of the Pleuroceras spinatum Zone (Pliensbachian stage) (Fig. 4).

3.2 Carbon isotopes, TOC, and nitrogen abundance

All 60 samples were analyzed for bulk organic carbon isotope ratios (8!*Corg), total
organic carbon (TOC), and nitrogen abundance at the State Key Laboratory of
Geological Processes and Mineral Resources, China University of Geosciences
(Wuhan). For each sample, approximately 1g of powdered rock was reacted with 20%
HCI for at least 24 hours to remove carbonate phases. Samples were then repeatedly
washed with distilled water to remove residual acid. After drying, around 50 mg of each
sample powder was sealed in Sn foil for isotope analyses through a Thermo Finnigan
MAT 253 mass spectrometer, which yielded an instrumental precision (standard
deviation) of 0.1%o.. Standard samples GBW04407 (-22.43%0 + 0.07) and GBW04408
(-36.91%0 + 0.10) were used for the calibration, and the results are reported relative to
the Vienna Pee Dee Belemnite (VPDB) standard. TOC and N abundance analyses were
conducted on samples using a Vario MACRO cube elemental analyzer. Phenylalanine
was used as the calibration standard and the analytical precision for C and N was better
than 0.2 wt.%. Additionally, 22 samples spread evenly through the succession were

analyzed for palynological carbon isotope composition (8'*Cpaty). This analysis was
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carried out to specifically test the veracity of the bulk organic matter §'3C analyses,
since the likely presence of siderite in the Raasay Ironstone (Morton, 2009) could lead
to recalcitrant carbonate carbon resistant to decalcification using dilute HCI. For this
process, ~1g of powdered sample was reacted with concentrated HCI and HF, before
the addition of zinc bromide to remove residual mineral grains. The organic matter
residue was then measured using a MAT 253 mass spectrometer, with a precision

(standard deviation) obtained from standards (USGS 40, USGS 41A, QUB) of <0.13%o.

3.3 Rock Eval pyrolysis

Rock Eval pyrolysis generates hydrogen index (HI, mg hydrocarbons/g TOC),
oxygen index (OI, mg CO2/g TOC) and Tmax (°C) data, which can be useful for
understanding the type and maturity of organic matter (Espitalié et al., 1985). Organic
matter pyrolysis of 11 whole-rock powdered samples spread through the Raasay section
was conducted at the Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences using a Rock Eval 6 instrument, following the method described in Espitalié

et al. (1985). The IFP 160000 standard was used to calibrate results.

3.4 Elemental analysis

Thirty-five powdered samples were analyzed for element abundances. Twenty-two
of them were analyzed at the University of Leeds. For these samples, 80mg of powdered
sample was dissolved in a HNO3-HF-HCIO4 mixture, followed by evaporation to
dryness. Boric acid was then added to the residue, before achieving total dissolution
with hot HNOs. Major and trace elements were measured by ICP-OES and ICP-MS
with multiple replicate analyses of one sample yielding relative standard deviations
(RSDs) of <2%. The other 13 samples were sent to Nanjing FocuMS Technology Co.
Ltd, because they were difficult to fully digest with the above method. For these
samples, about 40 mg of powdered sample was mixed with HNO3 and HF in high-
pressure PTFE bombs. These bombs were then placed in an oven at 195°C for at least
48 hours to ensure digestion, after which the digested diluent was nebulized into an

Agilent Technologies 7700x quadrupole ICP-MS to determine the major and trace
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elements. Multiple replicate analyses of one sample and standards yielded RSDs of

<5%.

4. Results
4.1 Carbon isotopes, TOC and TOC/N

Bulk organic carbon isotope (8'*Corg), palynological carbon isotope (8'*Cpary), and
TOC data are plotted against the stratigraphy in Fig. 4 (data available in Table S1). The
8"3Corg values in the Raasay section range from —27.17%o to —24.49%o, and show a
decrease of ~2.7%o upwards through the studied section. This overall decrease in §'*Corg
comprises three abrupt negative shifts (each <30 cm thick) between the uppermost
Scalpa Sandstone Formation (fenuicostatum Zone), and the base of the Raasay
Ironstone Formation (exaratum Subzone). This is followed by a plateau and a slight
recovery (i.e. positive trend in 3"*Corg) to the top of the Raasay Ironstone Formation.
The variations of paired 8'3Cpary values show a similar trend and match well with §'3Corg
measured on the same samples. The two samples collected from Skye in the Scalpa
Sandstone Formation below the Pliensbachian-Toarcian boundary (spinatum Zone)
show relatively high 8'*Corg values (-24.80%o and -24.58%o) that are similar to those of
the uppermost Scalpa Sandstone Formation at the base of the Raasay section.

In detail, the onset of the first negative shift (shift 1) is at -40 cm section height in
the Raasay section, and spans ~20 cm of the tenuicostatum Zone in the Scalpa
Sandstone Formation with a magnitude of ~1.0%c. Subsequently, values are broadly
stable before the second abrupt shift (shift 2) of ~1.0%o¢ at 140 cm in the Portree Shale
Formation, which spans ~30 cm. The third abrupt negative shift (shift 3, ~1.1%o) occurs
~120 cm above the top of shift 2 (~290 cm section height), and is characterized by a
sharp decrease to minimum §"*Corg (-27.07%0) over ~20 cm in the lower part of the
Raasay Ironstone Formation (exaratum Subzone). Through the rest of the Raasay
Ironstone Formation, §'*Corg is broadly stable but with a slight increasing trend of
~1.3%eo.

TOC values in the Raasay section range from 0.24% to 8.01% (mean 2.05%), and
TOC in the two Skye samples is 0.04% and 0.05% (Fig. 4). TOC gradually increases
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from 0.55% at the base of the Raasay section to 3.27% at 155 cm in the Portree Shale
Formation. Following a decline to 1.03% in the lowermost Raasay Ironstone Formation
(260 cm), TOC rises abruptly to the highest value (8.01%) at 355 cm in the Raasay
Ironstone Formation. This is close to the level where minimum &'*Core occurs. Above
this, TOC values show an overall decrease towards the top of the succession. TOC/N
ratios in the Raasay section range from ~8 to ~29, with a mean of ~20 (Fig. 5). A
pronounced increase to ~29 occurs from the lower part of the Portree Shale Formation
through to the Raasay Ironstone Formation, followed by a drop to ~11 towards the top

of the section (Fig. 5; Table S1).

4.2 Rock Eval pyrolysis

Hydrogen index (HI) values range between 16 and 168 (mean 48 mg HC/g TOC),
and are relatively steady throughout the succession, with the highest value recorded
within the Raasay Ironstone Formation (Figs. 5 and 6). Oxygen index (OI) values range
between 5 and 67 (mean 22 mg CO2/g TOC, Figs. 5 and 6). Tmax is also broadly stable,
ranging from 337°C to 426°C with no abrupt fluctuations, except an outlying value

(583°C) within the Portree Shale Formation (Fig. 5; Table S1).

4.3 Elemental abundances
4.31 Redox-sensitive elements

Mo, U, V, and Re have long been used to assess paleoredox conditions, and the
relative enrichment of Ni can be a useful indicator of primary productivity (e.g.
Tribovillard et al., 2006, 2012; Algeo and Tribovillard, 2009; Liu et al., 2021). In this
study, enrichment factors (EFs) have been used to describe and assess the abundance
of these elements relative to average shale values (Fig. 7). Enrichment factors are
calculated as Xgr = (X/Al)sample/(X/Al)pasas, where PAAS refers to post-Archean
average Australian shale (from Taylor and McLennan, 1985). If Xkr is greater than 1,
then element X is enriched relative to the average shale, otherwise it is depleted. In
practical terms, an Xgr >3 can be regarded as detectably enriched, and an Xgr >10 is

substantially enriched (Algeo and Tribovillard, 2009).
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In general, Mokr is <1 from the base of the Raasay section up to ~310 cm in the
Raasay Ironstone Formation. Above this level, Mokr increases to >1, reaching a
maximum (~8) at 494 cm in the Raasay Ironstone Formation (Fig. 7). Mean Mokr in
the succession is ~1.13. From the base of the succession to ~100 cm, Ugr values are
generally <3. Above this level, there are some fluctuations and a marked increase (up
to ~113) at 193 cm in the Portree Shale Formation. Values then decrease to ~12 at 213
cm and remain steady (~7) until 370 cm section height, followed by a marked rise (up
to ~27) to the top of the succession through the Raasay Ironstone Formation (Fig. 7).
Mean Ukr in the succession is ~12.41. VEer ranges between ~1 and ~11 (mean ~3.61)
throughout the succession. Overall, VEr rises progressively from the base of the
succession to ~3 at 370 cm in the Raasay Ironstone Formation, before increasing more
abruptly to ~10 at 406 cm and remaining high above this (Fig. 7). Nigr values are low
and generally stable (~1) from the base of the succession to ~100 cm. Subsequently,
Nikr increases to ~3 at ~180 cm in the upper Portree Shale Formation, followed by a
marked decrease to ~1 at ~300 cm. Higher in the section, Nikr rises again (up to ~8)
within the Raasay Ironstone Formation and remains high at the top of the succession
(Fig. 7).

Ratios of Moer/Ugr and Ver/Mogr show obvious negative correlation throughout
the succession (Fig. 7). Two intervals, characterized by generally increasing Mogr/UEgr
and decreasing VEr/MoEr, can be observed in the shaded intervals of Fig. 7 (labelled
intervals A and B) and contrast with the overall decreasing trends in Mogr/Ugr in the
rest of the section. Re/Mo values show a prominent rise from ~35 at the base of the
succession to ~193 at ~110 cm, followed by a sharp decrease to ~21 at ~180 cm in the
Portree Shale Formation. Above this, values increase to ~116 and are relatively high
(~105) from ~190 to ~250 cm, after which values fall sharply up-section, and are close

to 0 at the top of the succession (Fig. 7).

4.32 Detrital and chemical weathering proxies
Variations in the flux and nature of detrital components can be tracked using

elements that are typically enriched in terrigenous sediments. Proxies for variations in
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detrital flux and grain size (Ti/Al, Ti/K and Zr/Rb) show similar trends with differing
magnitudes through the section (Fig. 8). These proxies are generally relatively low and
stable from the base of the section to ~80 cm. Subsequently, there is a prominent rise
in Ti/K and Zr/Rb to the top of the Portree Shale Formation (Fig. 8, note logarithmic
scales), and a smaller magnitude rise in Ti/Al. Ti/Al, Ti/K and Zr/Rb values increase
abruptly near the base of the Raasay Ironstone Formation (Fig. 8). Chemical weathering
proxies (K/Al and Rb/Al) show some fluctuations from the base of the section to ~20
cm. Above this, K/Al and Rb/Al drop sharply to ~100 cm, followed by a plateau to
~250 cm near the base of the Raasay Ironstone Formation. Further up-section, values

decrease again to ~360 cm, and remain low to the top of the section (Fig. 8).

5. Discussion
5.1 The Toarcian OAE and CIE in the Hebrides Basin

The available ammonite age constraints for the Raasay succession (Section 2.2)
indicate an early Toarcian age that is contemporaneous with the Toarcian OAE
recognized globally. As such, the ~2.7%o decrease in 8'*Corg through the uppermost
Scalpa Sandstone Formation (fenuicostatum Zone), Portree Shale Formation (exaratum
Subzone), and the lowermost Raasay Ironstone Formation (exaratum Subzone) can be
unambiguously correlated with the fall in §'*Corg recognized from the same ammonite
zones in other basins. Specifically, our new §'*Corg data can be correlated with the well-
studied and nearby Y orkshire section from the Cleveland Basin (Figs. 1B and 9). Within
the constraints of the available ammonite biostratigraphy from both sites, the 3 abrupt
negative 8"*Corg shifts observed on Raasay may correlate with 3 similar abrupt shifts
recognized in Yorkshire (Fig. 9; Kemp et al., 2005). In the Yorkshire section, the shifts
are more abrupt (<10 cm each) and more closely spaced than on Raasay (Fig. 9). A
similar pattern of 2 or 3 shifts within the decreasing part of the T-OAE CIE has been
recognized elsewhere (see for example Xu et al., 2018 and Izumi et al., 2018a). This
correlation implies that the Raasay section (which does not capture the CIE in its
entirety) may be stratigraphically expanded relative to Yorkshire. Nevertheless, the

veracity of the correlation is difficult to confirm owing to the lack of additional
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independent time constraints in the Raasay section (Fig. 9).

One important difference between the Raasay §'*Corg data and those of the nearest
high-resolution 8'*Corg record in Yorkshire is that the magnitudes of the negative shifts
are smaller on Raasay (Fig. 9). In the Yorkshire succession, the overall decrease in bulk
613C0rg from the fenuicostatum Zone to exaratum Subzone is ~7%o, and each negative
shift is ~2%o or larger (Fig. 9). In other nearby basins in Europe, the magnitude of the
T-OAE CIE also tends to be greater than we observe on Raasay, with more negative
background (i.e. pre-excursion) values (see Remirez and Algeo, 2020a for a review).
Globally, the magnitude of the CIE is variable (e.g. Remirez and Algeo, 2020a), and
the CIE magnitude we observe on Raasay is consistent with 8'*Corg data from a number
of sections globally, including Switzerland (Fantasia et al., 2018), Canada (Them et al.,
2017), Japan (Ikeda et al., 2018) and Tibet (Han et al., 2018).

Thermal maturity and variations in organic matter (OM) sources can have a
potentially large impact on bulk organic carbon isotopes (e.g. Suan et al., 2015; Kemp
et al., 2019). Rock Eval pyrolysis metrics, specifically HI, OI and Tmax, can be used to
track OM sources and assess thermal maturity (van Krevelen, 1981; Espitalié et al.,
1985). Kerogens can be classified into four types (I-IV) based on different OM sources.
In detail, algal and marine-derived OM (kerogen Type I and II) is hydrogen-rich with
correspondingly high HI values. Type III primarily derives from terrestrial higher plants
with relatively depleted hydrogen content, while type IV commonly consists of
inertinite of terrestrial origin that is oxidized/reworked with extremely low HI values.
Tmax 1s an indicator of thermal maturity. As shown in Figs. 5 and 6, low HI values (16
to 168 mg, mean 48 HC/g TOC) and OI values (5 to 67 mg, mean 22 mg CO2/g TOC)
characterize the Raasay section, likely indicating a mix of terrestrially derived Type I1I
and Type IV OM. In spite of an outlier (583°C) at 170 cm, Tmax values are generally
low (below 430°C). This observation suggests little post-depositional diagenetic
alteration of the organic matter or elemental data presented. Overall, the data suggest
the predominance of relatively immature organic matter with negligible thermal
alteration that could otherwise affect the 3'*Corg signal or our other data.

In addition to Rock Eval, TOC/N can be used as a supplementary proxy to assess
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organic matter source. Vascular land plants typically have TOC/N >20, whereas algal
organic matter of marine origin generally has TOC/N <10 (e.g. Meyers, 1997). Mean
TOC/N in the Raasay section is ~20, and the values increase during the T-OAE (Fig.
5), likely reflective of a predominance of terrestrial organic matter in this interval. The
reliability of using TOC/N in this way has been questioned (e.g. Wang et al., 2021), but
the results obtained are consistent with the Rock Eval data in that they indicate a
predominantly terrestrial source of organic matter. In detail, there is a weak trend in
TOC/N that broadly mirrors the shape of the CIE on Raasay (Fig. 5; Fig STA). However,
the correlation between 8'*Corg and TOC/N is relatively weak (R* ~0.17). As such, any
changes in organic matter source through the section likely had only a minor impact on
the magnitude and morphology of the CIE. Similarly, the good match between the
measured §'*Cpary values and the bulk §'°*Corg data (R? ~0.82; Fig. S1B) suggests that
incomplete decalcification of refractory carbonate carbon is also unlikely to explain the
lower magnitude change in §'*Corg and higher overall values in the Raasay section
relative to nearby basins.

Suan et al. (2015) showed that the magnitude of the Toarcian CIE in a number of
sections, including Yorkshire, is amplified by changing organic matter source through
the excursion. They suggested a more realistic global magnitude of ~3-4%o for the CIE
(3.2%0 in Yorkshire). This is close to the magnitude observed in the Raasay section

(Suan et al., 2015).

5.2 Redox conditions in the Hebrides Basin during the T-OAE

Mean TOC in the Raasay section is ~2.0%, and the progressive increase in TOC
(up to ~8.01%) in the lower part of the Raasay Ironstone Formation may suggest the
development of oxygen-deficient bottom water conditions. Our RSTE (redox-sensitive
trace element) data can help discriminate between different seawater redox conditions,
generally classified as oxic (>2.0 ml Oz L), suboxic (~0.2-2.0 ml Oz L), anoxic—
nonsulfidic (<0.2 ml O2 L', 0 ml H2S L), and euxinic (0 ml O2 L', >0ml H>S L™)
(Wignall, 1994).

Mo, U and V accumulate strongly under reducing conditions. In some modern



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

marine systems characterized by intense Mn-Fe redox cycling within the water column
(e.g. Cariaco Basin), the accumulation of authigenic Mo in sediments will be
strengthened via a “particulate shuttle” (Algeo and Tribovillard, 2009). In highly
restricted settings, the resupply of dissolved Mo available for enrichment in sediments
may be limited, resulting in a low Mo abundance and low Mo/TOC even under euxinic
conditions (Algeo and Lyons, 2006; McArthur et al., 2008). The possible spread of
anoxic/euxinic conditions worldwide during the OAE (e.g. Dickson, 2017) could have
caused a global seawater Mo drawdown, leading to a universal decrease in Mo
concentration even in organic-rich sediments (e.g. Algeo, 2004; Goldberg et al., 2016).
The reduction of U starts at the Fe (II)-Fe (III) redox boundary and links directly with
Fe redox reactions rather than the presence of free HaS in the water column (euxinia)
(Algeo and Maynard, 2004). Consequently, enrichment of U takes place under less
intensely reducing conditions compared to Mo. V is much more sensitive to redox
variation and tends to be well preserved after burial with little reworking or
remobilization (Algeo, 2004). Therefore, the enrichment of V in sediments can be a
useful tracer for weakly reducing (suboxic) or oscillating redox conditions (Calvert and
Pedersen, 1993). Variations in Moer/Uer and Ver/Mokr ratios are useful for monitoring
relative enrichment among these redox-sensitive elements, providing additional
indications for the degree of deoxygenation in bottom waters (e.g. Scholz, 2018).
Similarly, Re is conservative in seawater under oxic settings, and accumulates strongly
under suboxic conditions in particular (Crusius et al., 1996). Because Mo accumulation
tends to be strengthened under euxinic conditions, Re/Mo can thus be employed to
discriminate between suboxic and euxinic conditions.

In the Raasay section, Mo is typically depleted relative to PAAS values (Fig. 7).
Mo/TOC ratios are extremely low during the negative trend in 8'*Corg, and similar to
values recorded across the T-OAE in the Yorkshire and Sakuraguchi-dani sections
(Cleveland and Tabe Basins, respectively; Fig. 10). Low Mo and Mo/TOC ratios in the
Cleveland Basin reflect extreme hydrographic restriction and persistent euxinia during
the T-OAE (McArthur et al., 2008; Remirez and Algeo, 2020b). By contrast, low Mo

and Mo/TOC in the Tabe Basin and lack of strong enrichment in other redox elements
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indicate the predominance of oxic to suboxic bottom water conditions (Kemp and [zumi,
2014), perhaps with intermittent anoxia/euxinia based on limited pyrite framboid
evidence (Izumi et al., 2018b). Therefore, two scenarios could be proposed to explain
the low Moer and Mo/TOC ratios observed in the Raasay section. In the first scenario,
the Hebrides Basin became restricted like the Cleveland Basin with an anoxic
environment from the onset of the negative trend in §'*Core, during which inadequate
replenishment of Mo led to both low Mogkr and Mo/TOC values. The increase in Mogr
within the Raasay Ironstone Formation could indicate a more open environment in the
Hebrides Basin at this time, and consequent resupply of Mo, possibly supported by a
global sea level rise during the interval (Hesselbo, 2008). The alternative scenario is
that low Mo and Mo/TOC ratios simply reflect a predominantly oxic to suboxic
environment within an unrestricted setting. In this case, the high TOC (which is
predominantly terrestrial in origin based on the Rock Eval and TOC/N data) could have
resulted primarily from high input of terrestrial material, with preservation potentially
aided by relatively high sedimentation rates and/or suboxic conditions at the sea floor.
Persistent anoxic or euxinic conditions through the T-OAE on Raasay are unlikely
owing to the lack of strong evidence in the other redox data and the paleoecology of the
section (Fig. 7). U and V are only moderately enriched through the succession,
suggesting suboxic conditions. Nikr is a useful proxy to assess organic carbon flux
related to primary productivity, as well as redox conditions (Tribovillard et al., 2006),
and on Raasay Nigr values are generally <3. Paleontological data from NW Europe
indicate that four bivalve species commonly dominate the lower Toarcian: Bositra
radiata, Pseudomytiloides dubius, Meleagrinella substriata, and Bositra buchi (Little,
1995). Facies containing primarily Meleagrinella and Bositra may indicate oxic-
suboxic bottom water conditions, whereas P. dubius has been considered a low-oxygen
specialist, i.e. the most tolerant or well adapted species (Little, 1995; Caswell et al.,
2009). Meleagrinella substriata, Liostrea hisingeri, and Propeamussium pumilum
occur in the Portree Shale Formation and Raasay Ironstone Formation, and P. dubius is
not recorded. Thus, combined with the presence of low-oxygen intolerant taxa like

Chariocrinus wuerttembergicus and Orthotoma sp. A in the Raasay Ironstone
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Formation (Little, 1995), the Hebrides Basin can be interpreted as suboxic-oxic during
the T-OAE, consistent with our redox-sensitive element data. Anoxia was not a
prerequisite for the deposition of organic-rich lithologies during the T-OAE, as also
found at other sites (e.g. Kemp and [zumi, 2014).

Interestingly, there is a prominent decline in Re/Mo and Ver/MoEr, concurrent with
an increase in Uer, VEr, Nier and Mogr/UEE, from ~110 to ~180 cm in the Portree Shale
Formation (the shaded interval A on Fig. 7), indicating the probable occurrence of
anoxia during this interval. However, similar variations in Moer/Ugr and Ver/MoEr
ratios from ~240 to ~370 cm (the shaded interval B on Fig. 7) in the Raasay Ironstone
Formation instead may be interpreted as the preferred trapping of Mo by Fe oxides
minerals via a particulate shuttle in an oxic-suboxic setting (e.g. Algeo and Tribovillard,
2009; Percival et al., 2016).

The interpretation of oxic-suboxic bottom-water conditions in the Hebrides Basin
during the T-OAE contrasts with data from the nearby Cleveland Basin, as well as a
number of other basins in northern Europe, where anoxia/euxinia was pervasive (e.g.
McArthur et al., 2008). This finding helps to emphasize that the T-OAE was not
characterized by a single and continuous anoxic interval on the Northwest European
Shelf (NWES). A shallower water depth and/or unrestricted setting at the Raasay site
could be key reasons for this. Equally, ocean-atmosphere models of the Toarcian (Dera
and Donnadieu, 2012; Ruvalcaba Baroni et al., 2018) indicate that southward flow from
the Arctic through the Viking Corridor might have been strengthened during the T-OAE.
This current would have potentially delivered colder oxygenated waters into the NWES
area and significantly influence the local redox conditions. Given its proximity to the
Viking corridor (Fig. 1), the bottom water of the Hebrides Basin might have been kept

oxygenated by this flow.

5.3 Detrital and chemical weathering signals in the Hebrides Basin during the T-OAE
Ti and Zr are typically enriched in coarse grained rocks like siltstones and
sandstones owing to their presence in heavy minerals like rutile and zirconium, which

are typically transported with coarse fraction sediments. By contrast, Al, Rb and K are
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typically relatively abundant in K-feldspar, mica and clay minerals (Calvert and
Pedersen, 2007). Therefore, proxies such as Ti/Al, Zr/Rb and Ti/K (in combination with
sedimentological observations) are useful for revealing variations in detrital fluxes in
marine sediments (Calvert and Pedersen, 2007). At the same time, Rb and K in
terrestrial sediments are also useful for inferring changes in weathering. Due to ionic
size similarities between Rb and K, Rb can substitute for K in potassium feldspars
(Calvert and Pedersen, 2007). K and Rb are sensitive to strong chemical weathering,
resulting in K and Rb loss from sediments via leaching, leaving Al relatively enriched
in clay mineral products. Consequently, K/Al and Rb/Al ratios can be utilized to reveal
variations in continental chemical weathering.

On Raasay, Ti/K and Zr/Rb ratios show large-scale increases through the section,
suggesting sediment coarsening (Fig. 8). At ~310 cm near the base of the Raasay
Ironstone Formation, for instance, an increase of over two orders of magnitude is
coincident with the change from shale to ironstone (Fig. 8). Nevertheless, we also
observe that K/Al and Rb/Al ratios decrease synchronously up-section (Fig. 8) and
broadly mirror the Ti/K and Zr/Rb data. The steady loss of K and Rb through this part
of the succession, despite being clay-rich, suggests increasing chemical weathering in
the sediment source area. Similarly, the near-total absence of K and Rb in the Raasay
Ironstone above ~360 cm suggests intensified weathering. Given the likely influence of
weathering on the relative abundance of K and Rb, a more robust proxy for grain-size
changes in the section is Ti/Al. These data show a much subtler but steady rise through
the Portree Shale Formation and lower part of the Raasay Ironstone Formation,
indicative of coarsening (Fig. 8). A more marked increase in Ti/Al occurs at ~370 cm,
indicating abrupt sediment coarsening coeval with minimum values in 8"*Corg (Fig. 8).
Taken together, the data suggest an enhancement of continental chemical weathering
through the T-OAE that is broadly coincident with a rise in coarse-grained terrigenous
sediment input.

The occurrence of wavy-bedded and cross-bedded oolitic ironstones in the Raasay
Ironstone Formation (see Section 2.1) ostensibly suggests a shallow marine

depositional environment (Morton and Hudson, 1995). Because global sea level was
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rising through this interval (Hesselbo, 2008; Thibault et al., 2018), previous work has
argued that the ironstones did not form in situ, and that instead the ooids were derived
from shoals on nearby fault-bounded topographic highs, with the muddy layers
representing the background sedimentation (Little, 1995). Hesselbo (2008) suggested
that sea-level highstand during deposition of the Raasay [ronstone Formation may have
led to sediment starvation that promoted ironstone formation. Importantly, however, it
1s now widely recognized that hydrological cycling intensified during the Toarcian
OAE (e.g. Krencker et al., 2015; Izumi et al., 2018a; Han et al., 2018). If an increase in
hydrological cycling occurred in the Hebrides Basin, this could have increased the
frequency and/or magnitude of storm events and wave action, resulting in high energy
conditions that winnowed fine-grained clastic material leaving behind denser, iron-rich
coarse sediments (i.e. ooids, see for example Akande and Miicke, 1993). At the same
time, intense chemical weathering on land could have leached reactive Fe, providing
the source for ironstone formation. Strong current action can also explain the cross-
bedding in the ironstone previously reported (Morton and Hudson, 1995).

The Raasay section was situated at a higher paleolatitude (~40°N) than the tropical
locations where previous evidence of increased storminess has generally been found
(Krencker et al., 2015; Han et al., 2018). Winter storms, normally generated at mid to
high latitudes by air mass disturbances (i.e. mixing of warm air currents from the low
latitudes and cold air currents from the polar areas; Masselink and van Heteren, 2014),
may have been a cause of storms during deposition of the Raasay Ironstone Formation.
On the other hand, intensified and more frequent tropical cyclones, associated with the
known increase in atmospheric COz and seawater temperature during the Toarcian OAE
(McElwain et al., 2005; Bailey et al., 2003; Ruebsam et al., 2020), could have affected
higher latitudes. Coupled ocean-atmosphere climate models have predicted significant
enhancement of hydrological cycling as well as a poleward expansion of tropical
summer storms as a consequence of rapid rises in pCOz and seawater temperature, both
in the Toarcian and at the present day (Dera and Donnadieu, 2012; Emanuel, 2016;
Korty et al., 2017). Storm activity in the Hebrides Basin may have prevented the

development of a stable chemocline, further helping to maintain more oxygenated
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conditions relative to the nearby (and likely deeper) Cleveland Basin.

6. Conclusions

Sedimentological and geochemical analyses of a Toarcian section on the Isle of
Raasay reveal the expression of the Toarcian Oceanic Anoxic Event in the Hebrides
Basin for the first time. Organic carbon isotope data reveal a significant negative trend
(~-2.7%0) during the early Toarcian, which is similar to the trend and pattern observed
in contemporaneous carbon isotope data globally. Redox-sensitive trace element data,
coupled with paleontological information, indicate oxygenated to suboxic conditions in
the Hebrides Basin through the T-OAE. This contrasts with the strong anoxia and
euxinia recorded in nearby basins, and can likely be attributed at least in part to water
depth differences, the unrestricted nature of the basin, and proximity to the possible
southward flow of cold oxygenated water through the Viking corridor. A significant
strengthening of continental weathering through the T-OAE on Raasay is inferred from
sediment coarsening and decreasing K/Al and Rb/Al ratios. In the context of the global
warming known to have occurred during the event, we suggest that intensified
hydrological cycling accelerated continental weathering and increased riverine
transport capacity and coarse grain sediment delivery to the basin. High-energy
conditions linked to storm activity may have further limited seawater deoxygenation in

the basin.
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796  Fig. 1. (A) Global Toarcian paleogeographic reconstruction with the location of the
797  Karoo-Ferrar Large Igneous Province (shaded red) in southern Gondwana (after Dera
798 et al.,, 2009), and the location of the Raasay section (red star). (B) Detailed
799  paleogeographic map of the Northwest European Shelf (NWES) and western Tethys
800  (after Thierry, 2000), with the locations of the Raasay section (Hebrides Basin, red star)
801  and nearby Yorkshire section (Cleveland Basin, purple star) also shown.
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803  Fig. 2. Simplified map of Hebrides Basin (after Roberts and Holdsworth, 1999).
804  Abbreviations: AF, Applecross Fault; CF, Camasunary Fault; RF, Raasay Fault; KF,
805  Kishorn fault. The red dot shows the location of the sampling site on Skye and the blue
806  dot shows the location of the sampling site on Raasay.
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Fig. 3. Field photographs of the Skye and Raasay sections. (A) top of the Scalpa
Sandstone Formation exposed on the east coast of Skye (NG 5156 4710) (top 50 cm of
ruler is visible at base of the image). (B) Portree Shale Formation outcrop in Inverarish
Burn (NG 5719 3688) (exposed section thickness is ~60 cm in this image). The top of
the Scalpa Sandstone Formation is hidden in the stream ~40 cm below the hammer. (C)
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Portree Shale Formation at Inverarish Burn, characterized by fissile dark shales. (D)
“Belemnite battlefield” marking the top of the Portree Shale Formation, exposed nearby
Inverarish Burn. (E) Raasay Ironstone Formation exposed in the area of the main
opencast ironstone workings (NG 5690 3645). (F) Unevenly bedded ironstones
intercalated with mudstones (white dashed lines highlight bed boundaries).
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Pliensbachian to Toarcian from the Skye and Raasay sections. Bedding in the ironstone
is shown schematically, but at the correct general scale. Fossil images indicate horizons
with observed enrichment. Biostratigraphy of the sections is derived from Lee (1920),
Howarth (1956, 1992) and Morton and Hudson (1995) (see Section 2.2 for details). Fm.
= Formation. S. S. = Scalpa Sandstone
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Fig. 7. Total organic carbon (TOC) and redox-sensitive proxies (Mokr, Ugr, VEF, NikF,
Re/Mo, Moker/Ugr, and Ver/Mokr) through the Raasay section. Note that Mokr, Ukr,
Mokgr/Ugr and Ver/Mokr are shown on logarithmic scales. The blue dashed line (Xer=1)
represents the boundary of enrichment versus depletion, and the brown dashed line
(Xer=3) represents ‘detectable’ enrichment (see main text for details). The shaded
intervals indicate the relative enrichment of Mo compared to U and V based on changes
in Moger/Ugr and Ver/Mokr ratios (see main text for details).
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Fig. 8. Carbon isotope (8'*Corg) data, chemical weathering proxies (K/Al and Rb/Al),
and detrital proxies (Ti/Al, Ti/K and Zr/Rb) through the Raasay section. The horizontal
arrows above the figures denote the inferred variations in chemical weathering rate
(higher versus lower) and grain sizes (finer versus coarser). Note the logarithmic scales
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Fig. 9. Suggested carbon isotope correlation between the Raasay section (this study)
and the Yorkshire section, Cleveland Basin (Yorkshire data from Kemp et al., 2005).
The §'3Corg profiles in these two sections exhibit generally similar trends, characterized
by a pronounced negative trend and subsequent positive recovery. The profiles have
been tentatively correlated (grey dashed lines) based on the presence of three abrupt
shifts in each section, which is also consistent with the available biostratigraphy. ten. =
tenuicostatum.
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Fig. 10. Cross plot of Mo and TOC from Raasay (this study), Yorkshire (Cleveland
Basin, UK; McArthur et al., 2008), and Sakuraguchi-dani (Tabe Basin, Japan; Kemp
and Izumi, 2014) within the T-OAE interval of each section. This plot can be used to
interpret either the degree of water mass restriction in oxygen-limited marine basins (in
the case of the Cleveland Basin), or a lack of appreciable Mo enrichment in oxygenated
settings (in the case of the Tabe and Hebrides Basin). The black solid lines show the
trends in two modern basins characterized by watermass restriction (see also Algeo and
Lyons, 2006). See main text for discussion.



