
Palaeogeography, Palaeoclimatology, Palaeoecology 565 (2021) 110191

Available online 25 December 2020
0031-0182/© 2020 Elsevier B.V. All rights reserved.

Biogeochemical evolution and organic carbon deposition on the 
Northwestern European Shelf during the Toarcian Ocean Anoxic Event 

Alexander J.P. Houben a, Tatiana Goldberg a,b,*, Caroline P. Slomp c 

a TNO Geological Survey of the Netherlands, Utrecht, the Netherlands 
b GFZ - German Research Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany 
c Department of Earth Sciences, Utrecht University, Utrecht, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
T-OAE 
Primary productivity 
Organic matter 
Redox 
Palynofacies 
Fe-speciation 

A B S T R A C T   

The Toarcian Oceanic Anoxic Event (T-OAE, ~183 Ma) represents a well-known episode of organic-rich depo
sition, which is accompanied by a substantial negative carbon-isotope excursion (CIE). Underpinning the re
lationships between the carbon-cycle perturbation, ocean anoxia, primary productivity feedbacks and the 
enrichment of sedimentary organic carbon remains a major challenge. Here, we present high-resolution 
geochemical, palynological and organofacies data from three lower Toarcian successions from the NW Euro
pean shelf, spanning the T-OAE. Chronostratigraphic calibration of the successions is achieved through organic 
carbon isotope (δ13C) records. Iron-speciation and major and trace-element data indicate that bottom-waters 
were euxinic and intermittently anoxic-ferruginous prior to, throughout and beyond the CIE. In terms of orga
nofacies and palynological composition, the CIE-interval is dominated by dense clusters of amorphous organic 
matter containing abundant small spherical prasinophyte cysts (Halosphaeropsis liassica). The peak CIE is 
bracketed by a major increase in abundance of prasinophycean vegetative cysts (Tasmanites and Pleurozonaria 
spp.). On the basis of their modern physiology, this suggests shoaling of the chemocline into the photic zone. The 
combined proxy data suggest a scenario in which anoxygenic photosynthetic productivity proliferated in 
nutrient-rich, anoxic to seasonally euxinic surface-waters of the stratified NW-European shelf during the CIE. A 
return to oxic-marine conditions is recorded by the recurrence of organic-walled dinoflagellate cysts in accor
dance with enhanced water column mixing post CIE. This is concurrent with a gradual termination of strongly 
stratified conditions across the NW-European shelf.   

1. Introduction 

Organic matter burial into black shale deposits has major implica
tions for carbon sequestration (Barclay et al., 2010; Xu et al., 2017) for 
understanding the development of anthropogenically induced anoxia 
(Stramma et al., 2008; Keeling et al., 2010) and for economic exploi
tation (Demaison and Moore, 1980; Wignall, 1994). Hence, there is a 
need to understand the environmental factors contributing to the for
mation of organic-rich black shales in the past. Although primary pro
ductivity by marine organisms is central to organic matter enrichment 
(Pedersen and Calvert, 1990; Kuypers et al., 2002), the interplay be
tween primary productivity and water column redox conditions is key to 
understanding organic matter deposition and preservation (e.g., Jen
kyns, 2010). 

A distinct phase of black shale deposition occurred in the marginal 

seas of northwestern Europe during the Toarcian Anoxic Event (T-OAE), 
near the boundary between the tenuicostatum and falciferum Ammonite 
zones (Jenkyns, 1988; Hesselbo et al., 2000). The T-OAE is marked by a 
worldwide coeval negative carbon isotope excursion (CIE) recorded in 
carbonate, bulk organic carbon and fossil wood (Jenkyns, 1988; Hes
selbo et al., 2000; Röhl et al., 2001; Suan et al., 2011; Them et al., 2017a; 
Xu et al., 2017; Fantasia et al., 2018; Izumi et al., 2018). The negative 
CIE was proposed to have been driven by the addition of a 12C-enriched 
carbon source to the ocean-atmosphere reservoir. Several mechanisms 
have been suggested ranging from magmatic intrusions and meta
morphic alteration of organic deposits (McElwain et al., 2005), and/or 
methane input through hydrate dissolution (Hesselbo et al., 2000), 
wetland instability (Them et al., 2017b) and permafrost areas (Ruebsam 
et al., 2019). 

Strong increases in atmospheric greenhouse gasses and global 
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climate warming were recorded in the latest Pleinsbachian and Early 
Toarcian (McElwain et al., 2005; Suan et al., 2008; Gómez and Goy, 
2011; Korte et al., 2015). The warming resulted in high precipitation 
rates, increased weathering and terrestrial run-off (Cohen et al., 2004; 
Montero-Serrano et al., 2015; Percival et al., 2016; Them et al., 2017b). 
This was proposed to have led to high nutrient supply to the marginal 
seas triggering a rise in primary productivity (Jenkyns et al., 2001; 
Slater et al., 2019). 

Enhanced primary productivity leads to oxygen consumption upon 
organism decay and was proposed as the mechanism of deoxygenation 
of the marginal Early Toarcian seas (Jenkyns et al., 2001; Ruebsam 
et al., 2018; Slater et al., 2019). However, a number of other factors are 
considered as initiators of marine deoxygenation during T-OAE, such as 
sluggish ocean circulation and decreasing water column mixing in a 
warming climate and salinity stratification resulting from increased 
fresh-water run-off (Röhl et al., 2001; Cohen et al., 2007; Danise et al., 
2013; McArthur et al., 2008; Dera and Donnadieu, 2012; Remírez and 
Algeo, 2020a). 

Organic matter deposition and oxygen depletion are predominantly 
expressed in the semi-restricted European epicontinental seas which 
comprise the Laurasian Seaway (e.g., Bjerrum et al., 2001; Ruebsam 
et al., 2018). Various studies point to spatial differences in water column 
redox conditions on the northwestern European shelf, with the more 
restricted shelf in the north being characterized by anoxic bottom waters 
and the southern shelf remaining mostly oxygenated (e.g., Ruvalcaba 
Baroni et al., 2018). Contrarily, in some northwestern European sec
tions, sedimentological evidence suggested that oxic conditions pre
vailed and were only sporadically interrupted by bottom water anoxia 
(Ghadeer and Macquaker, 2011; Trabucho-Alexandre et al., 2012). The 
degree and distribution of the marine deoxygenation during the CIE, as 
well as its cause remain a matter of debate. 

Geochemical evidence of bottom-water anoxia on the European shelf 
associated with the T-OAE is provided by sediment enrichments in redox 
sensitive elements, such as Fe, Mo, U, V and Cr (e.g., Pearce et al., 2008; 
Jenkyns, 2010; Hermoso et al., 2013), elevated ratios of organic carbon 
to phosphorus (Corg/P; Montero-Serrano et al., 2015, Ruvalcaba Baroni 
et al., 2018), a high degree of pyritisation (McArthur et al., 2008) and on 
the basis of stable metal isotopes (Pearce et al., 2008; Dickson et al., 
2017; Them et al., 2018). Photic zone euxinia (i.e., waters in the photic 
zone containing H2S) has mainly been deduced from organic molecular 
biomarkers such as isorenieratane and chlorobactane (Summons and 
Powell, 1987; Schouten et al., 2000; Bowden et al., 2006; van Breugel 
et al., 2006; French et al., 2014; Ruebsam et al., 2018). Palynomorph 
assemblages, particularly the abundance of prasinophyte cysts, may 
indicate changes in redox conditions of the upper water column (Prauss 
and Riegel, 1989; van de Schootbrugge et al., 2013). Based on the 
presence of the palynomorph Halosphaeropsis liassica,Bucefalo Palliani 
et al. (2002) suggested that shoaling of the oxygen minimum zone 
controlled the surface-water paleoecology and thereby contributed to 
the development of the organic-rich deposits during the T-OAE. Quan
titative palynological analyses provide a way to assess the direct prov
enance of sediment organic matter (e.g., marine vs. terrestrial). In 
addition, the composition of marine palynological associations may 
provide clues for ecological turnover in the photosynthetic community 
in surface waters. 

In this study, we investigate the feedbacks between bottom water 
redox conditions, organofacies and palynological assemblage variations 
that contributed to organic carbon burial during T-OAE. We present 
high-resolution palynological and geochemical data from the West 
Netherlands Basin (NL), Dutch Central Graben (NL) and Cleveland Basin 
(UK, see Fig. 1). Chronostratigraphic calibration of the successions is 
achieved through generation and compilation of organic δ13C-records. 
Combined, this allows a reconstruction of temporal and shelf-wide 
variations in redox conditions and their relationship with organic 
provenance, as well as changes in the photosynthetic ecosystem in wa
ters overlying the northwestern European epicontinental shelf. 

2. Geological setting 

Coupled with local tectonic subsidence and rising sea levels, a 
shallow epicontinental sea was established between Laurentia and 
Eurasian landmasses by Early Jurassic times (e.g., Wignall and Hallam, 
1991). This sea extended from the present-day UK into the Netherlands, 
Germany and into central Poland (Fig. 1). Towards the southwest, the 
European Epicontinental Sea (EES) was open towards the Tethyan 
Ocean, whereas the northwestern part of the EES was marginally con
nected via the Viking Corridor to the Arctic Sea (van de Schootbrugge 
et al., 2019) and possibly via the Hispanic Corridor to the Panthalassic 
Ocean (Correia et al., 2017). 

In the UK sector of the Southern North Sea Basin, the Lower Jurassic 
Lias Group is about 400 m thick and part of the fault-bounded Cleveland 
and Sole Pit basins (Powell, 2010). It is predominantly composed of a 
rather monotonous sequence of grey calcareous mudstones and argil
laceous micritic limestones, with thin beds of ooidal, chamositic and 
sideritic ironstone deposited during Sinemurian and Pliensbachian times 
(Hesselbo and Jenkyns, 1995). Lower Toarcian bituminous shales (Jet 
Rock unit of the Mulgrave Shale Member of the Whitby Mudstone For
mation) are locally developed in the Cleveland Basin. Upper Toarcian 
sediments are absent over much of eastern England due to a pre- 
Aalenian erosional phase (Wignall and Hallam, 1991). Further to the 
west in the Netherlands, Lower Jurassic rocks belong to the Aalburg 
(Hettangian-Pliensbachian), Posidonia Shale (Lower Toarcian) and the 
Upper Toarcian to Bajocian Werkendam Formations (TNO-GDN, 2020). 
Their distribution is restricted to Mesozoic graben structures, including 
the offshore parts of the Dutch Central Graben and the onshore West 
Netherlands Basin. The Hettangian to Toarcian successions comprise 
mainly dark grey to black, variably calcareous, marine mudstones and 
claystones. The upper part of the Lower Jurassic succession in the 
Netherlands is variably truncated due to uplift and erosion during mid- 
Jurassic times (Doornenbal and Stevenson, 2010). 

Fig. 1. Paleogeographic reconstruction of the NW-European Shelf during the 
Jurassic. The locations of the three study sites are depicted by black dots. Note 
that the London Brabant Massif (LBM), in the vicinity of RWK-01 was likely 
largely submerged during Toarcian times. This figure was modified from 
Ruvalcaba Baroni et al. (2018) and uses the paleogeographic map of Ron Bla
key, Deep Time MapsTM, https://deeptimemaps.com/gmedia-album/. 
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3. Materials and methodology 

3.1. Materials 

3.1.1. Cleveland Basin (Yorkshire Coast) 
The Lower Toarcian succession was sampled at an exposure near the 

town of Runswick Bay (54◦ 31′ 4′′ N, 0◦ 44′ 5′′ W; WGS84). A total of 65 
samples were collected across 11.5 m, with a resolution of ~6 samples 
per meter, from the upper Grey Shale Member (corresponding to the 
tenuicostatum ammonite Zone), the (informal) Jetrock and the Bitumi
nous Shales units belonging to the Mulgrave Shale Member (corre
sponding to the falciferumZone). The Grey Shale Member consists of grey 
siltstones to silty claystones showing a generally scarce development of 
stratification and lamination at outcrop scale, with intercalated levels of 
diagenetic nodular carbonates (siderite and dolomite). The organic-rich 
Mulgrave Shale Member can be distinguished from the Grey Shale 
Member by its finer clayey texture and finely laminated appearance at 
outcrop scale. The Jet Rock, is particularly enriched in organic matter, 
reaching up to 18% TOC from an average of ~6% (Jenkyns, 1988) and 
contains distinct horizons of abundant large calcareous concretions 
(Hallam, 1962; Coleman and Raiswell, 1981). The Bituminous Shales 
unit represents a gradual return to slightly coarser sediments. 

The above-mentioned stratigraphy is clearly manifested by distinct 
marker beds in the field. These marker beds were used for correlation of 
the samples taken for this study to the published carbon isotope refer
ence curves of Cohen et al. (2004) and Kemp et al. (2005). These marker 
beds are the “Cannonball Doggers” approximating the base of the Mul
grave Shale Mb. (and the Jet Rock), the “Whalestones” level in the 

middle of the Jet Rock, the “Curling Stones” level within the Jet Rock 
and the “Top Jet Dogger” and “Millstones” approximating the top of the 
Jet Rock (Fig. 2). A more detailed description of these marker beds is 
provided by and Hesselbo and Jenkyns (1995) and references therein. 

3.1.2. Dutch Central Graben (Well F11-01) 
Well F11-01 is located at 54◦ 22’ 1.4′′ N, 4◦ 35’ 34′′ E (WGS84), near 

the southern margin of the Dutch Central Graben. During the Early 
Jurassic, the well location was in a relatively distal setting in a subsiding 
graben system. The well was drilled in 1970 and retrieved a cored sec
tion from the Posidonia Shale Formation between 2657 and 2672 m 
along-hole depth. Only the lower part of the Posidonia Shale Formation 
was recovered, which is considered to be equivalent to the tenuicostatum 
and falciferum ammonite Zones (Trabucho-Alexandre et al., 2012). The 
overall lithology consists of very dark grey to black mudstones. Hori
zontally continuous fibrous calcite and cone-in-cone structures are 
recorded in the upper part of this core (above 2662.6 m depth, Tra
bucho-Alexandre et al., 2012). A total of 31 samples was collected from a 
15 m interval, yielding a sample resolution of 2 samples per meter/50 
cm. 

3.1.3. West Netherlands Basin (Well Rijswijk-1) 
Well Rijswijk-1 was drilled in 1952 in the town of Rijswijk, the 

Netherlands (52◦ 1’ 30.6′′ N, 4◦ 18’ 35.7′′ E; WGS84). In this well, three 
cored sections were recovered across the Pliensbachian Aalburg and 
Toarcian Posidonia Shale Formations. An upper section was recovered 
between 2075 and 2081 m along-hole depth where a total of 10 samples 
was collected (resolution of ~1 sample per 60 cm). The middle-cored 

Fig. 2. Bulk organic carbon isotope records for the Yorkshire succession (after Kemp et al., 2011) and the two wells from the Netherlands. The samples for the 
Yorkshire succession were linked to the carbon isotope dataset by identifying the following marker beds: “Cannon Ball Doggers” (CBD), the “Whalestones” (WS), the 
“Curling Stones” (CS), the “Top Jet Dogger” (TJD) and the “Millstones” (MS). The shaded intervals and grey lines indicate the isotope stages that illustrate the carbon 
isotope excursion: light green indicates the initial excursion, darker green the maximum excursion, blue the recovery and the white delineated by the grey line the 
positive shift following the excursion (see also Kemp et al., 2011). The isotope stages are numbered T1 to T5 and described further in the text. The cored section in 
well F11-01 corresponds to the initial excursion and the maximum excursion values whereas well RWK-01 captures the recovery, positive excursion and the interval 
overlying the CIE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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segment (2085–2110 m depth) is the most expanded and continuous. 
From the middle interval 46 samples were collected, at a resolution of 
~2 samples per meter. At 2108 m a fault runs through the core implying 
that downhole the transition to the Aalburg Formation is not complete. 
A lower segment (below the fault) was recovered between 2110 and 
2121 m depth, form which 6 more samples were collected. The sedi
ments consist mainly of black to grey, finely laminated to bedded, fine- 
grained siliciclastics with some intercalated marls. 

3.2. Stable isotope and inorganic geochemical analyses 

Carbon isotopes were determined on a continuous flow isotope ratio 
mass spectrometer (Europa Scientific 20–20 IRMS) with dual inlet, 
connected to an elemental analyser (EA-IRMS) at IsoAnalytical Ltd. 
Sample powders were pre-treated with 4 M HCl to remove the carbonate 
phases. Reproducibility, as determined via replicate measurements of 
20% of the samples, was ±0.1‰ (1sd). The carbon isotope values are 
referenced against the Vienna Pee Dee Belemnite international reference 
material. Internal reference materials IA-R001 (wheat flour, δ13C =
− 26.43‰), IA-R005 (beet sugar, δ13C = − 26.03‰) and IA-R006 (cane 
sugar δ13C = − 11.64‰) were used for quality control. TOC was analysed 
both with EA-IRMS and with a LECO-CS230 analyser after removal of 
carbonate with 4 M HCl. Both methods provided comparable results 
(Table S1). Analytical error on TOC was ≤5% (relative standard devia
tion). Major elements were measured via XRF on fused-beads (Li- 
metaborate) for F11-1 and RWK-01 and via ICP-OES on fused-bead 
leachates for Yorkshire coast sediments (at Chemostrat Ltd.). Mo and 
U were measured with an ICP-MS on fused-bead leachates. Uncertainly 
based on replicate reference materials was better than 7% (relative 
standard deviation) for elements measured via ICP-OES, less than 12% 
for ICP-MS and less than 10% for XRF. The Fe-speciation analyses were 
performed at Utrecht University. The contents of Fe‑carbonate, Fe- 
oxides and -hydroxides and Fe-magnetite were determined using a 
sequential extraction scheme (Poulton and Canfield, 2005). For the final 
extraction step Fe-pyrite was dissolved with concentrated nitric acid in a 
2-h extraction at room temperature. Fe concentrations were measured 
photometrically. Pyrite extraction was also determined on 4 samples via 
the hot chromium chloride extraction technique from Canfield et al. 
(1986). Both methods resulted in comparable concentrations of pyrite Fe 
(Table S1). 

3.3. Palynology and organofacies analyses 

For palynological and organofacies analyses, rock samples were 
treated with a 30% HCl solution and a 35% HF solution. The remains 
were sieved with a 250 μm and subsequently a 10 μm mesh sieve. The 
organic residues of the 10 μm fraction were mounted on glass slides in 
glycerine jelly. No oxidation steps were applied to preserve the original 
state of the organic matter. Two suites of analyses were performed, one 
aimed at identifying the visual organic matter assemblages (here further 
referred to as organofacies analyses), thereby focussing on palynoclast 
groups and the next analytical suite focussed on the palynomorph 
assemblage composition. For both analytical suites, at least 200 speci
mens were identified using the 40× and 63× objectives. 

For the organofacies analyses we differentiated three groups; AOM 
Type-1, AOM Type-2 and wood. Type 1 is almost translucent under 
transmissive light and is, in general, less massive than Type 2. Type 2 is 
not translucent, darker and more massive than Type 1. The last group of 
palynoclasts consists of organic matter particles that can be attributed to 
wood remains. Three types are distinguished, based on their coloration, 
opacity and the appearance of vascular structures. 

Palynomorphs were grouped into several classes; pollen and spores 
(sporomorphs), organic-walled dinoflagellate cysts and prasinophyte 
algae. To be able to quantify palynomorphs encased in AOM-clusters, 
reflective ultra-violet light microscopy was performed. Because the 
encountered AOM is very weakly UV-fluorescent compared to the 

palynomorphs, the latter become clearly visible. Notably, acritarchs and 
remains of prasinophyte algae are strongly fluorescent but also spor
omorphs have a characteristic UV-reflectance frequency which allows 
them to be quantified in the AOM-clusters. 

4. Results and interpretation 

4.1. Carbon isotope stratigraphy 

The high-resolution organic bulk‑carbon isotope record from the 
exposures in the Cleveland Basin (Cohen et al., 2004, 2007; Kemp et al., 
2005, 2011) delineates an evident series of shifts across the Grey Shale 
Member and Mulgrave Shale Member. These form the framework for 
stratigraphic correlation of wells F11-01 and RWK-01 in the Netherlands 
(Fig. 2). We distinguish five isotope stages, here referred to as T1 to T5. 
These stages correspond to the initial negative carbon isotope excursion 
of the semicelatum Subzone of tenuicostatum Zone (T1), maximum 
negative δ13C values of the exaratum Subzone of the falciferum Zone 
(T2), recovery towards higher δ13C values (T3), small positive excursion 
(T4) and stable δ13C throughout the remainder of the falciferum Subzone 
(T5). The isotope stages T1 to T3 span the negative Toarcian CIE. There 
is no precise stratigraphic definition for the T-OAE. In the Yorkshire 
Coast section, the T-OAE is considered to correspond to the interval 
covered by our stages T1 to T4 (see Remírez and Algeo, 2020b for an 
overview). 

The isotope stages are used to chronostratigraphically compare the 
three studied sites. The two cores from the Netherlands do not 
completely capture the CIE. In Well F11-01, an evident negative shift (of 
4 to 5‰) is recorded (Fig. 2). Arguably, a few smaller scale cyclical shifts 
are also observed. The interval consequently corresponds to isotope 
stages T1 and T2. The top of core F11-01 ends in the middle of the 
exaratum Subzone (Fig. 2). In Well RWK-01, the base of the core is 
compromised by faulting. Indeed, the lowermost samples are charac
terized by relatively heavy and stable values, supporting assignment to 
the Pliensbachian Aalburg Formation. The overlying interval above 
2108 m depth clearly reflects a 4 to 5‰ positive carbon isotope shift, 
followed by a 0.5‰ positive shift at 2095 m depth, akin to the positive 
shift associated with the exaratum - falciferum Subzone boundary in the 
Cleveland Basin (T4). 

4.2. Bottom-water redox indicators 

The use of sediment Fe-speciation as a local palaeoredox indicator is 
based on the presence or absence of enrichments in (bio)geochemically 
available Fe minerals (Raiswell and Canfield, 1998; Poulton and Rais
well, 2002; Poulton and Canfield, 2011). Highly reactive iron (FeHR) 
comprises ferric oxides, iron carbonates, magnetite and pyrite. A highly 
reactive iron to total ratio (FeHR/FeT) of below 0.38 indicates an oxygen 
containing water column above the sediment, whereas values above this 
threshold provide strong evidence for anoxic depositional conditions. 
The extent of pyritisation of the highly reactive Fe pool (FeP/FeHR) in
dicates whether the bottom water was anoxic and ferruginous (Fe-rich) 
or euxinic, provided that the FeHR/FeT is above 0.38. FeP/FeHR values 
below 0.7 reflect ferruginous water column conditions. The threshold 
between anoxic-ferruginous and euxinic bottom water conditions is less 
well defined and is set between 0.7 and 0.8 (Anderson and Raiswell, 
2004; März et al., 2008; Poulton and Canfield, 2011). When FeP/FeHR 
indicates sulfidic conditions but FeHR/FeT is below 0.38 (sign of oxic to 
dysoxic bottom water) H2S production is thought to occur close to but 
below the sediment/water interface. The use of these proxies needs to be 
assessed carefully. In carbonate rich strata the incorporation of Fe2+ into 
diagenetic carbonate may lead to an overestimation of anoxia when Fe- 
speciation is applied to sediments with low FeT contents, i.e., <0.5% 
(Clarkson et al., 2014). This feature is often accompanied by high 
organic S contents, commonly termed ‘excess S’ (Tessin et al., 2016). 

Redox sensitive trace elements change their charge and/or 
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speciation with varying redox conditions thus decreasing their solubility 
from oxic to anoxic/sulphidic conditions (Brumsack and Gieskes, 1983; 
Algeo, 2004; Tribovillard et al., 2006). While U experiences a valence 
change with the transition to anoxic conditions, Mo undergoes a species 
as well as oxidation state change with reducing conditions and is 
particularly sensitive to the H2S concentration (Anderson et al., 1989; 
Zheng et al., 2000; Helz et al., 2004). The molar ratios of organic carbon 
over phosphorus have also been proposed as a local bottom water redox 
indicator (e.g., Algeo and Ignall, 2007). In oxic seawater organic matter 
is preferentially oxidised, whereas P is preferentially retained via pre
cipitation as fluorapatite or fixation to Fe-(oxyhydr)oxides and the 
increased ability of bacteria to store P in well‑oxygenated environments 
(Ingall et al., 1993). In contrast, in anoxic conditions organic carbon is 
retained while P is recycled, causing Corg/P ratios to increase with ox
ygen depletion (Mort et al., 2008; Tsandev and Slomp, 2009; Kraal et al., 
2010). This proxy should be treated with caution, as the carbon/phos
phorus ratio is also influenced by the type of organic matter, detrital P 
input, preservation of biogenic Ca-P and burial diagenesis (Algeo and 
Ignall, 2007; Kraal et al., 2010). 

4.2.1. Cleveland Basin - Yorkshire Coast 
Throughout the analysed Yorkshire Coast section, Fe-speciation 

points to persistent anoxic bottom water conditions, with FeHR/FeT >

0.38 (Fig. 3). However, short-lived oxic intervals on a seasonal or annual 
scale cannot be resolved with the current sampling resolution. FeP/FeHR 
is mostly at the threshold to euxinic conditions (0.7 to 0.8), indicating 
that hydrogen sulphide was present in bottom waters, albeit not 
permanently. Incorporation of Fe2+ into diagenetic carbonate does not 
affect the redox proxy because total Fe is well above 0.5 wt%, even in the 
carbonate rich strata. 

Corg/P increases significantly from the Grey Shales Member towards 
the Jet Rock unit (isotope stages T1 to T2) and decreases again towards 
the Bituminous Shales unit in isotope stages T3 to T5 (Fig. 3). Overall, 
Corg/P in this section points to anoxic conditions, except for in the 

Bituminous Shale unit (isotope stage T5), where Corg/P falls partially 
below 50. To account for the influence of differential sedimentation and 
authigenesis, U and Mo were normalised to Al (see also Algeo and Liu, 
2020). For most of the succession Mo/Al and U/Al ratios are low and 
close to those of Post Archean Average Shale (PAAS, Taylor and 
McLennan, 1985). There is a general co-variation of Mo and U with TOC 
exemplifying their preferential fixation to organic matter (e.g., Chappaz 
et al., 2014). U/Al and Mo/Al values increase in isotope stage T3, 
mimicking the TOC behavior in the section (Fig. 3). Redox sensitive 
trace elements (mainly Mo and U) correlate with high TOC concentra
tions. When normalised to TOC, the redox sensitive element enrich
ments during the T-OAE point to their affinity to organic matter 
(Chappaz et al., 2014) rather than to a variation in the redox conditions. 
Towards the top of the section (mid isotope stage T4 to T5) Mo deviates 
from this trend towards higher Mo/Al and Mo/TOC ratios, whereas U/Al 
remains low. 

Based on the Fe-speciation and Corg/P, intermittently euxinic con
ditions dominated the Yorkshire Coast bottom water. Mo, on the other 
hand, is relatively low during the CIE and only shows significant 
enrichment in isotope stage T5. This can be generally attributed to the 
fact that in a restricted basin with widespread euxinic bottom water, Mo 
is readily lost to the sediment and is not fully replenished due to insuf
ficient water exchange (e.g., Algeo and Lyons, 2006; McArthur et al., 
2008; Goldberg et al., 2016; Remírez and Algeo, 2020a). Based on low 
Mo/TOC ratios, Mo deficiency has been previously inferred for the 
Cleveland Basin during T-OAE (McArthur et al., 2008; Ruvalcaba Baroni 
et al., 2018; Dickson et al., 2017; Remírez and Algeo, 2020a; Remírez 
and Algeo, 2020b). We conclude that Mo/Al variation is not fully 
diagnostic for the intensity of the local redox conditions. 

4.2.2. West Netherlands Basin Well RWK-01 
Fe-speciation, Corg/P and high redox-sensitive trace elements in the 

Upper Pliensbachian Aalburg Formation (2110–2122 m) point to dys
oxic to anoxic bottom-water conditions (Fig. 4). During deposition of the 

Fig. 3. Fe-speciation and redox-sensitive element ratios plotted along with TOC and the carbon isotope curve (from Kemp et al., 2011) from the Yorkshire Coast, 
Cleveland Basin, succession. The isotope stages (T1–T5) provide stratigraphic context for comparison to the other records. 
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Posidonia Shale Formation (isotope stages T2 to T5), FeHR/FeT indicate 
initially anoxic-ferruginous ferruginous bottom water conditions that 
change to sulfidic. Total Fe content is well above 0.5 wt% throughout 
the entire section. The top part of the Posidonia Shale Formation (stages 
T3 to T5) is marked by mostly sulfidic bottom water that may have been 
intermittently anoxic-ferruginous. 

Similar to the Yorkshire coast section, U/Al and Mo/Al covary with 
TOC during isotope stages T2 toT4, exemplifying the preferential fixa
tion of these redox sensitive elements to organic matter (Chappaz et al., 
2014). Both Mo/Al and Mo/TOC also increase strongly from isotope 
stage T4 to T5 (Fig. 4), which indicates that a Mo deficiency during the 

CIE with a Mo replenishment post T-OAE also occurred in the West 
Netherlands Basin. Corg/P increases from T2 and remains well above the 
anoxic threshold up until top isotope stage T5. The decline in Corg/P at 
the top of the succession may be influenced by the type of organic matter 
present or by a decline in the intensity of anoxia. 

4.2.3. Dutch Central Graben Well F11-01 
Similar to the Yorkshire Coast and RWK-01 successions, the Fe- 

speciation data from Well F11-01 indicate anoxic bottom water condi
tions throughout isotope stages T1 to T2 (Fig. 5). FeT is consistently 
above 0.5 wt%, thus Fe availability did not affect the validity of the 

Fig. 4. Fe-speciation and redox-sensitive element ratios displayed along with TOC and the carbon isotopes from Well F11-01. The isotope stages (T1–T2) provide 
stratigraphic context. 

Fig. 5. Fe-speciation and redox-sensitive element ratios displayed along with TOC and the carbon isotopes from well RWK-01. The isotope stages (T2–T5) provide 
stratigraphic context. Note that the interval corresponding to isotope stage T1 is not present at this location. 
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FeHR/FeT proxy. Below ~2664 m (isotope stage T1) FeP/FeHR is below 
0.7, indicating non-sulfidic conditions. With some fluctuation, FeP/FeHR 
increases and indicates sulfidic bottom water conditions at the top of the 
section (isotope stage T2). Corg/P increases from ~100 to ~600 during 
T1 and remains high during T2 (Fig. 5). The trend towards increasing 
Mo/Al and U/Al ratios can also be seen from T1 to T2. This corresponds 
with a contemporaneous increase in TOC. Mo/TOC on the other hand 
does not increase with the CIE from isotope stages T1 to T2. This section 
does not cover stages T3 to T5 where we observe an increase in Mo in the 
Yorkshire coast and RWK-01 sections. The sum of the geochemical pa
rameters points to an intensification in the water column anoxia and 
transition to euxinia from the base of the Posidonia Formation (T1) to 
stage T2. A movement towards sulfidic water conditions has also been 
documented by the pyrite framboid size distribution in F11-01 and 
another Dutch Central Graben section L05-04 by Trabucho-Alexandre 
et al. (2012). However, the authors argued for commonly oxic condi
tions during the Toarcian CIE, based on observations of reworked 
sediment by strong currents and bioturbation. Although short incisions 
of oxic-dysoxic conditions on a seasonal to annual basis are conceivable 
and would not have been recorded by the sampling resolution in this 
study, the data at hand still indicates predominantly anoxic bottom 
water. 

4.3. Organic-matter associations and palynological assemblages 

AOM is a dominant constituent of the organofacies associations 
recorded during the CIE (Table S1). The understanding of the biological 
origin of microscopic AOM is problematic. Pacton et al. (2011) docu
ment, on the basis of studying an array of modern AOM-accumulations 
two different kinds of AOM. A light to dark-brown type with a granular 
aspect, which is a direct microbial product and can be found associated 
with filamentous bacterial filaments. The second type defined by Pacton 
et al. (2011) comprises dark-brown elements with a jellified aspect. 
Pacton et al. (2011) considered this to be related to terrestrial fragment 
degradation mediated by microorganisms. The latter type is conse
quently considered a secondary product of microbial activity. The AOM- 
particles recorded in this study bear more similarity to those with a 
granular aspect, albeit individual specimens differ in the density and 
consequently opacity. The specimens we observed are weakly fluores
cent under UV-illumination, in a grey to slightly brownish colour spec
trum. AOM with weak fluorescence has typically been considered as 
terrestrially-derived or strongly degraded phytoplankton organic- 
matter (see e.g., Tyson, 1987). The study by Pacton et al. (2011) 
shows that it could also be related to extracellular polymeric substances 
produced by microbes that bind different particles together. This would 
explain the entrapment of palynomorphs in the AOM clusters. Conse
quently, we hypothesize that relative enrichment of AOM is linked to 
increased microbial primary productivity. Higher proportions of wood- 
derived palynoclasts are indicative of a relative increase of terrestrial 
organic matter. This can either be linked to increased terrestrial runoff 
or a relative demise in AOM raindown. 

Four groups of palynomorphs were identified. The first group con
stitutes organic-walled dinoflagellate cysts (dinocysts) that represent the 
resting cysts of a type of marine plankton that is observed in a wide array 
of marine environments. The fossil group appears in the Triassic and is 
known to have undergone rapid diversification from the Toarcian on
ward (Fensome et al., 1996). The second group consists of acritarchs, 
which are small algal cysts that cannot be attributed to either dinofla
gellate cysts or resting cysts of known algae. In this study, the genera 
Michrystridium and Veryachium are abundantly present. The third group 
consists of prasinophyte algae, which are a class of primitive unicellular 
eukaryotic algae, with fossils dating back to the Cambrian (Anbar and 
Knoll, 2002; Knoll et al., 2006). They are represented by phycomata, 
which are episodically generated, relatively large organic-walled vege
tative division cysts of various thickness. The taxonomy of these cysts 
has poorly evolved and centers around the smooth forms assignable to 

leiosphaerids and those with walls consisting of tubular channels, which 
are often assigned to Pleurozonaria and Tasmanites (Mädler, 1968). A 
high abundance of prasinophytes occurs when reactive nitrogen and 
phosphorus become freely available in the photic zone (Prauss, 2007; 
van de Schootbrugge et al., 2013). Stratification and photic-zone anoxia 
may contribute to nitrogen depletion in surface waters, favouring or
ganisms with low requirements for nitrate (van de Schootbrugge et al., 
2013). Such an ecological affinity has been shown in nitrogen-starved 
culture experiments with the prasinophyte Micromonas pusilla, which 
quickly reacts to increased levels of ammonium in the growth medium. 
This provides a mechanism for prasinophyte prosperity under photic 
zone anoxia (see Prauss, 2007; van de Schootbrugge et al., 2013). The 
fourth group consists of spheromorph algal cysts in which we have 
grouped relatively small spherical particles with no obvious ultra- 
structure such as spines, granules or openings. Larger specimens are 
typically referred to as Leisosphaera, whereas smaller (<10 μm) are 
known as Halosphaeropsis liassica (after Bucefalo Palliani et al., 2002). 
Their biological origin is unknown but they are usually thought to be 
juvenile phycomae, representing part of the life-cycle of prasinophyte 
algae (van de Schootbrugge et al., 2013). This assumption is supported 
by a UV-fluorescence behavior that is very similar to that of known 
prasinophytes like Pleurozonaria. The terrestrial palynomorphs were 
categorized into five main groups of predominant conifer pollen; Chas
matosporites, Classopollis, Cerebropollenites and other saccates pollen. 
Various trilete spores were also grouped. Other taxa were grouped in the 
“others” category. 

4.3.1. Cleveland Basin - Yorkshire coast 
In the upper part of the Grey Shale Member, corresponding to the 

initial phase of the CIE (isotope unit T1) organofacies associations 
comprise a mixture of palynomorphs (~50%), AOM Type-1 (40%) and 
wood remains (10%) (Fig. 6). The palynomorph assemblages in turn are 
relatively diverse, including polygonomorph and netromorph acritarchs 
(Michrystridium and Leiofusa spp., respectively), and sporomorphs (pre
dominantly Chasmatosporites spp., bisaccate pollen and trilete spores). 
Small (~10 μm) UV-fluorescent spherical bodies, here referred to as 
Halosphaeropsis liassica are abundant in roughly equal proportions. 
Organic-walled dinoflagellates, predominantly Nannoceratopsis spp. are 
also present in abundance. Prasinophyte algae (predominantly Tas
manites and Pleurozonaria spp.) are recorded in low relative abundance. 
The combined assemblages are indicative of a combination, possibly on 
a seasonal scale, of oxygenated marine conditions as indicated by 
abundant organic-walled dinocysts and more adverse conditions likely 
affected by surface-water anoxia. The presence of Halosphaeropsis lias
sica suggests that enhanced stratification and possible surface-water 
anoxia existed periodically. 

At the base of T2 AOM Type-1 becomes the dominant form (Fig. 6). 
Concomitantly, towards the base of the Jet Rock unit, acritarchs increase 
in abundance at the expense of Halosphaeropsis liassica. Sporomorphs 
(predominantly Chasmatosporites spp.) continue in stable abundance. 
Dinoflagellate cysts also persist up to the base of the Jet Rock unit. This 
indicates that comparable conditions as those during isotope stage T1 
persisted. 

For the lower 1.5 m of the Jet Rock unit (stage T2), organic-matter 
associations remain dominated by AOM. The palynomorph assem
blages are characterized by a demise in the relative abundance of 
sporomorphs, with Halosphaeropsis liassica becoming the dominant 
palynomorph type. Remarkably, organic-walled dinoflagellate cysts are 
consistently abundant below the base of the Jet Rock. However, they 
undergo a decrease in abundance, coinciding with the first isotope shift 
just below the base of Jet Rock, to become completely absent at 
approximately 1 m above the base of the Jet Rock unit. This may be 
considered a consequence of stratification and surface-water deoxy
genation. Although becoming less prominent in terms of total abun
dance, the sporomorph assemblages are characterized by a drastic 
increase of the Classopollis group in isotope stage T2. 
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With the CIE-recovery (stage T3) we note a change in the organic- 
matter associations through the appearance of dense clusters of AOM, 
denoted as AOM Type-2, together with a transient dominance of large, 
thick-walled prasinophyte algae assigned to the genus Pleurozonaria. 
Remarkably, sporomorphs are virtually absent in this interval. We 
ascribe this to dilution by an apparently massive flux of prasinophyte 
algae, Halosphaeropsis liassica and acritarchs at this time. 

In the middle of Stage T3, AOM Type-1 returns to be dominant in 
company of abundant palynomorphs (20–50%). This indicates that the 
postulated dilution by AOM rain-down diminished. Subsequently, the 
palynomorph assemblages remain dominated by Halosphaeropsis liassica 
and acritarchs. Sporomorphs progressively increase in abundance 
reaching ~20% at 6.5 m above the base of the Jet Rock. Interestingly, 
whereas in the lower half of the Jet Rock unit the sporomorph associa
tions were dominated by Chasmatosporites, the upper half is dominated 
by Cerebropollenites. The organofacies associations remain dominated by 
AOM Type-1 during stage T4. Palynological assemblages are dominated 
by Halosphaeropsis liassica and acritarchs. Sporomorphs however, pro
gressively increase in abundance constituting about 50% of the paly
nomorphs assemblage from interval T4 and into interval T5. Organic- 
walled dinoflagellate cysts are consistently present from now on. How
ever, the assemblages no longer constitute the species Luehndea spinosa, 
which thus goes extinct across the T-OAE. The sporomorph associations 
are characterized by turnover from a Cerebropollenites-dominated 
assemblage to more prominent Classopollis and Perinopollenites spp.. 

4.3.2. West Netherlands Basin Well RWK-01 
The base of the investigated core from Well RWK-01 lies just below a 

cemented fault that truncates the base of the CIE. Below the unconfor
mity we record palynological assemblages that are dominated by spor
omorphs, notably bisaccate conifer pollen and to a lesser extent 

Chasmatosporites spp. (Fig. 7). Given the presence of dinoflagellate cysts 
such as Luehndea spinosa and Nannoceratopsis gracilis a late Pliensbachian 
age is suggested for this interval. The lowermost sample from within the 
CIE corresponds to the CIE-plateau (isotope stage T2). Organofacies 
associations are now dominated by AOM. The palynomorph assemblage 
at this point is dominated by prasinophyte algae (Pleurozonaria spp.), 
thus likely corresponding to the same prasinophyte acme we recorded 
coevally in the Cleveland Basin. Subsequently, the organofacies associ
ations also constitute the dense AOM Type-2 throughout isotope stage 
T2 and repeatedly through part of the CIE-recovery (isotope stage T3). 
Also, this return of AOM Type-2 is straddled by a prasinophyte acme. 
AOM Type-2 is recorded up to the top of the CIE-recovery. For the 
remainder of the interval spanning the CIE-recovery, Halosphaeropsis 
liassica remains overwhelmingly dominant. After the termination of the 
CIE and its characteristic ‘overshoot’ (isotope stage T4), acritarchs and 
organic-walled dinoflagellate cysts return at moderate abundance to 
become truly abundant substantially after the CIE at 2081 m depth. In 
essence, we record the same reorganisation among the terrestrial ele
ments as in the Yorkshire Coast section, with a transition from Chas
matosporites to Cerebropollenites and back to Chasmatosporites after the 
CIE. 

4.3.3. Dutch Central Graben Well F11-01 
In Well F11-01 the onset and successive plateau phase of the CIE are 

recovered. At the base of the succession, across the initial isotope shift 
(isotope stage T1), we note a progressive shift towards the dominance of 
AOM at the expense of sporomorphs and wood-fragments (Fig. 8). In this 
interval organic-walled dinoflagellate cysts are still abundant alongside 
a relatively diverse assemblage of sporomorphs (predominantly Chas
matosporites spp.), prasinophyte algae, acritarchs and Halosphaeropsis 
liassica. Closer towards the isotope plateau phase, AOM Type-1 becomes 

Fig. 6. Organic matter associations and palynological associations across the Lower Toarcian section from the Yorkshire Coast. The carbon isotope data is from Kemp 
et al. (2011). The isotope stages T1 to T5 provide stratigraphic context. 
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the dominant constituent of the organofacies and Halosphaeropsis liassica 
the dominant palynomorph. Organic-walled dinoflagellate cysts are now 
completely absent. The interval recovered from the ‘isotope plateau’ 
stage T2 are devoid of well-preserved organic matter. Only visual ag
gregates of bitumen-like material are recovered. This is also the interval 
in which the core is characterized by streaks of fibrous calcite or ‘beef’. 

These structures are thought to be a late diagenetic phenomenon, 
principally caused by fluid overpressure (see Cobbold et al., 2013; 
Hooker et al., 2020). Hence, it appears that this specific interval is 
affected by hydrocarbon expulsion, which led to the destruction of the 
in-situ organic-matter associations. The uppermost sample from the 
core, in contrast, again yields palynological recovery. The organofacies 
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remains dominated by AOM. The palynomorph assemblage is domi
nated by prasinophyte algae that are also prominent in coeval sediments 
in the Yorkshire Coast and RWK-01 sections. 

5. Discussion 

The iron-speciation, that is dominated by reactive iron species, in
dicates that anoxic (ferruginous) bottom-water conditions were already 
established at the base of the CIE, prior to the rapid negative δ13C shift, 
and persisted throughout and beyond the CIE at all studied localities 
(Figs. 3–5). A progressive shift to reducing conditions within the semi
celatum to exaratum subzones, ranging from the base to the peak of the 
CIE was recorded in the geochemical records (e.g. McArthur et al., 2008; 
Remírez and Algeo, 2020a). We do not observe such a change in the 
Yorkshire Coast section where the Fe-speciation points to euxinic con
ditions being already at the base of the CIE. However, in the Dutch 
Central Graben (F11–01) a significant change from predominantly 
anoxic (ferruginous) euxinic bottom water conditions occurs from 
isotope stages T1 to T2. Indeed, pulses of anoxic/euxinic bottom water 
conditions were recorded before the onset of the CIE in the Grey Shale 
Member in the Yorkshire section (McArthur et al., 2008; Salem, 2013; 
Thibault et al., 2018; Remírez and Algeo, 2020a). Thallium isotopes as 
well as Fe-speciation results from sedimentary successions from the 
Western Canadian Sedimentary Basin and the eastern European shelf 
pointed to an establishment of bottom water anoxia starting from the 
Pliensbachian-Toarcian boundary and partly earlier (Them et al., 2018). 
Biomarkers provide evidence that not only the bottom water but also the 
photic zone had episodes of euxinia in the Yorkshire Coast section 
during the semicelatum Zone (French et al., 2014). 

It appears that reducing bottom-water redox conditions existed prior 
to the CIE and did not commence with the rapid light carbon injection 
that occurred from isotope stage T1 to T2. The earlier onset of bottom 
water anoxia could have been related to an increase in continental run- 
off resulting in salinity stratification and/or progressive weakening of 
the ocean circulation and oxygen solubility driven by global warming 
and rising seawater temperature prior to the Toarcian CIE. However, 
evidence from osmium and oxygen isotopes clearly relates the enhanced 
weathering as well as high seawater temperatures directly to the Toar
cian CIE (e.g., Cohen et al., 2007; Dera and Donnadieu, 2012; Kemp 
et al., 2020), negating the hypothesis. Nevertheless, a shift towards 
warmer seawater temperatures was noted at the Pleinsbachian/Toarcian 
boundary (Suan et al., 2008; Metodiev and Koleva-Rekalova, 2008; 
Slater et al., 2019). A development of brackish conditions in the 
Cleveland Basin was recorded by Remírez and Algeo, 2020a prior to the 
CIE. Them et al. (2017) also identify a positive spike in 187Os/188Os at 
the Pleinsbachian/Toarcian boundary, depicting an increased weath
ering pulse. It is possible that an initial increase in stratification and 
warming triggered bottom water anoxia that then persisted in the 
hydrographically restricted setting of the north-western EES with poor 
hydrological exchange (see McArthur et al., 2008; Ruvalcaba Baroni 
et al., 2018; Dickson et al., 2017). 

The palynological and organofacies results, on the other hand, reveal 
pronounced changes in close relationship to the CIE and TOC. The base 
of the CIE marks a shift in the organofacies, with amorphous organic 
matter becoming dominant. In the light of recent in-vivo cultivation 
experiments (Pacton et al., 2011), the type of AOM that was recorded 
closely resembles that produced as extracellular polymeric substances 
by various bacteria. The relative abundance of the Classopollis spor
omorph group that is considered to be a thermophilous gymnosperm 
pollen (van Konijnenburg-van Cittert and van der Burgh, 1996; Abbink 
et al., 2004) increases coevally with the CIE, which is a likely response to 
further climatic warming recorded during the T-OAE. Collectively, the 
palynological results suggest a major reorganisation of the marine 
ecosystem in conjunction with the T-OAE. Starting at the base of the CIE 
an increase in the relative abundance of prasinophycean vegetative cysts 
is recorded at all three sites, after which the spheromorph algal cysts 

attributed to Halosphaeropsis liassica remain dominant. 
Both paleo- and actuobiological studies suggest that prasinophyte 

algae possess a strong preference for ammonium over nitrate (Cochlan 
and Harrison, 1991) and, consequently, can use ammonium released by 
nitrogen fixers as their own nitrogen source (Stumm and Morgan, 1981; 
Herrero et al., 2001). The correspondence between prasinophyte pros
perity and AOM-dominated organofacies, which may be indicative of 
photo-autotrophic prokaryotes (e.g., cyanobacteria, green- and purple 
sulphur bacteria), could indicate a potential symbiosis between these 
groups. Chemocline and eventually euxinia shoaling into the photic 
zone could act as a key trigger for this symbiosis. Under this scenario, 
initial chemocline shoaling promoted the development and production 
of the larger prasinophyte vegetative cysts (Tasmanites and Pleurozonia). 
Subsequently, once the photic zone was largely euxinic, small short life- 
cycle vegetative cysts ascribed to Halosphaeropsis liassica were produced 
and exported. 

We consequently hypothesize that the observed palynological and 
organofacies patterns are indicative of the establishment of an anoxy
genic ecosystem with green-purple sulphur bacteria and/or cyanobac
teria during the T-OAE, in response to photic zone anoxia and 
potentially photic zone euxinia. This is in-line with results based on 
specific organic molecular biomarkers for these anoxygenic photo
synthesizing prokaryotes (Schouten et al., 2000; French et al., 2014). 
Particularly noteworthy is the apparently coeval intensification of the 
abovementioned anoxygenic productivity regime during the maximum 
δ13C excursion stage (T3), where we note very dense AOM bracketed by 
the abundance of larger prasinophytes (Fig. 9). In the Cleveland Basin, 
this regime is terminated immediately after the recovery of the CIE 
(Fig. 6) since dilution of palynomorphs by AOM is no longer observed 
and dinoflagellate cysts return. In the West Netherlands Basin however, 
dinoflagellate cysts and more diverse organofacies associations return 
only after the CIE (Fig. 8). The organofacies trends in this study imply 
that oxygenation of the majority of the water column commenced in the 
Cleveland Basin, with the West Netherlands Basin following with a 
minor delay, whereas the geochemical record still points to mostly 
anoxic bottom water conditions at all locations but with sufficient water 
mass replenishment post CIE (i.e., increase in Mo/TOC; McArthur et al., 
2008; Dickson et al., 2017; Remírez and Algeo, 2020a). 

In terms of organic matter enrichment, the combined palynological 
and organic-matter characterization data indicate that primary pro
ductivity did not collapse during the T-OAE, and that organic-matter 
enrichment was not merely an effect of inhibited organic-matter remi
neralization under anoxic bottom-water conditions. In contrast, our 
observations support a scenario in which anoxygenic photosynthetic 
productivity proliferated in a stratified, nutrient-rich, anoxic and/or 
seasonally euxinic surface-water environment (see also Slater et al., 
2019). At the same time, the geochemical redox indicators point to 
anoxic and intermittently euxinic conditions of the bottom-waters in all 
three sections. Although anoxic conditions contribute to preservation of 
organic matter, we observe that anoxia was not the dominant driver of 
elevated organic matter accumulation during T-OAE. The organofacies 
associations indicate vigorous primary productivity along with organic 
matter enrichments across northwestern Europe. Consequently, a larger 
supply of organic matter would have in return helped to sustain anoxic 
conditions (see also Slater et al., 2019). Concomitant with the redistri
bution of the organofacies, organic matter burial declined post T-OAE, 
exemplified by TOC values below 5%. 

In summary, existing bottom water anoxia from the beginning of the 
CIE would have provided the ideal conditions for organic matter pres
ervation, whereas the enhanced and likely predominantly anoxygenic 
primary productivity at peak CIE accelerated the amount of organic 
carbon production leading to increased organic matter burial. 

6. Conclusions 

The combination of high-resolution organofacies, palynological and 
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geochemical data from three sections from the northwestern European 
Epicontinental Shelf enables a reconstruction of water column oxygen
ation and organofacies variations contributing to organic carbon burial 
during the T-OAE. Prior to the T-OAE (e.g., the tenuicostatum ammonite 
Zone), typical oxygenated shallow marine conditions persisted, with 
abundant organic-walled dinoflagellate cysts. Anoxic bottom water 
conditions, were already established on the NW European shelf. The 
interval from the base of the CIE to substantially beyond the recovery to 
pre-excursion δ13Corg values is manifested by anoxic and intermittently 
euxinic bottom-water conditions whereas the surface waters are still 
largely oxygenated, as deduced from the organic and macrofossil as
semblages and geochemical redox indicators. 

A shift in organofacies at the base of the T-OAE (and its characteristic 
CIE) marks the onset of the dominance of amorphous organic matter as a 
consequence of increased marine and likely anoxygenic organic-matter 
production. This would have led to dilution of the background input of 
terrestrial organic-material. Mass occurrences of large prasinophyte 
algae pre- and postdate the interval with AOM dominance and the TOC- 
maxima, while Fe-speciation as well as other chemical redox indicators 
point to persistently anoxic to euxinic bottom water. Small vegetative 
cysts of prasinophyte algae (Halosphaeropsis liassica) are over
whelmingly dominant, suggesting that anoxic conditions reached into 
the photic zone at least periodically. At this stage, combined palyno
logical and organic-matter data show that primary productivity did not 
collapse in response to photic zone anoxia. Instead, an ecosystem 
comprising anoxygenic photosynthesizers contributed to an elevated 
organic matter flux to the sediment, which was better preserved under 
the prevailing anoxic bottom-water conditions. 

After the CIE, surface-waters became reoxygenated, as manifested by 
re-occurrence of dinocysts. Nevertheless, surface water anoxia likely 
occurred intermittently, as indicated by the persistent abundance of 
prasinophytes, Halosphaeropsis and AOM, whereas the bottom water 
remained largely anoxic. The trends in anoxia, primary productivity and 
organic matter deposition are recorded synchronously across large dis
tances (>500 km) throughout the study area, with a minor delay in 
surface water oxygenation from the Cleveland Basin to the West 
Netherlands Basin. 
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Fantasia, A., Föllmi, K.B., Adatte, T., Bernárdez, E., Spangenberg, J.E., Mattioli, E., 2018. 
The Toarcian oceanic anoxic event in southwestern Gondwana: an example from the 
Andean basin, northern Chile. J. Geol. Soc. 175 (6), 883–902. 

Fensome, R.A., MacRae, R., Moldowan, J.M., Taylor, F.J.R., Williams, G.L., 1996. The 
early Mesozoic radiation of dinoflagellates. Paleobiology 22, 329–338. 

French, K.L., Sepulveda, J., Trabucho-Alexandre, J., Gröcke, D.R., Summons, R.E., 2014. 
Organic geochemistry of the early Toarcian oceanic anoxic event in Hawsker 
Bottoms, Yorkshire, England. Earth Planet. Sci. Lett. 390, 116–127. 

Ghadeer, S.G., Macquaker, J.H.S., 2011. Sediment transport processes in an ancient mud- 
dominated succession: a comparison of processes operating in marine offshore 
settings and anoxic basinal environments. J. Geol. Soc. Lond. 168, 835–846. 

Goldberg, T., Poulton, S.W., Wagner, T., Kolonic, S., Rehkämper, M., 2016. Mo 
drawdown during Cretaceous Anoxic Event 2. Earth Planet. Sci. Lett. 440, 81–91. 

Gómez, J.J., Goy, A., 2011. Warming-driven mass extinction in the Early Toarcian (Early 
Jurassic) of northern and central Spain. Correlation with other time-equivalent 
European sections. Palaeogeogr. Palaeoclimatol. Palaeoecol. 306, 176–195. 

Hallam, A., 1962. A band of extraordinary calcareous concretions in the Upper Lias of 
Yorkshire, England. J. Sediment. Res. 32 (4), 840–847. 

Helz, G.R., Vorlicek, T.P., Kahn, M.D., 2004. Molybdenum scavenging by iron 
monosulfide. Environ. Sci. Technol. 38, 4263–4268. 

Hermoso, M., Minoletti, F., Pellenard, P., 2013. Black shale deposition during Toarcian 
super-greenhouse driven by sea level. Clim. Past 9, 2703–2712. 

Herrero, A., Muro-Pastor, A.M., Flores, E., 2001. Nitrogen control in cyanobacteria. 
J. Bacteriol. 183 (2), 411–425. 

Hesselbo, S.P., Jenkyns, H.C., 1995. A comparison of the Hettangian to Bajocian 
successions of Dorset and Yorkshire. In: Taylor, P.D. (Ed.), Field Geology of the 
British Jurassic. Geological Society, London, pp. 105–150. 
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