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Abstract 11 

We present calcareous nannofossil biostratigraphy, calcium carbonate and organic carbon isotope data of two 12 

cores drilled in the North German Basin (northern Germany) covering the upper part of the Amaltheenton-13 

Formation (Fm) (upper Pliensbachian) and the Posidonienschiefer-Fm. (Toarcian). Fourteen bioevents 14 

spanning the latest Pliensbachian to late Toarcian time interval allowed the identification of the NJ5, NJ6 and 15 

NJ7 Zones of the Boreal biozonation.  16 

The early Toarcian Oceanic Anoxic Event (T-OAE), identified by the organic carbon isotopic excursion within 17 

the Posidonienschiefer-Fm., is constrained by the first occurrences (FOs) of Carinolithus superbus crassus 18 

and Diductius constans at the onset of the δ13C anomaly. The last occurrences (LOs) of the nannofossil species 19 

Crepidolithus granulatus, Parhabdolithus liasicus distinctus, Biscutum finchii and Biscutum grande are 20 

detected within the δ13C isotopic anomaly. The new biostratigraphic data acquired in the North German Basin 21 

are compared to data from sections at higher and lower latitudes to evaluate event reproducibility relative to 22 

the δ13Corg isotope curve. The FO of C. superbus crassus is an excellent datum to constrain the onset of the T-23 

OAE at supraregional - global scale. Our finding indicates further nannofossil biohorizons within the T-OAE 24 

that might be useful at regional scale. 25 

Keywords: Posidonia Shale, calcareous nannofossils, biostratigraphy, geochemistry, Toarcian Oceanic 26 

Anoxic Event, North German Basin.  27 

1. Introduction 28 
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The Toarcian Posidonia Shale (Posidonienschiefer) has been in the focus of scientific research for more than 29 

150 years (Röhl et al. 2001). Common findings of spectacular macrofossils have resulted in detailed 30 

descriptions of the marine fauna, which includes, among various groups of invertebrates, bony fish, sharks, 31 

ichthyosaurs, plesiosaurs, and marine crocodiles (e.g., Hauff 1960). Research has also dealt with 32 

sedimentological and geochemical issues (e.g., Seilacher 1970, Röhl et al. 2001). All large natural history 33 

museums have some of the extremely well-preserved specimens from this classical Fossillagerstätte on 34 

exhibition. According to the standard classification scheme of Fossillagerstätten (Seilacher 1970, Seilacher et 35 

al. 1985) the Posidonia Shale can be addressed as a Konservatlagerstätte.  36 

Another aspect of the Posidonia Shale is its economic potential as a source rock for hydrocarbons (e.g., 37 

Demaison and Moore 1980, Frimmel et al. 2004). Studies on its geochemistry (Röhl et al. 2001, Schmid-Röhl 38 

et al. 2002) indicate an important negative excursion in δ13C values in the lowermost part of the Posidonia 39 

Shale representing the expression of the early Toarcian Oceanic Anoxic Event (T-OAE) (Jenkyns 1988, 2010). 40 

This carbon (C) isotope anomaly, recorded in bulk rock, organic matter, fossil wood, carbonate microfraction 41 

and brachiopod calcite, is currently explained following two models. Küspert (1982) describes a scenario 42 

according to which dissolved inorganic carbon (DIC) is recycled from the deeper layers of a stratified water 43 

column (see also Saelen et al. 1996, Schouten et al. 2000, van de Schootbrugge et al. 2005). A second model 44 

implies methane release into the atmosphere/hydrosphere system and its subsequent oxidation to isotopically 45 

light CO2 (e.g., Hesselbo et al. 2000, Jenkyns et al. 2002, McElwain et al. 2005, Kemp et al. 2005). Despite 46 

these intensive research activities, which are mainly aiming at developing a consistent depositional model, 47 

biostratigraphic studies across the Posidonia Shale remain scarce and mainly limited to ammonite 48 

stratigraphies. In particular, calcareous nannofossil investigations are sparse and almost completely restricted 49 

to the Dotternhausen and the Wittnau clay pit sections, for the Lower Toarcian and the Toarcian/Aalenian 50 

transition intervals respectively, both located in southern Germany (de Kaenel and Bergen 1996, Baldanza et 51 

al. 1996, Mattioli et al. 2004a, 2008, 2009). Recently, van de Schootbrugge et al. (2019) published the 52 

calcareous nannofossil biostratigraphy for the Schandelah Core, located in northern Germany. These authors 53 

published a precise and complete nannofossil biostratigraphic study from the Rhaetian to the Toarcian, 54 

including the Posidonianschiefer-Fm and providing both main and secondary events, which helped to constrain 55 

the boundaries between the calcareous nannofossil Zones. Nevertheless, the sample density adopted for the 56 
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Toarcian is relatively low being the investigated geological interval extremely wide. Therefore, a more 57 

exhaustive analysis focused on the Toarcian Posidonienschiefer-Fm of the Schandelah Core is required. 58 

Based on material from two cores (L1, Schandelah) both drilled in the North German Basin, this paper has the 59 

following aims: 60 

a) To provide a robust calcareous nannofossil biostratigraphic framework for the Toarcian Posidonia Shale of 61 

northern Germany.  62 

b) To test the stratigraphic validity of specific biohorizons by comparing them with the standard biozonation 63 

scheme of the Boreal Realm (Bown and Cooper 1998). 64 

c) To evaluate whether nannofossil events recognized prior, during and after the T-OAE isotopic anomaly 65 

display a supraregional signal or whether they are rather restricted to specific areas only (e.g., higher latitudes).  66 

2. Geological setting  67 

The North German Basin (NGB), a passive-active rift basin located in central and west Europe, represents one 68 

of the largest subbasins of the Central European Basin System (CEBS) and flanks the Ringkobing Fyn High 69 

to the north and the London-Brabant, the Rhenish and Bohemian Massifs to the south. 70 

Fig. 1 71 

The NGB was initiated during the Permo-Carboniferous by rifting of the litosphere subsequent to Variscan 72 

shortening (Ziegler 1990, Senglaub et al. 2006, Doornenbal and Stevenson 2010) and was accompanied by 73 

widespread volcanic activity followed by strong thermal subsidence in Permo-Triassic times, when continental 74 

siliciclastic sediments of the Rotliegendes as well as evaporites and limestones of the Zechstein were deposited 75 
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in the basin centre (Scheck and Bayer 1999, Kockel 2002, Kossow and Krawczyk 2002, Scheck-Wenderoth 76 

et al. 2008). 77 

From the Triassic onward, the basin evolution was additionally influenced by salt mobilization and the Late 78 

Triassic – Jurassic extension principally controlled the structure of the E-W profile. The Triassic succession 79 

was characterized by rapidly deposited red-bed clastic sequences of the Buntsandstein overlain by 80 

Muschelkalk platform carbonates and the consequent lowering of the sea level in the Late Triassic led to 81 

renewed terrestrial sedimentation (Kossow and Krawczyk 2002). 82 

During the Early Jurassic, present-day Europe was located on the broad and extensive Laurussian continental 83 

shelf that opened towards the southeast into the Tethys Ocean (Ziegler 1982). The shelf area contained 84 

numerous deeper sub-basins separated by various submarine sills and islands of variable size (Fig. 1.a). All 85 

these structural features contributed to episodic restrictions of water circulation across the shallow shelf, 86 

especially during periods of sea level lowstand (Frimmel et al. 2004). The early Toarcian was characterized 87 

by an extensive transgressive phase, associated with the breakup of Pangea (Haq et al. 1988, Hallam 2001) 88 

which led to the deposition of organich-rich mudrocks (black shales) across Europe. The lithological 89 

expression of black shales in the NGB is the Posidonia Shale (Posidonienschiefer in German) which is present 90 

throughout the entire NGB except for the westernmost part (Kockel et al. 1994). The study area in NW 91 

Germany was connected to other shelf sub-basins with bituminous black shale deposition. To the west, these 92 

basins included the Paris Basin, to the south, the South German Basin, and to the north, the Yorkshire Basin 93 

(Fig. 1.b).  94 

3. Lithostratigraphy of cores L1 and Schandelah 95 

The two cores investigated in the present work were drilled in the Hildesheim-Braunschweig area, close to the 96 

villages of Hildesheim (L1 Core) and Schandelah (Schandelah Core) in northern Germany (Fig. 2). Samples 97 

from the L1 Core were collected in the core shed of the Wintershall-Dea oil company in Wietze (Germany).  98 

The Schandelah Core was sampled in the core repository of the German Federal Institute of Geosciences and 99 

Natural Resources in Berlin Spandau.  100 
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Fig. 2 101 

Lithostratigraphy of the L1 and Schandelah cores are reported in Figs. 3 and 4, respectively. The 16 m-thick 102 

studied interval of the L1 Core spans the upper Amaltheenton-Fm and the lower Posidonienschiefer-Fm. The 103 

46.5-m-thick interval of the Schandelah Core includes the upper Amaltheenton-Fm and the entire 104 

Posidonienschiefer-Fm.  105 

A total of five lithostratigraphic units are recognized and described from the bottom to the top. Unit 5 106 

(Amaltheenton-Fm.) is represented by medium grey claystone with silty to sandy light brownish grey strings. 107 

Unit 4 corresponds to the lowermost part of the Posidonienschiefer-Fm. This unit differs clearly from the 108 

overlying units 3, 2 and 1 of the Posidonienschiefer as it is strongly bioturbated and still consists of claystone 109 

(dark and greenish grey) with silty to sandy strings. Unit 4 in the L1 Core is less bioturbated compared to that 110 

of Schandelah Core and appears correlative of unit 5. Moreover, two isolated concretionary layers are detected 111 

within this unit, namely, at 46 m and 43 m (Schandelah Core) and at 27.6 m and 26.4 m (L1 Core). Based on 112 

literature survey these concretionary layers possibly refer to “Siemensi” and “Capillatum” concretions, 113 

respectively. Following van de Schootbrugge et al. (2019) the Pliensbachian/Toarcian boundary is placed 114 

between Units 5 and 4, at 48 m in the Schandelah Core. It is not possible to clearly identify the 115 

Pliensbachian/Toarcian boundary in the L1 Core as a reliable boundary between units 5 and 4 was not 116 

observed. Units 3, 2 and 1 are represented by the Posidonienschiefer style facies, i.e., paper shales. Unit 3 is 117 

constituted by dark grey, dark brown and black bituminous marly claystone and fissile black shales with two 118 

isolated concretionary layers. Those are detected exclusively in the L1 Core, at 24.4 m and 24 m and possibly 119 
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refer to the “Elegantulum” and “Boreale” concretions, respectively. The transition between the bioturbated 120 

claystone and the laminated marly claystone appears sharp in the L1 Core and more gradual in the Schandelah 121 

Core, supporting the presence of a hiatus at the base of unit 3 in the L1 Core (Fig. 3). Unit 2 is constituted by 122 

medium brown bituminous marlstone with light grey carbonate beds and concretionary layers. Among the 123 

carbonate beds, the “Elegans Bank” is recognized from 40 to 39.25 m in the Schandelah Core and from 22 to 124 

21.25 m in the L1 Core. The “Monotis Bank” is present from 31.75 to 31.25 m in the Schandelah Core and 125 

from 15.15 m to top in the L1 Core. This regional marker bed is characterized by a peculiar wavy lamination 126 

and a conspicuous shell accumulation mainly from left valves of the bivalve Meleagrinella substriata and local 127 

accumulations of the ammonite Dactylioceras athleticum (Arp and Gropengießer 2016). An additional 128 

carbonate bed is found in both cores between 35.1 and 34.6 m in the Schandelah Core and from 18 to 17.5 m 129 

in the L1 Core. A further concretionary layer is detected at 33.5 m and at 16.77 m in the Schandelah and L1 130 

cores, respectively. 131 

The onset and the termination of the T-OAE are placed in accordance with the δ13Corg stable isotope excursion, 132 

recorded as a synchronous signal worldwide, namely, from 24.9 to 22 m in the L1 Core and from 43 to 40 m 133 

in the Schandelah Core, thus spanning the uppermost unit 4 (only in Schandelah Core), the whole unit 3 and 134 

the lowermost unit 2 up to the base of the “Elegans Bank” in both cores. 135 

Unit 1, recovered exclusively in the Schandelah Core, represents an undisturbed sequence of medium brown 136 

bituminous marly claystone without carbonate beds or concretionary layers. Ammonite stratigraphy is 137 

provided according to the studies of Hoffmann (1968) and Weitschat (1973). 138 
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Fig. 3 139 
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Fig. 4 140 

4. Materials and methods 141 
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4.1. Biostratigraphy 142 

Calcareous nannofossil biostratigraphy was performed on a total of 168 samples. Seventy-three samples were 143 

studied from the upper Amaltheenton-Fm.  and lower Posidonienschiefer-Fm. of the L1 Core (Fig. 3). Ninety-144 

five samples were investigated from the upper Amaltheenton-Fm. and Posidonienschiefer-Fm. of the 145 

Schandelah Core (Fig. 4). The sampling resolution varies between one sample/20 cm to one sample/50 cm for 146 

the L1 Core and one sample/50 cm for the Schandelah Core.  147 

Simple smear slides of each sample were prepared following the method of Roth (1983): a small amount of 148 

rock material was powdered adding few drops of bi-distillate water, without centrifuging, ultrasonic cleaning 149 

or settling the sediment in order to retain the original composition. The obtained suspension was mounted onto 150 

a slide, covered with a cover slide fixed with Norland Optical Adhesive. Each sample was examined for 151 

calcareous nannofossils using a Leica DM 2700 P light polarizing microscope with a magnification of 1250X. 152 

A total of 300 determinable nannofossil specimens were counted in each slide. Additional 1000 fields of view 153 

for each smear slide were investigated to recognize rare and biostratigraphic important taxa. Several samples 154 

belonging to the Amaltheenton-Fm. (Unit 5) and the lower portion of the Posidonienschiefer-Fm. (Unit 4) are 155 

barren of nannofossils, others contain extremely rare specimens (less than 10 specimens in 1000 fields of view) 156 

being these units strongly depleted in calcium carbonate content in both cores (Figs. 3, 4). In these samples the 157 

300-specimen counting was not performed (Figs 5, 6). The preservation of calcareous nannofossils was 158 

evaluated using the visual criteria of Roth and Thierstein (1972) and Roth (1983) for assessment of etching 159 

(E) and overgrowth (O), with E1/O1 standing for minor, E2/O2 for moderate and E3/O3 for major 160 

etching/overgrowth. We adopted the calcareous nannofossil biozonation scheme of Bown (1987) revised by 161 

Bown et al. (1988) and Bown and Cooper (1998).  Calcareous nannofossil taxa recognized are listed in 162 

Appendix 1 and illustrated in Plates 1 and 2.  The stratigraphic distribution of biostratigraphic index taxa and 163 

their abundances are reported in Figs. 5 and 6.  164 
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Plate 1 165 
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Plate 2 166 

4.2. Geochemistry 167 

Bulk rock subsamples of the same 168 samples selected for biostratigraphy were analysed for calcium 168 

carbonate content by using the “Karbonat-Bombe” (Müller and Gastner 1971) and carbon isotope analyses of 169 

organic carbon with a Flash EA 2000 elemental analyser connected online to ThermoFinnigan Delta V Plus 170 

mass spectrometer at the GeoZentrum Nordbayern, Friedrich-Alexander Universität Erlangen-Nürnberg. All 171 

carbon isotope values were calibrated to the V-PDB (Vienna-PDB) standard. Accuracy and reproducibility of 172 

the analyses were checked by replicate analyses of laboratory standards calibrated to international standards 173 

USGS 40 and 41. Calcium carbonate and organic carbon isotope curves of the two cores are reported in Figs. 174 

3 and 4. 175 

5. Taxonomic notes 176 
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This chapter reports observations concerning morphological and/or dimensional features of certain taxa 177 

(Biscutum finchii, Carinolithus superbus, Schizosphaerella punctulata), alphabetically ordered by genus, 178 

observed under the light polarizing microscope. In the studied cores, indeed, taxonomic peculiarities 179 

concerning these species were detected for the first time or consistently to recent published papers (i.e., 180 

Visentin et al. 2021), thus requiring a deeper discussion aimed at carrying out a precise and exhaustive 181 

biostratigraphy.  182 

Genus Biscutum Black in Black and Barnes (1959) 183 

Biscutum finchii (Crux 1984) Bown (1987) 184 

Remarks. This species was introduced by Crux (1984) and subsequently emended by Bown (1987). De Kaenel 185 

and Bergen (1993) and Mattioli (2004b) proposed the inclusion of B. finchii in the genus Similiscutum because 186 

of the unicyclic distal shield structure. Cobianchi (1990, 1992) and Picotti and Cobianchi (1996) distinguished 187 

specimens characterized by a distal shield length < 6 µm as B. aff. B. finchii and “small” B. finchii respectively.  188 

Later, Casellato and Erba (2015) detected specimens smaller than the holotype (5.6 µm length – 4.7 µm width) 189 

with subcircular outline and prominent distal shield. These are grouped by the authors as “small” B. finchii 190 

similarly to previous authors. In our study “small” B. finchii as defined by Casellato and Erba (2015) were not 191 

detected. Specimens bigger than the maximum range proposed for B. finchii (7.0 µm length) have been found 192 

and addressed as “large” B. finchii. This morphotype possibly corresponds to S. giganteum observed by 193 

previous authors (e.g., Mailliot et al. 2006, Ferreira et al. 2015, da Rocha et al. 2016) and S. aff. S. finchii 194 

“large” (e.g., Kafousia et al. 2014, Menini et al. 2019). 195 

Genus Carinolithus Prins in Grün et al. (1974) 196 

Carinolithus superbus (Deflandre in Deflandre and Fert 1954) Prins in Grün et al. (1974) 197 

Remarks. In the present work we follow the recent taxonomic revision for the genus Carinolithus proposed 198 

by Visentin et al. (2021). This work foresees a subdivision between C. superbus crassus and C. superbus 199 

superbus based on the stem width (SW). The former taxon has a SW ˃ 1 µm whereas the latter ≤ 1 µm. Based 200 

on available data, Visentin et al. (2021) concluded that the FO of C. superbus used as marker for the base of 201 

the NJ6 and NJT6 Zone in the standard schemes (i.e., Bown 1987, Bown et al. 1988, Bown and Cooper 1998, 202 

Fraguas et al. 2015, 2018 for the NJ6; Mattioli and Erba, Ferreira et al. 2019 for the NJT6), is indeed the FO 203 

of C. superbus crassus.  Thus, we use here the C. superbus crassus biohorizon. Visentin et al. (2021) further 204 
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shows that the species C. cantaluppii is a diagenetic artefact of the genus Carinolithus due to intensive 205 

overgrowth (highly calcified C. poulnabronei and C. superbus) and, accordingly, in this work we disregard 206 

this taxon.  207 

Genus Schizosphaerella Deflandre and Dangeard (1938) 208 

Schizosphaerella punctulata Deflandre and Dangeard (1938) 209 

Remarks. This species was described by Deflandre and Dangeard (1938) as a nannolith composed by two 210 

interlocked valves with a diameter of 12 – 30 µm. Later, Bown (1987) and Cobianchi (1992) reported a 211 

diameter of 8 – 12 µm, whereas Mattioli and Pittet (2002) documented a size range of 7 – 13.5 µm. Casellato 212 

and Erba (2015) separated specimens displaying dimensions of 4 – 7 µm as “small” S. punctulata from those 213 

≥ 7 µm (S. punctulata). Moreover, the same authors, observed additional specimens surrounded by a fringing 214 

crust of radiating prismatic crystals grouped as “encrusted” S. punctulata, probably corresponding to over 215 

calcified Schizosphaerella (Kälin 1980, Kälin and Bernoulli 1984). Encrusted S. punctulata specimens were 216 

not detected in the investigated samples.  217 

6. Results 218 

6.1. Calcareous nannofossil preservation 219 

For the few detected specimens in units 5 and 4, using the visual criteria of Roth and Thierstein (1972) and 220 

Roth (1983), a moderate to moderate/good preservation was observed with minor/moderate etching (E1/2) and 221 

negligible to minor overgrowth (O0 to O1). In some restricted intervals calcareous nannofossils are poorly 222 

preserved and replaced by siderite showing yellowish colours, moderate etching (E2) and major overgrowth 223 

(O3), (L1 Core: 30.40 m; Schandelah Core: 50 and 51 m).  In unit 3 of both cores calcareous nannofossils 224 

display minor/moderate to moderate/major etching (E1/2 to E2/3) and negligible to moderate overgrowth (O0 225 

to O2) with a general moderate/poor to moderate preservation. Calcareous nannofossil preservation observed 226 

in lithological units 1 and 2 of both cores varies between moderate to good with generally minor to moderate 227 

etching (E1 to E2) and minor overgrowth (O1). Samples characterized by a moderate/poor preservation with 228 

moderate etching (E2) and moderate overgrowth (O2) are restricted to the “Monotis Bank” of the L1 Core 229 

(15.00 m) and to the lower part of unit 1 of the Schandelah Core (26.50 to 26.00 m). Samples from the 230 

uppermost unit 1 of the Schandelah Core (13.5 to 5.5 m) show poor to moderate preservation with moderate 231 

to major etching (E2 to E3) and minor overgrowth (O1). 232 
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6.2. Biostratigraphy  233 

6.2.1. L1 Core 234 

A total of seven calcareous nannofossil events have been detected (Fig. 3) allowing the identification of, from 235 

bottom to top, the Lotharingius hauffii Zone (NJ5) and the Carinolithus superbus Zone (NJ6). The oldest 236 

investigated sample (31 m) is assigned to the earliest Toarcian NJ5b Subzone based on the presence of 237 

Crepidolithus impontus. The FO of C. superbus crassus (24.9 m) defines the NJ5/NJ6 zonal boundary. In the 238 

same sample the FO of D. constans is recognized. In the NJ6 Zone several biohorizons are encountered: the 239 

LOs of C. granulatus (24.7 m), P. liasicus distinctus (24.5 m), B. finchii (24.1 m) and B. grande (23.45 m). 240 

The large morphotype of B. finchii last occurs in this biozone as well (24.3 m), just before the LO of the 241 

standard one. The uppermost investigated sample (15 m) is still included in the early Toarcian NJ6 Zone due 242 

to the absence of Discorhabdus striatus, that is the zonal marker of the base of the NJ7 Zone.  243 

Among the calcareous nannofossil assemblages of the upper NJ5b Subzone only sporadic specimens 244 

attributable to genera Bussonius, Lotharingius, Crepidolithus and Schizosphaerella have been detected. An 245 

important drop in abundance for Schizosphaerella was recorded at the base of the unit 3 (24. 9 m). This might 246 

correspond to the “Schizosphaerella crisis” (sensu Casellato and Erba 2015) affecting both S. punctulata and 247 

“small” S. punctulata (Fig. 8). Calcareous nannofossil assemblages of the lower NJ6 Zone are dominated by 248 

genera Crepidolithus (Crepidolithus crassus and Crepidolithus impontus) and Lotharingius (Lotharinigius 249 

hauffii, Lotharingius frodoi, Lotharingius barozii and Lotharingius sigillatus). A slight decrease in abundance 250 

of genera Biscutum, Bussonius, Calyculus, Carinolithus and Ortogonoides was observed above the T-OAE. In 251 

the L1 Core, genera Biscutum, Bussonius, Calyculus, Carinolithus, Mitrolithus, Schizosphaerella and 252 

Ortogonoides are subordinate, and Axopodorhabdus, Discorhabdus, Diductius, Parhabdolithus and 253 

Tubirhabdus occur sporadically.  254 

 255 
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Fig. 5 256 

6.2.2. Schandelah Core 257 

A total of fifteen calcareous nannofossil events were used to define the Lotharingius hauffii Zone (NJ5), the 258 

Carinolithus superbus Zone (NJ6) and the Discorhabdus striatus Zone (NJ7). The lowermost investigated 259 
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sample (52 m) is assigned to the earliest Toarcian NJ5 Zone, specifically to the NJ5b Crepidolithus impontus 260 

Subzone based on the presence of C. impontus. The FO of C. superbus crassus (43 m) defines the NJ5/NJ6 261 

zonal boundary. In the same sample the FO of D. constans is recognized.  In the lower part of the NJ6 Zone 262 

several biohorizons are detected: the LOs of C. granulatus, P. liasicus distinctus, B. finchii (41.5 m) and B. 263 

grande (40.5 m), as well as the last occurrence of the large morphotype of B. finchii (42.5 m). In the upper part 264 

of the NJ6 Zone an important drop in abundance of L. hauffii is here reported as the LO of the L. hauffii acme 265 

(31.5 m). The FO of D. striatus (28 m) defines the NJ6/NJ7 zonal boundary. At the same stratigraphic level, 266 

the FO of Watznaueria sp. 1 is recognized. Within the late Toarcian NJ7 Zone five events are found: the FO 267 

of C. superbus superbus (26 m), the FO of W. colacicchii (24.5 m), the LO of Orthogonoides hamiltoniae 268 

(21.5 m), the FO of Discorhabdus criotus (19 m). The uppermost investigated sample (5.5 m) is still included 269 

in the late Toarcian NJ7 Zone due to the absence of Retecapsa incompta, zonal marker of the NJ8 Zone.  270 

Specimens attributable to genera Bussonius, Lotharingius, Crepidolithus and Schizosphaerella have been 271 

found sporadically in the upper part of Subzone NJ5b. The “Schizosphaerella crisis” (sensu Casellato  Erba) 272 

was not recognized in the Schandelah Core since no significant drop in abundance of Schizosphaerella was 273 

observed (Fig. 8). The calcareous nannofossil assemblages characterizing the NJ6 Zone are dominated by 274 

Crepidolithus (C. crassus, C. impontus) and Lotharingius (L. hauffii, L. frodoi, L. barozii, L. sigillatus). A 275 

slight decrease in abundance of Biscutum, Bussonius, Calyculus, Carinolithus and Ortogonoides was 276 

encountered above the termination of the T-OAE. An increase in abundance of Schizosphaerella (22.0 m), the 277 

“Schizoshaerella recovery” (sensu Casellato and Erba, 2015), affecting both S. punctulata and “small” S. 278 

punctulata was recorded within the NJ7 biozone (Fig. 8). Genera Crepidolithus and Lotharingius dominate 279 

the calcareous nannofossil assemblages of the NJ7 Zone. The decrease in abundance of L. hauffii is balanced 280 

by an increase of larger Lotharingius, (Lotharingius crucicentralis, Lotharingius velatus). An increase of 281 

Bussonius and Discorhabdus is also recorded. As for the L1 Core, in the Schandelah Core genera Biscutum, 282 

Bussonius, Calyculus, Carinolithus, Mitrolithus, Schizosphaerella and Orthogonoides are subordinate whereas 283 

Axopodorhabdus, Discorhabdus, Diductius, Parhabdolithus, Tubirhabdus and Watznaueria are rare.   284 
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Fig. 6 285 
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6.3. Geochemistry  286 

Bulk rock carbonate of the L1 Core varies from 0 % (samples in units 5 and 4 except for the concretionary 287 

layers) to 90 % at 15 m (Monotis Bank). As far as the Schandelah Core is concerned, it varies from 0 % 288 

(samples in units 5 and 4 except for the concretionary layers) to 81% at 31.5 m (Monotis Bank). For the L1 289 

Core δ13Corg values range from -25.18 ± 0.08 ‰ at 27.4 m to -33.13 ± 0.08 ‰ at 23.75 m. The most negative 290 

values are restricted to the carbon isotope excursion (CIE) detected in unit 3 (samples from 24.9 m to 22.65 291 

m). In the Schandelah Core, δ13Corg values range from -25.71 ± 0.08 ‰ at 49 m to -32.78 ± 0.08 ‰ at 41.5 m. 292 

As for the former core, unit 3 displays the most negative values (samples from 42.5 m to 40.5 m).  293 

7. Discussion 294 

7.1. Comparison of the L1 and Schandelah cores.  295 

Calcareous nannofossil preservation, biostratigraphy, abundance, calcium carbonate and organic carbon 296 

isotope data display very consistent results between the two investigated cores, although a general slightly 297 

higher degree of overgrowth was noted in the Schandelah Core. This slightly stronger diagenetic overprint 298 

may be attributed to a more evolved sediment maturity in Schandelah. The FOs of C. superbus crassus, D. 299 

constans and the LOs of P. liasicus distinctus, C. granulatus, “large” B. finchii, B. finchii and B. grande appear 300 

consistent in the two cores. Little differences regarding the event positions depend on the different sampling 301 

densities adopted (higher in the L1 Core). Consequently, some events were detected within the same sample 302 

in the Schandelah Core (i.e., LOs of P. liasicus distinctus, C. granulatus, “large” B. finchii in sample 42.5 m) 303 

(Fig. 4). The FOs of C. superbus crassus and D. constans were recognized in the uppermost unit 4 in the 304 

Schandelah Core while they were found in the lowermost unit 3 in the L1 Core due to the presence of a hiatus 305 

(Fig. 3). Calcareous nannofossil variations in abundance are also very consistent.  306 

The only remarkable difference observed regards the genus Schizosphaerella. A meaningful drop in abundance 307 

at the base of the shale was noted exclusively in the L1 Core (Fig. 8). No variation in abundance was observed 308 

in the Schandelah Core making the recognition of the “Schizosphaerella crisis” impossible. This fact is 309 

imputed by the sporadic presence of nannofossils, including Schizosphaerella, in units 5 and 4. The potential 310 

recognition of the “Schizosphaerella crisis” exclusively in the L1 Core is based on three samples below the 311 

Posidonienschiefer (i.e., 25.5 m, 25.3 m, 25.05 m) that contain abundant Schizosphaerella specimens. The 312 

“Schizosphaerella crisis”, marked by an average decrease of both abundance and size, is an event documented 313 
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by several authors at lower latitudes (e.g., Mattioli and Pittet 2002, Suan et al. 2008, 2010, Casellato and Erba 314 

2015) and at higher latitudes (e.g., Mailliot et al. 2009, Clémence et al. 2015, Peti and Thibault 2017) at the 315 

base of the T-OAE. In the NGB, the “Schizosphaerella crisis” is hampered by the sporadic presence of 316 

nannofossils in the lowermost part of the Posidonienschiefer-Fm. (Unit 4).  317 

7.2. Comparison with van de Schootbrugge et al. (2019)  318 

Calcareous nannofossil biostratigraphy carried out by van de Schootbrugge et al. (2019) in the Schandelah 319 

Core displays analogies and differences with our investigation (Fig. 3). For the corresponding stratigraphic 320 

interval two events were reported in their study (i.e., FOs of C. superbus and D. striatus) (van de Schootbrugge 321 

et al. 2019: Fig. 3). The FO of D. striatus detected at 25 m displays a quite good analogy with our datum (28 322 

m) whereas the FO of C. superbus (C. superbus crassus in this work) is less consistent being detected 9 meters 323 

above our result (34 m versus 43 m). It is important to state, however, that the sampling rate adopted by van 324 

de Schootbrugge et al. (2019) is different from that used in this work. The authors, indeed, chose an interval 325 

varying between 1 to 3 meters which is perfectly suitable for their purpose, since their investigation spans 338 326 

m of sediments from the Rhaethian to the Toarcian, but definitively lower once compared to that adopted in 327 

the present analysis (one sample/50 cm).  Considering the samples prepared with the same method and the 328 

number of fields of views examined for each smear slides analogous to that here adopted we conclude that the 329 

reason of such a discrepancy is imputed to sample density resolution. For the same motivation, indeed, the 330 

taxa last occurring within the lower part of the T-OAE and being present continuously in a relatively short 331 

interval, from 43 m to 40.5 m, (i.e., LOs of C. granulatus, P. liasicus distinctus, B. finchii, B. grande), were 332 

not considered in the analysis conducted by van de Schootbrugge et al. (2019).  The remaining events (i.e., 333 

FOs of D. constans, Watznaueria sp.1, W. colacicchi, D. criotus and LOs of O. hamiltoniae) were not reported 334 

in their analyses probably also for the scatter occurrence of the relative taxa which may have prevented the 335 

assessment of their FOs/LOs. Additionally, van de Schootbrugge et al. (2019) found the “Schizosphaerella 336 

crisis” and detected it slightly above the Pliensbachian/Toarcian boundary but without specifying the exact 337 

position. Consistently to the L1 Core in the present work, the authors might have considered a stratigraphic 338 

level (potentially a concretion) richer in schizosphaerellids followed by a drop in abundance of the taxon. 339 

However, being the Aamalthenton-Fm and the lower part of the Posidonienschiefer-Fm (units 5 and 4) mainly 340 
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barren of nannofossils, it is hard to assess whether we are dealing with the “Schizosphaerella crisis” or a 341 

temporary drop in abundance of schizosphaerellids. 342 

7.3. Comparison with the standard biozonation scheme. 343 

Calcareous nannofossil events recognized in the L1 and Schandelah cores (Fig. 7) are compared to the 344 

biohorizons used in the Boreal zonation of Bown and Cooper (1998). For the latest Pliensbachian to late 345 

Toarcian time interval (Pleuroceras spinatum to Haugia variabilis ammonite zones) the authors reported 9 346 

calcareous nannofossil events (FO of C. impontus, FO of L. sigillatus, LO of C. primulus, FO of C. superbus, 347 

LO of B. finchii, LO of O. hamiltoniae, FO of D. striatus, FO of D. criotus, LO of L. hauffii acme) and defined 348 

three zones (NJ5, NJ6 and NJ7).  349 

Fig. 7 350 
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The presence of C. impontus and L. sigillatus was documented from the base of both cores. Specimens of C. 351 

primulus were not found, probably for the rareness of nannofossils in units 5 and 4, preventing the recognition 352 

of its LO. The other biohorizons of Bown and Cooper (1998) have been recognized although with minor 353 

differences in their succession relative to the standard biozonation scheme. The FOs of C. superbus crassus, 354 

D. striatus, D. criotus and the LO of B. finchii are consistent with the datums reported by Bown and Cooper 355 

(1998). The LO of O. hamiltoniae was detected slightly before the FO of D. criotus in the studied material, 356 

whereas Bown and Copper (1998) reported this event slightly before the FO of D. striatus. This difference is 357 

most probably imputed by the rareness of O. hamiltoniae during its final range that weakens its reliability as 358 

marker species. This taxon seems to have a strong affinity with organic-rich sediments in the studied cores 359 

(Figs. 5, 6) being a fundamental constituent of calcareous nannofossil assemblages during the T-OAE (unit 3) 360 

in both the L1 and the Schandelah cores. Following the organic carbon isotope anomaly nannofossil abundance 361 

decreases drastically and becomes sporadic. In order to recognize the L. hauffii acme reported by Bown and 362 

Cooper (1998), we compiled the abundances of this taxon across the studied cores (Fig. 8). A remarkable drop 363 

in abundance was observed at 31.5 m (L. hauffii acme): this latter, however, does not correlate to that reported 364 

in the zonal scheme, probably because fluctuations in abundance of this taxon depends on local 365 

paleoenvironmental conditions (Ferreira et al. 2017). 366 

In addition to nine well defined biohorizons, Bown and Cooper (1998: Fig. 4.1) discussed four additional, 367 

nannofossil bioevents in the Toarcian interval. Those are the LOs of P. liasicus distinctus, M. elegans and C. 368 

granulatus within the NJ5b Subzone and the LO of B. grande within the NJ6 Zone without specifying the 369 

precise stratigraphic position of these events. Except for the LO of M. elegans, which was not detected in this 370 

study probably for the scarcity of nannofossils in units 5 and 4, the other events have been recognized in both 371 

cores. Unlike Bown and Cooper (1998), the LOs of P. liasicus distinctus and C. granulatus were both observed 372 

in the lowermost NJ6 Zone in our study, thus displaying minor differences with the zonal scheme. The LO of 373 

B. grande, being recognized in the NJ6 in our investigation, shows consistent results with the zonal scheme. 374 

Specifically, our investigation reveals that all these LOs (C. granulatus, P. liasicus distinctus, B. finchii, B. 375 

grande) were recognized within the δ13Corg isotope excursion of the T-OAE. Other calcareous nannofossil 376 

events (i.e., FO of D. constans, FO of Watznaueria sp.1, FO of W. colacicchii) observed here, were not reported 377 

in the standard zonal scheme. 378 



22 
 

Fig. 8 379 

7.4. A new biostratigraphic database for a more refined subdivision of the T-OAE at higher latitudes? 380 

The late Pliensbachian - early Toarcian interval was a crucial time for calcareous nannofossil evolution as a 381 

major speciation took place. Some of the most common Jurassic and Cretaceous genera appeared and evolved 382 

rapidly (Bown 1987, Mattioli and Erba 1999, Bown et al. 2004, Erba 2004, 2006). As a result, the high number 383 

of biostratigraphic events characterizing the late Pliensbachian - early Toarcian period offers the opportunity 384 

to biostratigraphically constrain the T-OAE. The dataset for the Boreal Realm is, however, poor and less 385 

resolutive compared to that of the Tethys. In particular, very few studies display the geochemical 386 

characterization of the T-OAE together with a high resolutive calcareous nannofossil biostratigraphy provided 387 

with range charts (e.g., Menini et al. 2019). As a result, potential biostratigraphic constrains and related 388 

calibration with isotope anomalies remain poorly investigated in the Boreal Realm. 389 
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In order to evaluate diachroneity and reproducibility of individual calcareous nannofossil events prior, during 390 

and after the T-OAE, Casellato and Erba (2015: Figs. 6, 7) compared biohorizons against ammonite biozones 391 

and the δ13C excursion. The relevant interval was sandwiched by the FOs of Calyculus and D. striatus of the 392 

zonation of Mattioli and Erba (1999). In the present work several calcareous nannofossil events were detected 393 

prior and during the T-OAE (FOs of C. superbus crassus, D. constans; LOs of P. liasicus distinctus, C. 394 

granulatus, B. finchii, B. grande). Apart from the former, the other biohorizons were not included in the 395 

analyses conducted by Casellato and Erba (2015).  We compare the six biohorizons observed in the two studied 396 

cores against the δ13C curve (Fig. 9) as documented for the other sections at higher latitudes (Germany, France, 397 

England, northern Spain) and those at lower latitudes (Italy, southern and eastern Spain, Hungary, Greece, 398 

Portugal) (see Tab. 1 for references). Although northern Spain and Portugal were located at higher and lower 399 

latitudes respectively, in this analysis they are separated from sections belonging to the Boreal and Tethyan 400 

Realms since calcareous nannofossil display peculiar assemblages in these regions. In fact, two specific zonal 401 

schemes exist for northern Spain and Portugal: the one of Fraguas et al. (2015) integrated in Fraguas et al. 402 

(2018) and that of Ferreira et al. (2019) based upon sections belonging to the Cantabrian Range and Lusitanian 403 

Basin, respectively.  404 

As the δ13C curves available for most of the considered sections have a low resolution, a generalized curve 405 

(Hesselbo et al. 2007: Fig. 1) is used. Based on the δ13C curve of the two cores studied here, in Fig. 9 we 406 

distinguish a total of six sub-intervals from bottom to top: lowermost Toarcian recovery following the negative 407 

excursion at the Pliensbachian/Toarcian boundary (sub-interval a); pre T-OAE anomaly (sub-interval b); rapid 408 

decrease (sub-interval c); minimum (sub-interval d); recovery (sub-interval e) and post T-OAE anomaly (sub-409 

interval f).  410 

The aim is to evaluate whether these calcareous nannofossil biohorizons may be considered as additional 411 

events constraining the T-OAE on a global or regional scale or whether they are restricted to the North German 412 

Basin.  413 

The FO of C. superbus crassus, an event already discussed by Casellato and Erba (2015), was encountered 414 

within sub-interval b in both cores. However, only the datum from Schandelah is reliable for the absence of 415 

the hiatus.  Our result is consistent with findings from other sections. It needs to be stated, however, that this 416 

event is also reported to occur within sub-interval c from various sections (see Fig. 9 for details). This minor 417 
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discrepancy is probably imputed to the different sample density adopted in each study. The optimal reliability 418 

and reproducibility displayed by the FO of C. superbus crassus suggests and further reinforce that this bio-419 

event is an excellent tool to correlate the onset of the T-OAE on a supraregional scale as previously pointed 420 

out by Mattioli et al. (2004a, 2013) and Casellato and Erba (2015).  421 

The remaining events were detected only in few sections, thus showing a weaker reproducibility. 422 

The FO of D. constans was found in sub-interval b in both cores. As for C. superbus crassus, only the datum 423 

from Schandelah is reliable. Our results correspond to observations in central Portugal (Peniche section). In 424 

northern Italy (Colle di Sogno section) this event fell into sub-interval c, whereas it occurred in northern 425 

Portugal (Rabaçal section) at a much younger level in the NJT7b (Middle Toarcian). In central France (Anse 426 

St. Nicolas section) the FO of D. constans was detected in the sub-interval a (Fig. 9). The datum proposed for 427 

northern Portugal is much younger compared to that from central Portugal probably because for the spotty 428 

occurence of this taxon. The datum recognized in central France is slightly older than that recorded for the L1 429 

and Schandelah cores, suggesting an older age of this event in the Boreal Realm. The FO D. constans 430 

documented at Anse St. Nicolas is probably more reliable than that recorded in the L1 and Schandelah cores, 431 

because the lower parts of the investigated cores are essentially barren of nannofossils, probably preventing 432 

the recognition of the real FO of this taxon.  433 

Although a potential utility as biostratigraphic marker for the onset of the T-OAE is not excluded, further 434 

investigations are recommended to verify the reliability and reproducibility of the FO of D. constans. 435 

The LO of P. liasicus distinctus was detected within sub-interval b in both cores. This event was detected 436 

within the sub-interval c in central France (Sancerre-Couy section). The presence of this taxon was documented 437 

in northern Italy (Colle di Sogno section) after the T-OAE (Fig. 9). 438 

The LO of B. finchii was observed in the lowermost sub-interval d in both cores. An analogous result was 439 

documented for central France (Sancerre-Couy section). This event fell into the sub-interval f in Hungary 440 

(Reka section). The presence of this taxon was documented in northern Italy and Greece (Colle di Sogno and 441 

Toka sections) after the T-OAE (Fig. 9). 442 

The LO of B. grande was found in sub-interval d in the L1 Core and in sub-interval e in the Schandelah Core. 443 

The datum reported for the former succession is analogous to that proposed for central France (Sancerre-Couy 444 



25 
 

section). The presence of this taxon was documented in northern Italy (Colle di Sogno section) after the T-445 

OAE (Fig. 9). 446 

The levels of the LOs of P. liasicus distinctus, B. finchii, B. grande detected in the L1 and Schandelah cores 447 

are consistent with those of central France, namely, within the C isotope anomaly of the T-OAE. In the 448 

Sancerre-Couy section, however, the LO of P. liasicus distinctus was detected at a younger stratigraphic level 449 

compared to the LO of B. finchii. Although this minor discrepancy, we confirm that these events are reliable 450 

in these regions of the Boreal Realm (northern Germany and central France) in accordance with the zonal 451 

scheme of Bown and Cooper (1998). However, it needs to be stated that in other Lower Toarcian sections from 452 

the Boreal Realm these events were not reported (i.e., Dotternhausen, Brown Moor, Andra, Tornadous, Anse 453 

St. Nicolas). This is due to the fact that some of these biostratigraphic studies focused on a slightly lower 454 

stratigraphic interval where these taxa still occur (Anse St. Nicolas) whereas in others the authors reported 455 

exclusively the main events (Dotternhausen, Brown Moor, Andra, Tournadous) without providing range 456 

charts, thus, preventing the possibility of discussing the distribution of these taxa.  457 

Bown and Cooper (1998) reported these events in the biozonation scheme without specifying any correlation 458 

with the T-OAE. Based on carbon isotope data evidencing the T-OAE anomaly, we confirm their utility as 459 

biostratigraphic constrains of the T-OAE at least in northern Germany and, potentially, also in central France. 460 

Further investigations are however required to confirm their reliability as biostratigraphic constrains of the T-461 

OAE in other regions of the Boreal Realm (e.g., southern Germany, England). 462 

 At lower latitudes these events are younger as documented in northern Italy and Greece. In fact, the zonal 463 

scheme for the Tethyan Realm of Mattioli and Erba (1999) placed these events in the Lower (LO of P. liasicus 464 

distinctus) and Upper Aalenian (LOs of B. grande and B. finchii). These events are younger also in Portugal 465 

as pointed out by the recently published biozonation scheme of Ferreira et al. (2019) where these taxa are 466 

present up to lowermost Bajocian. The biozonation for northern Spain of Fraguas et al. (2015) attests the 467 

presence of these taxa up to the top of the investigated interval (Lower Toarcian Harpoceras Serpentinum AZ) 468 

which is stratigraphically slightly lower than the level in which they are detected in the investigated cores. 469 

Thus, their utility as biostratigraphic constrains of the T-OAE in northern Spain is not excluded.  470 

The LO of C. granulatus was recognized in sub-interval c in both cores. The presence of this taxon was 471 

documented in northern Italy (Colle di Sogno section) after the T-OAE (Fig. 9). This event was recognized 472 
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exclusively in the investigated German cores. It is younger in the Tethys (earliest Bajocian) as reported in 473 

northern Italy as well as in the zonal scheme of Mattioli and Erba (1999). This event is younger also in Portugal 474 

as certified by Ferreira et al. (2019) where this taxon is present up to lowermost Bajocian. 475 

Although this event is not reported in northern Spain by Fraguas et al. (2015), based on range charts presented 476 

it is possible to discern a potential last occurrence at a stratigraphic level consistent with that identified in the 477 

L1 and Schandelah cores, which should be, however, further confirmed in other sections. 478 

The LO of Mitrolithus jansae, an event approximating the termination of the T-OAE (Casellato and Erba, 479 

2015) in the Tethys and Portugal was not recognized in the two cores. Specimens of this taxon were not found 480 

in the studied intervals, reinforcing the theory that M. jansae is a species better adapted to lower latitudes 481 

(Bucefalo Palliani et al. 2002, Mattioli et al. 2008, Reggiani et al. 2010, Fraguas et al. 2018). 482 

Fig. 9 483 
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Tab. 1 484 

8. Conclusions 485 

Calcareous nannofossil biostratigraphy allowed the identification of six (L1 Core) and fourteen calcareous 486 

nannofossil events (Schandelah Core) across the Amaltheenton-Fm. and Posidonienschiefer-Fm. Following 487 

the standard nannofossil zonation the NJ5b and NJ6 biozones were identified for the L1 Core, the NJ5b, NJ6, 488 

NJ7 biozones for the Schandelah Core. The events detected in the studied cores are relatively consistent with 489 

those of the standard zonation scheme. In addition, further biohorizons have been recognized (FO of D. 490 

constans, FO of Watznaueria sp.1, FO of W. colacicchii).  491 

The T-OAE, identified on the basis of the δ13C anomaly within the Posidonienschiefer-Fm., is defined by six 492 

calcareous nannofossil events. The FOs of C. superbus crassus and D. constans correspond to the onset of the 493 

isotope excursion. The LOs of P. liasicus distinctus, C. granulatus, B. finchii and B. grande were detected 494 

within the isotopic excursion. Calibration against the δ13C anomaly reveals that the sequence of nannofossil 495 

biohorizons does not always correlate with those of other areas. The FO of C. superbus crassus displays a 496 

Domain Realm/Country Country Section Reference 

Higher 

latitudes 

Boreal 

North 

Germany 

L1 Core (L) This work 

Schandelah Core (S) 
van de Schootbrugge et al. (2019), 

This work 

South 

Germany 
Dotternhausen (1) Mattioli et al. (2008) 

Central 

France 

Anse St. Nicolas (2) Menini et al. (2019) 

Sancerre-Couy (3) 
Peti et al. (2017), Boulila et al. 

(2014) 

Tournadous (4) Mailliot et al. (2009) 

Andra (5) Mattioli et al. (2008) 

United 

Kingdom 
Brown Moor (6) Mattioli and Pittet (2004) 

North Spain 
North 

Spain 

West Rodiles (7) Fraguas et al. (2012) 

Castillo de Pedroso (8) Tremolada et al. (2005) 

Lower 

latitudes 

Portugal 

Central 

Portugal 
Peniche (9) 

Mattioli et al. (2013), da Rocha et 

al. (2016) 

North 

Portugal 
Rabaçal (10) Ferreira et al. (2015, 2019) 

Tethys 

North 

Italy 
Colle di Sogno (11) 

Erba (2004), Casellato and Erba 

(2015) 

Central 

Italy 

Valdorbia (12) Mattioli et al. (2013) 

Pozzale (13) Mattioli and Pittet (2004) 

Somma (14) Mattioli and Pittet (2002) 

South 

East 

Spain 

La Almunia (15) Menini et al. (2019) 

La Cerradura (16) 
Sandoval et al. (2012), Reolid et 

al. (2014) 

Hungary Reka (17) Müller et al. (2017) 

Greece Toka (18) Kafousia et al. (2014) 



28 
 

supraregional reproducibility whereas the FO of D. constans is less reproducible and requires further 497 

investigations. The LOs of C. granulatus, P. liasicus distinctus, B. finchii and B. grande are restricted to the 498 

Boreal Realm in accordance with the Boreal zonal scheme. Our investigation reveals that these latter events 499 

are recognized within the δ13C anomaly and can be used to further constrain the T-OAE in northern Germany 500 

and, potentially, in central France. 501 
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 10. Appendix 1 512 

Calcareous nannofossil taxa, reported in this study, are alphabetically ordered per genus, species and 513 

subspecies. Authors, date of the original description and, when necessary, emendations are provided. 514 

Axopodorhabdus atavus (Grün et al. 1974) Bown (1987) 515 

Biscutum dubium (Noël 1965) Grün in Grün et al. (1974) 516 

B. finchii (Crux 1984) Bown (1987) 517 

B. grande Bown (1987) 518 

B. intermedium Bown (1987) 519 

B. novum (Goy 1979) Bown (1987) 520 

Bussonius leufuensis Bown and Kielbowicz (1987) 521 

B. prinsii (Noël 1973) Goy (1979) 522 

Calyculus Noël (1973) 523 

Carinolithus cantaluppii (Cobianchi 1990) 524 
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C. poulnabronei Mattioli (1996) 525 

C. superbus (Deflandre 1954) Prins in Grün et al. (1974) 526 

C. superbus crassus Visentin and Erba in Visentin et al. (2021) 527 

C. superbus superbus (Deflandre 1954) Prins in Grün et al. (1974) 528 

Crepidolithus cantabriensis Fraguas (2014) 529 

C. crassus (Deflandre in Deflandre and Fert 1954) Noël (1965) 530 

C. crucifer (Prins 1969) ex Rood et al. (1973) 531 

C. granulatus Bown (1987) 532 

C. impontus Grün et al. (1974)  533 

Crucirhabdus primulus (Prins 1969) ex Rood et al. (1973) Bown (1987) 534 

Diductius constans Goy (1979) 535 

Discorhabdus criotus Bown (1987) 536 

D. ignotus (Gorka, 1957) Perch-Nielsen (1968) 537 

D. striatus Moshkovitz and Ehrlich (1976) 538 

Lotharingius barozii Noël (1973) 539 

L. crucicentralis (Medd 1971) Grün and Zweili (1980) 540 

L. frodoi Mattioli (1996)  541 

L. hauffii Grün and Zweili in Grün et al. (1974) 542 

L. sigillatus (Stradner 1961) Prins in Grün et al. (1974) 543 

L. umbriensis Mattioli (1996) 544 

L. velatus Bown and Cooper (1989) 545 

Mitrolithus elegans Deflandre (1954) 546 

M. jansae (Wiegand 1984) Bown in Young et al. (1986) 547 

M. lenticularis Bown (1987) 548 

Ortogonoides hamiltoniae Wiegand (1984) 549 

Parhabdolithus liasicus Deflandre in Grassé (1952) 550 

Parhabdolithus liasicus distinctus Bown (1987) 551 

Schizosphaerella punctulata Deflandre and Dangeard (1938) 552 
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Tubirhabdus patulus Rood et al. (1973) 553 

Watznaueria colacicchii Mattioli and Reale in Mattioli (1996) 554 

Watznaueria sp.1 Cobianchi (1992) 555 
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12. Figure and Table Captions 798 

Fig. 1 – (A) Paleogeographic reconstruction of the North German Basin during the early Toarcian. After 799 

Bassoullet et al. (1993). (B) Paleogeographic map of early Toarcian continental shelf area between Baltica and 800 

Laurentia showing the location of the study area. CM: Central Massif; RM: Rhenish Massif; AM: Amorikan 801 

Massif; LBM: London-Brabant Massif; BM: Bohemian Massif; VS: Vindelizian Swell; YB: Yorkshire Basin; 802 

NWGB: North-West German Basin; SWGB: South-West German Basin; PB: Paris Basin; C: Chalhac. 803 

Modified from Ziegler (1982). 804 

Fig. 2 – Location map of the investigated cores. (A) Map of Germany with Hildesheim and Braunschweig, the 805 

largest towns in the vicinity of L1 and Schandelah drill sites. (B) Map of the Lower Saxony with the 806 

occurrences of Lower Jurassic sediments. Locations of the L1 and Schandelah drill sites are indicated. Location 807 

map is modified from van de Schootbrugge et al. (2019). 808 

Fig. 3 – Lithostratigraphy, ammonite stratigraphy, calcareous nannofossil biostratigraphy, calcium carbonate 809 

content and δ13
org curve of the L1 Core. Zonal marker in red.  810 

Fig. 4 - Lithostratigraphy, ammonite stratigraphy, calcareous nannofossil biostratigraphy, calcium carbonate 811 

content and δ13Corg curve of the Schandelah Core. Zonal markers in red. Events as detected by van de 812 

Schootbrugge et al. (2019) are reported in green.  813 

Fig. 5 - Vertical distribution of taxa in the uppermost Pliensbachian - lower Toarcian interval of the L1 Core. 814 

Quantitative abundance of each taxon (x) is obtained with the following classification established in this work 815 

for the first time: CA (common to abundant): more than 150 out of 300 specimens (x > 50% of nannofossil 816 

assemblages); C (common): between 51 and 150 out of 300 specimens (16.7% < x ≤ 50% of nannofossil 817 

assemblages); FC (few to common): between 11 and 50 out of 300 specimens (3.3% < x ≤ 16.7% of nannofossil 818 

assemblages); F (few): between 6 and 10 out of 300 specimens (1.7% < x ≤ 3.3% of nannofossil assemblages); 819 

RF (rare to few): between 2 and 5 out of 300 specimens (0.7% < x ≤ 1.7% of nannofossil assemblages); R 820 

(rare): 1 out 300 specimens (0.3% of nannofossil assemblages); RR (extremely rare): not detected within the 821 
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300-specimen counting but exclusively in the additional 1000 fields of view (x < 0.3% of nannofossil 822 

assemblages). 823 

Fig. 6 - Vertical distribution of taxa in the uppermost Pliensbachian - upper Toarcian interval of the Schandelah 824 

Core. The legend adopted for the L1 Core is applied also for the Schandelah Core. 825 

Fig. 7 – Comparison between calcareous nannofossil events recognized in the L1 (B) and Schandelah cores 826 

(C) and the biozonation of Bown and Cooper (1998) (A). Zonal markers are in red. The grey band represents 827 

the T-OAE defined based on the C isotopic anomaly. 828 

Fig. 8 - Abundances of S. punctulata, “small” S. punctulata and L. hauffii across the Schandelah and L1 cores 829 

for the interval in which the 300-specimen counting is performed. Number of specimens detected out of 300 830 

determinable nannofossils are reported against core depth (meters). Schizosphaerella crisis and recovery 831 

together with L. hauffii acme are reported. The position of the T-OAE is also provided in accordance with the 832 

C isotopic anomaly. 833 

Fig. 9 - A) Calcareous nannofossil events detected prior and during the T-OAE, plotted against the δ13Corg 834 

isotope generalized curve. The lower Toarcian is subdivided into 6 intervals as follows: lowermost Toarcian 835 

recovery following the negative excursion at the Pliensbachian/Toarcian boundary (sub-interval a); pre T-OAE 836 

anomaly (sub-interval b); rapid decrease (sub-interval c); minimum (sub-interval d); recovery (sub-interval e) 837 

and post T-OAE anomaly (sub-interval f). Numbers refer to investigated sections reported in Tab. 1. 838 

PLATE 1 839 

Scale bars represent 2 µm. 840 

Micrographs 1-2   - B. dubium, 1) cross - polarized light, 2) quartz lamina, Schandelah Core 22.5 mbsf. 841 

Micrographs 3-4   - B. finchii, 3) cross - polarized light, 4) quartz lamina, L1 Core 24.5 mbsf. 842 

Micrographs 5-6   - “large” B. finchii, 5) cross - polarized light, 6) quartz lamina, L1 Core 24.9 mbsf. 843 

Micrographs 7-8   - B. grande, 7) cross - polarized light, 8) quartz lamina, L1 Core 24.1 mbsf. 844 

Micrographs 9-10   - B. intermedium, 9) cross - polarized light, 10) quartz lamina, L1 Core 22.85 mbsf. 845 

Micrographs 11-12   - Calyculus spp., 11) cross - polarized light, 12) quartz lamina, L1 Core 23.75 mbsf. 846 

Micrographs 13-14   - C. superbus crassus, 13) cross - polarized light, 14) quartz lamina, L1 Core 19.2 mbsf. 847 

Micrographs 15-16   - C. superbus superbus, 15) cross-polarized light, 16) quartz lamina, Schandelah Core 26 848 

mbsf. 849 
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Micrographs 17-18   - C. cantabriensis, 17) cross-polarized light, 18) quartz lamina, L1 Core 24.5 mbsf. 850 

Micrographs 19-20   - C. crassus, 21) cross-polarized light, 22) quartz lamina, L1 Core 21.0 mbsf. 851 

Micrographs 21-22   - C. crucifer, 23) cross-polarized light, 24) quartz lamina, Schandelah Core 39 mbsf. 852 

Micrographs 23-24   - C. granulatus, 25) cross-polarized light, 26) quartz lamina, L1 Core 24.9 mbsf. 853 

Micrographs 25-26   - C. impontus, 19) cross-polarized light, 20) quartz lamina, L1 Core 21.2 mbsf. 854 

Micrographs 27-28   - D. criotus, 27) cross-polarized light, 28) quartz lamina, Schandelah Core 19.5 mbsf. 855 

Micrographs 29-30   - D. ignotus, 29) cross-polarized light, 30) quartz lamina, Schandelah Core 22.5 mbsf. 856 

PLATE 2 857 

Scale bars represent 2 µm. 858 

Micrographs 1-2   - D. striatus, 1) cross-polarized light, 2) quartz lamina, Schandelah Core 27.5 mbsf. 859 

Micrographs 3-4   - L. barozii, 3) cross-polarized light, 4) quartz lamina, Schandelah Core 22.5 mbsf. 860 

Micrographs 5-6   - L. crucicentralis, 5) cross-polarized light, 6) quartz lamina, L1 Core 19.9 mbsf. 861 

Micrographs 7-8   - L. frodoi, 7) cross-polarized light, 8) quartz lamina, L1 Core 22.65 mbsf. 862 

Micrographs 9-10   - L. hauffii, 9) cross-polarized light, 10) quartz lamina, Schandelah Core 25.0 mbsf. 863 

Micrographs 11-12   - L. sigillatus, 11) cross-polarized light, 12) quartz lamina, L1 Core 21.85 mbsf. 864 

Micrographs 13-14   - L. velatus, 13) cross-polarized light, 14) quartz lamina, L1 Core 27.5 mbsf. 865 

Micrographs 15-16   - O. hamiltoniae, 15) cross-polarized light, 16) quartz lamina, L1 Core 24.9 mbsf. 866 

Micrographs 17-18   - P. liasicus distinctus distal view, 17) cross-polarized light, 18) quartz lamina, L1 Core 867 

24.7 mbsf. 868 

Micrographs 19-20   - P. liasicus distinctus side view, 19) cross-polarized light, 20) quartz lamina, L1 Core 869 

24.7 mbsf. 870 

Micrographs 21-22   - S. punctulata, 21) cross-polarized light, 22) quartz lamina, Schandelah Core 30.0 mbsf. 871 

Micrographs 23-24   - “small” S. punctulata, 23) cross-polarized light, 24) quartz lamina, Schandelah Core 872 

30.5 mbsf. 873 

Micrographs 25-26   - T. patulus, 25) cross-polarized light, 26) quartz lamina, Schandelah Core 24.5 mbsf. 874 

Micrographs 27-28   - W. colacicchii, 27) cross-polarized light, 28) quartz lamina, Schandelah Core 19.5 mbsf. 875 

Micrographs 29-30   - Watznaueria sp.1, 29) cross-polarized light, 30) quartz lamina, Schandelah Core 21.0 876 

mbsf  877 
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Tab. 1 – Sections considered in Fig. 9 for the calibration of calcareous nannofossil events against the δ13Corg 878 

isotope curve.  879 


