
Master thesis

Productivity versus 
Preservation
Black shale deposition of the Early Toarcian 
(Jurassic) ocean anoxic event in the Northern 
German Basin

Supervisors

dr. B. van de Schootbrugge (Utrecht University)

dr. J. Trabucho Alexandre (Utrecht University)

dr. D. Harazim (Louisiana State University)

By 

Timothy Florian Baars

Date

July 2017



Abstract
The Early Toarcian Ocean Anoxic Event (OAE) and the corresponding North Europe-
an black shales reflect a period of enhanced organic matter preservation. Although this 
event has seen an extensive amount of study the environmental conditions, mechanisms, 
and processes that resulted in the deposition of the organic-matter-rich sediments are 
still a matter of discussion and not yet fully understood. In this study, we present a new 
interdisciplinary approach to the Toarcian black shales from the Northern German Ba-
sin. Making use of petrographic, geochemical and palynological analysis, dynamic and 
previously unnoticed, subtle changes were observed. Two different episodes of black shale 
depositions are recognized. The first period, in the exaratum subzone, aligns with a global 
perturbation of the carbon cycle. We argue that this perturbation lead to salinity driven 
stratification and a stressed upper water column. With a low sea-level at the time of this 
episode basin restriction formed the perfect catalyst enhancing the anoxic conditions in 
the basin leading to a preservation driven black shale deposition. Furthermore, the clus-
tered debated sphearicals present in this episode are interpreted to be juvenile Tasmanites 
and indicate environmental stress. During the second episode, in the falciferum subzone, 
further developing sea-level rise and the inflow of colder, nutrient-rich artic waters led 
to a shift in the deposition of organic matter. Weakening of the salinity stratification and 
improvement of life in the upper water column led to enhanced productivity. With dys-
oxia only prevailing in the deeper parts of the basin the black shale deposition became 
more productivity driven than the first episode. Within this second period of black shale 
deposition levels of faecal pellets and the prasinophyte genus Tasmanites in the rock re-
cord are significantly high.
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The Early Jurassic was a time of profound change in the at-
mosphere, geosphere and especially the biosphere. These 
changes are associated with intense and long-lasting varia-
tions in the deposition of organic matter-rich rocks along the 
margins of the Tethys Ocean (Fig. 1B). The generally organic 
matter depleted sediments from the Triassic shift towards 
organic-matter enriched sediments during the Early Juras-
sic (Van de Schootbrugge et al., 2013). Early Toarcian stage 
(~183 Ma) sediments of the lower Jurassic show an enrich-
ment in organic matter, reaching almost 20% organic carbon 
content (Schouten et al., 2000; Röhl et al., 2001; Bucefalo 
Palliani et al., 2002). These fine-grained sediments, generally 
termed black shales, represent an episode of enhanced or-
ganic carbon deposition and this event is nowadays known 
as the Toarcian ocean anoxic event (OAE) (Jenkyns, 1985).

A distinct feature of the Toarcian OAE is a pronounced 
negative carbon isotope excursion (CIE) of 3-4% (Küspert, 
1982; Hesselbo et al., 2000; Schouten et al., 2000) followed 
by a, lesser known, small positive CIE (Suan et al. 2015). The 
major negative CIE is linked to a period of global warming 
(Jenkyns, 2003) although the exact cause of this event is still 
questioned. Some attribute the negative CIE to methane out-
gassing (Hesselbo et al., 2000; McArthur et al., 2008; Van de 
Schootbrugge et al, 2013) because of the negative δ13C sig-
nal of CH4. However, due to an absence of a trigger for the 
outgassing and the short time period in which this event 
occurred (<900 ka) this hypothesis is still disputed (Van de 
Schootbrugge et al., 2005; Svensen et al., 2007; Suan et al., 

2008). Another possible explanation for an excursion in the 
global carbon isotope reservoir is the massive flood basalt 
volcanism which occurred with the emplacement of the Ka-
roo-Ferrar Large Igneous (Fig. 1A) Province. It is argued that 
the release of volatiles from this province would have been 
extensive enough to cause widespread perturbation of the 
carbon cycle evoking a greenhouse effect, causing a warming 
of the climate (Svensen et al., 2007; Van de Schootbrugge et 
al., 2013).

Although the negative Early Toarcian CIE is a globally re-
corded event, there is no hard evidence that the deposition of 
Early Toarcian black shales was a truly global and synchro-
nous event. Studied sections from Japan (Gröcke et al., 2011), 
Argentina (Al-Suwaidi et al., 2010) and Siberia (Suan et al., 
2011) suggest that the intensity and timing of black shale 
deposition was different to sections in Europe. Even within 
Europe there is a strong diachronous deposition from North 
to South (van de Schootbrugge et al., 2013). Sites along the 
northern margin of Gondwana, such as in Marocco (Bodin et 
al. 2010) and Oman (Immenhauser et al. 1998), do not show 
any evidence of black shale deposition. Secondly, in most 
European sections black shales intervals are recorded after 
the termination of the negative CIE (e.g. Röhl et al., 2005; 
Hermoso et al., 2013). The negative CIE may have aided the 
deposition of the Early Toarcian black shales but the depo-
sition of black shales is controlled by a lot of variables and 
ultimately is dependent on local processes and conditions 
(e.g. Schieber, 1990; Trabucho-Alexandre et al., 2012). For 
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FIG. 2 Two proposed causes for the Toarcian OAE A) Salinity driven density stratification of the water column creating deep water anoxia. B) Deep water 
anoxia due to basin restriction and the consequent abscence of water circulation. 

these reasons, instead of invoking a global mechanism for 
the Toarcian OAE, most of the current models for the black 
shale deposition favour a strong regional oceanographic con-
trol. The concept of a regional OEA for parts of Europe seems 
more justifiable (McArthur et al., 2008; Van de Schootbrugge 
et al., 2013).

1.1 Problem statement
The European Early Toarcian black shales are intensively 
studied with a vast array of tools and techniques. Based on 
observations on the sedimentology (Röhl et al., 2001; Wig-
nall and Bond, 2008), changes in phytoplankton populations 
(Mattioli et al., 2008), organic geochemistry (Schouten et al., 
2000) and stable isotope records (Hesselbo et al. 2000; New-
ton et al., 2011) the enhanced organic matter preservation is 
commonly interpreted as the consequence of anoxic waters. 
Despite all this research the exact environmental conditions 
that lead to the development of the enhanced preservation 
are still being debated. At the moment two different models 
are favoured (Fig. 2). 

The first model suggests salinity is one of the main con-
trolling factors on the deposition of the black shales. (Fig. 2B) 
(McArthur et al., 2008; Dera et al., 2009; Van de Schootbrug-
ge et al., 2013). Van de Schootbrugge et al. (2005) advocates 
that a salinity gradient may have existed with increasing sa-
linity from north to south. The ocean circulation during this 
period would have transported low-salinity, fresher water 
from Boreal Basin southward to the European waters (Bjer-
rum et al., 2011). These low-salinity waters would have led to 
strong density stratification and to photic zone anoxia (PZA) 
(Fig. 2a). However, other models suggest that this southward 
flowing ocean current appeared later in time (Korte et al., 
2015). Another source of enhanced low-salinity water input 
could be related to increased weathering rates and riverine 
runoff due to the warming conditions. This runoff, if large 
enough, may also have promoted the development of haline 
stratification (McArthur et al., 2008; Dera et al., 2009). 

A second theory focusses on the sea-level fluctuations 
throughout this period and the development of anoxic con-
ditions due to basinal restriction. During the Early Toarcian, 
a second order transgression phase in sea-level has been ob-

served (Haq et al., 1988; Hallam et al., 2001). A model sug-
gested by Röhl et al. (2005) (Fig. 2b) infers that these sea-lev-
el variations are the main forcing factor for the black shale 
deposition and anoxia. A sea-level fall would have caused 
enclosure of basins and a break in the palaeoceanographic 
circulation. A successive slow sea-level rise during the Early 
Toarcian would have induced long-term stagnant conditions 
with anoxic bottom waters due to basinal restriction and an 
absent palaeoceanographic circulation. 

The interpretation of Röhl et al. (2005) argues that black 
shales in the European basins would not have been deposited 
during high sea-levels but on the contrary, during relative low 
sea-levels. With this concept, the models are mutually exclu-
sive of each other. Having the two environmental scenarios 
at the same time is impossible because the low sea-level out 
rules the input of low-salinity boreal water into the basin.

1.2 Research hypothesis
In this study, we attempt to examine which of the two com-
peting models for the Early Toarcian CIE is the most plausi-
ble. With the models being mutually exclusive, but also both 
with enough supporting evidence, timing is a crucial aspect 
of this question. The sea-level could be high at one point in 
time and low, somewhat later. Therefore, resolving tempo-
ral changes during the Early Toarcian OAE is one of the key 
aspects of this question and should be better developed. Up 
to know most of the current literature on the subject has not 
considered this temporal issue due to a whole rock approach.

A recent paradigm shift in black shale sedimentology indi-
cates that OAE’s and black shales are more dynamic than pre-
viously assumed. The general, coarse, whole-rock approach 
is not fully able to reveal subtle changes in the record. Whole 
rock analyses of any kind homogenize beds of dissimilar or-
igin. The black shales may, on first sight, occur to be planar 
laminated beds of fine-grained sediment, but detailed analy-
sis via thin sections can provide valuable information about 
the depositional settings (e.g. Schieber et al., 1990; Mac-
Quaker et al., 2003; Trabucho-Alexandre et al., 2012; Plint 
et al., 2013). This microstratigraphic analysis enables the de-
tection of subtle changes and does not homogenize beds of 
dissimilar origin.

after van de Schootbrugge (2005) after Röhl (2005)

Low salinity cap

Anoxia
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Anoxia
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The evidence of strong changes in the organic matter (Suan 
et al., 2015) suggest that the Early Toarcian black shales also 
could be more dynamic then previously assumed. The strong 
changes imply that that the interval and cannot be character-
ized by a period of uniform ocean anoxia and organic matter 
deposition. To fully investigate the heterogeneity of the black 
shales, looking at a higher resolution is still insufficient. Mi-
crostratigraphy has to date never been investigated in con-
junction with palynology. Combing the microstratigraphy 
with the actual composition of the organic matter allows not 
only the observation of changes in depositional style but also 
the observation of changes in the water column. Linking this 
with additional geochemical data creates a new, integrated 
approach which is much more diagnostic than conventional 
black shale analysis and will provide enough analytical power 
to solve the stated problem. Because this is the first time such 
an approach is used to evaluate black shales this study also 
suits as a case study for the new method. 

To take such an integrated approach we examined the Po-
sidonia shale formation in the Northern German Basin 
(NGB) on textural, compositional and organic fabric con-
tent. The aims of this study are (I) to carry out a high reso-
lution petrographic study of the black shales of the Posido-
nia shale formation in the NGB, (II) to compare the organic 
palynomorphs and geochemical data of these black shales to 
their physical rock record, and (III) to create a renewed pa-
leo-environmental deposition model that shows the complex 
deposition history across the Toarcian OAE thereby testing 
the existing, contradicting, models.

2. Geological setting
During the Early Jurassic, Europe and the North Atlantic re-
gions were characterized by relative high sea-levels and were 
mainly covered by sea. This water mass, the European Epi-
continental Seaway (EES), was an east-west trending shallow 
shelf sea subdivided into several basins and covering most 
of North-West Europe. (Fig. 1B) (Ziegler, 1982). The EES 
formed a connection with the low-latitude Tethys Ocean in 
the south whereas in the north the Viking Corridor connect-
ed the EES to the Boreal Arctic Sea (Bjerrum et al., 2001). 
The western margin of the EES is argued to be connected to 
the Pacific Ocean via the Hispanic Corridor (Aberhan, 2001). 
During Early Toarcian times the EES was located between 20 
and 50° N paleolatitude (Ziegler, 1982; Röhl et al., 2005) and 
the climate at this time was most likely characterized by sea-
sonal influences with strong monsoonal rainfall during peri-
ods of summer and high evaporation rates during periods of 
winter (Röhl et al., 2005 and references herein). 

The study site is positioned in the north of the German Basin 
near the town of Schandelah (52°18’23“N, 10°42’66“W; Fig. 
1B) and throughout the Early Toarcian the German Basin pa-
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leolatitude was located near the modern sub-tropics (paleo-
latitude 43.0° N; van Hinsbergen et al., 2015). The c. 15m of 
black shale deposition at this side of the German Basin corre-
sponds to the Posidonia shale formation. Combined with the 
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Southern German Basin, Dutch Central Graben (both Po-
sidonia Shale Formation), Paris Basin (Schistes Cartons) and 
the Cleveland Basin (Rock/Mulgrave Shale Member) it forms 
the prominent deposition site for Toarcian black shales.

Cyclostratigraphic analysis by Suan et al. (2008) assigned a 
duration of 1.9 myr for the Early Toarcian, however other 
studies argue a duration close to that of 2.3 myr (Ogg., 2004). 
The period can be dived into three zones (D. tenuicostatum, 
H. falciferum, and H. Bifrons; Fig. 3) based on ammonite clas-
sification. The lowest Dactylioceras tenuicostatum (D. poly-
morphum in southern Europe) zone represents the onset of 
the Toarcian OAE. In basins across Northern Europe the D. 
tenuicostatum zone is probably only represented by its very 
topmost part due to a long lasting erosional phase at the start 
of a second order transgression (Haq et al., 1988; Hallam et 
al., 2001). The successive Harpoceras falciferum (H. serpenti-
num zone in southern Europe) is characterized by the organ-
ic rich black shales and the large CIE (Jenkyns, 1985). The 
CIE is argued to occur during a period of ~900 ka (Suan et 
al., 2008) in the exaratum sub-zone of the H. falciferum. The 
succeeding Halosphaera bifrons zone is the first zone of the 
Middle Toarcian age. In several places in northern Europe 
the transition from the H. falciferum to the H. bifrons zone 
is characterized by the end of the second order sea-level rise 
and the deposition of a condensed sections (e.g.; Haq et al., 
1988; Hallam, 2001; Röhl et al., 2005). 

3. Methods
For this study, core material was used from the Schandelah 
core in the Lower Saxony Basin, Germany (52°18´23“N, 
10°42’66“W). In 2008 a consortium established at the Goethe 
University Frankfurt obtained a 338-meter-long core from 
the Northern German Basin that spans from the Rhaetian 
to the Toarcian and wherein the Toarcian OAE is well cap-
tured (Van de Schootbrugge in press). From this core, a six-
teen-meter interval covering the Early Toarcian zones was 
logged, based on core photographs.

For the petrographic analysis and facies descriptions fifteen 
samples at a c. 1m frequency were studied. In order to visual-
ise the bed and lamina structures, unusually thin (20-25 +m) 
standard-sized (24x46 mm) polished thin sections were pre-
pared from fresh drill core. The thin-sections were prepared 
by a commercial lab, Wagner Petrographic (122 N 1800 W 
#7, Lindon, UT 84042, USA). Using an Epson Perfection 
V600 Photo scanner and Adobe PhotoshopTM all thin sec-
tion were scanned. Detailed scans of the thin sections enable 
the observation of 10-2 to 10-3 m-scale micro textures in these 
fine-grained sediments. This resolution provides additional 
information between the standard hand specimen observa-
tions from the drilling core and the small scale thin section 
observations (e.g. Macquaker et al., 2003; Plint, 2014). 

Based on these scans detailed logs were made of the differ-
ent facies. At a higher resolution, the fabrics present within 
the individual beds and lamina sets were determined making 
use of a Leica DMRX petrographic microscope attached to 
a Leica MC170 HD digital camera with 5-megapixel resolu-
tion. Approximately 10 photographs were made from each 
thin section at different magnifications. Some of the photo-
graphs were enhanced using Adobe PhotoshopTM. By making 
use of three different levels of scale a good representation of 
the sedimentological dynamics can be constructed. The rock 
description is based on the nomenclature of Macquaker et al. 
(2003) and Lazar et al. (2015).

From the same core thirty samples, at a c. 0.5m frequency, 
were studied for palynological analysis and the determina-
tion of different palynomorphs (organic-walled microfossils 
including spores, pollen and algae). The samples were pro-
cessed for palynology using standard techniques. Of each 
sample c. 5g was freeze-dried, crushed and per sample hy-
drochloric acid (HCL, ~10%) and hydrofluoric acid (HF, 
~38%) was added to dissolve carbonates and silicates respec-
tively. Subsequently the samples were sieved over a 10 +m 
sieve, treated in an ultrasonic bath and placed on a slide with 
a glycerine gel. For the optical analysis, a Leica DM 2500 LED 
microscope attached to a Leica MC170 HD digital camera 
with 5-megapixel resolution was used.

The trace element data used for the study was already gener-
ated in a previous research by Ratz (2011). With a 0.5m sam-
ple frequency, a fraction of each sample (1g) of the core was 
freeze-dried, crushed and powdered to homogenize it. From 
this c. 120 mg was dissolved in subsequently 5ml hydrochlo-
ric acid (HCL), 2ml nitric acid (HNO3) and 1 ml hydrofluor-
ic acid (HF). After dissolution, the samples were heated and 
acids were removed by evaporation. Following this, to dilute 
the sample 1 ml nitric acid was added again. The solutions 
were analyzed for major (Al, Fe, and Mn) and trace (Ni, Cu 
and Cr) elements concentrations using an inductively cou-
pled plasma-optical emission spectrometer (ICP-OEP, Per-
kin–Elmer, OPTIMA 3000). 
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The early Toarcian fine-grained siliciclastic rocks are com-
posed of carbonates, siliciclastics, pyrite and organic mat-
ter. In general, the sediments are fine-grained ranging from 
coarse to fine mudstones. Pyrite occurs in high amounts 
throughout the whole studied section. The sedimentological 
descriptions and palynological determination reveal five fa-
cies associations that are detailed in Table 1, in photographs 
(Fig. 4 to 8) and in detailed logs (Appendix 1). The distribu-
tion of the facies is indicated in the overview (Fig. 9).

4.1 Facies 1 – Bioturbated silt- and clay-rich 
mudstones 
Upon visual macroscopic observation, the sediments in the 
lower D. Tenuicostatum zone appear to be relatively homog-
enous with an occasional occurrence of cm-thick beds of 
coarse-silt to fine-sand (Fig. 4A). These coarser beds show 
evidence of downlap patterns and have erosive bases with 
basal scour marks (Fig. 4A). Thin section analysis reveals 
that in the homogenous sediments mm-thick beds are pres-
ent. These sediments consist mainly of alternating beds of 
silt-dominant, silt-rich and clay-rich mudstones. The beds 
are organized in an upward grading succession with planar 
or wavy laminae. The lowest, silt-dominant, beds have ero-
sive bases (Fig. 4 C&D). The pyrite content within the facies 
is relatively high and whole beds of pyrite deposition can be 
distinguished (Fig. 4 B&E). The pyrite has an euhedral from 
(Fig. 4E) and is predominantly concentrated at the bottom of 
the graded beds (Fig. 4B). Pyrite is also present as the infilling 
of burrows (Fig. 4C) The facies is overall heavily bioturbated 
and the majority of the burrows are pyrite and fine-silt filled. 
The burrow diameter ranges from several cm- to mm with 
most of the burrowed structures showing an elongated ellip-
tical shape. Fossil traces of the Chondrites spp. can be recog-
nized. In the facies almost no phosphatic debris is present 
and the visible organic matter content is relatively low. The 
organic matter content is pollen dominated (predominately 
bisaccate pollen, e.g. Classopollis spp.) but most of the paly-
nomorphs are degraded (Fig. 4F). Other palynomorphs pres-
ent are spores (e.g. Chasmatoporites spp., Stereisporites spp.), 
dinoflagellates (e.g. Nannoceratopsis spp.) and acritarchs (e.g. 
Micrhystridium spp.). Furthermore, opaque and translucent 
wood fragments are abundant. Trace element data for the 
first facies show that the redox sensitive elements are rela-
tively low. On the contrary, the detrital elements of Al and Ni 
are the highest recorded of the whole interval. 

4.2 Facies 2 – Bituminous clay-rich mudstones 
with shell pavements 
The second facies described aligns with the negative CIE. 
Macroscopic observation of the sediments show an interlam-
inated several cm-thick, clay-rich mudstones interlaminating 

with cm-thick beds composed of shell pavements and bivalve 
layers (Fig. 5 A&B). The laminae within the clay-rich beds are 
of a wavy or lenticular discontinuous type and occasionally 
silt enriched mm-thick interlaminating beds are recognized. 
In thin section the bivalve layers are recognized as thick lay-
ers (100 µm; Fig. 5D) of wavy strings biogenic carbonate with 
occasional organized calcite rhomb’s and could represent the 
genus Bositra buchi (Röhl et al., 2005). Throughout the whole 
facies the pyrite content is substantially high but unlike the 
preceding facies 1 the dominant form of pyrite is framboi-
dal. Secondly, the pyrite diameter decreases to <10 µm and is 
less clustered then in facies 1. Phosphatic (fish) bone debris 
is present throughout the whole facies in small amounts. The 
clay-rich beds have a high content of visible organic matter 
and mm-thick beds with increased organic matter are rec-
ognized. The organic matter content is dominated by rela-
tively large aggregates of amorphous organic-derived debris 
forming flocks (Fig. 5F) which is defined as by marine snow 
(Alldredge & Silver, 1988). The marine snow can be observed 
in the thin sections as well (Fig. 5C). In thin section the shape 
is draped, compressed and has a distinct orange colour. Be-
sides marine snow, ellipsoidal to spheroidal, extremely thin-
walled and folded palynomorphs named ‘sphaericals’ (Prauss 
et al., 1991) are present. These simple and apparently feature-
less palynomorphs belong to the green algae prasinophytes 
group (reasoning follows in later paragraphs). Within this fa-
cies they occur in clustered groups ranging from 10-100 indi-
viduals, have an median size of +- 20 µm and can be partially 
engulfed by marine snow or floating throughout the matrix 
(Fig. 5E). In comparison to facies 1 the redox sensitive trace 
elements are increasing whereas the detrital elements show a 
distinct decrease. 

4.3 Facies 3 – Thin-Bedded silt-rich mudstones 
The coarsest facies consist of predominately silt-rich lami-
nae (Fig. 6A&B). Macroscopical examination shows sever-
al mm- to cm-thick continuously planar laminated silt-rich 
and silt-dominant beds which are interbedding with rare cm-
thick fine-sand, coarse-silt beds (Fig. 6B). The silt-dominant 
layers have erosional bases, an upward grading structure and 
a high content of phosphatic (fish) debris (Fig. 6A). The in-
terbedding silt-rich beds express wavy lenticular discontin-
uous laminae and a higher organic matter content. In these 
beds, elliptical shaped aggregates filled with compacted silt 
are present. The aggregates have a width of c. 0.5mm and are 
found in concentrated layers (Fig. 6C). They are likely of an 
organic origin and are present in small amounts throughout 
the facies. Furthermore, wavy planar stringers of carbonate 
are present. The strings are continuous and are predominant-
ly horizontally-oriented but also occur in discontinuous and 
non-horizontal form (Fig. 6D). The cleavage is similar to the 
bivalve carbonate of facies 2, but contrasting the strings are 

4. Results
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-29.35

-28.99
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-26.43

-29.91

-32.82

-25.98

-25.68
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cm-thick continously homogenous 
silt-bearing mudstone beds

Pelleted mm-thick interbedded 
silt-rich and clay-rich mudstone
Pelleted mm-thick interbedded 
silt-rich and clay-rich mudstone

wavy planar bivalve-rich pelleted 
mudstone

Pelleted mm-thick interbedded 
silt-bearing clay-rich mudstone beds 

Homogenous pelleted clay-rich 
mudstone

Pelleted mm-thick interbedded 
silt-bearing clay-rich mudstone beds 

Pelleted mm-thick interbedded 
silt-bearing clay-rich mudstone beds 

Homogenous pelleted clay-rich 
mudstone

Interbedded silt-rich mudstone

Interbedded silt-rich mudstone

clay-rich, silt-bearing mudstone

 Bioturbated, upward graded, 
pyrite-rich silt-dominand mudstone

 Bioturbated, upward graded, 
pyrite-rich silt-dominand mudstone

 Bioturbated, upward graded, 
pyrite-rich silt-dominand mudstone

Marine snow domiated with 
sphearcials and tasmanites

Marine snow domiated with 
sphearcials and tasmanites

Marine snow domiated with 
sphearcials and tasmanites

Marine snow domiated with 
sphearcials and tasmanites

Marine snow dominated with 
Tasmanites

Marine snow dominated with 
Tasmanites 

Marine snow dominated with 
Tasmanites 

Marine snow dominated with 
Tasmanites 

Marine snow dominated with 
Tasmanites and sphearicals

Marine snow dominated with single, 
small, sphearicals

Marine snow dominated with single, 
small, sphearicals

Marine snow dominated with clusted 
sphearicals

Pollen and spore dominated OM with  
dinoflagelates  and achritarcs 

Pollen and spore dominated OM with  
dinoflagelates  and achritarcs

Pollen and spore dominated OM with  
dinoflagelates  and achritarcs

Brief OM
description

TABLE 1  Summary of the studied thin sections of the Schandelah Core. From left to right: Depth (mbs), zone, lithofacies description, facies, grain-size, observed structures and carbon isotope values.
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FIG. 4 A plate showing the characteristics of facies 1 A) Core photo (44.53 mbs) of a cm-thick sand bed with a continuous parallel downlapping laminae 
between two several cm-thick homogenized bioturbated beds. B) Optical micrograph (43.09 mbs) displaying two beds of reworked euhedral pyrite (EP). 
The top bed forms the base of a successive upwards grading sequence. C) Optical micrograph (43.96 mbs) of two successive upward graded beds with the 
top bed showing an erosive base. In the top of the first sequence a pyrite and silt filled burrow (B) can be recognized, indicating that material from the sec-
ond sequence was moved down. D) Optical micrograph (45.14 mbfs) of an upward grading bed of coarse silt up to clay minerals, all well sorted. E) Optical 
micrograph (45.14 mbfs) showing a close up of a pyrite bed showing a squared and edged shape of the pyrite crystals indicating euhedral pyrite. F) Optical 
micrograph (44.00 mbfs) of degraded pollen and spore material which contributes to the majority of the organic matter composition of the facies.
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FIG. 5 A plate showing the characteristics of facies 2 A) Core photograph (42.15 mbfs) showing two beds of packed shell pavements from bivalves indicating 
short-term benthic colonization between the normal clay dominated background sedimentation. B) Core photograph (42.55 mbfs) of cm- to mm-thin planar 
laminated clay and ne-silt beds makes up the majority of the second facies. C) Optical micrograph (42.31 mbs) showing abundant drapes of orange organic 
matter (OM) between the silt partials and clay minerals.  The beds are very homogenous. D) Optical micrograph (42.31 mbs) of a shell pavement showing 
clear biogenic carbonate structures and compressed shell material. E) Optical micrograph (42.50 mbs) of A small clustered group of sphaericals with at the 
top a small particle of marine snow attached. F) Optical micrograph (42.50 mbs) of displaying the amorphic organic matter of marine snow dominates the 
organic matter content of facies 2. In the top right of the image a small opaque wood fragment is recognized.
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FIG. 6 A plate showing the characteristics of facies 3 A) Optical micrograph (40.72 mbs) of a coarser silt-dominated bed with an erosive base. Inside the bed 
a high concentration of phosphatic fish debris is concentrated indicating the possible reworking of material and a high energetic environment. B) Core pho-
tograph (40.30 mbfs) of planar continuously several mm- to cm-thick laminated silt-rich and silt-dominant beds who are interbedding with clay-rich beds. 
C) Optical micrograph (39.95 mbs) showing elliptical shaped lenses filled with compacted silt which are interpreted as bioturbation. D) Optical micrograph 
(39.95 mbs) of a single wavy biogenic carbonate string of likely bivalve origin. E) Optical micrograph (40.40 mbs) of two sphearicals. Besides the sphaericals 
the pyrite content in the marine snow is substantially high. F) Optical micrograph (40.00 mbs) of a single sphearical covered by marine snow.
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FIG. 7 A plate showing the characteristics of facies 4 A) Core photograph (36.15 mbs) of cm-thick interbedding of clay-rich and clay-dominant beds. B) 
Optical micrograph (34.62 mbs) of abundant faecal pellets (FP) in the matrix. In the bottom left corner, a compressed Tasmanites remain is visible. C) Optical 
micrograph (37.28 mbs) showing two faecal pellets (FP). They are of light grey colour and show a compressed elliptical shape with wispy edges. D) Optical 
micrograph (35.33 mbs) of a phosphatized fish bone which has fallen into the sediment. The orientation and surrounding lamination indicate the surface sed-
iment was a gooey layer. E) Optical micrograph (36.50 mbs) of a the Tasmanites palynomorph, Tasmanites sp. 1 (Tasmanites normales) F) Optical micrograph 
(36.50 mbs) of a the Tasmanites palynomorph, Tasmanites sp. 2 (Tasmanites punctalis) were the outer cell wall is punctuated. 
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FIG. 8 A plate showing the characteristics of facies 4 A) Core photograph (30.35 mbs) of two successions. The second successions show an upwards grading 
sand bed with an erosive base. B) Optical micrograph (30.80 mbs) of a faecal pellet rich bed. The pellets are matrix forming and larger in size than facies 2. C) 
Optical micrograph (30.80 mbs) showing a close up of the faecal pellets (FP) in the enriched bed. D) Optical micrograph (30.40 mbs) of an ellipse shaped silt 
lens interpreted as bioturbation or the remains of an agglutinated foraminifera (B). Below this lens a small faecal pellet is situated (FP). E) Core photograph 
(31.40 mbfs) of the Monotis bank showing distinct curvy laminated beds. F) Optical micrograph (31.48 mbs) of the Monotis bank showing thin stacked 
and wavy carbonate strings origination to the benthic colonisation of bivalves. Between these strings phosphatic fish debris, faecal pellets and silt grains are 
trapped.
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thinner. Secondly the strings are not only concentrated in 
beds but also present in single form. The carbonate strings are 
interpreted as a bivalve material from a different species. The 
pyrite content of this facies is framboidal and similar to the 
bituminous facies. The visible organic matter content is lower 
than facies 2, but still a high amount is preserved in the rock 
record. The organic matter is dominated by marine snow and 
has a high content of pyrite captured inside (Fig. 6E). Besides 
the marine snow sphaericals are still the majority of palyno-
morphs seen. However, the sphaericals are primarily present 
is single, slightly larger form (median of 25 µm) and the clus-
tering is reduced (Fig. 6F). Besides the sphaericals occasion-
ally larger prasinophytes, Tasmanites, are observed. In low 
amounts pollen and spores can be found. The geochemical 
analysis points out that the decrease in detrital elements of 
facies 2 continuous. Furthermore, a drop in redox the sensi-
tive elements can be observed.

4.4 Facies 4 – Thin-bedded pellet- and algae-rich 
clay-rich mudstone 
The fourth facies is clay dominated and shows an interbed-
ding of clay-rich and clay-dominant beds (Fig. 7A). In low 
occurrence, more silt enriched mm-thick interlaminating 
beds are recognized. These beds have a lower occurrence 
than similar beds of the second facies. The overall lamina-
tion of the beds is planar and continuous, however occasion-
ally wavy laminae are present. Individual beds are typical-
ly sharp based and defined by discontinuous silt lags. Thin 
section analysis shows that the individual beds consist of 
wavy laminae. Furthermore, pelleted aggregates are present. 
They are of light grey colour and show a compressed ellipti-
cal shape with wispy edges. Inside the pellet matrix rounded 
shapes can be observed. The pellet content is substantially 
high throughout the whole facies. With several mm intervals, 
the pellets are abundant to matrix forming (Fig. 7B&C). The 
pyrite content, framboidal, is similar to facies 2 and 3. Phos-
phatic (fish) bone debris is present in relative high amounts 
(Fig. 7D). The visible organic matter in thin section is rela-
tively high but not exceeding the bituminous facies 2. The 
organic matter content consists of primarily marine snow but 
unlike the other facies the content of palynomorphs is high-
er. The most dominant palynomorphs are the prasinophytes 
group. Unlike facies 2 and 3, instead of the sphaericals pal-
ynomorphs, the Tasmanites genus is prevailing. With their 
circular shapes and flexible but strong outer wall they are not 
only visible in the palynological slides but also in the thin 
section as compressed elongated shapes (Fig. 7B). Two differ-
ent palynomorphs of the Tasmanites genus are defined. Tas-
manites sp. 1 (Tasmanites normales) where the outer mem-
brane forms a smooth surface (Fig. 7E) and Tasmanites sp. 2 
(Tasmanites punctalis), where the outer cell wall is punctuat-
ed (Fig. 7F). Both the genera have a larger diameter (median 
of 35 µm) then the previously observed sphaericals. Besides 
Prasinophytes, an occasionally light increase in pollen (pre-

dominantly Classopollis spp.) is observed. The trace element 
data peaks in facies 4 reaching the highest values during the 
entire interval. The detrital elements show a continuation in 
the decrease of Al and Ni. 

4.5 Facies 5 – Pellet-rich bioturbated silt- and 
clay-bearing mudstone 
This facies consists of silt- and clay-bearing mudstones. Mac-
roscopically cm- to mm-thick planar continuous silt-rich and 
clay-rich laminations are dominant. Some of the laminations 
are discontinuous or truncated. Occasionally cm-tick coarse-
silt, fine-sand beds are interbedding the common lamination. 
These beds have basal scour marks and form erosive bases 
(Fig. 8A). Shell pavement layers over cm-thickness are pres-
ent. Like facies 4 the pellet content is high and some layers 
they form the majority of the layer content. However, the size 
and colour is aberrant (Fig. 8B&C). Whole beds of pellets are 
present at several mm-scale. Besides pellets coarse shaped 
elongated silt aggregates, similar to facies 3, are recognized 
(Fig. 8D). They occur in horizontal beds and with a higher 
frequency than within facies 3. The organic matter content is 
lower than facies 2 and 4 and the content is still dominated 
by marine snow. Besides the marine snow the prasinophytes 
are the most common palynomorphs. The trace element data 
implies that the decreasing trend of detrital elements stag-
nates in facies 5. The redox sensitive elements point out a de-
crease in facies 5 in comparison to facies 4. 

4.6 Monotis bank
The start of the H. Bifrons zone is marked by a carbonate-rich 
bed which macroscopically displays wavy lamination (Fig. 
8E). Several, interlaminated mm- to cm-thick light and dark 
grey beds can be recognized. In thin section the beds are sim-
ilar to the biogenic carbonate strings in facies 3. Thin, wavy 
carbonate strings form the matrix of the bank (Fig. 8F) and 
the interbedding colour pattern bed is due to the density of 
these strings. In between the strings phosphatic debris, faecal 
pellets, and Tasmanites are entrapped. Besides organic ma-
terials, silt entrapped rich beds are distinguished. The origin 
of these organic carbonates is most likely bivalve and some 
authors suggest they represent the genus Pseudomytiloides 
dubius (Röhl et al., 2005; Morten et al., 2009).
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As already noted, the entire interval can be divided into a 
four-component system of carbonate, pyrite, organic matter 
and siliciclastic material. The provenance of these compo-
nents has different origins and delivering the components 
to the location can be done via different mechanisms. Car-
bonate, pyrite and organic matter are autochthonous derived 
components forming in the overlying water column or in the 
sediment itself. The forth component, siliciclastic material, 
has an allochthonous origin and can be deposited in several 
ways.

5.1 Sediment delivery and deposition
Several reconstructions of the German Basin indicate that 
the study site is likely to have been located in a far offshore 
position (e.g. Röhl et al., 2005; Song et al., 2015). In gener-
al, the succession is dominated by fine-grained silt and clay. 
The absence of sand sized grains correlates with depositional 
sites on the mid to far shelf (e.g. Macquaker et al., 2007; Plint 
2010; Plint et al., 2012; Trabucho-Alexandre et al., 2012) and 
aid the proposed offshore provenance. However, based on 
the fact that the texture, fabric and composition of the facies 
are entirely different, the transport of the silt and mud must 
have been facilitated by different processes. 

The first facies is marked by upward graded beds and ero-
sional bases. A possible explanation for such deposition-
al structures is the transport of the sediment by oscillatory 
wave action (Plint, 2010). However, the absence of wave and 
combined flow ripples in the facies doubts this depositional 
mechanism (Schieber, 1990). This absence also carries the 
implication that the depositional depth is beneath 50 meters, 
below the reach of oscillatory wave action. Nevertheless, the 
observed scour marks and graded bedding suggest high-en-
ergy events occurred periodically during the deposition of 
the facies. Combined with the euhedral pyrite beds (Fig. 4B), 
indicating input of reworked marine sediment (Schieber et 
al., 2011), a likely explanation for these structures is storm 
induced deposition of hyperpycnal flows (Schieber, 1990; 
Aplin et al; 2011). Facies one can thus be described as an 
episodically energetic, depositional site which is most likely 
located in a midshore position. 

The second facies is characterized by the start of black shale 
deposition, as is evidenced by the increase in visible organ-
ic matter (Table 1). Besides the difference in organic matter 
content a change in sedimentological structures also suggest 
a change in the sea-level of the basin. The absence of euhe-
dral pyrite, erosive bases and graded bedding leads to the 
assumption of a shift in depositional style towards a lower 
energetic environment. The most likely explanation for this 
decline in energy is an increase in sea-level, locating the stud-
ied site at a more distal, lower energetic position. This change 

is well captured by the decrease in grain-size (Fig. 8; Table 1) 
and the loss of detrital elements. Land-derived elements that 
track the input of terrigenous input (Al, Ti) decrease steadily 
during the second facies (Fig. 9). Due to the proposed far 
offshore position and the relatively low depositional reach of 
storm endured deposits (Schieber, 2016) it is unlikely that 
the observed sedimentological structures are created by 
storm energy. With the storm induced deposition ruled out, 
turbidite flows are the most likely depositional mechanism 
during these facies (Schieber, 2016). In present-day environ-
ments turbidite flows have a large range of deposition and 
are an important mechanism for far offshore deposition. 
Nonetheless, to generate a classical turbidite a larger slope 
(>0.5) is needed then assumed for the epicontinental shelf 
(in the range of 0.01 to 0.001) (Aplin et al., 2011; Schieber, 
2016). However, as hypothesized by Macquaker et al. (2001) 
surficial sediments deposited by hyperpycnal mechanism 
could be remobilized and transported further offshore as 
gravity flows if they are aided by storms. The range of this 
deliverance mechanism can be up to 400 km offshore (Schie-
ber, 2016). Facies two can thus be interpreted as the start of 
a sea-level rise as indicated by a major change in depositional 
style. The studied site moves towards a more distal, offshore, 
position. 

The third facies, again, displays a shift in depositional style. 
The increase is silt sized particles (Fig.9; Table 1) combined 
with the reoccurrence of erosional bases and graded silt beds 
suggest a similar setting as facies 1. The high concentration 
of phosphatic fish debris in the coarsest silt beds (Fig. 6A) aid 
this hypothesis. The concentrated occurrence could indicate 
the reworking of marine material, similar to the euhedral py-
rite beds. Furthermore, the scatter orientation of the biogenic 
carbonate strings (Fig. 6D) suggests a higher energetic en-
vironment at the sediment-water interface compared to the 
planar orientated biogenic carbonate of facies 2 (Fig. 5D). All 
these observations point towards a more energetic, possibly 
storm induced, deposition. This implies a decline is sea-level 
during the third facies leading to a more proximal position 
and the above the storm wave base. 

The successive forth facies has similar characteristics to facies 
two. However, in comparison to the second facies, the lesser 
presence of silt layers may indicate that the depositional set-
ting of the site was more distal than facies two. This suggest 
a continuation of the sea-level rise started during the second 
facies. Therefore, facies 3 can be interpreted as a small, 3th or-
der, sea-level decrease. The zenith of the increase in sea-level 
is reached at the Monotis Bank. The organic carbon enriched 
Monotis bank is linked to a maximum flooding surface. An 
increasing distal position ultimately will lead to lack of ter-
rigenous material and a lowered sedimentation rate, result-
ing into a condensed section (e.g. Loutit et al., 1988; Wignall, 

5. Discussion
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1991a; Macquaker and Jones, 2002). The high concentration 
of pelagic-fossils (Fig. 8E&F) in the Monotis Bank aids this 
observation. Due to the starvation of terrigenous input, pe-
lagic-fossils where able to develop in abundancy at this site 
(e.g. Haq et al., 1988).

The last facies is characterized by an increase in grain size 
(Fig. 9, Table 1). This increase in combination with the occa-
sional presence of scour marks leads to the assumption that 
the sediment delivery is becoming more energetic. Facies 
5 therefore, can be interpreted as the start of a regressional 
movement. 

The observed trends in sea-level variation lead to an inferred, 
3th order, sea-level curve shown in figure 9 and 10. The sug-
gested curve is in good alignment with previously construct-
ed sea-level curves (e.g. Röhl et al., 2005) and the assumed 
second order transgressional movement during this period. 
(Haq et al., 1988; Hallam et al., 2001)

5.2 Organic matter characteristics 
The visible organic matter content suggests that the episodes 
with the highest enhancement of organic matter deposition 
are facies 2 and 4 (Table 1). The organic matter that ultimately 
reaches the sediment and is captured in the rock record origi-
nates from three primary sources: pellets, prasinophyte algae 
and marine snow. While the marine snow does not fluctuate 
greatly the other two components vary throughout the differ-
ent facies. The observed pellets display an increasing trend in 
abundancy and size throughout the successive facies. At their 
first occurrence in facies 2 the abundancy and size (median 
c. 130 µm, maximum c. 200 µm; Fig. 9) is relatively minor. 
During facies 4 and 5 the pellets are characterized by a higher 
abundancy as well as an increased size (median c.250 µm, 
maximum c. 430 µm; Fig. 9). A similar trend is visible for 
the prasinophyte group. During the second facies, the green 
algae diameter is relatively small (median c.20 µm; Fig. 9) as 
in the later facies 4 the size increases (median c.20 µm, maxi-
mum 100 µm; Fig. 9). Unlike the pellets, the subsequent fifth 
facies is marked by a decrease in size (Fig. 9). The clear shifts 
in size as well as abundancy of the different components 
could be used as proxy for changes in the water column. In 
the following paragraphs the origin and implications of the 
different organic matter components will be discussed. 

5.2.1 Pellet origin
The origin of the pellets is likely to be organic and represents 
the faecal products of organisms. The relative absence of py-
rite in the pellets (Fig. 7B&C; Fig. 8B&C) suggests that the 
internal microchemistry was slightly different than that of 
the surrounding matrix. A possible explanation for this ab-
sence could be that the available iron (which is needed for 
the formation of pyrite) was removed prior to the burial by 

the digestion of the producing organism (Macquaker et al., 
2010). Another possibility is that the permeability inside 
the faecal aggregate was not large enough to make organic 
matter, sulphate, and iron react with each other. In addition, 
round shapes are visible in the pellets (Fig 7C). These could 
be phytoplankton debris such as coccolithophore skeletons. 
Pellets with this composition are commonly found in black 
shales and are most likely produced by zooplankton (e.g. 
Macquaker et al., 2010; Plint et al., 2012; Hart et al., 2013). 
There are no clear indications for pellet production at the 
sediment water interface during facies 4. With the absence 
of trace fossils, faecal pellet mounds (Wild et al., 2005) and 
the horizontal pellet orientation the production is most likely 
to originate from the water column. The relatively small size 
of the faecal pellets is an additional indicator of a zooplank-
tonic origin and thus production in the water column (Turn-
er et al., 2002). The preservation of large amounts of faecal 
pellets classically is linked to the presence of anoxic bottom 
water conditions (Pilskaln et al., 1987; Turner et al., 2002). 
However, an abundance of faecal pellets may also counteract 
burial and sulfurization in sediment layers leading to a better 
preservation of the organic matter (Sinninghe Damsté et al., 
1998). 

Thus, although full anoxic conditions enhance the preserva-
tion of organic matter the abundance of faecal pellets may be 
an enhancement for preservation on its own. Some authors 
suggest that the faecal pellets could be moved via hyperpyc-
nal flows (Cuomo and Roads, 1987; Lash, 2016) but the high 
abundancy, planar pellet orientation (Fig. 6B&C) and ab-
sence of real beds in facies 4 suggest it is likely to be an in-situ 
production. The increasing faecal pellet size observed during 
the fifth facies leads to the assumption that larger organisms 
were able to survive in the water column. In facies 5 the beds 
of pellets insinuate episodes of enhanced biological activi-
ty. Besides the size, the pellets have a more ellipsoid shaped 
morphology. This could indicate a different composition of 
the faecal pellets with a higher strength. It is possible that 
these pellet beds envision benthic activity. 

5.2.2 Prasinophytes
Prasinophyte green algae have been recorded in Early Toar-
cian strata throughout Europe and at the Schandelah site 
they form a prominent component of the organic matter. 
Besides large Tasmanites, the small sphaericals (or sphaero-
morphs in some literature) are recorded in the different Early 
Toarcian black shales as well (Prauss et al., 1991; Bucefalo 
Palliani et al., 2002). The occurrence of these sphaericals is 
regularly associated with the Tasmanites genus but besides 
this correlation not much is known of the sphaerical origin. 
Present day prasinophycean green algae can provide a valu-
able inside into this matter. The life cycle of these prasino-
phytes (genus Ptemosperma) can be divided into two phases, 
a juvenile and an adult phase. In the juvenile stage the algae 
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form small (c. 20 µm; Boalch et al., 1978) non-motile cells in 
a nearshore environment. These juvenile algae float passive-
ly into open ocean where, within a short time period, their 
size and cell wand thickness increases leading them into their 
adult phase (Boalch et al., 1978). The relationship between 
the small sphaericals and the larger Tasmanites may be of 
similar origin. The morphology of the sphaericals expresses 
the same, rounded and resistant cell wand as observed by the 
Tasmanites (Fig. 5E&G). With this morphological likeness 
and the fact that the Tasmanites have an increased size and 
cell wand thickness in comparison to the sphaericals, we ar-
gue that the sphaericals palynomorphs represent the juvenile 
phase of Tasmanites.

The control on the assemblage of prasinophytes seems to be 
primarily driven by nutrient availability (Vigran et al., 2008). 
It is hypothesized that nitrogen is the ultimate cause for stim-
ulation of prasinophyte productivity. Besides this parameter 
the prasinophyte population also seems to have a higher af-
finity with cooler water and a high tolerance for variable sa-
linity (Prauss et al., 2007; Vigran et al., 2008). 

The clustering of the sphaericals observed during the neg-
ative CIE (Fig. 9) could be another indicator of a severe 
stressed environment. These prasinophycean green algae 
reproduce asexually via fission. This means that the parent 
cell divides into several parts and regenerates those parts 
into separate entities creating new juvenile algae. Extreme 
stressed conditions could supress the completion of normal 
prasinophyte development. A similar case is seen during the 
end-Jurassic mass extinction. Lower Jurassic spores were reg-
ularly released in unseparated spores indicative of failure to 
complete the normal process of spore development (Visscher 
et al., 2004). The stress factor for this anomaly is attributed 
to increased levels of UV-radiation due to large scale vol-
canic activity (Van de Schootbrugge et al., 2016). With the 
Karoo-Ferrar large igneous province (Fig. 1A) active at the 
time of the Toarcian CIE (Van de Schootbrugge et al., 2013 
and references herein) the clustered sphaericals could have a 
similar origin as the unseparated spores. 

5.2.3 Marine snow 
The last and dominant component of the organic matter is 
marine snow. In the water column, much of the suspended 
material that that is larger in size than a few microns ex-
ist as aggregates of organic-derived debris. This debris has 
different sources such as zooplankton, phytoplankton, mi-
cro-organisms, but also bacteria and faecal pellets as well as 
silt and clay (e.g. Macquaker et al., 2010; Alpin et al., 2011; 
Turner et al., 2015). Aggregates are abundant in the marine 
pelagic zone and the aggregation causes a high settling rate 
(e.g. Kranck et al., 1980). A ‘’glue’’ of mucopolysaccharide 
substances secreted by marine plankton causes the particles 
to aggregate together (Macquaker et al., 2010 and references 

herein). Marine snow in the present-day is most abundant 
below areas with enhanced primary production and large 
phytoplankton blooms. 

5.2.4 In-situ fauna
Besides organic components originating from the water col-
umn there is also evidence for the production at the sedi-
ment-water interface. The distinct silt lenses of facies 3 and 
5 (Fig. 7D) are most likely burrowed structures of unknown 
origin (e.g. Röhl et al., 2005; Macquaker et al., 2010). Anoth-
er possible origin for some of these lenses are the remains of 
agglutinated foraminifera. There are several examples from 
black shales where similar sized and shaped lenses are ob-
served and attributed to a benthic foraminiferal origin (e.g. 
Schieber et al., 2009; Macquaker et al; 2010, Plint et al; 2012). 
Either of these two possible options advocates that long-term 
persistent anoxia cannot have existed throughout deposition 
of these facies and that benthic colonization was present.

The short intervals of biogenic carbonate in facies 2 and 3 
represent opportunistic recolonizations of the seafloor after 
a short period of storm induced reoxygenation. These event 
communities are likely to last only a few weeks to sever-
al years on the seafloor after which anoxic conditions were 
re-established (Röhl et al., 2001; McArthur et al., 2008).

5.3 Towards a revised depositional model 
On the basis of the above discussed observations a revised 
depositional model for the Early Toarcian black shales in 
the North German Basin can be constructed, thereby testing 
the two favoured models for the enhanced organic matter 
deposition (Salinity stratification and basin restriction, Fig. 
2A&B). Changes in sediment delivery mechanisms as well 
as organic matter content suggest that the entire interval is 
more heterogeneous and dynamic than formerly supposed. 
The distinguished facies of this study imply temporal chang-
es in the style of deposition of the organic matter. Based on 
these temporal changes a new, refined, model for the North 
German Basin is shown in figure 10.

5.3.1 Pre-black shale environment
The D. tenuicostatum presents a pre-depositional phase (Fig. 
10A). With a relative lowstand in the sea-level during the 
first facies, wave induced mixing of the water column lead 
to oxygenated bottom waters around the entire basin. This 
well oxygenated environment is illustrated by bioturbation of 
the sediment and the abundance of spores, pollen, dinofla-
gellates and acritarchs. 
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FIG. 10 An overview of the different episodes of black shale deposition. Starting at a with a lowstand in the D.Tenuicostatum zone there is a complete ex-
change with other basins and a well-mixed water column. The subsequent early transgression during the exaratum aligns with a warm, wet climate and high 
runoff of fresh water leading to salinity driven stratification which is enhanced by basin restriction. A third order regressional phase leads to wind and water 
mixing and dysoxic deep waters only the deep part of the basin. With the continuation of the transgression a shift in black shale deposition style occurs. In-
flow of colder, nutrient-rich, boreal waters lead to a productivity driven black shale sedimentation while maintaining a weakened salinity gradient. Reaching 
a sea-level highstand the dysoxic conditions are lifted and reoxygenation of the bottom water is manifested.
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5.3.2 Preservation driven deposition

The deposition of black shales starts during the second facies 
2 (Fig. 10B). In the elegantulum and exaratum subzone of the 
H.falciferum a drastic change in sedimentation occurs. Facies 
2, the first facies with a high organic matter content, aligns 
with the global negative CIE (Table 1; Fig. 9). This pertur-
bation of the carbon cycle would have had a strong impact 
on the environmental conditions (Van de Schootbrugge et 
al., 2013; Suan et al., 2015). It is argued that the already trop-
ic environment developed into an even warmer and wetter 
climate due to greenhouse intensification (Jenkyns, 2003). 
As a consequence of this climate intensification, runoff of 
freshwater into the oceans became substantially high. High 
levels of osmium isotopes and lighter oxygen isotope values 
indicate this increase in runoff for the northern European 
basins (Cohen et al., 2004; Hermoso et al., 2014; Percival et 
al., 2016). With the increase of freshwater, stratification of the 
water column and a high pycnocline could be achieved (Fig. 
10B). Besides the stratification, the low-salinity surface layer 
would drastically alter the living conditions for the marine 
organisms (van de Schootbrugge et al., 2005). This impacted 
is evidenced by the biological components in facies 2. With 
a low content of phosphatic debris, faecal pellets and besides 
the dominant marine snow, only clustered sphaericals in the 
organic matter, the link with stressed conditions can easily 
be made. The idea arises that the water column conditions 
would have been unhospitable and not able to fully support 
abundant large life forms. Prasinophytes, which have the rep-
utation to well adapt and be able to survive unhospitable con-
ditions (Prauss et al., 2008) even show deviation from their 
regular life cycle. The endurance of these, although stressed, 
sphaericals may be because of increased nitrogen in the wa-
ter due to denitrification (Jenkyns et al., 2001).

However, favouring a regional concept and the absence of 
global black shale deposition, an increased runoff leading to 
a low-salinity cap could not entirely explain the enhanced 
black shale deposition. At the same time of the perturbation 
the sea-level in the North German Basin is still relatively low. 
As is evidenced by the microstratigraphic analysis facies 2 
represent an early transgressive sea-level movement. This 
still relative low sea-level in the basin could have enabled the 
expression of the anoxia by means of basin restriction. Due 
to the still relative low sea-level the low-salinity cap would 
have been able to act a stop on deep water exchange (Fig. 
10B). McArthur et al., (2008) proofs that there is evidence for 
this basins restriction. The ratio between the element Molyb-
denum and the total organic carbon (Mo/TOC), an indicator 
for water mass restriction, suggest there was no exchange of 
bottom water between different basins throughout northern 
Europe. The shallow epicontinental sea setting in combina-
tion with a relative low sea-level and a low-salinity cap thus 
can be seen as an excellent catalyst for the development of 
stagnant conditions and anoxia. Although there are indica-
tions for persistent photic zone anoxia during this period 

(Schwark et al., 2004), event communities during the second 
facies (Fig. 5A&D) suggest that very brief oxygenation oc-
curred. Within the shallow anoxic water body, organic mat-
ter degradation was restricted to a very thin oxygenated part 
of the photic zone, and thus occurred only to a minor extent. 
This lead to a preservation driven enhancement of organic 
matter in the sediment.

The idea of a low-salinity cap combined with basin driven 
restriction would implicate that the two favoured models are 
not entirely mutually exclusive. The two models seem to en-
force each other and are likely both accountable for the black 
shale deposition during facies 2. 

Following the preservation driven enhancement, facies 3 in-
dicates a minor drop in sea-level and improved conditions of 
the water column (Fig. 10C). This change in the early elegans 
subzone is evidenced by the loss of clustering and increase 
in size from the sphaericals (Fig. 9). Another indicator for 
improving conditions is the low, but noticeable increase in 
pollen and spore material and the decrease in visible organic 
matter (Table 1; Appendix 2). The low amount of bioturba-
tion of the sediment suggest that the proposed sea level fall 
and the consequent storm induced mixing would have led 
to short periods of oxygenation of the sediment water inter-
face. Likely there was only deep water dysoxia present in the 
deeper parts of the basin during these facies. The sea-level 
drop may be linked to the positive CIE, which occur in the 
same time period (Fig. 9), but there is not enough to support 
this claim.

5.3.3 Productivity driven deposition
Following this sea-level drop, the change in sedimentation 
style of facies 4 suggest the continuation of the second order 
sea-level rise. During this period, the visible organic matter 
content increases again. However, the composition of or-
ganic matter significantly changes. The organic matter is not 
abundantly dominated by marine snow. Faecal pellets and 
Tasmanites form a noteworthy part of the composition. This 
differentiates from facies 2 in such a way that it cannot be ex-
plained by the same processes. Besides this, facies 4 also oc-
curs above the CIE (Fig. 9) implying two different phases of 
successive black shale deposition. The collected data suggest 
that the deposition of the black shales in facies 4 is more pro-
ductivity driven than the anoxia driven facies 2. The increase 
in phosphatic fish debris, faecal pellets and Tasmanites indi-
cates the development of a more marine upper water column 
that supports higher and larger volumes of life. Secondly the 
abundancy of faecal pellet production aids the preservation 
of other organic matter and thus less anoxic conditions are 
required (Sinninghe Damsté et al., 1998). This change could 
be governed by the increasing relative sea-level, improving 
communication between the Northern German Basin and 
adjacent areas, thereby weakening the salinity stratification 
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(Fig. 10D). The affinity for cooler waters by Tasmanites and 
an observed thrive of the genus suggest that the improved 
communication also created the possibility to exchange water 
with the nutrient-rich and colder Boreal Sea (Bjerrum et al., 
2001). These nutrient-rich waters would stimulate the pro-
ductivity in the top of the water column. Secondly, although 
more saline, these artic waters are closer to the fresh water sa-
linity then the water from the southern Tethys Ocean. Input 
from these waters would lead to a weakened but not entirely 
absent salinity gradient (Harazim et al., 2013). In addition, 
there is no evidence for full or long periods of bottom water 
oxygenation during the deposition of the facies. This suggest 
that a plume of dysoxic bottom water maintained its position 
at least within the deep parts of the basin, enhancing the high 
preservation further. 

5.3.4 Uplift of the conditions
Ultimately the sea-level rise leads to the renouncing of dys-
oxic conditions. This is well documented in the last facies 
and the shift from the H. fallciferum into the H. bifrons zone. 
The increase in faecal pellet size and decrease of marine snow 
in the organic matter composition, as well as the occurrence 
of benthic colonization, indicate improved deep water con-
ditions. Besides the increase of faecal pellet size, the occur-
rence of pellet beds and different morphology suggest dif-
ferent, possibly benthic, pellet producers. A decrease in the 
prasinophyte size and total abundancy can be interpreted as 
less inflow of Boreal waters, fully breaking down the salini-
ty stratification and reoxygenation of the whole basin (Fig. 
10E).

6. Conclusion 
The Early Toarcian black shales of the Posidonia Shale For-
mation are a well-known for their enhanced organic matter 
deposition. Despite a large amount of research the formation 
underwent, there is no common consensus on environmen-
tal conditions that lead to the enhanced deposition. By ob-
serving subtle and temporal changes a new idea of the depo-
sition is developed. The Early Toarcian black shales were 
deposited in a marginal and deep part of the epicontinental 
sea covering the Northern German Basin. Overall the sedi-
ment is fine-grained and organized in normally graded thin 
beds (< 10 mm thick). By analysing the sediment via thin 
section five facies can be distinguished. The different facies 
indicate changes in the depositional mechanism of the sed-
iment as well as changes in the water column. Colonisation 
events show that there was no prevalence of long lasting an-
oxic or dysoxic conditions. This indicates that productivity 
must have been an important controlling factor during the 
entire interval. 

These two episodes reflect a major change in organic matter 
delivery within the black shale deposition. The first episode 
of organic matter preservation in the exaratum subzone is 
enhanced by anoxic bottom water conditions and is deposit-
ed during the negative CIE. This period of greenhouse inten-
sification lead to an enhanced riverine runoff, increasing the 
fresh water supply to the basin. The early transgression stage 
of the sea-level during this period can be seen as the per-
fect catalyst for promoting salinity driven stratification and 
photic zone anoxia via basin restriction. This lead to a pres-
ervation driven black shale deposition. In response of these 
conditions, the organic matter composition is characterized 
by stress indicating clustered sphearicals and an abundancy 
of marine snow. With the ongoing transgressional movement 
in the falciferum subzone, the basin restriction was lifted 
entering the second episode of black shale deposition. This 
second episode represents a period in which the black shale 
deposition is productivity driven. The thrive of the prasino-
phytes Tasmanites genus and the support of high volumes of 
pellet producing organism in the upper water column sug-
gest an influx of cold, nutrient-rich waters from the boreal 
sea leading to a weakened stratification with only dysoxia 
present in the deeper parts of the basin. The total organic 
content of the sediments of the falciferum subzone may be 
lower than those during the exaratum subzone, however the 
presence of faecal pellets and Tasmanites imply the viability 
as a good source rock. Reaching a sea-level highstand, in-
dications for increased benthic colonisation events and the 
support of larger pellet producing organism suggest a slow 
lift of the deep water dysoxia and reoxygenation of the basin, 
ending the black shale deposition. 

The results presented here further underscore the impor-
tance of an integrated approach when assessing black shale 
deposition. We suggest that more scientist need to apply the 
same, integrated approach to fully evaluate the rock potential 
of black shales.
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A P P E N D I X  1

Facies 1 - Burrowed silt- and clay-rich mudstones Facies 2 - Bituminous clay-rich mudstones with shell pavements

Facies 5 - Pellet-rich bioturbated silt- and clay-bearing mudstone 
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FIG. 11 A detailed log of each facies showing the clear characteristics 
and differences in grain-size and sedimentological structures and con-
tent
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TABLE 2. Summary of the studied thin sections of the Schandelah Core. From left to right: Depth (mbs), zone, sedimentological description, facies, 
grain-size, observed structures and carbon isotope values


