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Abstract

The Toarcian oceanic anoxic event (T-OAE) is associated with a prominent negative carbon isotope excursion (CIE; ~ 183 mil-
lion years (Myr)). About 10-m-thick organic matter-rich sediments accumulated during the T-OAE in the Southwest German
Basin (SWGB). Rock-Eval, maceral and biomarker analysis were used to determine variations of environmental conditions
across the CIE interval. Carbon isotope records were determined for various n-alkanes, pristane and phytane to contribute to
the reconstruction of the paleo-environment and to study the factors controlling molecular §'>C values. Geochemical redox
indicators provide evidence for photic zone anoxia during the Toarcian CIE, which reached its maximum after deposition of
the “Unterer Stein”” marker horizon. The 2a-methylhopane index suggests enhanced activity of diazotrophic cyanobacteria,
which is also supported by nitrogen isotope data. This distinguishes the SWGB from other basins with Toarcian black shale.
Oxygen-depleted conditions, albeit with lower intensity continued after the CIE. All investigated compounds replicate the
negative CIE, but the magnitudes vary considerably. The largest shift is observed for n-C,; (9%o) and reflects the combined
effect of the global CIE and a major change in organic matter input (termination of terrigenous organic matter input). The
shift for short-chain n-alkanes, pristane, and phytane, interpreted to reflect marine biomass, varies between 4.5 and 5.0%eo.
This is the highest value observed so far for any Toarcian section. 8'3C values of pristane and phytane reach a minimum near
the base of the CIE interval and increase upsection. Thus, the maximum negative isotope shift predates the strongest basin
restriction by about 450 thousand years (kyr).

Keywords Organic geochemistry - Photic zone anoxia - Water column stratification - Bacterial activity - Oceanic anoxic
event

Introduction

The Early Jurassic (Toarcian) is characterized by global cli-
mate change (Ruebsam and Schwark 2021 and references
therein), a marine extinction event (e.g., Harries and Little
1999; Palfy and Smith 2000; Dera et al. 2010; Caruthers
et al. 2013), and a large (3—8%0) negative carbon isotope
excursion (Toarcian CIE) (Hesselbo et al. 2000a, b, 2007).
Estimates on the duration of the Toarcian CIE range from
300-500 kyr (Boulila et al. 2014; Boulila and Hinnov 2017)

P4 Stephen Ajuaba
stephen.ajuaba@unileoben.ac.at

Lehrstuhl Erdolgeologie, Montanuniversitaet Leoben,
Peter-Tunner-Strasse 5, 8700 Leoben, Austria

Paldontologisches Institut und Museum, Universitét Ziirich,
Karl-Schmid-Strasse 4, 8006 Zurich, Switzerland

to ~620 kyr (Huang and Hesselbo 2014) to 900-1200 ka
(Suan et al. 2008, Ruebsam and Al-Hussein 2020).

The Toarcian CIE reflects a perturbation of the global
carbon cycle and is potentially associated with the coeval
Karoo—Ferrar Large Igneous Province (LIP) (~ 183—-182 Ma)
(Palfy et al. 2002; Burgess et al. 2015; Ivanov et al. 2017),
but the ultimate trigger for the CIE, which affected the
global oceanic and atmospheric carbon reservoirs (e.g.,
Hesselbo et al. 2000a, b), is still disputed (Silva et al. 2021).
Carbon degassing from the Karoo—Ferrar LIP (Palfy and
Smith 2000), generation and release of thermogenic methane
during emplacement of the Karoo—Ferrar LIP (e.g., Wignall
2001; Svensen et al. 2007), recycling of isotopically light
dissolved inorganic carbon from deeper levels of a strati-
fied water body (e.g., Kiispert 1982; Jenkyns 1985; van de
Schootbrugge et al. 2005), dissociation of methane hydrate
in marine sediments (e.g., Hesselbo et al. 2000a, b; Kemp
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et al. 2005), increased methane emission from expanding
swamps and wetlands (Them et al. 2017), melting of perma-
frost (Ruebsam et al. 2019; Ruebsam and Schwark 2021), or
increased CO, release from the decomposition and oxida-
tion of terrigenous organic matter associated with increased
fungal activity (Pienkowski et al. 2016) have been discussed
recently. Regardless of the trigger of the carbon release
event, high temperatures and an enhancement of the hydro-
logical cycle resulted in strongly (sixfold) increased global
weathering rates (Cohen et al. 2004; Kemp et al. 2020).

Black shales with total organic carbon (TOC) contents
exceeding 10 wt.% have been deposited during and after
the Toarcian CIE in many European basins, characteriz-
ing the interval, which is known today as early Toarcian
oceanic anoxic event (T-OAE; Jenkyns 1985, 1988, 2010;
Neumeister et al. 2015; Silva et al. 2021). Lower Toarcian
rocks with very high organic matter contents occur in the
Central European Epicontinental Basin System (CEBS;
Fig. 1) where they are important petroleum source rocks
(e.g., Littke et al. 1991a, b; Cornford 1998; Song et al.
2015). These rocks are known as Posidonia Shale in Ger-
many, Whitby Mudstone in England, or Schistes Carton in
France (Jenkyns 1985; Baudin 1995; Rohl and Schmid-Réhl
2005). However, coeval sediment successions from south-
ern Europe (Italy, Portugal, and Spain) and from northern
Africa lack organic matter-rich deposits (e.g., de Oliveira
et al. 2006; Hesselbo et al. 2007; Rodrigues et al. 2020;
Silva et al. 2021).

Detailed carbon isotope records from carbonate minerals
and bulk organic matter are available for a great number
of sections across the Toarcian CIE (e.g., Rohl et al. 2001;
Hesselbo et al. 2007; Kemp et al. 2005, 2020; Hermoso et al.
2012; Suan et al. 2015; Them et al. 2017; for a review see
also Ruebsam and Al-Hussein 2020). In contrast, few papers
used carbon isotope data of specific organic compounds
(e.g., Pedentchouk and Turich 2017), although Schouten
et al. (2000), van Breugel et al. (2006), French et al. (2014),
Ruebsam et al. (2020) and Xu et al. (2021) indicated their
great potential as a proxy for marine and atmospheric carbon
isotope ratios. The most complete data set has been pub-
lished by French et al. (2014). These authors used molecular
(biomarker) analysis to reconstruct the depositional envi-
ronment of the Hawsker Bottoms section in the Cleveland
Basin (England) and reported in parallel compound-spe-
cific 8'C records of short- and long-chained n-alkanes and
isoprenoids.

The present paper uses a similar approach and has several
goals. The first goal is to reconstruct the of the lower Toar-
cian rocks in the Southwest German Basin using biomarker
data, the second goal is to study differences in carbon isotope
trends of bulk organic matter and those of specific molecular
fossils (n-alkanes, pristane, phytane). Finally, the compre-
hensive interpretation of biomarker and compound-specific
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Fig. 1 a Paleogeographic sketch of the early Toarcian; b early Toar-
cian paleogeography of the epicontinental Central European Basin
with the distribution of bituminous black shale across various sub-
basins (SWGB: SW German Basin, NWGB: NW German Basin, YB:
Yorkshire Basin and PB: Paris Basin); ¢ outcrops of the lower Toar-
cian sediments in southwestern Germany. The white star indicates
the study area (Dormettingen). Maps are modified after Rohl et al.
(2001), Ziegler (1982) and Galasso et al. (2021)
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isotope (CSI) data will help to determine the factors con-
trolling CSI patterns and will improve the understanding
of the time relation between the development of anoxia and
processes, which influence carbon isotopy.

The study is based on sample material from the
12-m-long Dormettingen section, which has been inves-
tigated previously regarding bulk organic matter isotopy,
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palynofacies, and palynology (Galasso et al. 2021; Galasso
et al. subm.; Fig. 2; for location see Fig. 1). In addition,
Re-Os data are available for this section (van Acken et al.
2019). Another advantage of Dormettingen is its location
only 2 km northwest of the Dotternhausen section, which
has been studied in great detail using different sedimento-
logical, paleontological, and geochemical techniques (e.g.,
Riegraf 1985; Schouten et al. 2000; Rohl et al. 2001; Rohl
and Schmid-Ro6hl 2005, van de Schootbrugge et al. 2005;
Bour et al. 2007; Mattioli et al. 2008; Suan et al. 2008,
2015; Wang et al. 2020, 2021). This section is no longer
accessible, but the presence of marker horizons allows
the detailed correlation of data from Dotternhausen to the
Dormettingen quarries.
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Fig.2 Stratigraphy of the Dormettingen section with ammonite
zones and subzones, bulk organic carbon isotope curve, and subdivi-
sion into palynofacies intervals (after Galasso et al. 2021). The sub-
division of the Toarcian CIE into phases C1-C3 follows Suan et al.
(2008). Position of samples investigated by Galasso et al. (2021)
(D50-D67; D92-D129) is shown. The identical samples are also used
in the present study. (Because of limited space, some samples are
unlabeled)

Geological setting

The epicontinental Central European Basin covered large
parts of central and northern Europe during the Jurassic.
It widened towards the Tethys Ocean and included several
basins that were separated by submarine shoals and island
of variable size (Ziegler 1982, 1988) (Fig. 1a). During
Toarcian time, a pronounced topography together with cli-
mate change and eustatic sea level variations (see Rueb-
sam and Al-Hussein 2021 for a review) caused stratified
water bodies with strongly depleted oxygen contents in a
geographically wide area of the CEBS (e.g., Rohl et al.
2001; Schwark and Frimmel 2004; Hermoso et al. 2013;
Song et al. 2015, 2017).

The Southwest German Basin, where the study site is
located, was located at the southeastern fringes of the Cen-
tral European Basin System (Fig. 1a). It was connected
with the Paris Basin (Hollander et al. 1991; Hermoso et al.
2009, 2014; Song et al. 2014), the Northwest German
Basin (e.g., Littke et al. 1991a) and the Cleveland Basin
(Hesselbo et al. 2000a, b; Bowden et al. 2006; Kemp et al.
2011; French et al. 2014). The Vindelician High (VH in
Fig. 1b) separated the Southwest German Basin from the
Tethys Ocean till ongoing transgression caused flooding of
the Vindelician High in the Middle/Late Jurassic (Meyer
and Schmidt-Kaler 1996).

The Posidonia Shale including the Toarcian CIE and the
T-OAE in the Southwest German Basin has been described
in great detail (e.g., Schouten et al. 2000; Rohl et al. 2001;
Frimmel et al. 2004; Rohl and Schmid-Rdhl 2005; van
de Schootbrugge et al. 2005; Bour et al. 2007, Schwark
and Frimmel 2004; Suan et al. 2008, 2015; Hougérd et al.
2021). The following description of the Posidonia Shale in
the Southwest German Basin is based on the Dormettingen
section (van Acken et al. 2019; Galasso et al. 2021; Fig. 2),
which is the focus of the present study.

The Posidonia Shale is underlain by light- to dark-
grey bioturbated marls and marly limestones which are
assigned to the Pliensbachian Amaltheenton Formation
(Pleuroceras spinatum Zone). The presence of a diverse
benthic fauna implies high oxygen availability (Rohl and
Schmid-R6h1 2005). A limestone bed (Costatenkalk), tens
of cm thick, marks the uppermost bed of the Amaltheen-
ton Formation (Riegraf 1985; Rohl et al. 2001; Rohl and
Schmid-Ro6hl 2005).

The Posidonia Shale follows above the Costatenkalk
without a break in sedimentation (Galasso et al. 2021).
The 12-m-thick succession includes the uppermost part
of the Dactylioceras tenuicostatum ammonite zone, the
Harpoceras falciferum and Hildoceras bifrons zones and
their subzones (Fig. 2) (Riegraf 1985; Rohl et al. 2001;
Rohl and Schmid-Rohl 2005).
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Sediments of the tenuicostatum Zone are dominated by
light-grey bioturbated marls with benthic fauna (Blaugraue
Mergel, Aschgraue Mergel). Two black shale layers (Tafel-
fleins, Seegrasschiefer), each several centimeters thick, are
intercalated between the marls. The Fleins Bed near the top
of the tenuicostatum Zone signals the onset of Toarcian CIE
and continuous black shale deposition, which continued dur-
ing the falciferum and bifrons Zones.

Black shales with wavy and lenticular lamination were
deposited during the falciferum Zone, but lamination
becomes less distinct in its upper part (falciferum Subzone;
van Acken et al. 2019). The black shale succession is marked
by the intercalation of five prominent limestone beds which
form regional marker horizons. They are labeled from base
to top: Unterer Stein (20-30 cm thick), Steinplatte (~ 10 cm
thick), Oberer Stein (~20 cm thick), Obere Bank (~ 10 cm
thick) and Inoceramenbank (~ 10 cm thick) (Fig. 2). The
lowermost limestone bed (Unterer Stein; exaratum Subzone)
is used as lower Toarcian marker horizon in the southern
part of the Central European Basin (Riegraf 1982; van de
Schootbrugge et al. 2005). The Inoceramenbank marks the
boundary between the falciferum and bifrons Zones. Dark
shales in the bifrons Zone show indistinct lamination.

Bulk organic carbon isotope data indicate that the Toar-
cian CIE in the Dormettingen section is located between
10.1 and 7.3 m (uppermost semicelatum to middle elegans
Subzones; Fig. 2) and that the Steinplatte marker bed forms
the top of the CIE (Galasso et al. 2021). This is in agreement
with the extension of the CIE at Dotternhausen according
to Mattioli et al. (2008). However, a slightly higher position
(e.g., Suan et al. 2008) seems also possible. Using carbon
isotope trends of bulk organic matter, Suan et al. (2008)
subdivided the Toarcian CIE at Dotternhausen into three
phases: a phase with strongly decreasing 8'°C values near
the tenuicostatum-falciferum boundary (C1), a phase of
rather constant negative values (C2) and a phase of marked
8'3C increase (C3) which starts near the top of the Unterer
Stein marker bed (Fig. 2). Durations of ~ 150, ~450 and 300
kyr have been estimated for C1, C2 and C3, respectively, by
these authors. If these estimates are correct, accumulation
rates were very low during the Toarcian CIE (~3 mm/kyr)
(cf. Tyson 2001). The amplitude of the CIE is very high
(~7%o), but Suan et al. (2015) emphasized that part of the
CIE is due to changes in organic matter composition.

Particulate organic matter (POM) data justify the subdivi-
sion of the Posidonia Shale into five palynofacies intervals,
labeled from base to top A to E (Galasso et al. 2021; Fig. 2).
Palynofacies A is documented in POM assemblages from
below the Fleins Bed (tenuicostatum Zone) and is charac-
terized by high amounts of terrigenous phytoclasts sporo-
morphs and dinoflagellate cysts. Palynofacies B coincides
with the Toarcian CIE. Its assemblages are characterized by
high amounts of amorphous organic matter and the lack of
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dinoflagellate cysts. Dinoflagellate cysts reappear in palyno-
facies C, which includes the remaining part of the falciferum
Zone. Palynofacies D and E occur within the bifrons Zone.
They are marked by relatively higher (D) and lower (E)
contributions of terrigenous phytoclasts and sporomorphs
(Galasso et al. 2021).

A Re/Os age from the Dormettingen section
(183.0+2.0 Ma) agrees well with previous estimates of the
age of the Toarcian CIE (van Acken et al. 2019). Low initial
18705/'%80s; ratio (0.377 +0.065) is consistent with a sig-
nificant influx of mantle-derived material into the Toarcian
ocean from weathering of Karoo—Ferrar LIP basalts (van
Acken et al. 2019).

Samples and analytical methods

The present paper is based on rock samples which have been
collected for palynological and carbon isotope studies (Gal-
asso et al. 2021). The stratigraphic position of the samples
within the Dormettingen section (D50-D67; D92-D129)
is shown in Fig. 2. Samples D50-D127 were collected in
October 2018 from freshly mined areas of the Dormettingen
quarry, while the uppermost samples (D128-D129) are from
older parts of the quarry, which was opened in 2008. The
sample size is small, between 0.5 and 2.0 cm’, to minimize
time averaging effects. The remains of three samples (D92,
D95; D123) were too small and did not allow geochemical
investigations. Therefore, a total of 56 samples are included
in the present study. Sample D99 represents the Unterer
Stein, a limestone marker bed in the Toarcian CIE. As both
the study of Galasso et al. (2021) and the present study focus
on organic material, other limestone beds within the Posido-
nia Shale were not sampled.

Rock powders from all samples were analyzed for total
carbon (TC; %), total sulfur (TS; %) and total organic car-
bon (TOC; %) using an Eltra Helios CS elemental analyzer.
TOC contents were measured on samples pre-treated with
concentrated phosphoric acid. TOC and TC were used to
calculate the equivalent calcite content (calcite =8.334
X [TC-TOC]).

Rock—Eval parameters S, and S, (mgHC/g rock) and
T (°C) were determined using a “Rock—Eval 6” instru-
ment. S; and §, are the amounts of hydrocarbons volatized
at 300 °C and during gradual heating from 300 to 650 °C,
respectively. T, 1S a maturity parameter and corresponds
to the temperature at which a maximum of S, hydrocarbons
is formed. §; and S, were used to calculate the hydrogen
index (HI=100xS,/TOC) and the production index (PI=S5,/
[S,+S,]) (Espitalié et al. 1977).

Based on the bulk geochemical data and their strati-
graphic distribution, 24 samples were selected for organic
petrography, biomarker, and isotope investigations.

equiv.
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Semi-quantitative maceral analysis was performed on pol-
ished blocks using white and fluorescence light, a 50 X oil
immersion objective, and a Leica DM 4P microscope.
Depending on TOC contents, 1000 to 1500 points were
counted in a single scan and standardized to 100% organic
matter. This maceral analysis was performed in accordance
with the ICCP System (ICCP 1998, 2001; Pickel et al. 2017).
Vitrinite reflectance measurements were performed on two
samples (25-50 measurements per sample) using the same
microscope and an yttrium—aluminum-—garnet standard (Rr:
0.899%).

For biomarker analysis, 5-10 g of powdered rock sam-
ples was extracted for~ 1 h using a Dionex ASE 350 Accel-
erated Solvent Extractor with dichloromethane as solvent
at 75 °C and 100 bar. The extraction solvent was evapo-
rated to~0.5 ml total solution using a Zymark TurboVap
500 closed cell concentrator. Afterwards, asphaltenes were
precipitated from a hexane:dichloromethane solution (80:1
according to volume) and separated by centrifugation.

The hexane-soluble fractions were split into NSO com-
pounds and saturated and aromatic hydrocarbons using the
medium pressure liquid chromatography (MPLC) device of
Kohnen-Willsch (Radke et al. 1980).

n-Alkanes and isoprenoids within the saturated hydro-
carbon fractions were analyzed using a gas chromatograph
(Trace GC-Ultra) with a flame ionization detector (GC-
FID). The gas chromatograph was equipped with a 50 m
HP-PONA capillary column (inner diameter [i.d.] 0.20 mm,
0.50 pm film thickness). After sample injection (2 ul at
270 °C), the oven temperature was increased from 70 to
310 °C and held constant for 35 min.

Biomarker molecules in the saturated and aromatic hydro-
carbon fractions were analyzed by gas chromatography—mass
spectrometry (GC-MS) using a Thermo Scientific Trace GC-
Ultra equipped with a Triplus 100 liquid auto-sampler and
interfaced to a ThermoFisher ISQ single quadrupole mass
spectrometer. The spectrometer was operated in the EI (elec-
tron ionization) mode scanning from m/z 50 to m/z 650 (0.7 s
total scan time). Prior to analysis, proportionate amounts of
internal standards (squalane for aliphatics; 1,1 -binaphthyl for
aromatics) were added to each sample. Measurements were
performed with a 60 m DB-5MS fused capillary column (i.d.
0.25 mm; 0.25 pm film thickness). The GC oven temperature
was initially programmed from 40 °C (held for 2 min) and
ramped to 310 °C with 4 °C/min, followed by an isothermal
period of 40 min. Sample injection was done in a split mode
(split ratio 20) at 260 °C using helium as carrier gas. The ali-
phatic fractions of selected samples were additionally analyzed
with a Trace™ 1300 GC (ThermoFisher) equipped with a
60 m TG-5MS fused silica capillary column (i.e., 0.25 mm;
0.25 um film thickness) coupled to a ThermoFisher TSQ9000
triple quadrupole GC—MS/MS. The oven was programmed
to hold 40 °C for 2 min and then heated to 310 °C with 4 °C/

min, followed by an isothermal period of 40 min. The sample
was injected splitless with an injector temperature of 310 °C.
For the detection of methylsteranes isomers, a selected reac-
tion monitoring process (SRM) was used. Different parent-
to-daughter ion transitions (m/z 386-231, 400-231, 414-231,
414-98) were monitored to obtain Cyg to C;, methylsteranes
and dinosteranes.

Data were processed with Xcalibur and Chromeleon data
system. Individual compound identification was based on
their respective retention time within the mass spectra or
total ion current (TIC) chromatogram and by comparing the
mass spectra with published data. In the case of mass chro-
matograms, response factors were used to account for cor-
rections of the fragment ions used for quantification of the
total ion abundance while for TIC chromatograms, absolute
concentrations were calculated for different saturated and
aromatic compounds in relation to their internal standards
per sample.

A semi-quantitative calculation of the target compounds
was conducted based on results of total ion current (TIC)
chromatograms. Thereby, methylsteranes which could be
detected in TIC (total ions as well as m/z 231) and for which
a calculation of the amount was possible were used for fur-
ther calculations. Areas of specific compounds were taken
then from the SRM mode and were set into relation to the
TIC. With this relation, a proper estimation of the amount
of methylsteranes was possible.

The n-alkanes were separated from branched/cyclic
hydrocarbons by an improved 5 A molecular sieve method
(Grice et al. 2008) for the analysis of stable carbon isotope
ratios on individual n-alkanes and isoprenoids. Compound-
specific carbon isotope measurements of the n-alkanes
and isoprenoids were performed using a Trace GC-Ultra
gas chromatograph attached to the ThermoFisher Delta-V
isotope ratio mass spectrometer (IRMS) via a combustion
and high temperature reduction interface (GC Isolink, Ther-
moFisher). The GC column is as described above, while
the oven temperature was programmed to 70 °C for 2 min
followed by a 4 °C/min increment to 300 °C and held for
15 min. For calibration, a CO, standard gas was injected
before and after each analysis. Each sample was analyzed in
duplicate. The mean isotope composition is reported in the
8 notation in permil (%o) relative to the V-PDB standard.
Analytical reproducibility of the total procedure is in the
range of 0.1 to 0.3%eo.

Results
Bulk geochemistry

Inorganic and organic bulk parameters of the Dormettingen
section are shown in Fig. 3. Calcite equivalent percentages
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below the Toarcian CIE range from 25 to 41 wt.%. Within
the CIE carbonate contents are relatively low (2040 wt.%),
but high in the limestone marker bed (Unterer Stein: 91
wt.%). Calcite contents of marls above the CIE range from
27 to 60 wt.%. Limestone beds above the CIE have not been
investigated, as the focus of the present study lies on the
organic matter-rich rocks.

TOC contents in marls below the Toarcian CIE are typi-
cally low (0.2-0.9 wt.%). Only sediments related to the
Tafelfleins and Seegrasschiefer contain high amounts of
organic matter (max. 11.1 wt.%). Apart from the limestone
marker (Unterer Stein: 1.1 wt.% TOC), TOC contents in the
T-OAE range from 7.1 to 12.2 wt.%. TOC contents remain
high above the CIE (4.0-10.4 wt.%).

Sulfur contents range from 0.6 to 4.4 wt.% and show
a similar vertical trend than TOC contents. Only the two
uppermost samples (fibulatum Subzone) contain very low
amounts of sulfur (0.2-0.3 wt.%), probably due to weath-
ering. TOC/S ratios below the Toarcian CIE interval are
typically below 1, whereas higher ratios are observed in the
organic-rich layers. Within the CIE interval TOC/S ratios
vary between 2.0 and 4.0. Lower ratios are restricted to
the limestone bed (Unterer Stein). Above the CIE interval
TOC/S ratios range from 1.5 to 3.9. Very high ratios (~30)
in the uppermost samples probably reflect weathering (cf
Ruebsam et al. 2018).

Hydrogen index (HI) values of low-TOC samples below
the Toarcian CIE increase upwards from 53 to 161 mgHC/
gTOC. HI of the black shale layers varies between 459 and
649 mgHC/gTOC. Similar values are observed within the
CIE (556-699 mgHC/gTOC) and above the CIE (612-728
mgHC/gTOC). HI values in the fibulatum Subzone (~480
mgHC/gTOC) may be reduced by weathering.

T...x values vary between 422 and 429 °C (average
427 °C) and show a subtle upward increasing trend (Table 1).
The PI ranges from 0.01 to 0.09 (average 0.04).

Organic petrography

Semi-quantitative maceral analysis shows that the organic
matter of the Toarcian shales at Dormettingen is dominated
by liptinite macerals (Table 2; Fig. 4), particularly alginite
(50-81 vol.%) and liptodeterinite (14—41 vol.%). Telalginite
dominates over lamalginite in samples below the CIE and in
the upper part of the CIE (D98, D100, D101), while lamalg-
inite prevails in most of the remaining samples. Telalginite
includes Tasmanales algae beside of significantly smaller
telalginite macerals (e.g., Fig. 4b, f). Tasmanales algae are
especially abundant in sample D101 from the upper part
of the CIE. Liptodeterinite (e.g., Fig. 4d) is probably also
derived from algal material and occurs in high quantities
(~40 vol%) in sample D57 (Tafelfleins) and in samples D98

Fig.3 Stratigraphic profile across the Dormettingen section (after
Galasso et al. 2021) with calcite equivalent percentages, total organic
carbon (TOC) and sulfur (S) contents, TOC/S ratios, and hydrogen
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are probably influenced by weathering and, therefore, shown by open
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Table 1 Bulk geochemical parameters for Toarcian sediments from the Dormettingen section

Sample ID Depth [m] TOC [wt%] Sulfur [wt%] Calcite [wt%] S1 S2 HI [mg HC/g PI[-] Tax [°Cl
[mg HC/g rock] TOC]

D129 0.5 5.69 0.20 334 0.29 27.11 476 0.01 426
D128 0.8 7.62 0.29 28.3 0.48 36.81 483 0.01 422
D127 1.9 8.21 2.38 27.8 1.63 53.39 650 0.03 427
D126 2.1 9.52 2.48 34.3 2.50 62.36 655 0.04 428
D125 2.49 7.74 2.18 35.6 1.60 51.35 663 0.03 428
D124 2.6 7.02 2.54 34.9 1.58 48.39 689 0.03 428
D122 2.9 7.16 2.53 322 1.78 48.74 681 0.04 429
D121 3.1 9.26 2.46 34.8 2.58 60.74 656 0.04 429
D120 3.4 10.42 3.02 45.1 3.70 69.55 668 0.05 429
D119 3.7 9.83 3.59 359 2.86 60.22 612 0.05 429
D118 4 5.22 1.72 48.1 1.13 33.69 645 0.03 429
D117 4.5 4.37 1.20 60.0 1.10 30.75 703 0.03 429
D116 4.7 7.56 2.49 30.4 1.85 47.02 622 0.04 428
D115 49 6.97 2.39 473 2.24 50.42 723 0.04 428
D114 5.1 4.62 3.07 55.8 1.19 32.95 713 0.03 427
D113 53 7.80 3.15 37.1 2.18 50.07 642 0.04 429
D112 55 7.63 2.63 46.5 2.25 49.15 644 0.04 429
D111 5.7 8.54 2.84 39.4 2.63 55.98 655 0.04 428
D110 5.85 8.82 2.87 383 275 59.55 675 0.04 428
D109a 6 9.40 3.21 48.8 3.42 60.27 641 0.05 428
D109 6.2 4.02 1.67 46.9 0.86 26.87 668 0.03 427
D108 6.4 4.92 2.00 39.4 1.05 32.02 650 0.03 428
D107 6.7 7.53 3.14 36.0 2.11 49.31 655 0.04 427
D106 6.9 8.73 3.00 47.4 3.01 59.35 680 0.05 428
D105 7.1 7.04 2.42 50.9 2.44 51.30 728 0.05 428
D104 73 8.47 3.23 339 2.42 59.59 704 0.04 427
D103 7.4 12.09 3.09 414 4.14 76.04 629 0.05 428
D102 7.6 9.67 3.23 36.8 3.15 60.84 629 0.05 427
D101 7.8 8.75 3.61 26.5 2.44 57.62 658 0.04 429
D101a 7.9 10.70 2.95 383 4.48 72.18 674 0.06 426
D100 8.2 9.45 3.65 31.2 3.54 63.64 673 0.05 427
D99 8.4 1.10 1.17 91.0 0.49 6.11 556 0.07 424
D98 8.7 7.16 3.44 20.7 2.33 49.30 689 0.05 426
D97 8.9 11.97 3.73 29.0 4.83 78.45 655 0.06 427
D96 9.1 12.18 433 30.4 5.00 78.03 640 0.06 427
D94 9.5 11.38 3.89 20.6 4.19 71.53 628 0.06 427
D93 9.7 9.30 4.07 227 3.65 65.02 699 0.05 425
D67 10.1 10.36 2.61 522 3.94 66.98 646 0.06 426
D66 10.3 0.85 1.23 29.0 0.04 1.38 162 0.03 428
D65 104 0.75 1.22 359 0.04 1.08 145 0.04 426
D64 10.5 0.50 1.26 33.7 0.03 0.49 98 0.05 424
D63 10.6 0.65 0.83 37.6 0.04 0.90 139 0.04 427
D62 10.7 0.61 1.42 37.7 0.04 0.69 111 0.05 425
D61 10.8 0.63 1.00 32.6 0.03 0.69 110 0.04 426
D60 10.9 0.70 1.30 25.8 0.04 1.00 143 0.03 426
D60a 10.95 5.99 3.16 28.4 1.25 38.88 649 0.03 427
D59 11.1 0.50 0.70 27.6 0.03 0.40 80 0.07 425
D58 11.2 0.64 0.86 25.8 0.04 0.68 107 0.05 424
D57 11.3 4.03 3.09 26.0 0.48 18.51 459 0.03 425
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Table 1 (continued)

Sample ID Depth [m] TOC [wt%] Sulfur [wt%] Calcite [wt%] S1 S2 HI [mg HC/g PI[-] Tax [°Cl
[mg HC/g rock] TOC]
D56 11.4 3.61 1.75 29.7 0.42 18.70 518 0.02 425
D55 11.5 0.51 4.34 28.5 0.03 0.53 102 0.05 423
D54 11.6 11.10 3.82 384 3.06 68.16 614 0.04 425
D53 11.7 0.38 0.68 39.3 0.02 0.29 77 0.06 427
D52 11.8 0.34 0.74 38.0 0.02 0.22 64 0.07 425
D51 11.9 0.28 0.65 40.2 0.02 0.18 63 0.08 426
D50 12 0.28 0.73 37.8 0.02 0.15 53 0.09 425
Table 2 Maceral percentages of Toarcian sediments from the Dormettingen section
Sample ID Depth [m] Vitrinite  Inertinite (+recycled Sporinite ~ Tasmanales telal- Undefined telal- Lamalginite Lipto-
[vol%] vitrinite) [vol%] [vol%] ginite [vol%] ginite [vol%] [vol%] detrinite
[vol%]
D128 0.8 4 6 1 1 17 55 16
D127 1.9 3 3 0 4 19 39 32
D125 2.49 2 5 0 2 29 36 25
D124 2.6 2 6 0 5 26 35 25
D120 34 1 4 1 5 32 39 19
D118 4 1 5 2 9 21 35 28
D115 49 2 3 1 2 18 43 32
D112 55 2 4 1 4 30 31 29
D111 5.7 0 1 1 1 22 44 32
D109a 6 2 3 1 8 27 46 14
D109 6.2 4 4 0 0 17 44 31
D106 6.9 2 2 0 2 19 45 30
D104 7.3 3 5 0 3 21 47 23
D101 7.8 2 4 0 20 39 4 31
D100 8.2 1 2 0 2 30 24 41
D98 8.7 0 0 0 1 36 22 41
D96 9.1 1 1 0 0 24 41 33
D93 9.7 3 1 0 0 22 42 32
D67 10.1 2 3 0 11 24 35 25
D65 104 2 14 0 2 56 5 21
D62 10.7 5 12 0 2 49 12 21
D60 10.9 5 7 0 3 42 19 24
D60a 10.95 2 4 0 2 37 29 26
D57 11.3 4 6 0 2 25 23 40

and D100 from the Toarcian CIE interval. Sporinite is gener-
ally very rare and is observed in quantities exceeding 1 vol.%
only in sediments above the CIE (Table 2).

Percentages of inertinite (including recycled vitrin-
ite) and vitrinite macerals are typically below 10 vol.%
(Table 2). Relatively high percentages of terrigenous
macerals occur in marl samples below the CIE (e.g., D60;
Fig. 4e). In contrast, terrigenous macerals occur in neg-
ligible amounts in most samples from the Toarcian CIE

@ Springer

(Fig. 4). Primary vitrinite is rare in comparison with recy-
cled vitrinite. Pyrite (mostly framboidal; e.g., Fig. 4f) is
abundant in all samples, but rare in low-TOC samples
below the CIE (D60, D62, D65) and in the uppermost
sample (D128). Fish remains are abundant in some sam-
ples (e.g., D118). Vitrinite reflectance measurement gave
values of 0.41 and 0.55%Rr for samples D127 and D115,
respectively.
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Fig.4 Maceral composition

of Dormettingen samples with
micro-photomicrographs of
selected samples (left: white
light; right: fluorescence mode)
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Molecular composition of hydrocarbons

GC-FID and GC-MS traces of representative samples are
presented in Figs. 5 and 6. Concentrations and ratios of
selected organic compounds are listed in Table 3 and are
plotted versus stratigraphic height in Fig. 7.

n-Alkanes and isoprenoids

n-Alkanes are abundant in all samples and show broad
chain length distributions (n-C5_s5) (Fig. 5). Short-chain
n-alkanes are always dominating (n-C,5_,4/ Y n-alkanes:
0.34-0.50) over mid- (n-C,,_,s/Y.n-alkanes: 0.19-0.28)
and long-chain n-alkanes (n-C,,_5,/) n-alkanes:

Macerals (%)

rec. vitrinite
+ inertinite
Ve

Toarcian

Vitrinite

100 e

r

4 Tasmanales
Sporinite?
S

¥~ Telalginite.

Iamalglnlte\

Telalginite

“Tasmanales' "%

0.08-0.16) (Fig. 7a). Three low-TOC samples below the
Toarcian CIE (D60, D62, D65) show relative high con-
centrations of mid- and long-chain n-alkanes. The carbon
preference index (CPI; according to Bray and Evans 1961)
is close to 1 (0.95-1.13) in all samples except for the three
low-TOC samples mentioned above (1.39-1.52) (Figs. 5,
7b).

The pristane/phytane (Pr/Ph) ratio (e.g., Didyk et al.
1978) decreases upwards in the lower part of the section
(11.3-8.2 m) from 2.6 to 1.8 and reaches a minimum value
in the upper part of the exaratum Subzone (D100). Between
samples D100 (exaratum Subzone) and D106 elegans Sub-
zone), Pr/Ph ratios increase again and are fairly constant
(1.7-1.9) in the upper part of the section (Fig. 7c).
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Below the Toarcian CIE, the ratio of pristane and phy-  falciferum Zone (Fig. 7d). An increase is observed above
tane versus n-C; and n-C g (e.g., Frimmel et al. 2004)  the Inoceramenbank between samples D118 and D120.
decreases upwards and shows an opposite trend to the Pr/  The uppermost part of the section is characterized by a
Ph ratio in the Toarcian CIE and the remaining part of the  constant decrease.
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Fig.6 Mass  chromatogram  representations  of  hopanes (29aB)—3p(CH;),17a(H),21p(H)-30-norhopane, 2Me 3lapf S—
and methylhopanes of samples from different strati- (22S)-2a(CH;3),17a(H),21p(H)-29-homohopane, 2Me 3lap
graphic positions within the Dormettingen section. 2Me- R—(22R)-20(CH;),17a(H),21B(H)-29-homohopane, 3Me

30-norhop—(29fa)-2a(CH;),17p(H),21a(H)-30-norhopane,

29ap—2a(CH;),17a(H),21p(H)-hopane,

Steroids

3Me-30-norhop

Sterane concentrations range from 4 to 96 mg/g EOM
(extractable organic matter). C,; steranes dominate in all

30ap—3p(CH;),17a(H),21(H)-30-hopane.

samples closely followed by C,4 steranes (Fig. 5; Table 3).
C,q steranes are typically less abundant, but relatively high
concentrations are observed in samples D109a to D115
within the falciferum Subzone (Fig. 7e). The C,, sterane
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Fig.7 Concentrations and ratios of selected organic compounds at
Dormettingen. The position of the negative carbon isotope excursion
(CIE) is shown after Galasso et al. (2021). Alkane distribution: short-
chain: n-C,5_o/Zn-alkanes; mid-chain: n-C,,,s/Zn-alkanes; long-

20S/(20S +20R) ratio and C,, sterane afp/(app + aacr) ratio
are maturity parameters (Seifert and Moldowan 1986) and
range from 0.19 to 0.29 (avg. 0.23) and from 0.28 to 0.38
(avg. 0.32), respectively. Both ratios show a subtle upward
decrease (Table 3).

C,, diasteranes are present in all samples in lower
amounts than their C,; regular sterane counterparts (Fig. 5).
The C,; diasterane/C,; regular sterane ratio varies between
0.11 and 0.63 and is especially high in samples below the
CIE (Fig. 71).

4-Methylsteranes (C,g: 4a-methyl-5a-cholestane; C,q:
4a,24-dimethyl-5a-cholestane; Cs,: 4a-methyl-24-ethyl-
Sa-cholestane) and dinosterane (4a,23S,24R-trimethyl-5a-
cholestane) have been detected in many samples (Fig. 8).

chain: n-C,; 5;/Zn-alkanes; CPI: Carbon Preference Index (Bray and
Evans 1961), sterane distribution: C,;/Cy;.,9 steranes, C,g/Cy7.59 ster-
anes, C,/C,; 59 steranes; DBT: dibenzothiophene

The highest concentrations occur in the CIE interval
(Table 3; Fig. 7g, h).

Hopanoids and related compounds

The dominant non-aromatic cyclic triterpenoids are hopanes
(3-30 mg/g EOM) (Fig. 6; Table 3). The sterane/hopane
ratio shows an upward increase with a maximum in sample
D120 followed by a decrease (Fig. 71). Concentrations of Cs;
to Cs5 17a,21(H)-homohopanes decrease with increasing
carbon number (Fig. 6). 22S/(22S +22R) isomer ratios of off
C;, hopane range from 0.57 to 0.61 (Table 3). The moretane/
hopane ratio ranges from 0.19 to 0.29 and is relatively low
(£0.21) within the CIE (Fig. 7j).
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Fig.8 4-methylsterane distribu-
tions of four samples. Data were 38655231 m/ 2 4
acquired by GC-MSMS. Iden-
tification of 4o-methylsteranes, 3
4f-methylsteranes is based

D124 ! D111

386>>231 m/z

on Goodwin et al. (1988) and ,g .g
Schouten et al. (2000) =1 =
1] Q 5
S <
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k%) k7]
C = i
) L
£ £ 8
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66 74 66 68 70 72 74
z 386>>231 miz 4
386>>231 m/z D98 32 D65
2
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3 = 400>>231miz
— 1 = LM } .
2 Q
c L
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(®) D 8 11
5 = 414>>231miz_ T8 |
= 400>>231 miz s
=
S 1 - 12
Qo 414>>98 m/z s
i= , , ‘ :
5 66 68 70 72 74
414>>231m/z Time (min)
1 1: 4a-methyl-53-cholestane
9 s 2: 4a-methyl (20S)-5a,14B,173(H)-cholestane
414>>98 m/z 19 3: 4u-methyl (20R)-5¢,14p,17p(H)-cholestane
66 68 70 72 74 4 4o-methyl-50-cholestane

Time (min

9: 4a,238S,24S-trimethyl-5a-cholestane

) 5: 4a,24-dimethyl-5p-cholestane
6: 40,24-dimethyl-5a-cholestane

10: 4¢,23S,24R-trimethyl-5a.-cholestane 7: 4a-methyl-24-ethyl-53-cholestane
12: 40,23R,24R-trimethyl-5a-cholestane 8: 4ou-methyl-24-ethyl-5a-cholestane
13: 40,23R,24S-trimethyl-5a-cholestane 11: 4p3-methyl-24-ethyl-5a-cholestane

The C;5 homohopane index (HHI = C;5/(C5,—-C;s)
homohopanes; Peters and Moldowan 2001) is below 0.02
for low-TOC samples below the CIE and 0.3 to 0.5 for
the rest of the samples without a specific depth trend
(Table 3).

Methylhopanes occur in significant amounts in the stud-
ied samples and have been identified following Farrimond
et al. (2004) and Pancost et al. (1998) (Figs. 7, 9). A minor
overlap with regular hopanes occurs for some methylho-
panes. Hence, a slight overestimation of the methylhopane
concentrations cannot be excluded (Fig. 9, see also Farri-
mond et al. 2004). The 2a-methylhopane index (2a-MHI;
2a-methylhopane/[2a-methylhopane + hopanes]) and the
3p-methylhopane index (38-MHI; 3p-methylhopane/
[3B-methylhopane + hopanes]) have been calculated accord-
ing to Summons et al. (1999) and Jiao et al. (2008). The
20-MHI shows two maxima in the Toarcian CIE, while the
3p3-MHI is slightly elevated below the CIE, but overall rela-
tively constant (Fig. 7k).

@ Springer

The Ts/(Ts + Tm) ratio varies between 0.15 and 0.37
(Fig. 71). The gammacerane index (gammacerane/(gammac-
erane + C;, hopane) (Sinninghe Damsté et al. 1995) ranges
from 0.1 to 0.2 and increases upwards (Fig. 7m).

Apart from hopanes, tricyclic terpanes (TT) also occur
with significant concentrations (0.77-14.02 pg/g EOM;
Fig. 6). Cg to C,9 TTs are present, but C,; TT is absent
The dominant TT is C,; TT as reflected by low C,¢/C,3 TT
(0.01-0.26) and C,,/C,; TT ratios (0.15-0.44) (Table 3).
Depth plot shows that low-TOC samples below the CIE
(D60, D62, D65) are characterized by relatively high C,o/
C,; TT and C,/C,; TT ratios (Fig. 7n).

Aromatic hydrocarbons

The Posidonia Shale contains benzenes, napthalenes,
phenanthrenes, dibenzothiophenes, and their alkylated
equivalents in the aromatic fraction. Alkylphenanthrenes
are present and include methylphenanthrene (MP), and
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Fig.9 Mass chromatograms of m/Zz 191 and 205 show-
ing hopane and methylhopane distribution of sample D109a.
Methylhopane peak identification of 2Me and 3Me is based
on Farrimond et al. (2004) and Pancost et al. (1998). 2Me-
30-norhop—(29fa)-2a(CH;),17p(H),21a(H)-30-norhopane,
29ap—2a(CH;),17a(H),21p(H)-hopane, 3Me-30-norhop
(29ap)—3p(CH;),170(H),21p(H)-30-norhopane, 2Me 3laff S—
(225)-20(CHj3),17a(H),21B(H)-29-homohopane, 2Me 3lap
R—(22R)-2a(CH3),170(H),21B(H)-29-homohopane, 3Me
30ap—3P(CH;),17a(H),21B(H)-30-hopane

dimethylphenanthrene (DMP). The methylphenanthrene
index (MPI-1; Radke et al. 1986; Radke 1988) ranges from
0.17 to 0.68, but could not be determined for all samples.
Concentrations of methyldibenzothiophene range from
10.5 to 15.0 pg/g EOM (avg. 12.9). The methyldibenzo-
thiophene ratio (MDR; Radke et al. 1986) varies between
0.26 and 0.38. Dibenzothiophene (DBT) and phenanthrene
(Phen) contents are also high with DBT/Phen ratios (Hughes
et al. 1995; Fig. 7p) ranging from 0.22 to 1.01 (avg. 0.70;
Table 3). Methyl-n-alkylbenzenes (e.g., Zhang et al., 2014)
are present in considerable amounts in the aromatic fraction
(2.1-56.5 pg/g EOM; avg. 31.2; Table 3) and reach maxi-
mum concentrations within the CIE (8.2 m; D100; Fig. 10).
C,; to C,, aryl isoprenoids are observed in significant
amounts in most samples. The maximum peaks are formed
by C,g and C,4 aryl isoprenoid (Fig. 10). Concentrations of

Methyl-alkylbenzenes
(m/z:105+106)

Aryl Isoprenoids
(m/z: 133+134)
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Fig. 10 Mass chromatogram representation of aryl isoprenoids and
methyl-n-alkylbenzenes. Carbon number over the peaks refers total
carbon in alkylbenzenes

aryl isoprenoids increase upwards in the lower part of the
CIE and reach a maximum (210 pg/g EOM) in sample D100
(Fig. 7q). Above sample D100, aryl isoprenoid concentra-
tions are lower and decrease gradually towards the top of
the section. The ratio between C,;_;; and C,g ,, aryl isopre-
noids (aryl isoprenoid ratios (AIR) following Schwark and
Frimmel 2004) are typically low and exceed 1 only in the
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Tafelfleins (D57) and the Seegrasschiefer (D60a) below the
CIE (Fig. 11). However, AIR could not be determined reli-
ably for samples D60 to D65. In contrast to aryl isoprenoids,
isorenieratane was not detected.

Stable carbon isotope composition of organic
matter

Compound-specific carbon isotope ratios have been deter-
mined for n-alkanes with chain length ranging from C,; to
C,y as well as for norpristane, pristane and phytane. Strati-
graphic variations of 8'*C values of individual compounds
are presented in Fig. 12. It is obvious that the negative CIE
is visible in all compounds. The strongest negative isotope
shift is observed for n-C,,. Reliable 8'*C values for 1n-C,g
and n-C,q could be obtained only for a few samples. How-
ever, these data show a similar strong shift. In contrast, the
shift is less prominent for n-alkanes in the range of n-C;; to
n-C,s. Pristane and phytane display similar trends. With the
exception of sample D62, carbon in phytane is isotopically
slightly heavier than that in pristane. The most negative 8'*C
value for pristane and phytane is recorded for sample D93,
near the base of the CIE (9.7 m), whereas the most negative
8'3C values for n-alkanes (and Cor; Galasso et al. 2021) are
found in its middle part (samples D96 and D98).

§250
o persistent PZA episodic
w < D100
2,200
S
< 150 b
'é ¢ Below CIE
< CIE
e & & Above CIE
@ ‘><>
2 D #®
2 50 QR
> & * ¢
< 0 ' D57 D60a
0 0.5 i 15 2 2.5 3
Aryl Isoprenoid Ratio (AIR = (C,.-C,,)/(C,,-C,,))
2.8 5
2.6 .% D57 ¢
©24)R
c 19)
.S - T D60a P'S
g 2.
T 2
3 @ @ Below CIE
)
€181 o ® ¢ CIE
©
2 164 l o @ Above CIE
E o <><><>
1.44 § o
1215 < D100
1 = persistent PZA episodic
00 05 1 15 2 25 3

Aryl Isoprenoid Ratio (AIR = (C,,-C,,)/(C,-C,,))

Fig. 11 Redox conditions (photic zone anoxia) represented by aryl
isoprenoid versus aryl isoprenoid ratio (C,;_,,/C g3_5,) and pris-
tane/phytane ratio versus aryl isoprenoid ratio (C3_;;/Cg_5,) (after
Schwark and Frimmel 2004)
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Figure 13 shows plots of 8!°C values versus chain length
of n-alkanes. Apart from the differences in absolute values
(lower values compared to 613C0rg), samples from different
depth intervals show different isotope patterns:

e Samples below the CIE (11.3-10.4 m) are character-
ized by a trend towards less negative 8'°C values with
increasing chain length. This trend is observed both, in
organic-lean sediments and in organic-rich Tafelfleins
and Seegrasschiefer samples. 8'°C values of isoprenoids
are similar to those of long-chain n-alkanes or even more
negative.

e Samples within the CIE (10.1-7.8 m) show very negative
8!3C values, which decrease with increasing chain length.
Only the lowermost (D67) and uppermost sample (D104)
show more or less constant §'°C values. §'°C values of
isoprenoids are typically heavier than n-alkanes in this
interval.

e Samples above the CIE show either a negative trend
(10.1-7.8 m; 2.6-0.8 m) or rather constant values (5.5—
3.4 m) whereby n-C,, often shows the most negative 5'°C
value. Isotope ratios of isoprenoids in these intervals are
rather uniform and less negative than n-alkanes.

Discussion
Thermal maturity

Vitrinite reflectance (0.40-0.54%Rr), T,,,, (avg. 427 °C),
and the low isomerization ratio of C,, steranes (avg. 0.23)
suggest that the Dormettingen section is thermally imma-
ture. In contrast, early oil window maturity is suggested by
the afp/(afff + awaxer) ratios of C,g steranes (avg. 0.32) and the
C;, hopane isomerisation values, which are at equilibrium
(avg. 0.6).

Maturity variations cannot be expected within the thin
(~ 12 m) stratigraphic interval. All depth trends of maturity
parameters [e.g., upward increase in T,,,,; slight upward
decrease of sterane isomerisation ratios; low moretane/
hopane ratios in the CIE (Fig. 7j); low Ts/(Ts +Tm) below
the CIE (Figs. 71, 14)] reflect facies variations (see also
Moldowan et al. 1986, 1994). Similar thermal maturity val-
ues were determined for the neighboring Dotternhausen sec-
tion (Schmid-Rohl 1999; Frimmel et al. 2004).

Depositional environment

In the following, geochemical proxies are used to reconstruct
the depositional environment of the Dormettingen section
considering the wealth of information provided by previ-
ous studies (van Acken et al. 2019; Galasso et al. 2021),
including those on the Dotternhausen section (e.g., Rohl
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Fig. 12 Depth plot representation of variation in 8'*C of n-alkanes, pristane and phytane. Vertical variation of bulk carbon isotope values

(513C0rg) is shown for comparison after Galasso et al. (2021)

et al. 2001; Schmid-Rohl et al. 2002; Frimmel et al. 2004;
Schwark and Frimmel 2004; Rohl and Schmid-Rohl 2005;
van den Schootbrugge et al. 2005; Bour et al. 2007; Wang
et al. 2020, 2021).

Before discussing the depositional environment of indi-
vidual units, geochemical parameters based on pristane and
phytane will be examined. The Pr/Ph ratio, a widely used
redox proxy (e.g., Didyk et al. 1978), is unusually high in
the Posidonia Shale of the SWGB (e.g., Schouten et al. 2000;
Frimmel et al. 2004). Nevertheless, Frimmel et al. (2004)
found a clear relationship between Pr/Ph and (Pr+ Ph)/(n-
C,;+n-Cg) ratios with various paleoecological redox indi-
cators. They showed that strictly anoxic conditions are asso-
ciated with Pr/Ph ratios < 1.6 and (Pr+Ph)/(n-C;+n-C )
ratios > 1.75. Environments with very short (weeks, month)
and short (month, years) oxygen supply to the sediment
surface are related to Pr/Ph ratios of about 1.7 and 1.75,
respectively. The corresponding values for the (Pr+ Ph)/(n-
C,7+n-Cyg) ratios are ~ 1.6 and ~ 1.3. The unusual high Pr/
Ph ratios were attributed to an additional input of pristane
from tocopherols or chromans (Frimmel et al. 2004). Since
tocopherols are formed by the same biochemical pathway as
chlorophyll, tocopherol-derived pristane has the same §'°C
as the phytol side chain (Hughes et al. 1995; Peters et al.
2005). This also applies to the chromans (Grice et al. 1998;

Zhang et al. 2012). Thus, it is not surprising that (with the
exception of samples below the Toarcian CIE) §'3C
and §"°C

pristane

phytane SHOW an excellent correlation (Fig. 15).

Pre-CIE (12.0-10.2m)

The tenuicostatum Zone is dominated by light-grey marls
(Blaugraue Mergel; Aschgraue Mergel) with low-TOC con-
tents (< 0.9 wt.%; Fig. 3). An oxygenated environment is
indicated by bioturbation and the presence of a relatively
diverse benthic macrofauna (Schmid-Rohl et al. 2002;
Frimmel et al. 2004; Schwark and Frimmel 2004; Rohl
and Schmid-Ro6hl 2005; van Acken et al. 2019). HI values
(53-162 mgHC/gTOC) reflect the poor preservation con-
ditions and/or suggest a high contribution of terrigenous
organic matter. Indeed, a significant contribution of ter-
rigenous phytoclasts (up to 65%) is characteristic for this
interval (palynofacies A of Galasso et al. 2021). A high
amount of terrigenous organic matter is also indicated by
maceral analysis and geochemical proxies. The latter include
elevated amounts of long-chain n-alkanes, high CPI values
(Bray and Evans 1961), and high ratios of C,¢/C,; and C,y/
C,; tricyclic terpanes (Noble et al. 1986; Peters et al. 2005;
French et al. 2014; Fig. 7a, b, n). HI values of the light-grey
marls increase upwards (Fig. 3). Since the ratio of aquatic
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Fig. 13 Carbon isotope composition of individual n-alkanes and isoprenoids for samples from different stratigraphic intervals in the Dormettin-

gen section

to terrigenous phytoclasts does not vary in a systematic
way (Galasso et al. 2021), the observed HI values probably
reflect a trend towards better preservation conditions. In
addition, the upward decreasing Pr/Ph ratios (Fig. 7c) sup-
port a general trend towards less oxic conditions. Oxic to
suboxic conditions are also reflected by very low values of
the C;5 homohopane index (C;5 HHI <0.02) (Table 3).

@ Springer

High TOC contents (3.6-11.1 wt.%) in the fenuicostatum
Zone below the CIE are restricted to distinct black shale
layers (Tafelfleins, Seegrasschiefer) (Fig. 3). HI values rang-
ing from 459 to 614 mgHC/gTOC in these beds reflect a
high amount of amorphous aquatic organic matter in these
layers (Galasso et al. 2021). Strongly anoxic conditions are
suggested by the presence of low concentrations of aryl
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isoprenoids, high (Pr+Ph)/(n-C;+n-C,y) ratios (Fig. 7)
and C;5 HHI values (~0.04; Table 3), which are similar to
those in the strongly anoxic CIE. However, various degrees
of bioturbation described by van Acken et al. (2019), show
that the redox proxies have to be interpreted with caution.
Nevertheless, Pr/Ph ratios pretending dysoxic to oxic con-
ditions (Didyk et al. 1978) are surprisingly high (2.2-2.7;
see also Schouten et al. 2000; Frimmel et al. 2004). Frim-
mel et al. (2004) suggested that high Pr/Ph ratios reflect
additional input of terrigenous pristane and/or secondary

oxidation. However, both explanations appear unsatisfactory
because neither an increased input of terrigenous phytoclasts
(Galasso et al. 2021) nor secondary oxidation phenomena
on pyrite can be observed. Very low steranes/hopanes ratios
may reflect input of heterotrophic bacterial biomass involved
in the degradation of algae (Peters et al. 2005).

Toarcian CIE (10.2-7.4m)

The presence of black shales with a distinct lamination and
the widespread absence of benthic organisms is evidence
for strongly oxygen-depleted conditions in the Toarcian CIE
interval (Rohl and Schmid-Ro6hl 2005). Consequently, TOC
contents increase sharply to values higher than 10 wt.% at
the base of the Toarcian CIE (D67, Fleins). TOC contents
remain high during the CIE and are low only in a limestone
layer (“Unterer Stein”). Below and above the limestone
layer, the average HI is 657 mgHC/gTOC reflecting very
high amounts of aquatic organic matter as documented by
macerals analysis (Fig. 4), palynofacies (palynofacies B of
Galasso et al. 2021), and reduced ratios of C;¢/Cy3 and C,y/
C,; tricyclic terpanes.

Marine aquatic macerals include telalginite and lamalg-
inite (Fig. 4c). Tasmanales alginite is present in all samples,
but is especially abundant in sample D67 from the upper-
most tenuicostatum Zone. Terrigenous macerals including
vitrinite (Fig. 4c), recycled vitrinite, and inertinite are very
rare. Fish remains (Fig. 4g) are especially abundant in sam-
ples from the exaratum Subzone of the falciferum Zone.

Pr/Ph ratios decrease gradually from 1.73 to 1.18 between
10.1 m (D67) and 8.2 m (D100) and increase to a value of
1.68 at 7.3 m (D104). The (Pr+ Ph)/(n-C,;+ n-C,y) ratio
shows the opposite trend. Following Frimmel et al. (2004),
these data suggest strictly anoxic conditions with only very
short intervals with oxygen availability at the sea floor dur-
ing the uppermost tenuicostatum Zone (D67).

High concentrations of aryl isoprenoids, markers for
photosynthetic sulfide-oxidizing bacteria (Summons and
Powell 1987), suggest photic zone anoxia, which were pre-
viously postulated for the Dotternhausen section (Schouten
et al. 2000; Frimmel et al. 2004; Schwark and Frimmel
2004). At Dotternhausen (Schwark and Frimmel 2004) and
at Dormettingen, the highest degree of oxygen depletion is
reached in the upper part of the negative CIE, during and
after deposition of the “Unterer Stein” (Fig. 7). This level
is also characterized by maxima in gammacerane index
and DBT/Phen ratios supporting that oxygen depletion
was linked to salinity stratification (see also Schouten et al.
2000) probably due to strong basin restriction and increased
run-off (e.g., Rohl et al. 2001; Schwark and Frimmel 2004;
McArthur et al. 2008). Remarkably, the most severe photic
zone anoxia occurs just at the onset of the carbon isotope
recovery phase (C3 after Suan et al. 2008). The abundance
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of methyl-alkylbenzenes is highest in samples showing
the negative CIE and co-varies with the concentrations
of aryl isoprenoids (Fig. 7), suggesting the formation of
both compound groups through degradation of carotenoids
(e.g., isorenieratene). However, in difference to Schouten
et al. (2000), the presence of the isoprenoid chain could not
be detected in the present study. Sinninghe-Damsté et al.
(1993) and Chairi et al. (2020) reported increased contents
of alkylbenzenes in sediments deposited during periods of
enhanced salinity. Therefore, the formation of the methyl-
alkylbenzenes, found in elevated abundances in the Toar-
cian CIE samples, is considered to have been accelerated in
response to salinity stratification and water column anoxia.
Beside degradation of carotenoids, direct cyclization and
aromatization of the straight chain fatty acids are suggested
as responsible mechanism (Derenne et al. 1990; Chairi et al.
2020).

Concentrations of 4-methylsteranes including dinoster-
ane, which is generally ascribed to dinoflagellates (Withers
1987; Moldowan and Talyzina 1998; Volkman et al. 1990),
are high (Fig. 7f). Galasso et al. (2021) showed that anoxic
conditions resulted in a complete disappearance of dinoflag-
ellates cysts in palynofacies B. This apparent discrepancy,
which was also observed by Schouten et al. (2000), sug-
gests the presence of specific non-cyst forming dinoflagellate
species. Palynological evidence shows that dinoflagellates
cysts were replaced by green algae (prasinophytes) with a
high tolerance to fresh-water input and periodic photic zone
anoxia and by Spheropollenites (Prauss et al. 1991; Galasso
et al. 2021).

The sterane/hopane ratio increases within the CIE as algal
biomass is better preserved. However, the sterane/hopane
ratio is locally decreased in sample D100 (Fig. 7i). This
is mainly attributed to high hopane concentrations, which
reflect strong bacterial activity (e.g., Fonseca et al. 2021).

The 2a-methylhopane index (2-MHI) and the
3B-methylhopane index (3-MHI) have been introduced as
proxies for specific bacteria. 2-MHI was used as a marker
for cyanobacteria by Summons et al. (1999), but Rashby
et al. (2007) added additional sources. 3-MHI was used as a
marker for methanotrophs and acetic acid bacteria (Zundel
and Rohmer 1985; Talbot et al. 2003; Farrimond et al. 2004).
Similar to a section in the Cleveland Basin (French et al.
2014), the vertical variation of the 3-MHI is minor. How-
ever, a distinct increase of 2-MHI within the Toarcian CIE
with a maximum in sample D100 above the Unterer Stein
limestone marker bed (Fig. 7k) indicates enhanced activ-
ity of diazotrophic cyanobacteria at Dormettingen. Activ-
ity of diazotrophic cyanobacteria during the Toarcian CIE
is also indicated by 8'°N values near 0 recently reported
from the Dotternhausen section (Wang et al. 2021) and the
Rietheim section, about 90 km south of Dotternhausen/Dor-
mettingen (Montero-Serrano et al. 2015). This is in contrast
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to locations in England, Wales, and Italy, where positive
nitrogen isotope excursions suggest denitrification of anoxic
bottom waters (Jenkyns et al. 2001).

Post-CIE

TOC contents remain high above the CIE and vary between
4.0 and 10.4 wt.% (Fig. 3). HI values are partly very high
and values between 700 and 730 mgHC/gTOC are observed
near the base of this interval and near the top of the fal-
ciferum Zone. Slightly lower HI values (640—-680 mgHC/
gTOC) occur between 7.0 and 5.2 m. This interval (below
and above the “Oberer Stein” limestone bed) coincides with
a few thin bioturbated layers and a moderately diverse ben-
thic fauna (van Acken et al. 2019). Hence, the slightly lower
HI values might be related to increased oxygen availabil-
ity. Relatively low HI values near the top of the succession
(D128, D129) might be due to weathering.

Vertical trends of Pr/Ph (1.7-1.9; Fig. 7c) and (Pr+ Ph)/
(n-C,;+n-C,) ratios (1.6-1.0; Fig. 7d) and the concentra-
tions of aryl isoprenoids (89-44 ug/g EOM) (Fig. 7q) indi-
cate that the oxygen availability increased gradually after
the CIE till deposition of the lowermost part of the bifrons
Zone (sample D118 at 4.0 m). Sample D120 (3.4 m) marks
areturn to strongly oxygen-depleted conditions (Pr/Ph: 1.7,
(Pr+Ph)/(n-C;;+n-Cg): 1.6; aryl isoprenoids: 89 ug/g
EOM). Above this level, oxygen concentrations increased
again. Overall, the biomarker ratios suggest anoxic to tem-
porarily oxic conditions. The proposed redox trend fits well
with the occurrence of benthic fossils around the Inocera-
menbank (falciferum/bifrons boundary) and in the upper part
of the commune Subzone (Rohl et al. 2001). Interestingly,
the redox trend is not reflected in the C;5 HHI (Table 3) and
the DBT/Phen ratio (Fig. 70), which suggests fairly constant
availability of free H,S in the depositional/diagenetic envi-
ronment (Hughes et al. 1995).

The increase in oxygen availability following the CIE
allowed the recovery of dinoflagellate cysts, although with
low numbers and diversity (palynofacies C of Galasso et al.
2021). The return of dinoflagellate cysts has been attributed
to a reconnection of the German Basin to the open ocean,
low numbers and diversity might be indicative of persistent
adverse environment, probably due to low levels of water
column mixing (Galasso et al. 2021). The latter is supported
by a moderately high gammacerane index in post-CIE sedi-
ments (0.10-0.20; Fig. 7m), which suggests that the water
column remained at least temporarily stratified. Despite
the re-appearance of dinoflagellate cysts, concentrations
of dinosteranes (and other 4-methylsteranes) are low sup-
porting the observation that dinosteranes are probably not
derived from the cyst-forming dinoflagellates.

Probably, the change in redox conditions in the lowermost
bifrons Zone also influenced TOC and S contents, which
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increase in the same depth interval (4.0 to 3.7 m) from 5.2
to 9.8% and from 1.7 to 3.6%), respectively (Fig. 3). The
sterane/hopane ratio is also raised at 3.4 m depth (Fig. 7i),
suggesting the high productivity of eukaryotic organisms or
enhanced degradation of algal organic matter.

Diasterane/sterane ratios are higher in post-CIE sedi-
ments (0.17-0.27) than in sediments deposited during the
CIE (0.11-0.18; Fig. 7f). As carbonate contents are even
lower in the CIE, higher diasterane/sterane ratios probably
result from the less strictly anoxic conditions during deposi-
tion of post-CIE sediments (Fig. 14; Moldowan et al. 1994)
rather than the clay catalytic effect (van Kaam-Peters et al.
1998).

Compound-specific carbon isotope data

Compound-specific isotope data were measured for short-
chain (n-C,; to n-C,y), mid-chain (n-C,; to n-C,s), and
long-chain n-alkanes (n-C,; to n-C,g). Short- and long-chain
n-alkanes are typically attributed to marine and terrigenous
organic matter, respectively (e.g., French et al. 2014). Espe-
cially interesting are isotope data for pristane and phytane,
which are considered representative of marine photoauto-
trophic biomass (e.g., Schouten et al. 2000).

In this section, stratigraphic variations of compound-
specific isotope data are investigated and discussed in rela-
tion to changes in the depositional environment. Thereafter,
the compound-specific isotope record is compared to that
of coeval sections in the Central European Epicontinental
Basin System.

Stratigraphic variations of compound-specific isotope
patterns

pre-CIE 8'3C values of n-alkanes in five samples from the
tenuicostatum Zone range from — 28 to —33%o. (Table 4)
and are characterized by an increase in 8'3C values with
increasing chain length (“positive pattern”; Fig. 13). Thus,
8'3C values of long-chain n-alkanes are less negative than
in any other sample. A high CPI, especially in low-TOC
samples from the tenuicostatum Zone (D60, D62, D95),
suggests that the long-chain n-alkanes are derived mainly
from terrigenous organic matter. Therefore, it is reasonable
to assume that the positive isotope pattern caused by rela-
tively high 8!°C values of long-chain n-alkanes reflects ter-
rigenous input.

8'3C values of pristane and phytane range typically from
—29 to —32%o (Fig. 15). Only the 8'°C values of sample
D57 (Tafelfleins) are characterized by &'3C values, which
are more negative than n-alkanes in the same sample and
more negative than pristane and phytane in any sample out-
side the Toarcian CIE. Similar values have been determined
by Schouten et al. (2000) for their sample T6, located at

the same stratigraphic level in the Dotternhausen section.
This indicates that pristane and phytane are derived from
aquatic organisms using very light, probably recycled carbon
sources.

Toarcian CIE The lowermost sample (D67; Fleins) rep-
resents the uppermost tenuicostatum Zone and the transi-
tion from palynofacies A to B (Galasso et al. 2021). §'*C
values of n-alkanes in this sample (—33 to —34%o) are
rather uniform. Relatively high 8'*C values of pristane and
phytane (—31 to —32%o), which are in the order of those
from the underlying rocks are another peculiarity of sample
D67. The overlying samples from the main part of the Toar-
cian CIE (D93 to D101; lower falciferum Zone) represent
palynofacies B. Their n-alkanes are isotopically light (—33
to —37%o; Figs. 12, 13) and 813C values decrease signifi-
cantly with increasing chain length (negative trend; Fig. 13).
Isoprenoids of these samples are also isotopically light (—31
to —36%o), but 8'3C values in some of these samples are dis-
tinctly less negative than those from n-alkanes (Figs. 12, 13).

The uppermost sample (D104; middle falciferum Zone)
has been attributed by Galasso et al. (2021) to palynofacies
C, but still contains very little terrigenous organic matter. It
includes n-alkanes with a similar distribution of §'*C values
like sample D67, but 8'°C values of isoprenoids are less
negative (Fig. 13).

Stratigraphic trends of 8'>C values of n-alkanes and iso-
prenoids (pristane, phytane) across the CIE show remark-
able differences (Fig. 12). Short- and mid-chain n-alkanes
show comparable trends within minimum 8'°C values in
sample D96 (9.1 m). The record for long-chain n-alkanes is
incomplete because of their low abundance in the CIE, but
813C values of n-C,; reach minima (-36.7%o) in samples
D96 and D98 (8.7 m) producing an overall symmetric depth
trend across the CIE. In contrast, '°C values from pristane
and phytane show a clear asymmetric trend. 8'>C values in
sample D67 (Fleins) are still relatively high and similar to
that of pre-CIE sediments. The minimum values are reached
already at a depth of 9.7 m in sample D93 (Pr: —35.7%o; Ph:
—34.7%o0). Following the subdivision of the CIE by Suan
et al. (2008), this sample coincides with the end of phase C1.
Above this level, §'°C values increase slowly during phase
C2 (sample D100; 8.2 m; Pr: 34.4%o0; Ph 33.2%o0) and more
rapidly during phase C3 (sample D104; 7.3 m; Pr: —30.9%o;
Ph: —29.6%o).

The data show that there is an obvious time lag (~450 kyr
according to the calibration of Suan et al. 2008) between the
minimum of §"*C, in the photic zone as reflected by the
8"°Cigoprenoia Minimum and the maximum of oxygen deple-
tion, related to the shallowest position of the chemocline,
represented by sample D100 (Fig. 7). This suggests that
there might be an external source for isotopically light CO,
(e.g., dissociation of methane hydrate; e.g., Hesselbo et al.
2000a, b; Kemp et al. 2005). Apart from that, recycling of
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isotopically light carbon from deeper levels of the stratified
water body (“Kiispert model”; e.g., Kiispert 1982; Jenkyns
1985; van de Schootbrugge et al. 2005) certainly also con-
tributed to the light isotopy, especially during the time of
maximum oxygen-restriction.

The amplitude of the CIE varies significantly for differ-
ent compounds (Fig. 12). It is about 4.5%o for short-chain
n-alkanes, about 5—-6%o for mid-chain n-alkanes, and up to
9%o for n-C,,. Pristane and phytane show a negative shift
of ~5%o. A slightly higher shift (~6%o) is found for bulk
organic carbon. As discussed in a following section, the very
high negative shift for n-C,,; may be related to the combined
effect of atmospheric CO, levels and climatic factors (e.g.,
Lomax et al. 2019; Ruebsam et al. 2020) or to the described
change from terrestrial (pre-CIE) to marine organic matter
input (CIE; see also Suan et al. 2015). These mechanisms
are probably not valid for short-chain n-alkanes, pristane,
and phytane. Therefore, an amplitude of 4.5 to 5.0%0 seems
realistic for the Toarcian CIE at Dormettingen. This value is
slightly higher than the one proposed by Suan et al. (2015)
for Dotternhausen, based on correlations between HI and
813C values (3—4%o).

Post-CIE Sediments deposited after the Toarcian CIE
contain n-alkanes with '°C values between — 31 and 34%e.
These values either remain constant with increasing chain
length (e.g., D106, D120) or decrease slightly (e.g., D109a).
8!13C values of isoprenoids are less negative (— 28 to —32%o;
Fig. 13).

n-Alkanes with varying chain lengths exhibit similar
vertical trends (Fig. 12). 813C values reach a maximum in
sample D106 (6.9 m) near the top of the CIE and decrease
upwards to sample D127 (1.9 m). The uppermost sample
(D128, 0.8 m) has less negative values than the underlying
sample D127. A shift towards less negative 8'°C values in
mid- and long-chain n-alkanes is observed between samples
D115 (4.9 m) and D118 (4.0 m), which coincides with the
boundary between palynofacies C and D according to Gal-
asso et al. (2021). Therefore, the isotope record may reflect
slightly enhanced input of terrigenous organic matter.

Pristane and phytane show a different trend. Their §'3C
maximum is observed at 6.2 m (sample D109) and there
is a remarkably uniform decrease in 8'°C values to sample
D125 at 2.5 m (Fig. 12). Apart from the change of palyno-
facies C to D, additional environmental changes occurred
during deposition of the post-CIE sediments. These include
the decrease in oxygen availability between samples D118
and D120 (4.0-3.4 m). Moreover, Mattioli et al. (2009)
showed a strong increase in nannofossil flux within the lower
part of the falciferum Subzone in the Dotternhausen sec-
tion. At Dormettingen, this position corresponds to a depth
of ~5.9 m (sample D110). Apparently, none of these events
had a significant effect on isotope ratios of pristane and
phytane (Fig. 12). There is an excellent agreement between

the isotope data of isoprenoids measured by Schouten et al.
(2000) and the new data. However, data from a sample,
which falls into the gap between sample D127 and D128
(their sample T45) is isotopically lighter than these samples.
This may indicate that 8'*C values in the uppermost part of
the section might be more strongly varying than indicated
by our data. Overall, the data suggest that the carbon pool in
the photic zone following the Toarcian CIE changed more
gradually than indicated by the strongly varying 8'C values
of bulk organic matter.

Comparison with compound-specific carbon isotope
records from other basins

Apart from the pioneering work of Schouten et al. (2000),
compound-specific isotope records across the Toarcian CIE
are rare. '3C values have been determined for phytane and
isorenieratane in the Paris Basin (ANDRA Core HTM 102)
(van Breugel et al. 2006). The most detailed record has been
provided from the Hawsker Bottoms section (Cleveland
Basin) by French et al. (2014) (see also Selen et al. 2000).
Data for long-chain n-alkanes in the Sichuan Basin (China)
and the Iberian Basin (La Cerradura; Spain) were published
by Xu et al. (2017) and Ruebsam et al. (2020).

The comparison of the Dormettingen section with those
in the Cleveland, Paris, Iberian, and Sichuan basins shows
major differences in the amount of the negative CIE:

The negative CIE of bulk organic matter at Dormettingen
(6-7%o0) and in the Cleveland Basin (~5-7%o) is similar,
whereas the negative CIE in the sections in the Paris (3.7%o),
Iberian (~3%o) and Sichuan basins (~4%) is smaller.

Short-chain n-alkanes (n-C,, n-Cg, n-C,o) and the iso-
prenoids pristane and phytane are considered as derived
from marine organisms. They display relatively small nega-
tive CIEs of only ~2-3 (n-alkanes) and ~2%o (isoprenoids)
at Hawsker Bottoms and larger CIEs of ~4.5%0 and ~ 5%o
at Dormettingen. The higher CIE magnitude results in iso-
topically lighter pristane and phytane at Dormettingen (Pr:
—35.7%0; Ph: —34.7%0) compared to those at Hawsker Bot-
toms (Pr: —33.0%o0; Ph: —33.9%o). Probably the higher CIE
magnitude reflects more severe restriction in the SWGB.
Another difference between the isoprenoid records at Haw-
sker Bottoms and Dormettingen concerns the vertical trend
of pristane and phytane 8'*C values. At Hawsker Bottoms,
8'3C values decrease sharply already in the middle part of
the semicelatum Subzone and remain constant across the
tenuicostatum/falciferum boundary and within the entire
CIE. At Dormettingen, the main shift is at the tenuicostatum/
falciferum boundary, and 8'°C increases upwards within the
main part of the CIE. A CIE with intermediate magnitude
has been observed in the phytane record (3.3%o) in the Paris
Basin (van Breugel et al. 20006).
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At the latter locality, the relative abundance of isoreni-
eratane increased after the 8'>C of phytane and bulk organic
matter return to more positive values (van Breugel et al.
2006). This suggests that the temporal decoupling of the
maximum isotope excursion and the peak in oxygen deple-
tion is not restricted to the SWGB. In the Cleveland Basin,
the time shift of the maximum oxygen depletion and maxi-
mum isotope excursion is less obvious, as 8'°C values of
pristane and phytane remained constant during the entire
CIE.

Long-chain n-alkanes (n-C,;, n-Cyg, n-C,g) are typically
derived from terrigenous organic matter. In pre-CIE sedi-
ments their '°C values are similar at Dormettingen (— 28.2
to —31.1%o; Table 4) and in the Cleveland Basin (—27.8 to
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—30.0; French et al 2014), but significantly higher in the
Iberian Basin (—23.8 to —25.5; Ruebsam et al. 2020). Dif-
ferences in absolute 8'3C values of terrigenous n-alkanes
in the Cleveland Basin, located in a winter-wet temperate
climate belt, and the Iberian Basin, located in a winter-wet to
semi-arid climate belt (Rees et al. 2000), have been related
to different precipitation rates and floral assemblages (Rueb-
sam et al. 2020). Thus, a winter-wet temperate climate dur-
ing the tenuicostatum Zone at Dormettingen is in agreement
with the isotope data.

Long-chain n-alkanes in pre-CIE sediments show a much
larger negative CIE of ~8-9%o¢ in Dormettingen (Fig. 12)
than in the Cleveland Basin (~4—5%o; French et al. 2014).
Even smaller shifts (~3.7%o) are reported for the sections
in the Iberian Basin and lacustrine rocks in the Sichuan
Basin (Ruebsam et al. 2020; Xu et al. 2021). Interestingly
the vertical trends in these basins are very different and show
rather uniform values (Cleveland Basin), two minima (Ibe-
rian Basin), or a slow decrease followed by a rapid increase
(Sichuan Basin). Assuming that the amount of CO, in the
atmosphere and its 8'°C value changed uniformly world-
wide, the observed differences may reflect regional climate
(e.g., precipitation) variations (e.g., Schubert and Jahren
2013; Lomax et al 2019). In addition, the extraordinarily
high shift at Dormettingen may be influenced by a major
change in organic matter input (see also Suan et al. 2015).
Whereas a terrigenous source of the long-chain n-alkanes in
the pre-CIE rocks is proven based on biomarker and palyno-
logical evidence, n-C,; in the Toarcian CIE may have an
algal origin.

Conclusion

The paper presents a comprehensive organic geochemi-
cal study of the Dormettingen section (SW Germany). It
expands the knowledge of the Toarcian evolution in the
Southwest German Basin and provides new insights into the
factors controlling carbon isotopy on a molecular level. The
most important results are summarized below and displayed
in a cartoon (Fig. 16).

The evolution of the depositional environment at Dor-
mettingen was similar to that in nearby Dotternhausen. In
both sections, photic zone anoxia, indicated by a variety of
different biomarkers, prevailed during the Toarcian CIE. As
postulated by previous authors, anoxia was caused by basin
restriction and a stratified water column. The chemocline
reached its shallowest position above the “Unterer Stein”
marker horizon (sample D100; 8.2 m).

Elevated 2a-methylhopane index values in this interval
reflect the enhanced activity of diazotrophic cyanobacteria.
This interpretation is strongly supported by nitrogen iso-
tope values at Dotternhausen (Wang et al. 2021). Obviously,
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denitrification, which controlled nitrogen isotopy in other
basins during the Toarcian CIE, played a subordinate role
emphasizing differences in geological settings (basin restric-
tion versus upwelling).

Pristane and phytane are derived from photoautotrophic
marine biomass. Their 8'3C values show a very strong nega-
tive excursion (~5%o) and are partly very low (minimum:
—35.7%o0) in the lower part of the Toarcian CIE (sample
D93; 9.7 m). Above this point, an increase in 813C values of
pristane and phytane is observed. Hence, there is an obvious
time shift of about 450 kyr between the isotopic minimum
and peak anoxic conditions. This suggests that recycled iso-
topically light dissolved inorganic carbon from deeper levels
of the stratified water body (“Kiispert model”) is probably
not the only source for isotopically light carbon.

n-C,, displays the largest negative CIE (~9%o). This very
high magnitude is due to the combined effect of the global
CIE and a major change in the source of the organic matter.
While n-C,; in pre-CIE sediments is mainly derived from
terrigenous organic matter, n-C,; within the CIE is derived
from marine organic matter.

Despite that, the actual magnitude of the CIE, as reflected
by short-chain n-alkanes (~4.5%o0) and isoprenoids, is higher
in the Southwest German Basin (Dormettingen) than in other
subbasins of the Central European Epicontinental Basin.

Acknowledgements The authors thank Annette Schmid-Rohl for pro-
viding access to the Dormettingen mine. FG and ESM acknowledge
support by project n® 200021_175540/1 of the Swiss National Science
Foundation. The paper benefited greatly from very detailed construc-
tive reviews by W. Riibsam and an anonymous reviewer as well as by
editorial comments by U. Riller.

Author contributions SA, RFS, AB, and DG contributed to the study
conception and design. FG and ESH took and prepared the samples.
SA performed the analysis and interpreted the data. RFS, AB, FG, DG,
DM and ESH helped interpret the data. SA wrote the first draft of the
manuscript and all the authors commented on previous versions of the
manuscript. All the authors read and approved the final manuscript.

Funding Open access funding provided by Montanuniversitit Leoben.
Swiss National Science Foundation (project n° 200021_175540/1 to
Elke Schneebeli-Hermann).

Availability of data and materials Data in the manuscript and appendix
will be published as replication data set in Pangaea.

Code availability Not applicable.

Declarations

Conflict of interest All the authors declare that they have no conflict
of interest.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Baudin F (1995) Depositional controls on Mesozoic source rocks in
the Tethys. In: Huc A-Y (ed) Paleogeography, paleoclimate, and
source rock, vol 40. American Association of Petroleum Geolo-
gists Studies in Geology, Houston, pp 191-211

Boulila S, Hinnov L (2017) A review of tempo and scale of the early
Jurassic Toarcian OAE: implications for carbon cycle and sea
level variations. Newsl Stratigr 50:363-389

Boulila S, Galbrun B, Huret E, Hinnov L, Rouget I, Gardin S, Barto-
lini A (2014) Astronomical calibration of the Toarcian Stage:
implications for sequence stratigraphy and duration of the early
Toarcian OAE. Earth Planet Sci Let 386:98-111

Bour I, Mattioli E, Pittet B (2007) Nannofacies analysis as a tool to
reconstruct paleoenvironmental changes during the Early Toar-
cian anoxic event. Palacogeogr Palaeoclimatol Palaeoecol
249:58-79

Bowden SA, Farrimond P, Snape CE, Love GD (2006) Compositional
differences in biomarker constituents of the hydrocarbon, resin,
asphaltene and kerogen fractions: An example from the Jet Rock
(Yorkshire, UK). Org Geochem 37:369-383

Bray EE, Evans ED (1961) Distribution of n-parafins as a clue to recog-
nition of source beds. Geochim Cosmochim Acta 22:2-15

Burgess SD, Bowring SA, Fleming TH, Elliot DH (2015) High-preci-
sion geochronology links the Ferrar large igneous province with
early-Jurassic anoxia and biotic crisis. Earth Planet Sci Lett
415:90-99. https://doi.org/10.1016/j.epsl.2015.01.037

Caruthers AH, Smith PL, Grocke DR (2013) The Pliensbachian-Toar-
cian (Early Jurassic) extinction, a global multi-phased event.
Palaecogeogr Palaeoclimatol Palaeoecol 386:104—118. https://
doi.org/10.1016/j.palaeo.2013.05.010

Chairi R, Derenne S, Largeau C (2020) Alkylbenzene origin in recent
sediments from the hypersaline environment of Moknine Sebkha,
Tunisi. Rapp Comm int Mer Médit 39:233

Cohen AS, Coe AL, Harding SM, Schwark L (2004) Osmium isotope
evidence for the regulation of atmospheric CO, by continental
weathering. Geology 32:157-160

Cornford C (1998) Source rocks and hydrocarbons of the North Sea.
In: Glennie KW (ed) Petroleum geology of the North Sea: Basic
concepts and recent advances. Blackwell Science Geology and
Petroleum Geology, Oxford, pp 376462

de Oliveira LCV, Rodrigues R, Duarte LV, Lemos VB (2006) Oil gen-
eration potential assessment and paleoenvironmental interpre-
tation based on biomarkers and stable carbon isotopes of the
Pliensbachian—lower Toarcian (Lower Jurassic) of the Peniche
region (Lusitanian Basin, Portugal). Bull Geosci 14:207-234

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.epsl.2015.01.037
https://doi.org/10.1016/j.palaeo.2013.05.010
https://doi.org/10.1016/j.palaeo.2013.05.010

1658

International Journal of Earth Sciences (2022) 111:1631-1661

Dera G, Neige P, Dommergues J-L, Fara E, Laffont R, Pellenard P
(2010) High resolution dynamics of Early Jurassic marine extinc-
tions: the case of Pliensbachian—Toarcian ammonites (Cepha-
lopoda). J Geol Soc London 167:21-33. https://doi.org/10.1144/
0016-76492009-068

Derenne S, Largeau C, Casadevall E, Sinninghe-Damsté JS, Tegelaar
EW, de Leeuw JW (1990) Characterisation of Estonian Kuker-
iste by spectroscopy and pyrolysis: Evidence for abundant alkyl
phenolic moieties in an Ordovician, marine, Type II/I kerogen.
Org Geochem 16:873-888

Didyk B, Simoneit B, Brassell S, Eglinton G (1978) Organic geochemi-
cal indicators of palacoenvironmental conditions of sedimenta-
tion. Nature 272:216-222

Espitalié J, Laporte JL, Madec M, Marquis F, Leplat P, Paulet J,
Boutefeu A (1977) Méthode rapide de caractérisation des roches
metres, de leur potentiel pétrolier et de leur degré d"éevolution.
Rev L’institut Frangais Du Pétrole 32:23-42. https://doi.org/10.
2516/0gst:1977002

Farrimond P, Talbot HM, Watson DF, Schulz LK, Wilhelms A (2004)
Methylhopanoids: molecular indicators of ancient bacteria
and a petroleum correlation tool. Geochim Cosmochim Acta
68:3873-3882

Fonseca C, Mendonga Filho JG, Lézin C, Baudin F, de Oliveira AD,
Torres Souza J, Duarte LV (2021) Boosted microbial produc-
tivity during the Toarcian Oceanic Anoxic Event in the Paris
Basin, France: new evidence from organic geochemistry and
petrographic analysis. In: Reolid M, Duarte LV, Mattioli E,
Ruebsam W (eds) Carbon cycle and ecosystem response to
the Jenkyns Event in the Early Toarcian (Jurassic), Special
Publications, vol 514. Geological Society, London, pp 309-334

French KL, Sepulveda J, Trabucho-Alexandre J, Grocke DR, Sum-
mons RE (2014) Organic geochemistry of the early Toarcian
oceanic anoxic event in Hawsker Bottoms, Yorkshire, England.
Earth Planet Sci Lett 390:116-127. https://doi.org/10.1016/].
epsl.2013.12.033

Frimmel A, Oschmann W, Schwark L (2004) Chemostratigraphy
of the Posidonia Black Shale, SW Germany I. Influence of
sea-level variation on organic facies evolution. Chem Geol
206:199-230

Galasso F, Schmid-Rohl A, Fesit-Burkhardt S, Bernasconi SM, Sch-
neebeli-Hermann E (2021) Changes in organic matter composi-
tion during the Toarcian Oceanic Anoxic Event (T-OAE) in the
Posidonia Shale Formation from Dormettingen (SW-Germany).
Palaeogeogr Palaeoclimatol Palaeoecol 569:110327. https://doi.
org/10.1016/j.palaeo.2021.110327

Goodwin NS, Mann AL, Patience RL (1988) Structure and signifi-
cance of C;, 4-methylsteranes in lacustrine shales and oils. Org
Geochem 12:495-506

Grice K, Schouten S, Peters KE, Sinninghe Damsté JS (1998) Molecu-
lar isotopic characterisation of hydrocarbon biomarkers in Pal-
aeocene—Eocene evaporitic, lacustrine source rocks from the
Jianghan Basin, China. Org Geochem 29:1745-1764

Grice K, de Mesmay R, Glucina A, Wang S (2008) An improved and
rapid 5A molecular sieve method for gas chromatography isotope
ratio mass spectrometry of n-alkanes (Cg—Cj,). Org Geochem
39:284-288. https://doi.org/10.1016/j.orggeochem.2007.12.009

Harries PJ, Little CTS (1999) The early Toarcian (Early Jurassic) and
Cenomanian-Turonian (Late Cretaceous) mass extinctions:
similarities and contrasts. Palacogeogr Palaeoclimatol Palaeo-
ecol 154:39-66. https://doi.org/10.1016/S0031-0182(99)00086-3

Hermoso M, Minoletti F, Le Callonnec L, Jenkyns HC, Hesselbo SP,
Rickaby REM, Renard M, de Rafélis M, Emmanuel L (2009)
Global and local forcing of Early Toarcian seawater chemistry: a
comparative study of different paleoceanographic settings (Paris
and Lusitanian basins). Paleoceanography 24:1-15. https://doi.
org/10.1029/2009PA001764

@ Springer

Hermoso M, Minoletti F, Rickaby REM, Hesselbo SP, Baudin F, Jen-
kyns HC (2012) Dynamics of a stepped carbon-isotope excur-
sion: ultra high-resolution study of Early Toarcian environmental
change. Earth Planet Sci Lett 319-320:45-54. https://doi.org/10.
1016/j.epsl.2011.12.021

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

Hermoso M, Delsate D, Baudin F, Le Callonnec L, Minoletti F, Renard
M, Faber A (2014) Record of Early Toarcian carbon cycle per-
turbations in a nearshore environment: the Bascharage section
(easternmost Paris Basin). Solid Earth 5:793-804. https://doi.
org/10.5194/se-5-793-2014

Hesselbo SP, Grocke DR, Jenkyns HC, Bjerrum CJ, Farrimond P, Mor-
gans Bell HS, Green OR (2000a) Massive dissociation of gas
hydrate during a Jurassic oceanic anoxic event. Nature 406:392—
395. https://doi.org/10.1038/35019044

Hesselbo SP, Grocke DR, Jenkyns HC, Bjerrum CJ, Farrimod P,
Morgens Bell HS, Green OR (2000b) Massive dissociation of
gas hydrate during the Jurassic oceanic anoxic event. Nature
406:392-395

Hesselbo SP, Jenkyns HC, Duarte LV, Oliveira LCV (2007) Carbon-
isotope record of the Early Jurassic (Toarcian) Oceanic Anoxic
Event from fossil wood and marine carbonate (Lusitanian Basin,
Portugal). Earth Planet Sci Lett 253:455-470

Hollander DJ, Bessereau G, Belin S, Huc AY, Houzay JP (1991)
Organic matter in the early Toarcian shales, Paris Basin, France:
a response to environmental changes. Reve De L institut Francais
Du Pétrole 46:543-562

Hougard IW, Bojese-Koefoed JA, Vickers ML, Ullmann CV, Bjerrum
CJ, Rizzi M, Korte C (2021) Redox element record shows that
environmental perturbations associated with the T-OAE were
of longer duration than the carbon isotope record suggests—the
Aubach section, SW Germany. Newsl Stratigr 54:229-246

Huang C, Hesselbo SP (2014) Pacing of the Toarcian Oceanic Anoxic
Event (Early Jurassic) from astronomical correlation of marine
sections. Gondwana Res 25:1348-1356

Hughes WB, Holba AG, Dzou LIP (1995) The ratios of dibenzothio-
phene to phenanthrene and pristane to phytane as indicators of
depositional environment and lithology of petroleum source
rocks. Geochim Cosmochim Acta 59:3581-3598. https://doi.
org/10.1016/0016-7037(95)00225-O

ICCP (1998) The new vitrinite classification (ICCP System 1994). Fuel
77:349-358. https://doi.org/10.1016/S0016-2361(98)80024-0

ICCP (2001) The new inertinite classification (ICCP System 1994).
Fuel 80:459-471. https://doi.org/10.1016/S0016-2361(00)
00102-2

Ivanov AV, Meffre S, Thompson J, Corfu F, Kamenetsky VS, Kamen-
etsky MB, Demonterova EI (2017) Timing and genesis of the
Karoo-Ferrar large igneous province: new high precision U-Pb
data for Tasmania confirm short duration of the major magmatic
pulse. Chem Geol 455:3243

Jenkyns HC (1985) The early Toarcian and Cenomanian-Turonian
Anoxic Events in Europe: comparisons and contrasts. Geol
Rundsch 74:505-518

Jenkyns HC (1988) The early Toarcian (Jurassic) anoxic event: strati-
graphic, sedimentary, and geochemical evidence. Am J Sci
288:101-151

Jenkyns HC (2010) Geochemistry of oceanic anoxic events. Geochem
Geophys Geosyst 11:1-30. https://doi.org/10.1029/2009GC0027
88

Jenkyns HC, Grocke DR, Hesselbo SP (2001) Nitrogen isotope evi-
dence for water mass denitrification during the early Toarcian
(Jurassic) oceanic anoxic event. Paleoceanography 16:593-603

Jiao D, Perry RS, Engel M-H, Sephton MA (2008) Biomarker indica-
tors of bacterial activity and organic fluxes during end Triassic


https://doi.org/10.1144/0016-76492009-068
https://doi.org/10.1144/0016-76492009-068
https://doi.org/10.2516/ogst:1977002
https://doi.org/10.2516/ogst:1977002
https://doi.org/10.1016/j.epsl.2013.12.033
https://doi.org/10.1016/j.epsl.2013.12.033
https://doi.org/10.1016/j.palaeo.2021.110327
https://doi.org/10.1016/j.palaeo.2021.110327
https://doi.org/10.1016/j.orggeochem.2007.12.009
https://doi.org/10.1016/S0031-0182(99)00086-3
https://doi.org/10.1029/2009PA001764
https://doi.org/10.1029/2009PA001764
https://doi.org/10.1016/j.epsl.2011.12.021
https://doi.org/10.1016/j.epsl.2011.12.021
https://doi.org/10.5194/se-5-793-2014
https://doi.org/10.5194/se-5-793-2014
https://doi.org/10.1038/35019044
https://doi.org/10.1016/0016-7037(95)00225-O
https://doi.org/10.1016/0016-7037(95)00225-O
https://doi.org/10.1016/S0016-2361(98)80024-0
https://doi.org/10.1016/S0016-2361(00)00102-2
https://doi.org/10.1016/S0016-2361(00)00102-2
https://doi.org/10.1029/2009GC002788
https://doi.org/10.1029/2009GC002788

International Journal of Earth Sciences (2022) 111:1631-1661

1659

mass extinction event. In: Proc SPIE 7097, instruments, methods,
and missions for astrobiology XI, p 709709. https://doi.org/10.
1117/12.796160

Kemp DB, Coe AL, Cohen AS, Schwark L (2005) Astronomical pacing
of methane release in the Early Jurassic period. Nature 437:396—
399. https://doi.org/10.1038/nature04037

Kemp DB, Coe AL, Cohen AS, Weedon GP (2011) Astronomical forc-
ing and chronology of the early Toarcian (Early Jurassic) oceanic
anoxic event in Yorkshire. UK Palacogeogr Palaeoclimatol Pal-
aeoecol 530:90-102

Kemp DB, Selby D, Izumi K (2020) Direct coupling between carbon
release and weathering during the Toarcian oceanic anoxic event.
Geology 48:976-980. https://doi.org/10.1130/G47509.1

Kiispert W (1982) Environmental change during oil shale deposition
as deduced from stable isotope ratios. In: Einsele S, Seilacher
A (eds) Cyclic and event stratification. Springer, New York, pp
482-501

Littke R, Baker DR, Leythaeuser D, Rullkétter J (1991a) Keys to the
depositional history of the Posidonia Shale (Toarcian) in the Hils
Syncline, northern Germany. In: Tyson RV, Pearson TH (eds)
Modern and Ancient Continental Shelf Anoxia, Special Publica-
tions, vol 58. Geological Society, London, pp 311-333. https://
doi.org/10.1144/GSL.SP.1991.058.01.20

Littke R, Rotzal H, Leythaeuser D, Baker DR (1991b) Lower Toar-
cian Posidonia Shale in Southern Germany (Schwaebische Alb).
Organic Facies, Depositional Environment and maturity. Erdol
Kohle Erdgas Petrochem Hydrocarbon Technol 44:407-414

Lomax BH, Lake JA, Leng MJ, Jardine PE (2019) An experimental
evaluation of the use of A'3C as a proxy for palaeoatmospheric
CO,. Geochim Cosmochim Acta 247:162-174. https://doi.org/
10.1016/j.gca.2018.12.026

Mattioli E, Pittet B, Suan G, Mailliot S (2008) Calcareous nannoplank-
ton changes across the early Toarcian oceanic anoxic event in the
Western Tethys. Paleoceanography 23:PA3208. https://doi.org/
10.1029/2007PA001435

Mattioli E, Pittet B, Petitpierre L, Mailliot S (2009) Dramatic decrease
of pelagic carbonate production by nannoplankton across the
Early Toarcian anoxic event (T-OAE). Glob Planet Change
65:134—145. https://doi.org/10.1016/j.gloplacha.2008.10.018

McArthur JM, Algeo TJ, van de Schootbrugge B, Li Q, Howarth RJ
(2008) Basinal restriction, black shales, Re-Os dating, and the
Early Toarcian (Jurassic) oceanic anoxic event. Paleoceanogra-
phy 23:P4217. https://doi.org/10.1029/2008 PA001607

Meyer RKF, Schmidt-Kaler H (1996) Jura. In: Freudenberger W,
Schwerd K (eds) Erlduterungen zur Geologischen Karte von
Bayern 1: 500 000, 4th edn. Bayrisches Geologisches Landesamt,
Miinchen, pp 90-111

Moldowan JM, Talyzina NM (1998) Biogeochemical evidence
for dinoflagellate ancestors in the Early Cambrian. Science
281:1168-1170

Moldowan JM, Sundararaman P, Schoell M (1986) Sensitivity of bio-
marker properties to depositional environment and/or source
input in the Lower Toarcian of SW-Germany. Org Geochem
10:915-926

Moldowan JM, Peters KE, Carlson RMK, Schoell M, Abu-Ali MA
(1994) Diverse applications of petroleum biomarker maturity
parameters. Arab J Sci Eng 19:273-298

Montero-Serrano J-C, Follmi KB, Adatte T, Spangenberg JE, Tribo-
villard N, Fantasia A, Suan G (2015) Continental weathering
and redox conditions during the early Toarcian Oceanic Anoxic
Event in the northwestern Tethys: insight from the Posidonia
Shale section in the Swiss Jura Mountains. Palacogeogr Palaeo-
climatol Palaeoecol 429:83-99. https://doi.org/10.1016/j.palaeo.
2015.03.043

Neumeister S, Gratzer R, Algeo TJ, Bechtel A, Gawlick H-J, Newton
R, Sachsenhofer RF (2015) Oceanic response to Pliensbachian

and Toarcian magmatic events: implications from an organic-
rich basinal succession in the NW Tethys. Glob Planet Change
126:62-83

Noble RA, Alexander R, Kagi RI, Knox J (1986) Identification of
some diterpenoid hydrocarbons in petroleum. Org Geochem
10:825-829

Palfy J, Smith PL (2000) Synchrony between Early Jurassic extinc-
tion, oceanic anoxic event, and the Karoo-Ferrar flood basalt
volcanism. Geology 28:747-750. https://doi.org/10.1130/0091-
7613(2000)028%3c0747:SBEJEO%3e2.3.CO;2

Palfy J, Smith PL, Mortensen JK (2002) Dating the end-Triassic and
Early Jurassic mass extinctions, correlative large igneous prov-
inces, and isotopic events. Geol Soc Am Spec Pap 356:523-532.
https://doi.org/10.1130/0-8137-2356-6.523

Pancost RD, Freeman KH, Patzkowsky ME, Wavrek DA, Collister JW
(1998) Molecular indicators of redox and marine photoautotroph
composition in the late Middle Ordovician of Iowa, USA. Org
Geochem 29:1649-1662

Pedentchouk N, Turich C (2017) Carbon and hydrogen isotopic com-
positions of n-alkanes as a tool in petroleum exploration. In:
Lawson M, Formolo MJ, Eiler JM (eds) From source to seep:
geochemical applications in hydrocarbon systems, Special Pub-
lications, vol 468. Geological Society, London, pp 105-125.
https://doi.org/10.1144/SP468.1

Peters KE, Moldowan JM (2001) Effects of source, thermal maturity,
and biodegradation on the distribution and isomerization of
homohopanes in petroleum. Org Geochem 17:47-61

Peters KE, Walters CC, Moldowan JM (2005) The biomarker guide:
biomarkers and isotopes in petroleum systems and earth his-
tory, 2nd edn. Cambridge University Press, Cambridge

Pickel W, Kus J, Flores D, Kalaitzidis S, Christanis K, Cardott BJ,
Misz-Kennan M, Rodrigues S, Hentschel A, Hamor-Vido M,
Crosdale P, Wagner N, ICCP (2017) Classification of liptinite—
ICCP system (1994). Int J Coal Geol 169:40-61. https://doi.
org/10.1016/j.coal.2016.11.004

Pienkowski G, Hodbod M, Ullmann CV (2016) Fungal decompo-
sition of terrestrial organic matter accelerated Early Jurassic
climate warming. Sci Rep 6:319-330. https://doi.org/10.1038/
srep31930

Prauss M, Ligouis B, Luterbacher H (1991) Organic matter and palyno-
morphs in the ‘Posidonienschiefer’ (Toarcian, lower Jurassic) of
southern Germany. Geol Soc Lond Spec Publ 58:335-351

Radke M (1988) Application of aromatic compounds as maturity indi-
cators in source rocks and crude oils. Mar Petrol Geol 5:224-236

Radke M, Schaefer RG, Leythaeuser D, Teichmiiller M (1980) Com-
position of soluble organic matter in coals: relation to rank and
liptinite fluorescence. Geochim Cosmochim Acta 44:1787-1800

Radke M, Welte DH, Willsch H (1986) Maturity parameters based on
aromatic hydrocarbons: influence of the organic matter type. Org
Geochem 10:51-63

Rashby SE, Sessions AL, Summons RE, Newman DK (2007) Bio-
synthesis of 2-methylbacteriohopanepolyols by an anoxygenic
phototroph. PNAS 104:15099-15104. https://doi.org/10.1073/
pnas.0704912104

Rees PM, Ziegler AM, Valdes PJ (2000) Jurassic phytogeography
and climates: new data and model comparisons. In: Huber BT,
Macleod KG, Wing SL (eds) Warm climates in Earth history.
Cambridge University Press, Cambridge, pp 297-318. https://
doi.org/10.1017/CB0O9780511564512.011

Riegrat W (1982) The bituminous Lower Toarcian at the Truc-de-
Balduc near Mende (Departement de la Lozere, S-France). In:
Einsele S, Seilacher A (eds) Cyclic and event stratification.
Springer, New York, pp 506-511

Riegraf W (1985) Mikrofauna, Biostratigraphie und Fazies im Unteren
Toarcium Siidwestdeutschlands und Vergleiche mit benachbarten

@ Springer


https://doi.org/10.1117/12.796160
https://doi.org/10.1117/12.796160
https://doi.org/10.1038/nature04037
https://doi.org/10.1130/G47509.1
https://doi.org/10.1144/GSL.SP.1991.058.01.20
https://doi.org/10.1144/GSL.SP.1991.058.01.20
https://doi.org/10.1016/j.gca.2018.12.026
https://doi.org/10.1016/j.gca.2018.12.026
https://doi.org/10.1029/2007PA001435
https://doi.org/10.1029/2007PA001435
https://doi.org/10.1016/j.gloplacha.2008.10.018
https://doi.org/10.1029/2008PA001607
https://doi.org/10.1016/j.palaeo.2015.03.043
https://doi.org/10.1016/j.palaeo.2015.03.043
https://doi.org/10.1130/0091-7613(2000)028%3c0747:SBEJEO%3e2.3.CO;2
https://doi.org/10.1130/0091-7613(2000)028%3c0747:SBEJEO%3e2.3.CO;2
https://doi.org/10.1130/0-8137-2356-6.523
https://doi.org/10.1144/SP468.1
https://doi.org/10.1016/j.coal.2016.11.004
https://doi.org/10.1016/j.coal.2016.11.004
https://doi.org/10.1038/srep31930
https://doi.org/10.1038/srep31930
https://doi.org/10.1073/pnas.0704912104
https://doi.org/10.1073/pnas.0704912104
https://doi.org/10.1017/CBO9780511564512.011
https://doi.org/10.1017/CBO9780511564512.011

1660

International Journal of Earth Sciences (2022) 111:1631-1661

Gebieten. Tiibinger Mikropaldontologische Mitteilungen, vol 3,
p 232

Rodrigues B, Duarte LV, Silva RL, Mendonga Filho JG (2020)
Sedimentary organic matter and early Toarcian environmental
changes in the Lusitanian Basin (Portugal). Palacogeogr Pal-
aeoclimatol Palaeoecol 554:109781. https://doi.org/10.1016/j.
palaeo.2020.109781

Ro6hl H-J, Schmid-Rohl A (2005) Lower Toarcian (Upper Liassic) black
shales of the Central European Epicontinental Basin: a sequence
stratigraphic case study from the SW German Posidonia Shale.
In: The deposition of organic-carbon-rich sediments: models,
mechanisms, and consequences.SEPM (Society for Sedimentary
Geology) Spec. Publ, vol 82, pp 165-189. ISBN 1-56576-110-3

Rohl H-J, Schmid-Rohl A, Oschmann W, Frimmel A, Schwark L
(2001) Erratum to “The Posidonia Shale (Lower Toarcian) of
SW-Germany: an oxygen-depleted ecosystem controlled by sea
level and palaeoclimate.” Palacogeogr Palaecoclimatol Palacoecol
169:273-299

Ruebsam W, Al-Hussein M (2020) Calibrating the Early Toarcian
(Early Jurassic) with stratigraphic black holes (SBH). Gondwana
Res 82:317-336. https://doi.org/10.1016/j.gr.2020.01.011

Ruebsam W, Schwark L (2021) Impact of a northern-hemispherical
cryosphere on late Pliensbachian—early Toarcian climate and
environment evolution. Geol Soc Lond Spec Publ 514:359-385.
https://doi.org/10.1144/SP514-2021-11

Ruebsam W, Miiller T, Kovacs J, Palfy J, Schwark L (2018) Environ-
mental response to the early Toarcian carbon cycle and climate
perturbations in the northeastern part of the West-Tethys shelf.
Gondwana Res 59:144-158. https://doi.org/10.1016/j.gr.2018.
03.013

Ruebsam W, Mayer B, Schwark L (2019) Cryosphere carbon dynamics
control early Toarcian global warming and sea level evolution.
Glob Planet Change 172:440-453. https://doi.org/10.1016/j.glopl
acha.2018.11.003

Ruebsam W, Reolid M, Schwark L (2020) 8'3C of terrestrial vegetation
records Toarcian CO, and climate gradients. Nat Sci Rep 10:117.
https://doi.org/10.1038/541598-019-56710-6

Selen G, Tyson RV, Telnas N, Talbot MR (2000) Contrasting water
mass conditions during deposition of the Whitby Mudstone
(Lower Jurassic) and Kimmeridge Clay (Upper Jurassic) forma-
tions, UK. Palacogeogr Palacoclimatol Palacoecol 163:163—-196

Schmid-Rohl A (1999) Hochauflosende geochemische Untersuchungen
im Posidonienschiefer (Lias e) von SW-Deutschland: Tiibinger
Geowissenschaftliche Arbeiten A, vol 48, p 189

Schmid-Ro6hl A, Rohl H-J, Oschmann W, Frimmel A, Schwark L
(2002) Palaecoenvironmental reconstruction of Lower Toarcian
epicontinental black shales (Posidonia Shale, SW Germany):
global versus regional control. Geobios 35:13-20

Schouten S, van Kaam-Peters HME, Rijpstra WIC, Schoell M, Sin-
ninghe Damste JS (2000) Effects of an oceanic anoxic event on
the stable carbon isotopic composition of early Toarcian carbon.
AmJ Sci 300:1-22

Schubert BA, Jahren AH (2013) Reconciliation of marine and terres-
trial carbon isotope excursions based on changing atmospheric
CO2 levels. Nat Commun. https://doi.org/10.1038/ncomms2659

Schwark L, Frimmel A (2004) Chemostratigraphy of the Posidonia
Black Shale, SW Germany II. Assessment of extent and persis-
tence of photic-zone anoxia using aryl isoprenoid distribution.
Chem Geol 206:231-248

Seifert WK, Moldowan JM (1986) Use of biological markers in petro-
leum exploration. In: Johns RB (ed) Methods in geochemistry
and geophysics, vol 24. Elsevier, Amsterdam, pp 261-290

Silva RL, Duarte LV, Wach GD, Ruhl M, Sadki D, Gémez JJ, Hes-
selbo SP, Xu W, O“Connor D, Rodrigues B, Mendoca Filho JG,
(2021) An Early Jurassic (Sinemurian—Toarcian) stratigraphic

@ Springer

framework for the occurrence of Organic Matter Preservation
Intervals (OMPIs). Earth Sci Rev 221:103780. https://doi.org/
10.1016/j.earscirev.2021.103780

Sinninghe-Damsté JS, Keely BJ, Betts SE, Baas M, Maxwell JR, de
Leeuw JW (1993) Variations in abundances and distributions of
isoprenoid chromans and longchain aikylbenzenes in sediments
of the Mulhouse Basin: a molecular sedimentary record of pal-
aeosalinity. Org Geochem 20:1201-1215

Sinninghe Damsté J, Kenig F, Koopmans M, Koster J, Schouten S,
Hayes J, de Leeuw J (1995) Evidence for gammacerane as an
indicator of water column stratification. Geochim Cosmochim
Acta 59:1895-1900

Song J, Littke R, Maquil R, Weniger P (2014) Organic facies variability
in the Posidonia Black Shale from Luxembourg: implications for
thermal maturation and depositional environment. Palacogeogr
Palaeoclimatol Palacoecol 410:316-336

Song J, Littke R, Weniger P, Ostertag-Henning C, Nelskamp S
(2015) Shale oil potential and thermal maturity of the Lower
Toarcian Posidonia Shale in NW Europe. Int J Coal Geol
150-151:127-153

Song J, Littke R, Weniger P (2017) Organic geochemistry of the
Lower Toarcian Posidonia Shale in NW Europe. Org Geochem
106(2017):76-92

Suan G, Pittet B, Bour I, Mattioli E, Duarte LV, Mailliot S (2008)
Duration of the Early Toarcian carbon isotope excursion deduced
from spectral analysis: consequence for its possible causes. Earth
Planet Sci Lett 267:666—-679

Suan G, van de Schootbrugge B, Adatte T, Fiebig J, Oschmann W
(2015) Calibrating the magnitude of the Toarcian carbon cycle
perturbation. Paleoceanography 30:495-509. https://doi.org/10.
1002/2014PA002758

Summons RE, Powell TG (1987) Identification of aryl isoprenoids in
source rocks and crude oils: Biological markers for the green
sulphur bacteria. Geochim Cosmochim Acta 51:557-566

Summons RE, Jahnke L, Hope J, Logan G (1999) 2-Methylhopanoids
as biomarkers for cyanobacterial oxygenic photosynthesis.
Nature 23:85-88

Svensen H, Planke S, Chevallier L, Malthe-Sgrenssen A, Corfu F,
Jamtveit B (2007) Hydrothermal venting of greenhouse gases
triggering Early Jurassic global warming. Earth Planet Sci Lett
256:554-566

Talbot HM, Watson DF, Pearson EJ, Farrimond P (2003) Diverse bio-
hopanoid composition of non-marine sediments. Org Geochem
34:1353-1371

Them TR II, Gill BC, Caruthers AH, Grocke DR, Tulsky ET, Martin-
dale RC, Poulton TP, Smith PL (2017) High-resolution carbon
isotope records of the Toarcian Oceanic Anoxic Event (Early
Jurassic) from North America and implications for the global
drivers of the Toarcian carbon cycle. Earth Planet Sci Lett
459:118-126. https://doi.org/10.1016/j.epsl.2016.11.021

Tyson RV (2001) Sedimentation rate, dilution, preservation and total
organic carbon: some results of a modelling study. Org Geochem
32:333-339

van Acken D, Tiitken T, Daly JS, Schmid-Ro6hl A, Orr PJ (2019)
Rhenium-osmium geochronology of the Toarcian Posidonia
Shale, SW Germany. Palacogeogr Palacoclimatol Palaeoecol
534:109294

van Breugel Y, Baas M, Schouten S, Mattioli E, Sinninghe Damste JS
(2006) Isorenieratane record in black shales from the Paris Basin,
France: constraints on recycling of respired CO, as a mechanism
for negative carbon isotope shifts during the Toarcian oceanic
anoxic event. Paleoceanography 21:PA4220. https://doi.org/10.
1029/2006PA001305

Van de Schootbrugge B, McArthur JM, Bailey TR, Rosenthal Y,
Wright JD, Miller KG (2005) Toarcian oceanic anoxic event: an


https://doi.org/10.1016/j.palaeo.2020.109781
https://doi.org/10.1016/j.palaeo.2020.109781
https://doi.org/10.1016/j.gr.2020.01.011
https://doi.org/10.1144/SP514-2021-11
https://doi.org/10.1016/j.gr.2018.03.013
https://doi.org/10.1016/j.gr.2018.03.013
https://doi.org/10.1016/j.gloplacha.2018.11.003
https://doi.org/10.1016/j.gloplacha.2018.11.003
https://doi.org/10.1038/s41598-019-56710-6
https://doi.org/10.1038/ncomms2659
https://doi.org/10.1016/j.earscirev.2021.103780
https://doi.org/10.1016/j.earscirev.2021.103780
https://doi.org/10.1002/2014PA002758
https://doi.org/10.1002/2014PA002758
https://doi.org/10.1016/j.epsl.2016.11.021
https://doi.org/10.1029/2006PA001305
https://doi.org/10.1029/2006PA001305

International Journal of Earth Sciences (2022) 111:1631-1661

1661

assessment of global causes using belemnite C isotope records.
Paleoceanography 20:1-10. https://doi.org/10.1029/2004PA0011
02

Van Kaam-Peters HME, Koster J, van der Gaast SJ, Dekker M, de
Leeuw JW, Sinninghe Damesé JS (1998) The effect of clay min-
erals on diasterane/sterane ratios. Geochim Cosmochim Acta
62:2923-2929. https://doi.org/10.1016/S0016-7037(98)00191-4

Volkman JK, Kearney P, Jeffrey SW (1990) A new source of 4-methyl
and Sa(H)-stanols in sediments: prymnesiophyte microalgae of
the genus Pavlova. Org Geochem 15:489-497

Wang Y, Ossa Ossa F, Wille M, Schurr S, Saussele M, Schmid-Rohl A,
Schoenberg R (2020) Evidence for local carbon-cycle perturba-
tions superimposed on the Toarcian carbon isotope excursion.
Geobiology 18:682-709. https://doi.org/10.1111/gbi.12410

Wang Y, Ossa Ossa F, Spangenberg JE, Wille M, Schoenberg R (2021)
Restricted oxygen-deficient basins on the Northern European epi-
continental shelf across the Toarcian carbon isotope excursion
interval. Paleoceanogr Paleoclimatol 36:e2020PA004207. https://
doi.org/10.1029/2020PA004207

Wignall PB (2001) Large igneous provinces and mass extinctions.
Earth Sci Rev 53:1-33

Withers N (1987) Dinoflagellate sterols. In: Taylor FJR (ed) The biol-
ogy of dinoflagelltes. Blackwell Scientific, Oxford, pp 316-359

Xu W, Ruhl M, Jenkyns HC, Hesselbo SP, Riding JB, Selby D, Naafs
BDA, Weijers JWH, Pancost RD, Tegelaar EW, Idiz EF (2017)
Carbon sequestration in an expanded lake system during the
Toarcian oceanic anoxic event. Nat Geosci 10:129-134. https://
doi.org/10.1038/nge02871

Xu W, Weijers JWH, Ruhl M, Idiz EF, Jenkyns HC, Riding JB, Gor-
banenko O, Hesselbo SP (2021) Molecular and petrographical
evidence for lacustrine environmental and biotic change in the
palaeo-Sichuan mega-lake (China) during the Toarcian Oceanic
Anoxic Event. In: Reolid M, Duarte LV, Mattioli E, Ruebsam W
(eds) Carbon cycle and ecosystem response to the Jenkyns Event
in the Early Toarcian (Jurassic) Special Publications, vol 514.
Geological Society, London, pp 335-357

Zhang YD, Jiang AZ, Sun YG, Xie LJ, Chai PX (2012) Stable carbon
isotope compositions of isoprenoid chromans in cenozoic saline
lacustrine source rocks from the Western Qaidam Basin, NW
China: source implications. Chin Sci Bull 57:560-570

Zhang S, Huang H, Su J, Liu M, Zhang H (2014) Geochemistry of
alkylbenzenes in the Paleozoic oils from the Tarim Basin, NW
China. Org Geochem 77:126-139

Ziegler PA (1982) Geological Atlas of Central and Western Europe.
Shell International Petroleum Maatschappij BV, Amsterdam, p
130

Ziegler PA (1988) Evolution of the Arctic—North Atlantic and the
Western Tethys. American Association of Petroleum Geologists,
Memoirs, vol 43, p 197

Zundel M, Rohmer M (1985) Prokaryotic triterpenoids 1.
3B-methylhopanoids from Acetobacter species and Methylococ-
cus capsulatus. Eur J Biochem 150:23-27

@ Springer


https://doi.org/10.1029/2004PA001102
https://doi.org/10.1029/2004PA001102
https://doi.org/10.1016/S0016-7037(98)00191-4
https://doi.org/10.1111/gbi.12410
https://doi.org/10.1029/2020PA004207
https://doi.org/10.1029/2020PA004207
https://doi.org/10.1038/ngeo2871
https://doi.org/10.1038/ngeo2871

	Biomarker and compound-specific isotope records across the Toarcian CIE at the Dormettingen section in SW Germany
	Abstract
	Introduction
	Geological setting
	Samples and analytical methods
	Results
	Bulk geochemistry
	Organic petrography
	Molecular composition of hydrocarbons
	n-Alkanes and isoprenoids
	Steroids
	Hopanoids and related compounds
	Aromatic hydrocarbons

	Stable carbon isotope composition of organic matter

	Discussion
	Thermal maturity
	Depositional environment
	Pre-CIE (12.0–10.2m)
	Toarcian CIE (10.2–7.4m)
	Post-CIE

	Compound-specific carbon isotope data
	Stratigraphic variations of compound-specific isotope patterns
	Comparison with compound-specific carbon isotope records from other basins


	Conclusion
	Acknowledgements 
	References




