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(EMR), RWTH Aachen University, Aachen, Germany

The Nordlinger Ries (NR) impact crater in southern Germany contains Miocene
lacustrine fine-grained post-impact sediments, which were deposited under
saline, alkaline, and hydrologically closed aquatic conditions. To obtain
information on the organic matter quantity, quality and environmental
evolution, samples from one central (NR 1973) and one more marginal
(Enkingen SUBO-18) well were analyzed by pyrolytic, organic geochemical
and micro-petrographic techniques. Deposits of the marginal drilling can be
linked to the thicker stratigraphic units of the well from the lake center based on
total organic carbon (TOC), hydrogen index (HI) and lithology. Central deposits
contain mainly hydrogen-rich type | kerogen with a mean HI of 447 mg HC/g
TOC, whereas the marginal sequence contains type Il-Ill kerogen with an
average HI of 206 mg HC/g TOC. In the center, high total sulfur (TS) over
TOC ratios of 1.5 on average, and §**C values of biomarkers in combination with
low a-/total MTTC (a-/total methyl-trimethyltridecyl chromans ~ <0.6) and Pr/
Ph ratios <0.2 suggest the prevalence of hypersaline water. Salinity only
decreased during deposition of the uppermost Miocene units, when the
then shallow alkaline lake turned, at least temporarily, into acidic-neutral
conditions during the time of peat deposition. A similar trend, but at overall
lower salinities is recorded for the marginal site. Water stratification in the center
is stronger than in the marginal domain based on salinity variation. Anoxic
bottom water prevailed in the whole lake, as recorded by exceptionally low Pr/
Ph ratios (~<0.2), the occurrence of des-A-lupane and small pyrite framboids
(<5 um) except for the youngest layers of the Miocene lake. Autochthonous,
halophilic red algae/plankton prevailed as reflected by abundant C,; steranes,
while terrestrial material and aerobic bacteria significantly contributed to the
OM only in the latest stages of lake as evident from abundant vitrinite/inertinite
particles, high values of diterpenes/C,; sterane (up to 255) as well as low values
of C7.59 regular steranes/Cq_3, hopanes (<0.5). The same trend, but less well
resolved, can be seen at the margin of the paleo-lake.
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1 Introduction

Lacustrine post-impact sequences in impact craters are
invaluable paleo-environmental archives, as the impact event
creates accommodation space for continuous deposition, which
is usually not affected by fluvial sediment transport from outside
the crater area (Koeberl et al., 2007; Shanahan et al., 2009). An
example of such a lacustrine system is the Miocene Nordlinger
Ries in southern Germany, which developed from an initial,
alkaline, partly hypersaline, 250 m deep lake to a shallow swampy
lake at the end of its evolution (Jankowski, 1981; Arp et al., 2021).
Alkaline lakes are generally characterized by high concentrations
of soluble carbonate salts with high pH values (pH>9) and often a
hypersaline/saline water column (Pecoraino et al., 2015; Warren,
2016; Cao et al., 2020). Alkaline lakes are not common on Earth
both currently and in geological times, as compared to freshwater
lacustrine systems (Lowenstein et al., 2017). Ancient alkaline
sediments and sedimentary rocks have been found in e.g, the
Neoarchean Tumbiana Formation (Western Australia, Stiieken
et al, 2015), Cambrian Observatory Hill Formation (Officer
1989),
Fengcheng Formation (Junggar Basin, Cao et al, 2020),

Basin, Southgate et al, Carboniferous-Permian
Jurassic Towaco Formation (Newark Basin, Stiieken et al,
2019), Lower Cretaceous in offshore Campos (Neocomian,
Mohriak et al,
(Nanxiang Basin, Yang et al, 2015) and Paleogene Green
River Shale (the United States, Stiicken et al., 2019). Modern
alkaline lakes, e.g., Nakuru, can be characterized by high
pH values (pH=10.9), high salinity (63%o) and high bio-

productivity (gross primary carbon production rate of 1,046 g

1990), Paleogene Hetaoyuan Formation

C/(m?a)) because of the thriving microbial community
(Hammer, 1981). Alkaline lakes exhibit extreme ecological
and hydrological conditions (e.g., restricted biocommunity
composition, hypersaline and alkaline water chemistry,
Hammer, 1981; Pecoraino et al., 2015) and the sediments,
which record important geological, environmental and geo-
the

biogeochemical and depositional evolution on ancient Earth in

biological information, consequently mimic
extreme environments as far back as Neoarchean (Cao et al,
2020; Wang et al., 2021).

The Nordlinger Ries (NR) was formed by a meteorite impact
that created an almost circular shaped crater of about 20 km in
diameter, which was consecutively filled with Miocene lacustrine,
fine-grained post-impact sediments (Fiichtbauer and von der
Brelie, 1977; Rullkotter et al., 1990; Arp et al., 2014; Figure 1). As
one of the best-preserved and best-known impact structures on
Earth (Horz et al., 1983; Stoftler et al., 2013), NR is characterized
by a pronounced structural rim around the crater (Rullkotter

et al, 1990; Figure 1). A hydrologically closed lacustrine
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depositional system (Rothe and Hoefs, 1977; Arp et al., 2014;
Christ et al., 2018) formed after the impact, exhibiting an alkaline
depositional water body for most of the time and silting up
during the late Miocene (Arp et al., 2017; Stiieken et al., 2020).
With the rising interests in paleo-environmental archives and
post-impact sedimentation processes in general, not only the
impact process itself but also the post-impact sequence in the NR
became a hot spot for scientific studies lately (e.g., Stoffler et al,
2013; Arp et al., 2014; Sturm et al., 2015; Arp et al., 2017; Christ
et al,, 2018; Arp et al., 2019; Stiteken et al., 2020; Arp et al., 2021;
Zeng et al,, 2021). Accordingly, impact dating, pre-impact strata
modification and evolution of crater lake chemistry were studied,
mainly based on samples from a single borehole. Aside from the
questions concerning the immediate response to the impact, a
key question remains concerning the spatiotemporal evolution of
the paleo-environment and paleo-climate (Arp et al., 2014) as
recorded in the sedimentary sequence. The post-impact
sediments have previously been documented to be organic
matter (OM)-rich in the central crater (Rullkotter et al.,
1990). The amount of soluble extract (bitumen) normalized to
total organic carbon (TOC) was generally found to be much
higher than expected for thermally immature sediments. This
surprising fact was assumed to be controlled by the high organic-
sulfur content of the kerogen in NR sediments with high atomic
ratios of organic sulfur over carbon (So.5/Corg>0.04) (Rullkotter
etal,, 1990). Type I-S or type I kerogens were reported to occur in
the laminite unit (Figure 2) based on the atomic hydrogen/
carbon ratios (H/C>1.5) of kerogens and the rare existence of
pyrite (Rullkétter et al., 1990). A special, iron-poor lake
chemistry has been suggested by Jankowski (1981), which is
related to the position of the NR crater in the Swabian Alb
mountain range, consisting mainly of carbonates and marlstones.
The depositional environment was suggested to be anoxic and
saline with the presence of calcite, dolomite and occasional
gypsum, various extractable organic-sulfur compounds as well
as low ratios of pristane over phytane (Pr/Ph) in the lower part of
the fine post-impact sequence in the central domain (Rullkétter
et al, 1990). An array of inorganic geochemical investigations
(e.g., carbon, oxygen and strontium isotopes of carbonates, bulk
rock element composition) was carried out leading to partly
differing opinions concerning the water chemistry evolution and
environmental conditions (e.g., water salinity and stratification)
prevailing within the paleo-lake (Arp et al., 2014).

Previous molecular organic geochemistry studies focused on
either selected, isolated extractable compounds or on a wider
range of compounds studied, however, on just a few samples
(<5 samples) (Rullkétter et al., 1990; Barakat and Rullkétter,
1994a; Barakat et al., 1994; Barakat and Rullkotter, 1994b;
Barakat and Rullkotter, 1995a; Barakat and Rullkotter, 1995b;
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FIGURE 1
Geological map of the study area in (A) southern Germany showing (B) the Noérdlinger Ries impact crater with the drilling location NR-1973

(central crater) and SUBO-18 (marginal crater) relative to the inner ring (modified after Erickson et al., 2017), as well as (C) an east-west seismic cross
section of the crater.

Barakat and Rullkétter, 1997; Barakat and Rullkotter, 1999;
Barakat et al, 2012; Barakat et al., 2013; Arp et al, 2014).
Accordingly, the goal of this study is to provide a
comprehensive molecular geochemical investigation on a large
set of samples covering both the central and marginal lake facies
from the basal deep water laminites to the upper coal-bearing
sediments. This will provide new data for 1) confirming or
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improving current stratigraphic correlations between the
central and marginal site, 2) recording climatic, depositional
as well as ecological evolution of the lake system and 3)
implications  for chemistry evolution and OM
vulcanization in hypersaline, alkaline lakes based on bulk and
extractable molecular organic geochemical and petrological

water

features.
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FIGURE 2

Lithological columns of the studied Nordlinger Ries boreholes. The lithology of the central borehole Nérdlingen 1973 is based on Flichtbauer

and von der Brelie (1977) and Rullkotter et al. (1990), whereas the presented column of the marginal borehole SUBO-18 was partly newly logged by
the authors in this study with the main lithology boundaries based on Arp et al. (2014). Units C and D are missing in borehole SUBO-18. Note that the
depth scale is different for both boreholes.

Frontiers in Earth Science 04 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.989478

Zhao et al.

2 Geological setting

The NR is a mid-sized, almost circular-shaped Miocene
lacustrine basin, with a lateral extension of 20 and 24 km in
east-west and north-south orientation, respectively. It is situated
in western Bavaria 100 km northwest from Munich in the
southern German scarplands (Figure 1) (Rullkétter et al,
1990; Arp et al, 2019). The crater lake developed at 14.6 +
0.2 Ma (Buchner et al, 2010) following a meteorite impact,
separating the Swabian and Franconian Albs (Arp et al,
2019). The impact penetrated 600-800 m of Mesozoic to
Cenozoic sedimentary rocks, covering a Variscan basement
which is constituted by amphibolite, granite and gneiss
(Hittner and Schmidt-Kaler, 1999), without any coherent
impact melt sheet reported at the present (Arp et al, 2019).
The penetrated Mesozoic-Cenozoic sediments include Triassic
shales, sandstones and evaporites (e.g., gypsum and anhydrite in
Keuper succession), Jurassic carbonates, marlstones, shales and
sandstones, and a thin section of unconsolidated Neogene
sediments on the surface (Mujal and Schoch, 2020). The NR
is composed of a central crater, an inner ring and a marginal
megablock zone diverging from the inside out of the current day
geometry (Pohl et al., 1977). Surrounded by the inner ring, the
central crater is filled with Miocene post-impact sediments
having a surface diameter of 12km and a maximum 800 m
thickness (Jankowski, 1977; Stoffler and Wu, 1977). The inner
ring belt consists of crystalline basement blocks having a width of
1-2 km, and is geographically exposed in the western/southern
part of the Ries plain, but buried by lake sediments in the north
(Arpetal., 2019). Parautochthonous blocks that downfaulted and
slumped into the cavity during crater modification formed the
megablock zone (Arp et al.,, 2019), corresponding to the terrace
zone in impact crater structures elsewhere (Melosh and Ivanov,
1999; Sturm et al., 2015). The ejected impact rocks form an “outer
rim” embracing the whole impact structure as the outer
boundary, which has prevented fluvial input from domains
surrounding the crater lake (Rullkétter et al., 1990). The
blocking effect of the “outer rim” resulted in a closed
lacustrine environment, in which the sediments mainly
originated from weathering products of rocks inside the outer
rim (Arp et al,, 2014).

Three Miocene post-impact lithofacies are recognized in the
crater, i.e., marginal fluvio-deltaic siliciclastics and carbonates,
marginal carbonates, and a basinal argillaceous sequence (Arp
etal., 2014). The basinal argillaceous sequence is subdivided into
four sections (Figure 2), composed from bottom to top of the
basal reworked suevite unit A, the laminite unit B, the marlstone
unit C and the claystone interbedded with lignite unit D, as
revealed by the near center borehole Nordlingen-1973 (NR-
1973) (Fichtbauer and von der Brelie, 1977; Jankowski, 1981;
Rullkotter et al., 1990). Four subunits are further defined for unit
B, i.e,, clinoptilolite subunit B1, analcime subunit B2, bituminous
subunit B3 and diatomaceous subunit B4, based on their OM
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content, zeolite species and palynological features (Rullkotter
et al, 1990). It was assumed that the deposition of the post-
impact sediments took 1.2 to 2 Ma after the formation of the
crater about 14.6 Ma ago (Montano et al., 2021). Approximately
100 m of the latest Miocene lake sediments were eroded during
the Pliocene and Pleistocene (Fiichtbauer and von der Brelie,
1977; Bader and Schmidt-Kaler, 1990); the marginal carbonate
and siliciclastics lithofacies, which are exposed near the crater
rim, are probably time-equivalently sediments to the eroded
central sediments (Arp et al., 2014). The marginal carbonates,
composed of dolomitic algal bioherms, palustrine limestones,
carbonate sands and travertine, can reach a thickness of 50 m
(Wolf and Fiichtbauer, 1976; Riding, 1979).

SUBO-18 (Enkingen) only encountered around 23 m post-
impact sediments overlying the suevite base (Figure 2). The
sedimentary succession was divided into four lithological
units: 1) sandstone bearing basal marlstone (bottom-18.3 m),
2) bituminous shale (18.3-10.65m), 3) laminated clayey
marlstone (10.65-4.5m), 4) fluvial gravel, clay and silt
(4.5-0 m). The latest unit (4.5-0 m) was deposited during the
Quaternary (Arp et al,, 2014), while the other three units were
attributed to Miocene age, which were assumed to be equivalent
either to upper unit B-lower unit C (Arp et al., 2014) or units
B1-B3 in the NR-1973 (Arp et al., 2021). Units C and D, in any
case, are not present in the SUBO-18 borehole.

3 Samples and methods
3.1 Samples

A total of 176 post-impact lacustrine shale samples were
acquired from the NR-1973 (80) and SUBO-18 (96) wells, drilled
in the central crater and the inner ring periphery of the
Nordlinger Ries, respectively (Figures 1, 2). For the NR-1973
well, cores were sampled over a range of 261 m with the focus and
the most dense and regular sampling (at least one sample per
meter) in the organic-rich sections from about 140 to 260 m,
considering all the Miocene lacustrine sedimentary units
(6 samples from unit D, 1 sample from unit C, 70 samples
from unit B and 3 samples from unit A) in the Ries impact crater
(Figure 2). From the SUBO-18 well, samples were taken at last
every 20 cm (from surface to ca. 20 m) and locations with
exceptionally dark intervals were sampled in even smaller
intervals. For bulk geochemical (total organic carbon (TOC),
total inorganic carbon (TIC), total sulfur (TS) and Rock-Eval
pyrolysis), as (gas
chromatography (GC-FID) and gas chromatography-mass

well as  molecular geochemical
spectroscopy (GC-MS)) measurements, rock samples were
pulverized using an agate mortar and afterwards homogenized
and dried at 50°C overnight in the oven. Sample selection for
molecular organic geochemical and organic petrological analyses

was based on TOC contents and stratigraphy.
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FIGURE 3

Bulk elemental data (TOC=total organic carbon content, TIC=total inorganic carbon content, TS=total sulfur content) and Rock-Eval indices
(Sy= thermovaporized hydrocarbons, Tax= temperature of maximum pyrolytic hydrocarbon generation, Hi= hydrogen index) for the post-impact
sediments in the NR-1973 and SUBO-18. See Figure 2 for stratigraphic units.

3.2 Elemental analysis

TOC and TIC contents of all samples from both boreholes
were measured using an Elementar LiquiTOC II analyzer.
Approximately 100 mg of unacidified powder was combusted
at temperatures of 550°C (TOC) and 1,100°C (TIC) in the
presence of oxygen. Details on the experimental method are
summarized in Zhao et al. (2020). TS measurements were
conducted on 158 samples (there was no more sample
material for the remaining samples) with a Leco S200 sulfur
analyzer for which detection limit and precision are 20 ppm
and <5%. Details of the procedure are explained in Prinz et al.
(2017).

3.3 Rock-Eval pyrolysis

Rock-Eval pyrolysis was conducted on 155 samples having
TOC values above 0.5% utilizing a Rock-Eval six Pyrolyzer,
the experimental and interpretative methods
documented by Espitalié¢ et al. (1985) and Behar et al. (2001)

following

Frontiers in Earth Science

for acquiring qualitative information on the OM within the
sediments. Around 50 mg of each pulverized sample was
weighed for measurement. Thermovaporized hydrocarbons
(S;, mg HC/g rock) were recorded during the 300°C
isothermal stage and thermally cracked hydrocarbons (S,, mg
HC/g rock) were recorded during heating between 300 and
650°C. Generated hydrocarbons were detected by a flame
ionization detector (FID). T, corresponds to the calibrated
temperature of maximum pyrolytic hydrocarbon generation.

3.4 Molecular organic geochemistry

Selected samples from the NR-1973 well were prepared for
glycerol dialkyl glycerol tetracther (GDGT) measurements. Only
one of the samples turned out to contain valuable amounts of
GDGTs (18/691, unit D). The methodology and formula for
water temperature calculation are given in the Supplementary
Appendix Al.

Solvent extraction was performed on 36 samples showing
among the highest TOC and TS values with a Thermo DIONEX
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Totalion chromatograms and mass chromatograms of extractable lipids from the post-impact sediments in the Nordlinger Ries (assignments to

the identified peaks see Table 1). Chromatograms for (A) coaly shale in uppermost unit D with a maximum of n-alkanes in the long chain range, (B)
one of few samples with a weak bimodal n-alkane distribution (unit B2), and (C) a typical sample from unit B in the Nordlinger Ries (also unit B2)
showing a maximum in the short chain n-alkane range. m/z 191 traces show hopanoids distribution; m/z 217 shows steranes distribution; m/z
121+135+149 traces shows the MTTCs distribution and m/z 198+234 traces present retene and cadalene. See Figure 2 for stratigraphic units.

ASE 150 device using dichloromethane (DCM) as the solvent.
Drying and desulfurization of the raw extracts were performed
with anhydrous Na,SO, and activated copper powder. The
extracts were subsequently fractionated by column
chromatography over 2g activated silica gel using 5ml
n-pentane for aliphatics, 5 ml of a mixture of n-pentane and
DCM (v:v=4:6) for aromatics, 5ml DCM for semi-polar
compounds and 5ml methanol for polar compounds
successively as eluents (Schwarzbauer et al., 2000).
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Derivatization of fatty acids in the polar fraction was
completed according to the following procedures. The polar
fraction was firstly dried and then diluted by about 0.5 ml
methanol and subsequently reacted with the presence of 1 ml
boron trifluoride diethyl etherate in a cap-screwed 8 ml vial at
70°C for 2 h. Subsequently, 2 ml deionized water was added to
terminate the reaction, and 3 ml diethylether was then added to
the mixture and shaken for 3 min. After 10 min ventilation, when
the phase separation appears, the upper ester phase was carefully
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TABLE 1 Abbreviations for the assigned biomarker compounds in Figure 4.

Peak no. Name Peak no.
A C,5 dicyclesesquiterpene aa
B 16a(H)-phyllocladane ab
C ent-16a(H)-kaurane ac
D des-A-lupane ad
E Cio TT ae
F Cy TT af
G Cy, TT ag
H Cy, TT ah
I Cys TT ai
J Cu TT aj
K Cys TT (S+R) ak
L Cyy TeT al
M Cys TeT am
N Cas TT (R) an
o Ca6 TT (S) a0
P Cys TT (R) ap
Q Cys TT(S) aq
R C,9 neohop-13 (18)-ene ar
S 18a(H)-22,29,30-trisnorneohopane (Tm) as
T 18B(H)-22,29,30-trisnorneohopane (PTm)

U Cyo 17a(H),21B(H)-norhopane

\Y% Cyo Ts

w Csp hop-17 (21)-ene

X Cyo 17B(H),21a(H)-norhopane

Y Cso 17a(H),21B(H)-hopane

Z C;0 neohop-13 (18)-ene

10.3389/feart.2022.989478

Name

Cyo 17f(H),21p(H)-norhopane

Cs; 17a(H),21B(H)-30-homohopane (22S)

Cs; 17a(H),21B(H)-30-homohopane (22R)

gammacerane

Cso 17B(H),21B(H)-hopane

Cs; 17B(H),21B(H)-30-homohopane

Cs, 17B(H),21p(H)-30,31-dihomohopane

Cy7 5p(H),14a(H),17a(H)-cholestane (20R)

C,7 5a(H),14a(H),17a(H)-cholestane (20R)

Cyg 5p(H),14a(H),17a(H)-cholestane (20R)

Cyg 5a(H),14a(H),17a(H)-cholestane (20R)

Cyo 5p(H),14a(H),17a(H)-cholestane (20R)

Cyo 5a(H),14a(H),17a(H)-cholestane (20R)

monomethyl 2-methyl-2-(4, 8, 12-trimethyl-tridecyl) chromans (8-MTTC)
dimethyl 2-methyl-2-(4, 8, 12-trimethyl-tridecyl) chromans (B-MTTC)
dimethyl 2-methyl-2-(4, 8, 12-trimethyl-tridecyl) chromans (y-MTTC)
trimethyl 2-methyl-2-(4, 8, 12-trimethyl-tridecyl) chromans (a-MTTC)
cadalene

retene

*TT, 13B(H),14a(H) tricyclicterpane, TeT=tetracyclicterpane, C,9 Ts= 18a,21b(H)-30-norneohopane.

transferred to a pointed flask using a pipette. Then 3 ml
diethylether were added to the remaining sample, followed by
shaking, ventilation and transformation actions for completely
extracting derivative products, and all the reaction products
(ester phase) were finally transferred with a pipette to the
pointed flask. After evaporation to around 1 ml, the product
was dehydrated with anhydrous Na,SO,4 and solvent changed to
DCM for further fractionation. The derivatization product was
subsequently fractionated by column chromatography over 1 g
activated silica gel into two fractions. The first fraction was eluted
with 3 ml mixture of pentane and DCM (v:v=4:6) and then 6 ml
DCM successively, and the second fraction was eluted with 5 ml
methanol. The target derivatized polar compounds (ie., fatty
acids in form of esters) are in the first fraction.

Aliphatic, aromatic, semi-polar and derivatized polar
fractions were measured by gas chromatography-flame
ionization detector (GC-FID) and GC-mass spectrometry
(GC-MS). GC performed on a Fisons

Instruments GC 8000 equipped with a ZB-1 fused silica

analysis  was
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column (Zebron, 30m length, 0.25mm inner diameter,
0.25um film thickness) and an FID. The initial oven
temperature was set to 60°C (isothermally held 3 min), then
increased to 310°C at 5°C/min and finally kept constant for
20 min. GC-MS measurements were carried out on a Carlo
Erba Mega Series HRGC 5160 equipped with a ZB-5 fused
30 m
diameter, 0.25 um film thickness) linked to a quadrupole mass

silica column (Zebron, length, 0.25mm internal
spectrometer (Trace MS, Thermoquest). The mass spectrometer
was operated in electron impact ionization (EI) mode at 70 eV
ionization energy and in low resolution full scan mode. Helium
was used as carrier gas. The oven temperature was programed
from 80°C (isothermally held for 3 min) and subsequently
increased to 320°C at a rate of 3°C/min, and finally kept
constant for 20 min at 320°C. Peak identification was based on
mass spectra and retention times by comparison with mass
spectral libraries and literature data. Compound ratios were
calculated based on peak areas integrated from respective ion
chromatograms.
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FIGURE 5

(A) Most prominent n-alkane peak versus depth and (B) chain length distribution of n-alkanes from the post-impact sediments in the Nordlinger
Ries (Interpretation is based on Eglinton and Hamilton, 1967; Cranwell, 1977; dos Santos Neto et al., 1998; Ficken et al., 2000). Calculation is based on
the integrated area in gas chromatograms. See Figure 2 for stratigraphic units

3.5 Compound-specific stable carbon
isotope analyses

Prior to analyses, selected aliphatic fractions were solvent
changed to iso-octane and n-alkanes were subsequently
removed using a zeolite molecular sieve (Si0,:Al,053=50:1).
GC-FID was performed on the filtered fraction to check
whether all n-alkanes were removed. Stable carbon isotope
measurements were performed on a Finnigan Delta Plus XL
mass spectrometer connected to a Fisons Instruments GC
6980A (equipped with a Zebron ZB-5 fused silica column of
60 m length, 0.25mm internal diameter and 0.25um film
GCC III (gas
chromatography-isotope ratio monitoring-mass spectrometry,

thickness) via a combustion interface
GC-irmMS). One microliter of the sample was injected in
splitless-mode at an injector temperature of 270°C. The oven
temperature was programmed to 60°C (isothermally held for
3 min) and subsequently increased to 310°C at a rate of 3°C/min.
Helium was used as carrier gas with a velocity of 35 cm/s. The
eluting compounds were oxidized by a CuO/NiO/Pt-catalyst at
940°C. The carbon isotope ratio (8'°C) for the reference gas was
calibrated with a reference standard from Chiron (Trondheim,
Norway). Each sample was measured in triplicate, and averaged
data of the three runs are expressed in the §-notation relative to
the VPDB standard. Further experimental details are given by
Schwarzbauer et al. (2013).
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3.6 Organic petrology

To investigate maceral composition and vitrinite reflectance
(VRr), 14 whole-rock core samples (8 from NR-1973, six from
SUBO-18) cut perpendicularly to bedding were microscopically
analyzed adopting the procedures described in Littke et al.
(2012). VRr measurements were carried out on a Zeiss
Axioplan microscope (x500 magnification) in oil immersion
at a wave length of 546 nm using a Leuco-Saphire standard
(0.592% reflectance) for calibration prior to each measurement.
Data were acquired and processed with the Diskus-Fossil
software (Hilgers). Qualitative maceral identification and
microphotographic documentation were conducted on a Zeiss
both incident white light and

Axio Imager.M2 in

fluorescence mode.

4 Results
4.1 Elemental analysis

TOC contents in borehole NR-1973 mainly range from 2 wt
% to 10 wt% with an average of 7.65 wt%, and only six samples
show values lower than 2 wt%. Apparently three peaks occur in
units B1, B3 and D, where TOC values reach up to 17 wt%, 25 wt
%, and 27 wt%, respectively (Supplementary Appendix Table A1;
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TABLE 2 Molecular geochemical parameters related to aliphatic and aromatic hydrocarbons of the post-impact sediments in the NR (CPI= carbon preference index, TAR= terrigenous/aquatic ratio,
Pagq=(n-C23+n-C25)/(n-C23+n-C25+n-C29+n-C31), Pr=pristane, Ph=phytane, n.d.=not determined;

Sample

18/692
18/693
18/695
18/696
18/697
18/698
18/701
18/704
18/711
18/714
18/717
18/723
18/728
18/733
18/740
18/742
18/748
18/750
18/756
18/761
18/765
18/768
18/773
18/776
18/778
18/780
18/785
20/294
20/299
20/301
20/304
20/322
20/335
20/362
20/370

20/374

Unit

B3

B3

B3

B3

B3

B3

B2

B2

B2

B2

B2

B2

B2

B2

B2

B1

Bl

B1

B1

B3
B3

B3

B3

B2

B1

B1

Bl

Depth
(m)

9.60
18.25
37.15
47.20
95.53
137.70
160.80
172.70
174.40
175.30
180.10
185.20
191.20
196.20
200.10
204.80
214.20
217.80
223.90
230.10
240.00
243.80
247.90
250.00
252.50
253.90
258.30
10.67
10.98
11.13
11.40
13.10
14.23
17.00
17.70

18.13

n-
Cisao
(%)

55
90
64
89
69
41
39
23
94
78
44
72
82
45
48

67

89
60
87
57
67
44
91
48
31
32
21

28

n-
Cais
(%)

36

28

30
22

53

24
21
26

29

24

25

32
53
45
32
28

25

31

24

n-
Cy7.31
(%)

CPI

1.22

4.74

1.83

7.18
10.80

14.15

10.64

7.28

3.88

10.39

3.04

TAR Paq
0.19 0.54
241 031
23.22 0.17
0.29 0.84
0.04 0.78
0.17 0.77
0.06 0.69
0.13 0.37
0.81 0.41
0.26 0.50
1.15 0.68
0.02 0.72
0.13 0.40
0.58 0.40
0.21 0.44
0.07 0.63
0.98 0.44
0.79 0.39
0.15 0.77
4.73 0.35
0.04 0.75
0.61 0.43
0.08 0.48
0.54 0.57
0.34 0.39
1.00 0.38
0.02 0.74
0.62 0.63
0.49 0.82
0.73 0.70
2.90 0.41
244 0.38
14.55 0.23
3.80 0.44
11.30 0.39
12.25 0.31

Ph/
n-

ClS

0.80

L15

0.58
0.71

17.87

24.25
37.18

2741

13.94
19.30

35.90

155.04
28.68
173.05
4791
86.25

8.39

32.28
1.88

1.83

3.93

60.19
30.25
16.69

3.54

11.82
19.71

1.30

Pr/
Ph

des-A-
lupane/
DTPs

0.25
0.66
nd.
nd.
0.09

0.24

nd.
0.34
0.06
n.d.
nd.
0.25
n.d.
n.d.
nd.
nd.

nd.

0.35
0.42
nd.
nd.
0.74
0.66
nd.
nd.
0.52
0.66
nd.
nd.

0.75

DTPs/
Cso af
hopane

31.08

197.45
16.41
1.36

nd.

n.d.
0.11
n.d.
n.d.
n.d.
nd.

nd.

Gamma
cerane
index

0.19

0.03

C35' /C31 -357
homohop-
17(21)-enes

nd.
n.d.
nd.
nd.
nd.
n.d.
nd.
nd.
nd.
n.d.
nd.
nd.
nd.

nd.

0.03
nd.

nd.

C27
sterane
(%)

35
27
n.d.
29
39
68
76
75
75
70
53
75
68
76
67
69
94
92
92
89
80

66

70
64
35
62
32
41
50
36
31
43

30

CZS
sterane
(%)

Cao
sterane
(%)

51
57

100

43

31
33
26
64

88

C27-29
regular
steranes/

Cr9.32
17621
hopanes

0.38

0.05
0.46
1243
16.12
13.77
20.39

18.74

10.85
14.84

22.69

22.58
20.30
97.67
104.97
16.40

14.14

13.25

DTPs/

Cy;

sterane

72.87

nd.
255.35
3.34

nd.

0.03
0.07
nd.
nd.
0.01
nd.
n.d.
nd.
nd.

nd.

retene/(
retene+c
adalene)

0.23

0.00
0.18

0.73

0.34
0.98
0.35
0.39
0.21
0.18
0.77
0.91
0.79
0.31

0.58

0.62
0.59

0.33

a/ total
MMTC

3/ total
MMTC

e 30 oeyz
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Figure 3). Borehole SUBO-18 shows generally lower TOC values
(0.15-12.6 wt%, average at 1.94 wt%) than borehole NR-1973. Its
Miocene sequence represents two TOC peaks in the bottom
(18.13m) and middle (10.98 m) part similar to NR-1973
(2539 and 1753 m, respectively). TIC contents represent
carbonate minerals. Depending on the presence of either
dolomite or calcite, carbonate contents are roughly 8 times
higher than TIC contents. TIC ranges in borehole NR-1973
from 0 to 122wt% (average at 1.90 wt%) and in borehole
SUBO-18 (0.01-9.1 wt%, average at 1.94wt%); the highest
values are found at the bottom succession (255.2 and 18.8 m,
respectively), with a second peak in the middle of the sedimentary
column (186.5 and 11.2 m, respectively). Additionally, a peak TIC
value occurs at around 15 m in the SUBO-18. TS values in both
boreholes do not show a significant trend and mostly range from
1-5wt% (0.09-11.83 wt%, average at 2.04 wt% for NR-1973;
0.18-9.33 wt%, average at 2.95 wt% for SUBO-18).

4.2 Rock-Eval pyrolysis

S; values represent free and sorbed hydrocarbons
(0.08-23.61 mg HC/g rock, average 3.37 mg HC/g rock for
NR-1973; 0.02-7.02mg HC/g rock, average 0.54 mg HC/g
rock for SUBO-18) and show two peaks in the middle and
the bottom of the borehole, in the depth interval, where peak
TOC values occur. Hydrogen index (HI=S,/TOC, Espitalié¢ et al.,
1985) fluctuates between 12 and 967 mg HC/g TOC in the NR-
1973 (average at 447 mg HC/g TOC) with two prominent peaks
in the middle (172.7 m) and bottom (248.9 m) part. Overall, the
SUBO-18 borehole exhibits lower HI values compared to the NR-
1973, having two clear peak intervals at 10.98 and 17 m depth
(mean value 206 mg HC/g TOG; Figure 3). Tyax in the NR-1973
shows low values in the top and bottom part of the sequence with
most samples ranging between 420 and 435°C (mean value
425°C). The SUBO-18, however, presents rather complex Tyax
results oscillating from 352 to 453°C with a mean value of 411°C
without an apparent depth trend (Figure 3).

4.3 Molecular organic geochemistry

4.3.1 Normal alkanes and isoprenoids

Total ion as well as selected ion chromatograms for the aliphatic
fraction, and their assignments are shown in Figure 4 and Table 1,
respectively. Figures 4A,B represent some rather special samples,
whereas Figure 4C represents the typical composition of most
samples. For the NR-1973, n-alkanes generally peak at n-C,s/n-
C,7 and occasionally at n-C,o/n-Cs; (Figure 5A), while n-alkanes in
the SUBO-18 generally peak at n-C,3/n-C,o/n-Cs;. Most samples
display a unimodal distribution (Figures 4A,C), while a few samples
have a weak bimodal distribution for the n-alkanes (Figure 4B).
Chain length of n-alkanes for most samples varies from #-C; to n-
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Css, depicting a predominance of short-to intermediate-chain
n-alkanes (Figures 4C, 5B). Carbon preference index (CPI= [(n-
Cy541-Cyyt+n-Chg+n-Cs+1-Cs3)/ (1-Coy+n-Chg+n-Chgtn-
C30+n-C35)+(n-Cy5+n-Cyy+n-Cro+n-Cs,+1n-Cs3)/ (n-Cyet+n-
Cyg+n-Cs0+n-Cs+n-Cs4)]/2, Bray and Evans, 1961) values
are generally much higher than 1 (Table 2), implying immature
OM in the sediments. The ratio of n-C,,/n-C, is mostly very low
(<1, Table 2) with the highest value in the coaly shale in unit D
(sample 18/695) at the central site. Usually, this ratio is very well
suitable in order to distinguish input of terrestrial organic matter
versus marine, aquatic organic matter. However, in the case of
the very special NR lake sediments, it does not work well, because
concentrations of both n-C,; and #-Cy; are very low.
Furthermore, the ratio of (n-C,5+n-C;;)/(n-Cy3+n-Cys) is
mostly larger than 1, being in line with the predominant
contribution of algae over macrophytes. Also, values of the
terrigenous/aquatic (TAR=(n-Cy7+n-Cy9+n-Cs;)/(n-
Cy5+1n-Cy7+n-Cg), 1996)
commonly lower than 1 (Table 2; Figure 6A), except in the
coaly shale sample (18/695) in unit D (NR-1973) and the lower
sequence in the SUBO-18 having high values. Paq (Paq=(n-
Cy3+1-Cys5)/(n-Cy3+n-Cys+n-Cyot+n-Cs;), Ficken et al,, 2000) is
usually above 0.4, except for the middle unit D (ca. 18-38 m) in
borehole NR-1973 and the bottom succession (e.g., 13-15 m and
below 17 m) of borehole SUBO-18 (Table 2; Figure 6A).
Amongst isoprenoids, Pr and Ph are the predominant

ratio

Bourbonniere and Meyers, are

compounds, and Ph is even the highest peak dominating over
all other compounds in all the samples except in NR-1973 unit.

D and the bottom of borehole SUBO-18 (Figure 4). Values of Pr/
n-C;; range between 0.01 and 0.82 with most of the values being less
than 0.6 (Table 2; Figure 7), while values of Ph/n-C;g span from
0.33 to 173.0 (Table 2; Figure 7). Pr/Ph is observed to vary from
0.01 to 2.19 with most samples below 0.5; the only high value occurs
in the coaly shale sample in unit D (Table 2; Figure 6A).

4.3.2 Diterpenes, tricyclic terpanes and
hopanoids

Diterpenes (DTPs) were evaluated based on the m/z 123 mass
trace. Tricyclic terpanes (ranging from C;g to Cyg, except Cyy).
Hopanes (ranging from C,; to Cs,) were identified based on the m/
z 191 mass trace (Figure 4), and hopenes (range from Cj, to Css)
were identified on the m/z 367 mass trace. Diterpenoids are mainly
composed of 4B(H)-19-norisopimarane, 16a(H)- phyllocladane,
ent-16a(H)-kaurane and des-A-lupane in the studied samples, but
not all the samples contain all the four diterpenoids. According to
the m/z 191 mass trace, peaks of pentacyclic triterpenoids are
generally much higher than those of tricyclic terpanes (Figure 4).
Among C,; trisnorhopenoids, 18a(H)-22,29,30-trisnorneohopane
(Ts) is absent and 17a(H)-22,29,30-trisnorhopane (Tm) occurs in
low concentration, while 17p(H)-22,29,30-trisnorhopane (BTm) is
abundant in both boreholes, which is in line with immature OM.
Cyo 17B(H),21B(H) norhopane (C,o fp hopane) gradually becomes
predominant in m/z 191 with increasing depth in borehole NR-

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.989478

Zhao et al.

1973. The dominant peak in m/z 191 for borehole SUBO-18 is
either C,o PP hopane or Csy hop-17 (21)-ene or Cy
178(H),21a(H) hopane without a clear trend. The typical
biological 17p(H),21p(H) hopanes (range from C,y to Cj;,) are
their
(17a(H),21B(H)), suggesting that biomolecules remain at a low

dominant over corresponding  geological ~isomers
transformation stage. The 17 a(H),21B(H) isomers only reach Cs;,
while the homohop-17 (21)-enes reach Css, but these extended
molecules only occur in the lower sequence of borehole NR-1973
(i.e., units B2, B1 and A), and in borehole SUBO-18.

High total diterpenoids/Cs a hopane (DTPs/Csq afp hopane)
values suggest higher contributions of higher land plants
(especially gymnosperms) to OM relative to prokaryotes. As
shown in Figure 6B, DTPs/C3, af hopane shows a roughly
ascending trend (0-197.45) from bottom to top in borehole
NR-1973 with some samples having no diterpenoids at all. In
contrast, this ratio increases from 0.51 to 2.98 in borehole SUBO-
18. Most C,9 af-/Cs ap hopane ratios are less than 1 (0.10-1.61,
average at 0.51) in borehole NR-1973, while they tend to be higher
(0.33-2.77; mean value 1.11) in borehole SUBO-18. Tetrahymanol as
a precursor of gammacerane is principally sourced from
bacterivorous ciliates, which feed on green/purple sulfur bacteria
occurring under anaerobic conditions in stratified water columns.
reflect water column
1995). Water column
water

Thus gammacerane was proposed to
stratification (Sinninghe Damsté et al.,
stratification in turn is related to salinities and

indicate bottom water
af
(gammacerane index) values are mainly below 0.2 (0.03-0.81,
average 0.23) in borehole NR-1973 except for the bottom
sequence (e.g, 250-260m), while it varies mainly between
0.14 and 0.88 (average 0.46) in borehole SUBO-18. Cj5-/Cs; 35-
homohop-17 (21)-enes ratios increase with decreasing bottom water

gammacerane is therefore also used to

salinities. ~ Gammacerane/(gammacerane+Cs, hopane)

oxygen content (Rullkétter and Philip, 1981) and are clearly higher in
borehole NR-1973 (0.03-0.33, average 0.14) than in borehole SUBO-
18 (0-0.06, average 0.03; Table 2).

4.3.3 Steranes

The regular steranes (C,; 59 steranes) were primarily recognized
based on the m/z 217 ion chromatogram, while some unresolved
methylsteranes with a molecular mass of 414 Da were found in m/z
231. The regular steranes are composed of six peaks, i.e., 53,14a,17a
(20R) and 50,140,17a(20R) configurations for C,;, Cys and Cyg
steranes, respectively (Figure 4). The explicit identification of
5B,14a,17a-sterane (20R) was not documented in the NR before,
which is a biological configuration implying a very low thermal
maturity in line with hopanoid species described above. The regular
steranes represent an “L-shaped” distribution pattern indicating the
absolute dominance of Cy; steranes in most samples (Figure 4). The
normalized C,; steranes to total regular steranes ratio (C,; sterane
(%)) of borehole NR-1973 (27-94%, average 66%) is clearly higher
than that in borehole SUBO-18 (4-50%, average 31%) (Table 2;
Figures 6C, 8). Cyg steranes (%) range between 3 and 61% (average
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21%). It is a minor component in most samples from borehole NR-
1973, but accounts for a relatively large percentage of steranes in
borehole SUBO-18. The amount of C,g steranes (%) ranges from
3 to 88% with a higher percentage in borehole SUBO-18 (average
34%) than in borehole NR-1973 (average 19%). It should be noted
that almost no C,; and C,g regular steranes were found in the coaly
shale sample (sample 18/695). The ratio of Cy; 59 steranes/Cyg 3, afp
hopanes ranges from 0.05 to 104.97 with higher values in the
middle-lower sequence of borehole NR-1973, intermediate values in
borehole SUBO-18 and low values in the upper part of the NR-1973
(Table 2; Figure 6C). Total diterpenoids/C,; steranes (DTPs/C,;
sterane) ratio reflects the contribution from higher land plants to
OM relative to algae. DTPs/C,; sterane values range from 0.01 to
255.35 in borehole NR-1973, where high values only occur in unit
D, while most of the samples have extremely low values; i.e., there is
an absence of diterpenoids in part of the samples from units A and
B. DTPs/C,; steranes ratios for borehole SUBO-18 range from
0.30 to 2.59 and are generally slightly higher than in borehole NR-
1973 (Table 2).

4.3.4 Polycyclic aromatics and heteroatomic
compounds

Retene and cadalene were evaluated based on m/z 234 and
198 ion chromatograms, respectively. Mono-, di- and trimethyl 2-
methyl-2-(4, 8, 12-trimethyltridecyl) chromans (5-, B- and y-, and
a-MTTCs) were identified on m/z 121, 135 and 149, respectively.
As presented in Figure 6B and Table 2, ratios of retene/
(retene+cadalene) fluctuate between <0.01 and 0.98. Empirical
observations suggested that the relative concentration a-MTTC
(a-/total MTTC) decreases with increasing depositional water
inverse trend for §-MTTGC;
accordingly, a-/total MTTC in combination with Pr/Ph ratios is

salinities, while there is an
proposed to be indicative of water salinities, where Pr/Ph<0.2 and
a-/total MTTC<0.5 suggest hypersaline conditions, Pr/Ph>0.2 and
a-/total MTTC>0.5 indicate mesosaline conditions (as proven by
Permian Kupferschiefer sediments, salt concentration 40-120%o),
Pr/Ph>0.3 and a-/total MTTC>0.6 reflect marine-like water
salinities (as proved by Upper Jurassic Malm, salt concentration
30-40%o) and Pr/Ph>1 and a-/total MTTC>0.7 reflect fresh water
conditions (salt concentration 1-30%o) (Schwark et al., 1998;
Wang et al, 2011; Jiang et al., 2019). The values of a-MTTC
normalized to total MTTC compounds (a-/total MTTCs) vary
from <0.01 to 0.99 with a mean value of 0.45 in borehole NR-1973,
clearly lower than that in borehole SUBO-18 (0.37-0.90, average
0.79). The normalized §-MTTC (8-/total MTTC) ratios for
borehole NR-1973 (0.001-0.97, average 0.39) are significantly
higher than those in borehole SUBO-18 (0.004-0.12, average 0.03).

Both straight-chained esters in the semi-polar fraction and
fatty acid esters (after derivatization) in the polar fraction were
measured for samples from borehole NR-1973 and identified
based on m/z 74 as representative. Samples from the marginal
drilling were not included. Generally, straight-chain esters and
n-alkanoic acids are the dominant compounds in semi-polar and

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.989478

Zhao et al.

10.3389/feart.2022.989478

A TAR Pag retenel(retene+cadalene) DTPS/C,, aff hopane ‘gammaceranc index C,, sterane (%) DTPs/ C, sterancs C,,, steranc/C,,,, aff hopane
g0 5 10 15 20 25} 0 02 04 06 08 1i 0 05 1 15 2 25 0 02 04 06 08 1} 001 01 1 10 100} 0 02 04 06 08 I (0 20 40 60 8 104 001 0.1 1 10 100 100G @07 01 1 10 100 1000
increasing . . . . . .
O bl . ® increasing temperature| o O o O o ';'Rl')lgn
ettty
. . |[——\ a ic/® .
yoxic/ *c
50 E) et . s0f® L bovie| SO 50 0 sof ® sof @ 50 o | s B
increasing terrestrial higher aoxie bt increasing red algge increasing highr -
i B la InoreasInR e e input T
land plant T inpul fand plans input Bl
101 100 % 100 b 10 . 101 % 00 ¢ 1 hd 1 * 101 RELA A
2 increasing eukarygte/
= algac input
2 ] a @
& 150 150, 150, 151 15 15 15 151 15
[} n . " " " " »
L1} N " . LI | - (L] »
d . L] |.. ; " i L [T X N
m B
20 200 " . 2008m @ . o g 200 8 20 & 2 20 =g
. §
7 [} o = [} U o g B
[} a -} m B &
25% 250, &S 25(%@; . A LN EEL 25 S gy | ¥ s § 250§ o 0.
Pag Pi/Ph retene/(retene+cadalene) DTPS/C,, o hopane ‘gammacerane index C,, sterane (%) DTPs/ C,sterancs o Sterane/Cy,, o hopane
O 5 10 05 20 25i 0 02 04 06 08 1| 0 05 1 15 2 25 0 02 04 06 08 1i 0ol ol 1 {0 100 | 0 02 08 1 0 2040 60 80 100 001 0.1 1 10 100 1004 001 0.1 1 10 100 1000
. u u ] u " ] u ]
]]l 1 a® ng 11 ™ " 11 oy 11 L] 1 oy 11 .. 11 a®
= ncreasings  indreasing . dyoxic/ . u = - " "
ol ol e plankton, - e 1o REESIEaEIIERC TR ) nercasiug highes 1) 120 reasing redial 12} increasing higher 12
N land plant| anoxic increasing highgr increasing red algge ing |
increasing terrestrial latdiplaud and plants input input T T
13} g input 13 o 13l 1/ 13 - 13 O H 15 13 0
— 4] 14| 14} 14| 14] 14 14| 14} 14]
B = @ o ] | ] @ o o
£ 15 15 15 1s 15 15| 15| 15 3|
2 increasing eukarygte/
16 16 16 16 16 16/ 16 16 16 plzzeiiplt
17 17 17ls b 1 I 17 17 17
§ N N
13 18] 18] 13 13 I8 18y 18 13
SUBO-18
19] 19| 19] 19] 19] 19] 19| 19| 19} = B3
@ B2
0 0 20 20 0! 0! 20 S Bl

Molecular geochemical profiles of (A) n-alkanes and isoprenoids related proxies, (B) terpenoids and polycyclic aromatic hydrocarbons related
proxies and (C) steranes related proxies for the post-impact sediments in the Nordlinger Ries. TAR = (n-C,7+n-Cpog9+n-Cz4)/(n-Cys5+n-Cy7+n-Cyo),
Paq = (n-Cz3+n-Cus)/(n-Cuz+n-Cos+n-Coo+n-Csy), Pr = pristane, Ph = phytane, DTPs = diterpenes, gammacerane index = gammacerane/

(gammacerane+Cszp aff hopane). See Figure 2 for stratigraphic units.

polar fractions, respectively. Straight-chain esters range from C;s to
Css and mostly peak at C;; in the examined samples. Exceptions
appear in the coaly shale from unit D peaking at C,;, while samples
from the bottom of the central well, i.e., ssmples 18/776 and 18/785,
peak at C,5 and C,;, respectively. The normalized percentages of
Cy7.21 (short straight-chain esters, SSCE), Cy3 »; (intermediate
straight-chain esters, ISCE) and Cyy 33 (long straight chain-esters,
LSCE) are shown in Table 3. The proportion of SSCE accounts for
2-100% (60% on average) with an apparently low value in the coaly
shale sample from unit D, and ISCE and LSCE account for 0-58%
(30% on average) and 0-44% (9% on average), respectively.
N-alkanoic acids as expressed in methyl esters peak at C;3/Ci6
and range between Cg to Cs, with low amounts of iso- and anteiso-
structures. Normalized C,7_,, (short-chain n-alkanoic acid esters,
SSCFE), C,3_57 (intermediate-chain n-alkanoic acid esters, ISCFE)
and Cyg_3; ratios (long-chain n-alkanoic acid esters, LSCFE) to their
sum were calculated (Table 3). SSCFE dominantly span the range of
46-97% (85% on average), while ISCFE and LSCFE only account for
2-47% (13% on average) and 0-7% (1% on average), respectively.

4.4 Compound-specific stable carbon
isotope analyses

8"C values of Pr vary between -33.8%o and -26.1%o for
selected samples, while Ph is more enriched in "*C resulting in
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§"C values of —28.2 to —25.1%o (Table 3). The §"°C value of Pr
failed to be obtained when its concentration was extremely low
compared to Ph. §"°C values for C,; steranes were evaluated for
three samples, showing ranges of -28.2 to —23.6%o
and -29.0 —24.2%o0 5B,14a,17a(20R)
5a,14a,17a(20R) configurations, respectively.

to for and

4.5 Organic petrology

In the samples derived from borehole NR-1973, macerals are
mostly present in a fine-grained, laminated mineral matrix.
Vitrinite and inertinite particles are most abundant and
largest in the uppermost unit D, where inertinite is the
dominant maceral group in samples 18/691 and 18/693
(Figure 9A), while vitrinite is predominant in sample 18/695
(Figure 9B). Because of the abundance of vitrinite, random
vitrinite reflectance (VRr) was measured for samples in unit D,
showing a value of 0.33%. The other samples analyzed contained
either no or insufficient vitrinite for the measurement of VRr.
Considering the low borehole temperature (<30°C) and the
geological temperature history (Rullkotter et al, 1990), OM
maturity for the deeper sediments is expected to be quite
similar to that of unit D, ie, OM in the NR is thermally
immature. Down the section of borehole NR-1973, vitrinite
and inertinite are either absent or extremely rare and small
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FIGURE 7

Crossplot of Pr/n-Cy7 vs Ph/n-C,g of the post-impact sediments in the Nérdlinger Ries (modified after Shanmugam, 1985). See Figure 2 for

stratigraphic units.

(Figures 9C,D) in samples taken from the deeper units C and B.
Here, alginite having bright fluorescence is most abundant,
occurring mostly as lamalginite (Figures 9E,F) and occasionally
as telalginite, showing well-preserved structure (Figures 9G,H).
Most samples show large amounts of amorphous organic matter
with  bright This
groundmass (UFG; Figures 9D,F,H,L) is especially dominant in

fluorescence. unstructured  fluorescent
samples taken from unit B. The strong background fluorescence
indicates the presence of submicroscopically small (<1 pm),
hydrogen-rich organic matter disseminated in between the
mineral matrix.

In the six samples from borehole SUBO-18, vitrinite and
inertinite particles are rare and small if observed, except for the
lowermost sample (sample 20/374) having larger vitrinite/
inertinite particles and a VRr of 0.32%. Alginite is the main
species of liptinite observed here, showing bright yellow
fluorescence (Figures 9K,L). UFG is abundant as well. Pyrite
grains are mostly small, usually occurring as small framboids or
single euhedral crystals.

5 Discussion
5.1 Chemostratigraphy

Chemostratigraphy is related to the description and correlation
of strata on the basis of their chemical composition (Saraswati,
2015). Here, the distribution of TOC, S; and HI, combined with

lithological differences in the two studied boreholes are adopted to
develop a potential stratigraphic correlation scheme (Figure 2).
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Basically, all the recovered core sections from the central area
(NR-1973) were deposited during the Miocene (Fiichtbauer and
von der Brelie, 1977), while deposits above 4.55m in borehole
SUBO-18 were reported to be Quaternary fluvial sediments (Arp
et al,, 2014). Consequently, Miocene sediments below 4.55 m in the
stratigraphic column of borehole SUBO-18 are compared with the
Miocene sequence of borehole NR-1973 in this study (Figure 2). In
the TOC, S; and HI profiles for the SUBO-18 borehole, two
prominent peaks are visible (Figure 3). These peaks are also
visible in the central borehole, where much larger Miocene
thicknesses are observed. Therefore, the two peaks in borehole
SUBO-18 are attributed to marker signals corresponding to the
two peak values in units Bl and B3 of borehole NR-1973, and are
tentatively correlated with units B1 and B3 for the lower and upper
marker layer, respectively (Figure 3).

As depicted in Figure 2, the lithology between 23 and 18.32 m
is marlstone interbedded with calcareous sandstone in SUBO-18,
and in conjunction with the rather low TOC, S; and HI values in
this interval, this depth range is therefore designated as “basal
marlstone (SBM)”. Upwards, between 18.32 and 15.35 m, the
lithology starts with oil shale (bitumen-rich claystone) and is
followed mainly by marlstone with parallel bedding having the
first peak in TOC, S, and HI values, and thus is correlated with
unit B1. The oil shale in borehole SUBO-18 might be consistent
with the oil shale at the bottom of borehole NR-1973 (Figure 2).
Nevertheless, sediments between 23 and 15.35m in borehole
SUBO-18 are speculated to be syn-deposited with unit Bl in
borehole NR-1973, because the suevite deposits downward from
25 m in borehole SUBO-18 should correlate with unit A (suevite
in NR-1973) (Figure 2).
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Triangle plot of regular Cy7-, Cog- and Cyg-steranes (%) normalized to the sum of all regular steranes for the post-impact sediments in the
Nordlinger Ries (Modified after Huang and Meinschein, 1979; Volkman, 1986; Kodner et al.,, 2008). See Figure 2 for stratigraphic units.

Further upward, between 15.35 and 13.63 m in borehole
SUBO-18, the lithology consists of marls and calcareous
sandstone, and TOC, S, and HI values are rather low,
coinciding with lower values in unit B2 of borehole NR-1973
compared to B1 and B3; thus, this interval is correlated with unit
B2. The second peak in TOC, S; and HI values occurs in the
interval of 13.63-10.65m in borehole SUBO-18, which is
composed of marlstone with either parallel bedding or slump
structure. This depth interval correlates with unit B3 of borehole
NR-1973, where also high TOC, S; and HI values are found.
Between 10.65 and 4.55 m, the lithology shifts to laminated clay-
marlstone, having rather low TOC, S; and HI values, which can
be correlated to unit B4 in borehole NR-1973 (Figures 2, 3). It
should be noted that different correlations were suggested by Arp
etal. (2014, 2021); according to the latter one, Miocene units in the
SUBO-18 well would correlate to units B1 and B2 in the center.

5.2 Kerogen type

In borehole NR-1973, OM in units A-C is mainly composed
of type IT kerogen based on Rock-Eval data, with type I kerogen
present at the boundaries of unit B2, and in the middle of units
B1 and B3 (Figure 10). Kerogen type in unit D shifts from type II
to type III; i.e., there is an overall decreasing HI from bottom to
the top of the profile (Figure 3). It should be noted that the H/C
values (significantly over 1.5) of kerogens reveal typical type I
kerogen in some post-impact sediments (Rullkétter et al., 1990),
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which slightly contradicts the interpretation of Rock-Eval results
in this study. Large amounts of illite and smectite were
documented to occur within the central sequence (Salger,
1977), which could impose an intense hydrocarbon retention
effect on the mineral matrix thus reducing the S, and HI values
(Yang and Horsfield, 2020). The same effect can be expected for
zeolites. Therefore, the Rock-Eval S, and HI data might be biased
by the retention of generated hydrocarbons on clay minerals or
zeolites, and type I kerogens are still expected in units B1 and B3.

In borehole SUBO-18, OM is primarily composed of type II
and III kerogen with clearly lower HI values, which vary less
compared to those of borehole NR-1973. On the one hand, such
differences seem to be reasonable, because the marginal domain
in a basin can receive more terrigenous OM having lower
hydrocarbon generation potential and thus lower HI values.
On the other hand, the calculated HI values are expected to
be lower than their authentic HI due to abundant illite and
smectite in the marginal sequence (Arp et al.,, 2014), leading to
hydrocarbon retention upon pyrolysis and thus lowered S, and
HI values.

5.3 Depositional environment
5.3.1 Climate and water temperature
The higher plant parameter (HPP), which is defined as the

relative concentration of retene and cadalene (HPP = retene/
(retene + cadalene)), can be used to obtain insight into the paleo-
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TABLE 3 Percentage of straight chain ester and alkanoic acid parameters (calculated to the sum of all esters or alkanoic acids, respectively) and
compound-specific carbon isotope data of some specific biomarkers from post-impact sediments in borehole NR-1973 from the Nérdniger Ries.

n.d.=not determined.

Sample Unit Depth Straight chain Straight chain §C §C 8C (Cyy §C (Cy,
(m) esters (%) fatty acid (pristane, (phytane, BaaR aaaR
easters(%) %) %) sterane, %) sterane, %)
Ciz21 Caa7 Cyo33 Cizar Cazar Crosz
18/692 D 9.60 59 34 8 93 6 0 -31.0 -27.8
18/693 D 18.25 100 0 0 97 2 0
18/695 D 37.15 2 54 44
18/697 C 95.53 80 17 3 92 7 1
18/698 B4 13770 48 42 10 93 7 0 n.d. n.d. -28.2 -29.0
18/701 B3 160.80 40 52 8 84 16 0 -30.3 -25.1
18/717 B3 180.10 100 0 0 78 20 2
18/723 B3 18520 40 50 11 98 2 0 27.7 27.1
18/733 B2 196.20 n.d. 264
18/740 B2 200.10 95 5 0 52 44 4 284 -28.2
18/756 B2 223.90 53 40 7 94 6 0 -26.1 -25.8 -23.6 242
18/761 B2 230.10 100 0 0 46 47 7 n.d. 269 249 265
18/776 Bl 250.00 24 58 18 82 17 0 -33.8 272
18/778 Bl 25250 95 5 0 66 33 1 327 -26.1
18/785 A 25830 38 58 4 92 8 0 -31.8 -26.6

botanical community (van Aarssen et al., 2000). High HPP
(towards 1) suggests the presence of a large proportion of
drought-tolerant plants, in particular conifers that produce
retene (van Aarssen et al, 2000; Jiang et al, 2020). In
borehole NR-1973, the ratio of retene/(retene+cadalene) varies
widely in units B and C, while values are low in unit D
(Figure 6B). The latter values can be explained by a very low
amount of conifers in the direct vicinity of the lake; this fits the
high paleotemperatures known for the Miocene in this area. The
partly much higher values in units B and C (with much scatter)
may be due to other sources of retene such as algae and bacteria
(Wen et al,, 2000), since higher land plants are extremely rare in
this section.

In this study, glycerol dialkyl glycerol tetraether (GDGT)
analysis was successfully conducted on one sample from unit D.
Data reveal an annual mean paleo-water surface temperature of
about 25°C at the very top of borehole NR-1973. This
temperature is well in line with published GDGT-derived
temperatures for Miocene lignite (~14.8 Ma) from western
Germany (Stock et al., 2016).

5.3.2 Water salinity and stratification
MTTC related proxies have been widely used for

reconstructing paleo-salinity of water bodies, and the
crossplot of Pr/Ph vs a-/total MTTC turned out to be a
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powerful tool to reconstruct water salinity (e.g., Schwark
et al., 1998; Wang et al., 2011; Jiang et al., 2019). The lake
water in the crater center (NR-1973) was initially mesosaline
(units A and B1, Figure 11). Later, water salinity increased to
hypersaline in unit B2. After a short drawback to mesosaline
conditions at late B2, water salinity raised back to hypersaline
in unit B3, then continuously decreased to mesosaline in unit
B4 and then to normal marine-like salinity in unit C. Unit D
started from mesosaline and kept a normal-marine salinity
except for a short term at fresh water conditions during which
the coaly shale seam formed. Within the marginal area
(SUBO-18), units B1, B2 and B3 experienced lower water
salinities but the same evolutional trend as B1, B2 and B3 in
the center, respectively, which is in agreement with the
Such
diversity in salinity might occur as heavier saline water

aforementioned stratigraphic correlation results.
tends to sink filling the deep part of the basin and thus
leading to higher salinity proxies in central sediments.

High concentrations of gammacerane usually imply
intense water column stratification (Sinninghe Damsté
et al., 1995). Generally, the gammacerane index shows a
decreasing trend from the basal part to unit B2 and
subsequent maintenance of weak stratification in the central
crater till the end, while the marginal lake shows stronger
stratification levels (Figure 6B). The latter conclusion
concerning a more intense water stratification in the

shallow, marginal lake is not logical from a hydrological
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FIGURE 9
Maceral microphotographs of selected polished sections from the NR-1973 and SUBO-18. See Figure 2 for stratigraphic units. (A,B,C,E,G,1,K)
are taken under white incident light; (D,F,H,J,L) show the fluorescence mode excited by UV-light.

point of view. In this context it should be mentioned that
gammacerane is reported to be a diagenetic product of
tetrahymanol (ten Haven et al, 1989), which appears to
mainly originate from bacterivorous ciliates, occurring
around the chemocline of stratified water columns feeding
on bacteria (Sinninghe Damsté et al., 1995). Therefore, the
differences in gammacerane index evolution between the
be the
availability of prokaryotes, which will be discussed in more

analyzed two boreholes might confined by
detail in the following section. The depletion of prokaryotes,
over most of the time in the crater center, limits the
development of bacterivorous ciliates (Figure 12A), leading
to rather low and decreasing gammacerane production and a
negative trend between gammacerane index and C,;.,
steranes/C,q 33 af hopanes (Figure 12B).

High concentrations of §-MTTC or low concentrations of a-
MTTC suggest high water salinity (Schwark et al., 1998; Jiang
et al,, 2018). A positive correlation was found between 8-/total
MTTC and the gammacerane index in some previous cases,
revealing that a higher water salinity enhances the stratification
of the water column (Jiang et al, 2018). Nonetheless, the
gammacerane index partly shows a negative correlation
with the §-/total MTTCs in this study (Figure 12C), which

was observed in other studies as well, e.g., Zhang et al. (2012)
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and Tulipani et al. (2015). Such negative correlation might be
explained by intense water stratification, which does not favor
the mix of the hypersaline bottom water and the less-saline
upper water body based on studies of the lacustrine Messinian
(Kenig et al., 1995) and Oligocene successions from the
Qaidam Basin (Zhang et al., 2012). However, this negative
correlation might alternatively just reflect the decline of
gammacerane-producing organisms under high salinities, as
discussed above.

TS contents in lacustrine sediments are usually rather low
and poorly correlate with TOC contents due to the low sulfate
concentration in freshwater environments (Berner, 1984). The
high TS values of the NR sediments (Figure 13A) further indicate
high salinities. Negative correlations between TS and TIC
(Figure 13B) might suggest that sulfate in the lake water was
not or not entirely derived from carbonate weathering (e.g., from
gypsum and anhydrite containing Keuper succession). TIC and
thus carbonate contents are higher in the sediments of the
marginal drilling, and the basal units Bl and A, i.e., in close
proximity to the Jurassic carbonates. Alternatively, the negative
correlation between TS and TIC could also result from the
dilution of TS by rapid carbonate precipitation. The TIC
content is likely to be controlled by water chemistry (in
particular alkalinity), increasing the ionization of H,CO; to
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Rock-Eval HI vs T,ax plot indicating the kerogen type for the
post-impact sediments in the Nérdlinger Ries. See Figure 2 for
stratigraphic units.

CO5* under alkaline conditions in the NR lake (Stiieken et al.,
2020). In modern alkaline lakes, carbonate can precipitate
rapidly near sources of Ca®*, such as springs, and thus dilute
other minerals and organic matter. The presence of travertine
(porous limestone) mounds may support the inflow of Ca**-
rich spring water that lasted at least 250 kyr (Arp et al., 2013).
Therefore, the higher TIC levels in the marginal domain and the
early central lake (unit A-B2) may reflect more favorable
conditions for carbonate precipitation, such as a local source
of Ca*" or elevated temperature leading to lower carbonate
solubility.

Early investigations based on samples from the central
drilling suggest that the depositional conditions evolved from
playa lake (unit A) to alkaline-saline lake (unit B), then to a
decreased salinity (unit C) and lately to freshwater conditions in
unit D (Dehm et al., 1977; Fiichtbauer and von der Brelie, 1977;
Jankowski, 1977; Rothe and Hoefs, 1977; Jankowski, 1981), while
a recent study on samples from the marginal site (SUBO-18)
implied an evolution from alkaline fresh water conditions to a
soda lake, followed by hypersaline conditions and finally the
prevalence of karst water (Arp et al., 2014). It is worth noting that
the salinity interpretation based on organic molecular tracers
here represents a completely different approach (Figure 11), but
also shows a trend from an initially intensively stratified
mesosaline (A-B1) to the hypersaline lake with increasing
water stratification (B2-B3), then gradually to lower, marine-
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like salinities with a less stratified water column (B4-C) towards
unstratified fresh water in unit D after a short mesosalinity phase
between units C and D, and finally back to weakly stratified
normal marine-like water conditions at the top of unit D in the
central lake. Units in the marginal domain correspondingly show
the same trend but at lower water salinities and stratification
levels.

5.3.3 Redox conditions and bio-
productivity

Pr and Ph mainly originate from the phytol side chain of
chlorophyll. The relative amount of Pr and Ph to their adjacent
n-alkane as well as Pr/Ph can elucidate redox conditions, due to
differential evolution pathways of their precursors in response to
various redox conditions (Didyk et al, 1978; Hunt, 1995).
However, other sources exist as well, in particular for phytane
(ten Haven et al., 1987). Except for the coaly shale sample from
borehole NR-1973 which
conditions based on high Pr/Ph and low Ph/n-C;g values, all
other samples are suggested to have formed under anoxic bottom

is rather associated with oxic

water conditions showing high concentrations of Ph (Figures 6A,
7). Low Pr/Ph ratios over the two drilling profiles suggest anoxic
conditions in the NR, while relatively high values for unit C and
the coaly shale in unit D imply suboxic to oxic bottom water.
Phytane can also be derived from halophilic archaea thriving in
hypersaline water environments (ten Haven et al., 1987). Phytol
within chlorophyll is more prone to be oxidized to pristane than
the fully saturated phytanol side chains in halophilic archaea due
to the occurrence of the double bond in the B-position of the
hydroxyl group (Schinteie and Brocks, 2017). This factor might
the thus
extraordinarily low Pr/Ph ratios in hypersaline settings such
as NR (ten Haven et al, 1987; 2008).
Independent of the precursor, low Pr/Ph can still be regarded

explain high concentration of phytane and

Jahnke et al.,

as an excellent indicator of anoxic bottom water conditions (ten
Haven et al., 1987).

The crossplot for the gammacerane index vs Pr/Ph
(Supplementary Appendix Figure A1) shows no link between
the two parameters, as found for other lacustrine sediments (e.g.,
Zhao et al, 2021). It should be noted that microscopic
observations do not extensively show fine lamination as
typical of microbial mats or mats made up of photosynthetic
organisms; these may change the oxygen level at the sediment/
water interface (Pawlowska et al., 2013). Aryl isoprenoids, which
can reflect photic zone euxinia, have not been detected in the
analyzed samples. The occurrence of des-A-lupane in the
analyzed samples, which is reported to be formed by
degradation of lupane under anoxic conditions (Trendel et al.,
1989), in combination with the presence of small pyrite
framboids (mostly <5um) further supports anoxic bottom
water conditions (Wilkin et al., 1996).
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(21)-enes exhibit
concentration from C;; to Css in the lower part of the central
profile with high values of Cs5/Cs;35 homohop-17 (21)-enes
(Table 2). Higher values of Cs5/Cs; 35 homohop-17 (21)-enes in
borehole NR-1973 compared to SUBO-18 demonstrate intense
water anoxicity in the central lake as compared to the margin.

Homohop-17 clearly an  increasing

To summarize, anoxic depositional conditions prevailed over almost
all the investigated periods in the center and at the margin of the NR,
except for unit C and the period represented by the coaly shale in
unit D in the central crater, when suboxic conditions may have
prevailed (Figure 6A and Supplementary Appendix Figure Al).
Anoxic bottom water is also indicated by the quasi absence of
hopanes representing aerobic bacteria in units B2 and B3 as evident
from the very high sterane/hopane ratios (Table 2).

Reducing bottom water in the NR is the dominant factor
controlling the OM preservation as illustrated by Pr/Ph
ratios <1. Furthermore, there seems to be a very rough
trend of increasing TOC contents with decreasing Pr/Ph
ratios (Figure 14).
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5.4 Ecological evolution

A clue on past bio-communities can be obtained from the
composition and relevant ratios of normal alkanes. Most of the
central samples are dominated by short-chain n-alkanes (#-C;s_ 19,
Table 2 and Figure 5B), suggesting major OM input from
microorganisms and algae (Cranwell, 1977), which is in agreement
with high (n-C;5+n-C;7)/(n-Cy3+n-Cys) values, high Paq values (>0.4,
Ficken et al., 2000; Table 2 and Figure 6A) as well as low terrigenous/
aquatic ratios (TAR, Meyers, 1997; Figure 6A). This is further
supported by the high concentrations of short-chain n-alkanoic
fatty acids and esters (Table 3), which are the precursory
compounds for alkanes as they lose ester/carboxylic groups upon
diagenesis, especially considering that total amenable fatty acids
account for 10-57% (Barakat and Rullkotter, 1995b) of the total
heteroatomic fraction (more than 65 weight-% of the total extracts;
Rullkétter et al,, 1990). The predominance of C;¢ n-alkanoic acid
further indicates an algal OM source in productive lakes (Cranwell
etal, 1987). These results are in agreement with the petrological
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observations (rare vitrinite and inertinite; Figure 9). The

uppermost coaly shale in the center and samples from the

marginal borehole show higher concentration of long-chain
n-alkanes and higher TAR values, while Paq values are low
(~0.2), indicating a contribution of vascular higher land plants

Frontiers in Earth Science

to the OM (Eglinton and Hamilton, 1967; Figures 5, 6A). The
limited terrigenous OM input to the sediments during most of

the depositional phases (units B-C, except the marginal
lowermost B1) may be explained by limited fluvial supply

from the rim around the crater lake.
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Ratios of DTPs/Cs, af hopane and DTPs/C,; steranes show a
weak increase up the section in the two studied boreholes, but
stay at low values in the lower-middle sequence of the NR
(i.e., units A-C in borehole NR-1973, and units B1-B3 in
borehole SUBO-18), while they significantly increase in the
upper succession (unit D in the NR-1973), with DTPs/C30 af
hopane ratio peaking in the coaly shale sample (Table 2; Figures
6B,C), in which C,; steranes are almost absent. This observation
further supports that higher land plants contributed a negligible
portion to OM during most of the evolution of the NR, while they
became the primary contributor during deposition of unit D
(Figure 6C). The presence of coaly shales suggests a temporarily
swampy environment, at least in some shallow water parts of the
lake in its final stage. Such a stage leads to the release of humic
acids into the lake water; thus the alkaline lake ultimately turned
into a neutral or even slightly acidic stage.

The sparse occurrence of vitrinite/inertinite together with the
TAR, Paq and DTPs indices in the examined samples of SUBO-
18 imply that higher land plants contributed more to OM in the
marginal domain than in the center, but still to only a small
extent as compared to algae and microbes. The lowermost unit
Bl at the margin (the very initial marginal phase of the lake),
contains abundant vitrinite/inertinite particles and higher
abundance of long-chain n-alkanes, higher TAR, and low Paq
values suggesting abundant land plant contribution to OM in the
initial marginal lake (Table 2; Figures 6A-C).

Pertaining to the species of higher land plants, high values of
retene/(retene+cadalene) imply the thriving of drought-tolerant
plants (see Section 5.3.1) in middle B2 and lower B3 units
(Figure 6B). 4B(H)-19-norisopimarane, 16a(H)-phyllocladane,
ent-16a(H)-kaurane and retene found in the analyzed samples
are all reported to originate from gymnosperms (Noble et al.,
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1986; Simoneit et al., 1986), while des-A-lupane is formed by
degradation of lupane from angiosperms (Trendel et al., 1989).
The ratio of des-A-lupane/DTPs is generally low (Table 2),
suggesting dominant gymnosperm input. The absence of
oleanane in the samples further proves the low contribution
of angiosperms. Given the morphology of the crater, and the
absence of fluvial input, the higher land plant particles in the
post-impact sediments are assumed to be airborne and of
allochthonous origin beyond the crater rim. In contrast, the
abundant higher land plant fragments in unit D should be
autochthonic due to the occurrence of more favorable, very
shallow water conditions. Higher land plants in the lowermost
unit B1 (sample 20/374) at the margin may be of allochthonous
origin as well.

C,; steranes are the main steranes in red algae species
(Huang and Meinschein, 1979; Mackenzie et al., 1982;
Volkman, 1986; Kodner et al., 2008), and the C,;.,9 Steranes/
Cs0.31 of hopanes ratio implies the contribution of eukaryotes
(e.g., algae, Kodner et al., 2008) vs prokaryotes (i.e., aerobic
bacteria, Rohmer et al., 1984) to OM. Accordingly, the number of
eukaryotes shows a first drastic increase from unit A to middle
B2 then maintained on a high level until a decrease occurred
during stage D, with unit B clearly being dominated presumably
by red algae (C,; steranes up to 97%; Figures 6C, 8), which would
be in line with the findings of Rhodophyceae fossils reported by
Dehm et al. (1977) and Fiichtbauer and von der Brelie (1977) in
the NR sediments. Units A and C might, however, show a
to OM
indicated by relatively low values of the C,;,9 steranes/Csq 3;

significant contribution of prokaryotic species
ap hopane. For the marginal area, the relative contribution of
eukaryotes to OM is constant but lower than in the central

domain (NR-1973). Here, higher land plants contributed more to

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.989478

Zhao et al.

10
coaly shale

NR-1973

1 ® D

¢ C

B4

<= H B3
E 0.1 B B2
Bl

p"c‘serv SEm--N n A A

oy Bo, | e

0.01 lentyy, N S.UBg;IS
B2

0.001 : : - = S

0 5 10 15 20 25 30
TOC (%)
FIGURE 14

Crossplot of Pr/Ph vs TOC of the post-impact sediments in
the Nordlinger Ries. Pr=pristane, Py=phytane, TOC=total organic
carbon content. See Figure 2 for stratigraphic units.

OM in the lowermost unit Bl (Figure 6C), and then diatoms/
bryophytes bloomed in upper Bl with increasing C,g steranes
(Figure 8; Volkman, 1986). From unit B2 to B3, the C,; sterane
(%) plot (Figure 6C) indicates that red algae gradually increased,
but their abundance is generally lower than in the central
domain. The thrive of red algae species in the Miocene
alkaline NR-lake might correspond to similar observations on
modern alkaline lakes, such as Lake Natron, in Tanzania (Brown,
1955).
The
unstructured fluorescing groundmass (UFG) in most of the

prominent amount of microscopically visible
examined samples may be explained by 1) a lack of resistant
cell macromolecules (e.g., algaenan in green algae) resulting in
the formation of UFG upon diagenesis (Largeau and Derenne,
1993) or 2) early diagenetic vulcanization processes, which
destroyed the morphology of OM (Taylor et al., 1998). High
percentages of C,; steranes might reflect a rather restricted
biodiversity under highly saline and alkaline conditions. The
covariation trend between §-/total MTTC and C,;.,9 steranes/
C,9.32 ap hopane points to the prevalence of algae but withered
bacterial species in the biocommunities (Figure 12A). The
correlations between C,; steranes and §-/total MTTC and a-/
total MTTC, respectively, might imply that the C,, steranes
mainly originate from halophilic red algae (Figures 12D,E),
which is in line with the conclusions made by Fiichtbauer and
von der Brelie (1977) and Dehm et al. (1977). Hopanoids mainly
originate from aerobic bacteria (Farrimond et al., 1998; Brocks
and Summons, 2004) while they are less commonly produced by
anaerobic species (Fischer et al., 2005). The rare occurrence of
hopanoids corroborates with the anoxic conditions (with
extraordinarily low Pr/Ph values) and high C,;,¢ steranes/
Cy9.35 afy hopane ratios in the studied samples. This further
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reinforces the intense anoxic conditions through most parts of
the water column and the decay of aerobic bacteria inhabiting
zones above chemocline in the water column.

Although monomethyl alkanes, which were found to be
cultured of
cyanobacteria (e.g., Shiea et al, 1990), were only found in
samples of units A, C and D in the central well (NR-1973),
and at the bottom B3 in the marginal lake (SUBO-18). The iso-
and anteiso-esters and fatty acids present in all the measured

abundant in and natural communities

samples, including unit B, may imply the occurrence of
cyanobacteria over all the evolutional stages of the NR. In
there might be
developed during some stages in the NR lake based on the

summary, evidence that cyanobacteria
presence of monomethyl alkyl compounds, while the absence
of 2a-methylhopane and monomethylated alkanes make the
occurrence of cyanobacteria enigmatic in unit B. For the
marginal units, cyanobacterial mats cannot be excluded, due
to the occurrence of stromatolites and bioherms in the marginal
setting (Arp et al., 2014).

Variations of 8"”C provide insights into the biological
precursor material of Pr and Ph (Table 3). Ph in this study is
isotopically heavier (enriched in **C) than Pr. Values observed
are significantly lower than Pr and Ph isotope values assigned to
halophilic archaea (Grice et al., 1998b, §"°C ca. ~17--14%o), or
algae from within a CO,-limited ecosystem (Schouten et al.,
2001, 8"C ca. —17%o). Pr in this study is isotopically lighter than
Pr in Miocene marine sediments (Pagani et al, 2000,
ca. —30.5%o). Pr is mostly depleted in *C by 4-7%o compared
to Ph in this study, potentially implying a second source for
phytane in addition to chlorophyll (Volkman et al, 2015).
Simultaneously, intramolecular carbon isotope fractionation
might enhance the depletion of “C in pristane relative to
phytane during deposition (Schouten et al., 2008).

As discussed above, extremely low values of Pr/Ph in
sediments deposited under hypersaline conditions can be
attributed to the contribution of halophilic archaea to Ph (ten
Haven et al.,, 1987). *C-rich phytanyl from archaea derived lipids
is a potential source for isotopically heavy phytane leading to a
positive shift of §"°C as compared to pristane (Rowland, 1990;
Rowland and Robson, 1990; Grice et al., 1998b). It is worth
noting that samples 18/723 (unit B3), 18/740 and 18/756 (unit
B2), having low a-/total MTTC values (suggesting high
salinities), are characterized by quite similar §"°C values of Pr
and Ph, indicating that the two isoprenoids have the same
precursor, e.g., halophilic algae. The obtained 8" C values for
C,; steranes in samples representing high saline conditions
(i.e., samples 18/756 and 18,761; Table 3) are quite similar to
those reported for other Miocene hypersaline environments with
major OM input from algae and/or cyanobacteria (Grice et al.,
1998a, §"°C —26.5--26.3%0). However, they are much more
negative than those reported for Miocene deposits of algal
origin in a CO,-limited ecosystem (Schouten et al, 2001,
8"C -17.7--16.6%0). The occurrence of non-CO,-limited
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ecosystems is therefore assumed in the NR lake over its
evolutionary stages.

Methanogens can survive in sulfate-rich hypersaline
environments, while they flourish within sulfate-depleted
sediments (Wilms et al., 2007; McGenity and Sorokin, 2010).
The rare occurrence of 2,6,10,15,19-pentamethylicosane (PMI)
in the studied samples implies a limited methanogenesis intensity
(Summons et al., 1998; Boetius et al., 2000; Birgel et al., 2008),
which is in accordance with the inferred sulfate-rich, hypersaline
NR lake water.

In the central domain, halophilic red algae/plankton and
aerobic bacteria prevailed during the deposition of units A,
Bl and C, while units B2 and B3 were dominated by
halophilic red algae/plankton (Figures 5, 6C, 8). Sterane/
hopane ratios are very high there, 10 to 100 times higher than
in units A and C and also much higher than reported for
most petroleum source rocks (e.g., Wang et al., 2021; Xia
etal., 2021; Zhao et al., 2021) indicating that aerobic bacteria
were almost absent. Autochthonous drought-tolerant
gymnosperms became the major plant species during the
deposition of unit D (Figures 6B,C). At the crater’s margin,
such species contributed to OM to a comparably higher
extent, especially in lowermost unit B1, showing higher
amounts of diterpenoids and C,y steranes compared to
the central unit B (Figures 6B,C, 8). From the upper part
of unit B1 on, the marginal bio-community was controlled by
autochthonous algae, i.e., green algae in unit Bl, and
red B2 and B3

(Figure 8). Halophilic archaea contributed to OM over the

halophilic algae/plankton in units
whole evolutionary stage of the Ries lake. Cyanobacteria
developed in the NR, but their occurrence and abundance
are not clearly confirmed for unit B. Methanogens were
rather inactive in response to the sulfate-rich hypersaline

environment.

5.5 Implications on crater lake evolution

As discussed above, rainfall was the main fresh water supply
to the lake. However, a semi-arid climate prevailed during the
Miocene in southern Germany (Jankowski, 1981), thus limiting
the freshwater input to the lake. Together with higher paleo-
temperature, this probably enhanced evaporation and caused
increasing water salinity from the early stage (Figures 12F, 15A)
to mid stage (Figure 15B) of the lake. Chemical weathering of the
catchment area was another factor controlling the chemical
evolvement of the NR lake (Arp et al., 2014), which is also
related to paleo-temperature and precipitation. Given the
hydrologically closed lake setting, salts (e.g., sulfate) in the
lake water might have been derived from weathering products
of the nearby rocks inside the outer rim (Figures 15A,B), or
partly from the springs near the lake margin (Arp et al., 2013).
It is worthwhile noting that gypsum is present in the Triassic
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lower and middle Keuper successions (Mujal and Schoch,
2020). Bunte breccia containing Keuper fragments was
previously recorded in the NR (Fiichtbauer and von der
Brelie, 1977) and this Triassic sequence might be a possible
source for the sulfate in the post-impact lake water and thus
the TS in the sediments.

Intense water column stratification and anoxic bottom water
conditions are inevitably caused by high water salinities and
decomposition of OM. Over most of the deposition time of the
NR sediments (Figures 15A,B), the anoxic bottom water in an
alkaline lake with high salinities was not disturbed as indicated by
consistently low Pr/Ph ratios until the late lake stage D. An outlet
was reported to have formed during this latest stage (Jankowski,
1977), through which saline water was pushed out of the lake by
incoming freshwater, resulting in a change of the overall setting
towards oxic or suboxic conditions indicated by high Pr/Ph ratios
(unit D, Figure 15C).

Elevated 8" N values reported by Stiieken et al. (2020) can be
induced by both evaporation of ammonia (Stiicken et al., 20165
Deng et al, 2018) and biological redox processes (e.g.
denitrification) of the alkaline lacustrine sediments (Cao et al.,
2020; Stiieken et al., 2020), while bacterial nitrification and
denitrification stop when the water salinity exceeds 35%o (Cao
et al, 2020). Considering the high water salinity in the NR
(salinity mostly over 40%o, Figure 11), ammonia volatilization
might be the main reason for the positive shift of §"°N values
presented by Stiieken et al. (2020) for units A-C. During the early
depositional phase of unit D, the water salinity apparently
decreased, and the weakening ammonia volatilization together
with bacterial denitrification shifted 8N to lower but still
positive values compared to the early stage of the NR lake.

Restricted bio-communities in such lake systems develop in
response to the harsh water chemistry. Anoxic, hypersaline and
alkaline lakes are commonly eutrophic (Xia et al., 2021). The
ratio of halophilic algal species over prokaryotes is often high, as
in the case of the early-middle NR lake, meaning the lake was
highly bio-productive with little contribution from aerobic
bacteria, cyanobacteria and methanotrophic bacteria to OM
(Figures 15A,B). During the swampy stage D (Figure 15C),
higher land plants dominated the bio-community and thus
the contribution to OM. Thermodynamic transformation of
microbial H,S to HS™ and $* under alkaline conditions can
be significantly enhanced, which might have favored the
incorporation of sulfur into OM in an iron-poor environment
in the NR. This process probably led to the formation of
abundant organic sulfur-rich kerogen in the NR (Rullkotter
et al., 1990).

6 Conclusion

Previous studies on large and representative sample sets from the
Nordlinger Ries lake sediments mainly focused on results from
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inorganic and isotope geochemistry, mineralogy and sedimentology.
Molecular organic geochemistry studies focused on just a few samples
and thus not on the evolution of the lake. This study systemically
applies organic geochemistry and organic petrology data measured on
a large number of samples through one central and one more
marginal lake sediment profile. Chemostratigraphy and detailed
kerogen typing through the profiles are presented for the first time
based on bulk geochemistry and Rock-Eval parameters. Previous
assumptions on salinity and redox condition trends are now
compared to those derived from biomarker parameters.
Furthermore, the dominant primary bio-producers in the evolving
alkaline lake were deduced from molecular geochemistry data for the

first time. In detail, the following conclusions can be drawn:

1) Based on Rock-Eval pyrolysis data, kerogen in the center
mainly consists of type I or type II kerogen, whereas the
marginal sequence is mainly composed of type II-III kerogen.
Mineral matrix effects are expected due to the presence of
abundant illite and smectite as well as zeolites, causing an
underestimation of kerogen quality.

2) Water salinity is assumed to control water stratification in the
paleo-lake, with stronger stratification levels in the lake center
than at the margin. Hypersaline water prevailed since the
early lake stage until unit B4 in the center, and then decreased
to normal marine-like salinity with a short step back to
mesosaline conditions at the border of units C and D, and
finally to freshwater during the coaly shale deposition. The
investigated marginal site shows similar variations compared
to the lake center, but at lower, mesosaline levels. Based on Pr/
Ph ratios anoxic bottom water prevailed in the paleo-lake
during most of its history, while conditions became more
oxygenated during deposition of the uppermost Miocene
units C and D.

3) Autochthonic halophilic red algae/plankton, cyanobacteria
and aerobic bacteria prevailed during the deposition of
units A and C, while unit B was dominated by halophilic
red algae/plankton in the central lake. Significant amounts
of higher land plant-derived organic matter are only
present in unit D.

4) Water salinities were largely controlled by semi-arid,
warm paleo-climate and rock chemistry in the area
adjacent to the impact crater. The transformation of
dissolved H,S to HS/S* was boosted by the alkaline
conditions, and-in the absence of much iron-enhanced
the vulcanization of OM.
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