10

11

12

13

14

15

16

17

18

19

20

21

22

23

Aromatic hydrocarbons provide new insight into carbonate concretion formation and the

impact of eogenesis on organic matter

Authors:

Plet, C. ™, Grice, K.X*, Scarlett, G. A.Y, Ruebsam, W.3, Holman, I. A.}, Schwark, L.3

L WA-0IGC, School of Earth and Planetary Sciences, Curtin University, Kent St, Bentley WA 6102,

Australia

2 CSIRO Mineral Resources, ARRC, 26 Dick Perry Avenue, Kensington WA 6151, Australia

3Department of Organic and Isotope Geochemistry, Institute of Geoscience, Christian Albrecht

University, Kiel 24118, Germany

*corresponding author: K.grice@curtin.edu.au

Keywords: phytanyl toluene, phytanyl benzene, stable isotopes, GCxGC-ToF-MS, microbial

eogenesis, PAHs

ABSTRACT

Investigation of aromatic biomarkers extracted from carbonate concretions can contribute to
characterize the enhanced microbial activity that mediates carbonate concretion formation. This
microbial footprint can be further inferred from the stable isotopic values of carbonate (5§3C) and
pyrite (63S). Here, we used a combination of GC-MS and GCxGC-ToF-MS to compare the aromatic
fractions of two Toarcian carbonate concretions from the H. falciferum ammonite zone of the
Posidonia Shale (SW-Germany) and their host sediment. The results revealed that n-alkylated and
phytanyl arenes were enhanced in the concretions relative to the host sediment. These findings
support a very early diagenetic (eogenetic) microbial source for alkylated and phytanyl arenes

derived from the microbial ecosystem mediating concretion formation. In contrast, aromatic
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compounds formed by thermal maturation (e.g. polycyclic aromatic hydrocarbons, aromatic
steroids, organic sulphur compounds) remained invariant in host rock and concretion samples.
When combined with bulk sediment and concretion properties, the aromatic compounds
composition indicates that eogenetic microbial activity upon concretion growth does not diminish

organic matter quality.

1. INTRODUCTION

Carbonate concretions are a common geological feature that is encountered in sedimentary rocks
throughout the geological record. They sometimes enclose exceptionally-preserved fossils (Grice et
al., 2019; Long and Trinajstic, 2010; Martill, 1989, 1988; Williams et al., 2015). Carbonate concretions
can also preserve information on the palaeoenvironment of deposition of their host sediments
(Grice et al., 2019; Plet et al., 2016). Concretions have been the focus of a large number of studies,
as highlighted in a review by Dietrich (2001)*. Early on, Berner (1968, 1967) performed laboratory
experiments investigating the processes and timing involved in carbonate concretion. More recently,
Yoshida et al. (2018, 2015) succeeded in growing carbonate concretions around tusk shells in a
matter of weeks. In parallel to laboratory experiments, several studies have investigated the
geochemistry and petrology of carbonate concretions, indicating a pivotal role of microorganisms, in
particular, sulfate reducing bacteria and possibly archaea involved in the anaerobic oxidation of
methane (Coleman and Raiswell, 1995; Dale et al., 2014; Marshall and Pirrie, 2013; Martill, 1989).
The following microbially-mediated reactions are believed to play a crucial role in the formation of
the carbonate with the product of each of these reactions utilised by other microbial processes or
reacting with ions present in the immediate environment (Coleman, 1993; Coleman and Raiswell,

1995, 1980; Hendry et al., 2006; Lash and Blood, 2004):

1

https://web.archive.org/web/20081202111650/http://www.cst.cmich.edu/users/dietrirv/concretions/index.
htm
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Bacterial sulfate reduction (BSR)

2CH,0 + SO4* > 2HCO5 + H,S

Methanogenesis

CH3COOH - CH4 + CO2

Anaerobic oxidation of methane

CHgs +S04*>HCO? +H,S + OH™:

Bacterial iron reduction (FeR)

4FeOO0H + CH,0 + 7H* - 4Fe®" + HCO3 + 6H,0.

In particular settings, such as at methane seeps in the Black Sea, Reitner et al.( 2005) investigated
the microbial mats surrounding carbonate concretions using molecular analyses (DNA). These
analyses evidenced the abundant sulfate reducing bacteria and archaea, in particular ANME-1
believed to be active players in the anaerobic oxidation of methane (AOM). Unfortunately,
accessible presently-forming carbonate concretions are rare (Boni et al., 1994; Coleman, 1993; Duan
et al., 1996; Pye et al., 1990), and most carbonate concretions investigated come from the
sedimentary record therefore challenging our understanding of microbial communities involved in
concretion formation. Although, the exact microbial communities involved in concretion formation
remain uncertain, models agree that carbonate concretions form around a centre of decaying
organic matter (OM) harbouring complex microbial communities within anoxic to euxinic sediments

(e.g. Coleman, 1993; Coleman and Raiswell, 1995).

Due to the labile nature of DNA molecules, DNA investigation of ancient carbonate concretions is
limited (Briggs and Summons, 2014). However, since lipids are more resilient to geological time and
processes, molecular studies of carbonate concretions can provide important insights into the

genetic processes leading to concretions (Briggs and Summons, 2014; Grice et al., 2019). Lipids were
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first studied in carbonate concretions by Wolff et al. in 1992. This study highlighted the presence of
distinct lipid compositions for the different mineralogical zones of the concretion. In the dolomitic
zone. the presence of pentamethyleicosane (PMI) and squalane at trace levels were attributed to
the presence of methanogenic archaea. Since then, a range of molecular studies on lipids from
concretions has been conducted revealing the occurrence of several biomarkers attributed to
archaea and sulfate reducing bacteria, but also information on thermal maturity and

palaeoenvironments, for instance. An overview of these findings is presented in Table 1.

The investigations of lipids have largely focused on aliphatic hydrocarbons and fatty acids whereas
aromatic fractions of carbonate concretions have received much less attention (Table 1). Yet,
aromatic compounds can provide insightful information on the catagenetic kerogen maturation
state via investigation of PAHs or aromatic steroids but also about eogenetic and
palaeoenvironmental conditions. Carotenoids, for instance isorenieratene and its degradation
products - i.e. isorenieratane and aryl isoprenoids, are indicative of photic zone euxinic conditions
(e.g. Grice et al., 1996). Few studies investigated these compounds in carbonate concretions.
Melendez et al. (2013b) reported a range of carotenoids and aryl isoprenoids from a Devonian
concretion, the occurrence of isorenieratane and aryl isoprenoids were also reported from the
concretions investigated here (Plet et al., 2016). In the present study, we aim to gain further insights
into the processes and micro-ecosystems involved in concretion formation by comparing the
aromatic hydrocarbon distributions from concretions and host sediments using traditional GC-MS
and comprehensive two-dimensional gas chromatography time-of-flight mass spectrometry (GCxGC-
ToF-MS). This data was integrated with stable isotopic analyses of carbonate and sedimentary sulfur

(863C of carbonate and &S of mainly sulfide-bound S).

2. GEOLOGICAL SETTING
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The Lower Toarcian (Early Jurassic; ~183 Ma) is marked by a global perturbation of the carbon cycle,
characterised by a negative carbon isotopic excursion related to release of ?C-enriched carbon to
the ocean-atmosphere system and global warming (e.g. Gdmez et al., 2016; Hesselbo et al., 2000;
Kemp et al., 2005). These processes, which were potentially forced by changes in the Earth’s solar
orbit (Boulila and Hinnov, 2017; Kemp et al., 2005; Ruebsam et al., 2019), and were accompanied by
marine transgressions (Haq, 2018). These events resulted in the accumulation of OM-rich sediments
during a widespread oceanic anoxic event (OAE) in the Lower Toarcian. This OAE has been identified

in Europe, North America, South America, Asia, Australia and Madagascar (Jenkyns, 1988).

During the Lower Jurassic, Europe was located on an extensive shallow epicontinental shelf (West
Tethys shelf), which contained deeper sub-basins (Bassoulet et al., 1993; Rohl and Schmid-Rohl,
2005; Ziegler, 1990) . The SW Germany Basin, where the Posidonia Shale was deposited, is the focus
of a number of detailed organic geochemical studies (Schouten et al., 2000; R6hl et al., 2001;
Schmid-Rohl et al., 2002; Schwark and Frimmel, 2004). Deposition of early Lower Toarcian black
shales was linked to warm climates, a high sea level and prolonged water column stratification
(Frimmel et al., 2004; Hermoso et al., 2013; McArthur et al., 2008; R6hl et al., 2001). These
conditions promoted a shift of the chemocline from the sediment to water column, which in some
shelf areas led to the establishment of euxinic conditions (H.S-rich waters) in the photic zone (photic

zone euxinia) (Ruebsam et al., 2018; Schouten et al., 2000; Schwark and Frimmel, 2004) .

3. MATERIAL AND METHODS

3.1.Sampling location and preparation

The concretions and the host sediment Posidonia Shale studied herein were collected from the
Holcim Cement quarry of Dotternhausen (SW-Germany) shortly after blasting. Although the exact
stratigraphic position remains unknown due to blasting, Plet et al. (2016) established that these
concretions derived from the lower H. falciferum ammonite zone, likely from above the Unterer

Stein carbonate horizon based on the comparison of microfacies, lithology and geochemical
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signatures from the concretions with previous reports (Frimmel et al., 2004; Rohl et al., 2001;
Schwark and Frimmel, 2004). Both concretions have preserved a nucleus rich in OM (jet). The
concretion body is darker than the concretion rim and sedimentary bedding is preserved. Here, we
investigated sub-samples taken across bedding, however, the nuclei of the concretions were not
studied. Three samples were taken from each concretion. For both concretions, sample one was
taken from the inner concretion, sample two from the middle area of the concretion and sample
three was taken from the outer pyritic rim (Figure 1). These concretion were previously analysed
using microscopy and revealed micritic texture with dispersed small euhedral pyrite for sample one
and two, whereas sample three was characterised by abundant and larger pyrite crystals

agglomerated together (Plet et al., 2016).

3.2.Whole rock geochemistry

Elemental analyses of major and trace elements have been reported by Plet et al. (2016). Analyses
were performed using inductively coupled plasma mass spectrometry (ICP-MS) by ACTLABS
(Ancaster, Canada). Protocol information for the package Ultratrace 7 can be found on actlabs.com.
The carbonate concentration was inferred from the loss of weight during HCl treatment (HCI
concentration of 10% and 25%). Decalcified samples were analysed for their total organic carbon
content (TOC) using a CNS-Elemental Analyzer (Elementar ®). The total organic carbon content of
the original sample (TOC) was then calculated by correcting the TOC. for carbonate concentration.
Earlier mineralogical and SEM-EDS investigations revealed that these concretions exclusively
contained calcite, pyrite and quartz (Plet et al., 2016). No other Fe-minerals commonly found in
concretions (e.g. ankerite, siderite) were detected. Therefore, the pyrite content was established
based on the assumption that the Fe is exclusively located in the pyrite of the concretions (Plet et al.,
2016). The Fe content, which was determined by ICP-MS, was used to calculate the pyrite content.
The Fe content was multiplied by 2.15 (stoichiometry of FeS,). Finally, the residual input is

considered to correspond to the siliciclastic input.



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

3.3.Stable isotope geochemistry

3.3.1. &6%C of carbonate

813C values of carbonate in ground samples were determined with a Kiel Ill carbonate preparation
line connected to a Thermo Fisher 252 isotope ratio mass spectrometer (IRMS). The §'3C values were
reported in per mil (%o) relative to Vienna PeeDee Belemnite (VPDB). Standard deviations were

<0.1%eo.

3.3.2. &63S of bulk sediment

Stable sulfur isotopes (6**S) were measured via combustion of the decalcified bulk-sample using a
Thermo EA elemental analyzer coupled to a Thermo Finnigan Delta V isotope ratio mass
spectrometer. Decalcification was achieved by HCl (10%) treatment and was carried out in order to
increase sulfur abundances. Afterwards, samples were washed, neutralized with deionized water
and dried in an oven at 40 °C (48 h). Sulfur isotope values were reported in conventional delta
notation relative to VCDT (Vienna Canyon Diablo Troilite). Reproducibility of the analysis is better
than 0.3%o. The 6%*Spuk values reported here mainly reflect the isotopic composition of sulfide-bound

sulfur species, as the carbonate associated sulfur fraction was removed during HCIl-treatment.

3.4.Biomarkers

To remove surficial organic contaminants, each sample block was washed in a mixture of
dichloromethane: methanol (DCM:MeOH) at 9:1 (v:v) for 15 mins in an ultrasonic bath. Samples
were then manually crushed, and ground in a zircon mill using benchtop ring mill (BRM, Rocklabs)
along with pre-annealed sand used as a procedural blank for lipid analyses. Procedures are reported

in more detail in Plet et al. (2016).

3.4.1. Soxhlet extraction

Each ground sample was Soxhlet extracted using a 9:1 mixture of DCM:MeOH for 72 h and activated

copper was added to remove elemental sulfur. Excess solvent was removed under a nitrogen purge
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and concentrated total lipid extract (TLE) was adsorbed onto activated silica gel (160 °C, 24 h). TLE
was separated into aliphatic hydrocarbons eluted with n-hexane, aromatic hydrocarbons eluted with
a mixture of n-hexane:DCM (7:3) and polar compounds eluted with DCM:MeOH (1:1) using a large

column (20 cm x 0.9 cm i.d.).

3.4.2. Gas chromatography mass spectrometry (GC-MS) analyses

Aromatic fractions were analysed on an Agilent 6890 gas chromatographs (GC) interfaced with an
Agilent 5973 mass selective detector (MSD). The GC was equipped with a DB-5MS column [60 m x
0.25 mm coated with a 0.25 pum film thickness] and a split/splitless injector operated in splitless
mode. The oven temperature was programmed from 40 °C to 325 °C (3 °C min!), with initial and
final temperature hold for 1 min and 30 min, respectively. Ultra-high purity helium was used as a
carrier gas at a constant flow of 1.1 mL min™. Electron ionisation mass spectra were acquired in full

scan mode at 4 scans s and at 70 eV electron energy.

3.4.3. GCxGC-ToF-MS

Aromatic fractions were analysed using a Leco Pegasus |V system equipped with dual stage cryogenic
modulator (Leco, Saint Joseph, MI, USA). The primary column was a 60 m x 0.25 mm x 0.25 um DB
5MS (Agilent, Santa Clara, CA, USA) coupled to a secondary 1.2 m x 0.15 mm x 0.15 pum BPX50 (SGE
Analytical Science Pty Ltd, Ringwood, Victoria, Australia). The carrier gas was ultrahigh purity helium
with constant flow of 1.5 mL min™. The inlet temperature was 310 °C with 1 pL injection. Conditions
were: 50 °C (1 min isothermal), then 2.5 °C min to 310 °C, (isothermal 15 min) and a modulation
period of 3 s, with secondary oven offset of 10 °C and modulator offset of 15 °C. The mass
spectrometer was operated at 70 eV electron energy; the ion source temperature was 250 °C and
the transfer line 315 °C. The scan speed was 100 Hz with a range of 45—-600 Daltons (Da). ChromaTOF
(LECO) software package was used for instrument control and data analysis. Minimum acceptable

signal to noise ratio was 30:1.
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3.4.4. Gas chromatography isotope ratio mass spectrometry (GC-irMS) analyses

Compound specific stable isotope analyses were performed using a Thermo Delta Advantage isotope
ratio mass spectrometer couple to a Thermo Trace GC Ultra via a GC Isolink and Conflo IV. GC
conditions were similar to the ones previously described for the GC MS analyses. The §3C values
were determined by integration of the masses 44, 45 and 46 using Thermo Isodat software and
manually evaluated. Comparison of the samples to a mixture of n-alkanes with known 8*3C values

was used to calibrate the values to the VPDB scale. Samples were run in duplicate.

4. RESULTS

4.1.Aromatic hydrocarbons

4.1.1. Evaluation of the resilience of aromatic hydrocarbon compounds

All aromatic fractions were highly similar in their overall molecular composition (Figure 2). However,
the unresolved complex mixture (UCM) was relatively enhanced in the concretions compared to the
host sediment suggesting a slightly higher degree of biodegradation in the concretions (Trolio et al.,
1999). In addition, Plet et al. (2016) reported that the host sediment presents the highest hydrogen
index (HI) values (820 mgHC/gTOC), whereas the concretion samples revealed lower values (580 to
740 mgH/gTOC). In the present samples, which have a low maturity (Ro ~ 0.5%, Frimmel et al., 2004),
the concretion samples show lower HI compared to the host sediment. The HIl indicates a higher

degree of kerogen preservation in the host sediment than in the concretions .

Three compound classes were assessed for their resilience towards thermal maturation and
biodegradation: i) methyltrimethyltridecylchromans (MTTCs); ii) methylated phenanthrenes and
dibenzothiophenes (MP and MDBT, respectively) and iii) triaromatic steroids (TAS) (Figure 3). To
identify the most resilient compound group, we determined the degree of OM preservation using Hl

values reported in Plet et al. (2016) and compared the relative evolution of the three compound
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groups. We assumed that the most resilient compounds of the three groups would present a relative
increase in the samples demonstrating the lowest Hl values (Table 2) —i.e. concretion rim samples
A3 and B3. Both MTTCs and TAS relatively increased in samples A3 and B3 (Figure 3). However, the
relative increase of TAS was higher (~10 %) than that of MTTC (~5 %) from the sample presenting the
greater Hl —i.e. host sediment, and samples with the lower HI —i.e. concretion rims (A3 and B3).

Therefore, all compounds presented here were normalised to TAS.

4.1.5. PAHs and organic sulphur compounds

Polycyclic aromatic hydrocarbons (PAHSs) are relatively low in abundance in all samples (Figure 2).
The aromatic hydrocarbon distribution is characterised by abundant methyldibenzothiophenes
(MDBTSs), mono-, di- and tri-MTTCs and aromatic steroids. In addition to these compounds, two large
peaks | and Il were identified as 1,1,7,8-tetramethyl-1,2,3,4-tetrahydrophenanthrene (Azevedo et
al., 1992; Sinninghe Damsté et al., 1999) and Cs alkylphenanthrene (Killops, 1991), respectively.
Phenanthrene and mono- to tetra-methylated analogues as well as methylated naphthalene
homologues were detected in all samples. However, larger unsubstituted >4rings PAHSs are either
present as trace (e.g. benzo[ghilperylene) or were found to be below detection limits. Sulphur
compounds, such as dibenzothiophene (DBT) as well as methyl- (MDBTs) and dimethyl- (DMDBTSs)
substituted homologues are abundant in all samples, whereas trimethyl-DBTs (TMDBTs) were only
present in traces. Three benzonaphthothiophene (BNT) isomers were also present. The relative
distribution of the sulphur-bearing compounds shows some strong similarities between the different
samples. Methyl-substituted 1-MDBT is particularly abundant and constitutes one of the major
peaks of the total ion chromatograms (Figure 1). The normalisation of aromatic compounds or
compound classes to TAS suggests that DBT, MDBTs and DMDBTs compounds are relatively more
abundant in the host sediment and the innermost concretion body samples and are less abundant in

the concretion rims with exception of sample A2.

4.1.2. Alkylated and phytanyl arenes

10
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Alkylated and phytanyl benzene and toluene were identified in all concretion samples using
traditional GC-MS analyses (Ostroukhov et al., 1983). Extracted ion chromatograms (m/z 92) of the
host sediment presented several minor peaks showing some degree of co-elution and no alkylated
benzene nor phytanyl benzene were identified (Figure 4). The low intensity coupled with some
coelution of these minor peaks prevented from comparison and challenged the interpretation.
Therefore, we used GCxGC-ToF-MS to overcome this issue by avoiding co-elution in the polar
dimension. For identification and relative quantification purposes, alkylated and phytanyl benzenes
were extracted using m/z 91 and m/z 92 whereas alkylated and phytanyltoluenes were measured on
m/z 105 and m/z 106. The GCxGC-ToF-MS analyses revealed that alkylbenzenes and
phytanylbenzene were also present in the host sediment. The distribution of alkylated benzenes was
similar in all samples, maximizing at C1s and Cy and decreasing to trace level for compounds >Czs. To
compare the relative abundances of the alkylated benzenes and alklylated toluenes across the
different samples, we define the AIBr (alkylbenzene ratio=sum alkyl benzenes/sum Cy-C,s TAS) and
the AITr (alkyltoluene ratio=sum alkyltoluenes/sum Cx-Cas TAS) ratios. The AlBr is 10 times greater in
both concretion samples than in the host sediment (Table 3). Phytanylbenzene is also present in
relatively low abundances in concretion samples (Table 3). The alkylated toluenes were detected in
all samples (Figure 4) and the newly defined AlTr ratio is 4 to 11 times greater in the concretion
samples than in the host sediment. Phytanyl toluene is also more abundant in the concretion
samples (Table 3) than in the host sediment. The ratio of phytanyl toluene to TAS is 3.5 to 13 times
greater in the concretion than in the host sediment (Table 3). In the two rim samples, A3 and B3,
813C values of phytanyl toluene were measured. Sample A3 (§3C=-36.1 %o + 0.5) is slightly less 3C-

depleted than sample B3 (6'3C=-38.1 %o * 0.4).

In addition, the GCxGC-ToF-MS analyses showed the presence of a range of toluene compounds with
isoprenoid branching (supplementary Figure 1). These branched toluenes (Cis BrT, Cig BrT, Cy3 BrT,
Ca6 BrT) were identified in all samples (m/z 106), sometimes at trace levels only. To compare their
relative abundances across the sample set, the following ratio was defined: BrTr= sum Cy6-C36 BrT *

11
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1000 / sum Cz-Cag TAS. The BrTr shows that these compounds are relatively less abundant in the
host sediment than in concretion samples, by as much as 20 times in sample B1 and as little as three

times in sample A2 (Table 3).

4.1.3. Alkylated naphthalenes

Alkylated naphthalenes are present in all samples with side chain lengths comprised between C; and
Cy1, although only concretion samples (A1, A3 and B1) contain long alkylated homologues (side chain
> Cis). All samples are maximizing at C17-Cis (alkylated naphthalenes with a side chain of C;-Cg). The
ratios of alkylated naphthalene to TAS (sum AIKN /sum Cs—Cas TAS) highlight that alkylated

naphthalenes are slightly more abundant in the concretion than in the host sediment (Table 3).

4.1.6. Aromatic hopanoids

The identification of aromatic hopanoids was performed based on comparison with published data
[mass spectra and retention order; (Hussler et al., 1984; Killops, 1991)]. Although the GC-MS
analyses suggested most aromatic secohopanoid compounds reported in Killops (1991) were present
in the concretion samples, GCxGC-ToF-MS analyses revealed that most of these compounds are co-
eluting in the polar dimension with other compounds. C-D,E-aromatised-8,14-secohopanoid
(Supplementary Figure 2) and C9-C30 D-ring aromatised 8,14-secohopanoids were present
(Supplementary Figure 3). In addition, benzohopanes (Cs; — Css) were also detected in all samples
both by GC-MS and GCxGC-ToF-MS. Cs; and Cs3 benzohopanes were the most abundant throughout
the sample set and were integrated from the TIC using GCxGC-ToF-MS. To compare the relative
abundances of these compounds across samples, the peak area normalisation of Cy9 D,E-ring
aromatised 8,14-secohopane (C29DESHr) and Cs,-Cs3 benzohopane (BHr) to TAS was performed on
GCxGC-ToF-MS data (Table 3). These ratios revealed i) more abundant C;9-D,E-ring aromatised 8,14-
secohopanoid in the concretion than in the host sediment; ii) greater benzohopane content in the
host sediment than in the concretion, iii) within the concretions, the benzohopane relative

abundance increased towards the rim.

12
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4.1.7. Arylisoprenoids and MTTC

The identification of aryl isoprenoids within these concretions was previously reported in (Plet et al.,
2016). In brief, isorenieratane and aryl isoprenoids with a 2,3,6-subsitution pattern are present in
the host sediment, but were only detected in trace abundance in the carbonate concretions and the
aryl isoprenoid ratio was consistent with persistent reductive environmental conditions (Schwark
and Frimmel, 2004). MTTC are relatively abundant in all samples. MTTC ratio as defined by Sinninghe

Damsté et al. (1993, 1988b) are remarkably constant for all samples (=0.63+0.01).

4.2. Whole rock geochemistry and stable isotope analyses

High proportion of carbonate cements in carbonate concretions (>70 %) can easily overprint the
original signal inherited from the host sediment. This process, commonly referred to as carbonate
dilution, can lead to the host sediment signature being too low to be detected. For instance, this
carbonate dilution can explain why detrital components were not detected by powder XRD analyses

reported in Plet et al. (2016), although quartz grains were observed using SEM analyses..

The variations in mineral abundances between the host sediment and the two carbonate
concretions (bodies and rims) are presented in Table 2. In the host sediment, the siliciclastic and
carbonate component are of similar relative abundance (~40 wt%, Table 2), and the pyrite and TOC
proportions are also similar (~ 10 wt%). In contrast, all concretions samples are clearly dominated by
carbonate: >95 wt% for the concretion body and >75 % for the concretion rim. The rim is also
characterised by a greater pyrite component ~17.5 wt% in average than the concretion body (1 wt%)

and the host sediment (7 wt%).

Pyrite is more 3*S-enriched in the concretion than in the host sediment (table 2). Moreover, the
53*Spui and 83 Cearbonate Values in the concretions co-vary, displaying more negative values in the

concretion body than in the concretion rim (Table 2).

5. DISCUSSION
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5.1. Distribution of catagenetic aromatic hydrocarbons and microbial eogenesis: significance

for kerogen quality

The Hl indicates a better preservation of the organic matter in the host sediment compared to the
concretion. This may appear contradictory given that carbonate concretions are known for their
exceptional preservation of organic matter and fossils. Here, we attribute the low Hl in concretion
samples to the microbial eogenetic activity rather than burial diagenesis. We suggest that in a
context of more mature settings such as the ones reported by Dong et al. (2008), the concretion
actually protects the organic matter from further degradation related to burial diagenesis and

catagenetic processes.

The majority of PAHs and aromatic steroids commonly form during late diagenesis, i.e. catagenetic
processes, such as the cracking of sedimentary OM during sediment burial, which occurs at basin
scale. In contrast, processes related to microbial eogenesis that occur during the very early stages of
diagenesis can be highly localised. Microbial eogenesis includes the mineralisation of OM by
microbial processes (e.g. sulfate reduction, iron reduction, methanogenesis and methanotrophy),
which would decrease Hl values,and can induce the precipitation of carbonate cement (e.g. Riding,
2000) as well as pyrite framboids (e.g. Wilkin and Barnes, 1997). In the present study, the concretion
samples are characterised by high CaCO; content (up to 97 wt%, Table 2) with their overall
carbonate content being twice as abundant as that of the host sediment (Table 2). During microbial
degradation of the OM, organic carbon is mineralised into HCO3  which is, in turn, assimilated into

the formation of CaCOs present in the concretion..

Yet, diagenetic compounds, commonly <4 ring PAHs such as naphthalenes, phenanthrene and
homologues, DBT and methyl-substituted homologues, were detected in both the concretion and
host shale samples. In addition, the overall distribution of aromatic steroids is similar for all samples;
although the rim samples display a relative increase of triaromatic steroids compared to other

aromatic compounds (Figure 3). The similarities in catagenetic compound distributions indicate that
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the kerogen from which they derive was similar in both the concretions and in the host sediment,
despite of the microbial metabolization of OM during carbonate concretion growth. Eogenetic
concretion growth thus has not altered the kerogen’s potential for generation of aromatic
hydrocarbons. These observations are in agreement with previous studies of biomarkers in
carbonate concretions (Boni et al., 1994; Marynowski et al., 2007; Zaton and Marynowski, 2004) and
suggest that although the quantity of OM is affected by microbial metabolism involved in concretion
growth, the petroleum formation potential of the OM has not suffered from these eogenetic
processes. Formation of carbonate concretions in petroleum source rocks thus does not diminish

their oil generation capacities.

5.2. Inferred microbial activity in the concretion from the variations of 8*3Ccarbonate and 83*Spuik

Stable carbon isotopic values are of importance to refine microbial processes in concretion genesis.
In the present study, the stable carbon isotopic signatures of carbonate from the concretion samples
are more C-depleted than in the host sediment (**C values from -17 %o to -8.3 %o in the concretions
versus -1.8 %o in the host sediment). The §3C values, measured in the concretions, are in line with
previous reports of Jurassic calcite concretions presenting a pyrite rim (e.g. Coleman and Raiswell,
1995, 1980). These studies attributed the 3C-depletion of the carbonate from the concretion to the

enhanced activity of sulfate reducing bacteria.

In addition, in anoxic sedimentary environment enhanced bacterial sulfate reduction may also be
recorded in the sulfur stable isotopic composition of sedimentary pyrite (Berner et al., 2013;
Borowski et al., 2013; Lin et al., 2016). In this study, 5>*S,uk values are more positive in the
concretion than in the host sediment (Table 2). However, §**Spui value of the host sediment is more
positive than common values from marine environments (Werne et al., 2003; Wilkin and Arthur,

2001). According to Berner et al. (2013), such &S values for marine sediments could be related
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to the accumulation of sedimentary pyrite under sulfate limitation within the SW-German sub-basin,

which had restricted connection to the open ocean.

Variations in stable isotopic composition were also measured within a single concretion. Although
the values were not identical for both concretions, a similar trend was observed. Concretion A and
concretion B revealed an increase in 86*3Ccarbonate and 63*Spuivalues in the rim (Table 2). This increase
coincides with a rise in pyrite content (from ~1 wt% up to ~ 22 wt % in concretion B). Such variations
in Jurassic pyritiferous carbonate concretions were previously reported in association with a change
from framboidal pyrite, in the concretion body, to euhedral pyrite in the concretion rim. They were
also attributed to either a temporal or spatial control on concretion growth, with a strong
contribution of sulfate reducing bacteria to the carbonate and sulfide pool (Coleman, 1993; Coleman

and Raiswell, 1995).

Here, the concretion contained dominantly euhedral pyrite in both concretion body and rim (Plet et
al., 2016), which suggest a high rate of microbial sulfate reduction generating sulfide more rapidly
than the iron was supplied to the system from external sources (Coleman and Raiswell, 1995). In the
present samples, the preservation of an OM-rich nucleus also indicates a rapid isolation from the
surrounding environment, either by the precipitation of a carbonate cement (Martill, 1989), the
formation of Ca soap (Berner, 1968; Thiel and Hoppert, 2018), or the entombment within a microbial

mat (Reitner et al., 2005).

In this closed system, we hypothesise that the degradation of OM by microbial sulfate reduction was
such that microbes consumed all light *2C and 32S isotope available and therefore, had to rely on the
heavier isotope (33C and 3S) to sustain their activity. This would have resulted in an increasingly
heavier carbon and sulfide pool through time. This hypothesis suggests that the heavier stable
isotopic composition of the concretion rim reflects an outward concretion growth, i.e. formation of

the mineral in the concretion body followed by the concretion rim.
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An alternative explanation, however, could be a simultaneous formation of concretion body and rim
with distinct dominant microbial communities forming each of them. The carbonate cement with the
greatest 3C-depletion along with lowest pyrite content observed in the concretion body could
indicate a greater contribution of anaerobic methane oxidisers (archaea), whereas a greater pyrite
content along with more 3*S-enriched pyrite in the rim would point to greater input from bacterial
sulfate reduction. Generally, studies of calcium carbonate concretions attribute most of the
carbonate production to microbial sulfate reduction, although the activity of micro-organisms
involved in the methane cycle —i.e. methanogenesis and anaerobic oxidation of methane —is also
mentioned (Coleman and Raiswell, 1995; Curtis et al., 1987; Duan et al., 1996; Huggett, 1994;
Raiswell and Fisher, 2000; Scotchman, 1991). Concretionary carbonate presently forming at
methane seeps in the Black Sea revealed the presence of microbial mats able to perform both
sulfate reduction and anaerobic oxidation of methane (Reitner et al., 2005). Although methane
seeps are not a prerequisite for the formation of carbonate concretions, the study by Reitner et al.
(2005) revealed how organisms involved in methanogenesis and anaerobic oxidation of methane are
both actively contributing to the microbial ecosystem leading to concretion formation, along with

sulfate-reducing bacteria.

Both a temporal decrease in light stable isotopes available (Rayleigh distillation) and a spatial change
in the microbial ecosystem could result in the pyrite content as well as the stable isotopic variations
observed, and these hypotheses are not necessarily exclusive. Although the exact mechanisms of
carbonate concretion formation remain to be fully understood, evidence of exceptional preservation
of fossils (e.g. Martill, 1989, 1988; Plet et al., 2017; Williams et al., 2015) and biomolecules
(Melendez et al., 2013a; Plet et al., 2017) indicate a system rapidly isolated from the surrounding
environment. This is also confirmed by laboratory experiments (Berner, 1968, 1967; Yoshida et al.,

2018, 2015) and dating studies (Yoshida et al., 2019).

5.3. Alkylated and phytanyl arenes distribution and significance
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An additional aspect of this study relates to the alkylated and phytanyl arenes (supplementary Figure
4). Alkylated benzenes are common laboratory contaminants due to their use in detergents. In order
to be confident that all the monoaromatic compounds identified in the samples were not artefacts
resulting from the work-up procedures, repeated extractions were performed using multiple
procedural blanks. When analysed by GC-MS and GCxGC-TOFMS, none of the blanks contained any

of compounds reported herein and are therefore authentic biomarkers of the concretions.

These compounds, particularly phytanyltoluene, show high relative abundance in the concretion
samples in comparison to the host sediment. Such an elevated relative abundance indicates that the
source organisms of these compounds thrive in concretion-forming ecosystems. Although alkylated
and phytanyl arenes have been widely reported in sedimentary OM and oils (e.g. Grotheer et al.,
2017; Sinninghe Damsté et al., 1993, 1988b; Williams et al., 1988; Zhang et al., 2014), their origin
presently remains unclear (Grotheer et al., 2017 and references therein). Amongst the different
hypotheses proposed, the direct biosynthesis by hypersaline archaeal communities (Sinninghe
Damsté et al., 1993, 1988b) is of interest here. As discussed above, it has been suggested that
archaea could be major contributors to concretion-forming microbial ecosystems (De Boever et al.,
2009; Hendry et al., 2006; Lash and Blood, 2004; Reitner et al., 2005; Wolff et al., 1992; Woo and
Khim, 2006). In order to further test this hypothesis in the present context and determine the degree
of salinity during concretion formation, the MTTC ratio was calculated (Sinninghe Damsté et al.,
1993, 1988a). This ratio provides insight into palaeosalinity with low values (<0.4) reflecting
hypersaline conditions (Sinninghe Damste et al., 1987, 1988a, 1993; Grice et al., 1998; Tulipani et al.,
2015). Here, the MTTC ratio is not representative of hypersaline conditions and is remarkably
constant for all samples (=0.63 £0.01). This value for the MTTC ratio coincides with normal marine
conditions at the time of concretion formation. Our results therefore do not indicate that alkylated
and phytanyl arenes originate from halophilic archaea. These observations are supported by a
previous study on the Permian-Triassic Boundary (~252 Ma) which also reported abundant phytanyl
arenes despite an absence of paleo-hypersaline conditions (Grotheer et al., 2017).
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Stable carbon isotopic composition of phytanyltoluene can be used to further determine the origin
of this compound. In the rim samples, §33Cpr values are up to 3.4 %o more negative than previously
reported values of n-alkanes from the same concretions (Plet et al., 2016). Interestingly, an inverse
trend is usually observed for aromatic compounds: aromatics are commonly more *3C-enriched than

n-alkanes from a similar sediment or oil sample (Holman and Grice, 2018).

Here, the 6'3Cpr values, —36.1 %o and —38.1 %o for concretion A and concretion B, respectively, are
more 3C-enriched than common biomarkers of archaea involved in methane cycling (e.g. Hinrichs
and Boetius, 2002). Moreover, no additional archaeal biomarker was detected in any of the samples.
The greater relative abundance of alkylated and phytanyl arenes, along with the Cys D,E-ring
diaromatic secohopanoid, a potential bacterial marker, in the concretion suggests that phytanyl and
n-alkylated arenes probably derive from a type of bacteria particularly active in the microbial
ecosystem leading to concretion formation. Benzohopanoids also increase in the rim compared to
the concretion body, however they are relatively more abundant in the host sediment. This
benzohopane distribution suggests a different bacterial source that is not particularly abundant in

the micro-ecosystem of the concretion.

To better constrain the origin of the alkylated and phytanyl arenes in carbonate concretion,
correlation coefficients were calculated. The correlations coefficients were determined both
including and excluding the host sediment sample to highlight the differences and the likely origin of
the n-alkylated and phytanyl arenes compounds (Figure 5). PTr and PBr showed a high correlation
coefficient (Figure 5A) when the host sediment was included r?=0.9 (n=7). However, a slightly higher
correlation was achieved when the host sediment sample was excluded (r?=0.93, n=6). This strong
correlation, although on a small dataset, supports a common source for these compounds in the
concretions. Grotheer et al. (2017) detected phytanylbenzene and phytanyltoluene along with Cs; n-
alkyl cyclohexane (Cs3 n-ACH) compounds in black shale samples from the Permian-Triassic

Boundary. The authors reported a very strong correlation (r>=0.99) between phytanylbenzene and
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phytanyltoluene, indicating a common source for these compounds in samples from high latitude
environments. However, the compounds were not detected in samples from carbonate-rich low
latitude environments (Grotheer et al., 2017). Here, no C33 n-ACH was detected, supporting this
biomarker is characteristic of samples from the Permian-Triassic crisis (Grice et al., 2005). In
addition, the concretions were formed in warm, mid-latitude climate (Gomez et al., 2016; Rodrigues
et al.,, 2019), indicating that the source organism is not exclusive to cooler environment but thrives
in concretion-forming microbial ecosystem. Correlation coefficients between AlkBr and AlkTr, AlkBr
and PBr, and AlkTr and PTr (all with r><0.9, n=7, Figure 5B-D) are lower than for phytanyl compounds
(r>>0.9; Figure 5A) and decrease when the host sediment sample is excluded from the dataset. In
particular, the correlation coefficients of AlkBr/PBr and AlkTr/PTr (r? values of 0.66 and 0.37,
respectively) in the carbonate concretion highlight a different source for alkylated versus phytanyl

compounds.

6. CONCLUSIONS

The detailed examination of the aromatic fractions from carbonate concretions and their host
sediment highlights microbial processes involved in carbonate concretion formation. In addition to
bulk stable isotopes supporting enhanced and complex microbial activity, the present study

demonstrates that:

e Stable isotopic values of calcite and sedimentary sulfur (mainly pyrite) (§*3C and §%S,
respectively) co-vary. The 3C-depleted carbonate cement from the concretion body results
from microbial activity relying on a *C-depleted source.

e Theincrease in 63S values in the rim associated with greater pyrite content indicates that
microbial sulfate reduction under successively higher 3?S-depletion of the sulfate pool is
largely responsible for pyritic rim genesis.

e Phytanylbenzene and phytanyltoluene share a similar biological source, thriving in

concretion-forming microbial ecosystem.
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e n-alkylated and phytanyl arenes do not share a common source in concretion-forming
ecosystem. Although a clear origin for these compounds was not identified, it is likely that, in

this specific setting, halophilic archaea were not the source organisms.

Our study of two Toarcian carbonate concretions along with their host sediment indicates that n-
alkylated and phytanylbenzenes and toluenes could provide some insight into the processes of
carbonate concretion formations. Constraining the source of these compounds could improve our
understanding of ancient microbial ecosystems forming these concretions. Furthermore, it would
provide clues to unravel how the kerogen quality remained unaffected by the enhanced microbial

activity during carbonate concretion formation.
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FIGURE CAPTIONS

Figure 1. Concretions A and B showing the positions and labelling of subsamples investigated.
Subsample 1 being the most internal and subsample 3 corresponding to the concretion rim.

Figure 2. GC-MS total ion chromatogram (TIC) of the host sediment compared to body and rim
samples of concretion A (left) and B (right). Vertical exaggeration was applied on the chromatograms
to reveal the compounds of interest. DBT: dibenzothiophene; IS: internal standard; mDBT:
methyldibenzothiophene; PT: phytanyl toluene; MTTC: methyltrimethyltridecylchromans. Peaks
labelled | and Il are tentatively identified as 1,1,7,8-tetramethyl-1,2,3,4-tetrahydrophenanthrene and
a Cs alkylphenanthrene.

Figure 3. Relative distribution of MTTCs, MPs + MDBTSs, and Cx6-Cas TAS within all samples studied.
Most concretion samples show a higher TAS proportion than the host sediment (PS).

Figure 4. Both concretions showed similar extracted ion chromatograms, here represented by the
chromatograms from concretion B. GC-MS and GCxGC-ToF-MS chromatograms of extracted ions
m/z 92 for alkylated benzenes (AlkB) and phytanyl benzene (PB) on the left and m/z 106 for alkylated
toluene (AIkT) and phytanyl toluene (PT) on the right. Comparison of the distribution from the host
sediment and concretion B (representative of both concretion). Vertical exaggeration has been
reported for the GC-MS data in order to facilitate the comparison.

Figure 5. Correlation between phytanyl and n-alkylated arenes in the sample set.
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787 Table 1. Compilation of publications reporting lipid biomarkers in carbonate concretions and main findings based on biomarker analyses.
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Locati | Reported lipids
Age .p . P . Main highlights from lipids & biomarkers reference
on mineralogy investigated
. aliphatic Mineralogical zonation derived from different microbial communities.
. calcite, . . . . o . (Wolff et al.,
Lower Lias | UK . hydrocarbons, Microbial activity involved: sulfate reduction, methanogenesis, iron and manganese-reducing
(Fe)dolomite ) o 1992)
fatty acids activity
Calcite, lar lipid fatt (Col
olar lipid fa oleman,
Present UK siderite, iron P i P y Two sulfate reducing bacteria genera: Desulfovibrio sp. > Desulfobacter sp. 1993)
acids
monosulfide
Middl
€ .
calcite-
Valley, .
cemented . . . o . . . (Boni et al.,
Present Juan . hydrocarbons Biomarkers reflect high thermal maturity providing information on the geological history
q soft mud, silt 1994)
e
and pyrite
Fuca
Ridge
siderite,
calcite, - L N T )
. . Variations of lipid biomarker distributions within a single concretion, between individual
fluorapatite, Fatty acids, . . .
. . concretions and between concretions and host sediments (Duan et al.,
Present UK rhodochrosit phospholipid fatty . . . o
. Great diversity of sulfate-reducing bacterial biomarker 1996)
e, quartz, clay | acids (PLFA) . o . .
. Biomarker for Desulfovibrio sp capable of iron-reduction
minerals,
pyrite
. aliphatic Non-altered phosphorite nodule: high hydrocarbon maturity (Ogihara and
Pleistocen carbonate ) . . . . . .
Japan . hydrocarbons and Altered phosphorite nodule: hydrocarbons derived from microbial activity under hydrothermal Ishiwatari,
e fluorapatite ) N
fatty acids condition. 1998)
calcite, aliphatic
. . P Low maturity and high hopanoid content. (Ogihara,
Miocene Japan phosphorite, hydrocarbons, . . . . o .
. P concentration and apatite precipitation mediated by bacteria in sulfate reduction zone. 1999)
dolomite ketones
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calcite with

framboidal
. pyrite aliphatic Large terrigenous input and low algal steroidal markers
. Belgiu . ] o . (de Craen et
Oligocene +detrital hydrocarbons and Abundant markers of sulfate-reducing bacteria in the concretion 1. 1999)
m al.,
minerals in fatty acids Presence of methanogenic archaeal markers in the concretion.
minor
amount
aliphatic
. calcite, P . o . o . (Kiriakoulakis
Lower Lias | UK . hydrocarbons and Biomarkers indicative of sulfate-reducing bacteria in calcite core
dolomite ) et al., 2000)
fatty acids
Thermally immature OM i
. . _— . . . (zaton and
Middle hydrocarbons, Predominance of terrestrial biomarkers in host sediment and concretions .
. Poland ) . ] . Marynowski,
Jurassic fatty acids Diasterene > sterenes> steranes suggest early and shallow formation of carbonate concretions 2004)
No evidence for water column stratification and anoxia
Late . . Different fatty acids distribution between calcite septaria and concretion body (Pearson et
. UK calcite fatty acids . ) - . .
Jurassic Differences attributed to the low aqueous solubility of long chain fatty acids al., 2005)
Jurassic,
Cretaceou . . . Concretion septaria: the fatty acids incorporated into septarian calcite during crystal formation
New calcite, aliphatic . . . ]
s,Paleoce o Concretions matrix: fatty acids are kerogen derived (Pearson and
Zealan | siderite, Fe- hydrocarbons, . .
ne, ) ) Input from terrestrial vegetation Nelson, 2005)
d, UK dolomite fatty acids o .
Eocene, Strong maturity differences between cracks and concretions
Miocene
Aliphati Combined DNA and biomarker analyses on microbial mats and carbonate at methane seep
iphatic
Black . P Evidence of archaea and sulfate reducing bacteria, algae and higher plant biomarkers .
Present calcite hydrocarbons, ] ] . . . . Reitner 2005
Sea lcohol Confirmation of pivotal role for archaea and sulfate-reducing bacteria during carbonate
alcohols
concretions formation in methane seep environments
Siderite, Comparison of biomarker from host sediment and concretion: similar hydrocarbon distribution
Middle Poland rhodochrosit hydrocarbons, but different fatty acid distribution (Marynowski
olan
Jurassic e, calcite, fatty acids Unsaturated fatty acids higher in concretions than host sediment et al., 2007)
dolomite No sulfate-reducing bacterial marker detected
Calcite with
Lower Bulgari | detrital grains | alcohols, Fatty Release of carbonate-bound and ester bound biomarkers (De Boever et
Eocene a (quartz, acids Abundant archaeal biomarkers, bacterial markers and eukaryotic markers al., 2009)
feldspar)
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788

aliphatic and

13C-depleted n-alkane distribution attributed to sulfate reducing bacteria

. Austra . . . . o . ] . (Melendez et
Devonian i Calcite aromatic High cholestane with distinct 13C signature attributed to fossil crustacean 1, 2013b)
ia al.,
hydrocarbons Aromatic hydrocarbon showed evidence of photic zone euxinia during concretion formation
Fossil preserved in concretion revealed presence of a steroid continuum (from sterols to
. Austra . . ] . ) (Melendez et
Devonian . Calcite steroids triaromatic steroids)
lia ) . al., 2013a)
Oldest intact sterols reported in the rock record
Upper Austri Siderite, hydrocarbons, L (Baumann et
] ] ) Low overall content of bacterial biomarkers
Miocene a calcite fatty acids al., 2016)
liohati Similar biomarker distribution between two concretions and their host sediment indicate
aliphatic
. Germa . . P biomarker signature inherited from host sediment (Plet et al.,
Toarcian Calcite, pyrite | hydrocarbons, . . . .
ny . . 13C depletion of n-alkanes in the concretions compared to host sediment related to sulfate 2016)
aryl isoprenoids . . o
reducing bacterial activity
Preservation of intact sterols in the fossil vertebra embedded in a concretion
. Germa . . . o . (Plet et al.,
Toarcian Calcite, pyrite | steroids Sterols 613C composition revealed two sources of sterols: Cy7 sterol largely derived from the 2017)
n
y ichthyosaur diet, C,9 sterol derived from primary activity in the water column
Calcite - N .
. total lipid extract Aliphatic hydrocarbons of concretions similar to host sediment: aliphatic distribution inherited
. Austra | cement with ) ) ] ] . (Lengger et
Devonian . . (focus on aliphatic during concretion formation
lia pyrite and o o . . al., 2017)
. . hydrocarbons) Variations exist in biomarker indices related to lithology (carbonate vs. mudstone)
detrital grain
siderite,
calcite,
fluorapatite, . . . . . . . L (Thiel and
. Germa . fatty acids, Evidence of enhanced preservation or selective accumulation mechanism of fatty acids and diacids
Toarcian rhodochrosit . . . Hoppert,
ny hydrocarbons in the concretions compared to the host sediment
e, quartz, clay 2018)

minerals,
pyrite
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Table 2. Proportions of TOC, CaCOs, pyrite and siliciclastic component of each samples (in %). 63*Spui for each sample.
an average of two PS samples. * values published in Plet et al., 2016.

HI# TOC CaCOs* Pyrite  Siliciclastic §*Spui 8"Ccarbonate’
(MgHC/gTOC)  (wi%)  (wt%) (wt%) (wt%)

PS 820 94 40 7 43.4 -21.9* -1.8

Al 740 1.0 95 1 3.1 --17.0 -14.5

A2 750 1.0 95 1 3.1 --15.5 -14.4

A3 580 1.0 83 13 2.8 -8.4 -12.6

B1 700 0.9 96 1 2.3 -11.7 -10.2

B2 720 0.8 95 1 3.3 -15.5 -14.2

B3 590 21 70 22 6.5 -8 -8.3
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792 Table 3. Normalisation of compounds and groups of compounds to the sum of C,-Cag TAS. *indicates ratios determined
793 based on GCxGC-ToF-MS analyses. AlkBr: alkylbenzene ratio; PBr: phytanyl benzene/Cas-Cag TAS; AlkTr: alkyltoluene

794 ratio;PTr: phytanyl toluene/Cas-Cag TAs; C1g BrTr= Cis BrT*1000/sum Cz6-Cas TAS; BrTr= sum Ci6-Ca6 BrT*1000/ sum Cz6-Cas
795 TAS; DBTr: DBT/Cys-Cag; MDBTr: sum MDBT/C26-Cas TAS; DMDBTr: sum DMDBT/sum Ca6-Cz8 TAS, BNTr: sum BNT/C2s-Cag
796 TAS; AlkNr: sum alkyl naphthalene/Cas-Cag TAS; C20DESHr: C20DESH*1000/Ca6-C2sTAS; BHr: sum Csz-Csz benzohopanes/Cas-
797 Cas TAS.

Host
Concretion A Concretion B

sediment
ratios PS Al A2 A3 B1 B2 B3
AlkBr* 0.06 0.90 0.17 0.88 1.75 1.10 1.02
PBr * <0.01 0.01 <0.01 0.04 0.04 0.03 0.02
AlKTr* 0.31 2.53 1.33 1.95 3.24 2.87 2.04
BrTr* 16 259 58 227 356 265 171
PTr* 0.06 0.53 0.26 0.81 0.77 0.73 0.69
DBTr 0.16 0.15 0.10 0.10 0.21 0.13 0.11
MDBTr 0.47 0.38 0.26 0.22 0.61 0.42 0.31
DMDBTr 0.41 0.32 0.20 0.29 0.56 0.41 0.29
BNTr 0.09 0.06 0.04 0.06 0.12 0.09 0.06
AlkNr 3.77 6.69 4.48 4.87 9.76 6.82 4.83
C29DESHr* 1.8 3.77 3.78 3.72 4.31 4.71 5.99
BHr* 202 116 n.d. 202 178 141 248
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