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Abstract

Salinity-related stratification in marine environments is one of the main drivers for the
development of persistent anoxia and euxinia. It therefore plays a vital role in the sedimentary
preservation of organic matter and has also been associated with Oceanic Anoxic Events during
several mass extinctions in Earth’s history.

Here we present a novel molecular proxy using relative abundances of
methyltrimethyltridecylchromans (MTTCs) as indicators of riverine freshwater incursions into
Middle to Late Devonian paleoreefs exposed to conditions of prevailing anoxia, photic zone
euxinia and water column stratification. This paper aims at re-instigating a discussion about the
origin of these compounds to potentially broaden their utilization as paleoproxies, adding
freshwater stratification to the general salinity reconstructions. The co-variation of MTTC
abundance profiles and §*3C values with other biomarker parameters in the sediments studied
here indicate a link of MTTCs to terrigenous input, pointing towards a previously suggested
early diagenetic formation of these compounds from phytol with higher plant-derived

alkylphenols.
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1 Introduction

Persistent salinity-related density stratification in marine environments, as observed in
the modern-day Black Sea, has been a significant paleoenvironmental and paleoecological
feature throughout Earth’s history. Such stratification was particularly widespread during global
oceanic anoxic events associated with mass extinctions (Summons and Powell, 1986; Grice et
al., 2005; Meyer and Kump, 2008; Jaraula et al., 2013), and was often accompanied by photic
zone euxinia (PZE). During PZE, enhanced concentrations of toxic hydrogen sulfide which are
produced by anaerobic sulfate reducing bacteria in the sediments or even the water column
extend to the photic zone (i.e. the upper part of the water column with sufficient light penetration
to support photosynthesis). The few highly specialized organisms able to thrive under such
hostile conditions include the obligately anaerobic green sulfur bacteria (Chlorobi), which grow
directly at the chemocline where they can access hydrogen sulfide as an electron donor for
anoxygenic photosynthesis. Therefore, the presence of characteristic **C-enriched Chlorobi
biomarkers (e.g. isorenieratane, | and related aryl isoprenoids, I, Figure Al), derived from
carotenoid pigments in their unique photosystem, represents unequivocal evidence for
paleoenvironmental PZE (Summons and Powell, 1986; Koopmans et al., 1996a, Grice et al.,
2005). Another biomarker indicative of water column stratification is gammacerane (I111), which
is derived from tetrahymanol (1V) in bacterivorous ciliates living at the interface between
stratified water layers (Harvey and McManus, 1991; Sinninghe Damsté et al., 1995). Whereas
the biomarkers mentioned above are indicative of conditions in the lower part of a stratified
water column, additional compounds such as methyltrimethyltridecylchromans (MTTCs, V) are
proposed to reflect the conditions above the chemocline (Sinninghe Damsté et al., 1993).
Although the specific origin and formation pathway of MTTCs (V) in geological samples remain

unclear, the ratio between different chroman isomers has been established as a reliable indicator



for paleosalinity (e.g. Sinninghe Damsté et al., 1987, 1993; Schwark and Puttmann, 1990; Grice
et al., 1998c; Schwark et al., 1998, Wang et al., 2011). Hypotheses for the formation of MTTCs
(V) include direct biosynthesis by phytoplanktonic organisms (Sinninghe Damsté et al., 1993),
early diagenetic condensation reactions of phytol with alkylphenols (e.g. from higher plant-
derived lignin) (Li et al., 1995; Tulipani et al., 2013) or cyclization of alkylphenols (Barakat and
Rullkoétter, 1997). MTTCs or appropriate diagenetic precursors have not been found in any
organisms. Whilst biogenic tocopherols (V1) are structurally similar, the hydroxyl group at C6
disqualifies them as a possible precursor of sedimentary MTTCs (V), particularly because some
geological MTTCs contain a methyl substituent at this position (Sinninghe Damsté et al., 1987,
1993; Li et al., 1995; Sinninghe Damsté and de Leeuw, 1995).

Here we present a new conceptual model with MTTCs (V) as indicators of freshwater
incursions and terrigenous input into a stratified marine paleoenvironment associated with
Middle to Late Devonian reef systems. For this purpose we used biomarker, elemental and
isotope parameters indicative of redox conditions, water column stratification, PZE and
terrigenous input (associated with the rise of land plants) which have been determined
throughout a core collected from the Canning Basin, Western Australia (Tulipani, et al. 2014),
and related their variations to chroman ratios (5,7,8 trimethyl-MTTC/total MTTCs (Sinninghe
Damsté et al., 1993)) and MTTC (V) abundances. More detailed information on the stratigraphic
context, temporal variability and the significance of the described paleoenvironmental conditions
for the Late Devonian extinction events is presented in a second paper Tulipani et al. (2014). The

data most relevant for the molecular proxy introduced here are summarized in Figure A2.



2  Geological Setting

The Canning Basin (Western Australia) is known for its extensive Middle to Late
Devonian reef systems containing exceptionally well preserved macro (Long and Trinajstic,
2010) and molecular fossils (i.e. biomarkers) (Melendez et al., 2013a, 2013b). The samples for
the present study originate from a core (MR-1) collected at the location of McWhae Ridge
(18.72796 °S, 126.0682 °E) and comprise interfingering marginal slope and basin facies (Sadler
and Gogo formations, respectively). This study focuses mainly on the lower part of the core
(40.1-42.1 m) from the Gogo Formation which was deposited in the latest Givetian or earliest
Frasnian (dating based on palynological results, specifically, the occurrence of
Archaeozonotriletes timanicus Naumova 1953, which is a characteristic element of Australian
plant microfossil assemblages of the optivus-triangulatus zone (McGregor and Playford, 1993).
It consists of laminated argillaceous shales and contains fragments of crinoids, stromatoporoids
and brachiopods in some parts. Sediments from an overlying section of the core deposited later
in the Frasnian (27.2-40.1m; dating based on relative stratigraphic position and conodonts
(Trinajstic and Roelofs, pers. comm.)) were also analyzed and some data were included in this
study. The lithology of the investigated core section is displayed in Figure A2. For a more
comprehensive description and more geological details about the section at Mc Whae Ridge, see
Tulipani et al. 2014 and references therein. All samples show an extraordinarily low maturity
with very low Tmax Values (Rock Eval analysis, 405 to 418 °C) accompanied by equally low
values for molecular maturity parameters (e.g. Table Al and Tulipani et al., 2014).

Throughout most of the Devonian the climate was tropical without polar ice caps.
According to Joachimski et al. (2009) temperatures were slightly cooler in the Late Givetian with
an average of ~25°C, but increased again throughout the Frasnian to ~30°C. Furthermore, there

was a global sea-level rise from the Givetian to the Late Frasnian (Johnson et al., 1985), which



has also been observed in the Canning Basin (Playford et al., 2009). The expansion of terrestrial
plants, with the first forests occurring in the Givetian (Grice et al., 2009; Meyer-Berthaud et al.,
2010; Mintz et al., 2010), likely had a major influence on climate and biogeochemical cycling

(e.g. Algeo et al. 1995, 2001; Algeo and Scheckler 2010).

3 Methods

The methods summarized here have also been described in Tulipani et al. 2014. The MR-
1 core was collected with a small portable drilling-rig without the use of drilling fluids or
lubricants. Samples were cut with a rock saw (diamond crystal edge with carbon steel center) and
ultrasonicated in methanol and dichloromethane (DCM) to remove potential surface
contamination. Subsequently, samples were powdered in a stainless-steel rock-mill and Soxhlet-
extracted with 90 % DCM in methanol (48h). Activated copper turnings were used for elemental
sulfur removal. The extracts were separated by silica gel-column chromatography (20 cm x 0.9
cm 1.D.) using solvents with increasing polarity. The aliphatic and aromatic hydrocarbon
fractions relevant for this study were eluted in hexane and 20 % DCM in hexane, respectively.
Procedural blanks were analyzed by gas chromatography-mass spectrometry (GC-MS) to
monitor laboratory contamination.

GC-MS analyses were performed on an Agilent 5973 Mass-Selective Detector (MSD)
interfaced to an Agilent 6890 gas chromatograph (GC) equipped with a HP 6890 auto-sampler
and a DB-5MS capillary column (60 m length, 0.25 mm I.D., 0.25 um film thickness). The GC-
oven was heated from 40 °C to 310 °C (aliphatic fractions) or 325 °C (aromatic fractions) at 3
°C/min with initial and final hold times of 1 and 30 minutes, respectively. Perylene,
isorenieratane and renieratane were identified by retention time correlation with authentic

standards. Palaeorenieratane and MTTCs were identified by comparison of mass spectra and



relative retention times reported by Hartgers et al. (1994) and Sinninghe Damsté et al., (1987),
respectively. For semi-quantitative analyses (without consideration of response factors) the
aromatic fractions were spiked with a known amount of perdeuterated terphenyl (d*4).

GC-irMS analyses were performed on a Micromass IsoPrime mass-spectrometer
interfaced to an Agilent 6890N GC fitted with a 7683 autosampler. GC settings and column were
identical to those used for GC-MS analyses. Each sample was analyzed at least in duplicate and
average values and standard deviations were reported. Standard solutions containing compounds
with a known isotopic composition were analyzed after every second sample to confirm accuracy
of the instruments. For more details on acquisition parameters used for GC (e.g. injector, carrier
gas), MS/irMS, interface (for GC-irMS) and instrument softwares see Melendez et al. (2013b).

To determine gammacerane indices, aliphatic fractions were analyzed on a Micromass
Autospec Ultima MS (MRM-mode), which was interfaced to an Agilent 6890 N GC fitted with
an autosampler and a DB-5MS fused silica capillary column (60 m; 0.25 mm 1.D.; 0.25 pum film
thickness; J&W Scientific). Helium (constant flow: 2 mL/min) was used as carrier gas. The GC
oven was programmed from 60°C to 150°C at 10°C/min and to 315°C at 3°C/min with initial
and final hold times of 2 and 24 min, respectively. The source was operated in 70 eV electron
impact mode at 250° C, with 8 kV accelerating voltage. Gammacerane indices were determined
by monitoring the precursor-product reaction of m/z 412 to m/z 191. Data were acquired and
processed using MassLynx 4.0 (Micromass Ltd.) software. Identification of compounds was
achieved by data comparison with a synthetic mixture of oils.

Fractions of the non-extracted powdered samples were decarbonated by the addition of
hydrochloric acid (~5%), washed, dried and analyzed on a VARIO EL-I1I elemental analyzer for
the determination of the carbon weight percentage (C%). The carbonate content (weight percent)

was inferred from the difference of sample weight before and after decarbonation. TOC% was



calculated from C% in the decarbonated samples. RockEval pyrolysis was performed on the
decarbonated samples using a VINCI Rock Eval 2 instrument. §*3C of carbonates was measured
by continuous-flow (CF) analysis on a GasBench Il coupled with a Delta XL Mass Spectrometer
(Thermo-Fisher Scientific) after Paul and Skrzypek (2007). For the measurement of §*3C of
organic carbon, fractions of the sample residues after Soxhlet-extraction were decarbonated by
the addition of ~7N hydrochloric acid. Bulk 5!3C analysis of the washed, dried and homogenized
samples was performed on a continuous flow (CF) system consisting of a Delta V' Plus mass
spectrometer connected to a Thermo Flash 1112 via Conflo IV (Thermo-Finnigan/Germany).
Combustion and oxidation were achieved at 1700 to 1800°C and reduction at 650°C. For more
details see Paul and Skrzypek (2006).

534S of total reducible inorganic sulfur (TRIS) was measured in a fraction of the sample
residue after Soxhlet-extraction. TRIS was extracted from the sample by treatment with hot
acidic chromium (11) chloride (Fossing and Jargensen, 1989). The generated H.S was
precipitated quantitatively as ZnS, which was then converted to AgS.. **S/%?S ratios were
measured by combustion-isotope ratio monitoring-mass spectrometry (C-irm-MS) using a
Thermo Finnigan MAT 253 mass spectrometer coupled to an elemental analyser (Thermo Flash
2000) via a split interface (Thermo Finnigan Conflo 1V). Measured isotope ratios were calibrated
with in-house and international reference materials (Mann et al., 2009) and reported in the 6-
notation relative to the V-CDT (Vienna Cafion Diablo Troilite) standard.

For palynological analysis small samples were taken throughout the core. These samples
were not identical to the samples for biomarker, elemental and isotope analysis. They were

processed using standard palynological techniques described by Wood et al. (1996).



4 Results and Discussion

MTTCs (V) were present in all samples, with the 5,7,8 trimethyl-MTTC being by far the
most abundant. The 6- and 8-methyl-MTTCs as well as the 5,8-, 6,8- and 7,8-dimethyl-MTTCs
were also present.

Strong differences were evident between sediments of Late Givetian-Early Frasnian age
and those deposited later in the Frasnian (Tulipani et al. 2014 and Figure A2). The earlier
package of sediments represents the main focus of this study and is characterized by high
gammacerane indices (gammacerane (111)/17a, 21p-hopane, VII; 0.55 to 1.71, average 1.27),
elevated perylene (VI111) concentrations as well as relatively low pristane (IX) /phytane (X;
Pr/Ph) ratios (0.39 to 1.0, average 0.55). These features correlated with abundant Chlorobi
biomarkers (Figure A3) and high chroman ratios (0.93 to 0.95, average 0.94; see introduction for
definition). Furthermore, §*3C values of carbonate (+0.1 to -3.0 %0), OM and biomarkers (e.g.
Tables 1 and A1) as well as %S signatures of pyrite (Table 1) were relatively depleted in the
heavy isotopes. In contrast the samples deposited later in the Frasnian showed high Pr/Ph ratios
(> 1) and lower chroman ratios (0.79 to 0.93; average 0.88). Gammacerane (I11) and perylene
(V111) were only present at trace levels and Chlorobi biomarkers were absent. All the samples
investigated in this study exhibited low TOC contents and exceptionally low thermal maturity

(Tables 1 and Al).

4.1 Reconstruction of the Depositional Environment

Figure 1 schematically displays the paleoenvironmental setting corresponding to the Late
Givetian-Early Frasnian age sediments of the MR-1 core, which was reconstructed using the
biomarker and stable isotope parameters discussed hereafter. The disposition of reef systems

formed a semi-enclosed basin in which the water column was stagnant due to restricted water



exchange with the open ocean. The high MTTC (V) abundances and chroman ratios point
towards predominantly riverine sources of freshwater which would have remained above the
more saline hypolimnion (discussed in section 4.3). Density differences between these two layers
prevented vertical mixing and created a sharp chemo-, pycno-, thermo- and halocline at the
interface (Figure 1a). A modern analogue for these conditions is the Black Sea, where large
rivers from Eastern Europe provide freshwater input and terrigenous runoff, supporting high
primary productivity and density stratification leading to an oxygenated epilimnion of ~50 m
which is overlying deep sulfidic and anoxic waters (> 100 m) (Murray et al., 2007).

In contrast, the sediments from the upper part of the core were deposited later in the
Frasnian and were laid down in a less restricted setting at higher sea-levels (Playford et al., 2009)
without indications of water column stratification, anoxia or PZE (e.g. absence of intact Chlorobi
carotenoid derivatives, gammacerane at trace levels, Pr/Ph > 1, lower chroman ratios, Tulipani et
al. 2014). However, the intended focus of this work is the conceptual model of the
paleoenvironment around the G-F boundary corresponding to the lower core section (42.1-40.1
m). For a further discussion on conditions corresponding to the upper part of the core see

Tulipani et al. (2014).

Table 1: Selected elemental, stable isotope and maturity parameters in Late Givetian-Early

Frasnian sediments deposited in a stratified and anoxic/euxinic marine environment
513C [%. VPDB]

Medium

?n??th TOC% Carb. % TOCITS gls(%fl%p)ane pristane  phytane n-alkanes Cis21  paleorenieratane 6[;‘05\",)(’:’::‘)?'_]
40.2 0.1 62,6 01 0,23 nd. 103035 -33.0 n.d. 24,0
40.3 0.3 68,1 0.4 0,20 nd. :;_323'6 3238 .15.340.3 138
405 0.9 15,2 0.6 nd. nd. nd. n.d. n.d. n.d.

40.7 0.8 ©10.5 05 013 10312 203.2;1'9 323 154 40.7 *.11.9
41.2 0.7 £33 1 05 0,12 N a0 328 n.d. .15.0
41.9 0.7 133 04 0 11 nd. o9 -33.4 ©.15.1+0.0 .19.1

afrom Tulipani et al. [2013]; **also published in Tulipani et al. 2014; + standard deviation of at least two replicate analyses; n.d. = not determined,;
TOC = Total organic carbon, Carb. = carbonate, C31 hopane S/(S+R) = 17a, 213-homohopane isomerization at C22

10
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Figure 1: (a) Schematic model of the depositional conditions in the stratified Late Givetian-
Early Frasnian paleoenvironment (Canning Basin) with freshwater incursions overlying more
saline bottom waters. (b) Photic zone euxinic conditions in the corresponding water column and
associated microorganisms and organic matter sources with their molecular indicators relevant
for this study. PZE = photic zone euxinia, SRB = sulfate reducing bacteria, MTTCs =
methyltrimethyltridecylchromans. Water column stratification and PZE are evident in the
abundance of gammacerane and Chlorobi carotenoid derivatives (e.g. isorenieratane),
respectively. Higher plant input was indicated by the abundance of perylene, MTTCs and
palynological analysis. (c) Proposed mechanism of chroman formation (Li et al. 1995) from
predominantly phytoplankton derived phytol with higher plant phenols during early diagenesis.

4.1.1 Gammacerane index as indicator of water column stratification

Gammacerane was initially associated with hypersaline paleoenvironments but more
recently has been established as marker for water-column stratification (e.g. tenHaven et al.,
1989; Harvey and McManus, 1991; Sinninghe Damsté et al., 1995). This triterpenoid originates

from bacteriovorous ciliates grazing on microbes at the oxic-anoxic interface of a stratified

water-column (Sinninghe Damsté et al., 1995). Therefore the enhanced gammacerane indices
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observed here indicate the presence of microbial communities (possibly biofilms or microbial
mats) which grew at the stable oxic-anoxic interface between epi- and hypolimnion, and
contained organisms such as Chlorobi. The gammacerane precursor tetrahymanol (1V) has also
been found in the oxygen minimum zone of the water column in the present-day Black Sea

(Wakeham et al., 2007).

4.1.2 Evidence of anoxia and euxinia

The enhanced activity of sulfate reducing bacteria (SRB) under anoxic conditions and the
resulting production of hydrogen sulfide is evident in a suite of **C-enriched Chlorobi carotenoid
derivatives, including intact paleo (XI)- and isorenieratane I, (Figure A3 and Table 1),
representing unequivocal evidence of paleoenvironmental euxinia extending to the photic zone
(PZE). The significant *S-depletion of sedimentary pyrite (534S: -11.9 to -24.0 %o; Table 1)
relative to the estimated value of Devonian seawater sulfate between ~ 15 and 20 %o
(Kampschulte and Strauss, 2004) indicates that bacterial sulfate reduction was not significantly
limited by dissolved sulfate and occurred under essentially open conditions in surface sediments
or the water column (Meyer and Kump, 2008). The measured data are in the same range reported
for 534S pyrite Values from Late Devonian (Joachimski et al., 2001) and contemporary brackish
Baltic Sea sediments (Bottcher and Lepland, 2000), but less 3*S-depleted compared to §**S pyrite
values of the modern brackish Black Sea (Neretin et al., 2004). For a further discussion about
534S values refer to Tulipani et al. (2014).

Euxinic palaeoenvironmental conditions are also consistent with low C/S ratios between
0.1 and 0.5 (Table 1), which show a significant excess of reduced sulfur compared to modern
marine sediments (Raiswell and Berner, 1987). Furthermore, relatively low 6*3C values of

carbonate, OM and biomarkers (Tables 1 and Al) indicate enhanced recycling of OM in
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sediments and the lower water column, presumably by anaerobic SRB (Kispert, 1982; Tulipani
et al., 2014).

Anoxic conditions in the investigated depositional environment are also evident in the
low Pr/Ph ratios. Pr/Ph is a frequently used paleoredox indicator (e.g. Didyk et al., 1978; Peters
et al. 2005) based on the preferential formation of phytane (X) over pristane (1X) from the phytol
side-chain of different chlorophyll-a (XI1) under anoxic conditions (Brooks et al., 1969).
However, it can also be influenced by other plaecoenvironmental conditions such as salinity (ten
Haven et al., 1985; Schwark et al., 1998) or pristane (1X) generation during thermal maturation
(Goossens et al., 1984; Li et al., 1995; Frimmel et al., 2004). Nevertheless, in this case it seems
to represent a reliable indicator for anoxia as it is used in combination with other parameters
including the abundance of Chlorobi carotenoid derivatives and the enhanced gammacerane

indices.

4.1.3 Perylene as indicator of terrigenous input

The presence of perylene (VI1I11) is an indicator for terrigenous input. Unlike other
unsubstituted PAHs which are predominantly pyrogenic, perylene (VI111) forms via diagenetic
processes under anoxic conditions (e.g. Aizenshtat, 1973; Orr and Grady, 1967; Fernandez et al.,
1996; Wakeham et al., 1980; Grice et al., 2009; Jiang et al., 2000; Suzuki et al., 2010). Perylene
most likely originates from quinone pigments which are present in wood degrading fungi and
some other organisms including crinoids and some insects (Grice et al., 2009; Suzuki et al.,
2010). It occurs frequently in sediments and crude oils dating back to the Mesozoic (Blumer,
1960; Orr and Grady, 1967; Aizenshtat, 1973; Laflamme and Hites, 1978; Wakeham et al., 1979,

1980) but has only occasionally been reported in older sediments (Grice et al., 2009; Shan-Tan
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and Kaplan, 1992) and appears to be largely absent before the expansion of vascular plants and
in marine sourced oils (Grice et al., 2009).

Whilst an origin from quinone pigments in marine fungi (mainly lignin degraders) or
crinoids cannot be excluded, its abundance in the Devonian samples observed here, which
coincides with the evolution of the first woody plants and formation of forests (Meyer-Berthaud
et al., 2010), points to a likely terrigenous source. Higher plant input was additionally confirmed
by palynological and other microscopic evidence which included comminuted plant debris, resin
bodies and microfossils from progymnosperms (see Tulipani et al., (2014)). Other PAHs with a
presumably pyrogenic origin (e.g. benzo[a]pyrene, benzo[e]pyrene, coronene, fluoranthenes and
pyrenes) were also present at low concentrations and might indicate input from bushfire material
which was likely transported to the site as airborne particles. However, their abundance profiles
did not show any correlation with perylene and MTTC (V) abundance or chroman ratios

(Tulipani et al. 2014).

4.1.4 Significance of terrigenous input

The terrigenous nutrient input, which likely occurred or intensified seasonally with
freshwater inflow, contributed to enhanced phytoplanktonic productivity (and degradation of
organic debris) that resulted in the development of oxygen deficiency and PZE in the
hypolimnion due to the limited vertical water circulation. However, the relatively low TOC
contents, despite a low thermal maturity (Tables 1 and Al) and excellent conditions for OM
preservation, seem to be contradicting the high productivity environment indicated by the
previously described molecular parameters. It seems feasible that the persistently stratified water
column lead to the development of anoxia in the hypolimnion even in an oligotrophic

paleoenvironmental with some terrigenous nutrient input. This is consistent with the location of
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the Middle to Late Devonian Canning Basin in a hot arid subequatorial belt at a paleolatitude of
~15 °S (Scotese and McKerrow, 1990). Furthermore, intense carbonate precipitation (see
carbonate % in Table 1) may have diluted the TOC % in some core sections.

The low TOC % could, however, also indicate that high terrigenous nutrient input and
algal blooms were only episodic or even seasonal (Tulipani et al. 2014). It is possible that
initially high amounts of sedimentary OM deposited in the previously described
paleoenvironment were diminished during alternating periods of oxic conditions, and that only a
small proportion of the OM was well-preserved for example by early encapsulation carbonate

cements.

4.2 Origin of Pristane and Phytane

The most common source of sedimentary pristane (1X) and phytane (X) is the phytol side
chain in chlorophyll-a (XI1), which in the marine setting described here, would typically be
provided by phytoplankton, likely supplemented to an unknown extent with additional terrestrial
plant input (Hayes et al., 1990). However, there are also other potential pristane (1X) and
phytane (X) sources including archaea (Rowland and Robson, 1990; Grice et al., 1998b), and
pristane (1X) may be generated during thermal maturation from chromans (Li et al., 1995;
Frimmel et al., 2004; Tulipani et al., 2013) or tocopherols (Goossens et al., 1984). The latter
likely did not significantly alter Pr/Ph ratios reported here due to the exceptionally low thermal
maturity of the samples (see Table 1 and Al as well as Tulipani et al., 2014). Similar and
relatively depleted 5'3C values measured for pristane (1X) and phytane (X) in this sample suite
(Table 1) point towards common algal, cyanobacterial or higher plant sources. $*3C values of
short chain n-alkanes (C19 to Cz1) were in the same range or slightly more enriched in

comparison to the isoprenoids (Table 1), indicating a mixed n-alkanes source from
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phytoplankton and heterotrophic bacteria (Schouten et al., 1998; Grice et al., 2005). However, it
has to be noted that this interpretation is limited because §*3C values of pristane (1X) have been

determined only in two samples.

4.3 Origin and Significance of MTTCs

The chroman ratio (see introduction for definition) seems to be a reliable paleosalinity
indicator based upon empirical studies and comparison with other inorganic and molecular
parameters (e.g. Sinninghe Damsté et al., 1987, 1993; Schwark and Pittmann, 1990; Grice et al.,
1998c¢; Schwark et al., 1998, Wang et al., 2011). Nevertheless, an elucidation of the origin and
formation pathway of MTTCs (V) would possibly help to utilize these compounds more
accurately as paleosalinity indicators (e.g. in a stratified water-column) and may also broaden the
field of MTTC (V) applications in paleoenvironmental reconstructions, particularly regarding a
potential relation to terrigenous input or freshwater incursions. The chroman ratio does not seem
to be affected by thermal maturation over a wide temperature range, as indicated in artificial
maturation experiments by Koopmans et al., (1996b,1998). However, the overall MTTC (V)
concentration increased during artificial maturation (Koopmans et al., 1996b) and there also is
some indication for a relationship between the ratio of the 5,8- to the 7,8-dimethyl MTTC and
thermal maturity, particularly in very immature samples (Bao et al. 2009).

MTTCs (V) have been found almost exclusively in geological samples post-dating the
evolution of vascular plants, mainly in samples of Permian age or younger (Sinninghe Damsté et
al., 1987) but also occasionally in Middle to Late Devonian sediments (Marynowski and Filipiak,
2007; Racka et al., 2010), which would be consistent with an origin from condensation reactions
involving higher plant-derived alkylphenols (Li et al., 1995; Figure 1). However, they have also

once been reported in Neoproterozoic/Early Cambrian crude oils (Dutta et al., 2013) which could
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be explained by a different source of alkylphenols, — i.e. from algal-derived macromolecular
structures or, possibly, some bacteria (Reusch and Sadoff, 1979; Sabelle et al., 1993; Li and
Larter, 1995).

Figure 2 illustrates correlations of MTTC parameters with other molecular indicators
throughout the analyzed sections of the MR-1 core. The chroman ratio exhibited a strongly
inverse relationship (R?=0.97) with Pr/Ph (Figure 2a). This is contrary to previous studies of
presumably more open marine settings which showed a positive correlation, attributed to the
mutual salinity dependency of both ratios (higher salinity leading to lower chroman and Pr/Ph
ratios (Schwark et al., 1998, Wang et al., 2011)). In a study by Bao et al. (2009) no correlation
between these parameters was evident. The inverse correlation we observed in sediments
deposited from a stratified water column indicates that chroman ratios reflect salinity in the
upper water layer whereas Pr/Ph seems to be influenced by the conditions in the lower water
column or sediments (i.e. higher salinity and anoxia (e.g. Didyk et al., 1978; Schwark et al.,
1998)). This is consistent with previous suggestions of chroman formation in the upper water
column (Sinninghe Damsté et al., 1993). A low salinity in the epilimnion (high chroman ratios)
correlates with more persistent stratification and hence anoxia and higher salinities in the
hypolimnion and sediments (low Pr/Ph ratios).

Further evidence for this comes from the sharp increase of the gammacerane index in
samples with higher chroman ratios (Figure 2b). The concentration of sedimentary gammacerane
(111) is largely determined by (i) the persistence of stratification over time and (ii) the abundance
of Chlorobi and Chromatiaceae, the main food source of bacterivorous ciliates at the
chemocline. The positive correlation between these parameters reflects the interdependency of
salinity levels in the upper water layer (reflected in chroman ratios) and persistence of

stratification. The trophic link between ciliates and Chlorobi together with the promotion of PZE

17



by water column stratification account for the co-occurrence of high gammacerane indices
(Figure 2b) and abundant Chlorobi biomarkers (e.g. paleorenieratane, XI; Figure 2d). The
presence of these microbial communities may have been involved in the enhancement of early
diagenetic reactions in the water column such as MTTC (V) formation from condensation
reactions.

Covariance between 5,7,8 trimethyl-MTTC (triMeMTTC) and perylene (VII1)
concentrations (Figure 2c) might represent a link to similar higher plant sources, also supporting
a diagenetic formation of MTTCs (V) from alkyl phenols reacting with phytol (Figure 1c).
Reducing conditions favoring perylene (VI11) preservation were stabilized by fresh surface
waters hindering vertical water mixing. The similar 5!3C values of phytane (X) and triMeMTTC
observed here (Figure 2€), and generally similar 8*3C values of pristane (1X), phytane (X) and
MTTCs (V) reported in several previous studies (van Kaam-Peters et al., 1997; Grice et al.,
1998a, 1998c; Hong et al., 2007) concur with a common phytol source of pristane (1X), phytane
(X) and the isoprenoidal subunit of MTTCs (V). The latter largely influences the stable isotopic
composition of the whole molecule due to its larger size compared to the phenolic moiety.
However, such an isotopic relationship would also be expected for a direct origin of phytol and
MTTCs (V) from similar phytoplanktonic source organisms as suggested by Sinninghe Damsté
et al. (1993). To further investigate potentially different sources of the phenolic and isoprenoidal
subunits in MTTCs (V) it would be useful to separately measure the §*°C of these distinct

moieties, which might be possible by pyrolysis-GC-irMS (Tulipani et al., 2013).
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Figure 2: Co-variation of characteristic
methyltrimethyltridecylchroman (MTTC) parameters
with other biomarkers. triMeMTTC = 5,7,8-
trimethyl-MTTC, chroman ratio = triMeMTTC/Total
MTTCs, Pr/Ph = pristane/phytane, PZE = photic
zone euxinia, gammacerane index = gammacerane
(111)/17a, 21B-hopane (V11). Red diamonds represent
sediments deposited in the Late Givetian-Early
Frasnian in a stratified, anoxic and euxinic
paleoenvironment whereas blue diamonds represent
overlying sediments deposited later in the Frasnian in
a less restricted setting. The chroman ratio is an
established paleosalinity indicator with values <0.5
reflecting hypersaline and values >0.6 normal marine
or freshwater conditions (Sinninghe Damsté et al.,
1993). However, the taphonomic processes are
unclear. The relative *C depletion of phytane (X)
and triMeMTTC in the older samples (e) are
consistent with §*3C trends of bulk OM and
carbonates (Table S1) and could represent enhanced
recycling of *2C-rich OM by SRB in the anoxic
environments [Klspert, 1982].
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5 Conclusions and outlook

We demonstrate that chroman ratios in the analyzed Middle to Late Devonian sediments
were controlled by low salinities in the upper water column. Physicochemical properties between
epi- and hypolimnion differed strongly, minimizing vertical mixing of the water body and
favoring growth of microbial communities at the interface layer. Grazing of these organisms by
bacteriovorous ciliates is indicated by the presence of gammacerane (I11) and confirmed by
strong correlations with other biomarker parameters indicating reducing and euxinic conditions
in the hypolimnion. The covariance of triMeMTTC abundance with perylene (VI111) indicates
that MTTCs (V) might be representative of terrigenous/higher plant sources which are consistent
with a diagenetic formation from condensation reactions of higher plant derived alkylphenols
with phytol. The molecular approach presented here is of high interest because water column
stratification and related anoxia are important factors in OM preservation and often related to
biological crises or mass extinction events.

The general lack of suitable indicators for water column stratification may have led to an
underestimation of freshwater-induced stratification and nutrient supply, both favoring organic
matter production and exceptional preservation. MTTC-based studies provide a useful means to
test the hypothesis of freshwater-induced stratification in oceanic anoxia and euxinia

development.
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Appendix

Supplementary figures and tables
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Figure Al: Structures referred to in the text
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Figure A2: Lithology and depth profiles of biomarker parameters indicative of redox conditions,
photic zone euxinia, water-column stratification and salinity in the investigated section of the
MR-1 core; adapted from Tulipani et al. 2014. Pr/Ph=pristane/phytane; gammacerane index =
gammacerane/170,21p hopane; palaeoren. = palaeorenieratane; triMeMTTC/total MTTC =5,7,8
trimethyl-2-methyltrimethyltridecylchroman/total methyltrimethyltridecylchromans, calculated
from peak areas of selected ion monitoring traces
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Figure A3: Arylisoprenoids, 5,7,8-trimethylmethyltrimethyltridecylchroman (triMeMTTC) and
perylene in a typical aromatic fraction from the restricted Late Givetian-Early Frasnian
paleoenvironment. Asterisks mark 3,4,5-arylisoprenoids; pal. = paleorenieratane, isor. =
isorenieratane, ren. = renieratane
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Table Al: Selected maturity data and bulk §3C values throughout the MR-1 core from Tulipani
et al. (2014). HI = Hydrogen index; Ol = Oxygen index; Tmax, HI and Ol was determined by
Rock Eval analysis. Ts = 18a 22,29,30-trisnorhopane; Tm = 17a 22,29,30-trisnorhopane. Caxg
aao St = 50,140,170 24-ethylcholestane; S and R represent the stereochemistry at C20.

?E"];’t'# . [°c] [HnLQ HClg TOC] %g CosgTocy  TSTsHTm) gf(“’si‘;‘;)‘ St 13Cow  89Cem,
273 413 70 102 0.14 0.14 2974 1.00
28.1 410 72 108 0.15 0.15 2088 067
20.0 418 115 35 0.13 0.12 2825 156
20.7 409 124 71 nd. nd. 2819 156
20.9 407 101 51 0.14 0.04 nd. n.d.
30.7 405 105 42 0.14 0.12 nd. n.d.
30.9 421 166 32 0.14 0.11 2840 115
31.9 405 131 48 0.16 0.11 2783 142
328 406 107 46 0.18 0.10 2856 1.60
33.0 410 128 57 0.18 0.11 n.d. n.d.
33.2 415 116 44 0.19 0.10 2830  1.90
334 410 82 82 0.18 0.08 2723 118
37.8 n.d. n.d. n.d. 0.47 0.19 2504 3.6
40.2 n.d. n.d. n.d. 0.22 0.08 2897 0.1
403 415 252 39 0.16 0.09 2059 -3.01
405 413 223 28 n.d. n.d. n.d. n.d.
40.7 414 211 42 0.13 0.09 2869  0.65
412 410 264 32 0.10 0.09 2001 -1.63
419 413 169 52 0.11 0.09 2921 005
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Table A2: Data included in Figure 2.

Medium

513C [%o VPDB]

it (SO MAITS S o o umaTie
27.3 0.79 1.45 2.99 0.05 0.13 0.00 n.d. n.d.
28.1 0.83 1.76 2.47 0.08 0.02 0.00 -33.4 n.d.
29.0 0.89 7.11 1.47 0.11 0.07 0.00 -31.1 -31.7
29.7 0.88 3.17 1.61 n.d. 0.03 0.00 n.d. n.d.
29.9 0.88 3.56 1.76 0.18 0.02 0.01 n.d. n.d.
30.7 0.91 9.41 1.45 0.05 0.05 0.00 n.d. n.d.
30.9 0.89 11.60 131 0.16 0.05 0.00 -31.1 -31.2
31.9 0.91 11.00 1.26 0.27 0.16 0.03 -30.7 -31.7
32.8 0.91 10.55 1.17 0.43 0.23 0.00 n.d. n.d.
33.0 0.91 11.13 1.29 0.06 0.23 0.00 -31.8 n.d.
33.2 0.93 9.38 0.99 0.43 0.21 0.02 -31.3 -32.0
334 n.d. 0.36 1.00 0.24 0.02 0.00 n.d. -31.4
37.8 n.d. n.d. 0.32 0.14 0.00 0.00 -33.4 -33.5
40.2 0.95 6.38 0.39 0.55 0.14 0.06 -33.2 -33.6
40.3 0.95 36.55 0.41 1.71 1.06 2.34 n.d. n.d.
40.5 0.94 21.16 0.51 n.d. 0.92 1.66 n.d. n.d.
40.7 0.94 13.44 0.51 1.24 0.54 0.50 -33.2 -32.7
41.2 0.95 20.18 0.48 1.37 0.42 1.24 n.d. n.d.
41.9 0.93 2.50 1.00 0.75 0.04 0.11 -33.1 -33.9

*Also published in Tulipani et al. 2014
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