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ABSTRACT

1H-Pyrrole-2,5-diones (maleimides) and 1-alkyl-2,3,6-trimethylbenzenes (aryl
isoprenoids), degradation products of tetrapyrrole pigments and carotenoids
respectively, were analysed and compared with pristane/phytane (Pr/Ph) ratios
to reconstruct past redox conditions in three geologic sections. One section
comes from the Middle-Late Devonian and was deposited before the Frasnian-
Famennian boundary mass extinction. The two other sections span the Late
Permian to the Early Triassic as well as the Late Triassic to the Early Jurassic,
and recorded the Permian-Triassic (P/T) and Triassic-Jurassic (T/J) extinction
events respectively. The 2-methyl-3-iso-butyl-maleimide (Me,i-Bu maleimide) to
2-methyl-3-ethyl-maleimide = (Me,Et maleimide) and 2-methyl-3-n-propyl-
maleimide (Me,n-Pr maleimide) to Me,Et maleimide ratios (Me,i-Bu/Me,Et and
Me,n-Pr/Me,Et ratios) in the studied sections revealed a moderate to strong
negative correlation to the aryl isoprenoid ratio (AIR), defined as (C13—C17 1-
alkyl-2,3,6-trimethylbenzenes)/  (C1s—C2;  1-alkyl-2,3,6-trimethylbenzenes),
indicating that these maleimide ratios can be used as robust, specific indicators
of photic zone euxinia (PZE). These results agreed with Pr/Ph ratios, which
were used as diagnostic indicators to differentiate between oxic and anoxic
conditions. In agreement with previous studies, the novel maleimide proxies
suggest that all three mass extinctions were largely characterised by PZE

depositional conditions.
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1. Introduction

Oxygen depletion in aquatic systems is a common phenomenon throughout
Earth’s history. Today, it has increasingly been recognised that oxygen
concentrations decrease in various aquatic environments worldwide (e.g. open
oceans, coastal areas, lakes, fjords, lagoons and embayments) as a result of
natural and anthropogenic factors, most notably due to climate change and
eutrophication (e.g. Diaz and Rosenberg, 2008; Friedrich et al., 2014). Higher
temperatures due to a warming climate reduce the solubility of oxygen and lead
to enhanced thermal stratification, which reduces water column mixing
associated with a decreasing supply of oxygen to the deeper waters (e.g. Diaz
and Rosenberg, 2008; Friedrich et al., 2014). Another factor is eutrophication,
which results from the increased supply of nutrients from agriculture, industry
and urbanisation. Nutrient supply can lead to high productivity, persistent algal
blooms and enhanced organic matter (OM) accumulation and mineralisation,
resulting in a decline of deep-water oxygen concentrations (e.g. Middelburg and
Levin, 2009). Episodic, periodic or permanent declines in oxygen levels can
cause reduced species numbers, decreased biodiversity, or mass mortality
events with potentially irreversible extinction of species and the spreading of so

called dead zones (e.g. Diaz and Rosenberg, 2008; Friedrich et al., 2014).



Five major extinction events occurred in the Phanerozoic, near the end of the
Ordovician, Devonian, Permian, Triassic and Cretaceous Periods (e.g. Raup
and Sepkoski, 1982; Barnosky et al., 2011). Various reasons for these
extinctions have been proposed, including bolide impacts, climatic changes,
volcanism, tectonics, uplifting and weathering processes of mountain ranges
and marine transgression and regression cycles (e.g. Hallam and Wignall, 1997;
Twitchett, 2006; Barnosky et al., 2011). However, increased water body
stratification and related widespread deep-water anoxia (<10 uM O,), euxinia
(free H,S) as well as ocean acidification may be primary factors in some of the
major extinction events (Grice et al., 2005b; Cao et al., 2009; Nabbefeld et al.,
2010; Jaraula et al., 2013; Tulipani et al., in press).

Euxinia is an oxygen-depleted state in which free, toxic H,S is enriched in the
water column and may also penetrate into the photic zone to establish PZE, a
common phenomenon throughout most of Earth’s history (Grice et al., 1996;
Brocks et al., 2005; Grice et al., 2005a; Meyer and Kump, 2008; Lyons et al.,
2009; Naeher et al., 2013). While seasonal euxinia develops in various modern
aguatic ecosystems, persistent euxinic conditions are typically limited to coastal
upwelling zones, silled water bodies, fjords and meromictic lakes (e.g. Meyer
and Kump, 2008; Friedrich et al., 2014). The primary reason for the
development of PZE is increasing algal productivity as the enhanced OM supply
to the sediment and associated microbial OM mineralisation processes
consume oxygen, causing an overall decline of deep-water oxygen
concentrations and increased H,S production by the reduction of sulfate (e.g.

Meyer and Kump, 2008; Friedrich et al.,, 2014). These processes are often



associated with enhanced nutrient cycling from the sediments, which further
facilitate the development of anoxia and euxinia (e.g. Middelburg and Levin,
2009). In coastal environments, the upwelling of nutrient rich waters or the
supply of nutrients from major rivers may further enhance oxygen depletion and
PZE (e.g. Middelburg and Levin, 2009; Friedrich et al., 2014). Thermal and
salinity stratification has the tendency to favour PZE, because a warming
climate and distinct sources of saline and fresh waters may lead to reduced
mixing (e.g. Meyer and Kump, 2008). Basin morphology can further influence
euxinia as an increasing water level in marine basins may create estuarine
circulation patterns, which can lead to regional trapping of nutrients (e.g. Meyer
and Kump, 2008).

PZE affected water bodies form ideal habitats of specific photosynthetic sulfur
bacteria (Chromatiaceae, Chlorobi) (e.g. Pfennig, 1978). These bacteria are
capable of anoxygenic photosynthesis, using specific pigments such as
tetrapyrroles (e.g. bacteriochlorophylls a—e) and carotenoids (okenone,
isorenieratene) (Summons and Powell, 1987; Grice et al., 1996; Koopmans et
al.,, 1996; Brocks and Summons, 2003). These pigments and/or their
degradation products, such as for instance 1H-Pyrrole-2,5-diones (maleimides)
and aryl isoprenoids (1-alkyl-2,3,6-trimethylbenzenes), have been used as
diagnostic proxies for PZE and, therefore, also oxygen depletion in aquatic
environments (e.g. Grice et al., 1996; Brocks and Summons, 2003; Schwark
and Frimmel, 2004; Naeher et al., 2013). Here, we test and apply two novel
maleimide proxies to three geologic formations which comprise or are close to

three major mass extinctions, and compare the data to aryl isoprenoid (AIR)



and pristine/phytane (Pr/Ph) ratios for these sites in order to demonstrate the
potential of these maleimide indices as specific and robust indicators of PZE in

the geologic record.

2. Material and methods

2.1. Study sites

The studied samples (Fig. 1) originate from cores and outcrops previously
investigated using lipid biomarkers to characterise major mass extinction events
(Grice et al., 2005a; 2005b; Jaraula et al., 2013; Tulipani et al., in press).

The core from the McWhae Ridge (MWR; Canning Basin, Western Australia; S
18°43'40.7”, E 126°4’5.5”, WGS84) was drilled in July 2010 and studied
recently by Tulipani et al. (in press). The intersected rock units (Fig. 1a) consist
of a faulted reef which drowned in the Early Frasnian (Late Devonian) prior to
deposition of marginal slope and basinal facies deposits (Becker et al., 1991;
Playford et al., 2009). The studied core section (27.2-42.1 m; Fig. 1a) consists
of the interfingering Sadler and Gogo Formations (Tulipani et al., in press): The
lower unit (40—42 m depth) comprises latest Givetian-earliest Frasnian age units,
consisting of laminated argillaceous shales with thin limestone interbeds and
some narrow irregular beds of shelly wackestone and fine grained packstone. In
contrast, the upper unit (27-33.5 m depth) is of Frasnian age and consists of
finely laminated calcareous shale with few narrow beds of nodular and

brecciated micrite as well as fine packstone. The intermediate interval (33.5-40



m), characterised by irregular bedded calcareous siltstone with abundant micrite
nodules (37.5-40 m) and argillaceous limestone (33.5-37.5 m), was not studied
because of its low organic matter content. The maturity of all samples is low
with average Tmax Values (Rock Eval analysis) of <421 °C (Tulipani et al., in
press). The core comprises the Late Givetian (Middle Devonian) until the Middle
to Late Frasnian (Late Devonian), before the Frasnian-Famennian boundary
extinction event (Tulipani et al., in press).

Immature Triassic/Jurassic (T/J) samples from St. Audrie’s Bay (SAB; England;
N 51°10’54.0”, W 3°17°9.4”, WGS84) are mudstones that were deposited in
offshore marine waters from the Upper Rhaetian (Late Triassic) to the
Hettangian (Early Jurassic), comprising the Westbury, Lilstock and Blue Lias
Formations (Hesselbo et al., 2004; Hounslow et al., 2004; Mander et al., 2008;
Jaraula et al., 2013). The outcrop is 63 m high (Fig. 1b) and the section
comprises the mass extinction event close to the T/J boundary (Jaraula et al.,
2013). The extinction horizon occurs within a short stratigraphic interval from
the uppermost Westbury to the lower Lilstock Formation, and the upper Cotham
and lower Langport members, which contain almost no benthic macrofossils,
have been interpreted as a post-extinction ‘Dead Zone’ (Mander et al., 2008;
Jaraula et al., 2013).

Immature rock samples were obtained from the Hovea-3 borehole in the Perth
Basin (PB; Western Australia) as reported by Grice et al. (2005a; 2005b). The
cored interval (Fig. 1c) represents the Hovea Member, which is an organic
matter enriched zone of the Kockatea Shale (Thomas et al., 2004), deposited in

shallow shelf setting below the wave base (Grice et al., 2005a; 2005b). The



base of the core is formed by the Dongara Sandstone, followed by the Inertinitic
Interval consisting mainly of fossiliferous black mudstone, sandy siltstone and
shelly stormbeds and the Sapropelic Interval, characterised by alternating dark
brownish-grey, finely laminated mudstone and thin limestone (Thomas et al.,
2004). This section comprises the transition between the Changhsingian (Late
Permian) and Griesbachian (Early Triassic) and therefore covers the period of
the Permian-Triassic (P/T) mass extinction (Grice et al., 2005a; 2005b). Grice et
al. (2005c) suggest that the section is incomplete and contains a hiatus at the
P/T boundary on the basis of the rapid shift of biomarker abundances, in
particular the high relative abundance of the Cs3 alkylcyclohexane at the onset

of the marine ecosystem collapse.

2.2. Lipid biomarker analysis

The detailed procedures used for lipid biomarker analysis are reported in
Tulipani et al. (in press), Jaraula et al. (2013) and Grice et al. (2005b). In short,
7-151 g of powdered rock samples were extracted with DCM/MeOH (9:1, v: v)
using a Soxhlet apparatus for 48 h (MWR; Tulipani et al., in press) or 72 h (SAB;
Jaraula et al., 2013), or using accelerated solvent extraction (PB; Grice et al.,
2005b). In all three studies, elemental sulfur was removed using activated
copper and total lipid extracts were then separated by silica gel chromatography
into six fractions using n-hexane for saturated hydrocarbons, n-hexane/DCM
(8:2, v: v) for aromatic hydrocarbons, n-hexane/DCM (1:1, v: v) for nickel

porphyrins, DCM for vanadyl porphyrins, DCM/acetone (9.5:1, v: v) for



maleimides and DCM/MeOH (1:1, v: v) to elute polar compounds. The
concentration and compound specific carbon isotopic composition of pristane,
phytane and aryl isoprenoids were analysed in the saturated and aromatic
hydrocarbon fractions, respectively, and the original data reported in Tulipani et
al. (in press), Jaraula et al. (2013) and Grice et al. (2005b). For the present
study, the maleimide fractions were further processed following the protocol
reported in Naeher et al. (2013). Each fraction was first purified by thin layer
chromatography using 20% EtOAc in DCM as elutant and the band between
retention factor 0.6 and 0.9 recovered. After derivatisation with MTBSTFA [N-
(tert-butyldimethylsilyl)-N-methyl trifluoroacetamide, Sigma Aldrich] in pyridine
(overnight at room temperature), the dried sample was eluted with DCM over a
short silica gel column.

Maleimides were analysed by gas chromatography (GC) with an Agilent HP
6890 system equipped with an Agilent DB-5MS column [60 m x 0.25 mm inner
diameter (i.d.) x 0.25 um film thickness (f.t.)] with flame ionisation detector (FID).
For identification and due to partly low concentrations, maleimides were also
analysed by GC coupled to a mass spectrometer (GC-MS; Agilent 7890A
coupled to Agilent 5975C inert XL EI/CI MSD) equipped with an identical
column using electron impact ionisation (70 eV). The temperature program for
both instruments was 40 °C (1 min isothermal), 40 °C to 100 °C at 10 °C min™,
100 °C to 320 °C at 4 °C min™, isothermal at 320 °C for 30 min. Helium was
used as carrier gas (GC-FID: 2 mL min™; GC-MS: 1.2 mL min™).

For the MWR samples, Me,Et and Me,n-Pr maleimides were quantified by

coinjection with the TBDMS derivative of phthalimide (ca. 4 ng/injection) on the



GC-FID. In contrast, Me,n-Pr maleimide concentration was too low in SAB
samples and therefore quantified by GC-MS based on the peak area of the m/z
210 (base peak) mass chromatogram relative to the peak area of Me,Et
maleimide in the m/z 75 mass chromatogram. Due to low concentration, Me,i-
Bu maleimide was quantified by GC-MS based on the peak area of the m/z 224
(base peak) in all samples. For the PB samples the ratios of Me,Et maleimide
and Me,i-Bu maleimide were calculated from base peaks of the maleimides by
GC-MS analyses. Only relative concentrations are given as no response factors

were determined for the quantification of maleimides.

3. Results and discussion

3.1. Reconstruction of redox conditions and photic zone euxinia by

pristane/phytane ratios and aryl isoprenoid ratios

The Pr/Ph ratio is widely used to determine the redox conditions of the
depositional environment, on the basis of the preferential formation of pristane
and phytane from the phytyl side chain of chlorophyll a under oxic and anoxic
conditions, respectively (Didyk et al.,, 1978; Peters et al., 2006). It was
hypothesised that oxidation of phytol leads to the formation of pristane via the
formation of a carboxylic group followed by decarboxylation, whereas phytane is
formed by reduction of the hydroxyl group (e.g. Didyk et al., 1978). However,
factors other than redox conditions may influence Pr/Ph ratios such as

contributions from other sources (e.g. methanogenic and halophilic archaea),

10



and the tendency to increase with maturity of the samples (ten Haven et al.,
1987; Peters et al., 2006).

The isoprenoids pristane and phytane were present in all samples from these
cores (Grice et al., 2005a; 2005b; Jaraula et al., 2013; Tulipani et al., in press).
The Pr/Ph ratios in the MWR samples were < 1 in the lower unit and increased
in the upper unit from 1 to 3 (Fig. 1a), which indicates a transition from reducing
towards oxygenated conditions (Fig. 2) (Tulipani et al., in press). By contrast,
the low Pr/Ph ratios < 2 throughout the SAB profile (Fig. 1b) suggest anoxic
conditions (Fig. 2) at time of deposition (Jaraula et al., 2013). In the studied PB
section, Pr/Ph ratios decreased progressively from maximum values of 4 in the
lowermost sample of the Permian part, with values ranging between 1 and 2 in
the Triassic part of the core (Figs. 1lc, 2), corresponding to a shift towards
anoxia (Grice et al., 2005a; 2005b).

Tulipani et al. (in press) interpreted that the lower 5**C values of phytane (-34 to
-33 %o) in the lower unit compared to the upper unit (-32 to -31 %o; Fig. 1a) of
the MWR core may reflect changing contributions of pristane and phytane from
phytoplanktonic and bacterial sources, supported by similar 3'*C values of
phytane and n-alkanes and significantly higher ratios of pristane/C,7 n-alkane
and phytane/Cig n-alkane in the lower unit. In contrast, 3'3C values of pristane
and phytane were similar throughout the SAB profile, ranging mostly between -
34 and -33 %o, except a positive shift at 15 m with values of -30 and -29 %o,
respectively (Fig. 1b). Jaraula et al. (2013) tentatively interpreted this shift at the
T/J boundary as relating to higher contributions from halophiles. This

interpretation was based on the observation that the studied system
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experienced a rise in sea level and a change towards a haline-mode circulation
at the T/J boundary, which were driven by sinking warm brines (Kidder and
Worsley, 2010). The higher salinity may have led to an increased abundance of
halophilic archaea, which produce *C enriched isoprenoids relative to
phytoplankton derived biomarkers (Grice et al., 1998; Jaraula et al., 2013).
While most of the §3C values of pristane and phytane in the Triassic part of the
PB profile ranged between -33 and -34 %., these values ranged between -38
and -26 %o in the Permian part (Fig. 1c). These up to 8%o. and 5%o higher values
for pristane and phytane, respectively (Fig. 1c), in the Upper Permian vs. the
Lower Triassic section of the Hovea-3 core also indicate changing sources of
pristane and phytane on the basis of 5*3C values in the PB dataset (Grice et al.,
2005a; 2005b). These observations demonstrate that Pr/Ph ratios in all three
sections may be partly biased by different sources and should therefore only be
used in conjunction with other redox indicators for an unambiguous
reconstruction of past redox conditions (ten Haven et al., 1987; Peters et al.,
2006).

Aryl isoprenoids with 2,3,6-methylation patterns are suggestive of an origin from
the carotenoid isorenieratene produced by Chlorobi, if occurring in a
homologous series (Summons and Powell, 1987). In the SAB samples, all aryl
isoprenoids between Ci3 and Cy, were detected (Jaraula et al., 2013), whereas
only the C13—C,; aryl isoprenoids were present in the MWR samples (Tulipani et
al., in press). The PB section contained a series of C1,—Cgz; aryl isoprenoids in
the Griesbachian (Early Triassic) unit, whereas only traces of the C;5 and Cyg

aryl isoprenoids could be detected in samples of the Changhsingian (Late
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Permian) unit (Grice et al., 2005a; 2005b). However, only the concentrations of
the C14—Ci6 and C15—Cyo aryl isoprenoids were available for the PB section.
Isorenieratane was detected through the T/J transition of the SAB profile, in the
lower part of the MWR profile and in the upper unit of the PB profile, further
indicating that aryl isoprenoids in the studied sections originate from Chlorobi
(Grice et al., 2005a; 2005b; Jaraula et al., 2013; Tulipani et al., in press).

Stable carbon isotope values of aryl isoprenoids ranged between -21 and -15 %o,
and between -22 and -14 %o, in the MWR and SAB sections, respectively
(Jaraula et al., 2013; Tulipani et al., in press). These values were significantly
higher than 3'3C signatures of n-alkanes and phytyl hydrocarbons, ranging
between -34 and -28 %o in the MWR samples and between -38 and -29 %o in the
SAB samples (Jaraula et al., 2013; Tulipani et al., in press). Therefore, the
relative *3C enrichment of at least 7 %o and up to 19 or 24 %o, compared to n-
alkanes and phytyl hydrocarbons in the MWR and SAB samples respectively,
support a predominant origin from Chlorobi (Grice et al., 2005a; 2005b; Jaraula
et al., 2013; Tulipani et al., in press). Due to low abundance, 5*C values of aryl
isoprenoids could not be determined in the PB samples (Grice et al., 2005a;
2005b).

Schwark and Frimmel (2004) demonstrated that the relationship of Pr/Ph vs. the
aryl isoprenoid ratio (AIR), defined as (C13—C;7 1-alkyl-2,3,6-trimethylbenzenes)/
(C15—Co 1-alkyl-2,3,6-trimethylbenzenes), can be used as a redox and PZE
indicator and were also able to differentiate the changing degree of PZE
throughout the studied Posidonia Black Shale profile. On the basis of detailed

geological and sedimentological background information, the higher relative
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abundance of the short-chain (C13-Ci7) aryl isoprenoids indicated a higher
degree of oxic degradation of aryl isoprenoids, which was interpreted as more
oxygenated conditions and therefore a lower degree of anoxic and euxinic
conditions (Schwark and Frimmel, 2004).

In the geologic sections in the present study, AIR values were < 2 in the lower
unit of the MWR profile and in the lowermost sample in the upper unit. In
contrast, AIR values in the upper unit of MWR ranged from 3 to 7 (Fig. 1a). The
low Pr/Ph ratios and the low AIR in the lower profile of MWR indicate reducing
depositional conditions with more established PZE. In contrast to the MWR
profile, AIR values were < 2 throughout the SAB profile except the uppermost
and lowermost sample and in the upper PB section (lowest values at the P/T
boundary), corresponding to low Pr/Ph ratios < 2 (Figs. 1b, 1c). The low Pr/Ph
ratios and low AIR values suggest reducing conditions and more established
PZE close to the T/J and P/T boundaries in the SAB and PB profiles
respectively (Figs. 1, 2). These interpretations are supported by the detection of
isorenieratane in all sections (Grice et al., 2005a; 2005b; Jaraula et al., 2013;
Tulipani et al., in press). There is debate as to whether changing redox
conditions such as those seen in the studied formations can be attributed to
changing intensity and periodicity of PZE, such as the distinction between
episodic and persistent PZE proposed in Schwark and Frimmel (2004).
Although higher AIR values may indicate more persistent PZE, low AIR values
may also result from a persistent intermediate redox state or redox gradients.
The higher Pr/Ph ratios and higher AIR in the upper part of the MWR profile (Fig.

la) corresponded to type lll kerogen (HI values: 38-166; Ol values: 32-200),
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indicating a high input of terrestrial OM at times with more oxygenated
conditions, which is  supported by higher concentrations of
methyltrimethyltridecylchromans (MTTCs) and perylene (Tulipani et al., in
press). In contrast, relatively low carbon/nitrogen (6-18) and carbon/sulfur ratios
(0-0.6) in the lower part of the profile and in the lowermost sample of the upper
profile were associated with lower Pr/Ph ratios and lower AIR (Fig. 1a), which
was interpreted as an open marine setting with persistent PZE and variably high
terrestrial input (Tulipani et al., in press). Therefore, two clusters of samples
representative of distinct changes in depositional conditions were dependent on
the source of organic matter, as represented by the kerogen type in the MWR
profile. In contrast to the MWR section, the low Pr/Ph ratios and low AIR values
in the SAB profile (Figs. 1, 2) did not show a significant relation with the kerogen
type, although lowest Pr/Ph values correspond to higher sea levels and less
supply of terrestrial OM (Jaraula et al., 2013). In the PB section, the lower Pr/Ph
ratios and AIR values in the Triassic part of the core (Fig. 1c) corresponded to a
shift from a marine basin with high terrestrial input towards kerogen type Il as a
result of a marine transgression and associated persistent PZE (Grice et al.,
2005a; 2005b). In contrast, the high Pr/Ph ratios in the Permian part of the core
(Fig. 1c) indicated more oxidising conditions, despite the low AIR values (Figs.
1c, 2), which result from low concentrations or the absence of aryl isoprenoids

in this section.

3.2. Maleimides as alternative indicators of photic zone euxinia
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Maleimides were detected in all three sections and dominated by Me,Et
maleimide, which can originate from most tetrapyrroles but is mainly derived
from chlorophyll a and its derivatives (e.g. Grice et al.,, 1996; Naeher et al.,
2013). Among other less abundant maleimides, Me,n-Pr maleimide and Me,i-Bu
maleimide were present and originate from bacteriochlorophylls ¢, d and
potentially also bacteriochlorophyll e after reduction of the aldehyde group in
ring B based on structural grounds, which are derived from Chlorobi and can
therefore indicate PZE depositional conditions (e.g. Grice et al., 1996; Naeher
et al., 2013). Grice et al. (1996) suggested that the n-propyl group of Me,n-Pr
maleimide may also be formed due to the reduction of the C3 acid substituent of
ring D in chlorophyll derivatives after ester hydrolysis. However, the strong
positive correlation between Me,i-Bu maleimide and Me,n-Pr maleimide
(R?=0.98, n=11, p<0.01, MWR samples; R*=0.99, n=7, p<0.01, SAB samples;
Fig. 3) indicates either a common source from Chlorobi or that the source
bacteria thrived under similar environmental conditions (e.g. Grice et al., 1996;
Naeher et al., 2013).

The Me,i-Bu/Me,Et ratio was first used by Grice et al. (1997) as an approximate
indicator of relative changes of PZE in ancient marine deposits, but has not
been widely studied since. This indicator is based on changing
bacteriochlorophyll to chlorophyll contributions due to changes in algal and
bacterial biomass (Grice et al., 1997). Phototrophic sulfur bacteria thrive below
phytoplankton communities within the water column or in deeper parts of
microbial mats below benthic algae and cyanobacterial communities (Ormerod,

1983; Meyer et al.,, 2011; French et al., 2015). To adapt to the reduced light
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intensities as a result of chlorophyll absorption, they produce
bacteriochlorophylls with extended alkylations including n-propyl and iso-butyl
groups to absorb light of longer wavelengths which is not absorbed by
chlorophylls from algae and cyanobacteria (Ormerod, 1983; Rodrigo et al.,
2000). Although benthic phototrophic sulfur bacteria may also be present, their
impact cannot be investigated in palaeorecords due to the absence of
diagnostic indicators to distinguish benthic and planktonic communities (Meyer
et al., 2011; French et al., 2015).

High algal productivity can stimulate the development of anoxic and euxinic
conditions due to the high oxygen demand of organic matter mineralisation
within the water column and ultimately the photic zone (e.g. Meyer and Kump,
2008; Friedrich et al., 2014), associated with a relative increase in the Me,i-
Bu/Me,Et and Me,n-Pr/Me,Et ratios. Other potential factors that favour PZE,
leading to higher maleimide ratios, include higher thermal and salinity driven
stratification stability, decreased oxygen solubility or basin restriction (e.g.
Meyer and Kump, 2008). Therefore, higher Me,i-Bu/Me,Et and Me,n-Pr/Me,Et
ratios may reflect more established PZE, consistent with observations in the
Permian Kupferschiefer (Grice et al., 1997).

In the lower unit of the MWR profile, the Me,i-Bu/Me,Et and Me,n-Pr/Me,Et
ratios decreased from 0.016 to 0.004, and from 0.037 to 0.041, respectively (Fig.
la). In contrast, the ratios in the upper unit decreased first from maximum
values of 0.010 and 0.023 at 33 m for Me,i-Bu/Me,Et and Me,n-Pr/Me,Et ratios,
respectively, before increasing to almost the same values in the uppermost

sample (Fig. 1a). The Me,i-Bu/Me,Et and Me,n-Pr/Me,Et ratios were moderately
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to strongly, negatively correlated to AIR ratios in the lower unit of the MWR
section with R? values of 0.82 and 0.96 (n=4; p<0.01), respectively, and in the
upper unit with R? values of 0.55 and 0.56 (n=7; p<0.01), respectively (Figs. 4a,
4b).

In the SAB profile, the Me,i-Bu/Me,Et and Me,n-Pr/Me,Et ratios peaked at 15 m
with values of 0.078 and 0.328, respectively (Fig. 1b). The same ratios were
also moderately, negatively correlated to the AIR ratios with R? values of 0.74
and 0.59 (n=7; p<0.01), respectively (Figs. 4c, 4d).

At the P/T boundary in the PB profile, the Me,i-Bu/Me,Et ratio was highest with
0.59 (at 1981 m), with decreasing values in the Triassic part of the core (Fig. 1c).
The maleimide data in the PB dataset were limited to Me,i-Bu/Me,Et ratios in
the Triassic part of the profile (Grice et al., 2005a; 2005b), so there is no
information available on the concentration of other maleimides or other
maleimide ratios. In the PB dataset, the R? value between the Me,i-Bu/Me,Et
ratio and the AIR was 0.59 (n=5; p<0.01; Fig. 4e).

The combination of all three datasets shows that Me,i-Bu/Me,Et and Me,n-
Pr/Me,Et ratios increased up to 0.6 and 0.35, respectively, at AIR values below
2, whereas above AIR values of 2, both maleimide ratios remained low (<0.1;
Figs. 4, 5). The moderate to strong, negative correlation of Me,i-Bu/Me,Et and
Me,n-Pr/Me,Et ratios to the AIR in all data sets suggests that strongly reducing
conditions accompanied by PZE are characterised by high values of the
maleimide ratios and low AIR (Fig. 4). Therefore, the Me,i-Bu/Me,Et and Me,n-
Pr/Me,Et ratios can be used as alternative indicators to reconstruct PZE in the

geologic record.
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Complications in the universal application of malemides as a proxy for PZE are
demonstrated by a study from the Swiss Lake Rotsee (Naeher et al., 2013).
This study showed that Me,i-Bu/Me,Et and Me,n-Pr/Me,Et ratios were higher
prior to a strong increase in productivity and persistent PZE (Naeher et al.,
2013). The decrease of Me,i-Bu maleimide and Me,n-Pr maleimide relative to
Me,Et maleimide was explained by a community shift from Chlorobi to
Chromatiaceae (Naeher et al., 2013). Higher productivity as a result of
eutrophication may have led to a shallowing of the chemocline. This resulted in
a larger biomass of Chromatiaceae, as indicated by the relative increase of
okenone compared to isorenieratene (Zullig, 1985; Naeher et al., 2013). This
community shift cannot be reconstructed on the basis of maleimides alone, as
Chromatiaceae produce bacteriochlorophylls a and b without diagnostic
alkylation patterns at ring B (e.g. Grice et al., 1996; Naeher et al., 2013). The
higher abundance of Chromatiaceae, which thrive at shallower water depths
than Chlorobi, may lead to a reduction of light penetration (Ormerod, 1983),
thereby reducing the abundance of Chlorobi in this lake.

Chromatiaceae occur predominantly in shallow, stratified lakes (Pfennig and
Truper, 1981), which may limit the application of the proposed maleimide
proxies in such systems. For the studied profiles in the present work,
isorenieratane was detected and indicated the presence of Chlorobi (Grice et al.,
2005a; 2005b; Jaraula et al., 2013; Tulipani et al., in press). However, okenone
or its degraded counterpart okenane (Brocks and Schaeffer, 2008) could not be

detected in the studied formations, suggesting that Chromatiaceae were most
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likely absent, although it cannot be ruled out completely that Chromatiaceae
were present which do not produce okenone.

The high values of both maleimide ratios and the low AIR in the lower profile of
the MWR section, the upper profile in the PB section and in the middle of the
SAB profile (Fig. 1) suggest that the Devonian, P/T and T/J mass extinction
events were associated with persistent PZE, which agrees with previous
interpretations (Grice et al., 2005a; 2005b; Jaraula et al., 2013; Tulipani et al., in
press). The decrease in the maleimide ratios and the increase in the AIR in the
MWR section may be related to a change from a restricted marine basin with
enhanced stratification and PZE towards a vertically mixed marine water body
(Tulipani et al., in press and references therein). In contrast, the change
towards persistent PZE in the SAB section was explained by a rapid deepening
of the shelf setting, followed by a return to episodic PZE (Jaraula et al., 2013).
The PB section changed towards PZE as part of a marine transgression period

due to climate change (Grice et al., 2005a; 2005b).

4. Conclusions

The Me,i-Bu/Me,Et and Me,n-Pr/Me,Et ratios in the studied sections reflect
changing contributions from Chlorobi derived bacteriochlorophylls relative to
chlorophylls and can be used as palaeoindicators of PZE, as indicated by the
moderate to strong negative correlation to the carotenoid based AIR. These
new proxies were applied successfully to reconstruct PZE in three geologic

records that comprise three major mass extinction events. Our results suggest
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that all three extinction events were characterised by persistent PZE. The
maleimide ratios seem to be widely applicable for reconstructions of PZE in
ancient and modern aquatic environments if the phototrophic sulfur bacterial

community consists mainly of Chlorobi.
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Figure captions

Fig. 1. Simplified stratigraphy and ages of studied formations together with
profiles of Pristane/Phytane (Pr/Ph) ratios, 5*3C values of pristane and
phytane, aryl isoprenoid datios (AIR), Me,i-Bu/Me,Et ratios and Me,n-
Pr/Me,Et ratios of the a) McWhae Ridge (MWR), b) St. Audrie’s Bay
(SAB) and c) Perth Basin (PB) datasets. Pr/Ph ratios, 3"*C values of
pristane and phytane and AIR data from the MWR, SAB and PB
samples were adapted from Tulipani et al. (in press), Jaraula et al.
(2013) and Grice et al. (2005a; 2005b), respectively. Stratigraphy and
ages of the MWR, SAB and PB sections were adapted from Tulipani et

al. (in press), Jaraula et al. (2013) and Thomas et al. (2004).

28



Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Plots of Pristane/Phytane (Pr/Ph) ratios vs. aryl isoprenoid ratios (AIR)
for all studied sections. Arrows indicate oxidising vs. reducing
conditions and photic zone euxinia (PZE). The data from the McWhae
Ridge (MWR), St. Audrie’s Bay (SAB) and Perth Basin (PB) samples
were adapted from Tulipani et al. (in press), Jaraula et al. (2013) and

Grice et al. (2005a; 2005b), respectively.

Correlation between concentrations of Me,i-Bu maleimide vs. Me,n-Pr
maleimides in datasets from a) McWhae Ridge (MWR) and b) St.

Audrie’s Bay (SAB) with correlation coefficient (R?) values.

Correlation between the Me,i-Bu/Me,Et ratios vs. AIR (left) and Me,n-
Pr/Me,Et ratios vs. AIR (right) with correlation coefficient (R?) values for
a/b) upper and lower units of McWhae Ridge samples (MWR), c/d) St.
Audrie’s Bay (SAB) and e/f) Perth Basin (PB). The AIR data from the
MWR, SAB and PB samples were adapted from Tulipani et al. (in
press), Jaraula et al. (2013) and Grice et al. (2005a; 2005b),

respectively.

Combined dataset of a/c) Me,i-Bu/Me,Et ratios vs. AIR and b/d) Me,n-
Pr/Me,Et ratios vs. AIR comprising all samples from McWhae Ridge
(MWR), St. Audrie’s Bay (SAB) and Perth Basin (PB). While a) and b)

show the rise in maleimide values at AIR below 2, whereas c) and d)
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show the same dataset plotted on a logarithmic scale of the y-axis to
show the variation in the datasets with low ratios. The AIR data from
the MWR, SAB and PB samples were adapted from Tulipani et al. (in
press), Jaraula et al. (2013) and Grice et al. (2005a; 2005b),

respectively.
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Figure 1b
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Figure 2

OoX @ MWR - upper unit
A . MWR - lower unit
O sas
3 ® | A rs
E’ ®
S 2
< ®
= O o ®
S 2 o
1@ % O
Y &
RED - ’
0 - : : :
0 2 4 6
AIR (-)
-

Photic zone euxinia

34



Figure 3
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Figure 5

Me,i-Bu / Me,Et ratio (-)

c)

Me,i-Bu / Me,Et ratio (-)

0.7

® MWR -upper unit
061 € MWR - lower unit
05 O SAB

A PB
045
031 A
0.2 o
0.1 o
O.U&D—-—D—.—v—.—k

.
ok

o2
et
et
et
es
o7

ot

FO¢@®

MWR - upper unit
MWR - lower unit
SAB

PB

L-

Me,n-Pr/ Me Et ratio (-)

o
—_—

0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00

gt

et

et

e

Me,n-Pr | Me,Et ratio (-)

et

P

o ® MWR -upper unit
¥ MWR - lower unit
O SAB
[m]
!
o o
0 2 4 [ 8
AlR (1)
® MWR - upper unit
O @ MWR - lower unit
Hj 0O SAB
o o
A
@ O
P .
[ ] ]
0 2 4 [}
AR ()

37



Manuscript highlights:

e Pristane/phytane ratios and aryl isoprenoid ratios used as indicators of
ancient redox conditions and photic zone euxinia

¢ Maleimide ratios proposed as new, robust indicators of photic zone euxinia

¢ All three mass extinction events were affected by persistent photic zone
euxinic depositional conditions

38



