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Abstract

Although the Late Devonian extinctions were amongst the largest mass extinction
events in the Phanerozoic, causes, nature and timing of these events remain poorly restrained.
In addition to the most pronounced biodiversity loss at the Frasnian-Famennian (F-F)
boundary and the end Famennian, there were also less extensively studied extinction pulses in
the Middle to Late Givetian and the Frasnian. Here we used a combination of palynological,
elemental, molecular and stable isotope analyses to investigate a sedimentary record of reef-
systems from this time period in the Canning Basin, Western Australia.

The acquired data generally showed distinct variations between sediments from (i) the
time around the Givetian-Frasnian (G-F) boundary and (ii) later in the Frasnian and indicated
a distinct interval of biotic stress, particularly for reef-builders, in the older sediments.
Alterations of pristane/phytane ratios, gammacerane indices, Chlorobi biomarkers, dDxkerogen
and chroman ratios describe the change from a restricted marine palaeoenvironment with an
anoxic/euxinic hypolimnion towards a presumably open marine setting with a vertically
mixed oxic to suboxic water column. Simultaneous excursions in §!3C profiles of carbonates,
organic matter (OM) and hydrocarbons in the older sediments reflect the stratification-
induced enhancement of OM-recycling by sulfate reducing bacteria. Alterations in sterane
distributions and elevated abundances of methyltrimethyltridecylchromans (MTTCs) and
perylene indicate an increased terrigenous nutrient input via riverine influx, which would
have promoted stratification, phytoplankton blooms and the development of lower water
column anoxia.

The detected palaeoenvironmental conditions around the G-F boundary may reflect a
local or global extinction event. Our data furthermore suggest a contribution of the higher

plant-expansion and photic zone euxinia to the Late Devonian extinctions, consistent with



previous hypotheses. Furthermore, this work might contribute to the understanding of
variations in Devonian reef margin and platform-top architecture, relevant for petroleum

exploration and development in the global Devonian hydrocarbon resources.

1. Introduction

In the Late Devonian some of the biggest mass extinctions in Earth’s history ultimately
wiped out the extensive reef systems prominent throughout that era (Sepkoski, 1986, 1993;
Walliser, 1996; Bambach, 2006). The most pronounced extinction occurred at the Frasnian-
Famennian (F-F) boundary; however there were also distinct biodiversity crises towards the
end of the Givetian and Famennian as well as earlier in the Frasnian (Walliser, 1996; Caplan
and Bustin, 1999; Aboussalam and Becker, 2001). Reef-building communities and associated
fauna in tropical, shallow marine settings were the most severely affected organisms, whereas
terrestrial ecosystems were only marginally impacted (Copper, 1986; Fagerstrom, 1994;
McGhee, 1996). The cause(s) and nature (distinct events, several smaller pulses or gradual
diversity decline) of the extinctions continue to be debated (e.g. McGhee, 1996; House, 2002;
Racki, 2005). Hypotheses range from bolide impacts (McLaren, 1970, 1983; Ellwood et al.,
2003; Sandberg et al., 2002) to climate change and rapid sea-level fluctuations in response to
various parameters including atmospheric CO2 reduction due to the rise of terrestrial plants or
extensive volcanism (Murphy et al., 2000; Courtillot and Renne, 2003; McGhee, 2005; Algeo
and Scheckler, 2010). The expanding terrestrial vegetation and the associated higher nutrient
input from enhanced weathering and soil formation may have further contributed to the
widespread anoxia and eutrophication in Late Devonian oceans, which have in particular (but
not only) been linked to the F-F extinctions (Joachimski and Buggisch, 1993; Bond et al.,

2004; Algeo and Scheckler, 2010). Whereas most research focuses on the investigation of the



F-F or end-Famennian extinctions, studies about earlier events in the Late-Givetian and
Early- to Middle-Frasnian are comparatively rare.

Several Phanerozoic mass extinction events have been associated with oceanic anoxic
events (OAESs) in which a stagnant water-column led to persistent stratification and
widespread anoxia and photic zone euxinia (PZE; e.g. Grice et al., 2005b; Summons et al.,
2006; Jenkyns, 2010; Nabbefeld et al., 2010d; Jaraula et al., 2013). The latter describes a
condition where high concentrations of toxic hydrogen sulfide produced by anaerobic sulfate-
reducing bacteria (SRB) in or near sediments expand into the photic zone (i.e. surface water
layer with enough light penetration for photosynthesis). PZE may have also contributed to the
Late Devonian extinctions since evidence of this condition has been reported in Middle- to
Late Devonian sediments and crude oils from various locations including North America
(Summons and Powell, 1986, 1987; Requejo et al., 1992; Brown and Kenig, 2004; Maslen et
al., 2009), Europe (Marynowski et al., 2000, 2011; Joachimski et al., 2001; Marynowski and
Filipiak, 2007) and Western Australia (Maslen et al., 2009; Melendez et al., 2013a, 2013b;
Tulipani et al., 2014a).

Much of the ancient marine life of this time has been captured in the extensive and
well-preserved Devonian reef systems of the Western Australian Canning Basin (e.g.
Playford et al., 2009). The location is particularly well-known for the excellent preservation
of macro- (Long and Trinajstic, 2010) and molecular fossils (i.e. biomarkers; Melendez et al.,
2013a, 2013b) in sections of the Gogo Formation, the Middle Givetian to Middle Frasnian
basin facies.

This manuscript presents data from comprehensive molecular, elemental (C, N, and S)
and stable isotope analyses (§*C of biomarkers, organic matter (OM) and carbonates;

8180 carbonates, dDkerogen aNd 83*Spyrite) Of sediments from a lower slope/basinal core from the

Canning Basin, representing the time period from the earliest Frasnian (or potentially latest



Givetian) until later in the Frasnian. Our primary aim was to identify environmental
conditions which may reveal causes and timeframes of potential extinction events whilst also
extending our general interest in biomarker preservation in the Gogo Formation. A previous
study (Tulipani et al., 2014a), which introduced a novel biomarker proxy for freshwater
incursions in marine palaeoenvironments was based on the analysis of sediments from the
lowermost section of this core. It revealed evidence of a persistently stratified water-column
(freshwater lens overlying more saline hypolimnion), with prevailing anoxia and PZE in the
corresponding depositional setting. Here we present a more comprehensive approach
including additional parameters and a further extension of palaeoenvironmental

reconstructions until later in the Frasnian.

2.  Geological setting

The samples analysed here originate from a diamond drill core (MR-1) collected in
2010 at McWhae Ridge (18.72796°S, 126.0682°E), at the southern end of South Lawford
Range along the Lennard Shelf, Canning Basin, Western Australia (Fig. 1a). The geological
setting at this location is displayed in a cross section (Fig. 1b) and has been described
elsewhere (e.g. Becker et al., 1991; Playford et al., 2009). In brief, it comprises a faulted reef
spine (Pillara-Limestone, Givetian-Frasnian) which drowned in the Early Frasnian and was
overlain by marginal slope (Sadler and Virgin Hills formations, Givetian-Middle Frasnian
and Middle Frasnian-Famennian, respectively) and basin facies (Gogo Formation, Givetian-
Middle Frasnian). In the latest Frasnian and Early Famennian it was overgrown by a now

largely eroded deep-water microbial bioherm.
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Figure 1: Location (A) and sedimentary log (B) of the core collected from McWhae Ridge.
(C) Displays the geological setting at that location in a cross section. Background colours of
the sedimentary log mark the lower, middle and upper intervals discussed in the text. Giv. =
Givetian, Fras. = Frasnian, Fam. = Famennian. Samples are labelled with the medium depths.
Map and cross section were modified after Playford et al. (2009). Conodont dates were
obtained from personal communication Trinajstic and Roelofs. The lowest core section was
assigned to the Contagisporites optivus var. optivus-Cristatisporites triangularis Zone of
latest Givetian and earliest Frasnian age based on palynological evidence (see text section 2).



Fig. 1c shows the sedimentary log of the MR-1 core. The section sampled for the
present study (27.2-42.1 m) consists of interfingering Sadler and Gogo formations. The
lowest part of the sampled interval (40.1-42.1 m; hereafter referred to as “lower interval”)
comprises the Gogo Formation and is of latest Givetian-earliest Frasnian age based on
palynological analysis. The recovered plant microfossil assemblages include key species:
Geminospora lemurata Balme 1962, Medusapora dringii Balme 1988, Emphanisporites
rotatus McGregor 1961 (single specimen), Verrucosisporites premnus Richardson 1965,
Retusotriletes sp. cf. R. pychovii Naumova 1953, and Archaeozonotriletes timanicus
Naumova 1953. The latter has previously been recorded in Canning Basin assemblages from
the Gogo Formation/Sadler Limestone/Pillar Limestone by Grey (1992); and McGregor and
Playford (1992) list this taxon as a characteristic element of Australian plant microfossil
assemblages assigned to the Contagisporites optivus var. optivus-Cristatisporites triangularis
Zone of late Givetian and early Frasnian age. Other palynomorphs, predominant
phytoplankton, indicate a saline/marine environment of deposition: spinose acritarchs,
including Solarisphaeridium spinoglobosum (Staplin) Wicander 1974, Solarisphaeridium
spp. and Veryhachium sp. cf. V. colemanii Playford 1981; thick-walled large, smooth
leiospheres (Leioshaeridia spp.); scolecodont fragments (polychaete dentary remains) and
acritarchs assigned to Dictyotidium sp. and Lomatolopas cellulosa Playford 1981. The
interval consists of black laminated argillaceous shales with thin limestone interbeds and
some narrow irregular beds of shelly wackestone and fine grained packstone. Brachiopods,
crinoids and stromatoporoid fragments are abundant (see Fig. 1c). The section is followed by
an OM-lean interval (33.5-40.1 m; hereafter referred to as “middle interval”) of irregular
bedded grey or pale yellowish-grey calcareous siltstone with abundant micrite nodules (37.5-
40.1 m) and argillaceous limestone (33.5-37.5 m). The uppermost part of the sampled interval

(27.2-33.5 m; hereafter referred to as “upper interval”) consists of medium grey finely



laminated calcareous shale and a few thin beds of nodular and brecciated micrite and fine
packstone. Towards the top of this interval the calcareous content increases whereas
lamination decreases. The interval between 34.0 and 39.8 m corresponds to conodont zones
1-4 (personal communication Trinajstic and Roelofs) of an international Upper Devonian
zonation scheme (Klapper, 2007). In the remaining core sections conodont dating could not
be performed due to a lack of specimen.

The uppermost core-section (above 27.2 m), which has not been considered here due
the low OM-content, includes the F-F boundary between 3-5 m and consists of the Virgin
Hills Formation.

From the Late Givetian to the Middle Frasnian, a long-term global rise in relative sea-
level led to the retreat and backstepping of reefal margins in the Canning Basin.
Subsequently, a decrease in tectonic subsidence rates coupled with global eustatic sea-level
fall in the Late Frasnian and Famennian resulted in prograding platform margins (Playford et

al., 2009).

3.  Experimental

Analytical methods and sample preparation are described in the supplementary material

(SM).

4, Results and discussion

The three different intervals of the sampled core section described in “2. Geological
setting” (lower interval deposited close to or at the G-F boundary, 40.1-42.1 m; middle and
upper interval deposited in the Frasnian, 33.5-40.1 m and 27.2-33.5 m, respectively; see Fig.
1) each show strong differences in the analytical data, reflecting distinct palaeoenvironments.

Due to the low OM-content the middle interval is represented by one sample only.
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4.1  Aliphatic hydrocarbons

Fig. 2 displays a typical total ion chromatogram (TIC) from gas chromatography-mass
spectrometry (GC-MS) analyses of aliphatic fractions in sediments from the lower interval
deposited around the G-F boundary (Fig. 2a) and the upper interval deposited later in the
Frasnian (Fig. 2b). All aliphatic fractions (except the one from the OM-lean middle interval),
contained abundant n-alkanes with chain lengths from Ci3, Ci4, or (occasionally) Cis to Caa.
Their distributions typically maximised at C»; and showed a slight odd-over-even
predominance in shorter as well as longer chain lengths (see carbon preference indices, CPlIs,
in Table 1). n-Alkanes in sediments from the middle interval were present at low
concentrations and ranged from C6 to Csz. The isoprenoids pristane (I, Fig. S1) and phytane
(11) were present in all samples and dominated the aliphatic fractions of sediments from the
lower interval. Furthermore, all samples revealed complex distributions of saturated and
unsaturated hopanoids and steroids. The most abundant of these were C,7 to Cog diaster-
(13)17-enes (111) highlighted in the m/z 257 mass chromatograms in Fig. 2. The hopanoids
included Cag to Css regular hopanes with 17,218 (BB), 17B,21a (Ba) and 170,21 (aff)
configurations (1V) as well as 18a 22,29,30-trisnorhopane (Ts), 17a 22,29,30-trisnorhopane
(Tm) and 17p 22,29,30-trisnorhopane (Tm-B; Fig. S2). 28,30-dinorhopane (DNH; Fig. S2)
and Caz to Css 2 and 3B methylhopanes were detected in relatively low concentrations (Fig.
S3). Hopenes included hop-(13)18-enes and Cao to Css hop-(17)21-enes (Fig. S4). Regular
steranes were present in the 5a,14a,17a (aaa), Sa,148,17B (af|p) and 5B,14a,17a (Powct)
configurations (V) from C»7 to Cso (Fig. S5). 3 and 4 methyl 24-ethylcholestanes and
gammacerane (V1) were only present in significant concentrations in the lower interval. The
same applied for Cso 3- or 4-methyl diasterenes (m/z 271 mass chromatogram, not displayed

here).



Table 1: Selected elemental and molecular maturity parameters throughout the MR-1 core
indicating an exceptionally low thermal maturity. Tmax Was determined by Rock Eval
analysis. Ts = 18a 22,29,30-trisnorhopane; Tm = 17a 22,29,30-trisnorhopane. CsH =
17a,21p homohopane; C29 aaa St = 5a,140,17a 24-ethylcholestane; S and R represent the
stereochemistry at C22 and C20 for hopanes and steranes, respectively. CPI stands for carbon
preference index and was calculated according to Y Codd/> Ceven OVer the range of Cis to Co2
and C23-Css, respectively.

D[enE:]th E;T:a]x Ts/(Ts+Tm) S/c(:§1+HR) Cégl((g:uR)St (Cgillzz) (ng;m)
27.3 *413 0.14 0.18 0.14 1.07 1.53
28.1 *410 0.15 0.16 0.15 1.18 1.59
29.0 *418 0.13 0.15 0.12 1.16 1.49
29.7 *409 n.d. n.d. n.d. n.d. n.d.
29.9 *407 0.14 0.15 0.04 1.18 1.58
30.7 *405 0.14 0.14 0.12 1.12 1.53
30.9 *421 0.14 0.15 0.11 1.20 1.82
31.9 *405 0.16 0.14 0.11 1.11 1.16
32.8 *406 0.18 0.16 0.10 1.02 1.46
33.0 *410 0.18 0.16 0.11 1.10 1.47
33.2 *415 0.19 0.16 0.10 0.93 1.18
33.4 *410 0.18 0.20 0.08 0.97 1.00
34.6 *A17 n.d. n.d. n.d. n.d. n.d.
37.8 n.d. 0.47 0.36 0.19 1.04 1.03
40.2 n.d. 0.22 *0.23 0.08 1.43 1.30
40.3 *415 0.16 *0.20 0.09 1.27 1.20
40.5 *413 n.d. n.d. n.d. 1.00 0.89
40.7 *414 0.13 *0.13 0.09 1.04 1.13
41.2 *410 0.10 *0.12 0.09 1.07 1.24
41.9 *413 0.11 *0.11 0.09 1.00 1.16

* published in (Tulipani et al., 2014a)

4.2 Aromatic hydrocarbons

All aromatic fractions were dominated by the 5,7,8-trimethyl-2-
methyltrimethyltridecylchroman (VI1; triMeMTTC). Other common geological MTTCs (Fig.
S1; Sinninghe Damsté et al., 1987) were also present but exhibited lower concentrations.
Sediments from the lower interval furthermore contained a series of abundant mono- and
diaryl isoprenoids (VI11) including intact iso (1X)- and palaeorenieratane (X; Figs. 3 and 4).
Polyaromatic hydrocarbons (PAHSs) were present at low abundances and included typical
combustion markers such as benzo[a]pyrene (XI), benzo[e]pyrene (XI1), coronene (XI11),
benzo[ghi]perylene (X1V), fluoranthenes (XV) or pyrenes (XVI1) as well as the presumably

fungal-derived perylene (XVI1; e.g. Grice et al., 2009).
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Figure 2: Total ion chromatograms showing two representative aliphatic fractions of samples
deposited in (A) the earliest Frasnian or latest Givetian under anoxic/euxinic conditions,
referred to as lower interval in the text (40.7 m) and (B) later in the Frasnian in a more oxic
setting referred to as upper interval in the text (29.9 m), respectively. Extracted ion
chromatograms of m/z 257 show distributions of C.7—Cog diaster-13(17)-enes with carbon
number Ci. Not all isomers of the Coys diaster-13(17)-enes could be identified due to
coelutions with more abundant Cy7 and Ca isomers. Red dots represent diasterenes, blue
diamonds n-alkanes. 5aSt = regular 50,140,170 20R steranes; Czp4aMeSt = 4a methyl-
50,140,170 20R 24-ethylcholestane; CsiafH and CsifpH = 170,21 and 178,218 22R
homohopane.
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Figure 3: Depth profiles of stable isotope and biomarker parameters (potentially) indicative
of redox conditions, photic zone euxinia, water-column stratification and salinity throughout
the MR-1 core. Background colours mark the lower, middle and upper intervals discussed in
the text. Pr/Ph = pristane/phytane; CssHHI % stands for Css homohopane index and was
calculated according to: Css homohopanes/3(Cs1 — Czs homohopanes)x100 %; 28,30

DNH/C3H = 28,30 dinorhopane/170,213  hopane; gammacerane index =
gammacerane/17a,21p hopane; the three previous parameters were calculated from peak
areas in suitable MRM-GC-MS transitions. lsoren. = isorenieatane; palaeoren. =

palaeorenieratane; isopr. = isoprenoids; triMeMTTC/total MTTC = 5,7,8 trimethyl-2-
methyltrimethyltridecylchroman/total methyltrimethyltridecylchromans, calculated from peak
areas of selected ion monitoring traces; carb. = carbonates. 534S was reported in %o relative to
VVCDT,; 8D was reported in %o relative to VSMOW and has been corrected for exchangeable
hydrogen according to Schimmelmann (1991); §'80 was reported in %o relative to VPDB.
Where gaps in the profiles are shown, the analyses have only been performed on selected
samples or the determination was not possible. Some of the included data have already been
presented in a different context in Tulipani et al. (2014a), see Table S1.
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4.3 Evidence of water-column stratification, anoxia and PZE

The Late Givetian-Early Frasnian palaecoenvironmental setting corresponding to the
lower interval has been described previously in Tulipani et al. (2014a). To summarize,
enhanced gammacerane indices indicated a stratified water-column which promoted the
development of PZE, evident in the abundance of palaeorenieratane (11) and other Chlorobi
carotenoid derivatives. Low pristane/phytane ratios (Pr/Ph < 1) indicated anoxia and higher
salinities in the hypolimnion and sediments whereas high chroman ratios (triMeMTTC/total
MTTCs > 0.9) reflected the low salinities in an overlying freshwater lens from most likely
predominantly riverine incursions. High abundances of perylene and MTTCs presumably
represented significant terrigenous input.

Fig. 3 shows sediment depth profiles of the measured molecular and stable isotope
indicators of redox conditions, salinity, stratification and PZE, which will be discussed in the

following sections.

4.3.1Indicators of palaeoenvironmental anoxia

The Pr/Ph ratio, the Css homohopane index (Css homohopanes/ §(C3z1-Css
homohopanes)) and the relative abundance of 28,30-DNH displayed in Fig. 3 are commonly
used redox indicators. Pr/Ph ratios in the upper interval were all > 1 and significantly higher
than in the lower interval. In the two uppermost samples Pr/Ph showed a further increase.
Also the Czs homohopane index and the relative abundance of 28,30-DNH showed distinct
trends between these intervals with higher values in the lower core section.

Although Pr/Ph is one of the most frequently used molecular redox indicators, it can
also be influenced by other palaeoenvironmental conditions, particularly salinity (ten Haven
et al., 1985; Schwark et al., 1998). The higher Pr/Ph ratios in the upper interval indicate less

reducing conditions and lower salinities in the hypolimnion/sediments in the depositional
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environment (Fig. 3). In the two uppermost samples the further Pr/Ph increase to values
approaching 3, reflects a well-mixed, oxygenated palaeo water-column.

The Css homohopane index and the relative 28,30-DNH abundance are also influenced
by additional factors such as type of source organism (e.g. Obermajer et al., 2000),
composition of the sediment (e.g. clay contents) or thermal maturity (e.g. Peters and
Moldowan, 1991; Peters et al., 2005). Nevertheless, the general trend of more oxygenated
conditions in the upper interval evident in the Pr/Ph profile is also supported by the lower
values of C3s homohopane index and relative 28,30-DNH abundance in this core section (e.g.
Peters and Moldowan, 1991; Peters et al., 2005, and references therein). However, increased
values for the Css homohopane index and relative 28,30 DNH abundance in samples around
33 m depth indicate anoxic condition whereas Pr/Ph ratios were > 1, indicative of more oxic
conditions.

Generally, the observed increase of water-column oxygenation in sediments from the
upper interval is consistent with a more open setting at higher sea-levels later in the Frasnian

(Playford et al., 2009).

4.3.2Chlorobi carotenoid derivatives

Chlorobi (green sulfur bacteria) are obligately anaerobic, phototrophs which use
hydrogen sulfide as an electron donor and therefore only thrive in the water-column under
photic zone euxinic conditions. Palaeoenvironmental PZE is thus often characterized by the
sedimentary abundance of their carotenoid derivatives. In the core analysed here the intact
Cao-carotenoid pigments isorenieratane, palaeorenieratane and renieratane (XVI11), were only
abundant in sediments from the lower interval. In contrast, monoaryl isoprenoids were also
present at low concentrations in the remaining samples (Fig. 3). Whilst the intact carotenoids

are exclusively derived from Chlorobi and hence unambiguously indicate PZE (e.g.
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Summons and Powell, 1986; Schwark and Frimmel, 2004; Grice et al., 2005b), monoaryl
isoprenoids may have additional sources (e.g. Grice et al., 1996; Koopmans et al., 1996). This
is also confirmed by the average §*3C values of aryl isoprenoids in samples from the lower
interval (Fig.4). The *C-enriched signatures are typical of lipids synthesised via the reductive
tricarboxylic acid (TCA) cycle used by Chlorobi (Quandt et al., 1977; Sirevag et al., 1977).
The more negative 5!3C values of most lower-molecular-weight aryl isoprenoids compared to

palaeorenieratane, may reflect additional sources other than Chlorobi.
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Figure 4: Chlorobi carotenoid derivatives in the m/z 133 trace from selected ion monitoring
(SIM) GC-MS of a representative sample in the lower interval of the analysed core
corresponding to the Late Givetian-Early Frasnian (depth 40.7 m). “C{” mark monoaryl
isoprenoids with carbon number “i”. §*3C values represent the average for the respective
compound in all samples below 40.1 m with error bars indicating the standard deviations. The
two values without error bars could only be measured in 1 sample. Blue arrows indicate the
peak corresponding to the respective §33C value. Question-marks indicate tentatively
identified structures. The chromatogram as well as the stable isotopic composition of
palaeorenieratane have been published in Tulipani et al. (2014a).

4.3.36%S of pyrite

534S signatures of total reduced inorganic sulfur (~pyrite) throughout the core ranged

from -24.4 t0 -11.9 %o (Fig. 3). Similar 534S values were previously reported in some
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European Late Devonian sediments (Joachimski et al., 2001) although sediments from
Northern America, Southern China and Poland from the same time period showed more
positive values (Goodfellow and Jonasson, 1984; Chen et al., 2013). The current data are
similar to 5**S values measured in sediments of the modern euxinic Baltic Sea (Béttcher and
Lepland, 2000; Bottcher et al., 2012) and of eastern Mediterranean hypersaline basins (Ziebis
et al., 2000) but less **S-depleted when compared to the modern Black Sea (Fry et al., 1991;
Jargensen et al., 2004; Neretin et al., 2004).

The strong 3*S-depletion compared to the estimated value of Devonian sea-water (+15
and +20 %o; Kampschulte and Strauss, 2004; Wortmann and Paytan, 2012) indicates that
microbial sulfate reduction occurred in surface sediments or the water-column where it was
not significantly limited by the abundance of dissolved sulfate (essentially ‘open system’
conditions; (e.g. Canfield and Teske, 1996; Hartmann and Nielsen, 2012) independent from
any salinity changes. Estimated overall sulfur isotope fractionation factors range between -27
and -44 %o, which is in the range observed at low to moderate cellular sulfate reduction rates
in SRB cultured on simple organic substrates (Kaplan and Rittenberg, 1964; Chambers and

Trudinger, 1979; Sim et al., 2011).

4.3.4Gammacerane index
Gammacerane indices in the upper interval were significantly lower than in sediments
from the lower interval (Fig. 3). This suggests a vertically mixed water-column later in the
Frasnian, contrary to the conditions around the G-F boundary. Gammacerane is sourced from
tetrahymanol in bacterivorous ciliates living exclusively at the chemocline and therefore is an
indicator for water-column stratification (Harvey and McManus, 1991; Sinninghe Damsté et
al., 1995; Grice et al., 1998; Tulipani et al., 2014a). A well-mixed water column in

palaeoenvironments from the upper interval (in particular the uppermost two samples) is also
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consistent with the lower chroman ratios in that core section (Fig. 3) reflecting higher

salinities in the epilimnion (Tulipani et al., 2014a).

4.3.50D of kerogen

The 6D values of kerogens were more positive in sediments from the upper interval
compared to those from the lower interval (Fig.3). However, due to the technical challenges
of 6D analysis and time consuming sample preparation, only one sample from the lower
interval was analysed and therefore this value might not be entirely representative. For the
determination of 8D values only non-exchangeable hydrogen, which does not interact with
aqueous hydrogen during diagenesis, was included (Schimmelmann et al. 1999; 2006.
Nevertheless it potentially could be replaced during later stages of thermal maturation (e.g.
Dawson et al., 2005, 2007; Pedentchouk et al., 2006; Schimmelmann et al., 2006; Maslen et
al., 2013). However, due to the very low thermal maturity of the analysed kerogens (section
4.4), the measured 6D values are likely representative of the palaeoenvironment (Hassan and
Spalding, 2001; Lis et al., 2006; Nabbefeld et al., 2010a).

Generally, 6D signatures of biomass are strongly influenced by the D/H composition of
the source water used for biosynthesis (Sessions et al., 1999; Dawson et al., 2004; Grice et
al., 2008; Nabbefeld et al., 2010a; Zhou et al., 2011). Therefore the comparatively D-depleted
value representing the lower interval potentially reflects the freshwater incursions (evident in
elevated chroman ratios (Tulipani et al., 2014a)), which typically lead to a D-depletion in the
marine environment. Due to fractionation effects in the hydrological cycle, meteoric waters
are generally more D-depleted than seawater, which exhibits a 8D value of ~0 (Gat, 1996).
Furthermore, the variations in the 6D profile could represent changes in the type of source

organisms or growth forms (Nabbefeld et al., 2010c; Polissar and Freeman, 2010). It is likely
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that the lower 8D value of the lowermost sample may have additionally been influenced by

greater input from D-depleted terrestrial biomass of organisms utilizing meteoric waters.

4.3.66'80 of carbonates

580 values of carbonates in the lower interval corresponding to the anoxic/euxinic
palaeoenvironment with freshwater incursions showed significant variations, but were on
average more '0-depleted than carbonates in the remaining core sections (Fig. 3). 50 and
513C values of carbonates showed only a slight correlation (R? = 0.3; Fig. S6) indicating
separate influences on both parameters and most likely no significant diagenetic control.
Typically, §*80 signatures of carbonates are representative of the stable isotopic composition
of the corresponding source water (e.g. Sachse et al., 2004). Therefore the greater 2O-
depletion of some samples from the lower interval might be indicative of freshwater

incursions since meteoric and run-off waters are depleted in heavy isotopes.

4.4  Thermal maturity and OM-preservation

For their Palaeozoic age the analysed sediments showed an exceptionally low thermal
maturity, evident in elemental as well as molecular maturity parameters (Table 1). This was
also confirmed by pale to mid to yellow spore colours (Thermal Alteration Index (TAI;
Staplin, 1969)). Tmax values from Rock Eval analysis were all < 421 °C (average: 411.7 °C;
Table 1) reflecting a very low thermal alteration (e.g. Peters et al., 2005). Furthermore, high
abundances of hopane and sterane isomers in their biological configuration relative to the
more thermally stable geological isomers were evident in very low ratios of homohopane
isomerisation at C22, aaa 24-ethylcholestane isomerisation at C20 and Ts vs. Tm (Table 1).

All of these values, with the exception of the OM- lean sample at 37.8 m, correspond to
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vitrinite reflectance equivalents < 0.5 % and mostly < 0.4 % (Hulen and Collister, 1999),
indicating burial heating < 80 and < 60 °C, respectively (Barker and Pawlewicz, 1994).

The high abundances of unsaturated hopanoids and steroids were also highly unusual
for Palaeozoic sediments as the double-bonds are usually cleaved during relatively early
stages of diagenesis (e.g. Mackenzie et al., 1982; Peters et al., 2005). Regular steranes were
generally much more abundant than their corresponding diasteranes (Fig. S4), which is
typical of relatively immature carbonate-rich and clay-poor sediments (e.g. Nabbefeld et al.,
2010b). However, diasterenes, which represent diagenetic precursors of diasteranes
(Mackenzie et al., 1982) were quite prominent (Fig. 2).

A low thermal maturity based on molecular ratios has also been reported for a
calcareous nodule hosting a well preserved crustacean from a nearby section of the Gogo
Formation (Melendez et al., 2013a, 2013b). In contrast, other sections of the Gogo Formation
which represent the source rocks of the high quality oils in the Canning Basin, have
experienced higher thermal maturities (Cadman et al., 1993; Barber et al., 2001; Greenwood
and Summons, 2003; Maslen et al., 2009, 2011). Nevertheless, the now exposed or near-
surface rocks in most parts of the reef systems in the northern Canning Basin (Lennard Shelf)
have likely never been exposed to geological temperatures exceeding 60 to 70 °C (Playford et

al., 2009 and references therein).

4.4.1Preservation of C/N ratios
Fig.5a displays the strong correlation (R? = 0.96) of total organic nitrogen (TNorg %,
calculated from TN assuming a constant contribution of TNinorganic 0f 0.02 %; see below) to
total organic carbon (TOC %) and the relatively low C/N values (i.e. TOC/TNorg) Which
suggest these data are representative of the source OM. This would to the best of our

knowledge be the oldest reported preservation of C/N source ratios. In (sub)recent sediments
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the C/N ratio often provides a reliable distinction of marine vs. terrestrial OM since
phytoplanktonic organisms typically have a higher nitrogen-content (C/N: ~4-10) than
terrestrial vegetation (C/N > 20; (Meyers, 1994, and references therein). However, C/N ratios
can be altered by preferential loss of organic nitrogen over organic carbon during diagenesis,
leading to artificially high values in affected sediments (e.g. Tyson, 1995, pp. 484-485).
Furthermore, C/N data may be corrupted by a contribution of inorganic nitrogen (typically
ammonium), particularly in OM-lean sediments (TOC % < 1; e.g. Miller, 1977; Sampei and
Matsumoto, 2001). We therefore calculated TNorganic % from the measured TN % values by
assuming a constant contribution of 0.02% TNinorganic (axis intercept of the TN % vs. TOC %
plot) and used these corrected values for the determination of C/N ratios (Miiller, 1977). The
exceptional preservation of C/N ratios in these Palaeozoic sediments is consistent with the

excellent preservation of immature OM in some sections of the Gogo Formation.
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Figure 5: Plots showing positive correlations of total organic carbon (TOC wt. %) to (A)

total organic nitrogen (TNorg Wt. %, corrected from TN % assuming a constant contribution of
TNinorganic 0F 0.02 wt. %) and (B) total sulfur (TS wt. %)
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4.4.2Total organic carbon content (TOC wt. %)

The biomarker data reflected that the degree of thermal alteration was largely
independent from the redox conditions at the time of deposition, since all core sections
showed similarly low maturity parameters despite the previously discussed strong differences
in redox indicators. The estimated original TOC (TOC, Fig. 6) was calculated according to
the following equation developed by Veté et al. (1994).

TOCo = TOC + Sx0.75%x1.33

This proxy is based on the assumptions that (i) all reduced sulfur was formed
syngenetically and (ii) the degradation of OM was essentially due to microbial sulfate
reduction (MSR) with the benthic system being more or less closed for dissolved sulfide. The
positive correlation between the measured TOC % and TS % (Fig. 5b) may indicate a control
of MSR by OM availability. When compared to the relationship established for modern
marine sediments (Raiswell and Berner, 1987) all samples have reduced sulfur in excess,
which may indicate euxinic conditions, although an overprint by later diagenetic fluids
cannot be ruled out. Since the degree of OM alteration is small, there is no indication for a
thermally induced change in the C/S ratios (Raiswell and Berner, 1987).

The depth profiles of TOC % and TOCor % are displayed in Fig. 6. Both show slightly
higher values in the lower interval which is consistent with enhanced OM preservation under
anoxic/euxinic conditions (Claypool and Kaplan, 1974). These data potentially also reflect
increased phytoplanktonic productivity compared to the other samples due to enhanced
terrigenous nutrient input (section 4.7). However, both, TOC % and TOC. % in these
samples are still lower than expected for a palaeoenvironment with prevailing PZE, which
may be the result of oligotrophic conditions (despite some terrigenous input), seasonal
variability of riverine inflow, anoxia and euxinia or dilution from carbonate precipitation

(Tulipani et al., 2014a). The latter is also the presumed reason for the extremely low TOC %
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in sediments from the middle interval, where carbonate contents were between 62.6 and 86.2

% (Fig. 6).
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Flgure 6: Depth profiles of selected parameters determined by elemental analysis and Rock
Eval analysis throughout the MR-1 core. Background colours mark the lower, middle and
upper intervals discussed in the text. TOC represents the measured total organic carbon
content. TOC,r refers to the estimated original TOC in sediments at the time of deposition
which was calculated after Veté et al. (1994). TNog = total organic nitrogen content
calculated from TN assuming a constant contribution of TNinorganic Of 0.02 wt. %. TS = total
sulfur content. Data between 33.5-40.1 m have a higher uncertainty due to the very low OM-
content. Where gaps in the profiles are shown the determination was not possible due to low
TOC.
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4.5 Organic matter sources

Whereas the relatively low C/N and C/S signatures (Figs 5 and 6) are suggestive of
predominantly marine sourced OM with some terrestrial contribution (Raiswell and Berner,
1987; Meyers, 1994), the high Oxygen Indices (OI) and low Hydrogen Indices (HI) are
indicative of Type Il kerogens (Fig. 6), which are typically terrigenous (see pseudo van
Krevelen diagram in Fig. S5). In some cases Type Il kerogens may be derived from oxic or
suboxic open marine settings (Peters et al., 2005), which is consistent with the samples
deposited later in the Frasnian (middle and upper interval). However, biomarker parameters
in the lower interval strongly indicate an anoxic/euxinic marine setting, with some
terrigenous input as indicated by land plant spores, recovered from palynological preparations

(sections 4.4., 4.6. and 4.7). An increase of Hls and a simultaneous decrease of Ols in this
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core interval reflect more reducing conditions, although these values are still not in the range
expected for an anoxic marine setting (Fig. S5). Although Rock Eval analysis is a useful
screening method, it does have some limitations and can give misleading information about
kerogen types due to effects from the mineral matrix, particularly in immature, organic lean
samples such as the MR-1 core and typically leads to artificially low HI values (e.g. Katz,
1983; Cowie et al., 1999). Although the samples were decarbonated prior to Rock Eval
analysis, matrix effects may have still influenced the results. However, these data could also
indicate that periods of persistent water-column stratification accompanied by anoxia and
PZE were only episodic or possibly seasonal. This would also be consistent with the presence
of some scolecodont fragments (polychaete dentary remains) in these sediments (see section

2).

4.6  Significance of 8'°C variations

5*3C values of carbonates, bulk OM and selected hydrocarbons are displayed in Fig. 7.
All profiles showed a similar trend of more negative 5'3C values in the lower interval
compared to the values between depths of 28.8 and 33.5 m (~2-3 %o difference for
hydrocarbons and carbonates, ~1 %o for bulk OM). Furthermore, §*3C profiles of bulk OM
and hydrocarbons followed a distinctive negative shift in the two uppermost samples (~2 %o
in OM and ~3 %o in hydrocarbons) which were deposited under presumably the most oxic
conditions (very high Pr/Ph of ~3). However, this feature was only marginal in the
813 Cearbonate profile. In the lower interval the §*3C values of carbonates showed some
variations which were not observed in the other profiles. §*C values in the OM-lean
limestone section (middle interval) exhibited pronounced positive shifts, which likely reflect
a facies change from the Gogo Formation (basinal) in the lowermost core section to the

Sadler Formation (marginal slope). The simultaneous §'3C shifts in OM and carbonates in
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these samples suggest that the §*3C-variations are not caused by diagenetic processes. The
low OM-content prevented §*3C analysis of hydrocarbon in the middle interval.

The similar trends in all §*3*C-profiles, with the exception of the excursions in the
middle interval, mostly reflect §'3C-variations of the dissolved inorganic carbon (DIC) pool
in the palaeowater. The generally more negative §*3C values in the lower interval, particularly
the negative 53Cearbonate Signatures of ~ -3 %o, may be explained by the “Kiispert Model”
(Kuspert, 1982). In brief, stratification-induced enhanced degradation of **C-depleted OM in
the hypolimnion by SRB led to the accumulation of *C-depleted DIC in the lower water-
column. Some of which diffused into the photic zone where it was recycled by phytoplankton
leading to a further *3C depletion of biomass. The fluctuations of §**Ccarbonate in the lower
interval may indicate alternation of periods with enhanced recycling of OM (leading to **C-
depletion of DIC) and enhanced burial of **C-depleted OM (leading to relatively more *3C-
enriched OM in sediments).

The negative shift in §*3C values of OM and hydrocarbons in the two uppermost
samples may represent a change in source organisms, since this excursion was only marginal
in the 33C profile of carbonates. It could also reflect nutrient-poor conditions that contributed
to slower growth of phytoplankton, which typically leads to enhanced fractionation against
13C during biosynthesis due to the higher accessibility of [CO2]4q (i.e. main carbon source;
Freeman and Hayes, 1992). This would also be consistent with the lower TOCo % and

decreasing biomarker concentrations in these samples (Figs. 3, 6 and 8).
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Figure 7: 8'3C depth profiles (reported in %o relative to VPDB) throughout the MR-1 core of
carbonates, bulk organic matter (OM), representative long- and short-chain n-alkanes,
phytane, selected regular 5a,140,17a 20R steranes (5a 20R steranes) and the 178,218 22R
homohopane (Cs: PP hopane). Background colours mark the lower, middle and upper
intervals discussed in the text. Where gaps in the profiles are shown, the analyses have only
been performed on selected samples or the determination was not possible.

4.7  Changes in populations of primary producers

4.7.1Variations in steroid and hopanoid distributions

Fig. 8a shows depth profiles of selected molecular parameters which highlight changes
in algal and bacterial communities between the setting around the G-F boundary (lower
interval) and later in the Frasnian (middle and upper interval). Sterane/hopane ratios were low
(< 1) throughout most parts of the upper and middle interval but showed a significant
increase in the lower interval, particularly in its upper section. Another notable difference in
sediments from the lower interval was the enhanced abundance of 3- and 4-methyl-24
ethylcholestanes. In contrast, the relative abundance of the sponge-specific biomarker 24-
isopropylcholestane vs. 24-n-proylcholestane (McCaffrey et al., 1994; Love et al., 2009),
which was also displayed in Fig. 8a, did not show significant variations throughout the

analysed core (Fig. 8a). Further distinct variations in the lower interval were evident in the
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sterane ternary diagram displayed in Fig. 9, which highlights the enhanced relative
abundances of C,7 and Czs desmethylsteranes in this core section.

The elevated sterane/hopane ratios in the lower interval are suggestive of a strong
predominance of eukaryotic algae over bacteria, whilst the values < 1 in most of the other
samples indicate relatively higher bacterial input (e.g. Ourisson et al., 1979; Mackenzie et al.,
1982; Brocks et al., 1999). The significantly increased relative abundances of 3- and 4-
methyl-24 ethylcholestanes in the lower interval point towards distinct algal communities,
possibly as a result of freshwater incursions and water-column stratification. Sedimentary 4-
methyl-24 ethylcholestanes are often attributed to dinoflagellates (or their ancestors in
Palaeozoic sediments) since they produce a variety of 4-methylsterols (Summons et al., 1987,
Goodwin et al., 1988; Summons et al., 1992). However, unlike the dinoflagellate-specific
dinosteranes (4,23,24- trimethylcholestanes), 4-methyl-24 ethylcholestanes do have other
sources such as marine/brackish prymnesiophyte algae (Volkman et al., 1990). Furthermore,
high abundances of 4-methyl-24 ethylcholestanes, particularly in combination with absent or
very low-concentrated dinosteranes such as presently detected, have been linked to
freshwater settings and attributed to the different algal communities (Summons and Powell,
1987; Fu et al., 1990; Summons et al., 1992). The high abundance of these compounds in
sediments from the lower interval deposited around the G-F boundary is therefore coherent
with the previously described riverine incursions and algal blooms in the overlying
freshwater lens. The §*3C values of 3- and 4-methyl-24 ethylcholestanes of -29.1 to -32.5 %o,
which could be measured in several samples from the lower interval, are also consistent with
a phytoplanktonic source. The covariance of 34- and 4-methyl-24-ethylcholestanes (Fig. 8a)
with similar §*3C signatures strongly suggests a common source for both product types.

The unusual acritarchs present in the MR-1 core represent a potential source of the 4-

methylsteranes. An inferred association of some acritarchs to the cysts of dinoflagellates or
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related taxa has been discussed by several authors (Tappan, 1980; Arouri et al., 2000;
Moldowan and Talyzina, 1998; Schwark and Empt, 2006; Armstrong and Brasier, 2009).

Changes in algal populations in the lower interval, possibly as a reaction to elevated
biotic stress, shallower water depths and anoxia/euxinia, are also reflected by enhanced
relative abundances of C,7 and Czg desmethylsteranes in the lower interval (ternary diagram,
Fig. 9). Although Cz9 desmethylsteroids are often attributed to a terrestrial origin (e.g. Huang
and Meinschein, 1979), here they are probably mainly sourced from green algae (VVolkman,
1986, 1998; Kodner et al., 2008; Grosjean et al., 2009), which were likely prominent in the
marine Devonian palaeoenvironment.

Co7 desmethyl steroids are commonly attributed to zooplankton or red algae, but are
also produced by some green algae (Kodner et al., 2008; Volkman, 1986). A higher
abundance of red algae, which are predominantly macrophytes, would be consistent with
shallower water depths at the lower sea-level in the Late Givetian-Early Frasnian.
Furthermore, Kelly (2009) suggested the C27/C>g Sterane ratio in Neoproterozoic-Cambrian
sediments was related to palaeoenvironmental redox conditions due to the higher tolerance of
red algae to the iron limitation in euxinic environments. Accordingly, higher values of this
ratio correlate with euxinic conditions, which is also consistent with the relative increase in
Ca7 steroids in the lower interval.

Cog desmethylsteroids typically originate from contemporary chlorophyll a and ¢ of
algae and prasinophytes and are reported to show elevated abundances in Mesozoic and
Cenozoic marine OM (Grantham and Wakefield, 1988; Knoll A.H. et al., 2007).
Nevertheless, short term increases of Cas steranes relative to Cog Steranes have been reported
in Late Devonian sediments and were attributed to temporary changes in algal populations
with higher abundances of prasinophyte algae (Schwark and Empt, 2006), which are well

adapted to biotic stress such as oxygen depletion (Tappan, 1980). Ergosterol (Czs) is also a
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common fungal biomarker (Volkman, 2003) and the co-variation of C.g desmethyl sterane
abundances and perylene concentrations may be indicative of a common fungal source
(section 4.7).

The specific sponge biomarker 24-isopropylcholestane (McCaffrey et al., 1994; Love et
al., 2009) was present at low abundances throughout the core and most likely originated from
demosponges or stromatoporoids (now extinct sponge class), which were together with
rugose corals and calcareous microbes the main reef-builders throughout the Devonian until
the F-F boundary (e.g. Playford et al., 2009). Although stromatoporoids were amongst the
most severely affected organisms in the Late Devonian extinctions (e.g. Fagerstrom, 1994;
Playford et al., 2009), potential changes in their abundance is not reflected in the current

core-profile of 24-isopropylcholestane vs. 24-n-proylcholestane.
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Figure 8: Depth profiles of selected molecular parameters indicative of (A) phytoplankton
communities and (B) terrigenous OM-input and combustion sources. Background colours
mark the lower, middle and upper intervals discussed in the text. Czo Methylst/Cz7.29 Sts =
abundance of selected A-ring methylated 24-ethylcholestanes relative to the sum of regular
C27 — Cz9 Sal4a17a 20R steranes with 38-Me, 4a-Me and 4p3-Me standing for 33-methyl, 4a-
methyl and 4B-methyl -5a14a17a 20R 24-ethylcholestane, respectively. Propylchol. = 24-
propylcholestane; Pr = pristane; Ph = phytane; n-Ci = n-alkane with chain-length “i”’; MTTCs
= methyltrimethyltridecylchromans; BaPyr = Benzo[a]pyrene; BePyr = Benzo[e]pyrene;
Bpery = Benzo[ghi]perylene; Cor = coronene; DBF = dibenzofuran. Where gaps in the
profiles are shown, the analyses have only been performed on selected samples or the
determination was not possible.

28



4.7.2Variations in pristane, phytane and n-alkanes

Distribution, relative abundance and §*3C values of n-alkanes, pristane and phytane
often contain valuable information about the palaeoenvironmental algal and bacterial
communities as well as higher plant input. Apart from lower abundances of short-chain n-
alkanes in the OM-lean middle interval, the n-alkane distributions showed largely consistent
features in parameters such as average chain-length (21.7-23.9) or relative abundances of
short-chain vs. long-chain lengths throughout the core. The CPI was somewhat decreased in
the lower interval and generally slightly higher in n-alkanes > C», (Table 1). Furthermore, the
ratios of pristane/C17 n-alkane and phytane/Cis n-alkane were significantly higher in the
lower interval (Fig. 8a). When comparing the §*3C values displayed in Fig. 7, n-alkanes were
similar to steranes but slightly more negative than the Bp-20R-homohopane. Furthermore, the
513C values of short chain n-alkanes were in the same range or slightly more *3C-enriched
compared to phytane.

n-Alkanes in sediments with complex marine and terrigenous OM-inputs, such as the
presently analysed core, typically have mixed sources including phytoplankton as well as
terrestrial and aquatic plants (e.g Collister et al., 1994; Lichtfouse et al., 1994; Tulipani et al.,
2014b). The similar or slightly more positive 5!3C values of short chain n-alkanes in
comparison to the predominantly phytoplankton-derived phytane indicate an origin of these
hydrocarbons from phytoplankton as well as possibly heterotrophic bacteria (Tulipani et al.,
20144, and references therein). The generally similar *3C signatures of short and long-chain
n-alkanes in all samples may be indicative of a common source. The slight odd-over-even
predominance, which was somewhat more pronounced in n-alkanes, > Cz, (Table 1), is
consistent with high algal input (Allard and Templier, 2000; Gelpi et al., 1970; Volkman et
al., 1998) and possibly additional contributions, particularly to longer chain-lengths, from

aquatic and terrestrial plants (Eglinton and Hamilton, 1967; Ficken et al., 2000). A high algal
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contribution to the n-alkanes is also supported by the similarity of 5!3C signatures to
predominantly algal-derived steranes, whereas the bacterial-derived fp-20R-homohopane
was slightly more 3C-enriched. The decreased CPI in the lower interval (Table 1), despite a
presumably higher terrigenous input in this core-section (section 4.7.), was possibly caused
by an increased contribution from SRB which are known to produce long-chain n-alkanes
without an odd-over-even predominance (Davis, 1968; Melendez et al., 2013b). The
differences in several of the described n-alkane parameters in the OM-lean middle interval
are presumably the result of biodegradation after the uplift that followed burial or of
diagenesis, with the effects of these magnified in OM-lean horizons.

The increased ratios of pristane/C17 n-alkane and phytane/C1g n-alkane in the lower
interval may be indicative of significant changes in phytoplankton/algal populations. Similar
variations of these ratios, with increased values in OM-richer sediments with evidence of
PZE compared to more OM-lean sections have been reported in European Late Devonian
(Famennian) sediments (Marynowski and Filipiak, 2007) and were attributed to variations in
source organisms. This is also consistent with the previously discussed variations in hopanoid
and steroid distributions (section 4.7.1), which similarly reflect significant changes between

phytoplankton communities around the G-F boundary and later in the Frasnian.

4.8  Evidence of terrigenous input and combustion sources

Fig. 8b shows the concentration-profiles of total MTTCs and selected ‘parent’ PAHs
(i.e. PAHSs lacking alkylation) throughout the MR-1 core. Most PAH profiles showed similar
co-variations with highest concentrations in the uppermost sample as well as at depths around
33 m. An exception to this was perylene, which co-varied with chroman abundances and
exhibited the highest concentrations in the lower interval. The depth profile of

benzo[ghi]perylene in the upper part of the core was largely similar to those of most other
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PAHSs, but it also showed an increase in concentration similar to perylene and MTTCs in the
lower interval.

Most sedimentary ‘parent” PAHs are products of plant or fossil fuel combustion
(Killops and Massoud, 1992; Jiang et al., 1998; Yunker et al., 2002; Grice et al., 2005a, 2007;
Nabbefeld et al., 2010c). Their abundance has in some cases also been associated with higher
thermal maturities and volcanism (e.g. Murchison and Raymond, 1989). Pyrogenic PAHs
often reach sediments via airborne particles and their presence in the MR-1 core may be
indicative of wildfires. Benzo[a]pyrene and coronene are thought to be exclusively formed by
pyrogenic processes, whereas other PAHSs such as benzo[e]pyrene, chrysene or triphenylene
may have additional algal sources (Grice et al., 2007; Nabbefeld et al., 2010c). The co-
variation of all these PAHSs in the MR-1 core strongly implies common combustion sources.
Dibenzofuran (X1X) has been frequently used as an indicator of higher plant input (Fenton et
al., 2007; Nabbefeld et al., 2010c). However, its depth profile in the MR-1 core largely
resembled those of the combustion markers (Fig. 8b). Benzo[ghi]perylene is typically
assigned to a pryogenic origin (Blumer and Youngblood, 1975; Killops and Massoud, 1992),
but it has in some cases shown similar sedimentary distributions to perylene (Jiang et al.,
1998), implying additional sources of this PAH. In the MR-1 core additional terrigenous
sources of benzo[ghi]perylene are also likely, particularly in the lower interval.

In contrast to the majority of ‘parent’ PAHs, perylene has a diagenetic origin and is
most likely derived from quinone pigments in wood degrading fungi and therefore
presumably linked to terrigenous input (Grice et al., 2009; Jiang et al., 2000; Suzuki et al.,
2010). Its covariance with chroman abundances (Fig. 8b) may be indicative of a common
terrestrial control, pointing towards enhanced terrigenous OM input via riverine inflow in the
lower interval (Tulipani et al., 2014a). This would also be consistent with the corresponding

slight increase of C/N ratios (Fig. 6).
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Further evidence for terrigenous input came from palynological analyses which were
performed at core depths between 27.3-29.2 m as well as 38.0-41.7 m (Fig. 1). All of these
sediments except the two samples from the organic lean interval (38.0 and 40.1 m) contained
comminuted plant debris and plant microfossils, predominantly from the key taxon
Geminospora lemurata Balme 1962. Whilst these microfossils may be derived from
lycopods, a potential origin from progymnosperms has also been suggested due to the
resemblance of G. lemurata spores to the progymnosperm microspores Archaeopteris sp.cf.
A. jacksonii Dawson 1862 (Balme, 1995). These were common in coastal floral communities
throughout the world during the Middle to early Late Devonian (Balme, 1995). Most samples
from 40.4 to 41.7 m (within the lower interval) furthermore contained resin bodies whilst
samples between 27.3 to 29.2 m (within the upper interval) often comprised some woody

tissue.

4.9  Significance of the present study in the context of other Late Devonian settings in
the Canning Basin and globally

In this study we describe significant palaeoenvironmental changes at the location of
McWhae Ridge in the Canning Basin between the time periods (i) around the G-F boundary
and (ii) later in the Frasnian, with the first representing a distinct time interval of biotic crisis.
Depth profiles of redox indicators (Pr/Ph, Css homohopane index, relative abundance of
28,30-DNH) as well as abundances of intact Cs0 Chlorobi-carotenoids (Fig. 3) consistently
reflect anoxic and photic zone euxinic conditions around the G-F boundary (lower core
interval) and a more oxygenated setting later in the Frasnian (upper core interval). This is
further corroborated by changes in indicators for water-column stratification and salinity such
as the gammacerane index, chroman ratio, 8Dkerogen and 8*®Ocarbonates (Fig. 3), which indicate

(1) a well-mixed water-column later in the Frasnian and (ii) the presence of a stratified water-
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column with a freshwater-lens overlying more saline bottom waters near the G-F boundary.
Excursions in 83C profiles of carbonates, OM and biomarkers in the lower interval (Fig. 7)
indicate enhanced recycling of OM in the anoxic sediments/lower water column by sulfate
reducing bacteria. These palaeoenvironmental changes also led to distinct algal and bacterial
communities at the different time intervals, which are reflected in alterations of steroid and
hopanoid distributions, particularly the enhanced abundance of 3- and 4-methyl-24
ethylcholestanes in the lower core interval (Figs. 8a and 9). Furthermore, the simultaneous
increase of perylene abundance and chroman ratios in the lower interval (Fig. 8b) suggests
terrigenous input, in particular riverine freshwater incursions, which led to the higher nutrient
input and development of phytoplankton blooms and associated anoxia/euxinia (Tulipani et

al. 2014a).
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Figure 9: Ternary diagram of regular C27 — Cog steranes in the MR-1 core. Red diamonds
represent samples from a depth > 40.1 m (referred to as lower interval in the text) deposited
under anoxic and euxinic conditions and a stagnant, stratified water-column. Blue diamonds
represent samples > 40.1 m (referred to as middle and upper interval) presumably deposited
under more oxic conditions.

The local scenario around the G-F boundary described here is representative of many

marine palaeoenvironments throughout the Middle to Late Devonian since the evolution of
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landplants (the first forests of woody plants appeared in the Givetian) is associated with
major perturbations in biogeochemical cycling, leading to the development of anoxia and
eutrophication in the oceans (e.g. Algeo et al., 1995, 2001; Algeo and Scheckler, 2010;
Sliwinski et al., 2011; Tuite and Macko, 2013). Marine anoxia has been reported in many
locations particularly at the most severe F-F extinction event (e.g. Joachimski and Buggisch,
1993; Bond et al., 2004; Algeo and Scheckler, 2010; Tuite and Macko, 2013) but also earlier
in the Frasnian and Givetian (e.g. House, 2002; Maslen et al., 2009; Sliwinski et al., 2011;
Melendez et al., 2013a, 2013b) and has therefore been considered a potential driver for the
extinctions. However, in the Canning Basin there is no sedimentological evidence for anoxia
at the F-F boundary although the reef systems were severely affected by the extinction event
(Becker et al., 1991; George and Chow, 2002; Nothdurft et al., 2004; George et al., 2014).
Instead there have been some reports of anoxic or suboxic conditions as well as photic zone
euxinia (Maslen et al., 2009; Playford et al., 2009; Melendez et al., 2013a, 2013b) earlier in
the Frasnian and Givetian. The present study describes in detail an exemplary setting in the
Canning Basin with prevailing anoxia and photic zone euxinia and relates these conditions to
terrigenous nutrient input in a distinct time interval around the G-F boundary. The more
oxygenated and well mixed watercolumn later in the Frasnian seems consistent with the
studies by Becker et al. [1991]; George and Chow [2002] and George et al. [2014], which all
report a lack of anoxic facies in the Canning Basin at the F-F boundary. However, the time
period of the Latest Frasnian is not covered here due to the low OM content in the

corresponding core section.

5. Conclusions and outlook

Organic geochemical characterisation has demonstrated the highly unusual preservation

of organic matter in the Gogo Formation of the Canning Basin, including presumably one of

34



the oldest examples of original C/N preservation. This preservation is enhanced by
exceptionally low thermal maturity that is evident in elemental and molecular maturity
parameters, and largely unaltered biomarker distributions which included unsaturated
hopenes and sterenes.

Furthermore, the organic geochemical data from the Late Givetian-Frasnian core
facilitated a detailed reconstruction of the palaeoenvironment over this time period. We found
evidence for a distinct time interval of elevated biotic stress, in particular for reef-building
organisms and associated fauna, close to or at the G-F boundary, which may represent a local
or global extinction event. The palaeoenvironment was characterised by persistent water-
column stratification, freshwater incursions, widespread anoxia and enhanced sulfate
reduction resulting in the development of persistent anoxia and PZE in the hypolimnion.
Elevated concentrations of perylene and MTTCs in sediments from this time interval point
towards enhanced terrigenous nutrient input contributing to phytoplankton blooms. The latter
commonly represent an important factor in the development of anoxia and PZE, particularly
in such a stratified palaeoenvironment. In contrast, sediments deposited later in the Frasnian
were presumably laid down under more oxic conditions and a largely well-mixed water-
column without particular indications of biotic stress. The abundance of combustion derived
PAHSs, particularly in the younger sediments, may be indicative of wildfires.

The present study adds to our knowledge of paleoenvironmental conditions associated
with the Late Devonian extinctions and might be useful to reconstruct global events if our
data can be correlated with other datasets. Furthermore, the correlation of anoxia and PZE
with markers of terrigenous input suggests a link between the Middle to Late Devonian
extinction events and the rise of higher plants. Our data combined with some previous studies
indicate that PZE likely was a significant factor in Middle to Late Devonian extinction

events.
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Supplementary material

Experimental

If not indicated otherwise, all analyses were performed in the laboratory of WA-OIGC
at Curtin University. All glassware used was annealed at 550 °C for 1 hour and procedural
blanks were run regularly. Most of the methods have been described in Tulipani et al. (2014),

but summaries of these are also included below.

Sample collection, preparation and extraction

The core was collected without any drilling fluids or lubricants using a small portable
drilling rig. Samples were cut with a rocksaw (diamond crystal edge with carbon steel centre)
and pre-extracted in methanol and dichloromethane (DCM) in an ultrasonic bath to remove
any potential surface contamination. Samples were ground in a stainless-steel rock-mill and
Soxhlet extracted with DCM/methanol 9:1 v/v for 48 hours. Activated copper turnings were
used for the removal of elemental sulfur. The extracts were further separated by silica gel-
column chromatography using solvents with an increasing polarity. Aliphatic and aromatic
fractions were eluted in hexane/DCM 5:1 vl/v, respectively. Samples for palynological
analyses were not identical to the larger samples for biomarker, elemental and isotope

analysis and represented small chips taken throughout the core.

Gas-chromatography-mass spectrometry (GC-MS)

The analyses were performed on an Agilent 5973 Mass-Selective Detector (MSD)
interfaced to an Agilent 6890 gas chromatograph (GC) fitted with an autosampler, utilizing a
DB-5MS capillary column (60 m x 0.25 mm 1.D.,0.25 um film thickness; J & W scientific).
The GC-oven was typically heated up 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. Samples were injected into a split/splitless injector at 320 °C in a pulsed-
splitless mode. The carrier gas (helium) flow rate was kept constant at 1.1 mL/min. Full scan
(50 - 550 Daltons) at 70 eV mass spectra and selected ion monitoring (SIM) spectra (used for
quantification of aromatic compounds) were typically acquired with an electron multiplier
voltage of 1800 V and a source temperature of 230 °C. ChemStation Data Analysis software
was used for data acquisition and processing. Perylene, palaeorenieratane and isorenieratane

were identified by comparison of retention times and mass spectra with authentic standards.

1



For semi-quantitative analyses without consideration of response factors the aromatic
fractions were spiked with a known amount of perdeuterated terphenyl (d*4).

Multiple reaction monitoring (MRM) GC-MS

The analyses were performed at MIT on a Micromass Autospec Ultima mass
spectrometer interfaced to an Agilent 6890 N gas chromatograph fitted with an autosampler
and a DB-5MS capillary column (60 mx0.25 mm L[.D.; 0.25 pum film thickness; J&W
Scientific). The carrier gas (helium) flow rate was kept constant at 2 mL/min. 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 electron
impact (El, 70 eV) mode at 250 °C, with 8 kV accelerating voltage. Data were acquired and
processed using MassLynx 4.0 (Micromass Ltd.) software. Identification of compounds was
achieved by comparison with a synthetic mixture of oils (AGSO standard) that contains most
common hopanes and steranes. Semi quantitative analyses were achieved by spiking the
samples with a known amount of perdeuterated (d*) 24-ethylcholestane. The transitions of
precursor-product reactions used to monitor the compounds relevant for this study are
included in Figs. 2, 3, and 5.

Compound specific-stable isotope analysis

A Micromass IsoPrime mass-spectrometer interfaced to an Agilent 6890N GC fitted
with an autosampler was utilized with GC- column, carrier gas, injector conditions and oven
temperature programs identical to the settings for GC-MS analysis. The interface for the
conversion of analytes to CO and H»O consisted of a quartz tube packed with CuO-pellets (4
mm x 0.5 mm, isotope grade, Elemental Microanalysis LTD.) and was maintained at 850 °C.
H>O was removed cryogenically at -100 °C. Isotopic compositions were determined by
integration of the m/z 44, 45 and 46 ion currents of CO2 peaks from each analyte and reported
relative to CO; reference gas pulses of known *C-content. Isotopic values are given in the
delta (8) notation relative to VPDB. For data acquisition and processing MassLynx
(Micromass Ltd.) was used. Each sample was analysed at least in duplicate and all reported
values had standard deviations < 0.5 %.. TO ensure accuracy, in-house standard solutions
containing n-alkanes with a known isotopic composition were analysed after every second

sample.



Elemental analysis

Elemental analysis (C, N, S) was performed in the laboratory of the Institute of
Geoscience, Kiel University. Prior to analysis, fractions of the ground samples were
decarbonated with hydrochloric acid (5%), washed, dried and homogenized. The carbonate
content [wt. %] was calculated based on weight differences before and after decarbonation.
The reported values for TOC %, TN % and TS % have also been corrected for these weight
differences. Analyses were performed on a VARIO EL-I1I elemental analyser. About every

second sample was analysed in duplicate or triplicate to ensure reproducibility.

Rock Eval analysis

Rock Eval analysis was performed in the laboratory of the Institute of Geoscience, Kiel
University on fractions of the decarbonated samples (previous section) using a VINCI Rock

Eval 2 instrument.

013C and 680 of carbonates

3'3C and 580 of carbonates were measured in the laboratory of the School of Plant
Biology at the University of Western Australia by continuous flow (CF) analysis using a
GasBench 11 coupled with a Delta XL Mass Spectrometer (Thermo-Fisher Scientific) after
the method described in Paul and Skrzypek (2007). In brief, carbonates in the powdered
samples were digested by addition of anhydrous ortho-phosphoric acid in a helium
atmosphere. The generated CO> was trapped, purified and diverted to the irMS. Isotope

values were reported in the delta (8) notation relative to VPDB.

013C of organic carbon

513C of organic carbon was measured in the laboratory of the School of Plant Biology
at the University of Western Australia. Residues left after Soxhlet extraction were treated
with ~7M hydrochloric acid to remove carbonates, washed, dried and homogenized. §**C
analyses were subsequently performed on a continuous flow (CF) system consisting of a
Delta V Plus mass spectrometer connected to a Thermo Flush 1112 via Conflo IV (Thermo-
Fisher Scientific) after the method described in Skrzypek and Paul (2006). The combustion
and oxidation temperatures were 1700-1800 °C, the reduction temperature 650 °C. Results

were reported in the delta (5) notation relative to VPDB.



0%4S of pyrite

534S of total reducable inorganic sulfur (TRIS, basically pyrite) was measured at the
Geochemistry & Isotope Geochemistry Group, Marine Geology Department, Leibniz-
Institute for Baltic Sea Research in a fraction of the sample residue after Soxhlet-extraction.
Instrumentation and methods have been described in Tulipani et al. (2014). In brief, TRIS
was extracted from the sample by treatment with hot acidic chromium (I1) chloride (Fossing &
Jorgensen, 1989) and the generated H>S was precipitated as ZnS and subsequently converted
to AgS.. 3*S/°2S ratios were measured by combustion - isotope ratio mass spectrometry (C-
irMS) on 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 8-notation relative to V-CDT (Vienna Cafion Diablo Troilite).

oD of kerogen

oD of kerogen was measured at the Department of Geological Sciences, Indiana
University. Kerogens were isolated from the extracted residue by decarbonation with ~7M
hydrochloric acid and a subsequent treatment with 25 % hydrofluoric acid to remove silicates
and other hydrogen-bearing inorganic phases. Heavy minerals such as acid-insoluble sulfides,
titanium oxides and zircon were removed from the kerogen by density separation using
aqueous zinc bromide solution (~2.4 g/mL). Zinc bromide was subsequently removed by
washing with slightly acidified water. Samples were freeze dried and extracted ultrasonically
in DCM for 2 hours to remove any bitumen previously trapped in the mineral matrix. After
washing with DCM, drying and homogenization the kerogens were weighed into silver
capsules for 6D analysis.

dD analyses of the kerogens were performed according to the method described by
Sauer et al. (2009). To account for exchangeable hydrogen, aliquots of the kerogens (2
replicates each) were equilibrated in two different water vapours with known 8D values at
115 °C for at least 6 h prior to analysis. 6D analyses were performed using a Thermo
Finnigan thermal conversion elemental analyser (TC/EA) coupled to a Thermo Finnigan
Delta Plus XP isotope ratio mass spectrometer which was operated in continuous-flow mode.
The contents of exchangeable hydrogen were determined using mass balance equations and

the measured 6D values were corrected accordingly (Schimmelmann et al., 1999, 2006).



Palynological analyses

Palynological analyses were performed at Geoscience Australia Kerogens were
examined with standard palynological techniques (Wood et al. 1996). Unoxidised, unfiltered,
kerogen slides were prepared, and when required the kerogen was oxidised and filtered

(10um) to produce strew slides examined in this study.
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Figure S1: Structures referred to in the text.
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Data included in figures

Table S1: Data included in Fig. 3.

Depth o CasHHI 2830DNH/  Isor.  Palaeoren, Monoaryl isopr. [ug/g TOC] 5245, Gammacerane triMeMTTC/  8Derogen  5*Ocan.
[m] [%] CsoH [ng/g TOC] [ug/g TOC] Cu Cis Coo [%o] index total MTTCs [%o VSMOW] [%0 VPDB]
27.3 *2.99 1.05 0.01 0.00 *0.00 0.39 0.12 0.03 -24.4 *0.05 *0.79 -109 -4.0
28.1 *2.47 2.04 0.02 0.00 *0.00 0.09 0.03 0.01 n.d *0.08 *0.83 n.d -4.2
29.0 *1.47 2.03 0.02 0.00 *0.00 0.53 0.11 0.04 -11.9 *0.11 *0.89 n.d -3.4
29.7 *1.61 n.d n.d 0.00 *0.00 0.21 0.08 0.02 -13.6 n.d *0.88 -115 -3.1
299 *1.76 1.70 0.02 0.00 *0.01 0.28 0.09 0.02 n.d *0.18 *0.88 -121 n.d
30.7 *1.45 1.75 0.04 0.00 *0.00 0.49 0.14 0.04 n.d *0.05 *0.91 -118 n.d
30.9 *1.31 2.14 0.04 0.00 *0.00 1.27 0.28 0.07 -12.6 *0.16 *0.89 -126 -3.5
319 *1.26 2.61 0.04 0.00 *0.03 0.30 0.15 0.04 -16.7 *0.27 *0.91 -113 -3.6
32.8 *1.17 2.66 0.07 0.00 *0.00 0.01 0.08 0.03 -16.5 *0.43 *0.91 -109 -2.7
33.0 *1.29 253 0.05 0.00 *0.00 0.01 0.11 0.03 n.d *0.06 *0.91 -117 n.d
33.2 *0.99 3.36 0.07 0.03 *0.02 0.00 0.03 0.04 -16.5 *0.43 *0.93 -121 -3.1
334 *1.00 3.57 0.04 0.00 *0.00 0.00 0.01 0.00 -19.6 *0.24 n.d n.d -3.3
346 nd n.d n.d n.d n.d n.d n.d n.d -16.0 n.d n.d n.d -4.4
37.8 *0.32 2.67 0.03 0.00 *0.00 0.00 0.00 0.00 -16.2 *0.14 n.d n.d -4.0
40.2 *0.39 2.64 0.08 0.00 *0.06 0.02 0.22 0.18 *-24.0 *0.55 *0.95 n.d -5.2
40.3 *0.41 4.36 0.05 0.58 *2.34 4.18 2.19 1.14 *-13.8 *1.71 *0.95 n.d -5.4
40.5 *0.51 n.d. n.d. 0.37 *1.66 2.49 2.11 0.90 n.d n.d *0.94 n.d n.d
40.7 *0.51 3.01 0.04 0.13 *0.50 1.42 1.19 0.49 *-11.9 *1.24 *0.94 -130 -2.8
41.2 *0.48 2.65 0.07 0.25 *1.24 6.62 4.01 1.23 *-15.0 *1.37 *0.95 n.d -5.2
419 *1.00 2.17 0.05 0.02 *0.11 0.19 0.38 0.11 *-19.1 *0.75 *0.93 n.d -3.4

* published in Tulipani et al. (2014).
n.d. = not determined
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Table S2: §*3C values of the compounds included in Fig. 4 in %o vs. VPDB. “Ci” stands for monoaryl isoprenoids with the carbon number “i”.

Depth Peak1l Peak2 Peak3 Peak4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 Peak 10 Peak 11
[m] Cis Cis Cis Cio see Fig.4 SeeFig. 4 ? ? see Fig.4 seeFig.4 palaeorenieratane

40.2 n.d. n.d. n.d. -15.1 -17.8 -20.8 -17.7 -17.0 n.d. n.d. n.d.
40.3 n.d. n.d. -21.7 -16.8 -18.4 -20.1 -17.0 -16.0 n.d. n.d. *-15.3
40.7 -17.2 -16.4 -19.6 -18.6 -16.7 -19.2 -17.9 -17.4 -15.5 -15.9 *.15.4
41.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
41.9 -19.4 -17.9 -21.2 -19.6 -16.7 -18.9 -17.4 -18.4 n.d. n.d. *-15.1

* published in Tulipani et al. (2014).

n.d. = not determined

Table S3: Data included in Fig. 6.

Depth [m] TOC [wt. %] TOCo,r [wt. %] Carbonates [wt. %] TNorg [Wt.%] TS [wt. %] C/N[molar] HI[mg HC/g TOC] OIl[mg CO2/g TOC]
27.3 0.3 0.7 9.1 0.02 0.3 12.3 70 102
28.1 0.3 1.1 23.7 0.02 0.8 12.3 72 108
29.0 0.5 1.8 15.8 0.02 1.3 19.9 115 35
29.7 0.5 2.1 12.5 0.03 1.6 16.3 124 71
29.9 0.5 2.1 14.7 0.03 1.6 15.8 101 51
30.7 0.6 2.0 11.9 0.03 1.5 15.9 105 42
30.9 0.8 2.8 12.4 0.04 2.0 17.8 166 32
31.9 0.4 1.65 31.8 0.02 1.26 20.4 131 48
32.8 0.5 2.0 12.4 0.03 1.5 15.7 107 46
33.0 0.5 2.3 135 0.03 1.8 15.6 128 57
33.2 0.5 2.0 12.8 0.03 1.5 14.9 116 44
33.4 0.1 1.0 65.9 0.00 0.9 28.1 82 82
34.6 0.0 0.2 86.2 0.00 0.2 7.8 38 200
37.8 0.0 0.7 70.3 0.00 0.6 5.9 n.d. n.d.
40.2 *0.0 0.5 *62.6 0.00 0.5 16.8 n.d. n.d.
40.3 *0.3 1.0 *68.1 0.01 0.7 17.9 252 39
40.5 *0.9 2.4 *15.2 0.05 1.5 16.8 223 28
40.7 *0.8 2.7 *10.5 0.04 1.9 16.8 211 42
41.2 *0.7 2.1 *32.2 0.04 1.4 18.0 264 32
41.9 *0.7 2.4 *13.3 0.04 1.6 17.6 169 52

* published in in Tulipani et al. (2014).

n.d. = not determined
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Table S4: §*3C values [%. VPDB] included in Fig. 7 (+ standard deviation of at least 2 replicates).

Short-chain n-alkanes

Long-chain n-alkanes

5a 20R steranes

Depth [m] Carb. oM Phytane Cz1-BB hopane
Cis Cio Ca Cas Co7 Cao Ca7 C29

27.3 1.00 -29.74 -31.4+0.4 -323+0.3 -324+0.4 -32.3+0.2 -30.9+0.2 -31.7+0.4 n.d. -33.0+0.0 n.d. -30.5 +0.3
28.1 0.67 -29.88 -32.2+0.4 -33.3+0.4 -33.0+0.4 -32.5+0.4 -32.0+0.5 -32.0+x0.4 n.d. n.d. n.d. -31.1 +0.1
29.0 1.56 -28.25 -28.8+0.2 -29.7+0.1 -30.1+0.1 -289+0.1 -289+0.1 -29.1+0.1 -31.7+x0.4 -30.0+0.1 -29.0%+0.2 -28.1+0.4
29.7 1.56 -28.19 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

30.9 1.15 -28.40 -29.7+0.3 -30.3+0.0 -30.6 0.2 -29.6 t0.0 -30.0+0.3 -29.4+0.1 -31.2+0.3 -29.8+0.0 -29.8+0.3 -28.1+0.0
31.9 1.42 -27.83 -29.8+0.1 -31.7+0.3 -31.3+0.4 -30.3+0.3 -30.7+0.3 -30.0+0.3 -31.7 0.2 -28.7+0.3 -30.3+0.4 -28.4+0.3
32.8 1.60 -28.56 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

33.2 1.90 -28.30 n.d. -31.7+0.3 -31.9+0.2 -30.7 £0.2 -30.6 £0.2 n.d. -32.0 0.0 -30.2 +0.3 -28.9 +0.1
33.4 1.18 -27.23 -28.3+0.4 -299+0.3 -28.3%0.1 -28.0+0.1 -27.8+0.1 -27.9+0.1 -31.4+0.0 -29.6 0.2 -29.5+0.2 -26.6£0.4
34.6 3.40 -24.24 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

37.8 3.16 -25.04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

40.2 0.11 -28.97 -31.1+0.3 -32.6+0.3 -33.3+0.3 -32.4+0.1 -325+0.3 -31.5+#0.3 -33.50.0 -32.1+0.1 -31.5+0.4 -29.310.0
40.3 -3.01 -2959 -32.0+0.4 -325+0.20 -32.6+0.3 -32.6 0.1 -33.11+0.4 n.d. -33.6 +0.2 -32.8+0.4 -31.0+0.2 -30.1+0.0
40.7 0.65 -28.69 -31.5+0.1 -31.8+04 -32.8+0.1 -32.0+0.1 -31.8+0.3 -30.9+0.4 2-329+04 -309+0.0 -30.7+0.1 n.d.

41.2 -1.63 -29.01 -31.5+0.4 -32.7+0.1 -33.1+0.1 -329+0.1 -33.0#0.3 n.d. a-32.6+0.0 -32.8+0.2 -32.0+0.3 -30.0%0.3
41.9 0.05 -29.21 -31.4+0.1 n.d. n.d. -33.4+0.3 -335+0.4 -31.7+0.2 P339+04 -324+0.3 -325+0.2 -30.5#0.2

a from Tulipani et al (2013).
b from Tulipani et al (2014).

n.d. = not determined
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Table S5: Data included in Fig. 8.

Depth Steranes/ CsoMethylst./Ca7.20 StS 5o propylichol/ Pristane/  Phytane/ Concentration pg/g TOC
[m] ~ hopanes 35 Me 4a-Me 4p-Me  N-Propyichol. n-Cur n-Cis  perylene YMTTCs BaPy BePyr Bpery Cor DBF
27.3 0.20 0.00 0.01 0.00 0.28 0.51 0.16 *0.13 1.83 0.33 0.54 0.96 0.66 0.24
28.1 0.39 0.04 0.02 0.01 0.17 0.77 0.37 *0.02 2.12 0.04 0.06 0.03 0.01 0.01
29.0 0.84 0.07 0.03 0.01 0.11 1.38 0.97 *0.07 7.99 0.12 0.13 0.09 0.05 0.14
29.7 n.d. n.d. n.d. n.d. n.d. 1.66 1.15 *0.03 3.60 0.03 0.03 0.01 0.00 0.01
29.9 0.76 0.03 0.02 0.01 0.10 1.61 0.95 *0.02 4.04 0.03 0.03 0.02 0.01 0.02
30.7 0.88 0.05 0.03 0.01 0.12 1.86 1.30 *0.05 10.35 0.10 0.11 0.16 0.07 0.17
30.9 1.27 0.06 0.03 0.01 0.13 1.67 1.46 *0.05 12.99 0.07 0.09 0.34 0.14 0.34
31.9 1.44 0.06 0.02 0.01 0.10 2.63 2.15 *0.16 12.20 n.d. n.d. n.d. n.d. n.d.
32.8 2.47 0.06 0.02 0.01 0.11 2.04 1.61 *0.23 11.56 0.21 0.36 0.60 0.14 0.07
33.0 2.69 0.04 0.02 0.01 0.14 1.82 1.53 *0.23 12.26 0.27 0.36 0.71 0.15 0.08
33.2 3.86 0.05 0.02 0.01 0.12 2.21 2.02 *0.21 10.12 0.23 0.33 0.17 0.04 0.01
33.4 2.37 0.00 0.01 0.00 0.14 0.66 0.94 *0.02 0.45 0.02 0.04 0.02 0.01 0.00
34.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
37.8 0.49 0.00 0.00 0.00 0.20 0.16 0.66 *0.00 n.d. 0.00 0.01 0.00 0.00 0.00
40.2 4.94 0.08 0.07 0.03 0.13 1.75 4.54 *0.14 6.75 0.03 0.05 0.00 0.00 0.00
40.3 6.36 0.15 0.21 0.07 0.15 3.13 9.35 *1.06 38.54 0.17 0.19 1.08 0.39 0.23
40.5 n.d. n.d. n.d. n.d. n.d. 4.01 6.99 *0.92 22.42 0.17 0.17 0.90 0.14 0.22
40.7 4.62 0.12 0.34 0.06 0.13 3.09 5.87 *0.54 14.29 0.10 0.11 0.28 0.04 0.09
41.2 2.17 0.10 0.24 0.04 0.20 5.07 11.12 *0.42 21.19 0.07 0.08 0.27 0.03 0.20
41.9 1.17 0.04 0.11 0.02 0.13 3.21 3.67 *0.04 2.68 0.01 0.01 0.01 0.00 0.00

* published in Tulipani et al. (2014).
n.d. = not determined

15



Table S6: Data included in Fig. 9. Peak areas were inferred from suitable transitions of metastable reaction monitoring-gas chromatography-
mass spectrometry (MRM-GC-MS).

Peak areas
Depth [m] >cholestanes ) ?24-methylcholestanes ) 24-ethylcholestanes

27.3 378495 124937 678755
28.1 1993635 707340 3861990
29.0 10189203 3458112 17904085
29.7 n.d. n.d. n.d.
29.9 5618845 2099182 10484379
30.7 8955227 3410066 17844243
30.9 20036199 7667875 35901309
31.9 9733470 3956699 20775005
32.8 11028498 4975431 22450442
33.0 24274101 11377345 48922215
33.2 30561811 14750194 64474802
33.4 1022704 417535 2507036
34.6 n.d. n.d. n.d.
37.8 326084 102564 511516
40.2 5677128 2771224 9992119
40.3 51521847 25616683 82671752
40.5 n.d. n.d. n.d.
40.7 15859006 7138781 19431634
41.2 10344653 4529279 13476443
41.9 2382601 1215802 4162140

n.d. = not determined
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