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dary event at 252.2 Ma marks the largest extinction of marine fauna in the
Phanerozoic and there is a wide consensus that the extinction coincided with an intense oceanic anoxic event.
The stratotype of the Changhsingian Stage, precisely constrained by the PTBGlobal Stratotype Section and Point
(GSSP) and the GSSP for the Wuchiapingian–Changhsingian Boundary, both at Meishan in southern China, is
well-documented in respect to geochronology and the pattern of extinction. Here we report secular trends in
bulk isotopic parameters and lipid biomarkers in a core spanning 214m of stratigraphic section across the PTB
and through the entire Changhsingian interval. Our analysis of these data, viewed in the context of relative sea
level change and strontium isotopes, reveals distinct shifts in paleoenvironmental conditions and profound
changes in plankton ecology well before and following the biological extinction event. Specifically, patterns
of steroids and triterpenoids indicate a marine plankton community that was heavily dominated by bacteria
during the late Wuchiapingian, middle Changhsingian and early Griesbachian stages. Secular trends in
aromatic hydrocarbons diagnostic for anoxygenic green sulphur bacteria (Chlorobiaceae) identify periods
when euxinic conditions extended into the photic zone during the entire Changhsingian stage. Here also, the
δ15N of organic nitrogenprogressively shifted frompositive values around+2or+3‰ to−1‰ coincidentwith a
sharp negative excursion in δ13Corg and slightly postdating the sharp minimum in δ13C values of inorganic
carbon that occurs at the top of Bed 24. These results, together the published chronology indicate that
conditions unfavourable for aerobiosis existed in the marine photic zone at Meishan for 1.5 million years prior
to the main phase of the biological extinction. The induction of marine euxinic conditions, worldwide, at the
end of the Permian was likely a consequence of the aggregation of Pangea and the uplift, weathering and
transport of nutrients to the ocean well in advance of the PTB. The protracted and widespread nature of the
ensuing oceanic anoxic event suggests a causal association with the mass extinction.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The Permian–Triassic Boundary (PTB) event culminated at 252.2Ma
with the largest extinction of marine fauna in the Phanerozoic (Raup
and Sepkoski, 1982; Erwin, 2006). The pattern of extinction at the
MeishanD sectionwith the PTB and Changhsingian-base GSSPs in south
China (Yin et al., 2001; Jin et al., 2006), where there are robust
geochronological constraints (Bowring et al., 1998; Mundil et al., 2004;
Crowley et al., 2006), has been especially well documented (Jin et al.,
2000). Further, themain extinction beginning at the base of Bed 25 took
place abruptly and, possibly, in as little as 100 kyr (Bowring et al.,1999).
Thepaleontologicalmanifestationof theend-Permianmass extinction is
also well known for being accompanied by geochemical evidence for a
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significant disturbance to ocean chemistry (Holser, 1977). Studies of
marine PTB sections worldwide have provided many illustrations of
the extinction, marked co-eval negative shifts in the carbon isotopic
compositions of carbonates and organic carbon, as well as anomalies in
the isotopic compositions of sulfur species (Holser et al., 1989; Faure
et al.,1995; Foster et al.,1997; Cao et al., 2002; Sephton et al., 2002; Korte
et al., 2004; Newton et al., 2004; Payne et al., 2004; Grice et al., 2005a,b;
Berner, 2006; Riccardi et al., 2006; Algeo et al., 2007). At Meishan, δ13C
values for both carbonate and organic carbon show sharp negative
spikes coincident with the abrupt faunal change. This study was
undertaken to examine the trends in molecular fossils that might
provide insight into the biogeochemical processes that accompanied the
mass extinction at Meishan.

1.1. Factors underlying the PTB event

There is no consensus on the underlying cause(s) of the PTB event
(Benton, 2003; Erwin, 2006). A scenario favoured by many is that the
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extinction resulted from oceanic and atmospheric disturbances
triggered by the eruption of the Siberian flood basalts (Campbell
et al., 1992; Kamo et al., 1996; Bowring et al., 1998; Benton, 2003;
Kamo et al., 2003; Visscher et al., 2004; Knoll et al., 2007a). In one
well-documented variant of this idea, volatiles from the intense
volcanism (Visscher et al., 2004) destabilised terrestrial ecosystem
leading to unprecedented rates of soil erosion and the transport of
the plant debris to the ocean (Visscher et al., 2004; Sephton et al.,
2005; Wang and Visscher, 2007). Another scenario, the overturn of a
stagnant or anoxic ocean (Isozaki, 1995; Knoll et al., 1996;Wignall and
Twitchett, 1996; Isozaki, 1997), is consistent with the concurrence of
geochemical anomalies and the selective aspects of mass extinction
(Valentine and Jablonski, 1986; Knoll et al., 2007a). C-cycle modelling
(Berner, 2006; Payne and Kump, 2007) appears to confirm that
multiple factors must be responsible for the magnitude and duration
of 13C-anomalies.

Various geological, geochemical, paleoceanographic and biological
processes have been explored in an effort to test the linkages between
perturbed ocean chemistry, mass extinction and subsequent radiation
of organisms. A promising approach towards addressing the problem
of the PTB has been to document the physiological attributes of
particularly vulnerable and surviving taxa e.g. (Knoll et al., 1996,
2007a). Other researchers (Kump et al., 2005; Riccardi et al., 2006)
have specifically proposed that sulfide escaping to the atmosphere
during shoaling of the chemocline of a euxinic oceanwould provide an
effective killing mechanism on land as well as in the marine realm.
Regional and global biostratigraphic and chemostratigraphic correla-
tion (Erwin, 1994, 2006) and dramatic improvements in the measure-
ments of the rates of change through isotope geochronology (Bowring
et al.,1998;Mundil et al., 2004; Crowley et al., 2006) can help constrain
the possiblemechanisms behind these geochemical perturbations and
their biological consequences.

1.2. Biomarkers as paleoenvironmental and paleobiological indicators at
the PTB

Time series of changes in biomarkers provide a window onto the
plankton successions and geomicrobiological processes which accom-
pany C- and S-isotopic excursions (Grice et al., 2005a; Sephton et al.,
2005; Watson et al., 2005; Xie et al., 2005; Hays et al., 2007; Knoll
et al., 2007b; Wang and Visscher, 2007; Wang, 2007). Molecular
fossils, in the form of recalcitrant hydrocarbon skeletons of biogenic
compounds, are preserved in sedimentary rocks of low to moderate
metamorphic grade over geologic time. These biomarkers, which are
largely derived from membranes and photosynthetic pigments, and
biosynthesised via highly conserved pathways, are modified post
mortem according to known diagenetic processes and convey, with
varying degrees of specificity, information about the identities and
physiologies of their source organisms (Brassell et al., 1983; Ourisson
et al., 1987; Brocks and Summons, 2003; Peters et al., 2004).

Biomarker studies of PTB sediments reveal a diversity of biogeo-
chemical evidence fordramatic events. Sephton andothers, for example,
have measured trends in δ13C of sedimentary carbonate and leaf wax-
derived n-alkanes and abundances of oxygen-containing aromatic
compounds in Permian sedimentary strata from northern Italy that
suggest an end-Permian terrestrial ecosystem collapse and transport of
this soil-derived organic matter to the ocean (Sephton et al., 2002;
Sephton et al., 2005; Watson et al., 2005). Similar aromatic abundance
data has been reported in an expanded section from Eastern Greenland
(Fenton et al., 2007)where samples from the pre-collapse interval in this
section were characterised by high abundances of dibenzofuran (DBF),
dibenzothiophene (DBT) and biphenyl thought to be derived from
phenolic compounds of lignin from defunct woody plants. Enhanced
sedimentation of soil-derived organics was also recently reported in a
study of outcrop samples from Beds 24–26 and 29–31 of the Meishan
section where the distributions and isotopic compositions of hopanoid
triterpanes (Wang, 2007) were invoked as evidence. Enrichment in the
contents of dibenzofurans and lignin-derived alkyl phenols has also
been reported for Meishan (Wang and Visscher, 2007). Bacterial
biomarker anomalies at Meishan, specifically two episodes of enhance-
ment in the abundances of 2-methylhopanoids, which potentially reflect
cyanobacterial productivity (Summons et al., 1999), were reported by
bothWang and Xie (Xie et al., 2005, 2007;Wang, 2007). These occurred
in Beds 26 and 34 following themain documented extinction horizon at
the base of Bed 25 at Meishan.

Prime examples of taxonomically and physiologically diagnostic
biomarkers are the aromatic carotenoids produced abundantly by
the green and purple sulfur bacteria. Isorenieratene and chlorobactene
are two distinctive aromatic carotenoid pigments essential to light-
harvesting by the brown and green strains of green sulfur bacteria
(Chlorobiaceae) respectively. The Chlorobiaceae biosynthesise pig-
ments with a 2,3,6-trimethyl aromatic substitution pattern and utilise
the reversed TCA cycle for carbon assimilation leading to their
biochemicals being enriched in 13C compared to those produced by
most other phototrophs (Summons and Powell, 1986; Hartgers et al.,
1993; Grice et al., 1996, 1997). Further, these compounds are well
preserved as the molecular fossils isorenieratane and chlorobactane,
together with their derivative aryl isoprenoids (Koopmans et al., 1996;
Sinninghe Damsté et al., 2001; Brocks and Summons, 2003).

Chlorobiaceae are strictly anaerobic, obligate phototrophs using
mainly H2S as an electron donor for photosynthesis; as plankton, they
aboundwhere euxinic conditions extend into the photic zone such as in
the modern-day Black Sea (Overmann et al., 1992). Furthermore, the
presence of environmental sulfide promotes their initial preservation
as organo-sulfur compounds (OSC) which ultimately become reduced
to the more stable hydrocarbons that have been used extensively as
paleoenvironmental indicators of photic zone euxinia (PZE) (Summons
and Powell, 1986; Summons and Powell, 1987; Hartgers et al., 1993;
Grice et al., 1996; Koopmans et al., 1996; Pancost et al., 2002).
Chlorobiaceae biomarkers have been shown to be present in PTB
sediments from the Perth Basin, Meishan (Grice et al., 2005a) and in a
section in the Peace River Basin (Hays et al., 2007).

In most PTB biomarker studies conducted to date, emphasis has
been placed on events near to the main extinction horizon and its
aftermath and this has been particularly enlightening in respect to
documenting the ‘soil crisis’ and phytoplankton transitions (Sephton
et al., 2005; Xie et al., 2005; Fenton et al., 2007; Wang and Visscher,
2007; Wang, 2007). However, few biomarker investigations have
sought to unravel events occurring on longer timescales, especially in
respect to examining paleoenvironmental conditions presaging the
extinction. Accordingly, when samples became available as part of the
Meishan Drilling Project, we undertook a detailed investigation of
trends in biomarker and isotopic lipids through 214 m of section
covering the late Wuchiapingian through Dienerian stages in the
Lungtan, Changxing, Yinkeng and Helongshan formations.

2. The Meishan Drilling Project

The PTB succession exposed in quarries at Meishan, South China
(Fig. 1), has been the focus of more than twenty years of detailed
research into the paleontology and geochemistry of themass extinction
(Jin et al., 2000; Yin et al., 2001; Cao et al., 2002). Nevertheless, there
remains a considerable amount of ambiguous and conflicting data
that, in part, reflects the exposure of these rocks to intense surface
weathering. In order to obtain a complete succession of rock samples
unaffected by atmospheric exposure and free from outcrop contamina-
tion, a drilling projectwas instigated by the Nanjing Institute of Geology
and Paleontology under the leadership of the late Professor Jin Yugan.
Two cores, drilled at a site 550 m to the west of the Meishan Section D,
afforded the best possible geochemical record of the environmental
evolution at the GSSP, not only for the Permian–Triassic transition, but
also for the entire Changhsingian Stage and post-extinction Induan



Fig. 1. A geological map of the Meishan locality and the site of the Meishan-1 core.
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Stage of Early Triassic. Details of the samples and analytical methods are
provided as supplementary online material.

3. Results and discussion

3.1. Isotopic data

Bulk geochemical parameters for the samples analysed in this study
are plotted in the context of stratigraphic and lithologic relationships
and relative sea-level (Fig. 2) (Zhang et al., 1996). The δ13Ccarb data
(Fig. 2B) reported here are mostly those collected in the outcrop of
Section D prior to drilling (Cao et al., 2002). A total of 371 samples span
158mof section from thebottomof the PermianChangxing Fm. through
the Triassic Helongshan Fm. Of these, 94 samples were from just 1.28 m
of section across the Permian–Triassic boundary interval comprising
Beds 24 to 27. This carefully conducted, high density sampling reveals
that aminimumδ13Ccarb value of−3.23‰ is encounteredonlyonce at the
topmost unit of Bed 24e just below the “boundary ash clay” of Bed 25
and not in Beds 26 and 27 and previously reported (Xu and Yan, 1993).

Some black sediment samples were collected for comparison of
δ13Ccarb in selected horizons in the Changxing Fm. (Fig. 2B) and have
more positive values. Considering the trends in δ13Ccarb in the
Changhsingian stage from other sites, such as the Shangsi Section,
where these more negative values are not encountered, this strongly
suggests that these samples are diagenetically altered. Additional
negative δ13Ccarb values measured in the basal part of Changxing Fm.
are either in, or near, the calcite veins. They too likely contain
diagenetically-altered carbonate.

The TOC and the organic carbon, nitrogen and strontium isotopic
data shown in Fig. 2 are all from theMeishan-1 core. A number of clear
and informative trends can be discerned. The very sharp negative
excursion δ13Ccarb (Fig. 2B) culminates at the top of Bed 24 while the
δ13Corg values reach theirminimum at the top of Bed 26 (Fig. 2C). Thus,
the δ13Corg minimum postdates the δ13Ccarb minimum and the signals
do not co-vary as one would expect from a carbon cycle operating in
steady state. If not due to factors reflecting C-cycle dynamics, the offset
and large variability in δ13Corg values might be a reflection of the
mixing of some organic matter sources of different isotopic composi-
tions. An overall drift to slightly more negative values in δ13Ccarb
(ca.1‰) and δ13Corg (ca. 2‰) can be discerned over the entire sampled
section. The δ13Ccarb data show two negative excursions corresponding
to themaximumflooding surfaces through the intervals of Beds 34–35,
Beds 21–22 and Beds 11–13 which are quite subtle. The major
excursion extends from Bed 24 and continues through Bed 37, with
the sharp spike at the top of Bed 24. In contrast to these progressive
‘excursions’ we observe much larger and apparently chaotic bed-to-
bed variation in the δ13Corg values. This is most readily explained by
mixing of organic components of differing δ13Corg compositions and
possibly comprising end-member marine and weathered terrestrial
components as described previously (Cao et al., 2002). A similar
phenomenon can be seen in the organic carbon isotopic trends of the
PTB sections of the Perth, Carnarvon and Bonaparte Basins of Western
Australia (Gorter et al., 1995; Foster et al., 1997, 1998). A terrestrial
component may include recently defunct plant-derived biomass from
breakdown of terrestrial productivity (Sephton et al., 2005) but would
most likely be dominated by weathered and re-worked fossil carbon
including coal fragments (Faure et al., 1995; Foster et al., 1997).

Seawater 87Sr/86Sr values reflect a balance of radiogenic strontium
inputs from both continental silicate weathering and the hydrother-
mal circulation at mid oceanic ridges (Palmer and Edmond,1993). It is
a useful proxy for tracking tectonic evolution (Veizer and Compston,
1976) and for Late Permian stratigraphic correlations worldwide
(Faure et al., 1995; McArthur et al., 2001; Wang et al., 2007). The
values of 87Sr/86Sr in Meishan carbonates (Fig. 2D) generally parallel



Fig. 2. Stratigraphy and lithology of the Meishan-1 core plotted together with a relative sea-level curve for the Changhsingian and basal Griesbachian stages. With the exception of δ13Ccarb, which is a compilation of previously reported outcrop
data and the Meishan core data (Cao et al., 2002), values of bulk geochemical parameters are for the samples measured in this study.

191
C.Cao

et
al./

Earth
and

Planetary
Science

Letters
281

(2009)
188

–201



Fig. 3. Values of hydrocarbon-derived geochemical parameters diagnostic for water column and sedimentary redox conditions plotted against the Meishan-1 core stratigraphy. Pristane/phytane (Pr/Ph) data were calculated from the total ion
currents of full scan GC-MS data. The C35HHI (%), which is the abundance of C35 hopane 22S + 22R isomers as a percentage of the summed C31–35 homohopanes, and the abundance of 28,30-dinorhopane (28,30-DNH/ 28,30-DNH + C30 αβ-
hopane ⁎100) datawere derived from GC-MS data run inMRMmode. The absolute abundances of isorenieratane and aryl isoprenoids, normalised to total organic carbon contents, were derived from GC-MS SIM data using an internal standard
and calculated response factors.
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the background seawater values suggested by McArthur et al. (2001)
with values near 0.7072 for the Changhsingian stage and moving to
more positive values around 0.7075 in lower Triassic strata. This
accords with earlier findings (Faure et al., 1995; Korte et al., 2003,
2006). A small decrease in the claystone Beds 6–7 suggest volcanic
input to the oceanwhile the progressive increase evident from Bed 15
onwards indicates a strong dominance of continental detritus during
the latest Permian regression. Overall, the long-term trends in carbon
and strontium isotopes are consistent with an extended period of
enhanced weathering of both silicates and organic matter with
the coincidence of strong opposing trends in 87Sr/86Sr and δ13Ccarb
(Fig. 2B) starting at Bed 23 being particularly profound.

The trend in δ15N of organic matter is also informative. Positive
values of δ15Norg (Fig. 2E) in the Lungtan Fm. reflect a normal and
complex trophic structure and N-cycling through nitrate and are typical
of values recorded for organic nitrogen formed in the modern ocean
(Altabet and Francois,1994). There is a progressive decrease through the
Changhsingian stage and the positive values of the Permian then give
way to zero and negative values at the top of Bed 24. Negative δ15Norg

persist into the Early Triassic Yinkeng Fm. although low contents of
organic matter precluded δ15Norg measurements above Bed 37. As
with other Mesozoic Oceanic Anoxic Events (OAEs), a trend to zero
and negative values of δ15Norg is widely thought to reflect ecological
disturbance and a nitrogen cycle with reduced involvement of oxidised
species (nitrate andnitrite) and increased nitrogenfixation (Altabet and
Francois,1994). Based on strong correlationswith increased abundances
of hopanoid hydrocarbons, these ‘light’ nitrogen isotopic data are
hypothesised to signal significantly enhanced cyanobacterial N-fixation
(Kuypers et al., 2004; Dumitrescu and Brassell, 2006; Ohkouchi et al.,
2006).

3.2. Redox-sensitive biomarkers

The patterns of biomarker trends in theMeishan-1 core indicate that
biogeochemical changes that presaged the PTB extinction were both
profoundandprolonged. Trends in biomarker hydrocarbons (Fig. 3) that
are considereddiagnostic forwater columnredoxconditions, suchas the
ratio of pristane to phytane (Pr/Ph), C35 homohopane index (C35HHI)
and relative abundance of 28,30-dinorhopane (28,30-DNH), are
empirically linked to organic matter deposited in marine environments
under strongly reducing conditions (Peters et al., 2004). However, these
indices also reflect a complex interplay of diagenetic conditions, specific
source inputs and sediment maturity that vary somewhat indepen-
dently. As reported previously (Wang et al., 2005) a protracted interval
with persistently low Pr/Ph (b1) values in the Changxing Fm. givesway
to onewith largefluctuations at and above Bed25. The very lowTOCand
extract yield of samples from the Helongshan Formation precluded
exact Pr/Phmeasurements in this unit. However, in the Changxing Fm.,
the low Pr/Ph values are directly correlated with other parameters
diagnostic of reducing and sulfidic conditions. The C35HHI (Fig. 3B)
records selective preservation of the intact C35 carbon skeleton of
bacteriohopanepolyols under highly reducing conditions (Köster et al.,
1997). The elevated (N5%) values of this parameter correlate well
with low Pr/Ph ratios (Fig. 3A) and show that strongly reducing
conditions persisted in the sediments from the top of the Lungtan Fm.
and throughout the entire Changxing Fm. The relative abundance of
28,30-DNH as reflected by the value of the 28,30-DNH/C30-hopane
index shows somewhat higher values atmaximum flooding (cf. Figs. 2A
and 3C). Although the specific source of 28,30-DNH remains unknown,
and the index is dependent onmaturity and sediment lithology (Brincat
and Abbott, 2001), its values in the range 0.5 to 2% suggests the entire
cored section represents a reducing sedimentary environment (Seifert
et al., 1978; Grantham et al., 1980; Schoell et al., 1992).

In contrast to the redox proxies basedon acyclic isoprenoids (Pr/Ph)
and bacteriohopanes (28, 30-DNH and C35HHI), whose origins are
multiple and complex, the aromatic carotenoid-derived biomarkers are
very well established indicators for the physiological requirements
(i.e. sunlight and H2S) of the green sulphur bacteria (Summons and
Powell, 1987; Brocks and Summons, 2003) and have previously been
detected in the boundary section at Meishan (Grice et al., 2005a) and
other oceanic anoxic events (Pancost et al., 2004; Ohkouchi et al., 2006;
van Breugel et al., 2006). Isorenieratane and C14–27 aryl isoprenoids are
present in theMeishan core samples through the entire section (Fig. 3D
and E) from the Wuchiapingian Lungtan Fm., where they are in
relatively low abundances, throughout the Changhsingian and Gries-
bachian stages. Notably, highest absolute abundances of isorenieratane
(N5 ppm TOC) and the C14–C27 aryl isoprenoids, and presumably the
most persistent euxinic episodes, occur in zones encompassing
Beds 11–15 – well in advance of the main extinction horizon and at
Beds24–25. Aryl isoprenoids thenpersist into the Triassic until the early
Dienerian. The sediments encountered in the Meishan core alternate
between shelf, slope and basinal environments and the Chlorobium
biomarkers (Fig. 3D and E) are present at all stages of eustatic sea-level
variation with maxima during the highstands (Fig. 2A). Modelling
studies (Meyer et al., 2008) suggest that there would be spatial and
secular variability in the intensity of shoaling of sulfidic waters into the
photic zone and that this will be governed by bathymetry, nutrient
fluxes and numerous other factors. Overall, PZE must have existed
locally in the Eastern Tethys Ocean, at least intermittently, from
c.254 Ma (Bowring et al., 1998) until ~251.4 Ma (Galfetti et al., 2007).

The biomarker data gathered from the Meishan sediments shows
that the processes leading to euxinic conditions were protracted and
persistent. This is consistent with sedimentological, paleontological and
geochemical evidence for a widespread ‘superanoxic’ event (Isozaki,
1995; Wignall and Twitchett, 2002). Nevertheless, there are sections
such as the carbonate reef sections at Ziyun and Laolongdong in South
China and the Jiangyema section in Tibet that contain abundant benthic
faunas not indicative of anoxic conditions in the Changhsingian and
Wuchiapingian. Evidently, local topography and geography conferred
variability in how anoxic/euxinic conditions affected shallow water
environments.

3.3. Biomarkers indicative of the microbial community structure

Fig. 4 compares the distributions of a range of biomarkers that are
often associated with specific taxonomic or physiological categories of
microbes (Peters et al., 2004) The hopane/sterane ratio (H/S; Fig. 4A), a
generalised proxy for the relative contributions of bacterial versus
eukaryotic biomass shows exceedingly high values, throughout the
entire section, compared to typical Phanerozoic values (0.5 to 2). In
particular, thepeaks inhopane/sterane in the Changxing (H/S=31) and
Yinkeng(H/S=70) formationspoint to anoceandominated bybacterial
biomass and more resembling conditions recorded in Mesoproterozoic
basins (Brocks et al., 2005). The proportions of steranes are also
diagnostic for variability in the types of photosynthetic eukaryotes
contributing organic matter to the sediments (Volkman,1986; Volkman
et al.,1998; Peters et al., 2004). In themarine realm, the proportion of C27
steranes (Fig. 4B) is generally higher than in non-marine environments
and records variation in the balance of red over green algal communities.
Low values can also be suggestive of significant inputs of vascular plant
debris. This could be the case for samples from the Permian section
where they are accompanied by elevated abundances of other plant-
derived organic compound such as dibenzofurans (data not shown).
A comparison of theC27/C27–30 sterane ratiowith the lithologies and sea-
level curves of different orders suggests that an increase in the ratio,
indicating a higher proportion of marine algal biomass, parallels the
transitional phases of the 3rd-order sea-level (Haq et al., 1988; Zhang
et al.,1996) in theChanghsingian stage. Here, theC27/C27–30 sterane ratio
shows similar trends to the relative abundance of gammacerane
(Fig. 4C). Tetrahymanol, the precursor of gammacerane, is known to
be produced by both purple non-sulfur bacteria and bacterivorous
marine ciliates (Ten Haven et al., 1989; Kleemann et al., 1990;



Fig. 4. Values of hydrocarbon-derived geochemical parameters diagnostic for components of the plankton communities plotted against the Meishan-1 core stratigraphy. All datawere derived from GC-MS data collected inMRMmode using an
internal standard for quantification. However, peak areas were not corrected for the different response factors of individual hydrocarbons. A: hopane/sterane ratio was calculated from the abundances of 19 isomers of the C27–35 hopanes and
themain 24 isomers of the C27–30 steranes. B and C: The % C⁎ steranewere calculated fromC⁎ Sterane abundance of diasteranes 20(R+S) and aaa plus abb (R+S) fromC27 to C30. D: Gamma/C30Hwas the ratio of gammacerane to C30αβ-hopane
and E and F: 3β- and 2α-methylhopane indices were calculated from the percentage abundance of the C31 methylhopane relative to sum of C31 methylhopane and C30 αβ-hopane.
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Harvey and McManus, 1991). Increased concentrations of its precursor,
tetrahymanol, at the chemocline of stratified water columns appears
to support a predominant origin from non-photosynthetic organisms,
that is, ciliatedprotozoa that grazeonalgaeandbacteria (Wakehamet al.,
2007). In the late PermianH/S, C27/C27–30 sterane and gammacerane/
C30 hopane ratios peak together with the redox indicators C35HHI,
28,30-DNH and aryl isoprenoids through Beds 10–14 of the Changx-
ing Formation identifying this as a period where stratification and
euxinia were most stable. In contrast, the values of most biomarker
proxies fluctuate dramatically through the main extinction zone
(Beds 22–26) and its immediate aftermath (Beds 27–35).

Increases in the proportion of C28 steranes (Fig. 4C) can record the
relative importance of the chlorophyll C-containing plankton (dino-
flagellates, diatoms and coccolithophorids); this is particularly evident
in long timescale datasets when they rise to prominence during
the Cenozoic (Knoll et al., 2007b). Here at Meishan, the proportion of
C28 steranes is slightly elevated in Wuchiapingian, but significantly
higher in the Griesbachian and Dienerian where values reach 25%,
almost double the Changhsingian average. Although these sediments
pre-date the middle Triassic dinoflagellate radiation, the traces of
dinosteranes in these sediments record a presence of dinoflagellates
around the PTB at Meishan. However, the abundances of dinosteranes
are too low to discern any secular or paleoenvironmental trends. It is
more likely that the overt increase in the C28 sterane signal through the
Griesbachian records proliferation of prasinophytes in response to
nitrate-N depletion and, possibly, other aspects of peturbed water
column chemistry as observed elsewhere in the aftermath of OAEs
(Prauss, 2007). Members of the Chlorodendrales, the most derived
prasinophyte lineage, generally have a strong predominance of C28

sterols (Kodner et al., 2008).
It is also during this interval that carbonate deposition practically

ceased and gave way to the clastic sedimentation recorded by the
Yinkeng Fm. At the base of the Griesbachian stage, we observe the
existence of conditions favourable for deposition of organic matter-
rich and pyritic black shales during the basal Triassic transgressive
phase (Fig. 2F). Very similar conditions are recorded in other basins at
this time (Wignall and Twitchett, 2002) and, in the case of the Perth
Basin, coincide with the development of thin intervals of petroleum-
prone source rocks (Grice et al., 2005b). The co-eval and rapid
fluctuations all the biomarker signals suggests an unstable and rapidly
changing microbial community throughout the post-extinction flood-
ing event (Fig. 2A).

Methylhopanes can be particularly useful for discerning specific
bacterial physiologies (Talbot and Farrimond, 2007). As far as is known,
3β-methylbacteriohopanepolyols (3-MeBHP), precursors of 3β-methyl-
hopanes, are derived from aerobic proteobacteria comprisingmethano-
trophs and acetic acid bacteria (Rohmer et al.,1984; Zundel and Rohmer,
1985a,b). This is consistent with the prevalence of 3-MeBHP in
environmental samples where methane-cycling is a significant biogeo-
chemical process and observation of abundant 3β-methylhopanes
in alkaline saline lakes (Collister et al., 1992; Talbot et al., 2003;
Farrimond et al., 2004; Talbot and Farrimond, 2007). The abundances of
both 2- and 3-methyl hopanes are generally measured relative to
their non-methylated hopane equivalents using the 2-methylhopane
index 2-MeHI (Summons et al.,1999) and analogous 3-MeHI. Values for
the 3-MeHI at Meishan (Fig. 4E) are very high (1.6N3-MeHIb7) and
elevated relative to values (1–3) typical of marine petroleum source
rocks (Farrimond et al., 2004). Values of 3-MeHI (Fig. 4E) are highest
in Beds 5–7 and Beds 15–18. However, there seems to be no direct
relationship between high values for the 3-MeHI and the negative
trends in δ13Corg and δ13Ccarb suggesting that methane oxidation may
be coupled to active methanogenesis associated with organic matter
decay in a strongly oxygen- and sulfate-depleted environment, rather
than being tied to any catastrophic release (Weidlich et al., 2003).

The 2-MeHI was originally proposed as a proxy for cyanobacterial
input to sedimentary organic matter based on a combination of ob-
servations of the hopanoid contents for cultured organisms, natural
environmental samples and the pattern of 2-methylhopane variations
in the geological record (Summons et al., 1999; Kuypers et al., 2004;
Knoll et al., 2007b; Sinninghe Damsté et al., 2008). Although
alternative sources of 2-methylhopanoids are known, and specifically
in a purple non-sulfur bacterium Rhodopseudomonas palustris (Rashby
et al., 2007) and some other typically non-marine soil bacteria
(Bisseret et al., 1985), these do not account for the patterns seen at
Meishan or elsewhere in marine rocks and oils (Knoll et al., 2007b).
Although tolerant of low concentrations of sulfide (Imhoff, 2006),
R. palustris are not favoured by the euxinic conditions present at
Meishan. Furthermore, R. palustris produces an abundance of methy-
lated triterpenoids of the gammacerane type (Bravo et al., 2001;
Rashby et al., 2007) which, so far, have not been reported in geological
samples. Values of 2-MeHI (Fig. 4F) vary within a tight range from 5–7%
formost of the late Permian section atMeishan. Dramaticfluctuations in
the index are first seen at the PTB extinction horizon at Beds 24–25
as reported earlier (Xie et al., 2005) and continue during the Yinkeng
Fm. In contrast to the earlier report, however, data from the Meishan-1
core show that the enhancement of the 2-MeHI occurs with numerous
maxima with the highest being in Bed 37 (2-MeHI=32.6).

The data for δ15Norg (Fig. 2C) have their lowest values through Beds
24–37, the same interval as fluctuating 2-MeHI. This is consistent with
the episodic loss of N-cycling through nitrate and, when this happens,
a switch to N-fixing cyanobacterial primary producers (Dumitrescu
and Brassell, 2006; Ohkouchi et al., 2006). At maximum flooding in
the basal Triassic, we postulate a shoaling chemocline with greater
utilization of newly fixed nitrogen and 15N-depleted ammonium
(Junium, 2007). The highest values in the H/S ratio (Fig. 4A) also occur
here. Following the boundary event, in the interval of low δ15Norg,
rapid fluctuations in redox (Pr/Ph) and repeated episodes of euxinia
are evident as shown by the patterns of aryl isoprenoids (Fig. 3D and
E). Therefore, we questionwhether there is a robust coupling between
the 2-MeHI index and faunal extinction that was reported earlier (Xie
et al., 2005). Rather, the fluctuating value for this parameter is likely
yet another reflection of the instability of the Griesbachian microbial
communities depicted in Figs. 2–5. Proliferation of various kinds of
bacteria, including nitrogen-fixing cyanobacteria, and consequent
elevation in the 2-MeHI index in the Griesbachian shales (Fig. 6C),
was almost certainly a response to the paucity of nitrate in the
water column following the extended euxinic conditions of the Late
Permian.

3.4. Biomarker parameters influenced by maturity and lithology

The most enigmatic trends in the biomarkers of the Meishan-1
core occur in the ratios of compounds whose distributions depend on
a combination of maturity, lithology and source (Figs. 5 and 6). The
maturity of organic matter in samples from the Meishan-1 core is
most reliably reflected in the ratio of the 22S/22S+22R for C31
homohopanes (Fig. 5D). This parameter is an expression of isomer-
ization at C-22 of the hopane side-chain and a stable end-point (~58–
60%) is reached before the main phase of petroleum generation
(Peters et al., 2004). The Meishan-1 values between 54 and 59% are
highly consistent. Coupled to the range of the 20S/20S+20R epimer
ratio of the C27 steranes (45–50%), which measures a comparable
isomerization, these suggest the entire sediment column is uniformly
in the earliest stages of the ‘oil window’.

The ratio of βα-hopanes (moretanes) to αβ-hopanes involves a
more difficult isomerization in the hopane ring system and takes place
at higher maturities than side-chain the side-chain epimerizations
discussed above. When organic matter is immature for oil generation,
with vitrinite reflectance values below 0.6–0.7, the ratio βα/αβ+ βα
of C30-hopanes does not correlate with depth of burial and does not
approach an end-point until the main phase of petroleum generation
(Seifert and Moldowan, 1980; Grantham, 1986). Therefore, in the



Fig. 5. Values of hydrocarbon-derived geochemical parameters diagnostic for thermal maturity and/or lithology plotted against the Meishan-1 core stratigraphy. All ratios were calculated from GC-MS data collected in the MRM mode. The
individual ratios are as defined in the column headings.
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Fig. 6. Cross-correlations of various source andmaturity parameters for the Meishan-1 core. Samples are color-coded according to age and lithology. The data display both strong and
weak correlations indicative of the complex interplay between biomarker lipid sources and lithologies reflecting different styles of sedimentary diagenesis.
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Meishan samples the ratio βα/αβ+ βα C30-hopanes is a reflection of
diagenetic conditions. Thus the step down in βα/αβ+βα C30-hopanes
near the top of the Lungtan Fm., and the step up again at the base of
the Yinkeng Fm., are evidence of rapid transitions in paleoenviron-
ment, organic matter source and diagenetic conditions.

During catagenesis, the abundance of the less stable C27 17α-
trisnorhopane (Tm or 17α-22,29,30-trisnorhopane) decreases relative
to themore stable C27 18α-trisnorneohopane (Ts) isomer as a function
of burial depth (Seifert and Moldowan, 1978; Peters et al., 2004).
However, the Ts/(Ts+Tm) ratio, like the relative abundance of
moretanes, is also profoundly influenced by paleoenvironment and
organic matter sources at low-moderate levels of thermal maturity
(Moldowan et al., 1986). The Ts/(Ts+Tm) ratio is, therefore, most
useful as a maturity indicator when samples are mature and of a
common organofacies. The Ts/(Ts+Tm) ratio can also be a powerful
indicator of changing environmental conditions and source biota, that
is, organic matter inputs and sediment lithologies, as appears to be
the case with the Meishan-1 core. Interestingly, the highest values of
Ts/(Ts+Tm) are seen in the carbonate-dominated Permian section
from the upper Lungtan Fm. and through most of the Changxing Fm.
(Fig. 5A). Further, low values in the shale below 180 m in the Lungtan
Fm. coincide with high values for βα/αβ+ βα C30-hopanes (Fig. 5B),
as would be expected if maturity was the dominant control. This
phenomenon is further illustrated in the cross-plot of Fig. 6B.
However, for a sediment column that has only experienced relatively
shallow burial, andwhich shows no evidence of volcanic intrusion, the
presence of an apparent ‘mature’ interval sandwiched between two
‘less mature’ ones is difficult to rationalise.

Anomalies in hopanoid maturity parameters for the Changxing
and Yinkeng formations, and specifically the enhanced presence of
βα-hopanes at Meishan have been noted previously (Wang, 2007; Xie
et al., 2007) and attributed to input of terrestrial organic matter.
However, these studies were conducted on outcrop samples and did
not include detailed examination of the Lungtan Formation. Our data
provide little support for this and, instead, suggest a more complex
and long-lived scenario. Enhancement of βα-hopane abundances
occurs in the Wuchiapingian and again at the PTB. High βα-hopane
abundances occur more or less continuously starting from Bed 25 and
show a more complex character with multiple maxima between Bed
26 and Bed 39. Some of the differences among studies might reflect
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local variation in organicmatter inputs and differences in preservation
between core and outcrop samples. Regardless, the observed
‘anomalous’ behaviour of hopanoid maturity parameters, specifically
the βα/βα+αβ-hopane and Ts/Ts+Tm ratios are best accounted
for by secular change in diagenetic conditions. For example, Xie et al.
(2007) suggested that the moretane anomaly could be a signal of
increased terrestrial plant inputs resulting from enhanced continental
weathering. This infers an origin of moretane from the array of C30

triterpenoids from ferns and, possibly, other primitive plants (Tsuzuki
et al., 2001). However, the elevated moretane/hopane ratio is almost
as high in the extended (C31+) hopane series as it is in the C29 and C30

compounds (data not shown). In sampleswith very high βα/βα +αβ-
hopane ratio, we observe a comparable elevation in the βα-isomers of
the 2α-methylhopanes and the 3β-methylhopanes and their C32+
pseudohomologues. Thus, the ‘moretane anomaly’ is reflected in all
three forms (desmethyl, 2-methyl and 3-methyl) of the extended
hopanes and must, therefore, be a result of diagenetic conditions
conducive to enhanced preservation of all βα-hopanoids.

4. Synthesis and conclusions

The biomarker and isotopic data gathered from Meishan-1 core
point to a pattern of ecological disturbance and profound biogeo-
chemical change that significantly predates the faunal transition
marking the Permian Triassic boundary. Overt changes in biomarker
distributions correspond to distinct lithological transitions toward the
top of the Lungtan Fm. and, again, at the base of the Yinkeng Fm.
Organicmatter below 180m in the core (Lungtan Fm.) is characterized
by a predominance of C29 regular steranes, high hopane/sterane ratios
and elevated relative abundances of βα-hopanes. Organic carbon and
nitrogen isotopic values in this section record their highest values of
−23.4 and+3.5‰ respectively. It appears feasible that, at this time of
predominantly clastic sedimentation, the organicmatterwas ofmostly
marine origin together with some thermally mature terrestrial debris.
Alternatively, the data are also consistent with predominantly
authochthous inputs from a marine microbial community dominated
by different kinds of bacteria.

A transition to carbonate deposition is recorded at ~10mbelow the
top of the Lungtan Formation at Meishan-1 core at 180 m and this
continues throughout the Changxing Formation. These sediments
were deposited under a continuously and intensely anoxic and euxinic
water column as shown by the redox-sensitive proxies of low Pr/Ph
ratios combinedwith elevated C35HHI. Elevated sulfide concentrations
existed in the photic zone as shown by the continuous presence of
arylisoprenoids with highest concentrations recorded in Beds 11–14
of the Changhsingian stage. Importantly, the Chlorobium pigment
derivatives are accompanied by a gradual and progressive drop in the
δ15N and δ13C values of organicmatter. A subtle negative excursion can
be seen in the δ13Ccarb synchronously with the occurrence of elevated
aryl isoprenoids and sea-level maximum through Beds 11–14.

The most profound biogeochemical changes become evident near
to the main extinction horizon at Beds 24–25 where relative sea-level
drops to a minimum and biomarkers provide evidence for intense
euxinia. Strontium isotopes suggest a rapid intensification of weath-
ering that is also marked by rapidly declining δ13C values of carbonate
carbon including the sharp spike at the point of maximum faunal
change. It is herewe also seen the first ‘spike’ in 2-MeHI, aminimum in
δ15Norg andmany other changes in sterane and triterpane abundances.
The following interval of shale deposition in the Yinkeng Formation is
marked by rapid and dramatic fluctuations in most of the biomarker
proxies measured. Evidently, the microbial community and composi-
tion of sedimentary organic matter were seeing extreme fluctuations
with enhanced cyanobacterial primary productivity accompanied by
profound anomalies triterpane stereoisomers. Peaks in the H/S ratio
and the gammacerane/hopane ratio provide evidence for periods of
heightened bacterial productivity and water-column stratification.
Anomalous transitions in the βα/βα+ αβ ratios of C29–30 hopanes,
extended hopanes and methylhopanes point are not likely due to
differences in thermal maturity, or a signal for collapse of the
terrestrial ecosystem and allochthonous inputs of soil but, rather, a
reflection of significant variability in the pathways of organic matter
diagenesis. Some of these changes have been recognised previously
and have been reported to occur as two distinct phases (Xie et al.,
2005, 2007). However, our data, including the δ13Ccarb (Fig. 3B),
δ13Corg (Fig. 3C), 2-methylhopane index (Fig. 4F) and Chlorobium
abundance (Fig. 3E) provide support for not just two, but for multiple
episodes of enhanced bacterial productivity in the Early Triassic. Seen
in the light of the extended record provided by theMeishan-1 core, the
faunal turnover itself was presaged by long period of euxinic
conditions beginning in the Wuchiapingian and continuing through
the Changhsingian stage. Conditions unfavourable for O2-respiring
organismsdid not appear suddenly but persisted for severalmillions of
years prior to the extinction. Viewed alongside the pattern of taxon
loss at Meishan (Jin et al., 2000) it can be seen that the gradual and
continual loss in faunal diversity in the Changxing Fm., culminating
in a sudden collapse in Beds 24–25, closely follows the pattern of
biogeochemical change evident from the various biomarker and
isotopic proxies. These factors must be taken into account when
considering the agents responsible for such a pattern of biological
change.

Numerous OAE's are in evidence in the geological record of the
Phanerozoic. These are best documented in the Mesozoic Eon and
often marked by negative C-isotopic excursions (Kump, 1991)
although some are better known for the positive direction in δ13C
of inorganic carbon in high TOC shales as seen at the Toarcian and
Frasnian–Famennian events (Hesselbo et al., 2000; Joachimski et al.,
2001). One of the recurring themes that has attracted attention is the
co-occurrence of high abundances of Chlorobium biomarkers, cyano-
bacterial 2-methylhopanoids and abnormally light values of δ15Norg

that have been interpreted as disruption of the N-cycle induced by
euxinia. OAE's are further characterized by both transient (Kuypers
et al., 2001) and long term (Falkowski et al., 2004; Falkowski and
Knoll, 2007; Knoll et al., 2007b) changes in plankton communities
pointing to the link between nitrogen budgets and plankton evolution
and succession (Fennel et al., 2005). As the data shown in Figs. 2 and 4
suggest, cyanobacterial primary productivitywas episodically enhanced
after the faunal turnover, as evidenced by extreme fluctuations in
the 2-methylhopane index and the zero to negative values in δ15Norg

data (Kuypers et al., 2004; Dumitrescu and Brassell, 2006). This
could, therefore, be seen as a consequence of events leading up to
the extinction and not necessarily a causal phenomenon. Instead,
looking to events preceding the main phase of biological extinction,
the evidence gathered in this study suggests the inception of euxinic
conditions most likely has a geological underpinning in the final
aggregation of Pangea with its associated volcanic, tectonic, climatic
and continental weathering processes (Faure et al., 1995), combined
with oceans predisposed to sluggish circulation patterns, instigating
a super-anoxic episode lasting for millions of years (Isozaki, 1995,
2003).
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