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The Early Triassic, following the end-Permianmass extinction, was an interval of severe low diversity. Increasing
amounts of evidence demonstrate that variable environmental stresses were widespread and intense after the
end-Permian mass extinction. Here we report biomarkers from lowest Triassic to lower Middle Triassic strata
in South China (Qingyan and Chaohu sections), including biomarkers for environmental stress (2-methyl hopane
index) and eukaryotic algae (steranes and C21 n-alkylbenzene ratio). Using the 2-methyl hopane index, we
detected the persistence of environmental stress during most of the Early Triassic. Using steranes and the C21
n-alkylbenzene ratio, we found a gradual increase in the biomass of eukaryotic algae during the Early to early
Middle Triassic. A decrease in environmental stress in the Qingyan section (Leidapo Member) during the early
Middle Triassic was synchronous with the “explosion” of the Qingyan Biota, which is characterized by a high
abundance and diversity of invertebrate marine animals. Because the environmental stresses revealed by the
2-methyl hopane index encompass various factors (e.g., pH and temperature), we cannot identify the exact
stresses at that time; however, our results reflect the amelioration of harsh environments for life during the
interval of complete biotic recovery.
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1. Introduction

The end-Permian mass extinction at 252.17 Ma (Shen et al., 2011)
was the greatest known mass-extinction event on Earth. The Early Tri-
assic, immediately following the event, has been the primary focus of
studies of the interactions between environmental stresses and biota.
A number of studies have reported hostile conditions for life during
the Early Triassic, including global warming (Joachimski et al., 2012;
Sun et al., 2012), massive terrigenous detrital input stress caused by
enhanced soil erosion (Algeo and Twitchett, 2010; Zhao et al., 2012),
oceanic anoxia (e.g., Wignall and Hallam, 1992; Isozaki, 1997; Tian
et al., 2014a), unstable carbon–sulfur cycles (Song et al., 2014), loading
of toxic metals (Grasby et al., 2015), hypercapnia (Knoll et al., 1996;
Tian et al., 2014b), oceanic acidification (Claphamet al., 2013),worldwide
depletion of stratospheric ozone (Kump et al., 2005), and unusual oceanic
chemistry (Abdolmaleki and Tavakoli, 2016).

These deleterious conditions for life probably suppressed the full bi-
otic recovery from the end-Permianmass extinction andwere similar to
conditions during the Precambrian. The sedimentary response to these
conditions was remarkable during the Early Triassic, as the Lower
iho@m.tohoku.ac.jp (K. Kaiho).
Triassic sedimentary record is characterized by low bioturbation,
microbialites, giant ooids, sea-floor fan precipitates, and wrinkle struc-
tures, all of which are characteristic of the Precambrian–Cambrian
ocean (Schubert and Bottjer, 1992; Woods et al., 1999; Pruss and
Bottjer, 2004; Pruss et al., 2005; Knoll et al., 2007; Chen et al., 2011,
2014; Chen and Benton, 2012; Li et al., 2013, 2015; Tian et al., 2015a,
2015b). These sedimentary responses indicate that during the Early Tri-
assic the ocean conditions returned to those of the Precambrian.

Paleoenvironmental stresses (e.g., temperature, pH, and osmotic
stress) can be measured by lipid biomarker analysis. The 2-methyl
hopane index (2-MHI), which has been a widely used cyanobacterial
proxy based on biomarkers (Summons et al., 1999; Xie et al., 2005,
2010; Knoll et al., 2007: Cao et al., 2009), has recently been updated
by molecular biological studies (Kulkarni et al., 2013; Ricci et al., 2014,
2015; Wu et al., 2015). The revised 2-MHI index is a proxy of
paleoenvironmental stress (Kulkarni et al., 2013; Ricci et al., 2014,
2015; Wu et al., 2015). It has been inferred that the Precambrian
ocean was a stressful environment for life because the 2-MHI values
for this time interval (N10) are higher than those for the Phanerozoic,
except for certain intervals (Knoll et al., 2007).

For eukaryotic algae, the Early Triassic was also a time of lowest
diversity. Falkowski et al. (2004) suggested that the transition from
green algal to red algal lineages occurred during the Early Triassic, prob-
ably triggered by the end-Permian mass extinction. In addition, an algal
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gap at the beginning of the Early Triassic (Sun et al., 2012) indicates that
cyanobacteria were the dominant primary producers in Early Triassic
seas. However, the distribution of eukaryotic algae during the Early Tri-
assic has yet to be investigated in detail.

To reconstruct the history of environmental stresses and eukaryotic
algae during the Early to early Middle Triassic, we collected samples
from the Chaohu and Qingyan sections in South China (Fig. 1) for lipid
biomarker analysis.
2. Geological and stratigraphical settings

Two South China sections (Chaohu and Qingyan) were examined
(Fig. 1). The Lower Triassic successions exposed in theNorth Pindingshan,
West Pindingshan, and South Majiashan sections of the Chaohu area
(Anhui Province, southern China) were sampled. During the Early Trias-
sic, southern China was located in the low-latitude eastern Paleotethys
Ocean. The Early Triassic depositional environments recorded in Chaohu
varied from distal offshore ramp to shore face, to marginal seas (Chen
et al., 2011). High-resolution correlation of conodont zones from the
Lower Triassic units (Tong et al., 2003) made it possible to integrate the
successions into a composite lithologic section. Lithologically, the Lower
Triassic sequence is characterized by the mudstone-dominated succes-
sions of the Yinkeng Formation in the lower part and the limestone-
dominated successions of the Nanlinghu Formation in the upper part.
The alternating thinly bedded mudstones and muddy limestone (marl-
stones) units between these two formations are referred to collectively
as theHelongshan Formation. In general, themudstone content decreases
and the carbonate content increases up through the section. In Chaohu,
both conodonts and ammonoids were abundant throughout the entire
Lower Triassic (Tong et al., 2003, 2004; Zhao et al., 2008). Based on a
regional correlation, the Early–Middle Triassic boundary was placed at
the base of the Dongmaanshan Formation in the area (Li and Ding,
1981), although typical Anisian fossils have not been recovered from
Chaohu.

During the Early and Middle Triassic the Qingyan area of Guiyang
city, Guizhou Provincewas situated on a carbonate ramp, at the junction
between the Yangtze platform in the north and west, and the relatively
deepNanpanjiang Basin in the south and east (Chen et al., 2010a). In the
Qingyan section, the lowest Triassic strata are assigned to the
Shabaowan Formation. They consist of calcareous mudstone and thinly
bedded limestone containing the bivalve Claraia spp. and the ammo-
noid Ophiceras spp. (Chen et al., 2010a, c), both of which are character-
istic of the Griesbachian assemblages in South China. Overlying the
Shabaowan Formation, the Luolou Formation consists of thinly bedded
muddy limestone with abundant bivalve and ammonoid fossils (Chen
et al., 2010a, c). The upper part of the Lower Triassic is referred to
as the Anshun Formation, comprised of thinly bedded dolomitic
Fig. 1. The Chaohu, and Qingyan sections (base map after Song et al., 2013).
limestones, vermicular limestone, and dolomite (Chen et al., 2010a, c).
The early Middle Triassic strata belong to the Qingyan Formation,
which is composed, in ascending order, of the Xiaoshan, Mafengpo,
Yingshangpo, Leidapo, and Yuqing Members (Chen et al., 2010a). The
Xiaoshan Member is characterized by alternating carbonate breccia,
limestone, and calcareous shale. The Mafengpo Member is dominated
by calcareous shale with minor interbeds of breccia and thinly bedded
limestone. The Yingshangpo Member is characterized by gray,
medium-bedded limestone. The upper part of the Leidapo Member is
composed of alternating calcareous mudstone and muddy limestone.
The YuqingMember consists mainly of muddy limestone and dolomitic
limestone. Dating of theQingyandeposits is based on conodont and am-
monoid zones (Chen et al., 2010a, b, c).
3. Methods

Two hundred and eighty three carbonate, shale, and marl samples
were collected from the Chaohu, and Qingyan sections for organic geo-
chemical assessment (Fig. 1). Approximately 20–100 g of each sample
was powdered following removal of any apparent surface contamina-
tion. The powdered samples were extracted for 48 h using a Soxhlet
apparatus and a dichloromethane:methanol mixture (7.5:1 v/v). The
extracts were dried over Na2SO4 and concentrated by evaporation
under reduced pressure. The concentrated extracts were separated by
elution into nine fractions (F) on a silica gel column (0.6 g of silica,
63–200 μm mesh) using the following solvents (Oba et al., 2006):
2 ml of n-hexane (F1a); 4 ml of n-hexane (F1b); 3 ml of n-hexane/
toluene 3:1 v/v (F2); 3 ml of n-hexane/ethyl acetate 19:1 v/v (F3);
3 ml of n-hexane/ethyl acetate 9:1 v/v (F4); 3 ml of n-hexane/ethyl
acetate 17:3 v/v (F5); 3 ml of n-hexane/ethyl acetate 4:1 v/v (F6);
3 ml of n-hexane/ethyl acetate 3:1 v/v (F7); and 10 ml of methanol
(F8). Aliphatic hydrocarbon fractions (F1a) and aromatic hydrocarbon
fractions (combinations of F1b and F2) from each extract were analyzed
by gas chromatography–mass spectrometry.

The organic compounds were identified using an Agilent 6893 gas
chromatograph interfaced to an Agilent 5973 mass-selective detector
(MSD) operated with an ionizing-electron energy of 70 eV and scanned
from m/z 50 to 550 with a scan time of 0.34 s. A fused silica HP-5MS
capillary column (30 m, 0.25mm internal diameter, 0.25 μm film thick-
ness) was used, with helium as the carrier gas. Sampleswere injected at
50 °C and held at that temperature for 1.0 min. The temperature was
then raised to 120 °C at a rate of 30 °C/min, then to 310 °C at a rate of
5 °C/min, and finally held constant for 20 min. Multiple reaction moni-
toring (MRM) analyses for saturated hydrocarbons were performed
using an Agilent 7890B GC equipped with an Agilent 7000 triple
quadrupole mass spectrometer and HP-5MS capillary column (30 m,
0.25 mm internal diameter, 0.25 μm film thickness), using helium and
nitrogen as the carrier gas and the collision gas, respectively. Samples
were injected at 50 °C and held at that temperature for 1.0 min. The
temperature was then raised to 250 °C at a rate of 30 °C/min, then to
310 °C at a rate of 5 °C/min, and finally held constant for 20 min.
Biomarkers such as C27–35 hopanes, gammacerane, C32 2α-
methylhopanes, C19 tricyclic terpane and C23 tricyclic terpane, C27–30

steranes, C20–22 n-alkylbenzenes were identified based on published
retention times and mass spectral peaks (e.g., Summons and Jahnke,
1990; Peters et al., 2005; Ivanova and Kashirtsev, 2010). Peak areas of
hopanes, gammacerans, and steranes were obtained by each transition
of MRM. Peak areas of C20–22 n-alkylbenzenes were obtained bym/z 92.
4. Results and discussion

We used multiple biomarkers including C27–35 hopanes as bacterial
proxies, gammacerane for a redox proxy, and steranes and n-alkyl-
cyclobenzene as eukaryotic algae proxies (Figs. 2–4).

Image of Fig. 1


Fig. 2. GC–MSMS chromatograms showing C27–30 steranes for samples at 121.3 m in the Chaohu section.
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4.1. Maturity parameters

Thematurity parameters are shown in Figs. 5, 6. Each of thematurity
parameter values of the 22S/(22S + 22R) C32 hopanes ratio (average
values=0.53, 0.53 andσ=0.0022, 0.0035, respectively in theQingyan,
and Chaohu sections), ββ/(ββ + αα) C29 steranes ratio (average
values = 0.54, 0.57 and σ = 0.007, 0.004, respectively in the Qingyan,
and Chaohu sections), 20S/(20S + 20R) C29 steranes ratio (average
values = 0.52, 0.52 and σ = 0.002, 0.006, respectively, in the Qingyan,
and Chaohu sections), and the 20S/(20S + 20R) 13β, 17α(H)-C29
Fig. 3. GC–MSMS chromatograms showing C27–35αβ ho
diasteranes ratio (average values = 0.55, 0.56 and σ = 0.0007,
0.0011, respectively, in the Qingyan, and Chaohu sections) are highly
consistent in each section (Figs. 5, 6), whereas Ts/(Ts + Tm) ratio and
C29 diasterane/sterane ratio are much more varied (Figs. 5, 6). The Ts/
(Ts + Tm) and diasterane/sterane values are more sensitive to litholo-
gy, redox potential, and source, meaning that they do not reflect the
exact maturity (Peters et al., 2005). The high values of Ts/(Ts + Tm)
in the two sections may have been caused by reducing conditions
and/or high salinity (Saito et al., 2014, 2015), because reducing condi-
tions and high salinity can raise the Ts/(Ts + Tm) ratio (Peters et al.,
panes for samples at 826 m in the Qingyan section.

Image of &INS id=
Image of Fig. 3


Fig. 4.Mass chromatogram ofm/z 92 for samples at 146.1 m in the Chaohu section.
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2005). All maturity parameters except for the Ts/(Ts + Tm) and
diasterane/sterane values suggest that the maturity of the Qingyan,
and Chaohu samples is between the onset and peak of oil generation.
The relatively consistent maturity between these two sections (Figs. 5,
6) suggests that the stratigraphic distribution of each biomarker is not
attributable to differences in maturity.

In addition to maturity parameters, we checked age-related bio-
markers (oleanane and dinosterane) and the carbon preference index
(CPI) in our samples. Oleanane, a biomarker for angiosperms (Riva
et al., 1988), is below the detection limit in the samples, as are
dinosteranes, which are biomarkers for dinoflagellates (Summons
et al., 1987), in most of the samples. The appearance of angiosperms is
the Cretaceous. Although the appearance of dinoflagellates is the latest
Early Triassic, their major radiation occurred during the Jurassic
(Falkowski et al., 2004). In addition, the CPI values for n-alkanes in our
samples are always close to 1. These lines of evidence indicate that the
samples have not been affected by younger contaminants. Furthermore,
the δ13C values of the hydrocarbons (n-alkanes and isoprenoid hydro-
carbons) in the Chaohu and Qingyan sections (Saito et al., 2013, 2015)
reflect the contemporaneous carbon cycle change (a positive carbon
excursion) across the Olenekian–Anisian boundary (e.g., Payne et al.,
2004; Galfetti et al., 2007; Sun et al., 2012). This finding provides further
Fig. 5. Stratigraphic variation in the hydrocarbon-derived geochemical indicators diagnostic o
confirmation that the hydrocarbons in our samples are indigenous. In
addition, the 2-methylhopane index (2-MHI) from the studied sec-
tions generally yields high values (N10), and in some horizons un-
usually high values (N30) (Section 4.2.4). In comparison, typical
values of the 2-MHI index during the Phanerozoic are less than 10
(Knoll et al., 2007). If the hydrocarbons present in our samples
were derived from contaminants, then the 2-MHI values would be
lower (b10); thus, the high values in the studied sections support
the in situ origin of the hydrocarbons.

4.2. Eukaryotic algae

4.2.1. C21 n-alkylbenzene as a eukaryotic algal biomarker
The alkylbenzene, C21 n-alkylbenzene, has previously been sug-

gested to be derived from eukaryotic algae (Ivanova and Kashirtsev,
2010). Here we suggest that the C21 n-alkylbenzene ratio (C21 n-
alkylbenzene/(C20 n-alkylbenzene + C22 n-alkylbenzenes)) can be
used as a proxy for the degree to which eukaryotic algae (Blumer
et al., 1970; Lee and Loeblich, 1971; Ivanova and Kashirtsev, 2010)
proliferated in an ancient environment. Some eukaryotic algae (espe-
cially chlorophyll c algae) have significantly higher concentrations of
heneicosa-3, 6, 9, 12, 15, 18-hexaene, “HEH”, in relation to the other
f maturity, for the Chaohu section. CX, Changhsingian; Gri, Griesbachian; Die, Dienerian.

Image of &INS id=
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Fig. 6. Stratigraphic variation in the hydrocarbon-derived geochemical indicators diagnostic of maturity, for the Qingyan section. Up. Ani, Upper Anisian; G, Griesbachian; Sm., Smithian;
Sh. Fm, Shabaowan Formation; An. Fm, Anshun Formation; X.M, XiaoshanMember; Maf.Mem;MafengpoMember; Yingshan.Mem, YingshanpoMember; Leida. Mem; LeidapoMember.
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hydrocarbons (Blumer et al., 1970); therefore, C21 n-alkylbenzene
which could be derived from HEH in sedimentary rocks indicates the
input of a polyunsaturated hydrocarbons (HEH) from eukaryotic algae
(Blumer et al., 1970; Lee and Loeblich, 1971; Ivanova and Kashirtsev,
2010). The formationmechanism (Fig. 7) of C21 n-alkylbenzenewas de-
scribed by Ivanova and Kashirtsev (2010). Briefly, the mechanism in-
volved the following steps: (i) isomerization of heneicosa-3, 6, 9, 12,
15, 18-hexaene to thermodynamically stable heneicosa-1, 3, 5, 7, 9,
11-hexaen (Fig. 7); (ii) electrocyclic reaction and subsequent cycliza-
tion of conjugate polyene to cyclohexadiene (Fig. 7); (iii) dehydration
of the cyclohexadiene ring to a benzene ring with the formation of 1-
phenyl 1,3,5-pentadecatriene (Fig. 7); (iv) reduction of the unsaturated
substituent and hydration of the unsaturated radical; and (v) formation
Fig. 7. Schematic showing the formation of C21 n-alkylbenzene from heneicosa-3, 6, 9, 12,
15, 18-hexaene (HEH).
of C21 n-alkylbenzene. Given that a series of n-alkylbenzenes could be
diagenetically formed, C21 n-alkylbenzene must be normalized by the
C20 and C22 homologs. Putting C21 n-alkylbenzene aside, Luo et al. (2013)
suggested that C21 n-alkylcyclohexane in Permian–Triassic sedimentary
rocks was derived from acritarchs; however, they did not specify in detail
the biological source of C21 n-alkylcyclohexane in modern organisms. We
also show the C21 n-alkylcyclohexane ratio (C21 n-alkylcyclohexane/(C20
n-alkylcyclohexane+C22 n-alkylcyclohexanes)) in Figs. 8 and 9: the strat-
igraphic distribution of this ratio is similar to that of the C21n-alkylbenzene
ratio. This suggests that C21 n-alkylcyclohexane and C21 n-alkylbenzene in
sedimentary rocks have the same genetic relationship to some extent.
Therefore, C21 alkylcyclohexane,whichwas previously used as an acritarch
marker by Luo et al. (2013), is also probably derived fromeukaryotic algae.
However, the stratigraphic distribution of the C21 n-alkylbenzene ratio is
more stable than that of the C21 n-alkylbenzene ratio, as demonstrated
by the difference in the range of values between the C21 n-
alkylcyclohexane ratio and the C21 n-alkylbenzene ratio (Figs. 8, 9). This
finding is probably attributable to two factors: (1) the formation of C21

n-alkylcyclohexane derived from eukaryotic algae postdates C21 n-
alkylbenzene, as C21 n-alkylcyclohexane derived from eukaryotic algae
would be the product of the hydrogenation of C21 n-alkylbenzene; and
(2) a much greater amount of n-alkylcyclohexanes is formed during dia-
genesis comparedwith n-alkylbenzenes,meaning the high concentrations
of C21 n-alkylcyclohexane derived from eukaryotic algae are easily
overprinted, resulting in more stable values throughout the stratigraphic
succession (Figs. 8, 9). Therefore, the C21 n-alkylcyclohexane ratio is
more susceptible to diagenetic overprinting than the C21 n-alkylbenzene
ratio, meaning the latter is more likely to represent a primary signal
of eukaryotic algae.

The secular changes in the C21 n-alkylbenzene ratio indicate a
decline in eukaryotic algae during most of the Early Triassic and an
increase from the late Early Triassic (Figs. 8, 9). Firstly in the Chaohu
section, the C21 n-alkylbenzene ratio increases towards the Middle
Triassic (Fig. 8), suggesting that eukaryotic algae proliferated from
the earliest Early Triassic to the Middle Triassic (Fig. 8). Secondly,
in the Qingyan section, higher values of C21 n-alkylbenzene ratios
(up to 4) occurred exclusively in the Middle Triassic (Fig. 9). The
distribution of the eukaryotic algae suggests a process of decline
and subsequent proliferation through the earliest Early Triassic and
Middle Triassic (Figs. 8, 9).

Image of &INS id=
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Fig. 8. Stratigraphic variation in the hydrocarbon-derived geochemical indicators diagnostic of eukaryotic algae in the Chaohu section. Abbreviations: C21 n-alkylbenzene ratio (ABR)=C21
n-alkylbenzene/(C20 n-alkylbenzene+C22 n-alkylbenzenes); C21 n-alkylcyclohexane ratio (ACR)=C21 n-alkylcyclohexane/(C20 n-alkylcyclohexane+C22 n-alkycyclohexane);C27/C27–29,
C28/C27–29, C29/C27–29 = regular C27 steranes/sum of regular C27–29 steranes × 100, regular C28 steranes/sum of regular C27–29 × 100, and regular C29 steranes/sum of regular C27–29

steranes × 100, respectively; C30 sterane index = regular C30 steranes/sum of regular C27–30 steranes × 100. The X-axis of the C21 n-alkylbenzene ratio is logarithmically scaled. CX,
Changhsingian; Gri, Griesbachian; Die, Dienerian.
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Interestingly, the stratigraphic distributions of the 2-MHI and the C21
n-alkylbenzene ratios from the Chaohu, and Qingyan sections show an
inverse relationship that is particularly evident during and after the
late Spathian (Figs. 8, 9).
Fig. 9. Stratigraphic variations in hydrocarbon-derived geochemical indicators diagnostic of
Smithian; Sh. Fm, Shabaowan Formation; An. Fm, Anshun Formation; X. M, Xiaoshan Memb
Leidapo Member.
4.2.2. Steranes as eukaryotic algal biomarkers
The homologous series of C27–30 steranes are biomarkers for eukary-

otes (Peters et al., 2005). Each series of C27–30 steranes has four isomers
which are 5α, 14α, 17α(H)- C27–29 steranes 20S; 5α, 14β, 17β(H)-
eukaryotic algae for the Qingyan section. Up. Ani, Upper Anisian; G, Griesbachian; Sm.,
er; Maf. Mem; Mafengpo Member; Yingshan. Mem, Yingshanpo Member; Leida. Mem;
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C27–30 steranes 20S; 5α, 14β, 17β(H)- C27–30 steranes 20R; and 5α, 14α,
17α(H)- C27–30 steranes 20R. The C27, C28, and C29 steranes are predom-
inantly derived from red algae, chlorophyll-c algae, and green algae,
respectively; therefore, the sterane ratios C27/C27–29, C28/C27–29, and
C29/C27–29 can represent the red algal biomass, chlorophyll-c algal bio-
mass, and green algal biomass relative to the total eukaryote biomass
(e.g., Dutta et al., 2013; French et al., 2014). These ratios are, however,
affected by input of C29 steranes derived from terrestrial plants (Peters
et al., 2005). It is therefore important to consider the proportions of
terrestrial organic matter to marine organic matter in sedimentary
rocks. This can be achieved using the C19TT/C23TT ratio (Figs. 10, 11;
e.g., French et al., 2014).

In the Chaohu section, the C19TT/C23TT ratio increased to 4.7 during
the late Early Triassic (Fig. 11), suggesting that the input of terrestrial
organic matter significantly increased at this time. The standard devia-
tion of the data, not including data from the late Early Triassic, is 0.2.
This result indicates that the proportion of terrestrial organic matter to
marine organic matter is less variable in the Chaohu section; thus, the
sterane ratios could represent marine algae compositions, except for
during the late Early Triassic. In the Chaohu section, there are some
evident trends, such as that the C27/C27–29 ratio declines towards the
late Early Triassic whereas the C29/C27–29 ratio increases (Fig. 8). These
trends suggest that red algae decreased whereas green algae increased
towards the late Early Triassic. It is not appropriate to apply sterane
ratios for the late Early Triassic interval given the significant input of
terrestrial organic matter at this time (Fig. 10).

In the Qingyan section, the stratigraphic distribution of the C19TT/
C23TT ratio ismuchmore variable. Even if the values for the late Anisian,
where the ratio is significantly enhanced, are excluded, the standard de-
viation is 0.8 (Fig. 11). Therefore, it is not possible to ascertain secular
changes in the eukaryotic algal composition in the Qingyan section.
Fig. 10. Stratigraphic variations in hydrocarbon-derived geochemical indicators diagnostic of po
to marine organic matter, for the Chaohu section. Indexes: C35homohopane index (C35HHI) =
hopane; C19tricyclic terpane/C23 tricyclic terpane ratio (C19TT/C23TT). Data on carbonate carb
Dienerian.
The C30 steranes are highly specific makers for marine algae such as
pelagophyte algae (Peters et al., 2005; Aboglila et al., 2011 and reference
therein). High values of the C30 sterane index (C30/C27–30 N 4%) is con-
sidered to represent significant input from marine algae (Hays et al.,
2012). In the Chaohu section the C30 sterane index increased during
the Early Triassic, indicating a significant input of pelagophyte algae,
followed by a large input of terrestrial organic matter during the late
Early Triassic interval (Fig. 8). In the Qingyan section, a significant
input of pelagophyte algae was commonly observed during and after
the Middle Triassic regardless of the proportion of terrestrial organic
matter to marine organic matter, as represented by the C19TT/C23TT
ratio (Fig. 9).

Integrating the results for marine algae within the eukaryotic com-
munity for the Chaohu, and Qingyan sections suggests the following
progression: decline during the Griesbachian to Dienerian, and prolifer-
ation during and after the Smithian (Figs. 8, 9). This distribution repre-
sented by the C30 sterane index is similar to the eukaryotic algal
distribution indicated by the C21 n-alkylbenzene ratio (Figs. 8, 9).

4.2.3. Interpretation of 2-methyl hopanoids in paleoenvironments
Recent molecular biological studies have concluded that 2-methyl

hopanoids and the 2-methyl hopane index (2-MHI) are not suitable as
a cyanobacterial biomarker and proxy, respectively (Kulkarni et al.,
2013; Ricci et al., 2014, 2015; Wu et al., 2015). The presence of C27–35
hopanes and C28–36 2-methyl hopanes (2-MHs) in sedimentary rocks,
which originate from bacteriohopanepolyols and from 2-methyl
bacteriohopanepolyols, have been used as evidence for the presence of
bacteria and cyanobacteria, respectively, in ancient sediments (Rohmer
et al., 1984; Summons et al., 1999). However, Ricci et al. (2015) revealed
that 2-methyl hopanoids originated in alphaproteobacteria and that the
capacity for 2-methyl hopanoid production was horizontally transferred
ssible cyanobacteria, redox conditions, and proportion of terrestrial organicmatter relative
C35 hopanes/(sum of C31–35hopanes) × 100; gammacerane index = gammacerane/C30αβ
on isotopes are from Tong and Zhao (2011). CX, Changhsingian; Gri, Griesbachian; Die,
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Fig. 11. Stratigraphic variations in hydrocarbon-derived geochemical indicators diagnostic of possible cyanobacteria, redox conditions, and proportion of terrestrial organicmatter relative
to marine organic matter, for the Qingyan section. Up. Ani, Upper Anisian; G, Griesbachian; Sm., Smithian; Sh. Fm, Shabaowan Formation; An. Fm, Anshun Formation; X. M, Xiaoshan
Member; Maf. Mem; Mafengpo Member; Yingshan. Mem, Yingshanpo Member; Leida. Mem; Leidapo Member.

42 R. Saito et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 451 (2016) 35–45
from alphaproteobacteria into cyanobacteria after the major divergence
of cyanobacteria. Therefore, the ancestral function of 2-mehopanoids
was not related to oxygenic photosynthesis, but instead to stress resis-
tance (see below; Ricci et al., 2015).

Although 2-methyl hopanoids are no longer regarded as a biomarker
for cyanobacteria, molecular biological studies have indicated that 2-
methylhopanoids play a role in stress resistance by the rigidification of
membranes (Kulkarni et al., 2013; Wu et al., 2015). Kulkarni et al.
(2013) reported that 2-methyl bacteriohopanetetrol is consistently
higher in the presence of most stressors in wild-type, supporting a
beneficial role for 2-methyl bacteriohopanetetrol in stress tolerance.
Stressors include high temperature, pH stress, and the presence of
nonionic osmolytes (Kulkarni et al., 2013). Stress is necessary to regu-
late 2-methyl bacteriohopanetetrol (Kulkarni et al., 2013). The
paleoenvironmental implications of these findings are that sedimentary
rocks containing an increased amount of 2-methyl hopanoids indicate
intervals when bacteria were under a great deal of stress (Wu et al.,
2015), and during these times the bacteria obtained a selective advan-
tage by the production of 2-methyl hopanoids.
4.2.4. Environmental stress
On the basis of the results of the molecular biological studies

discussed above (Kulkarni et al., 2013; Ricci et al., 2014, 2015; Wu
et al., 2015), in the present studyweuse 2-MHI as a proxy for the history
of environmental stress (Wu et al., 2015).

Because multiple types of stressors are possible, stressors are not
necessarily exclusively oxygen-depleted conditions. Ricci et al. (2014)
proposed that 2-MH is also related to specific settings such as suboxic/
anoxic and terrestrial environments. We compared 2-MHI with redox
proxies and the input of terrestrial organic matter, and found that 2-
MHI was not perfectly consistent with redox proxies and the input of
terrestrial organic matter (see below).
The C35homohopane index (C35HHI; Figs. 10, 11) is calculated as
C35 hopane/(sum of C31–35hopanes) × 100. C35hopane is better pre-
served under reducing conditions; therefore, the ratio of C35hopane
to C31–35hopanes has been used as a redox proxy, whereby high values
of C35HHI are attributed to highly reducing conditions (Peters et al.,
2005). The gammacerane index is calculated from gammacerane/C30αβ
hopane. Gammacerane is derived from ciliates that feed on green
sulfur bacteria (Sinninghe Damsté et al., 1995), which are anoxic
photosynthesizers (Summons and Powell, 1987); consequently, the
presence of gammacerane is proposed to be an indicator of a stratified
water column (Sinninghe Damsté et al., 1995). In addition, organisms
that have genes producing a precursor of gammacerane live in oxygen-
poor environments (Takishita et al., 2012). Gammacerane is therefore a
good indicator of reducing conditions, and the gammacerane index has
been used to investigate paleoredox conditions (e.g., Cao et al., 2009).

In the Chaohu section, the highest values of C35HHI and the
gammacerane index, representing reducing conditions, occurred during
the late Early Triassic (140–150 m; Fig. 10; Saito et al., 2014). In addi-
tion, significantly enhanced inputs of terrestrial organic matter relative
to marine organic matter occurred during this time interval (ca.
130–160 m), as indicated by high C19TT/C23TT values. However, the 2-
MHI values during this interval are low (b10).

In the Qingyan section, the stratigraphic distributions of 2-MHI,
C35HHI, and the gammacerane index all show lower values towards
the late Anisian. This suggests a simultaneous decrease in reducing con-
ditions and in the source organisms of 2-MH. In contrast to the redox
conditions, the stratigraphic trend of C19TT/C23TT increases towards
the middle–late Anisian (Fig. 11).

In summary, we obtained the following results: (i) redox conditions
are consistent (Qingyan section) or not perfectly consistent (Chaohu
section) with 2-MHI; and (ii) the input of terrestrial organic matter rel-
ative to marine organic matter input is not consistent (Chaohu and
Qingyan sections) with 2-MHI.

Image of Fig. 11


43R. Saito et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 451 (2016) 35–45
Interestingly, in contrast to the observations of Ricci et al. (2014), the
trend in 2-MHI from the Chaohu section is not in perfect agreement
with either the redox trend or terrestrial organic matter input
(Fig. 10). This result supports the hypothesis that multiple types of
stressors (not only oxygen-depleted conditions) were present during
the Early and earlyMiddle Triassic. There have beenmany reports of en-
vironmental stressors during this time interval, including global
warming (Joachimski et al., 2012; Sun et al., 2012), enhanced soil ero-
sion (Algeo and Twitchett, 2010), ocean anoxia (Wignall and Hallam,
1992; Isozaki, 1997), unstable carbon–sulfur cycles (Song et al., 2014),
loading of toxic metals (Grasby et al., 2015), oceanic acidification
(Clapham et al., 2013), worldwide depletion of stratospheric ozone
(Kump et al., 2005), and unusual ocean chemistry (Abdolmaleki and
Tavakoli, 2016). Any of these stressors could enhance 2-
methylhopanoid production, resulting in high values of 2-MHI. Conse-
quently, we cannot identify the specific stressors, but we can, at the
very least, state that intensely stressful conditions prevailed during
the Early and early Middle Triassic, as the 2-MHI values exceed 10, a
value typically observed in the Phanerozoic (Knoll et al., 2007).

However, the environmental stresses had significantly diminished
by the end of the middle–late Anisian (the upper Leidapo member in
the Qingyan section), as the 2-MHI values are less than 10 in this inter-
val (Fig. 11). The amelioration of environments in the early Middle Tri-
assic (the Leidapo member in the Qingyan section) corresponds to the
“explosion” of the Qingyan Biota, which is characterized by high abun-
dance and diversity (Dineen et al., 2015; Song et al., 2015), although
paleocommunities were still vulnerable to biotic and environmental
perturbations (Dineen et al., 2015). In addition, Chen et al. (2015) re-
ported an initial diversification of brachiopods during the early Anisian
(the Xiaoshan Member and the lower part of the Mafengpo Member)
Fig. 12. Stratigraphic variations in hydrocarbon-derived geochemical indicators diagnostic of cya
C35homohopane index (C35HHI) = C35 hopanes/(sum of C31–35hopanes) × 100; gammacerane
section (Saito et al., 2014); Ind, Induan; G, Griesbachian; D, Dienerian; Sm, Smithian; Aeg, Aeg
when stressful conditions still prevailed (2-MHI values N 10; Fig. 11).
The latter study is consistent with the presence of some unusual anach-
ronistic facies in the early Anisian, such as micro-gastropod shell beds,
sea-floor fan precipitation in Qingyan (Chen et al., 2010a), and stromat-
olites in the Luoping area of eastern Yunnan Province (Luo et al., 2014).
This might suggest that the diversification of those brachiopods began
under stressful conditions, or that one of the stressors that suppressed
biodiversification diminished at that time. The causes of the reduction
in environmental stress in the Chaohu section during the latest
Spathian, when reducing conditions were strongly developed, are un-
clear. It is currently unknown whether reducing conditions promote
the production of 2-methylhopanoids. Ricci et al. (2015) reported that
tetrahymanol, the precursor of gammacerane, is synthesized in inverse
abundance relative to 2-methylhopanoids. Similarly, some data points
exhibiting high gammacerane index values and low 2-MHI values are
also observed in the latest Spathian samples from the Chaohu section
(Fig. 10). Therefore, it is possible that reducing conditions may not
have promoted the production of 2-methylhopanoids, but instead pro-
moted the production of tetrahymanol during the late Spathian if both
tetrahymanol and 2-methylhopanoids were exclusively produced by
alphaproteobacteria at that time (Ricci et al., 2015).

5. Conclusions

We performed biomarker analyses on samples from the lowermost
Lower Triassic–lower Middle Triassic successions in South China. We
attempted to clarify the history of environmental stress, and confirmed
that environmental stresses (e.g., pH, temperature, and osmotic stress)
were prevalent during most of the Early Triassic, as inferred from the
stratigraphic distribution of 2-MHI (Fig. 12). The significant input of
nobacteria and eukaryotic algae, and of redox proxies in the Chaohu andQingyan sections.
index= gammacerane/C30αβ hopane. Datum source: photic zone euxinia for the Chaohu
ean; Bith, Bithynian; Pels, Pelsonian.
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eukaryotic algae within the eukaryotic community, as represented by
high values of the C30 sterane index (N4), began in the early Early Tri-
assic (Fig. 12). Eukaryotic algae represented by the C21 n-alkylbenzene
ratio gradually proliferated, accelerating from the late Early Triassic
(Fig. 12). This result might suggest that either eukaryotic algae were
adapted to copewith environmental stresses or that one of the stressors
that had regulated the proliferation of eukaryotic algae had weakened.
The coincidence of the reduction in environmental stresses represented
by 2-MHIwith the “explosion” of the Qingyan Biota, which is character-
ized by a high abundance and diversity of marine invertebrate animals,
indicates that environmental stress regulated the biotic recovery
following the end-Permian mass extinction.
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