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ARTICLE INFO ABSTRACT

Editor: H. Falcon-Lang The end-Triassic mass extinction (ETE), one of the five largest mass extinctions, occurred at 201.6 Ma. It was

characterized by dramatic declines in marine and terrestrial ecosystems and was approximately synchronous

Keywords: with the eruption of the Central Atlantic Magmatic Province (CAMP). Loss of marine biodiversity is linked to

E"d’T“‘?SS‘“ mass extinction extreme global warming while the cause of floral destruction in terrestrial ecosystems remains open to debate. In

sirl:ie;trlal this paper, biomarker records of higher plants are reported from terrestrial facies in the Haojiagou section of the
1 re

high palaeolatitude Junggar Basin, northwest China. Strata around the ETE interval are marked by sharp in-
creases in the abundances of cadalene, retene, pimanthrene and furans, which are synchronous with “fern
spikes”. These results are interpreted as indicating the demise of land vegetation and the enhanced burial of
higher plants, consistent with palynological evidence for the loss of floral diversity. The fluctuations in the
abundance of n-alkanes series and conversion of n-alkanes peak patterns coincide with wildfires indicated by
polycyclic aromatic hydrocarbons. Based on integrated stratigraphic correlation, the increased burial of higher
plants, wildfires and CAMP volcanism are synchronous both in the Haojiagou section and other classic Triassic-
Jurassic boundary sections globally. We propose that widespread deforestation may be due to CAMP-derived acid
rain and the rapid and large-scale demise of vegetation may have provided moisture-free fuels for wildfires.

Higher plants biomarkers
Fern spikes

1. Introduction

The end-Triassic mass extinction (ETE) is one of the five largest mass
extinctions in the past 600 million years and witnessed the loss of 50%
marine and terrestrial genera (Raup and Sepkoski, 1982; Mcghee et al.,
2013; Dunhill et al., 2018; Wignall and Atkinson, 2020). The Mid-
Atlantic Ocean opened and shaped the global pattern of plate tec-
tonics for subsequent 200 million years (de Lamotte et al., 2015; Peace
et al.,, 2019). It is implied that the extreme paleoclimates took place,
such as a fourfold rise in atmospheric CO concentrations (Beerling and
Berner, 2002; Steinthorsdottir et al., 2011; Schaller et al., 2011, 2012)
and a ~ 3 to 4 °C global warming (McElwain et al., 1999; Bonis and
Kiirschner, 2012; Landwehrs et al., 2020), global sea level fluctuations

(Lindstrom and Erlstrom, 2006), ocean acidification and anoxia (Haut-
mann et al., 2008; Greene et al., 2012; Jaraula et al., 2013) and wide-
spread wildfire activities (Belcher et al., 2010; Petersen and Lindstrom,
2012; Song et al., 2020; Zhang et al., 2020). The initial trigger to the
series of events was attributed to volcanism of the Central Atlantic
Magmatic Province (CAMP) (Lindstrom et al., 2021).

Fowell and Olsen (1993) first revealed high abundances of fern
sporopollen from Triassic-Jurassic boundary (TJB) sediments in the
Newark basin, so called “fern spike”. This sharp increase in fern spor-
opollen has been widely reported in China (Lu and Deng, 2009), Poland
(Pienkkowski et al., 2012), Germany (van de Schootbrugge et al., 2009),
North America (Fowell and Olsen, 1993; Lucas and Tanner, 2007) and
Greenland (McElwain et al.,, 2009). Biomarker datasets against
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continuous stratigraphic sequences can potentially provide much higher
resolution stratigraphic records than those of fossil plants or palyno-
logical documents. Biomarkers are complex molecular fossils derived
from biochemicals, particularly lipids, in once-living organisms (Eglin-
ton et al., 1964; Eglinton and Murphy, 1969). High-molecular-weight n-
alkanes with odd-number predominance, cadalene, retene, pimanthrene
and furans, which are indicative of higher plants (Simoneit, 1977;
Wakeham et al., 1980; Simoneit et al., 1986; van Aarssen et al., 1990;
Jiang et al., 1998; Grice et al., 2005; Peters et al., 2005; Song et al.,
2020), are geochemically significant. Therefore, biomarkers can faith-
fully reconstruct the floral changes but few are reported to reveal the
ETE vegetation turnovers at a high palaeolatitude terrestrial ecosystems.

Here, we try to decode the flora’s response to the ETE and CAMP
recorded at a high palaeolatitude in the Junggar Basin, northwestern
China. For this reason, we selected biomarkers including n-alkanes,
cadalene, retene, pimanthrene and furans, and provide the high-
resolution evidence of their abundance changes.
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2. Geological setting and stratigraphy

The Junggar Basin, occupying approximately 136,000 km? and
adjacent areas of the Tianshan and Altai mountains (Sha et al., 2015),
was situated at palaeolatitude about 60° N during the Late Triassic
(Fig. 1A). The basin remained active since the late Early Permian. As
suggested by Cai et al. (2000), the Junggar block was uplifted and
transformed into an inner craton basin at the end of the Triassic. Sub-
sequently, a lacustrine depositional system widely occurred during the
Early to Middle Jurassic (Fang et al., 2004; Li et al., 2007).

The Haojiagou section is located about 50 km southwest of Urumgqi,
Xinjiang Province, northwest China (Sha et al., 2015) (Fig. 1B). The
stratigraphic succession covers from the Late Triassic to Jurassic (Fig. 2).
The strata studied in this paper comprises the upper Haojiagou and
lower Baodaowan formations (Fig. 1C). Sediments of the upper Hao-
jiagou Formation consist of yellow-green and gray-green sandstones,
conglomerates and mudstones interbedded with coal seams and siderite
concretions. The sedimentary rocks of the lower Baodaowan Formation
mainly consist of gray-white, light gray-green conglomerate, light
yellow-green, gray-green medium-coarse sandstone, gray-green fine
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Fig. 1. Paleogeographic and geological maps of the Junggar Basin. (a) Global paleogeography during Triassic-Jurassic transition, including the distribution of the
Central Atlantic Magmatic Province (CAMP) and positions of the investigated profiles. (b) Traffic map and location of the Haojiagou section. (c) Geological map
around the Urumaqi city area showing the position of the Haojiagou section (Modified from Sha et al., 2015).
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Fig. 2. Stratigraphic distribution of biomarkers, fern spores, spore genus and species, coronene and Hg/TOC content in the Haojiagou section. SA = Sporomorph
assemblage zone, D-A-C = Dictyophyllidites-Aratrisporites-Cycadopites, D-A = Dictyophyllidites-Alisporites, A-O-C = Alisporites-Osmundacidites-Cyathidites. (a)-(d) con-
centration of cadalene, retene, pimanthrene and furans respectively, (e) content of fern spores (Lu and Deng, 2009), (f) number of genus and species of sporopollen
(Zhang et al., 2022 under review), (g) coronene concentration and (h) Hg/TOC content (Fang et al., 2022 under review). Cadalene, retene, pimanthrene and coronene
broadly respond to the deforestation interval (DI) zone. The major peaks of cadalene, retene, pimanthrene and furans in the DI zone are synchronously consistent
with a distinct fern peak, loss of floral diversity, maximums of coronene and Hg/TOC. The consistence is inferred that the enhanced input of higher plants (indicated
by cadalene, retene, pimanthrene and furans, and loss of floral diversity) and enhanced wildfires (indicated by coronene) are triggered by the CAMP volcanisms
(indicated by Hg/TOC). The peaks of retene, pimanthrene, furans and fern spores, and the increasing floral diversity in the recovery interval (RI) zone may suggest a

recovery of higher plants in the terrestrial ecosystems.

sandstone, siltstone, intercalated gray mudstone, and partial coal seams.
The bed number in this study is after the scheme from Deng et al. (2010).
The interval between ETE and TJB approximately lies between Bed 43
and Bed 48 (Deng et al., 2010; Fang et al., 2021).

Terrestrial TJB sections have primarily been dated by sporo-pollen,
macrofossil plant remains, and vertebrate or ichnofossils (e.g. Fowell
and Olsen, 1993; McElwain et al., 2007), as is the Haojiagou section.
Respectively, the Haojiagou Formation was assigned to the Rhaetian
stage, and the conformably overlying Baodaowan Formation to the Early
Jurassic Hettangian stage (Deng et al., 2013). The Haojiagou Formation
is composed of two plant fossil assemblages, including Danaeopsis-Cla-
dophlebis ichunensis (containing the Late Triassic typical molecule
Danaeopsis) and the upper Hausmannia-Clathropteris minoria assemblage
(including Cycadocarpidium sp., Cladophlebis kaoiana and other genera
and species) (Deng et al., 2013). The Badaowan Formation contains the
Clathropteris elegans-Todites princeps assemblage at the lower part and
Coniopteris gaojiatianensis assemblage at the upper part, as it includes the
Early Jurassic common plant fossils Todites princeps and Clathropteris
elegans (Deng et al., 2013).

Two sporopollen assemblages can be identified in the Haojiagou
Formation and three sporopollen assemblages in lower part of the
Badaowan Formation, which are followed as: (1) Aratrusporites-Chor-
dasporites-Nonstriate bisaccate, (2) Lycopodiacidites rugulatus-Nonstriate
bisaccate, (3) Asseretospora-Dictyophyllidites, (4) Densoisporites-Nons-
triate bisaccate, (5) Cyathidites-Nonstriate bisaccate (Lu and Deng, 2009).
The “fern spike” and some common Jurassic pollens are generally
abundant, such as Cyathidites and Densoisporites around the boundary
between the Bed 44 and Bed 45, which witnessed distinct changes in the
floral types (Lu and Deng, 2009).

Based on previous biostratigraphic works, the carbon isotope stra-
tigraphy and geochemostratigraphy improved age constraints on the
study section (Fang et al., 2021). Integrated with datasets of organic
carbon isotope, Hg/TOC and polycyclic aromatic hydrocarbons (PAHs),
the ETE and TJB were constrained at around the Bed 45 and Bed 49,
respectively (Lu and Deng, 2009; Fang et al., 2021).

3. Sampling and experimental methods
3.1. Sampling

The sedimentary rock samples were collected in the Haojiagou sec-
tion of the southern margin of Junggar Basin, Xinjiang Province. Ac-
cording to the various lithology of coal, mudstone, sandstone and
conglomerate, the sampling interval is 10 cm, 20 cm, 30-40 cm and
40-60 cm, respectively. All the samples were collected after removing
weathered surface rocks.

3.2. TOC

Rock samples were powdered (< 80 mesh) with the crusher. Then
0.1 g powder samples were selected and removed carbonate minerals
with HClL: Deionized water (1:7, v/v) and 60 °C heating until reaction
was complete. The samples were rinsed with deionized water to neutral
and dry in a constant temperature dryer, then analyzed by LECO CS230.
The experimental details refer to Fang et al., 2021.
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3.3. Biomarker

Approximately 100 g powder samples were extracted with 300 mL
dichloromethane for 24 h by Soxhlet extractor. The extraction was dis-
solved with 30 mL petroleum ether and filtered out asphaltenes. Then,
the solutions were transferred to silica gel/alumina chromatography
columns and separated aliphatic and aromatic compounds with 30 mL
petroleum ether and 20 mL dichloromethane: petroleum ether (2:1, v/
V).

The n-alkane analyses were carried out using a Shimadzu 2010 gas
chromatography (GC) equipped with an HP-5 MS fused silica column
(30 m x 0.25 mm inner diameter with a 0.25 pm film coating). The
injector temperature was 300 °C and initial oven temperature was
programmed from 100 °C (1 min hold), to 300 °C (25 min hold) at 4/
min, isothermal for.

The saturated fractions were analyzed using an Agilent 7890 Gas
Chromatograph coupled to 5975i Mass Spectrometry (GC-MS) equipped
with an HP-5 MS fused silica column (30 m x 0.25 mm inner diameter
with a 0.25 pm film coating). Samples were injected at 50 °C and held at
that temperature for 1 min. The temperature was then raised to 120 °C at
20 °C/min, and then to 310 °C at 3 °C /min, and finally kept at 310 °C for
20 min. The aromatic hydrocarbon fractions were investigated using an
Agilent 7890B Gas Chromatograph coupled to 5977 Mass Spectrometry
(GC-MS) equipped with an HP-5 MS fused silica column (60 m x 0.25
mm inner diameter with a 0.25 pm film coating). The initial oven
temperature was 80 °C for 1 min, and then increased at 3 °C /min to
310 °C, and finally held constant for 16 min. The internal standards of
D50Ca4 and D1 oP were used for correction of quantitative analyses for the
saturated fractions and aromatic hydrocarbon fractions, respectively.
The MS was operated by electron impacting (EI) with an ionization
energy of 70 eV, with simultaneous full scan (m/z 5-600) and selective
ion monitoring mode. For both GC and GC-MS analysis, the carrier gas
was Helium. All the experiments were completed in the State Key Lab-
oratory of Petroleum Resource and Prospecting, China University of
Petroleum (Beijing).

4. Results
4.1. Index biomarkers of higher plants

The dataset of high-resolution organic geochemical biomarkers was
generated from the Haojiagou section, Junggar Basin, northwest China.
The compounds derived from or associated with higher plants including
cadalene, retene, pimanthrene and furans have been detected and are
normalized by TOC (pg/gTOC) to reflect the relative contribution
(Fig. 2).

The abundances of cadalene are in a range from 0.00 to 0.47 pg/
gTOC, with 0.09 pg/gTOC in average below the Bed 46, showing fluc-
tuations in the Beds 39, 41 and 43. While the abundance sharply in-
creases between the base of beds 46-51 (labelled as DI zone in Fig. 2),
which can be up to 0.62 pg/gTOC in the Bed 46, about 6-fold increase
compared to the average abundance. Sedimentary sequence upwards,
abundance of cadalene gradually decreases but turns to be an increase
trend in the beds 53 to 54 (labelled as RI zone in Fig. 2).

The abundances of retene are in a range from 0.00 to 0.17 pg/gTOC,
with 0.01 pg/gTOC in average below the Bed 45, where small rises take
place in the Beds 41 and 43. The abundance begins to increase in the Bed
45 to 0.09 pg/gTOC, until a relatively high value in the Bed 48 to 0.17
ng/gTOC, showing a 17-fold increase relative to the average value below
the Bed 45. Values sharply decrease in the end of the Bed 48, which is
closely above TJB. The abundance above the Bed 50 shows a similar
level to that in the beds 39-44. However, it is worth noting that a slight
increase and a peak occurs in the Beds 53 and 54 up to 0.12 pg/gTOC in
the RI zone, which is 12-fold compared to the average values below the
Bed 45 (Fig. 2).

The abundances of pimanthrene range between 0.00 and 0.11 pg/

Palaeogeography, Palaeoclimatology, Palaeoecology 600 (2022) 111074

gTOC, with 0.02 pg/gTOC in average below the Bed 45, whereas the
abundances are relatively high in the Bed 41 with 0.09 ug/gTOC and Bed
43 with 0.11 pg/gTOC, showing the similar characters to retene and
cadalene. The abundance significantly increases in the Bed 45 to 0.11
pg/gTOC and up to the highest 0.32 ug/gTOC in the Bed 46, presenting a
16-fold increase compared to average values below the Bed 45.
Sequence upwards, the abundances decrease gradually from the Bed 48.
The abundance trends above the Bed 50 are similar to the beds 39 to 44.
Interestingly, the peak occurs in the Bed 54 with 0.23 pg/gTOC that
coincides with peaks of retene and cadalene, which is 12-fold compared
to average values below the Bed 45 (Fig. 2).

Furans includes dibenzofuran, benzonaphthofuran, phenyl-
benzofuran, benzobisbenzofuran, dinaphthofuran and benzophenan-
throfuran. The furans abundance shows slight fluctuations below the
Bed 45, with 1.63 pg/gTOC in average. A significant 5-fold increase
reaches the maximum value 8.21 pg/gTOC from the Bed 45 to 48.
Section upwards, it decreases above the Bed 48 and the decreasing trend
is similar to that of retene and pimanthrene. However, the value begins
to sharply rise from the middle part of Bed 51 and reaches the highest
value 11.02 pg/gTOC in the Bed 54 across the whole section (Fig. 2).

4.2. n-alkanes

Results for n-alkanes of the Haojiagou section are shown in Fig. 3. It
comprises three dominant groups, i.e., nC1¢ and nC;g homologues being
assigned group 1 (nCje+ nCig), nCe3 and nCys series being assigned
group 2 (nCas+ nCss), and nCyy, nCyg and nCs; series being assigned
group 3 (nCyy + nCag+ nCs;). Below the Bed 42, sum of group 2 is over
45% and dominates among the three groups. The sum of group 1 and
group 3 dramatically increases from the Bed 42, maintaining high
abundance to the Bed 50, and group 3 especially exceeds 60% in the Bed
43. Sequence upwards, the group 3 has a slight downward trend until
the Bed 54. With group 1 abruptly decreasing from the beds 51 to 54
(one exceptional point at the top of Bed 52), the group 2 shows an
increasing trend to the Bed 54 and returns to the same value range as
below Bed 43 (Fig. 3).

Two types of peak patterns for n-alkanes are observed, i.e., unimodal
and bimodal distribution (Fig. 3). The intervals between the beds 39-42,
beds 51-54 are predominated by the unimodal pattern, which exhibits
the characteristic odd-number predominance, with a main peak carbon
occurring at Cgs or Cys (Fig. 3e). In contrast, the beds 42-51 are char-
acterized by the bimodal pattern, where the front-peak presents even-to-
odd predominance with a main peak carbon occurring at C;g or Cjg.
Nevertheless, there is no obvious odd-to-even predominance in the back-
peak, with a main peak carbon occurring at Cy; or Cyg (Fig. 3e).

5. Discussion
5.1. Anomalies of higher plants biomarkers across the ETE interval

Cadalene can originate from cadinols and cadinenes that are widely
discovered in higher plants (van Aarssen et al., 1990; Nguyen et al.,
2003). Retene can derive from aromatization of abietane class bio-
diterpenoids which occur in conifer resin (Bardhan and Sengupta, 1932;
Stefanova et al., 2002). Pimanthrene is proposed to originate from
pimaric acid which is a major constituent of conifer resins (Wakeham
et al., 1980; Simoneit et al., 1986; Peters et al., 2005). Furan structure
compounds are commonly derived from the terrestrial sediments
(Sephton et al., 1999), which are involved in lignin and cellulose of
vascular plants (Radke et al., 2000; Nakamura et al., 2010). These four
kinds of biomarkers can be well used as indicators to source of higher
plants, when the potential biases are examined and excluded. Combus-
tion can aggravate the aromatization reactions of retene and piman-
threne and directly produce these two compounds during combustion
(Simoneit et al., 2000). The increasing concentration of pyrogenic PAHs
demonstrates an increase of wildfire frequency across the ETE interval in
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the Haojiagou section (Zhang et al., 2020). The results of enhanced
forest wildfires can aggravate the demise and burial of vegetation. Thus,
the increasing abundance of retene and pimanthrene in the ETE interval
(Fig. 2) could be coupled by both the enhanced deforestation and forest
wildfires. The deforestation is also independently witnessed by a
decreasing number of genus and species of sporopollen. The species
number rapidly drops from ~150 to ~50 during the ETE interval, which
suffers a decrease of two-thirds (Fig. 2f) (Zhang et al., 2022 under
review).

Moreover, the geothermal history and corresponding maturity can
also influence the generation of these four kinds of biomarkers. Based on
well-logging temperature data, the geothermal gradients and heat flow
distribution of the in the southern margin Junggar Basin were reported
that the relative low geothermal gradient (<20 °C/km) and heat flow
value (<35 mW/m?), resulting in low maturity (Ro = 0.5-0.7% in most
areas and <0.5% in some areas) of sedimentary organic matter from the
Lower Triassic to Middle Jurassic (Ding et al., 2003; Qiu et al., 2008).
Therefore, biomarker peaks in the DI and RI zones (Fig. 2) of cadalene,
retene, pimanthrene and furans can exclude the factors of exceptional
geothermal history and high maturity.

In addition, cadalene and retene can also be generated by microor-
ganisms, e.g., algae, bacteria and fungi (Bordoloi et al., 1989; Jiang
et al., 1994, Elias et al., 1997; Zhou et al., 2000), and retene could be
biased by differential diagenesis with the sedimentary facies’ changes
(Grice et al., 2005). However, previous work reported that sedimentary
organic matter in the Haojiagou and Baodaowan formations is domi-
nated by kerogen type III (mainly originated from higher plants), which
are also proved by palynological observations under microscope (Fang
et al.,, 2021). The microorganisms (e.g., algae, bacteria and fungi)
indicated by kerogen type II are not dominated in sedimentary organic
matter. Moreover, no significant variations of sedimentary facies occur

through the entire study section (~ 160 m thick) (Fig. 2), which is
characterized by the shallow-water braid plain delta (Fang et al., 2016).
The potential biases of exceptional microorganisms and/or differential
diagenesis with changes of sedimentary facies can be ruled out in the
study section.

Therefore, these biomarkers can be used as higher-plants markers to
reconstruct the original signals of geological events in the Haojiagou
section, when potential biased factors above are taken account or
excluded. Cadalene and retene are used to indicate the abnormal input
of higher plant into sedimentary organic matter and applied to recon-
struct vegetation (Mizukami et al., 2013; Kaiho et al., 2016). On a long-
term scale (e.g., the Upper Triassic to Middle Jurassic), the changing
abundance of cadalene and retene can reflect regional climatic changes
(Jiang et al., 1998). On a short-term scale (e.g., the Cretaceous-
Paleogene extinction event), the rapidly increasing abundance of
cadalene indicates the enhancing input of organic matter originated
from higher plants, which is inferred to intensive destruction and rapid
burial of terrestrial vegetation (Kaiho et al., 2016). The peak of cadalene
abundance is slight displacement with those of retene and pimanthrene
in the DI zone (Fig. 2), this may take account of a wider cadalene’s
source than that of retene and pimanthrene (Hautevelle et al., 2006;
Mizukami et al., 2013). Thus, the sharp rise of cadalene abundance in
beds 46 to 48 approximately corresponding to the ETE interval could be
a broader relevance than abundance of retene and pimanthrene (Fig. 2),
and these three biomarkers all suggest deforestation on the terrestrial
ecosystems.

During the period of DI zone lasting ~270 kyr (according to astro-
chronology in Sha et al., 2015), the cadalene abundance is 10-15 times
(beyond one-order magnitude) (Fig. 2) higher than average background
values, which suggest that the vegetation was massively and rapidly
buried. The peaks of retene, pimanthrene and furans in the DI zone



X. Zhang et al.

(Fig. 2) are consistently associated with the relatively high content of
pyrogenic PAHs (e.g., coronene) during the same period (Zhang et al.,
2020). All the evidence here shows that the voluminous higher plants
were destructed and terrestrial ecosystem suffered drastic destruction
and synchronous with enhanced wildfires in the ETE interval of the
Junggar Basin. The mall rises take place in the Beds 41 and 43 of
cadalene, retene and pimanthrene is likely attributed to the early stages
of CAMP volcanisms in a secondary magnitude (Fig. 2).

In the zone RI (Fig. 2), the concentration of higher plants biomarker
ascends once more. The floral number (from ~50 to ~150 in species, or
~ 20 to ~60 in genus) rapidly increases from beds 45 to 53 which in-
dicates an increase of two-fold (Fig. 2f) (Zhang et al., 2022 under re-
view). However, no records of wildfire activities are observed in the RI
zone, which means the ecosystem gradually recovered and species
began to multiply. These biomarker datasets demonstrate a gradual in-
crease of higher plants contribution to sedimentary organic matter,
which suggests a recovery of the ecosystem of higher plants. Similar
observation is reported across the K/Pg boundary (Mizukami et al.,
2013).

5.2. Wildfire activities witnessed by anomalies of n-alkanes

A simulation experiment (O’Malley et al., 1997) has shown that
high-temperature (900 + 10 °C) combustion of plants will lead to four
characteristics: (1) the disappearance of odd-to-even predominance
(OEP), (2) the forward shifts of main peak carbon, (3) the distribution of
n-alkanes performing a similar trend as high maturity n-alkanes, and (4)
appearance of the distribution of even-carbon dominant n-alkanes. Qiu
et al. (2008) reported that the southern Junggar Basin had the low
geothermal gradients and low maturity from the Lower Triassic to
Middle Jurassic (Ro = 0.5-0.7% in most areas and <0.5% in some areas)
as discussed in Section 5.1, thus the OEP characteristics cannot be
attributed to geothermal effects. The values of OEP fluctuate below the
Bed 43 and followed by a progressively decreasing trend, with average
value of 2.33 (Fig. 3d). The values decrease to around 1 in the Bed 43
maintaining this level to the Bed 51 (i.e., around the DI zone). Sequence
upwards, OEP values significantly increases above the Bed 51 up to
average of 2.16 (Fig. 3d). In sum, the OEP parameters indicate a pre-
existing thermal event at the stratigraphic interval of beds 43 to 51,
before the depositional and burial. In addition, the fluctuating high
abundance of coronene at the interval of beds 43 to 51 reflects the
enhanced wildfires (Zhang et al., 2020) with peaks between the Bed 46
and Bed 49 (Fig. 2g). Thus, the DI zone is inferred to document the
increased wildfire frequency.

The abundance n-alkanes series and conversion of n-alkanes peak
patterns both can be witnessed to link with wildfires in the study section
(Fig. 2 and Fig. 3). The two types of gas chromatography of samples
show that the odd carbon predominance (mainly nC23 and nC25) dis-
appears in the DI zone (Fig. 3). In these samples, n-alkanes distribution
shows a modal distribution ranging from nC15 to nC33, with strong
dominance of nC27 or nC29 for long-chain n-alkanes and nC16 or nC18
for short-chain n-alkanes, while short-chain n-alkanes presents an even-
to-odd predominance (EOP) (Fig. 3). Bimodal n-alkanes could generally
represent two main types of source input, i.e., both algae and terrestrial
plants (Xu et al., 2015). The EOP of n-alkanes generally occurs due to:
(1) the strongly reduced depositional environments, such as in deep
marine sediments and salt rocks (Welte and Ebhardt, 1968; Wang et al.,
2010a, 2010b), (2) specific bacteria and fungi input (Nguyen et al.,
2000), and (3) thermal breakdown of long chain n-alkanes, commonly
including intrusion baking, geothermal gradient and wildfires (Kuhn
et al., 2009). However, there was no a strongly reduced depositional
environment or exceptional occurrence of bacteria and fungi in the
Haojiagou section (Fang et al., 2021). Moreover, the diagenetic geo-
therm stays almost same within 160-m-thick section, with neither
magma intrusion baking beds and with the low maturity (Ro = 0.5-0.7%
in most areas and <0.5% in some areas) in the southern Junggar Basin
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(Ding et al., 2003; Qiu et al., 2008). Thus, the potential impacts of
reduced environments, bacteria and fungi input and geothermal
degradation to abnormal EOP can be ruled out. A large amount of
combustion products supplies primary inputs characterized in bimodal
n-alkanes and front-peak carbon with EOP (Fig. 3).

5.3. Synchronous deforestation with global correlation of CAMP impacts

The CAMP volcanisms can be well correlated with the peaks of Hg/
TOC (Ruhl et al., 2020; Lindstrom et al., 2021). Combined with the
biostratigraphy and carbon isotope stratigraphy (see Fig. 4), the Hg/
TOC peaks in the Haojiagou section constrains stratigraphic correlation
against other classic ETE-TJB sections (Fig. 4) and links to the global
influence of CAMP (Zhang et al., 2020; Ruhl et al., 2020). The peaks
abundance of cadalene, retene, pimanthrene, furans and the abnormal
interval of n-alkanes coincidently correspond to Hg/TOC peaks indi-
cating the CAMP volcanisms labelled as V2 (Fig. 4) around the ETE-TJB
interval. These characteristics in the Haojiagou section are well world-
wide correlated to other sections. The records of coronene and furans in
the Guangyuan and Hechuan sections of the Sichuan Basin (China) are
well correlated with the Haojiagou section (Fig. 4). Moreover, coronene
and retene can also be correlated in the Astartekloft, Greenland corre-
sponding to Hg/TOC labelled as V2 (Fig. 4). The consistent global cor-
relation suggests a synchronous response to the CAMP volcanisms in
both terrestrial and marine ecosystems.

The ecosystem changes across the ETE-TJB interval are observed in
key sections across the world, including terrestrial sections Guangyuan
and Hechuan of the Sichuan Basin (southwest China) (Wang et al.,
2010a, 2010b), Haojiagou, Junggar Basin (northwest China) (Lu and
Deng, 2009; Sha et al., 2015) and Astartekloft (Greenland) (McElwain
et al.,, 2009), and marine section Mariental (north Germany) (van de
Schootbrugge et al., 2009). van de Schootbrugge et al. (2009) examined
the stratigraphic micropalaeontology of the marine section at the Mar-
iental, North Germany, and quantified floral changes. It is noted that the
Triletes Beds show a dark spores zone which is consistent with the peak
of coronene in the section, and is well correlated in other four terrestrial
sections. The Hg/TOC content becomes particularly abundant (labelled
as V2 in Fig. 4) and corresponds to the >4%o negative carbon isotope
excursion in the Astartekloft section, Greenland (McElwain et al., 2009).
Anomaly high concentrations of retene (Fig. 4) related to gymnosperm
resin derivatives suggest that the environmental stress factors lead to
extinction of primary floras (Williford et al., 2014). The terrestrial sec-
tions at the Guangyuan and Hechuan, Sichuan Basin, southwest China
also witness biomarkers coronene and furan (Fig. 4) for wildfires and
environmental changes, outside CAMP region (Song et al., 2020). Of
these sections, abundance of coronene suddenly increases in the ETE-
TJB interval, and so as oxygenated PAHs with furan structure, which
consistently demonstrate an increase of wildfire frequency and a floral
destruction (Fig. 4).

With regard to wildfire activities, lava ignition of CAMP cannot
directly affect Junggar Basin owing to >4000 km distance (Zhang et al.,
2020; Song et al., 2020). However, the CAMP-derived 8000Gt (Gt = 10°
t) of CO, (Beerling and Berner, 2002; McHone, 2003) injecting into the
atmosphere can impact atmospheric cycles globally (Nomade et al.,
2007; Whiteside et al., 2007; Schaller et al., 2011, 2012). Global
warming at higher atmospheric CO; level may have increased by more
than 4 °C (Landwehrs et al., 2020). According to modern atmospheric
observation data, rising surface temperature will increase the moisture
content of the troposphere and increase cloud (Reeve and Toumi, 1999).
Every 1 °C increase in annual average temperature will increase the
frequency of lightning by about 40% (Reeve and Toumi, 1999; Zhang
et al., 2016), while lightning is one of the main causes of wildfires. On
the other hand, volcanism is also known to be capable of releasing
amounts of sulfur (Self et al., 2008; Jones et al., 2016) and the CAMP
volcanisms released ~4600 Gt SO, (McHone, 2003).

Combined with the increase of PAHs content observed in terrestrial
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Fig. 4. Stratigraphic correlation of the Triassic-Jurassic transition in the Junggar Basin, northwest China is consistent with continental sections in the Astartekloft,
Greenland (Williford et al., 2014), Guangyuan and Hechuan sections in the Sichuan Basin, China (Song et al., 2020) and shallow marine section in the Mariental,
North Germany (van de Schootbrugge et al., 2009). The ETE boundary in the Mariental, North Germany was also defined by the characteristic late Triassic pollen (a)
Rhaetipollis germanicus, where the first occurrence (FO) of pollen (d) Cerebropollenites thiergartii is located 3.2 m below the FO of the Triassic-Jurassic boundary marker
ammonite Psiloceras spelae and 2.6 m above the ETE horizon in the Global Stratotype Sections and Point (GSSP) in Austria (Hillebrandt et al., 2013).

and marine sections across the world (van de Schootbrugge et al., 2009;
Marynowski and Simoneit, 2009; Williford et al., 2014; Song et al.,
2020; Zhang et al., 2020) (Fig. 4), the increased frequency of wildfires
associated with deforestation across the ETE-TJB interval is likely to be
on a global scale. However, mechanism of widespread deforestation
with the synchronous wildfires widely taking place remains question-
able. The enhanced wildfires owing to the global warming effects of CO5
greenhouse (Reeve and Toumi, 1999; Beerling and Berner, 2002) could
contribute to deforestation. Warmer temperatures can increase lightning
frequency and directly ignite vegetation wildfires resulting into defor-
estation. On the contrary, the CAMP-derived sulfur injection would have
a global impact because of its short residence years in the stratosphere
(Robock, 2000) and transforming into acid rains to damage vegetations
(Evans et al., 1977; Lal, 2016). If deforestation first took place due to the
CAMP-derived global acid rains (McHone, 2003) and subsequent ca-
tastrophes of higher plants would rapidly oversupply moisture-free
wood fuels with no time burial, which tends to cause enhanced wild-
fires. Moreover, the former mechanism is hard to explain why long-term
strong greenhouse effects and more than 4 °C global warming due to
high CO, contents stay until the Early Jurassic Hettangian (McElwain
et al., 2009; Landwehrs et al., 2020) but just lead short-term wildfires
(lasting ~270 kyr) across the ETE-TJB interval. In contrast, it would
meet little difficulty for explaining the preceding floral death to cause
the enhanced wildfires in short-time scale, according to the later
mechanism. Concerning two alternative interpretations, we propose that
the widespread deforestation initially occurred due to CAMP-derived
acid rains and the large-scale demise of vegetation may have provided
moisture-free fuels for wildfires, rather than intensive wildfires initially
leading into the deforestation during the ETE-TJB period.

Notably, the abundant of retene and furans document a moderately
increase of vegetation input in the zone RI in the Haojiagou section
(Figs. 2 and 4), which suggest an ecosystem recovery with the aftermath
of mass extinction. The retene at the Astartekloft, Greenland and furans
at the Hechuan, China both show a slightly increasing tendency in the
Early Jurassic (Fig. 4).

6. Conclusions

(1) Combined with the high-resolution biomarker datasets in this
study and previous works at the Haojiagou section, the defores-
tation of higher plants took place in the Junggar Basin, northwest
China recorded in the stratigraphic ETE-TJB interval. The
deforestation was synchronous with the enhanced wildfires and
also with the main stage of CAMP volcanisms in the Haojiagou
section, Junggar Basin.

(2) The similar characteristics of deforestation indicated by bio-
markers are witnessed in both other terrestrial and marine TJB
sections across the world. Thus, the deforestation is inferred to be
a global-scale event in the terrestrial ecosystems around the ETE-
TJB period.

(3) The widespread deforestation in the ETE-TJB period could be
triggered by the CAMP-derived acid rainfalls, and subsequently
oversupplying dead plants were moisture-free to be ignited
before buried. The deforestation is a main preceding reason
rather than a consequence to enhance the wildfires in that period.
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