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ABSTRACT
To help resolve current controversies surrounding the fundamental question of synchrony 

between end-Permian mass extinction on land and in the sea, we examined the marine Perm-
ian–Triassic reference section at Meishan (southeastern China) for land-derived molecular 
degradation products of pentacyclic triterpenoids with oleanane carbon skeletons, diagnostic 
for the Permian plant genus Gigantopteris. We identified a continuous quantitative record of 
mono-aromatic des-A-oleanane, which abruptly ends in the main marine extinction interval 
just below the Permian-Triassic boundary. This taxon-specific molecular biomarker, therefore, 
reveals in unmatched detail the timing and tempo of the demise of one of the most distinc-
tive Permian plants and provides evidence of synchronous extinction among continental and 
marine organisms. Parallel reduction in the relative abundance of lignin phenols confirms 
that aridity-driven extinction was not restricted to Gigantopteris but likely affected the entire 
wetland flora of the equatorial South China microcontinent.

INTRODUCTION
Multiple lines of paleontological, geochemi-

cal, and sedimentological evidence confirm 
worldwide collapse of continental and marine 
ecosystems at the end of the Permian Period. 
However, there are conflicting views on the 
question of synchrony of the associated mass 
extinctions. Global meta-analysis of the tem-
poral distribution of Permian and Triassic plant 
fossils may suggest that evidence for mass ex-
tinction among land plants is far from robust 
(Nowak et al., 2019), and regional studies com-
monly conclude that continental and marine ex-
tinctions were timed differently (e.g., Fielding 
et al., 2019). The resolution of the temporal re-
lationship between extinctions on land and in the 
sea is necessary to fully understand the cause of 
the end-Permian biotic crisis.

Disagreements about extinction synchrony 
are at least partly related to imprecise correla-
tion of continental fossil records to the marine 
Global Stratotype Section and Point (GSSP) 
for the base of the Triassic at Meishan, Zheji-
ang Province in southeastern China (Yin et al., 
2001). Besides hosting the conodont-defined 

Permian-Triassic boundary, Meishan section D 
serves as the principal global reference profile 
for biological, chemical, and physical signa-
tures of the end-Permian biotic crisis. Starting 
at the base of bed 25, a profound loss of faunal 
biodiversity defines the main marine extinc-
tion interval, bracketed by high-precision U-Pb 
zircon dates between 251.941 ± 0.037 Ma and 
251.880 ± 0.031 Ma (Burgess et al., 2014; Chen 
et al., 2015). Molecular studies have demon-
strated significant influx of plant and bacterial 
organic matter, reflecting ecosystem collapse 
on land (e.g., Wang, 2007; Wang and Visscher, 
2007; Nabbefeld et al., 2010; Kaiho et al., 2016). 
However, the Meishan section does not contain a 
record of physical plant fossils suitable for direct 
temporal correlation of continental and marine 
patterns of taxic extinction. Plant macrofossils 
are absent, and latest Permian palynomorph 
assemblages are dominated by marine phyto-
plankton (acritarchs), with only a subordinate 
and inconclusive record of spores and pollen of 
land plants (Ouyang and Utting, 1990).

The Meishan section is paleogeographically 
situated on the South China tectonic block, a 
microcontinent in the easternmost Paleo-Te-
thys Ocean, largely covered by sea during the 
Permian-Triassic transition. Floristically, the 

 remaining islands were the domain of the clas-
sic late Permian Gigantopteris wetland flora, the 
final phase in the development of the Pennsyl-
vanian–Permian Cathaysian floral province of 
East Asia. Macrofossil and spore-pollen records 
have been analyzed from multiple boundary sec-
tions deposited in fluvial and coastal settings, 
particularly in the provinces of Guizhou and 
Yunnan in southwestern China (e.g., Ouyang, 
1982; Peng et al., 2006; Yu et al., 2015; Chu 
et al., 2016; Feng et al., 2020a, 2020b). By using 
magnetostratigraphy, isotope stratigraphy, and 
U-Pb geochronology of interbedded volcanic 
ash layers, plant records have been correlated to 
the Meishan section (e.g., Zhang et al., 2016). 
Although there is little doubt about a marked 
floral turnover, these correlations offer conflict-
ing views as to whether the timing of eventual 
extinction of the genus Gigantopteris and other 
characteristic taxa of the Gigantopteris flora pre-
ceded, paralleled, or succeeded the end-Permian 
marine extinctions. In this study, we demonstrate 
that the molecular remnants of land plants pre-
served in the GSSP section shed new light on 
temporal links between continental and marine 
bioevents, providing an effective solution to this 
uncertainty.

CHEMOTAXONOMIC BACKGROUND
Gigantopteris has been established as a fossil 

genus for megaphyllous leaves with a remark-
able angiosperm-like physiognomy and vena-
tion pattern (e.g., Glasspool et al., 2004). Along 
with morphologically similar Permian genera 
from East Asia and North America, differing 
in details of gross leaf architecture and vena-
tion, Gigantopteris may be grouped in the poly-
phyletic order Gigantopteridales. Jointly with 
the genus Gigantonoclea, however, Gigantop-
teris may cover a narrow monophyletic taxon. 
Liana-like stems associated with these genera 
share the earliest known secondary xylem with *E-mail: wchj333@126.com; h.visscher@uu.nl
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 high-conductivity vessel conduits (Li et  al., 
1996), but conclusive information regarding 
the structure of reproductive organs, essential 
in resolving the phylogenetic position of fossil 
gymnosperms, is still lacking. The morphology 
of gigantopterid pollen grains is elusive, pre-
cluding the detection of Gigantopteris in spore-
pollen records.

In addition to morphological and anatomical 
similarities, the most startling resemblance of 
Gigantopteris and Gigantonoclea with angio-
sperms is the presence of oleanane-type molecu-
lar compounds (Taylor et al., 2006). Oleanane 
represents the most common carbon skeleton for 
the synthesis of pentacyclic-triterpenoid second-
ary metabolites presently produced by a wide 
variety of angiosperms as chemical protection 

and defense against herbivores, pests, and patho-
gens (e.g., Wink, 2016). Except for a record of 
oleanolic acid in Pinus massoniana, oleanane is 
unknown from extant gymnosperms (Si et al., 
2017); among extinct gymnosperms, it is also 
found in some Mesozoic Bennettitales (Taylor 
et al., 2006). The source of Carboniferous ole-
anane in North America is still unknown (Philp 
et al., 2021). Although secondary metabolites 
do not necessarily carry phylogenetic informa-
tion (Wink, 2016), among the Permian plants 
in South China the compound may serve as a 
useful chemotaxonomic character to diagnose 
the Gigantopteris-Gigantonoclea combination. 
For taxonomic convenience, we here refer to this 
grouping as Gigantopteris. The presence or ab-
sence of oleanane in other gigantopterid genera 

from southeastern Asia and North America still 
needs to be determined.

Modern soil organic matter commonly con-
tains angiosperm-derived oleananes or their 
diagenetic derivatives (e.g., Jaffé et al., 1996; 
Otto and Simpson, 2005; He et al., 2018). Like-
wise, soils of the Permian Gigantopteris forests 
could have contained aliphatic or aromatized 
degradation products of oleanane precursors. 
Because continentally sourced organic carbon in 
marine sediments is typically predominated by 
soil-derived constituents (Regnier et al., 2013), 
we hypothesize that the Meishan organic assem-
blage may well include a record of gigantopterid 
molecular biomarkers, suggesting the precise 
timing of end-Permian plant extinction on the 
South China microcontinent. We selected 88 

A B
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Figure 1. Identification and genesis of mono-aromatic des-A-oleananes (MADAO). (A) Mass chromatograms (m/z 85 + m/z 145 + m/z 159; 
m/z—ratio of mass to charge) of five successive samples (from bottom to top), exemplifying the dramatic decline of relative abundances of 
compounds 1a, 1b, and 2 across the Permian-Triassic boundary interval (beds 24 − 29; see Figs. 2 and 3) at Meishan, southeastern China. 
(B) Mass spectra and proposed structure elucidation for compounds 1a and 2. Base peak (b.p.) ions at m/z 145 and m/z 159 can be rational-
ized as result of C- and D-ring cleavage. Compounds 1a-1b and 2 can be tentatively classified as C23 des-A-26-norolean-5,7,9-triene and C24 
des-A-26-norolean-5,7,9-triene, respectively. (C) Proposed diagenetic pathways for derivation of compounds 1a-1b and 2 from β-amyrin via 
2,3-cleavage (pathway 1) or 3,4-cleavage (pathway 2), followed by degradation of side chains and B-ring aromatization. hv denotes photo-
chemical transformation. Aromat.—aromatization; Isom.—isomerization; Microb.—microbial.
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samples, collected from Meishan sections B, C, 
and D (Yin et al., 2001), for organic-geochemi-
cal analysis (see the Supplemental  Material1 for 
analytical procedures and the data set).

RESULTS AND DISCUSSION
Identification of a Taxon-Specific 
Biomarker

Gas chromatography–mass spectrometry 
(GC-MS) allowed the detection of at least three 
distinct mono-aromatic tetracyclic hydrocarbon 
compounds, eluting before n-C23 alkanes (iso-
meric compounds 1a and 1b) and after n-C24 
(compound 2; Fig. 1A). We have interpreted the 
compounds as mono-aromatic des-A-oleananes 
(MADAO; see the Supplemental Material). We 
used the mass-spectral characteristics (Fig. 1B), 
supplemental analysis of organic matter from 
the Oligocene Baigang Formation in southern 
China (Fig. S1 in the Supplemental Material), 
and published concepts about structure and for-
mation of A-ring degraded pentacyclic triterpe-
noids (e.g., Trendel et al., 1989; Stout, 1992; 
Eiserbeck et al., 2012; He et al., 2018; Asahi 
and Sawada, 2019).

Oleanane and its diagenetic transformation 
products have long been used to identify an-
giosperm-derived organic matter input in Late 
Cretaceous to recent sediments (e.g., Moldowan 
et al., 1994). Given the presence of oleanane in 
Gigantopteris, MADAO can also be taken as an 
age-related, taxon-specific biomarker, indicative 
of a prominent late Permian floral element. Aro-
matic des-A-triterpenoids derived from oleanane 
precursors have been detected in soils of man-
groves (He et al., 2018) and periodically flooded 
rainforests (Jaffé et al., 1996), suggesting that 
these relatively stable compounds are formed 
under anaerobic conditions in temporarily sub-
merged soils. Their occurrence in surface soils 
confirms fast diagenetic reactions early during 
litter decay and substantiates the assumption that 
MADAO was exported to the sea after a short 
residence in soils.

Temporal Distribution of MADAO
We restrict our analysis of the temporal varia-

tion of MADAO to the stratigraphic distribution 
of compound 2 because its relative abundance is 
distinctly higher than that of compounds 1a and 
1b (Fig. 1A). Starting in bed 23 in the Changx-
ing Formation, this variation correlates to the 
quantitative record of monomeric phenols de-
rived from kerogen pyrolysates, which likely 
reflects influx of lignin or altered lignin of vas-
cular plants (Wang and Visscher, 2007; Fig. 2). 

Following a sharp decline of MADAO in bed 
26, further upsection in the Yinkeng Formation 
the compound is absent or remains restricted 

to trace amounts, probably derived from trans-
gressive reworking (Fig. 3). The lignin phenols 
clearly mirror this decline but then remain pres-

1Supplemental Material. Data Table S1 and infor-
mation about samples, analytical methods, biomarker 
quantification, MADAO identification, and marat-
tialean forests. Please visit https://doi.org/10.1130/
GEOL.S.15138612 to access the supplemental mate-
rial, and contact editing@geosociety.org with any 
questions.

A B

Figure 2. Temporal pattern of mono-aromatic des-A-oleananes (MADAO) and phenol indices 
across the Changxing and Yinkeng Formations at Meishan, southeastern China. (A) Ratio of 
MADAO to n-alkanes. (B) Ratio of phenols to n-alka(e)nes. Note the different scale for the upper 
part of the column. For precise position of data points, sample lithology, index quantifica-
tion, and biomarker relative abundance values, see the Supplemental Material (see footnote 
1). WCP—Wuchiapingian Stage; LT—Longtan Formation; ME—onset marine mass extinction.
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ent in minor concentrations. Other land-derived 
organic constituents show a different pattern. El-
evated concentrations of dibenzofurans (DBFs; 
Fig. 3C), probably originating from soil polysac-
charides, such as cellulose and hemicellulose 
(Sephton et al., 2005; Wang and Visscher, 2007), 
continue to prevail in the Yinkeng Formation. 
There is no correlation to peak occurrences of 
polycyclic aromatic hydrocarbons indicative of 
anomalous wildfire activity (Nabbefeld et al., 
2010). In bed 24, the onset of a fluctuating pat-
tern of generally elevated moretane/hopane ra-
tios may point to a raised input of βα-hopanoid 
metabolites from soil bacteria (Wang, 2007; 
Fig. 3D). The end of the MADAO record cor-
responds to the δ13Corg (org—organic matter) 
minimum in bed 26 (Fig. 3E).

Extinction of the Gigantopteris Flora
The decline and termination of the continu-

ous MADAO record in bed 26 clearly depicts 
the timing and tempo of the end-Permian ex-
tinction of Gigantopteris in South China. The 

extinction was synchronous with the main ma-
rine extinction event at Meishan. Because the 
Permian-Triassic boundary is defined in the 
middle of bed 27, the molecular fossils inde-
pendently contradict claims of temporal persis-
tence of Gigantopteris into the Triassic (e.g., 
Nowak et al., 2019). Age estimates of bed 26 
(ca. 251.933–251.912 Ma; Chen et al., 2015) 
suggest that extinction is constrained to a short 
episode of ∼21 k.y.

In forested ecosystems, the subaerial and 
subsurface biomass of canopy trees is the vi-
tal determining factor of the lignin content of 
soil organic matter. Present-day deforestation 
generally results in significantly decreased lig-
nin yields together with a relative increase of 
cellulose and hemicellulose (Kroeger et  al., 
2018). On the basis of anatomical characteris-
tics (narrow stems, large vessel diameters, mas-
sive leaves), the Gigantopteris plants should be 
interpreted as canopy lianas rather than canopy 
trees (Li et al., 1996). Consequently, the dras-
tically reduced abundance of lignin phenols 

in bed 26 implies that not only Gigantopteris 
but especially dominant tree-forming floral el-
ements must have ended their contribution to the 
soil organic carbon stock. The macrofossil and 
spore-pollen records from Guizhou and Yunnan 
Provinces suggest that in addition to species of 
Calamitales (equisetophytes), Lepidodendrales 
(lycophytes), and Noeggerathiales (progymno-
sperms), the overall tree canopy of the wetland 
forests was composed mainly of marattialean 
tree ferns belonging to the extinct family Psa-
roniaceae (see the Supplemental Material). In a 
global perspective, therefore, the lignin phenol 
record at Meishan strengthens the evidence base 
for the end-Permian coup de grâce to the iconic 
arborescent spore plants that long dominated 
the canopy of tropical peat forests during later 
Paleozoic times.

Beginning in bed 23, accelerated deforesta-
tion and ensuing soil erosion is well reflected 
in the intensified burial flux of lignin phenols, 
dibenzofurans, and soil-bacterial moretanes 
(Fig.  3). The macrofossil and spore-pollen 

C DA B E

Figure 3. Profiles of terrigenous molecular biomarker indices and organic-matter δ13C (δ13Corg) values across Permian-Triassic transition at 
Meishan. (A) Ratio of mono-aromatic des-A-oleananes (MADAO) to n-alkanes. (B) Ratio of phenols to n-alka(e)nes. (C) Ratio of dibenzofurans 
(DBFs) to total aromatics. (D) Ratio of moretanes to hopanes. (E) Kerogen organic-carbon isotope ratio. Note the different scale for the upper 
part of the column. For precise position of data points, sample lithology, index quantification, and biomarker relative abundance values, see 
the Supplemental Material (see footnote 1). ME—onset marine mass extinction; blue zone indicates interval of terrestrial ecosystem collapse, 
floral turnover, and extinction.
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 assemblages from southwestern China provide 
evidence that concurrently with deforestation 
and the cessation of peat formation, the Gi-
gantopteris flora was rapidly replaced by low-
biomass, drought-tolerant plants (e.g., Ouyang, 
1982; Peng et al., 2006; Yu et al., 2015; Chu 
et al., 2016; Feng et al., 2020a, 2020b). The low-
shrub peltasperm Germaropteris and the succu-
lent lycophyte Lepacyclotes may have pioneered 
this later flora. Although other, globally operat-
ing environmental stress factors (acidification, 
ultraviolet B radiation, mercury toxicity) have 
likely contributed to continental ecosystem col-
lapse, the colonizing flora affirms intensified sea-
sonal water stress as the main proximal trigger of 
end-Permian deforestation. In modern forested 
ecosystems, droughts accompanied by raised 
temperatures resulting from  anthropogenic CO2 
forcing are known to instigate marked increases 
in tree mortality rates (e.g., Allen et al., 2015). At 
Meishan, the inception of deforestation match-
es the onset of the globally identified, negative 
carbonate-isotope (δ13Ccarb) excursion (Burgess 
et al., 2014). Consistent with a scenario of global 
warming, probably driven by Siberian Traps ig-
neous activity, this correspondence may support 
a causal link between massive injection of 13C-
depleted CO2 into the atmosphere and aridity-
driven die-off of the Gigantopteris flora in the 
South China archipelago.

CONCLUSION
Continuous records of land-derived biomark-

ers have become a powerful tool for reconstructing 
the ecology of deep-time mass-extinction events 
(Whiteside and Grice, 2016). Our  present analy-
sis of MADAO illustrates, for the first time, the 
great potential of biomarkers with narrow taxon 
specificity to detect extinction itself. Moreover, 
these molecular fossils can reduce the bias in the 
assessment of tempo and timing of end-Permian 
plant extinction imposed by chance-dependent last 
occurrences of conventional fossils.

It would be premature to conclude that the 
spatiotemporal correspondence between conti-
nental and marine extinctions demonstrated for 
the Cathaysian floristic realm can serve as a ref-
erence point for affirming concepts of synchro-
nous end-Permian extinction worldwide. Never-
theless, we believe that molecular  biomarker data 
from the Meishan GSSP section provide ample 
grounds for rethinking conflicting interpretations 
of plant fossil records from the Gondwanan, An-
garan, and Euramerican floral provinces.
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