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PALEONTOLOGY

Dying in the Sun: Direct evidence for elevated UV-B
radiation at the end-Permian mass extinction

Feng Liu'2*, Huiping Peng", John E. A. Marshall3, Barry H. Lomax*, Benjamin Bomfleur®,

Matthew S. Kent?, Wesley T. Fraser®, Phillip E. Jardine>*

Land plants can adjust the concentration of protective ultraviolet B (UV-B)-absorbing compounds (UACs) in the
outer wall of their reproductive propagules in response to ambient UV-B flux. To infer changes in UV-B radiation
flux at Earth’s surface during the end-Permian mass extinction, we analyze UAC abundances in ca. 800 pollen
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grains from an independently dated Permian-Triassic boundary section in Tibet. Our data reveal an excursion in
UACs that coincide with a spike in mercury concentration and a negative carbon-isotope excursion in the latest
Permian deposits, suggesting a close temporal link between large-scale volcanic eruptions, global carbon and
mercury cycle perturbations, and ozone layer disruption. Because enhanced UV-B radiation can exacerbate the
environmental deterioration induced by massive magmatism, ozone depletion is considered a compelling eco-

logical driver for the terrestrial mass extinction.

INTRODUCTION

Radiometric dating using high-precision U/Pb CA-TIMS (chemical
abrasion—thermal ionization mass spectrometry) on the Siberian
Large Igneous Province (SLIP) and the Permian-Triassic GSSP
(global stratotype section and point) at Meishan, China revealed a
temporal link between SLIP and the end-Permian mass extinction
(EPME) (1, 2). Global warming, ocean acidification, and oceanic
anoxia resulting from SLIP volcanism during the EPME have
been implicated as proximate causes of marine biospheric collapse
and extensive biodiversity loss (3-5). For instance, more than 80%
of all marine species were extinguished (6) within a short time in-
terval during an early intrusive phase of SLIP emplacement (7).
However, how these kill mechanisms affected terrestrial ecosystems
remains highly controversial (8, 9).

Amidst the many potential drivers of the terrestrial EPME, en-
hanced solar ultraviolet B (UV-B) radiation induced by volcanism-
driven ozone shield deterioration is one mechanism that can poten-
tially impose such a devastating impact. Under this scenario, halo-
carbons (e.g., methyl chloride and methyl bromide) released from
evaporite deposits during the Siberian Traps volcanism and sill em-
placement led to ozone layer depletion (10, 11). The widespread oc-
currence of malformed pollen grains and spores (collectively
sporomorphs) during the EPME interval (Fig. 1) has been interpret-
ed as representing increased UV-B flux, with abundant unseparated
spore tetrads, pollen with aberrant numbers of apertures, and the
widespread occurrence of asymmetrical, underdeveloped, or dis-
torted sacci of pollen grains all consistent with UV-B-stimulated
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failures during microsporogenesis (12, 13). Further, the pollen of
extant Pinus mugo trees grown in high UV-B environments de-
signed to simulate end-Permian ozone-depleted conditions show
a range of malformation features similar to those seen in Permian
bisaccate pollen (14). Analogous malformations in fossil spores
have been taken to indicate similar ozone depletion during the
end-Devonian mass extinction (15).

However, atmospheric pollution tied to volcanic outgassing has
been proposed as an alternative causal mechanism for the frequent
presence of malformed sporomorphs. Under this scenario, volcano-
genic toxic pollutants—including mercury and other heavy metals
and volatiles as well as acidic rain derived from SO, aerosols—led to
environmental stress, resulting in plant physiological disorders,
DNA damage, and sporomorph malformations (16). Volcanogenic
pollution has been suggested as a mechanism for producing the
malformed and dark-colored sporomorphs at the Permian-Triassic
boundary (PTB) (17) and also severe sporomorph malformations at
the Triassic-Jurassic boundary (18). Therefore, whether sporo-
morph malformations at the PTB indicate ozone depletion and in-
creased UV-B levels at Earth’s surface or instead are linked to
environmental pollution is a key test to understanding the dynamics
of the EPME.

Here, we address this problem using a land surface UV-B proxy
based on the chemical signatures of sporomorphs. This proxy uses
concentrations of UV-B—absorbing compounds (UACs) in the
sporomorph outer wall (exine) to deduce past changes in ozone
concentration and UV-B radiation (19). Plants produce UACs as
a protection against the deleterious effects of UV-B, and individual
plants can up-regulate UAC production in response to increasing
ambient UV-B flux (20). The UACs in sporomorph exines are the
phenolic compounds para-coumaric acid and ferulic acid, abun-
dances of which can be readily detected to provide a proxy for
past UV-B levels (Fig. 2). Plant UACs reflect a specific functional
response to UV-B flux variations and are thus not caused by atmo-
spheric pollution or other environmental stressors (19). Crucially,
sporopollenin, the biopolymer that comprises the exine, has a
high preservation potential in the geologic record, which has
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Fig. 1. Paleogeographic position of the Qubu section and Permian-Triassic palynomorph sequences featuring teratological pollen and spores [after (72) and
(74) with revision]. (A) Sverdrup Basin, Arctic Canada. (B) East Greenland. (C) The Barents Sea. (D) Pechora Basin, Urals, Russia. (E) Russian Platform. (F) Ireland. (G)
Southern Alps, Italy. (H) Transdanubian Mountains, Hungary. (I) Junggar Basin, North China. (J) Southwest China. (K) South Africa. (L) Sri Lanka. (M) Mombasa Basin,

Kenya. (N) Auranga Basin, India. (O) Raniganj Basin, India.

resulted in an abundant sporomorph fossil record that extends back
to the Silurian (21, 22).

RESULTS

Our data come from the Qubu section in southern Tibet (28.31°N,
86.83°E). The Permian-Triassic transition in the Qubu section con-
sists of the Changhsingian (latest Permian) Qubuerga Formation
and the Induan (earliest Triassic) Kangshare Formation. Fossil co-
nodonts, ammonoids, gastropods, and miospores recovered from
the section provide precise and accurate age assessment and strati-
graphic correlation (Fig. 3) (23). A notable negative organic and car-
bonate carbon-isotope excursion (CIE) in the uppermost part of the
Qubuerga Formation (24) has been linked to the disruption of
Earth’s long-term carbon cycle during the EPME (25), which is sup-
ported by the organic carbon-isotope profile generated here (Fig. 4).

We quantified the concentrations of sporopollenin UACs using
Fourier transform infrared (FTIR) microspectroscopy, a rapid, non-
destructive method applicable to measuring individual sporo-
morphs (26). We scanned 1011 individuals of a single pollen—type
Alisporites (mainly Alisporites tenuicorpus Balme, 1970) from 32
horizons (ca. 30 grains per horizon) of the Qubu section (Figs. 3
and 4 and data S2). This pollen type has botanical affinities with
peltasperm and corystosperm seed ferns and conifers, groups that
are all known to have survived the EPME (27). Following the
removal of noisy or otherwise low-quality spectra, the dataset com-
prised 804 spectra (data S3), each representing one pollen grain;
vetted and unvetted datasets, however, produced similar
results (Fig. 5).

UAC abundances in sporopollenin have previously been estimat-
ed from FTIR spectra via the height of the wave band centered
around 1510 cm™', which is associated with C=C bonds in phenolic
(aromatic) functional groups, normalized against the broad OH
band centered on 3300 cm™' to remove the impact of sporomorph
thickness on peak height measurements (Fig. 6 and data S1) (28).
However, repolymerization of the sporopollenin biopolymer is

Liu et al., Sci. Adv. 9, eabo6102 (2023) 6 January 2023

known to take place in the geologic record, altering the sporopolle-
nin chemical structure and decreasing the prominence of the 1510-
cm™! aromatic peak in FTIR spectra (29-31). Consistent with these
previous findings, the FTIR spectra generated from the Alisporites
grains studied here are substantially different from those of extant
material, with larger peaks centered on 1600 cm™" (C=C stretching)
and 1360 cm™" (symmetric CH; bending) and no clear 1510-cm™!
peak (Fig. 6). However, careful inspection of the samples across the
PTB interval revealed the presence of an absorbance band centered
on 1510 cm™" and occurring between the 1600- and 1360-cm™!
peaks, consistently present but broader than the usual 1510-cm™*
peak (Figs. 6 and 7). Because thermal maturation and other diage-
netic effects are expected to be consistent through the Qubu section,
we interpret the chemical changes taking place across the PTB as
reflecting changes in UAC abundances, albeit in an altered form
compared to the original sporopollenin biopolymer.

Because chemical changes in the 1510-cm™" region of the spectra
are present as a broader band rather than a sharp peak, we measured
variations in the height of this part of the spectrum in two ways: as
the maximum absorbance value between 1505 and 1525 cm™!
[which is consistent with previous studies, e.g., (32, 33)] and as
the maximum absorbance value between 1450 and 1550 cm™".
We also measured the heights of the 1600-cm™! aromatic peak
and 1360-cm™! aliphatic peak to investigate their possible influence
on the 1510-cm™! band; in all cases, these values were divided by the
height of the OH band as described above. Comparing these values
shows a high concordance between the height of the 1510-cm™!
band, whether measured in a narrow or broad interval, and
between the 1510-cm™" band and the 1600-cm™" peak (Fig. 8),
which is expected because both represent aromatic C=C bonds.
There is a much lower correlation between the height of the 1510-
cm™! band and the 1360-cm™" peak (Fig. 8), suggesting that varia-
tions in the 1510-cm™" absorbance values recorded here are not
down to variations in the aliphatic component of sporopollenin
and can be taken as a genuine UAC signal.
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Fig. 2. Schematic representation demonstrating the magmatic process
driving chemical changes within sporopollenin composition. The white scale
bars in the fossil pollen image represent 20 um.

Our data show that UAC abundances, calculated as the 1510-
cm™! C=C/3300-cm™" OH ratio with the C=C absorbance band
measured within the narrow wave number interval (see above),
are stable through the Changhsingian but increase suddenly with
the onset of the EPME, indicating a substantial rise in UV-B flux
(Fig. 4 and Table 1). Similarly, the mercury [Hg/total organic
carbon (TOC) ratio] remains constant at around 30 during the
Changhsingian but increases in both raw and normalized concen-
tration in concert with UAC abundances in the horizon 3.2 m below
the PTB (Fig. 4 and Table 1). The primary source of mercury to the
pre-Anthropogenic atmosphere is volcanic emissions (34), such
that in preindustrial deposits, anomalous mercury concentration
is considered a proxy for volcanic activity (35, 36). From a strati-
graphic standpoint, the Hg/TOC ratio peak in the Qubu section
can be correlated with global anomalies of mercury concentration
induced by SLIP magmatism during the EPME (Fig. 4) (37), al-
though recent research suggests that coeval felsic volcanism
around the Tethyan ocean and the Palaeo-Pacific margin of south-
ern Gondwana may account for regional Hg input (38). In compar-
ison, the CIE slightly lags the initial rise of UACs and mercury
concentration and begins to decline 1.2 m below the PTB. Both
mercury (Hg/TOC) and UAC abundances peak at the initiation
of the CIE and EPME. Because the Griesbachian dolomitic lime-
stones of the Qubu section are unsuitable for palynological analysis,
UAC abundance for the 2.5 m immediately after the EPME remains
unknown. However, fossil pollen spectra from overlying Dienerian
deposits reveal a rapid decline in UAC abundance back to normal
levels at around 500 ka after the EPME. By contrast, the mercury
concentration mirrors the carbon-isotope profile with constant
fluctuation through the Induan (Fig. 4 and Table 1).

DISCUSSION

The synchronicity in the anomalous UAC and mercury fluctuations
with the CIE in the Qubu section are consistent with increased
global UV-B radiation resulting from magmatism-derived strato-
spheric ozone layer deterioration, causing the widespread occur-
rence of malformed sporomorphs and forest sterility during the
EPME (Fig. 1) (14). Although we found limited convincing evi-
dence for malformations in our sporomorph record, the palynolog-
ical assemblage at the EPME interval is characterized by a great
abundance of amorphous organic matter (AOM), Reduviasporon-
ites catenulatus, acritarchs, and rare occurrence of bisaccate pollen
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Fig. 3. Stratigraphy, rock sample location, spore/pollen ratios (23), and esti-
mated sample miospore richness and evenness in the Qubu section (28.31°N,
86.83°E). The grayish sample numbers represent samples that are barren in paly-
nomorphs. FAD represents the first appearance datum of index fossils in the
section. G., Griesbachian. md, mudstone. st, siltstone. sndst(m), medium-grained
sandstone. The Permian and Triassic data points are colored pink and purple,
respectively.

(only A. tenuicorpus and Scheuringipollenites ovatus), in contrast to
the prevalence of bisaccate pollen before the EPME (data S4 and S5)
(23). Similar palynological turnover from bisaccate pollen- to
AOM-dominated assemblages has been observed worldwide at
the onset of the EPME and interpreted as a reduction in terrestrial
vegetation during the EPME (39). However, the EPME and elevated
UV-B only led to a short-term disturbance and range contraction of
land plant communities, which is reflected by the rapid recovery of
the palynofloral community recorded in the neighboring Griesba-
chian sediments in Pakistan (40). In the Qubu section, a rapid shift
in sporomorph diversity to more even relative abundance distribu-
tions and higher within-sample richness occurred in the earliest
Triassic (Fig. 3 and data S1, S4, and S5), followed by a transition
to cavate trilete spore-dominated assemblages representing a lycop-
sid-dominated vegetation type (Fig. 3) (23). This substantial com-
positional change of palynological assemblages occurs in the
Dienerian deposits (Fig. 3) and may be tied to continued SLIP vol-
canism and outgassing during the early Triassic (16). Lasting fluc-
tuations in mercury concentrations and carbon-isotope
compositions throughout the Dienerian deposits of the Qubu
section (Fig. 4) also reflect the recurrent SLIP volcanism throughout
about 500 ka following the EPME (2). However, the rapid decline of
UAC values in the equivalent horizon leads us to suggest that only
the liberation of volatiles by thermal alteration of organic-rich
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shales and evaporites could result in substantial ozone depletion
and an extraordinary increase in UV-B flux (41).

In addition to direct, deleterious impacts on terrestrial vegeta-
tion, enhanced UV-B flux at the Earth's surface is expected to
trigger cascading effects through the biosphere, with broader
impacts on the carbon cycle and climate system. For example, a
recent “world avoided” modeling experiment (42) predicted that
had the Montreal Protocol not been adopted in 1987, ozone collapse
and negative UV-B impacts on plant biomass would have led to a
substantial decrease in the size of the terrestrial carbon sink, in-
creasing atmospheric pCO, and global temperatures in addition
to those forecast for the coming decades. Modeling of end-
Permian ozone depletion scenarios (II1) has predicted similar
levels of ozone loss to those recreated in this counterfactual study
(42). This suggests that the UV-B increase we have evidenced in
this study was sufficiently substantial to decrease terrestrial
carbon stores and contribute to atmospheric pCO, increases and
consequent global warming, in addition to direct outgassing

Liu et al., Sci. Adv. 9, eabo6102 (2023) 6 January 2023

during SLIP emplacement and eruption, which by itself has been
estimated to be too small to account for the changes in the
carbon cycle during the EPME (43). In addition, UACs within
plant tissue act as a herbivory defense by making leaves unpalatable
(44). An increase in plant UACs, coupled with the decline in foliage
nutritional value expected from elevated pCO, conditions (45), may
partly explain the family-level declines in insect diversity recorded
at the EPME (46).

A challenge with analyzing sporopollenin chemistry in deep
time is the repolymerized nature of the material, meaning that we
are working with a geopolymer rather than a biopolymer (31, 47),
and we acknowledge that we are measuring more subtle chemical
variations than with extant or subfossil sporomorphs, or fossil spor-
omorphs from thermally immature locations. Nevertheless, we
argue that detecting even subtle chemical variations across the
PTB is significant, especially because the inferred increases in
UAGCs are consistent with both empirical evidence from aberrant
sporomorphs (12, 13) and theoretical expectations from modeling
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Fig. 6. Example FTIR spectra of Alisporites-type pollen grains recovered from
the horizons below (Changhsingian), above (Induan), and the EPME.

experiments (11), and we have therefore interpreted these chemical
shifts as providing tantalizing direct evidence for changes in UV-B
flux and ozone thickness across the PTB. Further research is now
needed to generate similar data from other sedimentary sections
across this interval to support further the results presented here,
as well as being applied to other intervals of ozone layer depletion
in the geologic record. Sporomorph malformation has recently been
documented for the end-Devonian and end-Triassic mass extinc-
tions. While the former has been interpreted as a result of ozone
depletion and increased UV-B flux (I5), the latter has been
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attributed to toxic heavy metal pollution, particularly mercury poi-
soning (18). However, volcanism at the Triassic-Jurassic boundary
is tied to the formation of the Central Atlantic Magmatic Province,
with sill emplacement into Permian evaporite deposits that may
have resulted in the release of ozone-destroying halocarbons in
the same way as has been proposed for the EPME (48). Ozone de-
pletion and increased surface UV-B flux is therefore also a plausible
scenario for the end-Triassic mass extinction, and with a rich spor-
omorph record available, the biogeochemical methods used here
provide a direct means to test this hypothesis.

MATERIALS AND METHODS

FTIR analysis

The pollen samples were processed following standard HCI-HF-
HCI palynological techniques at the Nanjing Institute of Geology
and Palaeontology, Chinese Academy of Sciences (49). However,
there was no oxidation of the sporomorph material to preserve
the original biogeochemical signature of the fossil sporopollenin.
After maceration, 32 horizons were considered to be productive
enough for FTIR analysis. The ca. 30 pollen grains of each rock
sample were picked using a Nikon Eclipse inverted microscope
and placed on 2-mm-thick zinc selenide discs using an Eppendorf
pipette. The discs were then placed in a desiccator to allow water to
evaporate at room temperature. FTIR analyses were carried out
using a Shimadzu IRTracer-100 FTIR spectrometer coupled with
a Shimadzu AIM 9000 microscope at Shimadzu Research Laborato-
ry (Shanghai) Co. Ltd. Operation components were ceramic source
optics, Ge-on-KBr beamsplitter and nitrogen-cooled MCT-A de-
tector (7800 to 350 cm™!). Spectra were obtained in the mid-
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Fig. 7. Stacked FTIR spectra for samples across the PTB, showing the region
between 1800 and 1200 cm~"; samples are shown in stratigraphic order
(oldest at the bottom, youngest at the top). Solid lines show the sample
mean spectra, and shaded regions show +1 SD.

infrared (4000 to 700 cm™") region using an aperture diameter equal
to the size of pollen grains (ca. 20 x 10 um). A 15x infrared objective
was used. Two hundred scans were accumulated for each spectrum,
with a spectral resolution of 2 cm™'. The instrument was not purged
during data acquisition, and therefore, background spectra were
collected and removed immediately after every sample spectrum.
UAC concentrations were quantified by measuring the height of
the 1510-cm™! aromatic (stretching C=C) peak. Given that the
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absolute height of peaks in infrared spectra relates to the thickness
of the material being scanned, the 1510-cm ™" peak height was there-
fore normalized against the broad hydroxyl (OH) peak centered on
3300 cm™' (26, 28, 50, 51). Peak heights were measured relative to a
third-order polynomial baseline using R v.4.0.3 (52) with the
package baseline v.1.3-1 (data S1 to S3) (53). Data vetting was
carried out by excluding spectra that contained significant distor-
tions or noise, although we note that this process had a limited
impact on the results, except for lower SDs in the vetted data for
some samples (Fig. 5).

TOC and carbon isotope analysis

Three-gram rock samples were cleaned and trimmed to remove
visible veins and weathered surfaces and were powdered to ~200
mesh. Forty milligrams of each powdered sample was then placed
into tubes and injected with phosphoric acid. The resulting gas
was passed into a CO, coulometer to determine the percentage of
carbonate in the rock sample. After multiple centrifugal, the residue
was measured using an Elementar PYRO cube elemental analyzer
running in carbon, nitrogen, and sulfur modeand equipped with
a TCD (thermal conductivity detector), which is interfaced with
an Isoprime VisION continuous flow isotope ratio mass spectrom-
eter (IRMS). The 1- to 40-mg samples were weighed out in clean tin
capsules on a Sartorius ME5 micro-balance and were then combust-
ed at 1120°C with addition of pure oxygen. The resulting gases NO,,
SO,, and CO, were subsequently reduced to N,, SO,, and CO, in the
reduction column, which was held at 850°C. The elemental ratios
were determined by the TCD, and the isotope ratios were deter-
mined by the IRMS. We used sulfanilamide as the C elemental stan-
dard. To normalize the isotope ratios, we used USGS40 and
USGS41 as international reference materials. Values were further
checked using a High Organic Sediment Standard (C 7.45%)
from Elemental Microanalysis Ltd. All TOC and 8'°C,,,, were deter-
mined at the School of Ocean and Earth Science, University of
Southampton, National Oceanography Centre, Southampton.
Only one sample (qb1) had a TOC below the calibration range for
Hg analysis (Table 1).

Mercury concentration measurement

Samples (0.3 g) of rock powder were weighed and placed into quartz
tubes capped with ceramic fiber. Mercury concentrations were mea-
sured by combusting the tube in a Direct Mercury Analyzer (DMA-
1) at the School of Ocean and Earth Science, University of South-
ampton, National Oceanography Centre, Southampton. Data
quality was monitored via multiple analyses of the Reference Mate-
rial 188-WT-L after every five samples (Table 1).

Biodiversity analysis

Within-sample richness was estimated using the coverage-based in-
terpolation/extrapolation framework of Chao and Jost (54), using a
coverage level of 0.92. Within-sample evenness was calculated using
the E, ,, metric of Smith and Wilson (55), which is defined as 1 — {2/
narctan[ Y (In n;, — XIn n,/S)*/S]}, where n, is the number of indi-
viduals in species s, 1, is the number of individuals in species t, and S
is the total number of species (data SI).

Stratigraphic correlation
The Qubu section lies near the Chinese-Nepalese border, c. 30 km
north of Mt. Everest (Qomolangma). The Permian-Triassic
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transition in the Qubu section consists of the Qubuerga and Kang-
share formations.

The Qubuerga Formation is about 375 m thick and consists of a
lower unit of bioclastic limestones and an upper unit of dark shales.
The upper part (uppermost Changhsingian) of the Qubuerga For-
mation consists of lower, dark muddy siltstones and upper black
shales overlain by a 0.5-m-thick bed of variegated shale. A Bellero-
phon-dominated gastropod fauna and some poorly preserved Xen-
odiscus-like ammonoids were recovered from the upper part of the
Qubuerga Formation (56). These typical shallow marine fauna
fossils (57) indicate that the upper part (latest Changhsingian) of

Liu et al., Sci. Adv. 9, eabo6102 (2023) 6 January 2023

the Qubuerga Formation was deposited in a lagoonal environment
(58, 59).

The lower part of the overlying Kangshare Formation in the
Qubu section can be subdivided into a basal, 2.5-m-thick unit of
reddish, dolomitic wackestone overlain by 17.4 m of a grayish-
green silty shale unit. Abundant conodonts and ammonoids were
recovered from the lower dolomitic wackestones (24, 59). The first
appearances of basal Triassic index fossils, including the ammonoid
Otoceras woodwardi and the conodont Hindeodus parvus from the
basal dolomitic wackestones of the Kangshare Formation (Fig. 3),
indicate that the PTB lies no higher than 0.81 m above the basal
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Kangshare Formation in the Qubu section (24, 60). The ammonoid
Ambites sp. recovered from the uppermost part of the dolomitic
unit suggests that the Griesbachian-Dienerian boundary is close
to the upper lithological boundary of the dolomitic unit (Fig. 3)
(60). The stable lateral distribution of the dolomitic unit and
micrite and extremely small foraminiferas in the well-bedded
rocks indicate low-energy deposition in a nearshore environment
for the basal Kangshare Formation (58). Grayish-green silty shales
overlying the dolomitic unit have been interpreted to be deposited
in an offshore environment by facies analysis (59).

Our organic carbon-isotope data from the Qubu section stays
around —24%o in most Changhsingian deposits but plunges to
—26%o in the horizon 0.4 m lower than the basal boundary of Kang-
share Formation (qb0.4) (Fig. 4). Although CIE here is less negative
than the previous record, the negative trend of the CIE in the Qubu
section is pronounced enough to be correlated with the worldwide
negative CIE immediately before the EPME in context with the
stable preextinction profile of §'°C,, (Fig. 4).

Supplementary Materials
This PDF file includes:
Legends for data S1 to S5

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S5
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