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Abstract

The establishment of the latest Permian geomagnetic polarity time scale has been
inhibited by the inconsistent polarity patterns published by different teams for the section
at Meishan, which hosts the Global Boundary Stratotype Section and Points (GSSPs) for
the Permian-Triassic boundary (PTB) and base of the underlying Changhsingian Stage.
We have analyzed the magnetostratigraphy of the Shangsi section, the former candidate
for the PTB GSSP, and the alternate Chaotian section in South China to compile a reliable
geomagnetic polarity timescale spanning the late Wuchiapingian and Changhsingian
(Late Permian) to early Induan (Early Triassic). The late Wuchiapingian to early
Changhsingian is dominated by normal polarity (chron "LP2n" of Hounslow and
Balabanov, 2018) with three reversed-polarity subchrons (LP2n.0r to LP2n.2r) within the
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Clarkina wangi conodont Zone. The mid to late Changhsingian is dominated by reversed
polarity, with the onset of this chron “LP2r” in the C. changxingensis Zone. The
biostratigraphic placement of the brief normal-polarity chron "LP3n" of the late
Changhsingian is within the C. yini Zone. The reversed-polarity chron "LP3r" of the latest
Changhsingian (late C. yini to C. meishanensis Zones) is succeeded by the normal-
polarity chron “LT1n” that spans from the very latest Changhsingian into the early
Griesbachian substage of the basal Triassic. The onset of this chron LT1n coincided with
the lowest occurrence of Hindeodus changxingensis, which is just after the onset of the
latest Permian mass extinction in South China and slightly prior to the PTB. The
integration of conodont biozones, carbon isotope excursions and the revised
magnetostratigraphy composite from the Shangsi and Chaotian sections produces a high-
resolution consistent sequence of the latest Permian mass extinction (LPME), the onset
of chron LT1n and then the PTB; thereby enabling high-resolution global correlation of

these latest Permian to basal Triassic events.

Keywords: Latest Permian mass extinction; Permian-Triassic boundary; Shangsi;
magnetostratigraphic timescale

1. Introduction

The latest Permian through the earliest Triassic was marked by mass extinction,
the eruption of the Siberian Traps large igneous province, extreme temperature increases,
carbon isotope excursions and other catastrophic events (e.g., Wignall, 2015; Dal Corso
et al., 2022). The Paleozoic fauna was devastated at all ecological levels, with a two-
episode extinction pattern (e.g., Yin et al., 2012; Huang et al., 2023). The first episode of
mass extinction occurred during the latest Permian (15t pulse), while the second episode
occurred during the earliest Triassic (2" pulse). The first pulse witnessed the major
biodiversity loss of the foraminifera, calcareous algae, brachiopods, rugose corals etc.
(Song et al., 2013), whereas the second pulse accounted for the major destruction of
marine ecosystems (Huang et al., 2023). The terrestrial crisis was likely to have been

underway several tens to hundreds of thousands of years before the marine extinction
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(e.g., Chu et al., 2020; Gastaldo et al., 2020). However, the challenge has been to
correlate the high-resolution marine records of dramatic events with the sedimentary
successions from terrestrial basins in order to understand the relative timing and rates of
responses of the land ecosystems and denudation to the climatic and other forcings (e.g.,
Dal Corso et al., 2022; Liu et al., 2023). The pattern of geomagnetic polarity chrons can
provide high-resolution constraints on marine-terrestrial correlations. However, there is
some remaining uncertainty in correlating the geomagnetic polarity pattern of the latest
Permian (Changhsingian Stage) with the timing of the Permo-Triassic crisis because of
the divergent interpretations of geomagnetic polarity time scales for the Changhsingian

Stage (e.g., Steiner, 2006; Hounslow and Balabanov, 2018).

The main reference sections for Changhsingian through basal Triassic
biostratigraphy, event stratigraphy and radio-isotopic dating are the relatively deep-water
marginal-marine limestone strata with intercalated volcanic ash horizons of South China
(e.g., Shen and Mei, 2010; Shen et al., 2013). Of these, the most important has been the
Meishan D section (31° 4'47"N, 119° 42'21"E) in Changxing County, Zhejiang Province,
which hosts the Global boundary Stratotype Section and Points (GSSPs) for the base of
the Changhsingian Stage (Wuchiapingian-Changhsingian boundary, WCB) of uppermost
Permian and for the overlying Induan Stage of basal Triassic (Permian-Triassic boundary,
PTB) (Yinetal., 2001; Jinetal., 2006) (Fig. 1). This Meishan section has been intensively
studied for its detailed record of the Latest Permian mass extinction and initial earliest
Triassic partial recovery (e.g., Chen et al., 2015); for radioisotopic dating of the Permian-
Triassic boundary (e.g., Burgess et al., 2014); for conodont and other biostratigraphic
zonation of Late Permian to earliest Triassic (e.g., Jiang et al., 2007; Yuan et al., 2014);
for stable isotope and other geochemical trends and signatures (e.g., Yin et al., 2012;
Shen et al., 2013); and for cyclostratigraphy (e.g., Huang et al., 2011; Wu et al., 2013; Li
et al., 2016). However, the various magnetostratigraphy interpretations published for the
Changhsingian Stage at Meishan (Li and Wang, 1989; Liu et al., 1999; Meng et al., 2000;
Zhang et al., 2021) have nearly no common features (reviewed by Yin et al. (2005) and
by Hounslow and Balabanov (2018)) nor offered explanations of why their polarity data
differ from the prior studies. Therefore, we initially did a very detailed resampling of one
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of the Meishan sections to independently derive its magnetostratigraphy (Fig. A-8, A-9).
However, our results from Meishan, which are presented in the Appendix material (Fig.
A-8, A-9), do not completely replicate (Fig. A-9) the interpreted geomagnetic polarity
zones of another recent publication on the same section (Zhang et al., 2021). Nor do any
of these different Meishan-derived polarity patterns appear to share much similarity to the
rather more consistent polarity patterns published by three independent teams using the
Shangsi section in northern Sichuan Province (Heller et al., 1988; Steiner et al., 1989;
Glen et al., 2009).

That Shangsi section was a former candidate location for the GSSP of the base of
the Triassic (Lai et al., 1996) and is unique in having an astronomical tuning of the
integrated datasets of ammonoid-bivalve-conodont biostratigraphy, chemostratigraphy
and chronostratigraphy datasets from the Changhsingian through the earliest Induan
(reviewed by Yuan et al., 2019), thereby providing high-resolution integrative stratigraphic
constraints and correlation potential for the latest Permian mass extinction (LPME) and
PTB at the Shangsi section. Therefore, we performed a dense resampling of the Shangsi
section to derive its magnetostratigraphy. An additional paleomagnetic study was made
of the upper Changhsingian to lowest Induan at the nearby Chaotian section to test the
reliability of polarity assignments (Fig. 1). Two important focuses of our study are to obtain
an astronomically-tuned geomagnetic polarity time scale for the suite of Changhsingian
conodont biozones and to determine the precise placement of the LPME horizons and of
the Permian-Triassic boundary (PTB) relative to the composite geomagnetic polarity
pattern.

2. Methods and Geological Background

The Shangsi section (32°20'19"N, 105°27'19"E) is situated on the slope of the
northwestern margin of the Yangtze Platform (Fig. 1). It exposes continuous
sedimentation of deep-water facies of the Dalong Formation (mudstones, cherts, siliceous
limestones) and lowermost Feixianguan Formation (mudstones, thinly bedded limestones,
micritic limestones) that span the late Permian through earliest Triassic (Li et al., 1989;
Lai et al., 1996). Detailed investigations of conodont biozones (e.g., Jiang et al., 2011),
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ammonoids (Li et al., 1989), radiometric dating (e.g., Shen et al., 2011), bulk carbon
isotopic fluctuations (e.g., Shen et al., 2013) and cyclostratigraphy (Wu et al., 2013) have
been undertaken at Shangsi. The conodont zonation from Changhsingian to earliest
Induan is: Clarkina wangi Zone of basal Changhsingian, followed by the C. subcarinata
Zone, C. changxingensis Zone, C.yini Zone, C. meishanensis Zone, Hindeodus
changxingensis Zone, Hindeodus parvus Zone of basal-Induan (early Triassic),
Isarcicella lobata Zone, and I. isarcica Zone (Lai et al., 2018; Yuan et al., 2019). These
zones can be correlated with the Meishan and other sections and enable dating of the
WCB, LPME, and PTB relative to standardized bed numbering and biozones (Yuan et al.,
2019). We took a total of 103 oriented minicores and 84 orientated blocks from 177
horizons for magnetostratigraphic study at Shangsi.

The Chaotian section (32°37'16"N, 105°51'35"E) is located ca. 50 km northeast of
the Shangsi section (Fig. 1). It also has been well studied, including a detailed description
of lithology (Isozaki et al., 2007), conodont biostratigraphy (Ji et al., 2007) and carbon
isotopic stratigraphy (Wu et al., 2022), which have constrained the LPME and PTB at this
location. A total of 82 oriented block samples were taken from this section.

All samples from the Shangsi and Chaotian sections underwent thermal
demagnetization in an ASC TD-48 oven using progressive steps of 25°C steps until 550-
600°C and were measured on a 2G 755-4K U-Channel magnetometer in a magnetically-
shielded room (<200nT) at the Laboratory for Environmental Magnetism, School of Earth
Sciences, China University of Geosciences (Wuhan). The characteristic remanent
magnetization (ChRM) of the suite of demagnetization data from each sample was
computed by a least-squares fitting technique (Kirschvink, 1980) using the software
Paleomagnetic Analysis Program v.4.0 (Zhang and Ogg, 2003). The interpreted polarity
and characteristic remanent magnetization (ChRM) directions of the samples were given
a quality rating of ‘N(R), ‘NP(RPY, ‘NPP(RPPY’, ‘N? (R?) or ‘INT’ according to a semi-
subjective judgment of the behavior of the magnetic vectors through stepwise
demagnetization and of the rotated VGP(rVGP) latitudes. The rVGP latitudes are the
rotated latitude of the calculated virtual geomagnetic poles for the samples/specimens
ChRM directions compared to the mean virtual geomagnetic pole position (Lowrie and
Alvarez, 1984, and Lowrie and Lanci, 1994) of the South China Block during late Permian



153

154
155
156
157
158
159
160
161
162
163

164

165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

to the early Triassic (Paleolongitude= 219.18°E; Paleolatitude= 47.78°N; a95= 4.51°)

(Table A-1).

The Appendix material contains (1) additional details on the methods of
demagnetization, magnetic vectors during demagnetization, mean directions, examples
of interpretation logic, magnetostratigraphic result of Meishan C, Shangsi, and Chaotian
sections, and (2) an Excel file with all demagnetization steps (with those selected as the
ChRM subset highlighted) for each sample, a brief explanation of the logic in assigning
its polarity and the quality rating, and statistics and comparison of site mean directions
and virtual geomagnetic poles (VGPs) from each section. Typical samples of different
polarity-quality ratings are shown in Figs. A-2, A-3, A-4, A-5.

3. Results
3.1 Summary of magnetic behavior and interpretation of magnetic polarity

A total of 251 samples from 177 horizons in the Shangsi section and of 82 samples
of 42 horizons in the Chaotian section from the upper Dalong Fm. to the lowest
Feixianguan Fm. were thermally demagnetized. The natural remanent magnetization
(NRM) of the samples from the Shangsi section is weak with a mean intensity of 0.4 mA/m,
which is probably due to the very low concentration of ferromagnetic minerals in the
depositional environment, whereas the mean intensity (1.1 mA/m) of samples from the
Chaotian section are stronger than those from Shangsi.

Demagnetization data of the Shangsi section samples confirmed that the
magnetizations often became unstable or trended towards anomalous directions above
450°C, as Glen et al. (2009) had also observed. Herein, we also limited our interpretation
of the sample demagnetization data to the demagnetization temperature range below the
onset of chaos magnetizations. Examples of typical samples from the Shangsi section
with the corresponding selection of characteristic remanent directions (ChRMs) and
interpreted quality rating for each polarity are presented in Fig. A-2. The typical trend for
remanent magnetic vectors during the demagnetization process, which were interpreted
as indicative of normal polarity (rated as N or NP), typically show a gradual clockwise or
anti-clockwise shift towards a northeastern declination while becoming shallower in
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inclination. The temperature range for assigning ChRM vectors using stable directions is
approximately 275°C to 350°C (Fig. A-2). Samples interpreted as reversed polarity (rated
as R or RP) show a progressive movement of remanent magnetic vectors away from the
north hemisphere to the south hemisphere accompanied by shifts of inclination toward an
upward direction (Fig. A-2). The reversed-polarity samples typically display a stable
vector direction from ca. 300°C to 400°C that was assigned as the ChRM, and these have
a southwestern declination and negative inclination (Fig. A-2). These ChRM directions for
the N/NP- and R/RP-rated samples are considered primary directions because they are
antipodal (Fig. A-1) and are consistent with the mean directions derived from the previous
paleomagnetic studies at the Shangsi sections and with the reference pole for the South
China block during the late Permian to early Triassic.

The low-rated NPP samples of the Shangsi section show similar demagnetization
trends as the N/NP- rated samples but do not reach the expected normal-polarity ChRM
field before displaying unstable directions; therefore, the rVGP latitudes of their ChRMs
are generally less than 60° (Figs. 2, A-2). The low-rated RPP samples presented similar
demagnetization behaviors as the R/RP-rated samples, but their vectors either stabilized
at a southeastern direction with a negative inclination or progressively shifted towards but
didn't attain the expected reversed-polarity hemisphere; therefore, the rVGP latitudes of
their ChRMs are generally greater than -60° (Fig. 2, A-2). The N?, R?, and INT-rated
samples were discarded from the composites due their display of unstable magnetic
vectors during demagnetization, overlapping secondary vectors, a remagnetization
toward the present-day field that could not be removed, or because their intensities
became too weak to be measured.

The samples from the Chaotian section display demagnetization behaviors (Fig.
A-3) that are similar to those from the Shangsi section, but fewer samples were assigned
a high rating (only 17 are NP- and RP-rated of the 82 measured samples). The mean
ChRM of the higher-rated samples is consistent with the mean ChRM direction derived
from the Shangsi suite and from other sections in the South China block of this age
interval. The reversed- and normal-polarity directions from the Chaotian section are
roughly antipodal (Fig. A-1). The low-rated NPP/RPP samples of the Chaotian section

show similar demagnetization trends as the NP- or RP-rated samples; however, the
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secondary magnetic overprints of these samples were not completely removed, therefore,
the rVGP latitudes of ChRMs are between -60° to 60° (Fig. A-3). The main secondary
vectors that are removed during demagnetization of samples from both sections are close
to the Brunhes to present age normal-polarity field direction (Decl: 360°; Incl: 50°). These
secondary overprints of present field are typically removed upon heating to ca. 250°C.

The geomagnetic polarity zones in the Shangsi and the Chaotian sections are
assigned to clusters of relatively higher-rated samples of similar polarity interpretation,
although the precise boundary between some polarity zones has a degree of uncertainty
owing to intermediate intervals with low-rated (N?/R?) or uncertain (INT) ChRMs (Figs. 2,
A-6, A-7).

3.2 Shangsi magnetostratigraphy

The Shangsi section yielded three normal-polarity zones and two reversed-polarity
zones through the study interval (Fig. 2). Our nomenclature for these composite polarity
zones of Shangsi include a "SS" identifier, followed by an "n" or "r" to denote the polarity.
Narrow polarity intervals are given a subzone designation of .1r/.1n/.2r, etc., after the
main polarity zone designation (Fig. 2).

The lower through middle portion of the study interval at Shangsi is dominated by
normal-polarity magnetozones (SS1n-SS2n), which span the uppermost Clarkina
transcaucascia to the lower C. changxingensis conodont zones from 70m to 94.7m
(uppermost Bed 14 to the upper part of Bed 20). This normal-polarity-dominated interval
contains several potential reversed-polarity intervals, which are characterized by usually
one reversed-polarity sample with several adjacent uncertain or intermediate samples
(Fig. 2).

From 94.7m to 96.4m, the ChRM of the samples displayed a clustering with an
eastward declination and positive inclination during the thermal demagnetization process
(Appendix material). This suggests that our samples from this interval had undergone a
pervasive remagnetization; therefore, an uncertain-polarity interval spans this transition
between polarity magnetozones SS2n and SS2r (Fig. 2, 3).

The lower C. changxingensis zone to the basal Hindeodus changxingensis Zone
(96.4m to 100.4m) is dominated by a reversed-polarity magnetozone (SS2r) (Fig. 2, 3).
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This reversed-polarity interval contained a high-rated normal-polarity sample from 99.5m
with several adjacent samples of questionable or intermediate polarity. This possible
normal-polarity submagnetozone in the middle part of the C. yini Zone is designed as
SS2r.1n (Fig. 2, 3).

In order to precisely assign an upper boundary to reversed-polarity magnetozone
SS2r at the Shangsi section, we collected a near-continuous suite of oriented blocks for
paleomagnetic sampling from Bed 25 of the uppermost Dalong Fm. to Bed 28 of lowest
Feixianguan Fm. (Fig. 2, 3). Upon thermal demagnetization on the set of 28 samples from
18 horizons, the samples assigned as a high-rated reversed polarity ChRM exhibited a
progressive shift of vectors from the east to the south accompanied by a shift of the
inclination toward an upward direction (Sample 139-4, 99.7m, from Bed 25, rated as RP,
with rVGP latitude = -86.16°), or stable ChRM vectors with a southwestern declination
and negative inclination (Sample 145, 100.35m, from the top of Bed 28a, rated as R, with
rVGP latitude = -71.40°). The samples assigned as a high-rated normal polarity displayed
a minor clockwise drift in ChRM towards a northeastern declination while becoming
shallower in inclination (Sample 147, 100.47m, from the middle of Bed 28b, rated as NP,
with rVGP latitude = 68.97°; Sample 151 from Bed 28c, rated as N, with rVGP latitude =
78.66°). Therefore, the boundary between reversed-polarity magnetozone SS2r and the
overlying normal-polarity magnetozone SS3n is well constrained as the basal part of
Bed 28b at Shangsi. Normal-polarity magnetozone SS3n extends from the basal part of
the H. changxingensis zone to beyond the top of the studied interval at Shangsi (Fig. 2,
3).

3.3 Chaotian magnetostratigraphy

The majority of Unit C of the Dalong Fm. to the lower Unit E of the Feixianguan
Fm. in the Chaotian section is dominated by a reversed-polarity magnetozone CT1r. The
lower boundary of CT1r was tentatively placed above a single high-rated normal-normal
sample from Bed C1 (Fig. 4), which is at the upper part of the C. changxingensis —
C. subcarinata Zone (Isozaki et al., 2007; Jiet al., 2007). A pair of normal-polarity samples
from 1.8m (Bed D5) in the lower-middle part of CT1r suggests a brief normal-polarity
submagnetozone (CT1r.1n). The submagnetozone CT1r.1r is at the upper part of the
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C. postwangi - C.sp.B Zone (lsozaki et al., 2007; Ji et al., 2007) (Fig. 4), which
corresponds to the middle and upper C. changxingensis Zone (Yuan et al., 2014; 2019).
Above a 50 cm interval from ca. 2.5 m to ca. 3 m that did not yield useful paleomagnetic
samples, the upper part of reversed-polarity magnetozone CT1r within uppermost Unit D
of the Dalong Fm. is dominated by high-rated reversed-polarity ChRMs until just below
the barren interval of the LPME. The lower part of conodont barren intra-zone in the lower
Unit E of the Feixianguan Fm. (Bed E1 to Bed E7) yielded low-rated ChRMs of reversed
polarity (RPP/R?), therefore is shown in the magnetic polarity column of Figure 4 as a
less-certain reversed-polarity interval. The upper portion of conodont barren intra-zone
from the middle part of Unit E (above 4.35m) through the upper part of Unit F of the
Feixianguan Fm. at Chaotian is characterized by a normal-polarity magnetozone CT2n
(Fig. 4). Magnetozone CT2n includes the lowest part of the H. parvus conodont Zone
(Isoazki et al., 2007; Ji et al., 2007).

4. Discussion
4.1 Composite geomagnetic polarity pattern of the Shangsi section

The three previous magnetostratigraphic studies of the Shangsi sections (Heller et
al., 1988; Steiner et al., 1989; Glen et al., 2009) have generally yielded similar
geomagnetic polarity patterns (review by Hounslow and Balabanov, 2018). Our
magnetostratigraphic results are based on a denser sampling (251 samples from 177
horizons) which yielded more conclusive polarity interpretations (53 N/NP- and R/RP-
rated ChRMs, 52 NPP/RPP ChRMs) from the studied interval when compared to the
previous investigations (e.g., 17 acceptable results from 37 samples from Steiner et al.
(1989); 54 valid of 107 samples from Glen et al. (2009); 31 levels from Heller et al. (1988)
which did not contain reliability information).

In order to attempt a consistent, integrated correlation of the different published
magnetostratigraphies and other stratigraphic studies from the Shangsi section, we
replotted all datasets relative to the main distinctive lithologic layers (e.g., dark, thin-
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bedded organic-rich siliceous limestone Bed 17; claystone Bed 27 with volcanic tuff) in
the detailed stratigraphic compilation by Lai et al. (1996) (Fig. 2). Most of the published
polarity interpretations, when adjusted to this standardized stratigraphic scale, are
consistent with our polarity pattern. Horizons or intervals having less-reliable
paleomagnetic results were denoted by blocks with dual coloration of black/gray to denote
N? or of white/gray for R? (Fig. 2).

In the lower normal-dominated interval (SS1n-SS2n), we observed several
potential minor reversed-polarity intervals that were represented by single samples (Fig.
2). One of these, magnetozone SS1r, is also present in the re-interpreted data from
Steiner et al. (1989) (Fig. 2). However, the duration of SS1r is still uncertain with only the
horizon at 89.9m in the upper part of Bed 18 yielding reliable reversed-polarity samples
in both this study and in Steiner et al. (1989) with other horizons in the 89m to 91m interval
yielding mainly uncertain results (Fig. 2). Therefore, the upward transition between SS1n
and SS1r is proposed to occur at approximately 89.8m, based on the normal-polarity
samples below this level from Glen et al. (2009) and Steiner et al. (1989). However, the
upper boundary of SS1r is within an uncertain interval from 89.9m to 90.7m (Fig. 2).

Within magnetozone SS2n, we propose a brief and poorly constrained reversed-
polarity submagnetozone (SS2n.1r) from the topmost Bed 19 to the lowest Bed 20
spanning the uppermost C. subcarinata Zone to the C. changxingensis Zone of the
Shangsi section (Fig. 2). This assignment of SS2n.1r is based on our sample in the
topmost part of Bed 19 and another reversed-polarity sample by Glen et al. (2009) that is
within the 92m to 94m interval of less-certain polarity in our dataset (Fig. 2), The
boundaries of SS2n.1r are imprecise due to adjacent samples having uncertain polarity.

In our dataset, the upper boundary of SS2n falls within the interval of uncertain
polarity from the middle of Bed 20 to the middle of Bed 21. However, Glen et al. (2009)
and Steiner et al. (1989) obtained high-rated reversed-polarity results from samples in the
lowest part of Bed 21 and just above the base of our uncertain interval (Fig. 2). Therefore,
we assume that the highest reliable normal-polarity sample (94.6m at the middle of Bed
20) defines the upper limit of SS2n.

The magnetozone SS2r in the uppermost Dalong Fm. of late Changhsingian is
generally well recognized by all the studies, although the exact placement of the upper
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boundary of SS2r varied slightly among the previous studies (Heller et al., 1988; Steiner
et al.,, 1989; Glen et al., 2009). In our study, the denser sampling yielded a well-
constrained boundary between the SS2r and SS3n at the lower part of Bed 28b (Fig. 2).

Within the magnetozone SS2r in the uppermost Dalong Fm, a brief normal-polarity
interval indicated by a single high-rated normal-polarity sample from the upper part of Bed
24 (99.5m) in our dataset and by reliable normal-polarity samples from the top of Bed 22
by Glen et al. (2009), which is at the bottom of an uncertain interval in our study.

Therefore, we conclude that SS2r spans the lower C. changxingensis Zone (upper
part of Bed 20) to the basal part of the Hindeodus changxingensis Zone (lower part of
Bed 28b). It contains a brief submagnetozone SS2r.1n in the middle part of the C. yini
Zone (top of Bed 22 to middle of Bed 24) (Figs. 3, 4).

4.2 Timescale for the geomagnetic polarity pattern of the Shangsi section

A suite of CA ID-TIMS radioisotopic dates have been obtained from the Shangsi
section (Shen et al., 2011). An age calibration of the late Permian to earliest Triassic
geomagnetic polarity chrons can be constructed by applying a Bayesian-based age
model to these geochronological dates from the Shangsi section (Haslett and Parnell,
2008; Parnell et al., 2008) (Fig. A-10). However, U-Pb radiometric dates measured from
the Meishan section using the EARTHTIME tracer calibration (Burgess et al., 2014)
indicated offsets ranging from 200-400 kyr that are younger than the dates measured
prior to the pre-EARTHTIME solution. It should be noted that these offsets may not be
systematic when compared with some older pre-EARTHTIME calibrations (Hounslow,
2016).

To project an age model onto the composite geomagnetic polarity obtained in this
study (Fig. 2)., we adopted the Milankovitch cyclostratigraphy interpretations of Wu et al.
(2013), which provides a floating astronomical timescale (ATS) from the latest
Wouchiapingian to the earliest Induan. We anchored that ATS on Bed 27 at the Shangsi
section which correlates to Bed 25 at Meishan section that is dated as 251.941 +0.037Ma
(radioisotopic date using EARTHTIME tracer calibration; Burgess et al., 2014). The
resulting calibrated ATS yields approximate ages for the polarity zones and first
occurrences (FO) of marker conodonts. The overall composite geomagnetic polarity
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pattern from Shangsi is generally consistent with the synthesis by Hounslow and
Balabanov (2018), and therefore the dates from this anchored ATS would apply to most
of their associated LP and LT chron nomenclature:

251.89 Ma for the base of polarity zone SS3n (chron LT1n; duration of >0.3 Myr);

251.89 Ma for the FO of H. changxingensis (100.37m at Shangsi);

251.94 Ma for the FO of C. meishanensis (100.00m; marker for the LPME);

252.07 Ma for base subzone SS2r.2r (chron LP3r; 0.28 Myr duration at Shangsi);

252.28 Ma for base subzone SS2r.1n (chron LP3n; 0.21 Myr duration at Shangsi);

252.40 Ma for the FO of C. yini (98.14m at Shangsi)

252.75 Ma for base zone SS2r (chron LP2r; 0.47 Myr duration at Shangsi);

252.86 Ma for the FO of C. changxingensis (92.90m at Shangsi)

252.88 Ma for base subzone SS2n.1r (subchron LP2n.2r);

252.98 Ma for the FO of C. subcarinata (90.71m at Shangsi)

253.09 Ma for base zone SS1r (subchron LP2n.1r);

253.29 Ma for base subzone SS1n.1r (new subchron LP2n.0r)

253.46 Ma for the FO of C. wangi (86.70m at Shangsi; marker for the base of

Changhsingian)

253.82 Ma for the FO of C. cf. wangi (84.20m at Shangsi).

No durations for the brief reversed-polarity magnetozones and submagnetozones
(SS1n.1r, SS1r, SS2n.1r) within the SS1n-SS2n interval are provided due to their poorly
determined thicknesses from Shangsi (Fig. 2, 6).

The anchored ATS in Meishan suggested the FAD age of C. wangi at the GSSP
for the base of the Changhsingian Stage (WCB) is 253.76 Ma (Yuan et al., 2019), which
is nearly identical within the uncertainty to the FO age of C. cf. wangi of 253.82 Ma at
Shangsi in this study. However, both of these calculated ages for the base of
Changhsingian are significantly different from the 255.4 Ma age based on the Bayesian
age model by Hounslow (2016). In contrast, the International Chronostratigraphic Chart
2023 (ICS2023) proposed a 254.14 +0.07 Ma age for the base of Changhsingian as
derived from a different interpolation method of the U-Pb radioisotopic dating (pre-
EARTHTIME solution) of the WCB interval in the Meishan and Shangsi sections (Shen et
al., 2011).



399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417

418

419
420
421
422
423
424
425
426
427
428

14

The age model of the calibrated ATS method probably has a total uncertainty of
about 100 kyr (ca. £0.1myr) on these age assignments for the cycle-tuned magnetic
polarity scale. There is a systematic external uncertainty of 0.04 Myr on the radioisotopic
date (251.941 + 0.037 Ma) used as the anchored age for the ATS. There are internal
uncertainties in the placement of each polarity chron boundary within the 405-kyr long-
eccentricity cycles as identified in the Shangsi section. Plus, there is likely an inherent
variation of sediment accumulation rate through each of those lithologic cycles that locally
distorts any linear relationship between meters and time within that cycle.

We also have constructed a Bayesian age-depth model using Bchron (Fig. A-10,
Parnell et al., 2008) based on the radioisotope dates (pre-EARTHTIME) from Shangsi
(Shen et al., 2011). This Bayesian age-depth model results in 252.15 +0.14 Ma for SS3n
(LT1n); 252.45 +0.13 Ma for SS2r.2r (LP3r); 252.69 +0.19 Ma for SS2r.1n (LP3n); 253.10
+0.24 Ma for SS2r.1r (LP2r); 253.28 +0.25 Ma for SS2n.2n (LP2n.3n); 253.32 +0.25 Ma
for SS2n.1r (LP2n.2r); 253.48 +0.23 Ma for SS1r (LP2n.1r); 253.58 £0.19 Ma for SS1n.1r
(LP2n.0r); 253.72 £0.23 Ma for FO of C. wangi, and 254.09 +0.25 Ma for the FO of C. cf.
wangi (Fig. A-10). These Bchron-derived ages are generally consistent with the ages
derived from anchored ATS from the Shangsi section within the uncertainty between the
two approaches.

4.3 Correlation among Changhsingian geomagnetic polarity reference

sections of marine sediments

The overall composite geomagnetic polarity pattern from the Shangsi and
Chaotian sections is generally consistent with the synthesis by Hounslow and Balabanov
(2018) of important marine and non-marine reference sections for magnetostratigraphy
of the Changhsingian (Fig. 5). In this section, we will briefly summarize the logic behind
an updated correlation web as an array of numbered correlation lines among the main
magnetostratigraphy reference sections.

Magnetostratigraphy and correlation to the are used as a synchronous correlation
method, in which the geomagnetic reversals are recorded as time horizons regardless of

biostratigraphic provincialism, and environmental conditions (marine, continental,
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lacustrine, etc.). The segments of the GPTS for time intervals preceding the Middle
Jurassic has been meticulously constructed through the iterative process of integrating
and validating magnetostratigraphic  investigations from  overlapping and
contemporaneous stratigraphic reference sections (Laj et al., 2021; Langereis et al.,
2010). The comprehensive synthesis by Hounslow and Balabanov (2018) of the Permian
to the earliest Triassic magnetostratigraphic studies that had marine biostratigraphic
control enabled the construction of a reference GPTS for that interval. Their numbered
polarity chrons for GPTS of the late Permian and of the Early Triassic have prefixes of
"LP" or "LT", respectively, and we have followed their nomenclature.

The detailed conodont biostratigraphic calibration on the composite magnetic
polarity pattern from the Shangsi section enables a greatly improved calibration of the
latest Wuchiapingian through earliest Induan portion of that part of the reference GPTS
by Hounslow and Balabanov (2018). For example, their primary marine reference
sections of Abadeh, Linshui, and Wulong for the Changhsingian GPTS lacked sufficient
direct biostratigraphic data. Despite extensive studies on the conodont biostratigraphy of
the Abadeh section from the late Permian to the early Triassic succession (e.g., |[JRG,
1981; Shen and Mei, 2010), the conodont zonation of Changhsingian to earliest Induan,
and the placement of the Wuchiapingian-Changhsingian (WCB) and Permian-Triassic
(PTB) boundaries remained disputed (Kozur, 2005; Liu et al., 2013; Shen et al., 2013;
Chen et al., 2020). The conodont zonation of the Linshui section was based on conodont
occurrences at the nearby Daijiagou section (Yuan et al., 2015). Herein, approximate
conodont zonations for the Abadeh and Linshui sections have been incorporated into the
magnetostratigraphy using a regional-lithostratigraphy correlation (Fig. 5). The conodont
zonation for the Abadeh section adopted the estimation from Shen and Mei (2010), except
for the placement of the first occurrence (FO) of C. wangi for the WCB and of H. parvus
for the PTB. The WCB of Abadeh was suggested to be constrained as ca.13.6 below the
base of the Elikah Fm., as supported by a minor negative shift of 8'3Ccarb and lower
87Sr/86Sr value of 0.7070-0.7072 (Liu et al., 2013). The base of the H. parvus Zone of
Abadeh was placed at the top of the boundary clay (Basal Elikah Fm.), as suggested by
Horacek et al. (2021) (Fig. 5).
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The interval across the Wuchiapingian-Changhsingian transition (C. orientalis
Zone to C. wangi Zone) into the lower C. changxingensis Zone at the Shangsi section is
dominated by normal polarity (SS1n and SS2n). The middle portion of the upper
Changhsingian (from C. changxingensisto C. meishanensis Zone) at the Shangsi section
is dominated by a reversed polarity zone (SS2r), with submagnetozone SS2r.1n in the
C. yini Zone. The overall Changhsingian polarity pattern of the Shangsi section closely
resembles that of the Abadeh (Gallet al., 2000), Wulong, Linshui (Heller et al., 1995) and
Nammal Gorge (Haag and Heller, 1991), based on projected conodont zonation and
occurrences as demonstrated by Correlation Lines #3 (base of LP2r), #4 (base of LP3n),
and #5 (base of LP3r) (Fig. 5).

The floating ATS in Shangsi for the geomagnetic polarity zones results in a
duration of 0.96 £0.1 myr for magnetozone SS2r, which fits the age model of Hounslow
(2016) and Hounslow and Balabanov (2018) for the combined chrons of LP2r to LP3r (Fig.
5). However, the upper boundary of chron LP2n is within the C. changxingensis Zone at
the Shangsi/Chaotian and Linshui sections, but it is within the C. subcarinata Zone at the
Abadeh section (IRA2n) (Fig. 5). This inconsistent alignment of that conodont zonal
boundary with polarity boundaries can be attributed to the known diachroneity in such
transitional lineage conodont zones (Yuan et al., 2014; 2019).

The magnetozones of the earier Changhsingian at Shangsi below the well-
documented lower boundary of chron LP3r (Correlation Line #3) of middle Changhsingian
consist of submagnetozones SS1n.1r, SS1r, SS2r.1n within the interval SS1n to SS2n.
These correspond to an interval with poorly resolved brief reversed-polarity subchrons
(uncertain event "LP2n.ar" within LP2n.1n, and subchrons LP2n.1r and LP2n.2r) in the
synthesis for the lower Changhsingian Stage by Hounslow (2016; also in Hounslow and
Balabanov, 2018). The magnetostratigraphy from Linshui, Abadeh and Composite
Central European Basin also display three reversed-polarity magnetozones in the lower
Changhsingian (LS1r to LS3r; IRA1n.1r to IRA1n. 3r; CG1rto CG2n.1r and CG2n.2r), as
in the Shangsi section as constrained by Correlation Lines #2 and #3 in Figure 5. The
projected conodont zonations for the Linshui and Abadeh sections indicate that LP2n.2r
falls within the C. subcarinata to the lowest C. changxingensis Zone, while LP2n.1r and

LP2n.ar falls within the C. wangi Zone (Fig. 5). However, at Linshui, the lower reversed-
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polarity submagnetozone LS1r is exceptionally long (over 50m), which may be due to an
anomalous high accumulation rate or a less reliable interpretation. Based on this
observation, we propose upgrading the uncertain event "LP2n.ar" of Hounslow (2016) to
a formal subchron, designated as LP2n.0r to avoid confusion, as it represents the earliest
brief reversed-polarity subchron above the base of the Changhsingian stage.

The uppermost normal-polarity zone SS3n at the Shangsi section, which begins
with the FO of H. changxingensis and continuously upward to the lowermost Induan stage,
corresponds to polarity chron LT1n (first normal-polarity chron of the Early Triassic), as
indicated by Correlation Line #5. Therefore, the latest Permian mass extinction (LPME)
occurs slightly prior to the onset of the normal-polarity chron LT1n, while the Permian-
Triassic boundary (PTB) occurs in its earliest portion. We explore the global correlations
for the base of chron LT1n, the LPME and the PTB after examining continental records
of Changhsingian magnetostratigraphy.

4.4 Correlation among Changhsingian geomagnetic polarity reference
sections of continental sediments

The polarity column of Central European basin (right side of Fig. 5) was derived
from the magnetostratigraphy in the Germanic Basin where the upper part of the
Zechstein Group of latest Permian consists of hypersaline and sabkha sediments of
seven evaporation cycles/formations (Z1-Z7): Werra (Z1), StaBBfurt (Z2), Leine (Z3), Aller
(Z4), Ohre (Z5), Friesland (Z6) and Fulda (Z7) formations (Szurlies, 2013). The Z3 cycle
is dominated by a normal-polarity magnetozone CG1n, and the transition to the overlying
lowest Z4 cycle-strata is magnetozone CG1r (Fig. 5). The Z4 to Z6 cycles are
characterized by normal polarity magnetozone (CG2n) with two brief reversed-polarity
submagnetozones (Soffel and Wippern, 1989; Szurlies, 2013).

The overlying reversed-polarity magnetozone CG2r spans the lower and middle
parts of Z7 cycle (Fig. 5). The overlying normal-polarity-dominated interval of polarity
magnetozones CG3n-CG4n spans the lower part of Z7u (upper Fulda Fm.) to the
overlying Calvérde Fm. (Fig. 5, 6). The spinicaudatan biostratigraphy indicates that
polarity zone CG3n is associated with Palaeolimnadiopsis vilujensis - Euestheria gutta
assemblage (Scholze et al., 2017), and is equivalent to the normal polarity chron LT1n.
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Therefore, the underlying reversed-polarity magnetozone CG2r could be correlated to the
merged reversed-polarity chrons LP2r to LP3r, and the underlying normal-polarity
magnetozones CG2n and CG1n are equivalent to chron LP2n (Fig. 5).

The Shichuanhe section in a terrestrial basin of North China has a high-precision
U-Pb date of 252.21 +0.15 Ma from a horizon in the upper part of magnetozone SCH2r
and a Palaeolimnadiopsis vilujensis - Euestheria gutta spinicaudatan (conchostracan)
assemblage was obtained from the lower part of magnetozone SCH3n (Guo et al., 2022;
and reference herein). The radioisotopic date implies that reversed-polarity magnetozone
SCH2r is correlated to chron LP3r of latest Permian; therefore the overlying magnetozone
SCH3n is unambiguously equivalent to LT1n of earliest Triassic (Fig. 5). The normal-
polarity magnetozone SCH2n that underlies magnetozone SCH2r could be correlative
with chron LP2n (Fig. 5).

4.5 Global correlation of the latest Permian mass extinction (LPME) and
the Permian-Triassic boundary (PTB) relative to geomagnetic polarity chrons

The global synchronous nature of geomagnetic polarity reversals has made
magnetostratigraphy an important global correlation, especially for the correlation
between marine and terrestrial successions (Laj et al., 2021). Beginning in the late 1980s,
magnetostratigraphic research on PTB sections in different parts of the world had
concluded that the latest Permian mass extinction (LPME) and the following PTB
occurred at or within the basal part of the normal-polarity chron LT1n that extends through
the lower part of the Griesbachian substage (e.g., Heller et al., 1988; Steiner et al., 1989;
Hounslow and Muttoni, 2010; Li et al., 2016; Ogg et al., 2020). The LPME in the marine
realm appears to coincide with a major catastrophe in terrestrial ecosystems with loss of
plant diversity, increased wildfire activity and consequent enhanced soil erosion, which
suggested a common causal mechanism for the marine and terrestrial crises (e.g., Algeo
et al.,, 2011; Dal Corso et al., 2020). However, some studies indicate the terrestrial
extinction phase in the Karoo basin (Gastaldo et al., 2020), in South China (Chu et al.,
2020) and in North China (Lu et al., 2022) are not synchronous, thereby implying different
causes. This suggested divergence in the timing of the LPME and PTB levels in the
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marine realm and the events in the terrestrial realm can be potentially resolved by
compiling their high-resolution placement relative to the beginning of the normal-polarity
chron LT1n.

However, at the PTB reference section (GSSP of Induan Stage) in Meishan, the
interpreted assignment of the base of normal-polarity chron LT1n at Meishan varies
among previous studies (Li and Wang, 1989; Liu et al., 1999; Meng et al., 2000; Zhang
et al., 2021), which made it difficult to estimate the relative timing and placement of the
LPME and PTB relative to that geomagnetic reversal. However, the integrated
paleontological, stable isotope, cyclostratigraphy and magnetostratigraphy from Shangsi
and from other marine reference sections allow a high-resolution placement of the LPME
and PTB events relative to chron LT1n.

4.5.1 LPME and PTB placement within the magnetostratigraphy of Shangsi and
Chaotian (South China)

The Shangsi section probably provides the most precise placement of LPME and
a well-constrained placement of the PTB relative to the base of chron LT1n (Figs. 6, 7).
At Shangsi, the LPME and the associated negative carbon-isotope excursion are
observed at the base of Bed 27 (Shen et al., 2013; Yuan et al., 2019), which is at the
base of C. meishanensis Zone. The base of normal-polarity magnetozone SS3n (=
polarity chron LT1n) has been constrained to the lower part of Bed 28b (40cm above the
LPME level), which is nearly coeval with the FO of H. changxingensis. The conodont H.
changxingensis was considered as a disaster species that flourished over a wide region
during a brief period of ecological stress after the LPME (Metcalfe et al., 2007).

However, the placement of the PTB within the Shangsi section is less direct. This
is because the FO of Hindeodus parvus, which is the index marker coinciding with the
PTB at the GSSP at Meishan, is only about 18 cm above the LPME at that GSSP Meishan
(Cao and Zheng, 2007; Jiang et al., 2007), whereas it does not appear until >2 m above
the LPME at the Shangsi section (Nicoll et al., 2002; Jiang et al., 2011). One interpretation
is that this is a local delayed appearance of H. parvus, because several “new” Triassic
species occur below the appearance of H. parvus at Shangsi (reviewed by Yuan et al.,
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2019). Therefore, other taxa in the PTB interval at the Meishan GSSP are used to place
the PTB within the Shangsi succession.

Jiang et al. (2011) continuously collected samples for the conodonts from Beds 26
through 33 of the Shangsi section. Their sample, called "Bed 28a," actually spans Bed
28a to the basal 5cm of Bed 28c (100.15m to 100.6m). From this interval, the conodont
fauna obtained from their study and a later study (Yuan et al., 2019) includes Hindeodus
changxingensis, Clarkina taylorae, Hindeodus praeparvus, Isarcicella huckriedei,
l. turgida and H. eurypyge. This conodont assemblage was considered as the Permian-
Triassic transition fauna, which is found in Beds 26 through 28 at Meishan (Jiang et al.,
2007). At a finer scale, the conodont biostratigraphy study conducted by Yuan et al.
(2019), suggested that the turnover level from Clarkina-dominated to Hindeodus-
dominated is in the base of Bed 28b at Shangsi. This conodont changeover is evident in
multiple PTB sections located in South China, including the GSSP at Meishan (Lai et al.,
2001; 2018; Yuan et al., 2014), Chaotian (Ji et al., 2007), Bianyang (Yan et al., 2013;
Jiang et al., 2015). Earlier, Lai et al. (1996) had suggested the PTB at Shangsi be placed
at the base of Bed 28c, which is 55cm above the onset of the LPME and 20cm above the
base of zone SS3n/chron LT1n. Their placement had been based on the first occurrences
of the early Triassic conodont species . turgida and of Ophiceras ammonoids. However,
later studies reported the presence of Ophiceras (?) in the middle of Bed 28b (Yuan et al.,
2019). Thus, the combined later detailed study of conodont assemblages (Yuan et al.,
2019) and the presence of ammonoids now agree that the PTB of the Shangsi section
should be positioned in the middle of Bed 28b, which is slightly above the base of
magnetozone SS1n (= chron LT1n).

The Chaotian composite magneto-chemo-biostratigraphy (Fig. 4) also suggests
that the base of its normal-polarity magnetozone CT2n (equivalent to chron LT1n) is
above the LPME and probably below the PTB. The LPME is placed at the base of
Feixianguan Fm. (Unit D/E boundary) (lsozaki et al., 2007; Saitoh and Isozaki, 2021),
therefore is in the uppermost part of reversed-polarity magnetozone CT1r (equivalent to
chron LP3r) (Fig. 4). The conodont H. parvus, the index species for the PTB, has been
obtained from the base of Unit F (Ji et al., 2007), which is within the overlying normal-
polarity magnetozone CT2n (Fig. 4).
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4.5.2 LPME and PTB placement within the magnetostratigraphy of Abadeh (Iran)
The reference section at Abadeh (Gallet et al., 2000; Hounslow and Balabanov,
2018) also shows similar relationships between the LPME, the base of chron LT1n and
the PTB (Fig. 6). The uppermost sample with a high-rated ChRM of the reversed-polarity
zone IRAS3r, corresponding to chron LP3r, is located directly beneath the boundary clay
of the Basal Elikah Formation, the lowest sample with a high-rated ChRM of the
subsequent normal-polarity magnetozone IRA4n is positioned just above the boundary
clay (Gallet et al., 2000). This suggests that the base of normal-polarity magnetozone
IRA4n should be situated within the boundary clay. The mass extinction level (LPME) is
placed at the base of boundary clay, where it is associated with a negative excursion of
8'3Cca and major biotas losses, but the position of the PTB at Abadeh is debated (Chen
et al., 2020; Horacek et al., 2021). In this study, we adopted the assignment of the PTB
at the top of the boundary clay, which is based on the lowest occurrence of H. parvus
(Richoz et al., 2010) (Fig. 6). This alignment between LPME, the onset of IRA4n, and
PTB at Abadeh, Iran, is consistent with our observations from the Shangsi and Chaotian

sections (Fig. 6).

4.5.3 LPME and PTB placement within the magnetostratigraphy from the Dolomite
(Italy)

The Dolomites (Southern Alps, Italy) have long been considered as a key study
area on the northwestern margin of the Paleo-Tethys Ocean for the Permian and Triassic
successions and the biotic and environmental events of shallow-marine ecosystems. The
main disappearances of late Permian marine taxa in the Dolomites is in the basal Werfen
Fm. (Tesero Oolite Mbr.) marking the LPME (Posenato, 2019; Horacek et al., 2010). The
base of chron LT1n (= magnetozone N2 in Scholger et al., 2000) is only 0.3m above the
base of Tesero Mbr. and lowest occurrence of the PTB conodont marker Hindeodus
parvus is at 1.3m above the base of Tesero Mbr. (Perri and Farabegoli, 2003), In
summary, the base of chron LT1n (magnetozone N2) at the Dolomites reference sections
is slightly above the LPME, and below the PTB (Fig. 6).
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454 LPME and PTB placement within the magnetostratigraphy from the
terrestrial realm (Central European Basin and North China)

The relative placements of the LPME, the base of chron LT1n and the PTB in
terrestrial reference section follow the same relative placement in the marine successions
(Fig. 6). The placements of the LPME and PTB in terrestrial reference sections are based
on chemo-biostratigraphic evidence (Fig. 6).

In the Central European Basin, the magnetozone CG2r corresponds to chrons
LP2r to LP3r, and the overlying magnetozone CG3n corresponds to chron LT1n (Fig. 5).
A placement of the LPME at the boundary between the lower (Z71) and upper (Z7u) of the
Fulda Fm., is based on the highest occurrence of the late Permian spore Lueckisporites
virkkiae and the termination of high 8'3Corg values (Scholze et al., 2017). The position of
PTB has been proposed in the lower part of Z7u, slightly above the base of magnetozone
CG3n, based on the first occurrence of the spinicaudatan (conchostracan)
Palaeolimnadiopsis vilujensis - Euestheria gutta assemblage (Scholze et al., 2017). That
assemblage has been considered as important marker for the Permian-Triassic transition
beds in terrestrial settings (Chu et al., 2019). In summary, the LPME level is slightly lower
than the base of LT1n and the projected PTB level is slightly higher than the base of chron
LT1n in the Central European basin (Fig. 6).

At the Shichuanhe section, North China, the integrated chemo-bio-
magnetostratigraphy indicate that the carbon isotope excursion, which has been
considered as approximately synchronous with LPME, occurs at ~3m below the base of
magnetozone SCH3n (= chron LT1n) (Fig. 6). The PTB was proposed to be placed at
~1m above the base of zone SCH3n (=chron LT1n), based on the lowest occurrence of
Euestheria gutta - Palaeolimnadiopsis vilujensis assemblage (Chu et al., 2019). Therefore,
the relative placements among the LPME, the base of LT1n and the PTB follow the same
consistent pattern in North China (Fig. 6).

5. Conclusion
We have re-studied the magnetostratigraphy of the Shangsi section and
recompiled the bio-chemo-magnetostratigraphy records of other reference sections. The
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revised composites verify the pattern for the main polarity chrons of the latest Permian
through earliest Triassic and enable the more precise placement of the latest Permian
mass extinction (LPME) and the Permian-Triassic Boundary (PTB) relative to the base of
normal-polarity chron LT1n. The magnetostratigraphy of the lower Changhsingian (basal
C. wangi to the lower C. changxingensis conodont zones) at Shangsi verifies the
dominance of the normal-polarity chron LP2n. This chron LP2n contains three reversed-
polarity subchrons in the C. wangito lower C. changxingensis zonal interval. The polarity
zones were also calibrated to the astronomical timescale of the Shangsi stratigraphy (\Wu
et al., 2013) that is anchored to the radioisotopic date (251.941 +0.037 Ma; Burgess et
al., 2014) for Bed 25 at the Triassic GSSP section of Meishan, which is coeval with Bed 27
at Shangsi. This timescale yields the onset ages for the polarity chrons and subchrons of
253.29 Ma (subchron LP2n.0r), 253.09 Ma (subchron LP2n.1r) and 252.88 Ma (subchron
LP2n.0r). The overlying reversed-polarity chron LP2r begins about from 252.75 Ma to
252.65Ma and is within the C. changxingensis conodont zone. A brief (ca. 200 kyr)
normal-polarity chron LP3n begins at 252.28 Ma within the lower half of the C. yini zone.
The base of the major normal-polarity chron LT1n coincides with the lowest occurrence
of conodont H. changxingensis at Shangsi and continues above through the lower part of
the Griesbachian substage.

The integrated bio-chemo-magnetostratigraphy studies from a variety of marine
and terrestrial paleoenvironments reveal a general agreement that the normal-polarity
chron LT1n began after the onset of the LPME and prior to the PTB (beginning of the
Triassic) (Fig. 6). Therefore, the base of LT1n is an important marker for recognizing and
high-precision temporal correlation of the levels of the LPME and the PTB in non-
fossiliferous successions (Fig. 6).

Appendix. Supplementary material

Supplementary materials related to this article include our Meishan
magnetostratigraphy, details of methods of demagnetization, examples of interpretation
logic, and an Excel table of all paleomagnetic demagnetization data with notes on the

paleomagnetic analysis.



703

704

705
706
707
708
709
710
711
712
713

714

715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731

24

Acknowledgment

This work was supported by the National Natural Sciences Foundation of China (grant
No. 41830320, 41972033, 42302019, 42372005, 42372035), Hubei Provincial Natural
Science Foundation of China (2023AFB073), and by Hubei Key Laboratory of
Paleontology and Geological Environment Evolution, Wuhan Center of China Geological
Survey (No. PEL-202302). We thank Shaobo Hao, Binxian Qin, Zhuming Ouyang for their
great help in field work or for later analyses.

References

Algeo, T.J., Chen, Z.Q., Fraiser, M.L., Twitchett, R.J., 2011. Terrestrial-marine
teleconnections in the collapse and rebuilding of Early Triassic marine ecosystems.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 308, 1—11. https://doi.org/10/dbk3vd

Burgess, S.D., Bowring, S., Shen, S.Z., 2014. High-precision timeline for Earth’s most
severe  extinction. Proc. Natl. Acad. Sci. 111,  3316-3321.
https://doi.org/10.1073/pnas.1317692111

Burgess, S.D., Muirhead, J.D., Bowring, S.A., 2017. Initial pulse of Siberian Traps sills as

the trigger of the end-Permian mass extinction. Nat. Commun. 8, 164.

https://doi.org/10.1038/s41467-017-00083-9
Cao, C.Q., 2002. Carbon isotope excursions across the Permian-Triassic boundary in the

Meishan section, Zhejiang Province, China. Chin. Sci. Bull. 47, 1125.
https://doi.org/10/cd56nf
Cao, C.Q., Zheng, Q.F., 2007. High-resolution lithostratigraphy of the Changhsingian

stage in Meishan section D, Zhejiang. J Strat. 31, 14-22.

Chen, J., Shen, S.Z., Zhang, Y.C., Angiolini, L., Gorgij, M.N., Crippa, G., Wang, W., Zhang,
H., Yuan, D.X,, Li, X.H., Xu, Y.G., 2020. Abrupt warming in the latest Permian
detected using high-resolution in situ oxygen isotopes of conodont apatite from


https://doi.org/10/dbk3vd
https://doi.org/10.1073/pnas.1317692111
https://doi.org/10.1038/s41467-017-00083-9
https://doi.org/10/cd56nf

732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760

25

Abadeh, central Iran. Palaeogeogr. Palaeoclimatol. Palaeoecol. 560, 109973.
https://doi.org/10/ghtmvn

Chen, Z.Q., Yang, H., Luo, M., Benton, M.J., Kaiho, K., Zhao, L.S., Huang, Y.G., Zhang,
K.X., Fang, Y.H., Jiang, H.S., Qiu, H., Li, Y., Tu, C.Y., Shi, L., Zhang, L., Feng,
X.Q., Chen, L., 2015. Complete biotic and sedimentary records of the Permian—

Triassic transition from Meishan section, South China: Ecologically assessing
mass extinction and its aftermath. Earth-Sci. Rev. 149, 67-107.
https://doi.org/10.1016/j.earscirev.2014.10.005

Chu, D.L., Grasby, S.E., Song, H.J., Corso, J.D., Wang, Y., Mather, T.A., Wu, Y.Y., Song,
H.Y., Shu, W.C., Tong, J.N., Wignall, P.B., 2020. Ecological disturbance in tropical
peatlands prior to marine Permian-Triassic mass extinction. Geology 48, 288—292.
https://doi.org/10.1130/G46631.1

Chu, D.L., Tong, J.N., Benton, M.J., Yu, J.X., Huang, Y.F., 2019. Mixed continental-

marine biotas following the Permian-Triassic mass extinction in South and North

China. Palaeogeogr. Palaeoclimatol. Palaeoecol., The Palaeozoic-Mesozoic
Transition in South China 519, 95-107.
https://doi.org/10.1016/j.palaeo.2017.10.028

Dal Corso, J., Mills, B.J.W., Chu, D.L., Newton, R.J., Mather, T.A., Shu, W.C., Wu, Y.Y.,

Tong, J.N., Wignall, P.B., 2020. Permo-Triassic boundary carbon and mercury

cycling linked to terrestrial ecosystem collapse. Nat. Commun. 11.
https://doi.org/10/ghsxbc
Dal Corso, J., Song, H.J., Callegaro, S., Chu, D.L., Sun, Y.D., Hilton, J., Grasby, S.E.,

Joachimski, M.M., Wignall, P.B., 2022. Environmental crises at the Permian—

Triassic mass extinction. Nat. Rev. Earth Environ. 3, 197-214.
https://doi.org/10.1038/s43017-021-00259-4
Gallet, Y., Krystyn, L., Besse, J., Saidi, A., Ricou, L., 2000. New constraints on the Upper

Permian and Lower Triassic geomagnetic polarity timescale from the Abadeh
section (central Iran). J. Geophys. Res.: Solid Earth 105, 2805-2815.
https://doi.org/10/drvntc



https://doi.org/10/ghtmvn
https://doi.org/10.1016/j.earscirev.2014.10.005
https://doi.org/10.1130/G46631.1
https://doi.org/10.1016/j.palaeo.2017.10.028
https://doi.org/10/ghsxbc
https://doi.org/10.1038/s43017-021-00259-4
https://doi.org/10/drvntc

761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791

26

Gastaldo, R.A., Kamo, S.L., Neveling, J., Geissman, J.W., Looy, C.V., Martini, A.M., 2020.
The base of the Lystrosaurus Assemblage Zone, Karoo Basin, predates the end-
Permian marine extinction. Nat. Commun. 11. https://doi.org/10/gh58jm

Glen, J.M.G., Nomade, S., Lyons, J.J., Metcalfe, |., Mundil, R., Renne, P.R., 2009.
Magnetostratigraphic correlations of Permian—Triassic marine-to-terrestrial
sections  from  China. J.  Asian Earth  Sci. 36, 521-540.
https://doi.org/10.1016/j.jseaes.2009.03.003

Guo, W.W., Tong, J.N., He, Q., Hounslow, M.W., Song, H.J., Dal Corso, J., Wignall, P.B.,
Ramezani, J., Tian, L., Chu, D.L., 2022. Late Permian—Middle Triassic
magnetostratigraphy in North China and its implications for terrestrial-marine
correlations. Earth Planet. Sci. Lett. 585, 117519.
https://doi.org/10.1016/j.epsl.2022.117519

Haag, M., Heller, F., 1991. Late Permian to Early Triassic magnetostratigraphy. Earth
Planet. Sci. Lett. 107, 42-54. htips://doi.org/10/bzgcg2

Haslett, J., Parnell, A., 2008. A simple monotone process with application to radiocarbon-
dated depth chronologies. J. R. Stat. Soc. C: Appl. Stat. 57, 399-418.
https://doi.org/10.1111/].1467-9876.2008.00623.x

Heller, F., Chen, H.H., Dobson, J., Haag, M., 1995. Permian-Triassic
magnetostratigraphy—new results from South China. Phys. Earth Planet. Inter. 89,
281-295. https://doi.org/10/bgg8vx

Heller, F., Lowrie, W., Li, H.M., L., Wang J.D., 1988. Magnetostratigraphy of the Permo-

Triassic boundary section at Shangsi (Guangyuan, Sichuan Province, China).
Earth Planet. Sci. Lett. 88, 348-356. https://doi.org/10.1016/0012-821x(88)90091 -

X

Horacek, M., Krystyn, L., Baud, A., 2021. Comment to Chen et al., 2020: "Abrupt warming
in the latest Permian detected using high resolution in situ oxygen isotopes of
conodont apatite from Abadeh, central Iran. Albertiana 70, 33-36.

Horacek, M., Povoden, E., Richoz, S., Brandner, R., 2010. High-resolution carbon isotope
changes, litho- and magnetostratigraphy across Permian-Triassic Boundary

sections in the Dolomites, N-ltaly. New constraints for global correlation.

Palaeogeogr. Palaeoclimatol. Palaeoecol. 290, 58—-64. https://doi.org/10/c7w68x


https://doi.org/10/gh58jm
https://doi.org/10.1016/j.jseaes.2009.03.003
https://doi.org/10.1016/j.epsl.2022.117519
https://doi.org/10/bzgcq2
https://doi.org/10.1111/j.1467-9876.2008.00623.x
https://doi.org/10/bgq8vx
https://doi.org/10.1016/0012-821x(88)90091-x
https://doi.org/10.1016/0012-821x(88)90091-x
https://doi.org/10/c7w68x

792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821

27

Hounslow, M.W., 2016. Geomagnetic reversal rates following Palaeozoic superchrons
have a fast restart mechanism. Nat. Commun. 7, 12507. https://doi.org/10/ghtm6n

Hounslow, M.W., Balabanov, Y.P., 2018. A geomagnetic polarity timescale for the
Permian, calibrated to stage boundaries. Geol. Soc. Lond. Spec. Publ. 450, 61—
103. https://doi.org/10.1144/SP450.8

Hounslow, M.W., Muttoni, G., 2010. The geomagnetic polarity timescale for the Triassic:

linkage to stage boundary definitions. Geol. Soc. Lond. Spec. Publ. 334, 61-102.
https://doi.org/10/fdwbxn

Huang, C. J., Tong, J. N., Hinnov, L., Chen, Z.-Q., 2011. Did the great dying of life take
700 k.y.? Evidence from global astronomical correlation of the Permian-Triassic
boundary interval. Geology 39, 779-782. https://doi.org/10.1130/932126.1

Huang, Y.G., Chen, Z.-Q., Roopnarine, P.D., Benton, M.J., Zhao, L.S., Feng, XQ.., Li,
Z.H., 2023. The stability and collapse of marine ecosystems during the Permian-
Triassic mass extinction. Curr. Biol. 33, 1059-1070.e4.
https://doi.org/10.1016/j.cub.2023.02.007

Iranian-Japanese Research Group, 1981. The Permian and the Lower Triassic Systems

in Abadeh Region, Central Iran. Mem. Fac. Sci. Kyoto Univ., Ser. Geol. Mineral.
47, 61-133.

Isozaki, Y., Shimizu, N., Yao, J.X., Ji, Z.S., Matsuda, T., 2007. End-Permian extinction
and volcanism-induced environmental stress: The Permian—Triassic boundary
interval of lower-slope facies at Chaotian, South China. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 252, 218-238.
https://doi.org/10.1016/j.palaeo.2006.11.051

Ji, Z.S., Yao, J.X., Isozaki, Y., Matsuda, T., Wu, G.C., 2007. Conodont biostratigraphy
across the Permian—Triassic boundary at Chaotian, in Northern Sichuan, China.

Palaeogeogr. Palaeoclimatol. Palaeoecol. 252, 39-55. https://doi.org/10/cc63dk
Jiang, H.S., Joachimski, M.M., Wignall, P.B., Zhang, M.H., Lai, X.L., 2015. A delayed end-

Permian extinction in deep-water locations and its relationship to temperature

trends (Bianyang, Guizhou Province, South China). Palaeogeogr. Palaeoclimatol.
Palaeoecol. 440, 690-695. https://doi.org/10/f75nbw



https://doi.org/10/ghtm6n
https://doi.org/10.1144/SP450.8
https://doi.org/10/fdwbxn
https://doi.org/10.1130/g32126.1
https://doi.org/10.1016/j.cub.2023.02.007
https://doi.org/10.1016/j.palaeo.2006.11.051
https://doi.org/10/cc63dk
https://doi.org/10/f75nbw

822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852

28

Jiang, H.S., Lai, X.L., Luo, G.M., Aldridge, R., Zhang, K.X., Wignall, P., 2007. Restudy of
conodont zonation and evolution across the P/T boundary at Meishan section,
Changxing, Zhejiang, China. Glob. Planet. Change 55, 39-55.
https://doi.org/10.1016/j.gloplacha.2006.06.007

Jiang, H.S., Lai, X.L., Yan, C.B., Aldridge, R.J., Wignall, P., Sun, Y.D., 2011. Revised

conodont zonation and conodont evolution across the Permian—Triassic boundary

at the Shangsi section, Guangyuan, Sichuan, South China. Glob. Planet. Change
77,103-115. hitps://doi.org/10/cj3r9x

Jin, Y.G., Wang, Y., Henderson, C., Wardlaw, B.R., Shen, S.Z., Cao, C.Q., 2006. The
Global Boundary Stratotype Section and Point (GSSP) for the base of
Changhsingian  Stage  (Upper  Permian). Episodes 29, 175-182.
https://doi.org/10/ghtnc2

Joachimski, M.M., Lai, X.L., Shen, S.Z., Jiang, H.S., Luo, G.M., Chen, B., Chen, J., Sun,
Y.D., 2012. Climate warming in the latest Permian and the Permian-Triassic mass
extinction. Geology 40, 195—-198. https://doi.org/10/fzc2pp

Kirschvink, J.L., 1980. The least-squares line and plane and the analysis of

palaeomagnetic data. Geophys. J. Int. 62, 699-718. hiips://doi.org/10/bgnczw

Kozur, H.W., 2005. Pelagic uppermost Permian and the Permian-Triassic boundary
conodonts of Iran. Part Il: Investigated sections and evaluation of the conodont
faunas. Hallesches Jahrb, Geowiss, Reihe B, 49-86.

Lai, X.L., Jiang, H.S., Wignall, P.B., 2018. A review of the Late Permian — Early Triassic
conodont record and its significance for the end-Permian mass extinction. Rev.
Micropaléontol. 61, 155—-164. https://doi.org/10/ghtm3v

Lai, X.L., Yang, F.Q., Hallam, A., Wignall, P.B., 1996. The Shangsi section, candidate of
the Global Stratotype Section and Point of the Permian-Triassic Boundary, in: Yin,

H.F. (Ed.), The Paleozoic-Mesozoic Boundary Candidates of Global Stratotype
Section and Point of the Permian-Triassic Boundary. China University of
Geosciences Press, Wuhan, pp. 113-124.

Laj, C., Channell, J.E.T., Kissel, C., 2021. Magnetostratigraphy: From a Million to a
Thousand Years, in: Ramstein, G., Landais, A., Bouttes, N., Sepulchre, P., Govin,
A. (Eds.), Paleoclimatology. Springer International Publishing, Cham, pp. 101-116.


https://doi.org/10.1016/j.gloplacha.2006.06.007
https://doi.org/10/cj3r9x
https://doi.org/10/ghtnc2
https://doi.org/10/fzc2pp
https://doi.org/10/bgnczw
https://doi.org/10/ghtm3v

853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882

29

Langereis, C.G., Krijgsman, W., Muttoni, G., Menning, M., 2010. Magnetostratigraphy —
concepts, definitions, and applications. Newsl. Stratigr. 43, 207-233.
https://doi.org/201911211118390000

Li, H.M., Wang, J.D., 1989. Magnetostratigraphy of Permo-Triassic boundary section of
Meishan of Changxing, Zhejiang. Sci. China B-Chem. 32, 1401-1408.

Li, M.S., Hinnov, L., Kump, L., 2019. Acycle: Time-series analysis software for

paleoclimate research and education. Comput. Geosci. 127, 12-22.
https://doi.org/10/ghtmxs

Li, M.S., Ogg, J., Zhang, Y., Huang, C., Hinnov, L., Chen, Z.-Q., Zou, Z.Y., 2016.
Astronomical tuning of the end-Permian extinction and the Early Triassic Epoch of
South China and Germany. Earth Planet. Sci. Lett. 441, 10-25.
https://doi.org/10.1016/j.epsl.2016.02.017

Li, Z.S., Zhan, L.P., Dai, J.Y., Jin, R.G., Zhu, X.F., Zhang, J.H., Huang, H.Q., Xu, D.Y.,
Yan, Z., Li, H.M., 1989. Study on the Permian-Triassic biostratigraphy and event

stratigraphy of northern Sichuan and southern Shaanxi. Geological Publishing
House, Beijing.

Liu, C., Jiang, T., Yang, Y., Ma, J., 2023. Temporal and spatial variations of high-
resolution strontium, carbon, and oxygen isotopic chemostratigraphy at the end-
Permian crisis boundary in South China. Gondwana Res. 113, 89-101.
https://doi.org/10.1016/j.gr.2022.10.015

Liu, X.C., Wang, W., Shen, S.Z., Gorgij, M.N., Ye, F.C., Zhang, Y.C., Furuyama, S., Kano,
A., Chen, X.Z., 2013. Late Guadalupian to Lopingian (Permian) carbon and

strontium isotopic chemostratigraphy in the Abadeh section, central Iran.
Gondwana Res. 24, 222-232. https://doi.org/10/f4zsdr

Liu, Y.Y., Zhu, Y.M,, Tian, W.H., 1999. New magnetostratigraphic results from Meishan
section. Chang. Cty. Zhejiang China: Earth Sci. J. China Univ. Geosci. 24, 151—
154.

Lowrie, W., Alvarez, W., 1984. Lower Cretaceous magnetic stratigraphy in Umbrian

pelagic limestone sections. Earth Planet. Sci. Lett. 71, 315-328.
https://doi.org/10.1016/0012-821X(84)90096-7



https://doi.org/201911211118390000
https://doi.org/10/ghtmxs
https://doi.org/10.1016/j.epsl.2016.02.017
https://doi.org/10.1016/j.gr.2022.10.015
https://doi.org/10/f4zsdr
https://doi.org/10.1016/0012-821X(84)90096-7

883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913

30

Lowrie, W., Lanci, L., 1994. Magnetostratigraphy of Eocene-Oligocene boundary sections
in Italy: No evidence for short subchrons within chrons 12R and 13R. Earth Planet.
Sci. Lett. 126, 247-258. https://doi.org/10.1016/0012-821X(94)90110-4

Lu, J., Wang, Y., Yang, M.F., Zhang, P.X, Bond, D.P.G., Shao, L.Y., Hilton, J., 2022.

Diachronous end-Permian terrestrial ecosystem collapse with its origin in wildfires.

Palaeogeogr. Palaeoclimatol. Palaeoecol. 594, 110960.
https://doi.org/10.1016/j.palae0.2022.110960

Meng, X.H., Hu, C.S., Wang, W.M., Liu, H.Y., 2000. Magnetostratigraphic study of
Meishan Permian-Triassic section, Changxing, Zhejiang Province. China, J. China
Univ. Geosci. 11, 361-365.

Metcalfe, |., Nicoll, R.S., Wardlaw, B.R., 2007. Conodont index fossil Hindeodus
changxingensis Wang fingers greatest mass extinction event. Palaeoworld 16,
202-207. https://doi.org/10/bmzivs

Nicoll, R.S., Metcalfe, I., Wang, C.Y., 2002. New species of the conodont Genus

Hindeodus and the conodont biostratigraphy of the Permian—Triassic boundary
interval. J. Asian Earth Sci. 20, 609-631. https://doi.org/10/dxrwj2

Ogg, J.G., Chen, Z.Q., Orchard, M.J., Jiang, H.S., 2020. Chapter 25 - The Triassic Period,
in: Gradstein, F.M., Ogg, James G, Schmitz, M.D., Ogg, G.M. (Eds.), Geologic
Time Scale 2020. Elsevier, pp. 903-953.

Parnell, A.C., Haslett, J., Allen, J.R.M., Buck, C.E., Huntley, B., 2008. A flexible approach
to assessing synchroneity of past events using Bayesian reconstructions of
sedimentation history. Quat. Sci. Rev. 27, 1872-1885.
https://doi.org/10.1016/j.quascirev.2008.07.009

Perri, M.C., Farabegoli, E., 2003. Conodonts across the Permian—Triassic boundary in

the Southern Alps. Cour. Forschungsinstitut Senckenberg 245, 281-313.
Posenato, R., 2019. The end-Permian mass extinction (EPME) and the Early Triassic
biotic recovery in the western Dolomites (Italy): state of the art. Boll. Soc. Paleontol.
Ital. 58, 11-34. https://doi.org/10.4435/bspi.2019.05
Richoz, S., Krystyn, L., Baud, A., Brandner, R., Horacek, M., Mohtat-Aghai, P., 2010.
Permian—Triassic boundary interval in the Middle East (Iran and N. Oman):

Progressive environmental change from detailed carbonate carbon isotope marine


https://doi.org/10.1016/0012-821X(94)90110-4
https://doi.org/10.1016/j.palaeo.2022.110960
https://doi.org/10/bmztv5
https://doi.org/10/dxrwj2
https://doi.org/10.1016/j.quascirev.2008.07.009
https://doi.org/10.4435/bspi.2019.05

914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944

31

curve and sedimentary evolution. J. Asian Earth Sci. 39, 236-253.
https://doi.org/10/c5c85t
Saitoh, M., Isozaki, Y., 2021. Carbon isotope chemostratigraphy across the Permian-

Triassic Boundary at Chaotian, China: Implications for the global methane cycle in
the aftermath of the extinction. Front. Earth Sci. 8, 6665.
https://doi.org/10.3389/feart.2020.596178
Scholger, R., 2000. Permian—Triassic boundary magnetostratigraphy from the Southern
Alps (Italy). Earth Planet. Sci. Lett. 176, 495-508. https://doi.org/10/cv567]
Scholze, F., Wang, X., Kirscher, U., Kraft, J., Schneider, J.W., Gétz, A.E., Joachimski,
M.M., Bachtadse, V., 2017. A multistratigraphic approach to pinpoint the Permian-

Triassic boundary in continental deposits: The Zechstein—Lower Buntsandstein
transition in Germany. Glob. Planet. Change 152, 129-151.
https://doi.org/10.1016/j.gloplacha.2017.03.004

Shen, J.H., Zhang, Y.G., Yang, H., Xie, S.C., Pearson, A., 2022. Early and late phases
of the Permian—Triassic mass extinction marked by different atmospheric CO2
regimes. Nat. Geosci. 15, 839—-844. https://doi.org/10.1038/s41561-022-01034-w

Shen, S.Z., Crowley, J.L., Wang, Y., Bowring, S.A., Erwin, D.H., Sadler, P.M., Cao, C.Q.,
Rothman, D.H., Henderson, C.M., Ramezani, J., Zhang, H., Shen, Y.A., Wang,
X.D., Wang, W., My, L., Li, W.Z., Tang, Y.G., Liu, X.L., Liu, L.J., Zeng, Y., Jiang,
Y.F., Jin, Y.G., 2011. Calibrating the End-Permian Mass Extinction. Science 334,
1367—-1372. https://doi.org/10.1126/science.1213454

Shen, S.Z., Mei, S.L., 2010. Lopingian (Late Permian) high-resolution conodont

biostratigraphy in Iran with comparison to South China zonation. Geol. J. 45, 135—
161. https://doi.org/10/bmfhgz

Shen, S.Z., Cao, C.Q., Zhang, H., Bowring, S.A., Henderson, C.M., Payne, J.L., Davydov,
V.1, Chen, B, Yuan, D.X., Zhang, Y.C., Wang, W., Zheng, Q.F., 2013. 2013. High-
resolution &'3Ccar chemostratigraphy from latest Guadalupian through earliest
Triassic in South China and Iran. Earth Planet. Sci. Lett. 375, 156-165.
https://doi.org/10.1016/j.epsl.2013.05.020

Song, H.J., Wignall, P.B., Tong, J.N., Yin, H.F., 2013. Two pulses of extinction during the

Permian—Triassic crisis. Nat. Geosci. 6, 52-56. https://doi.org/10/gg2w24



https://doi.org/10/c5c85t
https://doi.org/10.3389/feart.2020.596178
https://doi.org/10/cv567j
https://doi.org/10.1016/j.gloplacha.2017.03.004
https://doi.org/10.1038/s41561-022-01034-w
https://doi.org/10.1126/science.1213454
https://doi.org/10/bmfhqz
https://doi.org/10.1016/j.epsl.2013.05.020
https://doi.org/10/gg2w24

945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973

32

Steiner, M.B., Ogg, J.G., Zhang, Z., Sun, S., 1989. The Late Permian/Early Triassic
magnetic polarity time scale and plate motions of south China. J. Geophys. Res.:
Solid Earth 94, 7343-7363. https://doi.org/10.1029/jb094ib06p07343

Steiner, M.B., 2006. The magnetic polarity time scale across the Permian-Triassic
boundary. Geol. Soc. Lond. Spec. Publ. 265, 15-38. https://doi.org/10/c8wdbg

Szurlies, M., 2013. Late Permian (Zechstein) magnetostratigraphy in Western and Central
European. Geol. Soc. Lond. Spec. Publ. 376, 73-85. https://doi.org/10/ghtnbv

Waterhouse, J.B., 2010. Lopingian (Late Permian) stratigraphy of the Salt Range,
Pakistan and Himalayan region. Geol. J. 45, 264-284.
https://doi.org/10.1002/gj.1235

Wei, H.Y., Zhang, X., Qiu, Z., 2020. Millennial-scale ocean redox and 813C changes
across the Permian—Triassic transition at Meishan and implications for the biocrisis.
Int. J. Earth Sci. 109, 1753—-1766. https://doi.org/10.1007/s00531-020-01869-x

Wignall P.B., 2015. The worst of times: how life on earth survived eighty million years of

extinctions. Princeton University Press, Princeton.

Wu, B.J., Luo, G.M., Joachimski, M.M., Wignall, P.B., Lei, L.D., Huang, J.Y., Lai, X.L.,
2022. Carbon and nitrogen isotope evidence for widespread presence of anoxic
intermediate waters before and during the Permian-Triassic mass extinction. GSA
Bull. 134, 1397-1413. https://doi.org/10/gr2spx

Wu, H.C., Zhang, S.H., Hinnov, L.A., Jiang, G.Q., Feng, Q.L., Li, H.Y., Yang, T.S., 2013.
Time-calibrated Milankovitch cycles for the late Permian. Nat. Commun. 4, 2452.
https://doi.org/10.1038/ncomms3452

Wu, Y.Y., Tong, J.N., Algeo, T.J., Chu, D.L., Cui, Y., Song, H.J., Shu, W.C., Du, Y., 2020.
Organic carbon isotopes in terrestrial Permian-Triassic boundary sections of North

China: Implications for global carbon cycle perturbations. GSA Bull. 132, 1106—
1118. https://doi.org/10.1130/B35228.1

Xie, S.C., Pancost, R.D., Huang, J.H., Wignall, P.B., Yu, J.X., Tang, X.Y., Chen, L., Huang,
X.Y., Lai, X.L., 2007. Changes in the global carbon cycle occurred as two episodes

during the Permian—Triassic crisis. Geology 35, 1083. hitps://doi.org/10/b8fn2n



https://doi.org/10.1029/jb094ib06p07343
https://doi.org/10/c8wdbg
https://doi.org/10/ghtnbv
https://doi.org/10.1002/gj.1235
https://doi.org/10.1007/s00531-020-01869-x
https://doi.org/10/gr2spx
https://doi.org/10.1038/ncomms3452
https://doi.org/10.1130/B35228.1
https://doi.org/10/b8fn2n

974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003

33

Yan, C.B., Wang, L.N., Jiangi, H.S., Wignall, P.B., Sun, Y.D., Chen, Y.L., Lai, X.L., 2013.

Uppermost Permian to Lower Triassic Conodonts at Bianyang Section, Guizhou
Province, South China. Palaios 28, 509-522. https://doi.org/20130913210630

Yin, H.F., Zhang, K.X., Yang, Z2.Y., Wu, S.B., 2001. The Global Stratotype Section and

Point (GSSP) of the Permian-Triassic Boundary. Episodes 24, 102-114.
https://doi.org/10.18814/epiiugs/2001/v24i2/004

Yin, H.F., Tong, J.N., Zhang, Z.X., 2005. A Review on the Global Stratotype Section and

Point of the Permian-Triassic Boundary. Acta Geol. Sin. - Engl. Ed. 79, 715-728.
https://doi.org/10.1111/].1755-6724.2005.tb00925.x

Yin, H.F., Jiang, H.S., Xia, W.C., Feng, Q.L., Zhang, N., Shen, J., 2014. The end-Permian

regression in South China and its implication on mass extinction. Earth-Sci. Rev.
137, 19-33. https://doi.org/10.1016/j.earscirev.2013.06.003

Yin, H.F., Xie, S.C., Luo, G.M., Algeo, T.J., Zhang, K.X., 2012. Two episodes of

Yuan,

Yuan,

Yuan,

environmental change at the Permian—Triassic boundary of the GSSP section
Meishan. Earth-Sci. Rev. 115, 163—-172. https://doi.org/10/gg2tgt

D.X., Chen, J., Zhang, Y.C., Zheng, Q.F., Shen, S.Z., 2015. Changhsingian
conodont succession and the end-Permian mass extinction event at the Daijiagou
section in Chongqing, Southwest China. J. Asian Earth Sci. 105, 234-251.
https://doi.org/10.1016/j.jseaes.2015.04.002

D.X., Shen, S.Z., Henderson, C.M., Chen, J., Zhang, H., Feng, H., 2014. Revised
conodont-based integrated high-resolution timescale for the Changhsingian Stage

and end-Permian extinction interval at the Meishan sections, South China. Lithos
204, 220-245. https://doi.org/10.1016/].lithos.2014.03.026

D.X., Shen, S.C., Henderson, C.M., Chen, J., Zhang, H., Zheng, Q.F., Wu, H.C.,
2019. Integrative timescale for the Lopingian (Late Permian): A review and update
from  Shangsi, South  China. Earth-Sci. Rev. 188, 190-209.
https://doi.org/10/ghtmvx

Zhang, C.F., Ogg, J.G., 2003. An integrated paleomagnetic analysis program for

stratigraphy labs and research projects. Comput. Geosci. 29, 613-625.
https://doi.org/10.1016/s0098-3004(03)00034-7



https://doi.org/20130913210630
https://doi.org/10.18814/epiiugs/2001/v24i2/004
https://doi.org/10.1111/j.1755-6724.2005.tb00925.x
https://doi.org/10.1016/j.earscirev.2013.06.003
https://doi.org/10/gg2tgt
https://doi.org/10.1016/j.jseaes.2015.04.002
https://doi.org/10.1016/j.lithos.2014.03.026
https://doi.org/10/ghtmvx
https://doi.org/10.1016/s0098-3004(03)00034-7

1004
1005
1006
1007
1008

1009

1010
1011
1012
1013
1014
1015
1016
1017

1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035

34

Zhang, M., Qin, H.F., He, K., Hou, Y.F., Zheng, Q.F., Deng, C.L., He, Y., Shen, S.Z., Zhu,
R.X., Pan, Y.X., 2021. Magnetostratigraphy across the end-Permian mass
extinction event from the Meishan sections, southeastern China. Geology 49,
1289-1294. hitps://doi.org/10.1130/G49072.1

Captions

Figure 1. Latest Permian paleogeography map. (A) Global reconstruction map showing the
paleogeographic positions of South China during the Changhsingian (base map modified after
Shen et al. (2013)). (B) Late Changhsingian paleogeographic map of South China during the
Clarkina meishanensis conodont zone showing the settings of Meishan, Shangsi and other
reference sections (base map modified from Yin et al. (2014)), Sections: MS = Meishan; SS =
Shangsi; CT = Chaotian; LS = Linshui; WL = Wulong, Paleogeographic partitions: NMBY = North
marginal basin of Yangyze Platform; HGG basin = Hunan-Guizhou-Guangxi basin; ZFG clastic
Region = Zhejiang-Fujian-Guangdong clastic Region.

Figure 2. Comparison of our study to the published magnetostratigraphies of the Shangsi section
(Heller et al., 1988; Steiner et al., 1989; Glen et al., 2009) after adjusting all studies to a
standardized bed nomenclature and meter scale. The left columns include the lithologic
stratigraphy (modified from Lai et al. (1996)), cyclostratigraphy (E: 405-kyr long eccentricity cycle)
(Wu et al., 2013), radioisotopic date for the mass extinction level (Burgess et al., 2014), and
conodont biostratigraphy (Jiang et al., 2011; Yuan et al., 2019). Polarity zones and subzones in
the composite magnetic polarity pattern for Shangsi (leftmost polarity column) have a suggested
“SS” nomenclature. Polarity ratings (N to INT to R) assigned to our samples are indicated by the
red dots superimposed onto the magnetic polarity zones interpreted from clusters of similar
polarity. The column of rVGP is only for the samples having assigned polarity of N to NPP or R to
RPP. The rVGP latitudes approaching +90° and —-90° signify normal and reverse polarity,
respectively. The ticks on the 0° axis of the rVGP column are sampling levels that did not provide
acceptable paleomagnetic data. Legend: A. siliceous limestone; B. carbonaceous siliceous rock;
C. claystone with marl; D. marl with micritic limestone; E. limestone; F, G, H and | denote intervals
of Uncertain polarity (gray), Reverse polarity (white); Normal polarity (black) and Unsampled gap
(light blue), respectively. Abbreviations of conodont genera: C. = Clarkina; H. = Hindeodus;

1. = Isarcicella.
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Figure 3. Field photos from selected intervals in the Shangsi section with projected
magnetostratigraphy interpretations (black-white bar, with the black/white/grey dots next to bar
indicating the interpreted polarity of the sampled horizon), bed numbers (white front within black
label and red lines), stratigraphic boundaries (white font within black label and white line), the
latest Permian mass extinction level (LPME; yellow font and red line), conodont biozones (yellow
font within red label and lines), radioisotopic dates from zircons (yellow font within black label),
and cyclostratigraphy (black font in white circle with the span of each 405-kyr long-eccentricity (E)
and ~100-kyr short-eccentricity (e) cycle denoted in yellow). (A) Exposure of the upper part of the
Shangsi section from Bed 20 to Bed 26 of Dalong Fm. (B) Field photos of the Permian-Triassic
transition interval in the Shangsi section. Datasets: bed numbers and lithological boundary (Lai et
al., 1996), LPME and conodont biozones (Yuan et al., 2019), radioisotopic dates (Shen et al.,
2011), and cyclostratigraphy (Wu et al., 2013).

Figure 4. Chaotian section magnetostratigraphic results with lithostratigraphy (Isozaki et al., 2007),
conodont zones (Ji et al., 2007), bulk carbon isotopic values (Wu et al., 2022), magnetic polarity
zones, polarity ratings, and rVGP latitudes. Legend: A: limestone; B: volcanic tuff; C: clayey
limestone; D: Claystone; E, F, G, and H represent the same polarity legend as shown in Fig. 2.

Figure 5. Proposed correlation of our suggested composite ATS-tuned geomagnetic polarity
timescale from the Shangsi section with conodont zones with other magnetostratigraphic studies
of marine and terrestrial Changhsingian sections. Datasets: (1) Nammal Gorge: geomagnetic
polarity pattern from Haag and Heller (1991); conodont occurrences are projected from the same
regional study (Waterhouse, 2010). (2, 3) Wulong and Linshui sections: geomagnetic polarity
patterns from Heller et al. (1995) with the right sub-columns after graying out intervals that had
their low-quality-rated samples; conodont zones are modified projections from the adjacent
Daijiagou section (Yuan et al., 2015). (4) Abadeh section: geomagnetic polarity pattern from
Gallet et al. (2000), conodont zones proposed by Shen and Mei (2010) with estimated WCB
placement by Liu et al. (2013), revised H. parvus Zone placement by Horacek et al. (2021).
(5, 6) Chaotian and Shangsi sections: references see main text. (7) Optimized GPTS, adopted
from Hounslow (2016). (8) Central European Basin: geomagnetic polarity pattern from Soffel and
Wippern, (1998); Szurlies (2013); (9) Shichuanhe, North China: geomagnetic polarity pattern from

Guo et al. (2022). Conodont genera abbreviations are the same as in Fig. 2. Conodont species



1069
1070
1071
1072

1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096

1097

36

abbreviations: C. l. = C. longicuspidata; C. w.

C. wangi, C. li. = C. liangshanensis; C. s.

C. subcarinata; C. ch. = C. changxingensis; C. y. = C. yini; C. m. = C. meishanensis; C. a.
C. abadehensis; C. h. = C. hauschkei; C. n.
H. changxingensis; H. p. = H. parvus.

C. nodosa; C.b. = C. bachmanni; H.c.

Figure 6. Placements of carbon-isotope shifts, the latest Permian mass extinction (LPME) and
Permian-Triassic boundary (PTB) levels selected global reference sections in various
depositional environments relative to the magnetostratigraphy in the integrated geological
timescale of this study. The level of LPME is indicated as the lowest red line. The level of the base
of polarity chron LT1n is indicated by the continuous horizontal red line. The level of the estimated
PTB is indicated by the upper red line. Datasets: (1) Integrated Geologic Timescale — age scale
is the astronomical timescale (ATS) at Shangsi and Meishan (Wu et al., 2013) anchored to the
radioisotopic dates from Meishan (Burgess et al., 2014); conodont biozones from Lai et al. (2018);
geomagnetic polarity pattern is from this study; 8'*Ccan is a composite from several studies (Cao
et al., 2002; Xie et al., 2007; Shen et al., 2013; Wei et al., 2020), trend median line of the 8'*Ccarb
is a locally weighted smoothing regression (LOWESS, 0.1Myr window) with 2SD confidence
intervals, which are calculated using ACycle 2.4.1 (Li et al., 2019). Global trends (colored bars) -
lethally high temperature from Joachimski et al. (2012); the increase of atmospheric CO2 from
Shen et al. (2022); two mass extinction pulses from Song et al. (2013) and Yin et al. (2012);
Siberian Traps timing from Burgess et al. (2017). (2) Shangsi section, South China - conodont
biozones from Jiang et al. (2011) and Yuan et al. (2019); 8"3Cean from Shen et al. (2013);
geomagnetic polarity pattern from this study. (3) Abadeh section, Iran - conodont biozones from
Shen and Mei (2010); geomagnetic polarity pattern from Gallet et al. (2000); 8"Cean from Richoz
et al. (2010). (4) Seis, Dolomites, ltaly - conodont biozones are projected from nearby sections
(Perri and Farabegoli, 2003); geomagnetic polarity pattern from Scholger et al. (2000); 8"3Cearn
from Horacek et al. (2010). (5) Shichuanhe, North China - geomagnetic polarity pattern, estimated
PTB and LPME from Guo et al. (2022) and references herein; 5'3Cqq from Wu et al. (2020).
(6) Central European Basin: geomagnetic polarity pattern from Szurlies (2013) and Scholze et al.
(2017); 8"Corg and estimated PTB from Scholze et al. (2017).



