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ARTICLE INFO ABSTRACT

Editor: S Shen The Norian “chaotic carbon episode” stands out as a compelling carbon cycle perturbation event within the Late
Triassic period. This episode has been documented in marine stratigraphic sections across North America, Italy,
Japan, and China. However, limited Norian chronostratigraphy available in the eastern Tethys inhibited the
identification of this event in this broad area, and thus the possible global response to this carbon cycle
perturbation. To address this issue, we analyzed the conodonts and carbon-isotope of the Norian Sanhedong
(SHD) section in the Simao terrane, Southwest China. The identification of the Alaunian Epigondolella spiculata
Zone has well documented the base of the Alaunian stage. Moreover, a conodont faunal turnover can be
recognized at the base of the Alaunian, with the evolution of Mockina from Ancyrogondolella and Epigondolella,
and it is characterized by a gradual decrease in specimen size. The E. spiculata conodont Zone from the SHD
section correlates well with the homonymous conodont Zones documented in both the Tethys and the Pan-
thalassa Oceans. Two carbon-isotope negative excursions (CIE1 and CIE2) have also been recorded in the Lacian
to Alaunian of the SHD section that can be compared with coeval global sections.
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1. Introduction

The Late Triassic is a key period in Earth History, characterized by
the initial break-up of the Pangaea supercontinent (e.g., Golonka et al.,
2018), significant global climatic fluctuations (e.g., Preto et al., 2010;
Trotter et al., 2015; Tanner, 2018; Maron et al., 2024), episodes of
faunal turnovers/extinctions (e.g., Mazza et al., 2010; Trotter et al.,
2015; Lucas, 2018; Rigo et al., 2020), and perturbations in the carbon
cycle (e.g., Zaffani et al., 2017, 2018; Rigo et al., 2020; Jin et al., 2022a;
Rigo et al., 2024). These major events are intricately interrelated,
making the Late Triassic a time interval of profound environmental and
biotic changes. Most notable during this period was the Carnian Pluvial
Episode (CPE) (e.g., Furin et al., 2006; Kolar-Jurkovsek and Jurkovsek,
2010; Shi et al., 2019; Tomimatsu et al., 2021, 2023; Jin et al., 2022c,

2023), the Norian/Rhaetian Boundary (Maron et al., 2015; Bertinelli
et al., 2016; Rigo et al., 2020, 2024), and the end-Triassic mass extinc-
tion (ETME) (e.g., McRoberts and Newton, 1995; Marzoli et al., 2004;
Whiteside et al., 2010; Du et al., 2020a; Hua et al., 2023; Todaro et al.,
2023), all of them considered to be associated with Large Igneous
Provinces (LIPs).

The Norian, the longest stage of the Phanerozoic, spans approxi-
mately 21.6 Ma and is characterized by several carbon cycle perturba-
tions of varying magnitudes. Notable perturbations occur at the
Carnian/Norian boundary (e.g., Brusatte et al., 2008; Onoue et al.,
2016b; Jin et al., 2019; Dal Corso et al., 2020) and at the Norian/
Rhaetian boundary (e.g., Rigo et al., 2016, 2020, 2024; Zaffani et al.,
2017; Jin et al., 2022a). Recent studies have also identified several
carbon-isotopic excursions within the Norian stage at the boundary of
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Alaunian and Sevatian and in the Sevatian (e.g., Whiteside and Ward,
2011; Zaffani et al., 2017, 2018; Jin et al., 2022a; Sato et al., 2023).
These carbon cycle perturbation intervals have been termed the Norian
“chaotic carbon interval” (sensu Whiteside and Ward, 2011). Although
the identification of several carbon-isotope perturbations during the
Norian period (Fig. 1), the mechanisms inducing these perturbations
remain inadequately understood. Various hypotheses have been pro-
posed to explain these anomalies, including the eruption of the
Angayucham Large Igneous Provinces (LIPs) (Zaffani et al., 2017, 2018;
Rigo et al., 2020; Jin et al., 2022b) and the Manicouagan impact event
(Sato et al., 2010, 2013, 2016, 2023; van Soest et al., 2011; Rigo et al.,
2020).

So far, most records of the Norian carbon-isotope are derived from
the middle to upper Norian strata of western Tethys and Panthalassa
Ocean (e.g., Whiteside and Ward, 2011; Muttoni et al., 2004, 2014;
Onoue et al., 2016a; Zaffani et al., 2017; Sato et al., 2023). These carbon-
isotope curves are usually calibrated using conodont zonation frame-
works established in British Columbia (Orchard, 1991b, 2018) and
Europe (Rigo et al., 2018). In contrast, frequent documentation of
Norian conodont zones has only recently started in the eastern Tethys,
specifically in the Baoshan terrane (Du et al., 2020b; Jin et al., 2022a;
Zeng et al., 2023) and Xizang (Tibet) (Wu et al., 2021, 2023; Lyu et al.,
2024). For the Simao terrane, only a lower Norian conodont assemblage
has been established in the Sanhedong Formation from the Mojiang area
(Wen et al., 2011), with three lower Norian (Lacian) conodont species
reported from the same strata in the Weishan area (Wu et al., 2022).
Furthermore, carbon-isotope data from this region have yet to be
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published. The scarcity of Norian conodont and carbon-isotope research
hampers the identification of the Norian global carbon cycle perturba-
tion and its correlation with other contemporaneous sections. Therefore,
establishing high-resolution conodont biostratigraphy and chemo-
stratigraphy in the eastern Tethys is of key importance.

In the present study, we dedicated to the conodont biostratigraphy
and carbon-isotope (5'%C) stratigraphy analysis in the Sanhedong sec-
tion. Meanwhile, comparing the new Norian carbon-isotope curves from
the Sanhedong section with global contemporaneous curves can help to
better understand the causes of the Norian-age carbon cycle perturba-
tions in the eastern Tethys and the trigger for the global chaotic carbon
episode characterizing the early to middle Norian.

2. Geological setting

The Simao terrane is located in the south-central part of the Sanjiang
suture belt and sandwiched between the Lancang River suture belt and
the Jinsha River-Ailao Mountain suture belt (Fig. 2). As an important
part of the east Tethys tectonic zone, there are two main tendencies in
the understanding of the geotectonic position and basin properties of the
Simao terrane: one view is that with the subduction suture of the Lan-
cang River Ocean and the Jinsha River Ocean on both sides, its basin
properties is (post-arc) foreland basin (Pan et al., 2006). Another view is
that the Late Triassic Lanping-Simao region entered the continental
margin rift stage (Que et al., 1998; Chen et al., 2004). In terms of
geotectonic, the Simao terrane is bordered by the Yangtze Plate to the
east and adjacent by the Baoshan terrane to the west (Fig. 2); inferred
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Fig. 1. Upper Triassic time scale (Maron et al., 2019; Ogg et al., 2020) with conodont biostratigraphy (Rigo et al., 2018), i‘}mCorg (Hesselbo et al., 2002, 2004;
Whiteside and Ward, 2011; Zaffani et al., 2017; Dal Corso et al., 2018; Jin et al., 2022a; Sato et al., 2023), 8'3C.up (Muttoni et al., 2004, 2014; Preto et al., 2013;
Onoue et al., 2022; Karadi and Korte, 2023), swophos (Trotter et al., 2015), and 7Sr/%0Sr (Korte et al., 2003; Callegaro et al., 2012; Onoue et al., 2018) records. Three
Large Igneous Provinces (LIPs): Wrangellia (Greene et al., 2010), Angayucham (Ernst and Buchan, 2001; Prokoph et al., 2013), and Central Atlantic Magmatic
Province (CAMP; Hesselbo et al., 2002; Blackburn et al., 2013) and two large impact events: Rochechouart (Cohen et al., 2017) and Manicouagan (Jaret et al., 2018)
have been reported from the Late Triassic. Abbreviations: A. = Ancyrogondolella; C. = Carnepigondolella; E. = Epigondolella; H. = Hayashiella; Me. = Metapolygnathus;
Mi. = Misikella; Mo. = Mockina; Pa. =Parvigondolella; Pr. = Primatella; Ne. = Neocavitella; Nh. = Neohindeodella.
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Fig. 2. (A): Paleogeographic map of the Late Triassic (modified from Scotese, 2021) showing the approximate locations of the Angayucham LIP (Sussman and Weil,
2004), the Central Atlantic Magmatic Province (CAMP; Hesselbo et al., 2002; Blackburn et al., 2013), and the position of the Sanhedong section in the eastern Tethys.
(B): Map shows the relative position of the study area in southwestern Yunnan, China (modified from Google Earth). (C): Location of the Sanhedong (SHD) section
within the Simao terrane (after Deng et al., 2014). Abbreviations: SHD = Sanhedong section; Csv-1 = Csévar core; PM = Pizzo Mondello section.

that the Simao terrane is essentially from the Gondwana, India (Usuki
et al., 2013; Wang et al., 2014; Huang and Opdyke, 2016; Yang et al.,
2018). During the Devonian-Early Permian, with the opening of the
Paleo-Tethys Ocean, the Simao terrane became an independent terrane,
which was separated by the Ailao Mountain-Jinsha River Ocean and
Changning-Mengliang Ocean, and the overall tectonic pattern is char-
acterized by the alternating distribution of relatively active ocean basins
and relatively stable land blocks (Liao et al., 2003). The Simao basin has
undergone a multicycle tectonic evolution process, and the geological
structure is extremely complex (Wang et al., 2014). The magmatic ac-
tivity in the basin is mainly controlled by long-term active large faults,
and there is strong activity in both the Mesozoic and Cenozoic eras
(Deng et al., 2014). The Mesozoic magmatic activities in the Simao basin
were dominated by intermediate-acid magmatic rocks and lavas from
the Indosinian and Yanshanian volcanic activities, distributed along the
Jinsha River-Ailao Mountain fault zone and the Lancang River fault zone
(Metcalfe, 2006). The formation of modern basins and the distribution of
magmatic rock belts are mainly controlled by thrust overturning and
strike-slip structures (Tong, 2018).

The Sanhedong section is located 20 km northwest of Weishan
County (Fig. 2). It is composed of the Waigucun Formation, Sanhedong
Formation, and Waluba Formation in order. The Sanhedong Formation
is mainly characterized by grey to dark grey limestone, bioclastic
limestone, dolomitic limestone, and conformity contact with both the
overlying Waluba Formation (black shale) and the underlying Waigucun
Formation. As a preliminary biostratigraphic study, Wu et al. (2022)
reported a lower Norian (Lacian) conodont fauna from the same location

and assigned it to the genus Epigondolella.
3. Materials and methods
3.1. Conodont sampling and extraction

We collected 44 carbonate rock samples from the SHD section for
biostratigraphic investigations (Fig. 3). Individual samples weighing
about 3 kg were crushed into approximately 3 cm fragments before
being dissolved in formic acid (7%) for 10-15 days. After treatment, the
collected residues were washed, sieved (100 pm), and oven-dried at
40 °C. The pre-treatment and dissolution of carbonate rock was carried
out at the School of Materials and Chemistry & Chemical Engineering,
Chengdu University of Technology. Afterward, the conodont-bearing
residues were separated by sodium polytungstate and manually picked
using the binocular microscope at the Department of Geosciences,
University of Padova. The micrographs of specimens were taken by a
scanning electron microscope at the State Key Laboratory of Oil and Gas
Reservoir Geology and exploitation and deposited in the Institute of
Sedimentary Geology, Chengdu University of Technology.

3.2. Carbonate carbon (5! 3Cmb) and oxygen (. 6180mrb) isotopic analysis

Ninety-three bulk carbonate rock samples were collected for 5'3C
investigations. Stable isotope analyses were conducted on carbonate of
ca. 0.2-2 mg of powders extracted using a dental drill from freshly
broken limestone surfaces (avoiding veins). And then weighted the
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Fig. 3. Logs of the Sanhedong section (update after Wu et al., 2022) with lithostratigraphy, organic carbon isotopes (613c0,g), carbonate carbon isotopes (8'3Cearb),
and conodont biostratigraphy. The fitting smooth curves (orange and blue lines) were made using locally weighted scatterplot smoothing (LOWESS). Abbreviations:
A. = Ancyrogondolella; C. = Carnepigondolella; E. = Epigondolella; M. = Mockina; O. = Orchardella; Pa. =Parvigondolella; Pr. = Primatella; CIE = Carbon-isotope
excursion; PS = positive shift of §'3C values; NS = negative shift of 8'3C values; F. = Formation; WGC. = Waigucun Formation; WLB. = Waluba Formation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

obtained powders into exetainer vials. Carbon dioxide (CO3) was
generated at a temperature of 70 °C through the exhaustive reaction
with H3PO4 exceeding 99%, employing a Gasbench II apparatus con-
nected to a Thermo Delta V Advance isotopic ratio mass spectrometer,
located at the Department of Geosciences, University of Padova.

For calibration to the VPDB scale, two internal calcite standards,
namely MAQ 1 (with 8'3C of +2.58%0 and §'%0 of —1.15%) and SUPP
(with 8'3C of —49.69%o and 5'%0 of —16.38%), were utilized. A quality
control standard (GR1, Triassic marble from the Monzoni contact
aureole) was included in the analysis alongside the samples. The results
demonstrate a reproducibility is better than 0.1%o (16) for both carbon
and oxygen measurements.

3.3. Organic carbon isotopic (513C0rg) analysis

Seventy-seven bulk rock samples were prepared and washed with
deionized water, drying at 50° in an oven, and grinding in an agate
mortar. About 2 g of each sample were transferred to polypropylene
Falcon tubes that were previously cleaned with 10% HCI and rinsed with
deionized water. Between 0.5 and 10 mg of each sample powder were
weighed in tin capsules and sealed. The carbon isotopic composition of
the samples was measured using a Thermo Scientific Delta V Advantage
Isotopic Ratio Mass Spectrometer (IRMS) coupled to a Thermo Scientific
Flash 2000 Elemental Analyzer (EA) at the University of Padova. The
international standards CH-6 (8'3C = —10.449 %o VPDB) and CH-7
(613C = —32.151 %o VPDB) were used for calibration and normaliza-
tion. An internal standard ZER (8'3C = —25.99-+0.24 %o VPDB) was also
used for quality control, and the precision was checked, which was
better than +/— 0.15 %o (standard deviation).

4. Conodont biostratigraphy and carbon isotope results
4.1. Conodont biostratigraphy

The lowermost part of the Sanhedong section (about 28.5 m, sample
SHD-07Y) is less productive. Only one conodont species, Ancyr-
ogondolella cf. uniformis, was recovered from this level (Figs. 3 and 4).
The species was first described in the Lacian ammonoid Malayites daw-
soni Zone in British Columbia, Canada (Orchard, 1991a). The species
A. uniformis has been extensively documented in various regions,
including the eastern Panthalassa Ocean (Orchard, 1991a, 2006, 2018),
the Tethyan area, and specifically in Slovakia (Channell et al., 2003),
Italy (Mazza et al., 2010, 2012b; Mazza and Martinez-Pérez, 2015; Rigo
et al., 2018), Hungary (Karadi, 2018; Karadi and Korte, 2023), and
Xizang, China (Wu et al., 2023; Lyu et al., 2024). Ancyrogondolella uni-
formis was found in the A. triangularis Zone, which was usually assigned
to the upper Lacian in both British Columbia (e.g., Orchard, 1991a,
2018) and Europe (Kozur, 2003; Moix et al., 2007). In the Xizang region,
the A. uniformis Zone was used to contrast with the A. triangularis Zone
owing to the absence of A. triangularis species. It was assigned to the
upper Lacian (Wu et al., 2023; Lyu et al., 2024). In addition, the range of
A. uniformis possibly extends to the Alaunian (Mazza et al., 2012b;
Karadi et al., 2021).

In the interval from 69 m to 122.9 m (samples SHD-19Y, 26Y, 30Y),
the conodont fauna is characterized by the occurrence and dominance of
Ancyrogondolella uniformis, Epigondolella? sp., E.? senovoensis, A. equalis,
A.? cf. equalis, Epigondolella sp. A, E. senovoensis, Mockina ex gr. passerii,
and A. aff. triangularis, among them, Epigondolella? sp., Epigondolella sp.
A and E.? senovoensis are only present in sample SHD-19Y (Figs. 4-6).
However, both E. senovoensis and A. equalis have a wide range from 69 m
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Fig. 4. SEM micro-photographs of conodonts of the Sanhedong section. The scale bar is 200 ym and all specimens are on the same scale. 1: upper view, 2: lateral
view, 3: lower view. A). Ancyrogondolella cf. uniformis, sample SHD-07Y; B, C). Ancyrogondolella uniformis, B: sample SHD-19Y, C: sample SHD-35Y; D). Epigondolella?
sp., sample SHD-19Y; E). Epigondolella? senovoensis, sample SHD-19Y; F). Epigondolella senovoensis, sample SHD-33Y; G). Ancyrogondolella equalis, sample SHD-19Y;
H). Ancyrogondolella? cf. equalis, sample SHD-30Y; I, J). Ancyrogondolella equalis?, I: sample SHD-34Y, J: sample SHD-35Y; K). Mockina ex gr. passerii, sample SHD-
26Y; L). Ancyrogondolella cf. triangularis, sample SHD-34Y.
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Fig. 5. SEM micro-photographs of conodonts of the Sanhedong section. The scale bar is 200 pm and all specimens are on the same scale. 1: upper view, 2: lateral
view, 3: lower view. A, B). Ancyrogondolella aff. triangularis, A: sample SHD-30Y, B: sample SHD-34Y; C-I). Epigondolella sp., C, D: sample SHD-32Y, E, F, H, I: sample
SHD-33Y, G: sample SHD-34Y; J, K). Epigondolella spiculata, J: sample SHD-32Y, K: sample SHD-35Y; L-O). Ancyrogondolella sp., L: sample SHD-32Y, M: sample SHD-
33Y, N, O: sample SHD-34Y.




Q Wuetal Palaeogeography, Palaeoclimatology, Palaeoecology 650 (2024) 112380

Fig. 6. SEM micro-photographs of conodonts of the Sanhedong section. The scale bar is 200 ym and all specimens are on the same scale. 1: upper view, 2: lateral
view, 3: lower view. A). Epigondolella sp. A, sample SHD-19Y; B). Epigondolella? senovoensis, sample SHD-19Y; C). Epigondolella? sp., sample SHD-19Y; D). Mockina
medionorica, sample SHD-35Y; E). Mockina sp., sample SHD-35Y; F). Mockina ex gr. englandi, sample SHD-34Y; G). Subadult Epigondolella sp., sample SHD-35Y; H).
Epigondolella praeslovakensis, sample SHD-35Y; I). Mockina paraspiculata, sample SHD-35Y; J, K). Mockina ex gr. englandi, sample SHD-42Y; L). Norigondolella
steinbergensis, sample SHD-42Y; M). Mockina elongata, sample SHD-42Y; N, O). Mockina aff. bidentata, sample SHD-42Y.
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(sample SHD-19Y) to 138.7 m (sample SHD-33Y) and 154 m (sample
SHD-35Y), respectively. The species A. aff. triangularis is distributed
between 122.9 m and 145 m. The species E. senovoensis was first
described in the upper part of the Lacian-Alaunian transition and the
Alaunian 1 of the DovSko Section, Slovenia (Karadi et al., 2021).
Ancyrogondolella equalis has been reported from the Lacian-Alaunian
transitional interval of the eastern Panthalassa Ocean (Orchard, 2018).
Meanwhile, it is also present in the Lacian to Alaunian of Tethyan sec-
tions, such as Hungary (Karadi and Korte, 202.3), Slovenia (Karadi et al.,
2021), and Xizang, China (Lyu et al., 2024), where it prevalently ac-
companies A. uniformis or appears above it. Only one poorly preserved
conodont specimen was recovered from SHD-26Y that was assigned to
the species M. ex gr. passerii, which was first described by Jin et al.
(2022a) from the Sevatian strata of Yunnan, China, but an earlier first
occurrence is possible. The Ancyrogondolella triangularis-Norigondolella
hallstattensis Zone in the Tethys region has been proposed to correlate
with the A. triangularis Zone, which established by Orchard (1991b,
2018) in the eastern Panthalassa Ocean (Channell et al., 2003; Moix
et al., 2007), and both zones were considered to be the last of conodont
zone of the upper Lacian in the respective region (Orchard, 1991b, 2018;
Moix et al., 2007). Karadi (2018) studied the A. triangularis in Hungary
(western Tethys) and suggested that it is a characteristic lower Norian
species. In eastern Tethys, the species A. triangularis is rarely reported
(Wu et al., 2023; Lyu et al., 2024), and only a few A. aff. triangularis
specimens were presented by Wu et al. (2022) in the Sanhedong section
from western Yunnan. Since a large number of conodont specimens with
transitional characters towards the Alaunian faunas are found in the
SHD-19Y to SHD-30Y interval, we designate this interval as the Lacian-
Alaunian transition.

In the strata interval spanning from 134 m to 154 m, the sample SHD-
32Y has been found to yield specimens of Epigondolella sp., E. spiculata,
Ancyrogondolella sp. Notably, the species E. spiculata was first identified
by Orchard (1991a) from middle Norian strata of the Canadian Cordil-
lera and has been reported extensively from various regions, including
eastern Panthalassa Ocean (Katvala and Stanley Jr., 2008; Orchard,
2018; Lei et al., 2022; Fucelli et al., 2023), western Tehtys (Rigo et al.,
2005; Balini et al., 2010; Karadi, 2018, 2021; Rigo et al., 2018), eastern
Tethys (Ji et al., 2003; Wu et al., 2023; Lyu et al., 2024), and Central
Panthalassa Ocean (Yamashita et al., 2018). The species has been found
to occur across the Alaunian, excluding the uppermost Alaunian strata
(Karadi, 2018). Rigo et al. (2018) proposed the designation of
E. spiculata as the index species for the lower Alaunian. Therefore, we
selected the first occurrence (FO) of E. spiculata as the mark of the base of
Alaunian in the Sanhedong section, even if its base might be strati-
graphically extended downwards due to the absence of conodont-rich
fauna below its first occurrence. The last occurrence (LO) of
E. senovoensis is documented in sample SHD-33Y and accompanied by
species Epigondolella sp. and Ancyrogondolella sp. The sample SHD-34Y is
characterized by the LO of A. aff. triangularis and Epigondolella sp., and
the FO of Mockina ex gr. englandi. The species M. englandi was defined by
Orchard (1991a) as an upper Norian species from the Canadian
Cordillera. Afterward, an abundance of specimens of M. englandi has
been reported in various sections worldwide (Orchard et al., 2007a,
2007b; Mazza et al., 2012a, 2012b; Du et al., 2020b; Caruthers et al.,
2022; Karadi and Korte, 2023; Lei et al., 2024; Zeng et al., 2023; Lyu
et al., 2024), and its range extends from the upper Norian to Rhaetian.
The sample SHD-35Y is characterized by the presence of M. medionorica,
E. praeslovakensis, M. paraspiculata, and Mockina sp. Instead, Ancyr-
ogondolella uniformis, A. equalis?, E. spiculata, and Ancyrogondolella sp.
last occur at this level. The species M. medionorica was previously
identified in the Alaunian of the western Tethys (Kovacs and Kozur,
1980; Vrielynck, 1987; Channell et al., 2003; Kozur, 2003; Karadi, 2018;
Karadi et al., 2021) and of the central Panthalassa Ocean (Ishida and
Hirsch, 2001). Successively, Zeng et al. (2023) reported some specimens
in the lower Sevatian of the Madoupo section in Baoshan terrane,
Yunnan (eastern Tethys), suggesting that it has a longer range (from the
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lower Alaunian to Sevatian) and wider distribution. The species
E. praeslovakensis was considered the forerunner of M. slovakensis (Moix
et al., 2007), which is frequently encountered in the middle to upper
Alaunian and documented in diverse marine settings (Moix et al., 2007;
Rigo et al., 2018; Du et al., 2021a; Jin et al., 2022a; Lyu et al., 2024). In
addition, the species M. paraspiculata was first described in the Alaunian
Mockina postera-Norigondolella steinbergensis fauna in the strata of the
South Qiangtang terrane (Wu et al., 2023).

From the sample SHD-42Y, the conodont fauna is dominated by
Mockina aff. bidentata, Mockina ex gr. englandi, M. elongata, and Nor-
igondolella steinbergensis. It is noteworthy that Mockina aff. bidentata
present at the top of the SHD section appears to be the subadult of
M. bidentata, which is a marker species for the upper Norian, so this
species requires careful identification (Orchard, 1983; Orchard, 1991a;
Mazza and Martinez-Pérez, 2015; Chen et al., 2016; Rigo et al., 2018;
Lyu et al., 2024). The species M. elongata has been reported worldwide
(Orchard, 1991a; Rigo et al., 2005; Yamashita et al., 2018; Zeng et al.,
2023), and it has a stratigraphic range from the middle Alaunian to
lower Sevatian. Moreover, the cosmopolitan species N. steinbergensis was
documented in different places (Ishida and Hirsch, 2001; Channell et al.,
2003; Orchard et al., 2007b; Mazza et al., 2010; Rigo et al., 2016;
Kolar-Jurkovsek and Jurkovsek, 2019; Du et al., 2020b; Karadi et al.,
2021; Wu et al., 2021, 2023; Karadi and Korte, 2023; Zeng et al., 2023;
Lyu et al., 2024), and has a wide range from middle Norian to late
Rhaetian. However, genus Norigondolella was temperature dependent,
preferring cold water environments (Trotter et al., 2015).

4.2. Carbonate carbon isotope

Carbon isotope data was generated from 93 bulk carbonate samples,
and the results of 613Ccarb are present in Fig. 3 together with lithology,
613C0rg, and conodont biostratigraphy. The carbon curve generally
shows an increasing trend, and the 613Ccarb values range of 7.36%. and
fluctuate between —4.26 and 3.1%o (Fig. 3). Among them, a short-term
positive and negative fluctuation is presented in the 23-152 m interval
with two negative excursions and a stable increasing trend zone from
120 m to the top. The most negative values of the 5'3Carp, were observed
at the base of this section, reaching approximately —4%o (Fig. 3). Due to
the lack of data at this horizon, it is not possible to determine whether
this was a significant negative carbon isotope excursion event. The first
negative excursion (CIE1) was observed between 23 and 66 m in the
Lacian, and the amplitude of the 8'3Carp, values was about 2.5%o (F ig. 3).
The second negative excursion (CIE2) occurred in the 66-152 m inter-
val, and which is composed of about 2.3%0 decrease in 53¢ carb Values.

4.3. Organic carbon isotope

A total of 77 buck rock samples were analyzed for the organic carbon
isotope (613Corg) of bulk organic matter. The 613Corg values vary from
—27.90 %o to —22.08 %o in the studied section (Fig. 3). Although the
613Corg curve does not show a significant trend as a whole, two carbon-
isotope excursions are recognized (CIE1 and CIE2 in Fig. 3). The lowest
513Corg isotopic excursion (CIE1) is observed at 23 m to 66 m, and which
is composed of a ~ 2.0%o decrease in 613C0rg values within the Lacian.
The second 613C0rg isotopic excursion (CIE2) consists of a ~ 3.0%o long-
term negative shift and short positive shift across the Lacian-Alaunian
transition to Alaunian from 66 m to 153 m, with three slight carbon
isotope oscillations (Fig. 3). Subsequently, a potential CIE can be
observed at the top of the Sanhedong section from 190 m to 225 m.
However, a few valid data points and the absence of the age-diagnostic
conodont species limited the identification of the CIE, so we placed a
question mark on this interval (Figs. 3 and 9).
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5. Discussion
5.1. Global correlation of the Norian conodont biostratigraphy

The Upper Triassic conodont biozonations established in British
Columbia (eastern Panthalassa Ocean, Orchard, 1991a, 1991b) and
Europe (western Tethys, Rigo et al., 2018) have been extensively applied
in global stratigraphic comparisons. The correlation between the two
zonations is evident based on certain characteristic species, including
the Lacian Ancyrogondolella quadrata, the Alaunian Epigondolella spicu-
lata, Mockina postera, and M. serrulata, as well as the lower Sevatian
species M. bidentata. Among these, Lacian conodont species have
received more extensive study compared to the Alaunian and Sevatian
species due to their proximity to the Carnian/Norian boundary (CNB), as
observed at the Norian GSSP in the Pizzo Mondello section of Sicily, Italy
(Mazza et al., 2010; Mazza et al., 2012a, 2012b, 2018; Rigo et al., 2012b,
2018; Karadi et al., 2013; Onoue et al., 2018; Hounslow et al., 2021), as
well as at an important CNB section at Black Bear Ridge in British
Columbia, Canada (Orchard, 2014, 2018, 2019; Hounslow et al., 2021).
In the eastern Tethys region of China, only a few Norian conodont
species have been reported, primarily due to the limited distribution of
Norian marine strata (Wang and Dong, 1985; Mao and Tian, 1987; Ji
et al., 2003; Dong and Wang, 2006; Wang and Lang, 2019; Du et al.,
2020b; Tong et al., 2021; Lyu et al., 2024). In recent years, Norian co-
nodont associations have been described frequently in the Baoshan
terrane of Yunnan (Wang et al., 2019; Du et al., 2020b; Jin et al., 2022a,
2022b, 2022c; Zeng et al., 2021, 2023), as well as Banggong-Nujiang
suture, North Qiangtang block, and South Qiangtang block of Xizang
(Wu et al., 2021, 2023; Lyu et al., 2024). The abundance of specimens
recovered during the present study enables the initial documentation of
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the conodont zones from the Lacian to the upper Alaunian in strata of the
Simao terrane (Fig. 7). The E. spiculata Zone identified in the SHD sec-
tion prove strong correlation to the previously established conodont
zones in the eastern Tethys, specifically within the North Qiangtang
block (Lyu et al., 2024) and Lhasa block (Mao and Tian, 1987; Ji et al.,
2003). Additionally, this zone also correlates well with the western
Tethys zones (Rigo et al., 2018) and eastern Panthalassa Ocean zones
(Orchard, 2018). Therefore, the new study of the Norian conodont
biostratigraphy in the Simao terrane supports the stratigraphic com-
parisons among the microcontinents in eastern Tethys and also con-
tributes to correlating the western Tethys, eastern Panthalassa Ocean,
and central Panthalassa Ocean regions in terms of both in stratigraphy
and conodont faunal evolution.

5.1.1. The base of the Alaunian (middle Norian) within the Sanhedong
section

In the Tethys regions, the common use of open nomenclature and an
oversimplified approach to defining conodont species, coupled with the
inadequate illustration of lower and mid-Alaunian specimens, have
significantly impacted the definition and subdivision of the Alaunian
substage within conodont biozones (e.g. Channell et al., 2003; Bertinelli
et al., 2005; Mazza et al., 2012a; Rigo et al., 2012b; Karadi, 2021). The
base of the Alaunian is previously suggested by the FO of the ammonoid
species Cyrtopleurites bicrenatus (Kozur, 2003; Lucas, 2010). Succes-
sively, Kozur (2003) introduced the conodont species Mockina medi-
onorica, designating it as the index species for the homonymous biozone
from western Tethys. This Tethyan biozone was correlated to the eastern
Panthalassa Ocean Orchardella multidentata Zone, which was established
by Orchard (1991a) at the base of the Alaunian. However, the recog-
nition of M. medionorica poses challenges due to its holotype is only

Eastern Central
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& B P 3 Xizang Yunnan
uropean ritish Columbia apan - -
B B Lhasa S. Qiangtang | N. Qiangtang BNS Baoshan Simao
: Wang & Dong, 1985
Rigoetal., 2018 | Orchard, 2018 | Yamashitaetal., \Vido etal. 1987 yy, tai, 2023|Lyuetal, 2024 Wuetal. 2021|  Jinetal, 2022 | Present study
Letal., Zeng etal., 2023
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Pa. andrusovi Pa. andrusovi
M. bidentata M. bidentata M. bidentata M. bidentata M. bidentata
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Fig. 7. Reported conodont zonation of the Norian stage in China and its global correlation. Conodont successions from different sections or areas are presented, but it
should be noted that exact age equivalence is not implied. Abbreviations: A. = Ancyrogondolella, C. = Carnepigondolella, E. = Epigondolella, M. = Mockina, Mi. =
Misikella, O. = Orchardella, Pa. = Parvigondolella, Pr. = Primatella; BNS = Bangong-Nujiang Suture Zone.
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illustrated from the upper view (Kozur, 2003, pl. 1, Fig. 5), and its
occurrence is sporadic (Moix et al., 2007; Rigo et al., 2018). Hence, the
species Epigondolella spiculata has been suggested as the index species for
the lower Alaunian by Rigo et al. (2018) rather than M. medionorica
since E. spiculata is early recognizable and it occurs in both Tethys realm
and eastern Panthalassa Ocean (Ji et al., 2003; Rigo et al., 2005, 2012b;
Karadi, 2018; Orchard, 1991a, 2018; Lyu et al., 2024). It is noteworthy
that some specimens previously described as E. multidentata from both
Yunnan (Wang and Dong, 1985; Dong and Wang, 2006) and Xizang
(Mao and Tian, 1987) are now reassigned to species E. spiculata
(Orchard, 2018; Karadi, 2018, 2024). Therefore, it is recommended to
discontinue the use of the previously established E. multidentata Zone in
Yunnan areas (Fig. 7).

The definition of index species for the base of the Alaunian in both
the eastern Panthalassa Ocean and Tethys is currently controversial
(Rigo et al., 2018; Orchard, 2018; Lyu et al., 2024). Rigo et al. (2018)
recommended using Epigondolella spiculata as an index species for the
lower Alaunian in the Tethys realm, and it was later used in Xizang,
China (Lyu et al., 2024). However, in the eastern Panthalassa Ocean, two
conodont zones Ancyrogondolella transformis Zone and Orchardella mul-
tidentata Zone (with E. tozeri Subzone), have been established by Or-
chard (2018) under E. spiculata Zone in the lower Alaunian, and the base
of the A. transformis Zone provides an easily recognizable datum for
defining the Lacian/Alaunian boundary. Both critical species of the
middle Norian, Mockina medionorica and E. spiculata, are found in the
present study. Since species M. medionorica has some of the shortcom-
ings mentioned before. Therefore, we decided to use the FO of
E. spiculata as the marker of the base of the Alaunian because it is the first
surely Alaunian conodont species in the SHD section, similarly in other
Tethys regions (Rigo et al., 2018; Lyu et al., 2024).

In addition, a rapid conodont morphological radiation and faunal
turnover event has been recorded from different regions at the Lacian-
Alaunian boundary interval (Orchard, 2018; Karadi et al., 2020; Lyu
et al., 2024). Norian conodont faunas are usually characterized by the
dominance of the genera Epigondolella and Mockina. Orchard (2018)
reveals intricate details of the evolutionary path of conodont morpho-
logical changes within a remarkably thin stratigraphic interval from the
Pardonet Formation of northeast British Columbia (Canada), which is
characterized by the morphological transition from genera Ancyr-
ogondolella with a bifid keel to other genera with not bifurcated keel,
including Mockina, Orchardella, and Epigondolella. Karadi et al. (2020)
described that the evolution of Norian conodonts was characterized by a
retrograde phase starting from the Lacian-Alaunian boundary interval.
This evolution came also along with the increase in juvenile mortality of
middle Norian conodonts in the Tethys realm, which was suggested to be
linked to environmental perturbations (Karadi, 2018; Karadi et al.,
2020). A similar phenomenon of juvenile dominance was reported in
both the Chaiwei and Tuoba sections from the North Qiangtang block,
where a significant conodont faunal turnover from Ancyrogondolella to
Epigondolella was also recorded between the Lacian and Alaunian (Lyu
et al., 2024).

In the present study, the beginning of the faunal transition from
Ancyrogondolella and Epigondolella to Mockina in the lower part of the
Alaunian in the Sanhedong section has been discovered, which coincides
with the similar phenomenon reported from the eastern Panthalassa
Ocean (Orchard, 2018) and eastern Tethys (Lyu et al., 2024). In addi-
tion, it is visible in Fig. 6 that the descendants of the genus Ancyr-
ogondolella show a significant reduction in size from the Lacian-Alaunian
transition to the top of the SHD section. This evolutionary trend was
documented and discussed in detail previously by Karadi (2021).
However, the factors that influenced the conodont evolution during this
period are currently unresolved, and more endeavor is needed in the
future (Karadi et al., 2020).
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5.2. Diagenetic screening of Norian stable carbon isotopes

The original §'3Ce,r, value of the bulk carbonate may potentially be
influenced by diagenesis. It is necessary to rule out diagenetic alteration
effectively before interpreting the carbon isotope data from ancient
rocks (Preto et al., 2013; Swart, 2015; Jin et al., 2018, 2022a).
Currently, various techniques can be employed to determine whether
diagenesis has modified the original 8!3Cc, signal, encompass petro-
graphic analysis, the correlation between 613Ccarb and SIBOcarb, Mn/Sr
ratios, and the examination of dolomitization (Du et al., 2022). The
813Ccarb composition of the Sanhedong section exhibits a primary or
near-primary marine carbonate signature, as inferred from the follows:
(1) the analyzed powder was obtained using a microdrill, carefully
sampled from fresh micritic limestone, with a deliberate effort to avoid
weathering areas and veins; (2) no observable indications of subaerial
exposure or notable dissolution-reprecipitation processes; (3) crossplots
show the lack of covariation between 8'3Cearp, and 8'80¢qr, (R = 0.05;
Fig. 8A) suggesting a weak influence of meteoric or burial diagenesis on
the analyzed samples (Algeo et al., 1992; Cramer and Jarvis, 2020); (4)
8'3Cearp and 613Corg varied consistently in the upper Lacian and lower-
middle Alaunian (Fig. 3) and were moderately correlated (Fig. 8B),
suggesting that both originated from the original seawater dissolved
inorganic carbon reservoir (DIC) and preserved 513C fluctuations of the
DIC; (5) the 513Ccarb value fluctuates between —4.26 and 3.1%o. (Fig. 3),
most of them are similar to other global reference 513Carp value of the
Norian (Muttoni et al., 2004, 2014; Preto et al., 2013; Karadi and Korte,
2023).

In contrast to 613Ccarb, the carbon isotopic composition of organic
matter (613C0rg) is relatively resistant to diagenetic fractionation (e.g.
Jin et al., 2019, 2022a).

5.3. Global correlation of the Norian §*°C records

The §'3C stratigraphy has emerged as the principal stable isotopic
methodology for chronostratigraphic correlation within the pre-
Cenozoic epochs of Earth’s history, as evidenced by its comprehensive
documentation of positive and negative excursions (Saltzman and
Thomas, 2012). The §'3C values of carbonates have been widely utilized
as reliable proxies for the reconstruction of seawater chemistry, climate,
and marine productivity and for exploring global carbon cycle dynamics
through geologic time (Cramer and Jarvis, 2020; Jin et al., 2022a).
Additionally, the carbon-isotope record of the Earth’s history serves as a
useful tool for stratigraphic correlation (Cramer and Jarvis, 2020).

Extensive studies have reported 8'°C records from the upper Norian
in the Panthalassa Ocean and Tethys regions. Whiteside and Ward
(2011) first documented a continuous 613C0rg record spanning the
Alaunian-Sevatian substages within the Frederick Island (FI) section in
British Columbia, Canada. They identified a pronounced negative
excursion with a magnitude of ca. 2.5%. within the Alaunian upper
H. columbianus Zone (Fig. 1). This zone corresponds to the upper Alau-
nian conodont M. serrulata Zone (Orchard, 1991a, 2018). Similarly,
Onoue et al. (2016a) reported a CIE at the boundary between the
Alaunian Mockina postera Zone and the Sevatian M. bidentata Zone,
which correlates with the radiolarian 6A and 6B Zones. This negative
shift coincides with the Manicouagan impact event (Onoue et al., 2016a;
Jaret et al., 2018; Sato et al., 2023). Additionally, Zaffani et al. (2017)
reconstructed the global E‘SBCOrg profile of the upper Norian sediments,
identifying three negative excursions in the Lagonegro Basin. Further-
more, Jin et al. (2022a) documented the organic and carbonate carbon-
isotope trends in the Hongyan-B section of Baoshan terrane (western
Yunnan), specifically covering the Alaunian M. slovakensis Zone and the
Sevatian M. bidentata Zone. Sato et al. (2023) also reported a CIE in the
Sevatian conodont M. bidentata Zone (equivalent to the radiolarian TR7
and TR8A Zones). All these CIE events occur within the Norian “chaotic
carbon episode” interval. However, these CIEs cannot be identified in
the SHD section due to the absence of Sevatian age-diagnostic species
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Fig. 8. Crossplots of stable isotope analyses from the Sanhedong section. (A) 5'3Cearp-6'%Ocar, R = 0.05; (B) 613Cmb-513C0rg, R =0.31.

based on the conodont biostratigraphy (Figs. 3 and 9).
In the present study, we first described two Norian negative carbon-
isotope excursions (CIEs) in the Lacian to Alaunian of the SHD section
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from the eastern Tethys region (Figs. 3 and 9). Based on the conodont
biostratigraphy, these CIEs can be correlated with the two continuous
carbon-isotope curves reported by Muttoni et al. (2004, 2014) and
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Karadi and Korte (2023) from the western Tethys (Fig. 9), respectively.
The first negative carbon-isotope excursion (CIE1) of the SHD section
ranges from 23 m to 66 m, which is comparable to a CIE with an
amplitude of ca. 1.0%o0 at 410 m to 545 m in the Cs6var core and a CIE
with an amplitude of ca. 1.3%o at 100 m to 195 m in the Pizzo Mondello
(PM) section, both in the Lacian conodont A. rigoi-A. quadrata Zone
(Fig. 9). The second negative carbon-isotope excursion (CIE2) of the
SHD section occurred in the 66-152 m interval and corresponded to the
CIE2 of the Csévar core, with an amplitude of ca. 1.5%o and ranging
across the Lacian-Alaunian boundary interval. However, this CIE2 is not
recorded in the PM section, which may be ascribed to the lower sam-
pling resolution (Fig. 9). It should be noted that the CIE2 from the SHD
section and Csévar core both are characterized by the long-term nega-
tive shift following a sharp positive shift (Fig. 9). The CIE1 and CIE2 in
the Lacian and Alaunian, as documented in the SHD section, Cs6var
core, and PM section from the different sedimentary environments (e.g.
Gullo, 1996; Wu et al., 2022; Karadi and Korte, 2023), may suggest a
global carbon cycle perturbation during the early to middle Norian
(Fig. 9).

5.4. The causes of the Norian carbon-isotopic excursions

The 618013}1(,S curve from biogenic apatite in the Tethyan region (Rigo
and Joachimski, 2010; Rigo et al., 2012a; Trotter et al., 2015; Du et al.,
2021b) indicates that an intense sea-surface warm event (marked “W3”
in Fig. 1) occurred during the middle to late Norian. This event is
characterized by a temperature increase of approximately 6 °C (~1.5%o)
in sea-surface waters. Elevated global temperatures have the potential to
destabilize methane clathrates on the seafloor, releasing substantial
quantities of previously sequestered carbon and leading to markedly
negative 5'3C values in the global ocean, thereby contributing to an
overall decline in global ocean 513C (Zaffani et al., 2017; Rigo et al.,
2020, 2024; Lei et al., 2021). Furthermore, the substantial increase in
873r/86sr values from the lower to upper Norian is commonly considered
to be the outcome of increased weathering intensity caused by the rapid
uplift of the Cimmeride-Indosinian orogens, marking the closure of the
Palaeotethys (Korte et al., 2003; Onoue et al., 2018). The pronounced
release of greenhouse gases (CO2, CH4) from volcanic activity may
contribute to global warming, which in turn accelerates the global hy-
drological cycle and thus enhances weathering. This is another way to
interpret the increase in 875r/865r values (Onoue et al., 2018; Jin et al.,
2022a). The emplacement of Angayucham large igneous province (LIP)
is currently identified as a main factor triggering the Norian “chaotic
carbon episode” (Zaffani et al., 2017; Rigo et al., 2020, 2024; Jin et al.,
2022a; Sato et al., 2023), supported by 61801,}10S profile (Trotter et al.,
2015), 87Sr/80Sr curve (Korte et al., 2003; Onoue et al., 2018; Lei et al.,
2022), and Re-Os isotope values (Sato et al., 2023). However,
biostratigraphic constraints suggest that the CIE1 and CIE2 observed in
this study occur in the Lacian to Alaunian (Fig. 9), thereby ruling out the
effects of the Angayucham LIP (214 + 7 Ma; Ernst and Buchan, 2001;
Prokoph et al., 2013) during this interval. Moreover, large extraterres-
trial impacts have also been considered as a potential cause of the
Norian CIE events in the Late Triassic (Onoue et al., 2016a; Rigo et al.,
2020). However, the Manicouagan impact event (215.5 + 1 Ma; Jaret
et al., 2018) and the Rochechouart impact event (206.92 + 0.32 Ma;
Cohen et al., 2017; Sato et al., 2021), occurred in the late Norian.
Therefore, these impact events cannot be the triggers of CIE events
recorded in early to middle Norian (Fig. 9).

The early to middle Norian CIE events were first described in this
study, However, the sparse published carbon-isotope data from this in-
terval hampers broader global correlation and mechanistic in-
vestigations of the early to middle Norian CIE events. Therefore, further
investigation is essential to establish high-resolution conodont biostra-
tigraphy in the eastern Tethys. Additionally, a comprehensive search for
isotopic stratigraphy constrained by biostratigraphy is needed for
improved global comparisons.
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6. Conclusions

An integrated study of conodont biostratigraphy and carbon-isotope
(613C) analysis from the Sanhedong (SHD) section in the Simao terrane
of western Yunnan Province, SW China, has provided valuable insights
into carbon-isotope excursions and their correlation with global records.
The Alaunian Epigondolella spiculata conodont Zone has been identified.
Based on conodont biostratigraphy, the base of the Alaunian has been
provisionally placed at meter 134 (SHD-32Y). Furthermore, we first
described two negative carbon-isotope excursions (termed CIE1 and
CIE2) in the SHD section from the eastern Tethys. Notably, these CIEs,
occurring in the Lacian to Alaunian, exhibit global correlatability.
However, additional research is needed for comprehensive geochemical
and palaeontological studies to better understand the causes of carbon
cycle perturbation events during the Norian period.
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