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ABSTRACT

The End-Permian mass extinction (EPME), Earth’s most severe biocrisis, occurred proximal to the Permian-Triassic

Boundary (PTB), with marine ecosystems experiencing catastrophic collapse. This study employs stable carbon (δ¹³C)

and oxygen isotopes from marine carbonates in the Haidai Section (Xuanwei, northeastern Yunnan) to decipher paleoenvi-

ronmental drivers. The well-preserved stratigraphic sequence encompasses the Upper Permian (Yangxin and Xuanwei

Formations) transitioning into the Lower Triassic (Feixianguan and Jialingjiang Formations), providing a continuous marine

sedimentary archive. A marked negative δ¹³C excursion (−9.66‰ V-PDB) occurs at the PTB, initiating from +0.82‰

with subsequent gradual recovery. This geochemical signature correlates with: 90% reduction in primary productivity

Biodiversity collapse exhibiting cluster extinction patterns Prolonged suppression of ecological recovery Concurrently,

reconstructed seawater temperatures reveal extreme thermal fluctuations, surging from 23 ℃ to 32 ℃ at the PTB before

precipitously declining to 16 ℃. These perturbations demonstrate coupled biogeochemical dynamics wherein: • Carbon

cycle destabilization disrupted nutrient fluxes. • Temperature oscillations exceeded marine taxa thermal tolerances. • Syner-

gistic environmental stresses amplified extinction selectivity. The δ¹³C-temperature covariance (r² = 0.085) establishes

mechanistic linkages between physicochemical perturbations and biotic responses. Our findings demonstrate that the EPME

was driven by positive feedback loops in which: Volcanic CO₂ emissions triggered carbonate saturation decline Thermal
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stratification exacerbated anoxia Biogeochemical cycling perturbations suppressed primary producers This integrated

geochemical record from the Haidai Section provides critical insights into environment-organism coevolution during

Phanerozoic Earth’s most profound mass extinction.

Keywords: Carbon and Oxygen Isotope; Northeastern Yunnan; Xuanwei; PTB; ELIP; Mass Extinction

1. Introduction

The mass extinction event at the Permian-Triassic

Boundary (PTB) stands as the most severe ecosystem col-

lapse in the Phanerozoic, resulting in the extinction of ap-

proximately 90% of marine species and 70% of terrestrial

vertebrates [1–3]. This event is highly coupled with drastic

changes in the global carbon cycle, ancient ocean anoxia,

and extreme climate fluctuations, making carbon and oxygen

isotope analysis a pivotal tool for unveiling its environmen-

tal driving mechanisms [4]. Carbon isotopes (δ¹³C), serving

as tracers of ancient carbon cycles, exhibit a widely rec-

ognized global negative excursion (about 3–8‰) that is a

hallmark of the PTB [5]. The mechanisms behind this ex-

cursion (such as mass extinction, massive methane hydrate

release, and organic carbon oxidation triggered by Siberian

Large Igneous Province activity) are directly linked to the

surge in greenhouse gases and ocean acidification. Due to the

geochemical behavior of photosynthesis in algae and other

organisms, which selectively absorb carbon isotopes from

the atmosphere, preferring ¹²C for organic matter synthesis,

this process leads to an enrichment of ¹³C and depletion of ¹²C

in contemporaneously precipitated carbonate rocks, which

is preserved in the rocks [6, 7]. When algae and other organ-

isms undergo mass extinction, the selective absorption of

photosynthesis is significantly affected, leading to a relative

increase in ¹²C and depletion of ¹³C in carbonate rocks. This

process, recorded in contemporaneously precipitated car-

bonate rocks, provides an important reference for studying

biological extinctions. Studies have shown that inorganic car-

bon isotopes (δ¹³C) near the P-T boundary commonly exhibit

an anomalous decrease of 2‰–4‰ [8, 9]. Oxygen isotopes

(δ¹⁸O), by recording ancient seawater temperatures and ice

sheet dynamics, reveal a possible abrupt global temperature

rise of 5–8 ℃ during the PTB [10–18]. The synergistic effects

of this thermal stress and anoxic environments have been

proven to have a fatal threshold effect on marine organisms.

In recent years, high-resolution carbon and oxygen isotope

stratigraphic studies have further revealed the staged charac-

teristics of the PTB event: the sustained negative excursion of

δ¹³C and anomalous fluctuations of δ¹⁸O in the late Permian

are precisely correlated with the first phase of biological ex-

tinction (at the end of the Guadalupian) [19]; whereas the con-

tinued isotope disturbances in the early Triassic may reflect

the long-term delayed recovery of ecosystems. Notably, the

coupled anomalies of carbon and oxygen isotopes not only

exhibit global isochronism (such as in the Meishan section

in South China and the Khuff Formation in Mesopotamia)

but also show a significant positive correlation between the

fluctuation amplitude and extinction intensity on a spatial

scale [20–27], providing crucial geochemical constraints for

the hypothesis of “environmental catastrophe-driven extinc-

tion”. The Yangtze Platform in South China is a classic

region for studying the PTB event, preserving the world’s

most complete continuous marine strata. Northeast Yunnan,

located on the southwestern margin of the Yangtze Platform,

records an abrupt environmental transition from shallow ma-

rine to deep-water basin settings in its late Permian to early

Triassic carbonate platform, manifested by a sharp decline

in calcium carbonate content, rapid negative excursion of

δ¹³Ccarb (about 4–6‰), and a mirror-image relationship with

the positive excursion of δ¹³Corg, indicating the disturbance

of the carbon cycle by terrestrial organic matter input and sea-

level rise [28]. This region also experienced multiple episodes

of biological extinction, such as the succession of Late Or-

dovician brachiopod fauna (EC fauna) that was synchronous

with carbon and oxygen isotope fluctuations, revealing the

phased impact of environmental pressures on ecosystems.

The Zhenxiong section in northeastYunnan preserves the suc-

cession sequence from the Hirnantia Fauna to the EC fauna

near the PTB, with a significant spatiotemporal correlation

between biodiversity changes and δ¹³C negative excursion

events, providing regional evidence for the hypothesis of

“environmental catastrophe-driven extinction”. The upper

Permian Yangxin and Xuanwei formations, as well as the

lower Triassic Feixianguan and Jialingjiang formations, are
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well-developed and relatively continuous marine sedimen-

tary rock series in the Xuanwei region of northeast Yunnan.

Based on regional geological survey work in the study area, it

has been found that a complete and continuous stratigraphic

sequence, including theYangxin, Xuanwei, Feixianguan, and

Jialingjiang formations, is exposed in Yueliangtian Village,

Haidai Town, Xuanwei region (Figure 1). This study aims

to elucidate the dynamic link between carbon cycle-climate

system instability and biological extinction on the south-

western margin of the Yangtze Platform by systematically

analyzing carbon and oxygen isotope records in sedimentary

rocks near the PTB boundary using δ¹³Ccarb and δ¹⁸O data.

The study will focus on the synergistic effects of marine

ecosystem disruption and volcanic-hydrothermal activities,

providing new geochemical constraints for the “multifactor

coupling-driven model” of the PTB mass extinction and new

isotopic geochemical evidence for understanding the trigger-

ing mechanisms and ecological effects of mass extinction

events.

Figure 1. Sampling location map (modified [29]): (a) and (b) the

sampling location in Haidai Town, Xuanwei City, southwestern

China’s Yunnan Province; and (c) the research section located in

Yueliangtian Village, Haidai Town, bordering on Guizhou Province.
Note: The main stratigraphic sequence, from older to younger, includes the third mem-

ber of the Middle Permian Yangxin Formation (P2y
3), the Emeishan Basalt Formation

(Pe),the Upper Permian Xuanwei Formation (P3x), the Lower Triassic Feixianguan

Formation (T1f ), and the Lower Triassic Jialingjiang Formation (T1j). Continuous

block sampling was conducted by stratigraphic layer, selecting unweathered samples,

and a total of 46 original rock samples were collected.

2. Geological Background and Sam-

ple Collection

The study area belongs to the Upper Yangtze pa-

leocontinental block, specifically the carbonate platform

of eastern Yunnan, and the Qujing epicontinental sea [29].

The sedimentary formations within the area mainly consist

of the Upper Paleozoic to Mesozoic sequences. Among

them, the Upper Devonian to the lower part of the Lower

Carboniferous are composed of platform carbonate forma-

tions. The middle to lower parts of the Lower Carbonif-

erous are marine-continental transition facies coal-bearing

argillaceous-siliceous formations. The middle part of the

Lower Carboniferous to the Lower Permian are platform

carbonate formations. The lower part of the Middle Permian

is a marine-continental transition facies coal-bearing clastic

formation, while the upper part is a platform carbonate for-

mation. The Upper Permian consists of terrestrial volcanic

rock formations andmarine-continental transition facies coal-

bearing clastic formations. The middle to lower parts of the

Lower Triassic are composed of littoral to shallow marine

shelf sandy-muddy carbonate formations. The upper part of

the Lower Triassic to the lower part of the Middle Triassic

are restricted platform carbonate formations. The middle

part of the Middle Triassic is composed of shallow marine

shelf sandy-muddy formations, while the upper part of the

Middle Triassic to the lower part of the Upper Triassic are

platform carbonate formations. The upper part of the Upper

Triassic is composed of lacustrine clastic formations. The

Lower Jurassic is composed of lacustrine clastic formations,

the lower part of the Middle Jurassic is composed of lake

delta glutenite formations, and the middle to upper parts of

the Middle Jurassic are lacustrine clastic formations.

The Permian-Triassic boundary section is located in

Yueliangtian Village, Haidai Town, Xuanwei City (Figure

1). The main stratigraphic sequence, from older to younger,

includes the third member of the Yangxin Formation of the

Middle Permian (P2y
3), the Emeishan Basalt Formation (Pe),

the Xuanwei Formation of the Upper Permian (P3x), the

Feixianguan Formation of the Lower Triassic (T1f ), and the

Jialingjiang Formation of the Lower Triassic (T1j). The rock

strata are in conformable contact, and the boundary is well

exposed and distinct. The lithological assemblage of the third

member of the Yangxin Formation mainly consists of gray to

dark gray medium- to thick-bedded micrite limestones and

microcrystalline limestones, intercalated with a small amount

of argillaceous limestones and siliceous banded limestones.

The overall lithology of the Xuanwei Formation is a set of

sandstone-mudstone interbeds with multiple coal seams. The

lithological characteristics are mainly grayish yellow-green,

gray-green thin to medium-thick bedded fine-grained lithic

sandstones and feldspathic lithic sandstones, interspersed

with grayish green, light purple-red, grayish white, gray, and
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other variegated thin-bedded mudstones and argillaceous

siltstones,Thin limestone lenticles are occasionally interca-

lated within the rock formations. According to regional geo-

logical data, marine-terrestrial transitional deposits develop

towards the east of the stratigraphic extension. The lithologi-

cal characteristics of the Feixianguan Formation are grayish

purple-red and light gray thin-bedded fine-grained lithic sand-

stones and feldspathic lithic sandstones, interspersed with

dark purple-red thin-bedded argillaceous siltstones and silty

mudstones, with multiple thin-bedded limestones. The litho-

logical characteristics of the Jialingjiang Formation mainly

consist of gray to grayish yellow thin to medium-bedded

micrite limestones and worm-like limestones, with a touch

of light purple-red. Carbonate rock samples were mainly

collected from the section using a layered continuous block

sampling method, selecting samples that were not weath-

ered. Specific sampling horizons and locations are shown in

Figure 1.The stratigraphic descriptions are as follows:

Yangxin Formation, Third Member (P2y
3): The

lithological association consists of gray, dark gray to

grayish-black medium- to thick-bedded micrite limestones,

microcrystalline limestones, siliceous banded dolomitic

limestones, siliceous banded microcrystalline limestones,

dolomitic bioclastic limestones, dolomites, fusulinid lime-

stones, sandy limestones intercalated with argillaceous lime-

stones, and bituminous argillaceous limestones, with an in-

crease in dolomite content upwards. The fauna in this mem-

ber mainly includes brachiopods, crinoid stems, fusulinids,

and corals. Occasional horizontal laminations are observed

in the limestones. A basic sequence is developed: gray thick-

beddedmassive microcrystalline limestone to bioclastic lime-

stone. Fossils collected from this stratigraphic unit by previ-

ous researchers include Nankinella and Sphaerulina (fusulin-

ids), Liangshanophyllum cf. lipoense (Huang) (coral), Lino-

productus sp., Schizophoria sp., Spiriferellina ornata var.

orientalis (Frech), and Chonetes sp. (brachiopods). The

stratigraphic unit is dominated by thick-bedded massive lime-

stones intercalated with multiple layers of dolomites. The

rocks often contain intraclasts and silt clasts, and the middle

to upper parts are intercalated with siliceous nodules, which

commonly exhibit concentric structures, indicating a lateral

infill origin. Horizontal bedding is developed in some rocks.

The fossil assemblage is rich in marine benthic organisms,

suggesting a depositional environment of an open carbonate

platform.

The Emeishan Basalt Formation (Pe): The lithological

characteristics are mainly gray and light gray compact basalts

and amygdaloidal basalts, intercalated with light purplish-

red basaltic tuffs and tuffaceous mudstones, locally with

porphyritic basalts. It is in eruptive unconformable contact

with the underlying Yangxin Formation (P2y
3) and is con-

formably overlain by the Upper Permian Xuanwei Formation

(P3x), with the limestone of the Yangxin Formation ending

and the basalt starting as the stratigraphic exposure marker.

Upper Permian Xuanwei Formation (P3x): The lithol-

ogy generally consists of a suite of sandy-muddy rocks in-

terbedded with multiple coal seams. The sedimentary grain

size generally fines upwards. The lithological characteris-

tics mainly include grayish-yellow-green, gray-green thin to

locally medium-thick beds of fine-grained lithic sandstones,

feldspathic lithic sandstones, and gray-green, light purplish-

red, grayish-white, gray, and other variegated thin beds of

mudstones (shales), silty mudstones (shales), argillaceous

siltstones, and grayish-yellow iron-bearing mudstones, in-

terspersed with occasional thin beds of limestone lenses,

multiple thin to medium beds of black carbonaceous mud-

stones, and coal seams. Parallel bedding is developed in

the sandstones, with occasional cross-bedding. Horizontal

bedding is developed in the silt-mud rocks. Basic sequences

include: A thin bed of fine-grained sandstone to shale; B thin

bed of fine-grained sandstone to variegated mudstone (with

unstable coal seams); C medium to thin beds of fine-grained

sandstone to thin beds of silty mudstone, shale, and coal

seam; D thin beds of silty mudstone to argillaceous siltstone

rhythmic interbedding. Fossil plants include Cigantopteris

sp., G. nicotianaefolia Schenk, G. lagrelii Halle, Pecopteris

sp., P. orientalis Halle, P. hemitelioides Brongniart, Aster-

phyllites pingloensis Sze, Protoblechnum wongii Halle, Lo-

batannularia heianensis (Kodaira), L. multifolia Konno et

Asama, L. lingulata (Halle), among others. The bottom of the

formation consists of basaltic medium conglomerates inter-

calated with stratified and branching, unstable fine-grained

lithic sandstones with parallel bedding, indicating fluvial

(riverbed) depositional features. The middle part consists

of medium to thin beds of fine sandstones interbedded with

yellow-green variegated mudstones, iron-bearing mudstones,

andmultiple layers of carbonaceousmudstones or coal seams.

Parallel bedding is developed in the sandstones, with occa-
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sional cross-bedding. Horizontal bedding or laminations

are developed in the silt-mud rocks. The depositional envi-

ronment is dominated by swampy lacustrine deposits with

intermittent exposure, leading to the development of poorly

bedded iron-bearing mudstones. The top consists of yellow-

green thin beds of silty mudstones with horizontal bedding,

indicating shallow lacustrine deposition. The contact rela-

tionship between the Xuanwei Formation and the underlying

Middle to Upper Permian Emeishan Basalt (Pe) varies re-

gionally, with some areas showing parallel unconformable

contact and others no contact. It is conformably overlain by

the Lower Triassic Feixianguan Formation (T1f ).

The Feixianguan Formation of the Lower Triassic Se-

ries (T1f ): Based on lithological associations and rock col-

ors, the Feixianguan Formation in the region can be divided

into two members. The First Member of the Feixianguan

Formation (T1f
1): It mainly consists of a suite of purple-

red clastic rocks. The lithological features include gray-

purple-red and light gray thin-bedded fine-grained lithic

sandstone, felsic lithic sandstone, and dark purple-red thin-

bedded argillaceous siltstone and silty mudstone interbeds.

The sandstones are characterized by parallel bedding, small

oblique bedding, and large tabular cross-bedding, while the

siltstone-mudstone develops horizontal bedding. Basic se-

quences developed include: A) dark purple-red fine-grained

sandstone→light grayish purple fine-grained sandstone→

dark purple-red argillaceous siltstone; B) thin-bedded fine-

grained sandstone→thin-bedded argillaceous siltstone; C)

thin-bedded fine-grained sandstone→thin-bedded (argilla-

ceous) siltstone with sandstone interbeds; D) thin-bedded

fine-grained sandstone→thin-bedded mudstone. The Second

Member of the Feixianguan Formation (T1f
2): Compared to

the first member, the individual rock layers are thicker, and

the rock colors are more varied. The lithological features

include grayish yellow-green, light grayish purple medium-

thin bedded silty mudstone, argillaceous silty shale, calcare-

ous silty (shale) mudstone with grayish purple and yellow-

ish green medium-thick bedded lithic sandstone and felsic

lithic sandstone. In the middle and upper parts, thin-bedded

light gray mudstone limestone develops, with an increase in

carbonate components, reflecting a change in depositional

environment from sandy-muddy to carbonate, indicating an

increase in water depth. The sandstones are mostly character-

ized by parallel bedding, and the siltstone-mudstone mostly

develops horizontal bedding. Basic sequences developed

include: A) medium-bedded fine-grained sandstone→thin-

bedded fine-grained sandstone→silty mudstone interbeds;

B) medium-thick bedded fine-grained sandstone→medium-

thick bedded silty mudstone (shale); C) medium-thick bed-

ded siltstone→medium-thick bedded silty mudstone (shale);

D) medium-thin bedded fine-grained sandstone → argilla-

ceous silty shale. Fossils collected by previous researchers in-

clude bivalves such as Claraia griesbachi (Bittner), C. gries-

bachi var. cancentrica (Yabe)?, C. orbicularis (Richthofen),

Oxytoma scythicum wirth, etc.; brachiopods such as Lin-

gula tenuissima Bronn, L. ex gr. tenuissima Bronn, etc.;

ammonites such as Lytophiceras? sp., Ophiceras sp.; os-

tracods such as Euestheria? sp.; and ammonites such as

Lytophicera? sp. The Feixianguan Formation is mainly a

suite of littoral to shallow marine deposits. The first mem-

ber is mainly composed of a suite of fine-grained sandstone

with siltstone-mudstone interbeds. The sandstone grains are

fine, belonging to the fine sand grain size, without medium

to coarse sand or gravel, and are well-sorted. Worm bur-

rows can be seen in the sandstones, with highly developed

parallel bedding and large, medium, and small tabular cross-

bedding. The bedding set angles are less than 25°, all be-

ing low-angle bedding, and ripple bedding can also be ob-

served. The siltstone-mudstone has horizontal bedding and

developed sandy laminae or lenticular bodies, representing

foreshore to nearshore deposits. The second member con-

sists of varicolored sandy-mudstone and sandstone interbeds

with fine-grained and well-sorted sandstones. Parallel bed-

ding can be seen in the sandstones, and horizontal bedding

in the siltstone-mudstone, representing nearshore deposits.

The upper to top parts are mainly composed of a suite of

silty-mudstone shale, with calcium content at the top. The

depositional grains are fine, with highly developed lamellar

structures, representing shallow marine shelf silty-mudstone

deposits. The Feixianguan Formation is in conformable con-

tact with the underlying Xuanwei Formation of the Upper

Permian Series (P3x) and is conformably overlain by the

Jialingjiang Formation of the Middle-Lower Triassic Series

(T1j).

Jialingjiang Formation (T1j): The lithological features

are mainly gray to grayish yellow with light purple-red

medium-thin bedded mud-bearing micrite limestone and

worm-like limestone interbeds. The limestones have well-
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developed horizontal laminae and a basic sequence: gray and

yellow-gray medium-thin bedded mud-bearing limestone

→ worm-like limestone. Fossils collected by previous re-

searchers include bivalves such asEumorphotis sp., Entolium

discites microtis (Bittner); gastropods such as Naticopsis sp.,

Loxonema sp., Mentzelia sp., Lingula cf. tenuissima Bronn;

ammonites such as Tirolites spinosus Mojsisovics, Meeko-

ceras latirentrosum Chao, etc. The Jialingjiang Formation

is mainly composed of a suite of medium-thin bedded mud-

bearing carbonate deposits with horizontal bedding and de-

veloped worm-like structures, locally containing intraclasts,

biodetritus, and grains, representing open platform deposits.

3. Sample Analysis and Testing

The carbon and oxygen isotope testing was conducted

by the Kunming Testing Center of the Ministry of Land

and Resources, encompassing both sample preparation and

analysis. The testing instrument utilized was the MAT253

stable isotope mass spectrometer. For the carbon and oxy-

gen isotope analysis of carbonate rocks, the phosphoric acid

method was employed. Carbonate rock samples underwent

a constant-temperature reaction with 100% phosphoric acid

under vacuum conditions (limestone at 25 °C for 16 hours;

dolomite at 50 °C for 36 hours). Subsequently, carbon diox-

ide was collected and purified before being analyzed for its

carbon and oxygen isotope composition using the MAT253

stable isotope mass spectrometer. The results were calibrated

to δ13C and δ18O values relative to the international standard

material (PDB), with GBW-04405 serving as the reference

standard. The precision of the test results was ±0.2‰. In

this study, 46 samples from the selected profile were chosen

to determine the δ13C and δ18O values of dolomite and cal-

cite minerals. The collected samples were fresh, unaffected

by later metamorphism or alteration, and care was taken to

avoid sampling carbonate veins such as calcite to ensure the

accuracy of the test results. Ultimately, 34 samples yielded

insufficient carbon dioxide gas during the reaction due to low

carbonate mineral content, rendering it impossible for the

instrument to analyze valid data and resulting in substandard

outcomes. The final test results are presented in Table 1.

Table 1. Carbon and oxygen isotopic compositions of the Triassic-Permian strata and paleotemperature and paleosalinity of the

Yueliangtian section in Xuanwei, northeastern Yunnan Province.

Strata Sample Lithological Description
δ13C δ18O

Deltaδ18O w.r.t.

SMOW

Sea

Temperature

Ocean

Salinity

PDB(‰) PDB(‰) SMOWConverted T/℃ Z

Jialingjiang Formation (T1 j)

TW46 Limestone –1.54 –9.30 21.27 17 120

TW45 Microcrystalline limestone –3.94 –9.38 21.19 17 115

TW44 Fine-crystalline limestone –3.05 –7.79 22.83 11 117

Feixianguan Formation (T1f)

TW43 Grainy limestone –4.24 –9.10 21.48 16 114

TW42 Dolomitic limestone –5.62 –8.86 21.72 15 111

TW41 Limestone –9.66 –10.20 20.34 21 102

TW40 Limestone –1.74 –9.33 21.25 17 119

Xuanwei Formation (P3x)
TW23 Thin limestone interlayer 2.05 –8.64 21.23 23 121

TW16 Thin limestone interlayer 2.68 –8.89 20.18 26 121

the Third Member of the Yangxin Formation (P2y
3)

TW5 Limestone 0.82 –12.20 18.29 31 123

TW4 Fine-crystalline limestone –1.72 –11.46 19.05 27 118

TW3 Limestone –1.33 –11.72 18.78 28 119

TW2 Limestone 0.28 –10.20 20.34 21 123

TW1 Micrite limestone –2.38 –10.89 19.64 24 117

Notes: The results of carbon and oxygen isotope analysis are derived from the data obtained from this study’s analysis; Z = 2.048 × (δ13C + 50) + 0.498 × (δ18O + 50), [30]; T°

= 15.976− 4.2*δ18Ocaco3 + 0.13*(δ18Ocaco3 + 0.22)2, Among them,δ18Ocaco3, should be calibrated using the average δ
18O value of Quaternary marine carbonates [31–33].

4. Analysis Results

4.1. Data Reliability Analysis

It is widely accepted that the carbon and oxygen isotope

characteristics of seawater can reflect abundant information

about climate, environment, and biological productivity in

the ocean during the same period, which is often preserved

in intact carbonate sediments. Studies have suggested that

a low water-rock ratio results in minimal changes in carbon

isotopes during diagenetic evolution, and that bulk rock oxy-

gen isotopes are in excellent agreement with well-preserved

brachiopod shell oxygen isotopes (Figure 2). Bulk rock

carbon and oxygen isotope curves can thus provide a good

reconstruction of the ancient marine environment [34, 35]. Cur-

rently, there is no highly effective method to test the impact

of diagenesis on carbonate stable isotopes, but relative judg-
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ments can be made with reference to certain thresholds. For

example, oxygen isotope thresholds and the correlation be-

tween carbon and oxygen isotopes can indirectly reflect the

extent of diagenetic effects. When –11‰ < δ¹⁸O < –5‰,

the sample has undergone some alteration, but its value can

still represent the original sedimentary carbon and oxygen

isotope composition; when δ¹⁸O is significantly less than

–11‰, the sample may be severely altered, and the carbon

and oxygen isotopes can no longer accurately reflect ancient

ocean information. Additionally, the correlation between

carbon and oxygen isotopes can also indicate the extent to

which the sample has undergone diagenetic alteration [36]. In

this study, the carbon and oxygen isotope variation ranges of

the Permian-Triassic Boundary (PTB) samples from Haidai,

Xuanwei, were 0.82‰ to –9.66‰ and –12.20‰ to –7.79‰,

respectively, with mean values of –2.84‰ and –10.03‰. All

samples had δ¹⁸O values mostly greater than –11‰, except

for sample TW5, which had a δ¹⁸O value of –12.20‰, slightly

less than –11‰. The scatter plot of carbon and oxygen iso-

topes showed no clear linear relationship and no significant

correlation (Figure 3). Overall, this indicates that the iso-

tope composition of the samples was minimally affected by

post-diagenetic processes, and the data are reliable, allowing

for a relative reflection of the ancient ocean information they

carry.

Figure 2. Carbon and oxygen isotope content and paleoenvironmental characteristics of the stratigraphic profile in the study area.

4.2. Carbon Isotope

Similar to the previous description, the carbon isotope

at the Haidai PTB section in Xuanwei also exhibits a negative

excursion at the boundary. Although carbon isotope data for

the Upper Permian Xuanwei Formation were not obtained,

studies have shown that the carbon isotope variation char-

acteristics of this formation are consistent with the analysis

presented in this paper [37]. The pattern of carbon isotope

variation is as follows: the carbon isotope values in the Mid-
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dle Permian Yangxin Formation are overall higher, with a

peak around 0.82‰; however, near the boundary, they fluctu-

ate and decrease rapidly to –1.74‰, reaching a minimum of

–9.66‰ in the Lower Triassic Feixianguan Formation, and

then gradually increase slowly. In summary, there is a clear

negative excursion of carbon isotopes at the PTB section,

but the change is gradual (Figure 2).

Figure 3. Scatter plot of carbon and oxygen isotopes in the Haidai

PTB profile sample in Xuanwei area.

Note: R2 = 0.085; P = 0.772.

4.3. Oxygen Isotope

The variation range of oxygen isotopes at the Haidai

PTB section in Xuanwei shows a significant negative excur-

sion of oxygen isotopes near the boundary, from –10.20‰

to –12.20‰, with an overall decreasing trend. Subsequently,

after entering the Lower Triassic Feixianguan Formation, the

oxygen isotopes gradually fluctuate and increase, with a large

variation range (–10.20‰ to –7.79‰), and then maintain

slight fluctuations.

4.4. Ancient Salinity

The Z value calculated from carbon and oxygen isotope

values is often used to indicate the ancient ocean salinity dur-

ing the same period. Although the Z value is not an absolute

value, it has a positive correlation with ancient ocean salinity.

Keith proposed a formula for calculating ancient salinity:

Z = 2.048 × (δ¹³C + 50) + 0.498 × (δ¹⁸O + 50)        (1)
When Z > 120,it indicates marine limestone; when Z

< 120, it indicates freshwater limestone, indicating a desali-

nation of seawater. This formula has been widely used to

calculate the ancient salinity of pre-Jurassic limestone [38].

The calculated Z values are shown in Table 1. The Middle

Permian Yangxin Formation is generally normal marine car-

bonate rocks. Near the PTB boundary, the salinity decreases

significantly, indicating desalination of seawater. After enter-

ing the Lower Triassic Feixianguan Formation, the seawater

salinity gradually returns to normal levels.

4.5. Ancient Temperature

The representativeness of the oxygen isotope composi-

tion at the Haidai section in Xuanwei for seawater informa-

tion still needs further evaluation, which is a very difficult

issue to discuss. Although estimating ocean temperature

based on carbonate isotopes does not have absolute signifi-

cance, its trend certainly reveals the evolution of seawater.

Water temperature is one of the important factors control-

ling the stable isotope composition of carbonate rocks [39].

Temperature has a large impact on δ¹⁸O values but has little

impact on δ¹³C values. Therefore, δ¹⁸O values can be used

to effectively determine ancient seawater temperature. The

empirical formula is:

t° = 15.976 − 4.2 × δ¹⁸Ocaco3 + 0.13 × (δ¹⁸Ocaco3 + 0.22)²

(2)

Direct application of this formula results in large devi-

ations, which may be due to isotopic age effects, deviations

in seawater salinity, and unknown δ¹⁸O values of seawater at

that time. Therefore, samples with normal salinity and δ¹⁸O

values are selected for correction [40]. Typically, age correc-

tion is based on the average δ¹⁸O value of Quaternary marine

carbonates, which is –1.2‰ . In this study, the average δ¹⁸O

value of valid samples was –10.0‰, with a difference of

8.8‰ compared to the Quaternary standard. Therefore, Δ =

8.8‰ is used to correct the δ¹⁸O values of valid samples to

make them equivalent to the δ¹⁸O values of Quaternary sam-

ples. Equation (2) was applied to all samples to calculate the

ancient seawater temperature during the deposition period

(Table 1). At the beginning of the Middle Permian Yangxin

Formation in the section, the seawater temperature main-

tained small fluctuations around 25 °C. As it transitioned

near the boundary, the ancient seawater temperature fluctu-

ated violently and rose sharply to 32 °C, with temperature

fluctuations exceeding 10 °C. Upon entering the Early Trias-

sic, there was a significant drop in temperature, fluctuating

near 17 °C, with a temperature drop exceeding 15 °C. Af-

terward, it maintained a trend of slow temperature increase

with fluctuations at lower temperatures.
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5. Discussion

Carbon isotope anomalies are often used as auxiliary

markers for stratigraphic boundary division and regional cor-

relation of carbonate rocks. The negative excursion of carbon

isotopes near the Permian-Triassic Boundary (PTB) not only

occurs in South China but is also prevalent in other regions

worldwide. In addition, this negative excursion of carbon

isotopes, accompanied by mass extinctions, is also observed

at the Precambrian-Cambrian boundary and the Cretaceous-

Tertiary boundary [41, 42]. Carbon isotope stratigraphy has

played a crucial role in the global stratigraphic division and

correlation of the Ediacaran-Cambrian periods [43–45]; fur-

thermore, studies on the PTB have also employed carbon

isotopes as a means for event stratigraphic correlation. This

study reveals that the carbon isotopes at the Haidai section

in Xuanwei exhibit a pronounced negative excursion at the

PTB, with an amplitude close to 9‰, which is very rare and

records a significant mass extinction event. Certainly, some

current research suggests that there are multiple reasons for

the negative excursions of inorganic carbon isotopes during

geological history. Besides significant declines in biologi-

cal productivity or mass extinctions, other factors include

volcanic eruptions releasing CO₂ and methane, leading to

negative excursions in δ¹³Ccarb, as well as rapid oxidation of

organic carbon reservoirs (such as ancient oil fields or coal

seams) [46]. The profile studied in this research may be the re-

sult of the combined effects of mass extinctions and volcanic

eruptions on the atmosphere.Along with the gradual negative

excursion of carbon isotopes, there are obvious fluctuations

in oxygen isotopes at the section. The negative excursion of

oxygen isotopes corresponds to fluctuations in sea surface

temperatures, with amplitudes approaching 15°, although

there is still considerable controversy regarding the estima-

tion of ancient sea surface temperatures, which may involve

biases and disagreements over different calculation methods,

relatively drastic fluctuations in sea temperatures represent

fatal changes for marine biocommunities. Meanwhile, the

desalination of seawater poses a challenge to marine biota

as well.Compared with the Permian-Triassic boundary sec-

tion in Meishan [46], Zhejiang, China, the inorganic carbon

isotopes exhibit a notable negative excursion with consistent

characteristics, and the variation range of carbon isotopes in

this study is even greater. The variation characteristics of

oxygen isotopes also show consistency. However, due to the

difference in research precision between this study and the

Meishan section, a more detailed layer-by-layer comparison

cannot be conducted. Whether it is the Permian-Triassic

boundary section in Meishan, Zhejiang or the section stud-

ied in this research, the variation characteristics of carbon

and oxygen isotopes not only reflect changes in marine pro-

ductivity but also reveal the coincidence between biological

extinction and environmental abrupt changes. By studying

different geographical regions, we can better understand the

Earth system processes during large-scale biological extinc-

tion events.The geological section selected for this study is

located in the Emeishan Basalt distribution area, prompting

some scholars to question whether the Emeishan Basalt could

affect the collected carbonate carbon and oxygen isotope data,

thus leading to biased results. The answer to this concern is

no. The objects of this research work are carbonate rocks

formed by sedimentary processes in a depositional environ-

ment, rather than similar calcite veins formed by other means

(which can be formed by various causes, such as hydrother-

mal activity). Only by collecting carbonate rocks formed

under normal depositional conditions can their carbonate

minerals, such as calcite and dolomite, be considered to have

derived their CO3
2− from the atmospheric cycle at that time.

These minerals can thus represent the carbon and oxygen

isotope composition in the atmosphere and record the results

of carbon and oxygen isotope fractionation. If, by accident,

samples of carbonate rocks or materials containing calcite

and dolomite formed under abnormal depositional condi-

tions, such as calcite veins, are collected, the carbon and

oxygen isotopes in the analysis results did not participate in

the atmospheric cycle. Their isotope fractionation results are

not caused by biological processes but rather by other forma-

tion processes. For example, the carbon and oxygen isotope

characteristics of calcite derived from magma-hydrothermal

processes can reflect geological background features such

as the magma source region, and are unrelated to biologi-

cal processes.Based on the current research approach, using

carbon and oxygen isotopes from sediments inherently in-

volves a time lag. After a mass extinction event, it leads to

fluctuations in carbon fractionation in the atmosphere. Subse-

quently, the atmosphere exchanges gases with the ocean, and

the fractionated CO2 eventually enters carbonate rocks and is

preserved through deposition. Therefore, the timing of major

mass extinction events should precede the formation of car-
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bonate rocks in the depositional environment. Consequently,

in this study, the observed negative excursion anomaly in

the carbon isotope curve that is closer to the Early Triassic is

attributed to this cause. Similar situations should also arise

in other similar studies worldwide. Overall, near the PTB,

sea surface temperatures exhibited significant fluctuations,

initially rising sharply and then rapidly decreasing. The sea-

water showed marked desalination. These characteristics

are direct causes of marine and other biological extinctions.

However, the trigger for these significant changes in the ma-

rine environment and climate has not yet been revealed; the

triggers causing drastic oscillations in the marine environ-

ment remain unclear.

6. Conclusions

• The carbon isotope profile exhibits a distinct negative

excursion mutation at the Permian-Triassic Boundary

(PTB). The magnitude of the negative excursion is

nearly 9‰. The pattern of carbon isotope variation is

as follows: the carbon isotopes in the Middle Permian

Yangxin Formation are generally high, with peak val-

ues around 0.82‰, but they begin to fluctuate and

decrease near the boundary to –1.74‰. The Lower

Triassic Feixianguan Formation reaches a nadir of

–9.66‰ before gradually increasing, documenting a

significant mass extinction event;

• Seawater temperatures in the Middle Permian

Yangxin Formation initially fluctuated slightly around

25 °C. As the boundary is approached, ancient sea-

water temperatures oscillated vigorously and rose

sharply to 32 °C, with a temperature fluctuation am-

plitude exceeding 10 °C. Upon entering the Early Tri-

assic, temperatures began to drop significantly, fluc-

tuating near 17 °C, with a cooling amplitude of over

15 °C. Subsequently, temperatures remained low but

gradually increased, indicating drastic fluctuations in

the marine environment;

• The Middle Permian Yangxin Formation is generally

composed of normal marine carbonate rocks. Near

the PTB, salinity decreased significantly, indicating

desalination of seawater. After the Lower Triassic

Feixianguan Formation, seawater salinity gradually

returned to normal levels. The drastic oscillations

in ancient seawater temperature and the apparent de-

salination near the PTB are direct causes of marine

extinctions. However, the trigger for these significant

changes in the marine environment and climate has

not yet been revealed; the triggers causing drastic os-

cillations in the marine environment remain unclear.
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