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Abstract: The Kungurian Stage in the early Permian was a transitional glacial age between the late
Paleozoic icehouse and the early Mesozoic super-greenhouse period This stage offers an excellent
opportunity to study the co-evolution between global carbon cycles and environments. This study
presents facies and carbon isotope variations in a new carbonate section in the Lower Yangtze region
of South China in order to understand the linkage between carbon cycle fluctuation, sedimentary
environment, and climate change. Based on the sedimentary facies analyses of the Chihsia Formation
(Kungurian), seven facies types were identified and grouped into lower slope, upper slope, and
platform facies associations. The facies analyses show that the Kungurian Stage experiences two
transgressive-regressive cycles; paleoclimatic changes controlled the sedimentary records and sea
level fluctuations. Early Kungurian carbonate rocks record the presence of the short-lived Kungurian
carbon isotopic event (KCIE). The rapid negative carbon isotope of the KCIE was closely related to
the huge CO, emission. A warming climate could have slowed down oceanic ventilation rates and
accelerated stratification of seawater. The resulting anoxic environment led to a sharp decline in
biological species. In the middle Kungurian, the intensity of volcanic activity gradually weakened and
the climate turned cold, which accelerated oceanic ventilation rates and led to increased oxygenation
of deep-shelf water masses. The higher A'3C values supported enhanced primary productivity
and photosynthesis, which promote the prosperity of biological species. This study provides a new
perspective for better understanding the links between marine carbon cycle fluctuations, climate
change, and environments during the icehouse to greenhouse conversion period.
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1. Introduction

The late Paleozoic ice age, which lasted for nearly 100 million years, is the longest-lived
ice age of the Phanerozoic [1-3]. Many studies have been performed on the regulation of
changes in sea level [4,5], the terrestrial ecosystem [6,7], fluctuations of the atmospheric
CO; concentration [8-12], biocrises in the Carboniferous [13,14], and tectonic setting [15]
during the Late Paleozoic Ice Age (LPIA), which provide valuable insights into the trigger
mechanism of this ice age and its coevolution with the ecosystem. Previous studies had
focused mainly on the initial [1,2,16] and terminal [2,17] stages of the LPIA; however, the
climate transition from the late Paleozoic icehouse to the early Mesozoic super-greenhouse
as well as the corresponding mechanism are rarely explored [18]. The Kungurian of the
early Permian is one of the most important stages during this transition, which experienced
dramatic disturbances of the global carbon cycle [19-21], such as the significant negative
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shifts of carbon isotopes in ~277.9-277.4 Ma (the so-called KCIE event) [19]. Therefore, it is
of academic interest to explore the mechanisms of climate transition during and after the
LPIA by studying the Kungurian carbon cycle.

At present, there are few studies on the carbon cycle and climate transition mechanisms
during the Kungurian Stage in South China. Liu et al. [19,20] reported a case study in
the Youjiang Basin in South China based on the restricted environment. In this paper,
a platform-slope section of open marine environment in the Lower Yangtze region can
offer a more detailed record of the carbon cycling and paleoceanic conditions during the
Kungurian in South China. Using a precise stratigraphic framework of conodont zones [22],
we study detailed facies variations and carbon isotope composition features during the
Kungurian in South China so as to explore the cause for the KCIE and the origin of the
glaciation termination.

2. Geological Setting

The Lower Yangtze region in the South China block was situated in the northeast of
the Paleo-Tethys ocean system during the Kungurian of the Permian (Figure 1a). The Lower
Yangtze region roughly extends in the northeast-southwest direction, close to the paleo-
equator. It is adjacent to the Qinling Ocean in the northwest and to the Cathaysia in the
southeast [23,24]. Due to the deglaciation in Gondwanaland, the Yangtze area experienced
the largest transgression since the late Paleozoic, forming a carbonate platform-slope
dominant facies in the Lower Yangtze region [25], which deposited Chihsia limestone [26].
Then, in the Roadian, this area deposits, and accordingly, the water becomes deeper, which
is conducive to the sedimentation of black siliceous rocks. The water gets shallower at the
end of the sedimentary stage during the Capitanian [27].

Putaoling section (117°46/22.16" N, 31°32/52.23" E) is in a new local quarry in the
Chaohu area of the Lower Yangtze region. In this outcrop section, the Permian strata are
well exposed, including the Chuanshan, Chihsia, and Gufeng Formations in ascending
order. According to the regional geological time frame [28], the Kungurian age corresponds
to the Chihsia Formation (Figure 1b). This formation is up to 220 m thick and shows
a northwestward dip at an angle of 40°~60°, which is favorable for strata observation,
description, and sampling. The lithology of the studied Chihsia Formation will be described
thoroughly below (Figure 2).
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Figure 1. (a) Lithofacies palaeogeography during the Kungurian Stage in South China and the
location of the studied section (modified from [29]). The inset box shows the global palaeogeography
of the early-middle Permian transition. Note the location of the South China block (SC; arrowed)
and the studied section (star). (b) A stratigraphic framework for the early Permian strata from the
Lower Yangtze region (modified from [28]), the general outcrop characteristics of the Chihsia and
Gufeng Formations.
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Figure 2. The lithostratigraphy, sedimentary facies, and sampling location at the Putaoling section
of Chaohu during the Kungurian (paleontological data modified from [25]). mfs represents the
maximum flooding surface.

3. Methods

A total of 50 rock samples (No. T1-T50) of the Chihsia Formation from the Putaoling
section were collected for the facies analyses (Figure 2). According to Wilson’s facies
classification of carbonate [30], facies and facies associations were identified according to
lithology, primary sedimentary structure, thickness, color, and fossil assemblage.

The fresh limestone samples were cautiously selected for the isotope analyses, avoiding
diagenetic alteration and calcite veins. The thin sections of samples were examined using a
microscope and cathode luminescence analysis.

A 100 mg powder sample was added into the centrifuge tube with 4 M HCl solution
to digest for 24 h. The residue sample was cleaned in a centrifuge at least three times until
the supernatant reached a neutral pH level. Then, the precipitates were frozen and dried
in a clean freeze dryer for 3648 h, thus dissolving and removing the inorganic carbon.
Next, 10-15 mg of samples were weighed and wrapped in a tin-weighing boat. After being
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compacted and folded, this boat was placed into the LECCO CS230 infrared carbon-sulfur
analyzer and measured with a precision of +5%. The above analysis was completed at the
Sichuan Keyuan Engineering Technology Testing Center.

For the inorganic-carbon isotope measurement, a proper amount of carbonate powder
samples were baked in an oven for 2 h at 105 °C to remove the absorbed water. Then,
0.1 mg of powder samples were added to the sample tube and covered with a lid carrying
high-purity helium. Using the acid pump and needle, an excess of 100% phosphoric acid
was added into this tube and reacted with samples to generate CO,. The CO, was brought
into the EA-MAT253 mass spectrometer by the high-purity helium to test the isotopic
composition of C and O. For every five samples, a standard sample was added to compare
and test them based on the reference gas. The measurement results were subject to the
PDB, denoted by 313Cy.ppp and §'80y.ppp, which were analyzed at a precision higher than
0.2%o. The above analysis was conducted by the Supervision and Inspection Center for
Mineral Resources in East China, Ministry of Land and Resources.

For the organic-carbon isotope measurement, the powder samples were reacted with
6 M hydrochloric acid at room temperature for 24 h. Then, the distilled water was added
for high-speed centrifugation to remove the supernatant until the pH value reached 7. After
being pretreated by purifying and drying, the samples were wrapped in a clean silver or
tin cup and injected using an autosampler. The organic matter contained in these samples
reacted rapidly with the O, at 960 °C in a reactor, thus generating N, and CO,. Along
the helium flow, at a speed of 90 mL/min, the two gases were dewatered by desiccants
and separated by chromatographic columns. Then, the gases passed through the quartz
capillaries and were analyzed using the EA-MAT253 isotope ratio mass spectrometer. The
measurement results of carbon isotopes were subjected to the PDB at a precision higher
than 0.2%o.. The above analysis was carried out by the Supervision and Inspection Center
for Mineral Resources in East China, Ministry of Land and Resources.

4. Results
4.1. Analyses of Facies
4.1.1. Facies and Facies Associations

Detailed analyses of facies were carried out on the sedimentary succession of the Chih-
sia Formation (Figure 2). Fourteen types of facies are identified and further grouped into
three associations, i.e., lower slope, upper slope, and platform margin. The characteristics
and interpretations of different facies associations are discussed in the following section.

Lower slope facies association (F1)

Description

The lower slope facies association includes three types of facies (Fla, F1b, and Flc).
Facies 1a are composed of dark-gray to black, thin-bedded (3-8 cm thick) siliceous rock
interbedded with grey, medium-bedded (15-30 cm thick) limestone (Figure 3A). The
siliceous rock mainly consists of microquartz, radiolarian, and sponge spicule (Figure 3B).
The grey limestone consists of lime mudstone and wackestone. Generally, biotic fragments
are rare in lime mudstone but are relatively abundant (20%-40%) in wackestone, such as
foraminifera (Figure 3C) and echinoderms. These facies were mainly observed in the lower
part of the Chihsia Formation.
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Figure 3. Typical rock types from the Putaoling section collected from the Lower Yangtze region.
(A) A thin black layer of siliceous rock. (B) Siliceous rocks that contain abundant radiolarians and
sponge spicules of different sizes. (C) Wackestones that contain abundant foraminifera. (D) Limestone
intercalated with dark grey calcareous shale. (E) Calcareous shale. (F) Limestone with abundant
black lenticular or nodular chert. (G) Foraminifera. (H) Bryozoan. (I) Abundant brachiopods can
be seen in the bioclastic limestone. (J) Foraminifera. (K) Brachiopods. (L) Crinoids. (M) Medium-
bedded wackestone. (N) Nodular chert. (O) Thick-bedded packstone, abundant bioclasts. (P) Corals.
(Q) Limestone intercalated with a coal seam. (R) Abundant brachiopod fossils.

Facies 1b consist of thin- to medium-bedded (5-30 cm thick) limestone intercalated
with dark grey calcareous shale (Figure 3D). Similar to that in facies 1a, the limestone in
these facies is also composed of lime mudstone and wackestone. In some cases, black,
irregular chert nodules were observed in the lime mudstone and presented disorderly. The
calcareous shale bed is characterized by thickness ranging from 5 to 8 cm and commonly
shows horizontal lamination (Figure 3E).

Facies 1c consist of dark-gray, medium- to thick-bedded (20-80 cm thick) limestone
with abundant black lenticular or nodular chert mainly oriented with their long axes
approximately parallel to the bed (Figure 3F). Their size ranges between 10 and 20 cm
(long axes). Bioclastics in the lime mudstone are rare and mainly consist of foraminifera
(Figure 3G), echinoderms, and bryozoans (Figure 3H). These facies usually overlie facies 1a.

Interpretation

The presence of siliceous rock, bedded chert, and horizontal lamination in F2a and F2b
suggest a deep-water environment. However, the interbedded limestone mainly contains
the shallow-water resedimented fauna, such as foraminifera and bryozoans, which supports
that the sedimentation occurs in the lower slope area.

Upper slope facies association (F2)

Description

Two facies (F2a and F2b) are recognized in this facies association. F2a is composed of
light gray to gray, medium- to thick-bedded (15-60 cm thick) limestone (Figure 3I). The
limestone is predominantly wackestone and packstone. In general, more abundant biotic
fragments are present in these facies than in those in the lower slope facies association.
The main bioclasts include foraminifera (Figure 3J), brachiopods (Figure 3K), and crinoids
(Figure 3L). This facies is very common, and its total thickness reaches approximately 50%
of that of the whole Chihsia Formation.

F2b consists of gray, medium-bedded (10-30 cm thick) wackestone (Figure 3M). Occa-
sionally, a small amount of black, irregular nodular chert (Figure 3N) was observed in the
wackestone and occurred in a disordered pattern.

Interpretation

Compared to the lower slope facies association, the occurrence of light-gray to gray,
thick-bedded wackestone, and packstone with a higher abundance of biotic fragments
of shallow-water fauna, as well as lithoclasts, indicates a shallow-water environment.
The development of irregular nodular chert further implies an upper slope environment.
Noteworthy, this facies association is different from that developed on the Cretaceous
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carbonate slope in western Sicily, Italy, reported by Randazzo et al. (2020) [31]. In contrast
to the massive breccias with dimensions ranging from pebble size to boulder dimensions
caused by debris flows in the Cretaceous carbonate slope, breccias in F2 of this study
were rarely observed. This deposition difference is probably associated with their tectonic
settings, i.e., tectonically active vs. tectonically stable.

Platform facies association (F3)

Description

There are two facies (F3a) identified in this facies association. F3a comprises light-gray,
medium- to thick-bedded (20-60 cm thick) packstone (Figure 30). Corals (Figure 3P) and
sponges, as well as bioclasts of brachiopods and algae, occur in this facies. Compared to
the upper slope facies, F3a commonly presents a higher content of bioclasts. Grains in the
packstone are locally represented by oncolites, particularly at the bottom of the Chihsia
Formation. Their sizes range between 2 and 10 mm, and they are moderately rounded
and sorted.

F3b is composed of dark-gray, thin- to medium-bedded (3-12 cm thick) limestone
intercalated with black, thin-bedded (2-6 cm thick) mudstone, with a total thickness of
around 2 m (Figure 3Q). This facies corresponds to the Liangshan Member, which is an
important marker layer and occurs at the bottommost of the Chihsia Formation. The
mudstone, characterized by high total organic carbon (TOC) content, was believed to be a
low-quality coal seam [32]. Abundant brachiopod fossils were observed in the limestone of
this facies (Figure 3R).

Interpretation

The biological types in the facies of F3a and F3b, such as calcareous reefs, sponges, and
brachiopod fossils, indicate a shallow-water carbonate platform environment. However,
this shallow-water biota could also be observed in slope environments as the result of
sediment gravity flows, as reported in some other cases [33,34]. Due to the absence of
bottom erosive surfaces (scours), which commonly occur in gravity flow deposits, and the
predominant moderate roundness and sorting of grains, we ruled out the possibility of
gravity flow deposition. In addition, the existence of the intercalated coal seam, which
developed in a littoral system, also supports a shallow water environment.

4.1.2. Transgressive-Regressive (TR) Sequence

The vertical stacking patterns of facies associations are the basis for analyzing transgressive-
regressive (TR) sequence [35,36]. A complete TR cycle comprises a transgressive sequence
(T) and a regressive sequence (R). A transgressive sequence is characterized by the ret-
rogradation of facies associations as an upward-deepening succession, while a regressive
sequence is characterized by the progradation of facies associations as an upward-shallow
succession. According to the vertical stacking patterns of the facies association, two TR
sequences were identified for the Kungurian strata at Chaohu (Figure 2). The transgressive
interval of the two sequences is marked by the platform facies association on the bottom,
the upper slope facies association in the center, and the lower slope facies association on
the top. Similarly, the regressive interval of the two sequences is marked by lower slope
facies association on the bottom, upper slope facies association on the central, and platform
facies association on the top.

These two TR sequences are analogous to the two third-order sequences of the Chihsia
Formation at Xuanguang of the Lower Yangtze region proposed by [37] and also are
basically consistent with the sea-level fluctuations recorded in the Artinskian in North
America [38]. Each of these TR sequences was deposited over ~2—4 Myr [39]. Although in
this study we cannot precisely quantify the sea level changes during the Kungurian era, we
infer a relative sea-level increase during the deposition of the transgressive interval and a
relative sea-level decrease during the deposition of the regressive interval.
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4.2. Geochemistry

The TOC content ranges between 0.14% and 2.12% in the Putaoling section. It fluc-
tuates rapidly within 0.14%~1.89% in the TST1, presenting a slight rising trend upward,
reaching a maximum at the MFS1. TOC values in RST1 and TST2 range from 0.18% to
0.97%, with a mean value of 0.38%. In the next section, it reaches the maximum value of
1.82% at the MSF2 (Table 1 and Figure 4).

Table 1. TOC variations and paired inorganic and organic carbon isotopic data across the Kungurian
Marine carbonate rocks from the Putaoling section, Chaohu.

No. Lithology TOC/%  8BCeap/%o  8'8O0carn/%o  813Corgl%o 13 Al%o
T-1 Limestone 0.41 2.1 —-7.6 —27.0 29.1
T2 Limestone 0.28 1.3 —7.2 —27.6 28.9
T-3 Limestone 1.41 2.1 -7.0 —27.0 29.0
T-4 Limestone 0.30 1.7 -7.0 —27.9 29.7
T-5 Limestone 0.81 1.5 —-7.0 —27.8 29.3
T-6 Limestone 1.89 2.2 -7.3 —28.0 30.2
T-7 Limestone 0.26 3.1 —-7.4 —-27.1 30.2
T-8 Limestone 0.49 2.4 —74 —28.0 30.3
T-9 Limestone 0.35 2.5 —6.9 —27.6 30.1
T-10 Limestone 0.44 2.5 -9.3 —274 29.9
T-11 Limestone 0.34 2.3 —7.9 —27.8 30.0
T-12 Limestone 0.87 2.7 -7.3 —26.8 29.4
T-13 Limestone 1.26 2.6 —6.6 —275 30.1
T-14 Limestone 0.14 2.6 —5.3 —26.6 29.2
T-15 Limestone 0.47 2.9 —5.7 —-27.3 30.2
T-16 Limestone 1.51 2.5 —5.5 —-27.9 30.4
T-17 Limestone 0.50 2.8 —5.1 —-27.3 30.2
T-18 Limestone 1.60 2.1 5.4 —27.6 29.7
T-19 Limestone 0.39 15 —5.5 —28.0 29.5
T-20 Limestone 1.06 1.1 —5.7 —28.2 29.3
T-21 Limestone 0.30 1.9 —6.6 —26.9 28.8
T-22 Limestone 2.12 2.2 —-6.9 —27.2 294
T-23 Limestone 2.00 2.7 —49 —26.5 29.2
T-24 Limestone 0.94 2.2 —6.6 —27.3 295
T-25 Limestone 1.26 15 —6.5 —-27.1 28.6
T-26 Limestone 0.39 1.7 —7.9 —28.6 30.3
T-27 Limestone 1.19 1.7 —8.6 —27.2 289
T-28 Limestone 1.68 2.4 -7.7 —27.1 29.5
T-29 Limestone 0.57 3.5 —5.1 —26.8 30.2
T-30 Limestone 0.33 4.3 —5.1 —26.3 30.7
T-31 Limestone 0.34 3.4 —8.5 —27.1 30.6
T-32 Limestone 0.97 3.8 —5.8 —27.3 31.1
T-33 Limestone 0.32 3.6 —5.7 —26.3 29.9
T-34 Limestone 0.23 4.2 —6.1 —24.8 29.0
T-35 Limestone 0.32 4.1 —5.8 —25.8 29.9
T-36 Limestone 0.70 3.1 —6.2 —26.9 30.0
T-37 Limestone 0.27 44 —6.1 —26.2 30.5
T-38 Limestone 0.34 4.2 —5.8 —27.2 314
T-39 Limestone 0.20 3.8 —-5.3 —26.8 30.7
T-40 Limestone 0.29 3.6 —6.9 —26.7 30.3
T-41 Limestone 0.18 3.5 7.2 —26.2 29.7
T-42 Limestone 0.27 3.1 —6.2 —26.7 29.8
T-43 Calcareous shale 0.61 3.1 —6.2 —274 30.6
T-44 Limestone 1.18 2.8 —6.9 —28.3 31.1
T-45 Calcareous shale 1.82 2.8 —6.4 —26.8 29.6
T-46 Limestone 1.57 2.2 —6.4 —-27.1 29.3
T-47 Limestone 0.51 2.3 —7.4 —28.0 30.2
T-48 Limestone 0.33 2.7 —6.4 —27.0 29.7
T-49 Limestone 0.65 2.4 7.1 —-27.1 29.5

T-50 Limestone 0.75 2.6 —5.6 —27.3 29.9
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Figure 4. The variation relationship of 13ccarb, 13Corg, TOC, and A813C at the Putaoling section during
the Kungurian. The solid curves of the 13 Cearb- 13Corg, TOC, and A813C values in the Putaoling section

are 3-point running averages.

The §'3C.y1, undergoes four stages according to different variation characteristics. It
ranges between 1.3%. and 3.0%o. in TST1 (ascent stage), showing a slight rising trend in the
early stage and reaching a stable state in the middle and late stages. In mfs1 nearby (decline
stage), 5!'3C,qp reduces from 2.13%o to 1.07%o. It is kept within a high-value interval in RST1
and TST?2 (stable stage), ranging between 3.1%o. and 4.4%.. In RST2 (slight decline-steady
stage), the value stabilizes at 2.3%0~2.7 %o after reducing from 3.1%. to 2.2%., showing a
small amplitude of fluctuation (Table 1 and Figure 4).

The carbonate 613C0rg values vary between —28.6%. and —24.8%. at the Putaoling
section. The variation trend of 513C0rg is positively correlated with the 5§!3C.,y, curve,
showing a correlation coefficient of 0.5. Similar to §'3C,, 613Corg also rises slightly in TST1
but still fluctuates within the range of —28.0%o~—26.6%o. In mfs1 nearby, §'3Cg negatively
correlates with §13C_,4, with a similar amplitude of fluctuation (about 1.0%o.) of a positive
shift. 613Corg values are higher (—27.3%0~—24.8%.) in RST1 and TST2, and fluctuate in a
wider magnitude than the §!'3C,,, in the middle stage. In mfs 2 nearby, 613C0rg reduces
from —27.4%0 to —28.3%0, and then rises back to about —27.0%0 in RST2, after which
813Cyrg changes steadily until it reaches the Gufeng Formation (Table 1 and Figure 4).

A3C changes in a similar way to §'3C,,, at the Putaoling section. It first rises slightly
from 28.9 %o to 30.4 in TST1. In mfs] nearby, A'3C declines gently to the minimum value of
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28.4%o, and its negative shift occurs later than that of 613C0rg and 8'3C_,p. In RST1 and
TST2, A3C increases rapidly from 29.5%. to 30.2%., and then reduces to 29.0%. gradually
before rising back to 31.4%o., but at the end of this stage, it declines slowly to 29.5%. again.
ABC fluctuates slightly in RST2, changing within 29.0~31.0%o (Table 1 and Figure 4).

5. Discussion
5.1. Diagenesis Effects on the Carbon Isotopic Compositions

The carbon and oxygen isotopes in seawater contain a wealth of information regarding
paleoclimate and paleoenvironment. However, due to the lack of paleoseawater samples
during the reconstruction of the paleo-ocean, these isotopes in the paleo-ocean are indirectly
studied based on the characteristics of sediment carriers that are preserved intact, such as
carbonate shells and whole rocks. Since these shells are distributed heterogeneously along
the profile, a continuous stratigraphic record can be established for the carbon and oxygen
isotopes of carbonate [40,41]. According to the microscopic thin section examination,
limestones show typical argillaceous microcrystalline texture, which indicates that samples
are weakly affected by the diagenesis.

The diagenetic alteration in the isotopic composition of bulk carbonate can also be
assessed by means of oxygen isotopic composition. When the §'80 value is less than
—11%o, it means samples have undergone a serious alteration. In this case, the carbon and
oxygen isotopes cannot reflect the paleo-ocean information [42]. §'3C_,, and 580 tend
to decline simultaneously under the influence of diagenesis and consequently present a
positive correlation between them [43]. The 5180 values of —4.9%o to —9.3%. and the weak
correlation between §'3C,y, and 5§80 (R? = 0.12), as shown in Figure 5a, suggest a weak
diagenetic effect and represent original seawater signals.

(a) (b)
R’=0.12 BT R-04s
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Figure 5. Cross-plots between (a) 8'3C,p vs. 8180 and (b) §'3C,yp, vs. 613C0rg of the Putaoling
section, Chaohu.

The synchronically shifting organic carbon and inorganic carbon isotopic compositions
of sediments in this study (Figure 5b) generally reflect environmental information instead
of diagenesis [44]. Furthermore, the thermal alteration can only increase the absolute value
of 613C0rg but not affect the variation trend [45]. Therefore, the 613C0rg in this study is
weakly affected by the thermal alteration and therefore can clearly reflect the paleoseawater
information at that time.

5.2. Global Correlation of Kungurian Carbon-Isotope Excursions

The Chihsia Formation in the Putaoling section shows two negative carbon-isotope
excursions in the Kungurian, i.e., about a 1.8 %.-magnitude excursion in the early Kungurian
and about a 0.9 %.-magnitude excursion in the later Kungurian (Figure 6). The first negative
excursion in the lower Kungurian can be correlated with those in other places such as
South China (Guizhou, Tongle, and Guangyuan sections) [19,20,46], North China (Yuzhou
coal field) [21], America, Eastern Australia, and South Africa (Figure 6) [47,48]. This global
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negative excursion in the early Kungurian is known as the Kungurian carbon isotopic
event (KCIE), whose carbon isotopes negative excursion is 1.0%o to 3.5%o, with an average
value of 1.60%.. In the later Kungurian, there is a slight negative shift of 5!3C (0.9%. in
magnitude), which is not a global record of carbon isotope negativity (Figure 6). This may
represent a local facies control of carbon isotopic variations. This conclusion is consistent
with the facies transition from shallow-water facies to deep-water facies mentioned above.

Guadalupian

Roadian

Cisuralian

kungurian

(d) (e) () (h) (O]

KCIE

1 23 4 28-27-26-25 1 23 4567 12345 —-32-29-26 -23 -26 -25 —24 -23 123456 -28-26-24-22-20-28-26-24-22-20
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8"C.,u(%0) 3"

C,,(%0) 87C.,,(%o) C.,.(%0) 8"°C,, (%) 8"°C,, (%) §7C.,.(%0) 8"C,,,(%0) 5°C, (%)

Chaohu, South China Tongle, South China Shangsi, South China Yuzhou, North China Rockland Ridge, USA Eastern Australia ~ Moatize Basin,

Southern Africa

Figure 6. Permian-Kungurian carbon isotope stratigraphic division and correlation. (a) 8'Cp
curve in the study area (marine strata, Lower Yangtze region, South China); (b) 613C0rg curve in the
study area (marine strata, Lower Yangtze region, South China); (c) §!3C.,, curve in Tongle section
(marine strata, Youjiang Basin, South China; [19]); (d) 813C yp curve in Shangsi section (marine strata,
Sichuan Basin, South China; [46]); (e) 613Corg curve in Shangsi section (marine strata, Sichuan Basin,
South China; [46]); (f) 613C0rg curve in Yuzhou section (terrestrial strata, North China Platform; [21]);
(g 613Cmrb curve in Rockland Ridge section (marine strata, Nevada, USA; [49]); (h) 513C0rg curve
in Eastern Australia section (terrestrial strata, Australia; [47]); (i) 613C0rg curve in Southern Africa
section (terrestrial strata, Moatize Basin, Southern Africa; [48]).

5.3. Causes of the KICE during the Early Kungurian

The Permian is an important stage of a drastic climate transition. For example, the
extreme icehouse climate in the early Permian (i.e., the peak period of the LPIA) became
increasingly warming and entered a long-term greenhouse climate in the late Permian [50].
However, there is still debate about the exact timing of ice melting during the LPIA [51].
Recent research on Permian conodont apatite oxygen isotopes in southern China suggests
that the oxygen isotope values decreased from the early-middle Guadalupian and reached
their lowest value in the late Kungurian (a 2%. decrease), indicating that the main ice
melting period of the LPIA occurred between the Guadalupian and Kungurian [52]. The
depositional period of the Chihsia Formation is the maximum transgression of the Permian
in South China, and it just corresponds to Kungurian [53] or includes Kungurian [54]. As
such, it is widely believed that the extensive transgression of the Permian in southern China
was controlled by this glacial melting event. However, the sea level change does not vary
consistently with the variations of the carbon isotope composition in the whole Kungurian.
This excludes the rising sea level as the main cause of the KICE.

The KICE coincided with the beginning of the atmosphere’s CO; rising from 600 pL-L~!
to 3800 pL-L~! during the early Kungurian Stage [55] (Figure 7d). It means that an ac-
celerated release of greenhouse gases may be responsible for the KICE. A large igneous
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province (about 280 Ma) originated from a mantle plume that erupted in the north margin
of Gondwana [56] in the early Kungurian. Lu et al. (2021) [21] considered that the Okhotsk
Taigonos volcanic arc (278.8 £ 3. 0 Ma; [57]) and the Tarim LIP (284-272 Ma, with peak
activity at ~280 Ma) are the important sources of CO, release in the early Kungurian. In
addition, the volcanism caused by intense tectonic rifts under the influence of mantle
plumes in the Shenza area of the Lhasa block [57-60] may also have provided additional
greenhouse gases during the early Kungurian. A large amount of CO, entering water will
affect the supply of carbon sources during the carbon isotope fractionation process, which
could be a major cause of carbon isotope negative bias during KCIE.

After the KCIE in the middle Kungurian, the values of §'C,, and 513C0rg return to
normal values, with a higher A'3C value of <29%. (Figure 4). During the middle Kungurian,
the volcanic activities and mantle plumes are not active [21]. The rapid chemical weathering
of the volcanic rocks erupted during the early Kungurian reduces the concentration of
COy and cools the climate in the middle Kungurian. Meanwhile, the higher ABC values
may reflect enhanced primary productivity and photosynthesis. Therefore, the slightly
positive or normal carbon isotopic compositions in the Kungurian represent an ameliorative
environment during this time.

In the early Kungurian, the global climate changed from cold to warm [22]. Such warm
climate conditions strengthened the occurrence of upwelling in low-latitude regions such
as the Yangtze region in South China [29,61-63]. The low-latitude upwelling was expected
to promote the algae blooms and higher primary productivity, which could increase the
consumption of oxygen. Furthermore, the rapid transgression of sea level promoted the
stratification of the water column, which is conducive to the preservation of organic-rich
limestone during TST1. Kump and Arthur (1999) [64] suggested that increased global burial
of organic matter could result in the removal of isotopically light carbon (}2C), leaving
behind the heavier carbon isotope (*>C) in the marine carbon reservoir. This, in turn,
would cause a rise in the '3Cpyc values of seawater, ultimately leading to more positive
813C411 values in marine carbonate minerals. This may account for the increasing trend
of §13C .y, values during the TST1 (Figures 4 and 7). As the temperature further rose,
seawater stratification tended to be strengthened in association with the weakening of
ocean currents, resulting in the formation of widely distributed organic-rich shales and
siliceous rock during mfs1. The anoxic marine environment had a severely negative impact
on the diversity of marine organisms. Foraminifera species numbers in the Gongchuan
section of South China have dropped significantly (Figure 7f), and the conodont belt in
the Tieqiao section has low abundance and low diversity [19]. The same decline situation
occurs in relative species diversity in fusulinids of the North American shelf as well as
eastern Australia and New Zealand (Figure 7g,h) [19,65-67].

In the middle Kungurian, the intensity of volcanic activity gradually weakened [55,56,68,69].
The climate turned toward cooling as the greenhouse gas input gradually decreased.
Under such climatic conditions, the volume of oxygen-rich seawater increased due to
enhanced ocean current circulation. During this process, the biodiversity, such as species of
foraminifera, fusulinids, brachiopods, and bivalves, gradually recovered [19,65-67].
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Figure 7. Correlations of organic carbon isotope and inorganic carbon isotope records and the
paleoenvironmental events from the Permian-Kungurian stages. (a) Vertical change trends in 513C arb
in the study area (this study); (b) vertical change trends in 613Corg in the study area (this study);
(c) volcanic activity from [56,57,68,69]; (d) carbon dioxide levels from [55]; (e) extent of paleotropical
coal forests from [70]; (f) foraminifera species number across the GC section from [19]; (g) the relative
species diversity in fusulinids of the North American shelf is taken from [65,66]; (h) the species
diversity in brachiopods and bivalves of eastern Australia and New Zealand is adapted from [67];
(i) reef development, evolution, and crisis adapted from [71-73].

6. Conclusions

According to the Chihsia Formation of Putaoling section rock characteristics and
the microscopic thin section authentication, seven types of facies are identified and are
composed of lower slope, upper slope, and platform facies associations. The facies analyses
show that the Kungurian Stage experiences two obvious transgressive-regressive cycles;
paleoclimatic changes controlled the sedimentary records and sea level fluctuations. The
Kungurian, corresponding to the maximum transgression of the Permian in South China,
is the ice-melting beginning period of the LPIA.

Early Kungurian carbonate rock effectively recorded the presence of the short-lived
KCIE. The rapid negative carbon isotope of the KCIE was closely related to the huge CO,
emission, which entering seawater will affect the supply of carbon sources during the
carbon isotope fractionation process. As the temperature increased, rising sea levels would
accelerate the stratification of the water column, resulting in an anoxic environment. At
this stage, lower oxygen content may cause a sharp decline in biological species such
as foraminifera, fusulinids, brachiopods, and bivalves. In the middle Kungurian, the
intensity of volcanic activity gradually weakened and the climate turned cold, which
accelerated oceanic ventilation rates and led to increased oxygenation of deep-shelf water
masses. Meanwhile, the higher A'3C values may reflect enhanced primary productivity and
photosynthesis, which promote the prosperity of biological species. Our study provides a
good case for better understanding the links between marine carbon cycle fluctuations and
climate change.
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