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Abstract: The Permian global mass extinction events and the eruption of the Emeishan flood basalts in
the Upper Yangtze region should display certain responses during the evolution of carbon isotope. In this
paper, the Permian carbon isotopic evolution in the Upper Yangtze region is examined through
systematic stratotype section sampling and determination of **C in the northern Upper-Yangtze regions
and Southern China. Additionally, the carbon isotopic evolution response characteristics of the
geological events in the region are evaluated, comparing the sea-level changes in the Upper Yangtze
region and the global sea-level change curves. Results of this study indicated that the carbon isotopic
curves of the Permian in the Upper Yangtze region are characterized by higher background carbon-
isotope baseline values, with three distinct negative excursions, which are located at the Middle-Late
Permian boundary and the late period and end of the Late Permian. The three distinct negative
excursions provide an insightful record of the global Permian mass extinction events and the eruption of
the Emeishan flood basalts in the Upper Yangtze region. The first negative excursion at the Middle-Late
Permian boundary reflected the eruption of the Emeishan flood basalts, a decrease in sea level, and
biological extinction events of different genera in varying degrees. The second negative excursion in the
Late Permian included a decrease in sea level and large-scale biological replacement events. The third
negative excursion of the carbon isotope at the end of the Permian corresponded unusually to a rise
rather than a decrease in sea level, and it revealed the largest biological mass extinction event in history.

Key words: carbon isotope, mass extinction, eruption of Emeishan Flood Basalts, Permian, the Upper
Yangtze region

1 Introduction

In geological history, the carbon isotope composition is
an important index for studying the biological events and
environmental changes that occur over time. Many
important events in the development and evolution of the
earth are recorded that have the potential to affect global
changes in sea level, greenhouse or icehouse climatic
conditions, relative changes in the stocks of organic and
inorganic carbon, and biological extinction or replacement
(Guo Qingjun et al., 2006; Wang et al., 2009; Zeng et al.,
2012; Wei, 2015; Liu Shuhua et al., 2016; Lan Yefang et
al., 2016). Organic carbon isotopes in sediments have
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frequently been used to identify the source of organic
matter (Wu Libin et al., 2017; Wu Xiaoqi et al., 2017).
Since the 1990s, significant progress has been made in the
study of carbon isotopes in marine carbonate rocks. The
change in carbon isotopic composition in carbonate rocks
can reflect the organic carbon production in a paleo-ocean
environment (Magaritz et al., 1988; Li Renwei et al.,
1999; Zhu Jingquan, 2004; Cui et al., 2017). Previous
studies on carbonate rocks have reconstructed the
thermohaline circulation process of the paleo-ocean
(Railsback et al., 1990; Wenzel et al., 1996). This research
has suggested that the carbon—oxygen isotopic
composition of carbonate rocks is closely related to
paleoclimates and paleo-marine environments (Yan
Zhaobin et al., 2005; Michael and Chris, 2006; Shen
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Shuzhong et al., 2010; Munnecke et al., 2010; Sanson-
Barrera et al.,, 2015). Du et al. (1994) ascertained the
relationship between carbon—oxygen isotopes and sea-
level changes by studying the Upper Sinian-Ordovician
carbon—oxygen isotopic sections in the Kalpin area of
Xinjiang Province (Du Xiaodi et al., 1994). Huang et al.
(2012) measured the carbon isotopes of marine carbonate
rocks around the Permian—Triassic boundary in the Upper
Yangtze area, which reflected the rapid biological declines
and mass extinctions across the Permian—Triassic
boundary (Huang Sijing et al., 2012; Xiao Sheng et al.,
2015; Zhou Yexin et al, 2017).

The Permian is an important period for the formation,
development, and evolution of the united ancient land in
the world. There has been a series of major geological
events, including a high frequency of drastic eustatic
change in sea level (Haq and Schutter, 2008; Qiu et al.,
2014), extensive glacier activity (Veevers and Powell,
1987; Isbell et al., 2003; Chen et al., 2013), severe
volcanic activity, and biological extinctions (Wignall and
Twitchett, 1996; Wang and Sugiyama, 2000; Cao
Changqun et al., 2002; Payne et al., 2004; Korte et al.,
2006; Peng et al., 2007; Isozaki et al., 2007a, b; Heydari,
2008; Wignall et al., 2009; Isozaki, 2009; Korte et al.,
2010; Shen Shuzhong et al., 2010; Shen et al., 2011;
Payne et al., 2011; Hermann et al., 2011; Liu et al., 2013;
Burgess et al, 2014; Song et al., 2015; Zhang et al., 2015;
Erwin, 2015; Qian Xin et al., 2016). The Emeishan flood
basalts erupted in the Permian in the Upper Yangtze
region (Zhou et al, 2002; Xu et al, 2004; Zhang
Zhaochong et al., 2006; He et al., 2007; Luo Zhenyu et al.,
2007; Xu Yigang et al., 2013; Shellnutt, 2014). Sea-level
changes are controlled directly or indirectly by a series of
geological events, such as orogenic movements, glacial
activities, submarine expansions, and paleoclimates
(Huang Sijing et al.,, 2001, 2005, 2008; Coogan and
Dosso, 2015; Van der Meer et al., 2017; Goddéris et al.,
2017). The carbonaceous isotopic composition and
evolution of Permian seawater can record these geological
events, and it is thus worth studying the response and
evolution characteristics in the carbonaceous isotopic
records.

Outcrops of stratigraphic Permian marine carbonate
platforms were well developed in the northern part of the
Upper Yangtze and continuous marine sediments have
been recorded. In this paper, the carbon and oxygen
isotopic evolution of the Permian in the Upper Yangtze
region can be ascertained by the systematic sampling and
determination of 0"°C in stratotype sections of carbonate
in the northern Upper Yangtze region. Moreover, a
comparison of the relative sea-level changes in the Upper
Yangtze region and the global sea-level change curves can

be indicative of the relationship between the response
characteristics of Emeishan basalt eruptions and major
biological extinction events to carbon and oxygen isotope
evolution curves. Such a comparison can also reflect the
response of carbon and oxygen isotope evolution
associated with the above mentioned geological events in
the Upper Yangtze region.

2 Geological Settings

Located in the northern margin of the Upper Yangtze
Block, the Tongjiang area in Sichuan Province is located
in the northeast part of the Sichuan Basin, in front of the
Micangshan thrust belt, with the center-Sichuan gentle
tectonic belt located to the south and the Dabashan arc-
shaped thrust belt located to the northeast (Fig. 1).

The northern margin of the Upper Yangtze was adjacent
to the Mianlue Ocean in Permian period (Fig. 2), and was
the passive continental margin of the Mianlue Ocean
(Dong et al., 2015; Dong and Santosh, 2016). During the
initial Qixia stage (Early Permian), widespread marine
transgression in the Yangtze region submerged the
Yangtze plate, which resulted in the sedimentation of
carbonate rocks as a stable platform in the Middle
Permian. The transgression further expanded during the
Maokou stage, forming an open carbonate platform,
carbonate shelf-slope system, and epeiric sea-hemipelagic
siliceous basin system from south to north, displaying a
typical continental margin.

At the end of the Maokou stage, the Upper Yangtze
region entered its peak of expansion, and the Emeishan
earth-shaking movement reached a climax with large-scale
eruptions of the Emeishan basalts (Zhou et al., 2002;
Zhang Zhaochong et al., 2006; He et al., 2007, Wang
Qingchen and Cai Liguo, 2007; Xu et al., 2008; Shellnutt
et al., 2014). After the Dongwu movement, the ancient
Mianlue Oceanic Basin of the Late Permian continued to
expand. The initial transgression in the Wujiaping stage
indicated that the scale of transgression was larger in the
west and smaller in the east. Coal-bearing sedimentary
deposits developed in the central and southern Sichuan
area, which were represented by the Longtan Formation,
while carbonate sediments of the Wujiaping Formation
were extensively deposited in the eastern Sichuan area.
The transgression coverage during the Changxing period
expanded and the scope of the northern deep-water basin
also expanded (Yang Yuqing and Feng Zengzhao, 2000).

The Permian in the northeastern Sichuan Basin from
bottom to top consisted of the Middle Permian and the
Upper Permian, while the Lower Permian was generally
missing (Li Xia et al., 2005). The Middle Permian
includes the Qixia and Maokou Formations, and the Upper
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104°

Fig. 1. Tectonic units of the study area and location map of
the section.

108°

Permian consists of the Wujiaping and Changxing
Formations. The Permian is unconformably in direct
contact with the underlying Silurian in unconformity, and
is in contact with the overlying Triassic in conformity.

3 Section Lithology Characteristics, Samples,
and Methodology

The Permian stratigraphic stratotype section is located
in the Longhu Cave Scenic Area about 10 km north of
Pingxi, Tongjiang County, Sichuan Province, China (Fig.
3a).

3.1 Profile lithology and sedimentary characteristics
The Permian stratigraphic stratotype section of Longhu
Cave consists of the Qixia, Maokou, Wujiaping, and
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Fig. 2. Permian tectonic palacogeographic map of South China and the section location (after Wang and Cai, 2007).



ACTA GEOLOGICA SINICA (English Edition)

2370 Vol. 92 No. 6 http://www.geojournals.cn/dzxben/ch/index.aspx Dec. 2018
10630° 1070" 10730’ 10708’ 10710’ 10712’ 10714’
'.%.il:i.gq.l'n'lﬂ,Lj\\Ir‘;\‘;‘ll:;‘n:l.: o = ! =
3240° g}u-ﬂﬁi_é;-'um;"ﬂx--\}.{l‘_c"t“ %7‘_5' \
Tunujiuh‘;!:ér.i;u n : %, s)
Nanuh:mg B2 -‘\,‘:”7/ ’.’--":. 6'6‘? 3227
Chengdu N _\‘f l" N Ofﬁ;{? -
Chongging” AL e i '"}\ o
3220} L . ~Nantong ‘' | Pingxi 2% L% i, s
i+ 2 County i fc/ﬁ-} \\_ K S i A
e { L i j? \ ey ; ey
L \/_r ; o !'('\\*'{M oS P3 'Z'ST‘:
-2 B oy @ = ) : L
, ¢ ) & : —Ts0 Longhudong
: i )I\ Fg{l"uyu:fﬁ\., ) o : = i '!
3200 G L N _1.3 o uxiang Temple i 3225’
/‘I??f‘?j‘h-l : )[ ! ‘mﬁmg\iiang Gounty o,
L ¢ Bazhong AR Py oz T2 . T2j
P ('{&w'—'-__-../--\/f_.' ol R . Shenhe Guttef . .
10630’ 1070’ 10730’ 10708’ 10710° 10712’ 107147

Fig. 3. Section location and geological sketch map of Longhu Cave section in the Tongjiang area, Sichuan Province, China.

(a), Section location of Longhu Cave Scenic Area in the Tongjiang area, Sichuan Province, China; (b), geological map of Longhu Cave Scenic Area in

Tongjiang area.

Changxing Formations from bottom to top. The Permian is
unconformably in contact with the underlying Silurian and
is conformably in contact with the overlying Triassic (Fig.
3b). In addition to the lack of a bottom of the Qixia
Formation and a short-term depositional discontinuity
between the Maokou and Wujiaping Formations, the
middle to Upper Permian are on the whole continuous
marine sediments, with a total thickness of 1102.6 m,
which is divided into 37 smaller layers (Fig. 4). The
specific lithology and sedimentary characteristics of the
section are as follows:

3.1.1 The Qixia Formation (P»q)

The Qixia Formation is unconformably in contact with
the underlying Silurian strata. It is generally composed of
dark-gray bone debris limestones with mud-sized grain
and micrites, with black-gray carbonaceous shales at the
bottom and chert nodule at the top. It has pimple-shaped
and augen structures, with fossilized small insects and
corals, and it consists of carbonate platform facies
deposition (Jin Yugan et al,, 1999; Li Guohui et al.,
2005).

3.1.2 The Maokou Formation (P, m)

The Maokou Formation is conformable in contact with
the underlying Qixia Formation. The lower part includes
black-gray and dark-gray micrites with mud-sized grains,
bone debris micrites with black calcareous shales, with a
thin layer of siliceous rocks in the top section. The middle
section consists of light-gray and dark-gray thick-layered
bone debris micrites, bioclastic limestones, and micrites
with chert nodules. The upper section includes light-gray
micrites with chert nodules and bioclastic limestones, and
it also consists of carbonate platform facies deposition
(Wang Chengshan et al., 1999; Deng Hongying et al.,

1999; Li Guohui et al., 2005).

3.1.3 The Wujiaping Formation (Psw)

The Wujiaping Formation is parallel unconformably in
contact with the underlying Maokou Formation, whose
bottom often developed the Wangpo shale member, the
Wuyjiaping Formation has coal-bearing strata of marine-
terrigenous facies. Which consist of variegated aluminous
shales or claystones, with carbonaceous limestones,
bauxites, coal lines, and lenticular limestones, including
plant fossils. While this section missed the Wangpo shale
member, the main body of the Wujiaping Formation
includes gray, and light taupe-gray thick-layered massive
micrites, limestones with calcareous, siliceous, and
carbonaceous shales, mainly distributed to the northeast of
Sichuan Province, it includes carbonate platform facies of
the epicontinental sea (Jin Yugan et al., 1999; Li Guohui
et al., 2005).

3.1.4 The Changxing Formation (PscC)

The Changxing Formation is conformably in contact
with the underlying Wujiaping Formation. The lower
section consists of dark-gray thick micrites, bone debris
limestones, and a small amount of black calcareous shales.
The middle-upper section is a gray middle-thick layer
containing chert nodules, zebra limestone and dolomite
limestones. The top section includes steel-gray thin-layer
micrites, interbeds of dolomite limestones and claystones
in different thickness containing siliceous layers and flint
strips, and it also consists of carbonate platform facies
deposition (Jin Yugan et al., 1999; Li Guohui et al., 2005).

3.2 Sample collection
A total of 102 limestone samples were collected from
bottom to top in the stratigraphic Permian section of
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Fig. 4. Composite columnar map and sample locations of the Permian in the Tongjiang area, Sichuan Province,

China.
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Table 1 Statistics of Permian samples in Tongjiang area,
Sichuan province

. Number Thickness Number of  Sampling
Formation .
of layers (m) samples density (m)
Qixia Formation 5 38.70 6 6.4
Maokou Formation 9 207.3 22 9.4
Wujiaping Formation 12 372.6 47 8.1
Changxing Formation 11 472.5 27 17.5

Longhu Cave in Tongjiang, Sichuan Province with an
average interval of 11.7 m (Table 1; Fig. 4). Among them,
six samples are from the Qixia Formation with a total
thickness of 38.7 meters, 22 samples are from the Makou
Formation with a total thickness of 207.3 meters, 47
samples are from the Wujiaping Formation with a total
thickness of 372.6 meters, and 27 samples are from the
Changxing Formation with a total thickness of 472.5
meters (Table 1).

3.3 Analysis and testing

The carbon isotope analysis was completed by the State
Key Laboratory of Loess and Quaternary Geology at
Institute of Earth Environment, Chinese Academy of
Sciences. A total of 102 samples were selected and
analyzed by the classical phosphoric acid method for
carbon isotope analysis. This method requires the first
sample pretreatment, that is, CO, gas was extracted from
the carbonate rock, followed by the use of a MAT252
mass spectrometer to measure the isotopic composition of
CO, gas which was previously obtained, and the §"°C
values of carbonate samples could then be tested. In
isotope analysis, the choice of sample is crucial. Fresh,
clean, non-polluting samples were selected to avoid
carbonate samples that have clearly recrystallized or
contain calcite veins. The CO, gas was analyzed for
carbon isotopes using the MAT252 stable isotope gas
mass spectrometer, and the value of 6"°C was obtained
using Pee Dee belemnite (PDB) standards with an analysis
and testing accuracy of 0.1%.

4 Test Results and Carbon and Oxygen
Isotope Evolution Characteristics

41 Carbon and
characteristics
4.1.1 Carbon isotope composition characteristics

The maximum 0"C of the Permian of the Tongjiang
area in Sichuan Province was 4.8%o, the minimum was
—0.6%o, and the average was 3.18%o. The 5"°C value of the
Qixia Formation was between 1.8%o0 and 2.7%o, with an
average of 2.5%o. The 6"°C value of the Maokou
Formation was between 2.3%o and 4.8%o, with an average
of 3.6%o. The 6"°C value of the Wujiaping Formation was
between 0.4%o and 4.6%o, with an average of 3.0%.. The

oxygen isotope composition

Table 2 Statistical characteristics of carbon isotopic
composition of samples from Permian in Tongjiang area,
Sichuan province

Qixia Maokou  Wujiaping Changxing

;13
0" Cvalue Formation Formation Formation Formation
Number of samples 5.0 21.0 47.0 27.0
Maximum 2.7 4.8 4.6 4.7
Minimum 1.8 2.3 0.4 —-0.6
Average value 2.5 3.6 3.0 3.4

5"C value of the Changxing Formation was between
—0.6%o and 4.7%o, with an average of 3.4%o (Table 2).

4.1.2 Oxygen isotope composition characteristics

The maximum 0'®O of the Permian in the Tongjiang
area of Sichuan Province was —3.2%o, the minimum was
—10.6%o, and the average was —5.3%o. The 6'°0 value of
the Qixia Formation was between —10.6%0 and —5.3%o,
with an average of —8.1%o. The ¢'*0 value of the Maokou
Formation was between —8.0%0 and —3.8%0, with an
average of —5.6%.. The 6'°O value of the Wujiaping
Formation was between —7.7%o0 and —3.2%o, with an
average of —4.9%o. The 'O value of the Changxing
Formation was between —7.0%0 and —4.5%., with an
average of —5.2%o (Table 3).

42 Carbon and evolution
characteristics
4.2.1 Carbon isotope evolution characteristics

The 0“C value of the Qixia Formation increased
gradually from bottom to top. The §"*C value of middle
and lower part of the Maokou Formation was relatively
high, and the value of §"°C decreased sharply at the top of
the Maokou Formation. The §"°C value of the Wujiaping
Formation showed an increasing trend. The §"°C value of
the Changxing Formation can be divided into a lower part
and an upper part, where the 6"°C value of the lower part
evolved from high to low, and the value of 5"°C decreased
to 3.4%o in the middle and then increased in the upper part.
The 0"°C value decreased rapidly again at the top of the
Changxing Formation at the Permian—Triassic boundary
(Fig. 5).

The Permian carbon isotope curve in the Upper Yangtze
region showed a high carbon isotope background as a
whole. There were three significant negative excursions in
the boundary line of the Middle-Late Permian, the Late

oxygen isotope

Table 3 Statistical characteristics of oxygen isotopic
composition of samples from Permian in Tongjiang area,
Sichuan province

Qixia Maokou  Wujiaping Changxing

18
070 value Formation Formation Formation Formation
Number of samples 5 21 47 27
Maximum =53 -3.8 =32 —4.5
Minimum -10.6 -8.0 =7.7 =7.0
Average value —8.1 —5.6 —4.9 —5.2
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Fig. 5. Permian carbon and oxygen isotope curves and sea-level change curves in Tongjiang, Sichuan Province, China.
The sea level change was based on Upper Yangtze data compiled by Chen Zhongqiang, 1995; Qin Jianxiong et al., 1998; Wang Chengshan et al., 1999,
and global sea—level change curves from Hagq et al., 2008.

Permian, and the end of the Late Permian, and there was a
temporary positive balance at the end of the Middle
Permian, and the curve abruptly changed at the boundaries

of the strata.

4.2.2 Oxygen isotope evolution characteristics

The shape of the Permian oxygen isotope evolution
curve of the study area was stable overall. From the Qixia
Formation to the top of the Maokou Formation, the
oxygen isotope curve gradually presented stable positive
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excursions. Thereafter, the oxygen isotope curves of the
Wujiaping and Changxing Formations only fluctuated
near the positive average value. At the top of the
Changxing Formation, which is also the boundary
between the Permian and the Triassic, the 4'°0 value
rapidly decreased to —7%o, and the oxygen isotope curve
showed a significant negative excursion, which was
indicative of a decrease in seawater evaporations and
salinities, which corresponded to a rapid rise in sea levels.

5 Discussions

5.1 Discussion of geological significance of carbon and
oxygen isotope characteristics

The carbon isotope in geological history is less affected
by diagenesis. The 0"°C values of the samples can
basically represent the carbon isotope compositions in the
original formation during a particular period. Therefore,
the organic carbon burial rates, sea-level changes, and
paleontological evolution during geological history could
be recovered by the evolutionary characteristics of the
8"C values (Li Yucheng, 1998; Wang Kun et al., 2016).

5.1.1 Effect of organic carbon burial rates on carbon
isotope evolution

The values of 6'°0 and 6"°C in modern seawater are
basically maintained at around 0%o (Chen Jinshi and Chen
wenzheng, 1983); Keith et al. (1964) researched 321
carbonate rocks samples of different ages, obtaining an
average 0°C value of 0.56%o (Keith and Weber, 1964);
Veizer (1974) suggested that the §"°C value of general
marine carbonates ranges from —5%. to 5%o (Veizer,
1974). There was only one negative datum in the 6"°C
values of the Permian carbonate rocks in the study area,
and the rest were positive and ranged from 0%o to 5%o, and
the §"°C values of 62 of the 100 samples ranged from 3%o
to 5%o. Therefore, results suggest that there is a strong
positive excursion in the ¢"°C value of marine carbonates
during the Permian period in the study area.

The change of 6"°C values is closely related to the burial
rates of organic carbon during the same period. When
there is a large amount of organic carbon quickly buried, it
will absorb excess amounts of the light carbon isotope '*C
from the natural carbon pool, which results in the decrease
of the light carbon isotope '>C and a relative increase of
isotope *C in the carbon pool, which also causes an
increase in the heavy carbon isotope C in seawater,
which are in equilibrium together, and as a result, a
relative rise in carbon isotope 6"°C values are induced in
marine carbonate rocks that are deposited during the same
period, generating positive excursions in the carbon
isotope curves. This suggests that the high-speed

accumulation of organic carbon occurred in the Permian
period in the study area based on high ¢"C values of
Permian marine carbonate rocks in the study area.

5.1.2 Effect of sea-level changes on carbon isotope
evolution

The carbon isotope curve of Permian carbonate rocks in
the study area is similar to the global sea-level change
curve (Fig. 5), where abnormal phenomena only occurred
at the end of the Permian period, and thus, the carbon
isotope curves can generally reflect global sea-level
changes. As shown in Figure 5, the carbon isotope
evolution curve of the Permian period in the study area is
substantially similar to the sea-level change curve during
this period. During the Qixia period, due to the warming
climate, glaciers melted in the study area, extensive and
persistent transgressions occurred in South China, and the
5"C values of the Qixia Formation also continued to rise.
During the Maokou period, the sea level continued to rise
after the Qixia period, and in the early Maokou period, the
sea level rose to the highest point of the Permian, and the
8"C value of the corresponding marine carbonate strata in
this period also reached 4.6%.. Subsequently, the ¢C
value decreased with the sea level, and at the end of the
Maokou, the largest regression event occurred in the
Permian in southern China, the sea level rapidly decreased
to the lowest point during the Permian period, the
corresponding 0"°C value also decreased to 0.4%o, and the
evolution curve of 6"°C shows the same fluctuation pattern
as the sea-level change curve.

At the initial stage of the Wujiaping period, the sea
level began to rise, at this time the 0"°C value also
increased from 0.4%o, and in the process of rising, the 6"°C
value evolution curve and the sea-level change curve had
three small-scale fluctuations. In the early part of the
Changxing period, the sea level continued to rise
accompanied with a 6"°C value of 4.7%o, and subsequently
the sea level began to fall, the fluctuation in sea levels also
had obvious responses to changes in the 6"°C values.
However, at the end of the Changxing period, large-scale
transgressions occurred in South China, §"*C values did
not increase with rising sea levels. By contrast, the 6"°C
values quickly dropped from 4.6%o to 1.9%o at the top of
the Changxing Formation. This unusual negative shift was
primarily due to the end-Permian mass extinction.

The changes in sea level rise and fall affect the changes
in 6"°C values, and the evolution of 5"°C values are often
positively correlated with the rising and falling of sea
levels. There are many reasons to consider the negative
excursion of carbon isotopes corresponding to the
regression. First, when sea level is falling, large quantities
of organic matter that were originally in the underwater
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environment were exposed to air and then oxidized to
CO,, which was enriched with '°C, and CO, entering the
CO,-HCO;3 -CaCOj; system of seawater then resulted in
the enrichment of '>C in seawater. Therefore, *C was
relatively depleted and the carbon isotope of carbonate
moves to negative values. Secondly, during periods of
falling sea levels, river transportation was enhanced, and a
significant amount of terrestrial organic matter was thus
expelled into the ocean by river systems. Since the
terrestrial organic matter could not be effectively
preserved and oxidized to CO, which is enriched with 2c,
adding it to seawater resulted in the enrichment of '*C and
a reduction of "°C in seawater, reducing the heavy carbon
isotope content in carbonate, and it also caused an increase
in the magnitude of changes in heavy carbon isotopes.
Thirdly, the decrease in sea level usually corresponded to
the development ice age period, in which the surface
temperature of seawater decreased, which increased the
solubility of CO, and increased the dissolved CO, content
in surface seawater, while the corresponding "*C content
decreased, resulting in a decrease in 0"C values of
carbonate rocks during this period. Finally, during the
period when sea levels fell, the number of marine
organisms decreases due to shrinking living space. Thus,
the reduction of marine organisms resulted in a decrease in
organic matter production, and a large amount of '>C and
HCO;™ cannot be utilized, which resulted in the relative
enrichment of '>C in seawater and decreased carbonate
0"C values and negative excursion of the carbon isotope
curve.

The positive excursion of the carbon isotope curve
corresponded to a rise in sea level, which caused marine
organisms to flourish and biological effects to increase,
whereby the metabolism of the organisms and the
photosynthesis of the algae continuously consumed the
"2C in the seawater, and the production of organic matter
increased. Living space can increase in periods of rising
sea levels, and the possibility of oxidation of organic
substances is reduced, thus quickly and efficiently
preserving it. If evaporation is involved in this process and
a considerable part of the '°C preferentially escapes in the
gas phase, these processes both result in a decrease in the
light carbon isotopes in seawater, and a relative
enrichment by heavy carbon isotopes, resulting in an
increase in the carbon isotope values of carbonate and a
positive excursion in the carbon isotope curve. In addition,
sea-level rise results in a weakening of fluviation,
resulting in the recession and reduction of the oxidation
area associated with land previously exposed to air.
Erosion products are also reduced and the amount of
organic carbon expelled into the ocean from river systems
is also reduced. As the impact of terrestrial organic matter

decreases, it results in a relative lack of '*C and
enrichment of "“C in seawater. The §"°C value of the
balanced carbonate correspondingly increases, and there is
a carbon isotope curve positive excursion.

5.1.3 Influence of prospering or declining biology on
carbon isotope evolution

There are dioxide carbon pool and reduction carbon
pool of two major carbon pools in nature, the excursion of
0"C values are caused by a relative change in the ratio
between the two major carbon pools (Mackenzie and
Pigott, 1981). The oxide carbon pool is mainly carbonate
sediments with relatively high 6"°C values (modern value
is 0.4%o) (Arthur et al., 1985), while a reduction in the
carbon pool is organic carbon or biosphere carbon pools
with relatively low 0°C values (average is —25%o),
because of the biological fractionation (Arthur et al.,
1985), the difference 6"°C values between the two major
carbon pools is approximately 25%o.. When the carbon in
the biosphere carbon pool changes, the quantity of carbon
in the carbonate carbon pool will inevitably change, and
the values of §"°C will change accordingly.

During the Permian in the study area, there were three
large mass extinctions of biological organisms. The first
occurred from the end of the Maokou period to the initial
stage of the Wujiaping period, when sea levels fell, and a
large number of foraminifera, ammonites, brachiopods,
and corals went extinct in varying degrees. As shown in
Figure 5, the evolution curve of 0"°C shows a significant
negative excursion from the end of the Maokou period to
the initial stage of the Wujiaping period, and the §"°C
values was reduced to 0.4%.. The second mass extinction
occurred between the Wujiaping and Changxing periods
(He Xilin and Shen Shuzhong, 1988), when a large-scale
organism alteration occurred, as Figure 5 also clearly
shows. After the Wujiaping period, there was a gradual
negative excursion of the 6"°C vale, which indicated that
old species at this time were greatly reduced and many
disappeared. The ¢"°C values in the middle of the
Changxing Formation was reduced to a minimum and
after the middle of the Changxing period to the Late
Permian, 6"°C values began to rise in a positive excursion,
indicating that there was a recovery of new species after
the old species declined the study area. The third
extinction occurred at the end of the Changxing period,
which corresponds to the Permian—Triassic boundary. The
largest mass extinction in history occurred in this period
(Wignall and Twitchett, 1996). At the end of the
Changxing period, as shown in Figure 5, at the boundary
between the Permian and Triassic, the carbon isotope
curve rapidly shifted to a negative excursion with the 6"°C
values reduced sharply from 4.1%o to 1.9 %o.
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The changes in 6"°C values of the Permian in the study
area were closely related to the rise and fall of biological
organisms, with the prosperity of these organisms
corresponding to the high values of carbon isotopes, while
the mass extinction period corresponded to the low values
of carbon isotopes. In periods of biological prosperity, the
increasing marine biological activity and burial of organic
carbon can increase consumption of '>C in the atmosphere,
while it reduces the '*C reduction, causing a decrease in
the '*C exchange from seawater to the atmosphere, which
finally results in a relative increase in seawater °C, so that
the values of §"°C in carbonate rocks increased and the
carbon isotope curve shifts with positive excursion.

When the old species of organisms were subject to mass
extinction, the new species did not recover during this gap,
marine biological activity weakened, the burial of organic
carbon decreased, the number of '’C in organic carbon
pool drastically decreased, and a large amount of the '°C
was transferred from the atmosphere to the seawater due
to the circulation of the atmosphere and seawater. This
resulted in a decrease of 0"°C in carbonate rocks deposited
during the same period, and led to the negative excursion
of the carbon isotope curves.

5.1.4 Effect of volcanic activity on carbon isotope
evolution

The composition of marine organic carbon isotopes was
directly affected by the '*C/"*C ratio of dissolved carbon in
seawater and the total amount of CO,. The most direct
effect of volcanism was associated with its huge amounts
of CO, rich in '*C (Korte et al., 2010; Self et al., 2014;
Bond et al., 2015), so that the concentration of dissolved
2C during the same period of atmosphere and seawater
increased, leading to a steep drop in 513C0rg in a short
period of volcanic activity (Self et al., 2006; Yang
Zhengyu et al., 2009; Hu Qing et al., 2011; Wei Hengye et
al., 2012). In addition, a large amount of CO, released by
large-scale volcanic eruptions causes a rise in surface
temperature, which led to a reduction of the carbon isotope
fractionation coefficient in seawater. As a result the °C
value of the sedimentary marine carbonate also decreased
(Peng Bingxia et al., 2006). In addition, volcanic
eruptions, tectonic uplifts and fractures caused by mantle
plume activity caused the submerged gas hydrates to
rapidly release a large amount of CH4 (methane) and CO,.
Methane released into the ocean can react with oxygen
and produce a large amount of CO,, which likely caused
significant changes in the oceanic-atmosphere carbon
transformation system, including a decrease of the carbon
isotope composition, global warming, and mass extinction
(Heydari et al., 2008).

5.1.5 Significance of oxygen isotopes

00 values of original sedimentary carbonate rocks
would strongly change after diagenesis because of the
isotopic exchange and thermal decomposition of carbonate
rocks (Li Zhongxiong and Guan Shiping, 2001; Guo
Fusheng et al., 2003). Although it is difficult to use the
values of §'°0 measured today to quantitatively reflect the
original sedimentary characteristics of a certain period, the
value of §'°0 can reflect changes in seawater temperatures
and salinity values to a certain extent (Mattews and Poore,
1980; Hoffman et al., 1991; Yan Zhaobin et al., 2005).
The primary reasons for oxygen isotope fractionation are
associated with the evaporation of seawater and the
addition of fresh water, so 00 is affected by the
superposition of various factors such as sea-level changes,
temperature changes, salinity changes, and deep ocean
water (Li Rongxi et al., 2007) characteristics. §'°0 is
mostly affected by the temperature and concentration of
the medium, and when some of the carbonate rocks
formed, the oxygen isotope composition was largely
dependent on the temperature. A temperature decrease is
accompanied by a rise in 0'°0, and a temperature increase
is accompanied by a decrease in the 6'°0 value (Li Xin et
al., 2009). Evaporation of seawaters also leads to an
increase in seawater salinity, which promotes the
fractionation of oxygen isotopes. Therefore, the greater the
salinity, the higher value of 6'°0 in seawater, whereas
lower salinity values are associated with lower values of
00 in seawaters

At the top of the Changxing Formation, which is also
boundary between the Permian and the Triassic, the §'*O
value rapidly decreased to —7%o, and the oxygen isotope
displayed a significant
indicating a decrease in seawater evaporation and
salinities, which corresponded to the rapid sea-level rise.

curve negative excursion,

5.2 The geological significance of the three negative
excursions of carbon isotope

The first negative excursion of the carbon isotope curve
at the boundary of the Middle and Late Permian reflects
the Emeishan flood basalt eruptions, sea-level regression
events, and mass extinction events in the Upper Yangtze
region. The negative excursion of §"°C dropped to its
lowest value at the boundary of the Middle and Late
Permian. Although the Emeishan Basalt eruptions
occurred at this time (He Bin et al., 2005; Peng Bingxia et
al., 2006; Xu Yigang et al., 2007; Sun et al., 2010; Zhong
et al., 2014; Xu Yigang et al., 2017), the largest marine
regression of the Permian occurred in South China, and
sea levels fell, which corresponded to changes in the
global sea level (Chen et al., 2009; Xue et al., 2015). In
addition, the decrease in the global large-scale sea level at
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the end of the Guadeloupean led to the absence of a wide
range of GLB formations that brought uncertainties of
biodiversity (Haq et al.,, 2008), and a large number of
foraminifera, ammonite, brachiopods, and coral species
went extinct to varying degrees (Zhang Liqin., 2013;
Wang, 2013; Kofukuda et al., 2014; Bond et al., 2015;
Arefifard, 2018).

The second negative excursion of the carbon isotope
curve in the Late Permian reflects marine regression and
biological replacement events. The negative excursion of
the carbon isotopes in the Late Permian indicated the sea
level declined, which corresponded to the relative sea-
level changes in the Upper Yangtze region, while it also
indicated a large-scale biological replacement during that
period. The number of old genera and species decreased
and disappeared (such as brachiopods, fusulinids and
foraminifera) (Kofukuda et al., 2014; Arefifard, 2018).
The decrease and extinction of organisms resulted in a
reduction of heavy carbon isotopes and a decrease of the
0" C values in seawater.

The third negative excursion of the carbon isotope curve
at the end-Permian reflects the largest mass extinction in
history. The negative excursion of the carbon isotope
curve at the end-Permian did not correspond with a
decline in sea level. On the contrary, large-scale
transgression and sea level rise occurred in South China
during this period (Haq et al., 2008). The reason for this
unusual negative excursion was the largest biological
extinction event in history, more than 90% of marine
species and 70% of terrestrial organisms went extinct
(such as brachiopods, corals, fusulinids, foraminifera,
ostracods, cephalopods, etc.), and the ultimate extinction
rate reached 94% (Peng et al., 2007; Yin Hongfu and Song
Haijun, 2013; Erwin, 2015).

6 Conclusions

(1) The Permian carbon isotope curve in the northern
part of the Upper Yangtze region showed relatively high
background carbon isotope baseline concentrations with
three negative significant excursions. The three negative
significant excursions were identified at the Middle—Late
Permian boundary, the Late Permian, and the end-
Permian.

(2) The three distinct negative excursions of carbon
isotopes are good indicators of the Permian global
biological mass extinction events and the eruption of the
Emeishan flood basalts in the Upper Yangtze region. The
first negative excursion of the carbon isotope at the
boundary line of the Middle-Late Permian reflects the
eruption of the Emeishan flood basalts, decreasing sea
levels, and different biological extinction events in varying

degrees. The second negative excursion of the carbon
isotope at the late period of Late Permian images sea level
decreasing and large-scale biological replacement events;
The third negative excursion of the carbon isotope at the
last stage of Late Permian, which unusually corresponds to
sea-level rising rather than sea level decreasing, reveals
the biological mass extinction events at the end-Permian.
The first negative excursion at the Middle-Late Permian
boundary reflected the eruption of the Emeishan flood
basalts, a decrease in sea level, and biological extinction
events of different genera in varying degrees. The second
negative excursion in the late Late Permian included
decreasing sea level and large-scale biological
replacement events. The third negative excursion of the
carbon isotope at the end of the Permian unusually
corresponded to a rise rather than a decrease in sea level,
and it revealed a biological mass extinction event at the
end of the Permian.
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