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Globally, Late Permian to Early Triassic carbonate rocks record several

pronounced positive and negative C-isotope excursions, indicating a

dramatic reorganization of the global carbon cycle. These C-isotopic

anomalies provide important constraints on environmental changes that

occurred during the end-Permian extinction and the subsequent delayed

biotic recovery. In this study, we present high-resolution carbonate

C-isotopic data (δ13Ccarb) spanning the Permian-Triassic transition at Dajiang,

South China. Our results reveal a general decrease in δ13Ccarb of ~3.3‰ during

the microbialite formation which was followed by an increase. C-isotopic

chemostratigraphic correlation between the Dajiang section and the Global

Boundary Stratotype Section and Point (GSSP) at Meishan suggest a hiatus of

several thousands of years between the pre-extinction skeletal limestones and

the microbialite deposition in the aftermath of the end-Permian extinction in

South China. We suggest that multiple sources of 13C-depleted dissolved

carbon are required to explain the negative δ13Ccarb excursions as well as the

δ13Ccarb differences among microbialites deposited in various paleogeographic

locations. Our study shows that carbon cycles during the formation of

microbialite may have been more complex than previously thought, and

cessation of microbialite formation may have been controlled by both global

and local environmental changes.
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Introduction

The end-Permian mass extinction (~252 Ma), was the most severe biotic crisis of the

Phanerozoic, which eliminated over 90% of marine species and fundamentally altered

marine ecosystems (Knoll et al., 2007; Song et al., 2012, 2018). It is generally accepted that

environmental deterioration, triggered by the eruption of the Siberian Traps Large

Igneous Province, may have led to the end-Permian mass extinction (Kamo et al.,

2003; Svensen et al., 2009; Grasby et al., 2011; Shen et al., 2011; Burgess et al., 2017; Zhang
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et al., 2017; Fielding et al., 2019; Li et al., 2021, 2022). C-isotopic

changes in space and time have been instrumental in

understanding the environmental changes that occurred

during Late Permian–Early Triassic transition (e.g., Grasby

and Beauchamp, 2008; Meyer et al., 2011; Grasby et al., 2013;

Song et al., 2013). Existing data show large perturbations of

global carbon cycles during the end-Permian mass extinction

and the delayed Early Triassic biotic recovery (e.g., Payne

et al., 2004; Xie et al., 2007). For example, a pronounced

negative C-isotopic excursion coincided with the end-

Permian extinction worldwide (Holser et al., 1989; Cao

et al., 2002, 2009). The sources of the 13C-depleted carbon

causing this global negative C-isotopic excursion are argued to

have come from volcanic emissions of CO2 (Payne and Kump,

2007; Cao et al., 2009), the oxidation of methane (Ryskin,

2003), the increase of 12C-enriched organic carbon weathering

due to eustatic sea-level fall (Holser et al., 1989), the incursion

of 12C-enriched dissolved carbon in anoxic/euxinic deep water

into the shallow marine environment (Riccardi et al., 2007;

Zhang et al., 2021), amongst others. However, δ13C data from

the Permian-Triassic transition indicate that δ13Ccarb

compositions continued to decrease following the end-

Permian mass extinction level, when microbialites were

deposited (Krull et al., 2004; Mu et al., 2009; Wang et al.,

2009; Liao et al., 2010; Liu et al., 2010; Luo et al., 2010, 2011;

Yang et al., 2011; Wu et al., 2017).

Permian-Triassic microbialites are carbonates rich in

microbial structures and cements of various forms

including stromatolites, thrombolites and dendrolites, that

were deposited in the aftermath of the end-Permian mass

extinction (Lehrmann 1999; Wang et al., 2005; Baud et al.,

2007; Kershaw et al., 2007, 2012; Yang et al., 2011; Wang et al.,

2019). Most of the Permian-Triassic microbialites were

developed in the low-latitude Tethys Ocean, especially in

South China where many excellent sections are exposed.

Extensively multidisciplinary studies have greatly improved

our knowledge about the age, microbial structure, genesis, and

environmental implications of these microbialites (Wang

et al., 2005; Luo et al., 2010; Wang et al., 2016; Deng et al.,

2017; Pei et al., 2019). For example, all of the C-isotopic

profiles from South China have shown that the δ13Ccarb

compositions continue to decrease from pre-extinction

bioclastic limestones enriched in benthic fossils to the

overlying microbialites (e.g., Yang et al., 2011).

In this study, we report high-resolution δ13Ccarb data of

microbialites from the Dajiang section in South China. The

microbialite interval is about 14.5 m in the Dajiang section

and might be the thickest in South China, which could reveal

more details of C-isotopic variations during this period. We

aim to better understand environmental significance of

C-isotopic variations in microbialites and their possible

link to the delayed biotic recovery from the end-Permian

mass extinction.

Geological background and
stratigraphy

During the Permian-Triassic transition, the South China

craton, including the Yangtze and Cathaysia blocks, was

situated north of the paleo-equator in the eastern part of the

Paleotethys Ocean (Figure 1A). The Nanpanjiang Basin is a deep-

marine embayment in the Yangtze Platform, which opened

south-eastward to the Panthalassa Ocean (Lehrmann, 1999).

The Great Bank of Guizhou, which evolved as an isolated

carbonate platform within the Nanpanjiang Basin, preserved

continuous shallow marine deposition from the late Permian

to the middle Triassic (Lehrmann et al., 2003). There are many

outstanding sections that preserved microbialites in the

Nanpanjiang Basin (Luo et al., 2011, 2014). In part because of

its thickness and excellent exposure, the Dajiang microbialites

were the focus of this study.

The Dajiang section (106°39′49″E, 25°33′47″N) is located in

Bianyang town, Luodian County, Guizhou Province.

Paleogeographically, the study section was situated on the

Great Bank of Guizhou and was deposited at a water depth

possibly less than 100 m (Song et al., 2013) (Figure 1B). The

Dajiang section comprises, in ascending order, the upper

Permian Wujiaping Formation and the lower Triassic Daye

Formation (Figure 2). The uppermost Wujiaping Formation is

characterized by skeletal limestone, and contains abundant

shallow-marine fossils such as fusulinids, foraminifera,

brachiopods, and calcareous algae (Lehrmann et al., 2003). At

the base of the Daye Formation, a 14.5 m thick microbialite was

deposited, which is mainly composed of laminar or spotted

thrombolites (Figure 2). The microbialite deposit is overlain

by grainstone and packstone (Jiang et al., 2014).

It is widely accepted that the end-Permian extinction level is

correlated with bed 25 in the GSSP at Meishan, South China and

the Permian-Triassic boundary (PTB) is correlated with bed 27c

at Meishan, indicated by the first appearance datum (FAD) of the

conodont species Hindeodus parvus (Yin et al., 2001). However,

the position of the FAD of H. parvus in the Dajiang section was

placed at different levels, and therefore the exact placement of the

PTB remains debated (Jiang et al., 2014; Lehrmann et al., 2015;

Zhang et al., 2020). The PTB has been placed either at the

uppermost of the Wujiaping Formation (Jiang et al., 2014) or

within the microbialite (Lehrmann et al., 2015; Zhang et al.,

2020). In this study, we follow the scheme of Jiang et al. (2014)

(Figure 2). Regardless of the precise PTB level, there is little doubt

that the microbialites at Dajiang were deposited in the aftermath

of the end-Permian mass extinction.

Materials and methods

A total of 100 bulk samples were collected continuously over

~23.4-m of strata across the PTB in the Dajiang section. All

Frontiers in Earth Science frontiersin.org02

Huang et al. 10.3389/feart.2022.914432

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.914432


sample depths are measured relative to the PTB. Among them,

16 samples are from the skeletal limestone interval (−3.1–0 m),

66 samples are from the microbialite interval (0–14.5 m), and

18 samples are from the grainstone and packstone (14.5–20.3 m)

(Figure 2). Prior to isotopic analysis, any weathered surfaces and

visible calcite veins were trimmed off. Pieces of the crushed

samples were then ground to fine powders (<200 mesh) using an

automated agate mortar and pestle device. Sample preparation

and analyses were performed in the Biogeochemical Laboratory

at University of Science and Technology of China.

For δ13Ccarb and δ18Ocarb analysis, approximately 150 μg of

sample powder was reacted with 102–105% anhydrous

phosphoric acid at 70°C in a Kiel IV carbonate device to

generate CO2. The evolved CO2 gas was purified in a

cryogenic cleaning device and then measured on a

ThermoFinnigan MAT 253 Mass Spectrometer. The carbon

and oxygen isotope compositions are expressed in the

conventional delta notation as per mil (‰) deviations relative

to the V-PDB standard. Analytical reproducibility was

monitored by replicate analysis of a Chinese national standard

GBW04416 (δ13Ccarb = +1.61‰, δ18Ocarb = −11.59‰), and was

better than ±0.05‰ for δ13Ccarb and ±0.06‰ for δ18Ocarb.

Results and data evaluation

The δ13Ccarb data show large variations during the

Permian–Triassic transition in the Dajiang section, ranging

from −0.44‰ to +2.87‰ (Supplementary Table S1; Figure 2).

Post-depositional diagenetic processes can alter the primary

FIGURE 1
Permian-Triassic paleogeographic sketch map of the world (A) and the South China Craton (B). Inset red rectangle in (A) shows the area of the
South China Craton. The red star in (B) shows the location of the Dajiang section. Paleogeography of the world is revised from Shen et al. (2015), and
themap of the South China Craton ismodified from Xie et al. (2010) and Yin et al. (2014). DJ: Dajiang section; NDB: Northern Deepwater Basin; NPJB:
Nanpanjiang Basin.
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C-isotopic compositions of sedimentary carbonates (Kaufman

and Knoll, 1995). Therefore, diagenetic effects must be evaluated

prior to the interpretation of the isotope data. It has been shown

that diagenetic fluids enriched in organic-derived carbon can

simultaneously alter the carbonate δ13C and δ18O towards more

negative values, and as such, the positive correlation between

δ13Ccarb and δ18Ocarb may be indicative of significant diagenetic

alteration (Kaufman and Knoll, 1995). Extreme negative δ18Ocarb

values (<−10‰) have also been suggested to be an additional

indicator of diagenetic alteration (Kaufman and Knoll, 1995).

However, the δ18Ocarb compositions from the Dajiang section

range from −2.7‰ to −7.5‰, implying the primary nature for

δ13Ccarb.

The plot of δ13Ccarb and δ18Ocarb show moderate correlation

(R2 = 0.4653) for the pre-extinction skeletal limestone

(Figure 3A). This could suggest diagenetic alteration of the

primary isotopic compositions. However, the narrow δ13Ccarb

range from +2.35‰ to +2.87‰ suggest that the δ13Ccarb

compositions were not significantly changed and they are of

primary isotopic significance, although the δ18Ocarb

compositions could be altered. There is little correlation

between δ13Ccarb and δ18Ocarb for the microbialites and

overlying grainstones and packstones, suggesting that the

primary δ13Ccarb compositions were well preserved (Figures

3B,C). Similarly, the plot between δ13Ccarb and δ18Ocarb for all

samples from Dajiang shows little correlation, reinforcing the

primary nature for δ13Ccarb (Figure 3D).

It is worthy to note that a preliminary δ13Ccarb study on the

Dajiang section was carried out by Krull et al. (2004)

(Figure 4). In general, the two datasets are consistent.

However, our high-resolution sampling and precise

measurements reveal more details about C-isotopic

changes. As shown in Figure 2, the δ13Ccarb values of the

pre-extinction skeletal limestone range from +2.35‰ to

+2.87‰, with an average of +2.55‰. There is not much

change in δ13Ccarb in the pre-extinction interval, although

there is a slight δ13Ccarb increase from +2.41‰ to +2.78‰

(Figure 4).

After the end-Permian extinction event, the δ13Ccarb data

display a broad decrease through the microbialite interval, with

δ13Ccarb decreasing from +2.78‰ to −0.44‰ (Figure 2).

Following this the δ13Ccarb data recover from the nadir

FIGURE 2
Profiles of δ13Ccarb and δ18Ocarb from the Dajiang section. Conodont zones are from Jiang et al. (2014). Abbreviations: H. parvus = Hindeodus
parvus zone; I. L. = Isarcicella lobate zone; I. I. = Isarcicella isarcica zone; H. sosioensis = Hindeodus sosioensis zone; Fm. = Formation; Con. =
Conodont zone; Lith. = Lithology.
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of −0.44‰ to +0.29‰ in the uppermost part of the microbialite

interval, and continue to rise to +2.29‰ in the overlying

grainstones and packstones (Figure 2).

Our high-resolution C-isotope data reveal that the broad

δ13Ccarb decrease in the microbialite interval consists of three

consecutive episodes (Figure 2). During episode I, δ13Ccarb

slightly decreases from +2.78‰ to +1.98‰ followed by a

recovery to +2.39‰ at 4.92 m (Figure 2). The δ13Ccarb

continues to decrease from +2.39‰ to +0.84‰ at the

height of 6.68 m during episode II, followed by an increase

to +1.61‰ at 8.76 m (Figure 2). Episode III shows a δ13Ccarb

decrease from +1.61‰ to the minimal value of −0.44‰ at

11.35 m in the microbialite interval (Figure 2). The δ13Ccarb

increases from −0.44‰ to +0.30‰ at the uppermost of the

microbialite interval and continues to increase to +2.29‰ in

the overlying grainstones and packstones though a sharp

negative shift from +1.40‰ at 15.4 m to +0.26‰ at

15.65 m is shown (Figure 2).

Discussion

δ13C stratigraphic correlation between
Dajiang and GSSP Meishan section

Microbialites were deposited immediately following the end-

Permian extinction in a shallow marine carbonate environment.

Like Dajiang, observations from many sections in South China

indicate an erosional surface between the underlying skeletal

packstone and overlying microbialite (Jiang et al., 2014)

(Figure 2). This has been interpreted as submarine chemical

dissolution due to ocean acidification (Payne et al., 2007;

Lehrmann et al., 2015) or subaerial erosion due to the major

global regression near the extinction event (e.g., Wignall et al.,

2009). However, both models could work depending on the

paleotopography and accommodation space of the studied

section (Yin et al., 2014). It was estimated that a hiatus

between the skeletal limestone and the basal microbialite may

FIGURE 3
Cross-plot of δ13Ccarb and δ18Ocarb for pre-extinction skeletal limestone (A), microbialites (B), overlying grainstones and packstones (C), and all
samples from the Dajiang section (D).
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be 50–100 ky (Yin et al., 2014). The δ13C stratigraphic correlation

between Dajiang and GSSP Meishan section suggest that the

deposition from the skeletal packstone to the overlying

microbialite at Dajiang may be not continuous (Figures 2, 5).

At Dajiang, there is minor δ13Ccarb increase from +2.37‰ to

+2.78‰ from the top of the packstone to the basal microbialite

(Figure 5). In contrast, a gradual δ13Ccarb decrease from the bed 23 to

bed 24e, followed by another δ13Ccarb decrease of about 4‰, occurs

at the extinction level at bed 25 at Meishan (Cao et al., 2002)

(Figure 5). After the extinction, the δ13Ccarb at Meishan increases

about 3‰, gradually from bed 25 to beds 28–29 (Cao et al., 2002)

(Figure 5). However, the δ13Ccarb continues to decrease from the

packstone to microbialite at Dajiang (Figures 2, 5). The Meishan

sectionmay be a condensed sectionwhichmay have not recorded all

of the C-isotopic changes during Permian-Triassic transition.

However, the δ13Ccarb from Dajiang missed several significant

δ13Ccarb changes in Meishan and elsewhere. Therefore, our

δ13Ccarb data from Dajiang support that the microbialites were

deposited in the aftermath of the end-Permian extinction and

that the deposition of several thousands of years was probably

missing prior to the microbialite formation.

δ13C stratigraphic correlations of
microbialites between Dajiang and
elsewhere in South China

The correlations between the Dajiang section and

Zuodeng and Taiping sections in the same Nanpanjiang

Basin show similarities as well as differences in δ13C
variations (Figure 6). The δ13Ccarb from all three sections

show decreasing values in the microbialite interval and

increasing values after the deposition of microbialites

(Figure 6). The minimal δ13Ccarb values at Dajiang,

Zuodeng, and Taiping are −0.44‰, +0.3‰, and −0.7‰,

respectively (Figure 6). Unlike Dajiang, the δ13Ccarb profiles

of the microbialites from Zuodeng and Taiping remain

relatively stable after the δ13Ccarb decrease from the pre-

FIGURE 4
Comparison of δ13Ccarb records of the Dajiang section from this study and Krull et al. (2004).
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extinction skeletal limestones, reflecting complexities of

carbon cycling in the basin (Figure 6). The correlations

between Dajiang and Cili and Chongyang sections add

more complexities of carbon cycling as the late two

sections were also deposited in a carbonate platform close

to the Northern Deepwater Basin (Luo et al., 2014). Like the

Dajiang section, the δ13Ccarb profile at Cili shows a general

decrease to −0.4‰ and consists of three minor negative

δ13Ccarb excursions (Figure 6). However, the Chongyang

section, which was deposited in a similar environment as

the Cili section (Luo et al., 2014), shows relatively stable

δ13Ccarb values around −0.3‰, after the decrease of about

2‰ from the pre-extinction skeletal limestones (Figure 6).

It appears that there is a general δ13Ccarb decrease from the pre-

extinction skeletal limestones to the microbialites in all studied

sections, although the absolute δ13Ccarb decrease varies between

each section (Figure 6). After this general δ13Ccarb decrease, the

δ13Ccarb profile of the microbialite either remains relatively stable

or continues to decrease (Figure 6). The δ13Ccarb value then

increases starting from either within the microbialite or after

FIGURE 5
Comparison of δ13Ccarb records from the Dajiang (this study) and Meishan section (Cao et al., 2002).

Frontiers in Earth Science frontiersin.org07

Huang et al. 10.3389/feart.2022.914432

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.914432


the microbialite deposition (Figure 6). However, this δ13Ccarb

increase was not shown in the Chongyang section (Figure 6).

Regardless, the significant δ13Ccarb decrease from the pre-

extinction skeletal limestones to the microbialites in all studied

sections requires inputs of 13C-depleted dissolved carbon.

Continental weathering of 13C-depleted carbon was unlikely a

major source as a large amount of clastic inputs would have

inhibited the growth of microbialite. Likewise, dissociation of

methane hydrates was unlikely a major source considering the

continuous decreasing δ13Ccarb compositions as at Dajiang, as

well as the very shallow water environment for precipitation of

microbialites. There are possible 13C-depleted sources that could

help to explain the decreasing δ13Ccarb values for the

microbialites. Emission of CO2 and possibly methane as well

by the Siberian Traps magmatism could provide 13C-depleted

carbon, producing the negative δ13Ccarb excursion (Burgess and

Bowring, 2015). Upwelling of anoxic deep water into the photic

zone could also contribute 13C-depleted carbon during the

microbialite formation (e.g., Kershaw et al., 2007). As well,

low productivity could possibly lead to 13C-depleted isotopic

values in surface waters. However, evidence for either of the

mechanisms may be circumstantial and neither of them can

independently explain the negative δ13Ccarb excursion from the

pre-extinction skeletal limestone to the microbialite level, as well

as the differences in δ13Ccarb minimums amongst the

microbialites deposited in various paleogeographic locations

(Figure 6).

The general increasing δ13Ccarb profiles within the microbialite

interval atDajiang or after the deposition of themicrobialtes elsewhere

(Figure 6) suggest changes of carbon cycling in the post-microbialite

oceans. Increasing primary productivity and/or anoxia could facilitate

enhanced burial of organic carbon, resulting in the increasing δ13Ccarb

compositions. We speculate that the cessation of microbialites in

South China may be linked to the changes of carbon cycling which

may have controlled by global and local environmental changes.

Conclusion

The δ13Ccarb data from the Dajiang section reveal a general

decrease of ~3.2‰ from pre-extinction skeletal limestone to the

microbialite deposition. Unlike the δ13Ccarb data from many

sections in South China, the decreasing δ13Ccarb at Dajiang is

followed by an increasing δ13Ccarb profile. We suggest that multiple

sources of 13C-depleted dissolved carbon may be possibly required to

explain the decreasing δ13Ccarb during the microbialite formation.

There is little doubt that carbon cycling during the microbialite

precipitation are more complex than previously thought. Though

great details about morphology and mineralogical compositions have

been studied, local environments for microbialite formation have not

been well reconstructed. Future studies should focus on

environmental reconstruction for microbialite formation

and their possible link to the delayed recovery from the

end-Permian mass extinction.

FIGURE 6
Comparison of δ13Ccarb records during the Permian-Triassic transition in South China. The data are from the Dajiang (this study), Zuodeng (Luo
et al., 2011), Taiping (Luo et al., 2011), Cili (Luo et al., 2011), and Chongyang (Luo et al., 2011) section. The red lines indicate the onset and termination
of the microbialite interval.
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