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The Late Paleozoic Ice Age (LPIA; ca. 335–260 million years ago) was one of the

most significant glacial events in Earth’s history. It records cycles of ice advance and

retreat in southern high-latitude Gondwana and provides a deep-time perspective

for climate–glaciation coevolution. However, climate records using clay mineral

proxies from the LIPA are poorly developed in low latitudes, particularly in theNorth

China Plate (NCP) on the eastern Paleo-Tethys. We address this through a detailed

mineralogical study of the marine–continental sedimentary succession in the

Yuzhou Coalfield from the southern NCP. We apply biostratigraphy and high-

resolution claymineral composition to reconstruct the latestCarboniferous to early

Permian chronostratigraphy and climate change. The Benxi, Taiyuan, and Shanxi

formations in the study area are assigned to the Gzhelian, Asselian–Artinskian, and

Kungurian-Roadian stages, respectively, and the Carboniferous and Permian

lithostratigraphic units across the NCP recognized as widely diachronous. Under

scanning electron microscopy, the detrital micromorphology of kaolinite is mostly

found as irregular fragments with sizes of 1–5 μm. Illite crystallization varies from

0.22 to 1.88 Δ°/2θ (x�= 0.49 Δ°/2θ) and indicates changes in kaolinite content to be a

robust proxy for paleoclimate reconstruction. Kaolinite data show alternating

warm-humid and cool-humid climate conditions that are roughly consistent

with the calibrated glaciations and nonglacial interval successions recognized in

high-latitude Gondwana. These include the Asselian-early Sakmarian and late

Sakmarian-early Artinskian glacials and the climatic transition to glacial

P3 during the Roadian. Our results indicate a comparatively cool-humid and

warm-humid climate mode in low-latitude NCP during glacial and nonglacial

periods, respectively. This is a significant step toward connecting climate change in

low-latitude to high-latitude glaciation during the LPIA in eastern Paleo-Tethys.
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1 Introduction

The Cisuralian (early Permian) represents the peak of the

late paleozoic ice age (LPIA; ca. 335–260 Ma) in which

significant shifts between glacial to nonglacial conditions

occurred in high-latitude Gondwana (e.g., Montañez et al.,

2007; Fielding et al., 2008a, 2008b, 2008c; Frank et al.,

2008a, 2008b; Montañez and Poulsen, 2013; Griffis et al.,

2018, 2019, 2021; Fedorchuk et al., 2019a, 2019b; Garbelli

et al., 2019; Richey et al., 2020). These glaciations and

nonglacial events caused fluctuations in the global climate

and are recorded by indirect proxies (e.g., δ18O, δ13C,
foraminifera fossil, and CIA values) from mid- and low-

latitudes in marine and continental deposits (Korte et al.,

2005; Frank et al., 2008a; Grossman et al., 2008; Davydov

et al., 2014; Yang et al., 2016, 2020; Lu et al., 2021a, 2021c)

and shallow marine fossil data in high latitudes of the Northern

Hemisphere (Davydov and Biakov, 2015). However, records of

glaciations and nonglacial-induced climate changes at low

latitudes are different in western and eastern Tethys. In

western Tethys and mid-continental Euramerica, previous

studies of paleosols, evaporites, flora, and sedimentology

reveal semi-arid to arid climates during the Early Permian

deglaciation (Tabor and Montañez, 2002; Tabor et al., 2008;

Bishop et al., 2010; DiMichele et al., 2010; DiMichele, 2014;

Michel et al., 2015). By contrast, in the eastern Tethys, the

widespread distribution of tropical peat-forming wetland plant

communities implies warm and wet environments persisted,

including those across the North China Plate (NCP) (Hilton

and Cleal, 2007; Tabor et al., 2008; Wang, 2010; Wang and

Pfefferkorn, 2013). Therefore, the paleoclimate study of the

NCP in eastern Tethys is of great significance for understanding

the global effects of high-latitude glaciations and nonglacial

rhythms during the LPIA.

The kaolinite content of mudrock is an important climate

proxy and has been widely used to reconstruct paleoclimatic

change over different timescales (Singer, 1984; Frings, 2019).

Previous studies have demonstrated kaolinite as a product of

weathering which is controlled by climatic factors (mainly

temperature and humidity), with paleoclimatic information

from kaolinite typically agreeing with conclusions from other

climate proxies in marine and continental deposits, including

paleopalynology and oxygen-isotope analysis (Singer, 1984;

Frings, 2019). Although clay mineral composition (e.g.,

kaolinite and illite) is an important climate proxy that has

been successfully used to reconstruct past climate conditions

from eastern Paleo-Tethys (Cheng et al., 2019; Lu et al., 2020),

few studies have considered paleoclimates from clay mineral

proxies linked to glacial events during the early Permian.

In this article, we use revised conodont biostratigraphy and

previous fusulinid and plant megafossil biostratigraphy and

lithostratigraphy (Wang and Shang, 1989; Wang and Qi,

2003; Pei, 2004, 2009; Gao et al., 2005; Yang and Wang, 2012)

to constrain the age of the studied strata in the Yuzhou Coalfield

of the southern NCP and enable its correlation with well-dated

glaciations. We use the clay mineral kaolinite as a proxy to

reconstruct paleoclimate and reveal the links between low-

latitude climate change and high-latitude glaciation during the

late Pennsylvanian-earliest Guadalupian. This provides

significant insights into low-latitude signals for climate change

during the LPIA.

2 Geological setting

During the early Permian, the Yuzhou Coalfield (study area)

in the NCP was located at approximately 11.0–11.4°N on the

northern margin of the Paleo-Tethys Ocean (PTO)

(Supplementary Table S1) (Zhu et al., 1996). Previous analysis

of paleocurrent and paleogeography shows that during the

Permian, the NCP was higher in the north and lower in the

south (Yang and Lei, 1987; Shang, 1997). Sediments were mainly

derived from the Inner Mongolia Uplift (IMU) in the northern

part of the NCP following the ongoing southerly subduction of

the Paleo–Asian Ocean beneath the NCP (Yang and Lei, 1987;

Liu, 1990). Lithologies in the IMU source area mainly comprise

Archean gneiss and granulite and less frequent Archean granite

and Proterozoic sedimentary rocks (Zhou, 2002).

The lithostratigraphic units studied in this article include

the Benxi (= Penchi), Taiyuan, and Shanxi (= Shansi)

formations in increasing order. In Henan Province in the

southern NCP (Figures 1A,B), the target strata

unconformably overlie Ordovician gray–black marine

limestones and contact conformably with the overlying

Xiashihezi Formation (Yang and Lei, 1987; Yang, 2006).

The Benxi Formation comprises three members in Henan

Province (Figure 1C) (Pei, 2009), but only the upper member

is developed in the study area where it mainly comprises

gray–white iron and aluminum-rich mudrocks (Figure 1C)

(Yang, 2006; Pei, 2009). The Taiyuan Formation includes the

Dajian, Mojie, and Zhutougou members in ascending order

and comprises mainly terrigenous mudrock and marine

limestone beds (numbered #L1 to #L9) with one regionally

extensive, thick layer of sandstone (the Hushi sandstone)

and some thin coal seams (Figure 1C) (Yang, 2006; Pei,

2009).

In the Shanxi Formation, the basal #21 CoalMember includes

the economically important #21 coal seam and is dominated

mainly by grayish-black mudrocks (Figure 1C) (Yang, 2006; Pei,

2009). The Dazhan and Xiangtan Sandstone (DZ and XT)

members (Figure 1C) of the Shanxi Formation mainly

encompass gray, fine-medium sandstone, and gray mudrocks

with thin coal seams. The DZ and XT Sandstone members were

deposited as distributary channels or river mouth bars in a deltaic

setting and constitute regional lithostratigraphic marker beds

that crop through Henan Province (Yang and Lei, 1987). At the
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top of the Shanxi Formation, the Xiaozi Mudrock Member (XZ

M.) (Figure 1C) comprises purplish–red and grayish–green

mudrock deposited in delta plain environments and lacks

coals. The Xiaozi Member also represents an important

regional lithostratigraphic marker (Figure 1C) (Yang and Lei,

1987).

FIGURE 1
Location and geological context for the study area. (A)Generalized tectonic map of present-day China showing the location of the North China
Plate (NCP) and the study area (modified from (Lu et al., 2020)) (B), Simplified tectonicmap of the present-day NCP showing the location of the study
area (modified from (Lu et al., 2021c)). (C) Stratigraphic framework and fossil distributions for the studied Carboniferous-Permian strata of the Benxi,
Taiyuan, Shanxi, and Xiashihezi (Xs) formations fromHenan Province in the southern NCP. Lithology column derived from (Pei, 2004) and (Yang,
2006) with colors representing those of the strata in the field (Section 2). L0

1 to L9 represent the position of individual limestone marker beds. Fossil
plant assemblages (0–9) from (Yang, 2006) and (Yang and Wang, 2012). Fusulinid stratigraphic ranges and biozones from (Pei, 2004, 2009).
Abbreviations: SG= Songpan-Ganzi Terrane; QDOB=Qingling-Dabie orogenic belt; SNCP = southNorth China Plate; P. = period; S. = stages; Kas. =
Kasimovian; T. = cumulative thickness; F. = formation; M. = member; C21# = Coal 21 seam member; DZ & XT S. = Dazhan and Xiangtan Sandstone
Member; XZ M. = Xiaozi Mudrock Member; Mid. = middle; Up. = upper; Lith. = Lithology; M.b. = marker bed; HS= Hushi sandstone; 21# = Coal 21
seam; DZ = Dazhan sandstone; XT = Xiangtan sandstone; XZ = Xiaozi mudrock; SG. = Shaguoyao sandstone.
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3 Materials and methods

From the ZK21-1 borehole (34°18′3″N, 113°20′13″E) in the

Yuzhou Coalfield, fresh mudrock (50 samples) was collected from

the Benxi to the Shanxi formations (sampling locations shown in

Figure 2). Samples were ground to less than 200 µm using mesh

sieves and divided into three subparts for the analysis of 1) clay

mineral composition, 2) major element content, and 3) trace

element content. Clay mineral composition was analyzed using

an X-ray diffractometer (D/max 2500 PC) at the State Key

Laboratory of Coal Resources and Safe Mining (Beijing), and the

data were interpreted using Clayquan 2016 software, with a relative

analysis error of ±5%. At the Beijing Research Institute of Uranium

Geology, major and trace element analyses were undertaken using

an X-ray fluorescence spectrometer (PW2404, relative analysis error

of ±5%) and an inductively coupled plasma mass spectrometer

(FinniganMAT, relative analysis error of ±5%), respectively, and the

micromorphology of kaolinite was observed under scanning

electron microscopy (SEM, FEI Nova Nano SEM450) with an

energy-dispersive spectrometer (Oxford instrument X-Max80

detector).

A total of nine fresh limestone samples were collected for

conodont biostratigraphy from the Taiyuan Formation

(sampling locations shown in Figure 2); it was not possible to

collect from the #L6 limestone because no exposed strata were

observed in the field. Conodont samples were crushed to <5 mm

pieces and dissolved in a solution of 6–10% acetic acid that was

buffered with tricalcium phosphate. The acid and buffer were

exchanged every 48 h until the samples were fully dissolved.

Residual materials were wet sieved, dried at 50°C, and separated

for heavy fractions using sodium polytungstate. Conodont

elements were picked under a binocular microscope at the

State Key Laboratory Geological Processes and Mineral

Resources (Beijing).

FIGURE 2
Results from conodont biostratigraphic ranges, clay mineral compositions, and illite crystallization from the Yuzhou Coalfield. Colors in the
lithology column represent those seen in the field. Bed numbers #L1–L9 refer to individual limestone horizons (Pei, 2004). Paleocurrent data from the
Yuzhou Coalfield refer to those of (Yang and Lei, 1987), revealing that the paleoflow flowed from north to south in the Shanxi Formation.
Interpretation of deposition environments follows (Yang and Lei, 1987). Abbreviations: Th./m = cumulative thickness/m; Fm. = formation; Gz. =
Gzhelian; C21# = Coal 21 seam Member; DZ & XT S. = Dazhan and Xiangtan Sandstone Member; XZ M. = Xiaozi Mudrock Member; Dep. e. =
depositional environment; HS= Hushi sandstone; #21 = Coal 21 seam; #22 = Coal 22 seam; DZ = Dazhan sandstone; XT = Xiangtan sandstone; XZ =
Xiaozi mudrock; SG. = Shaguoyao sandstone; Sam. = sample number; I/S = illite-smectite mixed layers; I+C = illite + chlorite; Illite cry. = illite
crystallinity.
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The abundance of kaolinite in modern sediments is

dependent on the intensity of chemical weathering

controlled by climate (Singer, 1984; Thiry, 2000). As

kaolinite has strong resistance to diagenesis, changes in the

terrigenous kaolinite content of clay minerals in this study were

used to reconstruct paleoclimatic change in the target strata.

The influence of depositional recycling, hydraulic sorting, and

post-deposition diagenesis can affect kaolinite content, so these

have been evaluated by analysis of Th/U ratios, correlation

analysis of Al/Si ratios, K/Si ratios, Weathering Index of Parker

(WIP), and illite crystallinity (KI) and kaolinite

micromorphology of under SEM (Chen et al., 2003; Bauluz

et al., 2008; Roy and Roser, 2013; Yang et al., 2016, 2018; Cheng

et al., 2019).

4 Results and analysis

4.1 Conodonts

A total of 28 species of conodonts have been identified in the

sampled limestones from the studied strata (Figures 2, 3;

Supplementary Table S2). Among them, the first occurrence

(FO) of Streptognathodus isolatus in limestone #L1 occurs at

the base of the Asselian stage (Figures 2, 3A–C; Supplementary

Table S2) and defines the Carboniferous–Permian (C-P)

boundary (Wang, 1991; Wang and Qi, 2003; Shen et al.,

2019). The FO of Streptognathodus cristellaris in limestone

#L3 (Figures 2, 3M–P; Supplementary Table S2) and

Streptognathodus constrictus in limestone #L4 (Figures 2,

3Q–R; Supplementary Table S2) occur in the middle and

upper part of the Asselian stage, respectively, indicating the

#L3 and #L4 limestones were deposited during the Asselian

stage (Shen et al., 2019). The FO of the conodont

Sweetognathus aff. Whitei in limestone #L8 (Figures 2, 3T,U;

Supplementary Table S2) occurs at the base of the Artinskian

stage and can be used to define the Sakmarian-Artinskian

boundary (Shen et al., 2019).

4.2 Th/U, Al/Si and K/Si ratios, and
weathering index of parker

Analyses of results from Th/U, Al/Si and K/Si ratios, and

WIP are shown in Figure 4 and Supplementary Tables S3 and S4.

Th/U ratios vary from 0.95 to 5.82 (mean (x�) = 4.2)

(Supplementary Table S3), indicating little or no effect from

depositional recycling on the samples. This is because recycled

mudrocks exhibit high Th/U ratios of around 6 due to oxidation

of U4+ to U6+ and its removal through the solution (Bhatia and

FIGURE 3
SEM images of example conodonts from limestones #L1, #L2, #L3, #L4, and #L8 in the study area (all scale bars = 100 μm). (A–C),
Streptognathodus isolatus (#L1 and #L2) (D), Streptognathodus wabaunsensis (#L1) (E), Streptognathodus elegantulus (#L1) (F), Streptognathodus
gracilis (#L1) (G), Streptognathodus oppletus (#L1) (H), Streptognathodus parvus (#L1) (I), Streptognathodus ximplex (#L2) (J), Streptognathodus
nodulinearis (#L2) (K), Hindeodus minutus (#L1) (L), Streptognathodus elongates (#L2) (M–P), Streptognathodus cristellaris (#L3) (Q) and (R),
Streptognathodus constrictus (#L4) (S), Streptognathodus cf. constrictus (#L4) (T) and (U), Sweetognathus aff. whitei (#L8) (V), and Sweetognathus
inornatus (#L8).
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Taylor, 1981; Lu et al., 2020). Combined with the stable uplift of

the provenance area (Liu, 1990) and the relative stability of

source rock lithologies (Zhou, 2002), we exclude the influence

of re-cycling on kaolinite content.

Al/Si ratios vary from 0.21 to 0.91 (x�= 0.43), K/Si ratios vary

from 0.002 to 0.102 (x�= 0.044), andWIP varies from 2.40 to 42.64

(x�= 25.92). The poor correlation of Al/Si ratios with K/Si ratios

(r2 = −0.005, p<0.01, n = 50) and WIP (r2 = −0.049, p<0.01, n =

50) (Figure 4, Supplementary Table S4) indicates that clay

mineral compositions as weathering products are not

controlled by hydraulic or sedimentary sorting processes

(Yang et al., 2016, 2018).

4.3 Clay mineral composition, kaolinite,
and micromorphology of kaolinite

Results of clay mineral composition analysis, KI, and

micromorphology of kaolinite are shown in Figures 2, 5, 6 and

Supplementary Table S3. Clay minerals mainly consist of illite-

smectite mixed layers (0–65%, x�= 41.7%) and kaolinite (19–67%,

x� = 39.0%), followed by illite (1–35%, x� = 13.1%) and chlorite

(0–21%, x�= 6.2%) (Figures 2, 5). Variations in kaolinite content

allow the succession to be divided into six stages in ascending order

(S-I to S-VI; Figure 2). Three higher value intervals of kaolinite

content occur in the Benxi Formation (S-I; x�= 62.3%), the middle

part of the Dajian to lower part of the Zhutougou members (S-III;

x� = 53.3%), and the upper part of the Zhutougou (Taiyuan

Formation) to the DZ & XT (Shanxi Formation) members

(S-V; x�= 40.9%) (Figure 2). Three intervals with lower kaolinite

content occur in the Dajian to lower part of the Mojie members

(S-II; x�= 25.2%), the upper part of the Dajian to the lower part of

the Zhutougou members (S-IV; x� = 27.7%), and the Xiaozi

Mudrock members (S-VI; x�= 22.0%) (Figure 2).

KI values vary from 0.22 to 1.88 Δ°/2θ (x� = 0.49 Δ°/2θ),
indicating that the mudrock samples were not affected by

diagenesis (Cheng et al., 2019). The micromorphology of

kaolinite mostly presents irregular fragments with sizes of

1–5 μm under the SEM (Figure 6), which is different from the

authigenic kaolinite with vermiform and accordion-shaped

morphologies formed during the diagenetic stage (Bauluz

et al., 2008). This indicates the kaolinite of this study is of

detrital origin, which is consistent with findings of the

previous studies in the study area (Yang and Lei, 1987).

5 Discussion

5.1 Stratigraphic correlation and division

Recent zircon dating of tuffs and tuffaceous claystone in the

NCP demonstrates that C-P lithostratigraphic units are widely

diachronous (Figure 7) (Yang et al., 2020; Lu et al., 2021a; Wu

et al., 2021). In the middle of the NCP, the C-P boundary occurs

in the middle of the Taiyuan Formation in the Palougou section

of Baode county (Wu et al., 2021) and the Shimenzhai section in

the Liujiang Coalfield (Lu et al., 2021a), but in the Wuda

Coalfield, the C-P boundary occurs near the top of the

Taiyuan Formation (Figure 7) (Schmitz et al., 2020). The

Taiyuan Formation is more than 180 m thick in Wuda but is

much thinner in Baode (80 m) and Liujiang (75 m) (Figure 7).

Similarly, the Asselian stage in the Palougou section includes four

lithostratigraphic units and comprises the upper part of the

Taiyuan Formation to the lower part of the Shangshihezi

Formation (Figure 7) (Wu et al., 2021), but at Yongcheng in

Henan Province, only the upper part of the Taiyuan Formation is

assigned to the Asselian stage based on high-resolution Zircon

dating (Figure 7) (Yang et al., 2020).

FIGURE 4
Plots of Al/Si ratio vs. weathering index of Parker (WIP) (A) and K/Si (B) showing no significant sedimentary sorting effect on sample
compositions.
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In the NCP, fossil plant biostratigraphy is well-developed and

comprises distinct floral assemblages from the Taiyuan

(Neuropteris pseudovata-Lepidodendron posthumii

assemblage), Shanxi (Emplectopteris triangularis-

Emplectopteridium alatum-Lobatannularia sinensis

assemblage), Xiashihezi (Cathaysiopteris whitei-Tingia

carbonica assemblage), and Shangshihezi (Gigantonoclea

lagrelii-Fascipteris hallei-Lobatannularia heianensis

assemblage) formations (Wang, 2010; Yang and Wang, 2012).

These fossil plant assemblages are correlated with the well-

known plant assemblages in Europe, which were previously

restricted to the Asselian–Capitanian stages (Wang, 2010;

Yang and Wang, 2012; Liu et al., 2015). However, a new

chronostratigraphic framework for the Permian succession of

the NCP presented by Wu et al. (2021) infers that the well-

established fossil plant and spore-pollen (palynological)

assemblages from the Taiyuan to Shangshihezi formations are

also diachronous with the distinct floral assemblages tracking

depositional environments through time and space (Figure 7). In

this context, it is now necessary to synthesize radiometric age

data with biostratigraphic (including conodonts and fusulinid

fossils, but not necessarily fossil plants and palynology) and

chemostratigraphic (δ13Corg pattern) data from multiple

sections across the NCP to further refine its stratigraphic

framework.

Detailed biostratigraphic studies have previously been

undertaken in the study area using conodonts, fusulinid,

and plant fossils (Wang and Shang, 1989; Wang and Qi,

2003; Pei, 2004, 2009; Gao et al., 2005; Yang and Wang, 2012)

from which we now consider the marine schemes (conodonts

and fusilinids) more robust than fossil plant data. In the

study area, the Taiyuan Formation was previously

considered to be of the Asselian–Artinskian age based on

the presence of the Lepidodendron szeianum-L. Neuropteris

ovata fossil plant assemblage (Yang, 2006; Yang and Wang,

2012) and the fusulinids Sphaeroschwagerina and

Pseudoschwagerina in limestone #L1 (Yang and Lei, 1987;

Wang and Shang, 1989; Wang and Qi, 2003; Pei, 2004, 2009;

Gao et al., 2005). Combined with the first appearance datum

(FAD) of the conodont Streptognathodus isolatus in

limestone #L1 (Figures 2, 3) in this study, this constrains

the position of the C-P boundary to the top of the Benxi

Formation in the Yuzhou Coalfield. This is based on the FAD

of the conodont S. isolatus in the C-P boundary transition

from the southern Urals in Russia that has been precisely

calibrated by geochronological methods (298.92 ± 0.19 Ma)

(Ramezani et al., 2007; Ramezani and Bowring, 2018).

Similarly, the FAD of inflated fusulines such as

Sphaeroschwagerina and Pseudoschwagerina that occurred

in the middle and upper parts of the Maping and Chuanshan

formations in South China and the lower part of the Taiyuan

Formation in North China are close to the base of the

Permian (Shen et al., 2019). This conclusion is further

supported by the δ13Corg chemostratigraphic correlation

from the base of the Taiyuan Formation that indicates the

position of the C-P boundary in the Yuzhou Coalfield (Lu

et al., 2021c).

Zircon dating results in the Yongcheng Coalfield

constraining the position of the Asselian-Sakmarian boundary

to the top of the Taiyuan Formation and coincides with a change

in conodont genera from Streptognathodus to Sweetognathus

(Figure 7) (Gao et al., 2005; Yang et al., 2020). Although we

did not observe a change from Streptognathodus to

Sweetognathus in the samples we prepared, previous studies

have shown this occurs in the limestone #L4 in the Yuzhou

Coalfield (Figure 2) (Wang and Zhang, 1985; Ding and Wan,

1990; Wang and Qi, 2003; Pei, 2004, 2009). Similarly, the FAD of

the conodont Streptognathodus cristellaris in limestone #L3 and S.

constrictus in limestone #L4 in this study (Figures 2, 3) indicate

FIGURE 5
X-ray diffraction (XRD) patterns of clay fractions of typical
samples in the study area. N, E, and T designate spectra of a
naturally-oriented slide (red line), ethylene-glycol saturated for the
oriented slide (blue line), and high-temperature treated
(green line) at 450°C for the oriented slide, respectively.
Abbreviations: I/S = illite-smectite mixed layers; K+C = kaolinite +
chlorite; I = illite; K = kaolinite; C = chlorite.
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FIGURE 7
Chronostratigraphic and lithostratigraphic correlation of Carboniferous and Permian in the North China Plate (NCP). Lithology and age data of
the sections atWuda (Schmitz et al., 2020), Baode (Wu et al., 2021), and Liujiang (Lu et al., 2021a) and unpublished data, Yongcheng (Yang et al., 2020)
and Yuzhou (this study) organized from north to south on the NCP during the Late Pennsylvanian to the earliest Guadalupian. Lithofacies
paleogeographic map of the NCP modified from (Shao et al., 2014).

FIGURE 6
SEM images and spectra of the amorphous component of kaolinite from mudrock in the study area. (A–D), SEM images of mudrock samples
#348, #353, #363, and #375 showing kaolinite is mostly irregular fragments with sizes of 1–5 mm, which is distinct from authigenic kaolinite that
occurs as vermiform and accordion shaped particles in the diagenetic stage, reflecting the detrital origin of kaolinite in the studied strata; (E–H),
spectra of the amorphous component of the kaolinite from samples #348, #353, #363, and #375.
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that limestones #L3 and #L4 are of Asselian age and place the base

of the Sakmarian stage above limestone #L4 (Figures 2, 7). This

conclusion is based on the FO of the conodont S. constrictus and a

change in conodont genera from Streptognathodus to

Sweetognathus in the southern Urals that occurred in the late

Asselian (Chernykh, 2006; Shen et al., 2019). Furthermore,

δ13Corg chemostratigraphy correlation from the middle part of

the Taiyuan Formation in the Yuzhou Coalfield provides further

evidence of a Sakmarian age (Lu et al., 2021c).

In our study, the FAD of the conodont Sweetognathus

aff. Whitei in limestone #L8 (Figures 2, 3) allows us to place

the base of the Artinskian stage between limestones #L7 and

#L8 (Figures 2, 7). This is based on the FAD of the conodont

S. aff. Whitei in the southern Urals in a precisely calibrated

geochronological framework that represents the base of the

Artinskian (290.10 ± 0.07 Ma) (Schmitz and Davydov,

2012). Furthermore, δ13Corg chemostratigraphy from the

upper part of the Taiyuan Formation in the Yuzhou

Coalfield further supports the presence of an Artinskian

age (Lu et al., 2021c).

The Shanxi Formation was previously considered to be of

Kungurian–Roadian age based on the presence of the

Emplectopteris triangularis–Lobatannularia

sinensis–Emplectoperidium alatum–Cathaysiopteris whitei fossil

plant assemblage (Figure 1C) (Yang, 2006; Yang and Wang,

2012). δ13Corg chemostratigraphic correlation from the Shanxi

Formation in the Yuzhou Coalfield provides further evidence of a

Kungurian-Roadian age, of which the XiaoziMudrockmember is

very close to the age of the Kungurian-Roadian boundary (Lu

et al., 2021c). As a result, we roughly assign the Xiaozi Mudrock

FIGURE 8
Lithofacies paleogeographic map from the late Bashkirian to Wordian (A–D) in the North China Plate (Shao et al., 2014).
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member to the Roadian stage and the remaining parts of the

Shanxi Formation to the Kungurian stage.

Recent studies based on new high-resolution CA-ID-TIMS

zircon U-Pb dating show that there is a ~20 Ma hiatus from

approx. 280–260 Ma during the Cisuralian–Guadalupian

transition in the northern NCP (Wu et al., 2021). This

regional unconformity has also been documented in eastern

Xinjiang (Yang et al., 2010) and in Inner Mongolia (Tang and

Yan, 1993). The unconformity is related to uplift and erosion

of the middle segment of the southern margin of the Paleo-

Asian Ocean (PAO) caused by arc-continent and retro-arc

fold-thrust deformation or the final closure of the PAO

resulting from continental collision (ca. 280–265 Ma) (Xiao

et al., 2018; Zhao et al., 2018). In the Yuzhou Coalfield on the

southern NCP, there is no evidence of an unconformity in the

Taiyuan and Shanxi formations (Yang and Lei, 1987; Yang

and Wang, 2012; Lu et al., 2021c), and δ13Corg patterns in the

Yuzhou Coalfield are consistent with the global carbon cycle

fluctuations during the Kungurian-Roadian interval

(Cisuralian-Guadalupian transition) (Lu et al., 2021c).

Therefore, we consider that the sedimentary strata in the

Yuzhou Coalfield were continuous from 280 to 268 Ma. A

similar situation occurs in the Longkou section of the Ordos

Basin in the northern NCP, which also lacks an unconformity

and experienced continuous deposition from 280 to 266 Ma

(Wang et al., 2022). The unconformity and depositional hiatus

are restricted to the northern part of the NCP and do not affect

our study.

5.2 Low-latitude NCP climate change
linked to the high-latitude glaciation

Changes in continental plate position, land-sea distributions,

ice extent in Gondwana, atmospheric CO2, and monsoonal

rainfall are considered the main factors controlling climate

change in low latitudes during the LPIA (Tabor and Poulsen,

2008). In the study area, local paleomagnetic data demonstrate

that no large-scale plate motion occurred from the early to late

Early Permian (Supplementary Table S1) (Zhu et al., 1996).

Through this time interval, the study area remained in an

equatorial humid climate zone (Zhu et al., 1996) on the

southern margin of the NCP in proximity to the sea

(Figure 8). Following regression of the epicontinental sea in

the middle Early Permian (Figures 8A,B), sedimentary

environments gradually developed from coastal tidal flat and

peat swamps to shallow-water deltaic environments (Figures

8C,D) (Yang and Lei, 1987; Zhu et al., 1996; Shang, 1997;

Shao et al., 2014). Fossil plants were widespread and

abundant, comprising stable, tropical, and ever-wet

communities dominated by lycophytes, equisetophytes,

marattialean ferns, and pteridosperms (Yang and Lei, 1987;

Zhu et al., 1996; Yang, 2006; Hilton and Cleal, 2007).

Collectively, this information builds a picture of stable

continental plate position and land–sea distributions.

Paleoclimate studies in the NCP provide no evidence of

monsoons during the early Permian (Yang and Lei, 1987;

Shang, 1997; Yang and Wang, 2012). Consequently, we

consider that the waxing and waning of ice sheets in high-

latitude Gondwana and global changes in atmospheric pCO2

were the main drivers for climate change in the study area

through the LPIA.

In North China, substantial greenhouse gas emissions (e.g.,

CO2 and CH4) have driven global warming, resulting in the

enhancement of global atmospheric circulation and the

hydrological cycle and causing the widespread transition from

dry to more humid conditions (Lu et al., 2021b). However,

during the LPIA, the growth and decay of ice sheets in high-

latitude Gondwana had a significant impact on the hydrological

cycle, weathering rates, and climate in the low latitudes by

influencing large-scale atmospheric circulation patterns and

controlling migration of the Intertropical Convergence Zone

(ITCZ) (Cecil et al., 2003; Tabor and Poulsen, 2008). The

ITCZ is thought to have fluctuated strongly in response to the

glaciations to nonglacial rhythms during the LPIA (Cecil et al.,

2003; Tabor and Poulsen, 2008). Expansion of Gondwanan ice

sheets during glaciation intervals compressed the ITCZ to a thin

band near the equator, generating a wet climatic belt over tropical

Pangea with increased annual rainfall. Conversely, the reduction

of ice mass during nonglacial intervals caused the polar high-

pressure cells to diminish, leading to an expanded ITCZ band

and stronger seasonal excursions and resulting in reduced annual

rainfall in the tropics (Cecil et al., 2003; Tabor and Poulsen,

2008).

In this study, kaolinite comprises irregular 1–5 μm sized

fragments (Figure 6), indicating it is of detrital origin and is

significantly different from authigenic kaolinite formed in well-

drained and heavy leaching conditions or the alteration of

volcanic ash (e.g., Bauluz et al., 2008). Detrital kaolinite in

mudstones represents a component of fine-grained clastic

sediment brought by rivers from terrigenous regions and is

usually the product of intense chemical weathering of

aluminosilicate (mainly feldspar and mica) minerals in

terrigenous parent rocks and soils (e.g., Wang, 1989; Song

et al., 2018). Furthermore, stable uplift of the provenance area

(Liu, 1990) and the relative stability of source rock lithologies

(Zhou, 2002) suggest that the kaolinite is not affected by the

influence of tectonic activity in the provenance area or lithologic

change of parent rock (e.g., Wang, 1989; Chen et al., 2003). The

results from our study also show that kaolinite composition is not

obviously affected by the influence of depositional recycling,

hydraulic sorting, and post-deposition diagenesis (see Sections

4.2 and 4.3). Therefore, we conclude that the detrital kaolinite in

the studied strata is a reliable proxy for paleoclimate

reconstruction (e.g., Song et al., 2018) and that paleoclimate

(especially changes in temperature and humidity) is the main
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factor controlling variations in kaolinite content in the terrestrial

Yuzhou Coalfield.

In this study, the change of detrital kaolinite content is

mainly affected by relative temperature. Previous studies have

shown that a large amount of detrital kaolinite can be formed by

the reaction of aluminosilicate minerals (mainly feldspar and

mica) with atmospheric temperature (pCO2) and water (e.g.,

Wang, 1989). Under hot and humid climate conditions, wetland

vegetation may develop and surface water is acidic, which is

conducive to the decomposition of aluminosilicate minerals in

parent rocks into kaolinite, increasing the content of detrital

kaolinite in the resultant sediments (e.g., Wang, 1989).

Conversely, under cool and dry climate conditions, the

content of detrital kaolinite decreased (e.g., Wang, 1989).

Given that the study area was in an equatorial zone and

under humid climates with abundant peat formation and

wetland plants through the early Permian (Zhu et al., 1996;

Hilton and Cleal, 2007; Yang and Wang, 2012; Yang et al., 2016)

and the large number of organic acids released in the

decomposition process of plant residues and organic matter,

those provide suitable conditions for the formation of kaolinite.

However, in this study, kaolinite shows an alternating change

trend in the ascending order, including a decreasing trend in the

glacial period and an increasing trend in the nonglacial period,

which means that the change of temperature (CO2) in the glacial

period and nonglacial period may be the reason for change of

kaolinite content (Figures 2, 9, 10). Evaluating detailed global

paleogeographic maps from 305.3 to 268.2 Ma superimposed

with Hadley circulation patterns for glacial maximum and

minimum conditions (Figure 9) (Tabor and Poulsen, 2008)

provides further insights into the effects of climate change on

the study area. According to results from paleoclimate

simulations (Tabor and Poulsen, 2008), the study area should

have been affected by ITCZ compression during the Asselian-

early Sakmarian, the late Sakmarian-early Artinskian, and the

Roadian glaciations (Figures 9C,D, 10), with this associated with

increased annual precipitation. Furthermore, the study area also

should have been affected by seasonal ITCZ expansion from the

Gzhelian nonglacial interval and two nonglacial intervals during

the middle Sakmarian and middle Artinskian–Kungurian stages,

with this associated with decreased annual precipitation (Figures

9E–G, 10, 11). However, in our study, the changing trend of

weathering rates indicated by kaolinite content is inversely

related to the simulated and predicted annual precipitation

(Figures 9–11). Therefore, we consider that the change of

kaolinite content in the study area is mainly affected by the

change in global temperature during the non-glacial and glacial

intervals. This is because, under humid climate conditions

through the early Permian in the NCP, more hot climate

conditions promoted the dissolution of Si ions in aluminum-

FIGURE 9
Global paleogeographic maps from the Kasimovian stage of the Carboniferous to the Wordian stage of the Permian (A–G) superimposed by
Hadley circulation patterns for glacial maximum (H) and glacial minimum (I) conditions [modified from Tabor and Poulsen (2008)]. Base maps
modified from Scotese and Wright (2018) (http://www.earthbyte.org/paleodem-resourcescotese-and-wright-2018/). Abbreviations: G. =
Glaciation; R. and W. (P3 t.) = Roadian and Wordian (Glacier P3 transition); NC = North China; ITCZ = Intertropical Convergence Zone.
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rich weathering products (Figure 6), which provided suitable

conditions for the formation of detrital kaolinite, leading to rapid

increase of kaolinite content during the nonglacial interval

(Figure 11). On the contrary, kaolinite content decreased

during the glacial interval (Figure 11). This also indicates that

in the low-latitude NCP, relatively cool-humid climates prevailed

during glacial intervals and warm-humid climates prevailed

during nonglacial intervals (Figure 10).

During the Gzhelian (S-I), the kaolinite content increased

rapidly, indicating a rapid increase in temperature in the NCP

(Figures 2, 10). This is consistent with deglaciation in high-

latitude Gondwana and global warming, which may have been

caused by an increase in global atmospheric pCO2 concentration

caused by volcanism (Richey et al., 2020; Lu et al., 2021a; 2021c).

During the Gzhelian, ice centers may have existed in the Kalahari

Basin, the Karoo Basin, and possibly India and the eastern

Arabian Peninsula, but continental ice was absent from

southwestern and south-central Gondwana (Parana Basin,

Brazil; ~302–298 Ma) (Griffis et al., 2018) and eastern

Gondwana (Australia) (Fielding et al., 2008a, 2008c, 2008b;

Frank et al., 2008b, 2015). Furthermore, there was a

significant increase in foraminifer diversity globally (Groves

and Yue, 2009) and significant reductions in oxygen isotope

values (Grossman et al., 2008), indicating a rise in global

temperature during this time.

Glacial–nonglacial transitions are associated with especially

large and rapid changes in climate conditions that can be readily

recorded by bulk sediment composition (Frings, 2019; Wang et al.,

2020). In this study, kaolinite content decreases rapidly at the onset

and increases rapidly at the end of S-II (Figures 2, 10), indicating a

rapid decrease and increase in temperatures, respectively. This is

consistent with the rapid expansion and contraction of ice sheets

FIGURE 10
Comparison of climate change, glaciations, δ18O, and pCO2 records from the Gzhelian Stage of the Carboniferous to the Roadian Stage of the
Permian. Age stratigraphic framework from (Shen et al., 2019) (A), climate stages interpreted from the studied section (B), interpreted climatic records
with blue representing intervals of climate cooling, while yellow represents climatic warming based on fluctuating climate signals from kaolinite
content from the studied section and climate type interpreted from the studied section. (C) Glaciation area (modified after (Montañez and
Poulsen, 2013) and (Griffis et al., 2018)) superimposed on glaciation area are relative ice-volume curves through time from (Veevers and Powell, 1987)
(black line) and (Crowell, 1999) (red line). (D)Glaciation history modified from (Fielding et al., 2008a, 2008b, 2008c; Frank et al., 2008a, 2008b, 2015;
Montañez and Poulsen, 2013; Metcalfe et al., 2015; Davydov et al., 2016; Griffis et al., 2018; Garbelli et al., 2019)). (E) Oxygen isotope values from
(Korte et al., 2005; Grossman et al., 2008). (F) Global pCO2 concentration from (Foster et al., 2017; Richey et al., 2020). Abbreviations: Gzh. =
Gzhelian; Sak. = Sakmarian; Cli. S. = climate stage; Clim. type = climate type; S. hemi. (E. Aus.) = Southern hemisphere including Eastern Australia;
21# = Coal 21 seam; Temp. = Temperature.
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including sea ice accumulated in southern Gondwana at high

latitudes (Griffis et al., 2018).

The rapid decrease in kaolinite content near the C-P boundary

indicates rapid climate cooling in the NCP (Figure 2) and is also

recorded by the continental Chemical Index of Alteration (CIA) in

the Yongcheng Coalfield (Yang et al., 2020). This episode of

climatic cooling was consistent with widespread early Permian

ice sheet accumulation, including sea ice in high southern latitudes

(including Antarctica, South America, South Africa, Arabian

Peninsula, India, East Australia, and Western Australia)

(Figure 10) (Fielding et al., 2008a, 2008b, 2008c; Frank et al.,

2008b; Mory et al., 2008; Holz et al., 2010; Griffis et al., 2018).

Climatic cooling at this time has been attributed to the decrease of

pCO2 caused by the re-expansion of paleotropical rainforests in

equatorial Cathaysia (Cleal and Thomas, 2005) and/or the rapid

post-eruptional weathering of the vast basaltic rocks of the

Skagerrak-Centered large igneous province in tropical latitudes

(Yang et al., 2020).

The rapid increase in kaolinite content during the mid-

Sakmarian indicates rapid climate warming in the NCP

(Figure 2). Similar rapid climate change has been recorded by

the CIA and Mineralogical Index of Alteration (MIA) in the

Karoo, Kalahari, and Khalaspir Basin of south Gondwana, where

it has been interpreted as a marker for the onset of ice sheet

retreat (Scheffler et al., 2006; Roy and Roser, 2013). During the

mid-Sakmarian, glaciers disappeared in most basins in

Gondwana and near Antarctica (Figure 10) (Griffis et al.,

2018), but glacier P1 in eastern Australia may still have

persisted (Fielding et al., 2008a, 2008c, 2008b; Frank et al.,

2008a, 2008b, 2015).

Evidence supporting the large-scale loss of the ice sheet in

high-latitude Gondwana in the mid-Sakmarian includes 1) marine

transgression in low latitudes during the middle and late

Sakmarian (Montañez et al., 2007; Stemmerik, 2008; Koch and

Frank, 2011); 2) prevalence of arid and semi-arid climates in the

western Pangea (Poulsen et al., 2007; Montañez and Poulsen,

2013); 3) reduction in the extent and diversity of cold-water

brachiopod faunas as temperatures increased in east Australia

andNewZealand (Clapham and James, 2008;Waterhouse and Shi,

2010); and 4) latitudinal gradients of global brachiopod

biodiversity returning to pre-LPIA levels (Powell, 2007).

Although it is widely agreed that large-scale loss of ice sheet

area in high-latitude Gondwana occurred during the mid-

Sakmarian (Isbell et al., 2003; Montañez et al., 2007; Holz et al.,

2010; Montañez and Poulsen, 2013; Liu et al., 2017; Griffis et al.,

2018), the pCO2 threshold for ice sheet ablation is controversial

during this time interval. Estimates predict either pCO2 increased

significantly and was as high as 1,000–2,500 ppm (Figure 10)

(Montañez et al., 2007) or experienced a more limited rise and

was as low as 300–400 ppm (Figure 10) (Richey et al., 2020).

Collectively, these may suggest that the pCO2 threshold for ice

sheet ablation was even lower than modeled (560 ppm) (Lowry

et al., 2014) during the LPIA. This has been related to the lowering

of the equatorial Hercynian mountains that led to a re-

establishment of thick soils, while the assembly of Pangaea

promoted arid conditions in continental interiors that were

unfavorable for silicate weathering, causing pCO2 to rise to

levels sufficient to terminate the glacial event (Goddéris et al.,

2017). Although the continental silicate weathering rates may have

reduced because of the Hercyanian mountain lowering and arid

conditions, increasing pCO2 might have been delayed due to

increased burial of organic carbon preferentially in the ocean at

this time (Chen et al., 2018; Richey et al., 2020).

During the Roadian stage, a significant decrease in kaolinite

content in the study area (Figure 2) also was recorded in the

Xikou Section and was interpreted to be related to the glacial

FIGURE 11
Conceptual model for the formation of detrital kaolinite in North China. (A) Glacial stage: decreased chemical weathering rates and detrital
kaolinite productivity in provenance area, and limited weathering materials transportation led to the content of detrital kaolinite decreased in
sediments. (B) Nonglacial stage: increased chemical weathering rates and detrital kaolinite productivity in provenance area, and extensive
weathering material transportation led to the content of detrital kaolinite increased in sediments. Abbreviations: WBL = wave base level.
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P3 in high-latitude eastern Australia (Cheng et al., 2019). The

latest study has confined glacial P3 to the late Wordian-early

Capitanian based on brachiopod shell-based 87Sr/86Sr calibration

(Garbelli et al., 2019). However, δ18Oapatite values from South

China and North America show a positive shift from early

Roadian to early Wordian (Chen et al., 2013; Shen et al.,

2020), suggesting that Roadian climatic cooling recorded in

the study area represents the climate transition to glacial

P3 in high-latitude eastern Australia (Shen et al., 2020).

6 Conclusion

1) Combined conodont, fusulinid, and plant fossil

biostratigraphy and lithostratigraphy provide a refined

stratigraphic framework for the latest Carboniferous and

early Permian strata in the Yuzhou Coalfield. This allows

us to assign the Benxi, Taiyuan, and Shanxi formations in the

Yuzhou coalfield to the Gzhelian, Asselian-Artinskian, and

Kungurian-Roadian stages, respectively, and demonstrates

the diachronous nature of the Carboniferous and early

Permian lithostratigraphic formations in the NCP.

2) In the studied section, kaolinite is of terrigenous detrital origin

and is not obviously affected by the influence of depositional

recycling, hydraulic sorting, and post-deposition diagenesis,

suggesting kaolinite is a reliable proxy for paleoclimate

reconstruction. Kaolinite contents vary through succession

and present alternating cool-humid and warm-humid climate

conditions. These climatic conditions at low latitudes recorded

high-latitude Gondwana glaciation events during the Asselian-

early Sakmarian and the late Sakmarian-early Artinskian and the

climatic transition to glacial P3 during the Roadian.

3) Two short-duration intervals with rapid climate change

indicated by the changes in kaolinite content at the C-P

boundary and in the mid-Sakmarian correspond with the

onset of the early Permian peak icehouse conditions and

permanent deglaciation, respectively. These imply that the

Gondwana glaciation during the Asselian-middle Sakmarian

was characterized by rapid expansion and rapid contraction.
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