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Abstract The Global Boundary Stratotype Sections and Points (GSSPs) for the bases of all seven international Devonian stages
have been formally defined and ratified by IUGS till 1996, and nowadays, the main tasks for Devonian stratigraphers include
further subdivision of these standard stages, strictly constrained absolute ages for the boundaries, and precise neritic-pelagic and
marine-terrestrial correlations using multidisciplinary stratigraphy methods. Establishment of high-resolution Devonian in-
tegrative stratigraphy framework and timescale of China would play an important role in improving regional and international
correlation, facilitating the recognition of important stratigraphic levels in different paleogeographic settings, and understanding
the evolution pattern of biota, paleoclimate and paleoenvironment during this critical interval. Based on well-studied bio- and
chronostratigraphy of Devonian in South China and adjacent areas, in combination with recent achievements in carbon isotope
stratigraphy, event stratigraphy and radioactive isotope ages, this paper briefly summarize the research history and current status
of Devonian chronostratigraphy of China, and for the first time introduce Devonian integrative stratigraphy framework of China.
Up to date, few studies have been conducted on the astronomical cyclostratigraphy and high-resolution radioactive isotope dating
in Devonian of China, which should be our main focuses in the near future.
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1. Introduction

The Devonian (419.2-358.9 Ma) is the first geological per-
iod of the late Paleozoic, spanning about 60.3 Ma from the
end of the Silurian, and its beginning is marked by the First
Appearance Datum (FAD) of graptolite Uncinatograptus
uniformis (Ptibyl, 1940) (Gradstein et al., 2012).

During this time interval, the Earth’s climate system un-
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derwent severe perturbations, characterized by drastic
dropdown of atmospheric CO, concentration, multiple
cooling events, and gradual transition from the Silurian
‘greenhouse’ Earth to the Permo-Carboniferous ‘icehouse’
Earth (Joachimski et al., 2009; Foster et al., 2017). The
complex pattern of climate change during the Devonian were
controlled by multiple factors at different time scales. On
longer time scale (millions to tens of millions of years),
ocean-continent configuration, tectonic activity and terres-
trial flora evolution were the most important factors (Algeo
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et al., 1995; Goddéris et al., 2014), while on short time scale
(tens to hundreds of thousands of years), Earth orbit variation
was considered as the main dynamic controlling Earth’s
climate system, which in turn, exert a major impact on biota
evolution (De Vleeschouwer et al., 2013). However, the lack
of precise stratigraphic subdivision and correlation in dif-
ferent paleogeographic settings, which was mainly caused by
predominantly endemic fauna and flora and commonly dis-
continuous successions in the neritic and terrestrial facies,
causes the biodiversity variation pattern, biota evolutionary
process and their relationships to the climatic and environ-
mental events unclear (Racki, 2005; Kaiser et al., 2016).
Therefore, establishment of high-resolution Devonian in-
tegrative stratigraphy and timescale framework is essential
for the studies on the complex ocean-land-atmosphere in-
teractions during Devonian at different temporal and spatial
scales.

The term ‘Devonian’ was first proposed by Sedgwick and
Murchison (1839), to define the marine rocks in Devon,
southwest England, which were considered to be the
equivalents of terrestrial Old Red Sandstone deposits in
Wales. In 1985, the global Devonian chronostratigraphy
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scale was formally defined and subdivided into three series,
the lower, middle and upper, and contains seven global
stages (Ziegler and Klapper, 1985). The lower Devonian
comprises the Lochkovian, Pragian and Emsian stages in
ascending order, the middle Devonian consists of the Eifelian
and Givetian, and the upper Devonian comprises the Frasian
and the ensuing Famennian (Table 1). Ratified by IUGS in
1972, the basal Devonian GSSP is the first ‘golden spike’
established by the International Commission on Stratigraphy
(Chlupac and Kukal, 1977). Till 1996, all seven Devonian
stages’ GSSPs have been formally defined and ratified
(Yolkin et al., 1997). It should be noted though, that the
acceptance of the GSSPs for the bases of the Emsian and the
Devonian-Carboniferous boundary (DCB) have received
major criticism since the very beginning of their ratification,
and in 2008, the Subcommission on Devonian Stratigraphy
(SDS) and Subcommisson on Carboniferous Stratigraphy
(SCCS) have decided to redefine the boundary criteria and
levels (Becker, 2009; Aretz, 2010), which are still ongoing
investigations (Slavik and Brett, 2016; Spalletta et al., 2017;
Table 1).

In China, there are numerous well-preserved Devonian
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stratigraphic successions formed in different paleoplates,
recording a variety of lithofacies and biofacies. Detailed
studies of diverse fossil groups in the nearly complete marine
sequences in South China make it an ideal area for the further
improvement of Devonian chronostratigraphy scale. The
pioneering reports on the Devonian fossils in China were
published by De Koninck (1846) and Davidson (1853) in the
middle 19th century, to describe a few brachiopods from
South China, and recently, the Stratigraphic Chart of China
(2014) has been officially issued by the National Commis-
sion on Stratigraphy of China, refining the Devonian re-
gional chronostratigraphy scale and enabling precise
correlation between the Chinese and international chronos-
tratigraphy. Nevertheless, there are still many deficiencies
concerning the Chinese Devonian stages, including (1) lack
of strict definition for the boundaries of the Chinese regional
stages, which are defined by unit-stratotypes rather than
boundary stratotype, there might be overlap/or gap between
the neighboring units; (2) most unit-stratotypes of the Chi-
nese regional stages are established in shallow-water plat-
form facies, characterized by low-resolution biozonations (e.
g., rugose coral, brachiopod biozones) and poor correlation
with other regions; (3) lack of systematic, integrative studies
on the event stratigraphy, chemostratigraphy and absolute
age dating in the stratotype sections and of further subdivi-
sion of the regional stages. This paper aims to briefly sum-
marize the research history, current status and achievement
of Devonian chronostratigraphy of China, to provide an
updated Devonian integrative stratigraphy framework of
China, and to propose the future research fields.

2. History and subdivision of Devonian chron-
ostratigraphy of China

In China, Devonian-related studies have lasted for about
170 years, it started with sparse fossil descriptions and
geological routine investigations in the middle 19th century,
and significant palaeontological and stratigraphic works
were carried out in the 1930s (Feng, 1930; Grabau, 1931;
Yoh, 1938). Tien (1938) summarized previous Devonian
studies in South China, in combination with new collections
from several type sections in Yunnan, Guangxi and Hunan,
first subdivided the Devonian of China into lower, middle
and upper series, consisting of 11 standard beds (Table 2). On
the basis of Tien’s subdivision, Wang and Yu (1962) pro-
posed to establish six Chinese regional stages, including the
Longhuashanian, Sipaian/or Nagaolingian stages of the
lower Devonian, the Yujiangian and Dongganglingian stages
of the middle Devonian and the Shetianqiaoan and Xi-
kuangshanian stages of the upper Devonian (Table 2). Dur-
ing this time, the subdivision of Devonian in China was
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mainly based on the stratigraphic distributions of benthic
fauna (e.g., brachiopods and rugose corals) in South China.

Since the 1970s, important Devonian fossil groups which
are biostratigraphically significant, including conodont,
ammonite, graptolite and tentaculite, have been constantly
reported in China and the biostratigraphic sequences in pe-
lagic facies have been preliminarily established (Ruan, 1979;
Bai et al., 1982; Ruan and Mu, 1989; Mu et al., 1988, Wang,
1989). Major progresses has been made regarding interna-
tional correlation and recognition of important chronos-
tratigraphic boundaries (Wang et al., 1981; Yu, 1988),
manifested by the establishment of the International Aux-
iliary Stratotype Section of the Devonian-Carboniferous
boundary near Nanbiancun in Guilin (Paproth et al., 1991).
Based on the new advances in biostratigraphy in pelagic
facies, Wang et al. (1974), Hou (1978) and Hou et al. (1988)
revised previous Devonian chronostratigraphic division of
China: (1) replacing the Longhuashanian Stage with the
Lianhuashanian Stage; (2) placing the Yujiangian Stage as
the third stage of the lower Devonian; (3) assigning the Si-
paian to the uppermost lower Devonian; (4) establishing a
new chronostratigraphic units, the Yingtangian Stage, to
represent the lower part of the middle Devonian. This divi-
sion has been widely accepted till the early 21th century
(Table 2).

From the 1990s to present, Chinese scholars conducted
significant studies on chemostratigraphy, event stratigraphy,
cyclostratigraphy and radioactive isotope dating (Bai et al.,
1994; Chen et al., 2005; Gong et al., 2005; Liu et al., 2012;
Chang et al., 2017) while kept refining the biostratigraphic
sequences of Devonian, with the intention of making accu-
rate stratigraphy correlation between different regions using
multidisciplinary methods. However, most achievements are
constrained within 3—4 conodont biozones around the key
stage boundaries, such as Givetian-Frasnian and Frasnian-
Famennian boundaries. During this period, Hou and Ma
(2005) redefine the Shaodongian Stage as the topmost De-
vonian of China, with its base marked by the FAD of for-
aminifer Foendothyra regularis. The Yangshuoan Stage,
consistent with the middle and upper Famennian, was re-
cently established by the National Commission on Strati-
graphy of China and characterized by the FAD of conodont
Palmatolepis rugosa trachytera (Table 1). Since the Devo-
nian units of the standard global chronostratigraphic scale
have been formally defined in 1985, some Chinese Devonian
stratigraphers propose to adopt the global standard stages
and abandon the Chinese regional stages, while others
claimed that the standard global chronostratigraphic scale is
valid only as it is based on sound, detailed regional strati-
graphy, and the units of regional chronostratigraphy will
always be needed (Hou et al., 1988; Liao and Ruan, 2003;
Hou and Ma, 2005; Wang and Peng, 2017)(Table 2).
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3. Devonian integrative stratigraphy frame-
work of China

The Devonian chronostratigraphic study aims to establish
precise stratigraphic framework of the period between 419.2
Ma and 358.9 Ma, and enable the global correlation among
different paleogeographic settings. The resolution of the
existing Devonian geological time scale, established by
biostratigraphic researches and radiometric ages, is relatively
low and sometimes with a £6 Myr uncertainty (Becker et al.,
2012) (Figure 1), which is insufficient for the study of De-
vonian biotic and paleoenvironmental events with duration
of tens to hundreds of thousands of years (De Vleeschouwer
et al., 2013; Myrow et al., 2013). Thus, based on biostrati-
graphic evidences and absolute age constraints, a higher-
resolution stratigraphic framework is needed and should be
generated through integrated studies of chemostratigraphy,
cyclostratigraphy, and quantitative stratigraphy. In addition,
recognizing the Milankovitch Cycles in Devonian succes-
sions through paleoclimate indicators, and precisely timing

the geological boundaries and events by astronomical tuning
are also increasingly valued. In this paper, we intend to
summarize the achievements in type sections of Devonian in
South China and adjacent regions, and provide an updated
integrated stratigraphic framework (Figures 1-3).

3.1 Devonian biostratigraphy of China

Devonian chronostratigraphic division and correlation are
mainly based on biostratigraphy studies. In China, bios-
tratigraphic sequences of major fossil groups have been
elaborately summarized by Wang (2000), Cai (2000), Liao
and Ruan (2003), and are presented herein in Figures 1 and 2.
Recent advances in biostratigraphic research of conodonts,
graptolites, ostracods, brachiopods, rugose corals, as well as
spores and plants are emphatically introduced in this paper.

3.1.1 Conodont
Conodont is a key taxon in the Devonian biostratigraphic
research. 6 out of the 7 global stages of Devonian, except for
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Figure 1

Devonian Chronostratigraphy and biozonations in pelagic facies in China. International standard chronostratigraphy units, conodont zones and

absolute ages are after Becker et al. (2012) and Percival et al. (2018); Polarity Chron is after Becker et al. (2012) and Ogg (2016); Chinese regional
chronostratigraphy units (CRS) are after the stratigraphic chart of China (2014); Devonian biozonations of important fossil groups in China, including the
conodont, ammonite, graptolite, tentaculite and ostracod, are after Wang (2018), Liao and Ruan (2003), Mu and Ni (1975) and Chen et al. (2015), Ruan and
Mu (1989), Wang (2009), respectively.
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Figure 2 Devonian biozonations in shallow-water and non-marine facies in China. International standard chronostratigraphy units and absolute ages are
after Becker et al. (2012) and Percival et al. (2018); Chinese regional chronostratigraphy units are after the stratigraphic chart of China (2014); Devonian
biozonations of important fossil groups, including the brachiopod, rugose coral, chitinozoan, sporepollen, are after unpublished report of Hou et al. (2011),
Liao and Ruan (2003), Geng et al. (2000), Gao (1990) and Ouyang et al. (2017), respectively. Both the microvertebrate and microvertebrate biozones are after
Zhu M et al. (2000), and macroplants assembalges are summarized during this study. a) is based on the assemblages in South China, western Yunnan and
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the basal Devonian boundary, are marked by the FAD of
certain conodont species (Table 1). The international con-
odont biostratigraphic sequence, consisting of 68 biozones
(hundreds of thousands of years to millions of years in
duration), is the basis for division and correlation of marine
sediments, and provides a high-resolution timescale frame-
work for the Devonian System (Figure 1). Researches on
conodont fauna from deep-water facies by Wang (1989), Ji
and Ziegler (1993), and Bai et al. (1994) have elaborated the
conodont biostratigraphic sequences of Devonian in South
China, and enabled the international correlation. By sum-
marizing the taxonomy and biostratigraphy of conodonts in
China, Wang (2018) confirmed 58 Devonian conodonts
zones in pelagic facies, among which the biozones of Emsian
to Famennian can be precisely correlated to the standard
international conodont zones (Figure 1).

The basal Lochkovian boundary, i.e., the basal Devonian
boundary, is marked by the FAD of graptolite U. uniformis
(Ptibyl, 1940) (Table 1). When the GSSP was first estab-
lished, trilobite Walburgella rugulosa rugose and conodont
Caudicriodus woschmidti were used as ancillary markers in
determining the boundary. In China, C. woschmidti has been
reported in the Xiaputonggou Formation of northern Si-
chuan, the Rongshu Formation of western Sichuan, the
Shanjiang Formation of western Yunnan, and the Alugong
Formation of Inner Mongolia, that have been considered as
the lowermost Devonian in China (Wang, 1981; Wang, 2006;
Wang et al., 2009). However, Carls et al. (2007) suggested
that many conodont species similar to C. woschmidti started
to appear in the earliest Devonian during the radiation of the
primitive icriodontids, and the first occurrence of the stan-
dard C. woschmidti was in fact above that of C. post-
woschmidti, much higher than the Silurian-Devonian
Boundary. Hence, whether the “C. woschmidti” in China can
be the index of basal Devonian boundary and also the va-
lidity of the C. woschmidti Zone need further investigations.

The conodont zones of the Lochkovian and Pragian stages
(Lower Devonian), are established mainly based on the
evolutionary sequences of icriodontids (Caudicriodus,
‘Icriodus’, ‘Pelekysgnathus’, Latericriodus, and transitional
types), icriodellids (Pedavis), spathognathodontids (Ancyr-
odelloides, Lanea and Masaraella), and eognathodontids
(Eognathodus, Gondwania and Pseudogondwania). During
the Lochkovian and Pragian, endemic conodont taxa were
well developed due to the low sea level and biogeographic
provincialism, and thus standard global conodont zonation is
unachievable (Murphy, 2005; Slavik et al., 2012). Due to the
lack of systematic researches on the type sections, the
Lochkovian conodont zones in China are only preliminarily
established based on sporadic records of index taxa in Inner
Mongolia, Xinjiang, western Yunnan, Sichuan, and Tibet,
and need further improvement (Bai et al., 1982; Wang and
Ziegler, 1983; Xia, 1997; Wang, 2006; Wang et al., 2009)
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(Figure 1).

The FAD of conodont Eognathodus sulcatus marks the
basal Pragian boundary (Chlupac and Oliver, 1989), but this
viewpoint is controversial owing to taxonomic uncertainty
and the different occurrence levels around the world. The
primitive elements of Eognathodus from the stratotype sec-
tion was recently reclassified as E. irregularis, with its first
occurrence below the current GSSP horizon, while the
standard E. sulcatus appear in the middle Pragian. Thus, it
should not be served as the index species for the basal Pra-
gian boundary (Becker et al., 2012). The Pragian conodont
zonations in China have not been well studied, with merely
sporadic records and incomplete sequences. In a recent work,
Wang et al. (2016) identified E. irregularis, E. nagao-
lingensis, E. sulcatus and Masaraella pandora from the
Nahkaoling Formation of the Dashatian section, Nanning,
Guangxi, assigned the horizons to lower Pragian, and cor-
related it to the E. irregularis-Gondwania profunda Zone in
North America and the E. sulcatus Zone in Europe. Besides,
the Nahkaoling Formation and lower Shizhou Member of the
Yukiang Formation in the Liujing section, Hengxian,
Guangxi, were reported to yield Polygnathus pireneae, P.
sokolovi, E. sulcatus, E. nagaolingensis and E. kuangi, and
could be correlated to the E. kindlei to P. pireneae Zone in
Europe (Lu et al., 2016).

The GSSP of the Emsian Stage is under revision in terms
of the low appearance horizon of the index taxon P. kitabicus
at the Zinzilban stratotype section, Uzbekistan, which cut
nearly 2/3 of the traditional underlying Pragian Stage (Carls
et al., 2008). The SDS meeting voted for a decision to raise
the basal Emsian boundary to a level close to the entry of P
excavatus Carls & Gandl, 1969 in order to correlate more
closely with the classical Emsian in Rheine region of Ger-
many. One potential choice for the new GSSP is the entry of
P excavatus ssp. 114 (Carls et al., 2008). In South China,
researches on the basal Emsian conodont sequences in
Tiandeng, Nandan, and Hengxian, Guangxi suggest that the
uppermost Nahkaoling Formation is correlative to the Pra-
gian P. pireneae Zone, and that both P. e. excavatus and P. e.
ssp. 114 exist in the Yilan Formation and the middle Shizhou
Member of the Yukiang Formation, but precise horizons of
the lowermost part of the P. excavatus Zone and the under-
lying P. kitabicus Zone remain uncertain (Lu et al., 2016;
Guo, 2017).

During the Emsian to Famennian, distribution and evolu-
tion of conodonts tended to be cosmopolitan as a result of the
global sea level rise, which enables a precise conodont
biostratigraphic correlation in pelagic facies around the
world. Polygnathus and Icriodus are two representative
conodonts genera from the Emsian to the middle Givetian,
and the former is the key taxon in division of conodont
zones. The evolutionary lineage of polygnathids, Polynathus
pireneae—P. kitabicus—P. excavatus—P. perbonus—P.
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nothoperbonus—P. inversus (Yolkin et al., 1994), was the
basis for biostratigraphic frame of the Emsian Stage. The
occurrences of their descendants, P. c¢. partitus and P.
hemiansatus, represent the base of the Eifelian and Givetian,
respectively (Table 1). Many taxa with rapid evolution and
short range (e.g., Ancyrognathus, Ancyrodella, Klapperina,
Mesotaxis, and Schmidtognathus) occurred during the late
Givetian to the Frasnian, which is consistent with severe
climate fluctuations and multiple biological and environ-
mental events, and the basal Frasnian was marked by early
form of Ancyrodella rotundiloba (Table 1). Many above
mentioned representative taxa of the Middle Devonian be-
came extinct during the F-F event and gave way to the
prosperity of palmatolepids in the early-middle Famennian.
Later after the Dasberg Event in the Late Famennian, pal-
matolepids declined and finally died out around the DCB.
Meanwhile, conodont taxa, such as Pseudopolygnathus, Si-
phonodella, Bispathodus and Protognathodus, occurred and
replaced the significance of palmatolepids in biostratigraphic
division. In South China, the Emsian to Givetian conodont
biozones were established mainly based on the Liujing sec-
tion of Hengxian, the Dale section of Xiangzhou and the
Sihongshan section of Debao, Guangxi Province (Bai et al.,
1982, 1994; Wang, 1989; Lu et al., 2016), while the Frasnian
and Famennian zones on the Luofu section of Nandan and
the Lali section of Yishan, Guangxi Province (Zhong et al.,
1992; Ji and Ziegler, 1993).

The Nanbiancun section in Guilin, Guangxi is one of the
auxiliary stratotype sections for the global Devonian-Car-
boniferous boundary, and the GSSP is located at the bottom
of Bed 89 in the La Serre section, France and marked by the
FAD of conodont S. sulcata in the S. praesulcata-S. sulcata
evolutionary lineage (Table 1). Recent studies indicated that
S. sulcata actually shows its first occurrence at the bottom of
Bed 84 in the La Serre Section, near a lithological interface
resulted from an event deposit (Kaiser, 2005). Besides, the S.
praesulcata-S. sulcata evolutionary lineage is far from
clarified for the existences of several morphotypes of S.
praesulcata (Kaiser and Corradini, 2011). The DCB working
group of ICS decided to lower the boundary to one level of
the following candidates: the FAD of conodont Pr. kockeli,
the beginning of biodiversification of the Carboniferous-type
organisms, the end of the Hangenberg mass extinction, or the
end of the latest Devonian regression (Spalletta et al., 2017).
Numerous DCB sections recording various sedimentary fa-
cies and abundant fossils are well exposed in China. Based
on the integrated studies of the conodont biostratigraphy,
carbon isotope stratigraphy and event stratigraphy, the
Hangenberg Event and the DCB by the present definition
have been precisely located in both deep-water and shallow-
water facies in South China (Qie et al., 2015, 2016). The
Protognathodus fauna has also been reported from the
Nanbiancun section of Guilin, Guangxi Province, as well as
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the Muhua and Daposhang sections, Guizhou Province (Hou
et al., 1985; Yu, 1988; Ji et al., 1989), but further researches
are still needed since the complete evolutionary sequence of
Pr. meischneri—Pr. collinsoni—Pr. kockeli has not been
precisely identified yet in South China.

3.1.2  Graptolite

Early Devonian graptolites have been reported in Qinzhou,
Yulin, Guangxi Province, western Yunnan Province, as well
as Tibet, with stratigraphic range up to the lower Emsian.
The graptolite biozones established by Mu et al. (1988) and
Wang (1988) have been widely applied in stratigraphic di-
vision and correlation. Chen et al. (2015) carried out a de-
tailed research about the graptolites in the Qinzhou
Formation of Qinzhou-Yulin area, recognized 3 genera and
14 species, and identified the following 4 biozones: the U.
uniformis Zone, the U. praehercynicus Zone, the Neomo-
nograptus falcarius Zone, and the U. yukonensis Zone in
ascending order, which could be correlated to the biozones in
Prague area. The graptolite U. uniformis has also been found
in Shidian and Ximeng, western Yunnan, and the base of the
U. uniformis Zone defines the Silurian-Devonian Boundary
in China. The N. himalayensis Zone, established by Mu and
Ni (1975), was reported in the lower part of the Liangquan
Formation in Nielamu area, southern Tibet, and the accom-
panying tentaculite N. acuaria indicates a horizon of lower-
middle Pragian (Figure 1).

3.1.3 Ostracod

Biostratigraphic sequences of Devonian pelagic ostracods,
especially the entomozoacean, have been completed in South
China, which comprise 19 zones and 4 subzones, and played
a key role in stratigraphic division and correlation of deep-
water sediments devoid of conodonts or ammonoids (Wang,
2009). Seven entomozoacean range-zones of lower and
middle Devonian, namely the Monosulcoentomozoe bei-
juntangensis Zone, the Trisulcoentomozoe trisulcata Zone,
the Bisulcoentomozoe tuberculata Zone, the Richteria
longisulcata Zone, the R. nayiensis Zone, the Bertillonella
praeerecta Zone and the B. suberecta Zone from the bottom
up, were established in Zhangmu of Yulin and Luofu of
Nandan, Guangxi (Wang, 1983, 1986). In upper Devonian of
South China, 12 ostracod zones and 4 subzones have been
identified, and can be precisely correlated to those of Europe
(e.g., Rheine area of Germany, Groos-Uffenorde et al.,
2000). The entomozoacean zones of the upper Frasnian serve
as an even higher-resolution standard than conodont zones in
stratigraphic division (Wang, 2009; Song and Gong, 2015)
(Figure 1). Besides, Wang and Peng (2005) established 11
leperditicopid assemblages in the shallow-water facies of
South China and adjacent areas according to stratigraphic
ranges and the ratio of height of the V-shaped muscle scar to
that of the adductor muscle scar (th/ah) in the Sinoleperdi-
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tiinae ostracods. The assemblage biozones enable strati-
graphic division and correlation in South China and South-
east Asia.

3.1.4 Brachiopod

The Devonian brachiopod assemblages are extensively ap-
plied in stratigraphic division and correlation of shallow-
water successions in South China. Many unit-stratotypes of
the Chinese regional stages, such as the Nagaolingian, Yu-
jlangian, Yingtangian, Shetianqiaoan, and Xikuangshanian,
are defined by occurrences of certain wide-spread brachio-
pod fauna (Table 1). During the Lochkovian time, near-shore
clastic sediments widely developed in most area of South
China as a result of the Kwangsian Orogeny, and the bra-
chiopod Spirigerina supramarginalis fauna, represented by
Grayina, Vagrania, Macroplura, Isothris, Reticulatrypa,
etc., was restricted to the deep-water environment in Qinz-
hou, Guangxi Province (Hou et al., 1988). During the Pra-
gian to Famennian, brachiopod flourished in South China,
and the following 11 assemblage/acme zones have been
identified from bottom up in shallow-water facies (Hou,
1981; Tan, 1987; Ma et al., 2009; Ma and Zong, 2010; Hou et
al., 2017): Orientospirifer nakaolingensis Zone, Ros-
trospirifer tonkinensis-Dicoelostrophia Zone, Howellella
fecunda-Reticulariopsis ertangensis Zone, Trigonispirifer-
Otospirifer-Euryspirifer Zone, Athyrisina-Yingtangella- Xe-
nospirifer Zone, Stringocephalus Zone, “Leiorhynchus”
Zone, Cyrtospirifer Zone, Yunnanella-Sinospirifer Zone,
Nayunnella-Hunanospirifer Zone, and Yanguania dush-
anensis-Trifidorostellum longhuiense-Plicochonetes ornatus
Zone (Figure 2). In addition to the above-mentioned shallow-
water faunas, other types of brachiopod fauna have also been
reported in South China as a result of the differentiation of
sedimentary facies and biofacies during the early Emsian to
the Famennian. A monotonous brachiopod fauna dominated
by the small-sized and double-spired athyrid, Sinathyris, was
reported in the deep-water sediments of the Upper Yilan
Formation in Nandan, Guangxi (Guo et al., 2015), which was
contemporary with the Howellella fecunda-Reticulariopsis
ertangensis assemblage zone of the shallow-water facies.
Later in the Nandan area, the Costanoplia-Plectodonta fauna
represented by thin-shelled and small-sized brachiopods
appeared in the Tangxiang Formation (Xu, 1977, 1979),
corresponding to the  Trigonispirifer-Otospirifer-Eur-
yspirifer assemblage zone of the shallow-water facies, and
meanwhile in the platform margin facies, the existence of
Zdimir assemblage zone was widely reported (Wu and Yan,
1980; Bureau of Geology and Mineral Resources of
Guangxi, 1985; Kuang et al., 1989). During the middle De-
vonian, transitional facies developed in the Liujing area,
Guangxi Province. The brachiopod fauna characterized by
Vallomyonia (Yujiangella) sinensis, Pentamerella nannin-

gensis, and Cyrtinoides guangxiensis (=Echiinocoelia
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guangxiensis Sun), and the Stringocephalus-Changtangella
fauna were reported in the uppermost Eifelian and the low-
ermost Givetian, respectively (Sun, 1992; Bai et al., 1994;
Xian, 1998; Balinski and Sun, 2016). A monotonous bra-
chiopod fauna dominated by the rhychonellid Dzieduszyckia
existed in the off-shore carbonate platform facies and the
intra-platform basinal facies of Guangxi and Guizhou during
the early Famennian (Nie et al.,, 2016). In the regional
Yangshuoan (roughly corresponding to the conodont Pa. r.
trachytera to Pa. p. postera zones), no brachiopod assem-
blage zone has been identified yet in South China due to rare
existence of brachiopods (Figure 2).

3.1.5 Coral

Rugose and tabulate corals are important fossil groups in
Devonian marine strata. They were abundant, diverse, and
evolved rapidly in shallow marine environment, often
forming complex reef systems together with stromatoporoids
and algae (Liao, 2006). During the Devonian time, corals
have experienced five major turnover events (Liao, 2006,
2015): (1) the occurrences of earliest representatives of
Pragian rugose corals, such as Chalcidophyllum and Eo-
glossophyllum, indicating the disappearance of Silurian-type
corals and the appearance of Devonian-type corals (Wang et
al.,, 1974); (2) in the middle Eifelian, favositids (such as
Favosites, Squameofavosites and Dictyofavosites), helioli-
tids (such as Heliolites), and some important coral species
became extinct; (3) the late Givetian event caused the ex-
tinction of cystimorph corals such as Mesophyllum, Cysti-
phylloides and Calceola; (4) the F-F extinction event led to
the demise of most Devonian-type corals, leaving just a few
species such as Smithiphyllum in sporadic localites in South
China during the early to middle Famennian; (5) in late
Famennian, Carboniferous-type corals started to appear, in-
dicated by abundant endemic elements in South China, such
as Ceriphyllum and Cystophrentis.

By summarizing taxonomy and evolution of Devonian
rugose corals from South China, Liao and Ruan (2003)
proposed 14 rugose coral zones for regional stratigraphic
subdivision and correlation (Figure 2). In contrast, coral
faunas from other regions in China (such as Junggar and
Tibet) have not been well studied, and no complete coral
biostratigraphic sequence was established. In South China,
the lowest Devonian rugose coral zone is the Chalcido-
phyllum-Eoglossophyllum zone of Pragian; the Emsian Stage
contains five zones, listed here in ascending order:
Xystriphlloides-Heterophaulactis, Siphonophrentis-Stereo-
lasma, Lyrielasma- Xiangzhouphyllum, Trapezophyllum, and
Psydracophyllum-Leptoinophyllum zones; the Eifelian Stage
corresponds to the Utaratuia-Breviseptophyllum zone; the
Givetian Stage includes Dendrostella-Columnaria and En-
dophyllum-Sunophyllum zones; the Frasnian Stage com-
prises Sinodisphyllum and Peneckiella-Pseudozaphrentis
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zones; the Famennian Stage is composed of Smithiphyllum,
Ceriphyllum, and Cystophrentis zones (Figure 2).

3.1.6 Microspores

Devonian microspores evolved quickly, characterized by
high abundance, and are the most useful fossils to make
correlation between marine and terrestrial sediments.
Nevertheless, it is hard to establish high-resolution standard
palynostratigraphic sequence for international and regional
correlation due to commonly incomplete terrestrial and non-
marine successions, flora provincialism and vegetation
zoning within certain areas. Ouyang et al. (2017) studied and
reviewed a total of 50 Devonian palynological assemblages
from South China, Junggar, Tarim, Qinling and Tibet, and
managed to make a preliminary correlation using integrated
biostratigraphic framework. The palynostratigraphic se-
quence in Figure 2 was mainly based on the microspore
assemblages from Qujing, Yunnan (NC, GC, VL and RCA),
Liujing, Guangxi (LP, RAS, and VMC), Dushan, Guizhou
(TA and DG), Changyang, Hubei (CD), Xikuangshan, Jiel-
ing and Xinshao, Hunan (LH-LN) (Gao, 1990; Ouyang et al.,
2017). It should be noted that the palynological assemblages
of uppermost Famennian enable high resolution stratigraphy
correlation, among which, the Retispora lepidophyta-Knox-
isporites literatus (LL), R. lepidophyta-Hymenozonotriletes
explanatus (LE), and R. lepidophyta-Verrucosisporites niti-
dus (LN) can be recognized at a global scale (Becker et al.,
2012).

3.1.7 Plants

In recent years, Chinese paleobotanists made important
progresses regarding the systematic taxonomy and evolution
biology (Wang and Xu, 2005; Xue, 2009). Some plant
groups, such as traditional Protolepidodendron has been
revised and correlated globally (Xu and Wang, 2008). New
advances in Devonian flora (Hao and Xue, 2013; Xu et al.,
2015), plant palacogeography (Xu et al., 2014), and geo-
chronology (Zheng et al., 2016) provide important basis for
the further study on terrestrial stratigraphy in China.

As for paleobiogeoraphy of the Devonian floras of China,
two realms, i.e., the North and South Realms, could be dif-
ferentiated based on divergent plant assemblages (Cai and
Wang, 1995). Notably, the South Realm has been extensively
studied and several Devonian floras have been recognized,
including the Pragian Posongchong Flora (Hao and Xue,
2013), the late Pragian to earliest Emsian Xujiachong Flora
(Wang et al., 2002), the late Middle Devonian Xichong Flora
(Wang et al., 2007) and the Late Devonian Wutong Flora
(Wang et al., 2006). In China, Eifelian horizons with plant
fossils are quite limited, and till now, were only found in the
Hujiersite Formation of Tacheng, Xinjiang, yielding Serru-
lacaulis spineus and Planatophyton hujiersitense (Xu et al.,
2011; Gerrienne et al., 2014). Based on the recent progresses,
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we establish a new plant biostratigraphic sequence at a stage
level, consisting of the Lockhovian Zosterophyllum-Xitunia
assemblage zone, the Pragian Zosterophyllum-Yunia assem-
blage zone, the Emsian Psilophyton-Hsiia assemblage zone,
the Eifelian Serrulacaulis assemblage zone, the Givetian
Minarodendron-Leclercqia assemblage zone, the Frasnian
Archaeopteris-Leptophleoum assemblage zone, and the Fa-
mennian Sublepidodendron-Shougangia-Hamatophyton as-
semblage zone (Figure 2).

3.2 Carbon isotopic stratigraphy

Devonian (513Cmb curves from Euramerica have been es-
tablished by Buggisch and Joachimski (2006) and Saltzman
and Thomas (2012), but the isotopic patterns in different
sections and regions can be quite different. Before the use of
(513Ccarb records to facilitate high resolution correlation, it is
necessary to conduct sedimentary facies and diagenesis
analyses and compare numerous isotopic records on a global
scale, in order to learn the global versus local contribution in
a 6"C record.

Around the Silurian-Devonian boundary in China, carbon
isotope ratios show a major positive excursion with an am-
plitude of 1.4%o and 2%o in the Three Rivers Region and
western Yunnan, respectively (Figure 3). The carbon isotope
excursion was previous reported from Prague syncline,
Carnic Alps and North America, with peak values around
3.8%o. In Nevada, 6"°C excursion reaches 5.8%o, and this
shift represents the largest Devonian §°C event (Buggisch
and Joachimski, 2006; Saltzman and Thomas, 2012; Husson
et al., 2016). In China, 5°C values abruptly decrease to va-
lues around 0.6%o during the middle Lochkovian, and are
followed by a gradual increase with maximum values around
3.2%o in the top Lochkovian (Figure 3). The 5°C curve in the
Three Rivers Region is similar to North America, showing
the second increase in the middle Lochkovian, while in
Prague, the second positive shift of 5"C occurred in the top
Lochkovian (Buggisch and Joachimski, 2006) (Figure 3).

Few Pragian carbon isotopic records have been reported in
China, and our recent study fills this gap, and shows that ¢ Bc
values in the E. sulcatus zone at Dashatian, Nanning,
Guangxi are between —2.5%o and 1%o, characterized by major
fluctuations (Figure 3). Meanwhile, the trace element and
sedimentary facies analyses further suggest that the s°c
records in the studied area are intensely influenced by the
meteoric diagenesis and re-mineralization of organic matter,
and cannot be used for stratigraphic correlation over large
distances.

Previous researches on the Emsian '3Cmb records focused
on the Longmenshan section of Mianyang, Sichuan Pro-
vince, the Bahe section of Tiandeng and the Maanshan sec-
tion of Xiangzhou, Guangxi Province. However, due to the
low-resolution sampling and poor biostratigraphic control,
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previous §°C records cannot be correlated with their coun-
terparts in Europe (Figure 3). New carbon isotope data are
derived from the Longmengshan section of Mianyang, in-
dicating that the Emsian 513Ccarb values in South China are
between —1%o and 0.9%o, around 0, and generally lower than
contemporary 6"C values in Europe (Buggisch and Joa-
chimski, 2006) (Figure 3). Emsian 513Ccarb records in South
China, Europe and North America stay stable with only
minor fluctuations, and a slow trend towards higher values is
observed in upper Emsian (Figure 3).

At Longmenshan, ¢ 13C values decrease from around 1.2%o
to —1.3%o in the lower Eifelian and are followed by a gentle
increase to values around 0.7%o near the base of the Givetian
with an amplitude of 2%o. 513Cmb values of brachiopods
from Germany and Morroco record a major positive excur-
sion in the middle Eifelian and increase from around 0.5%o to
2.6%o. Then, 513C03rb values decline to around 1.1%o, and
across the Eifelian-Givetian boundary, show an abrupt in-
crease to maximum values around 3%o. During the Eifelian,
sc patterns recovered from different regions and sample
materials are quite different, and need to be further con-
firmed (Buggisch and Joachimski, 2006; van Geldern et al.,
2006). But in all studied sections, a significant positive shift
of 5°°C with a similar amplitude has been recognized near the
Eifelian-Givetian boundary, indicating a possible global
carbon isotope event.

Many carbon isotope studies on the Givetian in South
China have been conducted, and mainly focused on the Dale
and Maanshan sections of Xiangzhou, the Liujing section of
Hengxiang, Guangxi, and the Longmenshan section of
Mianyang, Sichuan Province (Cui et al., 1993; Bai et al.,
1994; Wang and Bai, 2002). §°C values are generally be-
tween —2%o and 2.5%o, and the evolution patterns cannot be
well correlated due to the poor biostratigraphic control and
the different base-line values in the studied sections. Our new
data indicate that 6"°C values show significant variations in
Givetian at Longmenshan and a positive excursion is evident
in the middle Givetian, with an amplitude of >3.5%. (Figure
3). This isotopic shift can be recognized in Europe, and may
correlate with global sea-level rise and the Givetian Taghanic
event (Buggisch and Joachimski, 2006; Becker et al., 2012).

Around the Givetian-Frasnian boundary, carbon isotope
ratios show a major positive shift, with an amplitude of 2.5%o
and 3%o in the Maanshan and Longmenshan sections, re-
spectively (Figure 3). The excursion reaches 5.6%o in the
Longmenshan section, which represents the peak & BC value
of Devonian marine carbonates in China. In France, Italy,
Germany and Australia, it is also recognized in the middle M.
falsiovalis zone of basal Frasnian, with an amplitude of about
2% and peak values <4.4%o (Buggisch and Joachimski,
20006). In the lower Frasnian, 5°C values show significant
fluctuations, but no uniform pattern has been established at a
global scale; in the upper Frasnian, consistent with the lower
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and upper Kellwasser events, 5°C values show two major
positive shifts, respectively. The shift amplitudes (~3%o) and
peak values (~3.5%o) of these two excursions can be ob-
served around the world, indicating global carbon isotopic
events during this critical time interval (Joachimski et al.,
2002; Stephens and Sumner, 2003; Chen et al., 2005; Xu et
al., 2012; Chang et al., 2017) (Figure 3).

A large, positive carbon isotope excursion across the
Frasnian-Famennian boundary was reported in the Fuhe and
Baisha sections, South China, and reaches the maximum
value near the base of the middle Pa. triangularis zone.
Following the peak values, J 1C shows a gradual decreasing
trend to around 1.1%o, which is interrupted by a minor po-
sitive shift in the lower to middle Pa. crepida zone (Chen et
al., 2013; Chang et al., 2017). In South China, no carbon
isotopic record has been reported in the upper Pa. crepida
zone and lower Pa. marginifera zone, while in Europe, P
values fluctuate between 1%o and 2 %o (Buggisch and Joa-
chimski, 2006). At the Tieshan section, 5"C values remain
stable (around 2 %o) in the middle Pa. marginifera zone to
the lower Pa. g. expansa zone, and is consistent with the
records in Europe (Figure 3). In uppermost Devonian of
South China, our recent §"°C data document a negative ex-
cursion within the middle S. praesulcata zone (i.e., the
Hangenberg mass extinction interval) and a major positive
6"C shift in the upper S. praesulcata zone (HICE) (Qie et al.,
2015). However, local carbon cycling processes played an
important role, and the peak 5"C values and the magnitude
of the HICE differ markedly in different sedimentary set-
tings. In the shallow-water near-shore platform, 5°C values
show a prominent positive shift increasing by >4%o to 4.5%o
in the Qilinzhai section, while in the deep-water basin, stc
values in the Gedongguan section fluctuate around 2%o and
display merely a minor shift with an amplitude of about 1%o.
The temporal and spatial compositions of carbon isotopic
records in South China can be correlated with Belgian-
France Basin and Carnic Alps, and have important global
significance during the Devonian-Carboniferous transition
(Qie et al., 2015).

3.3 Strontium isotope stratigraphy

Since the residence time of Sr in the ocean (~106a) is far
longer than the ocean mixing time (~103a), the world's
oceans are considered homogeneous with respect to seawater

¥7Sr/*°Sr, which has long been used as a tool for precise
stratigraphic correlation and dating (McArthur et al., 2012).
Huang (1997) reported a *’St/*°Sr record of the Emsian to
Famennian using marine carbonates from the Longmenshan
section, Sichuan Province. Sr/%Sr values are 0.70788—
0.70868, and its long-term trend agrees with a published
mean LOWESS fitted line (Figure 3). After a gradual decline
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from early Devonian, ¥7St/*Sr ratios reach nadir values and
stay stable in middle Devonian, then start to increase in
Frasnian and define a plateau throughout the Famennian.
However, the existing standard Devonian seawater Sr/*°Sr
record remains poorly resolved in the Lochkovian to lower
Emsian, and no data have been report from the upper Fa-
mennian, leading to stratigraphic uncertainties and poor
correlation using strontium isotopic records from South
China. Notably, the Emsian to upper Eifelian and upper
Frasnian *’St/*’Sr values at Longmenshan are scatter and
much higher than the mean LOWESS fitted line (Figure 3),
reflecting possible influences of regional geological events
(Huang et al., 2002). Chen et al. (2005) conducted high re-
solution strontium isotope analyses of marine carbonates in
the Frasnian-Famennian boundary intervals at the Fuhe and
Baisha section of Guilin, Guangxi. ¥7S1/*Sr values fluctuate
between 0.7082 and 0.7094, and show two major positive
shifts in the Lower and Upper Kellwasser horizons (Figure
3), respectively, which are also consistent with two major
positive excursions of (513Ccarb and 513C0rg pairs. Chen et al.
(2005) suggest that the climatic perturbations, triggered in-
itially by enhanced volcanic activity and subsequent in-
creased riverine nutrient fluxes and primary productivity, in
together with marine anoxia lead to the stepwise mass ex-
tinction during the Frasnian-Famennian transition. Never-
theless, ¥Sr/*Sr values in the Fuhe and Baisha sections
varied considerably, and are much higher than the data from
the mean LOWESS fitted line (Figure 3), whether they re-
flect possible diagenetic alternation, regional geological
events or restricted waster mass need further evaluation.

3.4 Devonian event stratigraphy

As many as 25 events, characterized by sea-level rise and
fall, ocean anoxic/hypoxic events, and/or biological extinc-
tions/turnovers, took place during the Devonian (Becker et
al., 2012). All these events were closely related to the climate
changes resulted from the Milankovitch cycles, featured by
‘isochroneity’ and ‘instantaneity’. For example, the main
episode of the F-F mass extinction lasted for 0.2-0.4 Ma (the
Upper Kellwasser horizon; De Vleeschouwer et al., 2013;
Huang and Gong, 2016), while duration of the main episode
of the end-Devonian Hangenberg extinction was only 0.05—
0.1 Ma (middle S. praesulcata Zone, Myrow et al., 2013),
and thus identification of these events in stratigraphic se-
quences enables a higher-resolution correlation of Devonian.
A brief introduction of the Devonian events in South China
has been made by Ma et al. (2014), and here in the following
section, we will discuss the major biological and environ-
mental events in detail.

3.4.1 The Silurian-Devonian Boundary (S/D) Event
The S/D event represented the biotic recovery after the
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Transgrediensis extinction, and was characterized by si-
multaneous appearance of the Devonian-type organisms at a
global scale, such as the graptolite U. uniformis, U. sub-
hercynicus, Neomonograptus aequabilis and conodont
Caudicriodus, and by a significant positive shift of carbon
isotope (Buggisch and Joachimski, 2006; Manda and Fryda,
2010). In China, this positive shift of carbon isotope was also
identified around the S/D boundary in the Putongou and
Yanglugou sections of western Qinling area, the Xishancun
section of Qujing, Yunnan Province, and the Changwantang
section of Yunlin, Guangxi (Zhao et al., 2011, 2015). These
carbon isotope stratigraphic works, together with researches
on conodont, microvertebrate and graptolite biostratigraphy,
help to confirm the precise horizon of the S/D boundary and
event in China.

3.4.2 The basal Zlichov, Chebbi, and Yujiang events in
early Emsian

Clastic sedimentary facies were widely spread in South
China before the Emsian Stage, and massive carbonate se-
diments did not begin to develop until the conodont P. ex-
cavatus Zone. In addition, the horizon of the basal carbonate
rocks in northern area is relatively higher than the southern
area, which indicates a transgressive overlapping in South
China during the Early Devonian. The occurrences of con-
odont P, e. ssp. 114 in the upper Yilan Formation at the Mode
section of Nandan and in the limestone above the Yujiang
and Huangjingshan formational boundary at the Poyuan
section of Tiandeng (Guo, 2017) suggest that the rapid
transgression took place in the upper P. excavatus Zone of
Emsian and can be correlated to the Basal Zlichov Event in
Europe and Africa (Garcia-Alcalde, 1997; Becker and
Aboussalam, 2011).

The term “Chebbi Event” derived from the Metabactrites-
Erbenoceras shale near Ouidane Chebbi of Morocco, and it
occurred in the uppermost P. excavatus Zone (correlating to
the upper P. gronbergi Zone in GTS2012). This event was
characterized by the first radiation of ammonoids in the
world, representing one of the significant events in the
evolutionary history of planktons (Becker and Aboussalam,
2011). The first occurrence of ammonoids in China, in-
cluding Anetoceras, Erbenoceras and Teicherticeras, was
recorded in the tentaculitid N. praecursor Zone of Luofu,
Nandan, Guangxi (Zhong et al., 1992; Liao and Ruan, 2003),
which was very close to horizon of the Chebbi Event.

The Yujiang event was formally proposed by Yu et al.
(2018), intending to represent the paleobiological and pa-
leoenvironmental changes in South China during the early
Emsian. The first episode of the Yujiang Event, corre-
sponding to a rapid transgression event, occurred in the
lowermost part of the P. nothoperbonus Zone, and is char-
acterized by lithological changes, extinction of the bios-
trome-constructor Xystriphylloides, disappearance of coral



Qie WK, et al.

biostromes, as well as compositional change of the Ros-
trospirifer tonkinensis Fauna. The main episode of Yujiang
Event was evidenced by the extinction of the Rostrospirifer
tonkinensis Fauna in the upper part of the P. nothoperbonus
Zone and consistent with a second transgression event.
Significant differentiation of sedimentary facies occurred
after the Yujiang Event in South China, and 4 sedimentary
types were recognized according to lithological and biolo-
gical features: the Qujing type (paralic facies), the Xiangz-
hou type (benthic facies), the Nandan type (pelagic facies),
and the transitional facies (Hou et al., 1988) (Figure 4).

In South China, the transgression event in the lowermost P.
nothoperbonus Zone resulted in the extinction and change-
over of benthic fauna in shallow marine ecosystem, while in
the deeper water region (e.g., Luofu, Nandan), ammonoids
started to appear and radiate, which may reflect diverse
patterns responding to the Chebbi Event in different plates
and sedimentary facies.

3.4.3 The Chotec¢ and Kacak events in Eifelian

The Chote¢ event represents one of the global transgression
and ocean anoxia/hypoxia events that occurred in earliest
middle Devonian (upper part of the P. c. partitus zone). It is
characterized by abundant burial of organic matters and the
turnover of major marine fauna groups (Walliser, 1996). In
pelagic facies of South China, this event corresponds to the
dark argillaceous limestones, siliceous rocks, and siliceous
mudstones of the uppermost Pozheluo Formation; while in
shallow-water platform facies, it is consistent with the Dale
and Gupa formational boundary, marked by the occurrences
of tentaculite N. sulcata, brachiopod X. fongi-E. lachrymosa
assemblage and coral Utaratuia-Breviseptophyllum assem-
blage, which indicate the beginning of the regional Ying-
tangian Stage (Table 1).

The Kacak event is manifested by deposition of black
shale, widely distributed near the E-G boundary intervals in
Europe and other regions, indicating global sea level rise,
abundant burial of organic matters and marine anoxia during
this time, which had a major impact on the pelagic fauna,
such as conodonts, cephalopods and dacryoconarid tenta-
culitids (Walliser, 1996; Konigshof et al., 2016). In pelagic
facies of South China, this event is characterized by the
occurrence of tentaculite N. ofomari; in transitional facies, it
is marked by the lithological change from the dolostone of
the Najiao Formation and dolomitic limestone of the lower
Mintang Formation to the thin-bedded limestone containing
diverse dacryoconarid tentaculitids, and by simultaneous
appearances of tentaculite N. ofomari and brachiopod
Stringocephalus; in shallow-water platform facies, a positive
shift of 5°°C value increasing by around 2% is observed near
the E-G boundary in the Longmenshan section, which could
be a good indicator of the Kacdk event (Figure 4).
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3.4.4 The Taghanic and Frasne events in Givetian

The Taghanic event (from the upper middle P. varcus zone to
upper Schmidtognathus hermanni zone) is consistent with
global sea-level rise, and characterized by enhanced occur-
rences of biotic invasion, demise of typical Givetian fauna
and rapid decline of biodiversity, which represents one of the
most important geological events and extinction events in
Devonian (House, 2002; McGhee et al., 2013). In South
China, the relative sea-level changes was influenced by local
tectonic activities, i.e. intensified rifting since the middle of
the lower P. varcus Zone, but the change pattern is basically
the same with the global sea-level (Ma et al., 2009) (Figure
3). This event resulted in the replacement of the Maenioceras
fauna by the Pharciceras fauna in pelagic facies; in shallow-
water platform facies, it is marked by the demise of bra-
chiopod Stringocephalus and the disappearance of most
species of the Endophyllum-Sunophyllum assemblage; dee-
per water sequences started to occur in the transitional facies
(e.g., the Gubi Formation at Liujing) and shallow-water
platform facies (e.g., the Baqi Formation in Xiangzhou)
(Figure 4).

The Frasne event is recorded around the Givetian-Frasnian
boundary, and represented by the sea-level transgression and
biotic turnover in the Euramerican sections (House, 2002). In
contrast, a major sea-level fall occurred in South China, in-
dicated by the missing of lower Frasnian in central Hunan
and northern Guangxi and the strata yielding middle Frasi-
nan cyrtospiriferids directly overlying the middle Devonian
(Ma and Zong, 2010). Reef builders (such as corals and
stromatoporoids) were severely influenced, causing the de-
mise of coral-stromatoporoid bioherms and the proliferation
of microbial bioherms and stromatoporoid biostromes (Wu et
al., 2010). Meanwhile, 513Cwb value increases with an am-
plitude of 2.5-3%o around the G-F boundary, indicating the
onset of the collapse of Devonian metazoan reef systems and
major perturbations of marine carbon cycle during this time
interval, which are correlated with the Frasne event.

3.4.5 The F-F mass extinction event

The F-F event represents one of the ‘big five’ mass extinc-
tions of the Phanerozoic (Sepkoski, 1996; McGhee et al.,
2013), causing significant dropdown of marine biodiversity,
major changes in the community structure, and collapse of
the largest reef ecosystems (Copper, 1994; Walliser, 1996).
This event includes two episodes, corresponding to the lower
and upper Kellwasser events, respectively. It is closely re-
lated to the global changes of climate, sea-level and marine
redox conditions (Joachimski et al., 2009).

The lower Kellwasser event occurs in the lower part of the
upper Pa. rhenana zone, and is poorly studied in South
China. It can only be recognized by the major positive shifts
of carbon, oxygen, and strontium isotopic records in the
transitional facies and deep-water basins (e.g., the Fuhe,
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Dongcun, and Baisha sections of Guilin, and the Nantong
section of Wuxuan), indicating abundant burial of organic
carbon, global climate cooling and increased terrestrial in-
puts during this time (Chen et al., 2005; Xu et al., 2012;
Huang, 2015).

The upper Kellwasser event occurs around the Frasnian-
Famennian boundary (the Pa. linguiformis zone and lower
Pa. triangularis zone), and represents the main episode of
the F-F mass extinction. It had a major impact on the benthic
fauna groups, such as brachiopods, corals and ostracods in
the shallow marine ecosystem (Chen and Ma, 2004; Liao,
2004; Wang, 2004). There existed obvious discrepancies
among different fossil groups in terms of extinction pattern
and extinction mechanism (Ma et al., 2016). In deep-water
facies, the demise of Frasnian conodonts are estimated to
have lasted less than 200 kyr (Huang and Gong, 2016).
Major fluctuations of carbon, oxygen, and sulfur isotopic
records in South China have been reported in previous re-
searches, and have great significance for revealing marine
geochemical cycle perturbation during this critical time in-
terval (Chen et al., 2013; Huang, 2015).

3.4.6 The Hangenberg event

The Hangenberg event occurred in the middle and upper S.
praesulcata  zones mnear the Devonian-Carboniferous
boundary, within a short time span of about 100-300 kyr
(Myrow et al., 2013). Recent studies revealed that this event
was at least as severe as the F-F extinction event, and re-
presents one of the largest mass extinctions in the Phaner-
ozoic (Becker et al., 2012; Kaiser et al., 2016). In South
China, the biotic and environmental responses to the Hang-
enberg event were basically identical to other regions around
the world, including: (1) the main extinction level is in the
middle S. praesulcata zone, marked by widespread black
shale in deep-water facies, and sedimentary gap or litholo-
gical changes in shallow-water facies, indicating a sea-level
fall event during this time (Qie et al., 2015); (2) marine
communities were severely affected, among which the
stromatoporoids, chitinozoans, placoderms, Leperditicopida
and Palmatolepids became extinct, only a few cymaclyme-
niids survived the main extinction levels, and Devonian-type
corals, trilobites, and acritarch, foraminifera and vertebrate
animals experienced great biodiversity loss, interrupting the
biotic recovery in the aftermath of the F-F mass extinction;
(3) the survivors became extinction in the upper S. prae-
sulcata zone, which is consistent with the global sea-level
rise following the latest Devonian glaciation, changeover of
terrestrial floras, and the appearance of Carboniferous-type
organisms; (4) carbon and nitrogen isotopic records in South
China indicate major marine geochemical cycle perturba-
tions (Liu et al., 2016).
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3.5 Cyclostratigraphy and radiometric age

Cyclostratigraphy is a powerful tool in high-resolution
stratigraphic subdivision and correlation. As for the Cen-
ozoic strata, continuous, high-resolution (20-100 kyr) as-
tronomical time scale has been established by identifying the
Milankovitch cycles in sedimentary records, and tuning these
cycles to the astronomical solutions (ATS, Hinnov, 2004). As
for the Paleozoic strata, astronomically calibrated floating
time scales with time resolution of 400 kyr could be provided
by the interpretation of cyclic variations in the sedimentary
records, and in combination of radiometric age, enable us to
precisely determine the timing and durations of major biotic,
climatic and environmental events, and to improve the ac-
curacy and resolution of geologic time scale (De Vlee-
schouwe et al, 2012, 2013; Da Silva et al., 2016).

Studies on Devonian cyclostratigraphy of China started
early in the 90s of last century, Bai et al. (1994) and Bai
(1995) indicated that the 100 kyr period in chemical element
abundances and ratios recovered from the Devonian sedi-
ments in South China, was formed in response to the orbital
perturbations of eccentricity, the duration of one Devonian
conodont zone is between 0.05 Myr and 1.0 Myr, and the
Frasnian Stage lasted about 5 Myr. Gong et al. (2005) re-
cognized hierarchically organized laminae, bundles, bun-
dlesets and superbundlesets in the upper Givetian to lower
Famennian in Guangxi, which were considered to be con-
sistent with a sub-Milankovitch (8-10 kyr), precession or
obliquity (1.67 kyr or 3.33 kyr), eccentricity (100 kyr) and
long eccentricity (400 kyr) cyclothems, respectively. The
duration of 12 standard conodont zones of Frasnian and early
Famennian have been elaborated, and the Frasnian Stage has
been estimated to have lasted 4.3 Myr. However, in GTS
2012, the duration of the Frasnian is 9.5 Ma, indicating that
previous studies on Devonian cyclostratigraphy of China
need further improvement. In order to testify the orbital
signatures illustrated by diverse climate proxies, time-series
analysis, cyclostratigraphic correlation among different re-
gions, and calibration by accurate radiometric age are nee-
ded.

In China, isotope geochronology studies on Devonian
stratigraphy is extremely limited, and only one valid radio-
metric age was reported from the Devonian-Carboniferous
boundary interval in South China. Liu et al. (2012) con-
ducted SHRIMP U-Pb analyses on the zircons extracted
from the Hangenberg event horizon in the Daposhang sec-
tion, Guizhou province, yielding 20 concordant data that
form a cluster with a **Pb/***U concordia age of 359.6+1.9
Ma. Combined with previous biostratigraphy and sequence
stratigraphy results, the age of the DCB at Daposhang, South
China is estimated at 359.58 Ma, which has been adopted by
the Stratigraphic Chart of China (2014) (Figure 3).
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4. Correlation of the Devonian sequences of
China

On the basis of paleogeography configuration, geotectonic
properties of the sedimentary basins and paleobiological
features, the Devonian of China can be subdivided into 9
stratigraphic regions (Figure 5), including Altai-Hinggan (1),
Junggar (II), Tarim (III), North China (IV), Qilian-Kunlun
(V), Qinlin (VI), Qiangtang-Three Rivers (VII), South China
(VII) and Himalaya-western Yunnan (IX). Stratigraphic
correlation between different stratigraphic regions of China
is mainly based on biostratigraphy of pelagic fossils, espe-
cially the conodont, graptolite and tentaculite. However,
since biostratigraphic framework has not been well estab-
lished in the other regions, high-resolution stratigraphic
correlation with the standard sequences in South China is
unachievable at present (Figure 4).

Devonian was a period of great tectonic activity, climatic
fluctuations, and sea-level variations, and global provinci-
alism of marine biota was evident. According to tectonic,
climatic and biotic features, Zhao (1988) recognized three
realms on a global scale, i.e., the Boreal, Tethyan (including
northern and southern zone) and Malvinocaffric Realms.
During this time, China was composed of multiple, separated
blocks that were located in the northern and southern mar-
gins of the Paleotethys Ocean, and moving northward in
general. The Altai-Hinggan Region belonged to the south
margin of the Siberia, and the Junggar Region was part of the
Kazakhstan Plate, both regions developed combination of
terrestrial sediments, shallow-marine siliciclastic and car-
bonate sediments, deep-water flysch and volcanic sediments
in tectonically active settings, i.e., active continental margin
or island arc zones. The Altai-Hinggan and Junggar regions
belonged to the Boreal Realm, and fossil associations are
similar to Siberia and Kazakhstan. The lower Devonian of
the Junggar Region has yielded a diverse fossil assemblage
consisting of trilobite Odontochile and brachiopod Leptae-
nopyxis and Paraspirifer with rare rugose corals, except in
the Mangkelu Member of the Hebukesaier Formation,
abundant and diverse rugose corals were found, but distinct
from the time-equivalent assemblages in South China (Liao
and Cai, 1987; Hou et al., 1988). Early Devonian rugose
corals, such as Siphonophrentis and Schlotheimophyllum,
developed well in the eastern Inner Mongolia and Hinggan
regions, characterized by small solitary, no-dissepiment and
thickening of periphereal sterozone, which may indicate
temperate climate. Due to the lack of systematic studies on
the biostratigraphy of pelagic fossil, the precise locations for
the base of the Lochkovian, Pragian and Emsian stages in the
Boreal Realm cannot be located. According to lycopid plant
association, most previous studies suggested the Hujiersite
Formation of the Junggar Region spans late Eifelian to Gi-
vetian. Due to fault-bound outcrops and lack of index fossils,
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the age of the Hujiersite Formation and its contact relation
with the underlying Hebukesaier Formation and Chaganshan
Formation (or Hefeng Formation) remain unclear (Xiao et
al., 1991; Wang et al., 2004) (Figure 4). Spores Acinosporites
lindlarensis and Rotaspora sp. were recently extracted from
the plants beds of the Hujiersite Formation by Xu et al.
(2014), and enable to date these beds as from late Emsian to
Eifelian in age. Zheng et al. (2016) conducted U-Pb ICP-MS
analyses of detrital zircons from the upper part of the Hu-
jiersite Formation, which gave a maximum depositional age
of 380 Ma and indicated that this formation could range up to
lower Frasnian (Figure 4). In recent years, studies on the
lithostratigraphy, conodont, ammonoids and brachiopod
biostratigraphy, carbon isotope stratigraphy and event stra-
tigraphy have been completed in the Famennian Honggule-
leng Formation, enable the establishment of a high-
resolution integrative stratigraphic framework for the Fa-
mennian of Junggar (Suttner et al., 2014; Carmichael et al.,
2014, 2016; Zong et al., 2015, 2016, 2017; Wang, 2016; Ma
et al., 2017b) (Figure 4). Nevertheless, the accurate locations
of the Frasnian-Famennian and Devonian-Carboniferous
boundaries remain controversial. Combined with the con-
odont biostratigraphy, Suttner et al. (2014) and Wang (2016)
suggested that the major positive shift of §°C values in the
basal Hongguleleng Formation, with an amplitude of >3%.,
is consistent with the global carbon isotope curve, and in-
dicate F-F boundary is located at the base of the Honggu-
leleng Formation. However, Zong et al. (2017) proposed that
no typical Frasnian conodonts have been found in western
Junggar, and the major 5°C shift was mainly caused by di-
agenetic alternation around the lithological boundary and the
actual pattern of 5"C is consistent with the global isotope
records in the Pa. crepida zone-Pa. rhomboidea zone of
Famennian, indicating the basal Famennian is missing in this
area (Figure 4). In the lower part of the Heishantou Forma-
tion (equivalent to the upper part of the Hongguleleng For-
mation defined by Chinese scholar), Carmichael et al. (2016)
detected a marine anoxic event using petrologic and geo-
chemical proxies, and considered it to represent the Hang-
enberg event, while Zong et al. (2016) suggested that the
Hangenberg extionction event occurs at the base of the
Heishantou Formation, characterized by the demise of bra-
chiopod Austrospirifer? sp. assemblage and the appearance
of Syringothyris-Spirifer assemblage.

During the Devonian, the Himalaya-western Yunnan Re-
gion, included in the southern zone of the Tethyan Realm,
was located in the northern margin of the Indian Plate, and
developed shallow-water siliciclastic and carbonate facies in
marginal sea environment (Figure 4). In the Mount Everest
region of Tibet, the Liangquan Formation yields a diverse
assemblage consisting of graptolite N. himalayensis, U.
thomasi, tentaculite Nowakia acuaria, Guerichina xi-
zangensis etc., and can be correlated with the Pragian and
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Figure 5 Tectonic-stratigraphic regions of the Devonian in China. I. Altai-Hinggan; II. Junggar; III. Tarim; IV. North China; V. Qilian-Kunlu; VI. Qinlin;
VII. Qiangtang-Three Rivers; VIII. South China; IX. Himalaya-western Yunnan.

lower Emsian in Yulin-Qinzhou, South China; the overlying
Boqu Group is mainly composed of medium- to coarse-
grained quartzose sandstone with rare fossils, and cannot be
further subdivided and well correlated with its counterparts;
the Yali Formation contains index fossils of the spore LE, LN
and VP zones, indicating the DCB is located in the lower part
of the Yali Formation (Figure 4). In Baoshan and Shidian,
western Yunnan, graptolite U. cf. uniformis and conodont
“C. woschmidti” are recorded in the Xiangyangsi Formation,
and the SDB may be situated in the basal part of the Xian-
gyangsi Formation; the overlying Wangjiacun, Shabajiao
and Xibiantang formations contain graptolites, tentaculites
and conodonts that could be used to make precise correlation
with the standard sequences in South China, and the lower-
middle Devonian boundary is located in the upper part of the
Xibiantang Formation (Figure 4); Middle and upper Devo-
nian are represented by a diverse assemblage consisting of
abundant rugose and tabulate corals, brachiopods, and tri-
lobites, which is quite different from the time equivalent
assemblages in South China, e.g., the typical brachiopod
genera in northern zone of the Tethyan Realm, such as
Stringocephalus, have not been found. Standard conodont
biostratigraphic sequences of the Malutang and Heyuanzhai
formations have been established by Dong and Wang (2006),
which enable precise stratigraphic subdivision and correla-
tion of the middle Devonian in western Yunnan and the as-
signment of the top Heyuanzhai Formation to the Frasnian
(Figure 4).

All the other stratigraphic regions of China belonged to the
northern zone of the Tethyan Realm, with little attention

being paid to the biostratigraphy and chronostratigraphy
except for the South China Region. The Tarim, North China
and Qilian-Kulun plates were thought to be adjacent to each
other during the Devonian, and in most areas, the lower and
middle Devonian did not develop due to the exposure and
erosion, and the upper Devonian is mainly composed of
terrestrial red conglomerate, sandy conglomerate and sand-
stone yielding plants, spores and fish fragments; marine
strata are restricted in the north and southwest margins of the
Tarim Plate, characterized by mixed siliciclastic and carbo-
nate platform facies and benthic communities. Brachiopod
Stringocephalus, which are widespread in the middle De-
vonian of South China, were also reported in the Tuogemaiti
and Saeraming formations of southern Tienshan. Based on
palynological assemblages, the Qizilafu and Donghetang
formations in Tarim Basin have been assigned to Famennian
and middle Famennian (Ouyang et al., 2017), respectively,
and the DCB in the Bachu Formation is located within the
lower mudstone Member (Zhu et al., 2000). In the Qinlin and
Qiangtang-Three Rivers regions, the biota show high simi-
larity with South China, e.g., in Diebu and Changdu, bra-
chiopod assemblages could be well correlated with the
standard sequences in South China (Hou et al., 1988). 14
coral assemblage zones and 17 brachiopod assemblage zones
were recognized in Diebu, Qinlin, which enable precise
stratigraphic subdivision. However, the biostratigraphic se-
quences of pelagic fossils have been poorly studied and the
recognition of key chronostratigraphic boundaries need fur-
ther improvement. Zhao et al. (2011) presented detailed
613C0rg records at the Putonggou and Yanglugou sections,
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Qinlin and recognized a major positive shift of 613Corg in the
Silurian-Devonian transitional intervals, together with pre-
vious conodont evidence, precisely located the SDB in the
successions.

5. Conclusions and implications

Based on well-studied biostratigraphy, carbon isotopic stra-
tigraphy and event stratigraphy of Devonian in South China
and adjacent areas, this paper provides an updated Devonian
integrative stratigraphy framework of China, facilitating
precise stratigraphic subdivision and correlation in different
paleogeographic settings. Nevertheless, there are still many
deficiencies concerning Devonian timescale of China, in-
cluding: (1) few studies have been conducted on the astro-
nomical cyclostratigraphy and radioactive isotope dating,
leading to lower-resolution time scale; (2) the Chinese re-
gional stages lack strict boundary definition, and need further
subdivision; (3) no continuous, complete Devonian carbon,
oxygen and sulfur isotopic curves have been reported in
China, and previous geochemical data are mainly restricted
within the Frasnian-Famennian boundary intervals; (4) ex-
cept for the South China Region, integrated stratigraphy
studies of the Devonian System in other stratigraphic regions
are very limited.

At present, the main tasks for the SDS include revising the
GSSPs for the base of the Emsian Stage and Devonian-
Carboniferous boundary, subdividing Devonian substages,
and improving correlation between the deep- and shallow-
water facies, and between marine and terrestrial strata, re-
spectively. Meanwhile, IGCP 652 (2017-2020) aims to es-
tablish high-resolution astronomical time scale using
integrated biostratigraphy, cyclostratigraphy and radiometric
dating means, and to determine the timing and durations of
the important Paleozoic events recorded in the sedimentary
records.

In South China, nearly complete deep-water sequences of
Emsian to Famennian were reported in the Nandan type fa-
cies, and provide excellent sedimentary records for the es-
tablishment of high-resolution astronomical time scale of
Devonian; the transitional and paralic facies are widely
distributed in South China, and characterized by diverse and
abundant fossil records, which are in favor of precise cor-
relation between marine and terrestrial strata, and between
global standard and Chinese regional stages. For the DCB
intervals, numerous studies have been conducted on the bio-,
litho-, isotopic stratigraphy and event stratigraphy in South
China, making it an ideal place to revise the Devonian-
Carboniferous boundary GSSP.
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