Journal of Earth Science, Vol. 33, No. 6, p. 1480-1493, December 2022

Printed in China
https://doi.org/10.1007/s12583-021-1526-8

ISSN 1674-487X

Conodont Biostratigraphic Constraint on the Lower Taiyuan
Formation in Southern North China and Its Paleogeographic

Implications

Yuan Wang® !, Jianghai Yang® *!:2, Dong-Xun Yuan>*, Jia Liu', Rui Ma'
1. School of Earth Sciences, China University of Geosciences, Wuhan 430074, China

2. State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences, Wuhan 430074, China

3. School of Resources and Geosciences, China University of Mining and Technology, Xuzhou 221116, China

4. State Key Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and Palaeontology and Center for

Excellence in Life and Paleoenvironment, Chinese Academy of Sciences, Nanjing 210008, China
Yuan Wang: https://orcid.org/0000-0002-9932-0973; (®Jianghai Yang: https://orcid.org/0000-0002-5238-8655

ABSTRACT: The Late Paleozoic Taiyuan Formation in North China is mainly composed of a mixed
shallow-marine carbonate and terrigenous clastic deposits. Its basal limestones have been constrained
in the late Pennsylvanian to Early Permian. To further constrain the age of the lowest Taiynuan Forma-
tion, we obtained two genera and 16 species of conodonts from the bottom limestones of the Taiyuan
Formation in two sections in Henan Province, southern North China. The fauna includes Idiognathodus
hebeiensis, Streptognathodus isolatus, S. elongatus, S. cf. longus, S. acuminatus, S. cf. recreatus, S. cf.
cristellaris, S. bellus, S. invaginatus, S. wabaunsensis, S. glenisteri, S. conjunctus, S. binodosus, S. fuchen-
gensis, S. nodulinearis, and S. sp. A genus of Streptognathodus dominated conodont assemblage with
some Idiognathodus elements. It indicates a late Gzhelian (latest Pennsylvanian) age for the lowest Tai-
yuan Formation in southern North China. This is consistent with recently published high-precision zir-
con U-Pb ages from ash layers. Based on conodont biostratigraphy, the basal limestones of the Taiyuan
Formation in Henan Province (southern North China) can be correlated with the upper part of Miao-
gou limestones of the Taiyuan Formation in Shanxi Province (northern North China). This correlation
might reflect a significant sea-level rise in North China, possibly corresponding to a deglaciation event

at the Permo-Carboniferous transition.
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0 INTRODUCTION

The Late Paleozoic witnessed the longest-lived glaciation
in the Phanerozoic and was associated with variations in atmo-
spheric pCO,and glacial-eustasy (Montaiiez et al., 2016, 2007;
Saltzman, 2003). The acme of Late Paleozoic Ice Age (LPIA)
has been constrained in the Latest Carboniferous to Early Perm-
ian (Soreghan et al., 2019; Montafiez and Poulsen, 2013; Isbell
et al., 2003; Frakes et al., 1992; Veevers and Powell, 1987).
During the Permo-Carboniferous glaciation, cyclothemic depo-
sitions of limestones and shales were formed in the Midconti-
nent of North America along the western tropical Pangea and
have been linked to the glacial relative sea-level changes (Heck-
el, 2008, 1994; Joeckel, 1999, 1994). Conodont-based biostrati-
graphic correlations of the cyclothems have been recognized in
U.S. Midcontinent, Russian Platform or East-Europe Platform,
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corresponding to the glacial-deglacial cycles of Gondwana ice
sheets (Heckel, 2008; Heckel et al., 2007, 2005). Similar cy-
clothemic successions have also developed in the Taiyuan For-
mation in North China (Wang, 2010; Shang, 1997; Li et al.,
1996; Fan, 1991). The Taiyuan Formation was a mixed se-
quence of shallow marine carbonates and terrigenous clastic
rocks. However, correlation between Taiyuan Formation and
sedimentary records in North America and its global implica-
tions are largely impeded by the poor age constraint.

Condonts are important index fossils for providing a time
scale based on the changes or evolution of shape and wide-
spread distribution (e.g., Shen et al., 2019; Henderson, 2018).
A large number of studies on Permian to Triassic conodont bio-
stratigraphy have been concluded (Wu B J et al., 2021; Zakha-
rov et al., 2021; Liu et al., 2020), however, in North China, on-
ly a few studies on Late Paleozoic conodont assemblages have
been published (e. g., Gao et al., 2005; Wang and Qi, 2003;
Wan et al., 1983), and the precise age is still highly debated for
the lower Taiyuan Formation of Henan Province (Pei, 2004;
Wang and Qi, 2003). The Taiyuan Formation has been bio-
stratigraphically thought to be of Early Permian age (Song et
al., 2014; Wang and Qi, 2003) or considered to partially extend
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to Late Carboniferous in age (Li et al., 2013; Wang, 2010).
Such disputations on the age of Taiyuan Formation led to con-
troversial stratigraphic correlations of Permo-Carboniferous
strata across North China (Pei, 1999; Zhang et al., 1988; Wan
et al., 1983). Newly reported high-precision zircon U-Pb ages
tend to constrain the lower Taiyuan Formation in the Latest
Carboniferous (Wu Q et al., 2021; Yang J H et al., 2020). To
examine this radio-isotopic ages and further constrain the age
of Taiyuan Formation, in this study, we focus on the conodont
biostratigraphy of the basal Taiyuan Formation in southern
North China and its further correlation with the counterparts in
northern North China.

1 GEOLOGICAL SETTING AND SAMPLED SUCCES-
SIONS

The North China Craton is surrounded by the Central Asia
Orogen to the north, the Qilian Orogen to the west and the
Qinling-Dabie-Sulu Orogen to the south and east (Fig. la;
Yang Z L et al., 2021; Yang C H et al., 2020; Zhai and Santosh,
2013, 2011; Li et al., 2010; Zhao et al., 2005), which is the
largest and oldest craton in eastern Eurasia. Metamorphic base-
ment of the Early Precambrian is widely exposed (Huang et al.,
2020; Wan et al., 2020), on which there is a set of Cambrian-
Ordovician carbonates. A widespread disconformity developed
between the underlying Cambrian-Ordovician sediments and
the overlying Carboniferous-Permian carbonate and siliciclas-
tic successions (Tang, 1989; Wang and Li, 1984). The Permo-
Carboniferous strata in North China generally include, in as-
cending order, the Benxi, Taiyuan, Shanxi, Xiashihezi, Shang-
shihezi and Shiqianfeng formations. The Taiyuan Formation
was originally defined as a set of coal-bearing successions of
marine carbonate and clastic rocks in Shanxi Province (Weng
and Grabau, 1925). This stratigraphic unit currently refers to
multiple cyclic layers of limestones, mudrocks and sandstones
with intercalated coals. It overlies the bauxitic mudrocks of the
Benxi Formation and underlies the sandstones and mudrocks

of the Shanxi Formation (Pei, 1999). In the stratotype section
in Xishan region of Shanxi Province, there developed five ma-
jor limestone beds in the Taiyuan Formation, named Wujiayu,
Miaogou, Maogou, Xiedao and Dongdayao limestones in as-
cending order (Pei, 1999; Wang et al., 1990). In northern North
China, these five limestone beds can be tracked widely in
Shanxi, Hebei and Shandong provinces, and represent signifi-
cant marine transgression events (Lii et al., 2009; Fan, 1991;
Zhang, 1989). They yielded conodonts and fusulinids and were
constrained in the Late Carboniferous to Early Permian (Song
et al., 2014; Su et al., 2006; Gao et al., 2005; Pei, 2004; Wang
and Qi, 2003; Jiang et al., 2002; Wang, 1991; Liang, 1989;
Zhang et al., 1988; Xia et al., 1987; Wan and Ding, 1984; Wan
etal., 1983).

In Henan Province of southern North China, the Permo-
Carboniferous strata mainly outcropped in its northwestern and
central parts (Fig. 1b) and have also been revealed in drilling
cores in eastern and southern parts (e.g., Yang J H et al., 2020;
Song et al., 2011). In the studied area, the Taiyuan Formation
was usually 10 to 60 m thick and characterized by four bioclas-
tic limestones with intercalated thin-bedded marls and mu-
drocks in the lower part, thin- to medium-bedded quartzose
sandstones and mudrocks in the middle part and thick-bedded
cherty limestones in the upper part. Marine limestones of the
Taiyuan Formation have been studied for biostratigraphy (Li et
al., 2013; Pei, 1999; Liang, 1994; Zhao and Liang, 1994; Lin
and Mao, 1990; Zhang, 1989; Zhang et al., 1988; Wan and
Ding, 1987; Zheng, 1987), but with low sampling resolution.
For this study, the lowest Taiyuan Formation of Wenwan and
Baipohe sections were sampled for high-resolution conodont
biostratigraphy (Fig. 1b). The Wenwan Section is located ~34
km to the west of Yuzhou City and close (~4 km) to the
Dafengkou Section (Zhang et al., 1988; Wan and Ding, 1987).
There the Taiyuan Formation is conformably overlying the
bauxitic mudrocks with siderite oolites of the Benxi Formation
and its lower part consists of limestones with intercalated coals
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Figure 1. Sketch maps showing the paleogeographic units of the North China (a) and the Permo-Carboniferous outcrops in Henan Province (b).
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and mudrocks. The Baipohe Section is located about 20 km to
the northwest of Jiaozuo and close (~2.5 km) to the Liuzhuang
Section (Lin and Mao, 1990). There outcropped the lower Tai-
yuan Formation conformably overlying the bauxitic mudrocks
of the Benxi Formation and consisting of limestones and mud-
stones (Fig. 2).

2 RESULTS

Conodonts were collected from the bottom limestones of
the Taiyuan Formation in the Wenwan and Baipohe sections. In
the Wenwan Section, two genera and 13 species were recog-
nized, including Streptognathodus elongatus Gunnell, 1933, S.
wabaunsensis Gunnell, 1933, S. acuminatus Gunnell, Chernykh
& Reshetkova, 1987, S. bellus Chernykh & Ritter, 1997, S. cf.
longus Chernykh, 2005, S. cf. cristellaris Chernkh & Reshetko-
va, 1987, S. cf. recreatus Chernykh, 2005, S. invaginatus
Reshetkova & Chernykh, 1986, S. isolatus Chernykh, Ritter &
Wardlaw, 1997, S. fuchengensis Zhao, 1981, S. binodosus Ward-
law, Boardman & Nestell, 2009, Streptognathodus sp. and Id-
iognathodus hebeiensis Zhao & Wan, 1981. A comparable con-
odont fauna, including Idiognathodus hebeiensis, 1. tersus,
Streptognathodus elongatus, S. graclis, S. oppletus, S. elegantu-
lus and S. wabaunsensis, was discovered from the bottom lime-
stones of the Taiyuan Formation in the nearby Dafengkou Sec-
tion (Zhang et al., 1988). In the Baipohe Section, two genera
and 13 species were recognized, most conodonts of the section
belong to Streptognathodus (Fig. 2). They are Idiognathodus
hebeiensis Zhao & Wan, 1984, Streptognathodus elongatus

Wenwan Section
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Gunnell, 1933, S. bellus Chernykh & Ritter, 1997, S. acumina-
tus Gunnell, Chernykh & Reshetkova, 1987, S. wabaunsensis
Gunnell, 1933, S. conjunctus Barskov, Isakova & Shchastlivce-
va, 1981, S. binodosus Wardlaw, Boardman & Nestell, 2009, S.
isolatus Chernykh, Ritter & Wardlaw, 1997, S. nodulinearis
Reshetkova & Chernikh, 1986, S. glenisteri Chernykh & Ritter,
1997, S. cf. recreatus Chernykh, 2005, S. fichengensis Zhao,
1981 and Streptognathodus sp. The asymmetrical Idiognatho-
dus represent a distinct clade of species with strong dextral-
sinistral Pa element asymmetry during the late Pennsylvanian
(Hogancamp, 2020). The features possessed by species are en-
sured through robust platform, continuous transverse ridges,
well-developed inner lobes, and less apparent eccentric groove.
Based on these characteristics, the species are identified as Id-
iognathodus hebeiensis in Taiyuan Formation (Zhao and Wan,
1983). A similar conodont fauna, including /. tersus, S. elonga-
tus, S. graclis, S. parvus, S. oppletus were also obtained from
the bottom limestones of the Taiyuan Formation in the nearby
Liuzhuang Section (Lin and Mao, 1990).

The Streptognathodus species are commonly found in the
lower Taiyuan Formation. According to the lineages of Strepto-
gnathodus species proposed by Boardman et al. (2009) and
Chernykh (2020, 2010), S. bellus probably is the root stock for
most of the Streptognathodus species around the Carbonifer-
ous-Permian boundary, which evolved to elongate, robust and
nodular forms based on this species (Boardman et al., 2009).
The species of S. elongatus and S. cf. longus have a typical
elongate platform in both late Gzhelian and early Asselian
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Figure 2. Stratigraphical column and field photographs showing the established conodont biostratigraphy of the lower Taiyuan Formation in the Wenwan and

Baipohe sections.
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(Chernykh, 2020, 2010; Boardman et al., 2009; Stauffer and
Plummer, 1932). The morphological evolution of Streptogna-
thodus in the latest Gzhelian and early Asselian showed trends
from S. bellus-S. wabaunsensis-S. isolatus-S. glenisteri-S. cris-
tellaris-S. recreatus lineage (Chernykh, 2010). The S. wabaun-
sensis has typical features of irregularly arranged nodes on the
oral surface, and the node field is not separated from the cari-
na. In the basal part of the Taiyuan Formation, conodont sam-
ples with apparent nodes are in parapet and shallow median
groove were identified as juvenile S. wabaunsensis (Chernykh
and Ritter, 1997; Gunnell, 1933). Those linear arrangements of
accessory nodes were identified as S. nodulinearis (Reshetkova
and Chernykh, 1986). Boardman et al. (2009) considered that S.
nodulinearis are descendants of S. wabaunsensis in the upper
Hughes Creek Shale Member and may also occur in the Urals of
Russia. The species of S. isolatus mark the lower boundary of As-
selian and are characterized by inner accessory lobe separated
from the carina by a moat-like trough (Chernykh et al., 1997).
Streptognathodus invaginatus has a typical character which is a
distinct inflection on the inner parapet with one to three accesso-
ry denticles (Boardman et al., 2009; Reshetkova and Chernykh,
1986). Other conodonts, like S. fuchengensis, S. glenisteri, S. cf.
cristellaris, S. cf. recreatus, are emerged early in the Asselian
(Chernykh, 2020, 2006, 2005; Boardman et al., 2009).

3 DISCUSSION
3.1 Age of the Lower Taiyuan Formation in Henan Prov-
ince

In Henan Province, the bottom limestones of the Taiyuan
Formation contain a conodont fauna dominated by I/diognatho-
dus and Streptognathodus (Fig. 2). The asymmetrical Idiogna-
thodus represent a distinct clade of species, which had a wide
geographic distribution in the late Pennsylvanian (Wang et al.,
2019; Sobolev and Nakrem, 1996; Chernikh and Reshetkova,
1987). Of the identified Idiognathodus elements, 1. hebeiensis
is unique and has also been reported from the bottom limestone
of Taiyuan Formation in North China and Shazitang Formation
in South China (Zhao, 1989; Zhao and Wan, 1983). Of the iden-
tified Streptognathodus elements, Streptognathodus bellus ap-
peared in latest Gzhelian and extended to earliest Asselian in
Moscow Basin, South Urals, U.S. Midcontinent and South Chi-
na (Chernykh, 2020, 2002; Hu et al., 2020; Barrick et al., 2013;
Boardman et al., 2009; Alekseev and Goreva, 2007). S. bellus,
S. elongatus, S. conjunctus, S. acminacutus, S. cf. longus, S.
binodosus, S. nodulinearis and S. wabaunsensis generally also
have an extending age distribution from the late Pennsylvanian
to early Asselian. Streptognathodus fiichengensis, S. cf. recrea-
tus, S. invaginatus, S. cf. cristellaris, S. glenisteri were shown
in early Asselian strata of North America and Russia Platform
(Chernykh, 2010, 2006, 2005; Boardman et al., 2009). In con-
trast, S. wabaunsensis has a more distinct stratigraphic signifi-
cance and its first appearance marks the S. wabaunsensis Zone,
the highest Pennsylvanian conodont zone, in South China, Rus-
sia and Ural (Hu et al., 2020; Wang et al., 2019; Henderson,
2018; Goreva and Alekseev, 2010; Wang and Qi, 2003). Anoth-
er species with stratigraphic significance is Streptognathodus
isolatus, which developed from an advanced morphotype in
the S. wabaunsensis chronocline and whose first appearance

marks the Permo-Carboniferous boundary (Chernykh and Rit-
ter, 1997). For the two studied sections, S. wabaunsensis has a
local first occurrence in the bottom of the first limestones with
the first occurrence of S. isolatus in the lowermost part of the
second cyclothem in the Taiyuan Formation (Fig. 2). Taking to-
gether, our conodont fossils could constrain a late Gzhelian (~
301-299 Ma) age for the lowest Taiyuan Formation in the
Henan Province.

This conodont biostratigraphic constraint for the lowest
Taiyuan Formation is slightly older than that previously con-
strained by fusulinids which were considered to indicate an
Early Permian age (Song et al., 2014; Jiang et al., 2002; Liang,
1994; Zhang and Xia, 1985), but is broadly consistent with that
constrained by foraminiferal and ostracod biostratigraphy
(Song et al., 2021; Li et al., 2013; Zhang and Liang, 1987;
Zheng, 1987). This new biostratigraphic constraint for the low-
est Taiyuan Formation is in agreement with the recently report-
ed high-precision zircon U-Pb ages of 301.13 + 0.21 Ma for a
tuffaceous claystone bed immediately below the bottom lime-
stones of the Taiyuan Formation and of 299.32 + 0.14 Ma for a
crystalline-lithic tuff from the lower Taiyuan Formation in east-
ern Henan Province (Yang J H et al., 2020). It is also consistent
with a high precision zircon U-Pb age of 298.925 + 0.073 Ma
for a bentonite from the middle Taiyuan Formation of Palou-
gou Section in Shanxi Province (Wu Q et al., 2021), constrain-
ing a Gzhelian age for the underlying limestone interval con-
taining conodonts of Streptognathodus oppletus, S. elegantu-
lus, and Idiognathodus hebeiensis (Kong et al., 1996; Wan and
Ding, 1987).

3.2 Implications for a Great Sea-Level Rise in the Latest
Carboniferous in North China

Based on the sampled successions, the conodont fauna dis-
plays a predominance in Streptognathodus elements with a few
Idiognathodus in the bottom limestones of the Taiyuan Forma-
tion. Such a conodont fauna has also been reported from the
Miaogou limestones and other biostratigraphically correlated
limestones of the lowest Taiyuan Formation in Shanxi, Hebei,
eastern Shandong, southern Liaoning, Anhui and Jiangsu prov-
inces (Fig. 5; Lang, 2010; Su et al., 2006; Gao et al., 2005;
Wang and Qi, 2003; Jiang et al., 2002; Jia et al., 1994; Wang,
1991; Lin and Mao, 1990; Zhang, 1990; Liang, 1989; Zhang et
al., 1988; Wan and Ding, 1987, 1984; Wang and Li, 1984; Wan
et al., 1983; Zhao and Wan, 1983). Therefore, limestones with a
late Gzhelian age in the lowest Taiyuan Formation, such as the
studied ones in Wenwan and Baipohe sections, could be widely
distributed across North China (Figs. 4 and 5). In the Taiyuan
Formation, the limestones have long been considered to repre-
sent periodic marine transgressions (Zhang, 1989). Limestones
containing conodonts Neognathodus roundyi-Streptognathodus
cancellosus, Idiognathodus shanxiensis-Neognathodus bassleri
and I. corrugatus-1. sinuatus assemblage can be found in the
Benxi Formation in northern North China, suggesting a middle
Pennsylvanian age (e. g., Shanxi Province, Pei, 2004, 1999;
Wan and Ding, 1987), but are poorly developed in southern
North China (e.g., Henan Province, Pei, 1999; Liang, 1989).
The limestones of Benxi Formation are confined to the north-
ern North China, while the limestones of Taiyuan Formation
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Figure 3. Conodonts from Taiyuan Formation in the Baipohe and Wenwan sections, Henan Province. 1. Streptognathodus bellus Chernykh & Ritter, 1997,
WW19T-1-4; 2. S. acuminatus Gunnell, Chernykh & Reshetkova, 1987, WW19T-1-3; 3. S. cf. longus Chernykh, 2005, WW19T-2-13; 4. S. fuchengensis Zhao,
1981, MJ19T-4-16; 5-6. S. isolatus Chernykh, Ritter & Wardlaw, 1997, MJ19T-4-1, BPH19T-7-2; 7. S. cf. recreatus Chernykh, 2005, WW18T-8-2; 8. S. cf.
cristellaris Chernkh & Reshetkova, 1987, WW18T-8-3; 9. S. invaginatus Reshetkova & Chernykh, 1986, WW18T-8-7; 10—12. Idiognathodus hebeiensis Zhao
& Wan, 1984, DSH18T-1-13, BPH18T-1-035, BPH18T-1-034; 13. S. nodulinearis Reshetkova and Chernykh, 1986, BPH18T-8-4; 14-16. S. elongatus Gunnell,
1933, BPH18T-1-8, BPH18T-3-1, WW19T-2-41 17. Streptognathodus sp., WW19T-3-11; 18. S. conjunctus Barskov, Isakova & Shchastlivceva, 1981, BPH19T-
8-022; 19-21. S. wabaunsensis Gunnell, 1933, WW19T-3-8, BPH19T-2-045, BPH19T-3-024; 22. S. glenisteri Chernykh & Ritter, 1997, BPHI19T-8-021; 23. S.
binodosus Wardlaw, Boardman & Nestell, 2009, BPH19T-6-002. Scale bars = 100 pm.
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Figure 4. Stratigraphic correlation of the bottom limestones of Taiyuan Formation in southern North China (Dafengkou, Liuzhuang, Wenwan and Baipohe sections in Henan Province) with the Miaogou limestone of Taiyuan For-

mation in northern North China (Xishan Section in Shanxi Province). The correlation is based on conodont biostratigraphy (Wang and Qi, 2003; Lin and Mao, 1990; Zhang et al., 1988; Wan and Ding, 1987, 1984; this study).

containing a mixed Idiognathodus hebeiensis and Streptogna-
thodus conodont fauna are widely distributed in North China
(Fig. 5). It suggests that the studied limestones would signify a
transgression in North China during the Latest Carboniferous
and suggest a great sea-level rise during the Latest Carbonifer-
ous (301-299 Ma, Fig. 6; Li et al., 1999; Zhong and Fu, 1998).

Relative sea-level changes may result from combinations
of several different mechanisms, such as tectonism (basin sub-
sidence and uplift), sediment supply and climate change (Pit-
man and Golovchenko, 1983). Regional basement subsidence
may explain the overall sea-level high in North China which is
temporally correlated with sea-level low in both North Ameri-
ca and South China during the Asselian (Fig. 6). However, the
late Pennsylvanian—Early Permian is also an interval of high-
frequent sea level changes. The magnitude of global sea level
change could be as high as 100—120 m signifying the acme of
the Late Paleozoic Ice Age (Rygel et al., 2008). In U.S. Mid-
continent the large-scale relative sea-level fluctuations have
been related to large-scale, short-term glacial cycles of waxing
and waning of ice sheets (Fig. 6; Heckel, 2008). A late Gzhe-
lian rapid transgression has also been suggested from South
China (Liu et al., 2017). During this period, glacial deposits re-
corded a Gondwana-wide deglacial transgression in high lati-
tudes (Griffis et al., 2019, 2018; Fielding et al., 2008; Stoll-
hofen et al., 2008; Scheffler et al., 2003). Such sea-level rise
might be associated with a climate warming as documented by
a bioherm in Timor and western Australian (Davydov and Bi-
akov, 2015; Davydov, 2013) and by the low brachiopod §"O re-
cords at the Permo-Carboniferous transition (Grossman and
Joachimski, 2020). It is therefore that the bottom limestones of
the Taiyuan Formation in southern North China could corre-
spond to a significant global sea-level rise and climate warm-
ing event in the Permo-Carboniferous icehouse.

4 SYSTEMATIC PALEONTOLOGY

Illustrated specimens are stored at the China University of
Geosciences (Wuhan). Only index fossils with stratigraphic sig-
nificances are described here.

Genus Idiognathodus Gunnell, 1931
Type species Idiognathodus claviformis Gunnell, 1931

Idiognathodus hebeiensis Zhao & Wan, 1984

Figures 3.10-3.12

1984 Idiognathodus hebeiensis Zhao & Wan n. sp: pl.
108, figs. 14, 7-9.

1989 Idiognathodus hebeiensis Zhao & Wan: Zhao, pl.
156, fig. 1.

Diagnosis: An asymmetrical Pa element, triangular plat-
form outline, transverse ridges continuous, well-developed no-
dose lobes on inner sides of the platform.

Description: The Pa elements are slightly to strongly
asymmetrical. The dextral element has a more triangular shape
with the greatest width on the dorsal part of the platform. The
carina is long and slightly constricted with adcarinal ridge,
transverse ridges continuous. The sinistral element is elongate
and slender, the carina relative shorter, transverse ridges al-
ways continuous with shallow trough in posterior. Termination
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Figure 5. Sketch map showing the distribution of limestones with a mixed /diognathodus and Streptognathodus conodont fauna in the lower part and a Strepto-
gnathodus dominant conodont fauna in the upper part across North China. 1. Zhang et al. (1988); 2. Lin and Mao (1990); 3. Zhang (1990); 4. Liang (1989); 5.
Jia et al. (1994); 6. Gao et al. (2005); 7. Jiang et al. (2002); 8. Su et al. (2006); 9. Liu and Liu (1988); 10. Wang and Li (1984); 11. Wan and Ding (1984); 12.
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Figure 6. Diagram illustrating the evolution of glaciation history and sea-level fluctuation during the late Pennsylvanian to Early Permian. Glacial frequency
and area of glaciation are adapted from Montafiez and Poulsen (2013). Relative sea-level changes in U.S. Midcontinent are modified from Heckel (2008),
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(1999), respectively. Brachiopod 8O curve from Grossman and Joachimski (2020). Yellow bar marks the age range of ~300—-299 Ma for the significant sea-

level high in the Latest Carboniferous.



Conodont Biostratigraphic Constraint on the Lower Taiyuan Formation in Southern North China 1487

of platform slightly pointed.

Remarks: Idiognathodus hebeiensis have been reported
in bottom part of Taiyuan Formation in North China. It differs
from I. delicatus by nodose lobes only on inner sides. It differs
from I. antiquus by relatively longer platform and well-devel-
oped adcarinal ridge.

Occurrences: Gzhelian stage, Taiyuan Formation (most
frequently in its basal parts), North China.

Genus Streptognathoodus Stauffer & Plummer, 1932

Type species Streptognathodus excelsus Stauffer & Plum-
mer, 1932.

Streptognathodus acuminatus Gunnell, 1933

Figure 3.2

1933 Streptognathodus acuminatus Gunnell, n. sp.: pl.
33, fig. 33.

1987 Streptognathodus acuminatus Gunnell: Chernykh
and Reshetkova, pl. 7, fig. 5.

1997 Streptognathodus acuminatus Gunnell: Chernykh
and Reshetkova, Chernykh and Ritter, fig. 6.2.

2012 Streptognathodus acuminatus Gunnell: Chernykh
and Reshetkova, Chernykh, pl. 19, figs. 6-8.

2017 Streptognathodus acuminatus Gunnell: Wang et al.,
fig. 3.V.

Diagnosis: A species of Streptognathodus characterized
by an elongate outline, straight and symmetricl platform, shal-
low median trough, and nearly continuous transverse ridge.

Description: The Pa element that is straight and symmet-
rical, the widest generally on the middle of posterior platform.
The carina termination is gradually fused but does not join to
cach side of parapet. One to three inner accessory nodes differ-
entiated from posterior of inner adcarinal parapet, a distinct
trough between the fused to partially fused adcarinal parapet
and the posterior platform parapet. Shallow and narrow median
trough, transverse ridges are symmetrical and some crossing
for median groove in posterior termination of platform.

Remarks: Streptognathodus acuminatus is distinguished
from S. wabaunsensis by present a distinct trough between the
adcarinal parapet and the posterior platform parapet.

Streptognathodus bellus Chernykh & Ritter, 1997

Figure 3.1

1997 Streptognathodus bellus Chernykh and Ritter, n.
sp.: figs. 4.1-4.8, 4.10.

2005 Streptognathodus bellus Chernykh and Ritter:
Chernykh, pl. 7, figs. 13—-16.

2009 Streptognathodus bellus Chernykh and Ritter:
Boardman et al., pl. 2, figs. 1, 11; p. 3, fig. 9.

2012 Streptognathodus bellus Chernykh and Ritter:
Chernykh, pl. 16, figs. 1-17.

Diagnosis: A species of Streptognathodus characterized
by a relatively robust Pa element with slight asymmetrical and
elongate platform, moderately deep to very shallow V-shaped
trough, and relatively long transverse ridges for the most of the
length of the platform.

Description: The Pa elements with slightly asymmetrical,
elongate or relatively robust platform, are widest on the posteri-
or of carina termination. Posterior termination of platform is

pointed to slightly rounded. Transverse ridges extend for most
of the platform and crisscrossing. The free blade generally in-
creases in size anteriorly, the carina flanked by slightly serrate
or ridged parapets of equal length occupying anterior one-third
of platform. The posterior of carina is gradually fused, com-
pressed, and one to three discrete denticles or nodes may occur
just posterior of carina termination. The depth of V-shaped me-
dia trough ranges from moderately deep to very shallow.

Remarks: Streptognathodus bellus differs from S. elonga-
tus by longer carina, crossing transverse ridges and more asym-
metrical platform.

Streptognathodus binodosus Wardlaw, Boardman & Nest-
ell, 2009

Figure 3.23

2009 Streptognathodus binodosus Wardlaw, Boardman &
Nestell, n. sp.: pl. 10, figs. 2-6, 8—11; pl. 11, figs. 1, 3-5, 7, 10,
12; pl. 13, fig. 3; pl. 19, figs. 9, 11.

Diagnosis: A species of Streptognathodus characterized
by a Pa element that has at least one pair of denticles in a trans-
verse row on the inner side immediately to the posterior termi-
nation of the carina.

Description: The Pa elements with relatively broad sym-
metrical or slightly asymmetrical platform, are widest from the
posterior of carina termination to middle part of platform. Pos-
terior termination of platform slightly rounded. One pair of lat-
erally arranged denticles in a transverse row behind the posteri-
or termination of the carina. Moderate length of carina with
ridge-like or comprised of hemispherical nodes on the posteri-
or of carina. The termination of carina present ‘J’ pattern and
extension to the parapet. Parapets of roughly equal length and
serrate with small nodes. Median groove is deep anteriorly and
becomes narrow posteriorly. One or two transverse ridges
merge and cross the groove.

Remarks: Streptognathodus binodosus differs from S. nod-
ulinearis by ‘]’ pattern of the carina extension to the parapet. It
differs from S. farmeri by aligned accessory nodes forming den-
ticle pairs.

Streptognathodus cf. cristellaris Chernkh & Reshetkova,
1987

Figure 3.8

1987 Streptognathodus cristellaris Chernykh & Reshet-
kova, n. sp.: pl. 1, figs. 9-11.

1997 Streptognathodus cristellaris Chernykh & Reshet-
kova: Chernykh and Ritter, figs. 6.1, 6.3-6.6.

2006 Streptognathodus cristellaris Chernykh & Reshet-
kova: Chernykh, pl. 4, figs. 6-8, 14, 15; pl. 5, figs. 19-22.

2009 Streptognathodus cristellaris Chernykh & Reshet-
kova: Boardman et al., pl. 1, figs. 9—11.

2017 Streptognathodus cristellaris Chernykh & Reshet-
kova: Wang et al., fig. 3.5.

Diagnosis: A species of Streptognathodus characterized
by elongate platform, inner accessory lobes are generally orna-
mented with elongate ridges. Outer parapet rises slightly above
interior of the middle part of the platform. Anterior branches of
parapets descends sharply and separate from the free blade by
a smooth trough. Median trough is straight and smooth, pass-
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ing to posterior end of platform.

Description: The elongate Pa elements with symmetrical-
ly located median groove. Posterior termination of platform
bluntly pointed. Moderate length of carina termination is gradu-
ally fused. Inner high parapet extends to anteriorly further than
outer parapet. Lateral accessory lobes are generally ornament-
ed with ribbed nodes, which are merged with the parapet.
Transverse ridges are nearly symmetrical and do not cross the
median groove.

Remarks: Streptognathodus cf. cristellaris differs from S.
wabaunsensis by reduction in number of nodes and ornament-
ed with elongate ridges in accessory lobes. It differs from S. fu-
sus by the presence of accessory nodes.

Occurrences: Asselian stage of the Lower Permian, zone
of S. cristellaris; China, southern Urals, South Korea.

Streptognathodus fuchengensis Zhao, 1981

Figure 3.4
1981 Streptognathodus fuchengensis Zhao, n. sp.: pl. 3,
figs. 1, 2.

2009 Streptognathodus fiichengensis Zhao, Boardman et
al., pl. 12, figs. 5-7; pl. 13, fig. 6; pl. 15, fig. 12; pl. 16, fig. 4.

Diagnosis: A species of Streptognathodus characterized
by robust Pa element with straight transverse ridges. Narrow
median trough. No accessory lobe on the inner side of adcari-
nal parapet.

Description: The Pa elements with moderate to long plat-
form, are widest in dextral forms on the middle of posterior
platform. The free blade generally increasing in size anteriorly,
the carina termination is gradually fused, compressed that may
extend most of the platform. No accessory denticles developed
near to carina. The highest part of platform is near to the poste-
rior of carina termination. Narrow median trough and the deep-
est and widest of the median trough is near to the carina. Trans-
verse ridge straight, nearly symmetrical and do not cross the
median trough. Transverse ridges gradually shorten along plat-
form, are longest at the 1/3 posterior platform. The anterior-
most of ridges break up partially into denticles. Inner adcarinal
parapet extends to anteriorly further than outer parapet.

Remarks: Streptognathodus fuchengensis differs from S.
wabaunsensis by no accessory lobe on the inner side of adcarinal
parapet. It differs from S. conjunctus by undisrupted groove pos-
terior and no fused denticles on parapet adjacent to the carina.

Streptognathodus glenisteri Chernykh & Ritter, 1997

Figure 3.22

1997 Streptognathodus glenisteri Chernykh & Ritter, n.
sp.: figs. 7.7, 7.8, 7.12-7.15.

2006 Streptognathodus glenisteri Chernykh & Ritter:
Chernykh, pl. 3, figs. 16—18.

Diagnosis: A species of Strptognathodus characterized by
an asymmetrical platform with outwardly deflected carina. The
anterior of median groove is almost occluded.

Description: The Pa element with moderate to long,
asymmetrical platform, carina short and outwardly deflected to
outer parapet. Posterior of carina termination is comprised of
hemispherical nodes and may gradually merged into adcarinal
parapet. Inner lobe bears one or more nodes. Median trough oc-
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cluded or reduced to a narrow slit immediately to the posterior
carina. Transverse ridges parallel to each other and cross the
posterior median trough. Posterior termination of platform
slightly bluntly pointed.

Remarks: Streptognathodus glenisteri considered as a
transitional element from S. isolatus to S. cristellaris, it differs
from S. isolatus by an obvious outwardly deflected carina. S.
glenisteri differs from S. cristellaris by a reduction in the num-
ber of nodes on the inflated accessory lobe.

Streptognathodus cf. longus Chernykh, 2005

Figure 3.3

2005 Streptognathodus longus Chernykh, n. sp.: pl. 7,
figs. 1-12; pl. 12, figs. 10, 15.

2006 Streptognathodus latus Chernykh: Chernykh, pl. 6,
figs. 10-12, 14, 15

2012 Streptognathodus longus Chernykh: Chernykh, pl.
16, figs. 18-20; pl. 19, figs. 16-18.

Diagnosis: A species of Streptognathodus characterized
by a elongate and symmetrical Pa element, transverse ridges
partly cross the median groove.

Description: The Pa element with a slender, elongate and
symmetrical platform. Posterior termination of platform blunt-
ly pointed.

The carina is moderate in length, the posterior of carina
termination is gradually fused or formed one or two discrete
denticle. Outer parapet is shorter than the inner parapet. Tiny
nodes developed in lateral inner parapet. Median trough is shal-
low and narrow, are deepest near to posterior termination of the
carina. Transverse ridge straight and continuous from middle
to posterior of platform.

Remarks: Streptognathodus longus difters from S. elon-
gatus by flat and more narrowly platform. It differs from S. bel-
lus by symmetrical platform and not obvious median trough.

Streptognathodus isolatus Chernykh, Ritter & Wardlaw,
1997

Figures 3.5-3.6

1997 Streptognathodus isolatus Chernykh, Ritter, and
Wardlaw, n. sp.: pls. 162—164, figs. 4, 5, 6, 7-8, 11-13, 15.

2003 Streptognathodus isolatus Chernykh, Ritter, and
Wardlaw: Wang and Qi, pl. 1, figs. 10, 11, 19.

2005 Streptognathodus isolatus Chernykh, Ritter, and
Wardlaw: Chernykh, pl. 5, figs. 1-6; pl. 6, figs. 1-5.

2006 Streptognathodus isolatus Chernykh, Ritter, and
Wardlaw: Chernykh, pl. 1, figs. 4-7; pl. 5, fig. 1.

2009 Streptognathodus isolatus Chernykh, Ritter, and
Wardlaw: Boardman et al., pl. 12, figs. 3, 4, 10; pl. 13, figs. 1,
8, 10-12; pl. 15, figs. 7-9; pl. 19, fig. 7.

2017 Streptognathodus isolatus Chernykh, Ritter, and
Wardlaw: Wang et al., figs. 3. L, N, P-T.

Diagnosis: Pa element with well-developed inner accesso-
ry lobe. A narrow and nodes separated by shallow trough from
remainder of platform. Inner adcarinal parapet partially fused
with the posterior platform parapet.

Description: The Pa element with symmetrical, elongate
or robust platform, are widest on anterior part of posterior plat-
form. The dextral element has a more robust shape with slight-
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ly rounded posterior termination of platform. The sinistral ele-
ment is elongate and slender with pointed posterior termination
of platform. The free blade generally increases in size anterior-
ly. Carina is short, the posterior of carina termination is gradu-
ally fused or to discrete denticle. The termination of the carina
occasionally submerge into transverse denticles or fused adcari-
nal parapet. Narrow median trough, the widest and deepest part
of median groove is near the carina. Transverse ridges are sym-
metrical but hardly cross the median groove.

Remarks: As a standard fossil for the division of Carbon-
iferous to Permian boundary, Streptognathodus isolatus were
marked by its isolated lobe, which is separated by a moat-like
trough from the carina. S. glenisteri maybe as descend of S. iso-
latus by carina deflection and near occluded anterior trough.

Occurrences: Asselian stage of the Lower Permian, zone
of S. isolatus; China, North American Midcontinent, southern
Urals, South Korea.

Streptognathodus wabaunsensis Gunnell, 1933

Figures 3.19-3.21

1933 Streptognathodus wabaunsensis Gunnell, n. sp.: pl.
33, fig. 32.

1997 Streptognathodus wabaunsensis Gunnell: Chernykh
and Ritter, figs. 6.8—6.12.

2006 Streptognathodus wabaunsensis Gunnell: Chernykh,
pl. 1, figs. 1-3.

2009 Streptognathodus wabaunsensis Gunnell: Board-
man et al., pl. 5, figs. 1-7, 9-10; pl. 7, figs. 1-2, 5, 8-9; pl. &,
figs. 5-7; pl. 9, fig. 4; pl. 19, fig. 10.

2012 Streptognathodus wabaunsensis Gunnell: Chernykh,
pl. 19, figs. 2-5, 9-15; pl. 10, figs. 1-18.

2017 Streptognathodus wabaunsensis Gunnell: Wang et
al., fig. 3. M.

Diagnosis: Pa element with inner accessory denticles,
shallow and narrow median trough, adcarinal parapets do not
join the posterior transverse denticles.

Description: The Pa elements with slightly to strongly
asymmetrical, robust platform, are widest on the posterior of
termination of carina. Posterior termination of platform pointed
to slightly rounded. The free blade generally increases in size
anteriorly, the carina short and carina termination is gradually
fused or to discrete denticle. Adcarinal parapets do not join the
posterior of either transverse denticles or carina termination.
Shallow and narrow median trough, transverse ridges are sym-
metrical and some cross the median trough.

Remarks: Streptognathodus wabaunsensis is distinguished
from S. nodulinearis by latter has a linear arrangement of acces-
sory nodes. The difference among this species and S. isolatus by
latter has a shallow trough separated from the reminder of plat-
form.

Occurrences: Gzhelian stage of the Upper Carboniferous,
zone of S. wabaunsensis, China, North American Midconti-
nent, southern Urals, South Korea.

5 CONCLUSIONS

We conducted a conodont biostratigraphy study in two
sections to constrain the age of the lower Taiyuan Formation in
southern North China. There is a Streptognathodus dominated

conodont assemblage in the lower limestones of the Taiyuan
Formation in the Wenwan and Baipohe sections. Combined
with previously reported high-precision zircon U-Pb zircon ag-
es, the lowest Taiyuan Formation can be constrained confident-
ly in the Latest Carboniferous in Henan Province. Based on
our conodont fauna, the bottom limestones of the Taiyuan For-
mation in Henan Province could be bio-stratigraphically corre-
lated with the Miaogou limestones and other correlative lime-
stones of the lower Taiyuan Formation in Shanxi Province and
many other regions, suggesting a significant pan-North China
transgression in the late Gzhelian. This marine transgression in
North China could be correlated with that reported from South
China, North America, Russia and Gondwana continents. It is
suggested that the bottom limestones of the Taiyuan Formation
in southern North China could correspond to a global sea-level
rise and a significant deglacial warming in the Permo-Carbonif-
erous icehouse.
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