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The Permian–Triassic transition witnessed the greatest mass extinction dur-
ing the Phanerozoic. Generations of palaeontologists have been inspired to 
interrogate this great dying with ever-growing interests. Collections and 
researches for fossils of this interval in South China already began in the 
1970s or even earlier. Since the establishment of GSSP of the Permian–
Triassic boundary (PTB) in 2001, palaeontologists have conducted vigorous 
researches of the great PTB mass extinction in South China during the past 
15  years. During this period, the Changhsingian (Late Permian)–Induan 
(Early Triassic) biota of South China have been intensively collected and 
described from scores of sections with continuous Permian–Triassic sedi-
mentary successions, and a great number of fossils are newly discovered. 
Marvelously, more than ten palaeontologists and dozens of students, covering 
major invertebrate and plant fossil categories, have been attracted to work 
simultaneously on so many continuous PTB sections that outcrop nowhere 
else than in South China. Thanks to their rigorous researches for more than 
one decade, a large quantity of newly discovered Permian–Triassic biota and 
stratigraphy has been systematically documented, and the taxonomy or clas-
sification of many fossils has been further evaluated and reexamined.

The editorial committee proposes to publish a series of monographs on 
marine biota and terrestrial plants of PTB in South China, based on their solid 
fossil collections identified to species level and timed at conodont/ammonoid 
zone level. It is a rare chance to have such a group of experts to work simul-
taneously on major fossil taxa of one geologically critical interval covering a 
whole region. The series will contain brachiopods, plants, ostracods, bivalves, 
radiolarians, conodonts, foraminifers, and stratigraphy that ranged from (but 
not limited to) the Changhsingian to Induan, especially the PTB interval.

The series will systematically describe the above mentioned fossil groups 
at species level, based on the classification of recently published treatise, and 
review some disputable species or even genera (especially the synonymum or 
homonimum). The series will also summarize the extinction, and partly 
recovery, patterns of different categories across varied palaeogeographic set-
tings and analyze the causes/dynamics for changes of lives during the 
Permian–Triassic crisis. Stratigraphy, the last book of the series, will provide 
the basic and important information for the study of fossil occurrences and 
biodiversity evolution, e.g., lithologic feature and biostratigraphic correlation 
among the key sections.

Preface for the Series
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Our world is undergoing another critical period resembling the PTB inter-
val in many ways, and the “sixth mass extinction” is now a theme of debate. 
This series will not only greatly contribute to the knowledge of the greatest 
mass extinction, which is extremely important for us to know the life history 
of the past, but will also enlighten us to predict the future through comparison 
with the past and inspire the next generation to become interested about the 
evolution of life on the Earth.

 Hong-Fu Yin Wuhan, China 
19 April 2018 

Preface for the Series
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Both my master and doctoral theses were on the Lopingian (Late Permian) 
brachiopods of South China. It has long been my dream to publish a series of 
monographs on the Permian-Triassic brachiopods. Regrettably, so far only 
one was published (Shen and Shi 2007). This book, led by Wei-Hong He, has 
helped to realize a part of my dream. It systematically describes 66 species in 
34 genera, representing the most abundant brachiopod fauna from the 
Permian-Triassic boundary interval in the world. Correct taxonomic work is 
essential to understand the brachiopod faunal composition and evolutionary 
pattern. The authors not only studied the interspecific and intraspecific mor-
phological variations among some similar genera or species, but also cor-
rected many synonymous names based on over 10,000 well-preserved 
specimens from 15 Changhsingian to lowest Triassic sections in South China, 
thus provided high-quality data of brachiopods across the Permian-Triassic 
critical transition.

Brachiopods are one of the most diverse and abundant benthic fossil 
groups during the Paleozoic. Although they suffered great losses and change-
overs during the end-Ordovician and Late Devonian mass extinctions, this 
fossil group did not change substantially in the remaining part of the Paleozoic 
in general diversity. On the contrary, they reached their highest level in diver-
sity during the Lopingian, and many specialized brachiopods (e.g., Leptodus, 
Richthofenia, Permianella) occurred during this time. The most severe catas-
trophe at the end-Permian killed over 90% of the brachiopod species and 
changed the brachiopod world dramatically. After the end-Permian mass 
extinction, brachiopods never recovered to the Paleozoic level in diversity 
and no longer played an important role in the marine benthic ecosystem. They 
basically gave way to bivalves and ammonoids in the Mesozoic.

Researches on the Permian brachiopods of China began as early as 1883 
by Kayser. Since then, numerous papers/monographs have been published 
and about 2500 brachiopod species have been described from China, of which 
many were only briefly described in Chinese during 1960s–1980s. Although 
the Permian brachiopod genera with the type species from China have been 
re-described, updated and illustrated by the Permian brachiopod group 
recently (Shen et al. 2017), a detailed monographic study at the species level 
with a high-resolution biostratigraphic framework in the Permian-Triassic 
boundary interval is still lacking. This book provides such kind of data in a 
timely fashion.

Preface for the Book (Brachiopod Part)
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Permian brachiopods underwent an extremely complex process during the 
largest extinction. Therefore, studies on the temporal and spatial patterns of 
brachiopods in varied palaeogeographic settings are particularly important 
for scientists to understand the extinction and associated environmental 
changes. Most of the brachiopods documented in the previous publications in 
China were mainly collected from shallow-water carbonate facies. 
Brachiopods are relatively rare in deep-water facies. Consequently, system-
atic knowledge of the Lopingian deep-water brachiopods is very limited in 
the world. The brachiopods described in this book are mostly from the deep-
water facies, therefore provided important supplementary materials for the 
brachiopod world living on the deep sea floor. In addition, did body size of 
brachiopods change across the Permian-Triassic boundary interval? What 
caused the extinction of most brachiopods? Which types of brachiopods sur-
vived the extinction? All these questions and more have been discussed in 
detail in this book.

Nanjing, China Shu-Zhong Shen 
20 November 2018

Preface for the Book (Brachiopod Part)
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Introduction

Wei-Hong He, G. R. Shi, and Shu-Zhong Shen

The Permian−Triassic transition witnessed the 
greatest mass extinction and ecosystem turn-
over of the Phanerozoic (Alroy et  al. 2008; 
Chen and Benton 2012). The event has inspired 
(and would inspire) generations of palaeontol-
ogists to interrogate this great dying, with no 
sign of abating. South China, as an isolated 
block, was located in the eastern Palaeotethyan 
gape during the Late Permian−earliest Triassic 
(Blakey 2008) and contains some of the most 
complete Permian−Triassic marine-facies 
sequences (Erwin 1993; Yin 1996). Tens of 
sections with continuous Permian−Triassic 

depositional successions have been recognized 
in South China (Zhao et al. 1981; Sheng et al. 
1984; Yang et  al. 1987; Li et  al. 1989; Yang 
et al. 1991; Shen et al. 1995; Yin et al. 2001). 
These sections have attracted many geologists 
to conduct detailed research on the stratigra-
phy, palaeontology and palaeoenvironment 
centred around the Permian−Triassic mass 
extinction (e.g., Jin et al. 2000; Xie et al. 2005; 
Shen et al. 2001; Joachimski et al. 2012; Algeo 
et al. 2013; Song et al. 2013; He et al. 2015). 
Based on the research, an episodic mass-
extinction pattern (e.g., single- or two-episode) 
has been proposed (Yang et al. 1991; Jin et al. 
2000; Song et al. 2013).

However, this pattern is mainly based on 
statistical analysis using fossil occurrences 
pooled from multiple compounded sections in 
the predominantly shallow-water carbonate 
facies. As such, the extinction pattern recog-
nized may not be representative of all deposi-
tional facies, thus making it difficult to depict 
and elucidate the process of environmental 
change and associated biotic responses across 
the Permian−Triassic trasntion. For example, 
in which depositional environment did the 
Permian−Triassic mass extinction first begin 
in South China? And how did it propagate 
thereafter?

Brachiopods were among the most diverse 
and abundant marine invertebrate faunas in the 

W.-H. He (*) 
State Key Laboratory of Biogeology and 
Environmental Geology, School of Earth Sciences, 
China University of Geosciences, Wuhan, China
e-mail: whzhang@cug.edu.cn 

G. R. Shi 
School of Life and Environmental Sciences, 
Burwood, Victoria, Australia

Deakin University, Geelong, Victoria, Australia
e-mail: grshi@deakin.edu.au  

S.-Z. Shen 
State Key Laboratory of Palaeobiology and 
Stratigraphy, Nanjing Institute of Geology and 
Palaeontology and Center for Excellence in Life and 
Palaeoenvironment, Chinese Academy of Sciences, 
Nanjing, Jiangsu, China
e-mail: szshen@nigpas.ac.cn 

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-1041-6_1&domain=pdf
mailto:whzhang@cug.edu.cn
mailto:grshi@deakin.edu.au
mailto:szshen@nigpas.ac.cn


2

Permian seas of South China. It is therefore no 
surprising that they have attracted many 
detailed monographic studies (Chao 1927, 
1928; Huang 1932, 1933; Zhan in Hou et  al. 
1979; Liao 1980, 1987; Liao in Zhao et  al. 
1981; Xu in Yang et al. 1987; Zhan in Li et al. 
1989; Zhu 1990; Xu and Grant 1994; Zeng 
et  al. 1995; Shen and Shi 2007). However, 
almost all these monographs were based on col-
lections from shallow-water carbonate facies, 
because brachiopods are usually more abundant 
and better preserved in limestones. By compar-
ison, far less attention has been paid to the Late 
Permian deep-water brachiopods, despite a 
handful of papers published over the past 
50  years (Liao 1979, 1984; He et  al. 2005, 
2007, 2014; Chen et al. 2006, 2009; Zhang and 
He 2009). Another challenge facing the Late 
Permian deep-water brachiopod faunas of 
South China is that many genera and species 
referred to in previous publications lacked tax-
onomically important internal structures dis-
cernable only in well-preserved materials, and 
therefore their taxonomic status requires a 
timely review in the wake of new and ade-
quately preserved collections.

In this book, we systematically describe 
over 66 species (including 17 indeterminate 
species) in 34 genera, based on detailed exami-
nation of over 10,000 specimens from the 
Changhsingian to lowermost Triassic rocks of 
15 sections in South China. Most of these spec-
imens were collected from deep-water facies 
(the definition of deep-water facies is given 
below). Thanks to the excellent preservation of 
the materials at hand, we have been able to 
clarify the morphological differences between 
similar genera or species, correct species 
names with synonymum or homonimum prob-
lems, and summarize the spatio−temporal dif-
ferences of brachiopod body sizes and diversity 
evolution patterns between deep-water and 
shallow-water facies. Additionally, we also 
review the morphological features and possible 
causes as to why some brachiopod species sur-
vived the end-Permian mass extinction in 
South China.
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Geographical Location 
and Palaeogeographic Setting 
of Studied Sections

Wei-Hong He, Ke-Xin Zhang, and G. R. Shi

The specimens in this book were mainly col-
lected from 15 sections from Zhejiang, Jiangsu, 
Anhui, Hubei, Hunan, Guizhou Provinces and 
Guangxi Zhuang Autonomous Region in South 
China (Fig. 2.1) and some of them have already 
been published (see Appendix 1). The studied 
sections mainly include Hushan (HS), Majiashan 
(MJS), Rencunping (RCP), Xinmin (XM), 
Duanshan (DS), Shaiwa (SW), Xiejiaping (XJP), 
Dengcaoba (DCB), Shangname (SNM), Dongpan 
(DP), Paibi (PB), Liuqiao (LQ), Zhongzhai (ZZ), 
Huangzhishan (HZS) and Daoduishan (DDS) 
(Fig.  2.1). Additionally, there two specimens 
were respectively collected from the Xichang 
(XC, see Appendix 1) and Dushan (DSH, see 
Appendix 1) sections.

Geographically, the Hushan section is located 
ca 20 km east of Nanjing City, Jiangsu Province 
(Fig.  2.2) and can be reached by bus in a half 
hour from Nanjing City. The Majiashan section is 
located about 5  km northwest of Chaohu City, 
Anhui Province (Fig. 2.2) and can be reached by 
bus in more than 10  min from Chaohu City 
(117°49′12″E, 31°37′33″N). The Huangzhishan 
and Daoduishan sections are respectively located 
in the Huangzhishan Village, Huzhou City and 
nearby Meishan Town, Changxing County, 
Zhejiang Province (Fig.  2.2). The Rencunping 
section is situated in the Rencunping Village, 
Sangzhi County, northwest Hunan Province 
(110°06′02″E, 29°34′49″N) (see Fig.  2.2). The 
Xinmin section is located in the Xinmin Village, 
Puding County (105°55′05″E, 26°22′35″N), 
Duanshan section in the Dapo Village, ca 5 km 
northwest to the Duanshan Town, Huishui County 
and Shaiwa section in 2  km southwest of the 
Shaiwa Village of the Sidazhai Town, Ziyun 
County, southern Guizhou Province 
(106°08′45″E, 25°35′56″N) (see Fig.  2.3). The 
Zhongzhai section is situated about 1 km north-
east of Zhongzhai Village, Liuzhi County, south-
western Guizhou Province (Fig.  2.3). The 
Xiejiaping and Dengcaoba sections are respec-
tively situated in the Xiejiaping Village 
(110°35′53″ E, 30°20′12″N), and Dengcaoba 
Village (110°29′40″ E, 30°21′09″N), Wufeng 
County, Hubei Province (Fig.  2.3). The 
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China University of Geosciences, Wuhan, China
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Shangname section is situated in the Shangname 
Village, Tiane County, Guangxi Zhuang 
Autonomous Region (Fig.  2.4). The Dongpan 
(107°41′47″E, 22°16′07″N), Paibi (107°43′10″E, 
22°16′56″N), Liuqiao, Dushan and Xichang sec-
tions are located nearby the Liuqiao Town, Fusui 
County, Guangxi Zhuang Autonomous Region 
and outcropped along the 322 National Highway 
(Fig. 2.4).

Palaeogeographically, South China, in the 
Late Permian (Lopingian), was occupied by two 
major types of depositional environments: one 
characterized by deposition of deep-water facies, 
and the other by deposition of shallow-water 
facies (Fig.  2.5; also see Yang et  al. 1991; He 
et  al. 2007). Most studied sections in this book 
were located in deep-water facies, two sections in 
the shallow-water facies (Zhongzhai and 
Huangzhishan) (Fig.  2.5), and three sections 
between deep-water and shallow-water facies of 
South China (Dengcaoba, Xiejiaping and 
Daoduishan, see below). The deep-water facies is 
referred to the depositional sequence which is 

dominated by siliceous mudstones, cherts and 
siliceous limestones, intercalated with calcareous 
or manganese mudstones, yielding abundant 
ammonoids, radiolarians, associated with varied 
conodonts in the number of specimens and a few 
small brachiopods, bivalves, foraminifers and 
ostracods, with horizontal bedding in mudstones 
or Bouma sequences in siliceous limestones. The 
deep-water facies was distributed in a deep-water 
basin. The shallow-water facies is referred to the 
depositional sequence dominated by bioclastic 
limestones, calcareous mudstones or siltstones, 
intercalated with marls or sandstones, yielding 
abundant, diverse brachiopods (usually forming 
shell beds) and foraminfers, and a few larger 
bivalves, or yielding abundant bioclasts, and 
lacking ammonoids and radiolarians (or sparse 
for both of them). The shallow-water facies was 
distributed in a sandy- to silty-basin or on a car-
bonate platform. The sections including Xinmin, 
Hushan, Majiashan, Rencunping, Duanshan, 
Shaiwa, Shangname, Dongpan, Paibi and 
Liuqiao, were all located in the deep-water basin 
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Fig. 2.1 Distribution of studied sections in South China. Solid triangle indicates the approximate location
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Fig. 2.2 Geographic location of Hushan, Huangzhishan, Daoduishan, Majiashan and Rencunping sections

(Fig. 2.5; also see He et al. 2014, 2015a, 2016). 
The Xiejiaping and Dengcaoba sections were 
located in a basin (possibly in an interplatform 
basin) (He et  al. 2014). The Zhongzhai section 
was located in a silty basin, the Huangzhishan 

section on a carbonate platform (Fig.  2.5; also 
see Zhang et al. 2014; He et al. 2015b), and the 
Daoduishan section along the ramp of a carbon-
ate platform (see He et al. 2017).

2 Geographical Location and Palaeogeographic Setting of Studied Sections
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Depositional Sequences, Biotic 
Assemblages and Review 
on Changhsingian (or Late 
Changhsingian) Palaeo-Water 
Depths of Studied Sections

Wei-Hong He, Ke-Xin Zhang, G. R. Shi, Yi-Fan Xiao, 
and Jian-Jun Bu

3.1  Depositional Sequences 
and Biotic Assemblages

The Permian–Triassic depositional sequences at 
Hushan include the upper Talung Formation and 
Lower Chinglung Formation (Fig.  3.1; see He 
et al. 2011). The upper Talung Formation is dom-

inated by dark grey thin-bedded cherts and sili-
ceous mudstones, intercalated with 
medium-bedded grey argillaceous limestones, 
thin-bedded calcareous mudstones and volcanic 
ash. The siliceous mudstones abundantly yield 
horizontal beddings. The upper Talung Formation 
contains abundant radiolarians, ammonoids, con-
odonts, small brachiopods, bivalves, and a small 
number of ostracods and foraminifers. The lower 
Talung Formation at Hushan is covered by 
Quaternary sediments. The basal part of the 
Lower Chinglung Formation mainly comprises 
yellowish calcareous mudstones, thin- to 
medium-bedded argillaceous limestones, inter-
bedded with volcanic ash, and contains ammo-
noids and bivalves.

The Permian–Triassic interval at Majiashan 
includes the upper Talung Formation and the 
basal part of the Yinkeng Formation (Fig. 3.1; see 
He et al. 2008a). The upper Talung Formation is 
characterized mainly by grey to greyish-black, 
thin-bedded, carbonaceous mudstones, siliceous 
mudstones and cherts. The upper Talung 
Formation yields a few small foraminifers, 
bivalves and brachiopods, microgastropods, 
ostracods, and abundant ammonoids, radiolari-
ans. The basal part of the Yinkeng Formation is 
characterized by greyish green thin-bedded cal-
careous mudstones interbedded with argillaceous 
limestone, with ammonoids and bivalves.
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The Permian–Triassic interval at Rencunping 
includes the Talung Formation and basal part of 
Daye Formation (Fig. 3.1; see Xiao et al. 2017). 
The Talung Formation is dominated by greyish- 
black thin-bedded cherts, siliceous mudstones, 
siliceous limestones and carbonaceous mudstones, 
intercalated with volcanic ash. The Talung 
Formation abundantly yields ammonoids, radio-
larians, small brachiopods and a few small 
bivalves. The basal part of the Daye Formation is 
characterized by greyish green thin-bedded calcar-
eous mudstones interbedded with argillaceous 
limestone, with abundant ammonoids and bivalves.

The Permian–Triassic transition at Xinmin 
spans the Changhsing, Talung and Daye 
Formations (Wu et al. 2018). This study focuses 
on the Talung Formation (Fig. 3.1). The Talung 
Formation mainly comprises dark grey siliceous 
mudstones, siliceous limestones and calcareous 
mudstones, intercalated with volcanic ash (Wu 
et  al. 2018). It has abundantly yielded ammo-
noids and small brachiopods, and a few bivalves, 
foraminifers, spongy spicules and spherical radi-
olarians (Xiang et  al. 2013), as well as trans-
ported plant fragments (Song et al. 2015). Bouma 
Sequence is commonly observed in siliceous and 
argillaceous limestone beds. The Daye Formation 
is composed of thin-bedded calcareous mud-
stones, argillaceous limestones (namely marls in 
the basal part) and silty limestones (overlying 
marls) (Fig. 3.1), with graded bedding and hum-
mocky cross bedding in silty limestones.

The uppermost part of the Permian at 
Duanshan comprises the Talung Formation 
(Fig. 3.1; see Wu et al. 2018) and the Permian–
Triassic boundary sequence is covered by the 
Quaternary sediments. The Talung Formation at 
Duanshan is dominated by light grey calcareous 
mudstones, with cherts in the lower part of the 
formation, and intercalated with limestones, sili-
ceous mudstones and siltstones. Ammonoids 
have been found throughout the formation and a 
mixed brachiopod fauna (dominated by warm-
water elements, but associated with cool-water 
elements, e.g., Attenuatella and Costatumulus) 
found in the lower part of the formation (Zhang 
and He 2009; He et al. 2014).

The Permian–Triassic transition at Shaiwa 
includes the Changhsingian Shaiwa Group and 

the Lower Triassic Luolou Formation. The Fourth 
Member of the Shaiwa Group is focused in this 
study (Fig. 3.1). It comprises greyish black thin- 
bedded siliceous mudstones, intercalated with 
greyish green thin-bedded siliceous limestones 
and pale volcanic ash. It yields abundant ammo-
noids, radiolarians and a few brachiopods, 
bivalves and foraminifers (Chen et al. 2006). The 
top part of Shaiwa Group and the Permian–
Triassic boundary have been covered by the 
Quarternary sediments. The basal part of the 
Luolou Formation is composed of greyish yellow 
thin-bedded silty mudstones. It yields ammo-
noids and bivalves.

The Permian–Triassic intervals at Xiejiaping 
and Dengcaoba include the Talung Formation 
and basal part of the Daye Formation (Fig. 3.2). 
The Talung Formation at Xiejiaping is dominated 
by greyish black thin-bedded carbonaceous mud-
stones, siliceous mudstones and limestones, 
intercalated with cherts, calcareous mudstones 
and volcanic ash. It yields abundant ammonoids 
and a few brachiopods and conodonts. The basal 
Daye Formation comprises thin-bedded lime-
stones and calcareous mudstones, with volcanic 
ash intercalations. It yields ammonids, conodonts 
and bivalves. The Talung Formation at Dengcaoba 
is dominated by greyish black thin-bedded cherts, 
carbonaceous mudstones and calcareous mud-
stones, with ammonoids in the lower part and 
small brachiopods, ammonoids and bivalves in 
the upper part. The basal Daye Formation com-
prises thin-bedded argillaceous limestones and 
calcareous mudstones, with ammonoids and 
brachiopods.

The Permian–Triassic interval at Shangname 
includes the Talung Formation and basal part of 
Luolou Formation (Fig.  3.2). The Talung 
Formation comprises greyish green thin-bedded 
tuffceous mudstones, with ammonoids and abun-
dant (monospecific) brachiopods. The Lower 
Triassic Luolou Formation overlies the Upper 
Permian Talung Formation by a fault. The Luolou 
Formation comprises yellowish green thin- 
bedded calcareous mudstones, with a few 
ammonoids.

The Permian–Triassic transitional sequence at 
Dongpan is continuous and includes the Talung 
Formation and basal part of the Luolou Formation, 

3 Depositional Sequences, Biotic Assemblages and Review on Changhsingian (or Late Changhsingian…
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but the top part of Permian and the Lower Triassic 
at Paibi and Liuqiao are covered by the Quaternary 
sediments (Fig.  3.2). The Talung Formation is 
dominated by greyish green thin-bedded sili-
ceous mudstones and cherts, intercalated with 
yellowish green thin-bedded mudstones, 
 calcareous mudstones and manganous limestones 
at Dongpan, Paibi and Liuqiao. It yields abundant 
ammonoids, pelagic radiolarians and cool-water 
brachiopods, and a few bivalves, foraminifers 
and palaeopsychrospheric ostracods (He et  al. 
2005, 2007a; Bu et al. 2006; Feng et al. 2007; Gu 
et al. 2007; Yuan et al. 2007; Yang et al. 2015). 
The basal Luolou Formation comprises yellow-
ish brown silty mudstones and calcareous mud-
stones, intercalated with light gray thin-bedded 
limestones. It yields abundant ammonoids and 
bivalves.

The Permian–Triassic interval at Zhongzhai 
includes the Lungtan Formation and basal part of 
Yelang Formation (Fig.  3.3). The Lungtan 
Formation is dominated by fine sandstones, 
muddy siltstones and calcareous mudstones, 
intercalated with limestones or lens-shaped lime-
stones, with fine laminations in calcareous mud-
stones (Zhang et  al. 2014). It yields abundant 
brachiopods (forming shell beds) and a few con-
odonts, bivalves, gastropods, foraminfers and 
ostracods. The basal Yelang Formation comprises 
light gray thin-bedded argillaceous limestones, 
yellowish green calcareous mudstones and silty 
mudstones, intercalated with pale volcanic ash, 
with conodonts, bivalves, gastropods and bra-
chiopods (Peng et al. 2007; He et al. 2008b; Gao 
et al. 2009; Zhang et al. 2013).

The Permian–Triassic interval at 
Huangzhishan includes the top part of the 
Changhsing Formation and lower part of the 
Yinkeng Formation (Fig. 3.3). The top part of the 
Changhsing Formation comprises light gray 
medium- to thin-bedded bioclasitic limestones, 
with abundant corals, brachiopods, crinoids, 
sponges, gastropods, bryozoans, ostracods, fora-
minifers, algae and a few conodonts (Chen et al. 
2008, 2009). The Yinkeng Formation comprises 
greyish green thin-bedded argillaceous mud-
stones and calcareous mudstones (He et  al. 
2015), with abundant brachiopods (forming shell 

beds) and a few bivalves, conodonts and foramin-
fers (Chen et  al. 2008, 2009; He et  al. 2015, 
2017).

The Permian–Triassic interval at Daoduishan 
includes the Changhsing Formation and basal 
part of the Yinkeng Formation (Fig.  3.3). The 
Changhsing Formation comprises gray to light 
gray thin- to medium-bedded bioclastic lime-
stones, occasionally intercalated with gray thick- 
bedded bioclastic limestones and black cherty 
nodules, with hummocky cross-stratification, 
parallel stratification, or wavy cross-bedding (He 
et  al. 2016). It yields conodonts, brachiopods, 
foraminifers, algae, ostracods, fusulinids, 
sponges and crinoids. The basal Yinkeng 
Formation is composed of dark gray thin-bedded 
calcareous mudstones and dark gray thin- to 
medium-bedded argillaceous limestones, interca-
lated with pale volcanic ash, with fine lamina-
tions in calcareous mudstones (He et al. 2016). It 
yields conodonts, bivalves and a few foraminifers 
and brachiopods.

3.2  Palaeo-Water Depths 
of Studied Sections 
During the Changhsingian 
(or Late Changhsingian)

Lithological and biotic features are key and basic 
aspects for the analysis of sedimentary environ-
ments. Generally, carbonate deposits accumulate 
above the lysocline, siliceous carbonate accumu-
lates between the lysocline and the carbonate 
compensation depth (CCD), and opal or siliceous 
sediments form below the CCD (Weber and 
Pisias 1999; Weber and von Stackelberg 2000; 
Dittert and Henrich 2000; Edmond and Huh 
2003). As the position of the CCD is deeper than 
the lysocline (Weber and Pisias 1999), siliceous 
(opaline) mudstone will accumulate in deeper 
water than limestone and siliceous limestone. 
Additionally, the fine-grained sediments (e.g., 
siliceous mudstone) with weak bioturbation 
could have accumulated in a setting from outer 
shelf to basin, with >120  m water depths 
(Immenhauser 2009) and therefore indicates a 
deeper water setting.

3 Depositional Sequences, Biotic Assemblages and Review on Changhsingian (or Late Changhsingian…
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The research on radiolarian palaeo-water 
depths revealed that the presence of spherical 
radiolarians (Entactinaria or Spumellaria forms), 
lack of Latentifistularia (excluding Ishigaum 
obesum and Quadricaulis inflata) and lack of 
Albaillellaria forms together are generally taken 
to indicate water depths <200 m (outer shelf), the 
presence of Latentifistularia or Albaillellaria 
forms generally indicates water depths of approx-
imately 200 m or deeper. If Latentifistularia and 
Albaillellaria forms dominated a radiolarian 
fauna (especially the abundant presence of 
Neoalbaillella forms), it would mean that water 
depths were more than 500 m (Kozur 1993; He 
et al. 2008a, 2011; Xiao et al. 2017).

At Hushan, the upper Talung Formation is 
overwhelmingly dominated by cherts and sili-
ceous mudstones, with abundant presence of 
radiolarian Albaillellarians and Latentifistularians 
in a few horizons and abundant presence of 
ammonoids and conodonts in most beds (He 
et al. 2011). Therefore, the water depths would 
have reached about 200  m or deeper when the 
maximum transgression took place during the 
late Changhsingian at Hushan (Fig. 3.4).

At Majiashan, the upper Talung Formation is 
dominated by carbonaceous mudstones, siliceous 
mudstones and cherts, with the presence of radio-
larian Latentifistularians (Ishigaum obesum, 
Quadricaulis inflata and Foremanhelena robusta) 
in a few horizons (He et  al. 2008a; Gui et  al. 
2009), abundant presence of ammonoids and a 
few presences of small benthonic invertebrates. 

Therefore, the water depth was 100–200 m when 
the maximum transgression took place during the 
late Changhsingian (Fig. 3.4; He et  al. 2008a; 
Xiao et al. 2017).

At Rencunping, the Talung Formation is dom-
inated by cherts, siliceous mudstones, siliceous 
limestones and carbonaceous mudstones, with 
abundant presences of Entactinaria, Spumellaria 
and Latentifistularia elements (e.g., Ishigaum tri-
fustis, Foremanhelena robusta, Nazarovella sca-
lae, Latentifistula similicutis) and a few presences 
of Albaillellaria elements (Albaillella triangula-
ris, Albaillella yaoi yaoi, Albaillella yaoi longa, 
Albaillella protolevis, Albaillella angusta and 
Albaillella excelsa) in some intervals (Xiao et al. 
2017) and small benthonic invertebrates. 
Therefore, the water depths would have reached 
deeper than 200 m (or deep to 300 m) during the 
Changhsingian at Rencunping (Fig. 3.4; see Xiao 
et al. 2017).

At Xinmin, the Talung Formation is domi-
nated by siliceous limestones and siliceous mud-
stones. The biotic association in this formation is 
mainly composed of planktonic cephalopods, 
associated with spherical radiolarians (Xiang 
et  al. 2013) and small benthonic invertebrates, 
indicating the water depths would have been 
<200 m in an outer shelf (Fig. 3.4; see Xiao et al. 
2017).

At Duanshan, the Talung Formation is domi-
nated by siliceous limestones and siliceous mud-
stones. The biotic association in this formation is 
mainly composed of planktonic cephalopods, 
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Fig. 3.4 Sketch diagram showing the palaeogeographic 
setting and palaeo-bathymetry of studied section (revised 
after He et al. 2017). Blue represents anoxic and light blue 
represents dysoxic. ZZ- Zhongzhai, HZS- Huangzhishan, 

XJP- Xiejiaping, DCB- Dengcaoba, DDS- Daoduishan, 
XM- Xinmin, MJS- Majiashan, DS- Duanshan, HS- 
Hushan, RCP- Rencunping, SW- Shaiwa, SNM- 
Shangname, PB- Paibi, LQ- Liuqiao, DP- Dongpan
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associated with mixed brachiopods (warm- and 
cool-water elements). Radiolarian 
Latentifistularia and Albaillellaria elements have 
been found in a few horizons of the Talung 
Formation from the other section nearby 
Duanshan. Therefore, the water depths would 
have reached about 200  m when the maximum 
transgression took place during the Changhsingian 
at Duanshan (Fig. 3.4).

At Shaiwa, the Fourth Member of Shaiwa 
Group is dominated by siliceous mudstones, with 
pelagic radiolarians, bathyal trace fossil Nereites, 
small invertebrates and deep-water sedimentary 
structures (e.g., Bouma Sequence) (Chen et  al. 
2006). All these features indicate a bathyal set-
ting (deeper than 200 m; see Chen et  al. 2006) 
during the Changhsingian at Shaiwa (Fig. 3.4).

At Xiejiaping and Dengcaoba, the Talung 
Formation is dominated by carbonaceous mud-
stones, siliceous mudstones and limestones, with 
planktonic cephalopods and small benthonic 
invertebrates and lack of radiolarians, indicating 
a setting of interplatform basin (water depths 
slightly deeper than a carbonate platform) 
(Fig. 3.4).

At Shangname, the Talung Formation is 
uniquely composed of tuffceous mudstones, with 
abundant and monospecific brachiopiod Martinia 
liuqiaoiensis which commonly occurred in the 
Talung Formation of the deep-water Dongpan 
section (see below). Outlines of Radiolarian 
shells have been observed in the rocks and most 
of shells have not been preserved because of 
weathering. These features probably indicate a 
deep-water setting (probably similar to the 
Dongpan section) during the Changhsingian at 
Shangname (Fig. 3.4).

At Dongpan, Paibi and Liuqiao, the Talung 
Formation is overwhelmingly dominated by 
cherts and siliceous mudstones, with quite abun-
dant presence of deep-water radiolarian 
Albaillellarians (e.g., Neoalbaillella grypa, 
Albaillella levis, Albaillella triangularis) in most 
beds and presences of ammonoids, small bivalves 
and foraminifers, mixed brachiopods (warm- 
water and cool-water elements), siliceous 
sponges and cold-water ostracods (He et al. 2005, 
2007a, b; Feng et al. 2007; Gu et al. 2007; Yuan 

et al. 2007; Liu et al. 2013; Yang et al. 2015). The 
research on radiolarians and palaeo-bathymetry 
at Dongpan revealed that the water depths were 
commonly deeper than 200  m and even deeper 
than 500 m through some intervals of the Talung 
Formation (Fig. 3.4; He et al. 2007c; Xiao et al. 
2017).

At Zhongzhai, the upper part (Beds 4–26) of 
the Lungtan Formation is dominated by fine- 
grained sandstones and muddy siltstones, repre-
senting a littoral setting (Zhang et al. 2014). The 
top part (Bed 27) of the Lungtan Formation is 
dominated by calcareous mudstones, with fine 
laminations (see Zhang et  al. 2014). The fauna 
from Bed 27 at Zhongzhai mainly comprises 
densely-populated, well-preserved brachiopods 
(forming shell beds) and lacks radiolarians. 
These features suggest that this interval repre-
sents a low-energy back-barrier shallow-marine 
setting above the fair-weather wave-base (gener-
ally shallower than 50 m deep, see Immenhauser 
2009; Shen et al. 2011) (Fig. 3.4; He et al. 2017).

At Huangzhishan, the basal part (Beds 19–36) 
of the Yinkeng Formation is dominated by calcar-
eous mudstones and marls, abnormally with 
abundant brachiopods and lacks radiolarians. The 
microfacies and palaeontological features sug-
gest these intervals were mainly deposited in a 
shallow, low-energy setting just below the fair- 
weather wave-base (slightly deeper than 50  m 
deep; see Chen et al. 2009; Immenhauser 2009) 
(Fig. 3.4; He et al. 2017).

At Daoduishan, the upper part (Beds 14–24) 
of the Changhsing Formation is dominated by 
bioclastic limestones, with tempestite-related 
structures (He et al. 2016), and with abundant 
conodonts and benthonic invertebrates, 
together with a few spherical radiolarians. The 
presence of tempestite-related structures sug-
gests that the palaeo-water depth was near the 
storm wave base (50–250  m deep, see 
Immenhauser 2009), while the presence of 
spherical radiolarians indicates a water depth 
deeper than Huangzhishan or Zhongzhai but 
<100  m. Therefore, the water depths would 
have been 50–100  m during the late 
Changhsingian at Daoduishan (Fig.  3.4; He 
et al. 2017).

W.-H. He et al.
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In summary, the depth-related palaeoenviron-
ments in South China are further classified into 
three types in this chapter, based on the above 
bathymetric analysis, in order to discuss on the 
relationship between body-size changes and pal-
aeobathmetry. Type 1 is of shallow-water settings 
(i.e., ca 0–50  m deep, including Zhongzhai, 
Huangzhishan, Xiejiaping, Dengcaoba) 
(Fig.  3.4). Type 2 is of moderately deep-water 
setting (i.e., 50–100  m, including Daoduishan). 
Type 3 is of deep-water settings (i.e., ca 100–
500 m or even deeper than 500 m, represented by 
Xinmin, Majiashan, Duanshan, Hushan, 
Rencunping, Shaiwa, Shangname, Dongpan, 
Paibi, Liuqiao) (Fig. 3.4).
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Age Analysis and Biostratigraphic 
Correlation

Wei-Hong He, G. R. Shi, Ke-Xin Zhang,  
and Shun-Bao Wu

In order to decipher brachiopod diversity and 
body-size changes in relation to varied palaeo-
bathymetry and time, the stratigraphic divisions 
in each section and age correlation among sec-
tions are essential for the study. Details of each 
section are thus given below.

At Hushan, the cephalopod Lopingoceras sp. 
was found in Bed 89 of the section, ammonoids 
Pernodoceras sp. and Pleuronodoceras sp. were 
found in Bed 83 in the upper part of the Talung 
Formation, and the bivalve Hunanopecten exilis 
was found in Beds 73 and 88 (He et  al. 2011). 

The ammonoid Ophiceras sp. was found in Bed 
94 of the basal part of the Lower Chinglung 
Formation at Hushan (Fig. 3.1; He et al. 2011). 
According to the study of the Permian–Triassic 
biostratigraphy, Lopingoceras sp. is common 
within the Upper Permian of South China (Zhao 
et  al. 1978). Both Pernodoceras sp. and 
Pleuronodoceras sp. from the upper Talung 
Formation are regarded as index fossils of the 
Pseudotirolites–Pleuronodoceras Zone of late 
Changhsingian age (Zhao et al. 1978; Yang et al. 
1987). Hunanopecten exilis is typical for the Late 
Permian (Yin 1985). The genus Ophiceras is typ-
ical for the Induan (earliest Triassic) (Guo 1982). 
Therefore, the upper Talung Formation is 
assigned approximately to the late Changhsingian 
(latest Permian) while the basal part of the Lower 
Chinglung Formation can be considered to 
belong to the Induan (earliest Triassic) (Fig. 3.1; 
He et al. 2011).

At Majiashan, the ammonoid Konglingites 
sp. was found from Bed 1, Tapashanites sp. 
from Bed 3 to the basal part (20 cm) of Bed 10, 
Pseudotirolites spp. and Rododiscoceras spp. 
from the lower part of Bed 10 to Bed 16 and 
Ophiceras sp. from Bed 20 (Fig. 3.1; see He et 
al. 2008). Konglingites is the index fossil of the 
Konglingites Zone and typical of the 
Wuchiapingian (Zhao et  al. 1978; Yang et  al. 
1987). Tapashanites is the index fossil of the 
Tapashanites Zone and typical for the early 
Changhsingian (Zhao et  al. 1978; Yang et  al. 
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1987). Pseudotirolites and Rododiscoceras are 
both index fossils of the Pseudotirolites–
Rododiscoceras Zone and typical for the late 
Changhsingian (Zhao et  al. 1978; Yang et  al. 
1987). As mentioned above, Ophiceras is typi-
cal for the earliest Triassic. Beds 3–16, there-
fore, are assigned to the Changhsingian, and 
Bed 20 to the earliest Triassic (Fig. 3.1; He 
et al. 2015). Although no index fossils charac-
teristic of the PTB has been found from Beds 
17–19, we place the PTB in the middle of Bed 
19, based on its similarity and equivalence to 
the Permian–Triassic Boundary Stratigraphic 
Set (PTBS) (see Peng et al. 2001 for descrip-
tion and correlation of PTBS), which has been 
precisely matched with the same set at Meishan 
(Fig. 3.1). It is because this correlation, Bed 17 
at Majiashan, a 4-cm interval of pale volcanic 
claystones, can be matched to the ‘White clay’ 
of Bed 25 of the Meishan section. Likewise, 
Bed 18 at Majiashan, comprised of dark green 
calcareous mudstones, can be correlated to the 
‘Black clay’ of Bed 26 of Meishan, and Bed 19 
(gray limestones) correlated to the limestones 
of Bed 27 at Meishan.

At Rencunping, the Clarkina yini Zone has 
been found from Bed 22 to the middle part of Bed 
23d (He et al. 2015). Conodont Clarkina meisha-
nensis first appears in the upper part of Bed 23d 
(He et al. 2015). These suggest that Bed 22 to the 
middle part of Bed 23d are equivalent to the top 
part of Bed 22 to Bed 24d at Meishan (as con-
strained by the C. yini Zone), and the upper part 
of Bed 23d is equivalent to the base of Bed 24e at 
Meishan (He et  al. 2015). Additionally, ammo-
noids of the Sinoceltites Zone (equivalent to the 
Tapashanites Zone) and of the Pseudotirolites–
Rotodiscoceras Zone have been found, respec-
tively, from Bed 18 to the lower part of Bed 20 
and from the upper part of Bed 20 to Bed 24 at 
Rencunping (Fig. 3.1; see Zhang et  al. 2009). 
Ammonoids of the Sinoceltites and 
Pseudotirolites–Rotodiscoceras Zones, respec-
tively, suggest ages of early and late 
Changhsingian (Yang et  al. 1987). Ammonoids 
of the Ophiceras Zone, typical for the Induan 
(Yin et al. 2001), have been found in the upper 
part of Bed 27 at Rencunping (Fig. 3.1; see Zhang 
et  al. 2009). Beds 18–24 at Rencunping, there-

fore, can be reliably assigned to the 
Changhsingian, and the upper part of Bed 27 to 
Bed 29 to the earliest Triassic, with the PTB 
placed in the middle of Bed 27, as defined by the 
first appearance of Ophiceras sp. (Fig. 3.1).

At Xinmin, ammonoids Pseudotirolites spp., 
Rotodiscoceras sp., and Pleuronodoceras sp. 
(index fossils of Pseudotirolites–Rotodiscoceras 
Zone) were commonly found from Bed 1 to the 
lower part of Bed 5, suggesting that the Talung 
Formation is of late Changhsingian in age. The 
ammonoid Ophiceras sp. was found in Bed 6 and 
thus indicates that the basal part of the Daye 
Formation should be assigned to the Induan (ear-
liest Triassic). Conodont Hindeodus parvus was 
found in the middle part of Bed 5, signaling the 
base of the Triassic at this level (Fig. 3.1; see 
Zhang et al. 2014).

At Duanshan, ammonoids Pseudotirolites 
spp., Huananoceras sp. and Xenodiscus sp. were 
commonly found from the Talung Formation. At 
Kejiao (close to Duanshan), ammonoids 
Rotodiscoceras spp. and Pleuronodoceras spp. 
occur abundantly in the Talung Formation. These 
elements suggest the presence of the 
Pseudotirolites–Rotodiscoceras Zone in the 
Talung Formation, indicating a late Changhsingian 
age (Fig. 3.1; see Zhang and He 2009).

At Shaiwa, bivalves Hunanopecten exilis and 
Claraia primitiva were found from the Fourth 
Member of the Shaiwa Group (Yang et al. 2001) 
and suggest the presence of the Hunanopecten 
exilis–Claraia primitiva Zone (Fig. 3.1). This 
bivalve zone is equivalent to the bivalve 
Hunanopecten exilis Assemblage of Yin (1985), 
the latter being typical for the Changhsingian 
(Yin 1985). Therefore, the Fourth Member of the 
Shaiwa Group is approximately of Changhsingian 
(Fig. 3.1; see He et al. 2014).

At Xiejiaping, the ammonoid Pleuronodoceras 
sp. was found in the upper part of the Talung 
Formation and Ophiceras sp. was found in the 
basal part (Bed 27) of the Daye Formation. 
Additionally, the Late Permian ammonoid 
Huananoceras sp. and brachiopod Fusichonetes 
pygmaea were found in the upper Talung 
Formation. These lines of evidence suggest that 
the upper Talung Formation (Beds 17–26) at 
Xiejiaping approximately should be assigned to 
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the late Changhsingian (Fig. 3.2; see He et al. 
2014). The ammonoid Sanyangites sp. and 
Konglingites sp., both typical for the 
Wuchiapingian (Zhao et  al. 1978; Yang et  al. 
1987), were found in the lower part of the Talung 
Formation (Beds 6–9), suggesting a 
Wuchiapingian age for these beds (Fig. 3.2).

At Dengcaoba, the ammonoid Pseudotirolites 
sp. and brachiopod Paracrurithyris pygmaea 
were found in the upper Talung Formation (Beds 
34–36) and both elements are typical for the 
Changhsingian (Zhao et  al. 1978; Yang et  al. 
1987; Xu and Grant 1994). The Late Permian 
ammonoid Huananoceras sp. was commonly 
found in the lower Talung Formation. Therefore, 
the upper Talung Formaton (Beds 34–36) is 
assigned to the Changhsingian and the lower 
Talung Formation (Beds 32–33) approximately 
to the Late Permian (or Wuchiapingian to early? 
Changhsingian) (Fig. 3.2; see He et al. 2014). 
The ammonoid Lytophiceras sp. was found in 
Bed 37 of the basal Daye Formation, indicating 
Bed 37 should be assigned to the Induan  
(Fig. 3.2).

At Shangname, ammonoids Pseudotirolites 
sp. and Ophiceras sp. were respectively found in 
Bed 2 (Talung Formation) and basal part of Bed 3 
(Luolou Formation), suggesting a Changhsingian 
age for the former and Induan for the latter 
although these two beds are in fault contact (Fig. 
3.2; see He et al. 2014).

At Dongpan, ammonoids Pseudotirolites sp., 
Rotodiscoceras sp., Pernodoceras sp. and 
Dushanoceras sp., which have been regarded as 
index fossils of the Pseudotirolites–
Rotodiscoceras Zone, were commonly found in 
the Talung Formation (Bu et al. 2006). Radiolarian 
Albaillella yaoi, typical for the late Changhsingian 
(Wu et al. 2010; Zhang et al. 2017), was found in 
Beds 2–6  in the Talung Formation. The ammo-
noid Ophiceras sp. and bivalve Claraia wangi 
were commonly recorded in the basal part of the 
Luolou Formation (Bu et al. 2006; He et al. 2007; 
Yang et  al. 2015). Therefore, the Talung 
Formation should be assigned to the late 
Changhsingian while the basal Luolou Formation 
to the Induan (Fig. 3.2).

At Paibi and Liuqiao, radiolarians Albaillella 
triangularis and A. yaoi Zones, both of which are 

equivalent to the Neoalbaillella optima Zone and 
typical for the late Changhsingian (Wu et  al. 
2010; Zhang et  al. 2017), were found in the 
Talung Formation, suggesting a late 
Changhsingian age for this formation at Paibi and 
Liuqiao (Fig. 3.2).

At Huangzhishan, conodonts Clarkina yini 
and C. meishanensis Zones were respectively 
found in the top part of the Changhsing 
Formation (Beds 9–17) and the basal part of 
the Yinkeng Formation (Beds 18–36). 
Hindeodus parvus Zone (in Beds 37–42), 
together with Ophiceras sp. (in Bed 43 and 
upwards), was found in the lower Yinkeng 
Formation (Fig. 3.3; Chen et al. 2008; He  
et  al. 2015). Therefore, the PTB has been 
defined at the horizon between Beds 36 and 37 
(Fig. 3.3).

At Zhongzhai, the abundant presence of 
brachiopod Fusichonetes pygmaea in Beds 
4–27 of the section, typical for the 
Changhsingian in South China (Shen and 
Archbold 2002; Zhang et  al. 2013), suggests 
these intervals should have been assigned to 
the Changhsingian. The U–Pb age in Bed 29 of 
the section is of 252.24  ±  0.13  Ma and basi-
cally equivalent to the calibrated PTB age of 
252.17 ± 0.06 Ma in Bed 27c at the GSSP sec-
tion of Meishan (Shen et al. 2011; Zhang et al. 
2014), thus indicating that the PTB is between 
Beds 29 and 30 (Fig. 3.3).

At Daoduishan, conodonts Clarkina changx-
ingensis, C. yini and C. meishanensis Zones were 
respectively found in Bed 14 to base of Bed 21, 
upper part of Bed 21 to Bed 24b and Beds 24c to 
26 of the Changhsing Formation (Fig. 3.3; see He 
et al. 2017). Hindeodus parvus was found in the 
middle of Bed 27 and Ophiceras sp. was found in 
Bed 29 (Fig. 3.3; see He et al. 2017). Therefore, 
the PTB has been placed in the middle of Bed 27 
at Daoduishan (Fig. 3.3).
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Materials and Methods

Wei-Hong He, G. R. Shi, Ting-Lu Yang,  
and Yong-Biao Wang

5.1  Taphonomic Features 
of Brachiopods

Brachiopods collected from siliceous mudstone 
facies, including Hushan, Majiashan, 
Rencunping, Xinmin, Duanshan, Shaiwa, 
Xiejiaping, Dengcaoba, Dongpan, Paibi and 
Liuqiao sections, are devoid of abrasional signs. 
In these sections, they occur sparsely on bedding 
surfaces and occasionally have articulated valves. 
These taphonomic features indicate that the bra-
chiopods have been preserved mostly in situ, 

with little postmortem transportation and 
reworking.

Brachiopods collected from Huangzhishan, 
Zhongzhai and Shangname sections also lack 
abrasional signs, are randomly arranged on bed-
ding surfaces without particular orientation, and 
many contain articulated valves, all taphonomic 
features indicating very limited or no postmor-
tem transportation. Brachiopods collected from 
the Daoduishan section have both complete and 
incomplete valves, but these valves are randomly 
arranged on bedding surfaces, suggesting limited 
transportation. Those incomplete valves possibly 
have suffered from stirring of storm, an inference 
also corroborated by the presence of hummocky 
cross stratification observed in some beds within 
the Changhsing Formation at Daoduishan (He 
et al. 2016).

5.2  Methods of Brachiopod 
Sampling and Selection 
of Studied Faunas

The fossil collection began in the summer of 
2002 and continued to 2016. As mentioned in the 
part of Introduction, more than 10,000 brachio-
pod specimens have been collected from 15 sec-
tions in South China. Brachiopods were collected 
from the Changhsingian or the upper part of 
Changhsingian and the basal Induan of the stud-
ied sections. All brachiopods found during 
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 excavating beds included both complete individ-
uals and fragments. To facilitate quantitative and 
statistical analyses of brachiopod diversity and 
body-size changes, we counted brachiopod indi-
viduals for each species (including indeterminate 
species) in each bed. During counting, if both a 
body fossil and its mold are preserved together, 
or both the ventral and dorsal valves of the same 
fossil are preserved, then all of these are counted 
as one individual. Isolated molds and ventral or 
dorsal valves found without counterparts, are 
treated as independent individuals.

In order to investigate the evolution of bra-
chiopod diversity through time, the brachiopod 
faunas from Huangzhishan, Meishan, Rencunping 
and Majiashan sections have been chosen for the 
study. The first two sections represent a shallow- 
water setting, in contrast to the last two sections 
which were deposited in relatively deep-water 
settings. As already outlined in Chap. 4, the ages 
and correlations of these four sections are well 
constrained, therefore enabling a detailed tempo-
ral analysis of the brachiopod diversity changes. 
Moreover, the taxonomy of the brachiopods has 
been studied in detail at the four sections, thus 
bringing taxonomic consistency and integrity to 
the diversity analysis.

Alongside the species diversity analysis 
through time, body-size changes of the brachio-
pods in varied palaeogeographic settings have 
also been investigated, using two most commonly 
found Changhsingian chonetid brachiopod spe-
cies, Fusichonetes pygmaea and Fusichonetes 
quadrata, from five sections (Zhongzhai, 
Huangzhishan, Daoduishan, Majiashan, 
Rencunping). These sections have been selected 
because together they constituted an 
approximately- defined basinwide bathymetric 
gradient spanning the shallow-water clastic shelf, 
shallow-water carbonate platform and ramp, and 
deep-water siliceous basinal settings. Parallel to 
this analysis, we also performed a temporal anal-
ysis of brachiopod body-size changes to test 
whether or not, and how, the brachiopod body 
sizes responded to the end-Permian mass extinc-
tion. This analysis was carried out by using two 

most commonly found species from three differ-
ent sections: Paracrurithyris pygmaea at 
Rencunping and Majiashan and Fusichonetes 
pygmaea at Daoduishan. Additionally, the two 
species were chosen because they both survived 
the end-Permian mass extinction.

5.3  Definition and Measurement 
of Body Sizes of Brachiopods

The width of each brachiopod individual refers to 
the shell width and the length of each individual 
refers to the shell length (Fig. 5.1). The width and 
length of all individuals were measured with an 
electronic calliper to the nearest 0.1  mm. The 
body size (g) of a brachiopod individual refers to 
the geometric mean of the length and width, fol-
lowing Jablonski (1996).

The mean size (X) for each species in each 
bed of the section is determined by the following 
equation:

 
X = ∗

=
∑1

1

/ N gi
i

N

 
where X equals the mean size, N equals the total 
number of individuals in a bed of the section, and 
g is the geometric mean of length and width of 
each individual in each bed of the section.

The Xmean is the average value of geometric 
means (g) for all individuals of a species through 
the section. As such, the Xmean was used to repre-
sent the average size of a fauna in a section.

The Xmedian was also used to represent the aver-
age size of a fauna from a section. It refers to the 
median value of geometric means (g) for all indi-
viduals of a species through the section. The 
Xmedian values from the studied sections were plot-
ted using the software PAST (see Hammer et al. 
2001). Usually, the Xmedian is close to the value of 
Xmean and the statistically significant differences 
of Xmedian from the studied sections can be tested 
by the Mann–Whitney test (see below). So both 
Xmedian and Xmedian are adopted to study the differ-
ence of body sizes among different sections (dif-
ferent palaeogeographic settings).
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5.4  Notes on Other Statistic 
Techniques

To determine the sampling efficiency to see how 
well each bed was sampled, a rarefaction analysis 
was conducted at Huangzhishan, Rencunping 
and Majiashan (These three sections were sam-
pled for brachiopod collection, proper for the rar-
efaction analysis; but the Meishan section is a 
referred section and was not sampled for brachio-
pod collection in this book, not proper for the rar-
efaction analysis.) This is an interpolation 
technique that allows an estimation of how many 
species would have been found had the sample 
been larger than it actually was (for the technique 
see Raup 1975). A curve that is approaching an 
asymptote indicates that the sample is relatively 
complete, and any further collection is unlikely 
to add new taxa, while a curve that is still rela-
tively steep indicates incomplete sampling, as 
unrecorded species are still likely to be found. 
The results of rarefaction analysis revealed that 
most intervals have been well sampled, while the 
intervals above the mass extinction horizon (or 
horizons) are less complete, because of the natu-
ral scarcity of fossils in these layers (see Fig. 5.2).

To test the numbers of pulses in a mass extinc-
tion event before estimating the position of the 
extinction boundary, the method of Wang and 
Everson (2007) was used (see Chap. 6). And to 
estimate the position of a mass extinction bound-
ary for brachiopods near the PTB at the 
Huangzhishan, Meishan, Rencunping and 
Majiashan sections and to compare the initial 
timing of disappearances/extinctions among var-
ied palaeogeographic settings, the improved con-
fidence interval technique of Wang and Marshall 
(2004) was deployed (see Chap. 6).

5.5  Statistical Tests 
of the Significance of Body- 
Size Changes

To investigate the changes of body size at varied 
palaeogeographic settings and to test whether 
the body-size changes are statistically signifi-
cant among the studied sections (Zhongzhai, 
Huangzhishan, Daoduishan, Majiashan, 
Rencunping), first, the Shapiro–Wilk test and 
Histogram (using Software PAST), were 
adopted to determine whether or not the size 
frequency distribution in each of the sections 
followed the normal distribution (Fig. 5.3). For 
the Shapiro–Wilk test, if the given p is <0.05, 
normal distribution can be rejected (N  >  3 
and  <5000, see Hammer and Harper 2006 or 
http://folk.uio.no/ohammer/past) and if N < 30, 
the power of Shapiro–Wilk test is still low 
(Razari and Wah 2011). Thus, Fig. 5.3a–c and e 
are not normal distributions (p  <  0.05). 
Additionally, both Fig.  5.3h and i are perhaps 
not normal distributions based on the histo-
grams. Therefore, the results show that most 
size frequency distributions from the studied 
sections are not normal distributions (Fig. 5.3). 
Consequently, the non- parametric Mann–
Whitney test (using Software PAST) was used 
to determine the significant differences in the 
median sizes (Xmedian) of the brachiopods among 
the studied sections. The results show that the 
difference in median sizes between the two 
groups of sections (i.e., the Huangzhishan and 
Zhongzhai as one group representing shallow- 
water settings while the Daoduishan, Majiashan, 
and Rencunping together representing the other 
group of moderately deep- to deep- water  
settings) is statistically significant (P < 0.05, see 
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Fig. 5.1 Biometric 
measurements of varied 
shell morphology of 
brachiopods used for 
this book
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Table 5.1), although the difference of medians 
for F. quadrata is not significant between 
Zhongzhai and Majiashan (P  =  0.3622, see 
Table 5.1).

To investigate whether the brachiopod body 
sizes before and after the end-Permian mass 
extinction were statistically different, and to 
determine whether successively recorded 
changes in mean body size were statistically 
significant, we performed the following analy-
ses in steps. First, the mean sizes (the definition 
sees 5.3 in this chapter) of Paracrurithyris pyg-

maea from Rencunping and Majiashan and 
Fusichonetes pygmaea from Daoduishan were 
calculated (details see He et  al. 2015a, 2016). 
Then, the means were subjected to the confi-
dence interval test (He et al. 2015a, 2016). The 
test has generated the following results: the 
body sizes of Paracrurithyris pygmaea signifi-
cantly decreased from Beds 22-3 to 23a and 
then significantly increased from Beds 23b to 
23d–24 at Rencunping; the body sizes of 
Paracrurithyris pygmaea significantly decreased 
from Beds 10 to 12, followed by a significant 
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increase from Beds 14 to 15 at Majiashan; the 
body sizes of Fusichonetes pygmaea at 
Daoduishan  significantly decreased from Beds 
19 to 21 and again from Beds 24e to 26 
(Fig.  5.4). These results are strongly corrobo-
rated by the outcomes of another two indepen-
dent tests (Kolmogorov–Smirnov Test and 
“Jablonski plots”) (see He et al. 2015a, 2016), 
suggesting the robustness of these derived body-
size change patterns.

5.6  Phylogenetic Analysis

The genus Parapygmochonetes has some features 
suggesting affinities with both Subfamily 
Caenanopliinae Archbold, 1980 and Subfamily 
Linoproductinae Stehli, 1954. To determine 
which subfamily the genus should be assigned to, 
a parsimony analysis was conducted using the 
software PAUP version 4.0a (Swofford 2002). 
Parsimony analysis was chosen because among 
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Wilk test, normal distribution can be rejected (N > 3 and 
<5000, see Palaeontological Statistics, version 3.0 or 
http://folk.uio.no/ohammer/past) and if N < 30, the power 
of Shapiro–Wilk test is still low, see Razali and Wah 
2011), so Fig. 5a–c and e are not normal distributions, and 
both 5h and i are perhaps not normal distributions based 
on histograms
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Table 5.1 P values of Mann−Whitney test

F. pygmaea
P values Huangzhishan Zhongzhai Daoduishan Rencunping Majiashan
Huangzhishan 0.9531 8.962E-11 3.92E-12 4.085E-05
Zhongzhai 9.48E-55 1.448E-78 2.381E-53
Daoduishan 0.7623 2.078E-16
Rencunping 3.776E-20
Majiashan
F. quadrata
P values Huangzhishan Zhongzhai Rencunping Majiashan
Huangzhishan 1.895E-05 5.32E-12 0.008953
Zhongzhai 1.251E-05 0.3622
Rencunping 0.0001465
Majiashan

After He et al. (2017)
Note: P values marked by bold show that the paired populations from two different sections are statistically significantly 
different with respect to median size at the 95% confidence level (P < 0.05)
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Table 5.2 Character descriptions of the genera of subfamilies Caenanopliinae and Linoproductinae

NC Character Character states (coding)
1 Shell width of type species for each genus ≧1 cm (1),<1 cm (0)
2 Outline semicircle/sub-quadrate (0); sub-triangular (1)
3 Longitudinal profile strongly- to moderately- arched (0); weakly- arched (1)
4 Lateral profile concavoconvex (0); planoconvex (1)
5 Greatest width at hinge (0); not at hinge (1)
6 Flanks steeply sloping (1); gently sloping (0)
7 Interarea Developed (1); not developed or line-shaped (0)
8 Pseudodeltidium Developed (1); not developed (0)
9 Ears Large (1); small to medium (0)
10 Ears radially- or 

concentrically- ornamented
Smooth or radially- ornamented (0); concentrically- 
ornamented (1)

11 Ears spinosely- ornamented or not Spinose (1); no spine (0)
12 Costellae bifurcated or not Bifurcated (1); no bifurcation (0)
13 Costellae strong or weak Coarse/strong (1); thin/weak/smooth (0)
14 Costellae wavy or straight Wavy (0); straight (1)
15 Ventral spines Present (1); absent (0)
16 Dorsal spines/dimples Present (1); absent (0)
17 Endospines/papillae Present (1); absent (0)
18 Tail Present (1); absent (0)
19 Marginal ridges Present (1); absent (0)
20 Ventral median septum Present (1); absent (0)
21 Dorsal median septum Present (1); absent (0)
22 Dorsal accessory septa Present (1); absent (0)
23 Interspace between costellae Wide or weak (0); narrow but prominent(1)

NC- number code for characters

all approaches of phylogenetic analysis, it is 
probably the most intuitive (Jaynes 2003; He 
et al. 2015b) and requires the smallest number of 
character changes to suggest the most likely cor-
rect phylogenetic inference (Sober 1983; Jaynes 
2003). The detailed analytical procedure follows 
Jaynes (2003).

Most of the 24 genera known in the subfami-
lies of Caenanopliinae Archbold, 1980 and 
Linoproductinae Stehli 1954 have been selected 
for the parsimony analysis.?Mistproductus Yang 
(1991), Bandoproductus Jing and Sun (1981), 
Corbicularia Ljaschenko (1973), Costachonetes 
Waterhouse (1975) and Costachonetina 
Waterhouse (1981) were excluded because of 
their uncertain generic indentity or poor knowl-

edge of interior features. A total of 23 characters 
were coded for the studied genera (Table 5.2). 
All characters were equally weighted in the 
quantitative analysis (Table 5.2). All of these 23 
characters occurring in each genus were care-
fully checked and verified based on the features 
(details of values see Table 5.2), and then tabu-
lated in the data matrix (Table 5.3). Except for 
the ingroup taxa that were targeted for the 
 parsimony analysis, two outgroup taxa 
(Chlupacina Havlíček and Racheboeuf 1979 
and Leptochonetes Havlíček and Racheboeuf 
1979) from phylogenetically different groups 
were included in this analysis (Table 5.3). The 
result of the phylogenetic trees is given in  
Chap. 9.

5 Materials and Methods
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Evolution of Brachiopod Species 
Diversity Across the PTB in Varied 
Palaeogeographic Settings

Wei-Hong He and G. R. Shi

6.1  Research Background

The study on biodiversity evolution and occur-
rences of organisms is of importance for the 
study of mass-extinction patterns and causes. 
Numerous works have documented and discussed 
the patterns and processes of the Permian–
Triassic extinction, resulting in the proposition of 
a variety of scenarios concerning the nature of 
these extinction, including one-episode, two- 
episode and multiple-episode models (or even 
more complex processes) (Yang et al. 1991; Shen 
and Shi 1996, 2002; Jin et al. 2000; Feng et al. 
2007; Shen et al. 2011; Song et al. 2013; Wang 
et al. 2014; He et al. 2015; Grasby et al. 2015).

As for the processes of the mass extinction 
across varied palaeogeographic settings, Foster 
and Twitchett (2014) studied the global occur-
rences of all known benthic marine invertebrate 
genera and demonstrated that the ecological 

impact of the extinction varied between benthic 
ecosystems in different depositional settings from 
the proximal shelf through to basin and slope. 
Although deeper water settings are more poorly 
sampled than those from shallower waters, the 
differential responses across the PTB were con-
sidered robust even following corrections for 
sampling bias (Foster and Twitchett 2014). 
Concerning and correcting for the possible impact 
of sampling bias caused by stratigraphic incom-
pleteness and facies control, Wang et  al. (2014) 
applied the constrained optimization (CONOP) 
technique to a data set of 1450 species from 18 
fossiliferous marine PTB sections in different pal-
aeoenvironmental settings of South China and 
northern peri-Gondwanan region in search of spa-
tial and temporal variability during the Late 
Permian extinction event. They found that the 
onset of the extinction in the Qian–Gui Basin 
(western part of South China, mainly representing 
deeper water environments) occurred at 
252.47 Ma (slightly earlier than the onset of the 
main extinction in shallow-water PTB sections, 
compared to 252.39  Ma where the main mass 
extinction took place at Meishan). Thus, although 
their data suggest that the extinction occurred in 
deeper marine settings some 80 kyrs earlier than 
in shallow-water settings, Wang et  al. (2014) 
attributed this result to possible differences in data 
quality and/or lack of high-precision and high-
resolution temporal control. Despite this interpre-
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tation, it appears clear that the timing, magnitude 
and processes of the end-Permian mass extinction 
were complex and varied with respect to different 
palaeolatitudes and depositional settings.

Regarding the causes of the mass extinction, 
numerous scenarios have been proposed, includ-
ing impact (Retallack et  al. 1998; Basu et  al. 
2003), volcanism (e.g., Heydari et  al. 2008; 
Burgess et al. 2017), regression (Yin et al. 2014; 
Tavakoli et  al. 2017), productivity abnormality 
(Algeo et al. 2013), anoxia (e.g., Clarkson et al. 
2016; Shen et al. 2016; Huang et al. 2017), warm-
ing (e.g., Joachimski et  al. 2012; Chen et  al. 
2013; Cui and Kump 2015) and acidification 
(Payne et al. 2010; Clarkson et al. 2015). Among 
these causes, the anoxia scenario has been given 
more attention, but is still disputed in terms of its 
detailed working mechanisms including the pos-
sible spatio–temporal variability (When and how 
did the anoxia begin?) (Clarkson et al. 2016; Li 
et al. 2016; Shen et al. 2016; Xiang et al. 2016; 
Huang et al. 2017; Richards and Sengör 2017). 
Isozaki (2009) first proposed a ‘superanoxia’ 
model suggesting that deep anoxic waters first 
accummlated in deepsea settings and then 
migrated upward when the chemocline ascended 
in a stratified ocean (see also Takahashi et  al. 
2013). This scenario is mainly based on lithologi-
cal and radiolarian records from open ocean 
(Panthalassan) settings (Isozaki 2009).

Marine invertebrates from the Permian–
Triassic interval have been subjected to extensive 
studies in attempts to better understand the tem-
poral and spatial modes of their diversity change, 
but most of these previous studies have been 
based on palaeontological data either from a sin-
gle section or several sections from a single pal-
aeogeographic setting/facies (mainly 
shallow-water carbonate facies) (e.g. Jin et  al. 
2000; Shen et al. 2011; Song et al. 2013). To date, 
few studies are available that compare the tempo-
ral patterns of marine species diversity changes 
across the Permian–Triassic boundary (PTB) 
from different marine palaeogeographic settings.

To provide insights into the temporal dynamics 
of diversity change across the PTB mass extinc-
tion in benthic marine ecosystems at different 
water depths and thereby decipher the cause(s) of 
this mass extinction, we have studied both shal-
low- and deep-water macrofossils from several 
temporarly well-resolved PTB sections in South 
China (He et al. 2015). In this chapter, we present 
a summary of the temporal diversity- change and 
extinction patterns of Changhsingian brachiopods 
from deep-water facies (Majiashan and 
Rencunping selected as the studied sections) and 
a comparison with those from shallow-water 
facies (Meishan as the section for comparison and 
Huangzhishan selected as the studied section) 
(Why these sections were selected see Chap. 5).

6.2  Brachiopod Extinctions 
in Varied Palaeogeographic 
Settings

The methods of brachiopod collection, sampling 
efficiency, and details of confidence-interval 
analysis for testing extinction pulses in a mass 
extinction and for estimating the position of the 
main extinction boundary are already given in 
Chap. 5. The age correlation among studied sec-
tions is presented in Fig. 6.1 (details see Chap. 4). 
The palaeogeographic setting (water depths) of 
studied PTB sections and the facies-related dis-
tribution pattern of brachiopod species diversity 
are summarized in Fig.  6.2 (details of water 
depths see Chap. 3).

The confidence-interval analysis (50% confi-
dence intervals) revealed that there were two 
pulses of disappearance and/or extinction at 
Rencunping and Majiashan (indicated by the dis-
tribution of last occurrences of brachiopod spe-
cies) (Fig. 6.3). The first disappearance/extinction 
pulse at Rencunping spans the middle part of Bed 
23c to Bed 23d (Fig.  6.3) and at Majiashan it 
spans the middle part of Bed 15 (Fig.  6.3). 
According to the age correlation, the middle part 
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of Bed 23c at Rencunping equates to the upper 
part of Bed 24 of Meishan (Fig. 6.1). Similarly, at 
Majiashan the first disappearance/extinction 
pulse began in the middle part of Bed 15, which 
is equivalent to strata below Bed 25 of the 
Meishan section (Figs. 6.1 and 6.3).

In contrast, the confidence-interval analysis 
(50% confidence intervals) revealed that there 
was one pulse of extinction/disappearance at 
Huangzhishan (indicated by the distribution of 
last occurrences of brachiopod species). The dis-
appearance pulse spans the middle part of Bed 30 
to the base part of Bed 38 (Fig.  6.3). Thus, the 
disappearance of brachiopods at Huangzhishan 
occurred later than the first occurrence of Clarkina 
meishanensis or even possibly occurred in the 
interval equivalent to Beds 26–27 of the Meishan 
section (Figs. 6.1 and 6.3). Similarly, adopting the 
method of confidence-interval analysis (50% con-
fidence intervals), Jin et al. (2000) estimated that 
the extinction of brachiopods at Meishan might 
have taken place even later, ~250.6 Ma, which is 
approximately equivalent to Bed 30 at Meishan 
(Fig.  6.3). The major mass extinction event 
occurred in Beds 25–27 at Meishan (Jin et  al. 
2000). Thus, both the brachiopod extinction and 
the major mass extinction event at Meishan started 
later than the first occurrence of Clarkina meisha-
nensis. Additionally, the observed disappearance 
of brachiopods at the shallow-water Zhongzhai 
section occurred immediately below the PTB 
(27 cm below) (Zhang et al. 2016) and thus the 
brachiopod extinction at this section took place 
approximately in the Clarkina meishanensis Zone 
or later. Therefore, the data from the studied sec-
tions revealed that the initial timing of the first 
pulse of brachiopod disappearance/extinction in 
deep-water facies occurred earlier than the initial 
extinction in shallow-water facies (see Figs.  6.2 
and 6.3).
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Spatial and Temporal Body-Size 
Changes of Brachiopods 
in Relation to Varied 
Palaeogeographic Settings

Wei-Hong He and G. R. Shi

7.1  Previous Study on the 
Permian–Triassic Body Sizes 
and Potential Insights into 
the Palaeoenvironments

The so-called Lilliput effect refers to a macroevo-
lutionary phonemnon where the surviving ani-
mals in the aftermath of a mass extinction tend to 
be smaller on average than their pre-extinction 
relatives (Urbanek 1993; Fraiser and Bottjer 
2004; Payne 2005; Twitchett 2007; Keller and 
Abramovich 2009; Zhang et al. 2016). This obser-
vation clearly highlights the importance of animal 
body-size changes in the study of mass extinc-
tions. Body size is a key character of any organ-
ism and profoundly affects its biology and ecology 
(Jablonski 1996). Body size is often controlled by 
environmental factors, including oxygen fluctua-
tions (Savrda and Bottjer 1986; Payne et al. 2008, 
2013), food availability (Hallam 1965; Rheault 
and Rice 1996; Twitchett 2007; He et  al. 2010) 

and temperature changes (Hunt et  al. 2010; 
Sheridan and Bickford 2011; Edeline et al. 2013), 
as well as substrate conditions. As many of these 
factors vary with water depth, the relationship 
between body size and bathymetry (i.e., spatial 
body-size changes in this book) is crucial for the 
study on body-size changes (Anderson 1971; 
Thiel 1975; Peck and Harper 2010; Shi et  al. 
2016). For example, the study of spatial body-size 
changes is useful for examining which factor  
(or factors) played a more important role in con-
trolling the differences of body sizes, thereby 
 providing insights into the evolution of palaeoen-
vironments through time. Meanwhile, the study 
of size changes through past extinction times (i.e., 
temporal body-size changes in this book) is also 
of particular importance in understanding the 
biotic responses to global-scale climatic and envi-
ronmental evolution (Twitchett 2007; He et  al. 
2010, 2015).

Numerous researches have been undertaken 
on the Permian–Triassic body-size changes of 
conodonts, brachiopods, siliceous sponges, ostra-
cods or foraminifers in South China (He et  al. 
2007, 2010, 2015, 2016, 2017; Peng et al. 2007; 
Luo et al. 2008; Song et al. 2011; Liu et al. 2013; 
Chu et al. 2016; Zhang et al. 2016). Most of these 
studies have focused on the patterns of body-size 
changes of individual taxa across time and their 
possible underlying control mechanisms, and a 
few (e.g., He et  al. 2010; Liu et  al. 2013) have 
addressed the relationship between size changes 
in relation to primary productivity and redox 
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 palaeoproxies in the context of palaeobathyme-
try. Most recently, based on a global dataset of 
Changhsingian brachiopod orders, Shi et  al. 
(2016) examined the relationship of 
Changhsingian brachiopod body-size changes in 
relation to the onshore–offshore–basin gradient.

7.2  Latest Permian Body-Size 
Changes in Relation to 
Varied Palaeogeographic 
Settings

The palaeogeographic settings of South China 
are already described in Chap. 2 and the age cor-
relations in Chap. 4. Detailed descriptions of the 
methodology used for the measurement of body 
sizes and their analyses including significance 
testing are given in Chap. 5.

Here we present a summary of body-size 
changes of latest Permian brachiopods across dif-
ferent bathymetrically controlled palaeoenviron-
mental settings within the South China basin, 
extracted from our recent study (He et al. 2017). 
In this book, we adopted two most commonly 
found Changhsingian chonetid brachiopod spe-
cies, Fusichonetes pygmaea and Fusichonetes 
quadrata (These two species had been referred to 
as Tethyochonetes pygmaea and Tethyochonetes 
quadrata, respectively, see Wu et  al. 2017 for 
details), from five different sections, which 
together constituted an approximately- defined 
basin-wide bathymetric gradient spanning the 
shallow-water clastic shelf, shallow-water car-
bonate platform and ramp, and deep-water sili-
ceous basinal settings (see Fig.  7.1; analysis of 
palaeo-water depths see Chap. 3). The studied 
five sections include Huangzhishan, Zhongzhai, 
Daoduishan, Majiashan and Rencunping.

For the study of body sizes, values of Xmean 
and Xmedian were adopted (the definition and rea-
son for selected as parameters sees Chap. 5). The 
Xmean shows that the body sizes at Zhongzhai and 
Huangzhishan are both close to or greater than 
5 mm (see Line a in Fig. 7.1a) whereas the same 
size metric for the Daoduishan, Majiashan and 
Rencunping sections are all smaller than 4 mm 
(see Line b in Fig. 7.1a) except for F. quadrata at 
Majiashan whose Xmean reached larger than 5 mm 
(Fig. 7.1a).

Additionally, the Xmedian shows that the median 
body sizes at Huangzhishan and Zhongzhai are 
close to or larger than 5.0  mm (see Line c in 
Fig. 7.1b). By contrast, the median sizes of bra-
chiopods for the other three deeper-water sec-
tions are all close to or smaller than 4.0 mm (see 
Line d in Fig.  7.1b) with the exception of F. 
quadrata at Majiashan whose Xmedian attained 
larger than 5 mm (Fig. 7.1b). A Mann–Whitney 
(M–W) test revealed that the difference in median 
sizes between the two groups of sections (i.e., the 
Huangzhishan and Zhongzhai as a group repre-
senting shallow-water settings while the 
Daoduishan, Majiashan and Rencunping together 
representing a group of deeper-water settings) is 
statistically significant (P < 0.05, see Table 5.1), 
although the difference of medians for F. 
quadrata is not significant between Zhongzhai 
and Majiashan sections (P  =  0.3622, see Table 
5.1).

Overall, the analysis on body sizes for both 
species by using different size parameters (Xmean 
and Xmedian) among the studied sections revealed 
that body sizes at Huangzhishan and Zhongzhai 
are significantly larger than their counterparts in 
the Daoduishan, Majiashan and Rencunping sec-
tions, with the only exception of F. quadrata at 
Majiashan (see explanation in Chap. 8).

Fig. 7.1 Body-size differences of F. pygmaea (black) and 
F. quadrata (purple) in the five studied sections and their 
comparision with varied palaeo-bathymetry and redox con-
ditions (revised after He et al. 2017). (a) Body size (Xmean); 
(b) Body size (Xmedian); (c) Redox conditions at the studied 

sections; (d) Sketch diagram showing the palaeogeographic 
settings and palaeo-bathymetry of the studied sections. 
Note: The division for redox condition in Fig. 7.1c is based 
on the study of pyrite framboids (see Chap. 8). The estima-
tion for palaeo-bathymetry in Fig. 7.1d sees Chap. 3

W.-H. He et al.
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7.3  Temporal Body-Size Changes 
Through the Permian–
Triassic Transition in Varied 
Palaeogeographic Settings

The studied species for the body-size changes 
include Paracrurithyris pygmaea from the 
Rencunping and Majiashan sections and 
Fusichonetes pygmaea from the Daoduishan sec-
tion, with mean size as the studied parameter (see 
Chap. 5). The reasons for these two species were 
chosen for study is given in Chap. 5. In addition, 
body sizes of Fusichonetes pygmaea and 
Spinomarginifera spp. from Huangzhishan, 
Fusichonetes pygmaea and all brachiopod speci-
mens from Zhongzhai and all radiolarian speci-
mens from Akkamori of Japan, have also been 
analyzed for comparison, although their temporal 
changes could not be tested for significance 
because of scarcity of specimens (Fusichonetes 
pygmaea) or difference in taxonomy level (e.g., 
Spinomarginifera spp. being at the genus level, 
all radiolarian specimens being at subclass level).

The analyses revealed the following patterns 
(Fig.  7.2): Paracrurithyris pygmaea at 
Rencunping significantly reduced its size from 
Beds 22-3 to 23a and then significantly increased 
its size from Beds 23b-2 to 23c-1 and again from 
Beds 23c-2 to 23d–24; Paracrurithyris pygmaea 
at Majiashan shrank from Beds 10–12, followed 
by a significant increase from Beds 14–15. Thus, 
it is clear that the mean size of brachiopods from 
the deep-water Rencunping and Majiashan sec-
tions began to decline significantly (in a statisti-
cal sense) from the middle 
Pseudotirolites–Rotodiscoceras Zone (≈middle 
Clarkina yini Zone) (Fig.  7.2). In contrast, sig-
nificant size reduction of brachiopods in the shal-
lower water environment of Daoduishan 
(shallower, compared to Rencunping and 
Majiashan) began in the top part of the C. meis-
hanensis Zone (Fig.  7.2). As for the compared 
faunas, the size reduction of radiolarian speci-
mens from the deep-water Akkamori section of 
Japan (pelagic environment) apparently began to 
take place far below the PTB, namely earlier than 
the faunas in the shallow-water settings of South 
China. The size reduction of Spinomarginifera 

spp. at the shallow-water Huangzhishan took 
place at the base of C. meishanensis Zone and 
size reduction of Fusichonetes pygmaea at this 
section took place in the upper part of C. meisha-
nensis Zone, both later than their counterparts of 
deep-water environments. At the shallow-water 
Zhongzhai section, although the mean body size 
of Fusichonetes pygmaea did not appear to have 
changed significantly, but the body sizes of all 
brachiopod specimens through the section dem-
onstrate a reduction trend in the Early Triassic 
(e.g., Beds 32 and 38), and the reduction occurred 
later than brachiopods living in deep-water envi-
ronments. In summary, it is evident that size 
reduction in deep-water environments occurred 
earlier than in shallow-water environments 
(Fig. 7.2). This pattern is consistent with the tem-
poral trend of the brachiopod diversity evolution 
in that the decline of deep-water brachiopod spe-
cies diversity commenced earlier than in shallow- 
water settings (the reason and analysis see Chap. 
8).

In addition, body sizes of most species which 
tentatively survived the PTB, attained or demon-
strated a reduction trend. For example, Paryphella 
orbicularis and Chaohochonetes triangusinuata 
(=?Tethyochonetes sp. of He et  al. 2010) at 
Majiashan reduced their body sizes immediately 
below the PTB and attained smaller sizes in the 
Early Triassic. A similar pattern of body-size 
changes for Paryphella orbicularis (=Paryphella 
triquetra of He et al. 2016) has been recorded at 
Daoduishan. These cases are typical of the 
Lilliput effect.
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Discussion on Changes of 
Brachiopod Diversity and 
Morphologic Features and 
Their Implications for the 
Environmental and Biological 
Crisis of the Great Dying

Wei-Hong He, G. R. Shi, and Jian-Jun Bu

8.1  Why Did the Deep-Water 
Brachiopod Diversity Decline 
Earlier Than in Shallow- 
Water Settings?

As concluded in Chap. 6, the decline of brachio-
pod diversity in deep-water facies took place ear-
lier than in shallow-water facies during the 
Permian–Triassic transition. This phenomenon 
lets us recall the scenario that the upward migra-
tion of anoxic deep waters in a stratified ocean 
caused the radiolarian extinction in a Japanese 
pelagic environment (Isozaki 2009; Takahashi 
et al. 2013). Therefore, elsewhere we have pro-
posed that the formation of a stratified ocean and, 

particularly, upward migration of the chemocline 
(or Oxygen Minimum Zone) in the stratified 
ocean was possibly responsible for this 
bathymetry- dependent differential temporal pat-
tern of brachiopod disappearance across the PTB 
in South China (Fig.  8.1; He et  al. 2015). 
Furthermore, the ocean stratification and upward 
migration of the chemocline was most likely 
linked to contemporaneous sustained volcanism. 
This was evidenced by the frequent occurrences 
of volcanic ash beds around the horizons where 
the diversity declined (Fig. 6.2).

How did this proposed ‘killing by volcanism’ 
mechanism unfold in connection to the Permian–
Triassic mass extinction? Volcanism on a conti-
nental scale could have produced abundant dust 
and substantially increased atmospheric CO2. 
The input of plentiful and sustained CO2 influx 
into the atmosphere would cause subsequent 
long-term global warming (Isozaki et  al. 2007; 
Saunders and Reichow 2009). Isotope data from 
brachiopods (Kearsey et al. 2009) and conodonts 
(Joachimski et al. 2012; Sun et al. 2012) revealed 
that tropical sea surface temperatures were 
25–29  °C in the Late Permian and then went 
through a rapid a rising trend toward the latest 
Permian. Global warming caused by increased 
atmospheric CO2 would have led to ocean strati-
fication and further to anoxic–euxinic deep/bot-
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tom waters with very limited circulations (Zopfi 
et  al. 2001; Jensen et  al. 2009). Initially, the 
chemocline (or Oxygen Minimum Zone) was 
mainly restricted to the deep sea and affected 
pelagic and deeper water benthic marine organ-
isms (Stage 2 in Fig. 8.1). Evidence in support of 

this proposition includes the relatively earlier 
occurrence of deep- water brachiopod extinction 
during the C. yini Zone in South China, the 
extinction of the radiolarian Albaillellaria (deep-
water dwellers) in South China also during the C. 
yini Zone (Feng et  al. 2007; Feng and Algeo 

Larger/smaller
   radiolarians

Abundant/sparse
          algae

    Stratified seaUpwelling

Warming

Terrestrial
   flux

Stage 3
CO2

Warming
CO2

Stage 2

Terrestrial
   flux

Stage 1
Terrestrial
   flux

/ /
Larger/smaller
brachiopods

/

Fig. 8.1 Pattern for depicting 3 hypothesized stages of 
the end-Permian marine extinction process (revised after 
He et  al. 2015). Stage 1- Pre-extinction environment 
(upwelling drove by the temperature difference from 
deep- to shallow-water columns in deep ocean), roughly 
corresponding to early late Changhsingian (the C. changx-
ingensis–C. deflecta Zone to the lower C. yini Zone); 
Stage 2- Stratified sea with the formation of an offshore, 

wedge-shaped, deep-water chemocline in deep sea trig-
gered by volcanism, roughly corresponding to late late 
Changhsingian (upper C. yini Zone); Stage 3- Expanding 
of an anoxic sea characterized by hydrogen sulfide gas 
(H2S) and rapid shoaling of the chemocline. This stage 
roughly corresponds to the latest Changhsingian to the 
basal Triassic (C. meishanensis Zone upward)
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2014), the radiolarian extinction during the late 
Changhsingian in the Mino terrane (NF1212R 
section) and North Kitakami Belt (Akkamori 
section) of Japan (Takahashi et  al. 2009; Sano 
et  al. 2012) (Fig. 6.2). In contrast, during this 
stage (Stage 2  in Fig. 8.1), shallow-water envi-
ronments (shallow seas and carbonate platforms) 
largely remained oxygenated and did not exhibit 
evidence of severe diversity losses. A similar, 
bathymetry-dependent temporal pattern of bra-
chiopod extinction in the latest Permian has also 
been observed in the peri- Gondwanan region. 
For example, at the deep- water Qubu and Tulong 
PTB sections in southern Tibet, brachiopods dis-
appeared about 40–50 m below the PTB, in con-
trast to the shallow-water Selong section, also in 
southern Tibet, where the brachiopod extinction 
occurred 2.22  m below the PTB (Shen et  al. 
2006). Further more, a similar temporal pattern 
of extinction have also been documented in high-
latitude Arctic regions (e.g., Arctic Canada, East 
Greenland) (Twitchett et  al. 2001; Beauchamp 
and Baud 2002; Nabbefeld et  al. 2010; Algeo 
et  al. 2012). As one example, the siliceous-
sponge chert factory extensively deveopled in 
deep-water Middle Permian Arctic seas col-
lapsed in the Late Permian, well before the 
Permian–Triassic mass extinction (Beauchamp 
and Baud 2002).

With volcanism continued, the global warm-
ing became more intensified and tropical sea sur-
face temperature rose up to ~35  °C across the 
main mass extinction horizon (Kearsey et  al. 
2009; Joachimski et al. 2012; Sun et al. 2012), 
leading up to a more stratified ocean system fea-
tured by a greatly expanded oxygen minimum 
zone and upward migration of the chemocline 
(Stage 3 in Fig. 8.1; see also Algeo et al. 2011). 
Such a sustained shoaling of chemocline during 
the latest Changhsingian to the earliest Triassic 
(i.e., C. meishanensis Zone upward) would have 
triggered a disaster to the shallow-water palaeo-
community which by then had been replaced by 
a low-diversity, low-provinciality, high-abun-
dance, small-sized assemblage (e.g., survivors of 

brachiopods, foraminifers) (Stage 3  in Fig. 8.1, 
see also Zhang et al. 2017). This interpretation is 
evidenced by the coincidence of timing for the 
main episode of shallow-water mass extinction 
(i.e., Bed 25 of the Meishan section), volcanism 
(Sun et al. 2012; Yang et al. 2012; Pei et al. 2017), 
and the appearance of widespread anoxic condi-
tions in shallow waters of South China (Yin et al. 
2012; Huang et al. 2017).

8.2  Why Were the Latest 
Permian Body Sizes 
in Shallow-Water Settings 
on Average Larger 
Than in Deep-Water 
Settings?

As summarized in Chap. 3, the water depths of 
the studied sections during the latest Permian 
together constituted an approximately bathymet-
ric gradient, changing from shallow (<50  m or 
slightly >50 m deep, represented by Zhongzhai 
and Huangzhishan sections), through moderately 
deep (50–100  m deep, represented by the 
Daoduishan section), to deep-water environ-
ments (about 100–200  m deep, represented by 
Majiashan and Rencunping sections) (Fig. 7.1). 
The overwhelming result of body-size analyses 
in relation to bathymetry is that the body sizes of 
the two studied chonetid species are commonly 
larger in shallow waters than their counterparts in 
moderately deep to deep waters (Fig. 7.1). This 
finding is coincided with the study of Shi et al. 
(2016), which was based on a global dataset 
using brachiopod orders.

In order to investigate why this was case and 
whether the bathymetry-related body-size 
changes were controlled by the oxygen availabil-
ity in relation to water depths, we studied the 
pyrite framboids. Generally, in an euxinic condi-
tion, framboids are abundant, small (mean diam-
eters 3–5 μm), with a narrow size range; in an 
anoxic condition, framboids are abundant, 
mostly small (mean diameters 4–6  μm) mixed 
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with a few large individuals; in a lower dysoxic 
condition, framboids are moderately common, 
6–10 μm in diameter, with a few large individuals 
together with some pyrite crystals; in an upper 
dysoxic condition, framboids commonly or 
rarely occur (broadly variable in diameters if 
common, or with a few small individuals (<5 μm) 
if rare), and the majority of pyrites are crystals; in 
an oxic condition, framboids are absent and 
pyrite crystals rarely occur (Bond and Wignall 
2010). We examined the pyrite framboids in pol-
ished sections and took photos by SEM. The pol-
ished sections were made from rocks collected 
from the Changhsingian (or upper Changhsingian) 
to the basal part of Triassic at the studied sec-
tions. The diameters of framboids were measured 
and calculated based on SEM images (Fig. 8.2). 
The studied results show that pyrite framboids 
are abundant in some intervals of the 
Changhsingian (or late Changhsingian) at 
Zhongzhai, Daoduishan and Rencunping 
(Fig. 8.2; He et al. 2017), but they are absent in 
the studied intervals of the upper Changhsingian 
at Huangzhishan. For the Majiashan section, 
pyrite framboids are very rare except for Bed 9 
where they are unusually abundant (Fig.  8.2). 
Data of measurements for numbers and diame-
ters of pyrite framboids were listed in He et al. 
(2017).

Applying the above criteria for the pyrite 
framboids as a proxy of redox conditions, the 
oxygen condition was probably anoxic (framboid 
diameters ≤6  μm) throughout the whole late 
Changhsingian at the deep-water Rencunping 
(Figs. 7.1C and 8.2). Similarly, it was anoxic to 
lower dysoxic (framboid diameters being 
5–7 μm) in the late Changhsingian at the moder-
ately deep-water Daoduishan (Figs. 7.1C and 
8.2). For the deep-water Majiashan section, it 
was an approximately upper dysoxic condition 
(framboids rare and the diameters mostly <6 μm) 
(Figs. 7.1C and 8.2). Summarily, the oxygen con-
ditions were dysoxic to anoxic in moderately 
deep- to deep-water sections. In contrast, for the 
shallow-water Huangzhishan section, it was oxic 
(absent of pyrite framboid) during the late 
Changhsingian (Fig.  8.2). Interestingly, the 

oxygen condition for the shallow-water 
Zhongzhai section, was lower dysoxic (fram-
boids abundant and the diameters being 6–9 μm) 
for most of the Changhsingian (Figs. 7.1C and 
8.2). Thus, it seems that the oxygen availability is 
not correlated linearly to bathymetry, presumably 
because of the presence of an expanding OMZ 
and the emergency of more varied submarine 
topography in South China (Wu et  al. 1986; 
Zhang et al. 1997; Algeo et al. 2011; Shen et al. 
2013; Luo et al. 2014; Song et al. 2014; He et al. 
2017). Now we recall the body-size changes at 
these sections (see Chap. 7).

The values of Xmean and Xmedian for both cho-
netid species (Fusichonetes pygmaea and 
Fusichonetes quadrata) at Daoduishan, 
Majiashan and Rencunping sections are smaller 
than their counterparts at Huangzhishan; how-
ever, the values of Xmean and Xmedian for F. pyg-
maea at Zhongzhai are similar to the counterparts 
at Huangzhishan (Fig. 7.1).

Now, it is appropriate to consider brachiopod 
body-size changes in relation to oxygen condi-
tions and bathymetry. As a whole, the oxygen 
variability appears to explain well size variation 
patterns of both chonetid species (Fig. 7.1). 
However, it is notable that the apparent oxygen 
restriction at Zhongzhai (lower dysoxic to anoxic 
conditions) did not cause size reduction (Fig. 
7.1); this could be due to the abundance of food 
in the nearshore shallow-water environment, off-
setting the negative impact of oxygen-poor on 
body size. If this scenario is followed, it means 
that food availability must also have played a role 
in regulating brachiopod body sizes.

8.3  Why Did Size Reduction Take 
Place and Occur Earlier 
in Deep Waters 
Than in Shallow Waters?

As summarized in Chap. 7, the size reduction 
initially took place below the PTB and occurred 
earlier in deep waters than in shallow waters. 
Why was this case? Generally, body-size reduc-
tion of animals is considered as a phenotypic 
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response to stressful or suboptimal environmen-
tal conditions, e.g., global warming, marine 
anoxia, restricted food resources (Twitchett 
2007), but their relative impact on body-size 
changes tend to vary considerably in different 
cases. If the body-size reduction of brachiopods 
in the latest Permian of South China is con-
cerned, redox conditions appear to be the pri-
mary driver, followed by food availability, as 
summarized above. The fact that the brachiopods 
started to significantly reduce their sizes before 
the PTB suggests that the brachiopod commu-
nity was already undergoing structural and func-
tional changes at the community level and these 
changes could be interpreted as possible early 
warning sygnals for an ecosystem regime shift 
(Zhang et al. 2017; Wu et al. 2018).

This temporal pattern of brachiopod size 
reductions may be further explained as follows. 
Initially, the brachiopods were able to cope with 
the onset of environmental stress (i.e., marine 
anoxia, restricted food resources) by first reduc-
ing their size, possibly alongside other morpho-
logical adaptations and regional biogeographical 
migrations in South China (e.g., Chen et al. 2011; 
He et al. 2012, 2014). Subsequently, as environ-
mental deterioration continued, these responses 
were no longer sufficient to prevent extinction 
and consequently most species did not survive in 
the latest Permian mass extinction. Further, the 
temporal differences in body-size reduction 
between deep- and shallow-water brachiopods 
indicate that stressful conditions (e.g., anoxia, 
restricted food resources) began earlier in deeper 
water settings, where a stratified ocean (or OMZ) 
and related deep-water anoxia were emerging 
and expanding (see the part of 8.1). The small- 
scale brachiopod body-size increase before the 
extinction at Rencunping and Majiashan was 
possibly induced by a short-term, local environ-
mental amelioration. In contrast, the brief size 
increase after the extinction is attributed to 
reduced interspecific competition for food 
resources following the extinction of competitors 
(He et  al. 2010, 2015). The subsequent size 
reduction in the Early Triassic (i.e., so called 
Lilliput Effect) should have been owed to the 
continued stressful environment.

8.4  Discussion on 
the Morphologic Features 
of Brachiopods 
in the Aftermath of Mass 
Extinction

The brachiopod fauna in the aftermath of mass 
extinction (= the survival or mixed fauna, see 
Liao 1979; Chen et al. 2005) mainly comprises 
Paryphella, Paracrurithyris, Fusichonetes, 
Prelissorhynchia, Acosarina, Speciothyris (pre-
viously assigned to Crurithyris or Orbicoelia, 
details given in Chap. 9) and linguloids. These 
elements have common morphological features, 
including a small body size, thin and semi- 
transparent shell, moderately complex lopho-
phore structures or the presence of dense, 
radially-arranged pseudopunctae within shells.

Geometrically, a small body size would trans-
late to a higher surface area to volume ratio, 
which in turn would mean a greater potential for 
oxygen and nutrient uptake (He et  al. 2014). 
Similarly, the possession of a thin, semi- 
transparent shell by many species of the Permian–
Triassic mixed fauna suggests that these 
brachiopods probably evolved with this feature to 
aid their respiration and metabolism. Elsewhere, 
it has also been suggested that both a reduced 
body size and a thinned shell represent advanta-
geous adaptations to lowered oxygen supply and/
or reduced trophic resources (Fürsich and Hurst 
1974; Thayer 1986; Levin 2003). Among the sur-
vived brachiopods, ambocoeliid brachiopods, 
Paracrurithyris pygmaea and Speciothyris spe-
ciosa, are good examples in demonstrating these 
adaptations during the Permian–Triassic bound-
ary life crisis in the ocean. Besides a small size 
and a thin shell, both Paracrurithyris pygmaea 
and Speciothyris speciosa also bear moderately 
complex lophophore structures inside their shells 
(Carter et al. in Williams et al. 2006). The func-
tion of the lophophore is to enhance the efficiency 
of filter-feeding or respiration, especially for bra-
chiopod species living in a low-oxygen or 
nutrition- restricted setting (Fürsich and Hurst 
1974; Thayer 1986; Afanasjeva 2009). Thus, it is 
plausible that the small-bodied, thin-shelled and 
lophophore-bearing ambocoeliids were adapted 
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to life in a setting with low dissolved oxygen and 
restricted food resources (He et al. 2014).

An additional unique feature for the survived 
brachiopod fauna of South China is the presence 
of dense, radially-arranged pseudopunctae 
within their shells (e.g., Paryphella, 
Fusichonetes). According to Afanasjeva (2009), 
the presence of crowded pseudopunctae might 
indicate the formation of a specialized, much 
expanded mantle with ridges and pits on the 
mantle surface. The brachiopod mantle is known 
to play an important role in transporting and cap-
turing food, sorting particles, pumping water 
and aiding respiration (Grant 1968; Westbroek 
et  al. 1980; Thayer 1986; Afanasjeva 2008, 
2009). Therefore, we can infer that the survived 
chonetid brachiopods with dense pseudopunctae 
could also represent another morphological 
adaptation to a highly- stressed environment 
where both oxygen and food resources were 
severely restricted.

To sum up, the morphologic features of bra-
chiopods in the aftermath of mass extinction sug-
gest a setting of anoxia and restricted food 
availability during the crisis.

8.5  Implications for the Great 
Dying and Prospects 
for Future Study

Although previous studies have suggested vari-
ous modes for the Permian–Triassic mass extinc-
tion: one-episode, two-episodes, or 
multiple-episodes (Yang et  al. 1991; Jin et  al. 
2000; Feng et al. 2007; Shen et al. 2011; Song 
et al. 2013; Wang et al. 2014; Grasby et al. 2015), 
we believe that the actual mass extinction 
involved a much complex process in relation to 
varied palaeogeographic settings. In view of the 
spatio–temporal patterns of brachiopod-diversity 
evolution and body-size changes as outlined 
above, it is evident that the extinction process ini-
tially was coincident with marine anoxia, which 
was most likely triggered by global warming and 
upward migration of the chemocline. 
Subsequently, marine primary productivity 
declined and food resources became increasingly 
restricted (Beauchamp and Baud 2002; Algeo 

et al. 2013). Throughout this process, ocean acid-
ification probably also played a role (Payne et al. 
2010; Clarkson et al. 2015), as did with sea-level 
falling (Yin et al. 2014; Tavakoli et al. 2017). It is 
possible that all these factors systematically 
interacted in the lead up to the final Permian–
Triassic mass extinction.

In summary, we propose that the latest 
Permian (Changhsingian) volcanism in relation 
to formation of Pangaea caused the global warm-
ing and formation of an increasingly stratified 
ocean with an upward migration of chemocline 
or OMZ.  This major environmental crisis first 
influenced deep-water organisms in pelagic and 
offshore settings, and then affected shallow- 
water biotic communities. Thus, during the Late 
Permian, the environmental and life crisis firstly 
began in the deeper waters, and then spread to 
shallow waters.

In terms of the Permian–Triassic palaeoen-
vironmental conditions, there are still some 
debates and contradictions. For example, a few 
researchers have argued against anoxia as one 
of the primary extinction causes, because of 
the inconsistency of timing between mass 
extinction and anoxia events (Chen et al. 2015; 
Li et al. 2016; Xiang et al. 2016; Zhang et al. 
2017). Even if anoxia played a major role, the 
timing of its onset remains unclear. Also, was 
anoxia compounded or offset by other environ-
mental/ecological drivers? And was ‘killing by 
anoxia’ selective in taxonomy? Additionally, 
the idea of marine acidification leading to the 
Permian–Triassic mass extinction is still in 
debate (Payne et  al. 2010; Song et  al. 2014; 
Clarkson et  al. 2015) and requires more evi-
dence from the fossils themselves as well as 
from proxy-based studies. Finally, the scenario 
of marine productivity fluctuations as a con-
tributor to the Permian–Triassic extinction 
(Algeo et al. 2013; Georgiev et al. 2015) awaits 
further testing with data from different sec-
tions at different palaeogeographical and lati-
tudinal settings. In summary, the study on the 
evolution of different taxa and multiple envi-
ronmental indicators in varied palaeogeo-
graphic settings will provide important insights 
into the great dying and more related work are 
needed in the future.
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section, SR  =  Rencunping section, 
XM  =  Xinming section, DS  =  Duanshan sec-
tion, SW  =  Shaiwa section, HS  =  Hushan  
section, DP  =  Dongpan section, PB  =  Paibi  
section, DCB  =  Dengcaoba section, 
XJP = Xiejiaping section, LQ = Liuqiao section, 
SNM = Shangname section, XC = Xichang sec-
tion, and DSH = Dushan section. Abbreviations 
of morphological and anatomical terms see 
Appendix 2.

Order Productida Sarytcheva and Sokolskaya, 
1959

Suborder Productidina Waagen, 1883
Superfamily Linoproductoidea Stehli, 1954
Family Monticuliferidae Muir-Wood and 

Cooper, 1960
Subfamily Auriculispininae Waterhouse, 1986
Genus Costatumulus Waterhouse, 1983a

Type Species Auriculispina tumida Waterhouse 
in Waterhouse et  al., 1983. Lower Permian; 
northern Bowen Basin, Queensland.

Diagnosis Venter swollen; costellae fine; con-
centric wrinkles developed; spines limited to 
ventral valve, spine bases quincunxial, elongated, 
swollen on disk, rows of spines near hingeline or 
on ears (as emended by He et al., 2014); subelon-
gated pits on dorsal valve (Waterhouse et  al., 
1983).

Discussion Cancrinella was proposed by 
Fredericks (1928) based on the characteristics of 
fine radial striae and hollow spines on both 
valves. Later, Sarytcheva (1937) suggested some 
additional features also thought to be characteris-
tic of this genus: the surface variably covered 
with fine radial ribbing and concentric wrinkes, 
spines covered the ventral valve, and commonly 
also situated along hingeline and ears. The 
descriptions of Fredericks (1928) and the supple-
ments of Sarytcheva (1937) suggested that spines 
covered both ventral and dorsal disks, as well as 
ventral hingeline and ears. However, Muir-Wood 
and Cooper (1960) emended the original defini-
tion of Cancrinella, noting that Cancrinella has 

quincunxial spines only on ventral valve, but 
with dimples on dorsal valve. If following this 
definition, Cancrinella would become confused 
with Costatumulus (see below). Consequently, 
we follow the original definition of Cancrinella 
by Fredericks (1928) and Sarytcheva (1937), and 
consider that the illustration (Cancrinella) of 
Fig. 1−13 in pl. 112 of Muir-Wood and Cooper 
1960 and Fig.  370.2g−h of Treatise (Brunton 
et al. in William et al. 2000) could be a species of 
Costatumulus Waterhouse, 1983a rather than a 
species of Cancrinella (He et al., 2014).

Costatumulus has spines on ventral valve only 
and subelongate pits (= dimples) on dorsal valve 
(Waterhouse et al., 1983). Thus, Cancrinella spe-
cies can be readily distinguished from 
Costatumulus by having spines on both valves. 
Costatumulus is similar to Cancrinelloides 
Ustritskhy in Ustritsky and Tschernjak, 1963 in 
quincunxial and elongated spine bases on ventral 
disk, and fine costellae, but differs in the latter 
having a transverse outline and much weaker 
concentric ornamentation. Costatumulus is simi-
lar to Magniplicatina Waterhouse, 1983b in quin-
cunxial and elongated spine bases on ventral 
disk, but differs in the latter having spines on dor-
sal valves and much irregular and stronger rugae 
on ventral valve (Campbell, 1953; Waterhouse, 
1983b).

Costatumulus dongpanensis He and Shen in He 
et al., 2005

Figs. 9.1, 9.2, 9.3 and 9.4

2005 Costatumulus dongpanensis He and Shen 
in He et al.: 931, Fig. 3.16−3.22.

2012 Costatumulus dongpanensis He and Shen; 
Li et al.: Fig. 7.20−7.25.

2014 Costatumulus dongpanensis He and Shen; 
He et al.: Fig. 19f−q.

Diagnosis Fine, dense, and regular rugae on 
dorsal valve.

Materials Over 200 specimens. Registered 
specimens: see below.
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Measurements (mm). 

Registered number Width Length Width/length Notes
DP806 28.39 21.18 1.34 External mould of ventral valve
PB-2-293 17.81 12.37 1.44 Ventral valve
DP715 23.06 17.06 1.35 Ventral valve
DP716-dorsal 21.56 15.66 1.38 Conjoined sell
DP-9-291 13.29 11.86 1.12 External mould of ventral valve
DP-10-290 13.79 9.39 1.47 Ventral valve
DS-1-602 15.23 11.48 1.33 External mould of ventral valve
DP-9-283 29.29 19.12 1.53 Ventral valve
DP-7-286 19.90 14.91 1.33 External mould of ventral valve
DP-7-281 21.01 16.30 1.29 External mould of dorsal valve
DP-7-287 30.44 21.96 1.39 External mould of dorsal valve
DP2-0013 17.85 14.04 1.27 External mould of ventral valve
DP-7-288 15.79 13.68 1.15 External mould of dorsal valve
DP710 14.74 6.43 2.29 External mould of dorsal valve
DP711 14.40 6.34 2.27 External mould of dorsal valve
DP803 14.30 13.25 1.08 External mould of dorsal valve
DP9-0035 11.58 8.75 1.32 External mould of dorsal valve
DP10-0037 24.24 15.20 1.59 Internal mould of dorsal valve
DP9-0014 22.75 14.84 1.53 External mould of ventral valve
DP5-0028 8.92 6.28 1.42 Internal mould of dorsal valve
DP9-0010 29.99 19.00 1.58 External mould of ventral valve
DP2-0025 29.20 18.29 1.60 Dorsal valve
DP7-0026 21.53 15.67 1.37 Internal mould of dorsal valve
DP10-0042 21.23 12.33 1.72 Ventral valve
DP3-0033 19.15 14.50 1.32 Internal mould of dorsal valve
DP3-0034 11.73 9.31 1.26 Internal mould of dorsal valve
DP10-0007 21.34 13.79 1.55 Ventral valve
DP-10-290 12.99 8.74 1.49 Ventral valve
DP8-0060 13.17 10.20 1.29 Internal mould of dorsal valve
DP9-0068 8.73 6.15 1.42 Ventral valve (younger adult)
DP9-0064 8.76 6.53 1.34 Ventral valve
DP10-0075 3.49 3.00 1.16 External mould of dorsal valve (juvenile)
DP9-0076 5.50 4.31 1.28 Internal mould of dorsal valve (juvenile)
DP10-0077 4.53 3.66 1.24 Internal mould of dorsal valve (juvenile)
DP9-0080 5.39 3.49 1.54 Ventral valve (juvenile)
DP8-0078 5.70 4.48 1.27 External mould of dorsal valve

Occurrence Upper Changhsingian; Guangxi 
and Guizhou of South China.

Description Shell 3.5−25.0  mm long and 
3.5−30.0 mm wide, subcircular in outline, great-
est width slightly anterior to hinge. Ventral valve 
gently convex, greatest convexity at umbo; beak 
obtuse, slightly incurved; ears medium, triangu-
lar, demarcated from visceral disk by grooves; 

sulcus absent; flanks gently inclined; shell sur-
face finely costellate, costellae numbering four to 
five in 2 mm at shell midlength; rugae densely 
spaced, three in 2 mm, partly irregular on visceral 
disk; one row of spines along hingeline, the other 
row of spines situated on ears (Fig.  9.1b, e, f), 
body spines long, swollen at base, arising at a 
low angle to shell surface, largely quincunxial in 
arrangement on visceral disk (body spines weak 
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Fig. 9.1 Costatumulus dongpanensis He and Shen in 
He et al., 2005. (a), external mold of ventral valve, DP806, 
(b), incomplete ventral valve, PB-2-293, illustrating long 
hinge spines, two rows of spine bases on the ears, swollen 
body spines. (c), ventral valve, DP715. (d), conjoined 
shell, DP716, illustrating largely quincunxial dimples on 
dorsal valve. (e), external mould of an incomplete ventral 
valve, DP-9-291. (f), a nearly complete ventral valve, 
DP-10-290. (g), external mould of a nearly complete dor-

sal valve, DS-1-602. (h), a nearly complete ventral valve, 
DP-9-283. (i), external mould of a nearly complete ventral 
valve, DP-7-286. (j), external mould of a nearly complete 
dorsal valve, DP-7- 281. (k), external mould of a nearly 
complete dorsal valve, DP-7-287. (l), external mould of 
an incomplete ventral valve, DP2-0013, illustrating body 
spines swollen at base and arising at the end by a low 
angle to shell surface

and sparsely spaced on juveniles, see Fig. 9.3f–
h). Dorsal visceral disk slightly concave; umbo 
commonly with a slightly convex cicatrix; ears 
triangular, well demarcated from visceral disk; 
rugae strong on ears, becoming weaker on vis-
ceral disk; costellae similar to those of ventral 
valve; dimples largely quincunxial; no spines. 
Dorsal interior having bilobated cardinal process 
(marked by cp, see Figs.  9.2k, n; 9.3c, g; 9.4), 
median ridge (mr) and endospines (ens) on both 
sides and in front of median ridge (Figs. 9.2e, h, 
k, m; 9.3g; 9.4).

Discussion This species is similar to C. occi-
dentalis Archbold (1993, p. 14, Fig. 9a–i) from 
the High Cliff Sandstone in Western Australia, in 
outline and ornament including spines, dimples, 
and costellae, but the latter is larger in size, has 
wider and lower rugae, and a more protruding 
umbo. The present species is somewhat similar to 
C. tazawai Shen et  al. (2000, p.  743, 
Fig.  12.1−12.8, 12.11−12.14) from the Selong 
Group at the Selong Section in southern Tibet in 
size and outline, but the latter has a more convex 
ventral valve, and stronger, wider and irregular 
rugae. The present species differs from C. minor 
Shen et al. (2002, p. 677, Fig. 5.5−5.17) from the 
Yongde Formation at the Xiaoxinzhai section, 
southern Baoshan Block, western Yunnan, in the 
latter having a small size, fine costellae, more 
irregular rugae, coarser spines, and larger 
dimples.

Family Linoproductidae Stehli, 1954
Subfamily Anidanthinae Waterhouse, 1968a
Genus Anidanthus Whitehouse, 1928

Type Species Linoproductus springsurensis 
(Booker, 1932). Permian; New South Wales.

Diagnosis Shell usually transverse in outline, 
ears large, occasionally strongly extended (as 
emended by He et  al. 2014), ribbing on both 
valves, rugae lamellose dorsally, spines in row 
near hinge, widely scattered on corpus, trail; dor-
sal interior with a median septum about half of 
disk length.

Discussion Anidanthus is similar to Kuvelousia 
Waterhouse, 1968b in bifurcated or intercalated 
costellae, overlapped lamellae on dorsal valve, 
and extended ears, but differs in the latter hav-
ing a higher ratio of length to width, finer costel-
lae and a longer dorsal median septum. 
Anidanthus resembles to Megousia Muir-Wood 
and Cooper, 1960 in a transverse outline, bifur-
cated or intercalated costellae, overlapped 
lamellae, and dorsal interior, but differs in the 
former has ears ornamented mainly by concen-
tric rugae, while the latter has larger and cres-
centic ears ornamented mainly by radials 
(Muir-Wood and Cooper 1960). Anidanthus dif-
fers from Fusiproductus Waterhouse, 1975 (= 
Protanidanthus Liao, 1979b, as reviewed by 
Shen et al. in Rong et al., 2017) in the latter hav-
ing a fusiform outline.

Anidanthus parvimucronata He and Shen nomen 
novum

Figs. 9.5a–k; 9.6

2005 Anidanthus mucronata He and Shen in He 
et al.: 929, Fig. 3.1−3.15.
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Fig. 9.2 Costatumulus dongpanensis He and Shen in 
He et al., 2005. (a), external mould of a nearly complete 
dorsal valve, DP-7-288. (b), external mold of dorsal 
valve, DP710. (c), external mold of dorsal valve, DP711. 
(d), external mold of dorsal valve, DP803. (e), internal 
mould of an incomplete dorsal valve, DP9-0035, illustrat-
ing a median ridge (mr). (f), an incomplete ventral valve, 
DP10-0037, illustrating hinge spines. (g), external mould 
of a nearly complete ventral valve, DP9-0014, illustrating 
body spines swollen at base and arising at the end by a 
low angle to shell surface. (h), internal mould of a com-
plete dorsal valve, DP5-0028, illustrating a median ridge 
(mr) and endospines present on both sides and in front of 

median ridge. (i), external mould of an incomplete ventral 
valve, DP9-0010, illustrating body spines swollen at base 
and arising at the end by a low angle to shell surface. (j), 
an incomple dorsal valve, DP2-0025, illustrating dimples. 
(k), internal mould of a nearly comple dorsal valve, DP7-
0026, illustrating bilobated cardinal process (cp), median 
ridge (mr) and endospines. (l), an incomplete ventral 
valve, DP10-0042, illustrating body spines swollen at 
base and arising at a low angle to shell surface. (m), inter-
nal mould of an incomplete dorsal valve, DP3-0033, illus-
trating a median ridge (mr). (n), internal mould of an 
incomplete dorsal valve, DP3-0034, illustrating bilobated 
cardinal process (cp) and median ridge (mr)

2009 Anidanthus mucronata He and Shen; Zhang 
and He: Fig. 3o–q.

2009a Anidanthus mucronata He and Shen; Chen 
et al.: 172, Fig. 4a, b.

2014 Anidanthus mucronata He and Shen; He 
et al.: Figs. 17j–p, 19a, 19b.

Diagnosis Small Anidanthus with mucronate 
cardinal extremities, strongly extended ears, and 
strong rugae on ears.

Etymology The name of Anidanthus mucrona-
tus had been used for a brachiopod species from 
the Lower Permian of Jalaid Banner, Heilongjiang 
Province, northeastern China (Li et  al., 1980). 

Consequently, Anidanthus mucronata He and 
Shen in He et al., 2005 should be re-named and 
here replaced by the name of Anidanthus par-
vimucronata, referring to a small Anidanthus 
species with mucronate cardinal extremities.

Types As originally illustrated by He et  al., 
2005, holotype, external mould of a nearly com-
plete dorsal valve (DP707); paratypes, a com-
plete ventral valve (DP802) and external mould 
of a nearly complete dorsal valve (DP702).

Other Materials Over 100 specimens. 
Registered specimens: see below.

Measurements (mm): 

Registered number Width Length Width/length Notes
DP707 24.55 7.71 3.18 External mould of dorsal valve
DP708 20.74 8.02 2.58 Internal mould of dorsal valve
DP702 23.97 10.43 2.30 External mould of dorsal valve
PB-5-278 16.83 7.14 2.36 External mould of ventral valve
DP-9-272 26.90 8.23 3.27 Dorsal interior
DP706 24.93 7.45 3.35 External mould of dorsal valve
DP-10-274 23.33 8.81 2.65 Internal mould of dorsal valve
PB-5-279 36.64 11.47 3.19 Ventral valve
DP-9-275 32.90 9.21 3.57 External mould of dorsal valve
PB-5-278 24.57 10.31 2.38 External mould of ventral valve
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Fig. 9.3 Costatumulus dongpanensis He and Shen in 
He et al., 2005. (a), an incomplete ventral valve, DP10-
0007, illustrating body spines swollen at base and arising 
at the end by a low angle to shell surface. (b), a nearly 
complete ventral valve, DP-10-290, illustrating long 
hinge spines and body spines along lateral margins. (c), 
internal mould of a dorsal valve, DP8-0060, illustrating 
bilobated cardinal process (cp). (d), a ventral valve 
(younger adult), DP9-0068, illustrating fewer body 
spines. (e), a ventral valve, DP9-0064, illustrating long 

spines along lateral margins. (f), external mould of a dor-
sal valve (juvenile), DP10-0075, illustrating fewer costel-
lae and body spines. (g), internal mould of a dorsal valve 
(juvenile), DP9-0076, illustrating bilobated cardinal pro-
cess (cp), a median ridge (mr) and endospines in front of 
median ridge. (h), external mould of a dorsal valve (juve-
nile), DP10-0077. (i), an incomplete ventral valve (juve-
nile), DP9-0080, illustrating long hingespines. (j), 
external mould of a dorsal valve, DP8-0078, illustrating a 
few dimples

cp

ads

ens
mr

1cm

Fig. 9.4 Sketch for the 
dorsal interior of 
Costatumulus 
dongpanensis. cp- 
cardinal process; 
ads- adductor scars; 
ens- endospines; 
mr- middle ridge

Occurrence Changhsingian; Guangxi and 
Guizhou of South China.

Description Shell 5.0−14.0  mm long and 
10.0−36.6 mm wide, reversely trapezoid in out-
line, ratio of width to length generally >2.0, wid-
est at hinge. Ventral valve moderately inflated 
and geniculate; beak broad and strongly enrolled 
over hingeline; umbo strongly incurved; ears 
large, well demarcated from visceral disk by 
weak depressions, ornamented by concentric 
rugae and few radials, radials interrupted by 
rugae (Fig. 9.5d, i, k); sulcus very weak, originat-
ing from midvalve, slightly widening anteriorly; 
venter moderately convex; trail transversely 
spreading; costellae fine, beginning from umbo, 
increasing by intercalation and bifurcation, num-

bering six to nine in 5 mm near anterior margin; 
rugae strong on ears, weaker on visceral disk; 
spines in a row near hinge, occasionally sparsely- 
arranged on visceral disk. Dorsal valve moder-
ately concave and geniculate; ears large, strongley 
extended and mucronate (Fig.  9.5a, e−g, i, j), 
ornamented mainly by strong rugae (radials 
rarely and obscure); trail geniculated; costellae 
fine and even, interrupted by strong, overlapped 
lamellose rugae across whole visceral disk; rugae 
denser on anterior part of visceral disk, but absent 
on trail. Dorsal interior bearing teeth-like strucu-
tures (t) along lateral ridges (Figs. 9.5b, g; 9.6); 
lateral ridges in dorsal interior extending along 
hinge from sockets; median septum (ms) extend-
ing to midvalve (Figs. 9.5b, e, g; 9.6); adductor 
scars (ads) diverging into three pairs, the pair 
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close to median septum crescent or saccate, two 
other pairs posterolaterally saccate (Figs.  9.5g; 
9.6); brachial scars (bs) slightly elevated, kidney- 
shaped (Figs. 9.5b, e; 9.6).

Discussion The new species is similar to 
Anidanthus mucronatus Lee and Gu in Li et al., 
1980 from the Lower Permian of northeastern 
China in mucronate cardinal extremities, but dif-
fers in its smaller body size (only a half of shell 
width of Anidanthus mucronatus), a ventral sul-
cus, sparser costellae, weaker concentric rugae 
on visceral disk and radials on ears. Anidanthus 
parvimucronata is similar to A. interruptus 
(Huang, 1932, p. 44, pl. 3, Figs. 8, 9) from the 
Lopingian Lyttonia horizon of Panshan, Guizhou, 
South China in the dorsal ornament, but the latter 
has nearly subquadrate cardinal extremities. The 
present species somewhat resembles Anidanthus 
ussuricus (Fredericks, 1924, p. 8, pl. 1, Figs. 2, 3) 
in the ornamentation, but the latter has a more 
strongly inflated ventral valve, a larger size, and 
much more sharply inclined flanks. It is neces-
sary to note that the dorsal muscle scars of this 
species are very complex and varied (see Fig. 2 of 
Waterhouse 1968a), and its interiors could not be 
regarded as offering diagnostic features at either 
species- or even the genus-level. Anidanthus par-
vimucronata can be readily distinguished from 

Anidanthus sinosus (Huang, 1932, p.  43, pl. 2, 
Figs. 15, 16) from the Lopingian Lyttonia hori-
zon of Panshan, Guizhou, South China, by its less 
curved lateral profile, shallower sulcus, and 
stronger lamellose rugae on the dorsal visceral 
disk.

Anidanthus subquadratus He, Shi and Shen sp. 
nov.

Figs. 9.5l−n; 9.7

2005? Cathaysia sp., He et al.: 933, Fig. 4.7−4.12.

Diagnosis Quadrate to sub-quadrate extremi-
ties; ventral ears large, triangular, not extended, 
ornamented by concentric rugae and few radi-
als; dorsal ears not well demarcated from vis-
ceral disk; costellae fine, variably crossed by 
concentric lines or fila on visceral disk of ven-
tral valve.

Etymology Named for the sub-quadrate 
outline.

Types Holotype, DP8-0496; paratypes, DP719, 
DP9-0508.

Other Materials Over 10 specimens. Registered 
specimens: see below.

Fig. 9.5 (a–k), Anidanthus parvimucronata He and 
Shen nomen novum. (a), external mould of a complete 
dorsal valve, DP707 (holotype). (b), internal mould of a 
complete dorsal valve, DP708, t showing teeth-like struc-
ture along the hingeline, ads refers to adductor scars, bs 
refers to scars of brachial ridges. (c), external mould of an 
incomplete dorsal valve, DP702 (paratype). (d), external 
mould of a nearly complete ventral valve, PB-5-278, r 
refers to radial ornaments on ears. (e), interior of an 
incomplete dorsal valve, DP-9-272, bs- scars of brachial 
ridges. (f), external mould of an incomplete dorsal valve, 
DP706, illustrating mucronate cardinal extremities and 

strong regular rugae. (g), internal mould of a complete 
dorsal valve, DP-10-274, showing the teeth-like structures 
(t) along the hingeline and complex adductor scars (ads). 
(h), a nearly complete ventral valve, DP802 (paratype). 
(i), a nearly complete ventral valve, PB-5-279, r refers to 
radial ornaments on ears. (j), external mould of an incom-
plete dorsal valve, DP-9-275. (k), external mould of a 
nearly complete ventral valve, r refers to radial ornaments 
on ears, PB-5-278. (l–n), Anidanthus subquadratus He, 
Shen and Shi sp. nov.. External moulds of three nearly 
complete dorsal valves, DP7-0096; DP10-0098 (juve-
nile); DP8-0099 (juvenile)
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Measurements (mm): 

Registered number Width Length Width/length Notes
DP7-0096 8.13 6.39 1.27 External mould of dorsal valve
DP10-0098 5.40 3.61 1.50 External mould of dorsal valve (juvenile)
DP8-0099 3.60 2.69 1.34 External mould of dorsal valve (juvenile)
DP719 15.87 10.60 1.50 External mould of ventral valve
DP720 18.15 10.24 1.77 Ventral exterior
DP7-0494 20.54 12.00 1.71 External mould of ventral valve
LQ-0500 5.53 3.90 1.42 Ventral exterior (juvenile)
DP10-0504 6.73 3.78 1.78 Ventral exterior (juvenile)
LQ5-0501 7.53 5.95 1.27 Ventral exterior
DP10-0506 9.45 6.46 1.46 Ventral exterior
DP9-0511 16.16 8.04 2.01 External mould of dorsal valve
DP9-0508 13.80 7.47 1.85 External mould of dorsal valve
DP9206 15.03 8.14 1.85 External mould of ventral valve
LQ-0497 13.80 8.71 1.58 Ventral exterior
DP9-0495 8.03 6.59 1.22 External mould of ventral valve
DP8-0496 11.58 8.50 1.36 Ventral exterior

ms

ads

br

5mm

ads t
Fig. 9.6 Sketch for the 
dorsal interior of 
Anidanthus 
parvimucronata He and 
Shen nomen novum. 
t- teeth-like structures; 
ads- adductor scars; 
br- brachial ridges; 
ms- median septum

Occurrence Changhsingian; Guangxi 
(Dongpan section) of South China.

Description Shell 2.7−12.0  mm long and 
3.6−20.5 mm wide, sub-quadrate in outline, wid-
est at hinge, lateral margins rounded, anterior 
margin broadly rounded. Ventral valve weakly to 
moderately convex; beak moderately broad and 
incurved over hingeline; ears flat, triangular, not 
extended, well demarcated from visceral disk, 
variably ornamented by concentric rugae and few 
radials; sulcus absent; costellae fine, beginning 
from umbo, increasing by intercalation or bifur-
cation, numbering 7 to 10 in 5 mm near anterior 
margin; concentric lines or fila occasionally cov-
ered on visceral disk; spines in a row near hinge 
(Fig. 9.7a, k), occasionally sparsely-arranged on 

visceral disk (Fig. 9.7d, j, l). Dorsal valve moder-
ately concave; ears not demarcated from visceral 
disk; costellae low, interrupted by strong, over-
lapped lamellose rugae across visceral disk 
(Fig. 9.7h, i, l, m).

Discussion The present specimens are more or 
less similar to species of Cathaysia in outline and 
concentric rugae on ventral ears, but they have 
roof-tiled crest for each costellae, unlike the low 
and rounded costellae in Cathaysia. Especially, 
the presences of lamellose rugae on dorsal valve, 
spines in row near hinge and large ears of the 
materials at hand recall Anidanthus. New species 
is similar to A. sinosus (Huang, 1932) from the 
Lopingian Lyttonia horizon of Panshan, Guizhou, 
South China in dorsal ears not well demarcated 
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from visceral disk, but differs in the latter having 
strongly inflated ventral valve, a ventral sulcus, 
fine striae and coarse concentric wrinkles. A. 
interruptus (Huang, 1932) from the Lopingian 
Lyttonia horizon of Panshan, Guizhou, South 
China shares with the new species a subquadrate 
outline and dorsal ears not well demarcated from 
visceral disk, but differs in the former having fine 
striae and strongly reflexed cincture on the dorsal 
valve. Anidanthus parvimucronata is readily dis-
tinguished from Anidanthus subquadratus in 
having extended dorsal ears and a moderately 
convex, geniculate ventral valve.

Subfamily Linoproductinae Stehli, 1954
Genus Parapygmochonetes He and Shi in He 

et al., 2014

Type Species Fusiproductus baoqingensis Liao 
in Zhao et  al., 1981. Changhsing Formation 
(Changhsingian); Meishan section, Changxing 
County, Zhejiang Province, South China.

Diagnosis Semicircular to reversely trapezoid in 
outline; ears flat to slightly convex; costellae fine 
with narrower interspaces, irregularly extending 
anteriorly (sinuose) and increasing by bifurca-
tion; concentric lines irregularly developed; hing-
espines inclined towards midline at a low angle to 
hingeline; spines on ears, also inclined towards 
midline. Ventral interior with a median septum, 
extending nearly to mid-length; dorsal interior 
with a trifid cardinal process; median septum 
fine, short.

Discussion Parapygmochonetes is very like 
Pygmochonetes Jin and Hu, 1978 in a hillock 
umbo, bifurcated costellae in flanks, and a  
long ventral median septum. Indeed, in some  
previous works, the materials belonging to 
Parapygmochonetes were identified by Chen 
et al. (2009a) as Pygmochonetes. However, these 
materials differ significantly from Pygmochonetes 
in having several pairs of hingespines inclined 
towards midline at an angle of 40−50° to hinge-
line, spines on ears also inclined towards midline, 
sinuose costellae, and discontinuous and irregu-
lar concentric lines. In comparison, 

Pygmochonetes is characterized by 3 or 4 pairs of 
hingespines projecting posterolaterally with an 
angle of about 60°; its ears are covered by fine 
and weak costellae; costellae straight, lacking 
any concentric ornamentation on disk (Jin and 
Hu, 1978).

Chen et  al. (2006a) assigned some 
Parapygmochonetes-type materials to 
Fanichonetes sp. on account of their hinges-
pines inclined towards midline. But, it should be 
noted that these inclined spine canals along the 
posterior margin (only visiable on internal 
molds) are not the same as the inclined hinges-
pines on the outer surface of the posterior mar-
gin. Sometimes, in well-preserved materials, 
both of these features can be observed on the 
same specimen, such as in the case of 
Fusichonetes soochowensis (Chao, 1928) illus-
trated in this book (see the description of F. 
soochowensis). In this specimen, inclined spine 
canals along and embedded within the posterior 
margin and are clearly different from posterolat-
erally-projecting external hingespines. As 
already noted by Racheboeuf in Williams et al., 
2000 (see p. 405), the inclined spine canals lead 
to posterolaterally-projecting hingespines. In 
this light, Fanichonetes Xu and Grant, 1994, 
with inclined spine canals as its key diagnostic 
feature, is most likely invalid. Actually, the ven-
tral specimen of Fig.  16.12 of Xu and Grant 
(1994) shows that the hingespines project 
posterolaterally.

Both Fusiproductus Waterhouse, 1975, with 
Linoproductus fusiformis Huang, 1932 as the 
type species, and Parapygmochonetes have a 
regularly inflated ventral valve with sinuose 
costellae, but Fusiproductus has an enrolled 
and strongly transversal outline, a pair of sub-
tubular ears, and cardinal extremities with an 
angle <45°.

As already mentioned above, 
Parapygmochonetes has some features of 
Caenanopliinae Archbold, 1980, so that it was 
assigned to the subfamily (He et  al., 2014). 
Meanwhile, the genus has some features of 
Linoproductinae Stehli, 1954. In order to deter-
mine the phylogentic relationship of this genus 
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Fig. 9.7 Anidanthus subquadratus He, Shen and Shi sp. 
nov. (a), external mold of a complete ventral valve, DP719 
(paratype), showing scars of a row of hingspines, costel-
lae and concentric lines/fila. (b), exterior of an incomplete 
ventral valve, DP720, showing costellae with roof-tiled 
crests. (c), external mould of a nearly complete ventral 
valve, DP7-0494, showing bifurcated costellae, concen-
tric fila and spine scars on disk. (d, e), exteriors of two 
complete ventral valves (juveniles), LQ-0500, DP10-
0504, showing sparse costellae and spines near margins 
and hingeline. (f, g), exteriors of two incomplete ventral 
valves, LQ5-0501, DP10-0506, showing costellae with 
roof-tiled crests. (h), external mould of an incomplete 
dorsal valve, DP9-0511, showing costellae interrupted by 
strong, overlapped lamellose rugae on disk. (i), external 
mould of an incomplete dorsal valve and shell remnant of 

the conjoined ventral valve, DP9-0508 (paratype), show-
ing lamellose rugae on dorsal disk and costellae with roof-
tiled crests. (j), external mould of an incomplete ventral 
valve, DP9206, showing scars of spines along hinge and 
on disk. (k), exterior of an incomplete ventral valve, 
LQ-0497, showing costellae with roof-tiled crests. (l), 
external mould of an incomplete ventral valve and exter-
nal mould of posterior part of the conjoined dorsal valve, 
DP9-0495, showing intercalated costellae with roof-tiled 
crests on ventral valve and lamellose rugae on dorsal disk. 
(m), exterior of a complete ventral valve (shell decorti-
cated nearby umbo) and external mould of umbo area of 
the conjoined dorsal valve, DP8-0496 (holotype), show-
ing wavy costellae with roof-tiled crests on ventral valve 
and lamellose rugae near umbo of the conjoined dorsal 
valve

Caenanoplia
Parapygmochonetes
Linoproductus
Balakhonia
Coolkilella
Kasetia
Fluctuaria
Marginovatia
Songzichonetes
Pygmochonetes
Arcuaminetes
Caplinoplia
Celtanoplia
Globosochonetes
Plicanoplia
Devonaria
Semicaplinoplia
Klocinetes
Permochonetes
Subglobosochonetes
Chlupacina
Leptochonetes

Fig. 9.8 Phylogenetic tree of the subfamilies 
Caenanopliinae Archbold, 1980 and Linoproductinae 
Stehli, 1954 obtained by the parsimony analysis. Note: 
Parsimony analysis was conducted under the software 
PAUP version 4.0a (Swofford, 2002), including 22 taxa 
and 23 morphological characters (Table  5.3). Thirteen 
genera from subfamily Caenanopliinae Archbold, 1980 
and six genera from subfamily Linoproductinae Stehli, 
1954 were chosen as ingroup taxa. Chlupacina and 
Leptochonetes were treated as outgroup. Eight most- 

parsimonious trees (Tree length  =  65; Cosistency 
index  =  0.354; Homoplasy index  =  0.646; Retention 
index = 0.691; Rescaled consistency index = 0.245) were 
found using heuristic searching with 1000 replicates. The 
strict consensus tree separated ingroup genera into two 
main clades. Parapymochonetes and all genera from sub-
family Linoproductinae belonged to the same clade, indi-
cating that Parapymochonetes might have a closer 
phylogenetic relationship with subfamily Linoproductinae 
than Caenanopliinae
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with allied genera, a parsimony analysis was con-
ducted (Fig. 9.8). The result shows that the pres-
ent genus is most allied to the genera of 
Linoproductus Chao, 1927, Balakhonia 
Sarytcheva in Sarytcheva et al., 1963, Coolkilella 
Archbold, 1993, Fluctuaria Muir-Wood and 
Cooper, 1960, Kasetia Waterhouse, 1981, 
Marginovatia Gordon and Henry, 1990, the con-
stituents of the subfamily Linoproductinae 
(Fig.  9.8). Consquently, Parapygmochonetes is 
assigned to Linoproductinae. Moreover, it is 
interesting to note that Caenanoplia Carter, 1968, 
Songzichonetes Yang in Feng et  al., 1984, and 
Pygmochonetes Jin and Hu, 1978, which until 
now have all been assigned to the subfamily 

Caenanopliinae Archbold, 1980 (see pages 
385−388, Racheboeuf in Williams et al., 2000), 
are in fact more allied to the subfamily 
Linoproductinae in view of the tree derived from 
the parsimony analysis (Fig. 9.8).

Parapygmochonetes parvulus He and Shi in He 
et al., 2014

Figs. 9.9; 9.10a−d

2014 Parapygmochonetes parvulus He and Shi 
in He et al.: 931, Figs. 11j−p, 13a−h.

Materials Over 160 specimens. Registered 
specimens: see below.

Measurements (mm): 

Registered number Width Length Width/length Notes
CM-12-109 9.56 6.51 1.47 Ventral exterior
CM-3-125 8.46 5.45 1.55 Ventral exterior
CM-12-108 6.37 4.47 1.42 Dorsal interior
CM-3-103 8.06 5.44 1.48 Ventral exterior
CM-3-106 6.34 3.51 1.80 Dorsal interior
CM-3-117 5.56 3.51 1.58 Ventral exterior
CM-3-102 8.04 5.02 1.60 Internal mould of ventral valve
CM-3-121 5.03 3.24 1.55 Internal mould of ventral valve
CM-3-120 5.76 3.98 1.44 Ventral exterior
CM-12-537 4.43 2.47 1.80 Ventral exterior
CM-10-110 5.56 4.09 1.36 Ventral exterior
CM-10-114 4.77 3.25 1.47 Ventral exterior
CM-3-119 6.33 4.07 1.56 Dorsal interior
CM-3-122 10.19 6.15 1.66 Ventral exterior
CM-3-118 4.94 2.99 1.65 Dorsal interior
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Occurrence Changhsingian; Anhui of South 
China.

Description Shell 2.5−6.8  mm long and 
4.4−10.2 mm wide, semicircular to reversely trap-
ezoid in outline, greatest width at hingeline. Ventral 
valve moderately convex; umbo round, slightly 
globular in outline with steep slopes to lateral mar-
gin; beak slightly incurved, overhanging hingeline; 
3 or 4 pairs of hingespines (hs) projecting towards 
midline at an angle of 40−50° (Figs. 9.9d, j; 9.10c); 
cardinal extremities with an angle of about 90° on 
well-preserved specimens; ears large, triangular, 
occasionally with weak and discontinuous concen-
tric lines and continuous radial costellae, with 
spines (es) inclined towards midline (Figs.  9.9f; 
9.10a, c), differentiated from flanks of ventral disk 
by narrow grooves; sulcus absent; costellae begin-
ning from umbo, commonly bifurcated twice 
(respectively nearby midlength and commissure) at 
flanks, irregular in width or sinuose, coarse, with 
flat crests,  numbering 18 to 20 per 5 mm (totally 
less than 40) near anterior margin; a few concentric 
lines discontinuously developed. Ventral interior 
with a short but distinct median septum; papillae 
nearly radially- arranged, covering the whole inter-

nal surface. Dorsal interior with a thin median sep-
tum and lateral septa not visible; papillae covering 
dorsal interior (but smooth on ears), papillae occa-
sionally connected with each other to form radial 
ridges (Fig. 9.10d).

Discussion Parapygmochonetes parvulus is 
readily distinguished from P. baoqingensis Liao 
in Zhao et al., 1981 of the Changhsing Formation 
of Meishan, Zhejiang Province, China, as the lat-
ter has more costellae (over 50 costellae along 
the anterior margin).

Parapygmochonetes baoqingensis (Liao in Zhao 
et al., 1981)

Fig. 9.10e–h

1981 Fusiproductus baoqingensis Liao in Zhao 
et al.: 54, pl. 8, Fig. 30−33.

2006a Fanichonetes sp.; Chen et al.: Fig. 3a−f.
2009a? Pygmochonetes shaiwaensis Chen in 

Chen et al.: 166, Fig. 3a−f.
2014 Parapygmochonetes baoqingensis (Liao in 

Zhao et al.); He et al.: 931, Fig. 13i−l.

Materials Four registered specimens: see 
below.

Measurements (mm): 

Registered number Width Length Width/length Notes
CM-3-104 7.01 4.92 1.43 Ventral exterior
CM-3-101 4.94 5.86 0.84 Ventral exterior
CM-3-123 12.78 7.85 1.63 Ventral exterior
CM-6-115 8.34 5.68 1.47 Ventral exterior
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Fig. 9.9 Parapygmochonetes parvulus He and Shi in He 
et al., 2014. (a), exterior of a nearly complete but slightly 
deformed ventral valve, CM-12-109, showing bifurcated 
costellae. (b), exterior of a nearly complete ventral valve, 
CM-3-125, showing wavy costellae. (c), interior of an 
incomplete dorsal valve and shell remnant of the con-
joined ventral valve, CM-12-108, showing numerous 
papillae. (d), exterior of an incomplete ventral valve, 
CM-3-103, showing bifurcated, wavy costellae and hinge 
spines (hs). (e), interior of an incomplete dorsal valve, 
CM-3-106, showing radially- arranged papillae. (f), exte-
rior of a nearly complete ventral valve, CM-3-117, show-

ing bifurcated, wavy costellae and a spine on ear (es). (g), 
internal mould of an incomplete ventral and shell rem-
nant, CM-3-102, showing numerous papillae and wavy 
costellae on shell remnant. (h), internal mould of a com-
plete ventral valve, CM-3-121, showing radially-arranged 
papillae. (i), exterior of an incomplete ventral valve, 
CM-3-120, showing bifurcated costellae. (j), exterior of 
an incomplete ventral valve (shell partly decorticated), 
CM-12-537, showing bases of hinge spines (hs). (k), exte-
rior of a nearly complete ventral valve (shell decorticated 
at umbo), CM-10-110, showing bifurcated, wavy 
costellae

Occurrence Changhsingian; Zhejiang, Anhui, 
Guizhou and Hunan of South China.

Description Shell 4.9−7.9  mm long and 
7.0−12.8  mm wide, reversely trapezoid in out-
line, greatest width at hinge. Ventral valve mod-
erately convex; beak slightly incurved, 
overhanging hingeline; umbo round, slightly 
globular; hingespines projecting towards mid-
line; ears slightly convex, not well differentiated 
from flanks of ventral disk, ornamented by con-
centric rugae, weak costellae and ear spines; sul-
cus absent; costellae sinuose, bifurcated at flanks, 
fine, with flat crests and narrow interspaces, 
numbering over 50 at anterior margin; concentric 
rugae regularly covered the ventral surface.

Discussion This species agrees well with 
Parapygmochonetes baoqingensis (Liao in Zhao 
et al., 1981) from the Changhsing Formation of 
the Meishan section, Zhejiang Province, China in 
a semicircular to reversely trapezoid outline, 
weak and discontinuous concentric lines and typ-
ical costellae which is sinuose, fine, dense and 
bifurcated, with narrower interspaces.

Superfamily Productoidea Gray, 1840
Family Productellidae Schuchert in Schuchert 

and LeVene, 1929
Subfamily Marginiferinae Stehli, 1954
Genus Spinomarginifera Huang, 1932

Type Species Spinomarginifera kueichowensis 
Huang, 1932. Upper Permian; Guizhou, south-
western China.

Diagnosis Small to medium, with wide hinge-
line; weakly concavoconvex with long ventral 
trail anterior to geniculation, dorsal trail short; 
ribbing absent; rugae irregular, narrow; spine 
bases elongate, spines commonly densely spaced, 
fine, but in some widely spaced anteriorly (spines 
on dorsal valve variably developed or absent); 
marginal ridges strong in both valves, but ven-
trally incomplete anteriorly (Brunton et  al. in 
Williams et al., 2000).

Spinomarginifera kueichowensis Huang, 1932
Fig. 9.11

1932 Spinomarginifera kueichowensis Huang: 
56, pl. 5, Fig. 1–11.

1960 Spinomarginifera kueichowensis Huang; 
Muir-Wood and Cooper, 215, pl. 65, 
Fig. 15–22, 24.

1964 Spinomarginifera kueichowensis Huang; 
Wang et al.: 316, pl. 51, Fig. 9–11.

1974 Spinomarginifera kueichowensis Huang; 
Jin et al.: 312, pl. 164, Fig. 13.

1976 Spinomarginifera kueichowensis Huang; 
Tazawa: 184, pl. 2, Fig. 1a, b.

1977 Spinomarginifera kueichowensis Huang; 
Yang et al.: 349, pl. 139, Fig. 9.

1978 Spinomarginifera kueichowensis Huang; 
Feng and Jiang: 252, pl. 89, Fig. 5, 6.

1979 Spinomarginifera kueichowensis Huang; 
Zhan in Hou et al.: 80, pl. 11, Fig. 14–17, 20.

1980a Spinomarginifera kueichowensis Huang; 
Liao: pl.4, Fig. 29.
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1981 Spinomarginifera kueichowensis Huang; 
Tian: 57, pl. 32, Fig. 4–10.

1987 Spinomarginifera kueichowensis Huang; 
Xu in Yang et al.: pl. 11, Fig. 7, 10, 11, 13–16.

1987 Spinomarginifera alpha (Huang); Xu in 
Yang et al.: pl. 11, Fig. 3, 4, 8, 12.

1995 Spinomarginifera kueichowensis Huang; 
Zeng et al.: pl. 5, Fig. 10.

2002 Spinomarginifera kueichowensis Huang; 
Tazawa: Fig. 10.11a, b.

2006b Spinomarginifera kueichowensis Huang; 
Chen et al.: 314, Fig. 8a–e.

2009 Spinomarginifera kuwichowensis Huang; 
Shen and Shi: 158, Figs. 3DD, EE, 4I.

2009 Spinomarginifera kueichowensis Huang; 
Zhang and He: 20, Fig. 3e–j.

2015 Spinomarginifera kueichowensis Huang; 
Zhang et al.: 307, Figs. 7a−k, 8i−l.

2015 Spinomarginifera alpha (Huang); Zhang 
et al.: 309, Fig. 7l, 7o−q.

2015 Spinomarginifera sintanensis (Chao); 
Zhang et al.: 310, Fig. 8g.

Diagnosis (emended). Medium shell size, 
strongly globular. Ventral valve geniculate, 
median sulcus wide and shallow; dorsal valve 
geniculate. Surface ornamented by pits and 
spines and concentric wrinkles on posterior part.

Materials Over 130 specimens. Registered 
specimens: see below.

Fig. 9.10 (a–d), Parapygmochonetes parvulus He and 
Shi in He et al., 2014. (a), exterior of a complete ventral 
valve (shell decorticated), CM-10-114, illustrating the 
midline-inclined spines on ears (es). (b), interior of an 
incomplete dorsal valve and part of internal mould of the 
conjoined ventral valve, CM-3-119, showing papillae. (c), 
exterior of a complete ventral valve, CM-3-122, illustrat-
ing the midline-inclined hinge spines (hs) and spines on 
ears (es). (d), interior of a complete dorsal valve, CM-3-

118, showing papillae connected with each other to form 
radial ridges. (e–h), Parapygmochonetes baoqingensis 
(Liao in Zhao et al., 1981). (e), exterior of an incomplete 
ventral valve, CM-3-104, showing dense, bifurcated and 
wavy costellae. (f), extererior of a complete ventral valve, 
CM-3-101, showing dense, wavy costellae interrupted by 
concentric rugae. (g, h), exteriors of two nearly complete 
ventral valves, CM-3-123, CM-6-115, showing dense and 
wavy costellae

Measurements (mm): 

Number Width Length Width/length Notes
LZ2702639 30.46 22.32 1.36 Internal mould of ventral valve
LZ2702631 30.89 23.54 1.31 Internal mould of ventral valve
LZ2702488 31.35 19.59 1.60 Internal mould of ventral valve
LZ1400341 16.44 10.47 1.57 External mould of dorsal valve
LZ2703524 30.02 19.60 1.53 External mould of dorsal valve
LZ1400369 11.10 7.30 1.52 External mould of dorsal valve
LZ2701490 24.61 16.65 1.48 Internal mould of dorsal valve
LZ2704493 28.37 17.43 1.63 Internal mould of dorsal valve
LZ2702640 27.30 17.10 1.60 Internal mould of dorsal valve
LZ1400342 17.44 11.02 1.58 Internal mould of dorsal valve
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Fig. 9.11 Spinomarginifera kueichowensis Huang, 
1932. (a), internal mould of a complete ventral valve, 
LZ2702639, showing diductor muscle scars (dds) and 
endospines (ens). (b), lateral view of LZ2702639. (c), 
internal mould of an incomplete ventral valve, LZ2702631, 
showing diductor muscle scars (dds). (d), internal mould 
of an incomplete ventral valve and external mould of the 
conjoined dorsal valve, showing numerous endospines 
(ens) on ventral interior and spines (sp) on the surface of 
dorsal valve, LZ2702488. (e), external mould of a nearly 
complete dorsal valve, LZ1400341, showing coarse pits 
on disk (pit). (f), external mould of a nearly complete but 

deformed dorsal valve, LZ2703524, showing spines (sp). 
(g, h), external moulds of two incomplete dorsal valves, 
LZ1400369, LZ2701490. (i), internal mould of a nearly 
complete dorsal valve, LZ2704493, showing a median 
septum and two lateral septa. (j), internal mould of a 
nearly complete dorsal valve, LZ2702640, showing a pair 
of adductor muscle scars (ads), fine endospines (ens) on 
disk and coarse, curvedly-arranged endospines at anterior 
of midlength. (k), internal mould of a complete dorsal 
valve, showing the adductor muscle scars (ads) and a tri-
fid cardinal process (cp), LZ1400342

Occurrence Middle Permian to Lower Triassic; 
South China (Guizhou, Sichuan, Chongqing, 
Hunan, Jiangxi, Zhejiang, Guangxi and 
Guangdong), Japan, Vietnam.

Description Shell 7.3–31.6 mm long and 11.1–
38.8 mm wide, strongly globular in outline, max-
imum width at hingeline. Ventral valve strongly 
convex, geniculate at midvalve; beak broad, 
enrolled over hingeline; cardinal extremities 
forming an angle at around 60–90°; ears convex, 
triangular, weakly demarcated from visceral 
region; sulcus originated from midvalve, shallow 
and wide. Dorsal valve strongly concave, genicu-
late at anterior; fold indistinct. Dorsal surface 
with concentric wrinkles, coarse and shallow 
pits, fine spines (randomly distributed). A row of 
spines distributed between ears and visceral 
region.

Ventral interior with pectinate diductor 
muscle scars (marked by dds in Fig. 9.11a) at 
posterior midvalve and endospines (marked by 
ens in Fig. 9.11a, d). Dorsal interior with a tri-
fid cardinal process (cp) (Fig. 9.11k), evenly-
distributed fine endospines (Fig. 9.11j) on disk; 
marginal ridges prominent; median septum 
long, extending to midlength; lateral septa 
short, prominent, diverging at an angle of 
30–60°; a pair of adductor muscle scars (ads) 
(Fig. 9.11j, k) on both sides of median septum; 
brachial ridges hook- like, extending to lateral 
margin; a row of coarse, curved-arranged 
endospines developed at anterior of midlength 
(Fig. 9.11j).

Discussion The present species is similar to 
Spinomarginifera alpha Huang, 1932 from the 
Lungtan Formation (Upper Permian) of Guizhou, 
southwestern China in outline and interiors, but 
the latter lacks ventral geniculation. 
Spinomarginifera sintanensis (Chao, 1927) from 
the Wushan Cherty Limestone (Middle Permian) 
of Hubei and S. chengyaoyenensis Huang, 1932 
from the Lungtan Formation of Guizhou, China 
both are small compared to Spinomarginifera kue-
ichowensis, and they are cylindrical in outlines. 
Spinomarginifera pseudosintanensis Huang, 1932 
from the Lopingian Lyttonia horizon of Guizhou, 
southwestern China is also small when compared 
with Spinomarginifera kueichowensis; it addition-
ally also lacks a median sulcus.

Subfamily Productininae Muir-Wood and 
Cooper, 1960

Genus Rugivestis Muir-Wood and Cooper, 1960

Type Species Proboscidella? carinata Muir- 
Wood and Cooper in Cooper, 1957. Coyote Butte 
Formation (Lower Permian); Oregon, North 
America.

Diagnosis Small, trigonal outline, corpus well 
separated from trail by cincture, trail generally 
folded into a nasute extension; disks concavocon-
vex; reticulate ornamentation distinct on visceral 
region, ribbing well developed on trails, a row of 
spines along hingeline, the other row of spines 
along the cincture, other spines probably sym-
metrically placed on disks; marginal ridges in 
both valves (emended here).
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Fig. 9.12 Rugivestis elegans (He and Shen in He et al., 
2005). (a), external mould of an incomplete dorsal valve, 
DP-2-270, illustrating transverse and semicircular out-
line. (b), external mould of a nearly complete dorsal 
valve, DP-3-271. (c), an incomplete ventral valve, DP728, 
showing transverse and semicircular outline and distinct 
cincture. (d), an incomplete ventral valve, DP729, show-
ing distinct cincture. (e), a nearly complete ventral valve, 
DP730, showing transverse and semicircular outline, dis-
tinct ears, marked reticulation on visceral region, and dis-
tinct cincture. (f), external mould of a nearly complete 
dorsal valve, DP731. (g), external mould of a nearly com-
plete dorsal valve, DP811, showing transverse and semi-
circular outline, distinct ears, marked reticulation on 
visceral region. (h), a complete ventral valve, DP812. (i), 
external mould of a nearly complete dorsal valve, DP9601. 

(j), external mould of a complete ventral valve, DP10-
0153, illustrating a row of spines on ears and two body 
spines anterolaterally arranged on the surface. (k), inter-
nal mould of an incomplete dorsal valve, DP10-0162, 
illustrating median septum (ms). (l), interior of an incom-
plete ventral valve, DP2-0159. (m), an incomplete ventral 
valve, DP7-0156, illustrating long marginal spines. (n), 
internal mould of DP2-0159, illustrating a pair of brachial 
ridges (br) and median septum (ms). (o), an incomplete 
ventral valve (juvenile), DP10-0173, showing marginal 
spines. (p), external mould of a nearly complete dorsal 
valve (juvenile), DP9-0164. (q), an incomplete ventral 
valve (juvenile), DP10-0171, showing hingespines. (r), an 
incomplete ventral valve (juvenile), DP10-0172, showing 
distinct cincture

Discussion Dongpanoproductus He et  al. 
2005, with Dongpanoproductus elegans He 
et al. 2005 as the type species, was proposed in 
2005; however, this genus should be a synonym 
of Rugivestis Muir-Wood and Cooper, 1960, 
because the typical features shared between 
them, including the presence of a cincture sepa-
rating between corpus and trail and reticulate 
ornamentation, as reviewed by Shen et  al. in 
Rong et al., 2017.

Rugivestis elegans (He and Shen in He et  al., 
2005)

Fig. 9.12

2005 Dongpanoproductus elegans He and Shen 
in He et al.: 931, Fig. 5.1−5.11.

2014 Dongpanoproductus elegans He et al.: 939, 
Fig. 17a, b.

Materials Over 50 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length Width/length Notes
DP-2-270 23.42 15.39 1.52 External mould of dorsal valve
DP-3-271 20.76 12.14 1.71 External mould of dorsal valve
DP728 21.53 14.06 1.53 Ventral valve
DP729 14.09 11.63 1.21 Ventral valve
DP730 16.31 12.33 1.32 Ventral valve
DP731 8.00 5.23 1.53 External mould of dorsal valve
DP811 12.15 6.40 1.90 External mould of dorsal valve
DP812 19.88 10.99 1.81 Ventral valve
DP9601 12.65 7.49 1.69 External mould of dorsal valve
DP10-0153 21.07 10.51 2.00 External mould of ventral valve
DP10-0162 14.33 9.50 1.51 Internal mould of dorsal valve
DP2-0159 25.52 17.18 1.49 Ventral interior
DP7-0156 15.83 10.43 1.52 Ventral valve
DP10-0173 3.98 2.85 1.40 Ventral valve (juvenile)
DP9-0164 8.03 5.38 1.49 Ventral valve (juvenile)
DP10-0171 6.98 5.39 1.30 Ventral valve (juvenile)
DP10-0172 4.97 3.30 1.51 Ventral valve (juvenile)
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Occurrence Upper Changhsingian; Guangxi 
(Dongpan section) of South China.

Description Shell 2.9−17.2  mm long and 
4.0−25.5 mm wide, subquadrate to semicircle in 
outline, greatest width at hinge. Ventral beak 
slightly incurved over hingeline; ears large and 
distinct, triangular, well demarcated from vis-
ceral disk by depressions, with strong rugae and 
occasionally with costellae interrupted by rugae; 
sulcus weak, originated from anterior to umbo, 
slightly widening and deepening anteriorly on 
visceral disk; trail short, separated from corpus 
by distinct cincture around trail (Fig. 9.12b−e, r); 
costellae coarse, crossed with strong and regular 
rugae to form distinct reticulation on visceral 
disk, slightly converging into sulcus; spines prob-
ably arranged in a row along the hingeline 
(Fig. 9.12j) and the other row between ears and 
visceral disk (Fig.  9.12e, l), and several long 
spines along cincture (Fig. 9.12o, m). Dorsal vis-
ceral disk slightly concave; ears distinct, well dif-
ferentiated from visceral disk by depressions; 
reticulate ornament similar to that on ventral 
disk. Ventral interior with densely-arranged 
papillae in internal molds (see He et al., 2005). 
Dorsal interior with a median septum (Fig. 9.12k, 
n) and a pair of ear-shaped brachial ridges 
(Fig. 9.12n).

Discussion Six species have been recognized 
from the genus of Rugivestis, including R. cari-
nata (Muir-Wood and Cooper in Cooper, 1957) 
(type species), R. kutorgae (Tschernyschew, 
1902), R. gangiaoensis Jin and Sun, 1981, R. 
tianshanensis Wang and Yang, 1998, R. arctica 
Shi and Waterhouse, 1996 and the present spe-
cies R. elegans (He and Shen in He et al., 2005). 
Rugivestis elegans differs from R. carinata 
(Muir-Wood and Cooper in Cooper, 1957) of the 
Coyote Butte Formation of Oregon in the latter 
lacking a sulcus, and having sparser and thicker 
reticulate ornamentation, a wider cincture and a 
wide rim below cincture, and the former having 
rows of spines near the hingeline (see above). 
Compared to Rugivestis elegans, R. kutorgae 

(Tschernyschew, 1902) from the Lower Permian 
of southern Ural Mountains lacks a sulcus, has a 
wider cincture and a wide rim below cincture, 
and rows of spines near the hingeline. The pres-
ent species is readily distinguished from 
Rugivestis gangiaoensis Jin and Sun, 1981 of the 
Permian Gangjiu Limestone of Gangjiu, 
Zhongba, Tibet in its presence of sulcus. 
Rugivestis elegans resembles to R. tianshanensis 
Wang and Yang, 1998 in having a sulcus and a 
row of spines between ears and visceral disk, but 
the latter has much extended ears, a weaker cinc-
ture and a wide rim below cincture. This species 
differs from Rugivestis arctica Shi and 
Waterhouse, 1996 from the Lower Permian of 
Canada in the latter having weaker costellae and 
stronger rugae.

Genus Paryphella Liao in Zhao et al., 1981

Type Species Cathaysia sulcatifera Liao, 
1980a. Changhsingian; Anshun, Guizhou 
Province, South China.

Diagnosis Small, sub-quadrate or chonetiform 
in outline, with ear baffles (= ear curtains); dorsal 
disks weakly concave; costellae simple, weak 
posteriorly; rugae strong on ears; two pairs of 
spines at hinge; low median septum extending to 
midlength of shell.

Discussion The type species Cathaysia sulcat-
ifera Liao, 1980a is a synonym of Cathaysia 
sinuata Chan in Hou et  al. (1979), because of 
their similar sub-quadrate or semicircular out-
line, sparse but coarse costellae, and deep and 
narrow ventral sulcus (see Liao, 1980a, p. 261; 
Hou et al., 1979, p. 76). Paryphella is similar to 
Chonetella Waagen, 1884 from the Lower to 
Middle Permian in a semicircular outline, but 
the latter has weak ribbing and a narrow, long 
nasute trail. Paryphella shares with 
Parachonetella Liao, 1980a from Upper 
Permian a semicircular outline, sparse and 
coarse costellae, but the latter has a deep, stable 
groove around the disk margin. Paryphella is 
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also close to Cathaysia Jin in Wang et al., 1966 
in outline, but the latter has finer and denser 
costellae: 8–11 per 5  mm, in contrast to 
Paryphella with 5–7 per 5  mm. Paryphella is 
possibly the descendent of Cathaysia, because 
they share most morphological similarity and 
co- occurred in the Upper Permian in South 
China.

Paryphella transversa Liao, 1984
Fig. 9.13a−i

1984 Paryphella transversa Liao: 280, pl. 2, 
Fig. 10–12.

1984 Cathaysia transversa Wang: 180, pl. 73, 
Fig. 21.

2014 Paryphella transversa Liao; He et al.: 935, 
Fig. 14i–o.

2014 Paryphella cf. nasuta Liao; He et al.: 935, 
Fig. 14p, q.

Diagnosis Reversely trapezoid in outline; ven-
tral valve moderately convex; median sulcus 
beginning from anterior of umbo, shallow and 
wide.

Materials Over 100 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DCB- 
34- 231

11.44 6.59 1.74 Ventral exterior

CM-12- 245 9.00 5.10 1.77 Ventral exterior
CM-13- 228 8.23 5.23 1.57 Ventral exterior
CM-4- 243 10.11 5.51 1.83 Internal mould 

of ventral valve
CM-4- 248 9.71 5.50 1.76 Ventral exterior
CM-3- 237 9.51 5.74 1.66 Ventral exterior
CM-3- 241 9.15 5.55 1.65 Ventral exterior
CM-12- 222 8.38 5.98 1.40 Ventral exterior
CM-12- 223 9.33 6.00 1.55 Ventral exterior

Occurrence Changhsingian (Upper Permian); 
China.

Description Shell 4.4−7.5  mm long and 
6.9−13.0  mm wide, reversely trapezoid in out-
line. Widest at hinge; ears large, triangular, 
slightly inflated, with rugae. Ventral valve mod-
erately convex; beak variably incurved, promi-
nently over hingeline; 2−3 pairs of hingespines 
projecting posterolaterally with an angle of 
60−70°; ventral disk nearly flat; sulcus begin-
ning from anterior of umbo, shallow, widening 
anteriorly; tail variably occurring; costellae 
beginning from umbo, simple, coarse and round, 
numbering 5 to 8 per 5 mm near anterior margin. 
Ventral interior with radially-arranged, fine 
papillae.

Discussion Although the name of Paryphella 
transversa was used by Liao in Wang et al., 1982 
from the Talung Formation of Yongding, Fujian 
Province, this book considers the species of 
Paryphella transversa of Liao in Wang et  al., 
1982 is a synonym of Paryphella corculum (Liao, 
1980a) by sharing features of strong convex ven-
trals, strongly geniculated along margin of disks 
and acute cardinal extremities. The present spe-
cies differs from other species of the genus in a 
shallow and anteriorly widening median sulcus 
on the ventral valve (Fig. 9.14).

Paryphella minuta He and Shi in He et  al., 
2014

Fig. 9.13j−m

2014 Paryphella minuta He and Shi in He et al.: 
937, Fig. 16U-X.

Diagnosis Small, reversely trapezoid in outline; 
ventral valve weakly convex; ear flat, well dif-
ferentiated with disk; median sulcus absent; 
costellae coarse and covering ventral disk.

Materials 11 specimens. Registered specimens: 
CM-20-195, CM-20-196, CM-18-200, 
CM-18- 198. Other specimens not well 
preserved.
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Fig. 9.13 (a–i), Paryphella transversa Liao, 1984. (a), 
exterior of a complete ventral valve, DCB-34-231, show-
ing coarse and rounded costellae and a preserved hinge 
spine. (b), exterior of a complete ventral valve, CM-12-
245, showing coarse and rounded costellae. (c), exterior 
of an incomplete ventral valve, CM-13-228, showing 
sparse rugae on ears. (d), internal mould of a nearly com-
plete ventral valve, CM-4-243, showing papillae and 
hinge spines. (e), exterior of an incomplete ventral valve, 
CM-4-248, showing a broad and shallow sulcus. (f), exte-
rior of a complete ventral valve (shell partly decorticated), 
CM-3-237, showing a shallow sulcus. (g), exterior of a 
nearly complete but slightly deformed ventral valve, 
CM-3-241, showing coarse costellae, few concentric lines 

and rugae on ears. (h), exterior of a nearly complete ven-
tral valve, CM-12-222, showing a very shallow sulcus. (i), 
exterior of a nearly complete ventral valve, CM-12-223, 
showing a broad and shallow sulcus. (j–m), Paryphella 
minuta He and Shi in He et al. 2014. (j), external mould 
of a complete ventral valve, CM-20-196, showing sparse 
rugae on ears. (k), exterior of a complete ventral valve, 
CM-20-195. (l), exterior of a complete ventral valve, 
CM-18-200, showing coarse and rounded costellae. (m), 
exterior of a complete ventral valve, CM-18-198, showing 
occasionally bifurcated costellae and sparse rugae on ears. 
(n), Chonetella sp., exterior of a deformed ventral valve, 
CM14-0517, showing ear baffles (ebaf) and a genicula-
tion (geni)

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-20- 196 6.43 3.76 1.71 External 
mould of 
dorsal valve

CM-20- 195 7.19 4.07 1.77 Ventral 
exterior

CM-18- 200 8.40 4.66 1.80 Ventral 
exterior

CM-18- 198 5.74 3.61 1.59 Ventral 
exterior

Occurrence Uppermost Changhsingian−lowest 
Triassic (equivalent to the intervals yielding so-
called Permian−Triassic mixed fauna); Anhui  
(Majiashan section) of South China.

Description Shell small, 3.6−4.7 mm long and 
5.7−8.4 mm wide, reversely trapezoid in outline, 
widest at hinge. Ventral valve flat to weakly con-
vex; beak weakly incurved, slightly over hinge-
line; cardinal extremities acute, with an angle of 
about 65−80°; ears triangular, flat, well differen-
tiated from ventral disk, evenly and sparsely cov-
ered with rugae; sulcus absent; costellae 
beginning from umbo, round, coarse, occasion-
ally bifurcated at midlength of shell, 10 to 15 
nearby anterior margin; costellae crossed by 
obscure concentric fila (microornaments, see 
Fig. 9.13m).

Discussion This species is most similar to 
Paryphella sparsiplicata Liao (1984, p. 280, pl. 
2, Fig. 6−8) from the lowest Yinkeng Formation 
of Zhejiang Province, South China in a small 
body size and absence of a median sulcus, but 
differs in its acute cardinal extremities and more 
costellae (Fig.  9.14). Paryphella orbicularis 
(Liao, 1980a, p. 261, pl. 6, Fig. 1−4) is broadly 
similar to the present species, but is clearly dis-
tinguished by its strongly convex ventral valve 
(Fig. 9.14).

Paryphella sinuata (Chan in Hou et al., 1979)
Fig. 9.15

1979 Cathaysia sinuata Chan in Hou et al.: 76, 
pl. 8, Fig. 6−9.

1980a Cathaysia sulcatifera Liao: 261, pl. 6, 
Fig. 8−10.

1982 Paryphella sulcatifera (Liao); Wang et al., 
pl. 95, Fig. 3−5.

1984 Paryphella sulcatifera (Liao); Liao, pl. 2, 
Fig. 18.

1984 Cathaysia sulcatifera Liao; Wang, 180, pl. 
74, Fig. 24.

1984 Cathaysia sulcatifera Liao; Yang in Feng 
et al., 214, pl. 31, Fig. 20.

1987 Cathaysia sinuata Chan; Xu in Yang et al.: 
223, pl. 10, Fig. 19, 20, 22−23.

1990 Paryphella sulcatifera (Liao); Zhu: 67, pl. 
18, Fig. 10, 11.

9 Systematic Palaeontology



90

  P
. o

rb
ic

ul
ar

is
(L

ia
o,

 1
98

0a
)

Sp
ec

ie
s

Sk
et

ch
 o

f
 o

ut
lin

e
Sh

ap
e 

of
 

  u
m

bo
U

m
bo

 
an

gl
e

C
os

te
lla

e  C
on

ce
nt

ri
c

  l
in

es
 o

n 
di

sc

 P
. s

pa
rs

ip
lic

at
a

 L
ia

o,
 1

98
4

P.
 s

in
ua

ta
 (C

ha
n

in
 H

ou
 e

t a
l.,

 1
97

9)

P.
 tr

an
sv

er
sa

 
L

ia
o,

 1
98

4

 P
. n

as
ut

a
 L

ia
o,

 1
98

4

P.
  u

nd
at

a
 (L

ia
o,

 1
98

4)

H
ill

oc
k 

an
d 

st
ro

ng
ly

 
co

nv
ex

8.
5

3.
5

11
.0

10
.0

12
.1

7.
5

90
¡ 

69 94 66
90

10
7

11
8

10
0

A
bs

en
t

A
bs

en
t

W
ea

k

W
ea

k 
bu

t
de

ns
el

y

Si
ze

C
ar

di
na

l 
an

gl
e

m
m

1.
9

1.
8

1.
3

1.
6

78 90
¡ 

Sh
al

lo
w

an
d 

w
id

e

Sh
al

lo
w

an
d 

na
rr

ow

D
ee

p
an

d 
na

rr
ow

A
bs

en
t

A
bs

en
t

   
P.

  m
in

ut
a

  H
e 

an
d 

Sh
i i

n 
  H

e 
et

 a
l.,

 2
01

4

W
id

th
   

/le
ng

th
V

en
tr

al
 s

ul
cu

s
O

th
er

s

92
¡ 

12
A

bs
en

t

 S
lig

ht
ly

 c
on

ve
x

5

 B
ro

ad
ly

 
 tr

ia
ng

ul
ar

 a
nd

 
 m

od
er

at
el

y
 c

on
ve

x

2.
1

78
16

A
bs

en
t

H
ill

oc
k 

an
d 

w
ea

kl
y

co
nv

ex
12

N
as

ut
e

-s
ha

pe
ta

il

H
ill

oc
k 

an
d 

m
od

er
at

el
y

co
nv

ex
15

 B
ro

ad
ly

 
 tr

ia
ng

ul
ar

 a
nd

 
 w

ea
kl

y
 c

on
ve

x

3.
0

7
D

en
se

ly

 R
ug

ae
 o

n 
ea

rs

In
di

st
in

ct

3 
pa

ir
s

an
d 

st
ro

ng

4 
pa

ir
s

an
d 

w
ea

k

In
di

st
in

ct

In
di

st
in

ct

6 
pa

ir
s

an
d 

st
ro

ng

 M
od

er
at

el
y 

 -b
ro

ad
ly

 
 tr

ia
ng

ul
ar

 a
nd

 w
ea

kl
y

 c
on

ve
x

6.
6

1.
8

A
bs

en
t

82
65

10
A

bs
en

t
3 

pa
ir

s a
nd

 
m

od
er

at
e

P.
 c

or
cu

lu
m

L
ia

o,
 1

98
0a

H
ill

oc
k 

an
d 

st
ro

ng
ly

 
co

nv
ex

17
.5

1.
8

W
ea

k 
or

ab
se

nt
85

70
17

A
bs

en
t

3 
pa

ir
s

an
d 

w
ea

k

Sh
or

t 
ta

il;
cu

rv
ed

 
gr

oo
ve

s
gr

gr
- A

 p
ai

r o
f c

ur
ve

d 
gr

oo
ve

s s
ep

ar
at

ed
 e

ar
s a

nd
 d

is
k 

Fi
g.

 9
.1

4 
C

om
pa

ri
so

n 
of

 s
om

e 
si

m
ila

r P
ar

yp
he

ll
a 

sp
ec

ie
s.

 D
at

a 
ba

se
d 

on
 th

e 
ho

lo
ty

pe
 s

pe
ci

m
en

s 
(v

en
tr

al
 v

al
ve

s)
; s

iz
e 

re
fe

rs
 to

 th
e 

gr
ea

te
st

 w
id

th
 o

f 
sh

el
l; 

co
st

el
la

e 
re

fe
rs

 to
 th

e 
nu

m
be

r 
of

 c
os

te
lla

e 
ne

ar
by

 a
nt

er
io

r 
m

ar
gi

n

W.-H. He et al.



91

1994 Cathaysia sinuata Chan; Xu and Grant: 31, 
Fig. 17.1−17.22.

2014 Paryphella sinuata (Chan); He et al.: 935, 
Fig. 14r−x.

Diagnosis Semicircle in outline; ventral valve 
moderately convex; ears weakly inflated; median 
sulcus narrow but deep, beginning from anterior 
of umbo, extending nearly to anterior margin.

Materials Over 360 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-12- 188 6.42 3.86 1.66 Ventral interior
CM-12- 193 9.40 7.04 1.34 Internal mould 

of ventral 
valve

CM-10- 180 10.37 6.14 1.69 External mould 
of dorsal valve

CM-10- 182 9.98 6.58 1.52 Internal mould 
of ventral 
valve

CM-10- 189 13.26 7.65 1.73 Ventral 
exterior

DCB-36- 190 8.35 6.29 1.33 Internal mould 
of ventral 
valve

CM-15- 226 13.46 8.04 1.67 Dorsal interior
SR28- 0350 6.88 4.62 1.49 Ventral 

exterior
SR22- 0514 10.63 6.98 1.52 Ventral 

exterior
HZS19- 0515 11.17 5.99 1.86 External mould 

of dorsal valve
HZS19- 0516 11.14 7.07 1.58 Ventral 

exterior
XJP12- 0519 11.14 8.12 1.37 Internal mould 

of ventral 
valve

HZS19- 0522 10.35 6.05 1.71 Ventral 
exterior

DDS26- 0520 10.00 5.92 1.69 Ventral 
exterior

HZS19- 0523 6.89 4.61 1.49 Ventral 
exterior

Occurrence Changhsingian; South China.

Description Shell 3.8−9.7  mm long and 
6.4−15.6 mm wide, semicircle in outline, wid-
est at hingeline; ears large, weakly inflated, cov-
ered by weak rugae. Ventral valve moderately 
convex; 2−3 pairs of hingespines projecting 
posterolaterally with an angle of 30−60°; ven-
tral sulcus narrow but deep, beginning from 
anterior of umbo, extending nearly to anterior 
margin; costellae beginning from umbo, simple 
and coarse, numbering 5 to 8 per 5 mm at ante-
rior margin. Dorsal valve moderately concave; 
median fold narrow and prominent, beginning 
from anterior of umbo, extending nearly to ante-
rior margin. Ventral interior with radially-
arranged, fine papillae, with long median 
septum, extending to anterior margin. Dorsal 
interior with a median septum, extending over 
shell midlength; ear baffles (ebaf) visible on 
well-preserved specimens (Fig. 9.15g).

Discussion Paryphella sulcatifera (Liao, 1980a, 
p.  261, pl. 6, Fig.  8−10, from the Talung 
Formation of Jiaozishan, Anshun, Guizhou), 
originally proposed as the type species of 
Paryphella by Liao in Zhao et  al., 1981, is the 
junior synonym of Paryphella sinuata (Chan in 
Hou et al., 1979) because they are both semicir-
cle in outline, and have weakly inflated ears, 
nearly flat ventral disk, sparse and coarse costel-
lae, and especially the deep and narrow ventral 
sulcus. Paryphella sinuata is similar to Paryphella 
transversa Liao, 1984 from the Talung Formation 
of South China in a moderately convex ventral 
valve and a nearly flat ventral disk, but differs in 
having a deep and narrow sulcus and a lower 
shell width to length ratio (Fig. 9.14).

Paryphella orbicularis (Liao, 1980a)
Figs. 9.16, 9.17 and 9.18

9 Systematic Palaeontology



92

a

3mm 5mm

4mm 5mm 4mm

3mm 5mm

5mm 5mm 5mm

5mm 4mm 4mm

5mm

5mm

b c

d e f

g h i

j k l

m
n o

ms
ms

br
ebaf

W.-H. He et al.



93

1980a Cathaysia orbicularis Liao: 261, pl. 6, 
Fig. 1−4.

1981 Paryphella triquetra Liao in Zhao et al.: 53, 
pl. 8, Fig. 18−22.

1982 Paryphella laohushanensis Wang et  al.: 
204, pl. 95, Fig. 2.

1982 Paryphella triquetra Liao; Wang et al.: 205, 
pl. 96, Fig. 14−16.

1984 Paryphella orbicularis (Liao); Liao: pl. 2, 
Fig. 19.

1984 Paryphella sparsiplicata Liao: pl. 2, Fig. 9.
1984 Cathaysia orbicularis Liao; Wang: 180, pl. 

74, Fig. 27.
1994 Cathaysia orbicularis Liao; Xu and Grant: 

34, Fig. 19.1−19.21.
2005 Paryphella orbicularis (Liao); Chen et al.: 

Fig. 4.4−4.6, 4.13, 4.14.
2009b Paryphella orbicularis (Liao); Chen et al.: 

Fig. 7f.
2014 Paryphella orbicularis (Liao); He et  al.: 

933, Fig. 14a−h.

2014 Paryphella triquetra Liao; He et  al.: 936, 
Fig. 16a−j.

2015 Paryphella orbicularis (Liao); Zhang et al.: 
303, Fig. 4i−r.

2015 Paryphella triquetra Liao; Zhang et  al.: 
304, Fig. 4s−u.

2015 Paryphella sinuata (Chan); Zhang et  al., 
304, Fig. 4v.

2015 Paryphella elegantula Zhan in Li et  al.; 
Zhang et al.: Fig. 4w−aa.

Diagnosis Semicircle to reversely trapezoid in 
outline; ventral valve strongly convex, hillock to 
roundly triangular in ventral disk; median sulcus 
absence.

Materials Over 100 specimens. Registered 
specimens: see below.

Fig. 9.15 Paryphella sinuata (Chan in Hou et al., 1979). 
(a), interior of a complete ventral valve (shell decorticated 
and interior structures not preserved), CM-12-188. (b), 
internal mould of a nearly complete ventral valve, CM-12-
193, showing papillae. (c), external mould of a complete 
dorsal valve, CM-10-180, showing a narrow median fold. 
(d), internal mould of a complete ventral valve, CM-10-
182. (e), exterior of a complete ventral valve, CM-10-189, 
showing a narrow, deep sulcus. (f), internal mould of a 
complete ventral valve, DCB-36-190, showing a few pre-
served papillae near umbo. (g), interior of a nearly com-
plete dorsal valve, CM-15-226, showing a median septum 
(ms), brachial ridges (br) and ear baffles (ebaf). (h), exte-
rior of a nearly complete ventral valve, SR28-0350, show-
ing a narrow and deep sulcus. (i), exterior of a complete 
ventral valve (shell decorticated on posterior part), SR22-

0514, showing a narrow and deep sulcus and concentric 
fila on observed posterior part of dorsal valve). (j), exter-
nal mould of a complete dorsal valve and shell remnant of 
the conjoined ventral valve, HZS19-0515, showing a nar-
row and deep sulcus and rugae on ears. (k), exterior of a 
nearly complete ventral valve, HZS19-0516, showing a 
narrow and deep sulcus and one preserved spine on ear. 
(l), internal mould of a complete ventral valve, XJP12-
0519, showing a narrow and deep sulcus. (m), exterior of 
a complete ventral valve (outer layer of shell mostly 
decorticated), HZS19-0522, showing a narrow and deep 
sulcus and rugae on ears. (n), exterior of an incomplete 
ventral valve, DDS26-0520, showing a narrow and deep 
sulcus. (o), exterior of a complete ventral valve (shell 
mostly decorticated), HZS19-0523, showing two pre-
served hinge spines

Measurements (mm): 

Number Width Length Width/length Notes
DDS29-1-0532 5.53 3.92 1.41 Ventral exterior
DDS29-0541 4.48 3.56 1.26 Ventral exterior
DDS27-2-0545 3.65 2.32 1.57 Ventral exterior
DDS27-2-0533 6.48 4.17 1.55 Ventral exterior
DDS27-2-0535 4.59 3.49 1.32 Ventral exterior
DDS27-0546 2.38 1.36 1.75 Ventral exterior (juvenile)

(continued)
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Number Width Length Width/length Notes
DDS29-0534 5.84 3.41 1.71 Ventral exterior
DDS27-1-0542 5.11 3.23 1.58 Ventral exterior
DDS27-2-0543 3.94 2.81 1.40 Ventral exterior (juvenile)
DDS27-1-0537 5.10 3.36 1.52 Ventral exterior
DDS29-0536 5.80 3.46 1.68 Ventral exterior
DDS27-2-0538 3.93 2.63 1.49 Ventral exterior
DDS27-2-0544 4.48 2.99 1.50 Ventral exterior
DDS27-1-0539 4.95 2.77 1.79 Dorsal interior
DDS27-1 3.78 2.81 1.34 Ventral exterior
CM-20-216 6.53 4.30 1.52 Ventral exterior
CM-13-205 11.84 8.38 1.41 Ventral exterior
CM-13-208 9.49 6.74 1.41 Ventral exterior
CM-13-212 9.07 6.15 1.48 Ventral exterior
CM-13-231 10.72 7.48 1.43 Ventral exterior
CM-4-249 12.86 8.32 1.55 Ventral exterior
CM-12-203 6.26 4.42 1.42 Ventral exterior
CM-12-204 9.15 6.92 1.32 Ventral exterior
CM-10-209 9.35 6.03 1.55 Ventral exterior
CM-12-219 8.40 5.76 1.46 Ventral exterior
CM-10-233 7.97 5.03 1.59 Ventral exterior
CM-10-247 10.00 6.41 1.56 Ventral exterior
CM-10-254 11.35 6.71 1.69 Ventral exterior
CM-13-201 9.83 6.59 1.49 Ventral exterior
CM-12-194 9.09 3.64 2.50 Internal mould of ventral valve
LZ2702676 9.35 6.74 1.39 Ventral exterior
LZ2702646 10.36 6.77 1.53 Internal mould of ventral valve
LZ2702677 10.15 7.38 1.38 Internal mould of ventral valve
LZ2702653 9.06 5.81 1.56 Ventral exterior
LZ2704668 10.92 6.64 1.64 Ventral exterior
LZ2702645 10.52 8.05 1.31 Internal mould of ventral valve
LZ2702651 11.21 7.56 1.48 Ventral valve
LZ2701155 8.42 4.66 1.81 Internal mould of ventral valve
LZ2705531 11.07 7.22 1.53 Ventral exterior
LZ2706170 11.05 7.61 1.45 Ventral exterior
LZ2704160 10.47 7.26 1.44 Ventral exterior
LZ2702644 12.25 8.70 1.41 External mould of dorsal valve

Fig. 9.16 Paryphella orbicularis (Liao, 1980a). (a), exte-
rior of an incomplete ventral valve, DDS29-1-0532, show-
ing concentric fila when shell partly decorticated. (b), 
exterior of an incomplete ventral valve and interior of mid-
dle and anterior parts of the conjoined dorsal valve, DDS29-
0541, showing rugae on ventral ears and papillae on the 
observed part of dorsal interior. (c–e), exteriors of three 
nearly complete ventral valves, DDS27-2-0545, DDS27-2-
0533, DDS27-2-0535, showing low and rounded costellae. 
(f), exterior of a complete ventral valve (juvenile), DDS27-
0546, showing two preserved hinge spines and obscure 
costellae. (g), exterior of a complete ventral valve, DDS29-

0534, showing two preserved long and curved hinge spines. 
(h), exterior of a nearly complete ventral valve (shell partly 
decorticated), DDS27-1-0542. (i), exterior of a nearly com-
plete ventral valve (juvenile), DDS27-2-0543, showing 
obscure costellae. (j), exterior of an incomplete ventral 
valve, DDS27-1- 0537. (k), exterior of a nearly complete 
ventral valve, DDS29-0536. (l), exterior of an incomplete 
ventral valve, DDS27-2- 0538. (m), exterior of a deformed 
ventral valve, DDS27-2-0544, showing rugae on ears. (n), 
interior of a complete dorsal valve, DDS27-1-0539, show-
ing a cardinal process (cp). (o), exterior of a complete ven-
tral valve, DDS27-1, showing low costellae
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Occurrence Changhsingian to the lowest 
Triassic; South China.

Description Shell 1.4−10.8  mm long and 
2.4−14.9 mm wide, semi-orbicular to reversely 
trapezoid in outline, widest at hingeline; ears 
slightly inflated, with weak rugae, well differenti-
ated with disk. Ventral valve strongly convex, 
hillock to roundly triangular in ventral disk; hing-
espines projecting posterolaterally with an angle 
of 30−70°; umbo broad, inflated; sulcus absent; 
costellae beginning from umbo, simple, round 
and coarse, numbering 4 to 8 per 5 mm nearby 
anterior margin.

Discussion Paryphella triquetra Liao in Zhao 
et  al. (1981, 53, pl. 8, Fig.  18−22) from the 
Permian−Triassic intervals of South China shares 
some features with the present species, including a 
semi-orbicular outline, strongly convex ventral 
valve, absence of sulcus and usually it is difficult 
to distinguish between them, and thus we consider 
Paryphella triquetra is a synonym of Paryphella 
orbicularis (Liao, 1980a), as listed by Xu and 
Grant, 1994. Paryphella laohushanensis Wang 
et al. (1982, 204, pl. 95, Fig. 2) from the Talung 
Formation, Laohushan, Jiangle, Fujian Province, 
eastern China also has a semi-orbicular outline 
and a strongly convex ventral valve, and no sulcus 
has been observed on disk (despite a broad and 
shallow sulcus at anterior margin described by 
Wang). Because of these features, Paryphella lao-
hushanensis Wang et  al., 1982 has been consid-
ered as a synonym of Paryphella orbicularis (Liao, 
1980a). Paryphella sinuata (Chan) of Zhang et al. 

(2015) (see Fig. 9.18j in this book) and one speci-
men of Paryphella elegantula Zhan of Zhang et al. 
(2015) (see Fig.  9.18l) are deformed specimens 
(compressed along midwidth to form a sulcus-
shape groove) and apparently can be considered as 
conspecific with the present species. Paryphella 
orbicularis is distinguished from most other 
Paryphella species in a strongly convex ventral 
valve and lacking of sulcus (Fig. 9.14).

It is worth noting that the specimens of 
Paryphella orbicularis from the Permian−Triassic 
transitional beds (equivalent to the intervals yield-
ing Permian−Triassic mixed fauna) of the 
Daoduishan section, Meishan area are currently the 
smallest in body size, compared with the 
Changhsingian specimens of the same species from 
any other area in South China. Additionally, the 
specimens from the Changhsingian of Zhongzhai in 
shallow-water facies are slightly larger than their 
counterparts from deep-water sections (see 
Measurements).

Paryphella undata Liao, 1984
Fig. 9.19

1984 Paryphella sparsiplicata undata Liao: 281, 
pl. 2, Fig. 15−17.

2014 Paryphella undata Liao; He et al.: 936, pl. 
2, Fig. 14y−d΄.

Diagnosis Extremely transverse in outline; ears 
extended, fully covered with coarse rugae; ven-
tral valve weakly convex, disk flat.

Materials Over 20 specimens. Registered spec-
imens: see below.

Fig. 9.17 Paryphella orbicularis (Liao, 1980a). (a), 
exterior of a complete ventral valve, CM-20-216. (b), 
exterior of a complete ventral valve and part of internal 
mould of the conjoined dorsal valve, CM-13-205, show-
ing concentric fila on dorsal disk, ear baffles (ebaf) and a 
short tail. (c), exterior of a complete ventral valve, CM-13-
208. (d), exterior of a complete ventral valve, CM-13-212, 
showing extended ears with rugae, low and rounded 
costellae. (e), exterior of a complete ventral valve, CM-13-
231, showing a few preserved hinge spines. (f), exterior of 
a complete ventral valve, CM-4-249. (g), exterior of a 

complete ventral valve, CM-12-203, showing rugae on 
ears and low, rounded costellae. (h–k), exteriors of four 
complete ventral valves, CM-12-204, CM-10-209, 
CM-12-219, CM-10-233, showing rugae on ears. (l), exte-
rior of a nearly complete ventral valve, CM-10-247, 
showing occasionally bifurcated costellae. (m), exterior 
of a complete ventral valve, CM-10-254, showing pre-
served hinge spines, low costellae and weak concentric 
lines. (n), exterior of an incomplete ventral valve, CM-13-
201. (o), internal mould of an incomplete ventral valve 
and shell remnant, CM-12-194, showing extended ears
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Fig. 9.18 Paryphella orbicularis (Liao 1980a). (a), exte-
rior of a deformed ventral valve, LZ2702676. (b), internal 
mould of an incomplete ventral valve and shell remnant, 
LZ2702646, showing radially-arranged papillae. (c), 

internal mould of a complete ventral valve and shell rem-
nant, LZ2702677. (d), exterior of a slightly deformed ven-
tral valve, LZ2702653, showing simple costellae. (e), 
exterior of an incomplete ventral valve, LZ2704668,  
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Measurements (mm): 

Number Width Length Width/length Notes
CM-6-266 9.79 5.74 1.70 Ventral exterior
CM-4-258 7.85 4.26 1.84 External mould of dorsal valve
CM-3-268 11.13 5.81 1.92 Internal mould of ventral valve
CM-3-269 7.11 3.35 2.12 Ventral exterior
CM-3-270 12.95 7.11 1.82 External mould of dorsal valve
CM10-0551 9.81 4.91 2.00 External mould of dorsal valve
CM2-0548 8.80 3.17 2.78 Ventral exterior
CM-4-259 7.80 4.00 1.95 Internal mould of dorsal valve
CM2-0549 6.98 2.76 2.53 Ventral exterior
DDS27-2-0555 3.18 1.76 1.81 Dorsal interior (juvenile)
CM2-0550 7.76 3.83 2.03 Dorsal interior
CM10-0553 7.73 4.00 1.93 External mould of dorsal valve
DDS27-2-0552 5.79 2.93 1.98 Ventral exterior
CM2-0547 6.92 3.59 1.93 Ventral interior

Fig. 9. 18 (continued) showing concentric fila when 
outer layer of shell decorticated. (f), internal mould of a 
complete but deformed ventral valve and shell remnant, 
LZ2702645, showing radially-arranged papillae. (g), an 
incomplete ventral valve, LZ2702651, showing concen-
tric fila when outer layer of shell decorticated. (h), inter-
nal mould of a nearly complete ventral valve and shell 
remnant, LZ2701155, showing papillae. (i), exterior of a 

nearly complete ventral valve, LZ2705531. (j), exterior of 
a complete but deformed ventral valve, LZ2706170, 
showing simple costellae. (k), exterior of a complete and 
slightly deformed ventral valve, LZ2704160, showing 
concentric fila and hinge spines. (l), external mould of a 
complete dorsal valve and shell remnant of the conjoined 
ventral valve, LZ2702644, showing rugae on ears

Occurrence Changhsingian and lowest Triassic; 
Anhui (Majiashan section) and Zhejiang 
(Daoduishan section) of South China.

Description Shell 1.8−7.1  mm long and 
3.2−13.0 mm wide, extremely transverse in out-
line; widest at hingeline; ears large and extended, 
slightly inflated, fully covered with uneven, 
coarse rugae, well differentiated with disk. Ventral 
valve weakly convex; ventral disk elevated but 
flat, triangular in shape; beak small, straight, 
slightly over hingeline; umbo flat, with an angle 
of 70−90° posteriorly; sulcus absent; costellae 
beginning from umbo, simple and coarse, num-
bering 7 to 8 per 5  mm near anterior margin. 
Dorsal valve slightly concave; dorsal disk trian-
gular; umbo flat, moderately wide; costellae num-
bering 7 per 5 mm. Dorsal interior with a simple 
cardinal process (marked by cp in Fig. 9.19h), a 
median ridge long, extending anteriorly beyond 
midlength (marked by mr in Fig.  9.19h); endo-
spines sparse, covering mainly muscle-scar area.

Discussion The present species is more or less 
similar to Paryphella sparsiplicata Liao (1984, 
p. 280, pl. 2, Fig. 9) from the Permian−Triassic 
transitional beds of Meishan, Zhejiang Province, 
South China in a weakly convex ventral valve, 
flat ventral disk and absence of ventral sulcus, but 
its extended ears and a higher shell width to 
length ratio separate the two species (Fig. 9.14). 
Compared with other species of Paryphella, 
Paryphella undata differs by its transversely 
quadrate outline (Fig.  9.14), a flat ventral disk 
and more rugae on ears.

It is noted that the specimens (with prefix 
of DDS) from the lowest Triassic in the mod-
erately deep-water Daoduishan section seems 
to be smaller than those (with prefix of CM) 
from the Changhsingian in the deep-water 
Majiashan section in South China (see 
Measurements).
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Fig. 9.19 Paryphella undata Liao, 1984. (a), exterior of 
an incomplete ventral valve, CM-6-266, showing rugae on 
ears. (b), external mould of a nearly complete dorsal 
valve, CM-4-258. (c), internal mould of a complete ven-
tral valve, CM-3-268, showing dense and prominent rugae 

on ears. (d), exterior of an incomplete ventral valve,   
CM-3-269, showing dense and prominent rugae on ears. 
(e), external mould of a nearly complete dorsal valve,  
CM-3- 270, showing dense rugae on ears. (f), external 
mould of a complete dorsal valve and shell remnant,  
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Paryphella sparsiplicata Liao, 1984
Fig. 9.20

1984 Paryphella sparsiplicata Liao: 280, pl. 2, 
Fig. 6−8.

2014 Paryphella majiashanensis He and Shi in 
He et al.: 937, Fig. 16k−t.

Diagnosis Subquadrate in outline, ventral valve 
weakly to moderately convex, ventral umbo 
slightly convex, ears flat, weakly differentiated 
from disk, costellae sparse, mainly covering mid-
dle part of valves, weak at flanks.

Materials Over 80 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-4- 257 6.25 4.61 1.36 Ventral exterior
CM-4- 265 5.77 3.55 1.63 Ventral exterior
CM-4- 264 6.01 3.99 1.51 Ventral exterior
CM-4- 261 7.93 4.65 1.71 Ventral exterior
CM-4- 262 6.23 3.92 1.59 Ventral exterior
CM-10- 255 9.95 6.45 1.54 Ventral exterior
CM-4- 263 2.98 2.07 1.44 Ventral exterior
CM-4- 244 7.21 4.31 1.67 Ventral exterior
CM-10- 202 7.29 4.49 1.62 External mould 

of dorsal valve
DDS26- 0568 4.53 3.54 1.28 Ventral exterior
DDS27-
1- 0567

3.86 2.63 1.47 Ventral exterior

CM9- 0559 7.51 4.65 1.62 Ventral exterior
HZS19- 0557 5.36 3.51 1.53 Ventral exterior
DDS26- 0560 3.58 2.55 1.40 Ventral exterior
DDS27-
2- 0563

2.67 2.10 1.27 Ventral exterior

Occurrence Changhsingian and lowest Triassic; 
Anhui (Majiashan section) and Zhejiang 
(Huangzhishan and Daoduishan sections) of 
South China.

Description Shell 2.1−6.5  mm long and 
2.7−10.0 mm wide, subquadrate in outline, widest 
at hingeline. Ventral valve weakly to moderately 
convex; ventral disk nearly flat; beak straight, 
slightly over hingeline; umbo weakly convex; 
hingespines projecting vertical to hingeline on 
juvenile specimens, but generally projecting pos-
terolaterally with an angle of 35−70° on larger 
adult specimens; cardinal extremities with an 
angle of about 90°; ears flat or slightly inflated, 
triangular, weakly differentiated from ventral disk, 
sulcus absent; costellae beginning from anterior of 
umbo, simple and coarse, 5 to 9 (commonly 6) 
costellae covering median portion of valves, weak 
or absent on flanks of valves. Dorsal valve weakly 
concave; ears large, flat, weakly differentiated 
from flanks of ventral disk; fold absent. Concentric 
microornaments occasionally visible.

Discussion The present species is similar to 
Paryphella jianshiensis (Wang, 1984) from the 
Talung Formation of Jianshi, Hubei Province, 
South China in a subquadrate outline, a weakly 
convex ventral valve and absence of sulcus, but the 
latter has more costellae (15 costellae). Paryphella 
sparsiplicata can be distinguished with P. orbicu-
laris (Liao, 1980a, p.  261, pl. 6, Fig.  1−4) in a 
weakly or moderately convex ventral valve, 
slightly convex ventral umbo and sparse costellae. 
One specimen of Paryphella sparsiplicata Liao 
(1984, p. 280, pl. 2, Fig. 9) has a reversely trape-
zoid outline, a strongly convex ventral valve and 
lacks sulcus, suggesting that it may not belong to 
Paryphella sparsiplicata, but rather, conspecific 
with Paryphella orbicularis (see above).

It is note worthy that the specimens from the 
lowest Triassic in deep to moderately deep waters 
seem to be smaller than those from the 
Changhsingian in the deep-water Majiashan 
 section (see Measurements).

Fig. 9. 19 (continued) CM10-0551, showing low costel-
lae. (g), exterior of a nearly complete ventral valve, CM2-
0548, showing extended ears with rugae and a small, 
straight beak. (h), internal mould of a nearly complete 
dorsal valve, CM-4-259, showing a simple cardinal pro-
cess (cp) and a median ridge (mr). (i), exterior of an 
incomplete ventral valve, CM2-0549, showing extended 
ears with dense rugae. (j), interior of a complete dorsal 

valve (juvenile, outer layer of shell decorticated), DDS27-
2-0555. (k), interior of an incomplete dorsal valve, CM2-
0550, showing extended ears fully covered with rugae. (l), 
external mould of an incomplete dorsal valve, CM10-
0553, showing sparse costellae and rugae on ears. (m), 
exterior of an incomplete ventral valve, DDS27-2-0552. 
(n), interior of a nearly complete ventral valve, CM2-
0547, showing extended ears
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Paryphella corculum (Liao, 1980a)
Fig. 9.21

1980a Cathaysia corculum Liao: 260, pl. 6, 
Fig. 38−41.

1982 Paryphella transversa Liao in Wang et al.: 
205, pl. 95, Fig. 1.

1989 Paryphella elegantula Zhan in Li et  al.: 
206, pl. 25, Fig. 6, 7, 12, 17, 22.

2015 Paryphella acutala Zhang et al.: Figs. 4ab, 
6a−m.

Diagnosis (emended). Medium shell size for the 
genus; reversely trapezoid to rounded pentagonal 
outline; maximum width at hingeline. Ventral 
valve strongly convex, groove separated disk 
from ears, geniculate anteriorly; cardinal extrem-
ities acute; sulcus weak or indistinct; dorsal 
median ridge low, long and thin.

Materials 16 specimens. Registered specimens: 
see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ2702168 14.63 9.67 1.51 Ventral exterior
LZ2702675 14.72 10.13 1.45 Ventral exterior
LZ2703169 13.55 9.85 1.38 Ventral exterior
LZ2702650 17.54 10.12 1.73 Ventral exterior
LZ2705534 14.12 10.04 1.41 Ventral exterior
LZ2702673 14.39 9.56 1.50 Ventral exterior
LZ2702672 15.63 8.51 1.84 Ventral exterior
LZ2702163 15.50 10.26 1.51 Ventral exterior
LZ2702656 14.19 9.38 1.51 Internal mould 

of ventral valve

Occurrence Wujiapingian−Changhsingian; 
Guizhou, Sichuan and Fujian Provinces, China.

Description Shell 8.5–10.3 mm long and 13.6–
17.5 wide; reverse trapezoidal in outline, greatest 
width at hingeline. Ventral valve strongly convex, 
ventral disk triangularly hillock; geniculate along 
disk margin; a groove separating disk from lat-
eral and even anterior margins (or geniculate); 
beak low, swollen and slightly beyond hingeline; 
cardinal extremities acute; ears slightly convex, 
incurved to form ear baffles, covered with weak 
rugae, and ear baffles (ebaf) connected with 
geniculate (geni) to form a skirt-shaped margin 
(Fig. 9.21b, c, h); sulcus weak or absent; tail vari-
ablely developed at middle of anterior margin. 
Dorsal valve gently concave; fold indistinct. 
Costellae beginning from anterior of umbo, 
coarse, occasionally increasing anteriorly by 
intercalation, numbering 6−8 per 5 mm at ante-
rior margin. Endospines on both valves, becom-
ing larger anteriorly in size, 10−15 per mm2 at 
midvalve and 2−3 per mm2 at anterior; dorsal 
interior with a low, long and thin median ridge 
(about half of shell length), and with hook-like 
brachial ridges.

Discussion This species is more or less similar 
to Parachonetella zhongensis Liao, 1980a from 
the Lungtan Formation of Zhongying, Guizhou 
Province in the presence of a tail and a groove 
between disk and ears, but the tail and groove in 
the present species are variable, suggesting it 
may represent a transitional species beween the 
two genera. Within Paryphella, the present spe-
cies is most like Paryphella geniculata Zhan in Li 

Fig. 9.20 Paryphella sparsiplicata Liao, 1984. (a), exte-
rior of a nearly complete ventral valve, CM-4-257, show-
ing sparse and weak costellae. (b), exterior of a complete 
ventral valve, CM-4-265, showing sparse costellae and 
rugae on ears. (c), exterior of a nearly complete ventral 
valve, CM-4-264. (d), exterior of an incomplete ventral 
valve, CM-4-261, showing sparse costellae and weak 
rugae on ears. (e), exterior of a nearly complete ventral 
valve, CM-4-262, showing a linear interarea (iar). (f), 
exterior of an incomplete ventral valve, CM-10-255. (g), 
exterior of a complete ventral valve, CM-4-263, showing 
sparse and weak costellae and two preserved hinge spines. 
(h), exterior of a complete ventral valve, CM-4-244, 

showing a linear interarea (iar). (i), external mould of an 
incomplete dorsal valve, CM-10-202. (j), exterior of a 
nearly complete ventral valve, DDS26-0568, showing 
sparse, rounded costellae and a preserved hinge spine. (k), 
exterior of a nearly complete ventral valve, DDS27-1-
0567, showing sparse and weak costellae. (l), exterior of a 
complete ventral valve, CM9-0559, showing weak costae 
and a preserved hinge spine. (m), exterior of a complete 
ventral valve, HZS19-0557, showing weak costae. (n), 
exterior of a nearly complete ventral valve, DDS26-0560, 
showing weak costae and rugae on ears. (o), exterior of a 
complete ventral valve, DDS27-2-0563, showing weak 
costae
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et al., 1989 from the Talung Formation, Shangsi, 
Sichuan Province, China in its strongly convex 
ventral valve with a prominent geniculation, but 
the latter has convergent costellae nearby the 
midwidth. Paryphella nasuta Liao, 1984 from 
lowest Triassic of Yixing, Jiangsu Province, 
South China shares with Paryphella corculum a 
number of features, including the presence of a 
tail (probably not preserved on the holotype but 
visible on our specimens) and ear baffles, but 
they differ in the latter having a prominent genic-
ulation and curved grooves between ears and disk 
(Fig. 9.14).

Paryphella sp.
Fig. 9.22

Materials Over 100 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

HZS20- 0574 14.83 9.02 1.64 Ventral exterior
HZS22- 0575 12.38 7.81 1.59 Ventral exterior
HZS20- 0576 14.40 8.74 1.65 Ventral exterior
HZS27- 0577 12.64 8.89 1.42 Ventral exterior
HZS20- 0578 13.51 8.60 1.57 Ventral exterior
HZS23- 0580 13.04 9.62 1.36 Ventral exterior
HZS20- 0582 13.77 8.62 1.60 Ventral exterior
HZS20- 0583 10.54 7.12 1.48 Ventral exterior
HZS24- 0585 12.62 6.87 1.84 Ventral exterior
HZS20- 0587 15.60 8.00 1.95 Ventral exterior
HZS23- 0588 13.44 7.95 1.69 Ventral exterior
HZS24- 0590 12.19 8.64 1.41 Ventral exterior
HZS24- 0584 13.01 8.01 1.62 Ventral exterior
HZS23- 0586 13.17 9.24 1.43 Internal mould 

of ventral valve

Occurrence Lower Yinkeng Formation (upper-
most Changhsingian); Zhejiang (Huangzhishan 
section) of South China.

Description Shell 4.2−9.6  mm long and 
10.5−15.6  mm wide, transversely tubulose in 
outline; widest at hingeline. Ventral ears gently 
convex, 5−9 coarse rugae, weakly differentiated 
from visceral disk; ventral valve strongly, evenly 
convex in latitudinal profile; costellae obscure to 
weak, simple, numbering 6 per 3 mm at anterior; 
cardinal extremities with a cardinal angle of 
about 60° on well-preserved specimens; trail 
variably developed.

Discussion The present species differs from 
Paryphella corculum Liao, 1980a from the 
Wujiapingian, Zhijin, Guizhou Province, south-
western China because the latter has more dis-
tinct costellae and an geniculation close to the 
anterior margin. This unnamed species differs 
from all other Paryphella species in its very weak 
ornamentation and an evenly convex ventral 
valve in latitudinal profile.

Chonetella Waagen, 1884

Type Species Chonetella nasuta Waagen, 1884. 
Permian; Khisor Range, Pakistan.

Diagnosis Subcircular to transverse choneti-
form, strongly nasute outline; ribbing absent or 
weak; spines extend posterolaterally from hinge-
line, but absent from flanks and venter; cardinal 
process long, but narrow; lateral ridges divegent 
from hinge, long brachial ridges boardered ante-
riorly by strong endospines.

Fig. 9.21 Paryphella corculum (Liao, 1980a). (a), exte-
rior of a complete ventral valve (shell partly decorticated), 
LZ2702168. (b), exterior of a complete ventral valve, 
LZ2702675, showing numerous bifurcated costellae, ear 
baffles (ebaf). (c), exterior of a complete ventral valve, 
LZ2703169, showing ear baffles (ebaf), a geniculation 
(geni) and a short tail. (d), exterior of an incomplete ven-
tral valve (shell partly decorticated), LZ2702650, show-
ing extended ears. (e), exterior of a nearly complete 
ventral valve (shell partly decorticated), LZ2705534. (f), 
exterior of a complete ventral valve (shell on disk partly 

decorticated), LZ2702673, showing a geniculation (geni). 
(g), exterior of a complete ventral valve (shell on disk 
decorticated), LZ2702672, showing a geniculation (geni) 
and radially-arranged papillae. (h), exterior of a complete 
ventral valve, LZ2702163, showing ear baffles (ebaf) and 
a geniculation (geni). (i), internal mould of an incomplete 
dorsal valve, LZ2702671, showing a median ridge (mr) 
and a pair of brachial ridges (br). (j), internal mould of a 
complete ventral valve, LZ2702656, showing a genicula-
tion (geni) and rugae on ears
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Discussion Chonetella Waagen, 1884 is similar 
to Paryphella Liao in Zhao et al., 1981 in a cho-
netiform outline and the presence of ear baffles 
(sometimes called as ear-curtain for Paryphella), 
but the former generally has weak ribbing and has 
no rugae on ears. Bibatiola Grant, 1976 from the 
Lower Permian, Thailand and Chonetella share a 
chonetiform outline and a ribbing pattern, but the 
former has spines scattered on flanks and venter.

Chonetella sp.
Fig. 9.13n

Material One specimen: CM-14-0517.

Occurrence Changhsingian; Anhui (Majiashan 
section) of South China.

Description Shell 8.8  mm long and 10.9  mm 
wide, semicircle in outline; widest at hinge; ears 
slightly convex, incurved to ear baffles (marked 
by ebaf, see Fig. 9.13n), well differentiated with 
disk; two pairs of spines at hinge. Ventral valve 
strongely convex; elevated ventral disk triangular 
hillock in shape; geniculate nearby anterior part; 
tail short but prominent; ribbing beginning from 
umbo, simple, round, numbering 6 per 5 mm near 
anterior margin.

Discussion This single specimen is similar to 
the type species Chonetella nasuta Waagen, 1884 
from the Permian of Khisor Range, Pakistan in a 
subcircular outline, but it has been slightly 
deformed; and the absence of a dorsal valve also 
prevents a more precise identification.

Genus Haydenella Reed, 1944

Type Species Productus kiangsiensis Kayser, 
1883. Permian Productus Limestone; Salt Range, 
Pakistan.

Diagnosis Medium-sized; semi-globose outline; 
ribbing weak, absent at umbo; rugae only on 
ears; spines separate disk from posterior ear 
region, thin spines scattered on ventral disk; mar-
ginal ridges absent.

Discussion Haydenella Reed, 1944 differs from 
Paryphella Liao in Zhao et al., 1981 in possess-
ing a slightly acute beak and weaker costellae.

Haydenella kiangsiensis (Kayser, 1883)
Fig. 9.23

1883 Productus kiangsiensis Kayser: 185, pl. 26, 
Fig. 6−11.

1932 Linoproductus kiangsiensis (Kayser); 
Huang: 46, pl. 3, Fig. 13−15.

1978 Haydenella kiangsiensis (Kayser); Tong: 
223, pl. 79, Fig. 10.

1979 Haydenella kiangsiensis wenganensis 
(Huang); Zhan in Hou et  al.: 81, pl. 5, 
Fig. 1−2.

1984 Haydenella kiangsiensis (Kayser); Yang in 
Feng et al.: 218, pl. 33, Fig. 9.

1987 Haydenella kiangsiensis (Kayser); Xu in 
Yang et al.: 223, pl. 10, Fig. 26; pl. 11, Fig. 1, 
5, 6.

1990 Haydenella kiangsiensis (Kayser); Zhu: 68, 
pl. 17, Fig. 16−17.

Fig. 9.22 Paryphella sp.. (a), exterior of a complete ven-
tral valve and one part of internal mould of the conjoined 
dorsal valve (ventral shell partly decorticated), HZS20-
0574, showing thick shell and weak costellae on dorsal 
valve. (b), exterior of an incomplete ventral valve, 
HZS22-0575. (c), exterior of an incomplete ventral valve, 
HZS20-0576, showing a strongly convex (transversal tub-
like) valve. (d), exterior of a complete ventral valve, 
HZS27-0577, showing rugae on ears and nearly smooth 
on disk. (e), exterior of a nearly complete ventral valve, 
HZS20-0578, showing obscure costellae. (f), exterior of 
an incomplete ventral valve, HZS23-0580, showing 

obscure costellae. (g, h), exteriors of two nearly complete 
ventral valves, HZS20-0582, HZS20-0583, showing 
nearly smooth (obscure) on shell surface. (i), exterior of a 
complete ventral valve, HZS24-0585, showing rugae on 
ears. (j), exterior of a nearly complete ventral valve, 
HZS20-0587. (k), exterior of an incomplete ventral valve, 
HZS23-0588, showing rugae on ears. (l), exterior of a 
complete ventral valve, HZS24-0590, showing weak 
rugae on ears and obscure costellae. (m), ventral exterior, 
HZS24- 0584, showing a strongly convex (transversal tub-
like) valve. (n), internal mould of an incomplete ventral 
valve, HZS23-0586, showing papillae on the surface
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Materials 15 specimens. Registered specimens: 
see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

HZS25- 0606 17.20 13.97 1.23 Ventral exterior
HZS24- 0611 17.54 17.66 0.99 Ventral exterior
HZS24- 0607 17.70 14.36 1.23 Ventral exterior
HZS27- 0608 15.72 14.41 1.09 Ventral exterior
HZS24- 0609 15.21 13.99 1.09 Ventral exterior
HZS19- 0616 14.54 10.46 1.39 Dorsal exterior
HZS24- 0612 16.86 14.73 1.14 Ventral exterior
HZS27- 0613 12.06 11.03 1.09 Ventral exterior
HZS25- 0618 14.61 10.03 1.46 Ventral exterior
HZS24- 0615 15.85 15.96 0.99 Ventral exterior
HZS24- 0617 16.89 15.42 1.10 Ventral exterior

Occurrence Permian; South China, Pakistan.

Description Medium size, 10.0−17.7 mm long 
and 12.1−17.7  mm wide, semi-globose in out-
line, widest at shell midlength. Ventral beak 
slightly acute and incurved, overhanging hinge-
line; interarea (iar) low (Fig.  23f); ears small, 
flat, with distinct rugae, well differentiated from 
visceral disk; cardinal extremities obtuse; ventral 
valve strongly and evenly convex; geniculate and 
marginal ridge absent; no median sulcus; trail 
variably developed at anterior. Dorsal valve mod-
erately and evenly concave. Ribbing weak; spines 
scattered on ventral disk. Dorsal inerior with a 
simple cardinal process (marked by cp in 
Fig. 9.23a) and a short median ridge (marked by 
mr in Fig. 9.23a).

Discussion This species is most like Haydenella 
chianensis (Chao, 1927) from the Permian of 
Susong, Anhui Province in a semi-globose out-
line, but the latter has a wider and more convex 
umbo, and prominent costellae. Haydenella 
kiangsiensis (Kayser) of Wang et  al. (1982, pl. 
91, Fig.  15) from the Lungtan Formation of 
Jingxian, Anhui Province has a medium size and 
a strongly convex umbo, more similar to 
Haydenella chianensis (Chao, 1927) from the 
Permian of Susong, Anhui Province. Thus, owing 
to these comparisons, Haydenella kiangsiensis 
(Kayser) of Wang et al. (1982) is here considered 
synonymous with Haydenella chianensis (Chao, 
1927). Haydenella subextensa Chan in Hou et al., 
1979 from the Wangpanli Formation 
(Wuchiapingian) of Damaikong, Lian County, 
Guangdong Province and Haydenella 
 longyanensis Zhu, 1990 from the Tongziyan 
Formation of Fujian Province, eastern China are 
both more transverse in outline than Haydenella 
kiangsiensis. Haydenella wenganensis (Huang, 
1932) from the Lungtan Formation of Wengan, 
Guizhou Province, southwestern China has 
coarser and more prominent costellae, when 
compared to Haydenella kiangsiensis. The pres-
ent species differs from H. deminuta Liao, 1980a 
of the Lungtan Formation of Zhongying, 
Qinglong County, Guizhou Province in the latter 
having a moderately convex, narrower umbo and 
weaker ribbing, and differs from H. elongata 
Liao, 1980a of the Lungtan Formation of 
Jiaozishan, Anhui City, Guizhou Province as the 
latter has a longitudinal ovate shell and weaker 
ribbing.

Fig. 9.23 Haydenella kiangsiensis (Kayser, 1883). (a), 
exterior of an incomplete ventral valve and posterior part 
of internal mould of the conjoined dorsal valve, HZS25-
0606, showing a cardinal process (cp), a short median 
ridge (mr), prominent rugae on ears and weak ribbing on 
dorsal valve. (b), exterior of an incomplete ventral valve, 
HZS24-0611, showing weak ribbing and coarse spines on 
the shell surface. (c), exterior of an incomplete ventral 
valve, HZS24-0607, showing nearly smooth shell. (d), 
exterior of an incomplete ventral valve, HZS27-0608, 
showing weak ribbing and spine bases on the shell sur-
face. (e), exterior of an incomplete ventral valve (shell 

partly decorticated), HZS24-0609. (f), exterior of a nearly 
complete dorsal valve and posterior part of the conjoined 
ventral valve (dorsal view), HZS19-0616, showing a low 
interarea (iar). (g), exterior of an incomplete ventral 
valve, HZS24-0612, showing weak ribbing. (h), exterior 
of an incomplete ventral valve, HZS27-0613. (i), external 
mould of an incomplete ventral valve, HZS25-0618, 
showing weak ribbing. (j), exterior of an incomplete ven-
tral valve, HZS24-0615, showing a preserved coarse spine 
base on flank (sp). (k), exterior of an incomplete, 
deformed ventral valve, HZS24-0617, showing a pre-
served spine on disk (sp)
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Suborder Strophalosiidina Schuchert, 1913
Superfamily Strophalosioidea Schuchert, 1913
Family Chonopectidae Muir-Wood and Cooper, 

1960
Genus Eileenella Racheboeuf in Wongwanich 

et  al., 2004 [The name of genus Eileenella 
will be replaced by a new name in the near 
future, because of homonym (Eileenella had 
been used for an insect genus)]

Type Species Eileenella elegans Racheboeuf in 
Wongwanich et  al., 2004. Carboniferous; Satun 
Province, southern Thailand.

Diagnosis Leptaenid-like geniculate shells with 
faint concentric, lamellose growth lines; ventral 
and dorsal disks almost flat; rounded peripheral 
ridge bearing a row of stubby, flattened spiny 
tubercles projecting anterolaterally; ventral valve 
interior with well-developed diductor muscle 
field divided by a thin median septum; dorsal 
interior with a cardinal process; thin, broadly 
lobate peripheral ridges parallel to the margin of 
the disk and bending posteriorly medianly.

?Eileenella semicircridge (He et al., 2005)
Fig. 9.24

2005 Spinomarginifera semicircridge He et  al.: 
933, Fig. 5.12−5.18.

2014 Spinomarginifera semicircridge He et  al.: 
939, Fig. 17c−i.

Diagnosis (emended). Small, leptaenid-like 
shells, a pair of ear-shaped adductor scars divided 
by a short median septum, coarse endospines 
present in front of adductor scars and a median 
septum in ventral interior; a pair of circular bra-
chial ridges, coarse endospines around brachial 

ridges, a pair of thin, broadly lobate peripheral 
ridges parallel to the margin of the disk and 
curved posteriorly at midwidth in dorsal interior.

Materials Over 80 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DP9602 5.27 3.19 1.65 External mould 
of dorsal valve

DP-10- 307 6.87 3.82 1.80 External mould 
of dorsal valve

DP1- 0194 6.98 4.12 1.69 External mould 
of dorsal valve

DP9603 5.32 3.06 1.74 Internal mould 
of ventral valve

DP9401 6.96 3.37 2.07 Internal mould 
of ventral valve

DP-8- 302 4.72 3.39 1.39 Internal mould 
of ventral valve

DP-10- 315 5.35 3.11 1.72 Internal mould 
of ventral valve

DP9604 5.27 3.84 1.37 Internal mould 
of ventral valve

DP-10- 313 4.90 3.03 1.62 Internal mould 
of dorsal valve

DP-10- 309 4.52 2.92 1.55 Internal mould 
of dorsal valve

DP733 3.91 2.73 1.43 Internal mould 
of dorsal valve

DP-9- 304 5.93 3.87 1.53 Internal mould 
of dorsal valve

DP-8- 311 4.41 2.59 1.70 Internal mould 
of dorsal valve

Occurrence Upper Changhsingian; Guangxi 
(Dongpan section) of South China.

Description Shell 2.4−4.5  mm long and 
3.9−7.2 mm wide, hingeline shorter than greatest 

Fig. 9.24 ?Eileenella semicircridge (He and Shen in He 
et al., 2005). (a), external mould of a dorsal valve, DP9602, 
illustrating fine concentric rugae. (b, c), external moulds of 
two dorsal valves, DP-10-307; DP1-0194. (d, e), internal 
molds of two incomplete ventral valves, DP9603, DP9401, 
showing some coarse endospines in front of circular 
adductor scars. (f), internal mould of an incomplete ventral 
valve, DP-8-302, illustrating the median septum (ms), a 
pair of ear-shaped adductor scars (ads) and segment of tail. 
(g), internal mould of an incomplete ventral valve, DP-10-

315. (h), internal mould of an incomplete ventral valve, 
DP9604, showing some coarse endospines in front of cir-
cular adductor scars, distinct marginal ridge and segment 
of tail. (i–k), internal moulds of three incomplete dorsal 
valves, DP-10-313, DP-10-309, DP733, illustrating circu-
lar scars of brachial ridges (bs) rounded by coarse endo-
spines. (l), internal mould of an incomplete dorsal valve, 
DP-9-304, showing a pair of scars of brachial ridges (bs) 
and marginal ridge (mar). (m), DP-8-311, internal mould 
of an incomplete dorsal valve
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width at shell midlength, elliptical to globular in 
outline; strongly geniculate in profile. Ventral 
valve in our materials commonly broken along 
margin of corpus, except of several specimens 
with part of tails (Fig. 9.24d, f, g). Dorsal visceral 
disk nearly flat or slightly convex (emended here, 
see Fig. 9.24a−c); ears very small; dorsal surface 
with fine and irregular concentric lines and occa-
sionally with lamellose rugae; spines absent or 
not preserved.

Dorsal interior with a pair of thin, broadly 
lobate marginal ridges (mar) parallel to the mar-
gin of the disk and curved posteriorly at mid-
width (Fig.  9.24l); a few coarse endospines 
present at posterior of disk; brachial scars (bs) 
strong and circular in outline, slightly elevated 
and covered by numerous endospines (Fig. 9.24i, 
l). Ventral interior with short median septum 
(ms), extending anteriorly to one-third of valve 
(Fig. 9.24f); a pair of ear-shaped adductor scars 
(ads) well developed, surrounded by ridges 
(Fig. 9.24f); a few coarse endospines present in 
front of adductor scars (Fig. 9.24d−h).

Discussion Although this species was originally 
assigned to Spinomarginifera (He et  al. 2005, 
2014), it shares more features with the genus of 
Eileenella, including a leptaenid-like outline, ven-
tral interior and a pair of thin, broadly lobate mar-
ginal ridges parallel to the margin of the disk in the 
doral interior. On the other hand, the dorsal interi-
ors of these specimens appear to show some differ-
ence with the interior of Eileenella, including 
more prominent brachial scars and coarser endo-
spines. In view of these comparisons, we tempo-

rarily assign this species in Eileenella. The present 
species differs from the type species Eileenella 
elegans Racheboeuf in Wongwanich et  al., 2004 
from the Carboniferous of southern Thailand in 
possessing more distinct brachial scars and a 
weaker median ridge in the dorsal interior.

Suborder Chonetidina Muir-Wood, 1955
Superfamily Chonetoidea Bronn, 1862
Family Anopliidae Muir-Wood, 1962
Subfamily Caenanopliinae Archbold, 1980
Genus Pygmochonetes Jin and Hu, 1978

Type Species Pygmochonetes jingxianensis Jin 
and Hu, 1978. Lower Permian; Jingxian, Anhui, 
South China.

Diagnosis Semicircular to roundly triangular in 
outline, strongly concavoconvex; ears with fine, 
indistinct costellae; 3 or 4 pairs of hingespines, 
extending posterolaterally with an angle of 60° to 
hingeline; sulcus absent; costellae fine, simple in 
the middle of shell, but bifurcated at flanks; ven-
tral interior with a median septum; dorsal interior 
with a thin median septum and two parallel  lateral 
septa.

Pygmochonetes jingxianensis Jin and Hu, 1978
Fig. 9.25a−m

1978 Pygmochonetes jingxianensis Jin and Hu: 
111, pl. 1, Fig. 29−31.

2005 Pygmochonetes sp.; He et al.: 933, Fig. 4.13, 
4.14.

2014 Pygmochonetes jingxianensis Jin and Hu: 
He et al., Fig. 14m−p.

Fig. 9.25 (a–m), Pygmochonetes jingxianensis Jin and 
Hu, 1978. (a), external mould of an incomplete, deformed 
dorsal valve, DP-7-294. (b), internal mould of a ventral 
valve and one part of the conjoined dorsal valve, DP-7-
295. (c), incomplete and deformed ventral valve, DP-5-
297. (d), internal mould of a ventral valve and segments 
of shell, DP-10- 298. (e), internal mould of an incomplete, 
deformed ventral valve, DP3-0214. (f), internal mould of 
an incomplete ventral valve, DP10-0216, showing radi-
ally arranged papillae (pap). (g), internal mould of a 
nearly complete ventral valve and segment of shell, DP7-

0217. (h), posterior of DP7-0217, showing a short median 
septum (ms). (i, j), external moulds of two incomplete 
dorsal valves, DP10-0219, PB5-0220. (k), interior of a 
dorsal valve and segment of a conjoined ventral valve, 
DP10-0221. (l), external mould of a dorsal valve, DP3-
0223. (m), internal mould of an incomplete ventral valve, 
DP10-0233. (n, o), Pygmochonetes sp.. (n), internal 
mould of a ventral valve, DP5-0224, showing a short 
median septum (ms). (o), internal mould of a nearly com-
plete ventral valve and segment of shell, DP3-0231
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Materials Over 15 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DP-7- 294 5.98 4.53 1.32 External mould 
of dorsal valve

DP-7- 295 9.72 6.88 1.41 Internal mould 
of ventral valve

DP-5- 297 7.68 5.95 1.29 Ventral valve
DP-10- 298 8.93 7.12 1.25 Internal mould 

of ventral valve
DP3- 0214 5.26 3.86 1.36 Internal mould 

of ventral valve
DP10- 0216 5.48 4.57 1.20 Internal mould 

of ventral valve
DP7- 0217 6.99 5.61 1.25 Internal mould 

of ventral valve
DP10- 0219 5.09 4.89 1.04 External mould 

of dorsal valve
PB5- 0220 6.72 4.32 1.56 External mould 

of dorsal valve
DP10- 0221 9.85 6.89 1.43 Dorsal interior
DP3- 0223 7.25 5.68 1.28 External mould 

of dorsal valve
DP10- 0233 8.02 6.13 1.31 Internal mould 

of ventral valve

Occurrence Changhsingian; China.

Description Shell 3.9−7.1  mm long and 
5.1−9.9  mm wide, roundly triangular in outline, 
strongly-elevated middle part of ventral valve, 
flanks steep, widest at hinge. Ventral visceral disk 
highly elevated; ears acute, gently convex, costel-
lae indistinct, well differentiated from visceral disk 
by depressions; hingespines extending posterolat-
erally with an angle of 40−60° to hingeline; costel-
lae fine, simple in the middle part of shell, 
numbering 4 in 1 mm on umbo, increasing anteri-
orly by intercalation and bifurcation at flanks; car-
dinal extremities acute, with a cardinal angle of 
about 45−60°; anterior margin regularly rounded. 
Dorsal visceral disk strongly concave. Ventral inte-
rior with a short median septum (ms) (Fig. 9.25h) 
and radially arranged papillae (pap) (Fig. 9.25f).

Discussion The present species is comparable 
with P. jingxianensis Jin and Hu (1978, 111, pl. 1, 
Fig. 28−31) from the Kuhfeng Formation at the 

Yangongtang section in Jingxian County, Anhui 
Province, in terms of its appearance (a strongly 
elevated middle part of shell width and a roundly- 
triangular outline), ventral costellation, and 
absence of sulcus. The present species differs 
from P. taniantawengica Jin and Shi in Jin et al., 
1985 from the Lower Permian of Mangkang, 
Tibet in the latter having nonbifurcated 
costellae.

Pygmochonetes sp.
Figs. 9.25n, o; 9.26

1978 Pygmochonetes jingxianensis Jin and Hu: 
111, pl. 1, Fig. 28.

1984 Pygmochonetes jingxianensis Jin and Hu; 
Yang in Feng et al.: 210, pl. 31, Fig. 6.

Materials Seven registered specimens: see 
below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DP5-0224 4.65 3.64 1.28 Internal mould 
of ventral valve

DP3-0231 12.74 8.19 1.56 Internal mould 
of ventral valve

PB10-0232 12.20 7.06 1.73 Ventral valve
DP10-0228 5.52 3.42 1.61 Ventral valve 

(juvenile)
DP10-0235 8.63 5.71 1.51 Internal mould 

of ventral valve
DP10-0236 10.56 6.18 1.71 External mould 

of ventral valve
DP10-0238 4.18 2.98 1.40 Ventral valve 

(juvenile)

Occurrence Upper Changhsingian; Guangxi 
(Dongpan section) of South China.

Description Shell 3.0−8.2  mm long and 
4.2−12.7  mm wide, semicircular in outline; 
strongly-elevated, globose ventral disk, flanks 
gently sloping, widest at hinge. Ventral visceral 
disk highly elevated; ears gently convex, costel-
lae indistinct, differentiated from visceral disk by 
weak depressions; hingespines extending pos-
terolaterally with an angle of 60−70° to hinge-
line; costellae fine, simple in the middle part of 
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shell, numbering 3−5 in 1 mm on umbo, increas-
ing anteriorly by intercalation and bifurcation at 
flanks; cardinal extremities with a cardinal angle 
of about 70−90°; anterior margin regularly 
rounded.

Ventral interior with a median septum (ms) 
and radially arranged papillae (Fig. 25n).

Discussion The present species is similar to 
Pygmochonetes jingxianensis Jin and Hu, 1978 
from the Lower Permian of Jingxian, Anhui, 
South China in its strongly convex ventral valve, 
costellation, and lacking of sulcus, but differs in 
the former has a semi-circular outline, gently- 

sloping flanks and a larger cardinal angle. This 
species resembles to Pygmochonetes subjingxia-
nensis Zhao and Tan, 1984 from the Middle 
Permian Chihsia Formation of Sangzhi, Hunan 
Province, South China in a larger cardinal angle 
and simple costellae in the middle part of shell 
width, but P. subjingxianensis has a smaller umbo 
angle and a narrower middle part of the shell 
width.

Subfamily Anopliinae Muir-Wood, 1962
Genus Tornquistia Paeckelmann, 1930

Type Species Leptaena (Chonetes) polita 
McCoy, 1855. Lower Carboniferous; Scotland.

5mm 3mm

3mm 2mm

a c

d
e

2mm

b

Fig. 9.26 Pygmochonetes sp.. (a), a deformed ventral 
valve, PB10-0232. (b), a deformed ventral valve (juve-
nile), DP10-0228. (c), internal mould of an incomplete 

ventral valve, DP10-0235. (d), external mould of an 
incomplete ventral valve and segment of shell, DP10- 
0236. (e), a ventral valve (juvenile), DP10-0238
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Diagnosis (emended). Small, ventral valve 
highly convex medianly, greatest width along 
hinge; ears well demarcated; dorsal valve corre-
spondingly concave; shell smooth or faintly 
capillate, occasionally with concentric lines, 
scattered spinule apertures; row of spines extend-
ing at high angle to hinge. Ventral interior with 
variable median septum, long or short; teeth vari-
able, large to obscure; few papillae along mar-
ginal area. Dorsal interior with small cardinal 
process; two lateral septa anteriorly divergent at 
25−35°; median septum obscure or absent; sock-
ets laterally extending, almost parallel to hinge; 
papillae in radial rows.

Discussion To date, the occurrences of Permian 
Tornquistia are restricted from the Lower to 
Middle Permian in Western Australia (Archbold, 
1980, 1981, 1990), southern Thailand (Grant, 
1976), eastern Siberia (Zavodowsky, 1960, 1971; 
Afanasjeva, 1977), Arctic Canada (Bamber and 
Waterhouse, 1971). The presence of the genus at 
the Dongpan section is the first discovery of this 
genus in the uppermost Permian in the world. 
The genus is quite similar to Fusichonetes in ven-
tral interior, but differs in having a pair of long 
lateral septa, and its dorsal median septum is 
weak or absent. Tornquistia differs from the 
Lower Devonian Anoplia Hall and Clarke, 1892 
as the latter is characterized by long curved 

socket ridges and a prominent median septum in 
the dorsal interior. Compared to Tornquistia, 
Demonedys Grant, 1976 from the Lower Permian 
in southern Thailand has a higher and narrower 
median fold beginning at beak and rising anteri-
orly on the ventral valve. Songzichonetes Yang in 
Feng et  al., 1984 from the Middle Permian of 
South China shares with Tornquistia a pair of 
thick, anteriorly-divergent lateral septa in the 
dorsal interior, but the former has longer lateral 
septa and posterolateral ridges in the dorsal inte-
rior, as well as prominent, bificuated costellae.

Tornquistia changhsingia He, Shi and Shen sp. 
nov.

Figs. 9.27; 9.28

Diagnosis Small, shield-like outline; minute 
teeth; short ventral median septum; a pair of 
thick, long lateral septa in dorsal interior; dorsal 
median septum absent.

Etymology Named for the age of Changhsingian 
for the species.

Types Holotype, PB2-MC070; paratypes, 
DP5-MC027, DP5-MC015.

Other Materials Over 130 specimens. 
Registered specimens: see below.

Measurements (mm): 

Number Width Length Width/length Notes
DP7-MC001 5.26 3.37 1.56 Internal mould of ventral valve
PB5-MC003-1 4.06 2.68 1.51 Ventral interior
DP9-MC006-1 3.92 2.85 1.38 Ventral interior
DP3-MC017 4.70 3.12 1.51 Internal mould of ventral valve
DP10-MC007-1 4.01 2.64 1.52 External mould of ventral valve
DP3-MC018 4.27 2.57 1.66 Internal mould of dorsal valve
DP3-MC004-1 3.73 (ventral) 2.24 (ventral) 1.67 (ventral) Internal mould of conjoined shell
DP3-MC004-1 3.04 (dorsal) 1.78 (dorsal) 1.75 (dorsal) Internal mould of conjoined shell
DP5-MC027 3.86 (ventral) 2.20 (ventral) 1.62 (ventral) Internal mould of conjoined shell
DP3-MC012 3.62 2.24 1.70 Internal mould of ventral valve
DP8-MC021 4.17 2.46 1.40 Internal mould of dorsal valve
DP5-MC015 3.35 2.39 1.49 Internal mould of dorsal valve
DP7-MC043-1 4.20 2.81 1.61 Ventral exterior
DP8-MC026 4.01 2.49 1.61 Internal mould of ventral valve
DP10-MC007-2 3.44 2.14 1.61 Internal mould of dorsal valve

(continued)
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Occurrence Upper Changhsingian; Guangxi 
(Dongpan section) of South China.

Description Shell small, 1.8−3.7 mm long and 
3.0−5.3  mm wide, shield-like outline, highly 
concavoconvex in profile; greatest width at 
hingeline; surface smooth except for the presence 
of weak growth lines and radial lines when shell 
surface is decorticated (Fig.  9.27l); interareas 
low, ventral interarea only slightly higher than 
dorsal interarea.

Ventral interior with a short median septum 
(marked by ms, e.g., Fig.  9.27a, g, h) and few 
papillae along marginal area. Dorsal interior with 
a small, quadrilobate cardinal process (marked 
by cp, see Fig. 9.27e); sockets laterally extend-
ing, almost parallel to hingeline (marked by soc, 
see Fig.  9.27k, n); a pair of long, thick lateral 
septa anteriorly divergent at 30−50° (marked by 
ls, see Fig. 9.27f−h); papillate elongate along lat-
eral septa (marked by pap, see Fig.  9.27g); 
median septum obscure or absent.

Discussion The new species is most like T. 
tropicalis Grant, 1976 from the Artinskian of Ko 
Muk in southern Thailand in a small body size 
and shield-shaped outline, but differs in the lat-
ter having large teeth, a median ridge anterior to 
median septum in the ventral interior, and a 

bilobed cardinal process in the dorsal interior. T. 
orthogona Wongwanich et  al., 2004 from the 
Carboniferous in southern Thailand is larger 
(6.0−9.4 mm in wide) than the new species and 
it has a well-defined median ridge anterior to the 
median septum within the ventral interior. 
Comapred to the new species, both Tornquistia 
occidentalis Archbold, 1980 from the Sakmarian 
and T. magna Archbold, 1980 from the 
Artinskian in Western Australia have a larger 
body size (for T. occidentalis, 8.2−12.0  mm 
wide; for T. magna, 6.0−14.0 mm wide), larger 
teeth and a long median septum in the ventral 
interior. Tornquistia subquadratus Archbold, 
1990 from the Sakmarian in western Autralia is 
also a relatively large species (10.8−14.0  mm 
wide), with large teeth, a long median septum in 
the ventral interior, a short but prominent 
median septum and weaker lateral septa in the 
dorsal interior. T. tricorporum Waterhouse, 1981 
from the Lower Permian in southern Thailand 
has a high and narrow median fold beginning at 
beak and rising anteriorly on ventral valve and 
thus should be assigned to the genus of 
Demonedys Grant, 1976.

Family Rugosochonetidae Muir-Wood, 1962
Subfamily Rugosochonetinae Muir-Wood, 1962
Genus Fusichonetes Liao in Zhao et al., 1981

Number Width Length Width/length Notes
DP5-MC035 4.26 3.10 1.37 External mould of dorsal valve
DP5-MC033-1 4.22 2.81 1.50 External mould of dorsal valve
DP8-MC037 4.24 2.95 1.44 External mould of dorsal valve
DP8-MC041 3.46 2.31 1.50 External mould of dorsal valve
DP8-MC046 4.65 3.20 1.45 External mould of dorsal valve
PB2-MC070 3.99 2.66 1.50 Ventral exterior
PB8-MC038 4.23 2.60 1.63 Ventral exterior
PB5-MC039 3.36 2.08 1.62 Ventral exterior
PB8-MC047 4.23 2.93 1.44 Ventral exterior
DP5-MC014 3.94 2.10 1.88 Dorsal interior
DP7-MC040 4.58 2.90 1.58 Ventral interior
DP7-MC034-2 5.30 3.72 1.42 Internal mould of dorsal valve
DP7-MC071 5.17 3.38 1.53 Ventral exterior
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Type Species Plicochonetes nayongensis Liao, 
1980a. Changhsingian (Upper Permian); Guizhou 
Province, southwestern China.

Diagnosis Small to medium in size, about 1.0–
12.0 mm length and 2.0–21.0 mm width; trans-
versely rectangular to reverse trapezoidal in 
outline; concavoconvex to almost planoconvex; 
ears normally smooth, flattened or slightly swol-
len; external surface usually with simple costel-
lae, occasionally bifurcated or intercalated, with 
micro-ornament of tubes on well-preserved spec-
imens; sulcus and fold variable. Ventral interior 
with median septum; dorsal interior with median 
septum, lateral septa (possibly) and brachial 
scars, cardinal process bilobate to quadrilobate; 
internal surface of both valves with radially-, 
almost evenly-distributed papillae.

Discussion The genus Fusichonetes (Liao in 
Zhao et al., 1981) was first recorded by Liao in 
Zhao et  al., 1981 with a brief description, with 
Plichonetes nayongensis Liao, 1980a as the type 
species. Subsequently, Chen et  al. (2000) pro-
posed Tethyochonetes, to include many species 
originally assigned to “Waagenites” as well as 
some of the species assigned to Fusichonetes 
(e.g., Fusichonetes pigmaea Liao, 1979a). The 
main justification Chen et al. employed to distin-

guish Tethyochonetes from Fusichonetes was that 
the former has a lower ratio of shell width to 
length and less costellae at midvalve (Chen et al., 
2000). He et  al. (2014) also pointed out that 
Fusichonetes Liao in Zhao et al., 1981 has a more 
transversely outline than Tethyochonetes. 
However, a recent study by Wu et al. (2017) using 
both quantitative morphometrics (Fig. 9.29) and 
a cladistic analysis of over 1000 specimens from 
the Xinmin section, revealed that Tethyochonetes 
should be a synonym of Fusichonetes.

Fusichonetes differs from Neochonetes Muir- 
Wood, 1962 because the latter has two parallel 
lateral septa (ls); typical papillae which are radi-
ally arranged, usually increased in the number 
and decreased in size towards margin (namely 
so-called “Neochonetes-like papillae”, see He 
et  al., 2014); and more, bifurcated costellae. 
Fusichonetes is readily distinguished from 
Waterhouseiella Archbold, 1983 as the latter has 
more hingespines (7−9), and from Sulcirugaria 
Waterhouse, 1983b as the latter has Neochonetes- 
like papillae in the dorsal valve. Fusichonetes is 
more or less similar to Quinquenella Waterhouse, 
1975 in a subquadrata outline and the ventral 
interior, but differs in the latter having concentric 
stria and long accessory septa in the dorsal inte-
rior, and lacking costellae.

Fig. 9.27 Tornquistia changhsingia He, Shi and Shen 
sp. nov.. (a), internal mould of a nearly complete ventral 
valve, DP7-MC001, showing a short median septum (ms), 
a preserved hinge spine and papillae. (b), interior of a 
nearly complete ventral valve, PB5-MC003-1, showing 
the preserved two hinge spines and papillae. (c), interior 
of a nearly complete ventral valve, DP9-MC006-1, show-
ing a few preserved papillae. (d), internal mould of a 
nearly complete ventral valve, DP3-MC017, showing 
radially-arranged papillae. (e), external mould of an 
incomplete dorsal valve and posterior of the internal 
mould, DP10-MC007-1, showing quadrilobate cardinal 
process (cp) and nearly smooth ornamentation. (f), inter-
nal mould of an incomplete dorsal valve, DP3-MC018, 
showing lateral septa (ls) and papillae on the surface. (g), 
internal mould of an incomplete dorsal valve and internal 
mould of the conjoined, complete ventral valve, 
DP3-MC004-1, showing a short ventral median septum 
(ms), a pair of dorsal lateral septa (ls) and elongated papil-

lae along lateral septa (pap). (h), internal mould of an 
incomplete dorsal valve and internal mould of the con-
joined, nearly complete dorsal valve, DP5-MC027 (para-
type), showing a short ventral median septum (ms), a pair 
of dorsal lateral septa (ls) and a few preserved papillae. 
(i), internal mould of an incomplete ventral valve, 
DP3-MC012, showing a well- preserved median septum 
(ms) and papillae. (j), internal mould of an incomplete 
dorsal valve, DP8-MC021, showing lateral septa (ls) and 
papillae. (k), internal mould of an incomplete dorsal 
valve, DP5-MC015 (paratype), showing a pair of lateral 
septa, sockets (soc) and inner socket ridges (is). (l), exte-
rior of a nearly complete ventral valve, DP7-MC043-1, 
showing weak costellae. (m), internal mould of a nearly 
complete ventral valve, DP8-MC026, showing a short 
median septum (ms). (n), internal mould of an incomplete 
dorsal valve, DP10-MC007-2, showing lateral septa and 
deep sockets (soc)
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Fig. 9.28 Tornquistia changhsingia He, Shi and Shen 
sp. nov.. (a), external mould of a nearly complete dorsal 
valve and shell remnant, DP5-MC035, showing smooth 
ornamentation. (b), external mould of an incomplete dor-
sal valve and shell remnant, DP5-MC033-1. (c), external 
mould of a nearly complete dorsal valve and shell rem-
nant, DP8-MC037, showing the base of a preserved hinge 
spine. (d), external mould of a complete dorsal valve and 
shell remnant, DP8-MC041. (e), external mould of a com-
plete dorsal valve, DP8-MC046. (f), exterior of a nearly 
complete ventral valve, PB2-MC070 (holotype), showing 
smooth ornamentation. (g), exterior of an incomplete ven-

tral valve, PB8-MC038. (h), exterior of an incomplete 
ventral valve, PB5-MC039, showing a preserved long 
hinge spine. (i), exterior of a nearly complete ventral 
valve, PB8-MC047, showing a preserved hinge spine. (j), 
interior of an incomplete dorsal valve (shell mostly decor-
ticated), DP5-MC014, showing a quadrilobate cardinal 
process (cp). (k), interior of a complete ventral valve 
(shell mostly decorticated), DP7-MC040. (l), internal 
mould of an incomplete dorsal valve and shell remnant, 
DP7-MC034-2. (m), exterior of an incomplete ventral 
valve, DP7-MC071
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Fig. 9.29 Categorical Principle Component Analysis 
(CATPCA) for specimens of 15 species which were previ-
ously assigned to the genera of Tethyochonetes and 
Fusichonetes from publications (revised after Wu et  al., 

2017). Note: Results show F. nayongensis and F. pygmaea 
are well merged with those of Tethyochonetes and both 
genera should be the same genus
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Fusichonetes nayongensis (Liao, 1980a)
Fig. 9.30

1980a Plicochonetes nayong  ensis Liao: 256, pl. 
4, Fig. 7–9.

1980b Fusichonetes nayongensis (Liao); Liao: 
pl. 1, Fig. 3, 4.

1981 Fusichonetes nayongensis (Liao); Liao in 
Zhao et al.: pl. 8, Fig. 13.

1984 Fusichonetes nayongensis (Liao): pl. 1, 
Fig. 15.

2002 Fusichonetes nayongensis (Liao); Shen and 
Archbold: 340, Fig. 6q.

Holotype Plicochonetes nayongensis Liao, 
1980a, pl. 4, Fig.  8, deposited in the Nanjing 

Institute of Geology and Palaeontology, Chinese 
Academy of Sciences, a ventral valve, from 
Talung Formation (Lopingian), Nayong, Guizhou 
Province, China.

Diagnosis (simplified from Wu et  al., 2017). 
Extremely transverse outline (average of width/
length = 2.1), strongly acute cardinal extremities, 
ventral sulcus shallow. Ventral interior with 
median septum; dorsal interior with median sep-
tum, lateral septa (possibly) and brachial scars, 
cardinal process quadrilobate; internal surface of 
both valves with radially distributed papillae.

Materials Over 50 specimens. Registered spec-
imens: see below.

Fig. 9.30 Fusichonetes nanyongensis (Liao, 1980a). 
(a), interior of a complete dorsal valve, XM2-0393, show-
ing a trilobed process (cp) and a short median septum 
(ms). (b), exterior of a complete dorsal valve, XM2-0390. 
(c), interior of a complete dorsal valve, XM4-0392, show-
ing radially-arranged papillae papillae. (d, e), exteriors of 
two nearly complete ventral valves, XM10-0398, XM9-
0410. (f), exterior of a nearly complete ventral valve, 
showing posterolaterally- projecting hinge spines, XM2-
0384. (g, h), external moulds of two nearly complete dor-

sal valves, XM24-280, XM24-252. (i), internal mould of 
an incomplete ventral valve and shell remnant, showing a 
few preserved papillae and hinge spines, XM2-0383. (j), 
ventral exterior, XM24-248, showing well-preserved 
hingespines. (k), dorsal interior, showing well-preserved 
papillae, XM10-0400. (l), ventral exterior, showing 
costellae on the surface and hinge spines XM10-0406. 
(m), internal mould of a ventral valve, XM24-258, radi-
ally-arranged papillae (not well-preserved)

Measurements (mm): 

Number Width Length Width/length Notes
XM2- 0393 3.82 1.87 2.04 Dorsal interior
XM2- 0390 5.37 2.57 2.09 Dorsal exterior
XM4- 0392 4.91 2.72 1.81 Dorsal interior
XM10- 0398 3.97 1.85 2.15 Ventral valve
XM9- 0410 5.35 3.04 1.76 Ventral valve
XM2- 0384 5.10 2.92 1.75 Ventral valve
XM24- 280 4.36 1.63 2.67 External mould of dorsal valve
XM24- 252 11.63 4.79 2.43 External mould of dorsal valve
XM2- 0383 5.27 2.99 1.76 Internal mould of ventral valve
XM24- 248 10.98 3.88 2.83 Ventral exterior
XM10- 0400 5.77 3.03 1.90 Dorsal interior
XM10- 0406 3.53 2.14 1.65 Ventral exterior
XM24- 258 12.23 4.87 2.51 Internal mould of ventral valve

Occurrence Upper Permian; commonly in 
western Guizhou, occasionally in Hunan, Jiangsu 
and Zhejiang Provinces, China.

Description Shell 1.6−4.9  mm long and 
3.5−14.0 mm wide, extremely transverse in out-

line (ratio of shell width to length > 1.6), conca-
voconvex to planoconvex; widest at hinge; 
usually four pairs of hinge spines posterolaterally 
projecting; cardinal extremities very acute, cardi-
nal angle about 40 to 60°; ears flat to slightly 
inflated, smooth, well differentiated from flanks 
of ventral disk; costellae distinctly originating 
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from umbo, with a few bifurcation near umbo 
and few intercalation near anterior or lateral mar-
gins, numbering about 14–26 at margin.

Ventral valve moderately to strongly convex; 
umbonal region swollen, overhanging hingeline; 
maximum convexity in the middle part of the 
shell; sulcus shallow, beginning from umbo, wid-
ening anteriorly. Dorsal valve slightly or promi-
nently concave; beak low; fold weak.

Ventral interior with radially-, almost evenly- 
arranged papillae. Dorsal interior with a trilobed 
process (cp); distinct inner socket ridges, extend-
ing laterally at an angle of 10−20° to hingeline; a 
short median septum (ms) (Fig. 9.30a).

Discussion This species is similar to 
Fusichonetes soochowensis (Chao, 1928) from 
the Permian of Yanwashan area, Jiangsu Province, 
China in its transvese outline, but differs in the 
former having acuter cardinal angles.

Fusichonetes soochowensis (Chao, 1928)
Fig. 9.31

1928 Chonetes soochowensis Chao: 31, pl. 1, 
Fig. 14−16.

1932 Chonetes soochowensis Chao; Huang: 5, pl. 
1, Fig. 8a, 8b.

1964 Chonetes soochowensis Chao; Wang et al.: 
241, pl. 37, Fig. 20, 21.

1974 Waagenites barusiensis (Davidson); Jin 
et al.: pl. 164, Fig. 8.

1977 Waagenites soochowensis (Chao); Yang 
et al.: 332, pl. 135, Fig. 22.

1978 Waagenites soochowensis (Chao); Feng and 
Jiang: 243, pl. 88, Fig. 4.

1979 Waagenites soochowensis (Chao); Chan in 
Hou et al.: 72, pl. 11, Fig. 7.

1980a Waagenites soochowensis (Chao); Liao: 
pl. 5, Fig. 4.

1980a Waagenites guizhouensis Liao: 258, pl. 5, 
Fig. 5−7.

1980a Waagenites barusiensis (Davidson); Liao: 
pl. 5, Fig. 24−26.

1980b Waagenites cf. soochowensis (Chao); 
Liao: pl. 1, Fig. 2.

1982 Waagenites soochowensis (Chao); Wang 
et al.: 197, pl. 91, Fig. 3, 4.

1984 Waagenites soochowensis (Chao); Liao: pl. 
1, Fig. 10.

1987 Waagenites soochowensis (Chao); Xu in 
Yang et al.: pl. 8, Fig. 15, 16.

1990 Waagenites soochowensis (Chao); Zhu: 64, 
pl. 18, Fig. 1, 2.

1998 Waagenites soochowensis (Chao); Shi and 
Shen: 509, Fig. 4.6.

2002 Tethyochonetes soochowensis (Chao); Shen 
and Archbold: 338, Fig. 5q−r.

2013 Tethyochonetes soochowensis (Chao); 
Zhang et al., 2013, 232, 233, Fig. 5o–p.

2014 Tethyochonetes soochowensis (Chao); He 
et al., 2014, 918, Fig. 4x, y–a’, c′−e’.

Holotype Chonetes soochowensis Chao, 1928, 
pl. 1, Fig. 14, an external mould of dorsal valve, 
from Permian shale, Yanwashan area, Jiangsu 
Province, China.

Diagnosis (emended). Shell very transverse 
(average of width/length  =  2.0), acute cardinal 
extremities, costellae bifurcated or widening 
anteriorly for adults, but rarely bifurcated for 
juveniles.

Materials Over 10 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM10-0352 8.96 5.16 1.74 External mould 
of ventral valve

SR23b-0419 4.50 2.53 1.78 Internal mould 
of ventral valve

LZ2702263 11.96 6.19 1.93 Ventral exterior
LZ2702235 10.55 5.63 1.87 Dorsal interior
DS-1-475 7.42 3.61 2.06 Internal mould 

of ventral valve
CM-4-459 6.47 3.26 1.98 Internal mould 

of ventral valve
CM-10-482 10.29 4.31 2.39 External mould 

of dorsal valve
DS-1-485 13.69 6.28 2.18 External mould 

of dorsal valve
DS-1-478 6.26 2.81 2.22 External mould 

of ventral valve
SR-16-481 9.51 4.46 2.13 External mould 

of dorsal valve
XM24110 6.14 2.86 2.15 Internal mould 

of ventral valve
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Fig. 9.31 Fusichonetes soochowensis (Chao, 1928). (a), 
external mould of a nearly complete ventral valve, CM10- 
0352, showing hinge spines and bifurcated costellae on 
flanks. (b), internal mould of ventral valve, SR23b-0419. 
(c), exterior of an incomplete ventral valve, LZ2702263, 
showing numerous costellae. (d), interior of a complete 
dorsal valve, LZ2702235, showing papillae arranged in 
rows (row bifurcated at midlength and anterior and prob-
ably corresponding to bifurcated costellae). (e), internal 
mould of an incomplete ventral valve, DS-1-475, illustrat-
ing hinge spines (hs) extending posterolaterally and spine 

canals (sc) inclined midline. (f), internal mould of a com-
plete ventral valve, CM-4-459. (g), external mould of an 
incomplete dorsal valve, CM-10-482, showing two pre-
served hinge spines. (h), external mould of a complete 
dorsal valve, DS-1-485, showing numerous costellae and 
transversely broad outline. (i), external mould of a com-
plete ventral valve, DS-1-478, showing numerous costel-
lae. (j), external mould of a complete dorsal valve, 
SR-16-481, showing numerous, bifurcated costellae. (k), 
internal mould of a nearly complete ventral valve, 
XM24110, showing transversely broad outline
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Occurrence Wuchiapingian−Changhsingian; 
Guizhou, Sichuan, Hunan, Jiangsu and Zhejiang 
Provinces, China.

Description Shell 2.5−6.3  mm long and 
4.5−14.0  mm wide, transverse (ratio of shell 
width/length 1.74−2.39), reversely trapezoid in 
outline, widest at hinge; ears large, smooth, 
prominently convex, well differentiated from vis-
ceral disk by a groove. Ventral valve moderately 
to strongly convex; beak slightly incurved, over-
hanging hingeline; 3 to 4 pairs of hingespines 
projecting posterolaterally with an angle of 
30−50°; cardinal extremities with an angle of 
60−70°; sulcus beginning from anterior of umbo, 
about one third of shell width near anterior mar-
gin; costellae beginning from umbo, firstly bifur-
cated near umbo and secondly bifurcated 
anteriorly (middle length or anterior margin), 
numbering 22 to 28 at anterior margin. Dorsal 
valve moderately concave; median fold weak.

Ventral interior spine canals (the definition see 
Racheboeuf in Williams et  al., 2000) hollow, 
inclined toward midline along posterior margin 
and connected to the mantle directly; hingespines 
projecting posterolaterally (projecting at a reverse 
direction with the project direction of spine 
canals, see Fig.  9.31e); median septum short; 
papillae radially-arranged. Dorsal interior with a 
pair of distinct inner socket ridges; papillae radi-
ally arranged in rows, decreasing in size and 
increased in rows towards margin (apparently 
related to the bifurcation of costellae and differ-
ent from the “Neochonetes-like papillae).

Discussion Waagenites guizhouensis Liao, 1980a 
is considered as a synonym of the present species, 
because its costellae near the margin are promi-
nently bifurcated although the number of bifur-
cated costellae is less than the holotype of F. 

soochowensis (probably because the “Waagenites 
guizhouensis” specimens are not adults). 
Additionally, it is difficult to distinguish between 
“T.” guizhouensis and “T.” soochowensis, based 
on the Categorical Principle Component Analysis 
(see Fig. 9.29). Waagenites barusiensis (Davidson) 
in Jin et al., 1974 (see pl. 164, Fig. 8) was consid-
ered as the holotype of Tethyochonetes chaoi Chen 
et al. 2000 by Chen et al. (2000). This specimen is 
the external mould of a dorsal valve (because the 
beak does not overhang the hingeline), from the 
Lungtan Formation (Wuchiapingian), Wenxing 
Village, Chongqing, southwestern China. This 
specimen is featured by costellae prominently 
widening anteriorly and most like a juvenile of F. 
soochowensis. And thus, the specimen should 
belong to F. soochowensis and Tethyochonetes 
chaoi Chen et  al. (2000) could be invalid. 
Waagenites barusiensis (Davidson) in Liao, 1980a 
(see pl. 5, Fig. 26) was considered as the holotype 
of Tethyochonetes? liaoi Chen e al. 2000 in Chen 
et al. (2000). This specimen is an external mould 
of a conjoined shell with both valves, but the acute 
cardinal extremities were not well preserved (indi-
cated by the remanent shell), suggesting that the 
specimen has a larger shell width to length ratio; 
and this specimen has bifurcated costellae widen-
ing  anteriorly. All these features coincide with F. 
soochowensis and thus Tethyochonetes? liaoi 
Chen et al. 2000 could be another synonym of F. 
soochowensis.

The present species differs from Fusichonetes 
wongiana (Chao, 1928, p.  28, pl. 1, Fig.  17b) 
from the Lungtan Formation of Langdai, 
Guizhou, southwestern China in the latter having 
a more distinct dorsal fold, a smaller shell width 
to length ratio and less costellae.

Fusichonetes cheni (Zhang et al., 2013)
Figs. 9.32; 9.33

Fig. 9.32 Fusichonetes cheni (Zhang et al. 2013). (a–f), 
exteriors of six incomplete ventral valves, XM-1-0375, 
XM-1-0370, XM-1-0372, XM-1-0379, XM-1-0380, 
XM-1-0378. (g), internal mould of ventral valve and shell 
remnant, XM-1-0382, showing small papillae on ventral 
inner surface. (h), ventral exterior, showing costellae on 
the surface XM-7-0368. (i), exterior of a deformed ventral 
valve, XM-7-0374, showing hinge spines. (j), exterior of 

an incomplete ventral valve, XM-10-0376, showing a pre-
served long hinge spine. (k), exterior of a nearly complete 
ventral valve, XM-1-0367, showing obscure costellae. 
(l–n), exteriors of three complete ventral valves, 
XM22202, XM23801, XM20- 701. (o), a conjoined shell 
(dorsal view), XM20-402, showing a pseudodeltidium 
(psd) on the low, triangular interarea (iar)
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Fig. 9.33 Fusichonetes cheni (Zhang et al., 2013). (a), 
external mould of a nearly complete dorsal valve, 
LZ2703265, showing small tubes (tu) on dorsal external 
surface and hinge spines. (b), external mould of an incom-
plete dorsal valve, LZ2706254. (c), external mould of a 
dorsal valve and internal mould of the conjoined ventral 
valve, LZ2706032, showing small tubes (tu) on dorsal 
external surface, radially-arranged papillae on anterior 
margin of ventral interior and a median septum (ms). (d), 
dorsal interior, showing papillae and elevated muscle 

scars, LZ2702223. (e), external mould of an incomplete 
dorsal valve, LZ2703266, showing small tubes on dorsal 
external surface. (f), external mould of a dorsal valve and 
internal mould of the conjoined ventral valve, LZ2701034. 
(g), external mould of a dorsal valve and internal mould of 
the conjoined ventral valve, LZ2702071, showing small 
tubes and concentric lamellae on dorsal external surface, 
quadrilobate cardinal process (cp) and spine canals (sc). 
(h), enlarged rectangular area of LZ2702071, showing 
small tubes on dorsal external surface
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2013 Tethyochonetes cheni (Zhang, He, Shi and 
Zhang): 234, Figs. 5aa, 5ab, 9a−9k.

Diagnosis Small to medium, transverse or 
reversely trapezoid; ventral ears variedly convex, 
dorsal ears nearly flat; cardinal extremities mod-
erately acute, fold absent, strongly convex at 
about middle shell length (emended after Zhang 
et al., 2013).

Materials Over 50 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

XM-1-0375 4.82 3.01 1.60 Ventral exterior
XM-1-0370 4.70 2.87 1.64 Ventral exterior
XM-1-0372 3.54 2.55 1.39 Ventral exterior
XM-1-0379 4.65 3.14 1.48 Ventral exterior
XM-1-0380 5.78 3.34 1.73 Ventral exterior
XM-1-0378 4.04 2.69 1.50 Ventral exterior
XM-1-0382 4.44 2.69 1.65 Internal mould 

of ventral valve
XM-7-0368 4.84 3.39 1.43 Ventral exterior
XM-7-0374 2.90 2.03 1.43 Ventral exterior
XM-10-0376 4.99 3.06 1.63 Ventral exterior
XM-1-0367 7.07 4.29 1.65 Ventral exterior
XM22202 3.66 2.55 1.44 Ventral exterior
XM23801 5.89 3.26 1.80 Ventral exterior
XM20-701 4.98 2.65 1.88 Ventral exterior
XM20-402 4.26 2.09 2.04 Dorsal valve
LZ2703265 9.20 5.57 1.65 External mould 

of dorsal valve
LZ2706254 9.64 5.90 1.63 External mould 

of dorsal valve
LZ2706032 9.96 6.05 1.65 Internal mould 

of ventral valve
LZ2702223 9.36 5.79 1.62 Dorsal interior
LZ2703266 9.20 5.79 1.59 External mould 

of dorsal valve
LZ2701034 9.34 5.33 1.75 Internal mould 

of ventral valve
LZ2702071 9.63 5.69 1.69 Internal mould 

of ventral valve

Occurrence Upper Changhsingian; Guizhou 
(Zhongzhai and Xinmin sections) of southwest-
ern China.

Description Shell 2.0−6.8  mm long and 
2.9−10.3 mm wide, reversely trapezoid or trans-
verse in outline, widest at hinge; ears smooth. 
Ventral valve strongly and evenly convex, highest 
at about middle shell length; beak incurved, over-
hanging hingeline; 3 to 4 pairs of hingespines 
projecting posterolaterally; cardinal extremities 
with an angle of 55−75°; umbo evenly convex; 
sulcus absent; costellae beginning from umbo, 
not bifurcated or rarely bifurcated, round and 
coarse, numbering 20 to 25 nearby anterior mar-
gin. Dorsal valve slightly to moderately concave; 
cardinal extremities with an angle of 60−90°; 
microornamented with fine concentric lamellae 
and very small tubes (marked by tu, see Fig. 9.33c, 
g) along costellae, each tube about 0.3–0.4 mm 
long and 0.05 mm wide, with a density of 5–6 per 
mm2 at anterior (Fig. 9.33h).

Ventral interior spine canals inclined toward 
midline at about middle part of posterior margin 
(marked by sc, see Fig. 9.33g); interarea low, tri-
angular, with pseudodeltidium (interarea marked 
by iar, pseudodeltidium marked by psd, see 
Fig. 9.32o); median septum anteriorly thinning; 
papillae radially arrandged, with a density of 15 
per mm2 at anterior. Dorsal interior with a tri-
lobed cardinal process (marked by cp in 
Fig. 9.33g); papillate radially arranged.

Discussion The present species similar to 
Fusichonetes soochowensis (Chao, 1928) from 
the Permian shale, Yanwashan area, Jiangsu 
Province, China in a transversely wide outline, 
but differs in being more convex in the middle 
shell length, rarely having bifurcated costellae 
and a lack of sulcus. This species differs from F. 
nayongensis in a lower shell width to length ratio 
and a larger convexity at middle shell length.
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Fusichonetes quadrata (Chan in Hou et  al., 
1979)

Figs. 9.34, 9.35 and 9.36

1979 Waagenites soochowensis quadrata Chan 
in Hou et al.: 70, pl. 4, Fig. 16−19.

1984 Waagenites longtanensis Liao: 279, pl. 1, 
Fig. 8, 9.

2000 Tethyochonetes quadrata (Chan); Chen 
et al.: 9, Fig. 4a−d, g.

2002 Tethyochonetes quadrata (Chan); Shen and 
Archbold: 339, Fig. 6a−e.

2009b Tethyochonetes longtanensis (Liao); Chen 
et al.: Fig. 7e.

2013 Tethyochonetes sp. cf. T. quadrata (Chan); 
Zhang et al.: 233, Fig. 5q−t.

2013 Tethyochonetes longtanensis (Liao); Zhang 
et al.: 227, Fig. 5d−e.

2014 Tethyochonetes quadrata (Chan); He et al.: 
914, Fig. 4a−h.

2014 Tethyochonetes longtanensis (Liao); He 
et al.: 915, Fig. 4i−o.

Holotype Waagenites soochowensis quadrata 
Chan in Hou et al., 1979, pl. 4, Fig. 17, a ventral 
valve, from the Shuizhutang Formation, 
Shuizhutang Village, Lian County, Guangdong 
Province, South China.

Diagnosis (this paper). Subquadrate (width/
length ratio prominently <2), ears slightly con-
vex, ventral valve extremely convex, sulcus vary-
ing from indistinct to deep, costellae bifurcated, 
median septum half of or one third of shell length 
(on well-preserved specimens).

Materials Over 1000 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length Width/length Notes
CM-4-541 8.18 4.80 1.70 Internal mould of ventral valve
CM-4-469 2.68 2.04 1.32 Internal mould of ventral valve
CM-4-471 4.79 3.67 1.30 Internal mould of ventral valve
CM-4-470 4.53 3.72 1.22 Internal mould of ventral valve
CM-4-457 5.69 4.08 1.40 Internal mould of ventral valve
CM-4-458 5.60 3.84 1.46 Internal mould of ventral valve
CM-4-466 7.66 5.27 1.45 Ventral interior
CM2-0321 5.05 3.60 1.40 External mould of dorsal valve
SR20-0325 4.23 3.34 1.27 Ventral exterior
SR20-0323 4.79 3.88 1.23 Ventral exterior
SR20-0324 4.23 3.59 1.18 Ventral exterior
SR20-0340 7.49 5.67 1.32 Ventral exterior
ZZ2702-0327 9.24 6.38 1.45 Internal mould of ventral valve
ZZ2702-0328 7.46 4.79 1.56 Ventral exterior
ZZ2705-0329 8.32 5.58 1.49 Internal mould of ventral valve
ZZ2702-0330 7.86 4.73 1.66 Ventral exterior
ZZ2703-0334 8.24 5.85 1.41 Internal mould of ventral valve
HZS36-0336 6.59 4.52 1.46 Ventral exterior

Fig. 9.34 (continued) complete ventral valves, CM-4-
457, CM-4-458. (g), interior of a nearly complete ventral 
valve, CM-4-466, showing a thin median septum. (h), 
external mould of an incomplete dorsal valve, CM2-0321, 
showing the deeply concave dorsal valve and bifurcated 
costellae. (i), exterior of an incomplete ventral valve, 

SR20-0325, showing bifurcated costellae. (j), exterior of 
a complete ventral valve, SR20-0323, showing two pre-
served hinge spines. (k), exterior of an incomplete ventral 
valve, SR20-0324. (l), exterior of a complete ventral 
valve, showing costellae, SR20-0440

(continued)
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Fig. 9.34 Fusichonetes quadrata (Chan in Hou et  al., 
1979). (a), internal mould of a complete ventral valve, 
CM-4-541. (b), internal mould of an incomplete ventral 
valve, CM-4-469, showing radially-arranged papillae and 

a median septum. (c), internal mould of a complete ventral 
valve, CM-4-471. (d), internal mould of an incomplete 
ventral valve, CM-4-470, showing evenly-arranged papil-
lae and a median septum. (e, f), internal moulds of two 

9 Systematic Palaeontology



132

Occurrence Upper Wuchiapingian to 
Changhsingian; South China.

Description Shell small, 1.6−7.6 mm long and 
2.5−10.0 mm wide, subquadrate in outline, wid-
est at hinge; ears acute, slightly convex, gradually 
differentiated from flanks of ventral disk. Ventral 
valve strongly convex; beak strongly incurved, 
overhanging hingeline; umbo extremely convex; 
sulcus varying from shallow to indistinct; costel-

lae bifurcated, numbering 22 to 30 at anterior 
margin. Dorsal valve moderately to strongly con-
cave; median fold weak to absent. Ventral interior 
with spine canals (sc) inclined toward midline 
along posterior margin, a median septum extend-
ing to one third of shell length; papillae radially 
arranged in rows, decreasing in size and increased 
in rows towards margin (Fig.  9.35m). Dorsal 
interior with a pair of distinct inner socket ridges 
(is in Fig. 9.36b, l, m).

Number Width Length Width/length Notes
HZS24-0337 8.88 5.62 1.58 External mould of dorsal valve
HZS24-0338 7.62 5.79 1.32 Dorsal exterior
HZS24-0339 8.55 6.99 1.22 Dorsal exterior
HZS23-0341 6.71 5.67 1.18 Dorsal exterior
HZS27-0343-1 8.01 5.75 1.39 Dorsal exterior
HZS27-0343-2 8.00 4.84 1.65 Dorsal exterior
ZZ2706-0333 10.01 5.81 1.72 Internal mould of ventral valve
LZ0400278 2.45 (ventral) 1.60 (ventral) 1.53 (ventral) Internal mould of conjoined shell
LZ0400281 2.73 (ventral) 1.59 (ventral) 1.72 (ventral) Internal mould of conjoined shell (juvenile)
CM-4-460 4.97 3.53 1.41 Internal mould of ventral valve
CM-3-408 3.57 2.26 1.58 Internal mould of dorsal valve
CM-3-409 3.51 2.06 1.70 Internal mould of dorsal valve
CM-10-425 4.73 2.67 1.77 Internal mould of dorsal valve
CM-3-464 4.97 3.10 1.61 Internal mould of dorsal valve
CM-3-465 5.56 3.57 1.56 Dorsal interior
HZS34-0344 7.08 4.50 1.57 Ventral exterior
HZS24-0345 10.01 6.29 1.59 Ventral exterior
HZS31-0347 8.50 6.05 1.40 Ventral exterior
HZS24-0346 9.50 7.61 1.25 Ventral exterior
LZ2705303 6.64 4.57 1.45 Ventral exterior
LZ2701231 9.47 5.66 1.67 Dorsal interior
CM-12-455 5.09 2.83 1.80 Internal mould of dorsal valve

Fig. 9.35 Fusichonetes quadrata (Chan in Hou et  al., 
1979). (a), internal mould of a complete ventral valve and 
shell remnant, ZZ2702-0327, showing papillae and hinge 
spines. (b), exterior of a nearly complete ventral valve, 
ZZ2702- 0328, showing bifurcated costellae. (c), external 
mould of a dorsal valve and internal mould of the con-
joined ventral valve, ZZ2705-0329, showing preserved 
small tubes (near anterior margin) on dorsal valve and a 
median septum of ventral valve. (d), exterior of a com-
plete ventral valve, ZZ2702-0330, showing costellae on 
the surface and hinge spines. (e), internal mould of an 
incomplete ventral valve and shell remnant, ZZ2703-
0334, showing papillae. (f), exterior of a ventral valve (not 
well preserved), HZS36-0336. (g), external mould of an 
incomplete dorsal valve, HZS24- 0337, showing bifur-

cated costellae. (h–k), exteriors of four nearly complete 
ventral valves, HZS24-0338, HZS24-0339, HZS23-0341, 
HZS27-0343-1, showing the varied preservation of costel-
lae (from obscurely to moderately well). (l), exterior of a 
complete dorsal valve and posterior of the conjoined ven-
tral valve, HZS27-0343-2, showing bifurcated costellae. 
(m), internal mould of an incomplete ventral valve, 
ZZ2706-0333, showing the spine canals (sc) inclined 
toward midline, a median septum and papillae (the papil-
lae near to margins seems to be finer, but differs from the 
Neochonetes-like papillae and apparently resulted from 
preservational bias, because the finer-papillae zone is 
variable in width along margins). (n, o), internal moulds 
of two conjoined ventral-dorsal valves, LZ0400278, 
LZ0400281 (juveniles)
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Discussion Waagenites longtanensis Liao, 1984 
was first defined by Liao in 1984. This species 
was revised as Tethyochonetes longtanensis 
(Liao, 1984) by Chen et al. (2000), with the prop-
osition of their new genus Tethyochonetes (here 
considered as the junior synonym of Fusichonetes, 
see above). This species has a subquadrate out-
line, an extremely convex ventral valve and com-
monly bifurcated costellae. All these features 
overlap the original description of F. quadrata 
(Chan in Hou et  al., 1979), although the latter 
species additionally was said to have “narrower” 
ventral sulcus and less bifurcated costellae. 
However, authors recently observed the holotype 
specimen (Fig.  9.37) and considered that these 
small differences are intraspecific variations. On 
this basis, Waagenites longtanensis Liao, 1984 
should be regarded as a junior synonym of F. 
quadrata (Chan in Hou et al., 1979). The speci-
mens of Tethyochonetes cf. quadrata of Zhang 
et  al. (2013, Fig.  5q−t) share features with 
Fusichonetes quadrata (Chan in Hou et  al., 
1979), including a subquadrate outline, an 
extremely convex ventral valve, and commonly 
bifurcated costellae, although the former has a 
smaller body size (possibly represented by juve-
niles); thus the former is conspecific with 
Fusichonetes quadrata.

Fusichonetes quadrata is similar to F. sooch-
owensis (Chao, 1928) from the Permian shale, 
Yanwashan area, Jiangsu Province, China in 
bifurcated costellae, but differs in the former hav-
ing a subquadrate outline and larger acute-angle 
cardinal extremities (cardinal angles 70−80°). 

Fusichonetes quadrata shares with F. convexa 
(Fan in Yang et al., 1962, p. 48, pl. 14, Fig. 11−13) 
from the Upper Permian of Delinha, Qinghai 
Province, northwestern China a width to length 
ratio, a strongly convex ventral disk, a deep sul-
cus, as well as the ornamentation, but may be dis-
tinguishable by the latter has a larger body size 
(twice of the former), a more convex ventral 
valve and a less curved overhanging beak. F. 
quadrata differs from F. cheni in a subquadrate 
outline, more convex umbo and bifurcated costel-
lae; and from F. wongiana (Chao, 1928) of the 
Wuchiapingian of Guizhou, southwestern China 
in the latter having a larger ratio of shell width to 
length (about 2.0).

It is worth noting that the specimens of 
Fusichonetes quadrata from the Changhsingian 
of Huangzhishan and Zhongzhai in shallow-
water facies are commonly larger their counter-
parts from Majiashan in deep-water facies (see 
Measurements).

Fusichonetes flatus (Shen and Archbold, 2002)
Fig. 9.38

2002 Tethyochonetes flatus Shen and Archbold: 
342, Fig. 6h−n.

2014 Tethyochonetes flatus Shen and Archbold; 
He et al.: 919, Fig. 6o−b′.

Holotype Tethyochonetes flatus Shen and 
Archbold, 2002, Fig. 6l, external mould of a ven-
tral valve, from the Douling Formation, 
Xiaoyuanchong section, Jiahe County, Hunan 
Province, South China.

Fig. 9.36 Fusichonetes quadrata (Chan in Hou et  al., 
1979). (a), internal mould of an incomplete ventral valve, 
CM-4-460, showing inflated umbo and deep sulcus. (b), 
internal mould of a nearly complete dorsal valve, CM-3-
408, showing a pair of strong inner socket ridges (is). (c, 
d), internal moulds of two complete dorsal valves, CM-3-
409, CM-10-425. (e), internal mould of an incomplete 
dorsal valve, CM-3-464, showing radially-arranged papil-
lae. (f), interior of a complete dorsal valve, CM-3-465, 
showing a few preserved papillae. (g), exterior of a com-
plete ventral valve, HZS34-0344, showing weak costellae 
(due to preservational bias). (h), exterior of a nearly com-

plete ventral valve, HZS24-0345, showing weak costel-
lae. (i), exterior of an incomplete ventral valve, 
HZS31-0347. (j), exterior of a complete ventral valve, 
HZS24-0346, showing a deep sulcus and quadrate out-
line. (k), exterior of a nearly complete ventral valve, 
LZ2705303. (l), interior of a nearly complete dorsal valve, 
LZ2701231, showing papillae arranged in rows (row 
bifurcated at midlength and anterior and probably corre-
sponding to bifurcated costellae) and prominent inner 
socket ridges (is). (m), internal mould of a nearly com-
plete dorsal valve, CM-12-455, showing prominent inner 
socket ridges (is)
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Diagnosis Very small for the genus, ventral 
valve nearly flat, ears smooth, costellae simple, 
14−17 in numbering, ventral sulcus absent.

Materials Over 100 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-12- 509 4.87 2.96 1.64 Ventral exterior
CM-12- 522 6.42 3.12 2.06 Ventral exterior
CM-12- 532 3.69 2.02 1.82 Dorsal interior
CM-12- 529 2.84 1.60 1.77 Internal mould of 

ventral valve
CM-12- 530 5.32 2.52 2.11 Internal mould of 

ventral valve
CM-12- 204 5.50 3.03 1.82 Dorsal interior
SR22- 0358 4.65 3.43 1.36 External mould 

of dorsal valve
CM3- 0360 5.39 3.81 1.41 External mould 

of dorsal valve
CM-12- 525 5.29 2.94 1.80 Ventral exterior
CM10- 0362 5.09 3.06 1.66 Internal mould of 

ventral valve
XM9- 0357 5.27 3.16 1.67 Ventral exterior
CM14- 0361 6.43 3.48 1.85 External mould 

of ventral valve
CM12- 0363 6.10 3.96 1.54 Ventral interior
CM12- 0364 7.00 4.29 1.63 Dorsal exterior

Occurrence Changhsingian; South China.

Description Shell 1.6−4.3  mm long and 
2.8−7.5 mm wide, subquadrate to reversely trap-
ezoid in outline, widest at hinge; cardinal extrem-
ities acute, with an angle of 70−80°. Ventral 
valve nearly flat, hingespines projecting postero-
laterally with an angle of 30−60°; ears flat, 
smooth, not well differentiated from flanks of 
ventral disk; sulcus absent; costellae beginning 
from umbo, rarely bifurcated, round and coarse, 
numbering 17 to 25 near anterior margin. Dorsal 
valve flat or slightly concave; fold absent.

Ventral interior spine canals (sc) inclined 
toward midline along posterior margin 
(Fig.  9.38e); papillae sparse and radially 
arranged; a thin median septum (Fig. 9.38j, m). 
Dorsal interior cardinal process pit small; outer 
sockets coalescing with cardinal process, parallel 
to hingeline; inner sockets coalescing with cardi-
nal process, extending laterally at an angle of 15° 
with hingeline (Fig.  9.38f); papillae radially 
arranged.

Discussion These specimens are nearly identi-
cal to F. flatus (Shen and Archbold, 2002) from 
the Douling Formation (Upper Permian) of the 
Xiaoyuanchong section, Hunan Province, South 
China in a small size, the absence of both ventral 
sulcus and dorsal fold, and flat ventral and dorsal 
valves. Among the present specimens, a few have 

a

5mm 5mm

b

Fig. 9.37 Fusichonetes quadrata (Chan in Hou et  al., 
1979). (a), internal mould of a slightly deformed ventral 
valve (previously regarded as the holotype specimen of 
Waagenites longtanensis (Liao, 1984), re-photoed), 

71125. (b), internal mould of a nearly complete dorsal 
valve (previously examined as Waagenites longtanensis 
(Liao, 1984), re-photoed), 71124

W.-H. He et al.
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more costellae than in the holotype of F. flatus, 
but this may be explained as reflecting a degree 
of intraspecific variation for the same species 
from different sedimentary facies. The present 
species differs from other known species of 
Fusichonetes in its flat ventral and dorsal valves 
and the absence of sulcus.

Fusichonetes pygmaea (Liao, 1980a)
Figs. 9.39; 9.40

1964 Chonetes barusiensis (Davidson); Wang 
et al.: 240−241, pl. 37, Fig. 27.

1977 Waagenites barusiensis (Davidson); Yang 
et al.: 332, pl. 135, Fig. 4.

1978 Waagenites barusiensis (Davidson); Feng 
and Jiang: 244, pl. 88, Fig. 6.

1979a Fusichonetes pigmaea (Liao): pl. 1, 
Fig. 14.

1980a Plicochonetes pigmaea (Liao); Liao: 257, 
pl, 4, Fig. 4−6.

1980b Fusichonetes pigmaea (Liao); Liao: pl. 1, 
Fig. 5, 6.

1981 Fusichonetes pigmaea (Liao); Liao in Zhao 
et al.: pl. 8, Fig. 7, 8.

1982 Fusichonetes pigmaea (Liao); Wang et al.: 
200, pl. 96, Fig. 8, 9.

1984 Waagenites pigmaea (Liao); Liao: 279, pl. 
1, Fig. 7.

1987 Fusichonetes pigmaea (Liao); Liao: 100, 
pl. 3, Fig. 24.

1989 Waagenites barusiensis (Davidson); Zhan 
in Li et al.: pl. 25, Fig. 9.

2013 Tethyochonetes pygmaea (Liao 1980); 
Zhang et al.: 229, Fig. 5f.

2013 Tethyochonetes chaoi (Davidson); Zhang 
et al.: 227, Fig. 5a.

2014 Tethyochonetes pigmaea (Liao 1980); He 
et al.: 918, Fig. 6a−h.

2014 Tethyochonetes chaoi (Davidson); He et al.: 
915, Fig. 4p−w, b′.

Holotype Plicochonetes pigmaea Liao, 1980a, 
pl. 4, Fig. 6, deposited in the Nanjing Institute of 
Geology and Palaeontology, Chinese Academy 
of Sciences, a ventral valve, from Talung 
Formation (Lopingian), Jiaozishan section, 
Anshun, Guizhou Province, China.

Diagnosis (this paper). Small, reversely trape-
zoid (width/length < 2), cardinal extremities gen-
erally with an angle of 60−90°, ventral sulcus 
weak or moderate; costellae simple or slightly 
bifurcated; ventral median septum short but 
distinct.

Materials Over 400 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

SR28-0349-1 7.92 4.74 1.67 Internal mould 
of ventral valve

SR28-0351 7.45 4.98 1.50 Ventral interior
XM2-0435 3.18 2.39 1.33 External mould 

of dorsal valve
DDS26-0468 4.73 2.91 1.63 Ventral exterior
DDS26-0470 8.04 4.14 1.94 Internal mould 

of ventral valve
DDS29-0471 4.72 2.80 1.69 Ventral exterior
DDS29-0472 3.38 2.21 1.53 Ventral exterior
DDS29-0474 4.39 2.26 1.94 Dorsal exterior
DDS29-0475 4.89 3.44 1.42 Dorsal exterior
XM2-0478 5.28 3.23 1.63 Internal mould 

of ventral valve
SR22-0477 3.01 1.68 1.79 Internal mould 

of ventral valve
SR22-0479 5.51 3.69 1.49 Internal mould 

of ventral valve
SR23a-0480 6.55 4.32 1.52 External mould 

of dorsal valve
SR2202-0489 6.92 3.39 2.04 External mould 

of dorsal valve
SR2202-0490 4.04 3.77 1.07 Internal mould 

of dorsal valve
HZS20-0442-1 8.70 5.30 1.64 Ventral exterior
HZS20-0442-2 6.10 3.60 1.69 External mould 

of dorsal valve
HZS29-0443 8.05 5.33 1.51 Ventral exterior
HZS20-0444 8.76 5.61 1.56 Ventral exterior
HZS24-0445 9.52 6.19 1.54 External mould 

of dorsal valve
HZS28-0446 7.97 4.86 1.64 Dorsal exterior
ZZ2705-0457 8.50 4.26 2.00 Dorsal internal 

mould of 
conjoined shell

ZZ2705-0457 7.73 3.79 2.04 Ventral internal 
mould of 
conjoined shell 
(incomplete)

(continued)
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Number Width Length
Width/
length Notes

ZZ2701-0454 7.76 4.77 1.63 Ventral exterior
ZZ2705-0455 7.11 4.14 1.72 Internal mould 

of ventral valve
ZZ2705-0460 7.63 4.08 1.87 External mould 

of dorsal valve
ZZ6-0456-2 7.15 4.03 1.77 Ventral internal 

mould of 
conjoined shell 
(incomplete)

ZZ6-0456-2 6.65 3.90 1.71 Dorsal internal 
mould of 
conjoined shell 
(incomplete)

ZZ2703-0459 8.98 6.50 1.38 External mould 
of dorsal valve

Occurrence Changhsingian−lowest Triassic; 
South China.

Description Shell 1.7−6.5  mm long and 
3.0−9.5  mm wide on average, reversely trape-
zoid or transversely quadrate in outline, widest at 
hingeline; ears small, triangular, smooth, well 
differentiated from visceral disk. Ventral valve 
moderately convex; beak slightly incurved, over-
hanging hingeline; cardinal extremities with an 
angle of 80−90°; sulcus present but weak, 
slightly widening anteriorly; costellae beginning 
from umbo, simple, numbering 22 to 24 at ante-
rior margin. Dorsal valve slightly concave; 
median fold weak; microornamented by tubes 
(tu) on well-preserved specimens (Fig. 9.40j).

Ventral interior with a short but distinct 
median septum (ms in Fig.  9.40i, k); papillae 
radially-arranged, coarser near ears. Dorsal inte-
rior with trifid cardinal process (cp in Fig. 9.39m); 
inner socket ridges coarse and coalescing with 
cardinal process, extending latterally at an angle 
of 20° to hingeline (Fig. 9.40k); papillae radially- 
arranged, even in size.

Discussion Fusichonetes pigmaea was named 
by Liao (1979a), without description and holo-
type but with illustration (Liao, 1979a, pl. 1, 
Fig. 14, the specimen from the Permian−Triassic 
interval of Meishan, Zhejiang, South China). As 
noted by Wu et al. (2017), the lack of description 
had subsequently resulted in this species being 
referred to a number of genera: Plicochonetes 
Paeckelmann, 1930 by Liao (1980a, only with a 
simple description), Waagenites Paeckelmann, 
1930 by Liao (1984, without description) and 
Tethyochonetes (Chen et al., 2000). Fortunately, 
Wu et al. (2017) recently clarified this issue.

Fusichonetes pygmaea is more or less similar 
to F. cheni in a reversely trapezoid or trans-
versely quadrate outline, but differs in having a 
sulcus and a smaller ratio of shell width to 
length. Fusichonetes quadrata has a smaller 
ratio of shell width to length and bifurcated 
costellae, when compared with F. pygmaea. The 
flat dorsal and ventral valves and fewer costellae 
of F. flatus clearly separate this species from the 

Fig. 9.38 Fusichonetes flatus (Shen and Archbold, 
2002). (a), exterior of a complete ventral valve (shell 
mostly decorticated), CM-12-509, showing a preserved 
hinge spine. (b), exterior of an incomplete ventral valve, 
CM-12-522. (c), interior of a nearly complete dorsal 
valve, CM-12-532, showing radially-arranged papillae. 
(d), internal mould of a nearly complete ventral valve, 
CM-12-529, showing a median septum (ms) and papillae. 
(e), internal mould of a nearly complete ventral valve, 
CM-12- 530, showing the spine canals (sc) inclined mid-
line. (f), interior of a nearly complete dorsal valve, 
CM-12-204, showing sockets (soc) and inner socket 
ridges (is). (g), external mould of a nearly complete dorsal 

valve, SR22-0358, showing costellae. (h), external mould 
of a nearly complete dorsal valve, CM3-0360, showing 
obscure costellae (due to preservational bias). (i), exterior 
of a complete ventral valve, CM-12-525. (j), internal 
mould of a complete ventral valve, CM10-0362, showing 
hinge spines, median septum (ms) and papillae. (k), exte-
rior of a nearly complete ventral valve, XM9-0357, show-
ing hinge spines. (l), external mould of a nearly complete 
ventral valve, CM14-0361, showing coarse, simple costel-
lae. (m), interior of a nearly complete ventral valve, 
CM12-0363, showing papillae and a thin median septum 
(ms). (n), exterior of a complete dorsal valve, CM12-
0364, showing coarse, simple costellae
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present species. Both F. soochowensis and F. 
nayongensis have a larger shell width to length 
ratio than in F. pygmaea, with F. soochowensis 
being additionally distinguishable by its bifur-
cated costellae.

Fusichonetes rectangularis (He and Shi in He 
et al., 2014)

Fig. 9.41

2014 Tethyochonetes rectangularis He and Shi in 
He et al.: 915, Fig. 7a−j.

Holotype Tethyochonetes rectangularis He and 
Shi in He et al., 2014, Fig. 7b, deposited in the 
Laboratory of Geobiology, Faculty of Earth 
Sciences, China University of Geosciences, 
Wuhan, People’s Republic of China, external 
mould of a dorsal valve, from upper part of the 
Talung Formation (uppermost Changhsingian), 
Majiashan section, Chaohu, Anhui Province, 
China.

Diagnosis Small and transversely rectangular 
(width twice of length) in outline. Ventral valve 
slightly convex; cardinal extremities nearly right- 
angled or large acute-angled; median sulcus shal-
low, beginning to rapidly widen from anterior of 
umbo. Dorsal valve slightly concave; median 
fold weak, rapidly widening from anterior of 
umbo. Costellae simple, rarely bifurcated.

Materials Eight registered specimens: see 
below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-14- 91 10.95 6.07 1.80 External mould of 
dorsal valve

CM-13- 350 5.25 2.73 1.92 Ventral exterior
SR-23- 393 5.90 2.81 2.10 Internal mould of 

ventral valve
CM-12- 359 5.63 3.23 1.75 Internal mould of 

ventral valve
CM-14- 355 7.21 4.27 1.69 Ventral interior
CM-12- 357 8.04 4.06 1.98 Ventral interior
CM-14- 358 7.86 4.16 1.89 Ventral interior
CM-12- 354 7.15 3.62 1.98 Ventral interior

Occurrence Changhsingian; South China.

Description Shell small to medium for genus, 
2.7−6.1 mm long and 5.3−12.0 mm wide, trans-
versely rectangular, greatest width at hinge. 
Ventral valve slightly convex, beak small, slightly 
overhanging hingeline; ears large, flat or slightly 
convex; cardinal extremities sub-quadrate, cardi-
nal angle 70−90°; median sulcus shallow, widen-
ing anteriorly from umbo. Dorsal slightly 
concave, median fold weak, widening anteriorly 
from umbo; costellae simple, rarely bifurcated, 
numbering 20−24 nearby anterior margin. 
Ventral median septum short, distinct; radially- 
arranged papillae covering the ventral interior. 
Dorsal median septum short, distinct.

Discussion Fusichonetes rectangularis is some-
what similar to species of Neochonetes Muir- 
Wood, 1962 in a transversely rectangular outline, 

Fig. 9.39 Fusichonetes pygmaea (Liao, 1980a). (a), 
internal mould of an incomplete ventral valve, SR28-
0349-1, showing radially-arranged papillae. (b), interior 
of the incomplete ventral valve, SR28-0351 (= SR28-
0349-1). (c), external mould of a complete dorsal valve, 
XM2-0435, showing simple costellae. (d), exterior of a 
complete ventral valve, DDS26-0468. (e), internal mould 
of a complete ventral valve and shell remnant, DDS26-
0470, partly showing papillae. (f), exterior of an incom-
plete ventral  valve, DDS29-0471, showing weak 
costellae. (g), exterior of a complete ventral valve, 
DDS29-0472, showing bases of hinge spines. (h), exterior 
of a complete dorsal valve, DDS29- 0474, showing linear 
interarea. (i), exterior of a complete dorsal valve, DDS29-

0475. (j), internal mould of a slightly deformed but nearly 
complete ventral valve and shell remnant, XM2-0478. 
(k), internal mould of a nearly complete ventral valve and 
shell remnant, SR22-0477, showing weak costellae. (l), 
internal mould of an incomplete ventral valve, SR22-
0479, showing a median septum (ms), hinge spines and 
papillae. (m), external mould of an incomplete dorsal 
valve, SR23a-0480, showing a quadrilobate cardinal pro-
cess (cp). (n), external mould of a nearly complete dorsal 
valve, SR2202-0489, showing simple costellae. (o), inter-
nal mould of an incomplete dorsal valve, SR2202-0490, 
showing a long median septum (ms) and scars of brachial 
ridges (br)

9 Systematic Palaeontology



142

3mm 2mm
4mm

4mm 4mm
4mm

4mm

3mm
2mm

4mm 3mm

b c

d e
f

g h

i

j

k

l

geni

iar

ms

tu

iar

hs

3mm

ms

is

tu

a

W.-H. He et al.



143

but differs from Neochonetes in the details of its 
ventral interior, characterized by lacking parallel 
lateral septa and absence of Neochonetes-like 
papillae. The present species resembles to 
Fusichonetes nayongensis (Liao, 1980a) in a 
strongly transverse outline, slightly convex ven-
tral valve, rarely bifurcated costellae, but differs 
from the latter in having sub-quadrate cardinal 
extreminites and a more prominent sulcus. This 
species is more or less similar to Fusichonetes 
soochowensis (Chao, 1928, p.  31, pl. 1, 
Fig. 14−16) in a transverse outline, but the for-
mer has sub-quadrate cardinal extreminites and 
simple costellae.

Fusichonetes sinuata (He and Shi in He et al., 
2014)

Fig. 9.42

2014 Tethyochonetes? sinuata He and Shi in He 
et al.: 921, Fig. 7k−m.

Diagnosis Small, reversely trapezoid in outline. 
Ventral valve strongly and evenly convex; cardi-
nal extremities acute; median sulcus narrow, 
deep, slightly widening anteriorly, beginning 
from the anterior of umbo. Dorsal slightly and 
evenly concave, median fold narrow but distinct. 
Costellae straight, begin to bifurcate nearby beak.

Materials Four specimens. Registered speci-
mens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-10- 16 7.93 4.34 1.83 Internal mould 
of dorsal valve

CM-10- 27 7.51 4.01 1.87 External mould 
of dorsal valve

HZS19- 0605 3.39 2.30 1.47 Dorsal interior

Occurrence Changhsingian; South China.

Description Reversely trapezoid, greatest width 
at hinge; shell 2.3−6.7 mm long and 3.4−12.7 mm 
wide. Dorsal valve slightly concave, median fold 
narrow, distinct, slightly widening anteriorly to 
about one fifth of shell width, costellae bifurcated 
from umbo, numbering 29 at anterior. Dorsal 
median ridge weak but extending anteriorly to one 
third of shell length; sockets shallow; inner socket 
ridges coarse, extending latterally at an angle of 
25° to hingeline; radially-arranged papillae cover-
ing dorsal interior, papillae absent towards ears.

Discussion Although He et al. (2014) described 
these specimens as having “Neochonetes-like” 
papillae in the dorsal interior, here we still think 
the species is best to be placed in Fusichonetes. 
The reason is that the presence of “Neochonetes- 
like” papillae may be due to varied preservation 
(see Fig.  9.42a, c), rather than typical 
Neochonetes-like papillae (because these papil-
lae near the margins do not form a prominent 

Fig. 9.40 Fusichonetes pygmaea (Liao, 1980a). (a), 
exterior of a complete ventral valve, HZS20-0442-1, 
showing well-preserved costellae. (b), external mould of a 
nearly complete dorsal valve and remnant of the con-
joined ventral valve, HZS20-0442-2, showing the pre-
served two hinge spines. (c), exterior of a complete ventral 
valve, HZS29-0443. (d), exterior of a complete ventral 
valve, HZS20-0444, showing obscure costellae (due to 
badly preserved). (e), external mould of a nearly complete 
dorsal valve, HZS24-0445, showing well-preserved 
costellae and a geniculation (geni). (f), exterior of a com-
plete dorsal valve and posterior of the conjoined ventral 
valve (dorsal view), HZS28-0446, showing a narrow 
interarea (iar). (g), internal mould of a nearly complete 
ventral and internal mould of the conjoined dorsal valve 

(shell remnant observed), ZZ2705-0457, showing radi-
ally-arranged papillae. (h), exterior of a deformed ventral 
valve, ZZ2701-0454, showing the preserved two hinge 
spines. (i), internal mould of a complete ventral valve, 
ZZ2705-0455, showing a median septum (ms). (j), exter-
nal mould of a complete dorsal valve and posterior of the 
conjoined ventral valve (dorsal view), ZZ2705-0460, 
showing small tubes (tu), interarea (iar) and hinge spines 
(hs). (k), internal mould of an incomplete ventral valve 
and internal mould of the conjoined dorsal valve, ZZ6-
0456-2, showing a ventral median septum (ms) and inner 
socket ridges (is). (l), external mould of a complete dorsal 
valve and posterior of internal mould of the conjoined 
ventral valve, ZZ2703-0459, showing small tubes (tu) and 
concentric lamellae near margins
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band). Additionally, the reversely trapezoid out-
line and the internal feature of these specimens 
are more typical of Fusichonetes. This species 
differs from all other species of Fusichonetes by 
its narrow but distinct dorsal fold.

Genus Neochonetes Muir-Wood, 1962

Type Species Chonetes dominus King, 1938. 
Upper Carbonaceous Marble Falls limestone; 
West Texas.

Diagnosis (emended). Transversely quadrate in 
outline, plano- to moderately concavo-convex in 
profile. Ventral interior generally with a median 
septum or median ridge; lateral septa parallel, 
usually extending anteriorly to a half of shell 
length; papillae covering ventral interior, increas-
ing in number and decreasing in size towards 
margin (Densy papillae arranged around margins 
and formed a band, unique to this genus, 
described as “Neochonetes-like papillae” by He 
et al., 2014). Dorsal interior with prominent inner 
socket ridges; generally with a median septum or 
median ridge, extending anteriorly to two thirds 
of shell length; lateral septa short, distinct; papil-
lae similar to ventral interior.

Discussion Neochonetes differs from both 
Rugaria Cooper and Grant, 1969 from the 
Permian (Asselian) of Hess Canyon and 
Waterhouseiella Archbold, 1983 from the 
Permian of Southern Thailand in its finer costel-
lae. Additionally, Waterhouseiella with a stout 
dorsal median septum is easily distinguished 
with Neochonetes which lacks a dorsal median 
septum. Six subgenera, N. (Neochonetes) Muir- 
Wood, 1962; N. (Huangichonetes) Shen and 
Archbold, 2002; N. (Nongtaia) Archbold, 1999; 
N. (Sommeriella) Archbold, 1982; N. (Zechiella) 
Archbold, 1999 and N. (Zhongyingia) Shen and 

Archbold, 2002, have been included in 
Neochonetes. Four of these, N. (Nongtaia), N. 
(Sommeriella), N. (Zechiella) and N. 
(Neochonetes), all have nearly quadrate cardinal 
extremities and are thus easily distinguished from 
other two subgenera, N. (Zhongyingia) and N. 
(Huangichonetes) (Fig. 9.43). The ornamentation 
of N. (Nongtaia), N. (Sommeriella), N. (Zechiella) 
and N. (Neochonetes) are different to each other 
(Fig. 9.43). N. (Zhongyingia) has a broad, shal-
low sulcus and fasciculatedly bifurcated costellae 
and thus slightly differs from N. (Huangichonetes) 
which has a moderately wide (rapidly widening 
anteriorly) sulcus and evenly bifurcated costellae 
(Fig. 9.43).

Subgenus Neochonetes (Huangichonetes) Shen 
and Archbold, 2002

Type Species Chonetes substrophomenoides 
Huang, 1932. Upper Permian; South China.

Diagnosis Small Neochonetes, reverse trapezoid 
in outline, cardinal extremities acute (ears small, 
acute), disk strongly convex, sulcus moderately 
wide, costellae fine, numbering 30−50 near mar-
gin. Ventral interior with a very short median 
septum.

Neochonetes (Huangichonetes) substropho-
menoides (Huang, 1932)

Fig. 9.44

1932 Chonetes substrophomenoides Huang: 3, 
pl. 1, Fig. 3–7.

1964 Chonetinella substrophomenoides (Huang); 
Wang et al.: 243, pl. 37, Fig. 31.

1977 Neochonetes substrophomenoides (Huang); 
Yang et al.: 331, pl. 135, Fig. 20.

1978 Chonetinella substrophomenoides (Huang); 
Feng and Jiang: 242, pl. 88, Fig. 1.

Fig. 9.41 Fusichonetes rectangularis (He and Shi in He 
et  al., 2014). (a), external mould of a complete dorsal 
valve, CM-14-91, showing simple costellae and concen-
tric fila. (b), exterior of a nearly complete ventral valve, 
CM-13-350. (c), internal mould of a nearly complete ven-
tral valve, SR-23-393, showing a short median septum 

(ms). (d), internal mould of a nearly complete ventral 
valve, CM-12-359, showing papillae. (e, f), interiors of 
two incomplete ventral valves, CM-14-355, CM-12-357. 
(g, h), internal moulds of two nearly complete ventral 
valves, CM-14-358, CM-12- 354, showing a short median 
septum (ms) for each specimen
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1979 Neochonetes sublatesinuata Chan in Hou 
et al.: 70, pl. 11, Fig. 5, 6, 8.

1980a Neochonetes elegans Liao: 257, pl. 5, 
Fig. 1–3.

1982 Neochonetes substrophomenoides (Huang); 
Wang et al.: 200, pl. 96, Fig. 10, 11.

1987 Neochonetes substrophomenoides (Huang); 
Xu in Yang et al.: 221, pl. 9, Fig. 14–20, 26, 
27.

1987 Neochonetes convexa Liao; Xu in Yang 
et al.: 221, pl. 9, Fig. 25; pl. 10, Fig. 7, 9.

1989 Neochonetes cf. substrophomenoides 
(Huang); Zhan in Li et al.: pl. 25, Fig. 16.

2002 Neochonetes (Huangichonetes) substroph-
omenoides (Huang); Shen and Archbold: 337, 
Fig. 5e–j, l, m.

2013 Neochonetes (Huangichonetes) substroph-
omenoides (Huang, 1932); Zhang et  al.: 
Fig. 9m−p, x, z.

2013 Neochonetes (Huangichonetes) archboldi 
Zhang et al.: Figs. 9aa, 11a−l, 11n−o.

2013 Neochonetes (Sommeriella) strophomenoi-
des (Waagen); Zhang et al.: Fig. 11r.

2013 Neochonetes (Zhongyingia) zhongyingensis 
Liao; Zhang et al.: Fig. 12x.

Materials Over 1000 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ0400110 13.95 7.62 1.83 Ventral internal 
mould of a 
conjoined shell

LZ2702387 15.33 8.51 1.80 Internal mould of 
ventral valve

LZ1400530 14.46 8.59 1.68 Internal mould of 
ventral valve

LZ2705142 10.70 6.78 1.58 External mould 
of dorsal valve

LZ1400368 11.24 7.05 1.59 Internal mould of 
ventral valve

LZ2704059 9.79 6.45 1.52 Internal mould of 
ventral valve

LZ2704108 11.76 6.58 1.79 External mould 
of dorsal valve

LZ2705143 10.34 5.93 1.74 External mould 
of dorsal valve

LZ2703148 10.73 6.03 1.78 External mould 
of dorsal valve

Occurrence Changhsingian; China.

Description Reverse trapezoid in outline, great-
est width at hingeline; medium size for the sub-
genus, 5.3–9.5 mm long and 9.2–15.3 mm wide; 
cardinal extremities with an angle ca 60–70°; 
ears slightly inflated, well demarcated from vis-
ceral region.

Ventral valve strongly convex; beak slightly 
extending beyond hingeline; sulcus originating 
from umbo anterior, widening and deepening 
anteriorly; four pairs of hingespines: the pairs 
close to midhingeline projected initially postero-
medially, then changed direction and projected 
posterolaterally; the pairs close to cardinal 
extremities directly projected posterolaterally 
(Fig.  9.44b). Dorsal valve strongly concave; 
costellae fine, rounded, commonly bifurcating, 
35–40 near anterior margin; very small tubes (tu) 
along costellae and open posteriorly (Fig. 9.44h, 
i), about 0.2–0.3  mm long and 0.05  mm cross, 
with a density of 7–8 per mm2 at anterior.

Ventral interior with a median septum; papil-
lae, radially arranged, increasing in number but 
distinctly decreasing in size towards margin (so 
called “Neochonetes-like papillae”), with a den-
sity of 13–14 per mm2 at midvalve and 32–36 per 
mm2 at anterior (Fig. 9.44a, b).

Discussion The specimen of Neochonetes 
(Sommeriella) strophomenoides of Zhang et  al. 
(2013, Fig.  11r) has acute cardinal extremities 
(trimmed it as to having quadrate cardinal 
extremities by Zhang et al. 2013), unparallel lat-
eral margins and a moderately wide fold, and so 
should be assigned to the present species. 
Neochonetes (Huangichonetes) archboldi Zhang 
et al., 2013 is synonymous with the present spe-
cies, because they have many common features, 
including a reverse trapezoidal outline, acute car-
dinal extremities, a moderately wide sulcus and 
similar costellae. Neochonetes (Zhongyingia) 
zhongyingensis of Zhang et al. (2013, Fig. 12x) 
has a more convex ventral valve and a more con-
cave dorsal valve and thus more possibly coin-
cides with the present species.

9 Systematic Palaeontology



148

6mm

6mm

5mm 4mm 5mm

4mm 5mm

6mm

b

d

c

e f g

h
i

tu

tu

tu

5mm
a

W.-H. He et al.



149

Neochonetes (Huangichonetes) inflatus Shen 
in Shen et  al., 2002 from the Middle Permian 
Yongde Formation of western Yunnan, China dif-
fers from the present species in having finer 
costellae and slightly larger cardinal angles 
(about 85−87°), and that the former was consid-
ered to have a hingeline shorter than greatest 
shell width (this case actually due to preservation 
bias, e.g., if referred to Fig.  3.1 of Shen et  al., 
2002, then the greatest width of the shell at  
hingeline). The present species  
is easily distinguished from Neochonetes 
(Huangichonetes) geniculatus Campi and Shi, 
2005 from the Changhsing Formation and lower-
most Feixianguan Formation (Changhsingian) of 
Sichuan Province, China in the latter having a 
geniculate ventral valve and smaller body size.

Subgenus Neochonetes (Sommeriella) Archbold, 
1982

Type Species Chonetes prattii Davidson, 1859. 
Sakmarian; Western Australia.

Diagnosis Medium to large for Neochonetes, 
transversely quadrate in outline, cardinal extrem-
ities quadrate; disk strongly convex; sulcus 
prominent, moderately wide; fine capillae or 
costellae. Ventral interior with a long median sep-
tum, extending to a half of midlength; a pair of 
parallel vascular trunks, closely positioned each 
side of median septum. Dorsal interior with a 
long median septum, extending to/over a half of 
midlength; a pair of short lateral septa anteriorly 
diverged.

Neochonetes (Sommeriella) wufengensis (He 
and Shi in He et al., 2014)

Fig. 9.45a−e

2014 Neochoetes (Huangichonetes?) wufengen-
sis He and Shi in He et al.: 927, Fig. 9h−l.

Materials Over 20 specimens. Registered spec-
imens: DCB-34-395, DCB-35-398, DCB-
35- 399, DCB-35-400, DCB-34-394.

Measurements (mm): 

Number Width Length
Width/
length Notes

DCB- 34- 395 7.54 4.46 1.69 Internal mould 
of ventral 
valve

DCB- 35- 398 5.47 3.53 1.55 Ventral 
interior

DCB- 35- 400 6.19 3.81 1.62 Internal mould 
of ventral 
valve

DCB- 34- 394 7.32 4.92 1.49 Ventral 
interior

Occurrence Changhsingian; Wufeng in Hubei 
Province, South China.

Description Transversely quadrate in outline, 
widest at hinge; shell small for the subgenus, 
3.4−4.9 mm long and 5.5−8.4 mm wide; lateral 
margins parallel, ears triangular, flat, smooth, not 
extended. Ventral valve strongly convex, elevated 
part triangular (equal to one-third of shell width); 
beak slightly overhanging hingeline; cardinal 

Fig. 9.44 Neochonetes (Huangichonetes) substropho-
menoides (Huang, 1932). (a), internal mould of a com-
plete ventral valve and part of internal mould of the 
conjoined dorsal valve, LZ0400110. (b), internal mould 
of a complete ventral valve, LZ2702387, showing 
Neochonetes-like papillae. (c), internal mould of an 
incomplete ventral valve, LZ1400530. (d), external mould 
of a complete dorsal valve and posterior part of internal 
mould of the conjoined ventral valve, LZ2705142. (e, f), 

internal moulds of two complete ventral valves, 
LZ1400368, LZ2704059, showing a thick median septum 
and Neochonetes-like papillae for each specimen. (g), 
external moulds of dorsal valves, LZ2704108, showing 
bifurcated costellae. (h), external mould of a complete 
dorsal valve, LZ2705143, showing small tubes (tu). (i), 
external mould of a nearly complete dorsal valve and pos-
terior part of internal mould of the conjoined ventral 
valve, LZ2703148, showing small tubes (tu)
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extremities with an angle of about 90°; sulcus 
deep, originating from umbo and widening ante-
riorly; costellae fine, dense, numbering 3 per 
1  mm. Dorsal valve strongly concave, concave 
part triangular. Ventral interior with a short 
median septum (ms in Fig. 9.45a); a pair of paral-
lel vascular trunks (vt in Fig.  9.45a); papillae 
radially-arranged. Dorsal interior with a thick 
median septum.

Discussion Although initially tentatively 
assigned to the subgenus of Huangichonetes (He 
et al., 2014), these specimens have quadrate car-
dinal extremities, a moderately wide median sul-
cus and fine costellae, all characteristics of 
Sommeriella. Comapred to the present species, 
Neochonetes (Sommeriella) strophomenoides 
(Waagen 1884) from the Permian of Salt Range 
has a wider umbo, more extended ears and acute 
extremities. Neochonetes (Sommeriella) regula-
ris Shen et  al., 2000 from the Selong Group 
(Upper Permian) of Xishan, Tibet, China has 
more and finer costellation in comparison with N. 
(Sommeriella) wufengensis.

Subgenus Neochonetes (Zhongyingia) Shen and 
Archbold, 2002

Type Species Neochonetes zhongyingensis 
Liao, 1980a. Changhsingian (Upper Permian), 
South China.

Diagnosis Reversely trapezoidal outline, great-
est width at hingeline; ears acute, cardinal 
extremities extended; ventral valve slightly con-
vex; sulcus broad and shallow; surface orna-
mented by fine costellae. Dorsal interior with 
long lateral ridges parallel to hingeline.

Neochonetes (Zhongyingia) zhongyingensis 
Liao, 1980a

Fig. 9.45f−h

1980a Neochonetes zhongyingensis Liao: 257, pl. 
5, Fig. 10–13.

2002 Neochonetes (Zhongyingia) zhongyingensis 
Liao; Shen and Archbold: 333, Fig. 4a–q.

2013 Neochonetes (Zhongyingia) zhongyingensis 
Liao; Zhang et al.: 243, Fig. 12y−aa.

Materials Over 10 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ1200082 11.10 5.65 1.97 External mould 
of dorsal valve

LZ0400085 15.12 7.94 1.90 External mould 
of dorsal valve

LZ0400127 11.98 6.35 1.89 External mould 
of dorsal valve

Occurrence Upper Permian; Hunan and 
Guizhou in South China.

Description Reversely trapezoidal in outline, 
greatest width at hingeline; shell medium size 
for the subgenus, 5.7–7.9  mm long and 9.9–
15.1 mm wide; cardinal extremities acute, with 
an angle of 60–80°; ears large, nearly flat, well 
demarcated from visceral region. Dorsal valve 
slightly concave; fold indistinct. Costellae fine, 
increasing by bifurcatiuon and forming fascicu-
lated, numbering 30−36 near anterior margin; 
hinge spines projecting posterolaterally at about 
0–40°.

Discussion The specimen of Neochonetes 
(Zhongyingia) zhongyingensis Liao of Zhang 
et al. (2013, Fig. 12w) has a strongly convex ven-
tral valve, quadrate cardinal extremities and a 
sulcus which is weak and only positioned near 
anterior margin, unlike features of Neochonetes 
(Zhongyingia), but rather like those in 
Neochonetes (Neochonetes) (Fig.  9.43) (see 
below).

Subgenus Neochonetes (Neochonetes) Muir- 
Wood, 1962

Type Species Chonetes dominus King, 1938. 
Upper Carbonaceous Marble Falls limestone; 
West Texas.

Diagnosis Transversely quadrate in outline, car-
dinal extremities quadrate; small to medium for 
the genus; slightly concavoconvex in profile. 
Ventral valve with a weak sulcus near anterior 
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Fig. 9.45 (a–e), Neochonetes (Sommeriella) wufengen-
sis (He and Shi in He et al., 2014). (a), internal mould of 
a complete ventral valve, DCB-34-395, showing a median 
septum (ms) and vascular trunks (vt). (b), interior of a 
nearly complete ventral valve, DCB-35-398. (c), internal 
mould of an incomplete dorsal valve, DCB-35-399, show-
ing scars of brachial ridges. (d), internal mould of an 
incomplete ventral valve, DCB-35-400. (e), interior of a 
complete ventral valve, DCB-34-394. (f–h), Neochonetes 
(Zhongyingia) zhongyingensis Liao, 1980a. (f), external 
mould of a complete dorsal valve, LZ1200082, showing 
bifurcated costellae and hinge spines. (g), external mould 
of a complete dorsal valve, LZ0400085, showing bifur-

cated costellae. (h), external mould of a complete but 
slightly deformed dorsal valve, LZ0400127, showing 
bifurcated costellae. (i–l), Neochonetes (Neochonetes) 
liaoi (He and Shi in He et  al., 2014). (i), interior of a 
nearly complete dorsal valve (shell mostly decorticated), 
CM-1-373. (j), internal mould of a complete ventral valve, 
CM-1-372, showing quadrate cardinal extremities. (k), 
interior of an incomplete ventral valve, CM-1-364 (holo-
type as originally illustrated by He et al., 2014), showing 
radially-arranged papillae and quadrate cardinal extremi-
ties. (l), internal mould of a complete dorsal valve, CM-1- 
376 (paratype as originally illustrated by He et al., 2014)
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margin. Surface ornamented by fine costellae. 
Ventral interior generally with a long median 
septum or median ridge; vascular trunks parallel; 
Neochonetes-like papillae. Dorsal interior with a 
long septum septum and prominent inner socket 
ridges.

Neochonetes (Neochonetes) liaoi (He and Shi in 
He et al., 2014)

Fig. 9.45i−l

2014 Neochonetes (?Zhongyingia) liaoi He and 
Shi in He et  al., 2014: 927, Figs.  9m−o, 
11a−f.

Materials Over 20 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-1- 373 7.98 4.23 1.89 Dorsal interior
CM-1- 372 7.19 4.47 1.61 Internal mould of 

ventral valve
CM-1- 364 6.39 4.19 1.52 Ventral interior
CM-1- 376 7.72 4.06 1.90 Internal mould of 

dorsal valve

Occurrence Wuchiapingian (more commonly) 
to Changhsingian; South China.

Description Shell small for the subgenus, 
3.7−5.6 mm long and 6.3−8.9 mm wide, trans-
versely quadrate in outline, widest at hingeline, 
lateral margins parallel, ears large, triangular, 
flat, smooth, not extended. Ventral valve slightly 

convex; umbo broad, with an angle of 110°; 3 
pairs of hingespines projecting posterolaterally; 
cardinal extremities with an angle of about 90°; 
sulcus weak to absent, only at anterior margin 
when present. Dorsal valve slightly concave; 
umbo broad, with an angle of 110°; fold absent; 
capillae dense, numbering 4 per 1  mm. Ventral 
interior with fine Noechonetes-like papillae. 
Dorsal interior median septum coarse; lateral 
septa thick, coalescing with a median septum; 
inner socket ridges distinct, coalescing with a 
cardinal process, extending latterally at an angle 
of 30° to hingeline (see He et al., 2014).

Discussion Although these specimens were 
originally assigned to the subgenus of 
Zhongyingia, they prominently have quadrate 
cardinal extremities and an indistinct (or even 
absent) median sulcus, suggesting features of 
subgenus Neochonetes. This species differs from 
Neochonetes (Neochonetes) dominus (King, 
1938, p. 259, pl. 36, Fig. 1−7) from the Upper 
Carbonaceous Marble Falls limestone of West 
Texas in the latter prominently having parallel 
vascular trunks in the ventral interior, concentric 
lines and a larger size. The present species differs 
from Neochonetes (Sommeriella) wufengensis in 
a wider umbo and absence of a deep sulcus.

Neochonetes (Neochonetes) convex Liao, 1980a
Fig. 9.46

1980a Neochonetes convexa Liao: 257, pl. 5, 
Fig. 19–22.

1982 Neochonetes convexa Liao; Wang et  al.: 
200, pl. 95, Fig. 13.

Fig. 9.46 Neochonetes (Neochonetes) convex Liao, 
1980a. (a), internal mould of a complete ventral valve, 
LZ0400128, showing a median septum (ms) and vascular 
trunks (vt). (b, c), internal moulds of two complete ventral 
valves, LZ1200074, LZ0400124, showing a median sep-
tum and radially-arranged papillae for each specimen. (d), 
internal mould of a nearly complete ventral valve, 
LZ2704210. (e–h), internal moulds of four complete ven-
tral valves, LZ0400100, LZ1200132, LZ1200102 (ms- 
median septum, vt- vascular trunks), LZ1400033. (i), 
internal mould of a complete ventral valve and shell rem-
nant, LZ2705020. (j), internal mould of a complete ven-

tral valve, LZ2702212, showing spine canals (sc) inclined 
toward midline and a median septum (ms). (k), internal 
mould of a nearly complete ventral valve, LZ2702049. (l), 
internal mould of a complete dorsal valve, LZ1200133, 
showing sockets (soc), inner socket ridges (is), median 
septum (ms), lateral septa (ls). (m), external mould of a 
complete dorsal valve, LZ0400105, showing bifurcated 
costellae. (n), external mould of an incomplete dorsal 
valve and part of internal mould of the conjoined ventral 
valve, LZ2702289, showing a distinct fold. (o), exterior of 
a complete ventral valve, LZ0400096, showing a broad 
and shallow sulcus
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2001 Neochonetes (Sommeriella) strophomenoi-
des (Waagen); Shen et al.: 277, Fig. 3.10−3.15.

2002 Neochonetes (Sommeriella) strophomenoi-
des (Waagen); Shen and Archbold: 334, 
Fig. 5a, c, d.

2013 Neochonetes (Huangichonetes) substroph-
omenoides (Huang, 1932); Zhang et  al.: 
Fig. 9q−w, y.

2013 Neochonetes (Huangichonetes) archboldi 
Zhang et al.: Fig. 11m.

2013 Neochonetes (Sommeriella) strophomenoi-
des (Waagen, 1884); Zhang et al.: Fig. 11t, v.

2013 Neochonetes (Sommeriella) regularis Shen, 
Archbold, Shi and Chen; Zhang et  al.: 
Fig. 11x, y.

2013 Neochonetes (Sommeriella) waterhousei 
Zhang et al.: 241, Fig. 12c−l.

2013 Neochonetes (Sommeriella) rectangularis 
Zhang et al.: 242, Fig. 12m−v.

2013 Neochonetes (Zhongyingia) zhongyingensis 
Liao, 1980a; Zhang et al.: Fig. 12w.

2013 Neochonetes semicircularis Zhang et  al.: 
Fig. 14c, d.

Materials Over 100 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ0400128 12.31 7.69 1.60 Internal mould of 
ventral valve

LZ1200074 12.82 7.49 1.71 Internal mould of 
ventral valve

LZ0400124 11.98 7.24 1.65 Internal mould of 
ventral valve

LZ2704210 9.06 6.50 1.39 Internal mould of 
ventral valve

LZ0400100 10.91 6.72 1.62 Internal mould of 
ventral valve

LZ1200132 10.23 6.52 1.57 Internal mould of 
ventral valve

LZ1200102 12.08 7.45 1.62 Internal mould of 
ventral valve

LZ1400033 11.26 7.22 1.56 Internal mould of 
ventral valve

LZ2705020 10.48 6.81 1.54 Internal mould of 
ventral valve

LZ2702212 9.73 6.84 1.42 Internal mould of 
ventral valve

Number Width Length
Width/
length Notes

LZ2702049 9.70 6.14 1.58 Internal mould of 
ventral valve

LZ1200133 11.71 7.69 1.52 Internal mould of 
dorsal valve

LZ0400105 12.04 7.32 1.64 External mould of 
dorsal valve

LZ2702289 9.88 7.01 1.41 External mould of 
dorsal valve

LZ0400096 14.95 9.31 1.61 Ventral exterior

Occurrence Changhsingian; Guizhou of South 
China.

Description Shell subquadrate, greatest width 
at hinge; small to medium for the subgenus, 6.1–
9.9 mm long and 9.1–15.0 mm wide.

Ventral valve slightly convex; beak low, broad, 
slightly overhanging hingeline; sulcus weak, 
developed at anterior margin. Dorsal valve mod-
erately concave; fold weak. Costellae fine, 
increasing by bifurcation, numbering about 35 
near anterior margin; 3 to 4 pairs of hinge spines 
projecting posterolaterally.

Ventral interior with a short median septum, 
extending to about one-third of shell length; a 
pair of parallel vascular trunks (vt), closely posi-
tioned each side of median septum (ms) 
(Fig. 9.46a, g); inner surface with radial papillae, 
larger and rare in visceral region and ears, and 
then becoming smaller and densely packed to 
form a band near margins, with a density of 6–8 
per mm2 at midvalve and 20–25 per mm2 at ante-
rior. Dorsal interior with deep sockets (soc), inner 
socket ridges (is) diverging at an angle about 
160°; a median septum (ms) anteriorly extending 
to two-thirds of shell length; a pair of lateral septa 
(ls); radial papillae, sparse but larger in disk, and 
becoming more dense and smaller near margins 
(Fig. 9.46l).

Discussion Several Neochonetes (Neochonetes) 
specimens have been assigned to other subgenera 
(Sommeriella, Zhongyingia or Huangichonetes) 
by Zhang et al. (2013) (see the above synonym). 
However, these specimens all have quadrata car-
dinal extremities, parallel lateral margins and 

W.-H. He et al.



155

therefore should not be assigned to Zhongyingia 
or Huangichonetes. Additionally, these speci-
mens commonly have typical features, e.g., 
costellae coarse, sulcus weak or lacking; there-
fore, they cannot be assigned to Sommeriella 
(Sommeriella prominently has capillae ornamen-
tation and a moderately wide sulcus, Fig. 9.43). 
We prefer to assign these specimens to the subge-
nus Neochonetes, based on their subquadrate out-
line, presence of costellae and basically lacking 
of sulcus. Neochonetes (Sommeriella) rectangu-
laris Zhang et  al., 2013 and Neochonetes 
(Sommeriella) waterhousei Zhang et  al., 2013 
should be synonymous with the present species, 
because they share morphological features, 
including a subquadrate outline, quadrate 
 cardinal extremities, greatest width at hinge, 
absence of sulcus and a slightly convex ventral 
valve.

The present species differs from Neochonetes 
(Neochonetes) liaoi (He and Shi in He et  al., 
2014) in the latter has a more transverse outline, 
and differs from Neochonetes (Sommeriella) reg-
ularis Shen et al., 2000 from the Selong Group 
(Upper Permian) of Xishan, Tibet, China in the 
latter has fine capillae.

Genus Chaohochonetes He and Shi in He et al., 
2014

Type Species Chaohochonetes triangusinuata 
He and Shi in He et  al., 2014. Uppermost 
Changhsingian to the lowest Triassic; China.

Diagnosis Small, reversely trapezoid rugoso-
chonetids, profile weakly concavo-convex; great-
est width at hinge; ventral valve moderately 
convex; ventral sulcus varying from triangular to 
absent; dorsal fold narrowly triangular to absent; 
round and coarse radial costellae on shell surface. 
Ventral median septum absent, lateral septa par-
allel and thin, radially-arranged papillae covering 
ventral interior and extending towards margin 
with the same diameter size; Neochonetes-like 
papillae covering dorsal interior, but absent 
towards and over the interior areas of ears.

Discussion The present genus is like 
Neochonetes Muir-Wood, 1962 in the radially- 
ranged papillae in dorsal interior, but differs in 
the latter having a ventral median septum 
(Fig.  9.47). Chaohochonetes is also like 
Fusichonetes Liao in Zhao et al., 1981 in outline 
and ornamentation, but the former has two lateral 

c2

b1 c1

b2

a1

a2

msms

ls

ls

Fig. 9.47 Comparison of Chaohochonetes He and Shi in 
He et  al., 2014, Neochonetes Muir-Wood, 1962 and 
Fusichonetes Liao in Zhao et  al., 1981 (after He et  al., 
2014). (a1)- Ventral interior of Chaohochonetes, (a2)- 

Dorsal interior of Chaohochonetes, (b1)- Ventral interior of 
Neochonetes, (b2)- Dorsal interior of Neochonetes, (c1)- 
Ventral interior of Fusichonetes, (c2)- Dorsal interior of 
Fusichonetes. Note: ls- lateral septa; ms- median septum
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septa in the ventral valve and Neochonetes-like 
papillae within the dorsal interior (Fig.  9.47). 
Currently, specimens for the present genus have 
only been found in the horizons near the PTB of 
Chaohu, Anhui Province, China.

Chaohochonetes triangusinuata He and Shi in 
He et al., 2014

Figs. 9.48; 9.49a−i, m, n

2014 Tethyochonetes triangusinuata He and Shi 
in He et al.: 923, Figs. 8a−o, 9a−d.

Holotype Tethyochonetes triangusinuata He 
and Shi in He et al., 2014, Fig. 8a, deposited in 
the Laboratory of Geobiology, Faculty of Earth 
Sciences, China University of Geosciences, 
Wuhan, People’s Republic of China, external 
mould of a dorsal valve, from upper part of the 
Talung Formation (uppermost Changhsingian), 
Majiashan section, Chaohu, Anhui Province, 
China.

Diagnosis Sulcus prominent, narrow, beginning 
from umbo, extending anteriorly to middle valve, 
then widening rapidly to one third or one fourth 
of the shell width near anterior margin.

Materials 71 specimens. Registered specimens: 
see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-15- 8 9.42 6.30 1.50 Internal mould of 
ventral valve

CM-15- 7 10.95 6.85 1.60 Internal mould of 
ventral valve

CM-15- 1 5.48 3.19 1.72 Internal mould of 
ventral valve

Number Width Length
Width/
length Notes

CM-15- 2 12.39 5.77 2.15 Internal mould of 
ventral valve

CM-15- 3 12.06 6.91 1.74 Internal mould of 
ventral valve

CM-14- 9 8.11 4.80 1.69 Internal mould of 
ventral valve

CM-15- 5 10.57 6.10 1.73 Internal mould of 
ventral valve

CM-18- 20 6.74 4.18 1.61 Ventral exterior
CM-16- 23 7.16 3.74 1.92 Ventral exterior
CM-18- 24 6.72 3.89 1.73 Ventral exterior
CM-16- 14 9.50 4.43 2.14 Dorsal interior
CM-13- 26 5.58 3.41 1.63 External mould 

of dorsal valve
CM-15- 17 9.42 4.83 1.95 Internal mould of 

dorsal valve
CM-14- 18 10.23 4.61 2.22 Internal mould of 

dorsal valve
CM-15- 13 9.16 5.34 1.72 External mould 

of dorsal valve
CM14- 0599 7.79 4.12 1.89 Ventral valve
CM-15- 6 8.51 5.10 1.67 Internal mould of 

ventral valve

Occurrence Uppermost Changhsingian to the 
lowest Triassic; Anhui (Majiashan section) of 
South China.

Description Shell 3.0−7.1  mm long and 
5.1−12.4 mm wide, reversely trapezoid, widest 
at hingeline. Ventral valve moderately convex, 
median convex portion being widely triangular in 
shape; beak slightly incurved, overhanging 
hingeline; hingespines projecting posterolater-
ally at a varied angle of 40−70°; cardinal extrem-
ities with an angle of 70−90°; ears smooth, not 
well differentiated from flanks of ventral disk; 
sulcus originating from umbo, narrow, promi-
nent, and extending anteriorly to middle valve, 
then widening rapidly to one third or one fourth 
of shell width near anterior margin; costellae 

Fig. 9.48 Chaohochonetes triangusinuata He and Shi 
in He et al., 2014. (a), internal mould of complete ventral 
valve, CM-15-8. (b), enlarged portion of CM-15-8, illus-
trating a pair of lateral septa (ls). (c), internal mould of 
ventral valve, CM-15-7. (d), enlarged portion of CM-15-
7, illustrating a pair of lateral septa (ls). (e), internal 

mould of a complete ventral valve, CM-15-1 (as the 
Holotype by He et  al. 2014), showing a pair of lateral 
septa (ls). (f), internal mould of a complete ventral valve, 
CM-15-2, showing hinge spines. (g, h), internal moulds of 
two complete ventral valves, CM-15- 3, CM-14-9
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originating from umbo, round and coarse, rarely 
bifurcated, numbering 18 to 20 near anterior mar-
gin. Dorsal valve slightly concave; median con-
cave portion being widely triangular in shape; 
ears flat, triangular, smooth, well differentiated 
from flanks of ventral disk; fold prominent, origi-
nating from umbo, narrowly triangular, and 
extending anteriorly to middle valve, then rapidly 
widening anteriorly; costellae beginning from 
umbo, bifurcated near anterior margin.

Ventral median septum absent, lateral septa 
short, parallel, weak or ill-defined near beak (ls 
refers to lateral septa, see Figs.  9.48b, d, e; 
9.49m); papillae radially-arranged. Dorsal inte-
rior median septum long, extending to at least 
half of shell length; sockets (soc) shallow, inner 
socket ridges (is) coarse and coalescing with car-
dinal process, extending latterally at an angle of 
10° to hingeline (Fig.  9.49g); Neochonetes-like 
papillae covering dorsal interior (Fig. 9.49g, h), 
papillae absent towards ears in dorsal interior.

Discussion These specimens are assignable to 
Chaohochonetes in terms of the absence of a 
median septum, and having two short parallel lat-
eral septa in the ventral interior, and Nechonetes- 
like papillae in the dorsal interior. This species is 
characteristically defined by its conspicuous tri-
angular sulcus.

Chaohochonetes sp.
Fig. 9.49j−l

Materials Three registered specimens: 
CM-12- 378, XM-2-410, CM-15-87.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-15- 87 11.01 4.72 2.33 Internal mould of 
ventral valve

CM-12- 378 6.31 3.40 1.86 Internal mould of 
ventral valve

XM-2- 410 4.40 2.63 1.67 Internal mould of 
ventral valve

Occurrence Upper Changhsingian; Anhui 
(Majiashan section) and Guizhou (Xinmin) of  
South China.

Description Shell 2.6−4.7  mm long and 
4.4−11.0 mm wide, reversely trapezoid, widest 
at hingeline. Ventral valve moderately convex, 
median convex portion being widely triangular; 
beak slightly overhanging hingeline; cardinal 
extremities with an angle of 80−90°; ears trian-
gular, smooth, not well differentiated from flanks 
of ventral disk; sulcus absent; costellae coarse. 
Ventral median septum absent, lateral septa par-
allel (ls) (Fig. 9.49k, l) and extending anteriorly 
to one fourth to one third of length; papillae 
radially-arranged.

Discussion The present species is similar to 
Chaohochonetes triangusinuata in a widely tri-
angular, convex median portion on the ventral 

Fig. 9.49 (a–i, m, n), Chaohochonetes triangusinuata 
He and Shi in He et al., 2014. (a), internal mould of ven-
tral valve, CM-15-5, showing a pair of lateral septa (ls). 
(b–d), exteriors of three complete ventral valves, CM-18-
20, CM-16-23, CM-18-24, showing a narrow triangular 
sulcus for each specimen. (e), interior of a dorsal valve, 
CM-16-14, showing a long median septum (ms). (f), 
external mould of an incomplete dorsal valve, CM-13-26. 
(g), internal mould of an incomplete dorsal valve, CM-15-
17, showing a long median septum (ms), deep sockets 
(soc) and prominent inner socket ridges (is). (h), internal 
mould of a nearly complete dorsal valve, CM-14-18. (i), 

external mould of an incomplete dorsal valve, CM-15-13, 
showing a low interarea (iar). (m), a complete ventral 
valve (outer layer of shell mostly decorticated), CM14-
0599, showing one preserved lateral septum (ls). (n), 
internal mould of a nearly complete ventral valve, CM-15-
6, showing a pair of lateral septa (ls). (j–l), 
Chaohochonetes sp.. (j), internal mould of a neary com-
plete ventral valve, CM-15-87. (k), internal mould of a 
complete ventral valve, CM-12-378, showing a pair of 
lateral septa (ls). (l), internal mould of an incomplete ven-
tral valve, XM-2-410, showing a pair of lateral septa (ls)

9 Systematic Palaeontology



160

valve, but differs in its slightly longer lateral 
septa and the absence of a ventral sulcus.

Suborder Lyttoniidina Williams, Harper and 
Grant in Williams et al., 2000

Superfamily Lyttoninoidea Waagen, 1883
Family Lyttoniidae Waagen, 1883
Subfamily Lyttoniinae Waagen, 1883
Genus Leptodus Kayser, 1883

Type Species Leptodus richthofeni Kayser, 
1883. Wujiapingian (Upper Permian); China.

Diagnosis Ventral valve scoop shaped, normally 
transversely oval; lateral septa in ventral interior 
arcuate, convex anteriorly; muscle scars large, 
bounded laterally by high, medianly concave 
ridges.

Discussion Leptodus differs from Collemataria 
Cooper and Grant, 1974 of the Upper Permian of 
Texas in its transversely oval outline (the latter 
has a narrowly triangular outline). Compared to 
Leptodus, Oldhamina Waagen, 1883 has a more 
convex ventral valve, lateral septa extending 
anterolaterally and crossed with the median sep-
tum at an acute angle in the ventral interior.

Leptodus richthofeni Kayser, 1883
Fig. 9.50a−g, j

1883 Leptodus richthofeni Kayser: 161, pl. 21, 
Fig. 9−11.

1977 Leptodus richthofeni Kayser; Yang et  al.: 
372, pl. 147, Fig. 10.

1995 Leptodus richthofeni Kayser; Zeng et  al.: 
pl. 11, Fig. 6.

Materials Seven registered specimens: see 
below.

Measurements (mm): 

Number Width Length
Width/
length Notes

CM-4-62 20.33 >15.63 Internal mould 
of ventral valve

CM-4-60 31.68 >24.28 Internal mould 
of ventral valve

XM-4-615 >17.09 >11.35 Internal mould 
of ventral valve

HZS19-0620 >37.08 >23.76 Internal mould 
of ventral valve

HZS19-0621 >23.28 >15.32 Internal mould 
of ventral valve

XM18525-1 26.61 28.71 0.93 Internal mould 
of ventral valve

XM18525 26.96 28.59 0.94 Internal mould 
of ventral valve

Occurrence Upper Permian; Guangxi, Hubei 
and Sichuan of South China.

Description Shell transversely oval in outline, 
widest at midlength; posterolateral margins meet 
at an angle of 130−140°. Ventral interior with a 
long median septum originated from umbo and 
extending to anterior margin; 12 pairs of lateral 
septa preserved, evenly convex anteriorly.

Discussion These specimens are assigned to 
Leptodus, because of the presence of a trans-
versely oval outline and arcuate, convex anteri-
orly lateral septa. The present species differs 
from L. nobilis Waagen 1883 of the Upper 
Permian of Pakistan as the latter has subparallel 
lateral margins and more lateral septa (over 30), 
and from L. deminutus Liao, 1980a of the 
Lungtan Formation of Puding, Guizhou Province 
in the latter having fewer lateral septa (6−8).

Genus Oldhamina Waagen, 1883

Fig. 9.50 (a–g, j), Leptodus richthofeni Kayser, 1883, 
internal moulds of eight incomplete ventral valves, CM-4-
62, CM-4- 60, XM-4-615, HZS19-0620, HZS19-0621, 
XM18525-1, XM18525, XM18024, showing a long 
median septum and anteriorly convex lateral septa for 
each specimen. (h), Oldhamina interrupta Chan in Hou 

et al. 1979, internal mould of an incomplete ventral valve, 
LZ1200363, showing a long median septum interrupted 
by long warts and anterolatterally extended lateral septa. 
(i, k), Matanoleptodus sp., internal moulds of two incom-
plete ventral valves, HZS18-0622, HZS18-0623, showing 
a broad median septum and widely-grooved lateral septa

W.-H. He et al.
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Type Species Bellerophon decipiens De 
Koninck, 1863. Upper Permian; Paskistan.

Diagnosis Ventral valve strongly convex; distal 
ends of lateral septa in ventral interior strongly 
convex, arcuate anteriorly.

Oldhamina interrupta Chan in Hou et al., 1979
Fig. 9.50h

1979 Oldhamina interrupta Chan in Hou et al.: 
92, pl. 12, Fig. 9, 10.

1980a Oldhamina subsquamosa Liao: 262, pl. 7, 
Fig. 25–28.

2015 Oldhamina interrupta Chan in Hou et al.; 
Zhang et al.: 311, Fig. 8h.

Material One registered specimen: LZ1200363.

Measurement (mm): 

Number Width Length
Width/
Length Notes

LZ1200363 37.72 35.31 1.07 Internal mould of 
ventral valve

Occurrence Changhsingian; Guizhou Province, 
southwestern China.

Description Shell semicircular in outline, wid-
est at midlength; posterolateral margins meet at 
an angle of 150°. Ventral interior with a long 
median septum originated from umbo, extending 
to anterior margin, and interrupted by long warts; 
at least 10 pairs of lateral septa preserved, 
extended anterolatterally, slightly convex towards 
anterior and formed a angle of 50−60° with 
median septum.

Discussion The specimen is assigned to 
Oldhamina on accounts of the presence of a 
strongly convex ventral valve and anteriorly con-
vex lateral septa at distal ends. The present spe-

cies differs from O. squamosa Huang, 1932 and 
O. anshunensis Huang, 1932 from the Lungtan 
Formation of Guizhou Province in its median 
septum being interrupted by long warts. 
Compared to Oldhamina interrupta, O. regularis 
Huang, 1932 from the Upper Permian Baoan 
Formation (Wushan Limestone) of Xintan, Hubei 
Province, South China has thin and nearly 
straight lateral septa.

Genus Matanoleptodus Liao, 1983

Type Species Matanoleptodus punctatus Liao, 
1983. Upper Permian; Guangxi Zhuang 
Autonomous Region in South China.

Diagnosis Shell small, suboval in outline; 
median septum strong, flanked by 5 or 6 pairs of 
arcuate, widely-grooved lateral septa.

Matanoleptodus sp.
Fig. 9.50i, k

Materials Two registered specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

HZS18- 0622 10.72 9.29 1.15 Internal mould 
of ventral valve

HZS18- 0623 9.09 7.71 1.18 Internal mould 
of ventral valve

Occurrence Changhsingian; Zhejiang Province, 
China.

Description Shell suboval in outline, widest at 
midlength. Ventral interior with a strong (broad) 
median septum originated from umbo, extending 
to anterior margin; 3 pairs of widely-grooved lat-
eral septa preserved, convex towards anterior and 
nearly formed at a right angle with the median 
septum.

W.-H. He et al.
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Discussion The presence of a small, suboval 
shell, a strong median septum and less arcuate lat-
eral septa recalls Matanoleptodus, but the shell 
width (7−8 mm) in our material is smaller than 
the type species M. punctatus Liao, 1983. Besides, 
limited material and incomplete preservation pre-
vent further examination and comparison.

Order Spiriferida Waagen, 1883
Superfamily Martinioidea Waagen, 1883
Family Martiniidae Waagen, 1883
Subfamily Martiniinae Waagen, 1883
Genus Martinia McCoy, 1844

Type Species Spirifer glaber Sowerby, 1820. 
Lower Carboniferous; England.

Diagnosis Suboval to subpentagonal in outline, 
ventral sulcus and dorsal fold variabley devel-
oped. Ventral interior simple, with dental flanges 
and impressed muscle scar bisected by long and 
narrow median groove, pinnate vascular mark-
ings (Carter and Gourvennec in Williams et  al. 
2006), or partly ramiform to netlike pallial mark-
ings (emend. here).

Discussion Martinia differs from Spinomartinia 
Waterhhouse, 1968c in the latter having micro- 
ornament of small spinules. Additionally, accord-
ing to Shi and Waterhouse (1996), strong ramiform 
to netlike pallial markings in the ventral interior 
are typical of Spinomartinia Waterhouse, 1968c 
and pinnate pallial markings in the ventral interior 
are typical of Martinia McCoy, 1844. 
Spinomartinia has so far only been found in the 
Cisuralian (Lower Permian) of Thailand and 
Australia and the Lopingian (Upper Permian) of 

New Zealand, whereas Martinia is long known 
from the Carboniferous to the Permian through-
out the world (Carter and Gourvennec in Williams 
et al., 2006). However, the materials from China 
show that ramiform pallial markings were found 
in the ventral interior, as evident, for example, 
from Martinia lopingensis Chao, 1929 of the 
coal-bearing sequence (Wuchiapingian of Upper 
Permian) of Jiangxi and Guizhou and of the 
Changhsingian (Upper Permian) in Hubei (Chao, 
1929; Huang, 1933; Yang et al., 1987). It is there-
fore possible that the feature of pallial markings 
within the ventral valve can not be regarded as a 
key difference between these two genera.

Martinia liuqiaoiensis He, Shen and Shi sp. nov.
Figs. 9.51, 9.52, 9.53 and 9.54

2014 Martinia sp. of He et al.: 949, Fig. 22A−N.
2014 Cleiothyridina? sp. 1 of He et al.: Fig. 

23C−E.
2014 Cleiothyridina? sp. 3 of He et al.: Fig. 

23N−R.

Diagnosis Shell suboval, greatest width at shell 
midlength, ventral beak slightly incurved, both 
sulcus and fold absent; smooth except a few con-
centric lines.

Etymology Named for Liuqiao Town, nearby 
the type locality of this species.

Types Holotype, DP-1-56; parytypes, DP3- 
0140, DP7-0310.

Other Materials Over 200 specimens. 
Registered specimens: see below.
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Fig. 9.51 Martinia liuqiaoiensis He, Shen and Shi sp. 
nov.. (a), internal mould of a nearly complete ventral 
valve, DP-1-55. (b–d), internal moulds of three incom-

plete ventral valves, DP-1-56 (holotype, mg- median 
groove, pvm- pinnate vascular markings), DP-2-57-2, 
DP-2-57-1. (e–h), internal moulds of four incomplete 
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ventral valves, Fig. 9.51 (continued) DS-1-51, SNM-47 
(npm- netlike pallial markings), SNM-49, SNM-54. (i, j), 
internal moulds of two nearly complete ventral valves, 
DP-9- 321, DS-1-53 (mg- median groove). (k, l), internal 
moulds of two incomplete ventral valves, DS-1-52, SW-5-
46-1. (m), internal mould of a nearly complete ventral 

valve, DP-2-59. (n), internal mould of an incomplete ven-
tral valve, SNM- 48. (o), internal mould of a complete 
ventral valve, DP2-0108, showing obscure ramiform vas-
cular markings. (p), internal mould of a complete ventral 
valve, DP2-0117
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Fig. 9.52 Martinia liuqiaoiensis He, Shen and Shi sp. 
nov.. (a), internal mould of an incomplete ventral valve, 
DP10-0107. (b), internal mould of a complete ventral 
valve, DP3-0111, showing obscure ramiform vascular 
markings. (c), internal mould of an incomplete conjoined 
shell (ventral view), DP2-0114. (d), dorsal view of DP2- 
0114, soc- sockets, is- inner socket ridges. (e), internal 
mould of a complete conjoined shell (ventral view), DP5- 

0118. (f), dorsal view of DP5-0118. (g), lateral view of 
DP5-0118 (dorsal valve deformed). (h), internal mould of 
an incomplete dorsal valve, DP7-0121-2, pvm showing 
pinnate vascular markings. (i), internal mould of a nearly 
complete dorsal valve, DP2-0121, cp- trifid cardinal pro-
cess, soc- sockets, is- inner socket ridges, mg- median 
groove. (j), internal mould of an incomplete dorsal valve, 
DP7-0122. (k), internal mould of an incomplete dorsal 
valve, DP10-0126, cp- cardinal process
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Measurements (mm): 

Number Width Length Width/length Notes
DP-1-55 25.44 21.48 1.18 Internal mould of ventral valve
DP-1-56 21.49 20.75 1.04 Internal mould of ventral valve
DP-2-57-2 15.13 16.03 0.94 Internal mould of ventral valve
DP-2-57-1 25.50 22.34 1.14 Internal mould of ventral valve
DS-1-51 18.86 20.06 0.94 Internal mould of ventral valve
SNM-47 37.67 34.60 1.09 Internal mould of ventral valve
SNM-49 38.32 38.85 0.99 Internal mould of ventral valve
SNM-54 24.20 21.10 1.15 Internal mould of ventral valve
DP-9-321 20.39 20.54 0.99 Internal mould of ventral valve
DS-1-53 18.46 17.05 1.08 Internal mould of ventral valve
DS-1-52 26.06 24.89 1.05 Internal mould of ventral valve
DP-2-59 28.28 45.83 0.62 Internal mould of ventral valve
SNM-48 24.84 32.32 0.77 Internal mould of ventral valve
DP2-0108 22.28 21.28 1.05 Internal mould of ventral valve
DP2-0117 13.19 12.61 1.05 Internal mould of ventral valve
DP10-0107 20.25 21.43 0.94 Internal mould of ventral valve
DP3-0111 16.34 15.31 1.07 Internal mould of ventral valve
DP2-0114 35.30 21.90 1.61 Ventral internal mould of a conjoined shell
DP2-0114 29.40 17.40 1.69 Dorsal internal mould of a conjoined shell
DP5-0118 15.41 17.50 0.88 Dorsal internal mould of a conjoined shell
DP5-0119 15.68 14.56 1.08 Ventral internal mould of a conjoined shell
DP7-0121-2 12.95 10.61 1.22 Internal mould of dorsal valve
DP2-0121 14.02 10.94 1.28 Internal mould of dorsal valve
DP7-0122 17.17 14.72 1.17 Internal mould of dorsal valve
DP10-0126 9.91 7.38 1.34 Internal mould of dorsal valve
DP2-0124 7.38 6.56 1.13 Internal mould of dorsal valve (juvenile)
DP7-0145 6.33 6.98 0.91 Internal mould of ventral valve
DP10-0125 6.86 4.79 1.43 Internal mould of dorsal valve (juvenile)
DP3-0129 5.55 4.62 1.20 Internal mould of dorsal valve (juvenile)
DP10-0131 5.62 4.69 1.20 Internal mould of dorsal valve (juvenile)
DP10-0127 5.29 4.30 1.23 Internal mould of dorsal valve (juvenile)
DP3-0146 6.19 5.08 1.22 Internal mould of ventral valve
PB-0144 4.41 4.25 1.04 Internal mould of dorsal valve (juvenile)
DP7-0139 7.97 6.65 1.20 Conjoined shell (juvenile)
DP3-0140 6.57 5.06 1.30 Internal mould of dorsal valve (juvenile)
DP7-0310 24.32 21.26 1.14 Internal mould of ventral valve

Fig. 9.53 Martinia liuqiaoiensis He, Shen and Shi sp. 
nov.. (a), internal mould of an incomplete dorsal valve 
(juvenile), DP2-0124. (b), internal mould of an incom-
plete ventral valve (juvenile), DP7-0145, showing lack of 
vascular markings. (c), internal mould of a complete dor-
sal valve (juvenile), DP10-0125. (d), internal mould of a 
complete dorsal valve (juvenile), DP3-0129. (e), internal 
mould of a complete dorsal valve (juvenile), DP10-0131, 
cp- cardinal process. (f), internal mould of an incomplete 
dorsal valve (juvenile), DP10-0127, ads- adductor scars, 

mg- median groove. (g), internal mould of an incomplete 
ventral valve, DP3-0146. (h), internal mould of a com-
plete ventral valve (juvenile), PB-0144, showing lack of 
vascular markings. (i), a nearly complete conjoined shell 
(juvenile, dorsal view), DP7-0139. (j), internal mould of a 
complete dorsal valve (juvenile), DP3-0140 (paratype), 
cp- trifid cardinal process. (k), internal mould of a com-
plete ventral valve and segment of shell, DP7-0310 (para-
type), showing fine concentric lines
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Occurrence Upper Permian; Guangxi and 
Guizhou of South China.

Description Shell suboval, 4.3−45.8  mm long 
and 4.4−40.0  mm wide for adults on average, 
ventral valve moderately convex and dorsal valve 
weakly convex in profile, hingeline shorter than 
greatest width at shell midlength. Ventral valve 
beak slightly incurved; sulcus absent; external 
surface ornamented by concentric lines 
(Fig. 9.53k); microornamentation absent. Dorsal 
valve with rounded cardinal extremities; median 
fold absent.

Ventral interior generally with a deeply 
depressed, longitudinally rhombus-like, and 
apically- located muscle field, numerous rami-
form, pinnate to netlike pallial markings anterior 
and lateral to (around) muscle field (pinnate vas-
cular markings marked by pvm, netlike pallial 
markings marked by npm, see Figs.  9.51 and 

9.54; pallial markings occasionally lack, espe-
cially on juveniles, see Fig. 9.53g, h), a median 
groove (mg) beginning from beak, extending 
through muscle field and anteriorly to near ante-
rior margin (Figs.  9.51; 9.54). Dorsal interior 
with deep sockets (soc), thick inner socket ridges 
(is), and a trifid cardinal process (cp) (Figs. 9.52; 
9.53); occasionally with ramiform pallial mark-
ings (Fig. 9.52h) and median groove (Figs. 9.52i; 
9.53F).

Discussion Most specimens have a longitudi-
nally rhombus-like muscle field at ventral umbo, 
ramiform to netlike pallial markings anteriorly 
and laterally around the muscle field, a median 
groove cut across the muscle field and extending 
nearly to anterior margin. These features are con-
sistent with the type species Spinomartinia spi-
nosa Waterhouse (1968c, pl. 9, Fig. 1, 7) and also 
consistent with the diagnosis of Martinia. 
However, the present specimens lack of microor-

1cm

mg

rhombus-like 
 muscle field

pvm

npm

Fig. 9.54 Sketch 
diagram showing ventral 
interior of Martinia 
liuqiaoiensis He, Shen 
and Shi sp. nov.. Note: 
mg- median groove; 
npm- netlike pallial 
markings; pvm- pinnate 
vascular markings
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nament of erect spines and thus belong to 
Martinia.

The new species is similar to M. semiplana 
glossoexserta Zeng et  al. 1995 from the 
Changhsing Formation of Huayingshan, Sichuan 
Province, South China as both lack sulcus and 
fold, but differs in the latter having a rhombic 
outline and a tongue-shaped anterior margin. 
Martinia triquetra Gemmellaro, 1899 from the 
Permian of Sicily is characterized by plications, 
comprising a median fold and a fold in each lat-
eral margin in the dorsal valve, none of which 
presents in the new species. The new species dif-
fers from other species of Martinia in lacking of 
sulcus and fold.

Superfamily Reticularioidea Waagen, 1883
Family Elythidae Fredericks, 1924
Subfamily Phricodothyridinae Caster, 1939
Genus Phricodothyris George, 1932

Type Species Phricodothyris lucerna George, 
1932. Visean of the Lower Carboniferous, Great 
Britain.

Diagnosis Small to medium size; unequally 
biconvex; subovate outline; fold and sulcus 
absent; ventral interarea well defined, vertically 
finely striated; short, flat deltidial plates nearly at 
right angle to interarea. Ventral interior with very 
low dental flanges; dorsal interior with dental 
sockets nearly parallel to cardinal margin, dorsal 
septum and adminicula absent (Carter and 
Gourvennec in William et al., 2006). Concentric 
lamellae with double-hooklet or double-spore 
spines (so-called double-barrelled spines), or 
with finely interspinous pustules (George, 1932).

Discussion Phricodothyris differs from 
Squamularia Gemmellaro, 1899 in the latter hav-
ing a nearly equally biconvex outline and closely 
spaced uniramous spines.

Phricodothyris sp.
Figs. 9.55; 9.56

Materials Over 50 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

PB5- 0262 7.73 7.37 1.05 Ventral valve
PB5- 0268 7.19 7.65 0.94 Ventral valve
PB7- 0257 9.33 9.31 1.00 Ventral valve
PB8- 0265 8.71 9.90 0.88 Ventral valve
PB7- 0267 8.15 8.71 0.94 Ventral valve
PB7- 0260 9.81 7.83 1.25 External mould of 

ventral valve
PB9- 001 3.95 4.31 0.92 External mould of 

dorsal valve

Occurrence Changhsingian (Upper Permian); 
Guangxi (Paibi section) of South China.

Description Shell transversely subovate, 
4.3−9.9 mm long and 4.0−9.8 mm wide. Ventral 
valve moderately convex and dorsal valve weakly 
convex in profile, hingeline shorter than greatest 
width at shell midlength. Ventral valve beak 
slightly incurved; sulcus absent; dorsal valve 
without fold. External surface with concentric 
lamellae (Figs. 9.55h; 9.56), double-spore spines 
(Figs. 9.55i; 9.56) and more finely interspinous 
pustules nearby the anterior margin of each 
lamella (Figs. 9.55h; 9.56).

Discussion The presence of concentric lamellae 
with double-spores spines in the present speci-
mens recalls Phricodothyris, but absence of inte-
riors prevents further comparison at present.

Superfamily Ambocoelioidea George, 1931
Family Ambocoeliidae George, 1931
Subfamily Ambocoeliinae George, 1931
Genus Attenuatella Stehli, 1954

Type Species Attenuatella texana Stehli, 1954.

Diagnosis Shell small, ventral valve strongly 
inflated, longitudinally elongated, with strongly 
incurved beak and shallow sulcus; dorsal valve 
nearly flat; ventral interior with diductor scars 
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raised on long, low narrow ridge with low lateral 
flanges; dorsal interior with short, triangular, 
anteriorly diverging crural plates; primary spi-
nose micro-ornamentation (spinose structures 
above the primary shell layer and easily visible).

Discussion Attenuatella differs from other gen-
era of Ambocoeliidae in its extremely elongate 
outline (Fig. 9.57). Attenuatella is more or less 
similar to Biconvexiella Waterhouse, 1983a from 
the Permian in an elongate outline and interiors, 
but the latter has a moderately incurved umbo 
and slightly higher ratio of shell width to length 
(Fig. 9.57).

Attenuatella mengi He and Shi in He et al., 2007
Figs. 9.58, 9.59 and 9.60a−e

2005 Paracrurithyris pygmaea (Liao); He et al.: 
935, Fig. 6.6–6.15.

2006a Attenuatella sp.; Chen et al.: Fig. 4v, w.
2007 Attenuatella mengi He and Shi in He et al.: 

276, Figs. 5a–p, 6a–h.
2009 Attenuatella mengi He and Shi in He et al.; 

Zhang and He: 20, Fig. 4s–r.
2009a Attenuatella mengi He and Shi in He et al.; 

Chen et al.: 178, Fig. 7a–c.
2012 Attenuatella mengi He and Shi in He et al.; 

He et al.: 517, Figs. 3a–i, 4a−p.

Fig. 9.55 Phricodothyris sp.. (a), a complete ventral 
valve, PB5-0262. (b), an incomplete ventral valve, PB5-
0268. (c), a nearly complete ventral valve, PB7-0257, 
showing spines (sp) nearby the anterior margin of each 
lamella. (d, e), two incomplete ventral valves, PB8-0265, 
PB7-0267. (f), external mould of a slightly deformed ven-

tral valve, PB7-0260. (g), external mould of an incom-
plete dorsal valve, PB9-001, showing lamellae and spines 
(SEM). (h), portion of PB9- 001 (marked by a white rect-
angle, SEM). (i), enlargement of a spine of PB9-001 
(SEM). (j), an incomplete, deformed ventral valve, 
PB5-0266

0.5mm

concentic 
lamellae

double-spores
spines

interspinous 

pustules

Fig. 9.56 Sketch diagram showing ornaments of Phricodothyris sp.
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Materials Over 300 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DP-7-1063 3.68 3.93 0.94 External mould 
of ventral valve

DP-10-1062 3.02 3.93 0.77 Internal mould 
of ventral valve

DP-9-2-351 3.11 2.96 1.05 Internal mould 
of ventral valve

DP-5-1070 External mould 
of ventral valve

DP-2-350 3.55 3.65 0.97 Internal mould 
of ventral valve

DP-9-8-354 2.84 3.22 0.88 Internal mould 
of ventral valve

DP-9-353 4.24 4.36 0.97 Internal mould 
of ventral valve

DP-5-349 2.76 3.55 0.78 Internal mould 
of ventral valve 
(juvenile)

DP-5-356 3.52 2.90 1.21 External mould 
of dorsal valve

DP-5-1071 4.85 4.15 1.17 Internal mould 
of dorsal valve

DP-7-1066 3.58 2.93 1.22 Internal mould 
of dorsal valve

Occurrence Changhsingian; Guizhou and 
Guangxi of South China.

Description Shell 1.4−6.0  mm long, 
1.0−5.0 mm wide; hingeline shorter than greatest 
width at the anterior third, extremely elongate in 
outline, nearly plano-convex in profile.

Ventral valve strongly inflated; beak and umbo 
strongly incurved; interarea (iar) high, delthy-
rium (del) open (Fig.  9.59d, e); sulcus weakly 
developed; flanks sharply inclined. Concentric 
lamellae variable on visceral disk; two orders of 
spine bases locally quincunxially-arranged, 
larger ones alternated with smaller ones com-
monly concentrically as a whole (Fig. 9.58a, f); 
numbering of larger spine bases about 6−12 per 
mm, smaller spine bases about 14−18 per mm, 
spine base 0.03−0.05  mm in diameter; spine 
bases tapering to the end, with a groove (gs) on 
the posterior of each spine base and two ridges 
(rs) on the anterior of each spine base (Fig. 9.59f).

Dorsal valve nearly flat, slightly convex on 
umbo, sulcus weak (Fig. 9.60a). Cardinal extrem-
ities obtusely rounded, cardinal angle of 
120−140°; greatest width at anterior third. 
Concentric lamellae variable on visceral disk; 
two orders of spine bases; spine bases close to 
edges of concentric lamellae smaller, larger spine 
bases alternated with smaller spine bases concen-
trically as a whole; numbering of smaller spine 
bases (close to edges of concentric lamellae) 
about 15 to 18 per mm, larger spine bases (located 
further away from edges of concentric lamellae) 
about 8 to 12 per mm.

Ventral interior with distinct, narrow and long 
adductor scars (ads); adductor scars extending 
anteriorly to middle or two thirds of valve length, 
posteriorly bisected by a narrow median groove 
(mg) that extends anteriorly to midvalve 
(Fig.  9.58g, h). Diductor scars prominent, nar-
row, elongate and lateral to adductor scars 
(Fig.  9.58g−i). Tiny net-like vesicles preserved 
on muscle scars (Fig. 9.58d).

Dorsal interior with deep sockets; cardinal 
process trilobate; crural plates short, triangular, 

Fig. 9.58 Attenuatella mengi He and Shi in He et  al., 
2007. (a), external mould of a nearly complete ventral 
valve, DP-7-1063, showing quincunxially-arranged spine 
bases. (b), enlarged portion of DP-7-1063. (c), internal 
mould of an incomplete ventral valve and external mould 
of the conjoined dorsal valve, DP-10-1062. (d), enlarged 
portion of DP-10- 1062, showing net-like vesicles on mus-
cle scars. (e), internal mould of a ventral valve, DP-9-2-

351. (f), external mould of a ventral valve, DP-5-1070, 
showing two orders (large and small) of spine bases. (g, 
h), internal moulds of two nearly complete ventral valves, 
DP-2-350, DP-9-8-354, showing a median groove (mg), a 
pair of distinct and long adductor scars (ads) and a pair of 
diductor scars (dds). (i), internal mould of a complete ven-
tral valve, DP-9-353. (j), internal mould of a complete 
ventral valve (juvenile), DP-5-349

W.-H. He et al.
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Fig. 9.59 Attenuatella mengi He and Shi in He et  al., 
2007. (a), external mould of an incomplete dorsal valve 
and posterior part of external mould of the conjoined ven-
tral valve, SW-4–1003, showing prominent spines despite 
of heavy diagenesis and deformation. (b), enlarged portion 
of SW-4–1003. (c), external mould of an incomplete dorsal 
valve and posterior part of external mould of the conjoined 

ventral valve, DP-7-1069, prominently showing two orders 
of spine bases. (d, e), external moulds of two complete 
dorsal valves and posterior parts of external moulds of the 
conjoined ventral valves, DP-8-1061, DP-8- 1068, illustrat-
ing an open delthyrium (del) and a high interarea (iar). (f), 
external mould of a ventral valve, DP-10-1, illustrating 
groove (gs) and ridge (rs) at the spine base
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free anteriorly from floor of valve, diverging 
anteriorly at a moderately acute angle 
(Fig.  9.60b). Muscle scars generally obscure; 
adductor scars clearly differentiated into poste-
rior and anterior portions, posterior adductor 
scars small and oval, bisected by weak median 
ridge, anterior adductor scars larger and crescent, 
separated from adjacent posterior adductor scar 
by a weak ridge (observed on well-preserved 
specimens occasionlly). Tiny net-like vesicles 
preserved on muscle scars (Fig. 9.60e).

Discussion An extremely elongate outline and a 
pair of long, raised adductor scars (“median 
ridge” called by Stehli, 1954) suggest the diag-
nostic features of Attenuatella Stehli, 1954. 
Attenuatella mengi differs from A. texana Stehli 
(1954, p.  343) of the Early Permian of Texas, 
southwestern USA in its smaller body size and a 
median groove bisected adductor scars, and from 
A. incurvata Waterhouse (1964, p. 108–110, pls 
20, 21) of the Middle Permian of New Zealand in 
having a smaller body size and slightly wider 
outline. Compared with the present species, 
Attenuatella multispinosa Waterhouse, 1967 of 
the Middle Permian, New South Wales, Australia 
has a more elongate outline. In addition, 
Attenuatella mengi was only discovered at deeper 
water sections, including Dongpan in Guangxi, 
Shaiwa and Duanshan in southern Guizhou and 
therefore differs from Paracrurithyris pygmaea 
in palaeogeographic distribution (the latter com-
monly discovered in the Talung Formation of 
South China but not found in the counterpart at 
Dongpan).

Attenuatella sp.
Fig. 9.60f

Material One registered specimen: DP-9-12.

Occurrence Changhsingian; Guangxi of South 
China.

Description Shell small, 3.0  mm long and 
3.1  mm wide, hingeline shorter than greatest 
width at anterior third, oval in outline. Ventral 
valve strongly convex; sulcus near anterior mar-
gin, shallow; flanks sharply inclined (external 
moulds of flanks formed and look like two wing- 
like structures); ventral surface with a prominent 
concentric lamella near anterior margin; spine 
bases quincunxially arranged, two orders of spine 
bases present, those on visceral disk large, mea-
suring about 8 per mm; spine bases located near 
anterior margin relatively small, with 10 per mm, 
all spine bases tapering to the end and with two 
ridges protruding from the anterior.

Genus Paracrurithyris Liao in Zhao et al., 1981

Type Species Crurithyris pygmaea Liao, 1980a.

Diagnosis (emended). Shell small, subrounded 
in outline; widest at midvalve; planoconvex to 
unequally biconvex. Ventral valve strongly con-
vex, with incurved beak; interarea high with nar-
rowly triangular delthyrium without cover; sulcus 
beginning from near umbo to anterior margin. 
Dorsal valve flat or slightly convex with small 
beak; interarea low or uneasily observed; sulcus 
shallow but visible, extending from beak to ante-

Fig. 9.60 (a−e), Attenuatella mengi He and Shi in He 
et  al., 2007. (a), external mould of a complete dorsal 
valve, DP-5-356, showing quincunxially-arranged spine 
bases. (b), internal mould of a complete dorsal valve, 
DP-5-1071, showing deep sockets (soc), prominent inner 
socket ridges (is) and crural plates (crp). (c), internal 
mould of a complete dorsal valve, DP-7-1066. (d), 

enlarged muscle scar of DP-5-1071. (e), further enlarged 
portion of DP-5-1071, showing tiny net-like vesicles. (f), 
Attenuatella sp., external mould of a complete dorsal 
valve and external mould of flanks of the conjoined ven-
tral valve, DP-9-12, showing quincunxially-arranged 
spine bases and concentric lines
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rior margin. Shell surface ornamented with con-
centric lamellae, smooth or with secondary 
spinose micro-ornamentation (spinose structures 
embedded in the primary shell layer and visible 
on partly weathered specimens when the primary 
shell layer around spines decorticated). Ventral 
interior without any plates; teeth short, knoblike; 
ventral muscle area weak, or adductor scars elon-
gate, located beside medium ridge, diductor scars 
obscure. Dorsal interior with small, triangular 
cardinal process; sockets deep with thick ridges; 
crural plates short, free anteriorly from floor of 
valve; adductor scars small, quadrate and 
obscure; median ridge weak.

Discussion Paracrurithyris was named and 
illustrated by Liao (1979a), and shortly after, 
described by Liao, 1980a. The name of 
Paracrurithyris pigmaea was changed to 
Paracrurithyris pygmaea considering the spell-
ing rule in Ladin by Johnson, Carter and Hou in 
Williams et al. (2006).

Paracrurithyris is very similar to Crurithyris 
George, 1931 in its ovate outline and ventral inte-
rior, but the former has shorter crural plates, 
obtuse angled cardinal extremities (Fig.  9.57) 
and occurred only in the Changhsingian to the 
Induan; by contrast, the latter has rounded cardi-
nal extremities (Fig.  9.57) and originated from 
the Upper Devonian. Paracrurithyris differs from 
Ogilviecoelia Shi and Waterhouse, 1996 in the 
latter having grooves as the micro-ornamentation 

(Fig. 9.57). Paracrurithyris is distinguished from 
Orbicoelia Waterhouse and Piyasin, 1970 in the 
former has a nearly straight dorsal hingline, rela-
tively prominent muscle scars in the ventral inte-
rior and sulcus on both valves; while the latter 
has a posteriorly convex dorsal hingeline, obscure 
muscle scars and lacks sulcus (Fig.  9.57). 
Compared with Cruricella Grant, 1976, 
Paracrurithyris would differ in having ventral 
and dorsal sulcuses and relatively prominent 
muscle scars in the ventral interior (Fig. 9.57).

Paracrurithyris pygmaea (Liao in Zhao et  al., 
1981)

Figs. 9.61, 9.62a−h and 9.63

1979a Paracrurithyris pygmaea Liao: 207, 
Fig. 4–7.

1979 Crurithyris pusilla Chan in Hou et al.: 96, 
pl. 13, Fig. 24−26.

1980a Crurithyris pygmaea Liao: 264, pl. 8, 
Fig. 1–4.

1984 Crurithyris pygmaea (Liao); Liao, 285, pl. 
2, Fig. 26, 27.

1984 Crurithyris pusilla Chan in Hou et  al.; 
Wang: 224, pl. 89. Fig. 24, 25, 28.

2012 Crurithyris tazawai He and Shi in He et al.: 
521, Figs. 5a−s, 6a−j.

2012 Paracrurithyris pygmaea (Liao in Zhao 
et al.); He et al.: 523, Fig. 7a−n.

Materials Over 3000 specimens. Registered 
specimens: see below.

Fig. 9.61 Paracrurithyris pygmaea (Liao in Zhao et al., 
1981). (a), external mould of an incomplete dorsal valve, 
CM-1-1005, showing tiny spine bases and sparsely-
arranged concentric lines. (b), enlarged portion of CM-1-
1005, showing quincunxially-arranged spine bases. (c), 
external mould of an incomplete ventral valve, CM-13-
1007. (d), enlarged portion of CM-13-1007, showing 
quincunxially-arranged spine bases. (e), external mould 
of a complete ventral valve, CM-13-1018. (f), enlarged 
portion of CM-13-1018, showing quincunxially-arranged 

spine bases. (g), interior of an incomplete ventral valve 
(shell partly decorticated), SR-23b-1014, showing spine 
bases when shell decorticated (marked by white square). 
(h), enlarged portion of SR-23b-1014, showing quincunx-
ially-arranged spine bases. (i), internal mould of a com-
plete ventral valve, SR-23b-1011, showing obscure 
muscle scars. (j, k), internal moulds of two complete dor-
sal valves, CM-14-1016, SR-23b-1023, showing deep 
sockets, thick inner socket ridges and crural plates

W.-H. He et al.



179

0.5 mm

2 mm

1 mm

2 mm 0.5 mm

1 mm

0.5 mm

2 mm

1 mm

1 mm

0.3 mm

a b

c d

e

f

g h

i j k

9 Systematic Palaeontology



180

a

2 mm
0.4 mm

2 mm2 mm

2 mm

2 mm

1 mm

1 mm
1 mm

b

c
d

e

f

g

h
i

W.-H. He et al.



181

Measurements (mm): 

Number Width Length Width/length Notes
CM-1-1005 4.29 2.92 1.47 External mould of dorsal valve
CM-13- 1007 4.34 3.84 1.13 External mould of ventral valve
CM-13- 1018 2.89 2.35 1.23 External mould of ventral valve
SR-23b-1014 4.50 4.25 1.06 Ventral interior
SR-23b-1011 3.93 3.22 1.22 Internal mould of ventral valve
CM-14- 1016 2.79 2.06 1.35 Internal mould of dorsal valve
SR-23b-1023 2.92 2.20 1.33 Internal mould of dorsal valve
CM-14- 1021 3.93 3.20 1.23 Ventral valve
SR-23b-1028 4.57 3.93 1.16 Internal mould of ventral valve
SR-23c-1027 3.94 3.48 1.13 Internal mould of ventral valve
CM-12-508 2.71 2.03 1.34 External mould of dorsal valve
CM-16- 1052 4.50 4.18 1.08 Internal mould of ventral valve
CM-15- 1056 3.05 2.53 1.20 Internal mould of ventral valve
XM-1-1037 2.44 1.85 1.32 Dorsal exterior
CM-16- 1045 3.61 3.38 1.07 Internal mould of ventral valve
CM-13- 1040 4.15 3.34 1.24 Internal mould of dorsal valve
CM-12- 1039 2.34 1.89 1.24 Dorsal exterior
CM-14- 1036 3.53 2.72 1.30 Internal mould of dorsal valve
CM-14- 1041 4.23 3.25 1.30 Internal mould of dorsal valve
CM-16- 1047 3.98 3.05 1.30 Internal mould of ventral valve
CM-16- 1044 3.96 3.20 1.24 Ventral interior

Fig. 9.62 (a–h), Paracrurithyris pygmaea (Liao in Zhao 
et al., 1981). (a), an incomplete ventral valve (shell partly 
decorticated), CM-14-1021. (b), enlarged portion of 
CM-14-1021, showing quincunxially-arranged spine 
bases. (c, d), internal moulds of two complete ventral 
valves, SR-23b-1028, SR-23c-1027, showing obscure 
muscle scars. (e), external mould of an incomplete dorsal 
valve and posterior part of external mould of the con-
joined ventral valve, CM-14- 1016-2. (f), enlarged portion 

of CM-14-1016-2, white arrows showing scars of tiny 
spines. (g), a complete dorsal valve, CM-12-508, showing 
pustule-like spine bases and sparsely-distributed concen-
tric lamellae. (h), external mould of a part of dorsal valve, 
CM-15-1022, white arrows showing scars of tiny spines. 
(i), Paracrurithyris sp., an incomplete dorsal valve, 
CM-15-542, showing quincunxially-arranged pustule-
like spine bases

Occurrence Changhsingian (Upper Permian) to 
Induan (lowest Triassic); South China.

Description Shell tiny, 3.5 mm long and 4.2 mm 
wide on average, smallest specimen 1.72  mm 
long and 1.72  mm wide, and largest specimen 
6.74 mm long and 7.98 mm wide; subrounded in 
outline, hingeline shorter than greatest width at 
shell midlength, nearly plano-convex in profile.

Ventral valve moderately inflated, beak strongly 
incurved; ventral interarea high, delthyrium open; 
sulcus weak. Number of concentric laminae vari-
able on visceral disk, smooth or spinose micro- 
ornamentation, spine bases quincunxially 
arranged, numbering of spine bases about 40–250 
per mm2 (if spinose).

Dorsal valve nearly flat; sulcus absent or 
weak. Concentric lamellae variable on visceral 
disk; smooth or spinose micro-ornamentation, 
spine bases approximately concentrically-
arranged as a whole and quincunxially-arranged 
locally (Fig. 9.61a, b), numbering of spine bases 
about 20–180 per mm2 (if spinose); scars of tiny 
spines occasionally visible on specimens (see 
Fig. 9.62e, f, h).

Ventral interior with obscure, elongated mus-
cle scars, bisected by median ridge. Dorsal inte-
rior with deep sockets; thick inner socket ridges, 
crural plates short, triangular, diverging at a mod-
erately acute angle anteriorly.

Discussion Crurithyris tazawai He and Shi in 
He et al., 2012 is here considered as synonymous 
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with Paracrurithyris pygmaea (Liao in Zhao 
et  al., 1981). The reasons are two fold. Firstly, 
spinose ornamentation is locally visible on most 
shells, especially on those shells that have been 
partly weathered, as already noted by Baliński 
(1975). In all likelihood, these spines are micro- 
ornaments, most (or even all) of them are embed-
ded within the outer layer of the shell and they 
would have been exposed when shell was partly 
decorticated due to weathering. Secondly, 
“Crurithyris tazawai” is usually found to co- 
occur with Paracurithyris pygmaea, in the same 
sedimentary environment and geological age, 
suggesting that they probably belong to the same 
species. If this is correct, the character of spinose 
micro-ornamentation should be added to the defi-
nition of Paracrurithyris Liao in Zhao et al., 1981 
(see Diagnosis of Paracrurithyris).

Paracrurithyris sp.
Fig. 9.62i

Material One incomplete dorsal valve 
(CM-15-542).

Occurrence Uppermost Changhsingian; Anhui 
(Majiashan section) of South China.

Description Shell 5.5  mm wide, hingeline 
slightly shorter than greatest width. Dorsal valve 
flat, slightly convex on umbo. Cardinal extremi-
ties obtusely rounded, cardinal angle of 135°. 
Shell surface ornamented with strong, unevenly- 
arranged concentric lamellae, two orders of 
pustule- like spine bases; spine bases irregularly 
concentric as a whole and locally quincunxially- 
arranged; numbering of fine spine bases, number-
ing about 300 per mm2.

Discussion The present species differs from 
Paracrurithyris pygmaea in its dense spine bases 
and more concentric lamellae.

Genus Speciothyris Jin and Sun, 1981

Type Species Crurithyris speciosa Wang, 1955a.

Diagnosis Shell small to medium, nearly 
rounded in outline, hingeline shorter than great-
est width. Ventral valve moderately inflated, with 
moderately incurved beak; delthyrium high, wide 
and bridged at apex by short delthyrial plate; sul-
cus absent. Dorsal valve weakly convex; cardinal 
extremities rounded; lack of sulcus or fold. 
Anterior commissure rectimarginate. Surface 
smooth or may be weakly pustulose. Ventral inte-
rior with short teeth, no internal plates, muscle 
area smooth or obscure. Dorsal interior with glo-
bose cardinal process; crural plates short, extend-
ing anteriorly and nearly parallel to each other; 
coiled spiralia have more than 10 volutions and 
their axes directed posterolaterally toward the 
hinge ends (Shen et al. in Rong et al., 2017).

Discussion Speciothyris was proposed with 
Crurithyris speciosa Wang, 1955a as the type spe-
cies, sketched (interiors) and compared with 
Crurithyris George, 1931 by Jin and Sun (1981), 
despite lacking a detailed description. We agree 
that Crurithyris speciosa Wang, 1955 from the 
Changhsingian and earliest Triassic of South China 
is different from typical Crurithyris, a long-ranging 
genus characterized by possessing weak sulcus on 
both valves (Johnson et al. in Williams et al., 2006, 
p.  1733) and well- developed delthyrial covering-
plates (Jin and Sun, 1981). Also, Crurithyris spe-
ciosa Wang, 1955 can not be assigned to 
Paracrurithyris Liao in Zhao et al., 1981, because 
it completely lacks of sulcus, and has obscure/

Fig. 9.63 Paracrurithyris pygmaea (Liao in Zhao et al., 
1981). (a, b), internal moulds of two complete ventral 
valves, CM-16-1052, CM-15-1056, showing obscure 
muscle scars. (c, f), exteriors of two complete dorsal 
valves, XM-1-1037, CM-12-1039, showing smooth orna-
mentation. (d), internal mould of a ventral valve and rem-
nant shell, CM-16-1045. (e), internal mould of a complete 
dorsal valve and shell remnant, CM-13-1040. (g), internal 
mould of a complete dorsal valve, CM-14-1036, showing 

socket (soc), inner socket ridge (is) and crural plates (crp). 
(h), internal mould of a complete dorsal valve, CM-14-
1041, showing a median ridge (mr). (i), internal mould of 
a complete ventral valve, CM-16-1047. (j), enlarged por-
tion of CM-16-1047, showing net-like vesicles. (k), inte-
rior of a nearly complete ventral valve, CM-16-1044. (l), 
interior of an incomplete ventral valve and shell remnant, 
XM-4-1059
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invisible muscle scars and rounded dorsal cardinal 
extremities (Fig.  9.57) (despite the author S. Z. 
Shen still regards Speciothyris as a synonym of 
Paracrurithyris, as reviewed by Shen et al. in Rong 
et  al., 2017). Another difference between 
Speciothyris and Paracrurithyris is of note is that, 
based on our observation of numerous specimens 
from varied sedimentary facies, specimens here 
assigned to Speciothyris are all from shallow-water 
carbonate and silty mudstone facies (e.g., 
Huangzhishan of Zhejiang, Zhongzhai and 
Zhongying of western Guizhou), whereas those of 
Paracrurithyris are restricted to deep-water sili-
ceous mudstone facies and moderately deep-water 
ramp facies of carbonate platform (e.g., Majiashan 
of Anhui, Rencunping of Hunan, Meishan of 
Zhejiang). Speciothyris is also similar to Cruricella 
Grant, 1976 and Orbicoelia Waterhouse and 
Piyasin, 1970 in interiors (specifically obscure or 
invisible muscle scars), outline and lacking of sul-
cus on both valves. However, Speciothyris differs 
from Cruricella Grant, 1976 in rounded dorsal 
extremities (Fig.  9.57), and from Orbicoelia 
Waterhouse and Piyasin, 1970 in the latter having a 
longer, more incurved dorsal beak and posteriorly 
convex dorsal hingeline (Fig. 9.57). Because of the 
absence of a sulcus in Crurithyris speciosa Wang, 
1955a, type species of Speciothyris, Chen et  al. 
(2006b) assigned it to Orbicoelia, but we believe it 
is not Orbicoelia in view of the comparisons 
offered here.

Speciothyris speciosa (Wang, 1955a)
Fig. 9.64

1955a Crurithyris speciosa Wang: 146, pl. 83, 
Fig. 1–4.

1956 Crurithyris speciosa Wang: 389, pl. 6, 
Fig. 1–6.

1964 Crurithyris speciosa Wang; Wang et  al.: 
546, pl. 104, Fig. 13–16.

1978 Crurithyris speciosa Wang; Tong: 254, pl. 
89, Fig. 6.

1978 Crurithyris speciosa Wang; Feng and Jiang: 
283, pl. 102, Fig. 10.

1980a Crurithyris speciosa Wang; Liao, pl. 8, 
Fig. 16, 17.

1984 Crurithyris speciosa Wang; Wang: 225, pl. 
66, Fig. 12, 18.

1995 Crurithyris speciosa Wang; Zeng et al.: pl. 
12, Fig. 19.

2006b Orbicoelia speciosa (Wang); Chen et al.: 
317, Figs. 9a–f, 10.

2014 Orbicoelia speciosa (Wang); Zhang et al.: 
498, Fig. 10a−i, l−s.

Materials Over 700 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ2704642 13.61 12.61 1.08 Internal mould 
of ventral valve

LZ1400444 11.54 9.13 1.27 Internal mould 
of ventral valve

LZ1400482 14.48 9.52 1.52 Internal mould 
of dorsal valve

LZ0400463 9.60 7.94 1.21 Internal mould 
of dorsal valve

LZ1400452 18.22 15.67 1.16 Internal mould 
of ventral valve

LZ0400641 14.63 10.51 1.39 Internal mould 
of dorsal valve

LZ0400454 15.56 15.34 1.01 Internal mould 
of ventral valve

HZS20-0683 7.83 6.92 1.18 Ventral valve of 
a conjoined shell

HZS20-0683 7.77 6.57 1.18 Dorsal valve of a 
conjoined shell

HZS23-0679 9.99 8.15 1.23 Ventral valve
HZS20-0682 8.38 8.10 1.03 Ventral valve

Fig. 9.64 (continued) LZ0400463. (f), internal mould of 
a complete ventral valve, LZ1400452. (g), internal mould 
of a complete dorsal valve and posterior part of the con-
joined ventral valve, LZ0400641, showing a pair of sub-
parallel crural plates (crp). (h), internal mould of a 
complete ventral valve, LZ0400454, showing weak mus-
cle scars. (i), internal mould of an incomplete dorsal valve 
and posterior part of internal mould of the conjoined ven-

tral valve, LZ0400486, showing triangular ventral inter-
area (iar) and a cardinal process (cp). (j), conjoined 
valves, HZS20-0683, showing smooth ornamentation 
(ventral view). (k), dorsal view of HZS20-0683, showing 
a nearly straight hingeline. (l), lateral view of HZS20-
0683, showing a ventribiconvex profile. (m, n), two con-
joined valves (ventral views), HZS23-0679, HZS20-0682. 
(o), lateral view of HZS20-0682

W.-H. He et al.
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Fig. 9.64 Speciothyris speciosa (Wang, 1955a). (a), 
internal mould of a complete ventral valve, LZ2704642. 
(b), lateral view of LZ2704642, showing a ventribiconvex 
profile. (c), internal mould of a complete ventral valve, 
LZ1400444. (d), internal mould of a complete dorsal 

valve and posterior part of internal mould of the conjoined 
ventral valve, LZ1400482, showing an open delthyrium 
(del), sub-parallel crural plates (crp) and a median ridge 
(mr). (e), internal mould of a complete dorsal and poste-
rior part of internal mould of the conjoined ventral valve, 
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Occurrence Changhsingian (Upper Permian) to 
Induan (lowest Triassic); South China.

Description Shell small to medium, 6.6–15.7 mm 
long and 7.8–17.3 mm wide; subrounded in out-
line, hingeline shorter than greatest width at shell 
midlength, ventribiconvex in profile.

Ventral valve moderately inflated; beak 
incurved, overhanging delthyrium; ventral inter-
area (iar) high, delthyrium (del) open (Fig. 9.64d, 
i); sulcus absent. Dorsal valve nearly flat or weakly 
convex; hingeline nearly straight, cardinal extrem-
ities rounded; sulcus or fold absent. Smooth, con-
centric lines occasionally visible on disks.

Ventral interior with weak muscle scars. 
Dorsal interior with a simple cardinal process 
(Fig.  9.64i); deep sockets; crural plates (crp) 
short, triangular, extending anteriorly and nearly 
parallel to median ridge (mr) (Fig. 9.64d).

Discussion Probably the type species is the 
only species for the genus at present. However, 
“Crurithyris” longa Liao, 1980a from the 
Changhsingian silty mudstone of Qinglong, 
western Guizhou, South China is convex along 
midwidths for both valves despite with an 
anterior tongue nearby the anterior margin, 
this feature differs from the sulcus on both 
valves for Crurithyris, and probably 
“Crurithyris” longa Liao, 1980a is a species 
of Speciothyris.

Order Orthida Schuchert and Cooper, 1932
Suborder Dalmanellidina Moore, 1952
Superfamily Dalmanelloidea Schuchert, 1913
Family Rhipidomellidae Schuchert, 1913
Subfamily Rhipidomellinae Schuchert, 1913
Genus Rhipidomella Oehlert, 1890

Type Species Terebratula michelini Léveillé, 
1835. Visean of Lower Carboniferous of Belgium.

Diagnosis Dorsibiconvex, rectimarginate to 
weakly unisulcate valves; ventral interior with 
extended, flabellate muscle scars, bisected in 
front of adductor scar by short median ridge; dor-
sal interior with brachiophores.

Discussion Rhipidomella Oehlert, 1890 is simi-
lar to Schuchertella Girty, 1904 in a thick median 
ridge which bisects muscle scar in the ventral 
interior and a simple, prominent cardinal process, 
but the latter has a more transverse outline and 
lacks brachiophores. Rhipidomella resembles to 
Clavodalejina Havlíček, 1977 in a wide (or thick) 
median ridge in the dorsal interior, a simple car-
dinal process and a pair of brachiophores, but 
 differs in the latter has dental plates and lacks a 
median ridge in the ventral interior.

Occurrence Rhipidomella Oehlert, 1890 has 
mainly been found in Carbonifeous to Lower 
Permian, although it is also known sparsely from 
the Middle Permian in Timor and Cambodia 
(Broili, 1916; Chi-Thuan, 1961; Grant, 1976) 
and from the Upper Permian (Changhsing 
Formation) in South China (Shen and He, 1994).

Rhipidomella parvula He, Shi and Shen sp. nov.
Figs. 9.65, 9.66 and 9.67

2005 Schuchertella sp.; He et  al., p.  935, 
Fig. 6.1−6.5.

Diagnosis Small Rhipidomella with coarse cos-
tae and rugae, and micro-ornamentation of fine 
tubes and lamellae.

Etymology Refers to its very small body size.

Fig. 9.65 (continued) internal mould of a nearly com-
plete dorsal valve, DP9-0243, showing a pair of sockets 
(soc) and a pair of brachial ridges (br). (c), internal mould 
of an incomplete dorsal valve, DP8-0242 (paratype), 
showing sockets (soc), brachial ridges (br), depressed and 
semilunar adductor scars (ads), a thick median ridge (mr), 
radially-striated vascular markings (vm). (d), external 
mould of a nearly complete but not well-preserved ventral 
valve, DP10-0249. (e), external mould of an incomplete 

dorsal valve, DP10-0247. (f), external mould of a nearly 
complete dorsal valve, DP10-0246. (g), external mould of 
a nearly complete dorsal valve, DP10-0245. (h), internal 
mould of a nearly complete ventral valve, DP10-0250. (i), 
internal mould of a complete ventral vavle, DP10-0241. 
(j, k), internal moulds of two incomplete dorsal vavles, 
DP10-0244 (cp- cardinal process, br- brachial ridges, vm- 
vascular markings), DP10-0252

W.-H. He et al.
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Fig. 9.65 Rhipidomella parvula He, Shi and Shen sp. 
nov.. (a), internal mould of a complete ventral valve, 
DP10-0240 (holotype), showing a thick median ridge 

(mr) developed in the middle of shell length, a pair of 
depressed, semilunar adductor scars (ads), a pair of teeth 
(th), and radially-striated vascular markings (vm). (b), 
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Fig. 9.66 SEM micrographs of Rhipidomella parvula 
He, Shi and Shen sp. nov.. (a), external mould of a nearly 
complete dorsal valve, DP10-0248 (paratype), showing 
micro-ornamentation of fine tubes (tu). (b), enlargement 

of DP10-0248, showing fine tubes (indicated by white 
arrows) and finely concentric lamellae (lam). c, portion of 
DP10-0248, showing finely concentric lamellae
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Types Holotype DP10-0240; paratypes DP8-
0242, DP10-0248.

Other Materials Over 10 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DP10- 0240 4.20 3.63 1.16 Interior mould of 
ventral valve

DP10- 0241 4.65 4.80 0.97 Interior mould of 
ventral valve

DP8- 0242 3.69 2.88 1.28 Interior mould of 
dorsal valve

DP9- 0243 4.38 3.56 1.23 Interior mould of 
dorsal valve

b
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Fig. 9.67 Sketch diagram of Rhipidomella parvula He, 
Shi and Shen sp. nov.. (a)- Ornamentation (concentric 
lamellae and fine tubes along the interspace between cos-
tae. (b)- Ventral interior. (c)- Dorsal interior. Note: tu- fine 

tubs, lam- finely concentric lamellae, th- tooth, vm- vascu-
lar markings, ads- adductor scars, mr- thick median ridge, 
cp- cardinal process, soc- sockets, br- bladed 
brachiophores

(continued)
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Number Width Length
Width/
length Notes

DP10- 0244 4.97 4.17 1.19 Interior mould of 
dorsal valve

DP10- 0245 4.66 3.51 1.33 External mould of 
dorsal valve

DP10- 0246 4.98 3.87 1.29 External mould of 
dorsal valve

DP10- 0247 ? 3.66 External mould of 
dorsal valve

DP10- 0248 5.23 4.32 1.21 External mould of 
dorsal valve

DP10- 0249 4.08 3.96 1.03 External mould of 
ventral valve

DP10- 0250 5.09 4.71 1.08 Interior mould of 
ventral valve

DP10- 0251 4.31 3.53 1.22 Interior mould of 
dorsal valve

DP10- 0252 ? 4.31 Interior mould of 
dorsal valve

Occurrence Uppermost Changhsingian;  
Guangxi (Dongpan section) of South China.

Description Shell very small, 2–5 mm long and 
3–6  mm wide, rounded triangular in outline; 
greatest width at about middle shell length or 
anterior third of shell length; gently biconvex in 
lateral profile. Ventral valve moderately convex, 
interarea moderately high, rounded triangular; 
sulcus absent. Dorsal valve circular in outline, 
moderately convex; fold absent. Shell surface 
with coarse costae and rugae; costae numbering 
8 in 2 mm, rugae about 6 in 2 mm in the middle 
shell length; costae becoming thicker anteriorly, 
rugae becoming weaker anteriorly; with micro- 
ornamentation of fine tubes (tu) along the inter-
space between costae (Figs. 9.66a, b; 9.67a) and 
fine concentric lamellae (lam) near anterior mar-
gin (Figs. 9.66b, c; 9.67a).

Ventral interior with a pair of teeth (th) 
(Figs. 9.65a; 9.67b); a pair of depressed, semilu-
nar adductor scars (ads) (Figs.  9.65a; 9.67b); a 
thick median ridge (mr) (Figs. 9.65a; 9.67b); vas-
cular markings radially striated (vm) (Figs. 9.65a; 
9.67b). Dorsal interior with a simple cardinal 
process (cp), a pair of bladed brachiophores (br), 

a pair of depressed, semilunar adductor scars 
(ads) bisected by a thick median ridge (mr) 
(Figs. 9.65c, j; 9.67c).

Discussion The new species is similar to 
Rhipidomella cordialis Grant, 1976 from the 
Lower Permian limestone of Ko Muk, southern 
Thailand in a pair of strong teeth and a thick 
median ridge in the ventral interior, and a promi-
nent cardinal process, a pair of brachiophores, a 
thick median ridge in the dorsal interior, but dif-
fers in the latter has a larger adult size (> 1 cm in 
shell width), a lower median ridge in the dorsal 
valve, and anteriorly opening hollow pits on the 
dorsal vavle, and the former has rugae on shell 
surface. Compared to the new species, R. hessen-
sis King 1930 from the upper Hess Formation 
(Lower Permian) of Glass Mountains, Texas is 
larger (> 1.5 cm in shell width) and lacks rugae 
on shell surface. The new species can be distin-
guished from R. leonardensis King, 1930 of the 
Leonard Formation (Middle Permian) in Glass 
Mountains, Texas because the latter has a pen-
tagonal outline, dental flanges and intercalated 
costae which are uneven in width. R. mesoplatys 
King, 1930 from the Leonard Formation (Middle 
Permian) and R. transversa King, 1930 from the 
Hess Formation (Lower Permian) of Glass 
Mountains, Texas, both are more transverse and 
larger (> 1 cm in shell width) than the new spe-
cies. R. subcircularis Shen and He, 1994 from the 
Changhsing Formation of Changhsingian (Upper 
Permian) of Guiding, Guizhou Province, South 
China is also a large species (> 1  cm in shell 
width), and has a shallow sulcus on the dorsal 
valve and fine costae, which together make it 
very different from the new species.

Genus Permorhipidomella He, Shi and Shen 
gen. nov.

Type Species Permorhipidomella ovatus He, 
Shi and Shen gen. and sp. nov.

Diagnosis Biconvex, unisulcate valves; ventral 
interior with short, nearly parallel dental plates, 

W.-H. He et al.
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lacking of prominent median ridge or septum; 
dorsal interior with short crural plates and weak 
median ridge.

Etymology Named for a Permian genus of 
Rhipidomellinae.

Discussion The subfamily Rhipidomellinae 
Shuchert, 1913 currently includes 13 genera, most 
of which occurred in the Silurian and Devonian, 
with only Rhipidomella Oehlert, 1890 sparsely 
known from the Permian (and Rhipidomella 
mostly recorded in the Devonian to Carboniferous 
up to now). The new genus is more or less similar 
to some genera of Rhipidomellinae Shuchert, 
1913 in interiors and ornamentation. Thus the 
new genus is assigned to the subfamily 
Rhipidomellinae. Permorhipidomella is most like 
Strixella Boucot and Amsden, 1958 in reticulated 
ornamention and a pair of dental plates, but the 
latter has a thick cardinal process, divergent bra-
chiophores, a pair of triangular dentals. 
Permorhipidomella is similar to Rhipidomella 
Oehlert, 1890 in a pair of deep sockets and finely 
reticulated ornamentation, but differs in having a 
pair of crural plates and lacking of thick median 
ridges in ventral and dorsal interiors. 
Pseudodicoelosia Boucot and Amsden, 1958 also 
bears finely reticulated ornamentation, but its 
stronger brachiophores and thicker teeth easily 
separate it apart from the new genus.

Permorhipidomella ovatus He, Shi and Shen 
gen. and sp. nov.

Figs. 9.68, 9.69 and 9.70

Diagnosis Ovate, finely reticulated- 
ornamentation on both valves; ventral interior 
with parallel or slightly divergent dental plates; 
dorsal interior with deep sockets and moderately 
divergent crural plates.

Etymology Named for the ovate outline.

Types Holotype DP3-0277; paratypes, DP3-
0289, DP3-0285.

Other Materials Over 10 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DP7- 0276 13.14 10.71 1.25 External mould of 
dorsal valve

DP3- 0277 6.79 6.36 1.07 Internal mould of 
dorsal valve

DP9- 0279 10.16 8.98 1.13 Internal mould of 
dorsal valve

DP8- 0280 14.54 12.23 1.19 Internal mould of 
dorsal valve

XC1- 0283 13.34 10.25 1.30 Internal mould of 
ventral valve

DP3- 0285 13.08 11.81 1.11 Internal mould of 
ventral valve

DP10- 0286 10.24 9.22 1.11 Internal mould of 
ventral valve

DP10- 0288 8.50 8.00 1.06 Dorsal interior
DP3- 0290 4.62 4.30 1.07 External mould of 

ventral valve
DP2- 0292 8.10 8.63 0.94 Internal mould of 

ventral valve
DP10- 0284 8.54 6.46 1.32 Dorsal interior
DP3- 0278 12.16 9.49 1.28 Internal mould of 

ventral valve
DP3- 0289 6.49 5.16 1.26 Internal mould of 

ventral valve
DP9- 0282 9.70 7.51 1.29 External mould of 

dorsal valve
DP8- 0281 11.32 6.80 1.66 Internal mould of 

dorsal valve
DP10- 0291 9.59 10.08 0.95 Dorsal interior
DP9- 0287 8.22 7.59 1.08 Internal mould of 

dorsal valve

Occurrence Uppermost Changhsingian; 
Guangxi of South China.

Description Shell about 4.3–12.2 mm long and 
4.6–14.5 mm wide, ovate in outline; greatest width 
at about middle shell length or anterior third of 
shell length; weakly biconvex in lateral profile. 
Ventral valve weakly convex, interarea moderately 
high, triangular; fold weak, originated from mid-
dle shell length, widening anteriorly. Dorsal valve 
ovate in outline, weakly convex; sulcus originated 
from umbo, widening anteriorly to one third or 
one fourth of shell width. Shell surface with fine 
costellae and concentric lines, together forming 
fine reticulation on shell surface (Figs.  9.68f, h; 
9.69b, d; 9.70c); costellae or concentric lines num-
bering 10−12 in 2 mm in the middle shell.
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Fig. 9.68 Permorhipidomella ovatus He, Shi and Shen 
sp. nov.. (a), internal mould of a deformed ventral valve, 
XC1- 0283, showing a fold widening anteriorly. (b), inte-
rior of an incomplete dorsal valve, DP10-0284, showing 
deep sockets (soc). (c), internal mould of an incomplete 
ventral valve, DP10-0286, showing a pair of nearly paral-
lel dental plates (dp). (d), internal mould of a nearly com-
plete ventral valve, DP2-0292, showing a preserved dental 
plate (dp). (e), internal mould of an incomplete ventral 
valve, DP3-0278, showing a pair of nearly parallel dental 

plates (dp). (f), external mould of a deformed ventral 
vavle, DP3-0290. (g), internal mould of a nearly complete 
ventral valve, DP3-0289 (paratype), showing a pair of 
slightly divergent dental plates (dp). (h), external mould 
of a ventral valve, DP3-0285, showing finely reticulated 
ornamentation. (i), internal mould of DP3-0285 (para-
type). (j), internal mould of an incomplete dorsal valve, 
DP8- 0280. (k), internal mould of an incomplete dorsal 
valve, DP9-0279, showing a pair of thin crural plates (crp)

Ventral interior with a pair of nearly parallel to 
slightly divergent dental plates (dp) 
(Figs.  9.68c−e, g; 9.70a). Dorsal interior with 
deep sockets (soc) (Figs.  9.68b; 9.69d; 9.70b) 
and moderately divergent crural plates (crp) 
(Figs. 9.69a, c, g, h; 9.70b).

Discussion Within the Rhipidomellinae, we are 
not aware of any species that can be closely com-
pared to the new species, perhaps except 
Rhipidomella parvula He, Shen and Shi sp. nov. 
is somewhat similar to this species in the reticu-
lated ornamentation, but the new species has finer 
ornaments.

Superfamily Enteletoidea Waagen, 1884
Family Enteletidae Waagen, 1884
Genus Enteletes Fischer de Waldheim, 1825

Type Species Enteletes glabra Fischer de 
Waldheim, 1830. Pennsylvanian of Upper 
Carboniferous of Russia.

Diagnosis Uniplicate, capillate valves; ventral 
interior with high, subparallel to slightly conver-
gent dental plates, bisected by a high, thin median 
septum, length of dental plates nearly equivalent 

to length of median septum; dorsal interior with 
well-developed tusklike brachiophores, divergent 
crural plates, a median ridge.

Discussion Enteletes is similar to Enteletina 
Schuchert and Cooper, 1931 in interiors, but the for-
mer has uniplicate valves while the latter has unisul-
cate valves. Enteletes resembles to Parenteletes 
King, 1931 in the subparallel median septum and 
dental plates, but the latter has unisulcate valves and 
an anteriorly-forked median septum.

Enteletes subaequivalis Gemmellaro, 1899
Figs. 9.71; 9.72a−c

1899 Enteletes subaequivalis Gemmellaro: 140, 
pl. 28, Fig. 25−32.

1964 Enteletes subaequivalis Gemmellaro; Wang 
et al.: 148, pl. 19, Fig. 1−4.

1979 Enteletes subaequivalis Gemmellaro; Jin 
and Ye: 74, pl. 36, Fig. 10−12, 16−18.

1979 Enteletes subaequivalis obscura Ching and 
Ye; Jin and Ye: 74, pl. 36, Fig. 19−22.

2014 Meekella? sparsiplicata He and Shi in He 
et al.: 946, Fig. 21h, i.

Materials 14 registered specimens: see below.

Measurements (mm): 

Number Width Length Width/length Notes
DSH- 0294 12.01 11.54 1.04 Internal mould of dorsal valve
DP7- 0295 19.71 13.44 1.47 External mould of ventral valve
DP8- 0297 7.61 6.24 1.22 Internal mould of dorsal valve
DP2- 0300 12.02 8.90 1.35 Internal mould of dorsal valve
DP2- 0306 13.47 9.89 1.36 Internal mould of dorsal valve
DP3- 0307 10.42 7.03 1.48 Internal mould of dorsal valve
DP3- 0301 16.63 12.74 1.31 Internal mould of dorsal valve

(continued)
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Fig. 9.70 Sketch 
diagram of 
Permorhipidomella 
ovatus He, Shi and Shen 
sp. nov.. (a)- Ventral 
interior. (b)- Dorsal 
interior. (c)- Finely 
reticulated 
ornamentation. Note: 
dp- dental plates, 
cp- cardinal process, 
soc- sockets, crp- crural 
plates

Fig. 9.69 Permorhipidomella ovatus He, Shi and Shen 
sp. nov.. (a), internal mould of a complete dorsal valve, 
DP3-0277 (holotype), showing thin crural plates (crp). 
(b), external mould of an incomplete dorsal valve, DP9-
0282, showing finely reticulated ornamentation. (c), inter-
nal mould of an incomplete dorsal valve, DP8-0281, 
showing slightly divergent crural plates (crp). (d), interior 

of an incomplete dorsal valve, DP10-0291, showing deep 
sockets (soc). (e), interior of a nearly complete dorsal 
valve, DP10-0288, showing a preserved deep socket (soc). 
(f), external mould of a complete dorsal valve, DP7-0276. 
(g), internal mould of DP7-0276, showing a pair of crural 
plates (crp). (h), internal mould of an incomplete dorsal 
valve, DP9-0287, showing a pair of thin crural plates (crp)

Number Width Length Width/length Notes
DP5- 0302 10.99 9.28 1.18 Internal mould of dorsal valve
PB5- 0303 19.95 13.87 1.44 Dorsal valve
PB5- 0298 12.58 11.37 1.11 Internal mould of dorsal valve
DP10- 0299 7.58 7.20 1.05 Internal mould of dorsal valve
DP3- 0304 12.81 9.33 1.37 Internal mould of dorsal valve
DP3- 0308 18.74 11.03 1.70 Dorsal valve
DP5- 0309 20.60 15.77 1.31 Internal mould of dorsal valve

Occurrence Changhsingian; Guangxi of South 
China.

Description Shell 6.2−15.8  mm long and 
7.6−20.6 mm wide, subcircular in outline, bicon-
vex, greatest width at shell midlength. Ventral 

valve beak slightly incurved; sulcus originated 
from middle length, slightly widening and deepen-
ing anteriorly; external surface ornamented by 
coarse plication and fine costellae, number of pli-
cation variable (1−3) on each flank, plication with 
slightly angulated crest, fine costellae evenly dis-

9 Systematic Palaeontology
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Fig. 9.71 Enteletes subaequivalis Gemmellaro, 1899. 
(a), internal mould of a dorsal valve, DSH-0294. (b), 
external mould an incomplete ventral valve, DP7-0295. 
(c-e), internal moulds of three nearly complete dorsal 
valves, DP8-0297, DP2-0300, DP2-0306. (f–h), internal 

moulds of three incomplete dorsal valves, DP3-0307, 
DP3-0301, DP5-0302. (i), a slightly deformed dorsal 
valve, PB5-0303. (j–l), internal moulds of three nearly 
complete dorsal valves, PB5-0298, DP10-0299, 
DP3-0304
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Fig. 9.72 (a–c), Enteletes subaequivalis Gemmellaro, 
1899. (a), a nearly complete and slightly deformed dorsal 
valve, DP3-0308. (b), internal mould of an incomplete 
dorsal valve, DP5-0309. (c), posterior view of DP5-0309. 
(d–i), Orthotichia sp. 1, (d–g), internal moulds of four 
incomplete ventral valves, PB2-0317, DP5-0313, DP3- 

0314, DP3-0315. (h, i), internal moulds of two incomplete 
dorsal valves, DP2-0320, DP3-0319. (j), Orthotichia sp. 
2, internal mould of an incomplete dorsal valve, DP7- 
0318. (k), Orthotichia sp. 3, internal mould of an incom-
plete ventral valve, DP5-0311. (l), Orthotichia sp. 4, 
internal mould of an incomplete dorsal valve, DP5-0316
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tributed on shell surface (Figs. 9.71b, g, i; 9.72a, b). 
Dorsal valve beak slightly incurved; fold originated 
from middle length, slightly widening anteriorly.

Ventral interior with high, subparallel dental 
plates, bisected by a high, thin median septum 
(Fig. 9.71j−l). Dorsal interior with divergent cru-
ral plates and a weak median ridge (Figs. 9.71c−h; 
9.72b, c).

Discussion The present species is like E. nucle-
ola Grabau, 1931 from the Permian Jisu Honguer 
limestone of Inner Mongolia in weak plications, 
but the latter has plications with nearly flat crests. 
Comparing with the present species, E. obesa 
Grabau, 1931 from the Permian Martinia bed of 
Mongolia has a globoser outline in profile and 
sharper crest plications. E. retardate Huang, 1933 
from the Permian limestone of Guizhou Province, 
southwestern China has a pair of slightly diver-
gent dental plates and weaker placations, if com-
pared to Enteletes subaequivalis. E. asymmatrosis 
Xu and Grant, 1994 from the Changhsingian 
Longdongchuan Formation of Xikou section, 
Zhenan, Shaanxi, China and E. wannanensis 
Zhang and Jin, 1961 from the Wuchiapingian 
Lungtan Formation of Jinxian, Anhui Province, 
China are more globose than Enteletes subaequiv-
alis, and E. wannanensis is additionally distin-
guished by its sharper crest plications. 
Additionally, E. bisulcata Liao and Meng, 1986 
from the Changhsingian Changhsing Formation 
of Huatang, Hunan Province has a dorsal sulcus 
and thus should not be assigned to Enteletes.

Family Schizophoriidae Schuchert and LeVene, 
1929

Genus Orthotichia Hall and Clarke, 1892

Type Species Orthis? morganiana Derby, 1874. 
Carboniferous of Brazil.

Diagnosis Weak uniplicate, finely capillate 
valves; ventral interior with long, high, subparallel 
dental plates, bisected by a long, high, thin median 
septum, length of dental plates nearly equivalent to 
length of median septum; dorsal interior with 
divergent crural plates, a median ridge.

Discussion Orthotichia is similar to Enteletes 
Fischer de Waldheim, 1825 in interiors, but the 
former lacks coarse plications. Orthotichia is 
like Acosarina Cooper and Grant, 1969 in a sub-
circular outline, a long median septum in the 
ventral interior and divergent crural plates, but 
the latter has shorter dental plates. Orthotichia 
resembles to Schizophoria (Paraschizophoria) 
King, 1850 in a median septum parallel to dental 
plates and a pair of divergent crural plates, but 
the latter has shorter dental plates and a globoser 
outline.

Orthotichia sp. 1
Fig. 9.72d−i

Materials Six registered specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

PB2- 0317 6.22 5.47 1.14 Internal mould 
of ventral valve

DP5- 0313 7.21 6.67 1.08 Internal mould 
of ventral valve

DP3- 0314 8.27 6.56 1.26 Internal mould 
of ventral valve

DP3- 0315 6.08 4.35 1.40 Internal mould 
of ventral valve

DP2- 0320 6.79 5.93 1.15 Internal mould 
of dorsal valve

DP3- 0319 6.42 5.30 1.21 Internal mould 
of dorsal valve

Occurrence Changhsingian; Guangxi of South 
China.

Description Shell 4.4−6.7  mm long and 
6.1−8.3  mm wide, subcircular in outline, bicon-
vex, greatest width at shell midlength. Ventral valve 
beak slightly incurved; sulcus shallow, nearby 
anterior margin; external surface ornamented by 
fine costellae. Dorsal valve beak slightly incurved; 
fold weak, nearby anterior margin.

Ventral interior with high, subparallel dental 
plates, bisected by a high, thin median septum, 
length of dental plates nearly equivalent to length 
of median septum (Fig. 9.72d−g). Dorsal interior 
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with moderately divergent crural plates and a 
weak median ridge (Fig. 9.72h, i).

Discussion These specimens have a pair of dental 
plates parallel to a median septum, the length of 
dental plates nearly equivalent to length of median 
septum in the ventral valve, and a pair of divergent 
crural plates in the dorsal valve. All these features 
strongly suggest a species of Orthotichia, but the 
lack of external features prevent us from further 
comparing with other species.

Orthotichia sp. 2
Fig. 9.72j

Material One incomplete dorsal valve, 
DP7-0318.

Measurement (mm): 

Number Width Length
Width/
Length Notes

DP7- 
0318

8.68 8.09 1.07 Internal mould of 
dorsal valve

Occurrence Changhsingian; Guangxi of South 
China.

Description Subcircular in outline, greatest 
width at shell midlength. Dorsal valve beak 
slightly incurved; fold weak, nearby anterior 
margin. Dorsal interior with a pair of widely 
divergent crural plates and a prominent median 
ridge.

Discussion The present species is similar to 
Orthotichia sp. 1 of this book in outline and orna-
mentation, but the former has a more widely 
divergent crural plates (divergent angle twice of 
the latter).

Orthotichia sp. 3
Fig. 9.72k

Material One incomplete ventral valve, 
DP5-0311.

Measurement (mm): 

Number Width Length
Width/
Length Notes

DP5- 
0311

32.33 24.94 1.30 Internal mould of 
ventral valve

Occurrence Changhsingian; Guangxi of South 
China.

Description Transversely subcircular in outline. 
Ventral external surface ornamented by fine 
costellae. Ventral interior with high, slightly 
divergent (subparallel) dental plates, bisected by 
a high, thin median septum; length of dental 
plates nearly equivalent to length of median sep-
tum; median septum forked anteriorly.

Discussion Orthotichia sp. 3 differs from 
Orthotichia sp. 1 of this book as the latter has 
closer triple plates in the ventral interior.

Orthotichia sp. 4
Fig. 9.72l

Material One incomplete dorsal valve, 
DP-0316.

Measurement (mm): 

Number Width Length
Width/
Length Notes

DP5- 
0316

7.37 8.64 0.85 Internal mould 
of dorsal valve

Occurrence Changhsingian; Guangxi of South 
China.

Description Circular in outline, greatest width 
at shell midlength. Dorsal external surface orna-
mented by fine costellae (based on the anterior 
margin of dorsal interior). Dorsal interior with a 
pair of slightly divergent crural plates and a 
median septum.

Discussion The species differs from Orthotichia 
sp. 1 of this book in a pair of divergent crural 
plates in the dorsal interior.
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Genus Acosarina Cooper and Grant, 1969

Type Species Acosarina dorsisulcata Copper 
and Grant, 1969. Middle Permian of West Texas 
(Acosarina minuta (Abich, 1878)).

Diagnosis Shell small to medium, subcircular, 
biconvex, widest at midlength; anterior commis-
sure rectimarginate to sulcate. Pedicle valve inte-
rior with low but long median septum, extending 
to or slightly beyond midlength; dental plates 
short; dorsal interior with widely divergent bra-
chiophore plates and deep sockets.

Discussion As mentioned by Campi and Shi 
(2005) and Zhang et  al. (2014), Sunacoarina 
Liang, 1990 from the Middle Permian of 
Zhejiang Province, China is synonymous  
with Acosarina, because both of them have  
similar interiors, including a long median sep-
tum and two short, divergent plates in the ventral 
interior, and two divergent, curved brachiophore 
plates. Acosarina is similar to Schizophoria 
(Paraschizophoria) King, 1850 in a pair of diver-
gent crural plates, but the latter has a shorter 
median septum and subparallel dental plates, 
and a globoser outline.

Acosarina minuta (Abich, 1878)
Fig. 9.73

1878 Streptorhynchus peregrinus var. minutus 
Abich: 78, pl. 9, Fig. 1a.

1884 Orthis indica Waagen: 568, pl. 56, Figs. 7, 
8, 14–16.

1931 Schizophoria indica Ozaki: 167, pl. 15, 
Fig. 3.

1962 Orthotichia indica (Waagen); Zhan and Li: 
443, pl. 1, Fig. 1, 2.

1964 Schizophoria indica (Waagen); Wang et al.: 
134, pl. 16, Fig. 28.

1969 Acosarina dorsisulcata Cooper and Grant: 
2, pl. 5, Fig. 19–23.

1976a Acosarina dorsisulcata Cooper and Grant; 
Cooper and Grant: 2621, pl. 667, Fig. 1–26

1977 Acosarina indica (Waagen); Yang et  al.: 
311, pl. 130, Fig. 3.

1978 Orthotichia indica (Waagen); Tong: 211, 
pl. 27, Fig. 3.

1978 Acosarina dorsisulcata Cooper and Grant; 
Feng and Jiang: 235, pl. 85, Fig. 10.

1979 Acosarina indica (Waagen); Jin and Ye: 74, 
pl. 36, Fig. 6–9.

1982 Acosarina indica (Waagen); Wang et  al.: 
190, pl. 180, Fig. 7.

1986 Acosarina dorashamensis Cooper and 
Grant; Liao and Meng: pl. 1, Fig. 14.

1987 Acosarina dorashamensis Cooper and 
Grant; Liao: pl. 1, Fig. 3–8.

1988 Acosarina sp.; Yanagida: pl. 29, Fig. 1–12.
1990 Acosarina indica (Waagen); Liang: 354, pl. 

1. Fig. 6–10.
1990 Acosarina indica (Waagen); Zhu: 62, pl. 9, 

Fig. 5–7.
1993 Kotlaia capilosa Grant: 5, Fig. 4.1–4.6.
1995 Acosarina minuta (Abich); Zeng et al.: pl. 

3, Fig. 10.
1998 Acosarina minuta (Abich); Shi and Shen: 

506, Fig. 3.5–3.11.
2007 Acosarina minuta (Abich); Shen and Shi: 

39, pl. 14, Fig. 27–38; pl. 15, Fig. 1–21.
2014 Acosarina minuta (Abich); He et al.: 950, 

Fig. 21a−d.
2014 Acosarina minuta (Abich); Zhang et  al.: 

488, Figs. 7x−ac, 9a−d.

Materials Over 70 specimens. Registered spec-
imens: see below.

Fig. 9.73 Acosarina minuta (Abich, 1878). (a), internal 
mould of an incomplete ventral valve, LZ1200379, show-
ing a long median septum (ms) and a pair of dental plates 
(dp). (b), internal mould of a complete ventral valve, 
LZ1400371. (c), internal mould of an incomplete ventral 
valve, LZ1400377. (d), internal mould of a complete dor-
sal valve, LZ1400378, showing a pair of crural plates 
(crp). (e), internal mould of an incomplete dorsal valve, 
LZ1400376, showing a pair of complex adductor scars 

(ads). (f), internal mould of a complete but slightly 
deformed dorsal valve, LZ1400375, showing a pair of 
crural plates (crp) and a cardinal process (cp). (g), internal 
mould of an incomplete ventral valve, XM140C01. (h), 
internal mould of an incomplete dorsal valve, XM15115. 
(i), internal mould of a complete dorsal valve, LZ1400372, 
showing a well-preserved adductor scars (ads). (j), 
enlarged portion of LZ1400372, showing the crenulated 
cardinal process

W.-H. He et al.
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Measurements (mm): 

Number Width Length
Width/
length Notes

LZ1200379 4.12 3.55 1.16 Internal mould 
of ventral valve

LZ1400371 15.54 13.69 1.14 Internal mould 
of ventral valve

LZ1400377 16.60 13.33 1.25 Internal mould 
of ventral valve

LZ1400378 10.27 8.36 1.23 Internal mould 
of dorsal valve

LZ1400376 17.10 14.43 1.18 Internal mould 
of dorsal valve

LZ1400375 14.24 10.95 1.30 Internal mould 
of dorsal valve

XM140C01 6.06 5.61 1.08 Internal mould 
of ventral valve

XM15115 13.76 12.14 1.13 Internal mould 
of dorsal valve

LZ1400372 14.84 12.76 1.16 Internal mould 
of dorsal valve

Occurrence Permian to lowest Triassic; Russia, 
Pakistan, Thailand, United States, Vietnam and 
China.

Description Shell small to medium for the genus, 
subcircular in outline, subequally biconvex, great-
est width at midlength, 2.9–14.4  mm long, 4.0–
17.1 mm wide; anterior commissure rectimarginate 
to weakly sulcate. Surface multicostellae, costel-
lae fine, 7–8 per 2 mm at anterior margin.

Ventral interior with a long median septum 
(ms), extending anteriorly to over half of shell 
length or nearby anterior margin; dental plates 
(dp) short, straight or curved, anteriorly divergent 
at a large acute angle (close to 90°) (Fig. 9.73a).

Dorsal interior with with a crenulated cardinal 
process (Fig. 9.73j); a pair of brachiophore plates 
(bp) anteriorly divergent at a large acute angle 
(70−80°) (Fig.  9.73d); two pairs of prominent 
muscle scars (ads), one pair small, elongated and 
posteriorly located close to brachiophores, the 
other pair much larger, triangular, distributed 
anteriorly to the small pair (Fig. 9.73i).

Discussion The present species slightly differs 
from Acosarina strophiria Xu and Grant, 1994 
from the Changhsing Formation of Huangzhishan, 

Zhejiang Province, South China because the latter 
has a coarser dorsal median ridge. Acosarina rec-
timarginata Cooper and Grant, 1976a from the 
Neal Ranch Formation (Permian) of West Texas 
possesses a shorter ventral median septum, when 
compared with the present species. This species 
differs from Acosarina antesulcate Waterhouse, 
1983c of the Upper Permian of Thailand as the 
latter has acutely diverging posterior margins and 
coarse costellae, and from A. mesoplatys (King, 
1931) of the Cathedral Mountain Formation of 
West Texas as the latter has tubular costellae.

Order Rhynchonellida Kuhn, 1949
Superfamily Wellerelloidea Licharew, 1956
Family Pontisiidae Cooper and Grant, 1976b
Subfamily Pontisiinae Cooper and Grant, 1976b
Genus Prelissorhynchia Xu and Grant, 1994

Type Species Pugnax pseudoutah Huang, 1933. 
Lungtan Formation; Guizhou Province, south-
western China.

Diagnosis Shell small, semicircular to subtrian-
gular, dorsibiconvex in profile, strongly unipli-
cate with distinct indentation at anterior 
commissure. Costae coarse, rounded, simple. 
Interiors with slightly divergent (subparallel) 
dental plates and undivided arched hinge plate.

Discussion Neowellerella Dagys, 1974 is syn-
onymous with Lissorhynchia Yang and Xu, 
1966, according to Savage et  al. in Williams 
et  al., 2002. The difference between 
Prelissorhynchia and Lissorhynchia is that the 
former has a subcircular outline and lacks a dor-
sal median ridge and the latter has a subtriangu-
lar outline and a median ridge in the dorsal 
interior (Savage et al. in Williams et al., 2002). 
However, such a difference may be intrageneric 
variations, because those specimens with sub-
circular outlines (character of the former) vari-
ably have dorsal median ridges (see Fig. 9.74a, 
b, g). Considering this, it is possible that 
Prelissorhynchia and Lissorhynchia are synony-
mous, because both are dorsibiconvex, with a 
prominent ventral sulcus and a dorsal fold, as 
well as subparallel dental plates. However, the 
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Fig. 9.74 Prelissorhynchia pseudoutah (Huang, 1933). 
(a), internal mould of a dorsal valve, LZ1400334, show-
ing a median ridge (mr). (b), internal mould of conjoined 
shells, LZ2702680, showing dental plates (dp) and sock-
ets (soc). (c), internal mould of an incomplete ventral 
valve, LZ2700385, illustrating dental plates. (d), internal 
mould of incomplete conjoined shells, LZ2702679. (e), 
enlarged portion of LZ2702679, showing denticulate 
hinge sockets (soc). (f), lateral view of internal mould of 

conjoined valves, LZ2702681. (g), dorsal view of 
LZ2702681, showing sockets (soc). (h), enlarged portion 
of LZ2702681, showing denticulate hinge sockets (soc). 
(i), exterior of a nearly complete ventral valve (shell partly 
decorticated), LZ1600336. (j), exterior of a complete ven-
tral valve (shell partly decorticated), XM16709. (k–m), 
complete, conjoined valves, XM283C08, showing ven-
tral, dorsal and anterior views
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species that have so far been assigned to these 
two genera are concerned, they seem to be of 
very different age ranges: Prelissorhynchia is 
from the Late Permian to the earliest Triassic 
and Lissorhynchia is typical for the Early to 
Middle Triassic (Rong et  al., 2017). With this 
consideration in mind, we tentatively assign the 
Upper Permian specimens to Prelissorhynchia.

Prelissorhynchia pseudoutah (Huang, 1933)
Fig. 9.74

1933 Pugnax pseudoutah Huang: 64, pl. 10, 
Fig. 1−8.

1977 Pugnax pseudoutah Huang; Yang et  al.: 
381, pl. 151, Fig. 3a−d.

1978 Pugnax pseudoutah Huang; Tong: 241, pl. 
85, Fig. 11.

1979 Pugnax pseudoutah Huang; Zhan in Hou 
et al.: 95, pl. 13, Fig. 21, 22.

1980a Neowellerella pseudoutah (Huang); Liao: 
276, pl. 7, Fig. 38, 39.

1987 Lissorhynchia pseudoutah (Huang); Xu in 
Yang et  al.: 229, pl. 13, Fig.  15, 16; pl. 14, 
Fig. 10, 12.

1987 Neowellerella pseudoutah (Huang); Liao: 
pl. 8, Fig. 1.

1994? Prelissorhynchia pseudoutah (Huang); Xu 
and Grant: 38, Fig. 22.28−22.48.

1999 Prelissorhynchia pseudoutah (Huang); 
Chen and Shi: 20, Fig. 6a−f, h−j, l−r.

1999 Prelissorhynchia xui Chen and Shi: 23, 
Fig. 4.

2007 Prelissorhynchia pseudoutah (Huang); 
Shen and Shi: 53, pl. 20, Fig. 32−35; pl. 21, 
Fig. 1−27.

2009b Prelissorhynchia pseudoutah (Huang); 
Chen et al.: Fig. 7t−u.

2014 Prelissorhynchia pseudoutah (Huang); 
Zhang et al.: 490, Fig. 9j−u.

2014 Prelissorhynchia pseudoutah (Huang); He 
et al.: 490, Fig. 9j−u.

Materials Over 170 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ1400334 7.87 6.73 1.17 Internal mould of 
dorsal valve

LZ2702680 10.28 5.79 1.78 Internal mould of 
dorsal valve

LZ2700385 10.36 8.75 1.18 Internal mould of 
ventral valve

LZ2702679 8.58 6.69 1.28 Internal mould of 
dorsal valve

LZ2702681 9.33 7.95 1.17 Dorsal internal 
mould of a 
conjoined shell

LZ2702681 9.33 8.84 1.06 Ventral internal 
mould of a 
conjoined shell

LZ1600336 7.25 6.58 1.10 Ventral exterior
XM16709 10.02 9.26 1.08 Ventral exterior
XM283C08 8.86 8.63 1.03 Ventral valve of a 

conjoined shell
XM283C08 8.81 8.20 1.07 Dorsal valve of a 

conjoined shell

Occurrence Upper Permian−lowest Triassic; 
South China (more abundant in shallow-water 
facies).

Description Shell subtriangular to subcircular, 
5.7−9.3 mm long and 5.3−10.8 mm wide, great-
est width at/anterior to shell midlength, lateral 
margins anteriorly diverging at about 80−120°; 
anterior commissure strongly uniplicate with 
sharp zigzag outline; costae usually developed 
only near margins, simple, with rounded to roof- 
tiled crests, 1−3 on fold or sulcus, 1–3 pairs on 
flanks. Ventral valve gently convex; beak acute, 
erect; sulcus beginning from slightly anterior to 
midlength, distinctly deepening anteriorly, form-
ing a distinctly elevated tongue. Ventral interior 
with subparallel (slightly anteriorly-diverging) 
dental plates (dp), dental plates anteriorly extend-
ing to fourth of shell length (Fig. 9.74b−d). Dorsal 
interior with denticulate hinge sockets (soc) 
(Fig. 9.74e, h; mistakenly described as “denticu-
late hinge teeth” of ventral interior in Zhang et al., 
2014) and a variable median ridge (mr) (Fig. 9.74a).

W.-H. He et al.
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Discussion This species is identical to 
Prelissorhynchia pseudoutah (Huang, 1933, 
p.  64, pl. 10, Fig.  1−8) from the Lungtan 
Formation of Guizhou, South China in all 
observed external and internal features, as illus-
trated by Xu and Grant, 1994. Compared to the 
present species, Prelissorhynchia triplicatioid 
Xu and Grant, 1994 from the Changhsing 
Formation of Sichuan Province in southwestern 
China has a more circular outline and a shallower 
sulcus. Prelissorhynchia plena Shen and Shi, 
2007 from the Changhsing Formation of Sichuan 
Province in southwestern China has a much less 
convex lateral profile when compared with 
Prelissorhynchia pseudoutah.

Order Orthotetida Waagen, 1884
Suborder Orthotetidina Waagen, 1884
Superfamily Orthotetoidea Waagen, 1884
Family Meekellidae Stehli, 1954
Subfamily Meekellinae Stehli, 1954
Genus Orthothetina Schellwien, 1900

Type Species Orthotetes persicus Schellwien, 
1900. Guadalupian (Middle Permian); Iran.

Diagnosis Shell medium in size, subcircular, with 
a strong monticulus in flat pseudodeltidium; a pair 
of subparallel dental plates; a pair of strong brachio-
phore plates, diverging at an obtuse angle; costella-
tion fine, increased by intercalation or bifurcation.

Discussion Orthothetina differs from 
Perigeyerella Wang, 1955b in having a pair of 
subparallel dental plates that do not converge 
anteriorly to form a spondylium, and a pair of 
brachiophore plates which diverge at an obtuse 
angle. Orthothetina is easily distinguished from 
Meekella White and St John, 1867 in finer costel-
lae and lacking of plicae. Compared to 
Orthothetina, Paraorthotetina He and Zhu, 1985 
differs in having greatest width at hingeline and a 
dorsal median septum. Orthothetina differs from 
Orthotetes Fischer de Waldheim, 1829 and 
Derbyia Waagen, 1884  in lacking of a median 
septum, and from Schellwienella Thomas, 1910 
in the longer and more closely spaced dental 
plates.

Orthothetina frechi (Huang 1933)
Fig. 9.75a−j

1933 Schuchertella frechi Huang: 21, pl. 3, 
Fig. 2–6.

1978 Orthotetina ruber (Frech); Feng and Jiang: 
238, pl. 87, Fig. 9.

1980a Orthotetina frechi (Huang); Liao: pl. 2, 
Fig. 12.

1987 Orthothetina frechi (Huang); Liao: pl. 3, 
Fig. 8−12.

2007 Orthothetina frechi (Huang); Shen and Shi: 
24, pl. 7, Fig. 25–29.

2014 Orthothetina frechi (Huang); Zhang et al.: 
486, Fig. 7a−h.

Materials Over 230 specimens. Registered 
specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ1200356 26.55 19.61 1.35 External mould 
of dorsal valve

LZ0400122 19.66 13.57 1.45 Internal mould 
of dorsal valve

LZ1200353 25.71 18.48 1.39 Internal mould 
of dorsal valve

LZ1200354 22.28 16.48 1.35 Internal mould 
of ventral valve

LZ1200351 27.12 19.18 1.41 Internal mould 
of dorsal valve

LZ1600352 26.30 18.21 1.44 Internal mould 
of dorsal valve

LZ1600350 28.83 18.48 1.56 Internal mould 
of dorsal valve

XM14907 9.38 7.65 1.23 Dorsal interior

Occurrence Upper Permian; South China.

Description Shell medium in size for genus, 7.7–
20.5 mm long and 9.4–28.6 mm wide, transversely 
subcircular in outline. Ventral valve slightly con-
cave, umbo weakly convex; interarea low, broadly 
triangular. Dorsal valve slightly convex, umbo 
gently convex; hingeline straight, shorter than 
maximum width at/posterior to midlength; cardi-
nal extremities and lateral margins rounded. Shell 
surface with costellae, costellae fine and increased 
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anteriorly by bifurcation, 14–17 per 5  mm near 
anterior margin; concentric fila fine and weak, 
about 10 per 2 mm near anterior margin.

Ventral interior with very short dental plates 
(about one nineth of shell length), dental plates 
diverging at an angle of about 40–50°; ventral 
interior ornamented with fine and dense papillae 
(Fig.  9.75e). Dorsal interior with crural plates; 
crural plates short, strong, diverging at an angle 
of about 100–110°; dorsal interior ornamented 
with fine and dense papillae (Fig. 9.75j).

Discussion The present species is similar to 
Orthothetina ruber (Frech, 1911) in a transversely 
subcircular outline and fine costellation, but the 
latter has a higher interarea and longer dental 
plates. Orthothetina frechi is also very similar to 
O. regularis (Huang, 1933) in a transversely sub-
circular outline and interiors, but the latter exhib-
its coarser costellation and is smaller in shell size. 
The specimen of Orthotetina ruber (Frech) illus-
trated by Feng and Jiang, 1978 (pl. 87, Fig. 9) has 
a transversely subcircular outline, low interarea 
and fine costellation, suggesting it should belong 
to Orthothetina frechi (Huang 1933).

Orthothetina regularis (Huang, 1933)
Figs. 9.75o; 9.76

1933 Schellwienella regularis Huang: 25, pl. 3, 
Fig. 10–11.

1961 Schellwienella regularis Huang; Shimizu: 
247, pl. 9, Fig. 6–9.

1979 Lopingia regularis (Huang); Zhan in Hou 
et al.: 66, pl. 4, Fig. 22, 23.

1980a Orthothetina regularis (Huang); Liao: pl. 
1, Fig. 39–42.

1986 Orthothetina regularis (Huang); Liao and 
Meng: pl. 1, Fig. 16.

1987 Orthothetina regularis (Huang); Liao: pl. 3, 
Fig. 1–7.

1987 Orthothetina regularis (Huang); Xu in Yang 
et al.: pl. 7, Fig. 19–22, 26.

1990 Orthothetina ruber (Frech); Zhu: 64, pl. 9, 
Fig. 21.

2007 Orthothetina regularis (Huang); Shen and 
Shi: 21, pl. 6, Fig. 19–24.

2008 Orthothetina regularis (Huang); Li and 
Shen: 317, Fig. 6.12–6.16.

2014 Goniarina sp.; He et al.: 947, Fig. 21k.
2014 Orthothetina regularis (Huang); Zhang 

et al.: 487, Fig. 7i−w.

Materials Over 60 specimens. Registered spec-
imens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

XM-2-75 3.59 2.77 1.30 External mould 
of dorsal valve

LZ1400355 12.45 8.53 1.46 Internal mould 
of dorsal valve

LZ1400327 11.24 8.36 1.34 External mould 
of ventral valve

LZ1400328 5.17 3.77 1.37 External mould 
of dorsal valve

LZ1400324 12.69 8.43 1.51 External mould 
of ventral valve

LZ0400329 6.62 4.58 1.45 Internal mould 
of ventral valve

Fig. 9.75 (a–j), Orthothetina frechi (Huang, 1933). (a), 
external mould of a complete dorsal valve, LZ1200356, 
showing bifurcated costellae. (b, c), internal moulds of 
two nearly complete dorsal valves, LZ0400122, 
LZ1200353, showing anteriorly-diverged crural plates 
(crp). (d), internal mould of a nearly complete ventral 
valve, LZ1200354, showing short dental plates. e, 
enlarged portion of LZ1200354, showing fine and dense 
papillae. (f–h), internal moulds of three incomplete dorsal 
valves, LZ1200351, LZ1600352, LZ1600350. (i), interior 
of a complete dorsal valve, XM14907. (j), enlarged por-
tion of XM14907, showing fine and dense papillae. (k, l), 
Orthothetina ruber (Frech, 1911). (k), internal mould of 
a broken ventral valve, SR-21-143, showing slightly ante-
riorly-diverged dental plates. (l), exterior of an incomplete 

dorsal valve, SR-20-133, showing intercalated costellae. 
(m, n), Goniarina sp.. (m), external mould of a complete 
dorsal valve, DP-2-342, showing coarse, rounded, bifur-
cated costellae and concentric fila. (n), internal mould of 
an incomplete dorsal valve, LQ-3-343, showing a fork-
shaped cardinal process (cp). (o), Orthothetina regularis 
(Huang, 1933), external mould of a complete dorsal valve, 
XM-2-75, showing coarse, rounded costellae. (p, q), 
Streptorhynchus sp.. (p), internal mould of an incomplete 
dorsal valve, XM-2-74. (q), external mould of an incom-
plete dorsal valve and posterior part of external mould of 
the conjoined ventral valve, SR-23-145, showing a high 
ventral apsacline interarea (iar) and micro-protuberances 
(pr) along crests of costellae

W.-H. He et al.
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Number Width Length
Width/
length Notes

LZ1200322 10.86 7.75 1.40 Internal mould 
of dorsal valve

LZ1400321 6.11 4.61 1.33 External mould 
of ventral valve

LZ0400326 9.64 7.06 1.37 External mould 
of ventral valve

LZ0400330 10.63 6.69 1.59 Internal mould 
of ventral valve

LZ1600331 6.32 4.60 1.37 Internal mould 
of dorsal valve

LZ1400325 6.99 5.56 1.26 Internal mould 
of ventral valve

Occurrence Upper Permian; South China.

Description Shell small for genus, 2.8–8.7  mm 
long and 3.6–12.7 mm wide, transversely subcircu-
lar in outline. Ventral valve nearly flat, umbo gently 
convex; interarea moderately high, broadly triangu-
lar. Dorsal valve flat or slightly convex, umbo gently 
convex; hingeline straight, shorter than maximum 
width at midlength; cardinal extremities bluntly 
rounded, lateral margins rounded. Shell surface 
with costellae, costellae fine and increased anteri-
orly by intercalation, 10–16 per 5 mm near anterior 
margin; concentric fila fine and weak, about 10 per 
2 mm near anterior margin.

Ventral interior with short dental plates (about 
one-sixth of shell-length), dental plates diverging 
at an angle of about 20°. Dorsal interior with 
 brachiophore plates, brachiophore plates short, 
strong, diverging at an angle of about 100–120°.

Discussion The species is closest to Orthothetina 
frechi (Huang, 1933), but the difference is still 
evident (see above). The specimen of Orthothetina 
ruber (Frech) illustrated by Zhu, 1990 (pl. 9, 
Fig. 21) has a small body size and transversely 

subcircular outline, suggesting it is conspecific 
with the present species.

Orthothetina ruber (Frech, 1911)
Fig. 9.75k, l

1911 Orthothetes ruber Frech: 124, pl. 26, 
Fig. 4a, b.

1933 Schellwienella ruber (Frech); Huang: 23, 
pl. 3, Fig. 8, 9.

1978 Orthotetina ruber (Frech); Feng and Jiang: 
238, pl. 87, Fig. 10.

1978 Orthotetina ruber (Frech); Tong: 214, pl. 
78, Fig. 3–6.

1979 Lopingia ruber (Frech); Zhan in Hou et al.: 
65, pl. 4, Fig. 3, 4.

1980a Orthotetina ruber (Frech); Liao: pl. 2, 
Fig. 1–3.

1987 Orthotetina ruber (Frech); Xu in Yang 
et al.: 218, pl. 7, Fig. 10–15, 17, 18.

1990 Orthotetina ruber (Frech); Zhu: 64, pl. 18, 
Fig. 29–32.

1990 Orthotetina ruber (Frech); Liang: 109, pl. 
15, Fig. 9, 10.

2007 Orthotetina ruber (Frech); Shen and Shi: 
20, pl. 6, Fig. 4−18.

Materials Two registered specimens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

SR-21- 143 11.85 9.68 1.22 Internal mould 
of ventral valve

SR-20- 133 14.64 8.88 1.65 Dorsal exterior

Occurrence Upper Permian; South China.

Fig. 9.76 Orthothetina regularis (Huang, 1933). (a), 
internal mould of a complete dorsal valve, LZ1400355, 
showing anteriorly-diverged crural plates (crp, at an 
obtuse angle). (b), external mould of a complete ventral 
valve, LZ1400327, showing bifurcated costellae and con-
centric fila. (c), external mould of a complete dorsal valve, 
LZ1400328. (d), external mould of a complete ventral 
valve, LZ1400324. (e), internal moulds of ventral valves, 
LZ0400329, showing short dental plates. (f), internal 
mould of a dorsal valve, LZ1200322, showing anteriorly-
diverged crural plates (crp). (g), external mould of a com-

plete ventral valve, LZ1400321, showing bifurcated 
costellae. (h), external mould of a ventral valve, 
LZ0400326. (i), enlarged portion of LZ0400326, showing 
concentric fila. (j), internal mould of an incomplete ven-
tral valve, LZ0400330, showing short dental plates. (k), 
enlarged posterior view of LZ0400330, showing the del-
thyrium (del). (l), internal mould of an incomplete ventral 
valve, LZ1600331. (m), internal mould of a nearly com-
plete dorsal valve, LZ1400325, showing anteriorly-
diverged crural plates (crp, at an obtuse angle)
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Description Shell medium in size for genus, 
8.9−9.7 mm long and 11.9−14.6 mm wide, sub-
circular in outline, convex-concave in profile. 
Ventral valve weakly convex; interarea moder-
ately high, broadly triangular. Dorsal valve flat, 
umbo gently convex; hingeline straight, shorter 
than maximum width at midlength; cardinal 
extremities bluntly rounded, lateral margins 
rounded. Shell surface with fine costellae, costel-
lae increased anteriorly by intercalation, 14 per 
5 mm near anterior margin.

Ventral interior with a pair of dental plates, 
dental plates diverged anteriorly with an angle of 
20°, extending to third of shell length.

Discussion The present species is similar to 
Orthothetina regularis (Huang, 1933) in outline, 
but differs in possessing finer costellation and 
slightly longer dental plates.

Family Schuchertellidae Williams, 1953
Subfamily Schuchertellinae Williams, 1953
Genus Goniarina Cooper and Grant, 1969

Type Species Goniarina pyelodes White, 1862. 
Neal Ranch Formation (Lower Permian); Glass 
Mountains, Texas, USA.

Diagnosis A subconical outline, ventribiconvex, 
relatively coarse costellate crossed by concentric 
lines, nearly straight costellae on the part of pos-
terolateral valves; ventral interarea apsacline, 
pseudodeltidium with monticulus.

Discussion Goniarina is distinguished from 
Streptorhynchus by its relatively straight costel-
lae on the part of posterolateral valves and quad-
rate dorsal cardinal extremities, contrasted 
respectively to the distinctly curved (and trending 
to parallel to hingeline) costellate on the part of 
posterolateral valves and rounded dorsal extremi-
ties in Streptorhynchus. Goniarina differs from 
Schuchetella Girty, 1904 in a more conical out-
line, a smaller size, coarser costellae and a longer 
median ridge.

Goniarina sp.
Fig. 9.75m, n

Materials Four specimens. Registered speci-
mens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

DP-2- 342 7.26 4.18 1.74 External mould 
of dorsal valve

LQ-3- 343 7.70 4.83 1.60 Internal mould of 
dorsal valve

Occurrence Changhsingian; Guangxi of South 
China.

Description Shell small for genus, 
2.8−5.0  mm long and 3.6−8.0  mm wide. 
Dorsal costellae coarse, with rounded crests, 
increasing by intercalation, 22 per 5  mm at 
anterior margin, costellae on the part of pos-
terolateral valves distinctly straight; concentric 
fila fine, obscure. Dorsal interior with a fork-
shaped cardinal process (cp) (Fig.  9.75n); 
sockets deep; socket plates diverged laterally, 
nearly parallel to hingeline; adductor field 
bisected a weak median ridge, median ridge 
extending beyond the muscle field.

Discussion Coarse, straight costellae (the dis-
tinctly curved costellae on the part of posterolat-
eral valves absent), quadrate dorsal cardinal 
extremities, socket plates diverged at a large 
abtuse angle and a long median ridge are all fea-
tures characteristic of Goniarina, but the 
absence of ventral valve hinders further 
examination.

Subfamily Streptorhynchinae Stehli, 1954
Genus Streptorhynchus King, 1850

Type Species Terebratulites pelargonatus 
Schlotheim, 1816. Kazanian (Middle Permian); 
Gera, Germany.

W.-H. He et al.
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Diagnosis (emended). A subconical outline, 
ventribiconvex; relatively coarse costellae 
crossed by concentric fila, costellae on part of 
posterolateral valves curved and trending to be 
parallel to hingeline; ventral interarea apsacline, 
pseudodeltidium with monticulus.

Discussion Streptorhynchus differs from 
Goniarina Cooper and Grant, 1969 in its rounded 
dorsal extremities, curved costellae on the part of 
posterolateral valves and longer teeth. This genus 
differs from Orthothetina Schellwien, 1900 in its 
coarser costellae.

Streptorhynchus sp.
Fig. 9.75p, q

Materials Four specimens. Registered speci-
mens: see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

XM-2- 74 8.52 Internal mould 
of dorsal valve

SR-23- 145 11.57 6.53 1.77 External mould 
of dorsal valve

Occurrence Changhsingian; South China.

Description Subconical in outline, 4.8−8.0  mm 
long and 6.6−11.6  mm wide, hingeline straight, 
shorter than greatest width at shell midlength, lat-
eral margins evenly rounded. Ventral valve with a 
high apsacline interarea, pseudodeltidium with 
monticulus (Fig. 9.75q). Dorsal valve with coarse 
costellae, costellae increasing by several bifurca-
tions from umbo to anterior margin, costellae on the 
part of posterolateral valves curved posteriorly and 
nearly parallel to hingeline (Fig.  9.75q); micro-
scopic protuberances (marked by pr, see Fig. 9.75q) 
along crests of costellae to form concentric fila. 
Dorsal interior with deep sockets, thick inner socket 
ridges extending anteriorly at an angle of 120°.

Discussion A subconical outline, curved (and 
nearly parallel to hingeline) costellae on the part 
of posterolateral valves, a high and apsacline 

ventral interarea and a pseudodeltidium with 
monticulus agree well with the genus 
Streptorhynchus, but absence of ventral interior 
hinders further examination.

Class Lingulata Gorjansky and Popov, 1985
Order Lingulida Waagen, 1884
Superfamily Discinoidea Gray, 1840
Family Discinidae Gray, 1840
Genus Orbiculoidea d’Orbigny, 1847

Type Species Orbicula forbesii Davidson, 
1848. Wenlock (Silurian); West Midlands, 
England.

Diagnosis Shell strongly dorsibiconvex, subcir-
cular; shell thin-walled; concentric lines sepa-
rated by broader interspaces. Dorsal valve conical 
to subconical with subcentral apex; ventral valve 
depressed, conical with subcentral apex. Pedicle 
track narrow, tapering posteriorly, anteriorly 
closed by shallow listrium; foramen in posterior 
end of listrium with short internal tube (Mergl, 
2006).

Discussion Orbiculoidea differs from 
Acrosaccus Willard, 1928 of the Ordovician as 
the latter has a submarginal dorsal apex, and from 
Roemerella Hall and Clarke, 1890 of the 
Devonian as the latter has a central apex and a 
pedicle track on a broadly elevated area.

Orbiculoidea nucleola Liao, 1980a
Fig. 9.77a−h, l−o

1980a Orbiculoidea nucleola Liao: 252, pl. 1, 
Fig. 10–16.

2014 Orbiculoidea elegans Liao; Zhang et  al.: 
484, Fig. 4a−o.

2014 Orbiculoidea nucleola Liao; Zhang et al.: 
484, Fig. 5a−o.

Diagnosis Shell medium to large for genus, sub-
circular in outline; nearly equally biconvex; apex 
eccentric, marginal area partly flat; pedicle track 
narrow, tapering at posterior margin, extending to 
front of posterior margin; posterior slope slightly 
concave.
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Materials 29 specimens. Registered specimens: 
see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

LZ1200182 8.74 9.72 0.90 Dorsal exterior
LZ1200203 8.37 9.81 0.85 Internal mould 

of dorsal valve
LZ1200625 9.12 10.67 0.85 External mould 

of ventral valve
LZ1200623 7.17 8.58 0.84 Ventral exterior
LZ1200622 8.84 10.47 0.84 Ventral exterior
LZ1200606 9.25 10.75 0.86 Ventral exterior
LZ1600208 16.28 17.99 0.90 Dorsal exterior
LZ1200611 15.05 14.71 1.02 Internal mould 

of ventral valve
LZ0200199 10.56 11.20 0.94 Dorsal exterior

Occurrence Changhsingian; Guizhou Province, 
South China.

Description Medium to large, 8.5–18.0  mm 
long, 7.2–17.1 mm wide; subcircular in outline, 
nearly equally biconvex (dorsal convexity slightly 
stronger than ventral).

Ventral valve low conical, apex from slightly 
eccentric to strongly eccentric (at third of shell 
posterior), marginal area gently convex or nearly 
flat; pedicle track narrow and shallow, tapering at 
one half or two-thirds of shell posterior.

Dorsal valve low conical, slightly more con-
vex than ventral valve, apex strongly eccentric. 
Concentric lines fine, interspace about two to 

three times wider than concentric lines, about 
8−12 lines per 2 mm near anterior margin.

Discussion This species differs from 
Orbiculoidea elegans Liao, 1980a of the Lower 
Triassic of Guizhou, southwestern China in the lat-
ter having a longer pedicle track (extending to pos-
terior margin). The specimens of Orbiculoidea 
elegans of Zhang et al., 2014 have a short pedicle 
track (extending to a half of shell posterior, see 
Fig. 4e, g, i, k of Zhang et al., 2014) and therefore 
should not belong to Orbiculoidea elegans Liao, 
1980a, but to the present species. Orbiculoidea 
anhuiensis Jin and Hu, 1978 from the Middle 
Permian of southern Anhui Province, China has a 
narrower pedicle track than in the present species.

Orbiculoidea liaoi Zhang et al., 2014
Fig. 9.77i−k, p

1978 Orbiculoidea minor Liao (MS); Feng and 
Jiang: 232, pl. 85, Fig. 1.

2014 Orbiculoidea qinglongensis Liao; Zhang 
et al.: 485, Fig. 5r.

2014 Orbiculoidea liaoi Zhang et  al.: 485, 
Figs. 5p, t, q, u; 6a.

Diagnosis (emended). Small for genus, circular 
in outline; concentric lines between apex and 
midlength circular; pedicle track wide and shal-
low, extending to front of posterior margin.

Materials Four registered specimens: see below.

Fig. 9.77 (a–h, l–o), Orbiculoidea nucleola Liao, 1980a. 
(a), exterior of a complete dorsal valve (shell decorticated 
near umbo), LZ1200182. (b), internal mould of a complete 
dorsal valve, LZ1200203. (c), external mould of a complete 
ventral valve and shell remnant, LZ1200625. (d), enlarged 
portion of LZ1200625, illustrating a pedicle track tapering 
posteriorly. (e), exterior of an incomplete ventral valve 
(shell decorticated near umbo), LZ1200623. (f), exterior of 
a complete ventral valve (shell decorticated near umbo), 
LZ1200622. (g), enlarged portion of LZ1200622, showing 
a pedicle track tapering posteriorly. (h), exterior of an 
incomplete ventral valve (shell decorticated near umbo), 
LZ1200606. (l, o), exteriors of two incomplete dorsal 

valves, LZ1600208, LZ0200199, showing elliptical con-
centric lines between apex and midlength. (m), internal 
mould of an incomplete ventral valve and shell remnant, 
LZ1200611, showing a pedicle track. (n), Enlarged portion 
of LZ1200611, illustrating the pedicle track extending to 
two-thirds of shell posterior. (i–k, p), Orbiculoidea liaoi 
Zhang et al., 2014. (i, j), external moulds of two complete 
dorsal valves, LZ2702628, LZ2702614, showing circular 
concentric lines between apex and midlength. (k), internal 
mould of a complete ventral valve and shell remnant, 
LZ2701198, showing a pedicle track extending to front of 
posterior margin. (p), exterior of a complete ventral vavle 
(shell decorticated at umbo), LZ0700187

W.-H. He et al.
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Measurements (mm): 

Number Width Length
Width/
length Notes

LZ2702628 4.92 5.05 0.98 External mould of 
dorsal valve

LZ2702614 2.97 3.07 0.97 External mould of 
dorsal valve

LZ2701198 6.73 5.98 1.13 Internal mould of 
ventral valve

LZ0700187 11.15 10.89 1.02 Ventral exterior

Occurrence Changhsingian; Guizhou Province, 
South China.

Description Shell small, 3.1–10.9  mm long 
and 3.0–11.2  mm wide; circular in outline, 
gently dorsibiconvex. Ventral valve low coni-
cal, apex slightly eccentric; pedicle track wide 
and shallow, extending to front of posterior 
margin. Dorsal valve low conical, slightly 
more convex than ventral vavle, apex eccen-
tric, at one-third of shell posterior. Shell sur-
face with concentric lines, concentric lines 
between apex and midlength circular, whereas 
those between midlength and anterior margin 
slightly elliptical.

Discussion This species differs from 
Orbiculoidea nucleola Liao, 1980a in its circular 
outline and circular concentric lines between 
apex and midlength, from Orbiculoidea elegans 
Liao, 1980a in a shorter pedicle track, and from 
Orbiculoidea anhuiensis Jin and Hu, 1978 in a 
wider pedicle track.

Superfamily Linguloidea Menke, 1828
Family Lingulidae Menke, 1828
Genus Lingularia Biernat and Emig, 1993

Type Species Lingularia similis Biernat and 
Emig, 1993. Lower Jurassic (Brentskardhaugen 
Bed); Wimanfjellet in the Sassenfjorden area, 
Central Spitsbergen.

Diagnosis Shell longitudinally oval in outline, 
lateral margins subparallel, anterior margin 
broadly rounded. Dorsal interior with a narrow 
median ridge bisecting anterior lateral muscle 
scars. Ventral valve with a small pseudointer-

area, a pedicle groove, heart-shaped umbonal 
muscle scar bisected by impression of a pedicle 
nerve. Vascula lateralia in both valves 
convergent.

Discussion Lingularia resembles to Semilingula 
Popov in Egorov and Popov, 1990 from the 
Permian, but the latter has dorsal vascular media 
(Egorov and Popov, 1990). The present genus is 
distinguished from Glottidia Dall, 1870 of the 
Cretaceous to Holocene by its nearly straight 
anterior margin and a higher length to width 
ratio. Lingularia differs from Argentiella 
Archbold et  al., 2005 of the Lower Permian of 
Argentina in the latter having a broad median 
ridge in the ventral interior and acute posterior 
parts of shells. Peng and Shi (2008) proposed two 
new genera, Sinolingularia Peng and Shi, 2008 
(with S. huananensis Peng and Shi, 2008 as the 
type species) and Sinoglottidia Peng and Shi, 
2008 (with S. archboldi Peng and Shi, 2008 as 
the type species), based on the variations of ante-
rior lateral muscle scars which were regarded as 
the intrageneric characteristic (Posenato et  al., 
2014; Holmer et  al., 2016), and therefore 
Sinolingularia and Sinoglottidia had been con-
sidered as synonymous with Lingularia (Posenato 
et al., 2014; Holmer et al., 2016).

?Lingularia borealis (Bittner, 1899)
Figs. 9.78a−h; 9.79a

2014 Sinoglottidia sp. of He et al.: 954, Fig. 
21P−U.

Materials 10 specimens. Registered specimens: 
see below.

Measurements (mm): 

Number Width Length
Width/
length Notes

SR- 17- 88 3.65 6.00 0.61 Ventral interior
SR- 15- 89 2.53 4.12 0.61 Ventral interior
SR- 17- 90 1.82 2.96 0.62 Internal mould of 

ventral valve
CM-13-97 2.10 3.63 0.58 Ventral valve
CM-10-98 2.82 4.72 0.60 Dorsal interior
XJP-11-93 2.99 4.93 0.61 Dorsal exterior
XJP-2f-87 3.24 4.94 0.66 Ventral exterior
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Occurrence Upper Permian; Hunan, Hubei and 
Anhui Provinces, China.

Description Shell longitudinally ovate, 
3.0−7.0 mm long and 1.8−4.6 mm wide; lateral 
margins subparallel; anterior margin broadly 
rounded. Numerous fine concentric lines interca-
lated by thick growth ridges. Ventral umbo ellip-
tical, with pseudointerarea (pa) separated by a 
deep pedicle groove (pg) (Fig.  9.78b); greatest 
width around midlength. Ventral interior with a 
V-shaped nerve groove (ng) and a pair of central 
muscle scars (cms) at one third of length 
(Figs. 9.78b, c;  9.79a).

Discussion The presence of a small pseudoin-
terarea, a deep pedicle groove separating a pair of 
central muscle scars in the ventral interior and a 
broadly-rounded anterior margin generally sug-
gests some features of Lingularia Biernat and 
Emig, 1993. However, we could tentatively 
assign them to Lingularia, because of the spar-
sity of dorsal information.

Lingularia sp. 1
Figs. 9.78i; 9.79b

Material One registered specimen 
(HZS44-0699).

Occurrence Lower Triassic; Huangzhishan of 
Zhejiang Province, China.

Description Shell longitudinally ovate, 
7.10  mm long and 4.81  mm wide (the width/
length ratio being 0.68); lateral margins subpar-
allel; anterior margin broadly rounded. Numerous 
fine concentric lines intercalated by thick growth 
ridges. Dorsal interior with a pair of central mus-
cle scars (cms) and an anterolateral muscle scar 
(alms) (Fig. 9.78i).

Discussion The specimen has a pair of central 
muscle scars and an anterolateral muscle scar in 
the dorsal interior and a broadly-rounded anterior 
margin, all these features basically suggest 
Lingularia Biernat and Emig, 1993. The present 

specimen is more or less similar to Lingularia 
borealis (Bittner, 1899) in doral interior, but 
lacking of information on ventral valve prevents 
further comparison.

Lingularia sp. 2
Figs. 9.78j; 9.79c

Material One registered specimen (HZS37- 
0701).

Occurrence Lowest Triassic; Huangzhishan of 
Zhejiang Province, China.

Description Shell longitudinally ovate, 
5.77  mm long and 3.94  mm wide (the width/
length ratio being 0.68); lateral margins subpar-
allel; anterior margin broadly rounded. Fine con-
centric lines intercalated by thick growth ridges. 
Dorsal interior with a pair of central muscle scars 
(cms) and an anterolateral muscle scar extending 
anteriorly and forming two oval parts (alms).

Discussion The presence of a pair of central 
muscle scars (cms) and an anterolateral muscle 
scar (alms) in the dorsal interior and a broadly- 
rounded anterior margin suggests characteristics 
of Lingularia Biernat and Emig, 1993. This spec-
imen is more or less similar to Lingularia similis 
Biernat and Emig, 1993 in a dorsal anterolateral 
muscle scar probably bisected by a median ridge 
anteriorly (so forming two oval parts). The pres-
ent specimen differs from Lingularia sp. 1 (see 
above) in having a more complex anterolateral 
muscle scar and smaller central muscle scars in 
the dorsal interior.

Genus Semilingula Popov in Egorov and Popov, 
1990

Type Species Lingula arctica Miloradovich, 
1936. Kungurian (Lower Permian); Russia.

Diagnosis Shell longitudinally ovate, lateral 
margins subparallel; ventral pseudointerarea 
small, with broadly triangular pedicle groove and 
vestigial propareas; umbonal muscle scars heart- 
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Fig. 9.78 (a–h),?Lingularia borealis (Bittner, 1899). 
(a), interior of nearly complete ventral valve, SR-17-88. 
(b), interior of complete ventral valve, SR-15-89, showing 
propareas (pa), pedicle groove (pg), nerve grooves (ng). 
(c), internal mould of a complete ventral valve, SR-17-90, 
showing a pair of central muscle scars (cms). (d), a nearly 
complete ventral valve (shell partly decorticated), CM-13-
97. (e), interior of a complete dorsal valve, CM-10-98. (f), 
internal mould of CM-10-98. (g), exterior of a complete 
dorsal valve (shell mostly decorticated), XJP-11-93. (h), 
exterior of a complete ventral valve (shell mostly decorti-

cated), XJP-2f-87. (i), Lingularia sp. 1. internal mould of 
a complete dorsal valve, HZS44-0699, showing a pair of 
central muscle scars (cms) and anterolateral muscle scar 
(alms). (j), Lingularia sp. 2. interior of an incomplete 
dorsal valve, HZS37-0701, showing a pair of central mus-
cle scars (cms) and a complex anterolateral muscle scar 
extending anteriorly and forming two oval parts (alms). 
(k, l),?Semilingula sp.. (k), external mould of a dorsal 
valve, HZS37-0698, showing fine concentric lines. (l), 
internal mould of an incomplete dorsal valve, HZS37-
0702, showing vasculas median (vm)
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Fig. 9.79 Sketch 
diagrams of?Lingularia 
borealis (Bittner, 1899) 
(a), Lingularia sp. 1 (b), 
Lingularia sp. 2 (c), 
and?Semilingula sp. (d). 
Note: pg- pedicle 
groove, pa- propareas, 
ng- nerve groove, 
cms- central muscle 
scars, alms- anterolateral 
muscle scar, vm- 
vasculas median
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shaped, bisected by pedicle nerve; dorsal interior 
with vestigial vasculas median and a short median 
ridge bisecting anterior lateral muscle scars.

?Semilingula sp.
Figs. 9.78k, l; 9.79d

Materials Two registered specimens (HZS37-  
0698, HZS37-0702).

Occurrence Lowest Triassic; Zhejiang Province 
(Huangzhishan section), South China.

Description Shell longitudinally ovate, 7.23 
long and 4.75  mm wide (the width/length ratio 
being 0.66), greatest width around midlength, lat-
eral margins subparallel. Numerous fine concen-
tric lines intercalated by thick growth ridges. 
Dorsal interior with a vasculas median (vm) (see 
Figs. 9.78l; 9.79d).

Discussion The presence of vasculas median is 
reminiscent of Semilingula Popov in Egorov and 
Popov, 1990; however, sparsity of other features 
prevents further examination.
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 Appendix 2: Index 
for Abbreviations of Brachiopod 
Morphological Terms in This Book

ads adductor scars
br brachial ridges
bs scars of brachial ridges
cp cardinal process
crp crural plates
dds diductor scars
del delthyrium
dp dental plates
ebaf ear baffles
ens endospines
es spines on ears
geni geniculation
gr a pair of grooves separated ears and disk 

(for Paryphella corculum)
gs groove (for the groove at the base of each 

spine for Attenuatella mengi)
hs hinge spines
iar interarea
is inner socket ridges
ls lateral septa
lam finely concentric lamellae (for Rhipidomella 

parvula)

mar marginal ridge
mg median groove
mr median ridge
ms median septum
npm netlike pallial markings
pa papillae
psd pseudodeltidium
pvm pinnate vascular markings
pr micro-protuberances (for Streptorhynchus)
r radial ornaments on ears (for Anidanthus 

parvimucronata)
rs ridge (for ridges at the base of each spine 

for Attenuatella mengi)
sc spine canals
soc sockets
sp spines
t teeth-like structures
tu tubes (a kind of micro-ornamentation)
th tooth
vt vascular trunks (for Neochonetes)
vm vascular markings
br bladed brachiophores (for Rhipidomella 

parvula)
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