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Abstract

A middle Viséan (Mississippian) coral biostrome is reported for the first time from the
Shangsi Formation in Yashui area, central Guizhou Province, southwestern China
(palacogeographically located in eastern Palaeotethys). The biostrome, which is about 500 m
across and 2.5-3.9 m thick, is laterally variable and composed of rugose and tabulate corals with
low taxonomic diversity comprising 4 rugose and 1 tabulate coral species belonging to 5 genera.
Three growth stages of the biostrome are distinguished, based on different compositions of coral
taxa. Average coral contents of the biostrome increase from 38.7% to 72.0% upward and the main
builders are Siphonodendron pentalaxoidea, Syringopora sp. and Kueichouphyllum sinense.
Associated fossils include abundant brachiopods, crinoids and common foraminifers together with
rare calcareous algae, bryozoans, gastropods and ostracods. Relative sea-level changes are
interpreted to have controlled growth and demise of the biostrome, which grew continuously
during sea-level rise and decreasing water energy, as evident from the gradually increasing of
micrite content and in situ coral colonies. However, the biostrome declined and died as the sea
level fell and hydrodynamic energy strengthened, indicated by an increase of bioclasts and sparry
calcite cement (indicating lack of micritic matrix due to higher energy) overlying the biostrome.
This coral biostrome has similar biotic composition to middle to late Viséan coral biostromes in

Europe and North Africa (western Palaeotethys). The approximately coeval occurrence of coral



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

biostromes in both eastern and western Palaeotethys suggest that a relatively global warm episode

existed during the Viséan Stage.

Keywords: coral biostrome, composition, growth and demise, middle Viséan, southwestern China

1. Introduction

The Mississippian was an important interval for reef evolution when skeletal
bioconstructions recovered after collapse of the coral-stromatoporoid reefal ecosystem during the
Frasnian-Famennian (F-F) mass extinction event (Copper, 2002; Webb, 2002; Wang and Shen,
2004; Aretz and Chevalier et al., 2007). During the Famennian, a microbial reefal ecosystem
replaced the metazoan reefal ecosystem and only few stromatoporoid reefs and stromatoporoid-
coral biostromes were present (Webb, 2002; Wang and Shen, 2004; Aretz and Chevalier et al.,
2007). In the Tournaisian Stage, no skeletal bioconstructions have been reported but Waulsortian
mud mounds were widely developed (Lees and Miller, 1985; Wang and Shen, 2004). Thus the
loss of reef-building metazoans resulted in buildups that lack skeletal bioconstructions (Wang and
Shen, 2004) and climate cooling is likely to have played a part in the delayed recovery of reef-
building metazoans (e.g. Isbell et al., 2003; Buggisch et al., 2008; Grossman et al., 2008; Yao et
al., 2015). The Viséan Stage (hereafter abbreviated to Viséan) was a recovery period of skeletal
bioconstructions when sponge-bryozoan-coral reefs and biostromes developed (Webb, 2002),
consistent with flourishing metazoan builders (Wang and Shen, 2004) and climate warming (e.g.
Isbell et al., 2003; Fielding et al., 2008; Grossman et al., 2008; Isbell et al., 2012).

Viséan skeletal bioconstructions have been documented in Western Europe (Adams, 1984;
Bancroft et al., 1988; Aretz and Herbig, 2003a, b; Chevalier and Aretz, 2005; Denayer and Aretz,
2012), North Africa (Aretz and Herbig, 2008; Rodriguez et al., 2012), Australia (Webb, 1999),
North America (Dix and James, 1987) and Eastern Asia (Antoshkina, 1998; Nakazawa, 2001).
They first appeared in the early Viséan with low abundance and were characterized by coral reefs.
In the middle Viséan, the abundance of skeletal bioconstructions increased and they were
dominated by coral reefs/biostromes and bryozoan reefs. Coral reefs/biostromes, sponge

reefs/biostromes and bryozoan reefs were the main components and their abundance shifted to
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maximum value during the late Viséan (Webb, 2002). Corresponding to the evolution of skeletal
bioconstructions during the Viséan, coral biostromes also recovered and flourished during this
time. They were widely distributed in Western Europe and North Africa (western Palaeotethys),
including Belgium (Aretz, 2001, 2002), Ireland (Somerville et al., 2007; Aretz et al., 2010), Spain
(Rodriguez, 1996), England (Aretz and Nudds, 2007) and Morocco (Said et al., 2010; Rodriguez
et al., 2013). Thus, biostromes appeared first in the middle Viséan and gradually increased to peak
value during the late Viséan (Aretz and Chevalier et al., 2007). Although the diversity of the
biostromes changes from low to high, their major compositions are typified by high abundance of
the genus Siphonodendron with lower abundance of tabulate and solitary rugose corals.

In South China (eastern Palaeotethys), Viséan skeletal bioconstructions were recorded only
in Guangxi Province (Gong et al., 2010; 2012), as bryozoan-coral reefs and coral reefs in
Langping County, western Guangxi (Fang and Hou, 1986; Chen et al., 2013). However, the
accurate ages of them are unknown, resulting in difficulty to compare them with global skeletal
bioconstructions.

Prior to this study, no Viséan coral biostromes have been reported in South China. Their
compositions and relationships to coeval coral biostromes in western Palaeotethys are also not
understood. In this study, a coral biostrome in the Shangsi Formation is described for the first time
in the Yashui (YS) area in Huishui County, central Guizhou Province, southwestern China (Fig.
la, b). In total, three locations of the biostrome have been found, exposed at YS-A, YS-B and YS-
C sections (Fig. 1¢). The present study aims to (1) assess the biotic compositions and their lateral
and vertical variations in the biostrome; (2) interpret the environmental factors controlling the
growth and demise of the biostrome; (3) compare Viséan coral biostromes worldwide and provide

insights into their palaeoclimatological significance.

2. Geological setting
2.1. Palaeogeography

During the Viséan, the South China Block (SCB) was located near the equator in
northeastern Palaeotethys (Fig. 2 a), which implies that the climate of SCB was warm during this

time. The SCB displays a variety of sedimentary facies (Fig. 2 b) (Feng et al., 1998). A large-scale
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carbonate platform (the Dian-Qian-Gui-Xiang (DQGX) platform) existed in the southern part of
SCB (Fig. 2B) and was characterized by shallow-water sediments, which provided a suitable
environment for the development of skeletal bioconstructions. The Qian-Gui (QG) Basin is an
intra-platform basin in the central part of the DQGX platform, constrained by NE-SW and NW-SE
trending rifts and lithologically dominated by black shales, thin- bedded limestones and siliceous
rocks (Jiao et al., 2003). A narrow nearshore siliciclastic belt extended between the DQGX
platform and the southern Yangtze and western Cathaysia contemporary landmasses (Feng et al.,
1998). In this study, the YS-A, YS-B and YS-C sections are located on the margin of the DQGX

platform towards the QG Basin and far from ancient landmasses (Fig. 2 b).

2.2. Lithostratigraphy

In South China, correlations of the Mississippian strata and their relations with those in
Belgium via foraminiferal zones (MFZ) were summarized by Wang and Jin (2000) and Hance et
al. (2011). These Chinese rock sequences were formerly called the Fengningian Subsystem and
subdivided into the Tangbagouan stage of the Aikuanian Series and Jiusian, Shangsian and Dewu
stages of the Tatangian Series in ascending order (Fig. 2 c). Five lithological units in Yashui are
(from base to top): Tangbagou, Xiangbai, Jiusi, Shangsi and Baizuo formations (Feng et al., 1998)
(Fig. 2¢), which are approximately equivalent to MFZ1-MFZ6 (Hastarian-Lower Ivorian substage),
MFZ7-MFZ8 (Upper Ivorian substage), MFZ9-MFZ12 (Molinacian-Livian substage), MFZ13-
MFZ15 (Warnantian-Pendleian substage), MFZ16 (Arnsbergian substage), respectively
(Somerville, 2008; Hance et al., 2011; Aretz et al., 2014). The formations comprise abundant
limestones rich in shelly fossils implying a shallow marine environment favorable for skeletal
bioconstructions where there is less terrestrial input. The coral biostrome is exposed at the base of
the Shangsi Formation (Wu, 1987) (Fig. 2 d).

Exposures of the upper part of the Jiusi Formation to the lower part of the Shangsi Formation
are well exposed in the YS-A, YS-B and YS-C sections (Fig. 3 a, b, ¢). The upper part of the Jiusi
Formation consists of dark-gray thin- to medium-bedded (0.1~0.5 m) bioclastic limestones
intercalated with dark shales containing diverse assemblages of brachiopods, corals, foraminifers,

crinoids, calcareous algae, gastropods, bryozoans and ostracods (Wu, 1987). The lower part of the
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Shangsi Formation is composed of dark-gray medium- to thick-bedded (0.3~1.2 m)
bioconstructional limestones, bioclastic limestones and cherty limestones yielding abundant corals,
foraminifers, brachiopods, crinoids, calcareous algae, and rare gastropods, bryozoans and
ostracods (Wu, 1987).

In the YS-A, YS-B and YS-C sections, the coral biostromes are clearly distinguished by the
higher abundance of in situ corals (Fig. 3). The underlying limestones are mainly composed of
dark-grey thick-bedded packstones with few solitary rugose corals, colonial rugose corals and
tabulate corals, which provide a substrate for coral colonization (Fig. 4 a).

In the YS-A and YS-C sections, the coral biostrome is about 3.2 m and 3.9 m thick
respectively and mainly composed of dark-gray thick-bedded solitary rugose coral, colonial
rugose coral and tabulate coral bafflestones and framestones (Yao et al., 2014) (Fig. 4 b, ¢, d).
Variation in abundance of biostrome builders allows the recognition of three vertical growth
stages, stage 1, stage 2 and stage 3, in ascending order. Stage 1 contains abundant solitary rugose
corals with few tabulate corals (Fig. 4 b). Stage 2 has solitary rugose corals and tabulate corals as
the main components (Fig. 4 c¢). Stage 3 is mostly comprised of colonial rugose corals with few
solitary rugose corals and tabulate corals (Fig. 4 d).

At YS-B section, the coral biostrome is about 2.5 m thick and consists of solitary rugose
coral and tabulate coral bafflestones and framestones. Compared with the YS-A and YS-C
sections, the YS-B section lacks the growth stage of colonial rugose corals (stage 3), which may
be caused by the random colonization of colonial rugose corals on top of the biostrome forming
local patch reefs. Only the two lower growth stages have been developed (Fig. 3 b).

The boundary between the coral biostrome and its overlying limestones have been identified
at the three studied sections. the boundary is characterized by irregular surfaces indicating a slight
positive topographic relief (Fig. 4 e, f) and the overlying limestones are characterized by light-
grey thin-bedded packstones with sparse solitary rugose corals, altogether indicating demise of the

biostrome (Fig. 4 e, ).

2.3. Biostratigraphy

In South China, the Shangsi Formation is generally consistent with the Yuanophyllum Zone
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(Y1, 1933), the base of which is equivalent to the RC6 rugose coral Zone of the middle Viséan in
Europe (Poty et al., 20006). In this study, the coral biostrome is located at the base of the Shangsi
Formation (Wu, 1987), suggesting that the biostrome is of middle Viséan age. Also, the
occurrence of the foraminifers in the coral biostrome and its overlying limestones, such as
Pojarkovella nibelis, Koskinobigenerina breviseptata and K. cribriformis, indicates that it belongs
to the MFZ12 foraminiferal Zone in the middle Viséan, which is equivalent to Livian substage in
Belgium and Holkerian substage in Britain (Poty et al., 2006; Somerville, 2008; Hance et al.,

2011).

3. Materials and methods

Altogether 66 large samples (about 10%20 cm) and 84 solitary rugose corals were collected
through the sequence, from thin-bedded muddy limestones underlying the biostrome to the thin-
bedded packstones overlying the biostrome at YS-A, YS-B and YS-C sections. 238 thin sections
(10x10 mm, 15%25 mm, 40x50 mm and 70%100 mm sized) for coral identifications and 197 thin
sections (40x50 mm sized) and 24 polished slabs (about 10x15 cm) for microfacies analysis were
prepared with orientations. The quantitative analysis of the coral content of the biostrome is based
on the point-counting method proposed by Webb (1999) and Wen and Liu (2009). In each stage of
the biostrome, a well exposed, relatively flat and smooth surface with adequate area was chosen
for the appropriate grid analysis (Webb, 1999). The selected surfaces were uniformly covered by
about 500 points and the point distance was about 5 cm. Then, the points covering corals were
counted. Quantitative analysis of the different genera contents of the solitary rugose corals is
obtained from the counting of each coral genera based on a large number of samples from uniform
collecting. The semi-quantitative analysis of the contents of the biostrome-dwellers is conducted
by detailed observation of thin sections under microscope. Identifications of microfacies types of
the biostrome and its underlying and overlying limestones follow the classification schemes

proposed by Dunham (1962) and Embry and Klovan (1971).

4. Results

4.1. Biotic compositions of the coral biostrome
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4.1.1. Coral biostrome-builders

The coral biostrome contains high abundance of (more than 60%) coral skeletons in place in
the YS-A, YS-B and YS-C sections (Fig. 4 b, ¢, d). It is defined here as an autobiostrome
following the biostrome classification scheme of Kershaw (1994). However, the diversity of
fossils in the biostrome is quite low and only five species have been recognized, which are the
solitary rugose Arachnolasma irregulare Y1, 1933, Bothrophyllum longiseptatum Lewis, 1931
and Kueichouphyllum sinense Y1, 1931, the colonial rugose Siphonodendron pentalaxoidea Y1i,
1933, and the tabulate Syringopora sp.

Quantitative analysis for the three studied sections show that the coral abundance increases
from stage 1 to stage 3 (Fig. 5 a). In stage 1, the coral abundances are 45.0%, 41.0% and 30.0% in
the YS-A, YS-B and YS-C sections respectively and the average coral content is 38.7% (Fig. 5 a,
6 a). Stage 1 is dominated by K. sinense with less Syringopora sp. and B. longiseptatum, and their
contents are 62.2%, 15.6% and 22.2% in the YS-A section, 48.8%, 24.4% and 26.8% in the YS-B
section and 41.7%, 41.7% and 16.6% in the YS-C section (Fig. 5 b). The average contents of them
are 54.2%, 23.2% and 22.6% (Fig. 6 b). In Stage 2, the coral contents increase to 63.0%, 48.6%
and 44.5% with an average value of 52.0% (Fig. 5 a, 6 a). Stage 2 is mainly composed of K.
sinense and Syringopora sp., which make up 44.6% and 46.8% in the YS-A section, 58.4% and
33.7% in the YS-B section and 67.4% and 32.6% in the YS-C section (Fig. 5 b). The mean values
of the genera contents are 53.3% and 38.7% for K. sinense and Syringopora sp., respectively (Fig.
6 b). Scarce A. irregulare, B. longiseptatum and S. pentalaxoidea also occurred in this stage (Fig.
5b, 6 b). In Stage 3, the coral contents with peak values of 75% and 68% are presented in the Y S-
A and YS-C sections respectively and the average value is 72% (Fig. 5 a, 6 a). Stage 3 is largely
comprised of S. pentalaxoidea; it occupies 90% in the YS-A section and 95.6% in the YS-C
section with an average value of 92.7% (Fig. 5 b, 6 b). A few K. sinense, B. longiseptatum and
Syringopora sp. was also present in this stage (Fig. 5 b, 6 b). From the quantitative analysis of the
coral contents, the compositions of the corals vary both laterally and vertically implying biotic

heterogeneity of the biostrome, which is typical of skeletal bioconstructions.

4.1.2. Coral biostrome-dwellers
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Associated fossils of the coral biostrome are abundant and diverse in spaces between
skeletons of biostrome-builders in the YS-A, YS-B and YS-C sections (Fig. 7) (Table 1). In the
field, brachiopods, crinoids and gastropods were found in the biostrome. From the observation of
thin sections, the biostrome-dwellers also contain foraminifers, calcareous algae (e.g.
palaeoberesellids), bryozoans (e.g. fenestellids, cryptostomes and trepostomes) and ostracods (Fig.
7). The occurrence of the palaeoberesellids in the biostrome implies shallow water photic settings
(Gallagher, 1998). The abundance of the dwellers gradually decreases from stage 1 to stage 3.
Although the diversity and abundance of biostrome-dwellers is variable in the biostrome, there is
similar composition of associated fossils in the each stage across the three sections (Table 1). In
stage 1 and 2, diverse bioclasts are present including brachiopods, crinoids, foraminifers,
calcareous algae, bryozoans, gastropods and ostracods. Among the bioclasts, brachiopods are
abundant, crinoids are common and foraminifers are common in stage 1 and rare in stage 2.
Calcareous algae, bryozoans, gastropods and ostracods are usually rare throughout these two
stages except some of them are occasional common in some locations (Table 1). The diversity and
abundance of the biostrome-dwellers declined distinctly in stage 3. They contain brachiopods
(common), and rare crinoids, foraminifers, calcareous algae and bryozoans (Table 1). For the
studied sections, the differences in the composition of biostrome-dwellers between the three stages
reflect the temporal and spatial changes in the biotic constitutions of the biostrome. The
occurrence of diverse associated fossils between the skeletons of biostrome-builders suggests that

the biostrome had a stable and healthy ecosystem.

4.2. Morphological and taphonomical variations of corals

Morphological and taphonomic variations of corals in the coral biostrome are significant
palaeoecological parameters. Most corals of the biostrome are preserved apparently in place, with
very few coral fragments (Fig. 8). Generally, solitary rugose corals have three growth orientations
(parallel, inclined and vertical to stratification). Tabulate corals are small clusters or have a ribbon
form. Colonial rugose corals commonly grew in inclined or upright fasciculate form with asexual
budding structures. In stage 1, solitary rugose corals are mainly distributed parallel to the substrate.

Most of them are separated from each other and few solitary rugose corals are attached with each
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other (Fig. 8 a). Tabulate corals are mostly located between the skeletons of the solitary rugose
corals in small clusters. Few of them are distributed around or in contact with solitary rugose
corals. Tabulate corals are mostly disintegrated into individual corallites (Fig. 8 a). Solitary rugose
corals of stage 2 are also characterized by horizontally preserved form, but the content of the
attached form increases (Fig. 4 c, 8 b). During this stage, tabulate corals are mainly represented by
ribbon form in the space between the skeletons of solitary rugose corals, which are in contact with
few tabulate corals. Compared with stage 1, many more corallites and colonies of the tabulate
corals connect with their neighbours in stage 2 (Fig. 8 b). Colonial rugose corals are scattered
between the skeletons of solitary rugose and tabulate corals during this stage (Fig. 8 c¢). In stage 3,
most colonial rugose corals are inclined or upright in fasciculate form (Fig. 4 d). Cross sections of
them in the surface of polished slabs suggests that they grew in the same direction. In this stage,
colonial rugose corals are mostly attached to each other with asexual budding structure (Fig. 4 d, 8
d). Among the skeletons, scarce solitary rugose and tabulate corals are distributed with horizontal
or inclined form and small clusters, respectively. In stage 1, the individual solitary rugose and
tabulate corals with mainly horizontal and small cluster forms reflect the initial simple growth
forms of the biostrome-builders, indicating the framework of the biostrome was not rigid. During
stage 2, the increasing connectedness of the solitary rugose corals and tabulate corals with major
ribbon form suggests that more complicated growth forms of the biostrome-builders (implying a
more solid framework) were formed during this time. In stage 3, mostly attached colonial rugose
corals with asexual budding structure, which are preserved in inclined or upright fasciculate form,
indicate that the bioconstructions of the biostrome-builders are mature with a relatively rigid

framework.

4.3. Microfacies analysis

Microfacies types (Table 1) include bioclastic wackestones, bioclastic packstones, bioclastic
floatstones, bafflestones and framestones (Fig. 9, 10 a, b, ¢, d). Sedimentary structures comprise
geopetal structures, burrows and borings (Fig. 10 e, f, g, h). In the underlying limestones, the
microfacies types are characterized by bioclastic packstones with abundant burrows and rare

borings (Table 1). In the biostrome, the microfacies types of stage 1 are dominated by bafflestone
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with rare framestone and bioclastic floatstone. Bioclastic wackestone and packstone is common
between skeletons of biostrome-builders. Burrows are common while borings and geopetal
structures are relatively rare during this stage (Table 1). In stage 2, the microfacies types are
mainly composed of bafflestone and framestone with rare bioclastic floatstone. Bioclastic
wackestone is abundant between skeletons of builders. Burrows are also common with rare
geopetal structures (Table 1). During stage 3, the microfacies types are largely comprised of
bafflestone and framestone with rare bioclastic floatstone. Burrows, borings and geopetal
structures are rare during this time (Table 1). In the overlying limestones, the microfacies is

bioclastic packstone with rare burrows (Table 1).

4.3.1. Microfacies types
Bafflestone

Bafflestones are abundant in the coral biostrome, which are formed by in sifu preserved
corals (Fig. 9 a, b, c) (Table 1). In the space between the corals, micrites and bioclasts were
deposited, presumed baffled by the corals where water energy was reduced. The corals forming
such bafflestones are Syringopora, Kueichouphyllum, Bothrophyllum and Arachnolasma in stage 1

and 2, Siphonodendron in stage 3.

Framestone

This microfacies type is common in the coral biostrome and characterized by the attached
framework of corals, interpreted as wave-resistant (Fig. 9 b, ¢, d) (Table 1). The interspace
between corals is filled with peloids, micrites and bioclasts where water energy is presumed to
have been greatly decreased. Siphonodendron, Syringopora and Kueichouphyllum are commonly

closely packed together forming framestone.

Bioclastic floatstone
Compared with bafflestone and framestone, bioclastic floatstone is rare in the coral biostrome
(Table 1). Within these bioclastic floatstones, calcareous algae, bryozoans and microbes

commonly encrust the external surfaces of colonial rugose and tabulate corals, and may have

10
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reinforced their wave-resistance (Fig. 9 e, f, g, h). The morphologies of calcarcous algae,
bryozoans and microbes are irregular developing into filiform, fishtail or globular masses, which

are different from the colonies in coverstones with regular flat tabular shape (Cuffey, 1985).

Bioclastic wackestone

Bioclastic wackestone is commonly recognized in the interspace between coral skeletons in
the biostrome (Fig. 10 a) (Table 1). They are composed of diverse fossils including common
brachiopods, crinoids and foraminifers with rare calcareous algae (e.g. palacoberesellids),
bryozoans, gastropods and ostracods. Bioclasts comprise about 20-35% in volume. They are
commonly poorly sorted with slight-breakage. Peloids and micrites fill up the spaces between the

bioclasts without obvious cementation.

Bioclastic packstone

This microfacies type is rare in the biostrome while abundant in the underlying and overlying
limestones (Table 1). Bioclastic packstone is characterized by abundant and diverse reworked
bioclasts with poor-sorting and high-breakage: crinoid ossicles, foraminifers, brachiopods
fragments, calcareous algae, bryozoans, gastropods and ostracods (Fig. 10 b, ¢, d). However, the
biotic components are distinctly different between the underlying and overlying limestones. In the
underlying limestones, bioclasts are relatively diverse including abundant brachiopod debris,
calcareous algae, crinoid ossicles and foraminifers with rare coral fragments, bryozoans,
gastropods and ostracods, which are up to 65-75% in volume (Fig. 10 b). In the overlying
limestones, crinoid ossicles and foraminifers are the major components with few brachiopods (as
debris), calcareous algae (e.g. palacoberesellids) and ostracods, which make up to 70-80% of the
total components (Fig. 10 ¢, d). Spaces between bioclasts are full of micrite with partial
cementation in the YS-A and YS-B sections and sparry calcite with less micrite in the YS-C

section (Fig. 10 ¢, d).
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4.3.2. Sedimentary structures
Geopetal structures
Geopetal structures are rare in the coral biostrome and formed within the cavities of

brachiopods, gastropods, ostracods and corals (Fig. 10 e) (Table 1).

Burrows

Burrows are generally common in the biostrome and its underlying limestones (Fig. 10 f)
(Table 1). They are long columns, elliptical and curving in shapes. The burrows are about 2-3.5
mm in width and mostly filled by sand-sized bioclasts such as crinoid ossicles, brachiopod debris
and bryozoan fragments cemented by sparry calcite, silt-sized bioclasts, and micrites. It is
remarkable that spindle-shaped opaque pellets concentrate near the burrows. These pellets are
epigranular and about 0.2 mm in diameter with a distinct margin, and be the fecal pellets of
invertebrates such as worms and gastropods (Lu and Sang, 2002) that may have formed the

burrows.

Borings

In the coral biostrome, borings are rarely present compared with burrows (Table 1). They are
characterized by different shapes of cavities in coral skeletons (Fig. 10 g, h). Within the cavities of
borings, fecal pellets and burrows are commonly present, indicating that they might also be
formed by some benthic fauna such as worms or gastropods. On the other hand, the borings
provide a residence place for some associated fossils (Fig. 10 g). In addition, some cavities of
solitary rugose corals are resided by colonial rugose corals implying that the corals also supply

hard substrata for further coral colonization (Fig. 10 h).

5. Discussion
5.1. Controlling factors of growth and demise of the coral biostrome

Bioconstructions form a complex ecosystem controlled by numerous intrinsic and extrinsic
factors including palacobiology and palacoenvironment (Aretz and Chevalier, 2007). During the

Viséan, sea-level changes frequently occurred (Haq and Schutter, 2008). According to the litho-
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and biofacies analysis of coral biostromes in the middle to late Viséan, growth and demise of the
biostromes are interpreted here to be mainly controlled by changes of hydrodynamic energy
related to sea-level variations (Rodriguez, 1996; Aretz, 2001, 2002; Aretz and Nudds, 2007;
Somerville et al., 2007; Aretz et al., 2010; Said et al., 2010).

In this study, the controlling factors of the growth and demise of the coral biostrome are
interpreted from the sedimentological and biotic characters of the biostrome and its underlying
and overlying strata. For the YS-A, YS-B and YS-C sections, in the underlying limestones, the
microfacies are mainly bioclastic packstones in which the bioclasts are usually poorly sorted and
show high-breakage (Fig. 10 b). They are likely to have been transported in relatively high-energy
conditions unsuitable for coral growth (Said et al., 2010; Yao et al., 2014) (Fig. 11 a) and then
deposited. Only few solitary rugose, colonial rugose and tabulate corals grew during this time (Fig.
4 a). From stage 1 to stage 3 of the biostrome, microfacies types gradually changed from bioclastic
wackestones and packstones to bioclastic wackestones with increasing abundance of peloids and
micrites and decreasing of bioclasts (Fig. 9 b, ¢, 10 a) (Table 1). Also, during stage 1 and stage 2,
solitary rugose corals are usually preserved horizontally and lack erect growth forms (Fig. 4 b, c, 8
a, b). In stage 3, the colonial rugose corals of Siphonodendron are mostly upright or inclined in
fasciculate form (Fig. 4 d, 8 d). They are very similar to the growth form of the corals in the
Siphonodendron biostromes in Belgium, Ireland and Spain, which usually grew in a depth
between the fair-weather wave-base and storm wave-base (Rodriguez, 1996; Aretz, 2001, 2002;
Somerville et al., 2007) (Table 2). Furthermore, the coral abundance in the biostrome distinctly
increases from stage 1 to stage 3 (Fig. 5 a). The characteristics of both microfacies and corals in
the biostrome suggest that a weaker hydrodynamic condition developed for the growth of in situ
coral assemblages in a depth between the fair-weather wave-base and storm wave-base driven by
continuous sea-level rise (Fig. 11 b). In the overlying limestones, the microfacies type is
dominated by bioclastic packstone with an increase of bioclasts and sparry calcite (Fig. 10 ¢, d).
Such microfacies characteristics indicate that the hydrodynamic energy strengthened due to the
dramatic fall of sea-level, which is interpreted here to have caused the demise of the biostrome

(Fig. 11 c).
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5.2. Comparisons

Middle to late Viséan coral biostromes have been reported in Europe (Belgium, England,
Ireland and Spain) and North Africa (Morocco), which were located in western Palaeotethys
during this time (Fig. 12) (Rodriguez, 1996; Aretz, 2001, 2002; Aretz and Nudds, 2007;
Somerville et al., 2007; Aretz et al., 2010; Said et al., 2010). The types of the biostromes vary
from parabiostrome to autobiostrome (Kershaw 1994) (Table 2). The thickness of the biostromes
is different ranging from thin to very thick (0.2-50m) and their lateral extension vary from some
tens of meters to several kilometers. The diversity of the biostromes also changes from low to high,
but the major components are commonly dominated by the lower diversity of the genus
Siphonodendron (mainly S. junceum, S pauciradiale and S. martini) (Table 2). Diverse solitary
rugose corals are presented in Siphonodendron biostromes including the genera of Arachnolasma,
Axophyllum, Aulophyllum, Caninophyllum, Clisiophyllum, Dibunophyllum, Haplolasma,
Koninckophyllum, Palaeosmilia, Pseudozaphrentoides and Siphonophyllia. The biostrome-
dwellers commonly contain brachiopods, crinoids, foraminifers, calcareous algae, bryozoans,
gastropods and ostracods (Table 2). In this study, the occurrence of the coral biostrome in South
China Block (eastern Palaeotethys) provides an excellent example to study its comparisons with
the coral biotromes from western Palaeotethys (Fig. 12).

Three thin- to medium-thickness Siphonodendron biostromes have been reported from the
middle to upper Viséan bioclastic limestones in Belgium (Aretz, 2001, 2002) (Table 2). Middle
Viséan biostromes were exposed in the sections of Engihoul, Corphalie, Bomel and Polderlee and
mainly constructed by S. martini. Solitary and colonial rugose corals are rare (Aretz, 2002) (Table
2). Two late Viséan biostromes were developed in Royseux, southeast Belgium (Aretz, 2001). The
lower biostrome is dominated by S. junceum with scattered Lithostrotion maccoyanum, S.
pauciradiale, Syringopra sp. and no solitary rugose corals. The upper biostrome is mainly
constructed by S. junceum in the lower part and S. martini in the upper part. Solitary rugose corals
include Aulophyllum, Dibunophyllum and Koninckophyllum. Distinctly different from the martini
biostromes, the S. junceum and S. martini corals of the junceum and junceum-martini biostromes
are mostly in growth position with low fragmentation (Table 2).

Siphonodendron biostromes of the late Viséan were also recorded in southeastern and
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northwestern Ireland (Somerville et al., 2007; Aretz et al., 2010). The biostromes in SE Ireland are
dominated by S. pauciradiale in life position and characterized by cyclic cessation in growth
(Somerville et al., 2007). S. pauciradiale, S. martini and S. junceum coralla are the major
components of the biostromes in NW Ireland (Caldwell and Charlesworth, 1962; Aretz et al.,
2010). The pauciradiale and martini biostromes have a lower proportion of in situ colonies than
that of the junceum biostromes. Compared with the biostromes in Belgium, solitary rugose corals
are obviously more abundant in the biostromes of Ireland containing Axophyllum, Aulophyllum,
Caninophyllum, Clisiophyllum, Dibunophyllum, Haplolasma, Palaeosmilia, Pseudozaphrentoides
and Siphonophyllia (Table 2).

Late Viséan Siphonodendron biostromes were also described from the Sierra Morena area of
southwestern Spain (Rodriguez et al., 1994; Rodriguez, 1996) with many similarities to those of
SE Ireland in biostromal type and biotic compositions (Somerville et al., 2007). However, in SW
Spain, the dominant colonial rugose corals of the biostromes are the larger-sized species of S.
martini or S. irregulare (Rodriguez, 1996) (Table 2).

At Little Asby Scar, northern England, a late Viséan coral-chaetetid sponge biostrome has
been studied by Aretz and Nudds (2007), and is composed of chaetetid-dominated facies
alternating with coral-dominated facies. The coral-dominated facies mainly consist of
Siphonodendron coral debris making up about 95% in volume, which provide a hard substrate for

chaetetid sponge growth. The Siphonodendron biostrome lacks colonies in growth position (<

2.5%) which is distinctly different from the other coral biostromes developed in Europe. The
solitary rugose corals are composed of Axophyllum, Caninophyllum and Siphonophyllia (Table 2).

A late Viséan coral biostrome was also documented from Adarouch area in central Morocco,
North Africa, which has a close relationship to the coral biostromes in Europe (Said et al., 2010).
The dominant species of the biostrome is in situ preserved S. junceum with similar solitary rugose
coral fauna such as Axophyllum, Clisiophyllum, Dibunophyllum and Palaeosmilia (Table 2).

The coral biostrome in South China shows some similarities to those in Europe and North
Africa in terms of the biotic composition of biostrome-builders and -dwellers (Table 2). In this
study, more than 60% corals of the biostrome are preserved in place, which could be classified as

autobiostrome (Kershaw, 1994). The biostrome has a low diversity including 5 coral species
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belonging to 5 genera. Siphonodendron genera are one of the main components in the biostrome
studied here, which are also the dominant species of the biostromes in Europe and North Africa
(Table 2). Another major component of Syringopora is also presented in the Junceum and
Siphonodendron biostromes in Belgium and Spain respectively (Rodriguez, 1996; Aretz, 2001). In
the Siphonodendron limestones, Siphonodendron corals are commonly in growth position with
little breakage, which is also an obvious characteristic of the biostromes in Europe and North
Africa (Table 2). The biostrome-dwellers are diverse including brachiopods, crinoids, foraminifers,
calcareous algae, bryozoans, gastropods and ostracods, which are also the common associated
biota in the biostromes of Europe and North Africa (Table 2).

Although the coral biostromes in Europe and North Africa have diverse solitary rugose corals,
they are not the most abundant species in the biostromes. In South China, the coral biostrome also
has solitary rugose corals, such as Kueichouphyllum, Bothrophyllum and Arachnolasma. The
genus Kueichouphyllum is also a major component of the biostrome but is absent in the
biostromes of Europe and North Africa (Table 2). The palaeobiogeographic distribution (Niikawa,
1994) of Kueichouphyllum explains its abundance in South China and its absence in European
reefs. Different compositions of the solitary rugose corals in the coral biostromes between Europe
and North Africa and South China may be ascribed to their different locations of

palaeobiogeography with different ocean circulation and climate.

5.3. Coral biostrome evolution and paleoclimatological significance

Reef ecosystems were severely affected by retreats during mass extinction events (Copper,
1988; Kiessling, 2001). It is not surprising that the coral-stromatoporoid reefal ecosystems
collapsed during the F-F mass extinction event (Copper, 2002; Wang and Shen, 2004), replaced
by microbial communities such as stromatolites, thrombolites and mud mounds in the Famennian
and Tournaisian (Lees and Miller, 1985; Webb, 2002; Wang and Shen, 2004). Skeletal
bioconstructons did not re-appear until the early Viséan and their abundance gradually increased
to peak value during the late Viséan, when corals, bryozoans and sponges were the major builders
(Webb, 2002). In the Viséan, as a special skeletal bioconstruction, coral biostromes also recovered

and flourished in Europe and North Africa consistent with the other skeletal bioconstructions
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(Rodriguez, 1996; Aretz, 2001, 2002; Aretz and Nudds, 2007; Somerville et al., 2007; Aretz et al.,
2010; Said et al., 2010). They first appeared in the middle Viséan with a low abundance and
increased in abundance during the late Viséan. In this study, the development of the coral
biostrome in South China during the middle Viséan indicates that the evolution of the coral
biostrome in South China was consistent with that of Europe and North Africa (Fig. 12).

The microfacies types of the coral biostrome consist of bafflestones and framestones which
are also the typical microfacies in organic reefs (Fliigel, 2004). In the biostrome, the reproduction
of colonial rugose corals is featured by asexual budding (Fig. 4 d), which is a very important mode
for the construction of organic reefs during Phanerozoic time (Fagerstrom and West, 2011), such
as the coral reefs in modern Caribbean Sea (Foster et al., 2007). The occurrence of bafflestones,
framestones and asexual budding in the coral biostrome suggests that the biostrome has the
lithological and biotic characteristics of organic reefs. However, compared with structures of
biohermal organic reefs, the biostrome lacks binders and cementation that would have
strengthened frameworks. The litho- and bio-characterisics of the biostrome presented in this
study reflect that of the initially recovered coral biostromes during the Viséan.

The Mississippian Epoch is a critical interval in geological history, when the transition from
Devonian greenhouse climate to Permo-Carboniferous icehouse climate is generally interpreted
(Young, 1991; Grossman, 2012; Yao et al., 2015). According to the published studies, glacial
deposits developed during the Tournaisian and Serpukhovian stages accompanied by low
abundance of reef-builders (Isbell et al., 2003; Wang and Shen, 2004; Fielding et al., 2008; Isbell
et al., 2012), which may have impeded the evolution of skeletal bioconstructions (Webb, 2002;
Wang and Shen, 2004). In the Viséan, the resurgence of skeletal bioconstructions is interpreted as
a function of reef-builders flourishing and climate warming (Webb, 2002; Wang and Shen, 2004).
Consistent with the recovery of skeletal bioconstructions in the Viséan, coral biostromes also
developed and gradually flourished from the middle to late Viséan in Europe and North Africa
(western Palacotethys). Combined with the coral biostromes in western Palacotethys, the
occurrence of coral biostromes in South China (eastern Palaeotethys) suggests that the abundance
of corals increased and a relatively global warm episode did exist during the Viséan compared

with the cold climate in the Tournaisian and Serpukhovian.
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6. Conclusions

(1) A middle Viséan coral biostrome is documented for the first time from southwestern China, in
the Shangsi Formation in Yashui area, central Guizhou. It is composed mainly of the genera
Siphonodendron, Syringopora and Kueichouphyllum with lesser abundance of Bothrophyllum and
Arachnolasma. Biostrome-dwellers are diverse including abundant brachiopods and crinoids and
common foraminifers with rare calcarcous algae, bryozoans, gastropods and ostracods. The
microfacies types of the biostrome are mainly composed of bafflestone, framestone and bioclastic
wackestone. Compared with biohermal organic reefs, the biostrome lacks binders and cementation.
(2) Ecological successions have been observed in the coral biostrome. In the underlying
limestones of the biostrome, the abundant and diverse bioclasts with few solitary rugose, colonial
rugose and tabutale corals provide a substrate for coral colonization. In the biostrome, three
growth stages have been distinguished, which are Kueichouphyllum sinense growth stage, K.
sinense -Syringopora sp. growth stage and Siphonodendron pentalaxoidea growth stage. YS-A
and YS-C sections show the three growth stages, while YS-B section lacks the S. pentalaxoidea
growth stage.

(3) The variations of hydrodynamic energy due to sea-level changes controlled the growth and
demise of the coral biostrome. The development of the biostrome is attributed to gradual sea-level
rise and weakened hydrodynamic energy, as evident from the presence of abundant micrites and in
situ coral colonies. The biostrome is interpreted to have died as sea-level fell and hydrodynamic
energy strengthened, indicated by increasing abundance of bioclasts and sparry calcite cement.

(4) The coral biostrome shows some similarities to coeval cases in Europe and North Africa in
aspects of the dominant biostrome-builders such as Syringopora and Siphonodendron, and their
associated fossils. The occurrence of Kueichouphyllum in the biostrome, which is absent in
Europe and North Africa during the Vis€an, may be ascribed to their different locations of
palacobiogeography. During the middle to late Viséan, the occurrence of coral biostromes in both
South China (eastern Palaeotethys) and Europe and North Africa (western Palaeotethys) suggest

that a relatively global warm episode did exist during this time.
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721 Figure captions

722 Fig. 1. (a) Location of Guizhou Province in China. (b) Location of the study section, (the shadow
723 area of Fig. 1 (a)). (¢) Enlargment of the shadow area of Fig. 1 (b) showing positions of the
724 studied YS-A, YS-B and YS-C sections containing coral biostromes.
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Fig. 2. (a) Global palacogeography of the late Mississippian (340 Ma) (after
http://jan.ucc.nau.edu/~rcb7/RCB.html, courtesy of Ron Blakey). The black rectangle represents
the inset map in panel b; note that the South China craton was rotated ~90° counter-clockwise
relative to its modern orientation. SB: South China Block. (b) The Viséan-Serpukhovian
paleogeography of South China Block (after Feng et al., 1998) and the location of the studied
sections. DQGX: Dian-Qian-Gui-Xiang platform; QG: QianGui basin. (c) The stratigraphic
framework of the Mississippian in South China and Yashui (Guizhou Province), respectively
(modified from Wang and Jin, 2000, Gradstein et al., 2012 and Wang et al., 2013). (d) The Viséan

geological map of the studied area (derived from Wu, 1987).

Fig. 3. Field photographs and lithologic columns of the coral biostrome and its underlying and
overlying strata in the YS-A, YS-B and YS-C sections. (a) Field photograph of the coral
biostrome in the YS-A section containing three growth stages. (b) Field photograph of the coral
biostrome in the YS-B section including two growth stages. (c) Field photograph of the coral
biostrome in the YS-C section containing three growth stages. S: shale, M: muddy limestone, W:
wackestone, P: packstone, G: grainstone, R: rudstone, B: biostrome, NE: North-east direction, NW:

North-west direction, ENE: East-north east direction.

Fig. 4. Field photographs of the coral biostrome and its underlying and overlying limestones in the
YS-A and YS-B sections. (a) Underlying limestones with few solitary rugose corals in the YS-A
section. (b) Solitary rugose coral and tabulate coral bafflestones of stage 1 in the YS-A section. (c)
Solitary rugose coral and tabulate coral bafflestones and framestones of stage 2 in the YS-A
section. (d) Colonial rugose coral bafflestone and framestone of stage 3 in the YS-A section. (e)
The boundary between stage 3 and its overlying limestone in the YS-A section. (f) The boundary
between stage 2 and its overlying limestone in the YS-B section. AB: Asexual budding, CR:

Colonial rugose coral, SR: Solitary rugose coral, T: Tabulate coral.

Fig. 5. Composition of the coral biostrome and corals in the biostrome in the YS-A, YS-B and YS-

C sections. (a) Coral content of the biostrome. (b) Coral genus content in the biostrome.
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Fig. 6. (a) Average coral content of the biostrome classified in broad groups. (b) Average coral

genera content of the corals in the biostrome.

Fig. 7. Thin-section micrographs of biostrome-dwellers. (a) Fenestellid bryozoans, foraminifers
and calcareous algae (palacoberesellids) in the coral biostrome. (b) Cryptostome bryozoans,
crinoids, calcareous algae (palacoberesellids) and ostracods in the biostrome. (¢) Brachiopods and
trepostome bryozoans in the biostrome. (d) Brachiopods and gastropods in the biostrome. Bra:
Brachiopod, Bry: Bryozoan, C: Crinoids, Cr: Cryptostome, F: Foraminifer, Fe: Fenestellid, G:
Gastropod, O: Ostracod, P: Palaeoberesellid, SC: Solitary rugose coral, Si: Siphonodendron, Tr:

trepostome.

Fig. 8. Polished slabs show morphological and taphonomical variations of corals in the coral
biostrome in the YS-A and YS-B sections. (a) The separated solitary rugose corals mainly
preserved parallel to stratification with few tabulate corals attached, and the tabulate corals grow
in small clusters and are mostly disintegrated into individual corallites in stage 1 in the YS-A
section. (b) Most of the solitary rugose corals are also preserved parallel to stratification wih few
tabulate corals connected, but the contents of tabulate corals greatly increase with more corallites
and colonies connected with their neighbours and distributed by ribbon form during stage 2 in the
Y S-A section. (c) The scattered distribution of colonial rugose corals in the interplace between the
solitary rugose corals and tabulate corals in stage 2 in the YS-B section. (d) The attached colonial
rugose corals grew in inclined or upright fasciculate form with same cross sections on the surface
of the polished slab. SR: Solitary rugose coral, CR: Colonial rugose coral, T: Tabulate coral. All

scale bars are 1 cm.

Fig. 9. Thin-section micrographs of the microfacies types in the coral biostrome. (a)
Kueichouphyllum bafflestone. (b) Syringopora bafflestone and framestone. (¢) Siphonodendron
bafflestone and framestone. (d) Kueichouphyllum framestone and Kueichouphyllum-Syringopora

framestone. (e), (f), (g), (h) Bioclastic floatstones. Bra: Brachiopod, Bry: Bryozoan, C: Crinoid,
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CA: Calcareous algae, G: Gastropod, K: Kueichouphyllum, M: Microbe, O: Ostracod, Si:

Siphonodendron, Sy: Syringopora.

Fig. 10. Thin-section micrographs of microfacies types and sedimentary structures in the coral
biostrome and its underlying and overlying limestones. (a) Wackestone in the biostrome. (b)
Packstone in the underlying limestone. (¢) Packstone in the overlying limestone. (d) Packstone in
the overlying limestone. (e) Geopetal structure in the biostrome. (f) Burrow structure in the
biostrome. (g), (h) Boring structures in the biostrome. B: Burrows, Bra: Brachiopod, C: Crinoid
ossicle, CA: Calcareous algae, F: Foraminifer, FP: Fecal pellets, K: Kueichouphyllum, O:

Ostracod, P: Palaeoberesellid, Si: Siphonodendron.

Fig. 11. Model for sea-level changes controlling the growth and demise of the coral biostrome. (a)
Bioclastic limestones developed during low sea level. (b) Coral biostrome grew when sea level
rose. (¢) Sea-level fall caused the demise of the coral biostrome and the development of bioclastic

limestones.

Fig. 12. Palaeogeographical locations of coral biostromes in western Europe, North Africa and
South China during the Viséan. 1: England and Ireland, 2: Belgium, 3: Spain, 4: Morocco, 5:

South China.

Table 1. Semi-quantitative analysis of compositions of biostrome-dwellers, microfacies types and
sedimentary structures in the coral biostrome and its underlying and overlying limestones in the

YS-A, YS-B and YS-C sections.

Table 2. Comparisons of coral biostromes between South China and Europe and North Africa.
Information about Siphonodendron biostromes in Belgium, SE Ireland, NW Ireland, SW Spain,
England and Morocco is taken from Aretz, 2001, 2002, Somerville et al., 2007, Aretz et al., 2010,

Rodriguez, 1996, Aretz and Nudds, 2007 and Said et al., 2010, respectively.
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