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This study focuses on the microbial reefs of the Zhushadong Formation (Cambrian Series 2) in Shandong
Province, China in order to understand the evolution of calcified microbes in the North China Platform during
the Cambrian Series 2 and 3. The microbial reefs occur in a thin unit, ca. 3 m thick, over an area of 1 km?. They
consist of three types of thrombolite based on their mesostructures: rimmed, grainstone-patch, and dendritic.
The thrombolites mainly occur in various coarse-grained carbonate facies, including crudely stratified oolitic
grainstone, stromatolitic grainstone, and disorganized limestone conglomerate. Calcified microbes in the
thrombolites include Epiphyton, Kordephyton, a tubiform microbe, Bija, Tarthinia, Renalcis, Amgaina, and
Razumovskia. The Zhushadong thrombolites were formed within a grainstone shoal, and experienced repeated
burial and exposure. The rimmed thrombolite and grainstone-patch thrombolite experienced abundant input
of carbonate grains (forming grainstone patches). In contrast, the dendritic thrombolite formed solely by calcifi-
cation of microbes that mainly include Epiphyton, Tarthinia, and the tubiform microbe. The outer crusts of the
rimmed thrombolite were formed by Amgaina, under high energy conditions.
The diverse calcified microbes of the Zhushadong Formation form the earliest assemblage of their type in the
North China Platform. Their descendants, mostly Epiphyton, subsequently thrived, forming a ca. 180 m thick
microbialite-oolite-dominated succession during the Cambrian Series 3 (Zhangxia Formation). Although the
reefs in the Zhushadong Formation are much smaller than those of the overlying Zhangxia Formation, their
calcified microbes are more diverse. This most likely reflects changes in depositional environments (e.g., abun-
dant siliciclastic input and tidal effects vs. those of a stable carbonate platform), and/or global changes within
reef environments (e.g., end-Cambrian Series 2 extinction of archaeocyaths and calcified microbes). A decrease
in diversity of calcified microbes in the North China Platform, where archaeocyaths were absent, may help to
account for evolutionary trends in calcified microbes that occurred independently of archaeocyath influence.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction Series 3 without reef-building metazoans (Zhuravlev, 1996; Zhuravlev

and Wood, 1996; Pratt et al., 2001; Riding, 2001).

Calcified microbes firstly appeared in the Precambrian and diversi-
fied greatly from the base of the Cambrian (Turner et al., 1993;
Zhuravlev, 1996; Riding, 2001; Kah and Riding, 2007). During the
early Cambrian (Terreneuvian and Series 2), calcified microbes formed
reefs together with archaeocyaths in various localities including Siberia,
Laurentia, North Africa, South China, Australia, Europe, and Antarctica
(Rowland and Gangloff, 1988; Rowland and Shapiro, 2002; Gandin
and Debrenne, 2010; and references therein). Although the diversity
of calcified microbes decreased during the late Cambrian Series 2
along with the extinction of archaeocyaths (end-Cambrian Series 2
extinction event), microbes still constructed reefs during the Cambrian
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The end-Cambrian Series 2 extinction event was most likely caused
by global environmental change such as anoxic oceanic conditions
(Sinsk Event) and global regression (Hawke Bay Event) (Zhuravlev
and Wood, 1996). These global events are thought to have resulted
in modification of the calcified microbial community. For example,
Zhuravlev (1996) suggested that loss of the ecological niche created
by framework-building archaeocyaths, and homogenization of microbial
communities due to the extinction of tiny grazers, could have caused
the decrease in calcified microbe diversity. However, just how these
mechanisms and global events reduced the diversity of calcified
microbes has not been studied in detail.

In order to examine the relationships between the end-Cambrian
Series 2 extinction event and decrease in the diversity of calcified
microbes, this study focused on the Cambrian Series 2 microbial reefs
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in the North China Platform, where a variety of microbial reefs
flourished and formed extensive deposits during the Cambrian Series
3 (Woo et al., 2008; Woo and Chough, 2010; Howell et al., 2011). New
discoveries of calcified microbes in the Cambrian Series 2 deposits,
and comparison with those of the Cambrian Series 3, help to clarify
the evolutionary history of calcified microbes on the North China
Platform. Furthermore, the absence of archaeocyaths from the North
China Platform (Chough et al., 2010; Gandin and Debrenne, 2010)
could provide a unique opportunity for elucidating the direct effects
of the environmental changes that are suggested to have caused
end-Cambrian Series 2 calcified microbe extinctions, independently of
archaeocyath extinction.

2. Geological setting

The North China Platform is a typical epeiric platform that existed
throughout the Cambrian Series 2-Middle Ordovician (Meng et al.,
1997; Kwon et al., 2006). The platform formed on a stable craton, the
Sino-Korean Block, which was located near the margin of Gondwana
during the Early Paleozoic (McKenzie et al., 2011). Paleomagnetic
analyses suggest that the Sino-Korean Block was situated near the
paleoequator during the Cambrian (Zhao et al., 1992; Huang et al,,
2000; Yang et al., 2002). A 1800 m-thick mixed siliciclastic-carbonate
succession was deposited in the North China Platform (Meng et al.,
1997). In the central part of the North China Platform (Shandong
Province, China), the carbonate-dominated Zhushadong Formation
(10 to 50 m thick) unconformably overlies the Precambrian basement
(Meng et al., 1997; Chough et al., 2010) (Fig. 1A). This formation passes
laterally into the siliciclastic Liguan Formation (37 m thick) in eastern-
most Shandong (Fig. 1B). Various limestones and dolostones including
laminated/homogeneous dolo-mudstone, bioturbated dolo-wackestone,
cross-stratified oolitic grainstone, limestone conglomerate, microbial
laminites, and stromatolites occur in the Zhushadong Formation
(Fig. 2). This assemblage of deposits represents carbonate dominated
environments such as peritidal flats and ooid shoals, reflecting uneven

topography and local variations in the carbonate factory (Lee and
Chough, 2011). The Zhushadong Formation was deposited during the
upper Tsanglangpuan Stage (Megapalaeolenus Zone), which can be corre-
lated with informal Stage 3 of the Cambrian Series 2 (Geyer and Shergold,
2000; Peng et al., 2012).

3. Methods

The study area (Sunmayu section) is located in the southeastern part
of Shandong Province (Fig. 1A). The Zhushadong Formation in this area
is up to 50 m thick, and unconformably overlies Precambrian granitic
gneiss (Fig. 2A). Thrombolites, containing clotted mesostructures
(Aitken, 1967; Shapiro, 2000), mainly occur in a 3 m thick interval
that occurs 31 m above the basement, and were examined in two sec-
tions (Sections 1 and 2), about 1.1 km apart (Fig. 2). Within Section 1,
three sub-sections, 20 to 30 m apart, were selected to describe the
lateral variations (Sections 1-1, 1-2, and 1-3). These sections were mea-
sured at a 1:50 scale (Fig. 2B, C). Sketches and line drawings of the
thrombolites were made in the field, and slabs and thin sections were
prepared in the laboratory to identify meso- and microscale fabrics.

4. Microbial reefs in the Zhushadong Formation
4.1. Macro- and mesoscale characteristics

Several types of dm- to m-scale thrombolite occur in the coarse-
grained carbonate facies, including crudely stratified oolitic grainstone,
stromatolitic grainstone, and disorganized limestone conglomerate
(Fig. 2). Three types of thrombolite are recognized based on their
mesostructures (cf., Shapiro, 2000; Chen and Lee, 2014): rimmed,
grainstone-patch, and dendritic thrombolites (Table 1). Thrombolites
are described here as microbial reefs, following the reef definition of
Wood (1999): “a discrete carbonate structure formed by in-situ or
bound organic components that develops topographic relief upon the
sea floor”.
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Fig. 1. Geological setting of the study area. (A) Cambrian-Ordovician outcrops in the North China Platform. Study area is marked with an arrow. (B) Summary of the Cambrian succession in

Shandong Province, China.
Modified after Chough et al. (2010).
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Fig. 2. (A) Satellite photograph (modified from Google Earth) and sedimentary log of the lower-middle part of the Zhushadong Formation in the Sunmayu section. Section 1 (35°33’39"N,
118°2/12"E); Section 2 (35°33/10”N, 118°2’27"E). Thrombolite-bearing horizon is marked in gray. (B) Outcrop photographs and sedimentary log of Section 1. Arrow indicates geologist for

scale. (C) Outcrop photographs and sedimentary log of Section 2.

4.1.1. Rimmed thrombolite

4.1.1.1. Description. The rimmed thrombolites display a crudely laminated
rim (or crust) and a thrombolitic core (Fig. 3A). The rim consists of two
zones. The outer zone is 1 to 5 cm thick, consisting of light gray carbonate,
which is crudely laminated parallel to the margin (Fig. 3C). The inner
zone is 2 to 20 cm thick, composed of light brown dolomite. Small fenes-
trae occur within the inner zone. The thrombolite core consists of dark
gray mesoclots (~1 c¢cm in size) intermingled with abundant cm-scale
patches of grainstone (Fig. 3D). The grainstone patches within the
thrombolite are partly dolomitized. The interior core is circular to ellipsoi-
dal-shaped (Fig. 3A, B). Either of the two rim zones may be absent in the
longitudinal section (Fig. 3B). The boundaries between the rim and core
are not sharp. Several dm-scale rimmed thrombolites accumulate both
laterally and vertically, forming bioherms ca. 10 m in width. The
thrombolites are separated from each other by thin oolitic grainstone
(several cm to dm in width) via a sharp boundary.

4.1.1.2. Interpretation. The rimmed thrombolites most likely formed
within the grainstone shoal as small patch reefs (e.g., Rees et al., 1989;
Kruse et al., 1996; Adachi et al., 2011). The sharp boundaries between
thrombolite and grainstone indicate that the thrombolites were eroded
after lithification, through repetitive burial and exposure processes dur-
ing their growth (cf,, Bowlin et al., 2012). Grainstones in the core would
have been imported onto the thrombolites during the growth, forming
patches ~1 cm in size. This kind of grainstone-thrombolite relationship
is different from the leiolite in which ooids are randomly distributed
within the microbialite (Braga et al., 1995), but are rather similar
to modern microbialites of Shark Bay within which sediments form
mm- to cm-scale patches (Jahnert and Collins, 2011). The rim of the
thrombolite would have developed after formation of the thrombolitic
core, when the distance between the cores is sufficiently close
(e.g., Camoin and Montaggioni, 1994; Riding and Tomas, 2006). Very
high energy conditions induced by the narrow distance between the
cores (less than a few dm) and phototropism by the calcified microbes

(Awramik and Vanyo, 1986; Woo and Chough, 2010), promoted forma-
tion of laminated rim (crust) on the core.

4.1.2. Grainstone-patch thrombolite

4.1.2.1. Description. The grainstone-patch thrombolite forms an irregular
mound, imbedded within grainstone with which it has sharp bound-
aries (Fig. 4A). Mound size ranges from 10 to 100 cm. The thrombolites
are distributed within the grainstone at distances of a few decimeters to
meters. At the mesoscale, grainstone-patch thrombolite is similar to the
core of rimmed thrombolite; dark gray microbial mesoclots occur with-
in the thrombolite, together with grainstone patches 1 to 2 cm in size
(Fig. 4B). The outer part of the thrombolite (~1 cm in width) does not
contain grainstone patches.

4.1.2.2. Interpretation. The textural similarity between the core of
rimmed thrombolite and the grainstone-patch thrombolite suggests
that the grainstone-patch thrombolite formed in environments similar
to those in which the rimmed thrombolite formed.

4.1.3. Dendritic thrombolite

4.1.3.1. Description. The dendritic thrombolite (or dendrolite) is charac-
terized by irregular mounds (10-100 cm wide) with sharp and ragged
boundaries, imbedded in limestone conglomerate (Fig. 5A, B). Dark
gray dendritic mesoclots (3 to 6 mm) occur with light gray matrix in
the dendritic thrombolite (Fig. 5C). Dendritic mesoclots are laterally
connected, forming stacked layers 3-5 mm thick. Matrix is composed
of botryoidal structures separated from each other by dark gray matrix.

4.1.3.2. Interpretation. The dendritic thrombolites most likely formed
by microbial calcification (Riding, 1991b; Riding, 2000). Dendritic
mesoclots may have formed by an upward-expanding growth tendency
of the calcified microbes (Howell et al., 2011). The occurrence of lime-
stone conglomerates surrounding the dendritic thrombolites, together
with erosional sharp boundaries, indicate that the dendritic thrombolite
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Table 1

Summary of the three types of thrombolites in the Zhushadong Formation.

Interpretation

Microscale description

Mesoscale description

Macroscale description

Thrombolite types

Small patch reefs within grainstone shoal

Core: Epiphyton and Kordephyton form colony
of ~500 um in size, surrounded by tubiform

microbes (Fig. 6); ooids within grainstone

patches 80-200 pm in size

Outer zone of rim composed of light gray

carbonate with crude lamination; inner

Characterized by rim consisting two zones and thrombolitic
core (Fig. 3A-C); core is circular to ellipsoidal in transverse

section and bowl-like in longitudinal section (ca. 60 cm in

Rimmed thrombolite

(e.g., Kruse et al., 1996; Rees et al., 1989; Adachi

et al,, 2011); thrombolites experienced
repetitive burial and exposure processes

zone of rim comprises light brown dolomite

width); outer zone of rim (1-5 cm in width) and inner zone with small fenestrae and very crude lamination;

(2-20 cm in width) are often absent in longitudinal section;

thin oolitic grainstone (few cm to dm in width) occurs

(cf. Bowlin et al., 2012); rims formed after

(Fig. 8B); boundary between the outer and inner formation of core under high energy conditions

Rim: Amgaina directs normal to the laminations
zones gradual (Fig. 8A)

core contains dark gray mesoclot (~1 cm) and

cm-scale patch-shaped grainstone (Fig. 3C, D)

between bioherms; boundaries between the rim, core, and
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grainstone are usually sharp; several dm-scale thrombolites
accumulate and form large bioherm (ca. 10 m in width)
Irregularly shaped mound (10 to 100 cm in width and

Patch reef within grainstone shoal; similar

Similar to core of rimmed thrombolite (Fig. 6)

Dark gray mesoclot (~1 cm) and cm-scale

Grainstone-patch

environment to that of rimmed thrombolite

patch-shaped grainstone (Fig. 4B); grainstone

height) (Fig. 4A); surrounded by grainstone via sharp

thrombolite

patches absent in the outer part (~1 cm in width);

similar to core of rimmed thrombolite

boundary; each mound apart from each other with few dm

to m in distance in between

Formed by microbial calcification

(Riding, 1991b, 2000)

Dark gray mesoclot (3-6 mm) of upward widening Mixed Epiphyton and Tarthinia colonies (Fig. 7);

Irregularly shaped mound (10 to 100 cm in width and
height) (Fig. 5A, B); surrounded by limestone

conglomerates via sharp boundaries

Dendritic thrombolite

tubiform microbes occur between the other

microbial colonies

dendritic shape (Fig. 5C); surrounded by light

gray matrix

developed under high-energy conditions together with deposition of
the limestone conglomerates. The absence of grainstone patches
within the dendritic thrombolite is most likely due to differences in
formative processes; trapping and binding processes within the den-
dritic thrombolite would not have been strong enough to trap large
limestone intraclasts.

4.2. Microscale characteristics

Several calcified microbes are identified in the Zhushadong
thrombolites, including Epiphyton, Kordephyton, tubiform microbe,
Tarthinia, Bija, Renalcis and Amgaina (Table 1). Epiphyton,
Kordephyton, and the tubiform microbe are dominant, whereas
the remainders are minor. Occurrences of calcified microbes differ
according to the macro- and mesostructure. Three groups of calcified mi-
crobes are recognized: 1) core of rimmed thrombolite and grainstone-
patch thrombolite, 2) dendritic thrombolite, and 3) rim of rimmed
thrombolite. The core of rimmed thrombolite and grainstone-patch
thrombolite generally consist of Epiphyton, Kordephyton, and the tubiform
microbe, with minor Bija and Renalcis. Dendritic thrombolite is mainly
constructed by Epiphyton, Tarthinia, and the tubiform microbe. The rim
of rimmed thrombolite is composed of Amgaina.

4.2.1. Calcified microbes
4.2.1.1. Epiphyton.

4.2.1.1.1. Description. Epiphyton is a branching, dendritic filamentous
structure composed of dense micrite (Figs. 6A, B, G and 7A, C, D). Each
branch is ~200 pm in length and 25-35 pm in width. Several Epiphyton
occur together, forming relatively large colonies ~500 um in size
(Fig. 6A). When Epiphyton is dominant within the thrombolite, several
colonies are connected to form mm-scale colonies (Fig. 7C). Generally
Epiphyton branches upward. In some cases, Epiphyton colonies form
chambered structures, similar to those of Renalcis (Fig. 6G) (cf., Woo
et al,, 2008; Adachi et al., 2014). Epiphyton is by far the dominant
calcified microbe within Zhushadong thrombolites. It occurs in every
type of thrombolite, except in the rim of rimmed thrombolite.

4.2.1.1.2. Discussion. Epiphyton occurs extensively during the
Cambrian, Early Ordovician, and Late Devonian (Riding, 1991a). Based
on their size, morphology, and modern analogs, Epiphyton is regarded
as a cyanobacterium (Riding, 1991a; Laval et al., 2000). Interestingly,
Zhushadong Epiphyton is noticeably smaller than its descendants
in the Cambrian Series 3 Zhangxia Formation, which have branches
40-80 pm in width (see Section 5.2.2) (Woo et al., 2008).

4.2.1.2. Kordephyton

4.2.1.2.1. Description. Kordephyton is characterized by a group of
numerous thin micritic filaments which are generally aligned in a
subvertical to vertical direction (Fig. 6A, C, D). The approximate thick-
ness of each filament is 5-15 um, and the length of each branch is
300-800 pm. They usually form relatively circular colonies (~500 pm
in width). Many of the filaments appear fuzzy in thin sections with out-
lines that are difficult to identify. Sparite occurs between the separated
filaments. Most of the micritic filaments appear solid, although a few
are tubular (Fig. 6C). Kordephyton is often associated with Epiphyton
colonies and/or grainstone patches, and commonly occurs in the core
of rimmed thrombolite and grainstone-patch thrombolite.

4.2.1.2.2. Discussion. Kordephyton has been recognized in the
Terreneuvian and Cambrian Series 2 deposits (Riding and Voronova,
1984; Mankiewicz, 1992; Elicki, 1999). It has been grouped with
Epiphyton and Angulocellularia (Riding and Voronova, 1985) or Botomaella
(Elicki, 1999; Riding, 2001), for its dendritic structures. Due to its fuzzy
outline, however, it can be difficult to identify whether or not its filaments
branch. On the other hand, Kordephyton has been described as a kind
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Fig. 3. Rimmed thrombolite. (A) Photograph of transverse section and sketch. (B) Photograph of longitudinal section and sketch. Pencil is 14.5 cm in length. (C) Slab of rim and grainstone,
showing sharp intervening boundaries. (D) Slab of the thrombolitic core, showing dark gray mesoclots and light brown, partly dolomitized grainstone patches.

of Girvanella due to its thin micritic filaments (Read and Pfeil, 1983;
McMenamin et al., 2000). The occurrence of tubular filaments in the
Zhushadong Kordephyton may suggests that Kordephyton can be grouped
with Girvanella, in which case the calcified sheaths of filamentous
cyanobacteria could be modern analogs (Riding, 1977).

4.2.1.3. Tubiform microbe

4.2.1.3.1. Description. Tubiform microbes display circle to boudin-like
shapes, composed of thin micritic walls (10-20 um thick) and surround-
ing sparite (Figs. 6D, E, F and 7A). The tube length is 100-1000 pum and
width is 50-100 um. Although the micritic walls usually form closed
curves and boudin-like shapes, the walls are sometimes disconnected
and open curves (Fig. 6E). The boudin-like shapes locally branch and
form X- or Y-shaped structures (Fig. 6E). They usually occur as a small
group of around 10 to 20 closely spaced individuals. Interestingly, they
are generally not mutually attached, and are separated by micrite or
microsparite. In some cases, they form large groups of more than several
hundred individuals, which are loosely connected or dispersed within
micrite. The tubiform microbes usually surround other microbial
colonies or grainstone patches. They occur in the core of rimmed
thrombolite, grainstone-patch thrombolite, and dendritic thrombolite.

4.2.1.3.2. Discussion. The tubiform microbe shares some features with
Bevocastria, described by Garwood (1931) from the Early Carboniferous;

it is similar to Bevocastria in diameter and in its irregularly sinuous
arrangement that forms closely packed, tangled masses. However, the
distinguishing feature of Bevocastria is regular constrictions of the tube.
These may be present in the tubiform microbe, but are not obviously
present. In their absence, it is difficult to definitely confirm the tubiform
microfossil as Bevocastria (see also Feng et al,, 2010, p. 575).

4.2.1.4. Bija

4.2.1.4.1. Description. Bija is characterized by thick, branching tubes
filled by sparite (Fig. 6F). The tube width is about 50-70 pm, and the
length is ca. 1 mm. The walls are thin and micritic, ca. 8-15 pm in
width. Bija displays relatively irregular circles in cross-section. Usually
10 to 30 branches occur together, forming a large-fan shaped colony
ca. 2-4 mm in width. Bija usually occurs near the grainstone patches,
in the core of rimmed thrombolite and grainstone-patch thrombolite.

4.2.1.4.2. Discussion. Calcified microbes somewhat similar to Bija are
known from various Phanerozoic periods, and with different names;
Bija in the Cambrian, Hedstroemia in the Cambrian and Silurian,
Ortonella in the Carboniferous, and Cayeuxia in the Triassic to Cretaceous
(Riding, 1991a; Fliigel, 2004). All of these are characterized by relatively
thick branching tubes. They have been compared with modern
rivulariacean cyanobacteria (Riding, 1991a; Riding and Fan, 2001).
These calcified microbes with different names may indicate similar
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Fig. 4. Grainstone-patch thrombolite. (A) Photograph of longitudinal section. (B) Slab of the thrombolite, showing similar texture to that of the core of rimmed thrombolite.

structures, but detailed comparisons have not yet been made. In this
study, we use the name Bija to indicate these calcified microbes, based
on their relatively irregular cross-sections (Mankiewicz, 1992).

4.2.1.5. Tarthinia

4.2.1.5.1. Description. Tarthinia is characterized by its botryoidal,
chambered structure with thick fibrous microsparitic walls, with a cen-
ter of coarser sparite. The microsparite crystals are generally oriented
normal to the wall. Each chamber is about 250-350 um in diameter,
and the wall thickness is about 50-100 pm. Chambers are separated
from one another by thin areas of micrite and/or sparite. Typically, sev-
eral colonies of Tarthinia occur together, forming a large colony ~3 mm
in size. Tarthinia occurs within the dendritic thrombolite.

4.2.1.5.2. Discussion. Tarthinia is similar to Renalcis in size and mor-
phology, but differs in its thicker and apparently microsparitic wall
(Riding, 1991a; Mankiewicz, 1992). On the other hand, it has been sug-
gested that Tarthinia might be diagenetic alternation products of
calcified microbe colonies that originally consisted of micrite (Ezaki
et al., 2003).

4.2.1.6. Renalcis

4.2.1.6.1. Description. Renalcis has a characteristic botryoidal struc-
ture, consisting of micritic walled chambers filled with microsparite.
Each chamber is 150-350 um in diameter, and the wall thickness is
30-40 um. Several tens of colonies often occur together, occupying

>

0

areas a few mm in width. Renalcis rarely occurs in the grainstone-
patch thrombolite.

4.2.1.6.2. Discussion. Renalcis has been regarded as a cyanobacterium
by many authors, based on its size and morphology, but the absence of a
definite modern analog makes it difficult to confidently place it in
cyanobacteria (Riding, 1991a). Recently chambered Epiphyton, showing
somewhat similar morphology to that of Renalcis, has been reported,
suggesting the possibility that Renalcis might be a diagenetically altered
form of chambered Epiphyton (Pratt, 1984; Woo et al., 2008; Adachi
etal, 2014). On the other hand, it has also been suggested that Renalcis
and Epiphyton may represent different stages in the life cycle of
cyanobacteria (Luchinina, 2009).

4.2.1.7. Amgaina

4.2.1.7.1. Description. Amgaina is characterized by chambered,
botryoid structures with a micritic wall (Fig. 8). The width of each
chamber is ca. 80-100 pm, and the wall is 15-20 um thick. The chambers
are attached, and form branching structures, ca. 600 um in length.
Microsparite fills the chambers. Amgaina is only found in the rim of
rimmed thrombolite.

4.2.1.7.2. Discussion. Several calcified microbes consist of irregularly
branching, chambered structures, including Chabakovia, Parachabakovia,
Taninia, and Amgaina (Korde, 1973; Pratt, 1984). Some of these microbes
also resemble branching Renalcis (Riding, 1991a). Amgaina in this study is
identified based on its relatively large size (ca. 80-100 pm in width),
which is larger than the other similar genera (e.g., the ca. 40 pm width
of Parachabakovia) (A.Y. Zhuravlev, pers. comm.).

Fig. 5. Dendritic thrombolite. (A) Photograph of transverse section and sketch. Pencil is 14.5 cm in length. (B) Photograph of longitudinal section. (C) Slab showing dark gray dendritic

mesoclots and light gray matrix.
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Fig. 6. Microphotograph of calcified microbes in the core of rimmed thrombolite and grainstone-patch thrombolite. (A) Microbial colonies occurring on top of a grainstone patch.
Kordephyton directly attached to the top of the grainstone, which in turn is overlain by Epiphyton. The outer part of the grainstone patch is dolomitized. (B) A close-up of Epiphyton, showing
branching dendritic structures. (C) Close-up of Kordephyton. The micritic filaments composing Kordephyton are mostly fuzzy, although some retain tubular structure (arrow).
(D) Kordephyton colonies surrounded by tubiform microbes. (E) Close-up of tubiform microbe, which is composed of thin micritic walls and filled with microsparite. Note branching
structures (white arrow) and disconnected walls (black arrow) (F) Bija, surrounded by tubiform microbe colonies. (G) Characteristically chambered Epiphyton.
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Fig. 7. Photomicrograph of dendritic thrombolite. (A) Epiphyton and Tarthinia, with tubiform microbes occurring in the interspace between them, together with some ooids. (B) Close-up of
Tarthinia, surrounded by Epiphyton and micrite. (C) Epiphyton colonies forming dendritic mesoclots. (D) Close-up photomicrograph showing fan-shaped Epiphyton.

4.2.1.8. Razumovskia

4.2.1.8.1. Description. Razumovskia is characterized by several thin,
laterally or vertically curled filaments. Its length is 500-1000 pm and
width 5-20 pm. In our specimens, the filaments are rarely tubiform. The
orientation of filaments vary, but is generally subvertical. Filament thick-
ness is irregular. They are embedded in sparite or micrite. Razumovskia
occurs rarely within the core of rimmed thrombolite and grainstone-
patch thrombolite, forming thin arcuate rafts scattered in the cement
(cf,, Gandin et al., 2007).

4.2.1.8.2. Discussion. Razumovskia is characterized by bundles of
filaments with a curved, “felted” fabric (Korde, 1973; Mankiewicz,
1992). Tubiform filaments of Razumovskia are similar to those of
Girvanella, which suggests their close affinity (Mankiewicz, 1992).

4.2.2. Occurrences of calcified microbes within thrombolite
4.2.2.1. Core of rimmed thrombolite and grainstone-patch thrombolite

4.2.2.1.1. Description. Within these thrombolite fabrics, calcified mi-
crobes are usually associated with oolitic grainstone patches ca. 2 mm
in size (Fig. 6A). The ooids composing these patches are 80-200 pm in
size and are not eroded. Epiphyton and Kordephyton colonies often
show upward growth. The tubiform microbes mainly occur along the
boundaries of microbial colonies and grainstone patches, forming thin
bands 1-5 mm in width (Fig. 6D, F). A few Bija colonies are found near
the grainstone patches or margins of the thrombolite. Renalcis and
Razumovskia rarely occur within the thrombolite. The outer parts of
the grainstone patches (1-3 mm in width) are usually dolomitized.

4.2.2.1.2. Interpretation. Epiphyton and Kordephyton grew on top of
grainstone patches or other microbial colonies, forming thrombolitic
mesoclots (Kennard and James, 1986; Elicki, 1999; Alvaro et al., 2006).
Epiphyton overgrowth on other microbial colonies is common in the
early Cambrian, reflecting their role as frame-builder (Kobluk, 1985;

Elicki, 1999). Tubiform microbes encrusted the other microbial colonies
or rarely the grainstone patches. Bija formed under relatively high ener-
gy conditions are affected by grainstone input. The uneroded ooids
within the grainstone patches indicate that the ooids formed in nearby
grainstone shoals and were transported into the thrombolites during
thrombolite formation. The outer parts of the grainstone patches were
subsequently selectively dolomitized.

4.2.2.2. Dendritic thrombolite

4.2.2.2.1. Description. The dendritic thrombolite is characterized by a
mixture of Epiphyton and Tarthinia colonies (Fig. 7A, B). Epiphyton
usually occurs as dark gray dendritic mesoclots in slabs, whereas
Tarthinia form as a light gray matrix with a botryoidal structure.
Epiphyton branches upward to form fan-shaped structures. Dendritic
mesoclots consist of stacked Epiphyton colonies (Fig. 7C, D). Tarthinia
is surrounded by Epiphyton or micrite. Tubiform microbes mainly
occur between the Epiphyton and Tarthinia (Fig. 7A). The tubiform
microbes are in some cases mixed with Epiphyton colonies (Fig. 7A).

4.2.2.2.2. Interpretation. The undisturbed upward widening pattern
of Epiphyton suggests that it grew prior to Tarthinia, forming frame-
works (Elicki, 1999). Tarthinia then filled interspaces between the
Epiphyton frameworks. Tubiform microbes encrusted other microbial
colonies (e.g., Epiphyton or Tarthinia) while the underlying microbial
colonies were still active, as shown by mixed occurrence of Epiphyton
and tubiform microbes. This type of calcified microbe assemblage is sim-
ilar to that of Tarthinia-Epiphyton-Gordonophyton-Renalcis boundstone
from Mongolia (Cambrian Series 2, Stage 3) (Wood et al,, 1993), except
that the latter lacks tubiform microbes.

4.2.2.3. Rim (crust) of rimmed thrombolite

4.2.2.3.1. Description. The rims of the rimmed thrombolites are char-
acterized by Amgaina, oriented normal to the laminations. Many of the
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Fig. 8. Photomicrograph of the rim of rimmed thrombolite. (A) Boundary between the inner and outer rim zones, marked by a dotted line. (B) Amgaina in the inner zone. Dotted lines

indicate lamination. Amgaina is oriented normal to the lamination, indicating outward growth.

Amgaina are poorly preserved, showing only micritic clotted structures.
The boundary between the outer and inner rim zones is gradual at the
microscale, whereas the boundary between the rim and grainstone is
sharp.

4.2.2.3.2. Interpretation. Rims (or crusts) may have formed between
the thrombolitic cores, where energy conditions were high (cf., Camoin
and Montaggioni, 1994). Other calcified microbes within the cores
could not endure these conditions and Amgaina occurred in their place
(cf, Woo and Chough, 2010). The branching direction of Amgaina
indicates that they grew outward, away from the core. The gradual
boundary between the outer and inner rim zones suggests that diagenetic
effects, such as dolomitization of the inner zone, may have caused the
differences between the outer and inner zones.

5. Discussion
5.1. Reefs in the Cambrian of the North China Platform

Various microbial reefs occur within the Zhushadong Formation and
the overlying Cambrian successions (Fig. 1B). Microbial laminites and
stromatolites formed during the Cambrian Series 2 and the early
Cambrian Series 3 (Zhushadong and Mantou formations), but no calcified
microbes have been reported from them (Lee and Chough, 2011; Chang
et al, 2012). During the middle-late Cambrian Series 3 (Zhangxia
Formation), various microbial reefs flourished, including Epiphyton
framestone, thrombolite, dendrolite, and stromatolite; some of which
contain reef-building metazoans such as siliceous sponges and stem-
group cnidarian (Cambroctoconus) (Fig. 9) (Mu et al., 2003; Woo et al.,
2008; Woo, 2009; Park et al., 2011; Hong et al., 2012). These microbial
reefs occupy a significant volume (up to 1/3) of the ca. 180 m thick micro-
bial reef-oolite succession of the Zhangxia Formation (Woo et al., 2008).
Epiphyton occurs dominantly within the Zhangxia microbial reefs,
together with rare Renalcis and Girvanella (Woo et al., 2008; Woo and
Chough, 2010; Howell et al., 2011). The Zhangxia carbonate platform
was drowned during the late Cambrian Series 3 (Gushan Formation)
(Chen et al., 2011, 2012), but resurged in a series of maze-like maceriate
reefs, with siliceous sponges and various microbial components including
Girvanella and rare Tarthinia, during the Furongian (Chaomidian Forma-
tion) (Lee et al., 2010, 2012, in press; Chen et al,, 2011).

Until now, calcified microbes in the Cambrian succession of
the North China Platform have only been reported from the Zhangxia
and Chaomidian formations (e.g., Woo et al., 2008; Lee et al., 2010, in
press). Recently, Liu and Zhang (2012) reported Girvanella from ooids
and oncoids of the middle Mantou Formation of Shaanxi Province
(Maochuangian Stage; Cambrian Series 3, Stage 5), but even this occur-
rence postdates the calcified microbes of the present study. Therefore,
these Zhushadong thrombolites in the Sunmayu section record the

earliest calcified microbes of their kind (Cambrian Series 2, Stage 3)
reported from the North China Platform.

On the other hand, no archaeocyath has ever been reported from the
North China Platform, although calcified microbes formed reefs in the
platform during the Cambrian Series 2. The reasons for this absence of
archaeocyaths from the platform are remain enigmatic. Paleomagnetic
data for the Sino-Korean Block suggest that the platform was located
at a low latitude (<30°) during the Cambrian, which would appear to
rule out low temperature as a cause (Zhao et al., 1992; Huang et al.,
2000; Yang et al., 2002). The harsh depositional environments of the
Zhushadong Formation (e.g., abundant siliciclastic input and tidal
effect) also do not explain the absence of archaeocyaths, since they
appear to have been able to tolerate even siliciclastic environments
(Lasemi and Amin-Rasouli, 2007) and tide-dominated conditions
(Rowland, 1984). Since archaeocyaths occurred in most major conti-
nental blocks during the Terreneuvian and Cambrian Series 2 (Gandin
and Debrenne, 2010), and some are often considered cosmopolitan
(Debrenne and Rozanov, 1983; Zhuravlev, 1986; Rowland and Gangloff,
1988), the dispersal ability of archaeocyaths should have been sufficient
to reach the North China Platform. Further investigations into the
Cambrian Series 2 deposits of the North China Platform, and studies of
archaeocyaths elsewhere, may eventually resolve the puzzling absence
of archaeocyaths from the North China Platform. Nonetheless, this
provides a unique chance to examine the Cambrian diversification of
calcified microbes in the absence of archaeocyaths (Section 5.2.2).

5.2. Controls on diversification of calcified microbes

Microbial reefs of the Zhushadong Formation are similar to those of
the Zhangxia Formation (Cambrian Series 3, Drumian-Guzhangian
stages), since both of them are characterized by thrombolitic texture
and the calcified microbe Epiphyton (Figs. 1B and 9). However, these
microbial reefs are different in terms of occurrence and composition.
Thrombolites rarely occur in the Zhushadong Formation (only within
a 3 m thick interval that extends laterally over ca. 1 km?), whereas
microbial reefs are abundant within the Zhangxia Formation (a 180 m
thick interval, correlated over 100 km?). The diversity of calcified
microbes within the reefs is, however, opposite. At least eight types of
calcified microbes occur within the Zhushadong thrombolites, whereas
only three types are recognized in the Zhangxia microbial reefs, with
Epiphyton predominating (Table 2).

It is interesting to note that Epiphyton displays different characteris-
tics in the Zhushadong and Zhangxia formations. Epiphyton in the
Zhangxia Formation is more diverse (4 different types) and about
twice as large as those in the Zhushadong Formation (40-80 um vs.
25-35 pm filament diameter) (Woo et al.,, 2008). These 4 types of
Epiphyton may include different genera (e.g., Gordonophyton) (Woo
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Fig. 9. Microbial reefs of the Zhangxia Formation (Cambrian Series 3) in the Jinan region, Shandong Province, China. (A) In megascale, the Zhangxia Formation is represented by a thick
microbial reef-oolite succession. (B) Typical thrombolite in the Zhangxia Formation. (C) Siliceous sponges (white arrow) within Epiphyton framestone. (D) Epiphyton, showing branched

structure.

et al,, 2008). The overall diversity of calcified microbes in the Zhangxia
Formation is, however, lower than those in the Zhushadong Formation.
Although the Zhangxia Epiphyton may represent four different genera,
they can all be classified within the Epiphyton group (Riding, 1991a).
On the other hand, the characteristic calcified microbes in the
Zhushadong Formation represent four different groups (Epiphyton,
Girvanella, Hedstroemia, and Renalcis groups) (Riding, 1991a), of which
each groups is locally significant within the reefs.

Why then, was the diversity of calcified microbes lower in the
Zhangxia Formation even though they flourished? The diversity and
abundance of these calcified microbes could have been controlled by
two main factors: local depositional environments and evolutionary
change in calcified microbes determined by global environmental
conditions.

5.2.1. Depositional environments

The Zhushadong Formation formed during the initial stage of
transgression, with the input of siliciclastic sediments in supratidal to
subtidal settings (Lee and Chough, 2011). Microbial reefs would not
have flourished in these dynamic (tidal effects) and stressful (siliciclastic
input) conditions, and this limited the development of thrombolites in
the Zhushadong Formation (cf,, Elicki, 1999). On the other hand, the rel-
atively harsh environments of the Zhushadong Formation could have
promoted diversification of the calcified microbes, since diversity is usu-
ally higher under intermediate levels of disturbance (e.g., siliciclastic
input, tidal effect, and grazers) than under either high or low levels of
disturbance (intermediate disturbance hypothesis) (Connell, 1978;
Rogers, 1993; England et al., 2008).

In this view, the thrombolites in the Zhushadong Formation would
have diminished due to excessive siliciclastic input during the late
Cambrian Series 2-early Cambrian Series 3 (Mantou Formation)
(Fig. 1) (Lee and Chough, 2011). Due to this event, the diversity of
the Zhushadong calcified microbes would also have decreased. The

microbialites recovered when siliciclastic input ceased and a stable
carbonate platform (Zhangxia Formation) formed during the middle
Cambrian Series 3 (Woo, 2009; Chough et al., 2010). The surviving
microbe taxa (e.g., Epiphyton) flourished and formed reefs within the
Zhangxia Formation under favorable conditions for microbial growth
(low levels of disturbance). However, the diversity of calcified microbes
decreased due to the low levels of disturbance.

5.2.2. Global environmental conditions

Together with the extinction of archaeocyaths at the end-Cambrian
Series 2, the diversity of calcified microbes decreased from ca. 20
(Stage 4) to ca. 13 genera (Stage 5) (Zhuravlev, 1996; Riding, 2001)
(Fig. 10). The decrease in calcified microbe diversity during the
Cambrian Series 2 and 3 in the North China Platform can be correlated
with global trends; calcified microbes that occur only during the
Terreneuvian and Cambrian Series 2 also occur in the Cambrian
Series 2 Zhushadong Formation (e.g., Kordephyton, Bija, Amgaina, and
Razumovskia) (Mankiewicz, 1992; Zhuravlev, 1996; Riding, 2001),
whereas none of them has been reported from the Cambrian Series 3
Zhangxia Formation (Woo et al., 2008).

It has been suggested that calcified microbe diversity decreased
when archaeocyaths became extinct, due to the loss of the ecological
niche created by archaeocyaths and to the reduction of stress levels to
calcified microbes caused by the extinction of tiny grazers (Zhuravlev,
1996). In the case of the North China Platform, where archaeocyaths
are absent, it seems most likely that calcified microbe diversity was
not affected by the extinction of archaeocyaths themselves. Also, the pres-
ence of reef-building metazoans (siliceous sponges and Cambroctoconus)
within the Zhangxia microbial reefs suggests that loss of the ecological
niche created by archaeocyaths was not critical to some of the calcified
microbes that disappeared during the extinction event, since these
other reef-building metazoans could have provided a similar ecological
niche to that of archaeocyaths. The extinction of tiny grazers may have
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Table 2

Comparison of microbial reefs in the Zhushadong Formation (Cambrian Series 2) and the Zhangxia Formation (Cambrian Series 3) in Shandong Province, China.

Zhushadong Formation
(This study)

Zhangxia Formation
(Woo et al., 2008, 2010; Howell et al.,, 2011; Park et al., 2011)

Age Cambrian Series 2 (Stage 3)
Abundance of microbialites
(up to 1 km?)
Macrostructure Small domal/irregular mound, rimmed
Mesostructure
Calcified microbes

One horizon only (3 m thick), with limited occurrence

Grainstone-patch, clotted, dendritic, laminated rim
Epiphyton, Kordephyton, tubiform microbe, Bija,

Cambrian Series 3 (Drumian-Guzhangian)
Ca. 30% of entire Formation (180 m thick)

Thin-flat layer, domal, upward-widening fan,
single or stacked bioherm

Clotted, dendritic, laminated

Epiphyton, Renalcis, and Girvanella

Tarthinia, Renalcis, Amgaina, and Razumovskia

Co-occurring reef-building fauna None

Siliceous sponge, stem-group cnidarian (Cambroctoconus)

homogenized microbial communities, and some calcified microbes previ-
ously suppressed by grazers could then have flourished and dominated
other calcified microbes, resulting in a decrease in calcified microbe
diversity (Zhuravlev, 1996). However, this suggestion requires further
investigation.

On the other hand, global events that caused mass extinction could
have directly decreased the diversity of calcified microbes (Zhuravlev
and Wood, 1996; Zhuravlev, 2001). These events include anoxic
conditions caused by global transgression (Sinsk event) (Zhuravlev
and Wood, 1996), followed by a reduction in shallow environments
due to regression (Hawke Bay event) (Zhuravlev and Wood, 1996;
Alvaro et al., 2000; Alvaro and Debrenne, 2010). In addition, a major vol-
canic eruption (Kalkarindji continental flood basalt province, northern
Australia) has been suggested as a cause of the extinction event (Glass
and Phillips, 2006; Hough et al., 2006; Kruse and Zhuravlev, 2008;
Adachi et al., 2014). Significant amounts of nutrients (e.g., Fe, Mn,
Si, P, NH4) and greenhouse gasses (e.g., H,O, CO,) from volcanic
eruptions may have stimulated phytoplankton blooms that induced
anoxic and greenhouse conditions (Kruse and Zhuravlev, 2008). Anoxic
conditions could have selectively induced extinction of cyanobacteria
that are less tolerable to anoxic conditions (Thomas et al., 2005).
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Fig. 10. Global diversity of calcified microbes during the Cambrian.
Modified after Zhuravlev (1996) and Riding (2001).

The survived microbial communities would have diversified again
and occupied the empty ecological niche created by the extinction of
competing microbial taxa (adaptive radiation) (Schluter, 2000). The
four different types of Zhangxia Epiphyton, that are distributed unevenly
within the bioherm, suggest that they were adapted to differing ecologi-
cal niches (Woo and Chough, 2010). The larger size of Zhangxia Epiphyton
compared with their ancestors in the Zhushadong Formation was proba-
bly due to a removal of constraints (e.g., predation or competition) on
their size (insular gigantism) (Bowen and Van Vuren, 1997), as a result
of the extinction event. These possibilities warrant a further examination
of other calcified microbes in the Cambrian Series 2 and 3 elsewhere to
determine their morphologic variations in terms of ecological change.

6. Conclusions

The Cambrian Series 2 Zhushadong thrombolites yield the earliest
calcified microbe so far reported from the North China Platform. Diverse
calcified microbes, including Epiphyton, Kordephyton, tubiform microbe,
Bija, Tarthinia, Renalcis, Amgaina, and Razumovskia, occur in the
thrombolites. The thrombolites formed within a grainstone shoal
associated with repetitive burial and exposure processes on the sea
floor. Whereas these eight calcified microbes occur in the Zhushadong
Formation, only Epiphyton, Renalcis, and Girvanella are present in the
overlying Zhangxia Formation (middle-late Cambrian Series 3). None-
theless, although Zhangxia calcified microbes have lower diversity,
they are very abundant. These temporal changes in calcified microbes
most likely reflect changes in depositional environments and/or global
environmental conditions. Stressful conditions in the Zhushadong
Formation would have promoted diversification of calcified microbes,
although it would also have suppressed their abundance and prevented
them from forming large reefs. In contrast, the changes in global
environments reflected by the end-Cambrian Series 2 extinction could
have directly reduced the diversity of calcified microbes. But these sur-
viving microbes were well adapted to the post-extinction environment,
and as a result they were able to form thick and extensive reefs during
the Cambrian Series 3 in the North China Platform.
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