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ABSTRACT

ARTICLE HISTORY

The Cambrian Miaolingian Series strata are continuously exposed in the North China Platform and
contain diverse sedimentary phenomena, including substantial with oncoid-rich units. Limestone
samples from the Zhangxia Formation in the Sandaogou section were collected to characterise
unique macroscale to microscale sedimentary characteristics of the marine carbonate oncoids. In
the oncolitic beds (~4.5 m thick), the individual size of oncoids gradually increases from bottom to
top. The oncoid morphology and the presence of a nucleus and laminae in thin-sections are used
to classify these oncoids into three types (concentric laminar, lateral growth and multicore
oncoids). As evidenced by scanning electron microscopy and energy-dispersive X-ray observations,
Girvanella are abundant inside these oncoids and are associated with nanospheres, framboidal pyr-
ite, and spherical and filamentous microbial fossils, confirming the biogenicity of the studied
oncoids. These results suggest that the oncolitic-oolitic limestone formed in an upward-shallowing
marine environment caused by a forced regression process that resulted in a decrease in accom-
modation space in a fourth-order sequence. Thus, the conditions became increasingly suitable for
the development of cyanobacteria-dominated microbial mats and large oncoids. The late stage of
the depositional setting and elevated solar radiation resulted in the formation of the growth ter-
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mination surface.

KEY POINTS

1. Evidence of microbial origin from the oncoids of the Cambrian Miaolingian Series in the North

China Platform.

2. Vertical variation in oncoid size and distribution coincide with geochemical data.
3. A shallowing depositional environment is interpreted as the reason for variation in oncoid

size and formation of oncoid growth termination surfaces.

Introduction

After the global extinction event of archaeocyaths at the
end of the Cambrian Epoch 2 (Kiessling, 2009; Xiao et al.,
2018), deposition of the Miaolingian Series on the North
China carbonate platform was dominated by ooid shoals
(Riaz, Xiao, et al., 2019). This period is characterised by the
termination of an anoxic event (Hough et al., 2006; Zhang
et al., 2014), a rise in the global sea-level (Pratt & Bordonar,
2007; Pruss et al., 2010) and an increase in metazoan abun-
dance (Peng et al., 2012). Based on the discovery of fossil-
ised cyanobacteria and the abrupt increase in microbial
carbonate, this period is considered the first episode of the
cyanobacteria calcification event in the Phanerozoic and
represents a period of microbialite recovery (Latif et al.,

2019; Riding, 2006; Riding & Liang, 2005; Xiao et al., 2018).
Large numbers of marine carbonate oncoids have been
found in the Cambrian Miaolingian Series strata of the
North China Platform (Han et al., 2015; Wang & Xiao, 2018;
Xiao, Mei, et al., 2020; Xiao, Wang, et al., 2020; Zhang et al.,
2014), and these deposits provide important insights into
the origins of oncoids and their responses to paleoenviron-
mental factors.

Oncoids with nucleus-cortex structures are easily differ-
entiated from other carbonate grains (Flugel & Munnecke,
2010; Tucker & Wright, 1990). In the majority of cases,
oncoids are regarded as biogenic; however, owing to their
diverse forming environments, there are different interpre-
tations of their formation mechanisms (Hagele et al., 2006;
Han et al., 2015; Jones & Renaut, 1997; Shapiro et al., 2009;
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Figure 1. Geological setting of the study area. (a) Cambrian outcrops in the investigated area near Huludao city, Liaoning province in NE China (red star indi-
cates the location of the Sandaogou section). 1, Cambrian outcrops; 2, Ordovician outcrops; 3, Carboniferous outcrops; 4, quartz monzonite; 5, trachyandesite
porphyrite; 6, granite porphyry; 7, river; 8, highway; 9, railway. (b) Cambrian stratigraphic succession of the North China Platform and correlations with inter-
national chronostratigraphic subdivisions (Haq & Schutter, 2008; Peng et al., 2012; Wang et al., 2000).

Wang & Xiao, 2018; Yang et al., 2011). To date, the research
on the origin of oncoids is mostly based on the combined
classification of morphology, mineral composition and
environmental setting (Peryt, 1983; Védrine, 2008; Védrine
et al, 2007; Yang et al, 2011; Zhang et al, 2014; Zhou
et al, 2017). Marine carbonate oncoids have been inter-
preted to originate through the following processes: (1)
microbially mediated calcium carbonate precipitation, (2)
complex metabolic mechanisms within microbial commun-
ities (microbial mats) and (3) formation of laminae via by
trapping and binding in a marine environment
(Dahanayake, 1977; Flugel & Munnecke, 2010; Han et al.,
2015; Jones, 2011; Jones & Renaut, 2010; Peryt, 1983; Qi
et al., 2016; Wang & Xiao, 2018; Xiao, Mei, et al., 2020; Xiao,
Wang, et al., 2020; Xiao, Zafar, et al, 2020; Yang et dl.,
2011; Zhang et al., 2014; Zhang et al, 2015). The genesis
mechanisms of these oncoids are analogous to microbia-
lites (Mei, 2007; Wang & Xiao, 2018). Oncoids are also
defined as a variety of carbonate particles associated with
microbial mat sediments (Gerdes et al., 1994).

This study examines several types of well-preserved mar-
ine carbonate oncoids within oolitic limestones from the
upper part of the Zhangxia Formation (Cambrian
Miaolingian Series), which is exposed in the Sandaogou
section of the North China Platform. Two significant macro-
scopic phenomena are observed: (1) in beds containing
oncoids, the individual size of oncoids gradually increases
from bottom to top; and (2) in the thin beds of oncoids, a
distinct oncoid growth termination surface is observed
(Figure 1). This study adopted petrological and geochem-
ical methods, including scanning electron microscopy
(SEM), energy-dispersive X-ray detection (EDX), X-ray

diffraction (XRD), and carbon and oxygen isotope data, to
explore the formation mechanism and controlling factors
of the Cambrian marine carbonate oncoids in the study
area. The results show that sea-level change affected the
cyanobacterial mats and the construction of oncoids. The
depth of depositional environment affected the growth of
cyanobacteria microbial mats, resulting in variations in the
size of oncoids and the formation of growth termin-
ation surface.

Geological setting and sequence
stratigraphic framework

The Sandaogou section is located 40 km to the northwest
of the city of Huludao near the town of Xinmentai in
Liaoning Province, North China Platform (Figure 1a). At the
base of the Sandaogou section the sediments were depos-
ited in an offshore marine environment (Feng et al., 2004;
Xiao, Mei, et al., 2020). Under the new chronostratigraphic
scheme (Fan et al, 2015; Peng et al., 2012; Xiao, Mei, et al.,
2020), the Cambrian Miaolingian Series strata exposed in
the Sandaogou section comprise the Maozhuang,
Xuzhuang, Zhangxia and Gushan formations (Figure 1; Latif
et al., 2018; Riaz, Xiao, et al, 2019; Riaz, Latif, et al, 2019;
Xiao, Sui, et al., 2017; Xiao, Qin, et al., 2017). The Zhangxia
Formation was deposited during the late Wuliuan to late
Drumian stages (Peng et al., 2012) (Figure 1b).

Internal lithological characteristics in the Zhangxia
Formation display cyclic changes from nongrain bank facies
to grain bank and deep-water facies to shallow-water
facies, demonstrating several shallowing-upward cycles.
The boundary between the Zhangxia and underlying
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Figure 2. Sequence stratigraphic column of the Zhangxia Formation in the Sandaogou section. FRST, forced regression systems tract; HST, high-stand systems
tract; CS, condensed section; SB, sequence boundary; grey-white oncoid symbols represent the change in oncoid size (red star indicates the location of the

oncoids samples and ZX-A-001 etc. represent the samples number).

Xuzhuang formations and the boundary between the
Zhangxia and overlying Gushan formations both corres-
pond with a facies change from grain bank facies to shelf
facies (Figures 2 and 3d). These boundaries imply platform
inundation events attributed to rapid increases in sea-level
(Xiao et al., 2018; Xiao, Mei, et al., 2020; Xiao, Wang, et al.,
2020; Xiao, Zafar, et al, 2020). The oolitic grain banks
developed in the upper part of each subsequence show
coated grains formed in a high-energy shallow water envi-
ronment (Figures 2 and 3b, c). During these episodes, the
carbonate factory produced sediment that was deposited
progressively, thus resulting in the development of thin-
layered deep-water deposits (condensed section, CS)
(Figure 2). Additionally, the high-stand systems tract (HST)
directly overlies the deep-water sediments, which is the
typical trend of a drowning unconformity (Latif et al., 2018;
Riaz, Latif, et al, 2019; Riaz, Xiao, et al, 2019; Schlager,
1999; Xiao, Qin, et al., 2017; Xiao, Sui, Qin, et al., 2017).

The strata of the Zhangxia Formation can be subdivided
into three fourth-order sequences based on internal lith-
ology and the cyclicity of sedimentary facies changes; each
of these depositional sequences represents a CS, HST and
forced regression systems tract (FRST) (Figures 2 and 3). In

each fourth-order sequence, the calcareous mudstone of
shelf facies in the lower part represents the CS (Figure 2),
the banded mudstone interbedded with oolitic limestone
in the middle part is a subtidal m-scale cycle and repre-
sents the HST, and the massive oolitic limestone in the
upper part constitutes the FRST (Figure 2). Moreover, the
top and bottom margins of each subsequence represent
the distinctive sequence boundary of a drowning uncon-
formity that developed owing to rapid sea-level rise (Latif
et al., 2018; Riaz, Latif, et al, 2019; Riaz, Xiao, et al., 2019;
Schlager, 1999; Schlager & Warrlich, 2009; Xiao, Qin, et al.,
2017; Xiao, Sui, Qin, et al., 2017).

Materials and methods

This study was based on field observations, measurements
and laboratory tests on 40 oncolitic-oolitic limestone sam-
ples collected from the upper part of the third fourth-order
sequence of the Cambrian Zhangxia Formation exposed in
the Sandaogou section (Figure 2). Investigations were con-
ducted at five scales, ie. the mega- (~m), macro- (~dm),
meso- (~cm), micro- (~mm to ~um) and ultra-microscales
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Figure 3. Sedimentary features of the Cambrian Miaolingian Series strata in the Sandaogou section. (a) Three fourth-order sequences in the Zhangxia
Formation; (b) oolitic limestone in the middle part of the Zhangxia Formation; and (c) sequence boundary between the Zhangxia Formation and the

Gushan Formation.

(~um to ~nm). The mega-macroscale study includes the
compilation of the lithological column of the Cambrian
(Miaolingian) Zhangxia Formation in the Sandaogou section
(Figure 2) and the oncoid outcrops. The mesoscale research
includes sampling the non-weathered and representative
oncoids and measurement of their vertical size variation.
Additionally, at the microscale microfacies analyses (cross-
polarised light [XPL] and plane-polarised light [PPL]) were
carried out on polished samples to observe the main litho-
logical and biological components. Ultra-microscale obser-
vations, which rely on the SEM analyses of the nanofacies,
were performed on polished thin-sections and freshly bro-
ken surfaces. Least altered samples from each section were
broken into small pieces of ~1cm?® and placed into FEI
Quanta 200F scanning electron microscope for secondary
electron imaging. The semiquantitative elemental
analyses of submicron-sized spots were measured by

energy-dispersive X-ray spectroscopy (EDX) at 10.0kV with
current pulse between 11.24 and 49.21 kcps.

Carbon and oxygen isotope analyses were carried out on
15 micro-drilled oncoid samples dissolved in orthophos-
phoric acid. These samples were collected from areas with-
out noticeable alteration, then sampled to avoid calcite veins
and neomorphic processes. Isotope values were measured
by a Thermo Scientific Delta V Advantage continuous flow
isotope ratio mass spectrometer and are presented in delta
(8) notation relative to the Vienna Pee Dee Belemnite (VPDB)
standard. The precision of 3'3C and §'80 values for duplicate
analyses was better than 0.1 %o. Bulk mineral compositions
were determined by XRD analyses on the prepared powder
sample using the Bruker D2 PHASER instrument. All SEM and
geochemical analyses of oncoid samples were performed in
the State Key Laboratory of Oil and Gas Geology and
Exploitation, Chengdu University of Technology.
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Figure 4. Macroscopic characteristics of oncoids in the Cambrian Miaolingian Series in the Sandaogou section. (a) Bed of oncolitic—oolitic limestone in the top
part of the Zhangxia Formation (oolites in millimetres and oncoids in centimetres); (b) oncoids from the upper part of the thin bed, with large individual diam-
eters of ~1.5cm; (c) oncoids from the middle part of the thin bed, with moderate individual diameters of ~1cm; and (d) oncoids from the lower part of the

thin bed, with small individual diameters of ~0.5 cm.

Results
Macroscopic characteristics of oncoids

A widespread and exceptionally well-exposed bed of onco-
litic—oolitic limestone (~4.5m) occurs in the top part of the
Zhangxia Formation in the Sandaogou section (Figures 2
and 4a). Macroscopically oncoids and ooids vary signifi-
cantly in size (Figure 4b-d), and most of the oncoids have
a nucleus, concentric laminae, observable cortex and a
diameter of 0.2-2.4cm.

The most striking phenomenon is that oncoids are small
at the bottom of the bed and increase in size upward
(Figure 4b-d). Moreover, our analyses of the Zhangxia
Formation reveal that the oncoids disappear abruptly at
the top of the massive oolitic limestone, which suggests a
noticeable oncoid growth termination surface exists
(Figures 2 and 4).

Microscopic characteristics of the
oncolitic-oolitic limestone

The microscopic study of oncoid samples from the
Sandaogou section reveals that most of the oncoids are
well developed, have rounded to subrounded shapes and
possess a smooth outer cortex (Figures 5 and 6). Moreover,

most oncoids have nuclei composed of ooids surrounding
trilobite or echinoderm debris and well-defined light and
dark laminae (Xiao, Mei, et al., 2020). Based on the micro-
scopic characteristics of oncoids, including the develop-
ment of laminae and the location and number of nuclei,
the oncoids can be divided into three types following the
Cambrian oncoid classification scheme (Xiao, Mei, et al.,
2020): concentric laminar, lateral growth and multicore
oncoids (Table 1). Additionally, a special kind of carbonate
grain composed primarily of dark micrite is observed in the
thin-section samples and reveals the diversity of carbonate
grains in this Cambrian oolitic limestone.

Large numbers of filamentous Girvanella can be
observed inside the oncoids. These filamentous microbial
fossils are composed of a dark micrite sheath, with a main
inner body composed of microspar (Riding, 2011; Xiao, Mei,
et al., 2020; Xiao, Zafar, et al., 2020; Xiao et al., 2018). These
thin and elongated microorganisms are tubular, 0.7-2.5 mm
in length and 15-60 um in width, and subparallel to one
another or tightly intertwined with each other (Figures 5
and 6). The external filament is characterised by thin-walled
tubes made up of micrite, which is circular in the trans-
verse section, and consist of calcite. These calcified micro-
organisms are generally regarded as the product of
cyanobacteria calcification (Riding, 2011; Wang & Xiao,
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Figure 5. Morphological classification of the three types of oncoids in the Zhangxia Formation in the Sandaogou section. (a) Concentric laminar oncoids; (b)
local magnification of (a), showing dark micrite concentric laminae growth, pyrite particles and filamentous Girvanella; (c) lateral growth oncoids with fine con-
centric laminae and easily identifiable trilobite debris in the nucleus; (d) local magnification of (c), indicating dark micrite concentric laminae growth, pyrite
particles and filamentous Girvanella; (e) multicore oncoids with two trilobite debris nuclei; and (f) local magnification of (e), showing dark micrite concentric
laminae growth, pyrite particles and filamentous Girvanella; yellow arrow show the dolomite crystal structure characteristics as bright edge of fog centre
(Roberts et al., 2013). G, Girvanella; P, pyrite.

2018; Xiao et al., 2018; Xiao, Zafar, et al, 2020; Xiao, Mei, Type 1 concentric laminar oncoids

et al, 2020) and represent the fossil evidence of cyanobac-  Concentric laminar oncoids represent the basic typical
teria calcification events in geological history records (Latif structure of oncoids (Figure 5a, b) (Védrine et al, 2007).
et al., 2019; Pratt, 2001; Riding, 2006; Riding & Liang, 2005; These oncoids have an average size of 0.6-1.4cm and con-
Xiao et al., 2018). tain a nucleus, concentric light and dark laminae, and a
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Figure 6. Microscopic characteristics of Girvanella-rich grains. (a) A Girvanella-rich grain with an irregular shape; (b) local magnification of (a), indicating the
disordered and intertwined Girvanella fossils; (c) a Girvanella-rich grain with a regular shape and a diffuse edge; and (d) local magnification of (c), indicating

the disordered and intertwined Girvanella fossils. G, Girvanella; P, pyrite.

Table 1. Mineral composition content of oncolitic limestone from Zhangxia
Formation in Sandaogou section.

Mineral composition content (%)

Sample no. Quartz K-feldspar Calcite Dolomite Pyrite Clay mineral
ZX-A-001 1 94 5

ZX-A-002 1 1 95 3

ZX-A-003 2 95 2 1
ZX-A-004 2 1 94 2 1

ZX-A-005 1 94 4

ZX-B-001 2 1 95 1 1
ZX-B-002 2 97 1

ZX-B-003 2 95 2 1
ZX-B-004 2 2 94 1 1

ZX-B-005 1 96 1 2
ZX-C-001 1 96 1 1 1
ZX-C-002 1 95 2 2
ZX-C-003 2 96 1
ZX-C-004 1 98 1

ZX-C-005 1 98 1 2

smooth cortex, similar to widely reported oncoid morpho-
logical characteristics (Li et al., 2000; Reolid & Nieto, 2010;
Schaefer et al., 2001; Shi & Chen, 2006; Wang & Xiao, 2018;
Xiao, Latif, et al., 2018; Xiao, Zafar, et al., 2020; Yang et al.,
2011). The shape of the Type 1 oncoid is regular and gen-
erally circular or elliptical, and the laminae are generally
50 um thick (Figure 5a). Filamentous microbial fossils are

visible inside the laminae with characteristics that are con-
sistent with the classical identification of Girvanella (Xiao
et al., 2018).

Type 2 lateral growth oncoids

The main features of lateral growth oncoids (Figure 5¢, d)
include alternating light and dark laminae (Wang & Xiao,
2018; Xiao, Mei, et al., 2020; Xiao, Zafar, et al., 2020), sym-
metrical shapes, average size (0.8-2.2cm) and a nucleus
composition (trilobite debris) similar to that of the Type 1
oncoid. The noticeable difference between Type 1 and
Type 2 oncoids is that the nucleus of the Type 2 oncoid is
not present at the centre of the oncoids (Figure 5¢). On
one side of the nucleus, the laminae are thicker and well
developed, whereas on the other side, the laminae are
thinner and poorly developed (Figure 5c). In addition,
rare dispersed calcite microcrystals are present inside the
laminae and mostly appear on the side with better
developed laminae. The occurrence of these calcite grains
does not appear to have produced a severe negative
impact on the development of laminae and may be
interpreted as bubbles, produced as a by-product of
photosynthetic organisms that were later infilled by calcite



8 (@) E.Z XIAOETAL

SUB010,5 0kV-14 2

cps/eV

EDX001

cps/eV

EDX002

5

2 3 4 5
kev

| — Acquisition 1432

EDX003

keV

Figure 7. Ultra-microscale fabric of micrite within oncoids in the Zhangxia Formation in the Sandaogou section and the EDX results. (a) Two types of pyrite
grains occur inside the micrite: pink arrows indicate framboidal pyrite grains and yellow arrows indicate normal pyrite grains; (b) filamentous microbial fossils
inside the dark micrite; (c) spherical calcified microorganism fossils (blue arrows) inside the dark micrite; and (d) local magnification of (c), showing nano-

spheres (green arrow) growing around spherical calcified microorganism fossils.

(Wilmeth et al., 2015). Pyrite grains are also present inside
the laminae of the oncoids (Figure 5d).

Type 3 multicore oncoids

Multicore oncoids (Figure 5e, f) typically have a distinctive
shape and contain at least two nuclei (Figure 5e). The inner
laminae near each nucleus are commonly concentric,
whereas outer laminae are composed of a large number of
light microspar and dark micrite laminae surrounding mul-
tiple nuclei to form a single multicore oncoid. The multi-
core oncoids are irregular in overall shape with average
sizes ranging from 0.9 to 2.3cm. Some oncoids exhibit
round or subrounded shapes, and their nuclei are mostly

composed of trilobite debris or ooids. More importantly,
the Girvanella fossils present in multicore oncoids feature
winding and amorphous patterns (Figure 5f). The multicore
oncoids contain fine-scale light and dark laminae, analo-
gous to Type 1 oncoids (Figure 5a).

Girvanella-rich grain

In addition to the oncoids, a special kind of grain is
observed inside  the  oncolitic-oolitic  limestone
(Figure 6a-d). At a microscopic scale, these grains feature a
rounded to subrounded shape, with no obvious nucleus or
laminae structure, and a composition dominated by dark
micrite (Figure 6a-d). Important features that distinguish



these grains from the oncoids are the rough edges with no
obvious cortical wrapping (Figure 6a). Notably, the average
size (0.2-0.6cm) of these grains is smaller than that of the
three types of oncoids discussed. Compared with the abun-
dance of Girvanella in oncoid types 1, 2 and 3, filamentous
Girvanella  fossils are abundant in the interiors
(Figure 6b, d) and feature winding and amorphous charac-
teristics. Numerous pyrite grains are present inside the
grains (Figure 6b, d). We refer to these grains as Girvanella-
rich grains.

Ultra-microscopic characteristics of oncoids

SEM and EDX techniques were employed for precise obser-
vation of ultra-microscopic oncoid characteristics and for
qualitative elemental analysis. The results indicate that
there are two types of pyrite grains with dark micrite, mas-
sive pyrite and framboidal pyrite grains (Figure 7a). The
occurrence of framboidal pyrite grains supports the micro-
bial origin of the oncoid varieties because framboidal pyrite
is associated with sulfate-reducing bacteria (SRB), and
microbial metabolism stimulates carbonate precipitation

Table 2. Carbon and oxygen isotope values of oncolitic limestone samples
from the Zhangxia Formation in the Sandaogou section.
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(Baumgartner et al., 2006; Xiao, Sui, Latif, et al., 2017; Xiao,
Wang, et al., 2020).

Mineral compositions are shown in the EDX results. The
dark micrite is composed of calcium carbonate mud with a
low degree of crystallisation (Figure 7c). Most notably, the
dark micrite inside oncoids contains two kinds of microbial
fossils, spherical and filamentous microbial fossils, which
are surrounded by nanospheres (Figure 7b, d). The EDX
results indicate that the oncoids and the main body of the
filamentous microbial fossils are composed of CaCO;
(EDX001). However, the elemental composition of the
spherical microbial fossils (EDX003) includes Al, Si, K, Na
and Cl, indicating distinct compositional differences
between the spherical and filamentous fossils. The data
and elemental mapping indicate that the main body of the
spherical microbial fossils may be composed of calcium car-
bonate and clay minerals (Diaz et al., 2017; Farias et al.,
2014; Zhu et al., 2018).

Mineralogical and isotope results

An XRD analysis was performed to evaluate the mineral
compositions of 15 oncolitic-oolitic limestone samples
from the upper part of the Zhangxia Formation (Table 2).
The oncolitic limestone is primarily composed of calcite.

Sample no. 3'C (%, VPDB) 3'%0 (%, VPDB)
ZX-A-001 2046 29,62 The crystal structure (Figure 5f) shows that dolomites are
ZX-A-002 -0.57 -7.69 secondary (Roberts et al, 2013) and may represent the
ZX-A-003 -0.52 -8.71 products of the depositional environments shallowing pro-
ZX-A-004 -0.66 -9m . . .
ZX-A-005 ~056 _8.48 cess during relative sea-level fall (Figure 2) (Guo et al,
ZX-B-001 -0.73 -9.01 2020; Liu & Zhang, 2012, 2015; Xiao, Mei et al., 2020; Xiao,
g:g:ggg :g;? :;gg Sui, Latif et al., 2017). The presence of quartz and feldspar
7X-B-004 ~0.88 _059 (Table 1) implies input of terrigenous materials during the
ZX-B-005 -0.93 -9.27 limestone deposition with the interaction between land
ZX-C-001 -1.08 -9.77
7X-C-002 091 862 and offshore shallow water. .
ZX-C-003 ~0.93 -8.29 The carbon and oxygen isotope values (Table 2) have
ZX-C-004 -1.03 -9.14 narrow ranges with 8'3C values between —1.11 and
2xC005 1 -89 —0.46%0 VPDB and §'®0 values between —9.77 and
-10.0
@[5=C (VPDB) 5"0 (VPDB) 5™0 (VPDB) e [O®
-0.4 7.0 9.5
° o o
-0.5 o Gif ®
: ° -7.5 .
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Figure 8. (a) Plot of 5'C (VPDB) and §'®0 (VPDB) values with depth show that the isotopic characteristics of the three groups of oncoids samples. It can be
seen that 3'20 has no obvious regularity. However, 8'3C of ZX-A shows the higher value and lower in ZX-C. (b) Scatter plot of 5'20 values vs 5'3C for the onco-
litic limestone from the Cambrian Zhangxia Formation (Miaolingian Series) in the Sandaogou section.
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—7.22%0 VPDB (Figure 8). The §'30 values show no obvi-
ous trends, but 5'3C values become more positive upward
in the section (Table 2).

Discussion

Previous studies have reported that the genesis of marine
carbonate oncoids is predominantly related to microorgan-
isms (Han et al., 2015; Wang & Xiao, 2018) but much of the
evidence of microbial is based on oncoids that have been
affected by diagenesis and incompletely preserved (Dupraz
et al., 2009). Some well-preserved evidence of microorgan-
isms related to the formation of oncoid laminae can be
observed at microscopic and ultra-microscopic scales (Qi
et al, 2016; Wang & Xiao, 2018) with morphology reflecting
the marine environment during oncoid formation (Védrine,
2008; Védrine et al, 2007) and have been considered as
evidence of paleo-environmental events preserved in the
geological record (such as anoxic events) (Zhang et al,
2014). Therefore, microscopic and ultra-microscopic morph-
ology of oncoids can have fundamental implications for
the study of paleogeography and paleoenvironments
(Dahanayake, 1977; Fligel & Munnecke, 2010; Gradzinski
et al., 2004; Jones, 1992; Jones & Renaut, 1997, 2010; Peryt,
1983; Yang et al., 2011; Zhang et al., 2015).

Origin of oncoids and Girvanella-rich grains

Research and classification methods on oncoids have
focussed on three aspects: (1) morphological classification
(Dahanayake, 1977; Han et al., 2015; Peryt, 1983); (2) min-
eral component classification (Fligel & Munnecke, 2010);
and (3) forming environment classification (Védrine et al.,
2007; Yang et al., 2011).

Based on the microscopic observations of the oncoids
(Figures 5 and 6), the arrangement of Girvanella in these
carbonate grains from the Zhangxia Formation can be sum-
marised as follow. (1) In the oncoids with clear alternations
between light and dark laminae, a small number of
Girvanella filaments in the dark laminae are oriented paral-
lel to the boundary between light and dark laminae,
whereas the Girvanella filaments in the light layer are ori-
ented perpendicular to the boundary. This growth pattern
mainly occurs in oncoids that have obvious alternating
light and dark laminae, larger size and regular shapes
(Figure 9a). (2) In other oncoids (Figure 9b), the arrange-
ment of the Girvanella filaments is perpendicular to the
boundary between the light and dark laminae, but in these
oncoids, the arrangement is controlled not by the
Girvanella but by the type of support (micrite or microspar)
around the filaments (Figure 9b). This Girvanella growth
pattern mainly occurs in oncoids that have alternating light
and dark laminae with diffuse boundaries and tend to be
irregular in shape and medium in size. (3) In a third growth
pattern distinct from the first two types (Figure 9c), the
Girvanella filaments are intertwined and linked with each

other without any obvious directionality, showing a rela-
tively disordered growth state. This growth mode mainly
appears in oncoids with no obvious light and dark laminae
(Figure 9¢) and is observed only in Girvanella-rich grains.

Studies on modern microbialites have shown that the
arrangement of filaments reflects the formation process
during the construction of stromatolites by cyanobacteria-
dominated microbial mats (Bosak et al, 2009; Jones et al.,
2005). In this study, the arrangement of the filaments dem-
onstrates that differences exist among these formation
processes. Oncoids with obvious directional arrangement of
Girvanella in dark laminae and those with a vertical
arrangement of filaments suggest different responses of
microbial mats to light factors in different depositional
environments (water depth). The disordered and inter-
twined filaments appeared in the smaller grains dominated
by dark micrite that are more common in the lower part of
the oncoid bed and reflect the disorder of filamentous
microorganisms in cyanobacterial mats in deeper-water
environments. A large number of microbial fossils, includ-
ing spherical and filamentous microbial fossils (Figure 9),
and microbial-related precipitates (nanospheres and fram-
boidal pyrite) (Figure 9a, d) are observed in the oncoid
structures. These features, which are clearly associated with
microorganisms, imply that the origin of these oncoids is
linked to the calcification of cyanobacteria-dominated
microbial mats (composed of Girvanella filaments) and the
degradation of heterotrophic bacteria-produced framboidal
pyrite particles (Xiao, Sui, Latif et al., 2017; Xiao, Mei et al.,
2020) (Table 3).

Size variation and distribution of oncoids

Studies have shown that the morphological characteristics
of oncoids to some extent reflect changes in the dynamic
conditions of the seawater (Védrine, 2008; Védrine et al.,
2007). In the present study, the most remarkable trend is
that the size of the oncoids in the Zhangxia Formation pro-
gressively increases from bottom to top of the bed
(Figures 2 and 4). The average size of the individual
oncoids at the bottom is relatively small (~0.5 cm) contrast-
ing with the average size of the oncoids of ~1.0cm from
the middle part of the oncoid bed and an average size of
1.5cm at the top (Figures 4 and 10). The Type 1 oncoids
are distributed throughout the bed of oncolitic limestone,
but their proportion and size increase upward; types 2 and
3 oncoids are abundant in the middle and upper parts of
the oncoid bed. The Girvanella-rich grains mainly occur in
the bottom part of the oncoid bed and are smallest in size
and lowest in proportion in the middle and upper parts of
oncoid bed (Figure 10).

The macroscopic study of oncoids outcrops has shown
that the top part of the Zhangxia Formation, where the
oncoids bed is located, can be confirmed by the upward-
shallowing trend (Figure 2). Mineral composition result
shows that the mean content of dolomite in oncoid
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Figure 9. Examples of the three different arrangements of Girvanella fossils inside oncoids. (a) Most common arrangement of Girvanella fossils inside oncoids.
The filaments in the dark laminae are parallel to the interface, whereas the filaments in the light laminae are perpendicular to the interface. This arrangement
mainly occurs inside large oncoids with clear micritic and microspar laminations; (b) the filaments of Girvanella are perpendicular to the boundary of light and
dark laminae; and (c) disordered and intertwined arrangement of Girvanella fossils. This arrangement mainly occurs inside Girvanella-rich grains and small
oncoids composed of homogeneous micrite.

samples with larger oncoids is higher than that of the sam- products owing to depositional environmental shallowing
ples with smaller oncoids (Table 1; Figures 8 and 11). progress (Guo et al., 2020; Liu & Zhang, 2012, 2015; Xiao,
Microscopic research shows that the dolomite crystal inside Mei et al., 2020; Xiao, Sui, Latif et al., 2017). This is in line
the oncoids should be interpreted as the dolomitisation with the macroscopic sedimentological interpretation of
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Table 3. Classification and origin summary of oncoids from Cambrian Miaolingian Series.

Type of oncoids Given name in this research Diameter of oncoids

Microbial fossil and pyrite Origin summary

Type 1 Concentric laminar oncoids 0.6-1.4cm
Type 2 Lateral growth oncoids 0.8-2.2cm
Type 3 Multicore oncoids 0.9-2.3cm

Girvanella-rich grain 0.2-0.6cm

Girvanella, pyrite Spherical stromatolites (Krumbein &
Cohen, 1977).

Envelope growth of algae adhering to
granules (Zeng et al., 1983).

Degradation of heterotrophic bacteria
and algae residues in microbial mats
(Mesozoic reports related to diatoms)
(Gerdes et al., 1994).

Cyanobacteria calcification and EPS
degradation cooperate strong
hydrodynamic force (Wang & Xiao,
2018; Xiao, Mei, et al., 2020; Xiao,
Wang, et al., 2020).

Cyanobacteria calcification and EPS
degradation focusing on weight
nucleus cooperate weak
hydrodynamic force (Wang & Xiao,
2018; Xiao, Mei, et al., 2020; Xiao,
Wang, et al., 2020).

Bonding of microbial community on the
surface of oncoids (Fliigel &
Munnecke, 2010).

Encapsulation of biofilm (Wang & Xiao,
2018; Xiao, Mei, et al., 2020; Xiaol,
Wang et al., 2020).

Reworked microbialites intraclasts and
clacimicrobe fragments (Han et al.,
2015).

Calcified microbial mat remnants
encapsulated by spherical biofilm
(Wang & Xiao, 2018; Xiao, Mei, et al.,
2020; Xiao, Wang, et al., 2020)

Girvanella, pyrite

Girvanella, pyrite

Girvanella, pyrite

outcrops and reveals that the fall in relative sea-level
resulted in a decrease in the accommodation space and an
increase in the proportion of dolomitisation (Guo et al.,
2020; Liu & Zhang, 2012, 2015; Xiao, Mei et al., 2020; Xiao,
Sui, Latif et al., 2017) (Figures 2 and 11).

The upward-shallowing depositional environment
changes coupled with the change in oncoids size is also
reflected in the geochemical analyses. The &'3C values
(Table 1; Figure 11) are more enriched in '3C in the upper
portion with larger average sizes of oncoids and more
depleted in '3C at the bottom with smaller average sizes of
oncoids. Carbon isotope values of marine carbonate rocks
can be affected by many factors, such as the ocean oxida-
tion-reduction environment, the time of biological prosper-
ity or extinction, volcanic activity, the generation or release
of natural gas hydrate, the increase in organic carbon bur-
ial amount or burial rate, sea-level changes, structural activ-
ity and other geological conditions (Hoffman et al, 1998;
Horacek et al, 2007; Kaufman & Knoll, 1995; Vinogradov,
2008; Xiao, Mei et al, 2020; Xiao, Wang et al., 2020).
Previous studies have shown that the carbon isotope evo-
lution in Cambrian carbonates is closely related to sea-level
fluctuation and biodiversity evolution (Hoffman et al., 1998;
Kimura & Watanabe, 2001; Kouchinsky et al, 2008; Zhu
et al., 2004). Evidence of increased diversity in archaeo-
cyaths from the Siberia Cambrian strata (Brasier et al,
1994) and reports of metazoan abundance increase from
the Cambrian in South China (Ishikawa et al., 2014) indicate

strong relevance with 8'3C change. These phenomena are
interpreted as biological prosperity and photosynthesis
improving the paleo-marine productivity (Peters & Gaines,
2012). The prosperity of organisms means that more '°C is
consumed in metabolism, which makes '3C relatively
enriched in sediments and recorded by positive carbon iso-
tope drift events (Kaufman & Knoll, 1995; Kump & Arthur,
1999; Montaez et al, 2000). In this study, 8'3C values
coupled with oncoid sizes can be interpreted as: a shallow-
ing environment that allows an increase in the activity of
cyanobacteria-dominated microbial mats (Riding, 2012;
Xiao, Zafar et al, 2020; Xiao et al., 2018); metabolism of
microbial mats increases and is dominated by cyanobac-
teria (the builder of oncoids); and greater carbon sequestra-
tion leads to enriched 8'3C values (Xiao, Mei et al., 2020;
Xiao, Wang, et al., 2020) an increase in the abundance of
oncoids and an increase in size of individual oncoids at the
top of the bed. In the deeper depositional environments, a
reduction in carbon sequestration results in depletion of
3C (Chen et al, 2008; Vinogradov, 2008; Xiao, Wang,
et al., 2020).

Interpretation of growth termination surface and
response to sea-level change

Growth termination surfaces at the top of the oncoid bed
(Figures 2, 4a and 11) are comparable with surfaces
reported for stromatolites (Bosak et al., 2009, 2010; Mei &



AUSTRALIAN JOURNAL OF EARTH SCIENCES . 13

g ' Large oncoid
area
Average size:
1.2~2.4cm
“ Samples number:
ZX-A-001
to
ZX-A-012
Statistical data:
72in 100

é Percentage: 72%

L B 3PN
. Small oncoid area
Average size:
0.2~0.6cm
Samples number:
ZX-C-001 to ZX-C-012
Statistical data:
43in 100
Percentage: 43 %

Average size:
0.6~1.0cm
Samples number:
ZX-B-001 to ZX-B-016

Statistical data:
56in 100
Percentage: 56 %

‘ Large oncoid
area
Average size:
1.4~1.8cm

Samples number:
ZX-A-001

to
ZX-A-012

Statistical data:
17in 100

Percentage: 17 %

"’é

@ smalloncoid area
Average size:
0.4~0.6 cm
Samples number:
ZX-C-001 to ZX-C-012
Statistical data:
17in 100
Percentage: 17 % 0

Average size:
0.6~1.1cm
Samples number:
ZX-B-001 to ZX-B-016
Statistical data:
23in 100

Percentage: 23 %

. Large oncoid
area
Average size:
0.8~2.15¢cm X
Samples number:
ZX-A-001
to
ZX-A-012
Statistical data:
10in 100
Percentage: 10 % '

|
%90 ym

. Small oncoid area
Average size:
0.2~0.5¢cm
Samples number:
ZX-C-001 to ZX-C-012
Statistical data:
13in 100
Percentage: 13 %

Average size:
0.4~0.9cm
Samples number:
ZX-B-001 to ZX-B-016
Statistical data:
18in 100
Percentage: 18 %

. Large oncoid
area
Average size:

0.5~0.7cm

Samples number:
ZX-A-001
to
ZX-A-012
Statistical data:
1in 100

Percentage: 1% ‘

Girvanella-rich grain

@ smalloncoid area
Average size:
0.1~0.2cm

Samples number:
ZX-C-001 to ZX-C-012
Statistical data:
27in 100

Percentage: 27 %

Average size:
0.2~0.6 cm
Samples number:
ZX-B-001 to ZX-B-016
Statistical data:
3in 100
Percentage: 3%

> Oncoids
o) Ooids

Figure 10. Size variations and distributions of the three types of oncoids and the Girvanella-rich grains. The data in this study come from the microscopic
observation of samples from three regions. In the regions with large oncoids, medium-sized oncoids and small oncoids, we randomly selected 100 carbonate
particles larger than ooids. According to the morphological classification in this paper, the percentages of the four particle types were calculated.

Gao, 2015) and suggest that changes in depositional envi-
ronments affect the photosynthetic microbial mats. The
appearance of the termination surface also represents the
cessation of microbial activity.

Our findings demonstrate that the size of individual
oncoids gradually increases from the bottom to the top of
the bed (Figures 2, 4b—d and 11) and that oncoids near the
growth-termination surface are well developed in terms of
size (maximum individual sizes) and micromorphology
(clear nuclei, alternating laminae and clear boundaries for
light laminae) (Figures 5-7). Therefore, the benthic cyano-
bacterial microbial mats reached a maximum stage of
development just before the formation of the growth-ter-
mination surface. The sequence stratigraphic framework
(Figure 2), combined with the carbon and oxygen isotope
values (Figure 11), shows that the oncolitic-oolitic lime-
stone bed at the top of the Zhangxia Formation formed in
a FRST. In this systems tract, seaward movement of shore-
line in response to sea-level fall (Latif et al, 2018; Riaz, Latif
et al, 2019; Xiao, Qin, et al, 2017; Xiao, Sui, Qin, et al.,
2017), led to decreases in the sediment accommodation
space and relative sea-level and shallowing of the deposi-
tional environment. This relative sea-level change was
already confirmed in §'3C  values, consistent with

mineralogy and macrocosm (Figure 11), with oncoids more
extensively developed in shallow environments and more
restricted in deeper environments.

The sedimentary processes in the Zhangxia Formation
can be divided into four stages (Figure 12). (1) A third
fourth-order sequence is associated with the late high-
stand system deposits beginning at the end of early high-
stand deposits and led to the formation of oolitic limestone
(Figure 2). Owing to the relatively deep-marine environ-
ment and large amount of sediment input into the accom-
modation space, the light energy available to benthic
microbial mats dominated by cyanobacteria (Girvanella)
was relatively limited and unsuitable for the unstable
microbial mats to produce oncoids (Figure 12a). (2) With
the decrease in relative sea-level, the sedimentary accom-
modation space progressively decreased, and the shallow-
ing of the water resulted in an increase in the light
available to benthic cyanobacterial microbial mats leading
to their gradual growth during this period. During this
stage, smaller oncoids were produced inside the microbial
mat (Figure 12b). (3) With a further decrease in relative
sea-level and accommodation space, the depositional envir-
onment gradually reached the most suitable environment
for benthic cyanobacteria microbial mat development.



14 (&) E Z XIAOET AL

Sample

Third fourth-order sequence in Zhangxia Formation

' ’S‘ecf'lonAon )

Lithological column Size of oncoids prsition Proportion of each type 5'3C (VPDB) |Dolomite(% Clay(%)
80% [ 75, -1.2 0416543210 2 1 0
70% . e e e e « .
o200 0% Section of ZX-A
row:
termination ::
surface
- = ZX-A-001( 3%
++2ZX-A-002 20%
+ZX-A-003| 10%
+ZX'A'004 & Type 1 Type2 Type 3 G-grain
_ -+ ZX-A-005 =
ZX-B-001
++ 7XBX002

Section of ZX-B
B-003

23%

Type1  Type2  Type3  Gegrain

50%
43%

Section of ZX-C

40%

30% 21%

Type 1

Type2  Type3  Ggrain

Figure 11. Integration of the stratigraphy, oncoid size, sampling points, geochemistry and occurrence of different types of oncoids in the Zhangxia Formation
in the Sandaogou section. Dolomite and clay minerals composition data from the XRD results.
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Figure 12. Depositional process of oncolitic—oolitic limestone during the forced regression and the evolution of the oncoids associated with the cyanobacterial
microbial mat. (a) End stage of HST in the top fourth-order sequence in Figure 2. Owing to the previous transgression, the depositional environment was
deeper. The low light intensity of benthic cyanobacteria microbial mat reception with poor growth conditions for cyanobacteria with no oncoids formed in
this stage. (b) With the gradual decrease in relative sea-level, the depositional environment in the second stage became shallower, and the light intensity

reception of benthic cyanobacterial microbial mat increased.

Microbial mats began to flourish, and small oncoids were formed. (c) With shallowing of water

body, the light intensity reception of benthic cyanobacteria microbial mats gradually increased, leading to the prosperity of the cyanobacteria community and
production of large oncoids. (d) With further shallowing of the water body and excessive light intensity, the cyanobacterial mat withered and no longer formed

leading to the formation of the termination bed.

The production and consumption of organic matter by
photosynthetic autotrophic cyanobacteria and hetero-
trophic bacteria (SRB) inside the mat reached a stable bal-
ance and led to a thriving benthic microbial community.
The increase in metabolic activity of this type of microbial

mat suggests conditions were favourable for the develop-
ment of cyanobacteria (Girvanella) (Riding, 2011; Xiao et al.,
2018). The increase in cyanobacteria increased the mineral-
isation mediated by microbial metabolic mechanisms
(Dupraz et al, 2009; Riding, 2011; Xiao et al, 2018).



The oncoids produced during this period were the largest,
and their morphological characteristics were best devel-
oped (Figure 12c). (4) With the further shallowing of the
water body, the accommodation space further decreased
(the vertical changes in sedimentary facies in Figure 2,
dolomite crystal structure in Figure 5f and carbon isotope
characteristics in Figure 11), the late-stage depositional set-
ting and elevated solar radiation led to the cessation of
carbonate precipitation in the benthic cyanobacterial
microbial mat (Riding, 2011, 2012; Xiao et al., 2018), result-
ing in the formation of the growth-termination surfaces
(Figure 12d).

Conclusions

The marine carbonate oncoids of the Cambrian Zhangxia
Formation in the Miaolingian Series at the Sandaogou sec-
tion are classified into three types: Type 1, concentric lam-
inar oncoids; Type 2, lateral growth oncoids; and Type 3,
multicore oncoids. Typical calcified cyanobacterial fossils,
Girvanella, which are closely related to the laminae, are
commonly found in these oncoids. These fossils, combined
with framboidal pyrite particles and nanospheres observed
at the ultra-microscale, indicate that the formation of these
marine carbonate oncoids was related to the metabolic
activities of cyanobacteria-dominated microbial mats and
heterotrophic bacteria. Here, we suggest that these
Girvanella-bearing oncoids are a reference example for
interpretation of other marine carbonate oncoids with simi-
lar morphological characteristics.

The features of the oncoid-bearing limestone bed within
the top part of the Zhangxia Formation are: (1) an increase in
size of the oncoids from the bottom (~0.5cm) to the top of
the bed (~1.5cm), (2) a growth termination surface at the
top of the massive oolitic limestone, and (3) stratigraphic
changes in the proportions of oncoid types. The carbon iso-
topic values and dolomite contents of the oncoid samples
both increase gradually from the bottom to the top of the
bed, correspond with a shallowing-upward depositional envir-
onment and suggest that the oncolitic-oolitic limestone may
have formed during a forced regression process in a fourth-
order sequence. The decrease in accommodation space led
to an upward-shallowing marine environment that became
increasingly suitable for the development of the cyanobac-
teria-dominated microbial mats and enlarged growth of
oncoids, and led to the stratigraphic inverse grading in
oncoid size. A late-stage evaporative setting with elevated
solar radiation led to the cessation of carbonate precipitation
in the benthic cyanobacterial microbial mat and the forma-
tion of the growth-termination surface.
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