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early Phanerozoic, which can be gleaned from it. While the well-exposed Cambrian outcrops have been utilized
to unravel the processes governing these events, few studies have focused on the outcrops' spatio-temporal de-
positional patterns and geochemical variations. Therefore, our study address, these issues by integrating field-
Editor: Dr. Brian Jones work with petrographic and geochemical analyses. In the North China Platform (NCP), the Cambrian carbonate
sequence is predominantly composed of six third-order depositional sequences (~370-400 m thick) that can
be divided into nine microfacies, representing three primary microfacies associations, namely tidal flat, lagoon,

Keywords: and shoal. In contrast to the standard carbonate sequence stratigraphy model and many other examples of
Carbonate microfacies Cambrian platforms, the deposition of oolitic grainstones in the NCP are overlain by the deep-water calcareous
SeqUEHCG_Stfatigfaphy mudstone and shale during a period of slow fall of sea-levels. Such a particular style shows a similar trend to
Geochemistry the Schlager model of a type IIl sequence boundary that formed between a highstand systems tract (HST) and

Cambrian strata

. a transgressive system tract (TST). Scanning electron microscope (SEM) observations show an abundance of mi-
North China Platform

crobial fossils, a nanosphere, and remnants of extracellular polymeric substances (EPS) inside the dark micrite of
normal regressive deposits (oolitic grainstone), suggesting the significant role of microbial activity in the forma-
tion of ooids. The 6'80 isotopic values range from —4.15 to —11.75%. VPDB, portraying pervasive diagenetic
alterations with a variable degree of diagenesis at different localities, and both marine- and burial-related diagen-
esis. In contrast, the 6'3C VPDB values have a very narrow range, from —2 to +2%. VPDB, suggesting little to no
influence of meteoric diagenesis. At the same time, the slight depletion of 5'>C isotope values may reflect the role
of microbial processes during the genesis of ooids. This study highlights the importance of microbial activity and
marine-related diagenetic overprints during the formation of carbonate facies in the Cambrian Period and pro-
vides evidence that carbon isotopic excursions observed during different major environmental and biological
events in the NCP are related to primary signals and not altered by intensive meteoric diagenesis.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

In carbonate systems, from the Precambrian to the Quaternary, the
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transition from the Precambrian to the Cambrian is of great interest be-
cause it represents major environmental and biological changes during
the “Cambrian Explosion”, as recorded in the carbonate rocks (Bottjer
et al., 2000; Vickers-Rich and Komarower, 2007; Sperling and Stockey,
2018; Wood et al., 2019; Zhang and Shu, 2021). This transition repre-
sents a major evolution of reef-building organisms from Precambrian
microbialite-dominated reefs to Phanerozoic metazoan-dominated
reefs (Rowland and Shapiro, 2002; Theisen and Sumner, 2016; Chen
et al,, 2019). Furthermore, Precambrian carbonate platforms consist
mainly of reef-like stromatolites, while Cambrian carbonate platforms
are largely dominated by mixed burrowed mudstones and ooidal-
peloidal grainstone facies (Batten et al., 2004; DiBenedetto and
Grotzinger, 2005; Koeshidayatullah et al., 2020).

Cambrian platforms had experienced major depositions of micrite
prior to the Ordovician metazoan radiation event (Sepkoski, 1997,
Myrow et al., 2004; Pruss et al., 2010). This phenomenon has prompted
investigations globally on various aspects of the Cambrian strata, focus-
ing particularly on the dominant carbonate factories and platform
morphologies that indicate both ramp-shaped and rimmed-like geo-
morphologies (rimmed by marginal microbial reefs and ooidal shoals,
depending on the architecture of the basin) (e.g., Magaritz et al., 1986;
Montanez and Osleger, 1993; Meng et al., 1997; Ivantsov et al., 2005;
Collom et al., 2009). In the North China platform (NCP), the Cambrian
storm deposits and their stratigraphic attributes have been described
by Meng et al. (1986), the sedimentary facies by Feng et al. (1990),
the forming mechanism of oolitic limestone in the Zhangxia Formation
by Wang et al. (1990), the sequence stratigraphy and depositional
trends of the Cambrian-Ordovician strata by Meng et al. (1997), and
carbonate microfacies and sedimentary facies by Zhang et al. (2009).
However, the majority of these studies have discussed the macro- and
microfacies, as well as sequence stratigraphic overviews, of a particular
section of the NCP in order to decode and interpret their depositional
history (Pan et al., 2019; Xiao et al., 2020a), while the comparative as
well as detailed geochemical and isotopic records in various sections
of the NCP are still unexplored.

Therefore, the present work aims to provide a framework for a
comparative study of the sedimentary facies of the Cambrian strata at
several locations in the NCP, namely the Kelan (Shanxi Province),
Kouquan (Hebei Province), and Qingshuihe (Inner Mongolia Province)
sections. In addition, this study highlights how geochemical signals pro-
vide information about the geochemical archive of the Cambrian strata
and retrieves the diagenetic environments during deposition of these
sediments in the NCP.

2. Geological setting

The study area includes the Kelan, Kouquan, and Qingshuihe sec-
tions of the NCP, which are situated in Shanxi, Hebei, and Inner
Mongolia regions, respectively (Figs. 1 and 2). The NCP is bounded by
major suture zones such as the Hinggan Fold Belt to the north, the
Qinling Dabieshan Belt to the south, and the Tanlu Fault to the east
(Meng et al., 1997) (Fig. 1b). The NCP began to subside during the late
Neoproterozoic (Wang et al., 2000) and received clastic input during
flooding of the Qin Ling Sea, located to the south-southeast, in the mid-
dle Terreneuvian that prevailed at its eastern, western, and southern
margins (Meng et al., 1997). A great unconformity (Precambrian-
Cambrian contact) was produced by geological processes, and possibly
triggered the Cambrian explosion, a case very similar to North
America and other places (Peters and Gaines, 2012). The mixed succes-
sion of siliciclastic and carbonate sediments (~1800 m thick) was depos-
ited on the NCP during Cambrian Series 2 and into the Late Ordovician
(Meyerhoff et al., 1991). After a platform-wide hiatus in the middle Pa-
leozoic (Late Ordovician to Early Carboniferous), coal-bearing, shallow
marine and continental deposits accumulated on the platform during
the Carboniferous and the Permian (Lv and Chen, 2014). Deposition
on the platform was terminated in the Early Triassic by regional uplift
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that resulted from the collision between the North China Block
and the South China Block (Lee and Chough, 2006). An approximately
700 m thick Cambrian succession was deposited on the NCP (Fig. 3).
Terreneuvian and early Series 2 records are absent in most parts of the
NCP. The rest of the Cambrian record can be approximately subdivided
into three successions in ascending order (Ma et al., 2017; Latif et al.,
2018; Riaz et al,, 2019a, 2019b): 1) most of the mixed succession of Se-
ries 2 and early Miaolingian, composed of red beds and carbonate rocks;
2) carbonate strata of the middle to late Miaolingian dominated by
oolitic grainstones; 3) carbonate succession of the Furongian, composed
mainly of carbonate muds and shallow ramp limestone. Based on this
thick depositional succession revealed by cyclic sedimentation (Mei
et al.,, 2005; Mei, 2011; Latif et al., 2018; Riaz et al., 2019a, 2019b,
2022a), a new scheme of lithostratigraphic division has been proposed
from the lithostratigraphic scheme of Meng et al. (1997) and been
discussed in terms of a broad chronostratigraphic division (see Peng
et al,, 2012; Peng and Zhao, 2018). According to this scheme, the
Cambrian strata can be divided into nine third-order sequences: the
Dalinzi, Jianchang, Mantou, Maozhuang, Xuzhuang, Zhangxia, Gushan,
Changshan, and Fengshan formations (Mei, 2011) (Fig. 3).

The Cambrian strata in the studied sections of the NCP have
nonconformable lower and unconformable upper contacts with
Precambrian and Ordovician strata, respectively. In the Kelan section,
the Huoshan Formation nonconformably overlies the Mesoproterozoic
Wumishan Formation. It was deposited during early transgression
and forms the first third-order depositional sequence (DS;) (Riaz
et al,, 2019a). In the Kouquan and Qingshuihe sections, the Xuzhuang
Formation presents a nonconformity with overlies Archean
metamorphic rocks. In all the studied sections, a disconformity
developed between the Furongian Fengshan Formation and the
Ordovician Yeli Formation.

3. Materials and methods

The studied Kelan (~374 m), Kouquan (~372 m), and Qingshuihe
(~397 m) sections are exposed in the Shanxi, Hebei, and Inner
Mongolia regions of the NCP respectively (Figs. 2, 4). The Kelan section
(38° 44’ 41" N, 111° 34’ 45" E) comprises the northwestern part of the
Shanxi province in Luya Mountain (Figs. 1¢; 2a-f). The Kouquan section
(39° 46’ 14.2" N, 114° 51’ 30.6” E) is 30 km southeast of Yuxian city in
Hebei province along the road from Kouquan town to Muxu town
(Figs. 1d; 2a-f). The Qingshuihe section (39° 54’ 27.2" N, 111° 39’
59.1”E) is 3 km east of Qingshuihe town and forms the western bound-
ary of the platform (Figs. 1e; 2a-f). The Fengshan Formation is not
exposed in the Qingshuihe section, but can be observed in cuts along
the G-109 Highway which runs to Ordos city in Inner Mongolia.

During the field work, the Cambrian strata of the Miaolingian
(Xuzhuang, Zhangxia, Gushan formations) to Furongian (Changshan
and Fengshan formations) age of the Kouquan and Qingshuihe sections
were subdivided into six third-order level depositional sequences,
while the Kelan section was subdivided into seven (Fig. 4). The division
of the Cambrian strata in studied sections are similar to the other
sections of the NCP as described by Mei et al. (1997), Mei (2011), Latif
et al. (2019), and Riaz et al. (2019a, 2019b). Moreover, several other
field observations of lithofacies, sedimentary structures, and meter-
scale sedimentary cycles were also studied during the field work. A
detailed lithological log of the field studies of carbonate facies has
been prepared (see Fig. 4).

Petrographic analysis of 236 randomly collected samples across the
Miaolingian and Furongian intervals was carried out (Fig. 4). To deter-
mine the sedimentary fabrics, thin sections were studied under the
Zeiss Axio Scope A1 microscope at the China University of Geosciences,
Beijing. Geochemical analyses were carried out to understand the mi-
crobial contribution during the formation of carbonate facies. Scanning
Electron Microscopy (SEM; JEOL, JSM-7800F) investigations of the car-
bonate facies were conducted on thin etched sections. Some of these
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Fig. 1. (a) Global position of the NCP in the Miaolingian (modified after Riaz et al., 2020); (b) NCP and associated blocks, showing the study area by red stars (modified after Myrow et al.,
2015; Riaz et al., 2019a, 2019b); (¢, d, e) Show location maps of Kelan, Kouquan and Qingshuihe sections in the Shanxi, Hebei, and Inner Mongolia Provinces, respectively.

samples were gold coated, depending on whether they were prepared
for textural observation or micro analysis. Semi-quantitative elemental
investigation of spots was achieved by Energy Dispersive X-ray (EDX;
TEAM Apollo XL) spectroscopy. High voltage (10.0 Kv) and pulses
(5.45-51.82 kcps) were used. In addition, fluorescence microscopic
study was employed to examine the interior of the carbonates, whereas
Electron Probe Micro Analysis (EPMA; EPMA-1600) was used to inves-
tigate mineral chemistry. The EPMA-based elemental study of CaO,
MgO, Nay0, K70, Al,03, and SO3; was conducted under working
conditions of 15-kV accelerating voltage, 20 nA beam current, and 10 s
counting time. Additionally, 'C and §'80 isotopic analyses were per-
formed on 81 samples taken from the bottom to the top of the Cambrian
sequence of three studied sections. Micro-samples were prepared by
micro-drilling fresh rock surfaces (in the case of micritic samples) and
were sometimes carefully taken under the microscope from ooid accu-
mulations in thin sections (in the case of grainstone samples). These
samples were measured using a dual-inlet VG SIRA 10 (VG Iso-Gas

Limited, Middlewich, Cheshire, UK) mass spectrometer in the Chinese
Academy of Sciences, Beijing by reacting 4 to 5 mg of powdered sample
material with anhydrous phosphoric acid at 50 °C (ca. 48 h) for carbon-
ate samples, and reported based on Vienna Pee Dee Belemnite (VPDB).
Moreover, the precision of the 6'3C and 5'80 isotopic ratios for duplicate
analyses was better than +0.1%o..

4. Results
4.1. Sedimentary characterization

The Miaolingian record in the studied sections of the NCP comprises
the Xuzhuang, Zhangxia, and Gushan formations (Figs. 4, 5a). The Cam-
brian Xuzhuang Formation can be subdivided into three parts: (i) lower
red beds, comprising fine clastic sedimentary strata; (ii) middle calcar-
eous shale; and (iii) upper oolitic limestone (Figs. 5b, 6a, b). The cross-
laminations were also observed in oolitic limestone at the Kelan section
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(Fig. 7a). The Zhangxia Formation can be subdivided into three subse-
quences, as identified according to the composition and cyclicity of
sedimentary facies (Figs. 4, 5a, ). In each subsequence, calcareous mud-
stone is overlain by banded micrite and oolitic limestone (Figs. 4, 6¢).
The oolitic limestone at the Qingshuihe section contains evidence of
burrowing, scoured surfaces and spar-filled calcite veins (Fig. 7b). The
upper contact of the Zhangxia Formation, which is possible hardground,
makes conformable upper contact with the interbedded micritic lime-
stone and marl of the Gushan Formation (Fig. 7c), and the lower contact
is with the Xuzhuang Formation (Figs. 5a, ¢, 6a), in all studied sections of
the NCP (Fig. 4). The lower part of the Gushan Formation contains
calcirudite within interbedded micritic limestone and marl (Fig. 6d, e).
The middle part of the formation comprises micritic limestone interbed-
ded with calcareous mudstone, whereas the upper part of the formation
consists of interbedded thin micritic limestone and thick oolitic

limestone (Figs. 4, 5d, 6f). The scoured surfaces occur in the oolitic lime-
stone at the Kouquan and Qingshuihe sections (Fig. 7d, e), whereas
desiccation cracks were identified in micritic limestone from the
upper part of the formation at the Qingshuihe section (Fig. 7f). The
Gushan Formation makes conformable upper contact with the calcare-
ous mudstone and shale of the Changshan Formation of the Furongian
series (Figs. 5d, 7g).

The Furongian record at all studied sections consists of the
Changshan and Fengshan Formations (Figs. 4, 5e, f). The condensed
section in the lower part of the Changshan Formation is comprised of
calcareous mudstone and shale (Fig. 5d), which is overlain by the mas-
sive calcareous mudstone and banded micrites, which comprise the
middle part of the formation (Fig. 4). At the Kouquan section, mud
cracks were observed in calcareous mudstone (Fig. 7h). The upper
Changshan Formation consists of interbedded thin micritic limestone
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and thick oolitic limestone (Fig. 4). The oolitic limestone was observed
in the upper part of the Changshan Formation at the Kelan section
(Fig. 6g), whereas the same stratigraphic interval at the Kouquan and
Qingshuihe sections grades into fossiliferous limestone with few beds
of ooids and bioherms (Figs. 4, 5e, 6h). The fossiliferous limestone at
the Qingshuihe sections contains evidence of boring/burrowing
(Fig. 7i,j). The lower and upper boundaries of the Changshan Formation
show a rapid transition, which developed during a rapid sea-level rise
(Figs. 4, 5d, e, 7k). The Fengshan Formation at the Kelan section is com-
posed of two depositional sequences (Fig. 4). The first depositional se-
quence consists of calcareous mudstone and shale in the lower part,
calcareous mudstone interbedded with micritic limestone in the middle
part, and oolitic limestone interbedded with thin micritic limestone in
the upper part of the formation (Fig. 6i), distinguishing it from other

studied sections that consist of fossiliferous limestone (Fig. 4) in the
upper part of the formation. L-M (limestone-marl) type cycles were
found in the lower part of the first depositional sequence at the Kelan
section, whereas subtidal type cycles were observed in middle to
upper parts (Fig. 71, m). The upper and lower boundaries of the first de-
positional sequence are conformable (Fig. 5e-f). The second deposi-
tional sequence consists of calcareous mudstone interbedded with
banded micritic limestone in the lower part of the formation with thin
beds of micrite and massive fossiliferous limestone in the middle part
(Figs. 4, 5f, 6j). The overlying upper part consists of medium bedded do-
lomitic limestone merging into massive muddy dolomite (Fig. 4). The
lower and upper boundaries of the second depositional sequence con-
tact the first depositional sequence of the Fengshan Formation and the
lower Ordovician Yeli Formation, respectively.
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Fig. 4. Integrated Cambrian stratigraphic charts of Kelan, Kouquan, and Qingshuihe sections. Carbon and oxygen isotopic records are also plotted.

The Xuzhuang Formation at all three studied sections contains red
beds in the lower part, calcareous mudstone in the middle part, and
thick bedded oolitic grainstone interbedded with thin micritic lime-
stone in the upper part, reflecting the relative rise and slow fall of sea
levels (Figs. 5b, 6a, b). The red beds indicate the supratidal setting
(Mei et al., 1997; Meng et al., 1997) and the calcareous mudstone repre-
sents the condensed interval deposited during the shelfal to deep ramp
settings (Riaz et al., 2019a, 2019b), whereas the oolitic limestone inter-
bedded with thin micritic limestone as well as cross-laminations sug-
gests a shallow but high-energy setting (Riaz et al., 2022a).

The Zhangxia Formation exhibits three subsequences similar to
the other records of the NCP (see Latif et al., 2018; Riaz et al., 2019a,
2019b), which can be distinguished based on flooding surfaces

(Figs. 4, 5a, c). Each subsequence of the Zhangxia Formation shows
shelfal to deep ramp settings (calcareous mudstone) that represent
the condensed intervals of each sequence and middle to shallow ramp
settings (thick oolitic limestone interbedded with thin micritic lime-
stone) (Riaz et al., 2019a). Further signs of burrowing, scoured surfaces
and spar-filled calcite veins in the upper part of the oolitic limestone
potentially provide evidence for hardground (Fig. 7b).

The Gushan Formation contains calcirudites within micritic
limestone and marl that depict depositional conditions different from
those of the Xuzhuang and Zhangxia formations (Meng et al., 1997).
Calcirudites indicate that severe transgression started from the Gushan
Formation, as compared to the early and middle Miaolingian record (the
Maozhuang, Xuzhuang, and Zhangxia Formations) (see Mei, 2011). The
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Fig. 5. The sedimentary fabric of the Cambrian record at Kelan, Kouquan, and Qingshuihe sections of the NCP. (a) Conformable contact of Miaolingian strata among Xuzhuang Formation
(DS;), three subsequences of the Zhangxia Formation (DS, ), and Gushan Formation (DS3) at Kouquan section; (b) Xuzhuang Formation comprises beds of red clastic strata in the lower,
calcareous mudstone in the middle, and oolitic limestone in the upper part of the formation at Kouquan section. Condensed section (calcareous mudstone) separated the platform initiation
stage from platform foundation stage; (c) Three subsequences of the Zhangxia Formation (DS3) at Kelan section. The Zhangxia Formation shows conformable lower contact with the
Xuzhuang Formation; (d) Contact between oolitic limestone of the Gushan Fm. and interbedded calcareous mudstone and shale of the Changshan Fm. indicates drowning
unconformity at the Qingshuihe section; (e) The boundary between the Changshan (DS,) and Fengshan formations (DSs) at Kouquan section. The boundary separates the fossiliferous
limestone with few beds of ooids of the upper part of the Changshan Formation, and calcareous mudstone and shale of the lower part of the Fengshan Formation; (f) Two depositional
sequences (DSs-DSg) of the Fengshan Formation are exposed beside the G109 road to the Ordos city. Abbreviations: DS: Third-order depositional sequence; SS: Subsequences.

oolitic limestone, as well as the scoured surfaces in the upper part of the
Gushan Formation, provide evidence for a high-energy shallow ramp
setting (Fig. 7d, e). Furthermore, desiccation cracks in micritic limestone
also provide evidence of subaerial exposure (Fig. 7f).

The lower part of the Furongian Changshan Formation comprises
calcirudite, similar to the lower part of the Gushan Formation, indicating
a severe transgressive event during the Furongian. The upper part of the
Changshan Formation contains oolitic limestone and in some sections
shows boring and burrowing in fossiliferous limestone (Fig. 7i, j);
together, these observations provide evidence of deposition along a
shallow ramp setting (Riaz et al., 2022a). The upper boundary of
the Changshan Formation provides a typical example of drowning
unconformity (Fig. 7k) similar to the upper boundary of the Gushan
Formation (Fig. 7g).

The first third-order sequence of the Fengshan Formation indicate shelf
to deep ramp settings (calcareous mudstone) (Figs. 4, 5e) and middle to
shallow ramp settings (micritic limestone and oolitic limestone) (Fig. 4,
5f), reflecting the rise and fall of sea levels (Riaz et al., 20193, 2019b). Ad-
ditionally, the deep to middle-ramp calcareous mudstone interbedded
micritic limestone, and the shallow-ramp oolitic limestone at Kelan
section cover many meter-scale cycles (e.g., Mei, 1993; Mei et al., 2000,
2005) that frequently form a regularly vertical stacking pattern in the
third-order sequence (Fig. 71, m). This series of deposits provides a typical
example for the study of sequence stratigraphy from cycles to sequences,
from litho- to sedimentary-facies successions, and from changes of
water-depth to variations in relative sea level (Fig. 71, m) (see Mei et al,,
2005; Riaz et al, 2022a). The lower part of the second third-order
sequence shows a similar depositional trend to the first third-order
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Fig. 6. Mesoscale features of the Cambrian record at the studied sections of the NCP. (a) Contact between Xuzhuang Formation and Zhangxia Formation at Kouquan section; (b) Oolitic
grainstone in the upper part of the Xuzhuang Formation at Kouquan section; (c) Oolitic grainstone in the Zhangxia Formation at Kelan section; (d, e) Calcirudites in the lower part of
the Gushan Formation at Kouquan section and Qingshuihe section, respectively; (f) Oolitic limestone in the upper part of the Gushan Formation at Kelan section; (g) Oolitic limestone
in Changshan Formation at Kelan section; (h) Micritic and fossiliferous limestone in the Changshan Formation at Qingshuihe section; (i) Oolitic limestone in first third-order sequence
of the Fengshan Formation at Kelan section; (j) Fossiliferous limestone in second third sequence of the Fengshan Formation at Kouquan section.

sequence, but the upper part is replaced by medium bedded dolomitic
micrite, suggesting shallow ramp to tidal flat settings (Mei et al., 2005).
The contacts between the massive oolitic limestone of the Xuzhuang,
Zhangxia, and Gushan formations (Figs. 4, 5b, 6b, ¢, f) and the calcareous
mudstone of the Zhangxia, Gushan, and Changshan formations (Figs. 4,
5d, 7g, k, ¢) exhibit the rapid transition in the studied sections, similar to
the drowned unconformity of type Ill described by Schlager (1989, 1999).

4.2. Microfacies: identification and interpretation

Three major microfacies (MF) associations (flat, lagoon, and shoal
facies) and nine subdivisions have been identified along the studied

sections. A detailed description of these microfacies (landward to
basinward) is provided below.

MF1: Mudstone and microbial mudstone microfacies (MF1) can be ob-
served at all sections. MF1 can occasionally be seen as microbial mudstone
and micritic limestone (Fig. 8a-e). Under the microscope, mudstones are
characterized by a scarcity of allochems and sedimentary structures
(Fig. 8a). Microbial mudstone facies are composed of dark and dense
patches of micrite (Fig. 8b—e). High-resolution imaging shows that the
micrite patches consist of tubular structures (Fig. 8¢, e) and bulbous
structures (Fig. 8d inset image).

The tubular structures in dark patches of micrite (Fig. 8¢, e) are
possibly composed of the calcified sheaths of filamentous fossils of
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Fig. 7. Sedimentary characteristics and depositional style of the Cambrian strata of the NCP. (a) Cross lamination in the oolitic limestone of the Xuzhuang Formation at Kelan section;
(b) Burrowing, scoured surface and spar filled calcite vein in the oolitic limestone of the Zhangxia Formation that provide a typical example of hardground in Qingshuihe section;
(c) Hardground in the Zhangxia Formation at Kelan section that shows the exposed surface which was covered by deep water interbedded micritic limestone and marl; (d) Scoured surface
in the oolitic limestone of Gushan Formation that show their deposition in shallow high energy setting in Kouquan section; (e) Scoured surface in the oolitic limestone of the Gushan For-
mation in the Qingshuihe section; (f) Desiccation crack (micritic limestone) in the Gushan Formation at Qingshuihe section; (g) An example of drowning unconformity marked with a red
dashed line in the Gushan Formation at Kouquan section. Here, Gushan Formation represents oolitic limestone overlies calcareous mudstone and shale of the Changshan Formation;
(h) Mud crack in calcareous mudstone of the Changshan Formation at Kouquan section; (i) Boring in the limestone of the Changshan Formation at Qingshuihe section; (j) Burrow in
the limestone (i.e., fossiliferous limestone) of the Changshan Formation at Qingshuihe section; (k) A typical example of drowned unconformity in the Changshan Formation at Kelan sec-
tion of the NCP; (1) L-M cycles developed in lower to middle part of the first depositional sequence of the Fengshan Formation at Kelan section; (m) Subtidal meter scale cycles developed in
middle to upper part of the first depositional sequence of the Fengshan Formation at Kelan section.
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Fig. 8. Photomicrographs of microfacies of Kelan, Kouquan, and Qingshuihe sections: (a) MF1 mudstone (the Gushan Formation at Qingshuihe section); (b) MF1 microbial mudstone (the
Fengshan Formation at Kelan section) comprises dark patches of micrite (yellow arrow); (c) Zoom of figure b shows tubular structure of the abundance of filamentous (Girvanella-type)
cyanobacteria within the dark micrite; (d) MF1 microbial mudstone contains dark and dense patches of micrite. The inset image shows the bulbous structure of the sulfate-reducing bac-
teria; (e) Zoom part of rectangle in figure d shows a cluster of filamentous (Girvanella-type) cyanobacteria; (f) MF2 (the Fengshan Formation at Kouquan section) is usually composed of
brachiopod debris (blue arrows), variable sized intraclasts (red arrows), quartz grains (yellow arrow heads), and fractures (red arrow heads); (g) MF3 (the Fengshan Formation at
Kouquan section) shows trilobite and brachiopod fossil fragments (yellow arrows) and peloids (red arrows); (h) MF4 in Furongian strata mainly includes oncoids (yellow arrows), bra-
chiopod and trilobite remains (red arrows), intraclasts (pink arrows), and neomorphosed ooids (blue arrows); (i) MF5 (Zhangxia Formation at Kelan section) comprises radial-concentric
ooids with nuclei of bacterial biofilm (yellow arrows). The cortices of several ooids contain dark and dense micrite (red arrow heads). The zoom part shows the filamentous (Girvanella-
type) cyanobacteria within the dark micrite; (j) MF6 (Xuzhuang Formation at Qingshuihe section). Microfacies shows the radial-concentric ooids without nucleus (yellow arrows), radial-
concentric ooids with nucleus of pellets and broken pieces of brachiopods (red arrows), composite ooids (green arrow), and neomorphosed ooids (blue arrows); (k) MF7 (Zhangxia For-
mation at Kouquan section) shows the partial dolomitization; (1) MF7 ooidal dolograinstone shows the complete dolomitization in the Fengshan Formation at Kelan section; (m) MF7
(Gushan Formation at Qingshuihe section) shows the tiny crystals of dolomite and pyrite minerals on the center and cortex of ooids. The yellow arrow show the stylolite; (n) MF8
(Changshan Formation at Kouquan section) comprises radial-concentric ooids without nucleus (yellow arrows), radial-concentric ooids with nucleus (red arrows), neomorphosed
ooids (blue arrows), brachiopod fossils (green arrows), and probably accumulations of pyrite grains (red dashed lines); (0) MF9 (Changshan Formation at Qingshuihe section) depicts
the bioclasts (green arrows), intraclasts (red arrows), scattered dolomite grains (yellow arrows), and quartz grains (blue arrows).

cyanobacteria (Girvanella type) (Riding, 2011; Riaz et al., 2020), 2019; Mei et al., 2020a, 2020b, 2021). The noteworthy amount of
whereas the bulbous structures (Fig. 8d) indicate sulfate-reducing micrite can be interpreted as sediment deposited in a fairly low-
bacteria (Riaz et al., 2022b). These microorganisms, particularly energy setting, with little or no winnowing of the fine mud (Fliigel,
cyanobacteria, are the major participants in the formation of EPS during 2010). Moreover, mudstones barren of fossils represents peritidal
photosynthesis and cause the formation of carbonate grains (Latif et al., carbonates (e.g., Beigi et al., 2017; Jafarian et al., 2017). This microfacies
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is best interpreted as representing the upper tidal flat of a supratidal
environment.

MF2: Intraclast-bioclast wackestone and packstone microfacies
(MF2) (Fig. 8f) can be observed in the Fengshan Formation at the
Kouquan section and in the Changshan Formation at the Qingshuihe
section. The intraclasts are the main components of this microfacies
and may comprise up to 45% of the limestone, while the bioclasts are
subordinate and mostly represented by brachiopod and trilobite debris
(15% of total volume). The intraclasts range from 0.5 to 2 mm in size and
are dark black in colour (Fig. 8f). Moreover, a few quartz grains and frac-
tures were also observed (Fig. 8f).

The dark black intraclasts (Fig. 8f) are reworked carbonates (Fliigel,
2010) composed of micrite and represent the exposure of the NCP to
severe storm conditions (Fliigel, 2010) during the Cambrian (Meng
et al,, 1997). Additionally, fractures (Fig. 8f) may have originated during
the storm itself. The presence of quartz grains reflects the input of terrig-
enous material. This microfacies shows multi-stage deposition. The envi-
ronment is inferred to have been predominantly low energy necessary for
the micrite deposition, but affected by high energy reworking from time
to time. The intraclasts may have originated from nearby tidal flats and
been transported into adjacent subtidal settings during major storms.

ME3: Peloid bioclast wackestone (MF3) is present in all three sec-
tions. In the Kelan section, it is observed in the Xuzhuang and Zhangxia
formations. In the Kouquan section, the microfacies is present in the
Gushan and Fengshan formations, whereas at the Qingshuihe section,
itis only observed within the Zhangxia Formation (Fig. 8g). MF3 mainly
contains bioclast fragments, especially trilobite sclerites (5-15%) and
peloids (10-20%) (Fig. 8g).

Most polymerid Cambrian trilobites (Fig. 8g) are indicators of shal-
low shelf settings and are the main textural components in rocks of
Cambrian-Ordovician age (Scholle and Ulmer-Scholle, 2003). The pres-
ence of micrite, peloids, and the lack of marine cement in this
microfacies points to deposition in relatively low-energy conditions
such as lagoonal environments (Amel et al., 2015).

MF4: Ooid intraclast oncoid bioclast packstone and grainstone (MF4)
were observed in all studied sections. The bioclast fragments are primarily
composed of brachiopods and trilobites (25-30%) (Fig. 8h; red arrows).
The intraclasts (< 2 mm; poorly sorted, sub-angular to sub-rounded)
(8-10%) are mainly composed of trilobites and small patches of dark
micrite, or completely made up of mudstone (Fig. 8h; pink arrows). The
ellipsoidal and round oncoids (10%; up to 1.5 mm in diameter) are
characterized by well-laminated cortices (Fig. 8h; yellow arrows). These
are similar to the Type C (concentrically arranged laminae) oncoids of
Fliigel (2010). Ooids (<10%; <1 mm) are usually moderately sorted.
These ooids are partially neomorphosed (Fig. 8h; blue arrows) and com-
posed of a random mosaic of sub-equant anhedral spar crystals.

Irregular intraclasts (Fig. 8h) indicate a highly hydrodynamic setting.
The well-laminated and concentric cortices of oncoids (Fig. 8h) are
characteristic of more-or-less persistent but moderate water movement
and incrustation by cyanobacteria under comparatively high-energy
conditions (Dahanayake, 1977). On the basis of the presence of grains
such as broken skeletal fragments, ooids, a variety of poorly sorted
muddy intraclasts, and slight micritization around grains, a shallow
subtidal (leeward) shoal has been inferred as the depositional environ-
ment for this microfacies.

MF5: Ooid packstone (MF5) was observed in the Miaolingian
Zhangxia Formation in Kelan and Qingshuihe sections. This microfacies
is absent in the Furongian record in these sections and in the entire
Cambrian record of the Kouquan section. The carbonate is cemented
by micrite and mainly composed of ooid grains, intraclasts (<5%), and
matrix, which appears to be dense, darkish brown lime mud (up to
25%) (Fig. 8i). One type of grain, i.e., radial-concentric ooids (0.3 mm
to 1 mm), is predominant, with a possible bacterial biofilm at the core
(Fig. 8i; yellow arrows). The composition of these ooids is the same in
the center and the cortex. Dark micrite was observed in the cortex of a
few of the ooids (Fig. 8i; red arrow heads).
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This microfacies is mostly associated with radial-concentric ooids
with cores of bacterial biofilm (Fig. 8i; Brehm et al., 2003, 2006). The
concentric structure of these ooids indicates a high-energy setting.
Moreover, the cortex of a few ooids consists of dark micrite which
may point to the presence of filamentous cyanobacteria (Girvanella-
type), further indicating the formation of these ooids under the
influence of microbes in a microbial mat dominated by cyanobacteria
(Liu and Zhang, 2012). The microfacies surrounded by micrite
suggest a relatively moderate-energy setting, probably the leeward
environment of a shoal (cf. Fliigel, 2010; Riaz et al., 2022a).

MF6: Ooid grainstone (MF6) was observed in all stratigraphic sec-
tions. This is associated with up to 60% ooids and cemented with sparite
cement (Fig. 8j). Radial-concentric ooids (with and without nuclei),
composite ooids, and pseudo-ooids were identified (Fig. 8j). The
composite ooids are composed of more than three sub-ooids, and
their diameter depends on the number and size of the sub-ooids
(Fig. 8j; green arrow). Neomorphosed ooids (Fig. 8j; blue arrows)
were also recognized.

This microfacies indicates a high-energy environment, which can be
easily proved from the concentric structure of the cortex, surrounded by
sparry calcite, and by the matrix-free texture (grain-supported) (Fig. 8j;
Fliigel, 2010). The composite ooids developed with a dark, thin, organic
envelope in a high-energy setting (Scholle and Ulmer-Scholle, 2003).
Moreover, the neomorphosed ooids were most likely originally arago-
nitic in composition (Tucker, 1984; Tucker and Wright, 1990), and
later underwent the dissolution of the aragonite and its replacement
with calcite. The neomorphosed ooids may indicate highly turbulent
conditions (Riaz et al.,, 20193, 2021, 2022a).

MF7: Ooidal dolograinstone (MF7) was observed in the Zhangxia
Formation (Kouquan section; Fig. 8k), the Fengshan Formation (Kelan
section; Fig. 81); and the Gushan Formation (Qingshuihe section;
Fig. 8m). This microfacies is predominately characterized by oolitic
grain-supported facies (Fig. 8k-m). The microfacies is associated with
60% ooids along with less than 10% dark micrite and pyrite minerals
(Fig. 8k-m). The ooids of the Zhangxia Formation (Fig. 8k) include par-
tially dolomitized ooids, whereas the Fengshan Formation (Fig. 81) con-
tains completely dolomitized ooids. The crystals of these completely
dolomitized ooids range from 50 to 100 pm in size (Fig. 81). Further-
more, pyrite minerals in the center and stylolite in the outer most cortex
of the ooids from the Gushan Formation (Fig. 8m).

The partially dolomitized ooids in the Zhangxia (Fig. 8k) and Gushan
formations (Fig. 8m) provide evidence for a high-energy setting due to
concentric laminae and subaerial exposure resulting from partially
dolomitized centers (Fliigel, 2010). Moreover, the completely
dolomitized ooids in the surrounding of connate cement confirms
their formation in a high-energy setting above the fair-weather wave
base (Burchette and Wright, 1992; Fliigel, 2010). Furthermore, the par-
tially dolomitized ooids of the Zhangxia Formation (Fig. 8k) represent
the meteoric to shallow burial diagenetic environment (Khaing et al.,
2022). Whereas completely dolomitized ooids of the Fengshan Forma-
tion (Fig. 81) indicate the meteoric diagenesis (Khaing et al., 2022). Fur-
ther partially and completely dolomitized carbonates are surrounded by
blocky cement that also provide the evidences of meteoric diagenesis
(Jafarian et al., 2017). The ooids of the Gushan Formation that contain
the crystals of dolomite as well as stylolite (Fig. 8m) represent interme-
diate to deep burial diagenetic environment (Khaing et al., 2022).

MF8: Bioclast ooid grainstone (MF8) was observed in all sections
and is associated with trilobites (Fig. 8n). These bioclasts also act as
nuclei in several radial-concentric ooids (Fig. 8n). Furthermore, radial-
concentric ooids without nuclei (Fig. 8n; yellow arrows) and
neomorphosed ooids (Fig. 8n; blue arrows) were also observed in
MF8. The radial-concentric ooids (0.6-1 mm) are larger in size than
the neomorphosed ooids, which range from 0.3-0.5 mm in size
(Fig. 8n). Moreover, dark micrite and pyrite grains (Fig. 8n; red dashed
lines) were also observed in several places. Locally, MF8 can be merged
into ooid bioclast grainstone to form packstone.
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Trilobite fossils (Fig. 8n) were observed in abundance in Cambrian
strata and indicate shallow shelf settings (Scholle and Ulmer-Scholle,
2003). The radial-concentric ooids with and without nuclei, as well as
the predominance of their concentric fabric and the intense cementation
by sparite (matrix-free grainstone), indicate a high-energy environment
(Riaz et al.,, 2019a, 2022a). The central part of the radial-concentric
ooids (without nuclei) is possibly associated with the calcification of bac-
terial biofilms (Brehm et al., 2003, 2006). Additionally, dark micrite in this
microfacies is possibly associated with several microorganisms that may
be actively involved in the formation of ooids (see Decho and Gutierrez,
2017; Dupraz et al,, 2009). We suggest central to seaward shoal environ-
ments for this microfacies.

MF9: Ooid intraclast bioclast grainstone (MF9) was observed in the
Furongian strata of all study sections. The bioclasts (<25%) are repre-
sented by fragments of brachiopods and/or trilobites (Fig. 80). This
microfacies also contains well-sorted ooids and elongated intraclasts
(Fig. 80; red arrows). These intraclasts (10%) mainly comprise small
patches of dark micrite (Fig. 80; red arrows). Quartz grains (Fig. 80;
blue arrow) and scattered dolomite particles (Fig. 8o; yellow arrows)
were also recognized within the texture.

The fossils (Fig. 80) indicate shallow shelf settings (Scholle and
Ulmer-Scholle, 2003). Intraclasts point to the formation and destruction
of sediments, which can be episodic and often repeated in storm-
influenced coastal and shallow shelf settings (Fliigel, 2010). These
grains represent FZ5 and FZ6, i.e., platform margin sand shoals to the
platform rim in Fliigel's terms (Fliigel, 2010). Additionally, crystals of
dolomite were originally composed of calcite in which Ca?>* was gradu-
ally replaced with Mg?*. The dark and dense materials between the
crystals of dolomite were possibly combined through EPS, mainly
excreted by filamentous cyanobacteria (i.e., Dupraz et al., 2009;
Decho, 2010; Decho and Gutierrez, 2017). Alternatively, these materials
can also be explained by the accumulation of insoluble dusty material at
the rim of crystals during secondary crystal growth (dolomite
neomorphosis) (i.e., Barta, 2011).

4.3. Geochemical characterization of the Cambrian record

4.3.1. SEM and EDX analyses

A number of analyses such as SEM and EDX were performed to ex-
plore the potential intrinsic association among the genesis of regressive
carbonate deposits and their elemental composition. The SEM observa-
tions indicate the presence of exquisite features such as nanospheres,
EPS, and microbial fossils within dark micrite (Fig. 9a-f). The dark
micrite records two classes of microbial fossils, namely spherical and
filamentous forms (Fig. 9a-c). The spherical microbial fossils have
variable sizes of "2.50 pm and rounded morphology (Fig. 9c), whereas
the filamentous microbial fossils are 30-40 pm in length and 2-4 um
in diameter. Based on morphology, various forms of these fossils
were identified, such as straight, intertwined, and unbranched (Fig. 9a,
b). They also occur as tubular structures with no clear bifurcations
(Fig. 9b), however, partial bifurcation was commonly recognized
(Fig. 9b). The occurrence of EPS remnants inside the dark micrite, com-
bined with filamentous fossils and nanospheres, was observed (Fig. 9c).
The remnants of EPS indicate numerous lamellae having an irregular
band with honeycomb surficial pore structures (Fig. 9c, e). The SEM im-
ages also show the rhombohedral morphology of calcite crystals
(Fig. 9f). Qualitative elemental analyses (by EDX) were also conducted
on filamentous microbial fossils (see EDX 001 in Fig. 9b), nanograin
(EDX 002 in Fig. 9d), and EPS remnants (EDX 003 in Fig. 9e).

4.3.2. Mineralogy

Petrographic and SEM investigations unraveled the close associa-
tion of dark micrite with the genesis of Cambrian carbonate facies
(Figs. 8,9). To examine the formation of these facies, we investigated
the geochemical signatures of these dark micrites by fluorescence
microscopy and EPMA.
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Fluorescence microscopic study supports the occurrence of dark
micrite in the observed carbonate facies (Fig. 10a-g). Petrographic ob-
servations indicate the different natures of the ooids, including ooids
with dominant nuclei as well as those without nuclei (Fig. 10b). The
fluorescence study of these ooids also found the presence of obvious
laminae in the ooids without nuclei and the conspicuous nuclei of
bioclasts such as brachiopods or trilobite fragments in ooids with nuclei
(Fig. 10c). In addition, the patches of dark micrite in the neighboring
area of the ooids most likely reflects the preservation of organic matter
remnants (Fig. 10b, c¢). Additionally, numerous ooids also display obvi-
ous concentric laminae that are not observable through microscopic
study (Fig. 10d, e). Recently, Xiao et al. (2021) also reported cerebroid
ooids in the Cambrian strata representing the presence of dark micrite
(Fig. 10f, g).

An EPMA study was conducted to understand the chemistry of dark
micrite in order to differentiate the micrite from the radial-concentric
fibrous calcite. The targeted points of the EPMA are marked in Fig. 10b,
d, f. (see yellow crosses numbered from 1 to 6). Their elemental com-
position is presented in Table 1. In particular, the results of the EPMA
study confirm differences in the chemistry of dark micrite and radial-
concentric fibrous calcite. Calcium (Ca), oxygen (O), and carbon
(C) were almost majorly observed in both dark micrite and radial-
concentric fibrous calcite. However, the concentration of the minor
elements (i.e., Si, Al, Mg, N, K) in dark micrite is higher than in the
radial-concentric fibrous calcite (Fig. 10; spectra 1 to 6). The key
components of the studied ooids are Ca—Mg carbonates (calcite
and Mg-calcite) (Fig. 10; Table 1).

4.3.3. Isotopic records

The §'3C and 6'80 isotopic analyses of eighty-one carbonate samples
(Figs. 4, 11; Table 2) from the three different sections were used to in-
terpret the geochemical records of the Cambrian strata. The isotopic
values show variations in all studied sections of the NCP (Fig. 4;
Table 2). The lower and uppermost parts of the Xuzhuang Formation
(n: 5) at the Kelan section show negative 6'3C isotope values, whereas
the middle-upper part of the formation exhibits positive 5!3C values
(Table 2). Two samples have the highest negative 5'0 isotope values
(i.e., —10.68%. and —11.36%. VPDB) of all the Xuzhuang samples
(Fig. 4; Table 2). The mean values of 5'>C and 6'%0 in the Xuzhuang For-
mation of the Kouquan and Qingshuihe sections are 0.02%. and —8.15%o
VPDB, and —1.01%. and — 8.59%. VPDB, respectively (Table 2). In the
Zhangxia Formation, 6'>C and 6'®0 mean values are 0.3% and
—8.17%- (Kelan section), 0.16%. and —9.49%. (Kouquan section), and
—0.01%. and —7.85%. (Qingshuihe section) (Fig. 4; Table 2). At the
Kelan section, 6'3C values (mean = —0.5% VPDB) from the lower to
the upper part of the Gushan Formation (n: 4) show a trend towards
more negative values. The 6'80 values of these four samples range
from —7.45%. to —9.11%. (mean = —8.2%. VPDB). At the Kouquan sec-
tion, the maximum and minimum &'3C and 620 values of the Gushan
Formation (n: 3) are 0.45%. and —1.12%, VPDB (mean = —0.26%.
VPDB), and —7.08%. and —11.43%. VPDB (mean = —9.12%. VPDB),
respectively, whereas the Gushan Formation (n: 4) at the Qingshuihe
section comprises both negative and positive values of '>C (mean =
—0.18%. VPDB) (Fig. 4; Table 2). The mean value of the §'80 at the
Gushan Formation is —7.45%. VPDB. The Furongian Changshan Forma-
tion (n: 4) at the Kelan section shows variations of 8'>C values similar to
those in the Miaolingian strata (i.e., the Xuzhuang, Zhangxia, and
Gushan formations) of the Kelan section (Figs. 4 and 11; Table 2). The
Furongian Changshan Formation (n: 6) at the Kouquan section has
only one sample that exhibits a 6'>C positive value (CS-17 = 0.46%.
VPDB), while other samples show negative 6'C values varying between
—0.05%o and —0.54%. VPDB (Table 2). The mean &'3C and 680 values of
the Changshan Formation are —0.14%. and —7.74%. VPDB, respectively.
However, in the Changshan Formation (n: 5) at the Qingshuihe section
all '3C values are negative, ranging between —0.13% and —0.69%.
VPDB (mean = —0.32% VPDB), and 6'80 values vary from —7.57%.
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Fig. 9. Ultra-microfabrics of nanospheres, EPS calcified remnants, filamentous microbial fossils, and EDX spots. (a) Filamentous fossils having a calcified sheath of cyanobacteria (yellow
arrow) are prominent within calcite crystal; (b) Filamentous fossils inside dark micrite indicating straight morphology, without bifurcation. Yellow cross displaying the target spot of EDX
001; (c) Spherical and filamentous microbial fossils, presence of calcite crystals (red arrows) and EPS calcified remnants; (d) Nanospheres agglomerated with EPS; yellow cross points out
the target spot of EDX 002; (e) The green rectangle displays the EPS in dark micrite that noticeably confirm the EPS calcified remnants with irregular band-like shapes in zoom part; Yellow
cross reveals the target spots of EDX 003; (f) Occurrence of rhombohedral shape calcite crystals.

to —9.47%, VPDB (mean = —8.24%. VPDB). The Fengshan Formation
at the Kelan section exhibits entirely negative 6'3C values, whereas
at the Kouquan section all '3C values are positive. On the other
hand, 6'3C values in the Fengshan Formation at the Qingshuihe sec-
tion are both positive and negative (Fig. 4; Table 2). The 5'80 values
of the Fengshan Formation at the Kelan, Kouquan, and Qingshuihe
sections range from —4.15%. VPDB to —8.01%. VPDB (mean
—6.22%. VPDB; Table 2), —7.72%. VPDB to —8.16%. VPDB (mean
—7.96%. VPDB; Table 2), and —4.55%. to —8.42%. VPDB (mean
—6%o. VPDB; Table 2), respectively.
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5. Discussion
5.1. Depositional environment and sequence stratigraphy

Based on petrographic investigations, spatiotemporal trends and the
variations of facies associations, the ooidal shoal in the middle
Cambrian, and the bioherm limestone and calcirudites in the upper
Cambrian, which points to sedimentation under the fair-weather
wave base (FWWB), we suggest a deposition on a carbonate platform
(probably a ramp) for the Cambrian NCP carbonates. The nine
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Fig. 10. Fluorescence photomicrographs, EPMA targets, and spectrum results of the carbonates at the NCP. (a) Fluorescence image indicates the radial-concentric structure; (b) Ooids and
dark micrite within and surrounding area of the ooids; (c) Fluorescence image of ooids and dark micrite (rectangle in Fig. b); (d) Ooids without concentric laminae of micrite;
(e) Fluorescence image of concentric laminae of dark micrite (square in Fig. d); (f) Classic ooids of the NCP are enclosed by dark micrite; (g) Fluorescence image of ooids (rectangle in
Fig. f). The EPMA spectra are targeted on the photomicrographs b, d, and f. The data of targeted EPMA spots are reported in Table 1.

microfacies that have been identified in this study can be grouped into
tidal flat, lagoon, and shoal facies associated with an inner ramp setting
(Fig. 12).

The tidal flat comprises mudstone and microbial mudstone (MF1),
and intraclast-bioclast wackestone-packstone (MF2), indicating that
the facies trend from landward to seaward. In addition, this depositional
environment of the microfacies points to the shallowness of a large
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body of this basin (Elicki et al., 2002; Alsharhan and Kendall, 2003;
Fliigel, 2010; Jafarian et al., 2017). The single identified lagoon
microfacies (MF3) of the Cambrian carbonate ramp of North China is
associated with peloid bioclast wackestone formed above the FWWB.
The abundant occurrence of bioclasts points to normal-marine salinity
(Fliigel, 2010). The shoal facies associations suggest high-energy
conditions comprising six microfacies (MF4-9) that are dominantly
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Table 1
Element compositions of micrite and ooids from EPMA.

Sedimentary Geology 443 (2023) 106301

Spectrum Spectrum point location Element compositions of micrite and ooids minerals
N,05 SiO, SO3 CO, Na,O MgO Al,03 K,0 Ca0o MnO, FeO/FeS Total

Spectrum 1 Ooid (Fig. 10b) 45.86 52.32 98.18%
Spectrum 2 Ooid (Fig. 10b) 032 0.27 53.47 4.01 2.12 35.10 2.08 97.37%
Spectrum 3 Micrite (Fig. 10b) 0.43 1.17 60.46 413 3.16 23.69 4.02 97.06%
Spectrum 4 Ooid (Fig. 10d) 1.95 0.42 59.30 0.55 1.27 218 0.30 32.38 0.03 98.38%
Spectrum 5 Micrite (Fig. 10d) 1.95 49.01 0.16 415 5.40 0.23 38.34 0.06 99.30%
Spectrum 6 Ooid (Fig. 10f) 56.62 41.14 97.76%

composed of ooids with minor oncoids, bioclasts, and intraclasts. Apart
from this, shoal microfacies (i.e., MF7) comprises the meteoric and
burial diagenetic environment. The petrographic interpretation defines
the high abundance of shoal facies in the Cambrian Miaolingian strata of
the NCP as have been deposited above the FWWB and within an inner
ramp (shoal) environment (Fig. 12).

The field study revealed that the Cambrian (Miaolingian to
Furongian) Xuzhuang, Zhangxia, Gushan, Changshan, and Fengshan for-
mations at the Kelan, Kouquan, and Qingshuihe sections developed
from retrogradational to progradational successions during fluctuations
of relative sea level (Figs. 4-7). The studied Cambrian succession depos-
ited during the first megasequence has some similarities and differences
to the Cambrian strata in North America: a shale-carbonate lower part
(shaly half-cycle) and a calcareous oolite-laminae upper part (carbon-
ate half-cycle) (see Aitken, 1978; Chow and James, 1987). The shaly
half-cycle can be interpreted as a highstand and the succeeding carbon-
ate half-cycle as a lowstand (Osleger and Montafiez, 1996), a case sim-
ilar to the two system tracts; a lower TST and upper HST have been
interpreted from the studied sections of NCP. Moreover, the Cambrian
strata of the NCP are composed of many meter-scale shallowing-
upward cycles, just like the Cambrian strata of North America (Osleger
and Read, 1991.). The studied calcareous mudstone, interbedded
micritic limestone, and calcareous mudstone were part of the
retrograding complex and developed during the rapid rise of relative
sea level (Fig. 4) in a similar way to that described by Latif et al.
(2018) and Riaz et al. (2019a, 2019b, 2022a). The shallow ramp and
grain bank facies mostly associated with oolitic limestones, along with
burrowing, scoured surfaces and cross-lamination, developed during
progradation rather than aggradation (Figs. 4, 6b, ¢, f, g, i, 7b, d, e, f, i,
8h-n); this is evident due to high carbonate production and low-
magnitude base level fall (i.e., shut down of carbonate factory), which

¢ Kelan

EKouquan

causes slow sea-level fall, as described by Schlager and Warrlich
(2009) and Mei (2010). The oolitic grainstone in the top part of each
Miaolingian Formation (Figs. 4, 6b, ¢, f, 8i, j, k, m) is overlain by relatively
deep-water calcareous mudstone of the same formation, fulfilling the
regressive model of Mei and Yang (2000) and Samanta et al. (2016).
The depositional style of the studied sections is almost similar to the
eight other sections in the same provinces of China (Fig. 13; Riaz,
2019). These sections confirm that the oolitic grainstone in the upper
part of each formation was covered by calcareous mudstone, providing
evidence of transgression, whereas, the Furongian strata of these sec-
tions are comprised of carbonate mud (Fig. 13).

The Miaolingian strata (Xuzhuang, Zhangxia, and Gushan forma-
tions) developed supratidal flat deposits in the lower part of the
Xuzhuang Formation, which represent the platform initiation stage as
proposed by Mei et al. (1997) and Meng et al. (1997). The upper part
of the formation predominantly consists of cross-laminated oolitic lime-
stone (Figs. 6b, 7a) forming a shallow ramp subtidal-type meter-scale
cycle (see Mei et al., 2005; Riaz et al., 2019a) and represents the platform
foundation stage (e.g., Riaz et al., 2019b), whereas the middle part of the
formation displays a condensed succession that represents the rapid
rise of sea level (Baraboshkin, 2009) and separates the platform
initiation and platform foundation stages (Fig. 5b) (Mei et al., 1997,
Meng et al., 1997). Overall, the depositional style of the Xuzhuang For-
mation consists of a transgressive system tract plus a condensed section,
and a highstand system tract (Figs. 4, 5b). A long-term relative sea level
rise occurred during the deposition of the Xuzhuang Formation, as evi-
denced by the vast extension of the formation at the NCP (Xiao et al.,
2017a,2017b; Latif et al., 2018; Riaz et al,, 2019a, 2019b). Subsequently,
during normal regression, thick beds of oolitic limestone developed in
shallow ramp settings (Ma et al., 2017; Riaz et al., 20193, 2022a). The
deposition of the Zhangxia Formation occurred in a shallow subtidal
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Fig. 11. Comparison of §'80-5'3C values of limestone and dolostone samples of the Cambrian of Kelan, Kouquan, and Qingshuihe sections with expected Cambrian marine dolomite and

limestone (Veizer and Prokoph, 2015; Henkes et al., 2018; Ryb and Eiler, 2018).
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Table 2

Sedimentary Geology 443 (2023) 106301

Values of carbon and oxygen isotopes along the studied section of the Cambrian strata of North China Platform.

Formation Kelan Section Kouquan Section Qingshuihe Section
Shanxi Province Hebei Province Inner Mongolia
Sample No. ~ 613C (%) VPDB 6180 (%.) VPDB ~ Sample No.  613C (%) VPDB 6180 (%.) VPDB ~ Sample No.  613C (%) VPDB  $180 (%.) VPDB
Fengshan FS-28 —5.94 —5.80 FS-25 0.83 —8.05 FS-28 —6.14 —5.48
FS-27 —4.60 —4.15 FS-24 0.22 —8.16 FS-27 —6.02 —5.16
FS-26 —0.15 —8.01 FS-23 1.35 —7.72 FS-26 —5.88 —4.55
FS-25 —0.03 —7.62 FS-25 0.08 —8.42
FS-24 —0.20 —7.79 FS-24 —5.53 —5.43
FS-23 —5.51 —4.66
FS-22 —5.86 —5.80
Changshan  CS-21 —1.30 —10.36 CS-22 —0.49 —8.20 Cs-23 —0.69 —8.77
Cs-20 0.05 —7.35 Cs-21 —0.05 —7.24 CS-22 —0.25 —9.47
Cs-19 —0.08 —7.45 Cs-20 —0.19 —7.32 Cs-21 —0.13 —7.57
CS-18 0.51 —7.53 CS-19 —0.54 —8.52 CS-20 —0.32 —7.84
Cs-18 —0.30 —7.45 Cs-19 —0.24 —7.58
Cs-17 0.46 —7.44
Gushan GS-17 —1.47 —9.11 GS-16 0.03 —7.08 GS-18 0.02 —7.31
GS-16 —0.20 —8.55 GS-15 —1.12 —11.43 GS-17 0.02 —7.54
GS-15 —0.03 —7.45 GS-14 0.45 —8.59 GS-16 —0.42 —7.39
GS-14 0.06 —7.57 GS-15 —0.34 —7.56
Zhangxia ZX-13 0.00 —7.28 ZX-13 —0.17 —8.50 ZX-14 0.71 —7.44
ZX-12 0.01 —7.46 ZX-12 —0.47 —8.87 ZX-13 0.84 —7.53
ZX-11 0.15 —11.38 ZX-11 0.96 —9.22 ZX-12 —0.77 —8.27
ZX-10 —1.60 —7.89 ZX-10 0.07 —7.77 ZX-11 —1.72 —8.00
ZX-09 —0.21 —7.42 ZX-09 1.70 —11.40 ZX-10 0.02 —7.36
ZX-08 —0.14 —7.21 ZX-08 —0.58 —10.36 ZX-09 0.53 —9.57
ZX-07 —0.20 —7.32 ZX-07 0.25 —7.72 ZX-08 0.02 —7.32
ZX-06 —0.08 —7.20 ZX-06 0.05 —8.07 ZX-07 0.14 —7.37
ZX-05 —0.83 —13.51 ZX-06 0.10 —7.83
Xuzhuang XZ-05 —1.86 —7.87 XZ-04 0.12 —8.11 XZ-05 —1.79 —8.29
XZ-04 0.06 —11.36 XZ-03 —0.53 —845 XZ-04 —1.07 —7.53
XZ-03 0.20 —10.68 XZ-02 0.18 —8.11 XZ-03 0.04 —-11.75
XZ-02 —0.07 —7.84 XZ-01 0.30 —7.90 XZ-02 —1.01 —7.83
XZ-01 —1.74 —7.91 XZ-01 —1.23 —7.56

setting during the Cambrian transgression (Mei and Mei, 1997). The
lower part of the Zhangxia Formation represents a rapid transgression
that directly covered the cross-laminated oolitic grainstone of the
Xuzhuang Formation (Fig. 6a, b), whereas the upper part of the
Zhangxia Formation is associated with the burrowed and scoured sur-
face of oolitic grainstone (Figs. 6¢, 7b) that represents the relative fall
in sea level. In addition, the Cambrian transgression continued for lon-
ger and was more extensive than in the early and middle Miaolingian
(Mei, 2011, 2015). This is the reason why calcirudites within calcareous
mudstone produced a condensed section in the lower part of the
Gushan Formation, indicating a rapid rise in sea level in the studied sec-
tions of the NCP (Fig. 6d, e). The lower part of the Gushan Formation

Middle Ramp

directly covered the burrowed and scoured surfaces of the oolitic
grainstone of the Zhangxia Formation (Fig. 7c), whereas the upper
part of the formation displays a sharp contact with the Changshan
Formation (Figs. 5d, 7g) that denotes Type Il unconformity of drowning
type (Schlager, 1989, 1999). The studied drowned unconformity
(Fig. 7g) is different from the Exxon model for Type I and Type II
sequence boundaries (Vail et al., 1984; Van Wagoner et al., 1990). The
oolitic grainstone that starts in the upper part of the Xuzhuang Forma-
tion (Fig. 6b) and proceeds to the Zhangxia Formation (Fig. 6¢) and
the Gushan Formation (Fig. 6f) denotes the platform foundation stage
(e.g., Mei et al., 1997). This platform foundation stage represents a car-
bonate platform that is dominated by oolitic shoals (Figs. 4, 6b, c, f,
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Fig. 12. Inferred depositional setting of the Cambrian strata of the studied sections. Note that the identified microfacies and microfacies associations were deposited above the fair-weather

wave base (FWWB) and within an inner ramp environment.
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Fig. 13. The depositional style of the Cambrian strata at various sections of the studied provinces (i.e., Shanxi, Hebei, Inner Mongolia) of China (Adapted from Riaz, 2019).

13) and laid the foundation of a carbonate platform similar to the car-
bonate platform dominated by peloidal sands described by Pratt et al.
(2012).

The Furongian strata (i.e., the Changshan and Fengshan forma-
tions) are composed of bored and burrowed fossiliferous limestone
(Figs. 5f, 7i-j) and deposited in a relatively deeper environment
than the Miaolingian strata, consisting of thick massive oolitic
grainstone deposited in a shallow water high-energy environment
(Riaz et al., 2019a). The Changshan Formation, which makes upper
contact with the calcareous mudstone and shale of the basal part of
the Fengshan Formation provides a typical example of the drowned
unconformity (Fig. 7k) similar to the Miaolingian strata (Fig. 7g) of
the studied sections of the NCP. The entire Furongian strata of the
Kelan section deviates from fossiliferous limestone to oolitic-grain
bank (Figs. 4, 13), which may have been caused by the platform
drowning event at the end of the Cambrian Miaolingian Series (Ma
et al., 2017; Riaz et al., 2019a). Further occurrence of the oolitic-
grain bank in the Fengshan Formation at the Kelan section developed
a high topography as compared to the other sections (e.g., Kouquan
and Qingshuihe), thus providing a shallow-marine environment
where an abundance of nutrient supply, microorganisms, possibly
slightly elevated salinity, and development of concentric laminae
as a result of turbulent water conditions were suitable agents for
the formation of ooids.

5.2. Geochemical interpretations

Observations of the dark micrite in the NCP revealed exquisitely pre-
served structures such as microbial fossils, EPS calcification remnants,
and nanospheres (Fig. 9a-f). The preserved structure of the dark micrite
is composed of Ca, O, C, Mg, Si, Al, and F, as revealed by spot analyses by
EDX (Fig. 9b, d, e) and confirmed by EPMA data (Fig. 10). Recently, Xiao
et al. (2020a, 2020b) documented filamentous fossils and classified
them into three varieties: 1) slightly bent filamentous fossils without
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bifurcation; 2) intertwined filamentous fossils, most likely products of
the calcification of the passives sheathes of filamentous microorgan-
isms; and 3) filamentous fossils without bending or bifurcation. A re-
stricted portion of the Cambrian strata of the studied sections contains
a third variety of filamentous fossils (Fig. 9a-b). EDX analysis of the
microbial fossils revealed that the key compositional elements composi-
tions are C and O (EDX 001 in Fig. 9b). Various elements including Ca,
Mg, Si, Al, and F exist inside the filamentous fossils. Their main mineral-
ogical composition includes calcite and clay minerals (EDX 001-003 in
Fig. 9), reflecting the calcitic composition of carbonate facies in the
Cambrian strata (Stanley, 2006).

In addition to the filamentous microbial fossils, spherical microbial
fossils were also observed within the dark micrite of the carbonate fa-
cies (Fig. 9c). The geochemical data of Xiao et al. (2020a) indicate
these fossils' bodies are predominantly comprised of calcite and clay
minerals. The present work also reveals the presence of nanospheres,
interpreted as the tiny grains precipitated on a cyanobacterial microbial
mat (Fig. 9d). These grains show a close association with EPS due to the
dual nature of EPS. We surmise that, initially, EPS in these observed
nanospheres works as a “cation sponge” because of a negative group
of amino acids (aspartic acid and glutamic acids) and carboxylated poly-
saccharides (uronic acids) that can prevent carbonate precipitation by
excluding Ca®* from the solution (e.g., Decho and Gutierrez, 2017).
Binding ability progressively declined owing to the presence of different
microbes in the microbial mat. The further precipitation process was
most likely promoted by biologically-induced mineralization in the car-
bonate grains of NCP, as argued by Dupraz et al. (2009). In addition, the
composite mineralogical results of previous studies have also suggested
that nanosphere aggregates denote products of the interface between
heterotrophic bacteria metabolism and the degradation of EPSs (see
Decho and Gutierrez, 2017; Diaz and Eberli, 2019), suggesting that a pri-
mary stage of biogenic carbonate particle nucleation was promoted by
microbial metabolism (see Spadafor et al., 2010). The EDX interpreta-
tion consistently shows that the principal elements in the nanospheres
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are Ca, C and O, suggesting that the mineralogical composition of these
nanospheres is dominated by calcite (EDX 002 in Fig. 9d).

Besides the nanospheres, several fragmented sheets of EPS remnants
were also documented around the filamentous microbial fossils
(Fig. 9e). Extensive sheets of EPS remnants were observed inside the
dark micrite, combined with nanospheres and filamentous microbial
fossils (Fig. 9b, c, e). Close observations of these EPS lamellae demon-
strated that their surfaces display an irregular band-like morphology
as well as a honeycomb-like surficial pore structure (Fig. 9e). These fea-
tures most likely reflect residual calcification of EPS, as argued by previ-
ous studies (e.g., Dupraz and Visscher, 2005; Dupraz et al., 2009). Their
mineralogical investigation through EDX analysis further suggests that
the EPS remnants with a typical structure are primarily composed of cal-
cium carbonate and clay minerals (EDX 003 in Fig. 9e). Overall, the dark
micrite reveals a large number of finely preserved microbial fossils and
some microbially-related structures, including EPS calcification rem-
nants and nanospheres (Fig. 9a-f). These signatures within the ooids
further confirm their origin as a consequence of calcification products
of microbial activity, which was significant in the Cambrian period
(see Xiao et al., 2021).

Our EPMA data also suggest that the micrite is rich in elements such
as Si, S, Na, K, Mn, Fe, N, and Al (Fig. 10, Table 1), although the micrite's
major constituents are Ca, C, and O. The microzone at which N occurs is
located inside the dark micrite closely associated with the studied ooids,
indicating remnants of organic matter (see spectra 3 and 4). It is worth
stating that our EPMA interpretation of dark micrite also reflects the oc-
currence of pyrite (framboidal), suggesting genesis under reducing con-
ditions (Maclean et al., 2010; Xiao et al., 2020a). In conclusion, the
integrated results EPMA and EDX for the elemental composition of
dark micrite are in agreement with the tested lithification of microbial
mats (see Farias et al., 2014; Zhu et al., 2018). Based on these findings,
it can therefore be inferred that the dark micrite in the studied ooids
supports its definition as calcified remnants of microbial mats com-
posed of several microorganisms (Farias et al., 2014; Zhu et al., 2018).

In addition to the results from SEM-EDX and EPMA, our isotopic data
also deliver reliable clues in favor of microbial involvement during the
formation of the dark micrite in the studied ooids. Isotopic compositions
across different study locations revealed a wide range of 630 values
from —4.15 to —11.75%. VPDB (Fig. 4; Table 2). In contrast, the 5'3C
VPDB values indicate a range of —2 to +2%. VPDB (Fig. 4; Table 2).
The set of 6'3C values indicates similarity to the features of marine dis-
solved organic carbon (Campbell, 2006). Firstly, the negative values of
5'3C in the carbonate ooids imply that the carbon was primarily gener-
ated from a highly organic-rich zone, such as the microbial zone. Like-
wise, it can also be inferred that the depleted '>C values of Cambrian
ooids indicate that the carbon most likely originated from organic
sources linked to the activity of sulphate-reducing bacteria (Figs. 4
and 11; Table 2; Warren, 2000). These §'3C values of the carbonates fa-
cies depend on the relative content of CO,, which was most probably
provided via the disintegration of organic matter associated with the
involvement of sulphate-reducing bacteria during cementation and re-
crystallization (e.g., Armstrong-Altrin et al., 2009). Moreover, we report
that the 8'3C values of the Zhangxia Formation are greater than those of
the Gushan Formation (see Table 2). This difference is highlighted by
evidence, which suggests that the lower negative values of the carbon
isotopes indicate that the genesis of the studied ooids was associated
with microbial communities (as documented in the modern Bahamas;
Diaz et al., 2013, 2015, 2017).

Many researchers have asserted that the negative 5'20 values of car-
bonate facies are promising indicators of meteoric influence or a high
degree of recrystallization, which suggests that the original values
were most probably affected by diagenetic alterations (e.g., Campbell,
2006; Campbell et al., 2008). The negative 5'80 values found in this
study (see Table 2) are not consistent with marine water ambient tem-
perature, but provide most promising support for diagenetic episodes
(Fig. 11). Work by Veizer and Prokoph (2015) shows that the 5'80
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values are more negative than those of modern seawater (from —6 to
—8%. VPDB), meaning that the 8'80 values observed in this study
were mainly a result of marine-related diagenesis and little modifica-
tion or alteration occurred during the burial processes. Slightly more de-
pleted 5'20 values in some of the samples, in particular those from the
Kelan and Kouquan sections, suggest either (i) recrystallization by
pore waters/connate waters under burial conditions or (ii) an influence
of temperature during burial processes that shifted the 5'0 values to-
wards more negative values. Recent studies by Henkes et al. (2018)
and Ryb and Eiler (2018) have used clumped isotopes to reconstruct
the 6'80 values of the Phanerozoic and indicated that the 6'80 values
of Cambrian seawater were very similar to those of modern seawater
(0%.), or only slightly more negative (—2%.). If this is the case, the
5180 values observed in all studied sections were heavily influenced
by hot burial fluids, or the '80 values were modified by a geothermal
gradient. The absence of pervasive burial diagenesis features in the
studied samples, according to a study by Koeshidayatullah et al.
(2020), show that the Cambrian seawater or marine calcite was more
likely to have more negative 5'80 values than modern seawater (around
—6%.), suggesting that a significant influence of burial fluids or geother-
mal gradient heating is highly unlikely. Therefore, the majority of the
negative 5'20 values observed in the studied samples suggest the dom-
inance of seawater diagenesis, whereas the more depleted §'%0 values
observed in the Kelan and Kouquan sections can be attributed to cryptic
burial recrystallization (Javanbakht et al., 2018).

Likewise, relatively strong depletion of 'C values compared to ma-
rine values (up to —6.2%.) in the Fengshan Formation at both the Kelan
and Qingshuihe sections may indicate (i) the influence of meteoric dia-
genesis during subaerial exposure or (ii) carbon isotope negative excur-
sion during Stage 10 in North China. Indeed, meteoric diagenesis would
typically influence and shift both the 6'3C and §'80 values towards more
negative values, creating an inverted J-shaped curve (Allan and
Matthews, 1982). This further supports the idea of negative §'3C excur-
sion during the diagenetic overprints.

6. Conclusions

(1) The Cambrian strata of the NCP indicate an epicontinental sea-type
sedimentary succession that evolved on a low-latitude homoclinal
ramp from the platform initiation to platform foundation stage of
carbonate deposition during relative changes in sea level.

(2) We identified nine microfacies originating from three depositional
environments, namely tidal flat, lagoon, and shoal areas that oc-
curred on the inner part of a carbonate ramp. The shoal facies is
the dominating facies type in the Miaolingian strata, developed
during normal regression that fulfills the sequence stratigraphic
model put forward by Schlager (2005). We propose that these
shoal facies laid the foundation of a new ramp type of carbonate
platform.
Lithofacies such as calcareous mudstone, interbedded micritic
limestone, and calcareous mudstone were deposited during trans-
gressive system tract of third-order sequence, whereas scoured
surfaces and cross-laminated oolitic grainstone were deposited
during highstand system tract i.e., LHST of third-order sequence.
The Cambrian strata are comprised of multiple episodes of plat-
form submergence, indicating the development of typically
drowned successions confined by five drowning unconformities,
whereas the entire Cambrian strata is bounded at the top and bot-
tom by Type I sequence boundaries of Exxon Model.
The SEM analyses indicate nanospheres, EPS calcified remnants,
and a considerable number of exquisite microbial fossils within
the micrite, confirming that the micritic portion of the ooids repre-
sents the calcified remnants of microbial mats. This is further rein-
forced by the EPMA data, which suggest that the elemental
compositions of micrites within or around the ooids are identical
to those reported for lithomicrobial mats.
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(5) Isotopic data also provide concrete evidence in favor of microbial
involvement during the formation of Cambrian ooids. The 6'20 iso-
tope values are more negative than those of modern seawater and
most likely indicate marine-related diagenesis; little modification
or alteration occurred during the burial processes while slightly
more depleted 6'80 values in some of the samples endorse either
recrystallization by connate waters under burial conditions or the
influence of temperature during burial processes. Locally, a deple-
tion in 6'3C values (of the Fengshan Formation) may reflect the in-
fluence of meteoric diagenesis.
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