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The Cambrian Miaolingian Series strata at the Kouquan section, North China, are

primarily divided into the Xuzhuang, Zhangxia, and Gushan formations. This par-

ticular series comprises oolitic limestone in the middle to upper intervals. Thin

section observations of carbonate rock samples from the Zhangxia Formation

show that the well-preserved and most remarkable grains among them are

cerebroid ooids. Although these ooids have characteristic serrated margins, they

are distinct from ooids reported in previous publications due to inconspicuous

concentric laminae and radial structures composed of micrite and microspar. To

understand the origin of these ooids, we employed petrographic examination, X-

ray diffraction (XRD), scanning electron microscopy (SEM), electron probe micro-

analysis (EPMA), and isotope analyses to explore their compositions and condi-

tions of development. In addition, the occurrence of these cerebroid ooids is

closely related to that of dark-coloured micrite: most cerebroid ooids and quasi-

cerebroid ooids float inside dark micrite; dark micrite appears in the interior of

cerebroid ooids as a radial micrite structure. EPMA and energy-dispersive X-ray

(EDX) spectroscopy analyses of micrite reveal that the dark micrite consists of

lithomicrobial mats. Fine-scale characterization of the dark micrite inside these

cerebroid ooids shows the presence of filamentous and bowl-shaped calcified

microbial fossils and extracellular polymeric substance (EPS) calcified remnants.

Isotopic data indicate a variation of δ13C isotopic values between �4.92‰

and �0.11‰ (VPDB) and �9.89‰ and �4.93‰ for δ18O values (VPDB). The

negative values of δ13C in the studied ooid suggest the genesis of carbon from

the high organic-rich zone such as the microbial zone. Also, the 13C-depleted car-

bon values in the ooids advocate that the carbon is mainly derived from organic

sources associated with the sulphate reduction bacterial activity. Thus, isotopic

data of this study also provide consistent clues in favour of microbial participation

during the genesis of cerebroid ooids. In conclusion, our new findings strongly

confirm that the cerebroid ooids of the North China Platform are genetically

related to microbial processes.
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1 | INTRODUCTION

Since Sorby (1879) recognized that ooid growth is like that of a snow-

ball, the investigation of the ooid formation mechanism, which has

more than 100 years of history, has been one of the most intriguing

problems in sedimentology (Duguid, Kyser, James, & Rankey, 2010;

Flugel & Munnecke, 2010). Previous studies have shown that the fol-

lowing conditions must be satisfied for the formation of ooids: (a) the

existence of a nucleus, (b) the orderly renewal of the degassing envi-

ronment, and (c) the saturation of calcium carbonate in the depositional

environment, which is considered a product of physical and chemical

processes (Bathurst, 1975; Conley, 1977; Fabricius, 1977; Mei, 2012;

Nesteroff, 1956; Simone, 1981; Tucker & Wright, 1990). However,

with the development of research on microbial metabolism mediating

organomineralization (Reitner, 2004) and the discovery of microorgan-

ism contributions to modern (Diaz et al., 2015; Diaz, Eberli,

Blackwelder, Phillips, & Swart, 2017) and artificially cultivated (Brehm,

Krumbein, & Palinska, 2006) ooid formation, biogenicity has been

introduced into the study of ooid genesis (Diaz & Eberli, 2019).

In recent years, studies on the origin of modern ooids (Batchelor,

Burne, Henry, Li, & Paul, 2018; Diaz et al., 2015, 2017; Diaz, Piggot,

Eberli, & Klaus, 2013; Edgcomb et al., 2013; O'Reilly et al., 2017;

Rankey & Reeder, 2011; Reitner, Arp, Thiel, & Galling, 1997; Sum-

mons, Bird, Gillespie, Pruss, & Sessions, 2013) and laboratory simula-

tions of oolitic formations (Brehm et al., 2006; Zhou, Zheng, &

Zhao, 2017) have shown that microorganisms clearly contribute to

ooid formation. In particular, as an explanation for the amorphous cal-

cium carbonates (ACC) within concentric ooids, a conceptual shift

from the inorganic precipitate hypothesis (Duguid et al., 2010) to the

biological formation of ACC (Diaz et al., 2017) has been achieved.

The problem arises while studying the ancient ooids that possibly they

change their structure due to diagenesis. Current research has gradu-

ally improved the interpretation as well as the possible origin of the

ooids with radial structures, especially those from ancient strata.

Current examples and investigations of rock records specify

that microbial mats can play a role in forming organic mineral

deposits through the interactions among substrates, the water

environment, and the atmosphere, which remain multifaceted

within sedimentary rocks (Dupraz et al., 2009; Riding, 2000).

Beyond this fact, some evidence of biogenicity in ooids from

ancient strata has been gradually revealed (Gerdes et al., 1994;

Lan & Chen, 2012; Li et al., 2017; Riaz, Xiao, Latif, & Zafar, 2019;

Riaz, Zafar, Latif, Xiao, & Ghazi, 2021). These reports indicate that

some of the evidence for the formation of marine carbonate ooids

in ancient strata can still be preserved in the rock record. In this

study, a special kind of cerebroid ooid was observed in oolitic lime-

stone samples from the Cambrian Miaolingian Zhangxia Formation

at the Kouquan section, Hebei Province, North China Platform.

These cerebroid ooids are distinct from those previously reported

due to their inconspicuous concentric laminae and their radial

structure. More importantly, the occurrence of these cerebroid

ooids is robustly associated with dark micrite inside or around

them. We integrated the results from δ13C and δ18O isotopes and

X-ray diffraction (XRD) to promote the interpretation of the

cerebroid ooid–forming environment. Fluorescence microscopy,

scanning electron microscopy (SEM), energy-dispersive X-ray (EDX)

spectroscopy, and electron probe microanalysis (EPMA) were

carried out to assess the ultrastructure and geochemical character-

istics of these cerebroid ooids and micrite. The interpretation of

the association between cerebroid ooids and micrite can provide

innovative insight into the intricate formation of radial structures

and open an avenue for further investigation regarding the

evidence that microbial communities directly or indirectly partici-

pated in ancient ooid formation.

2 | GEOLOGICAL BACKGROUND

Based on structural and geochemical data, the Archean to the

Palaeoproterozoic basement of the North China Craton can be sepa-

rated into three key tectonic units including the Western Block, the

Eastern Block, and the Trans-North China Orogen (Lan, Chen, Li, &

Kaiho, 2013). Following the formation of the North China Craton dur-

ing the Lüliangian Orogeny at 2.0–1.8 Ga, the North China Craton

experienced a series of extensional and rifting events at 1.8–1.6 Ga

which prompted the formation of aulacogens and marginal rift basins.

These aulacogens accommodated onshore shallow marine deposits

during the transgression phase (Lan et al., 2013 and references

therein). The sedimentary rocks in North China are dominated by

mainly shallow marine siliciclastics and carbonates. The North China

Platform is a stable carbonate platform that developed on the North

China Craton (McKenzie, Hughes, Myrow, Choi, & Park, 2011;

Mei, 2011; Myrow et al., 2015; Riaz et al., 2019; Rogers & Santosh,

2002; Xiao, Zafar, Latif, Riaz, & Lu, 2019). The North China Platform is

characterized by microbially induced sedimentary structures such as

wrinkle structures, levelled ripple marks, organic carbonaceous lami-

nae, polygonal sand cracks, polygonal sand crack fills, and gas domes

(Lan et al., 2013). After a long period of exposure and denudation dur-

ing the Archean, the first transgression on the North China Platform

commenced from the Late Cambrian Series 2, and the sedimentation

was initiated (Mei, 2015; Sun, Yang, Wu, & Wilde, 2012; Ying, Zhou,

Su, & Tang, 2011; Zheng, Xiao, & Zhao, 2013). The initial transgres-

sion from the southeast of the North China Platform formed an

unconformity similar to the ‘giant unconformity’ of the North Ameri-

can Platform (Lee & Chough, 2011; Meng, Ge, & Tucker, 1997;

Myrow et al., 2015). The transgression reached its maximum extent

in the Middle Cambrian Zhangxia depositional period, and conse-

quently, the ancient land was developed in the northwest (Kwon,

Chough, Choi, & Lee, 2006; Lee & Chough, 2011; Meng

et al., 1997; Wu, Zhang, Lu, & Liu, 2017), thus, forming a

Cambrian–Ordovician sequence of mixed carbonate-siliceous sedi-

mentary rocks with a thickness of 1800 m (Chough et al., 2010;

Meng et al., 1997; Myrow et al., 2015). The east and north of the

North China Platform remained submerged during the Middle to

the Late Cambrian (Chen, Lee, & Woo, 2014; Meng et al., 1997),

contributing to the development of microbiolites.
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The studied Kouquan section is located 30 km southeast of

Yuxian city and crops out broadly in the middle part of the North

China Platform (Figure 1a–c). The Miaolingian Series in the studied

section consists of the Xuzhuang, Zhangxia, and Gushan forma-

tions (Figure 2a; e.g., Peng & Zhao, 2018). The oolitic-grain bank

developed in the upper part of these formations during the relative

sea-level fall (see Ma, Mei, Zhang, & Li, 2017; Riaz et al., 2021;

Riaz, Xiao, et al., 2019; Riaz, Zafar, Latif, Ghazi, & Xiao, 2020). It is

characterized by shallow shelf ooidal shoals, flanked seawards by a

ramp, and landwards by tidal flats (e.g., Feng et al., 1990; Feng,

Peng, Jin, Jiang, & Bao, 2004; Mei, Riaz, Zhang, Meng, &

Hu, 2021). The studied Zhangxia Formation makes conformable

lower and upper contacts with the Xuzhuang Formation and

Gushan Formation, respectively (Figures 2a,b and 3). The Zhangxia

Formation at the Kouquan section is interpreted as three subse-

quences based on cyclicity of sedimentary facies at different

levels (Figure 2a). The lower part of each subsequence is marked

by calcareous mudstone of shelf facies (Figures 2b and 3). How-

ever, the middle part of each subsequence is characterized

as banded mudstone interbedded with thin beds of oolitic lime-

stone (Figure 3). Massive oolitic limestone is noted in the top

part of each subsequence together with a thin bed of micrite lime-

stone forming shallow ramp to grain-bank facies (Figures 2

and 3c–f). Variations in the internal lithological characteristics of

the Zhangxia Formation reveal changes from non-ooidal to grain

bank facies and a shallowing-upward trend in the deposited

sediments.

3 | MATERIALS AND METHODS

This study was based on field observations, samples, and measure-

ments of the Cambrian Zhangxia Formation at the Kouquan

section (Figure 3). The lithological column of the exposed strata was

constructed based on observations from the field and the laboratory

(Figure 3). A total of 50 fresh, representative samples of oolitic and

micritic limestone were collected from the Zhangxia Formation

(Figure 3) and studied from field observations to microstructural

examination. Comprehensive microfacies observation analyses (cross-

polarized light and plane-polarized light) were conducted on polished

samples and thin sections of medium- to thin-bedded oolitic limestone

of the second subsequence of the Zhangxia Formation (Figure 2b,c) to

illustrate the main lithological and biological components.

SEM studies of the nanofacies were undertaken on polished

thin sections and freshly broken surfaces. Samples were gold-

coated, depending on whether they were prepared for microanaly-

sis or textural study with SEM. Semiquantitative element analyses

of submicron-sized spots during SEM observations were obtained

using EDX spectroscopy under a high voltage of 10.0 kV and

pulses of 5.45–51.82 kcps.

F IGURE 1 Geological setting of the study area. (a) Location of the study area on the North China Platform, (b) satellite map of the survey
area (star showing the location of the Kouquan section), and (c) geologic map showing the Cambrian outcrops and the location of the Kouquan
section indicated by the star
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Carbon and oxygen isotope analyses were carried out on 21 selected

bulk samples that were microdrilled and then dissolved in orthophosphoric

acid. These particular samples were also observed under the microscope

as lacking calcite veins, which indicate the entire absence of secondary

features. Therefore, based on microscopic and field investigations, samples

without secondary phenomena were analysed for isotopic assessment.

The carbonate isotopic compositions (δ13C and δ18O) were measured by a

Thermo Scientific Delta V Advantage continuous flow isotope ratio mass

spectrometer. The results are expressed in delta (d) notation relative to

the Vienna Peedee belemnite (V-PDB) standard. The accuracies of the car-

bon and oxygen isotope ratios for duplicate analyses were within ±0.1‰.

In addition, the bulk mineral compositions of 10 representative samples

were determined by XRD analyses. Smaller pieces with lengths of 5 mm

were cut from the bottoms of four core plugs and then ground into pow-

der. Whole-rock XRD was performed on the prepared powder samples

using a Bruker D2 PHASER instrument. Fluorescence microscopic analysis

was used to show the strong reactions inside limestone, and EPMA was

employed as an experimental method at the microscale to analyse the

compositions. All geochemical analyses of oolitic limestone samples were

performed in the State Key Laboratory of Oil and Gas Geology and Exploi-

tation, Chengdu University of Technology.

4 | RESULTS

4.1 | Microfacies description of oolitic limestone

Microscale observations show that most of the oolitic limestone

samples are little affected by diagenetic modification and that the

exquisite structure of oolitic grains is well preserved (Figure 4).

The individual sizes of these ooids range between 200 and

600 μm (Figure 4a,b), which are smaller than concentric ooids as

described by Riaz, Xiao, et al. (2019); Riaz et al. (2021). Some

ooids have distinct nuclei that are approximately 80 μm or

more, with regular shapes (Figure 4a,b). These nuclei mainly com-

prise micritic mud or echinoderm and trilobite fossils (Figure 4a).

The neomorphosed ooids were also observed along with radial

ooids (Figure 4a–c). These ooids comprise very fine crystals

of dolomite (Figure 4c). These grains have probably undergone

dissolution of coatings as well as cores and later filing by sparry

cement.

The ooids with the radial structures of micrite (Figure 4a–d;

red and green arrows) account for overall a larger proportion of

the ooids than the ooids with the radial structure of calcite

F IGURE 2 Sequence stratigraphic column of the Cambrian Miaolingian Zhangxia Formation at the Kouquan section, North China Platform
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(Figure 4a,b; yellow arrow) and single crystal ooids (Figure 4a,b;

white arrow) of the subsequence II of the Zhangxia Formation. In

addition, some small calcite particles are bound by dark micrite, for-

ming individual grains that are smaller and similar to aggregates

with radial structures (Figure 4e). These small particle aggregates

also have jagged edges in terms of morphology, and dark micrite

participates in the main body composition, which may represent

the precursors before the formation of the cerebroid ooids.

According to the developmental characteristics of the radial struc-

ture, radial ooids can be subdivided into two types: (a) in one type,

the inner core (the starting point of the radiating structure) is not

clear; however, an obvious dark micrite sheath attaches outside of

the ooid body and composes the cortex of ooids (Figure 4f) and

(b) the other type of radial ooids can be depicted as having circular

shapes, jagged edges and smaller sizes than normal ooids based on

the microscopic investigation (Figure 4c,d). This kind of ooid used

F IGURE 3 Outcrop images showing the lithofacies of the Miaolingian Series strata at the Kouquan section. (a) Contact among Xuzhaung
Formation, three subsequences of the Zhangxia Formation, and Gushan Formation, (b) the conformable lower contact of the Zhangxia Formation
with the Cambrian Xuzhuang Formation. The calcareous mudstone in the lower part of the Zhangxia Formation makes subsequence I, (c) oolitic
limestone in the upper part of subsequence II of the Zhangxia Formation, (d) enlarged part of image c that shows the oolitic limestone, (e) oolitic
limestone in the upper part of subsequence III of the Zhangxia Formation, and (f) zoom part of rectangle in image e that represents the oolitic
limestone
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to be described as cerebroid ooids (see Carozzi, 1962; Flugel &

Munnecke, 2010; Wigforss-Lange, 2007). The diameters of these

cerebroid ooids range from 100 to 300 μm, and most of them

contain radial fabric; however, few varieties reveal inconspicuous con-

centric layers (Figure 4d). The more interesting feature is that the occur-

rence of these ooids is intimately associated with dark micrite, which can

F IGURE 4 (a, b) Radial ooids without core and concentric structure (yellow arrow), the ooids with nuclei of micritic mud or echinoderm and
trilobite fossils and radial micrite structure (red arrow), neomorphosed ooids (white arrow), cerebroidal ooids (green arrow), and calcite particle
aggregates (pink arrow) with a surrounding matrix of dark and dense micrite forming wackestone of the subsequence II of the Zhangxia
Formation, (c) single crystal ooids (white arrow) depict the crystals of dolomite and cerebroid ooids (green arrow) with radial micrite structure,
(d) typical cerebroid ooids (green arrow) with radial micrite structure surrounded by dark micrite, (e) alternative structure of radial micrite (yellow
arrow) and calcite minerals (pink arrow) show the low-energy setting of their development, (f) radial ooids without concentric structure; and
(g) alternating radial layers of dark micrite and white calcite
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be deciphered as follows: (a) the majority of the cerebroid ooids are

enclosed by dark micrite (Figure 4d) and (b) as part of the cerebroid ooid,

micrite appears in the form of a radial structure and accounts for 50% of

the cross-sectional surface (Figure 4c,d,g).

4.2 | Geochemical results

To further investigate the possible intrinsic relationship between the

formation of these cerebroid ooids and the dark micrite (Figure 4a–g),

F IGURE 5 Ultra-microfabric and energy-dispersive X-ray (EDX) results for micrite outside and inside the cerebroid ooids, showing bowl-
shaped calcified microbial fossils and mineralogy. (a) Bowl-shaped microbial fossil community (bm) (circled by the pink dotted line) inside dark
micrite together with filamentous microbial fossils (fm) and extracellular polymeric substance (EPS), (b) Botryoidal aggregate of bowl-shaped
microbial fossils with the red cross showing the measuring spot of EDX 001, (c) fm occurring next to a bowl-shaped microbial fossil community;
green area shows the EPS calcified remnants, and (d, e) local magnifications of a, showing the diameters of bowl-shaped fossils
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SEM and EDX were used to observe the ultrastructural features of

the dark micrite and the elemental composition of their local ultra-

structure. The results showed that these dark micrites do not have an

obvious regular mineral crystal structure (Figure 5a). Their complex

and irregular ultrastructural features are similar to those of ACC

reported in modern ooid research (Batchelor et al., 2018; Diaz

et al., 2013, 2015, 2017; Edgcomb et al., 2013; O'Reilly et al., 2017;

Summons et al., 2013). In the observation of these dark micrites,

nanospheres, extracellular polymeric substance (EPS) calcified rem-

nants and a considerable number of exquisite microbial fossils can be

F IGURE 6 Ultra-microfabrics of dark
micrite inside and outside the cerebroid
ooids, filamentous microbial fossils,
nanospheres, EPS-calcified remnants,
their aggregates, and EDX results. (a) Type
1 filamentous microbial fossils (fm) inside
dark micrite, characterized as individuals
that have a single tubular structure with
no obvious bifurcations (yellow arrow

shows the filamentous microbial fossil
(fm); pink arrows indicate nanospheres),
(b) type 2 filamentous microbial fossils
inside dark micrite; fm marks individuals
(pink arrows show nanospheres, and blue
arrow shows spherical microbial fossils),
(c) type 3 filamentous microbial fossils
inside dark micrite; the individual is
straight, without obvious bifurcation or
distortion, (d) local magnification of (c),
red cross showing the target spot of EDX
002, (e) the area inside the green dotted
line indicates a large sheet of lamellar
EPS-calcified remnants together with
several filamentous microbial fossils (fm),
(f) EPS-calcified remnants with irregular
band-like shapes and ultramicroscopic
honeycomb pore structure on the surface;
red crosses show the target spots of EDX
003 and EDX 004, and pink arrows show
nanospheres. EDX, energy-dispersive
X-ray; EPS, extracellular polymeric
substance
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found. The types of microbial fossils can be classified according to

morphology as bowl-shaped microbial fossil communities (Figure 5),

curved and intertwined filamentous microbial fossils, and straight and

unbranched filamentous microbial fossils (Figure 6).

4.2.1 | Mineral compositions of dark micrite and
cerebroid ooids

Under the microscope, we observe that the output of cerebroid

ooids is closely related to dark micrite (Figure 5a). To study the gene-

sis of these cerebroid ooids, we attempt to study the mineralogical

and geochemical characteristics of these dark micrites based on fluo-

rescence microscopy and EPMA.

Previous studies have shown that calcified biofilm remnants can

be preserved inside limestone and exhibit high and bright reflections

under fluorescent illumination (Li et al., 2017). Fluorescence micro-

scopic analysis reveals the presence of dark micrite in oolitic lime-

stones from the Zhangxia Formation. Under fluorescence, some parts

of dark micrite associated with cerebroid ooids exhibit high and bright

reflections (Figure 7b,c), which are the results of the preservation of

organic matter remnants.

EPMA analysis was carried out to study the mineral compositions

of dark micrite inside and outside the cerebroid ooids and to distin-

guish the micrite and the radial fibrous calcite of cerebroid ooids. The

locations of the microprobe analyses are marked in Figure 7a,d by red

crosses (numbered from 1 to 12), and the elemental compositions of

micrite and ooid minerals are listed in Table 1. The analysis of the min-

eral compositions of micrite and cerebroid ooids by EPMA shows that

differences in elemental compositions between dark micrite and radial

fibrous calcite. The main elements of the cerebroid ooid body are Ca–

Mg carbonates (calcite and Mg–calcite; Figure 7, Table 1). By compari-

son, the micrite is clearly more enriched in a variety of elements such

as sulphur, silicon, sodium, potassium, manganese, iron, aluminium,

and nitrogen (Figure 7, Table 1), although their main components are

carbon, oxygen, and calcium.

XRD analysis was used to observe the basic mineral components

(Table 2). The results show that the main composition of the oolitic

limestone is calcite, accounting for 90–97%. Small amounts of dolo-

mite appear in some samples, account for 1–5%, and reflect dolomiti-

zation. The occurrence of quartz and feldspar shows that terrigenous

clasts were mixed during the formation of limestone (Xiao, Wang, Qin,

Latif, & Riaz, 2020).

4.2.2 | Carbon and oxygen isotopes

The carbon and oxygen isotope sequences in the middle part of the

Zhangxia Formation at the Kouquan section are analysed to infer

the possible involvement of microbial mats. Twenty-one groups of

oolitic limestone, banded limestone, marl, and mudstone samples from

the subsequence II of the Zhangxia Formation were investigated for

carbon and oxygen isotope analysis (Table 3). Isotopic data reveal a

variation of δ13C values between �4.92 and �0.11‰ (VPDB)

and �9.89‰ and �4.93‰ for δ18O values (VPDB; Table 3). The test

results show that the δ13C (PDB) values of oolitic limestone and

banded limestone are low and negative, that the δ18O (PDB) values

are moderately negative, and that the oxygen isotopes of banded

mudstone are lower than those of oolitic limestone. Moreover, the

δ13C (PDB) and δ18O (PDB) values of both marl and mudstone are

highly negative. The increased isotope values of δ13C and δ18O in the

oolitic limestone indicate that the sedimentary facies most likely

formed during a stage of sea-level fall (Figure 8; Spero, Bijma, Lea, &

Bemis, 1997; Velivetskaya, Ignatiev, & Gorbarenko, 2009; Zaitsev &

Pokrovsky, 2014).

5 | DISCUSSION

5.1 | Ultrastructural and geochemical
characteristics of dark micrite inside or outside the
cerebroid ooids

The microbial fossils in cerebroid ooids can be classified as bowl-

shaped (Figure 5), curved and intertwined filamentous, and straight

and unbranched filamentous microbial fossils (Figure 6).

Bowl-shaped microbial fossils occur as clustered communities or

botryoidal aggregates (Figure 5a,b), and the original shape of an indi-

vidual is analogous to a bowl (Figure 5d,e). Some of these fossil

individuals are modified by external stresses resulting in bending of

edges (Figure 5b,c). The EDX analysis of the bowl-shaped microbial

fossils indicates that the main element compositions are carbon and

oxygen and that the minor constituent elements are calcium, magne-

sium, silicon, and aluminium (EDX 001 in Figure 5). The main minerals

present may be calcite and clay minerals. However, it is worth noting

that the content of carbon is much higher than the content of oxygen.

Such an element ratio does not satisfy the carbon requirement for the

ratio of carbonate to silicate. This may imply that some of the carbon

in the bowl-shaped microbial fossils is preserved in the form of

organic carbon. This inference is also consistent with the judgement

that the results from fluorescence microscopy also suggest the pres-

ence of organic matter inside the dark micrite. In addition, some slab

or sheet structures, as well as some filaments, are found near the

bowl-shaped microbial fossil communities (Figure 5c). These plate-like

or flaky structures most likely reflect EPS calcification (Decho &

Gutierrez, 2017; Decho, Visscher, & Reid, 2005; Diaz et al., 2017;

Dupraz et al., 2009; Flemming, Thomas, & Daniel, 2007; Lan &

Chen, 2012; Lan, Zhang, Tucker, Li, & Zhao, 2020).

In addition to bowl-shaped microorganisms, there are many strik-

ing filaments of microbial fossils. Based on the morphological charac-

teristics of filaments, these fossil microorganisms can be subdivided

into three types: (a) type 1 bends without bifurcation, and less bend-

ing than other types, which seems to be modified by external stresses

(Figure 6a), and (b) type 2 filamentous microorganisms have the fila-

ments may be intertwined with each other. The surfaces of filaments

are not flat, which can be the product of passive sheath calcification
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F IGURE 7 Fluorescence photomicrographs, electron probe microanalysis positions, and spectrum results. (a) Typical cerebroid ooids with
radial dark micrite inside the ooids with jagged edges and (b) fluorescence microscopic analysis for the local magnification of (a) (shown as the
green area). The warm colour of high reflection represents microbial mat remnants; (c) pink arrows indicate high reflection and represent the
remnants of organic matter inside the dark micrite surrounding the cerebroid ooids, (d) the polygonal shape of oolitic particles developed in the
dark micrite, with sizes much smaller than those of normal ooids. The results for 12 different electron probe microanalysis spots in (a) and (d) are
shown at the bottom
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of filamentous microorganisms (Figure 6b). (c) Type 3 filamentous fos-

sils do not indicate bending and bifurcation and seldom occur inde-

pendently (Figure 6c,d). The EDX patterns for type 3 filamentous

fossils show the same main element compositions of carbon and oxy-

gen; however, the differences from the bowl-shaped fossils are that

(a) in addition to calcium, magnesium, silicon, and aluminium, fluorine

occurs inside the microbial fossils and (b) the proportion of oxygen is

greater than that of carbon. These contrasts indicate that the different

clay mineral components from those of the bowl-shaped fossils and

the adequate calcification left no residual organic carbon.

Additionally, several fragmented sheet EPS remnants occur

around filamentous microbial fossils (Figure 6e), and large sheet EPS

remnants are observed inside the dark micrite together with filamen-

tous microbial fossils and nanospheres (Figure 6e,f). Under the close

observation of these EPS lamellae, the surfaces have irregular band-

like shapes with an ultramicroscopic honeycomb surficial pore

structure (Figure 6f). This characteristic agrees with the basic interpre-

tation of residual calcification of EPSs reported by previous studies,

and the composite mineralogical results for nanosphere aggregates

represent products from the interaction of heterotrophic bacteria

metabolism and the degradation of EPSs (Dupraz et al., 2009; Latif,

Xiao, Riaz, & Hussein, 2019; Mei, 2012; Mei et al., 2021; Mei, Latif,

Mei, Gao, & Meng, 2020; Mei, Riaz, Wang, Latif, & Zhang, 2020; Xiao,

Latif, Riaz, Qing, & Wang, 2018), implying that a preliminary phase of

biogenic carbonate particle nucleation was induced by microbial

metabolism (Spadafor, Perri, Mckenzie, & Vasconcelos, 2010).

The analytical interpretations of EDX show that these fossils have

high elemental concentrations. Calcium, oxygen, and carbon are the main

components, while silica and fluorine represent a minor portion, and alu-

minium and magnesium are very rare (EDX 002 in Figure 6). We can

observe high contents of silicon and aluminium and conclude that the

main body of the spherical microbial fossils is composed of calcium

TABLE 1 Element compositions of micrite and ooids minerals from electron probe microanalysis

Numbers of
spectrum

Spectrum point
location

Element compositions of micrite and ooids minerals

N2O5 SiO2 SO3 CO2 Na2O MgO Al2O3 K2O CaO MnO
FeO/
FeS Total

Spectrum 1 Micrite (O-O) 74.55 3.36 18.29 3.8 100%

Spectrum 2 Micrite (O-O) 2.04 52.01 0.36 2.78 6.22 0.26 35.71 0.62 100%

Spectrum 3 Micrite (O-O) 1.97 0.68 61.32 0.57 1.45 2.27 0.33 31.39 0.02 100%

Spectrum 4 Micrite (O-O) 3.12 41.48 5.33 45.26 4.82 100%

Spectrum 5 MB-O 50.28 49.72 100%

Spectrum 6 Micrite (I-O) 0.81 73.38 3.8 2.33 23.03 0.27 0.38 100%

Spectrum 7 Micrite (O-O) 0.65 0.99 63.36 6.51 3.16 22.29 3.04 100%

Spectrum 8 Micrite (I-O) 57.21 42.79 100%

Spectrum 9 Micrite (I-O) 0.37 0.35 56.94 3.97 2.42 36.67 2.12 100%

Spectrum 10 MB-O 52.56 8.9 38.54 100%

Spectrum 11 Micrite (I-O) 1.59 61.05 4.32 1.79 30.54 0.73 100%

Spectrum 12 MB-O 59.65 9.74 30.61 100%

Note: O-O, outside of ooids; I-O, inside of ooids; MB-O, main body of ooids.

TABLE 2 Mineral composition
content of oolitic limestone from middle
part of Zhangxia Formation Samples number

Mineral composition content (%)

Quartz Feldspar Calcite Dolomite Pyrite Clay mineral

KQZX-1 1 94 2 1 2

KQZX-2 1 97 2

KQZX-3 2 95 3

KQZX-4 1 1 96 1 1

KQZX-5 2 95 3

KQZX-6 3 92 5

KQZX-7 1 96 3

KQZX-8 3 90 5 2

KQZX-9 2 97 1

KQZX-10 1 97 1 1
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carbonate and clay minerals. The EDX analysis of the nanospheres shows

that the main elements in the nanospheres are composed of calcium, indi-

cating that the mineral components of these nanospheres are calcium car-

bonate. Further, EDX analysis of EPS remnants with honeycomb

structure suggests that the main components are calcium carbonate and

clay minerals (EDX 004 in Figure 6).

5.2 | Interpretation of dark micrite and its genesis
in cerebroid ooids

The cerebroid ooids developed in the upper part of the subsequence

II of the Zhangxia Formation, during a relative sea-level fall (Figure 3).

The cerebroidal ooids comprise the radial structure of dark and dense

micrite (Figure 4a–d,g). Further, the surrounding matrix of these ooids

is associated with dark micrite (Figure 4a–g). The dark micrite in the

studied ooids provide convincing evidence of their microbial genesis

that fulfil the studies on modern marine ooids that are genetically cor-

related with microorganisms (Diaz et al., 2014; Diaz & Eberli, 2019)

based on the following features: (a) calcification mediated by microbial

activity (Diaz et al., 2014); (b) organic matter entrapped within cortex

layers (Folk & Lynch, 2001; O'Reilly et al., 2017); (c) biogeochemical

fingerprints (O'Reilly et al., 2017); and (d) high levels of microbial

diversity (Diaz et al., 2013, 2014, 2015).

The microscopic features of these samples reveal unique

cerebroid ooids with radial structures that are different from those

reported in previous studies (Ma et al., 2017; Riaz et al., 2021; Riaz,

Xiao, et al., 2019) because their classic concentric laminae are always

inconspicuous and most of them are replaced by radial fibre structures

with alternating light and dark fibres (Figure 4f). More importantly, the

radial cerebroid ooids are strongly associated with dark micrite, as

(a) most of them are surrounded by dark micrite and (b) the micritic

radial structure inside cerebroid ooids accounts for approximately

50%. Therefore, understanding the origin and source of these dark

micrites is the key to interpret the formation of these cerebroid ooids

and their special radial structures.

According to previous studies on the origin of micrites, their gen-

esis can be summarized as follows: (a) organic matter (calcium-fixing

macromolecules) regulates and participates in or controls biominerali-

zation and the formation of ‘organic micrite’; (b) alien microbes and

autotrophic microorganisms, as well as metabolic processes, stimulate

carbonate precipitation and drive the ‘alkalinity engine’ that promotes

carbonate precipitation in the environment through basic metabolic

reactions; and (c) the metabolism of cyanobacteria and algae mediates

the conversion of CO2 into organic carbon compounds, which alters

the balance of carbonate solubility in the microenvironment, resulting

in the precipitation of carbonates (Edgcomb et al., 2013; Gischler

et al., 2017; Guido et al., 2012; Kazmierczak et al., 2015; Mei, 2012;

Perry, 1999; Yu et al., 2017). The SEM observations of these dark

micrites from the oolitic limestone of the Zhangxia Formation depict

nanospheres, EPS-calcified remnants, and diverse kinds of microbial

fossils (Figures 5 and 6). The SEM findings for micrite within or around

TABLE 3 Carbon and oxygen isotopes of the samples from middle part of Zhangxia Formation

Samples number Lithology Sedimentary environment δ13C (‰) PDB δ18O (‰) PDB Z

KQZX-12 Banded limestone Middle to shallow ramp �1.62 �5.45 121.27

KQZX-13 Oolitic limestone Oolitic bank �0.31 �6.32 123.52

KQZX-14 Oolitic limestone Oolitic bank �0.61 �5.63 123.25

KQZX-15 Oolitic limestone Oolitic bank �1.49 �6.02 121.25

KQZX-a Marl Deep ramp �2.52 �8.25

KQZX-b Mudstone Shelf �4.92 �9.89

KQZX-c Mudstone Shelf �5.33 �9.44

KQZX-d Mudstone Shelf �4.57 �8.97

KQZX-1 Oolitic limestone Oolitic bank �0.15 �6.99 123.51

KQZX-2 Oolitic limestone Oolitic bank �0.57 �6.69 122.80

KQZX-3 Oolitic limestone Oolitic bank �0.71 �5.57 123.07

KQZX-4 Oolitic limestone Oolitic bank �1.94 �5.51 120.58

KQZX-5 Oolitic limestone Oolitic bank �1.39 �5.45 121.74

KQZX-6 Oolitic limestone Oolitic bank �0.11 �6.32 123.94

KQZX-A Oolitic limestone Oolitic bank �0.52 �5.63 123.43

KQZX-B Oolitic limestone Oolitic bank �1.49 �6.02 121.25

KQZX-C Oolitic limestone Oolitic bank �0.92 �6.17 122.34

KQZX-D Banded limestone Middle to shallow ramp �1.21 �5.24 122.21

KQZX-E Banded limestone Middle to shallow ramp �0.34 �5.73 123.75

KQZX-F Oolitic limestone Oolitic bank �0.78 �5.22 123.10

KQZX-G Banded limestone Middle to shallow ramp �1.14 �4.93 122.51
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the cerebroid ooids illustrate a variety of microbial fossils that are

identified as bowl-shaped microbial fossil communities (Figure 5a,b),

curved and intertwined filamentous microbial fossils (Figure 6a,b),

straight and unbranched filamentous microbial fossils (Figure 6c,d),

and nanospheres and EPS-calcified remnants (Figure 6c,e,f). The mor-

phological portrayal of these calcified microbial fossils at the ultra-

microscale suggests discriminating the metabolic characteristics and

taxonomy of these microorganisms is not possible in this study. Nev-

ertheless, they are recognized and confirmed as diverse fossils of micro-

organisms and communities preserved with dark micrite. The combined

diversified element composition results of EPMA and EDX analysis of

dark micrite agree with the reported lithification of microbial mats

(Dupraz & Visscher, 2005; Farias et al., 2014; Zhu, Lin, Lu, &

Dittrich, 2018). These results imply that the dark micrite in oolitic lime-

stone in the Zhangxia Formation reflects calcified remnants of microbial

mats with numerous microorganisms (Farias et al., 2014; Zhu et al., 2018).

In addition, EPMA data also reveal that the micrite is clearly richer in a

variety of elements such as sulphur, silicon, sodium, potassium, manga-

nese, iron, aluminium, and nitrogen (Figure 8, Table 1), although their main

components are carbon, oxygen, and calcium. The microzone where nitro-

gen is present is located inside the dark micrite closely connected with

the cerebroid ooids, representing the remnants of organic matter (results

of spectra 3 and 7). It is worth noting that the EPMA analysis of dark

micrite also reveals the presence of pyrite, which reflects the formation of

these dark micrites in a reducing environment and the occurrence of

sulphate reduction (Maclean et al., 2010; Xiao et al., 2021; Xiao, Mei,

Jiang, & Zafar, 2020; Xiao, Wang, et al., 2020). Combining the finely pre-

served microbial fossils that we found in the ultramicro features with

microbial-related sediments (nanospheres and EPS remnants) and com-

paring them with those of lithomicrobial mats reported in the literature

(Dupraz & Visscher, 2005; Farias et al., 2014; Zhu et al., 2018), we con-

firm that these dark micrites, which are closely related to radial cerebroid

ooids, are lithified microbial mats.

5.3 | Contribution of microbial mats to the
formation of cerebroid ooids

Previous studies reported the occurrence of cerebroid ooids in marine

or non-marine environments, often coupled with stromatolites

(Carozzi, 1962; Wigforss-Lange, 2007). These special grains are character-

ized by an indented periphery and the mottled appearance of the cortex.

The sectors are composed of tangentially arranged laminae and radial

micrites which frequently initiate at former depressions on the surface of

the nucleus (Flugel & Munnecke, 2010; Summons et al., 2013). However,

the radial cerebroid ooids from the Zhangxia Formation are not consistent

with stromatolites but are a specific type of ooid.

An important realization was that micrite plays a vital role in these

radial cerebroid ooids: almost all cerebroid ooids are wrapped by dark

micrite, and inside the cerebroid ooids, micrite appears as part of the

F IGURE 8 Carbon and oxygen isotope sequences in the middle part of the Zhangxia Formation (left) and scatter diagram (right; red star
shows the location of the microbial mat, while blue dotted arrows indicate a fourth-order fall in relative sea level)
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radial structure. The SEM, EDX, and EPMA results strongly attest that

micrites within or outside the radial cerebroid ooids are the remnants

of calcified microbial mats. Thus, the microbial mats are confirmed to

participate in the formation of cerebroid ooids in three stages: (a) with

relative sea-level fall (Figure 2), the shallowing depositional environ-

ment (Riaz, Xiao, et al., 2019) leads to an increase in the hydrodynamic

influence on the ecological stability of benthic microbial mats. Benthic

microbial mats partially fixed on the hard ground are broken into small

pieces by the action of waves, tides, or currents (reflected in the irreg-

ular dark micrite locally observed within the oolitic limestone; Stage

1 in Figure 9). (b) Microbial communities in suspension maintain bio-

logical activity because of EPS protection in a turbulent environment.

Some grains are trapped and bounded by benthic microbial mats,

which leads to the formation of small grain aggregates (Figure 4g,h).

Next, due to the demand for ecological stability, these aggregates

adhere to the surfaces of some smaller particles, or microbial commu-

nities adhere and capture tiny particles in the turbulent environment

(Figure 4e; Stage 2 in Figure 9). (c) These small aggregates of particles

form irregular geometries on the benthic microbial mat surface. The

shallowing depositional environment causes an increase in hydrody-

namic effects (Figure 8). Some of the aggregates are peeled off the

microbial mat surface and then form an independent cerebroid ooid.

During the formation of cerebroid ooids, complex metabolic effects of

the microbial mats (such as sulphate reduction reactions, which can

affect carbonate saturation, alkalinity, and pH in the microenviron-

ment), as well as a decrease in microbial communities (EPS degrada-

tion and microbial tissue calcification), lead to the formation of the

dark micrites (Figures 5 and 6; Stage 3 in Figure 9).

Apart from SEM and EDX confirmations, our isotopic data also pro-

vide credible evidence in favour of microbial participation during the gen-

esis of dark micrite in cerebroid ooids. Isotopic data indicate a variation of

δ13C isotopic values between �4.92‰ and �0.11‰ (VPDB)

and �9.89‰ and �4.93‰ for δ18O values (VPDB). The set of δ13C

values is comparable to the feature of marine dissolved organic carbon

(Campbell, 2006). First of all, the negative values of δ13C in the studied

ooids reflect that the origin of carbon is predominantly from the high-

organic-rich zone, for instance, microbial zone. Secondly, it can also be

interpreted that the 13C-depleted carbon values (�4.92 to �0.11‰

F IGURE 9 Schematic diagrams interpreting the formation processes of radial cerebroid ooids
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VPDB) in the ooids suggest that the carbon is mainly derived from organic

sources associated with the sulphate reduction bacterial involvement

(Warren, 2000). These δ13C values of ooids mostly depend on the relative

amount of CO2 which is most likely provided by the decomposition of

organic matter linked with the participation of sulphate-reducing bacteria

during cementation and recrystallization (e.g., Armstrong-Altrin, Lee,

Verma, & Worden, 2009; Wanas, 2002). A number of research works

have reported that the negative δ18O values of several samples can be

illuminated by the high degree of recrystallization or owing to meteoric

water impact, which reflects that the original values were likely over-

printed by the late diagenetic processes (e.g., Campbell, 2006; Campbell

et al., 2008). The negative δ18O values of our samples are not consistent

with marine water ambient temperature, however, reflect a most promis-

ing influence of diagenetic overprints. This reveals either the effect of sur-

face/near surface during diagenesis (i.e., shallow burial depth). In addition,

we report that similar to the oxygen isotope values, the carbon isotope

values of most oolitic limestone are higher than those of banded micrite

limestone. This difference can be explained by the fact that the low nega-

tive values of δ13C (PDB) most likely suggest that oolitic grains are closely

related to microbial communities (as reported in the modern Bahamas;

Diaz et al., 2013, 2015, 2017).

6 | CONCLUSIONS

Massive numbers of well-preserved ooids are found in the Zhangxia For-

mation of the Cambrian Miaolingian Series strata at the Kouquan

section that crops out in the central part of the North China Platform.

The microscopic characteristics of the remarkable cerebroid ooids from

the Zhangxia Formation show that their formation was intimately associ-

ated with dark micrite. SEM observations reveal nanospheres, EPS-

calcified remnants, and a considerable number of exquisite microbial fos-

sils within the micrite, substantiating that the micrite inside or outside of

cerebroid ooids represents the calcified remnants of microbial mats. This

hypothesis is confirmed by the EPMA results that the elemental composi-

tions of micrites within or around cerebroid ooids are almost identical to

those reported for lithomicrobial mats. In addition, cerebroid ooids and

their radial structure can be interpreted as grains in a turbulent marine

environment that are trapped and bound by benthic microbial mats, com-

bined with hydrodynamic and microbial-mediated mineralization (calcifica-

tion). Although from different perspectives, the evidence presented in

this research nevertheless confirms that the recent viewpoints on the bio-

genetic origin of modern ooids are equally applicable to some special

oolitic grains in ancient strata.

The negative values of δ13C in the studied ooid reflect the origin of

carbon from the high-organic-rich zone such as the microbial zone. Also,

the 13C-depleted carbon values in the ooids suggest that the carbon is

mainly derived from organic sources associated with the sulphate reduc-

tion bacterial involvement. In summary, our isotopic data provide credible

evidence in favour of microbial participation during the genesis of

cerebroid ooids. In addition, the negative δ18O values of several samples

reflect a most promising influence of diagenetic overprints.
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