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Abstract

Results of our study based on examination of induced precipitation of carbonate by a cyanobacterium, Lyngbya in
the laboratory, and the analyses of microphotographs of both modern and ancient microbial carbonates,
demonstrated the importance of recognition of mold holes and carbonate crusts in understanding microbial
carbonates. In the experiment, only cyanobacteria Lyngbya can induce precipitation of carbonate, forming scattered
grains on the surface of Lyngbya filaments. Carbonate crusts enclosing the old parts of the filaments were formed
through aggregation of these scatter grains while mold holes were formed after decay of the filaments. Mainly
based on the experiment, six different ways of microbial carbonate formation were recognized: (1) trapping without
mold holes, (2) trapping with mold holes, (3) particle-forming induced-precipitation of carbonate, (4) discrete crust-
forming induced-precipitation of carbonate, (5) induced precipitation, forming tangled crusts that build a porous
construction, and (6) induced precipitation, forming a dense construction. And mold holes and crusts can form in
ways (4), (5), and (6). Examination of both modern microbial carbonates from the Shark Bay of Australia, Highborne
Cay of Bahamas and the atoll of Kiritimati and the microbialites from the Cambrian dolostone sequence in Tarim,
Xinjiang, China all demonstrated the limitation of recognizing only mesofabric features and importance of
examining microfabric features for understanding of the genesis of the microbial carbonates and their proper
classification. The shape, size and arrangement of the mold holes, crusts, and the features of the minerals filling in
pores between the crusts, which are referred as the microfabric features here, are keys to better understand the
formation and environments of both modern and ancient microbial carbonates.
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1 Introduction
Photosynthetic microbes, particularly cyanobacteria, are
recognized as being responsible for massive carbonate
precipitations (Grotzinger and Knoll 1999). It is esti-
mated that cyanobacteria are the principal contributors
to the production of carbonate rocks during almost 70%
of the Earth history (Altermann et al. 2006). The photo-
synthesis by cyanobacteria is the most common meta-
bolic process for carbonate precipitation that accounts

for about 41% and 84% of microbe-induced carbonate
precipitation in marine and freshwater environments re-
spectively (Zhu and Dittrich 2016). Modern microbe se-
questration of CO2 into microbial carbonate, a by-
product of microbial activities, represents a significant
process of carbon removal as a counterweight to the ris-
ing CO2 concern in the atmosphere. Metal coprecipita-
tion where Ca ions are replaced by metal ions in
microbial carbonate precipitation has also been used as
innovative biotechnology for toxic metal remediation,
enhanced oil recovery, and construction restoration
(Zhu and Dittrich 2016). Therefore, understanding the
precipitation processes of microbial carbonates induced
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by photosynthetic cyanobacteria and their hidden fea-
tures has applications in exploring the history of the
Earth, especially in restoration of the Earth’s environ-
mental evolution, exploration of petroleum and metal
resources in microbial carbonates, and finding solutions
to the increase in carbon emissions.
Microbial carbonates, also called microbialites, are the

organosedimentary deposits that are formed by the
interaction of benthic microbial communities and de-
trital or chemical sediments (Burne and Moore 1987).
Although the definition of microbialites was not formally
proposed until 1987 (Burne and Moore 1987), study of
stromatolites, the most common type of microbial car-
bonates, dates back to 1908 (Kalkowsky 1908). Throm-
bolite, the second most common type of microbial
carbonates, was not recognized until 1967 (Aitken 1967).
Differences between thrombolite and stromatolite car-
bonates are mainly in their meso-fabric structures (fabric
here is referring to the arrangement of sedimentary
components) with thrombolite lacking the laminae of
stromatolite but having mesoscopic clotted internal fab-
rics consisting of the mm- to cm-sized clots (Aitken
1967). Microbial carbonates are accretionary structures
formed in shallow water by trapping, binding, and ce-
mentation of sedimentary grains of biofilms by microor-
ganisms, especially cyanobacteria, and by microbe-
induced precipitation of carbonates. Because meso-fabric
features are generally larger than 1mm, and can be dir-
ectly observed by naked eyes on outcrops or hand speci-
mens, they are well studied and have been used as a
base of classification for microbial carbonates in the field
(Kennard and James 1986).
While meso-fabric features of microbial carbonates are

easy to recognize and important for classification, they
are not necessarily formed by microbes. Mesoscopically,
the clotted fabric is an uneven fabric that can be attrib-
uted to many factors, including diagenesis and is not ne-
cessarily a microbial clotted fabric. Both sedimentation
and diagenetic processes can form uneven fabrics (Wu
et al. 2018). Unfortunately, previous studies of both
modern and ancient microbial carbonates have largely
focused on the mesofabric features, and their micro-
scopic (< 1 mm) and ultramicroscopic features (< 50 μm)
have been given little attention despite their frequent il-
lustrations in some studies (Kennard and James 1986;
Shapiro and Awramik 2000). This is evidenced by the
usage of only mesofabric features — laminated, clotted,
dendritic, and homogeneous fabrics for the classification
of microbial carbonates: stromatolites, thrombolites,
dendrites, and leiolites, though some with slightly differ-
ent categories (Riding 1991, 2011; Reid et al. 1999;
Dupraz et al. 2009; Chen et al. 2014; Grotzinger and Al-
Rawahi 2014; Lee et al. 2014; Liu et al. 2016; Theisen
and Sumner 2016). Lack of recognition of microfabric

textures in microbial carbonates can result in inaccurate
understanding of microbial carbonate genesis and hinder
the reconstruction of their paleoenvironments. There-
fore, current study was to examine formation and basic
features of the microfabrics of microbial carbonates, in-
cluding laboratory experiment of precipitation of car-
bonates by cyanobacteria, microfabrics of microbial
carbonates inferred from the revised formation models
derived from the experiment, and examination of mod-
ern and ancient microbial carbonate examples. The re-
sult of the study will help better understand the
microscopic features of microbial carbonates, which will
likely contribute to understanding of the recognition and
classification of microbial carbonates and interpretation
of their formation mechanisms and environments.

2 Data collection and research methods
2.1 Laboratory carbonate precipitation by cyanobacteria
experiment
The microbe-induced calcification experiment was con-
ducted at the Institute of Geology and Geophysics, Chin-
ese Academy of Sciences from July to October 2018. A
30 × 50 × 30 cm3 plastic box with no cover was used as
the container, and was filled with 10 cm thick of natural
soil, and tap water was added to make the water depth
reach 10 cm. There was no artificial addition of micro-
bial strains in this experiment, so the microbes all devel-
oped from the microbial strains in the soil. The box was
put outside and under sunlight, at the temperature of
22–35 °C. Samples of the filamentous microbes were ob-
served under microscope and some of the filaments with
carbonate minerals were observed with scanning elec-
tron microscope (SEM).

2.2 Observation of modern microbial carbonates
Modern microbial carbonates are forming at Shark Bay
(Australia), Highborne Cay (Bahamas), the atoll of Kiriti-
mati (Pacific Ocean), and many other localities around
the world. We analyzed the microfabrics of microbial
carbonates based on the photomicrographs in published
literatures. The first selected site was from Hamelin La-
goon at Shark Bay, Australia (Reid et al. 2003; Jahnert
and Collins 2011; Suosaari et al. 2016). The second se-
lected site was from Highborne Cay, Bahamas (Riding
1991; Reid et al. 1995; Planavsky and Ginsburg 2009),
and the third selected site was from the atoll of Kiriti-
mati, an island in the Pacific Ocean, where microbial
carbonates are forming in shallow hypersaline lakes (re-
ported by Arp et al. 2012).
Examining modern microbial carbonates is due to

concerns of possible alteration in fabrics and compos-
ition of ancient microbial carbonates by various diagen-
etic processes through the geological time.
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2.3 Examination of ancient microbialites
Microfabrics of ancient microbialites were examined
from an interval of thin-bedded dolostone and dolostone
mounds of the Xiaoerblak Formation (Cambrian Stage
3) at Sugaitblak, southwest of Aksu, Xinjiang, NW
China. The Xiaoerblak Formation is 187m thick and
consists entirely of dolostones. Detailed stratigraphic
study of this site has been well documented in previous
studies (Song et al. 2012; Bai et al. 2017; Deng et al.
2018; Zheng et al. 2019). More than 100 thin sections
were made and examined under the microscope. This
site was selected because we considered the carbonate
samples from here being a representation of the micro-
bial carbonates of that geological period, given the simi-
lar depositional environment of Pan-continent during
the Cambrian Period. The selection of the Cambrian
Period is because it is the first period of Phanerozoic
and an important period of the Earth’s evolution. The
Stage 3 and lower Stage 4 of the Cambrian (520 ~ 512
Ma) is the main period of biological explosion (Zhang
et al. 2014). Many microbial carbonates have been found
from the Cambrian over the world (Wang et al. 1990;
Chen et al. 2014, 2018; Ezaki et al. 2017; Wu et al. 2017;
Yan et al. 2017). The Cambrian strata from this site in
the Tarim Plate are mostly dolostones, and are import-
ant oil and gas reservoirs (You et al. 2014).

3 Results
3.1 Precipitation of microbial carbonate from
cyanobacterium growth and formation of mold holes
One week after the starting of the experiment, dark
bluish microbial filaments appeared on the soil in the
plastic box, which were sampled and identified under
the microscope and scanning electron microscope
(SEM), including cyanobacterium Lyngbya and filament-
ous green alga Ulothrix. Fourteen days later, scattered
carbonate grains appeared on the surface of the sheaths
of some Lyngbya filaments (Figs. 1b–d, e, g, h and 2a, b).
Twenty-three days later, carbonate grains appeared on
more filamentous sheaths. Thirty-five days later, some
filaments were completely covered by carbonate (lower
right corner of Figs. 1f and 2c, d). Only Lyngbya fila-
ments have carbonate on their surface, all on their
sheaths, instead of within their sheaths. No green alga
filaments have minerals on their surface. No young small
filaments and distal ends of Lyngbya filaments have car-
bonate. The carbonate crusts on the filaments do not
have even thickness. In the deep autumn, as the
temperature dropped to < 15 °C, the microbes stopped
growth. Not all microbes have carbonate minerals on
their surfaces. Only cyanobacterium Lyngbya filaments
formed carbonate on the surface of their sheaths, but
not within their sheaths. The continual accretion of the
induced precipitation of carbonate minerals on some

filaments formed the crusts enclosing the sheaths. The
mold holes formed after the filaments died and decayed.

3.2 Detailed models of microbial carbonate and mold
hole formation
Based on our observation of the microbe-induced pre-
cipitation experiment, in combination with previous re-
searches (Burne and Moore 1987; Reid et al. 2000; Arp
et al. 2001; Dupraz et al. 2009), three main models of
microbial carbonate and mold hole formation are recog-
nized here (Fig. 3).

3.2.1 Lime micrite and particle aggregation from trapping
The trapping refers to the baffling and protecting of car-
bonate sediments by microbial mats. The baffling causes
micrites or lime micrites and particles carried by cur-
rents to be deposited while the protecting prevents the
sediments deposited between microbes from being
washed away by currents. Two opposite cases exist in
the sediment aggregation. (1) The sediments between
the microbes fail to become consolidated or semi-
consolidated before the decomposition of the microbes,
and the microbes may leave no holes in the sediments
after their decay (Fig. 3a1–a3). The sediments formed
thus are not significantly different from those deposited
from currents by gravity, and thus are difficult to
recognize. (2) The sediments become consolidated or
semi-consolidated before the decomposition of the mi-
crobes as a result of cementation, or dehydration due to
exposure to the air. After decay, the microbes leave holes
in the sediments, i.e., the mold holes, which cause an
uneven feature of the sediments (Fig. 3b1–b3). The sedi-
ments form stromatolites if there is a laminated fabric
caused by the arrangement of the mold holes or other
reasons, otherwise, they form thrombolites.

3.2.2 Microbe-induced precipitation
The physiological activity of microbes, mainly photosyn-
thesis, causes the changes in the properties of the sur-
rounding water, including rise in pH, and leads to the
precipitation of carbonate minerals. Our observations in-
dicate that the carbonates formed by this action are gen-
erally attached to the surface of the microbes, beginning
with scattered grains, to clusters and eventually forming
crusts enveloping the microbes. The precipitation occurs
in four different ways: (1) it forms scattered carbonate
grains on microbe surface, which drop to the seafloor as
micrites or grains after the microbes die and decompose
(Fig. 3c1–c3); (2) it forms carbonate crusts enclosing mi-
crobes, which leave mold holes after the microbes die
and decompose and form loose sediments; (3) the adja-
cent crusts are mostly interconnected or tangled, and
form an in-situ carbonate construction with abundant
microscopic inter-crust pores (Fig. 3d1–d3); and (4) the
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inter-crust spaces are completely filled by carbonate and
form a dense microbial carbonate construction, when
there is sufficient time for the crusts to grow (Fig. 3e1–
e3).

3.2.3 Bio-controlled calcification
Bio-controlled calcification refers to the process that
carbonate accumulates inside organisms to form skel-
etons with specific shapes and structures during

physiological activities of the organisms. For example,
the physiological action of cyanobacteria can cause
formation of carbonate within their sheaths, and form
tube walls with even thickness preserving the shape
and size of the cyanobacteria (Fig. 3f1–f3). This was
also reported in the calcified filaments of cyanobacter-
ium Plectonema in the Aldabra Atoll of the Indian
Ocean (Riding 1977) which will be discussed in next
section.

Fig. 1 Photomicrographs of cyanobacteria and green algae in an experiment showing induced precipitation of carbonate from scattered calcite
grains on sheaths to crusts enclosing filaments, with their diameters marked by red circles/dots. a Four thick young filaments of cyanobacterial
Lyngbya (“L”) without induced carbonate, and a thin filament of green alga Ulothrix (“U”); b A cyanobacterial filament (Lyngbya), whose left part
has scattered carbonate grains; c Enlargement of the red box in b; d A filament of Lyngbya (“L”), whose sheath is covered with carbonate grains,
and four filaments of Ulothrix (“U”); e Enlargement of the red box in d; f Seven Lyngbya filaments with carbonate grains, two Lyngbya filaments
free of carbonate, and many yellow-greenish filaments of Ulothrix, with a Lyngbya filament in the lower right corner completely covered by
carbonate; g More than 10 cyanobacterial filaments with calcite grains on their surfaces; h Enlargement of the red box in g, the interference color
is high white, indicative of calcite or aragonite. a–f: Plane-polarized light images; g, h: Cross-polarized light images
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3.3 Microfabric features — mold holes and crusts in
modern microbial carbonates
The first microbial carbonates exampled were stromato-
lites from Hamelin Lagoon in Shark Bay (Reid et al.
2003; Jahnert and Collins 2011; Suosaari et al. 2016),
where the stromatolites were only formed in the lower
intertidal and upper subtidal zones. The stromatolites
comprise alternating laminae of carbonate and pores
(Fig. 4a; Jahnert and Collins 2011, their Fig. 3b). After
enlargement, it is clear that the stromatolites show
abundant dense mold holes and pale carbonate crusts

(Fig. 4b). The mold holes are round or wormlike, ran-
ging from 125 μm to 250 μm in diameter, with the sur-
rounding carbonate crusts (in a lighter color) 125 μm
thick.
The second modern microbial carbonates we exam-

ined were thrombolites from the intertidal zone of the
lagoon behind the reef and in the shallow subtidal zone
in Highborne Cay, Bahamas, as widely explored by previ-
ous researchers (Riding 1991; Reid et al. 1995; Planavsky
and Ginsburg 2009). Microbial carbonates in Highborne
Cay, Bahamas have been considered to be the only

Fig. 2 Scanning electron microscope (SEM) images of cyanobacterial Lyngbya filaments and energy spectrum charts of carbonates, with green
alga filaments (diameter < 10 μm); the same samples as of Fig. 1. Diameters are marked by red circles/dots. a Four filaments with scattered
carbonate grains on their surfaces; b Enlargement of the red box in a; +: positions of energy spectrum tests; c Three filaments covered by
carbonate grains; d Enlargement of the red box in c; e Carbonate grains on the surface of a filament; f Enlargement of the red box in e, showing
carbonate grains consisting of rod-shaped crystals which are 0.1 × 1 μm2 in size; g, h Energy spectrum charts of the positions 14 and 15 in b
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representative of modern microbial carbonates from the
shallow marine environments with normal salinity (Pat-
terson 2014). Specimens collected from the surface of
the platform retain filamentous microbes and their

carbonate crusts (Fig. 4c, d). It is also apparent that
many filamentous mold holes are surrounded by pale
carbonate crusts. The mold holes ranging from 34 to
43 μm in diameters were formed probably by the

Fig. 3 Models of microbial carbonate formation by filamentous cyanobacteria and formation of mold holes and crusts. a1 to a3, b1 to b3:
Trapping lime micrites and particles; c1 to c3, d1 to d3, e1 to e3: Biologically-induced precipitation of carbonate; f1 to f3: Bio-controlled
calcification. c1 to c3: Scattered calcite grains on microbe surface, or as loose sediments depositing on seafloor; d1 to d3: Microbe-induced
precipitation formed crusts enclosing the microbes, and the interspaces between adjacent crusts are not fully filled by carbonate; e1 to e3:
Microbe-induced precipitation formed crusts enclosing the microbes, and the interspaces between adjacent crusts are fully filled with carbonate;
f1 to f3: Carbonate precipitation is limited within the sheaths, forming walls with even thickness, recognized as fossils if preserved in strata. If the
microbial role in the sediments in a3 can be recognized, the sediments belong to microbial carbonate; the carbonates in b3, c3, d3 and e3
belong to microbial carbonates; and the carbonate in f3 belongs to both microbial carbonate and microbial reef. In case of b, mold holes form,
and in cases of d and e, both mold holes and carbonate crusts form
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filamentous microbe, Dichothrix, a filamentous cyano-
bacterium genus that is characterized by false branching
at acute angles and includes more than 40 species (Pat-
terson 2014). The mold hole shapes are typically curved
filamentous.
The third modern microbial carbonates we examined

were from the atoll of Kiritimati, an island in the Pacific
Ocean reported by Arp et al. (2012). Microbial carbon-
ates are forming in the shallow hypersaline lakes beneath
the orange-yellow microbial mat at the bottoms of the
lakes, and are white in color, with a netlike fabric, be-
longing to thrombolites (Fig. 5a, b). As shown in the
photomicrographs (Fig. 5c, d), the microbial carbonates
consist of dense mold holes and the carbonate in

between. The mold holes are round or wormlike in
shape, and have two diameters of 10 μm and 19 μm, re-
spectively. The thickness of the carbonate between the
mold holes can reach 19 μm, which is similar to the
diameter of the mold holes.

3.4 Microfabric features — mold holes and crusts in
microbialites of geological periods
The Cambrian microbial carbonates we examined from
the Sugaitblak section in Aksu, Xinjiang, China are
macroscopically composed of thin-bedded dolostone and
dolostone mounds (Fig. 6a). The mounds range 6–20 m
in height, and are massive on the outcrop (Fig. 6a, b).

Fig. 4 Microfabric features of modern microbial carbonates from Shark Bay of Australia (a, b) and the Bahamas (c, d, e): presence of mold holes
and crusts. Diameters are marked by red dots. a Modified from the Fig. 3b of Jahnert and Collins (2011), known as colloform structure, showing
laminated microfabric comprising alternating lamellae of carbonate and voids; b Enlargement of the red box in a, showing that the mold holes
(H) are circular or wormlike, with diameters of 125–250 μm, and surrounded by white carbonate crusts (C) of 125 μm thick; c Modified from
Fig. 49A of Patterson (2014), hand specimen, oolitic thrombolites, with white ooids and the yellowish and brownish algal filaments between the
ooids; d Enlargement of the red box in c, showing two algal filaments (T) with diameters of 23 μm and 46 μm, respectively, which are enclosed
by opalescent carbonate crusts (C) of 38 μm thick; e Enlargement of the blue box in c, showing many mold holes (H) and milky-colored
carbonate crusts (C) between the white ooids (O), and the diameters of the mold holes are 34–43 μm
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Under microscope (Fig. 6c, d), the thin section sam-
pled from the mound shows a clotted fabric, consisting
of dark irregular net-shaped, speckled, and vermicular
“clots” of 44–140 μm in width, and the light-colored
patches (called bright patches) between the “clots”. The
diameter of the bright patches can reach 400 μm.
On further enlarged image (Fig. 6e), the bright patches

consist of light-colored dolomite crystals containing
mold holes. Most mold holes are curved filamentous in
shape; and a few are round with a diameter of 1.0 μm.
The dolomite crystals are subhedral, with a width of
50 μm and have visible boundary. The spacing of the
mold holes is relatively large, and can reach 15 μm. The
dolomite matrix between the mold holes is white. The
light-colored dolomite gives the bright patches a lighter
color. The filamentous mold holes represent filaments of
microbes. The sparsity of the mold holes in the “bright
patches” indicates that the environmental conditions had
changed before the remaining voids between the fila-
ments were filled. During the dolomitization stage, euhe-
dral and subhedral dolomite crystals formed, each
enclosing several mold holes.
On contrary to the “bright patches”, the dark “clots”

consist of more mold holes and much smaller dolomite
crystals (Fig. 6f), and in addition inter-crystalline pores.

The mold holes are similar to those in the “bright
patches” in size and shape. The dense mold holes repre-
sent once presence of dense microbes. Two factors, i.e.,
more mold holes and more pores, make the “clots” dar-
ker in color. We suspect that these mold holes were left
by species similar to Geitlerinema ionicum, an extant
marine filamentous cyanobacterium because the diam-
eter and length of these mold holes are similar to those
of the filaments of Geitlerinema ionicum (Wang et al.
2017).

4 Discussion
Cyanobacteria are recognized for its ability to promote
the calcium carbonate precipitation (Riding 2006). The
increased alkalinity resulting from the sulfate reduction
and the Ca2+ released from cyanobacterial extracellular
polymeric substances lead to the CaCO3 precipitation
(Dupraz et al. 2009). The forms of the microbial carbon-
ates, including stromatolites and thrombolites, are a re-
sult of calcification by microbial mats and biofilms,
commonly dominated by cyanobacteria (Arp et al. 2001).
Both the saturation state of seawater with respect to cal-
cium carbonate (Webb 2001) and the biomineralization
processes (Bosscher and Schlager 1993) that control the

Fig. 5 Microfabric features of the modern microbial carbonates in the hypersaline lakes of atoll of Kiritimati, Pacific Ocean: presence of mold
holes and crusts. Diameters are marked by red dots. a Modified from Fig. 6-E of Arp et al. (2012), of a hand specimen collected from the
hypersaline lake of atoll of Kiritimati, showing an orange microbial mat in the upper part, dead microbes in the middle part, and white reticulate
microbial carbonate in the lower part; b Modified from Fig. 13-B of Arp et al. (2012), of a sample collected from the same location as a, showing
white netlike microbial carbonate; c Modified from Fig. 13-F of Arp et al. (2012), photomicrograph of thin section, of a specimen collected from
the same place as a; d Enlargement of the red box in c, showing that the microbial carbonate consists of mold holes (H) with the carbonate (C)
in between, and the mold holes are round or wormlike, 10–19 μm in diameter
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Fig. 6 Microfabric of the microbial carbonate of the Cambrian Stage 3 at Sugaitblak section, Aksu, Tarim, Xinjiang, NW China: presence of mold
holes and crusts. a An outcrop with microbial mounds, which are mound-like, massive, composed of dolostone, and are surrounded by thin-
bedded dolostone; b Enlargement of the black box in a; c Thin section of a specimen from the outcrop in b, consisting of dark wormlike and
netlike “clots” (red arrows) and the bright patches of dolomite crystals (yellow arrows) between the “clots”; d Enlargement of the black box in c,
with “clots” (outlined by a red dotted circle) and bright patches (outlined by a yellow dotted circle); e Enlargement of the purple box in d, which
is part of a dolomite crystal (Do) with a few filamentous mold holes (red arrows) of 1–1.5 μm in diameter; f Enlargement of the red box in d,
consisting of smaller dolomite crystals, more filamentous mold holes (red arrows) and rich inter-crystalline black pores (yellow arrows)
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marine carbonate precipitation can be reflected in their
microfabric features of mold holes and crusts.

4.1 Microfabric features — crusts and mold holes are
basic features of microbial carbonates
Many experiments have been done on mineral precipita-
tion induced by microbes (Obst et al. 2009; Kranz et al.
2010; Couradeau et al. 2012; Liang et al. 2013; Bundeleva
et al. 2014; Yan et al. 2014; Han et al. 2017). However,
they all were performed in artificially prepared solutions
or on agars. Unlike previous studies, our experiment was
carried out on the conditions which were very similar to
those of the modern microbial carbonates in natural en-
vironments. There was no artificial addition of microbial
strains in this experiment and the microbes all devel-
oped from the microbial strains in the soil.
Our experiment confirmed that microbe-induced pre-

cipitation of carbonate crusts and formation of mold
holes are common microfabric features recognizable in
naturally-formed microbial carbonates. However, not all
microbes (e.g., the green alga Ulothrix) have carbonate
minerals on their surfaces; only Lyngbya filaments in our
experiment have carbonate on their sheath surface,
which can form crusts enclosing the sheaths. Because
the uneven mineral crusts are formed on only the sheath
surface, i.e., not within the sheaths, they are not consid-
ered as fossils. However, Riding (1977) observed the for-
mation of carbonate minerals within the sheaths of
cyanobacterium Plectonema filaments, which enables
them to be preserved as fossils. The factors controlling
the site of the precipitation (whether within the sheath
or on the sheath surface) are still unknown.

4.2 Inferred microfabric features of microbial carbonates
from models
Microbialite is defined to have an origin controlled by
benthic microbial communities (Burne and Moore 1987;
Riding 2011). The usage of microbial carbonate in this
paper includes not only microbialites but also those mi-
crobial carbonates having an origin controlled by plank-
tic microbes. The biological influences of microbes on
the formation of carbonates have been discussed by
many researchers (Lowenstam and Weiner 1989;
McConnaughey 1989; Kaźmierczak et al. 2015), which
were divided into three kinds: biologically induced, bio-
logically influenced or biologically controlled (Dupraz
et al. 2009). Biologically-induced formation refers to the
precipitation of carbonates due to the change in sur-
rounding microenvironments caused by microbes, such
as rise in pH values caused by taking in CO2 by cyano-
bacteria. Biologically-influenced carbonate formation re-
fers to the formation of carbonates in which biological
properties of the organisms affect the shape and com-
position of the minerals. Our revision of the formation

models of microbial carbonates (Fig. 3), i.e., the two
types of trapping, four types of microbe-induced precipi-
tation and the bio-controlled calcification, further de-
tailed the formation ways of microbial carbonates,
especially recognized the presence of crusts and mold
holes in almost all microbial carbonates, and provided
more enriched information on possible variations of
each process.
It is noticed that induced precipitation is a gradual

process, needing a longer period of time. Given the same
other conditions, the formation types of microbial car-
bonates depend on the stages of the precipitation. The
growth rate, shape, sizes of crusts and mold holes are in-
dicators of the environmental temperature, light, nutri-
ent levels and water chemical conditions where they
form. All the formation models show that in most cases,
the microbes leave dense and a variety of mold holes
and crusts of different thickness within the microbial
carbonates depending on the conditions. The shapes of
mold holes depend on both filamentous and non-
filamentous microbes and the precipitation rate of the
induced carbonates.

4.3 Microfabric features of microbial carbonates in
modern environments
It is clear that the mold holes and carbonate crusts in
the modern microbial carbonates from three different lo-
cations have different shapes and sizes. Their varied fea-
tures reflect their uneven distribution of microbes, and
different conditions of the substrate and the duration of
the suitable environmental conditions for growth of
these microbes. They also reflect the composition of the
microbial mat, and the physical and chemical conditions
of the environments these microbes grow in. In modern
stromatolites and thrombolites, the mold holes and car-
bonate crusts display a wide range of microstructures in-
cluding micropeloidal, densely micritic, or agglutinated
microfabrics (Riding 1991; Dupraz and Strasser 1999).

4.4 Importance of recognizing microfabrics in microbial
carbonates of geological time
The results of our study on the Cambrian microbial car-
bonates from Xinjiang, China clearly demonstrate the
possibility of mis-classification and mis-interpretation of
microbial carbonates and their forming environments if
the ultramicroscopic mold holes and carbonate crusts
were not examined. The limitation of the mesofabric-
focused studies was also shown by previous studies of
the P–T boundary microbial carbonates in South China.
The P–T boundary carbonate microbialite outcrops in
South China consist of dark patches several millimeters
to centimeters widely distributed among light patches,
and often have a speckled, reticulate or dendritic appear-
ance, looking like a typical clotted fabric. Because they
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appear to have a clotted mesofabric, many researchers
interpreted them as thrombolites (Ezaki et al. 2003,
2008; Kershaw et al. 2007, 2012; Liu et al. 2007;
Wang et al. 2012), although some considered them a
carbonate construction (Wang et al. 2005; Yang et al.
2006). A detailed study of the thin sections by Wu
and others (Jiang and Wu 2007; Wu et al. 2014,
2018), however, revealed that the dark patches on
outcrop are actually light-colored in thin sections,
and are composed of coarser dolomites and blocky
calcite cements that are mainly formed by diagenesis;
while the light patches on outcrop are darker in color
in thin sections, and are composed of micritic sedi-
ments with some small gastropod and ostracod fossils.
By definition, the fossil-bearing sediments are defin-
itely not clots. As the dark patches are cements, in-
stead of microbial micrites, they don’t belong to clots.
The dark patches on outcrop of these carbonates
were formed from altered mold-casting fossils of the
cyanobacterium Microcystis colonies through a series
of diagenetic processes and are, therefore, not throm-
bolites (Wu et al. 2014).
Features of different scales have different signifi-

cances. The microfabrics on the scale of 50–1000 μm
reflect the uneven distribution of microbes, which is
determined by the conditions of the substrate and the
duration of the suitable environmental conditions for
growth of microbes. The ultra-microfabrics on the
scale of 1–50 μm reveal the composition of the mi-
crobial mat, the possible source of precipitation and
other factors that reflect detailed information on the
carbonate diagenesis.
Microscopic features such as the shape and width

of the microclots and the light-colored patches in be-
tween in the Tarim Cambrian thrombolite need to be
examined under microscope. In addition, the ultra-
microscopic features (which will need to be examined
under a high-power microscope), i.e., the shape and
size of the mold holes and the features of the min-
erals between the mold holes, also need to be exam-
ined when the understanding of the diagenesis of the
microbial carbonates is important. The original defin-
ition of mesoclot refers to the micritic framework be-
tween pores or sediments (Aitken 1967; Kennard and
James 1986; Shapiro and Awramik 2000). The mesoclots
in the thrombolite in the Tarim Cambrian section, how-
ever, consist of microclots and the bright patches in be-
tween, instead of only micrites. Therefore, the definition
of the term mesoclot does not reflect the actual situation.
The microscopic “clots”, i.e., microclots, of the Tarim
Cambrian thrombolite are actually not clots either: they
consist of smaller basic units – the mold holes, and the
carbonate or mineral fillings between the mold holes, in-
stead of only micrites.

5 Conclusions
Experiments in this paper show that induced precipita-
tion of carbonates occurs only on the surface of some
microbes in sequence, from scattered mineral grains,
clustered mineral grains, to eventually visible crusts en-
closing most parts of the filaments. On microscopic or
ultramicroscopic scale, the basic components of micro-
bial carbonates are the mold holes, crusts, filling min-
erals and various voids, with mold holes and crusts as
the basic features of the newly-formed microbial carbon-
ates. The mold holes and crusts are the common basic
features observed in the modern microbial carbonates
from the atoll of Kiritimati in the Pacific Ocean, Shark
Bay in Australia, and Highborne Cay in Bahamas. In
addition, mold holes are also common feature in the
“clots” and “bright patches” from the thrombolite mound
in the ancient carbonates as shown in the samples from
Tarim Basin, China. Because ultra-microfabric features,
including mold holes and crusts, are the basic compo-
nents of microbial carbonates and can only be observed
microscopically, they should be included in the study of
microbial carbonates for better understanding the gen-
esis of microbial carbonates and their proper
classifications.

Abbreviation
SEM: Scanning electron microscope
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