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Abstract: Stromatolites, among the earliest fossils in Earth’s history, are widely distributed on the
margins of the North China Precambrian carbonate platform. The formation processes of stromato-
lites reveal the biomineralization and evolution of early life in the Precambrian. The well-preserved
stromatolitic dolostones recorded in the Ganjingzi Formation are developed around Yuanjiagou
village, in southern Liaoning Province. The morphology of the Ganjingzi stromatolites manifests in
stratiform, columnar, and domal forms. A tripartite lamina structure including light laminae and
two types of dark laminae is observed in thin sections. The origins of dark laminae were related
to microbial metabolism, while the light laminae were the result of the recrystallization of synsedi-
mentary marine cement. Hardground substrate and carbonate fragments were suitable for microbes
to colonize, suggesting that microbes can adapt to various current energy settings. A comparison
of the growth environment, morphology, and laminae features between the Ganjingzi stromato-
lites and modern carbonate stromatolites from Hamelin Pool and Lagoa Vermelha suggest that the
Ganjingzi stromatolites may have been formed in a restricted tidal-flat setting with high salinity
and evaporation. The role of microbes that form modern stromatolites in inducing precipitation of
carbonate or binding sediments, might contribute to the formation of the Ganjingzi stromatolites. The
formation process of the Ganjingzi stromatolites indicates that the microbial communities, favorable
substrate, and synsedimentary marine cement were the key factors in promoting the development of
the Neoproterozoic stromatolites on the northeastern margin of the North China Craton.

Keywords: stromatolites; Ganjingzi formation; Neoproterozoic; microbial mat; Liaoning region

1. Introduction

Stromatolites are sedimentary rocks characterized by lithified alternating laminae.
Stromatolites are widely accepted as bio-sedimentary constructions formed by microbes
such as cyanobacteria through binding and trapping sediments or inducing carbonate
mineral precipitation [1–3]. The macrostructure of stromatolites includes columnar, domal,
conical, hemispherical [4]. The microstructure of stromatolites is manifested in the lami-
nae associated with microbial mats and non-microbial layers, the morphology of which
is related to the type of layered microbial communities and characteristics of inorganic
laminae [5,6]. Environmental factors are generally considered to control the morphology
of the macrostructure, while microscopic features are typically attributed to microbial
processes [5–14]. Stromatolites are widely found in Precambrian strata [2,15,16]. As the
oldest fossils on Earth, stromatolites which grew influenced by the environment and micro-
bial communities are keys to understanding the early evolution of life, paleogeography,
paleoecology, and the atmosphere in the Precambrian. They also provide critical insights
into the complex “carbonate factory” of the distant past [17,18].
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Stromatolites in modern environments are relatively rare compared to the Precam-
brian and can be found in environmentally discrete settings [19]. There has been a long
history of research on modern stromatolites, and examples reflect the diversity of modern
stromatolites. (1) Large conical stromatolites that are composed of muddy sediments in
Lake Untersee, Antarctica [20]. (2) Siliceous stromatolites from Yellowstone National Park
in the USA and the Frying Pan Lake in North Island of New Zealand [21–23]. (3) Carbonate
stromatolites from the Hamelin Pool in Shark Bay of Australia, the Little Darby Islands
in the Bahamas, and the Lagoa Vermelha of southeastern Brazil [5,12,24–31]. Although
differences occur among these modern stromatolites in morphology, size, components,
and growth pattern, they can provide analogs for understanding the formation of ancient
stromatolites as well as depositional environments, and they provide key insight into
microbial biomineralization during stromatolite accretion [16,32,33].

The well-preserved Neoproterozoic stromatolites in southern Liaoning, China, are
ideal fossil records for revealing the paleoenvironment, paleoecology, and microbial miner-
alization on the northeastern North China Craton [3,34]. Previous studies have investigated
and analyzed the morphological classification of Ganjingzi stromatolites around Yuanji-
agou village [7]. The construction processes as well as controlling factors of Ganjingzi
stromatolite mounds/biostrome are discussed [7]. However, questions remain about the
formation process of the Ganjingzi stromatolites. In this study we show more detailed
descriptions of characteristics about the macro-/micro- morphology and present a com-
parison between Precambrian stromatolites from the Ganjingzi Formation and modern
carbonate stromatolites, providing new perspectives on Precambrian stromatolite growth
and laminae genesis.

2. Geological Setting

The study area is in southern Liaoning, in the northeast of the North China Craton
(Figure 1). A continuous succession is well preserved in southern Liaoning including the
Wuhangshan Group (Changlingzi, Nanguanling, and Ganjingzi formations) and the Jinxian
Group (Yingchengzi, Shisanlitai, Majiatun, Cuijiatun, and Xingmincun formations), which
were representative of shallow marine and tidal flat deposits composed of carbonates with
siliciclastic debris [35]. The Wuhangshan and Jinxian groups in the southern Liaoning
area are Tonian in age and range from 950 to 886 Ma according to the lithostratigraphic,
biostratigraphic, chemostratigraphic, and radiometric geochronological data [36–38].
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Figure 1. Geological setting of the study area. (A) The southern Liaoning located in the northeastern
North China Craton. (B) Simplified geological map showing the location of the Ganjingzi Formation,
measured section, and stromatolites.

The Ganjingzi Formation is well exposed around Yuanjiagou Village in Fuzhouwan
Town, Dalian City, Liaoning Province, and is underlain by the Nanguanling Formation
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as well as overlain by the Cambrian Jianchang Formation, representing a set of tidal flat
deposits [35]. The measured section is located in the northwest of Yuanjiagou Village;
it is 266.1 m thick and is divided into three members (Figure 2). The Lower Member
composed of light-to-dark lime-dolomite enriched in a fine-grained intraclastic sediment,
and developed fenestrae representing an evaporative setting. The Middle Member is
dominated by dark-gray to gray dolomitic limestone and dolostone. Horizontal- and wavy-
bedded structures are developed. Some elements such as chert, siliciclast, carbonate debris,
ooids, and tempestites are recorded in the field. The Upper Member is characterized by
stromatolitic dolostone and the stromatolite columns that grow into biostrome.
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Figure 2. The stratigraphic framework of the early Neoproterozoic in southern Liaoning and a
stratigraphic column of the Ganjingzi Formation (F) around Yuanjiagou Village (after Zhang et al. [7]).
The asterisk indicates the studied formation in this work. Data for the age refer to Zhang et al. [37]
and Zhang et al. [38].

Stromatolites in the Ganjingzi Formation are primarily preserved in the lower and
upper members [7]. The lower stromatolite mounds are about 2 m thick and 1–3 m wide.
The mounds can be divided into three growth stages. Stratiform stromatolites are the
main form of stage I. Stage II is dominated by unbranched columnar stromatolites, while
branched columns occur in stage III. The upper stromatolite biostrome extends laterally
over several tens of meters and is about 27 m thick. Two growth stages of the biostrome in
ascending order, the dispersed growth stage and dense clumping stage, are developed.
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3. Materials and Methods

The Ganjingzi stromatolites were observed in the field. The lithology, morphology,
synoptic relief, diameter, growth density, and substrate of the stromatolites were measured
and documented in detail. Sixty-two samples for stromatolites and lithology were collected
through the section of the Ganjingzi Formation. Twenty-four polished slabs (approximately
12 cm × 16 cm) were used for the analysis of stromatolite accretion and morphology.
Moreover, 22 thin sections (approximately 5 cm × 2 cm) were prepared for lithology
and stromatolite growth analysis. The polished slabs and thin sections were observed in
detail under a microscope. The environment, morphological characteristics, and types
of microbial mats were compared between the Ganjingzi stromatolites and the modern
stromatolites. All samples of the Ganjingzi stromatolite are housed in the Department of
Geology, Northeastern University, Shenyang, China.

4. Results
4.1. Macrostructure

The Ganjingzi stromatolites composed of dolostones are mainly developed in the
Lower and Upper members and form stromatolite mounds and biostromes, respectively [7].
Most of the stromatolites are manifested as columnar, stratiform, and domal forms.

The initial stage of lower stromatolite mounds is typically comprised of stratiform
microbial mats (Figure 3A). The Ganjingzi stratiform microbialites are composed of alter-
nating bright laminae about 1 mm thick and dark laminae about 0.5–2 mm. Laminae are
gentle and undulate with a relatively high degree of laminar inheritance. Laterally the
laminae are discontinuous. The boundary between the dark and bright laminae is difficult
to distinguish in some places. Pores and fenestrae structure are rare in the stratiform
microbialites.
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Figure 3. Characteristics of the Ganjingzi stromatolites observed in the field. (A) Stratiform micro-
bialites. (B) Columnar stromatolites are manifested in elliptical-to-rounded shapes in the cross-section.
(C) Columns from the dense clumping stage of the upper stromatolite biostrome are parallel, erect,
and branched. (D) Columns are contiguous to closely spaced, forming aggregates of columns (right
of the picture). (E) The pores and fenestrae structure are observed on the weathering surface of an
unbranched columnar.
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Columnar stromatolites are mainly preserved in the lower stromatolite mounds and
the upper stromatolites biostrome in the study area. Columns occur as rough cylinders
with generally elliptical-to-rounded shapes, or less frequently oblong in transverse outlines
(Figure 3B). Most of the columns range from 2–10 cm in width and are less than 30 cm in
relief (Figure 3C). The synoptic relief of a few double-branching columns can reach 65 cm.
At the column margins, buds and protrusions can be observed on the wall. Spaces between
columns are narrow and filled by variable-size and poorly sorted laminae fragments,
frequently mixed with detrital sediments (Figure 4A–C). Due to the close spacing, columns
are connected by bridges in some positions. The lateral overgrowth of columns may
coalesce into large columns (Figure 3D). The pores and fenestrae structures developed
between the laminae in part of the columns are more visible on the weathering surface
and polished slabs (Figures 3E and 4D). The growth direction of columns is erect mostly,
while some may change during accretion (Figure 4D). In order to better systematically
present the diversity of columnar stromatolite morphologies, a total of seven sub-types are
summarized and described (Table 1), which is the statistical result of the forms of numerous
columns in the outcrop. The sizes of stromatolite columns of the same morphotype may
differ.
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Figure 4. Polished slab of the stromatolite columns. The scale bar is 1 cm. (A) Cross-section of
the columns. Around the columns the dark gray fragments of microbial mats mixed with poorly
sorted debris. (B) Sub-type III columnar with good inheritance. The white arrow indicates the wall
of the column and the yellow arrow shows the fragments of the microbial mats near the column.
(C) Sub-type IV columnar. The yellow arrow indicates the poorly sorted fragments of the microbial
mats. (D) Sub-type III columnar. The yellow dashed line represents the axis of stromatolite growth
and the white arrow indicates the fenestrae structure filled by microspar between the laminae.
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Table 1. Classification and description of the columnar stromatolites in the Ganjingzi Formation
according to the differences of columnar width, relief, numbers of branching, branching angle, and
position [7].

Types Sub-Types Columnar Description Relief (cm)

Unbranched

I Consistent width during accretion and narrows at the top 10–20
II Width increases to maximum and then decreases <20
III Width gradually increases during accretion 20–30
IV Width remains the same in general 8–15

Branched
V Parallel or minutely divergent branching 10–30
VI Markedly divergent branching 3–20
VII Double branching <70

For the branched columnar forms, parallel or minutely divergent branching are the
common types, while markedly divergent branching can be manifested in some small
columns. Secondary columns can occur at any position of the primary columns and grow
the random types described in Table 1. The unbranched stromatolites are mainly present in
stages II and III of the lower stromatolite mounds, and the dispersed growth stage of the
upper stromatolite biostrome. The branched columns are abundantly developed in stage
III of the mounds and dense clumping stage of the biostrome.

Alternating light and dark laminae are the basis for the formation of the columns
(Figure 4). In the polished slabs, laminae are symmetrical-to-asymmetrical with a relatively
high degree of laminar inheritance and are manifested in an irregular relief. In some places,
the laminae may inflect downward to form a wall over previous laminae at the column
margins (Figure 4B). The thickness of the laminae is variable.

4.2. Microstructure

In the thin section, the Ganjingzi columnar stromatolites are composed of dark laminae
(DL) dominated by dolomitic micrite and light laminae (LL) dominated by fine or medium
dolomite (Figure 5A). Under a microscope, the laminae have an uneven thickness and
relief. Dark laminae can be divided into two types by color, dark laminae I (DL-1) and dark
laminae II (DL-2). Therefore, the tripartite lamina pattern of the columnar stromatolites can
be illustrated (Figure 5B).

DL-1 in the columnar stromatolites from the lower stromatolite mounds may be well
defined and relatively well preserved, and is composed of dense dark brown micrite,
manifested in an irregular domal shape with an uneven thickness that mostly ranges from
1–2.5 mm. Sharp boundaries between laminae are observed. Some brown micrometer-sized
spotted clots and peloids ranging from 40 to 160 µm are aggregated on the surface of DL-1
(Figure 5C). There is a link between the spotted clots and peloids and DL-1 according to
the distribution and similarity in color. The remaining spaces and pores among the peloids
are filled by microspar. The smaller thickness of the DL-1 with poorly continuous and
variable forms can be recognized in columns from the upper stromatolite biostrome, with
no evident rhythmicity (Figure 5D).

DL-2 consists of light brown fine dolomite; in the lower stromatolite mounds, DL-2
is morphologically similar to DL-1. The dark brown clots are frequently developed in the
boundary between DL-2 and DL-1, and they can also be observed within DL-2. The poorly
continuous DL-2 is the main type of dark laminae of columns in the upper stromatolite
biostrome and the thickness of DL-2 ranges between 0.5 and 2 mm. There is a fuzzy
boundary between different types of laminae (Figure 5B). DL-2 can reach the sides of the
columns to form the wall (Figure 5E).



J. Mar. Sci. Eng. 2023, 11, 1709 7 of 15

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 7 of 16 
 

 

dark laminae II (DL-2). Therefore, the tripartite lamina paĴern of the columnar 
stromatolites can be illustrated (Figure 5B). 

 
Figure 5. Microstructure of the Ganjingzi columnar stromatolites. (A) Tripartite lamina structure 
composed of dark laminae I (DL-1), dark laminae II (DL-2), and light laminae (LL). The 
morphologies of the laminae are inherited vertically. The yellow rectangle indicates (F). The red 
rectangle shows that some detrital microbreccia are developed within the dark laminae. (B) The 
three types of laminae are manifested in different colors. The sharp boundary can be shown among 
the laminae within the columns from the lower mounds. (C) The yellow arrow indicates the spoĴed 
clots and peloids on the surface of DL-1. (D) The laminae are discontinuous within the columns 
from the upper biostrome and the light laminae occupy a larger volume of the columns. The yellow 
arrow indicates the spoĴed clots. (E) The DL-2 is linked to the wall of columns from the upper 
biostrome, suggesting that the growth of DL-2 contributed to the formation of the wall. (F) 
Enlargement of the yellow rectangle in (A). Recrystallized grains within the light laminae and the 
fracture as a bridge between the LL. 

DL-1 in the columnar stromatolites from the lower stromatolite mounds may be well 
defined and relatively well preserved, and is composed of dense dark brown micrite, 
manifested in an irregular domal shape with an uneven thickness that mostly ranges from 
1–2.5 mm. Sharp boundaries between laminae are observed. Some brown micrometer-
sized spoĴed clots and peloids ranging from 40 to 160 µm are aggregated on the surface 
of DL-1 (Figure 5C). There is a link between the spoĴed clots and peloids and DL-1 
according to the distribution and similarity in color. The remaining spaces and pores 
among the peloids are filled by microspar. The smaller thickness of the DL-1 with poorly 

Figure 5. Microstructure of the Ganjingzi columnar stromatolites. (A) Tripartite lamina structure
composed of dark laminae I (DL-1), dark laminae II (DL-2), and light laminae (LL). The morphologies
of the laminae are inherited vertically. The yellow rectangle indicates (F). The red rectangle shows
that some detrital microbreccia are developed within the dark laminae. (B) The three types of laminae
are manifested in different colors. The sharp boundary can be shown among the laminae within the
columns from the lower mounds. (C) The yellow arrow indicates the spotted clots and peloids on the
surface of DL-1. (D) The laminae are discontinuous within the columns from the upper biostrome
and the light laminae occupy a larger volume of the columns. The yellow arrow indicates the spotted
clots. (E) The DL-2 is linked to the wall of columns from the upper biostrome, suggesting that the
growth of DL-2 contributed to the formation of the wall. (F) Enlargement of the yellow rectangle
in (A). Recrystallized grains within the light laminae and the fracture as a bridge between the LL.

The light laminae are composed of dolomite, representing the inorganic component
of the Ganjingzi stromatolites. Laminar inheritance is good between LL and DL, and it
is slightly convex. Polygonal recrystallized dolomite ranging from 0.2 to 1 mm can be
observed in the laminae. In the lower stromatolite mounds, the light laminae are linked to
the fractures that cut the dark laminae (Figure 5F). The fractures are filled by microspar
and are 80 to 150 µm in width. However, a similar phenomenon is rarely manifested in
the columns of the upper stromatolite biostrome, while the light laminae occupy a larger
volume of the columns (Figure 5D).
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4.3. Substrate

In the study area, the massive dolotone with marked topographic relief, indicating a
hardground substrate, was suitable for stromatolites to colonize (Figure 6A,B). The columns
accrete vertically from the substrate at the initial stage and gradually shift to upward growth
subsequently (Figure 6C). The diameter of the columns increased during accretion. Spaces
between the columns are filled with intraclasts.
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Figure 6. (A) Outcrop of the columnar stromatolites colonizing a high-relief hard substrate. The
growth direction and width of the columns changed during the growth processes. (B) Reconstruction
of (A). (C) Enlargement of the red rectangle in (A). (D) Microbes colonize on the oblong carbonate
fragment and form stratiform sheet. (E) Reconstruction of (D).

Some centimeter-scale carbonate fragments with irregular shapes appear to be a
suitable substrate for microbes to colonize (Figure 6D,E). The stratiform microbial mats
grow around the fragment and form sheets with variable thickness variable of up to
1 cm. Distinct boundaries among the stratiform microbial mats, colonized fragment, and
surrounding rock can be observed (Figure 6D). Laterally the laminae are discontinuous.
The stromatolites formed by colonization on fragments have poorer laminar inheritance
than those colonized on the hard substrate with topographic relief.

5. Discussion
5.1. Formation of the Ganjingzi Stromatolites

The formation of stromatolites is controlled partly by environmental factors and
partly by the constituent microbial communities [5,39]. The lithology of the Ganjingzi
stromatolites is dominated by dolostones, while the genesis of Precambrian dolomite is
still uncertain, although various hypotheses have been proposed in recent years [40,41].
It is commonly accepted that the dolomite is deposited under evaporation [42–45]. The
uniformly distributed fine-grained dolomite developed in the hardground substrate of
the Ganjingzi stromatolites suggests that it may appear in a similar evaporation setting
(Figure 7). The involvement of microbes is more favorable for dolomite precipitation [46].
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Figure 7. Formation pattern of the Ganjingzi stromatolites on hardground and fragmented substrate.
(A) Microbes colonized the substrate and begin to build stromatolites. (B) Growth of columnar
stromatolites with well-inherited tripartite lamina. The dark laminae associated with spotted clots
were of microbial origin. The synsedimentary marine cement was involved to form light laminae
during the forming process. (C) Stromatolites stopped growing and formed columns. (D) Recrys-
tallization occurred during diagenesis and some fractures were developed. (E) Microbes colonized
the carbonate fragments in the current. (F) The microbial mats grew around the fragments and
encrustation. (G) Lithology of hardground substrate composed of uniformly distributed fine-grained
dolomite. The yellow arrows indicate the spotted clots.

The growth pattern of the Ganjingzi stromatolites can be deciphered (Figure 7). In
the Neoproterozoic, the southern Liaoning was in a restricted tidal-flat setting in the study
area. The environment allowed microbes to colonize the flat or high-relief hardground
substrate and build microbial mats (Figure 7A). The mats bound and trapped the sediments,
or induced carbonate precipitation; these two types of mechanisms contributing to the
upward growth of stromatolites [4,6] may be involved in the Ganjingzi stromatolites. The
detrital particles were trapped or bound by microbial mats during accretion and preserved
in the dark laminae (Figure 5A), while the dark laminae were composed of fine dolomite
that precipitated in situ within the mats. In comparison to the former, the carbonate
precipitating in situ contributed more to the formation of the laminae according to the
volumes of the debris and fine-grained dolomite. DL-1 and DL-2 might correspond to
two different types of microbial communities within the mats. Although the preservation
of stromatolite-building microbes is difficult to identify from the geological history, the
spotted clots and peloids textures were associated with a microbial origin [47]. The light
laminae were the results of the spaces filled by synsedimentary marine cement between
dark laminae because of their good inheritance. The stabilized topography gave rise to
greater inheritance of shape for successive laminae [6]. The synsedimentary marine cement
was able to support and stabilize the columns (Figure 7B). By the end of the accretion
process, the columns were lithified (Figure 7C). During the diagenesis, minerals in the light
laminae were recrystallized and formed coarser particles. Fractures were developed and
cut through the dark laminae (Figure 7D).

The carbonate fragments provided a small hard substrate for microbes to colonize in
the current. These poorly sorted fragments were potentially valuable resources for binding
and boring organisms [48,49]. The variable thickness of the microbial mats surrounding
the fragments indicated that the microbes were initially attached to parts of the fragments’
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surface (Figure 7E). After that, the fragments were enveloped by microbial mats and
lithified (Figure 7F). The unstable fragments of the substrate moving in the current might
have contributed to the poorly continuous inheritance of the laminae.

The diverse substrates contributed to the morphological diversity of the Ganjingzi
stromatolites. The topography of the hard substrates that are stabilized and flat give
rise to the erect shape of the stromatolite columns, and those that are rugged result in a
shift in the direction of columnar growth (Figure 6C). The substrate’s fragments mostly
support the development of stratiform stromatolites. The current energy reflected by the
hard fragments of the substrate is greater than that of the stabilized hardground substrate,
suggesting that microbes adapt to various flows and substrates. The characteristics of the
colonization substrate influenced the morphology of the stromatolites during their growth.

5.2. Comparison with Modern Stromatolites

Modern carbonate stromatolites provide analogs for revealing the formation processes
of the Ganjingzi stromatolites and are well studied in the hypersaline Hamelin Pool and
the Lagoa Vernelha lagoon (Figure 8). The morphology, mineral composition, and depo-
sitional environment of these modern carbonate stromatolites present opportunities for
comparative sedimentological research advancing the understanding of the early Earth’s
surface conditions [12,24,50–52].
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Figure 8. Characterization of the distribution, environment, and morphology of the modern car-
bonate stromatolites [5,8,24]. Note that photographs B to G are licensed. (A) Growth model of
stromatolites in Hamelin Pool. (B) Pustular mat. (C) Smooth mat. (D) Colloform mat with domal
structure. (E) Microbial mat from Lagoa Vermelha. The white stratified layers represent the carbonate
precipitation; the green layer is dominated by cyanobacteria; the brown layers contain heterotrophic
bacteria; the red layers contain purple sulphur bacteria. (F,G) The lithified stromatolites are mainly
composed of carbonate peloids and micrite.
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Hamelin Pool, Western Australia, represents a hypersaline setting because of the
restricted seawater cycling, combined with high evaporation and low precipitation [29,30].
The Hamelin Pool stromatolites are distributed in the upper intertidal to subtidal region
(Figure 8A). Common morphological types of stromatolites are stratiform, columnar, dome,
and ridged. Poorly lithified stratiform stromatolites mainly grow in the upper intertidal,
while the lower intertidal and subtidal stromatolites are composed of lithified microbial
mats, manifested in various morphologies (Figure 8A) [5]. The irregular fenestrae structure
can be seen between the laminae of uneven thickness in some lithified columnar stromatolite
and are partly filled by marine cement [30]. Three reported types of microbial mats are
mostly pustular, smooth, and colloform mats (Figure 8B–D) [5,53,54]. Notably, the laminae
of the pustular mat as well as the smooth mat are manifested in various colors due to the
difference in the microbial communities [8]. Two types of microbial micrite are observed
within Hamelin Pool’s stromatolites, red-brown micrite and gray peloidal micrite [5]. The
microbial micrite forms laminae and clots in stromatolites, in some cases cementing accreted
sediment grains.

Lagoa Vermelha is located in southeastern Brazil and is characterized by high evapora-
tive and hypersaline conditions [24,50]. Studies of the Lagoa Vermelha stromatolites cover-
ing the morphology, microbial communities, growth environment, metabolism, biomineral-
ization, and laminae genesis have been published over the last two decades [12,24,50,55,56].
The Lagoa Vermelha microbial mats are composed of white layers of carbonate precipitation
alternating with non-lithified organic layers that contain various microbial communities,
including autotrophic as well as heterotrophic bacteria [12]. The green, brown, and red
layers of the microbial mats represent different microbial communities (Figure 8E) [24]. A
peloidal microfabric texture preserved between the laminae in the lithified stromatolite
was observed (Figure 8F,G). The remaining spaces are filled with microspar [24,51]. Vari-
ous processes take place in the microbial mat, such as cyanobacteria photosynthesis and
heterotrophic sulfate reduction [50,57].

The Ganjingzi stromatolites are comparable to modern carbonate stromatolites in
macro-/micro- morphology and depositional settings (Table 2). The Ganjingzi stromatolites
are manifested in various shapes such as stratiform, domal, and columnar, which also can
be observed in the Hamelin Pool; Lagoa Vermelha is dominated by stratiform stromato-
lites. Furthermore, the uneven thickness of laminae and the irregular fenestrae structures
are developed in both the Hamelin Pool stromatolites and the Ganjingzi stromatolites
(Figure 3E) [30]. Peloidal microfabrics are also developed between laminae among the
stromatolites from three regions, although there are differences in the preserved forms. The
Ganjingzi stromatolites are composed of dolostone that may form in the tidal-lagoon system
with high evaporation, comparable to the setting of Hamelin Pool and Lagoa Vermelha. The
comparative study suggests that the stromatolites of Hamelin Pool and Lagoa Vermelha
are a suitable analog of the Ganjingzi stromatolites. The formation of stromatolites from
Hamelin Pool and Lagoa Vermelha is the result of microbial metabolism, photosynthesis,
and biomineralization, which may be applied in the Ganjingzi stromatolites. Two types of
dark laminae of Ganjingzi stromatolites may represent different microbial communities.
Microbial photosynthesis and metabolism are hypothesized to play a key role during
stromatolite accretion, but a more detailed discussion needs further research.
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Table 2. Comparison of the Ganjingzi stromatolites from southern Liaoning, to the modern carbonate
stromatolites from Hamelin pool and Lagoa Vermelha. The information of Hamelin pool and Lagoa
Vermelha are from Suosaari et al., Playford and Cockbain, Allen et al., Reid et al., Vasconcelos et al.,
Delfino et al., and Spadafora et al. [5,8,12,24,29,30].

Stromatolite Environment Morphology Microfabrics Laminae Constituted

Ganjingzi
(this study)

Tidal-flat setting with
evaporation

Stratiform, dome, and
columnar with
fenestrae structure

Spotted clots and
peloids aggregate

The tripartite lamina
structure composed of
two types of dark
laminae and the light
laminae

Hamelin Pool Tidal-flat with
hypersaline, high
evaporation, low
precipitation, and
restricted seawater
cycling

Stratiform, dome,
ridged, and
columnar with
fenestrae structure

Two types of
microbial micrite,
red-brown micrite and
gray peloidal
micrite

Three types of
microbial mats are
pustular, smooth,
colloform mats
respectively.

Lagoa Vermelha High evaporative and
hypersaline conditions
in the restricted lagoon

Stratiform and dome Peloids and micritic
lumps

The green, brown, and
red layers of the
microbial mats,
together with the white
layers of carbonate
precipitation

6. Conclusions

The following conclusions are drawn based on the detailed observation of the outcrops,
polished slab, and thin sections of the Ganjingzi stromatolites, and in reference to the genesis
of modern carbonate stromatolites from Hamelin Pool (Shark Bay, Western Australia) and
Lagoa Vermelha (Brazil).

(1) A tripartite lamina structure consisting of light laminae and two types of dark laminae
is developed in the Ganjingzi stromatolites. Preservation of the spotted clots and
peloids indicates that the genesis of dark laminae is linked to microbes, while the
light laminae is the result of synsedimentary marine cement filling. Recrystallization
occurred during diagenesis, leading to the enlargement of particles within the light
laminae.

(2) The microbial mats in the study area colonize the topographic relief of both hard-
ground and carbonate fragments, which influence the morphological diversity of
the Ganjingzi stromatolites. The hardground substrate is suitable for the growth of
columnar and stratiform stromatolites, while the hard fragments are mainly colonized
by stratiform forms. The substrate is a key factor affecting the growth of stromatolites
in the northeastern margin of the North China Craton during the Neoproterozoic.

(3) The environment, morphology, microfabrics, and laminae of the Ganjingzi stromatolite
are comparable to those in the Hamelin Pool and Lagoa Vermelha, probably showing
that the modern carbonate stromatolites are analogs for the Ganjingzi stromatolites.
A similar genesis mechanism, biomineralization, and microbial metabolism of the
modern stromatolites may be present in the stromatolites from the study area.
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