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A B S T R A C T

Microbial dolomites are extensively developed in the upper Ediacaran Dengying Formation (ca 551.1 to 542.0 
Ma) in the Sichuan Basin, China. However, these microbial dolomites underwent complex depositional processes, 
and their sedimentary environments remain debated. In this study, the petrographic, mineralogical, and 
geochemical characteristics of microbial dolomites in the upper Ediacaran Dengying Formation are systemati
cally analyzed. The microbial dolomites (stromatolites, thrombolites, oncoids, botryoidal dolomites) in the upper 
Ediacaran Dengying Formation demonstrate the interplay between microbial activity and environmental con
ditions in a shallow restricted platform. Microbial structural diversity reflects hydrodynamic-microbial synergy: 
stromatolites and botryoidal dolomites are formed in low-energy, high-activity settings; dispersed thrombolites 
are formed under weak microbial influence; layered/reticular thrombolites and oncoids are developed via par
ticle aggregation in high-energy environments. Two transgressive–regressive cycles correlate with “dolomite sea” 
events: the first driven by global climate (evaporation, localized anoxia), the second by tectonic uplift (Tongwan 
Movement I), underscoring tectonics’ role in reservoir genesis. Geochemical indicators reflect post-glacial 
seawater stratification and weathering shifts, constraining environmental triggers for Ediacaran-Cambrian bi
otic complexity. Global comparisons reveal widespread microbial diagenesis during the Ediacaran, yet the 
Sichuan Basin exhibits unique tectono-climatic cyclicity. Although diagenesis obscures some geochemical sig
nals, systematic analysis confirms the Dengying Formation as a critical archive for Precambrian carbonate fac
tory evolution, microbial-environmental feedbacks, and early reservoir dynamics. This study advances 
understanding of late Precambrian Earth systems, bridging microbial processes, seawater chemistry, and tectono- 
climatic controls on carbonate preservation.

1. Introduction

The term microbialite was first introduced by Burne and Moore 
(1987), who defined it as sedimentary rocks formed by benthic micro
bial communities through trapping and binding of detrital sediments, or 
via inorganic or organic-induced mineralization associated with mi
crobial activity. Microbialites are abundant in modern bioherm devel
opment and throughout geological history (Mei, 2007). The composition 
of microbialites is diverse and includes calcareous, iron-manganese, 
phosphatic, and siliceous materials, with microbial carbonates being 

the most common (Centeno et al., 2012). Microorganisms are among the 
earliest life forms on Earth. They emerged during the first 20 % of 
Earth’s history and currently account for approximately 80 % of all life 
in the biosphere (Fischer and Knoll, 2006; Schieber, 2007). Moreover, 
they have significantly impacted the composition and structure of the 
atmosphere (Ehrlich, 1998). Therefore, the study of microbialites is 
crucial for reconstructing the paleoclimate and paleoenvironment.

Since the concept of microbialite was introduced, scholars have 
extensively studied their classification, formation mechanisms, con
trolling factors, ancient seawater chemistry, and their co-evolution with 
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environments and organisms (Awramik, 1971; Dupraz et al., 2009; 
Dupraz and Visscher, 2005; Petrash et al., 2017; Wood et al., 2017). In 
recent decades, hydrocarbon-rich microbialite reservoirs have been 
identified in various regions worldwide. For example, the Ediacaran- 
Cambrian Ara Group in the South Oman Salt Basin has microbialite 
reservoirs with porosities reaching up to 17 %, with estimated recov
erable reserves of approximately 18.8 billion barrels of oil (Al-Siyabi, 
2005; Smodej et al., 2019). The Upper Jurassic Smackover Formation 
microbialite reservoirs in the Little Cedar Creek Field, located in the 
eastern Gulf of Mexico, have produced over 17.2 million barrels of oil 
(Mancini et al., 2004). In China, the Xiaoerbulake Formation in the 
Tarim Basin and the Leikoupo Formation in the Sichuan Basin have also 
been confirmed to possess significant exploration potential as micro
bialite reservoirs(He et al., 2019; Miao et al., 2024). These examples 
illustrate the high hydrocarbon generation potential of microbialites and 
serve as important hydrocarbon reservoirs.

In the Late Ediacaran period, thick microbial dolomite layers 
developed in the Dengying Formation of the Sichuan Basin, character
ized by complex and diverse sedimentary features (Zhou et al., 2016). 
While recent studies have identified various facies types through 
detailed petrographic and stratigraphic analyses, there remains consid
erable debate regarding three key aspects of these microbial dolomites. 
First, classification criteria remain contentious, with some researchers 
emphasizing mesoscopic features, while others emphasize microscopic 
textures (Yan et al., 2022). Second, depositional models range from 
shallow-water platforms (Tan et al., 2022) to slope-tidal flat systems 
(Wang et al., 2006), with the proposed “dual-platform margin” model 
(Zhou et al., 2017) adding further complexity. Third, the genetic link 
between microbial activity and dolomite precipitation is still not well 
understood, as current interpretations often rely on indirect morpho
logical evidence rather than process-specific geochemical tracers (Liu 
et al., 2024; Roberts et al., 2013). The diversity in interpretations 
highlights the need for a refined depositional framework.

The late Ediacaran microbial dolomite genesis and the associated 
seawater chemistry and paleoclimate characteristics remain subjects of 
ongoing debate in the geologic community (Chang et al., 2020; Cui 
et al., 2017). While some studies provide compelling evidence for mi
crobial mediation in dolomite formation and the dolomite sea hypoth
esis, challenges persist in distinguishing microbial from abiotic 
processes and in reconstructing precise seawater characteristics (Li 
et al., 2021). For instance, although δ13CVPDB excursions are well 
documented (Liu et al., 2014), their interpretation as indicators of mi
crobial metabolism versus global carbon cycle perturbations remains 
contentious (Li et al., 2021). Similarly, although rare earth element 
patterns are increasingly used to reconstruct seawater chemistry (Hu 
et al., 2020), their application in discriminating between syndeposi
tional microbial signatures and later diagenetic overprints remains 
methodologically challenging.

In this study, the petrological, mineralogical, and geochemical 
characteristics of microbial dolomites in the Upper Ediacaran Dengying 
Formation in the central Sichuan Basin are systematically analyzed. The 
analysis integrates regional geology, sedimentary characteristics, tec
tonic evolution, and paleoceanographic conditions. This aims to clarify 
the classification and geochemical signatures. It also explores the 
depositional environment and the evolution of the Upper Ediacaran 
Dengying Formation. The objectives of this study are: (1) to develop a 
model that distinguishes microbial from environmental influences on 
dolomite textures; (2) to constrain the paleosalinity and redox condi
tions during dolomitization; and (3) to assess the interplay between 
tectonic events and global eustatic fluctuations in driving trans
gressive–regressive cycles. The integrated dataset provides new insights 
into how microbial communities interacted with Ediacaran seawater 
chemistry to produce these unique carbonate systems.

2. Geological setting

The Sichuan Basin, located in southwestern China, covers an area of 
approximately 260,000 km2 and is part of the South China Block. It 
developed as a superimposed basin atop the Precambrian Yangtze 
Craton basement (Liu et al., 2021; Yao et al., 2011). The basin is 
bordered by mountain ranges and plateaus with elevations ranging from 
2,000 to 3,000 m. Its margins are structurally controlled by tectonic 
belts including the Micang, Daba, Longmen, Liangshan, and Dalou 
mountains (Roger et al., 2010).

Tectonically, the Sichuan Basin lies within the stable interior of the 
Yangtze Block (Fig. 1A). Its evolution reflects the uplift–subsidence 
dynamics of the block, which can be divided into three major stages: (1) 
Neoproterozoic–Early Paleozoic intracratonic basin development, (2) 
Late Paleozoic–Early Mesozoic cratonic rifting, and (3) Late Tri
assic–Quaternary foreland basin formation and deformation (Merdith 
et al., 2017). Since the Ediacaran, the Yangtze Block entered a relatively 
stable platform stage. However, from the Ediacaran to the Early 
Cambrian, its sedimentary-tectonic evolution was influenced by cycles 
of continental breakup and amalgamation, producing significant uplift 
and subsidence (Li, 2003). U-Pb geochronology reveals temporal over
lap (~551–541 Ma) between the development of the Dengying car
bonate platform and the terminal phase of Rodinia breakup (~580–540 
Ma), suggesting that the Sichuan Basin occupied a passive margin 
setting during this time (Yu et al., 2008). During deposition of the upper 
Ediacaran Dengying Formation to the Lower Cambrian Qiongzhusi 
Formation, the Yangtze Craton experienced the Tongwan Movement 
(~550–530 Ma), which encompassed three episodes of uplift and sub
sidence in the Upper Yangtze region (Li et al., 2015; Wang et al., 2014). 
The Tongwan tectonic phase includes three episodes of crustal uplift and 
subsidence affecting the Upper Yangtze region during the deposition of 
the Dengying and Maidiping formations (Wang, 2014). This tectonic 
phase is interpreted as a localized response to Rodinia’s fragmentation. 
These tectonic dynamics strongly influenced the sedimentary systems of 
the central Sichuan Basin, where crustal extension produced localized 
subsidence centers and facilitated the development of widespread 
shallow marine carbonate platforms (Zhou et al., 2017).

The Ediacaran period spans ~ 635 to 541 Ma (Gradstein et al., 2004). 
The Doushantuo and Dengying Formations comprise the main Ediacaran 
sequence, with a boundary age of ~ 551 Ma (Condon et al., 2005). The 
Doushantuo Formation comprises mixed marine clastic–carbonate 
facies, while the Dengying Formation is characterized by thick microbial 
dolomites. Based on microbial content, the Dengying Formation can be 
divided into four lithological members (Fig. 1B) (Liu et al., 2021, 2013). 
Z2dn1 is mainly composed of muddy microcrystalline dolomite with 
local fine-crystalline dolomite, argillaceous dolomite, and microbial 
dolomite. Z2dn2 is characterized by thick microbial dolomites contain
ing distinctive “botryoidal-lace shape” fabrics. Z2dn3 is a relatively thin 
unit of sandy to argillaceous dolomites, mudstones, and siltstones. Z2dn4 

is rich in silica nodules and bands, primarily consisting of microbial 
dolomite, muddy microcrystalline dolomite, and siliceous dolomite.

During the Ediacaran Dengying period, the stable paleotectonic 
setting fostered the development of extensive shallow-marine environ
ments (Liu et al., 2021). The Sichuan Basin was positioned in a low- 
latitude equatorial zone (Li et al., 2013). After the Sturtian and Mar
inoan glaciations (720–635 Ma), the climate became warmer and more 
humid, creating optimal conditions for microbial growth and facies 
development (Bowyer et al., 2023; Li et al., 2023a). During this time, 
depositional environments included shallow marine platforms, marginal 
seas, and localized restricted basins (Li et al., 2023b). Platform envi
ronments featured shallow waters, efficient water circulation, and low 
to moderate sedimentation rates. In the early Dengying Formation, the 
coexistence of carbonate platforms and rift basins facilitated the for
mation of the Upper Yangtze marginal platform, intraplatform rift zones, 
and the isolated platform system of the Central Yangtze region (Zhou 
et al., 2017). By the end of the Z2dn2 depositional stage, the Upper 
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Yangtze region was uplifted by the Tongwan Movement I, leading to 
shallow marine shelf deposition atop an eroded paleotopographic 
landscape. During the Z2dn3 interval, rising sea levels triggered a 
transgression across the Central and Upper Yangtze regions (Li et al., 
2012). The influx of significant terrigenous material hindered carbonate 
development, causing a transition of the sedimentary environment in 
both areas into a restricted marine setting dominated by terrigenous 
clastics (Liu et al., 2021). Z2dn4 is a continuation of Z2dn3, deposited 
during the highstand systems tract following the transgression, repre
senting another significant phase of large-scale carbonate platform 
development (Tan et al., 2022).

3. Methods

The samples were collected from Well W117 in the central Sichuan 
Basin underwent petrological analyses, including core observation, op
tical microscopy, cathodoluminescence (CL), fluorescence microscopy 
(FL), and scanning electron microscopy (SEM). The optical microscopy, 
FL, and SEM observations were performed at the State Key Laboratory of 
China University of Petroleum (Beijing). CL analyses were conducted at 
the Beijing Institute of Nuclear Geology. Additionally, selected samples 
were analyzed for stable carbon and oxygen isotopic compositions, as 
well as trace and rare earth element concentrations.

3.1. Petrographic observation

The samples were polished to approximately 0.03 mm thickness for 
thin section observation and 0.1–0.2 mm thickness for CL and FL ob
servations. The microscope used for thin section observation and FL 
microscopy was a model Nikon 50I-P100-L. CL observations were con
ducted using a Leica DM4500P polarized light microscope equipped 
with a CITL Mk5-2 cathodoluminescence component. CL images were 
captured under a vacuum pressure of 0.003 mbar, with a power supply 
voltage of 100–220 V (10A). The output voltage and current were set at 
40 kV and 2 mA, respectively.

Fresh sample surfaces (~1 cm in both length and width) were coated 
with carbon to facilitate SEM testing. Samples were mounted onto the 
sample stage and appropriately labeled. They were placed in designated 
positions within the equipment, and a specific vacuum level was ach
ieved. Examinations were conducted using a HITACHI S-4800 scanning 
electron microscope. The operating voltage was set to 10 kV, with a 
working distance of 8 mm.

3.2. Geochemistry examinations

Following detailed petrographic observations, dolomite samples 
unaffected by late-stage diagenesis were selected for micro-area sam
pling. The selected samples were ground to a powder finer than 200 
mesh. Stable carbon and oxygen isotopes analyses were conducted using 
the 100 % phosphoric acid method with a MAT 253 mass spectrometer, 
reporting carbon and oxygen isotopes relative to the Vienna Pee Dee 
Belemnite (VPDB) standard. Powder samples (50 mg) were reacted with 
100 % phosphoric acid at 50 ◦C under vacuum for 3 h to generate CO2 
gas. The C-O ratio of the equilibrated CO2 gas was measured using a 
Finnigan MAT-253 mass spectrometer. The analytical precision was 
better than 0.1 %. The isotopic composition of dolomite was calculated 
using a phosphoric acid fractionation factor of 1.0093.

Trace and rare earth elements were quantified using inductively 
coupled plasma mass spectrometry (ICP-MS). Powder samples (50 mg) 
were weighed into a sealed digestion vessel, followed by the addition of 
0.01 mL HF and 1.5 mL HNO3. The vessels were placed in an oven and 
heated at 190 ◦C for 48 h. After cooling, the solution was concentrated to 
dryness at 140 ◦C, followed by the addition of 3 mL HCl and a second 
sealed digestion for 2 h. Following cooling, the extracted solution was 
transferred to PET bottles and sealed. Analyses were performed at a 
temperature of 23 ◦C with a relative humidity of 50.0 %. The experi
mental results exhibited an error margin of less than 2.0 %, well within 
the acceptable range. The obtained rare earth elements and yttrium 
(REY) mass fractions were normalized to Post-Archean Australian Shale 
(PAAS) (Mclennan, 2018). Standardized values are denoted by the 

Fig. 1. Depositional setting and stratigraphic column of the Ediacaran Dengying Formation in the Sichuan Basin. (A) Paleogeographic map of the Dengying For
mation (modified from Zhu et al., 2020). (B) Stratigraphic column of the Dengying Formation (modified from Zhang et al., 2014).
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subscript “n” and were applied to calculate elemental anomalies using 
the following formula (Lawrence et al., 2006; Meyer et al., 2012): 

Ce/Ce* = Cen / (Prn
2/Ndn)                                                                   

Eu/Eu* = Eun / (Smn
2 × Tbn)1/3                                                           

Pr/Pr* = 2Prn / (Cen + Ndn)                                                               

4. Results

4.1. Types and characteristics of microbial dolomites

4.1.1. Stromatolite
Stromatolites are recognized as sedimentary structures formed 

through the trapping and binding of ions, debris, or particles, driven by 
microbial metabolic processes. Mesoscopically, the grain layers of 
stromatolites are nearly horizontal, exhibiting stable lateral extension or 
slight undulation (Fig. 2A). The layers are evenly spaced, with a thick
ness ranging from 0.5 mm to 1 mm, forming dense grain accumulations. 
Alternating bright and dark layers are present, with an overall grayish- 
white to grayish-black appearance. Under microscopic examination, the 
stromatolites are primarily composed of dark and light laminae (Fig. 2B, 
C, E). These laminae form the fundamental units, generally parallel to 
the bedding surfaces, with some areas exhibiting significant un
dulations. The dark laminae are predominantly composed of algal-rich 
materials, including algae, microbial detritus, and fine crystalline 
dolomite, with a thickness of 0.1 to 0.3 mm. The light laminae are 
composed of relatively larger dolomite crystals and range from 0.1 mm 
to 0.5 mm in thickness. Under CL (Fig. 2D), the dark laminae appear 
bright red, while the light laminae remain dark. FL reveals that the dark 
laminae exhibit strong fluorescence, whereas the light laminae show 
weak or negligible fluorescence (Fig. 2F). This fluorescence is attributed 
to the emission of specific wavelengths of light by organic matter when 
stimulated by an electron beam or excitation light. The bright appear
ance of dark laminae under both CL and FL suggests a high content of 
organic matter and the preservation of original organic materials.

4.1.2. Thrombolite
At the mesoscale (Fig. 3A, D, G), thrombolites resemble stromatolites 

in both shape and size, although they lack internal laminar structures. 
Microbial clots constitute the primary structural units of thrombolites, 

with clot, banded, and irregular morphologies. Microscopically, 
thrombolites are composed of irregular dark-grey pellets, clumps, and 
aggregated grains, with typical clot sizes ranging from 0.2 mm to 0.5 
mm. Organic matter is concentrated around the clots, binding clay 
minerals, feldspathic detritus, and pyrite particles. Thrombolites are 
classified into three morphological types: dispersed, layered, and retic
ular thrombolites.

Mesoscopically, dispersed thrombolites appear as scattered spots 
(Fig. 3A). Microscopically, they display clot structures with limited 
content, weak inter-clot connectivity, and scattered distribution 
(Fig. 3B). Their lateral continuity is poor, and heterogeneity is pro
nounced. Individual clots are generally small (0.01–0.1 mm) and 
irregular in shape. Slightly larger clots occasionally form aggregates 
ranging from 0.1 mm to 0.3 mm. The internal cavities are small and 
irregular, with weak cementation and predominantly early-stage 
cement. Under CL, they appear mostly dark, indicating a low organic 
matter content (Fig. 3C).

Layered thrombolites exhibit discontinuous gray-white alternating 
layered structures (Fig. 3D). Microscopically, they display irregular 
banded structures formed by laterally elongated clots arranged direc
tionally (Fig. 3E). These bands range from 0.3 mm to 0.8 mm in thick
ness and differ from stromatolitic laminae by their irregular shapes and 
variable thickness. The cavities between bands are filled with multi- 
generational cement composed of fine- to coarse-crystalline dolomite. 
Grain sizes increase from edge to center, ranging from 0.05 mm to 0.25 
mm. Under CL, the clot bands appear bright red, while the dolomite in 
the cavities appears dark due to cementation (Fig. 3F).

Reticular thrombolites are characterized by a clot-grid structure 
(Fig. 3G). Their clot structures are densely packed and exhibit vertical 
growth trends, with a high abundance of clots. Microscopically, the clots 
aggregate into clumped structures ranging from 0.5 mm to 1 mm 
(Fig. 3H). These clots connect and coalesce, forming a three-dimensional 
network-like framework. Numerous large, irregularly distributed inter
nal cavities are present. Fibrous cement lines the inner edges of these 
cavities in a ring-like structure, with a thickness of 0.1 mm to 0.2 mm. 
The interiors are filled with powder-crystalline dolomite (0.01–0.1 mm). 
Under CL, reticular thrombolites appear bright red, indicating the 
highest organic matter content among the three thrombolite types 
(Fig. 3I).

4.1.3. Oncoid
Oncoids generally appear dark and exhibit a grain-encrusted 

Fig. 2. Core and microscopic photographs of stromatolites. (A) Core photograph of stromatolite, straight layer structure, the gray-black layer is thin and the gray- 
white layer is thick, 3324.3 m. (B) Photomicrograph of stromatolite, corrugated dark and light laminae, 3197 m. (C) Photomicrograph of stromatolite, the upper half 
is corrugated laminae, and the lower half is straight laminae, 3197 m. (D) CL image of C, the dark laminae appear bright red, while the light laminae appear dark. (E) 
Photomicrograph of stromatolite, 3197 m. (F) FL image of E, the dark laminae appear bright, while the light laminae appear dark. (CL, cathodoluminescence; FL, 
fluorescence).
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structure (Fig. 4A). The core is typically composed of micritic clots, algal 
clumps, microbial fragments, or sand grains, ranging in size from 0.5 
mm to 3 mm (Fig. 4B, D). The overall morphology of the oncoid shows a 
clear correlation with the shape of its core. As the encrustation layers 
accumulate, the thickness of the laminae increases, reducing the core’s 
geometric influence (Tang, 2018). The encrustation typically forms 
concentric layers, which can be single-layered, multi-layered, or irreg
ular. Similar to stromatolites, the encrustation is composed of dark algal- 
rich and light detrital-rich laminae. Oncoids mainly develop dark 
laminae, with thicknesses ranging from 0.05 mm to 0.3 mm. The light 
laminae are thin, with thicknesses ranging from 0.01 mm to 0.2 mm. As 
the oncoid grows, the laminae become progressively thicker. Under CL 
(Fig. 4C), the dark laminae exhibit bright red, while the light laminae 
appear dark. Under FL (Fig. 4E), the dark laminae exhibit bright yellow- 
green, whereas the light laminae exhibit no fluorescence.

4.1.4. Botryoidal dolomite
Botryoidal dolomites exhibit bead-like or botryoidal shapes in cross- 

section and laminar structures on the sides (Fig. 4F). They typically 
occur conformably with the bedding (Lin et al., 2017). They are mainly 
composed of core and surrounding encrustation (Fig. 4G). The core 
primarily consists of micritic dolomite or microbial structures, such as 
algal grains, algal clumps, or algal sand fragments. It typically exhibits 
irregular shapes and variable sizes, displaying both singular and com
posite forms, with diameters generally less than 5 mm. The surrounding 
encrustation is composed of alternating dark and light laminae arranged 
in parallel (Fig. 4H). The dark laminae consist of micritic or fibrous 
structures influenced by microbial processes. They are typically thin, 
resembling fine lines, with thicknesses ranging from 0.02 mm to 0.1 mm. 
The light laminae are primarily composed of fibrous dolomite, with 

crystals growing perpendicular to the bedding, and are generally thicker 
(from 0.1 mm to 2 mm). The fibrous crystals in each layer are consistent 
in form, exhibiting parallel and uniform thicknesses. Their growth re
mains continuous despite being separated by dark laminae. Under CL 
(Fig. 4I), alternating bands of red and dark red luminescence are 
observed, showing strong lateral continuity.

4.2. Mineral composition

The microbial dolomites primarily consist of dolomite, constituting 
95 % of the mineral content. Based on their structural features, micro
bial dolomites can be classified into matrix dolomite (MD), fibrous 
dolomite (FD), and crystalline dolomite (CD). Minor amounts of calcite, 
ferroan dolomite, pyrite, apatite, quartz, and barite are also present.

Matrix dolomite (MD) exhibits a micritic to microcrystalline struc
ture. Under the microscope, the grains are fine, less than 0.01 mm 
(Fig. 5A). The grain boundaries are indistinct, and crystal structures and 
morphologies, exhibiting subhedral to anhedral shapes, are difficult to 
identify. MD crystals are densely packed and contain filamentous or 
flocculent cryptoalgae and organic matter. Under CL (Fig. 5B), MD ex
hibits bright red, indicating high organic content and the preservation of 
original organic material. MD is commonly found within the dark 
laminae or clots of stromatolites, thrombolites, and oncoids.

Fibrous dolomite (FD) exhibits a fibrous-zoned structure (Fig. 5C-G). 
It forms after MD and grows perpendicular to the boundaries. Contin
uous horizontal bands are developed during growth, arranged in layers. 
The individual laminae range in thickness from 0.1 mm to 2 mm and are 
characterized by alternating light and dark laminae. The laminae may 
cross-cut existing layers during growth. FD grows outward perpendic
ular to the laminae, with little effect on the crystal structure, although 

Fig. 3. Core and microscopic photographs of thrombolites. (A) Core photograph of dispersed thrombolite, spotted structure, 3314.2 m. (B) Photomicrograph of 
dispersed thrombolite, irregular clot structure with low clot content, 3396.1 m. (C) CL image of B, clots are bright red. (D) Core photograph of stratified thrombolite, 
discontinuous layered structure, 3366.3 m. (E) Photomicrograph of stratified thrombolite, irregular banded structures, 3314.2 m. (F) CL image of E, the clot bands are 
bright red. (G) Core photograph of gridded thrombolite, clot-grid structure, 3324.3 m. (H) Photomicrograph of gridded thrombolite, clots aggregate into clumped 
structures, 3445.9 m. (I) CL image of H, bright red with the most organic matter content.
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Fig. 4. Core and microscopic photographs of oncoids and botryoidal dolomites. (A) Core photograph of oncoid, grain-encrusted structure, 3363.9 m. (B) Photo
micrograph of oncoid, composed of core and encrustation, 3324.3 m. (C) CL image of B, the core (yellow circle) and encrustation are bright red. (D) Photomicrograph 
of oncoid, part of the core is dissolved (yellow circle), 3324.3 m. (E) FL image of D, the core and encrustation have strong fluorescence. (F) Core cross-section 
photograph of botryoidal dolomite, bead-like or botryoidal shapes, 3324.12 m. (G) Photomicrograph of botryoidal dolomite, the core is strongly dissolved (yel
low circle), and the encrustation develops fibrous zonal laminae, 3312 m. (H) Photomicrograph of botryoidal dolomite, fibrous structures, 3197 m. (I) CL image of H, 
bright and dark band structure.

Fig. 5. Microscopic characteristics of microbial dolomites. (A) MD, micritic to microcrystalline structure, 3374.5 m. (B) CL image of A, bright red. (C) FD, fibrous- 
zoned structure, 3395.5 m. (D) FD, radiating fibrous structure (yellow arrow), foliated fibrous structure (red arrow), 3324.12 m. (E) CL image of D, well-preserved 
bands with alternating red and dark. (F) FD, foliated fibrous structure, 3285.3 m. (G) CL image of F, bright and dark band structure. (H) CD, euhedral to subhedral 
crystal structure, 3056.5 m. (I) CL image of H, multi-generation cemented zoned structure. (MD, matrix dolomite; FD, fibrous dolomite; CD, crystalline dolomite).
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minor changes in laminae shape may occur due to growth direction. FD 
displays symmetry during growth. The bands on either side of the axis 
are symmetrical. Crystal sizes increase outward from the core, and the 
edges of the growth bands become indistinct, sometimes exhibiting 
radiating, rhomboidal, or foliated shapes. Under CL (Fig. 5E, G), FD 
shows well-preserved bands with alternating red and dark 
luminescence.

Crystalline dolomite (CD) exhibits large and bright crystals, ranging 
from 0.05 mm to 0.5 mm (Fig. 5H). These crystals are mainly euhedral to 
subhedral, though they may also form within a cavity. The crystals 
exhibit concavo-convex or interlocking contacts, with clearly defined 
grain boundaries. The crystal surfaces are relatively clean, though 
microfractures are common. Under CL (Fig. 5I), CD exhibits zoned 
structures, suggesting multi-generational cementation.

4.3. Microscopical characteristics of microbial dolomites

Under SEM, microbial dolomites display fine-grained textures, 

ranging from 0.5 μm to 5 μm (Fig. 6). Dolomite crystals generally appear 
as dark grey rhombic (Fig. 6A-B), with distinct crystal faces and edges. 
Their sizes vary from 1 μm to 6 μm and commonly form aggregates or 
veins. While most rhombic surfaces are smooth, some exhibit rough or 
irregular surfaces due to environmental factors during growth. In 
addition to rhombohedral forms, other morphologies such as spherical, 
ellipsoidal, filamentous, and irregular shapes are also present 
(Fig. 6C–H), all confirmed as dolomite by energy spectroscopy. Spher
ical dolomites range from 1 μm to 5 μm in size and occur either as iso
lated grains or in aggregates (Fig. 6C-E). Ellipsoidal crystals range from 
5 μm to 10 μm (Fig. 6F). Filamentous dolomites have diameters ranging 
from 0.1 μm to 0.5 μm and lengths from 2 μm to 10 μm, often forming 
parallel or intertwined bundles (Fig. 6G-H). Extracellular polymeric 
substances (EPS) are associated with these structures (Fig. 6E-F). Pyrite 
is also commonly observed (Fig. 6I).

Fig. 6. Scanning electron microscope characteristics of microbial dolomites. (A-B) Rhombic dolomites, grain sizes ranging from 1 μm to 6 μm, 3017.8 m. (C-E) 
Spherical dolomites (yellow arrows), grain sizes ranging from 1 μm to 5 μm, 3418.2 m; EPS (red arrow), attached to spherical dolomite. (F) Ellipsoidal dolomite 
(yellow arrow), grain size ranging from 5 μm to 10 μm; EPS (red arrow), attached to ellipsoidal dolomite. (G-H) Filamentous dolomites, diameter ranging from 0.1 μm 
to 0.5 μm and length from 2 μm to 10 μm, 3395.5 m. (I) Pyrite (yellow arrow), grain size about 4 μm. (J) Spherical dolomite and its energy spectrum analysis spectra. 
(K) Filamentous dolomite and its energy spectrum analysis spectra.
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4.4. C and O isotopic compositions

The δ13CVPDB values of microbial dolomites range from 0.2 ‰ to 3.3 
‰, with an average of 1.7 ‰, and δ18OVPDB values from − 8.4 ‰ to − 2.4 
‰, averaging − 5.7 ‰ (Table 1; Fig. 7). Stromatolites exhibit relatively 
enriched isotopic signatures, with δ13CVPDB values between 1.8 ‰ and 

2.4 ‰ (average 2.1 ‰) and δ18OVPDB values from − 4.8 ‰ to − 2.7 ‰ 
(average − 3.8 ‰). Thrombolites show δ13CVPDB of 0.7 ‰ to 3.3 ‰ 
(average 1.7 ‰) and δ18OVPDB values range from − 7.8 ‰ to − 2.4 ‰ 
(average − 5.6 ‰). Dispersed thrombolites also show enrichment trends, 
with slightly lower δ13CVPDB values from 1.2 ‰ to 3.3 ‰ (average 2.0 ‰) 
and δ18OVPDB values from − 6.4 ‰ to − 2.4 ‰ (average − 4.3 ‰). In 
contrast, layered thrombolites display relatively depleted isotopic 
values. The δ13CVPDB values range from 1.0 ‰ to 2.3 ‰ (average 1.7 ‰). 
The δ18OVPDB values range from − 7.3 ‰ to − 4.9 ‰ (average − 6.1 ‰). 
The δ13CVPDB and δ18OVPDB values of reticular thrombolites are similar 
to those of layered thrombolites. The δ13CVPDB values range from 0.7 ‰ 
to 1.9 ‰ (average 1.4 ‰). The δ18OVPDB values range from − 7.8 ‰ to 
− 4.6 ‰ (average − 6.3 ‰). Oncoids exhibit δ13CVPDB values of 1.2 ‰ to 
3.1 ‰ (average 1.9 ‰) and δ18OVPDB values of − 6.7 ‰ to − 5.1 ‰ 
(average − 6.0 ‰). Botryoidal dolomites show the most depleted trend, 
with δ13CVPDB values of 0.2 ‰ to 1.9 ‰ (average 1.1 ‰) and δ18OVPDB 
values of − 8.4 ‰ to − 5.8 ‰ (average − 7.4 ‰).

4.5. Trace and REY compositions

Ni/Co ratios in microbial dolomites range from 2.183 to 7.870 
(average 5.461). Specifically, stromatolites range from 4.000 to 6.000 
(average 4.223), thrombolites from 2.972 to 7.733 (average 4.921), 
oncoids from 4.619 to 7.870 (average 5.865), and botryoidal dolomites 
from 6.310 to 7.714 (average 6.965) (Table 2). Sr/Ba ratios range from 
0.738 to 3.299 (average 1.987). The Sr/Ba ratios for stromatolites, 
thrombolites, oncoids, and botryoidal dolomites range from 1.112 to 
3.299 (average 2.446), 1.287 to 2.988 (average 2.184), 1.232 to 2.713 
(average 1.940), and 0.738 to 1.571 (average 1.349) (Table 2). The 
87Sr/86Sr ratios range from 0.7090 to 0.7101 (average 0.7095). The 
87Sr/86Sr ratios for stromatolites, thrombolites, oncoids, and botryoidal 
dolomites range from 0.7093 to 0.7098 (average 0.7096), 0.7094 to 
0.7101 (average 0.7097), 0.7092 to 0.7098 (average 0.7094), and 
0.7090 to 0.7097 (average 0.7093) (Table 2).

Total REY concentrations are low, ranging from 0.069 ppm to 0.481 
ppm (Table 2; Fig. 8A). Stromatolites, thrombolites, oncoids, and 
botryoidal dolomites have average ΣREY values of 0.212 ppm, 0.230 
ppm, 0.154 ppm, and 0.151 ppm, respectively. Y/Ho ratio range from 
34.222 to 95.857 (average 46.937) (Table 2; Fig. 8A). Ce and Eu 
anomalies range from 0.658 to 1.094 (average 0.883) and 0.719 to 

Table 1 
The C and O isotopic compositions, t and Z of microbial dolomites.

Lithology Depth (m) δ13CVPDB (‰) δ18OVPDB (‰) t (℃) Z

Stromatolites 3430.1 2.2 − 2.7 29.46 130.46
3442.2 1.8 − 3.4 32.95 129.29
3502.4 2.1 − 4.8 40.23 129.21
3024 1.9 − 3.9 35.50 129.25
3041 2.2 − 4.4 38.11 129.61
3502.4 2.4 − 3.5 33.46 130.47

Dispersed 
thrombolites

2997.2 3.3 − 6.4 48.94 130.81
3001.5 2.2 − 4.6 39.00 129.58
2992 1.2 − 2.4 28.03 128.56
3074 2.0 − 4.0 35.77 129.43
3087 1.5 − 4.2 36.89 128.30

Layered 
thrombolite

3207 2.3 − 6.5 49.60 128.77
3184.8 1.1 − 6.4 49.12 126.36
3066 1.8 − 7.3 53.92 127.47
3462.3 1.0 − 5.4 43.38 126.58
3494.2 2.1 − 4.9 40.69 129.17

Reticular 
thrombolites

3168.2 0.7 − 7.8 56.95 124.84
3472 1.5 − 7.3 54.29 126.78
3246.6 1.9 − 5.1 41.84 128.65
3284.6 1.2 − 4.6 38.95 127.50
3326.8 1.8 − 6.8 51.56 127.61

Oncoids 3324.3 1.2 − 6.3 48.46 126.62
3417 1.7 − 5.6 44.56 127.99
3023 2.3 − 6.4 49.03 128.82
3324.3 1.9 − 5.1 41.84 128.65
3388.5 3.1 − 5.9 46.22 130.71
3388.5 1.3 − 6.7 50.74 126.63

Botryoidal 
dolomites

3334.1 0.7 − 8.4 60.75 124.55
3171.8 1.5 − 7.8 57.15 126.49
3343.9 1.9 − 7.9 57.74 127.26
3137 1.0 − 5.8 45.67 126.46
3146.5 0.8 − 7.2 53.62 125.35
3285.32 1.1 − 6.9 51.88 126.12
3324.12 0.2 − 7.9 57.74 123.78
3318.5 1.8 − 7.4 54.79 127.30

Fig. 7. Cross-plot of δ13CVPDB and δ18OVPDB of microbial dolomites.
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2.797 (average 1.444) (Table 2; Fig. 8B). The (Dy/Sm)n and (La/Sm)n 
ratios range from 0.327 to 1.694 (average 1.090) and 0.400 to 2.029 
(average 0.842) (Table 2; Fig. 8C-D). The (Nd/Yb)n and LREY/HREY 
ratios range from 0.393 to 1.966 (average 1.058) and 0.423 to 1.741 
(average 0.740) (Table 2; Fig. 8E).

5. Discussion

5.1. Sedimentary environments of microbial dolomites

Microbial dolomite is formed through the combined influence of 
microbial communities and sedimentary environments (Zhu and Dit
trich, 2016). The spheroidal and filamentous structures observed under 
SEM strongly resemble those of modern and fossilized microbial struc
tures, particularly cyanobacteria (Fig. 6C–H). These structures have 
been confirmed as dolomite by SEM energy spectrum analysis (Fig. 6J- 
K). Although these features are consistent with microbial influence, 
diagenetic overprinting cannot be entirely excluded (Yuan et al., 2022). 
Similar textural features have been reported in Ediacaran–Cambrian 
dolomites from the Ara Group in Oman (Wood et al., 2023) and the 
Lower Cambrian carbonates of the Tarim Basin (Jiang et al., 2021), 
where microbial mediation is supported by microfabric, isotopic, and 

mineralogical evidence. These analogues reinforce the interpretation 
that microbial processes can strongly influence early dolomite 
precipitation.

However, abiotic mechanisms cannot be excluded. Dolomite with 
similar morphologies may also form under purely physico-chemical 
conditions, such as direct precipitation in evaporitic environments or 
through dolomitization driven by organic matter degradation in the 
absence of microbial catalysts (Hu, 2019; Manche and Kaczmarek, 2019; 
Roberts et al., 2013). In particular, early diagenetic dolomite can display 
spheroidal forms due to supersaturation and localized geochemical 
gradients (Vandeginste et al., 2023). To address these possibilities, sta
ble carbon isotope measurements were integrated. The δ13CVPDB values 
of the dolomite phases are within the typical range of microbial car
bonate precipitation (− 5 to + 5 ‰) (Bosak et al., 2013; Schidlowski, 
1988). Although abiotic processes may have contributed to early dolo
mitization, microbial activity played a dominant role in dolomite 
precipitation.

The development of pyrite has been interpreted as evidence for 
sulfate reduction reactions (Fig. 6I) (Braissant et al., 2003). The meta
bolic activity of sulfate-reducing bacteria has been shown to influence 
and regulate microbial dolomite precipitation (Jiang et al., 2024). In 
addition, EPS with different morphologies have been observed 

Table 2 
Trace and REY compositions of microbial dolomites (ICP-MS analytical uncertainty < 2 %).

Lithology Depth 
(m)

La 
(ppm)

Ce 
(ppm)

Pr 
(ppm)

Nd 
(ppm)

Sm 
(ppm)

Eu 
(ppm)

Gd 
(ppm)

Tb 
(ppm)

Dy 
(ppm)

Y 
(ppm)

Ho 
(ppm)

Er 
(ppm)

Tm 
(ppm)

Yb 
(ppm)

Lu 
(ppm)

Stromatolites 3430.1 0.004 0.003 0.004 0.004 0.007 0.006 0.007 0.006 0.008 0.011 0.009 0.007 0.007 0.006 0.007
3442.2 0.005 0.005 0.006 0.007 0.008 0.013 0.011 0.013 0.013 0.014 0.008 0.010 0.010 0.008 0.007
3491.4 0.008 0.008 0.010 0.010 0.015 0.031 0.015 0.021 0.020 0.025 0.019 0.017 0.020 0.019 0.016
3502.4 0.008 0.004 0.006 0.006 0.009 0.012 0.007 0.009 0.007 0.010 0.006 0.007 0.005 0.004 0.006

Thrombolites 3016.5 0.010 0.007 0.009 0.010 0.014 0.025 0.014 0.018 0.018 0.035 0.019 0.019 0.017 0.017 0.023
3216.0 0.014 0.014 0.019 0.022 0.035 0.056 0.033 0.041 0.037 0.049 0.035 0.028 0.025 0.021 0.025
3131.8 0.010 0.009 0.011 0.013 0.019 0.022 0.017 0.022 0.017 0.030 0.018 0.017 0.017 0.016 0.021
3263.9 0.016 0.013 0.016 0.018 0.022 0.024 0.023 0.025 0.022 0.032 0.022 0.021 0.015 0.021 0.018
3245.9 0.008 0.006 0.006 0.007 0.008 0.013 0.009 0.009 0.008 0.010 0.006 0.006 0.007 0.005 0.005
3372.3 0.023 0.017 0.018 0.019 0.021 0.031 0.027 0.031 0.028 0.030 0.022 0.026 0.022 0.022 0.021
3425.2 0.016 0.016 0.021 0.024 0.038 0.044 0.037 0.045 0.040 0.050 0.036 0.030 0.032 0.027 0.025
3056.5 0.008 0.006 0.007 0.008 0.011 0.019 0.011 0.016 0.016 0.028 0.017 0.017 0.015 0.021 0.023

Oncoids 3324.3 0.011 0.008 0.009 0.009 0.016 0.021 0.014 0.018 0.017 0.019 0.012 0.014 0.012 0.008 0.009
3088.5 0.010 0.008 0.009 0.009 0.010 0.017 0.011 0.016 0.015 0.016 0.012 0.011 0.012 0.008 0.009
3352.5 0.010 0.008 0.008 0.008 0.013 0.020 0.012 0.014 0.013 0.015 0.011 0.010 0.012 0.006 0.007
3395.5 0.003 0.003 0.003 0.003 0.005 0.009 0.005 0.006 0.004 0.006 0.004 0.005 0.013 0.003 0.005

Botryoidal 
dolomites

3171.8 0.010 0.010 0.010 0.011 0.017 0.031 0.021 0.023 0.024 0.050 0.024 0.023 0.037 0.029 0.028
3166.0 0.016 0.016 0.017 0.019 0.030 0.053 0.028 0.041 0.037 0.064 0.030 0.031 0.032 0.032 0.032
3285.3 0.009 0.012 0.009 0.006 0.014 0.015 0.016 0.021 0.019 0.032 0.020 0.018 0.020 0.017 0.016
3324.1 0.004 0.005 0.004 0.002 0.009 0.010 0.005 0.009 0.009 0.014 0.008 0.008 0.007 0.008 0.012
3318.5 0.002 0.004 0.004 0.004 0.007 0.011 0.007 0.010 0.010 0.009 0.008 0.006 0.006 0.004 0.005

Lithology Depth 
(m)

Sr 
(μg 
/g)

Ba 
(μg 
/g)

Co 
(μg 
/g)

Ni 
(μg 
/g)

87Sr/ 
86Sr

Sr/Ba Ni/ 
Co

∑
REY 

(ppm)
LREY 
/HREY

Y/Ho Ce/ 
Ce*

Eu/ 
Eu*

(Dy/ 
Sm)n

(La/ 
Sm)n

(Nd/ 
Yb)n

Stromatolites 3430.1 48.5 43.6 0.2 1.1 0.7096 1.112 6.000 0.098 0.499 37.222 0.802 0.965 1.123 0.566 0.728
3442.2 36.8 15.0 0.1 0.6 0.7093 2.453 4.708 0.136 0.537 48.500 0.863 1.433 1.694 0.650 0.851
3491.4 53.4 18.3 21.8 47.6 0.7098 2.918 2.183 0.254 0.559 39.053 0.902 1.805 1.311 0.544 0.548
3502.4 50.8 15.4 2.1 8.3 0.7097 3.299 4.000 0.106 0.901 46.000 0.789 1.352 0.799 0.925 1.633

Thrombolites 3016.5 47.8 16.0 0.2 0.9 0.7099 2.988 3.905 0.257 0.508 49.632 0.930 1.649 1.325 0.749 0.577
3216.0 49.3 19.1 0.4 1.9 0.7101 2.581 4.796 0.455 0.648 38.000 0.863 1.539 1.075 0.414 1.032
3131.8 54.7 34.8 0.3 2.3 0.7095 1.572 7.733 0.258 0.582 44.389 0.960 1.118 0.892 0.515 0.818
3263.9 47.1 36.6 2.7 11.7 0.7097 1.287 4.415 0.310 0.657 39.273 0.923 1.050 0.983 0.729 0.869
3245.9 48.6 19.3 5.9 19.2 0.7100 2.518 3.254 0.112 0.878 43.333 0.926 1.519 0.928 0.992 1.264
3372.3 49.5 22.4 1.2 9.1 0.7095 2.210 7.484 0.356 0.648 36.409 0.950 1.289 1.341 1.094 0.868
3425.2 47.6 23.2 2.1 10.2 0.7096 2.052 4.811 0.481 0.581 37.222 0.857 1.084 1.062 0.422 0.908
3056.5 34.2 15.1 1.8 5.4 0.7094 2.265 2.972 0.222 0.430 44.765 0.836 1.502 1.497 0.684 0.393

Oncoids 3324.3 47.3 38.4 2.3 18.1 0.7094 1.232 7.870 0.198 0.712 42.083 0.997 1.257 1.056 0.677 1.147
3088.5 52.9 19.5 0.4 1.9 0.7098 2.713 4.619 0.173 0.675 36.917 0.877 1.431 1.440 1.038 1.118
3352.5 51.0 31.7 0.1 0.6 0.7092 1.609 6.286 0.169 0.780 36.455 0.924 1.523 1.021 0.761 1.314
3395.5 44.6 20.2 0.3 1.2 0.7093 2.208 4.685 0.077 0.577 40.500 0.848 1.844 0.901 0.726 0.989

Botryoidal 
dolomites

3171.8 55.8 35.5 0.1 0.7 0.7094 1.572 7.714 0.347 0.424 50.250 1.070 1.656 1.367 0.570 0.372
3166.0 56.5 39.9 0.1 0.8 0.7095 1.416 6.310 0.479 0.570 51.667 1.091 1.571 1.214 0.539 0.582
3285.3 42.6 28.2 0.1 0.6 0.7091 1.511 7.038 0.244 0.448 43.650 1.068 0.919 1.321 0.651 0.380
3324.1 37.5 50.8 0.8 5.8 0.7090 0.738 7.332 0.114 0.512 47.125 1.060 1.062 0.996 0.436 0.318
3318.5 21.6 14.3 0.9 5.7 0.7097 1.510 6.431 0.098 0.569 48.125 1.104 1.366 1.358 0.352 0.904
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surrounding dolomite crystals under SEM (Fig. 6E-F). The high viscosity 
of EPS enables them to tightly bind sediment particles, thereby forming 
a solid matrix (Hartley et al., 1996). These matrices provide favorable 
conditions for microbial communities to attach to the debris particles 
and develop microbial mats. The presence of microbial mats further 
provides stable ecological conditions for microbial survival and meta
bolism (Robles-Fernández et al., 2022). The synergistic interactions 
between microorganisms and the environment are crucial for microbial 
capture, sediment binding, self-mineralization, and primary dolomite 
precipitation, which are essential for dolomite formation (Bernhard 
et al., 2023). During this process, microbial trapping and binding 
aggregate tiny particles in the water into sedimentary structures 
strongly influenced by hydrodynamic conditions and microbial activity 
(Fig. 10A). In low-energy environments with strong microbial activity, 

sediment particles settle steadily, forming laminar structures dominated 
by stromatolites and botryoidal dolomites. In environments with weak 
microbial activity, continuous lamination is less likely to form, and the 
lithology predominantly consists of dispersed thrombolites. In high- 
energy environments, particles form compact clotted structures or 
concentric spherical laminations, with lithology dominated by layered 
thrombolites, reticular thrombolites, and oncoids.

The formation of stromatolite laminae requires a relatively stable 
sedimentary environment. This process typically occurs in supratidal or 
upper intertidal zones (Fig. 9), facilitating the continuous development 
of microbial mats and gradual sediment accumulation (Lee and Riding, 
2023). Hydrodynamic conditions significantly influence both the for
mation and morphology of stromatolites (Li et al., 2021). In low-energy 
environments, the limited transport of sediments promotes stromatolite 

Fig. 8. Cross-plots of various elements and parameters. (A) Y/Ho ratio against ΣREY for terrestrial materials effects. (B-D) Ce/Ce* against Eu/Eu*, (Dy/Sm)n, and 
(La/Sm)n for the influence of late diagenesis. (E) LREE/HREE against (Nd/Yb)n for the degree of differentiation of rare earth elements. (F) The average normalized 
REY patterns of microbial dolomites.
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growth, resulting in the development of straight laminae (Fig. 10B). In 
environments with moderate hydrodynamic conditions, corrugated 
laminae are developed (Fig. 10C). In high-energy environments, strong 
water flow may disrupt microbial mat and thereby hinder stromatolite 
development (Awramik, 1971).

Thrombolites are primarily deposited in intertidal to upper subtidal 
zones characterized by strong hydrodynamics (Sun et al., 2021). 
Dispersed thrombolites are primarily distributed in low-energy lower 
supratidal and upper intertidal zones (Fig. 9). In these environments, 
microbial communities grow freely, forming small spherulitic structures 
without requiring binding to resist wave action (Bernhard et al., 2023). 
Microbial populations in thrombolites are less abundant, thereby pre
venting the development of continuous lamination (Xiao et al., 2019). 
The small size and sparse distribution of clots hinder the construction of 
a supportive framework, leading to fewer cavities (Fig. 10E). Layered 
thrombolites are developed in high-energy intertidal zones (Figs. 9, 
10F). Their formation is attributed to vertical thickening and lateral 
expansion of microbial mats (Bernhard et al., 2023). Light availability 

may influence the growth of banded structures. In deep waters with 
limited light, microbes may grow vertically while extending laterally to 
optimize photosynthesis (Dupraz et al., 2009). Reticular thrombolites 
are formed in more dynamic lower intertidal and subtidal zones (Fig. 9). 
They form a supportive and wave-resistant gridding structure through 
vertical trapping and banding (Fig. 10G). Through microbial bio
stability, sediment integrity is maintained under high-energy conditions, 
thereby minimizing subsequent erosion (Paul et al., 2021). Clots are 
enclosed by micritic cement, enhancing preservation and producing 
darker coloration (Chacón-Baca et al., 2024).

Oncoids are formed in lower intertidal and subtidal zones where 
hydrodynamic conditions are intense (Fig. 9). Favorable hydrodynamic 
conditions facilitate oncoids transport and deposition (Xiao et al., 
2020a). The core is transported by rolling or hopping under hydrody
namic forces (Riaz et al., 2022). Algae and microorganisms proliferate 
around the core, facilitating the trapping and binding of sediment par
ticles into concentric laminae (Diaz et al., 2017). As sediment accumu
lates, oncoids evolve into spherical or ellipsoidal forms (Fig. 10H). Their 

Fig. 9. Sedimentary facies distribution of microbial dolomites.

Fig. 10. Different microbial dolomite structures formed by microbial communities. (A) Microbial trapping and binding process. (B) Straight stromatolite. (C) 
Corrugated stromatolite. (D) Botryoidal dolomite. (E) Dispersed thrombolite. (F) Layered thrombolite. (G) Reticular thrombolite. (H) Simple oncoid. (I) Com
pound oncoid.
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increased size eventually limits further transport (Xiao et al., 2020b). 
Oncoids continue to grow vertically while the lower laminae remain 
undeveloped. Intermittent rolling results in the formation of irregular 
concentric laminae (Dahanayake, 1978). Under active hydrodynamic 
conditions, small oncoids may coalesce and bond, becoming encased in 
sediment to form compound oncoids with multiple cores (Fig. 10I). 
Compound oncoids are typically larger than simple oncoids (Tang, 
2018).

Botryoidal dolomites are typically formed in the lower supratidal to 
upper intertidal zones (Fig. 9). Their cores are formed during the syn
genetic phase through seawater deposition and microbial trapping and 
binding (Zhai et al., 2020). Subsequent exposure and dissolution of the 
platform result in fractures and pores. These are then permeated by 
saturated carbonate solutions generated through seawater evaporation 
or mixing with meteoric water (Hu et al., 2020). Microbial activity 
promotes dolomite precipitation, with crystals growing radially outward 
from the core or perpendicularly from sediment surfaces, forming 
fibrous structures (Song et al., 2024). Continued sedimentation and 
crystal growth eventually produce the laminated architecture charac
teristic of botryoidal dolomites (Fig. 10D) (Wang et al., 2020; Zhang 
et al., 2022a).

5.2. Preservation of primary seawater chemical signals

The REY in marine carbonates are widely recognized as indicators of 
REY distribution in ancient seawater and are valuable for reconstructing 
the physicochemical conditions of seawater during carbonate formation 
(Webb and Kamber, 2000). REY values often indicate contributions from 
multiple sources, including seawater, detrital inputs, hydrothermal ac
tivity, and diagenetic processes (Bi et al., 2021). During carbonate 
deposition, silicate detritus rich in REY may be incorporated. Even small 
amounts of silicate detritus dissolved during the experimental process 
can alter the REY characteristics of the carbonates, potentially affecting 
the interpretation of the redox conditions of the original seawater (Ling 
et al., 2013). The REY values reported here (ranging from 0.062 ppm to 
0.481 ppm) are significantly lower than the average REY content of 
terrigenous detritus (average 100 ppm) (Table 2, Fig. 8A). This suggests 
that the microbial dolomites were minimally affected by terrigenous 
materials during both deposition and subsequent diagenesis. Thus, the 
microbial dolomites effectively preserve the geochemical characteristics 
of ancient seawater REY.

There is a marked difference in the Y/Ho ratio between terrigenous 
sediments and marine carbonates, rendering this ratio an effective in
dicator for differentiating marine from non-marine deposits (Bau and 
Dulski, 1996). When the Y/Ho ratio exceeds 36, the REY in carbonates is 
interpreted as reflecting the signature of original seawater (Ling et al., 
2013). All the samples analyzed exhibit Y/Ho ratios exceeding 36 
(Table 2, Fig. 8A). They can be interpreted as representing the original 
seawater depositional environment. Diagenesis can alter the partition
ing pattern of REY, typically resulting in enrichment of Ce, depletion of 
Eu, and reductions in the (Dy/Sm)n and (La/Sm)n ratios (Shields and 
Stille, 2001). Therefore, if negative correlations are observed between 
Ce/Ce*, Eu/Eu*, (Dy/Sm)n, and (La/Sm)n, this would suggest diagenetic 
modification of the REY distribution. In the samples, no significant 
negative correlations were observed between these parameters (Fig. 8B- 
D), implying minimal influence of diagenetic alteration on the samples. 
The data are robust for paleoenvironmental analysis.

During carbonate formation, temperature influences the oxygen 
isotopic composition, changing by approximately 2.6 ‰ per ◦C, while 
the effect on the carbon isotopic composition is comparatively minor, at 
only 0.035 ‰ per ◦C (Emrich et al., 1970). Therefore, variations in 
δ18OVPDB can serve as indicators of paleotemperature trends during 
carbonate rock diagenesis. The paleotemperature can be estimated using 
the following equation (Shackleton and Kennett, 1976, p. 281): 

t = 16.9 − 4.38
(
δ18OC − δ18OW

)
+0.1

(
δ18OC − δ18OW

)2 

In the formula, t represents the paleoseawater temperature of car
bonate rock formation; δ18OC represents the δ18OVPDB value measured in 
carbonate; δ18OW represents the δ18OVPDB value of paleoseawater. The 
δ18OVPDB values of seawater before the Cenozoic remain undetermined. 
It is generally assumed to be 0, similar to present-day values (Galili et al., 
2019). Based on this formula, the temperature of the samples ranges 
from 28.03 ◦C to 60.75 ◦C, with an average of 45.68 ◦C (Table 1, 
Fig. 11A). These values are roughly consistent with those reported in 
previous studies and align with the suitable conditions for microbial 
proliferation (Knauth, 2005; Meng et al., 2011; Robert and Chaussidon, 
2006). The temperature range for stromatolites, thrombolites, oncoids, 
and botryoidal dolomites is 29.46 ◦C to 40.23 ◦C (average 34.95 ◦C), 
28.03 ◦C to 56.95 ◦C (average 44.59 ◦C), 41.84 ◦C to 50.74 ◦C (average 
46.81 ◦C), and 45.67 ◦C to 60.75 ◦C (average 54.92 ◦C). In the strati
graphic profile (Fig. 12), temperature displays two distinct fluctuation 
cycles characterized by rising and falling trends from base to top, 
generally remaining within a high-temperature regime.

Keith and Weber (1964) combined δ13CVPDB and δ18OVPDB values to 
develop the isotope coefficient (Z value). This coefficient serves as a 
paleosalinity indicator, enabling differentiation between marine (Z >
120) and freshwater (Z < 120) depositional environments. The Z value is 
calculated as follows: 

Z = 2.048 × (δ13CVPDB + 50)+0.498 × (δ18OVPDB + 50)

The Z values of the analyzed samples range from 123.78 to 130.81, 
with an average of 127.89 (Table 1, Fig. 11B). All the samples exhibited 
Z values exceeding 120, indicating deposition in a marine environment. 
The Z values for stromatolites, thrombolites, oncoids, and botryoidal 
dolomites range from 129.21 to 130.47 (average 129.71), 124.84 to 
130.81 (average 128.03), 126.62 to 130.71 (average 128.24), and 
123.78 to 127.30 (average 125.91). Within the stratigraphic profile 
(Fig. 12), the Z value shows two sequential cycles of decline followed by 
an increase from the bottom up, indicating two phases of decreasing and 
subsequently increasing paleosalinity. This variation is likely associated 
with sea-level fluctuations, suggesting that two significant marine 
transgression-regression cycles occurred during the deposition of the 
upper Ediacaran Dengying Formation.

Stromatolites exhibit moderate δ13CVPDB values and positive 
δ18OVPDB values (Fig. 7). They are formed in marine depositional envi
ronments with moderate temperatures and high salinity. The t values of 
dispersed, layered, and reticular thrombolites increase progressively, 
whereas the Z values progressively decrease (Fig. 11). The sedimentary 
environment gradually changed from open shallow marine environment 
to restricted deepwater environment (Fig. 7). The δ13CVPDB and 
δ18OVPDB values of oncoids are moderate within the microbial dolomite 
(Fig. 7). They typically form in deepwater or more restricted environ
ments. The Z values are slightly lower than those of stromatolites but 
still suggest a high-salinity marine depositional environment (Fig. 11). 
Botryoidal dolomites exhibit positive δ13CVPDB values and negative 
δ18OVPDB values (Fig. 7). The highest t value and the lowest Z value 
indicate high temperature depositional environment influenced by at
mospheric freshwater (Fig. 11).

Sr/Ba ratio is commonly used to identify marine depositional envi
ronments (Epstein and Mayeda, 1953). Sr/Ba ratios greater than 1 are 
generally interpreted to indicate a saline environment; values between 
0.6 and 1 suggest transitional settings, while values below 0.6 indicate 
freshwater conditions (Rimmer, 2004). All analyzed samples exhibit Sr/ 
Ba ratios greater than 1 (Table 2). The environment remained a 
consistently saline marine environment. The botryoidal dolomites 
exhibit the lowest Sr/Ba ratios. Atmospheric precipitation leaching may 
have influenced their formation, potentially contributing to a slight 
reduction in salinity. Stratigraphically, the Sr/Ba ratios exhibit two 
sequential cycles of decrease followed by increase (Fig. 12). The ancient 
seawater salinity experienced two cycles of decrease and increase.

Redox conditions influence the geochemical characteristics, causing 
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sediments under different redox conditions to exhibit distinct element 
signatures (Bi et al., 2021). The Ni/Co ratio serves as a widely accepted 
redox proxy: values below 5 indicate oxidizing conditions, 5–7 corre
spond to suboxic conditions, and values above 7 suggest anoxic envi
ronments (Jones and Manning, 1994). Most samples exhibit Ni/Co ratios 
below 7 (Table 2). The environment was predominantly characterized 
by oxidizing to suboxic conditions. The botryoidal dolomites recorded 
the highest Ni/Co ratio, with an average value of 7.048. They were 
deposited under suboxic to anoxic conditions. Vertically, Ni/Co ratios 
increase and decrease twice from bottom to top (Fig. 12). The redox 
environment experienced shifts between oxidizing and anoxic 

conditions in two cycles.
The Ce anomaly serves as an indicator of the redox conditions of 

ancient seawater (Moffett, 1990). Ce/Ce* values below 0.95 represent a 
negative Ce anomaly and are suggestive of oxidizing seawater condi
tions. Ce/Ce* values exceeding 1 indicate a positive Ce anomaly, 
reflecting a transition to weakly oxidizing or anoxic environments (Bau 
and Dulski, 1996; Wu et al., 2019). The Ce anomaly values in the sam
ples range from 0.789 to 1.104 (Fig. 8B). Most samples show a negative 
Ce anomaly, indicating that the environment was predominantly 
oxidizing. However, compared to the Ce/Ce* values in modern seawater 
(ranging from 0.1 to 0.6), the magnitude of the negative Ce anomaly is 

Fig. 11. t and Z values of microbial dolomites.

Fig. 12. The vertical distribution of sedimentary lithology and geochemical elements cycles. In the vertical direction, two transgression and regression cycles can be 
identified. Two stages of the dolomite sea are developed, which are characterized by high temperature, low salinity, and anoxic reduction conditions.
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less pronounced. While oxygenation had begun, oxygen levels had not 
yet reached typical Phanerozoic concentrations. Stratigraphically, Ce 
anomalies exhibit two cycles of increase and decrease, reflecting two 
redox transitions between oxidizing and anoxic conditions (Fig. 12).

Eu typically exists as Eu3+ under standard conditions. Under 
reducing conditions, part of Eu3+ is reduced to Eu2+ (Michard et al., 
1983). In high-temperature conditions, Eu3+ is more readily converted 
to the less soluble Eu4+, which results in Eu enrichment and manifests as 
a positive anomaly (Frei et al., 2017). A Eu/Eu* value greater than 1 is 
referred to as a positive Eu anomaly, while a value less than 1 indicates a 
negative anomaly (Lawrence et al., 2006). In the study area, Eu pri
marily exhibits a positive anomaly (Fig. 8B). The upper Ediacaran 
Dengying Formation experienced high-temperature conditions, consis
tent with the previously discussed temperature indicators.

Carbonate minerals precipitated from different fluid environments 
exhibit distinct REY distribution patterns (Bi et al., 2021). These pat
terns serve as effective indicators for tracing the sources of fluids 
responsible for carbonate deposition and diagenesis (Michard et al., 
1983). Different types of microbial dolomite display similar REY 
enrichment patterns (Fig. 8F). They were formed in similar seawater 
chemical environments. The shale-normalized REY distribution patterns 
of modern seawater are characterized by HREE enrichment, coupled 
with positive La anomalies, negative Ce anomalies, and weakly positive 
Gd anomalies (Hatje et al., 2016; Oka et al., 2021). These geochemical 
signatures demonstrate similarities to those identified in the Ediacaran 
microbial dolomites analyzed in this study. The REY enrichment pattern 
ranges from flat to moderate. The LREY segment shows a leftward tilt, 
while the HREY segment exhibits a slight rightward tilt. The LREY/ 
HREY ratio generally exceeds 0.5 (Fig. 8E). The samples are slightly 
deficient in LREY and enriched in HREY. This is consistent with the 
enrichment levels of LREY and HREY in typical seawater. Variations in 
the (Nd/Yb)n ratio are indicative of the relative enrichment of light 
versus heavy REY (Riaz et al., 2020). In most samples, (Nd/Yb)n ratios 
are less than 1 (Fig. 8E). The differentiation of REY is relatively low 
overall. The microbial dolomites were primarily formed by direct 
seawater precipitation and underwent limited diagenesis. REY redistri
bution and migration were minimal, leading to a low degree of 
elemental differentiation.

5.3. Paleoenvironmental evolution of upper Ediacaran Dengying 
Formation (ca 551.1 to 542.0 Ma)

During the Neoproterozoic glaciation, intense continental weath
ering occurred under specific tectonic conditions (Dong et al., 2006). 
This process, combined with global icehouse climates and anoxic fer
ruginous oceans, dramatically altered Mg cycling. Enhanced Mg input 
from the continent, coupled with reduced extraction from the ocean, 
resulted in extremely high oceanic Mg/Ca ratios (Hood et al., 2022). At 
the end of the Ediacaran, in the Upper Yangtze region, the environment 
was primarily dominated by an aragonite sea (with Mg/Ca ratios > 2), 
and the regional development of a transient “dolomite sea” (with Mg/Ca 
ratios > 10) (Shuster et al., 2018). Previous studies have demonstrated 
that primary dolomite precipitation can occur under specific conditions 
(Daye et al., 2019; Roberts et al., 2013; Vasconcelos et al., 1995). The 
experimental conditions included high Mg/Ca ratios, organic-rich en
vironments (high carboxyl concentrations), high salinity, and certain 
concentrations of Mn2+, among other factors. These conditions closely 
align with the characteristics of Neoproterozoic seawater (Wood et al., 
2018). The increase in oceanic Mg/Ca ratios and alkalinity during the 
glacial period likely facilitated dolomite precipitation (Han et al., 2022). 
These factors are linked to the increased continental weathering flux 
following the Sturtian glaciation event (Williams et al., 2019). Dolomite 
precipitation may have also been influenced by the low sulfate levels in 
Neoproterozoic oceans. Lower sulfate concentrations reduce the meta
bolic activity of sulfate-reducing bacteria, facilitating the binding of Mg 
with Ca to form dolomite (Chang et al., 2020). The “Snowball Earth” 

event concluded at the end of the Cryogenian. Global warming, glacier 
melt, and crustal uplift caused by plate rifting resulted in significant 
increases in both global and regional sea levels (Fang, 2022). The Edi
acaran period entered into a stable, warm phase, accompanied by 
notable variations in sea level and salinity. Periodic oxidation events 
accompanied this, and atmospheric oxygen concentrations gradually 
increased (Hood et al., 2022; Li et al., 2023b). The surface ocean was 
dominated by oxygenated seawater, whereas the deeper ocean primarily 
contained anoxic water (Thomas and Catling, 2024).

The microbial dolomites of the upper Ediacaran Dengying Formation 
offer valuable insights into the dynamic interactions between microbial 
communities, seawater chemistry, and environmental change during a 
pivotal interval in Earth’s history. The observed dolomite structures 
reflect microbial adaptation to variable redox and salinity conditions 
across a shallow restricted platform setting. These features suggest that 
microbial ecosystems were able to thrive in low-oxygen, high-salinity, 
and low-sulfate conditions, which may have been widespread in Pre
cambrian oceans. The depositional history of the Dengying Formation 
appears to have been episodic, with intermittent subaerial exposure (Cui 
et al., 2019). The residence time of Sr in seawater exceeds 1 Myr, while 
its mixing time in seawater is only 1 Kyr (Palmer and Elderfield, 1985). 
Consequently, the 87Sr/86Sr ratio of seawater remains globally uniform 
within a given geological period (Alexander Bentley, 2006). The 
87Sr/86Sr ratio can serve as an indicator of sea level changes (Blum and 
Erel, 1995). The 87Sr/86Sr ratio and sea-level changes are inversely 
correlated (Zhang et al., 2022b). The stratigraphic profile reveals two 
cycles of increasing and decreasing 87Sr/86Sr values (Table 2, Fig. 12). 
This suggests that two episodes of sea-level regression and transgression 
occurred during deposition.

During the early stage of deposition, no significant tectonic influence 
was observed (Zhang et al., 2024). Sea level changes were likely 
controlled by climatic and other environmental factors (Chang et al., 
2020). During this time, sea levels were high, the climate was warm, 
salinity was elevated, and oxidizing conditions prevailed (Lan et al., 
2022). This environment primarily favored the formation of microbial 
dolomites such as stromatolites, thrombolites, and oncoids. Enhanced 
evaporation under warm conditions likely contributed to a subsequent 
sea-level fall, leading to the exposure of shallow marine areas and the 
intensification of local evaporation (Wang et al., 2020). This process 
promoted dissolution, resulting in the formation of fractures and cav
ities. Reduced water circulation limited oxygen replenishment, creating 
low-oxygen or anoxic conditions (Wood et al., 2018). These conditions 
may have led to the development of the first phase of a regional 
“dolomite sea”. Following a transgression, these cavities were filled with 
seawater, leading to the formation of botryoidal dolomites.

Subsequently, under the influence of global climate change, the rise 
in sea level caused by glacial melting led to the inland transgression of 
seawater (Li et al., 2024). The increase in water depth has submerged 
areas that were previously above sea level. The previously isolated 
inland seas were reconnected to the open ocean, leading to higher 
salinity. Enhanced hydrodynamic exchange associated with increased 
depth improved water circulation, contributing to a gradual rise in 
oxygenation. Although temperatures slightly decreased, the environ
ment remained generally warm overall. The resulting redistribution of 
water depth, temperature, and salinity facilitated alternating oxic and 
anoxic conditions, which were favorable for the deposition of microbial 
dolomites, including stromatolites, thrombolites, and oncoids.

At the end of deposition, tectonic uplift related to the Tongwan 
Movement I induced a relative sea-level fall across the Yangtze Platform, 
exposing its margins to subaerial erosion (Wang et al., 2014). The uplift 
likely enhanced hydrodynamic conditions, increasing the transport, 
redeposition, and erosion of the platform edge sediments. With sea-level 
regression, salinity may have decreased slightly due to freshwater influx 
or atmospheric precipitation, and reduced circulation led to lower ox
ygen concentrations, fostering an anoxic environment (Ding et al., 
2021). During this period, the Sichuan Basin was positioned in a low- 
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latitude equatorial setting (Li et al., 2013). The persistently high tem
peratures sustained elevated seawater temperatures and favored mi
crobial activity and carbonate production. A second phase of the 
“dolomite sea” may have formed under these conditions. Fractures and 
cavities were periodically filled with seawater during sea-level fluctua
tions, facilitating the formation of a large-scale botryoidal dolomite 
deposit (Wang et al., 2020). Following the Tongwan Movement I, a 
subsequent sea-level rise restored shallow marine environments, char
acterized by increased salinity, elevated oxygen levels, and enhanced 
microbial productivity, which once again governed sedimentary pro
cesses (Ding et al., 2021).

The microbial dolomites of the upper Ediacaran Dengying Formation 
not only hold significant implications for hydrocarbon reservoir devel
opment in South China, but also serve as a model archive for recon
structing microbial behavior, carbonate factory evolution, and 
paleoclimate dynamics in Earth’s geologic and biologic history. Similar 
microbial dolomite reservoirs have been documented in other late Edi
acaran to early Cambrian successions worldwide, such as the Nama 
Group in Namibia, the Wonoka Formation in South Australia, and the 
Ara Group in Oman (Amthor et al., 2003; Schröder et al., 2005; Williams 
and Schmidt, 2018; Wood et al., 2023). The widespread distribution of 

such microbial dolomites underscores the global microbial ecosystems 
capable of influencing carbonate diagenesis and reservoir quality.

Moreover, the geochemical signatures preserved within these mi
crobial dolomites reflect major paleoenvironmental shifts following the 
Marinoan glaciation. Post-glacial greenhouse conditions likely stimu
lated elevated microbial activity, influencing carbonate saturation states 
and promoting dolomite precipitation under low-oxygen, high-salinity 
conditions (Fang, 2022; Hood et al., 2022; Li et al., 2023b). Associated 
variations in seawater chemistry, such as fluctuations in Sr isotopes, REY 
patterns, and redox-sensitive trace elements can be linked to continental 
weathering and hydrothermal fluxes driven by sea-level oscillations and 
intensified plate tectonics (Meyer et al., 2012; Wang et al., 2023; Zhang 
et al., 2022b). These findings highlight the complex interplay among 
microbial processes, climate variability, and tectonic evolution in 
shaping Precambrian carbonate reservoirs. Furthermore, they establish 
the Dengying Formation as a reference system for studying early Earth 
environments and their resource potential.

Fig. 13. Sedimentary model of the upper Ediacaran Dengying Formation microbial dolomites. (A) Syngenetic stage model. During this stage, sea level and salinity 
are elevated, the climate is warm, and oxygen content is high. Microbial dolomite formation is primarily facilitated by aerobic-halophilic bacteria in the supratidal 
zone and anaerobic bacteria in the subtidal zone. (B) Penecontemporaneous stage model. During this period, a “dolomite sea” developed. As sea level decreases, 
evaporation intensifies, and oxygen content diminishes. The surface undergoes dissolution by atmospheric freshwater, creating voids that are subsequently filled with 
seawater, resulting in botryoidal dolomite.
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5.4. Sedimentary model of the upper Ediacaran Dengying Formation 
microbial dolomites

The syngenetic stage is typically associated with rising sea levels 
(Fig. 13A). The widespread intrusion of seawater leads to the formation 
of extensive shallow marine environments. During this period, enhanced 
water movement and exchange facilitate the dissolution and distribution 
of oxygen, thereby creating an oxidizing environment. During the 
deposition of the Dengying Formation, the Sichuan Basin was situated 
near the equator, where the climate was warm (Li et al., 2013). Elevated 
temperatures led to increased evaporation, which in turn raised 
seawater salinity. Higher salinity is conducive to microbially induced 
dolomite precipitation (Qiu et al., 2017). In intertidal and supratidal 
zones, water is shallow and oxygen levels are elevated. Dolomites are 
primarily precipitated through the metabolic activity of aerobic- 
halophilic bacteria, such as cyanobacteria (Thompson and Ferris, 
1990). This process may occur not only during microbial metabolism but 
also post-mortem, as the degradation of EPS continues to influence 
sediment calcification (Reid et al., 2024).

Microbial communities commonly develop abundant negatively 
charged surface functional groups (e.g., carboxyl, phosphoryl, hydrox
yl). These groups selectively concentrate inorganic ions like Ca2+ and 
Mg2+, ultimately establishing localized supersaturation conditions 
required for dolomite crystallization (Liu et al., 2024). Moreover, mi
crobial EPS and associated functional groups are capable of reducing the 
hydration energy barrier of Mg2+, thereby enhancing dolomite nucle
ation (Del Buey et al., 2021). Microbial metabolism also plays a crucial 
role in modifying water chemistry, fostering microenvironments that 
promote dolomite precipitation (Jiang et al., 2021). Below the subtidal 
zone, anoxic redox environments dominate. Dolomite precipitation is 
primarily promoted by the activity of anaerobic bacteria, such as sulfate- 
reducing bacteria and methanogens (Liu et al., 2020). These microbes 
consume organic matter, reduce sulfate concentrations, and release 
CO3

2– and Mg2+, increasing alkalinity and thus facilitating dolomite 
precipitation (Ma et al., 2020). Concurrently, pyrite (FeS2) and 
magnetite (FeS) are formed.

During the penecontemporaneous stage (Fig. 13B), as sea levels 
declined, intensified evaporation of local water occurred. Exposed 
platforms and shallow marine zones experienced significant evapora
tion, reducing water flow and decreasing dissolved oxygen levels in 
seawater. This led to the development of low-oxygen or anoxic envi
ronments. Reduced oxygen levels may enhance microbial dolomite 
formation by stimulating the activity of anaerobic microorganisms, such 
as sulfate-reducing bacteria (Jiang et al., 2024). The sea-level fall also 
caused exposure of the upper Ediacaran Dengying Formation to mete
oric freshwater, which dissolved carbonate minerals and produced 
fractures and cavities. Subsequent sea-level rise permitted seawater 
infiltration into these voids, which resulted in the precipitation of 
fibrous dolomite both above preexisting microbial dolomites and within 
the newly formed pores. Fibrous dolomite cement is typically associated 
with the seawater seepage zone, although some may also form in the 
seawater infiltration zone. Additionally, granular isopachous rims are 
characteristics of the freshwater seepage zone (Hu et al., 2020).

The depositional and geochemical characteristics of the upper Edi
acaran Dengying Formation can be better contextualized through com
parison with coeval carbonate successions worldwide. For instance, the 
Nama Group exhibits a similar development of thrombolitic micro
bialites and pervasive early dolomitization, indicative of microbial 
mediation in low-sulfate, shallow-marine settings (Wood et al., 2023). 
The Ara Group records evaporitic sabkha-like conditions with abundant 
botryoidal and spheroidal dolomites, which have also been interpreted 
as products of microbial processes under restricted marine conditions 
(Amthor et al., 2003). The Wonoka Formation preserves globally 
geochemical signatures, such as Precambrian negative δ13CVPDB excur
sion and concomitant decline in 87Sr/86Sr ratios, which closely mirror 
the isotopic stratigraphy documented in the Dengying Formation 

(Williams and Schmidt, 2018). It becomes evident that the microbial 
dolomites of the Dengying Formation were part of a globally distributed 
carbonate factory active during the terminal Ediacaran. This highlights 
the importance of microbial mediation in carbonate systems during 
periods of major oceanic and biogeochemical transition, and places the 
Dengying Formation within the framework of global Ediacaran envi
ronmental evolution.

6. Conclusions

The microbial dolomites (stromatolites, thrombolites, oncoids, and 
botryoidal dolomites) in the upper Ediacaran Dengying Formation of the 
central Sichuan Basin reveal interactions between microbial commu
nities and depositional environments within a shallow restricted plat
form. The conclusions are summarized as follows: 

(1) The diversity of microbial dolomite structure is controlled by the 
interplay of hydrodynamic energy and microbial activity. Stro
matolites and botryoidal dolomites are formed in low-energy 
settings with strong microbial activity, while dispersed throm
bolites dominate under weak microbial influence. High-energy 
environments favored the development of layered and reticular 
thrombolites and oncoids through particle aggregation.

(2) Two transgressive–regressive cycles have been identified, driven 
by global climate fluctuations and regional tectonic activity 
(Tongwan Movement I). These cycles correspond to two “dolo
mite sea” events: the first is linked to evaporation and localized 
anoxia, and the second is controlled by tectonic uplift and sedi
mentary reworking, highlighting the critical role of regional 
tectonics in reservoir formation.

(3) Geochemical indicators record post-glacial oceanographic tran
sitions, including seawater stratification and continental weath
ering changes, providing new constraints on the environmental 
context for the rise of complex life during the Ediacaran- 
Cambrian transition. Comparative studies with global analogues 
demonstrate the widespread microbial diagenetic processes dur
ing the Ediacaran and further emphasize the unique tectono- 
climatic cyclicity of the Sichuan Basin. Although diagenesis 
may partially obscure isotopic and REY signals, the systematic 
study of microbial dolomites in the Dengying Formation is 
particularly significant for the reconstruction of the late Pre
cambrian earth system, especially for understanding Precambrian 
seawater chemistry, microbial evolution and early carbonate 
reservoir development.
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