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A B S T R A C T   

It is significant and challenging to study the formation mechanism of multistage dolomite and the character
ization of various fluid alteration in multi-tectonic cycles, ancient, and deeply-ultra-deeply buried carbonate 
rocks. The Sichuan Basin is a superimposed multicycle basin with abundant oil and gas resources and complex 
geological evolution, in which there are multiple dolomite textures in the Ediacaran sedimentary succession 
(~542 Ma) and the burial depth is more than 7000 m in geological history. Therefore, this study combines 
petrology, C–O–Sr isotope, ordering degree, fluid inclusions, and elemental geochemistry methods to system
atically restore the mineral stages and identify the fluid information to analyze the origin of multistage dolomite. 
The results show that the host rock → dolomite-1 → bitumen-1 → dolomite-2 → bitumen-2 → quartz, accom
panied by some metal minerals dominate the Ediacaran Dengying Formation. After normalization by seawater 
value, the light rare earth elements (REE) were enriched while the heavy REE were depleted in all dolomites. The 
results also show that the joint analysis of isotopes and elements is reliable under deep burial conditions, whereas 
the ordering degree needs to be treated with caution as the potential irregularity increases with burial depth or 
evolution to a certain extent. Dolomite-2 has more negative C–O isotope and higher Sr isotope than Precambrian 
seawater and Eu anomalies, indicating the origin of formation water and deep thermal fluids during its burial 
dolomitization. The formation of the host rock is the joint result of microbial action, evaporation, and backflow 
infiltration under seawater conditions. It is dominated by mud crystals, retaining some primary structures. 
Dolomite-1 was formed between the host rock and dolomite-2, which is the product of shallow burial and the 
fluid is a mixture of seawater and basinal brine.   

1. Introduction 

With the increasing demand for fossil energy and the rapid devel
opment of oil and gas exploration engineering technology, the current 
hydrocarbon exploration work is gradually moving toward deep, ultra- 
deep, and ancient strata (Dyman et al., 2002, 2003; Sun et al., 2013; 
Luemba et al., 2021; Ma et al., 2022; Wang et al., 2022). Furthermore, 
oil and gas in carbonate rocks account for more than 60% of the total 
resources globally, such as in North America, the Middle East, and 
Central Asia (Bagrintseva, 2015; Li et al., 2018). The Precam
brian–Cambrian system is a critical period in the global environment 

and ecosystem evolution (Hoffman, 1998; Kimura and Watanabe, 2001), 
and the carbonate rocks formed during this period are major targets for 
deeply buried oil and gas exploration worldwide, including China (Craig 
et al., 2009; 2010; 2013; Bhat et al., 2012; Zhao et al., 2014; Frolov 
et al., 2015; Zhu et al., 2015; Li et al., 2018). As a moderately clean low- 
carbon energy source relative to fossil fuels with high CO2 emissions per 
power unit (e.g., coal) (Barbosa et al., 2020), natural gas exploration has 
made significant discoveries in the Precambrian carbonate strata of the 
Ediacaran Dengying Formation, Sichuan Basin. It includes the oldest, 
mono-block, and largest single reserve carbonate gas field in China (the 
Anyue gas field, with the Gaoshiti–Moxi (GM) area as the core body) 
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(Zhu et al., 2015; Yang et al., 2018b). Since 2020, several exploratory 
wells have revealed high-yield natural gas in the Ediacaran Dengying 
Formation on the North–Slope (NS) of the GM area (Xu et al., 2021; Wei 
et al., 2022; Yang et al., 2022). 

Fluids (e.g., surface water, formation water, oil, and gas) continu
ously fill and modify the carbonate strata after formation, during which 
time the reservoir quality could be improved or densified into the 
extinction line (Zhang et al., 2015). The mineral sequence and origin of 
dolomite of deeply buried carbonates are crucial because the evolution 
is more complex and the vertical stress is greater than in shallow for
mations, directly determining the ability of the reservoir to carry and 
store hydrocarbons (Jia and Pang, 2015). Throughout the burial evo
lution, the primary origin of dolomite includes syngenetic microbial 
(Vasconcelos and McKenzie, 1997; Baldermann et al., 2015; Guido et al., 
2018), penecontemporaneous (Friedman and Sanders, 1967; Hsü and 
Schneider, 1973; Feng and Jin, 1994), seepage-reflux (Xiang et al., 2020; 
Zhou et al., 2020), and buried dolomitizations (Mattes and Mountjoy, 
1980; Zenger, 1983; Wierzbicki et al., 2006). The fluid properties, 
temperatures, pressure conditions, and depositional environments vary 
from one geological setting to another. Therefore, the petrological 
characteristics (Fairchild and Spiro, 1987; Bahnan et al., 2021), isotopes 
(C–O–Sr isotope) (Fairchild and Spiro, 1987; Zempolich et al., 1988; 
Burns et al., 1994; Feng et al., 2017; Su et al., 2022), trace and rare earth 
element (REE) distribution patterns and related element contents (e.g., 
Mn, Sr, Fe, Ba, Cu, and Mg) of the reservoir rocks can be used to trace 
their origins (Warren, 2000; Nothdurft et al., 2004; Zhou et al., 2020; 
Shembilu et al., 2021). With the improvement in in-situ ablation tech
nology, single mineral targets can be accurately analyzed to avoid 
intermineral interference and sample extraction difficulties (Bruguier 
et al., 2020), and micro, macro, geochemical, and geological evidence 
can intervalidate through basin modeling (Bahnan et al., 2021). Scholars 
have researched the Ediacaran Dengying Formation in the central 
Sichuan Basin. For example, Zhou et al. (2020) proposed three models 
based on isotope and elemental geochemistry: syngenetic microbial, 
penecontemporaneous reflux, and burial dolomitizations. Jiang et al. 
(2016) and Feng et al. (2017) verified the contribution of hydrothermal 
fluids to dolomite formation, and Jin et al. (2019) proposed a microbial- 
involved seawater seepage-reflux model. Chen et al. (2017) found 
microscopic spherical dolomite in their study, which is direct evidence 
of microbial involvement (Vasconcelos and McKenzie, 1997; You et al., 
2014). Zhao et al. (2021) revealed the significance of the aragoni
te–dolomite sea represented by fibrous dolomite. The above studies 
show the complexity of the Precambrian marine carbonate strata, i.e., 
the fluid and origin of dolomite in reservoirs is diverse over an extended 
geologic time (~542 Ma; Shergold and Cooper, 2004), and there might 
be multiple dolomitization mechanisms. Isotopic and elemental data 
that carry and record fluid information are also subject to fractional 
alterations, requiring multiple methods for identification and charac
terization combined with geologic evolutionary processes. As an 
inherited large uplift, the GM and NS areas provides an ideal site for 
systematically investigating this subject. 

In this study, based on the latest drilling cores, we started from the 
reservoir mineral sequence investigation and combined it with the 
qualitative analysis of petrology, fluid inclusions, C–O–Sr isotope, 
ordering degree, trace elements, and REE (including in-situ tests). This 
research aims to clarify the petrological sequence of the Ediacaran 
Dengying Formation in the NS and GM areas and the fluid properties and 
origin of each dolomite phase to establish a unified evolutionary model. 

2. Geological setting 

The Sichuan Basin is a large, superimposed basin in southwest China, 
covering approximately 18 × 104 km2. The basin is divided into six 
tectonic units: Western, Northern, Central, Eastern, Southern, and 
Southwestern Sichuan, of which the central Sichuan Basin is in the 
center. The basin has undergone a vertical sedimentary transition, 

specifically marine deposits from the Late Ediacaran to Middle Triassic, 
followed by continental foreland deposits. The Ediacaran Dengying 
Formation in the GM area is currently a dome-shaped anticline with a 
burial depth of 4700–5500 m (Fig. 1A). However, no large structural 
traps occur in the NS area, but a series of lithological traps. From the 
Indosinian to the Yanshanian, the monoclinic structures in the NS area 
gradually evolved and finalized, and currently, the difference in burial 
depth of the Ediacaran Dengying Formation in the GM area can exceed 
3000 m. 

The Ediacaran Dengying Formation is divided into the DY1, DY2, 
DY3, and DY4 Members, where the gas reservoirs are distributed in the 
DY2 and DY4. The lithology of the reservoir is dolomite, primarily 
comprising multisuperimposed algal mounds and granule-shoal 
buildups, and the overall thickness of the formation can reach up to 
800 m (Fig. 1B). The Tongwan-I and -II movements formed unconfor
mity, leading to weathering karstification, effectively improving the 
pore space of the Ediacaran Dengying Formation (Wang et al., 2014b). 
Owing to the rifting effect within the basin, the Ediacaran Dengying 
Formation pinched out toward the Deyang–Anyue rift trough in the west 
(Wei et al., 2022). The shales of the Cambrian Qiongzhusi Formation are 
of the best quality, the thickest in the rift trough, and thinner in the 
carbonate platform due to the filling leveling-up (Song, 1996). 
Furthermore, the source rocks include the Ediacaran Doushantuo For
mation and the DY3, dominated by mudstone, black shale, and argilla
ceous dolomite. Multiple uplifts, denudation, and subsidence occurred 
in the central Sichuan Basin (Fig. 1C). The Ediacaran Dengying For
mation was buried at 2500–3000 m in the Late Caledonian, and high- 
intensity uplift occurred in the Hercynian, followed by a deep burial 
from the Indosinian to Yanshanian. Finally, the strata were uplifted in 
the Himalayan after a maximum burial depth of 7000–9000 m to form 
the present-day tectonic features. 

3. Materials and methods 

3.1. Materials 

We observed and sampled the Ediacaran Dengying Formation cores 
from 11 drilled wells in the GM and NS areas, and more than 100 
samples were obtained. Transmitted light, cathodoluminescence (CL), 
and scanning electron microscopy (SEM) observations were performed 
on 10 samples. Two thin sections were selected for the fluid inclusion 
test and four for in-situ elemental analysis using laser-ablation (LA) 
inductively coupled plasma (ICP) mass spectrometry (MS). Finally, we 
extracted powder samples (200 mesh) using a microdrill and agate 
mortar, based on the grain size, morphological characteristics, color, 
and contact relationship on the hand specimens. Seventy-two samples 
were evaluated for C–O isotope, 22 for trace elements and REE, and 20 
for Sr isotope and x-ray diffraction (XRD). Table S shows the test results. 

3.2. Methods 

After observing the hand specimens, double-polished thin sections 
were made, including cast and CL thin sections, with approximately 0.05 
and 0.03 mm thicknesses, respectively. Cast thin sections were 
impregnated with blue epoxy resin under vacuum conditions to high
light the location and morphology of the pore space. The transmitted 
light observation was performed on a Leica DM4500P microscope, and 
the CL analysis was conducted using a CL8200-MK5 CL instrument. The 
sample chamber was evacuated, and the electron beam generated by the 
CL instrument interacted with minerals at accelerating voltages of 8–25 
kV. The homogenization temperature (Th), melting ice temperature, and 
salinity analysis of fluid inclusions were performed on a Leica DM2500P 
microscope and a LINKAM THMS600 cooling-heating stage (Bodnar, 
1993). The Sr isotope was evaluated as follows: powder samples were 
dissolved with hydrofluoric and perchloric acids to form chlorides, and 
the strontium was separated by conventional cation exchange using an 
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ion exchange resin and analyzed using a Phoenix thermal ionization 
mass spectrometer. The test results were normalized using the internal 
standard of 88Sr/86Sr = 8.37521, and the stability during the data 
acquisition was evaluated using the international standard NBS-987. 
Powder samples of approximately 40 mg were quantitatively selected 
and fully dissolved with hydrofluoric and nitric acids in a closed poly
tetrafluoroethylene bomb at 185 ◦C. Then, the hydrofluoric acid was 
evaporated, the solution was dissolved again, diluted to a constant 
volume, and measured using ICP-MS (ELEMENT XR). The above analysis 
was conducted at the Analytical Laboratory of the Beijing Research 
Institute of Uranium Geology. 

The 100% phosphoric acid and the sample powder reacted at 75 ◦C 
for 12 h, and the generated CO2 was evaluated using an Elementar 
Isoflow-precision isotope ratio mass spectrometer under carrier gas 
(99.99% helium). The standard samples used were GBW04405 
(δ13CVPDB: 0.57‰, δ18OVPDB: − 8.49‰), IAEA-CO-1-Marble (δ13CVPDB: 
2.492‰, δ18OVPDB: − 2.37‰), and IAEA-CO-8-Calcite (δ13CVPDB: 
− 5.764‰, δ18OVPDB: − 22.7‰). The C–O isotope test results are pro
vided in Vienna Pee Dee Belemnite (VPDB) standardization with 
analytical precision higher than ±0.2‰ and ±0.3‰. The above analysis 

was conducted at the State Key Laboratory of Petroleum Resources and 
Prospecting at the China University of Petroleum, Beijing (CUPB). Fresh 
sections were selected, and the surface was sprayed with Au. Then, SEM 
observations were performed on an FEI Quanta 200F coupled with an 
energy dispersive spectrometer (EDS) to quantify the elemental content 
of the targets. The device has a maximum magnification of 25–200 K and 
a resolution of 1.2 nm at accelerating voltages of 0.2–30 kV. This 
analysis was conducted at the Microstructure Laboratory for Energy 
Materials, CUPB. The powder samples were flat and uniformly pressed in 
a carrier slot and analyzed on a Bruker D8 ADVANCE X-ray diffrac
tometer with a wide angle of 5◦–90◦ CuKα radiation. The tube voltage 
and current were 40 kV and 30 mA, respectively. The ordering degree of 
the dolomite is defined as the diffraction peak intensity ratios corre
sponding to the crystal plane (015) and (110) dolomite (typically with 
2θ of 35.3◦ and 37.3◦, respectively) (Goldsmith and Graf, 1958). This 
analysis was conducted at the State Key Laboratory of Heavy Oil Pro
cessing, CUPB. 

The LA-ICP-MS elements were evaluated as follows: sample sections 
were placed in the GeolasPro LA system, the generated aerosol was 
transferred in a closed tube by helium gas, and the elemental content 

Fig. 1. Geological structure (A), stratigraphic overview (B), and burial history (C) of the Ediacaran Dengying Formation in the Gaoshiti–Moxi (GM) and North–Slope 
(NS) areas, central Sichuan Basin (modified after Zhu et al., 2015; Xu et al., 2021; Li et al., 2022; Yang et al., 2022). 
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was analyzed using an Agilent 7900 ICP-MS. The laser spot diameter was 
44 μm, and the external standards were BHVO-2G, BCR-2G, and BIR-1G. 
The above analysis was conducted at the Wuhan Sample Solution 
Analytical Technology Co. Ltd., Wuhan, China. The detailed experi
mental procedure is described by Liu et al. (2008). 

4. Results 

4.1. Petrology characteristics 

4.1.1. Dolomite 
The content and distribution of the host rock in the Ediacaran Den

gying Formation in the Sichuan Basin are dominant, showing gray and 

dark gray. The host rock is primarily micrite, and some primary mi
crobial structures (e.g., algal grain clots, algal lamellae, and fibrous 
texture) are usually visible (Figs. 2 and 3), as well as bacteria-shaped 
spheroidal dolomite (Fig. 4). Typically, the host rock is dense and has 
a carbonate texture farthest from the residual pores filled with late 
dolomite (dolomite-2) and bitumen (bitumen-2), and the remaining 
space is the present-day natural gas storage site. The host rock appears 
dark and black under the microscope because of the weak light trans
mission. The Ediacaran Dengying Formation host rock in the Sichuan 
Basin is nonluminous or weakly luminous, showing dark red or black 
under CL (Fig. 3), the primary component of reservoir rocks. 

Dolomite-1 can be observed in the hand specimens and thin sections 
adjacent to the host rock. Its crystal size is greater than that of the host 

Fig. 2. Typical core characteristics of the Ediacaran Dengying Formation in the GM and NS areas, central Sichuan Basin. (A) Dolomite-2 contacts bitumen (PS1, 
7260.36 m, DY4). (B) Sequentially developed dolomite-1, bitumen-1 (in thin annular bands), dolomite-2, and bitumen-2 (massive), with pyrite (PS1, 7263.55 m, 
DY4). (C) Dolomite-2 is present in large caves (PT1, 5768.84 m, DY2). (D) Fine crystalline dolomite-1, euhedral dolomite-2, and massive bitumen (PT1, 5791.45 m, 
DY2). (E) The pores are filled with dolomite-2 of large particle size, in close contact with massive bitumen-2 (PT1, 5778.20 m, DY2). (F) Away from the host rock, 
dolomite-1 and dolomite-2 (with medium-coarse crystals) in the pores (rhombic, saddle-shaped), and prismatic quartz (GS20, 5209.39 m, DY4). (G–J) Algal lamellae 
and algal clots associated host rock (GS6, 5361.8 m, DY2; PT1. 5779.64, DY2; PS1, 7260.28 m and 7266.38 m, DY4). (K) Euhedral dolomite-2 (GS20, 5194.33 
m, DY4). 

Y. Li et al.                                                                                                                                                                                                                                        



Journal of Asian Earth Sciences 255 (2023) 105780

5

rock but also small, belonging to the fine–medium crystal dominated by 
anhedral dolomite. The color of dolomite-1 is slightly brighter than that 
of the host rock but still has a dark and dirty luster compared with 
dolomite-2 in the pore center and is weakly luminescent and dominated 
by dark red under CL. Classifying dolomite textures is typically based on 
the crystal size and boundary shape (Sibley and Gregg, 1987), and 
dolomite-2 is well characterized and distinguished from the host rock 
and dolomite-1. It has coarse grains widely developed in pores away 
from the host rock, a few millimeters to more than 1 cm (Fig. 2F, K). The 
hand specimen of dolomite-2 is white, with a clean and bright surface, 
accompanied by some mist-centered bright-edged structures. Further
more, the crystals are highly euhedral, typically rhombic, with some 

nonplanar saddle- and sickle-shaped crystals (Figs. 2, 3, and 4). Mineral 
crystals typically grow toward the pore center and show wave extinction 
under crossed-polarized light (Fig. 5). The color is bright, from dark red 
to bright red under CL, which is related to its high Mn contents and Mn/ 
Fe ratio. Further, the particle edges have circular light–dark transitions 
and are closely adjacent to nonluminous bitumen-2. Fluid inclusions 
exist in dolomite-1 and dolomite-2, primarily aqueous and gas in
clusions. Inclusions are more common in dolomite-2, with Th values 
from 115 ◦C to 140 ◦C and 130 ◦C to 215 ◦C, and the mean salinity is 
22.04 w% NaCl and 17.37 w% NaCl in dolomite-1 and dolomite-2, 
respectively (Fig. 6). 

Fig. 3. Microscopic characteristics of thin sections of the Ediacaran Dengying Formation in the GM and NS areas, central Sichuan Basin. (Note: PPL, plane-polarized 
light; CL, cathodoluminescence). (A) PPL, the black host rock is bordered by dolomite-1, early annular bitumen-1, and bright dolomite-2 (PS1, 7267.80 m, DY4). (B) 
PPL, host rock associated with algal grain clots (GS20, 5209.56 m, DY4). (C–D) PPL, algal grain clots and microbial related host rock (PT1, 5773.78 m, DY2). (E–F) 
PPL and CL, fibrous and radial dolomite (PT1, 5733.89 m, DY2). (G–J) PPL and CL, dolomite-2 cathode luminous red bright, bright and dark luminous ring band; 
bitumen-1 shows black, small intrusion spots and thin layers (PS1, 7270.17 m, DY4). (K) PPL, dolomite-2 is rhombic and saddle-shaped, and massive bitumen-2 
(GS20, 5183.47 m, DY4). (L) PPL, the blue area is the residual harbor-like shape pore cast (ZJ2, 6554.3 m, DY2). (M) PPL, pores filled with large amounts of 
dolomite-2 (PT1, 5777.24 m, DY2). (N) PPL, pores not filled with large amounts of dolomite-2 (MX39, 5307.16 m, DY4). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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4.1.2. Bitumen 
Bitumen-1 is uncommon in core and thin sections because of its small 

size and limited distribution. It is typically distributed between 
dolomite-1 and dolomite-2 as black, thin layers, films, or small intrusion 
spots and does not emit light under CL (Fig. 2B and 3A, G–J). Bitumen-2 
is typically massive, large, and widely distributed in the Ediacaran 
Dengying Formation, with some fully filled and some partially filled 
pore spaces. Bitumen-2 adheres to dolomite-2 without changing its 
crystal boundary texture, indicating that bitumen-2 formed later than 
dolomite-2. Bitumen-2 is black and opaque and has various shapes under 
the microscope (e.g., rod-like, polygonal), conforming to the geometry 
of the pore space (Figs. 2, 3, 4, and 5). Under SEM, the bitumen-2 is 
massive, crust-like, and sheet-like, and the EDS data show that the 
bitumen primarily comprises C, O, and S (C dominance). Bitumen-2 has 
a grayish-metallic luster under reflected light and might have different 

coke structures, depending on its maturity or precursors (Gao et al., 
2018). 

4.1.3. Quartz and metallic minerals 
Quartz is present in pores only partially filled with large amounts of 

massive bitumen-2. Quartz is a euhedral granular with a transparent to 
translucent glass luster, except for a few anhedral textures. Giant quartz 
over 1.5 cm in length can be observed in the core and is clean and 
transparent in the thin section. In some samples, quartz directly contacts 
dolomite-2 due to the absence of bitumen-2 (Figs. 4 and 5P–R). How
ever, in others, the complete sequence of dolomite-2, bitumen-2, and 
quartz is well-preserved (Fig. 2F). Furthermore, there are negligible 
amounts of metal (e.g., pyrite, and sphalerite) and clay (e.g., illite) 
minerals (Fig. 4). 

Fig. 4. Scanning electron microscopy (SEM) and energy dispersive spectrometer (EDS) characteristics of the Ediacaran Dengying Formation in the GM and NS areas, 
central Sichuan Basin. (A) Massive bitumen-2 distributed between particles of dolomite-2 (PS1, 7263.99 m, DY4). (B) Sphalerite on the surface of dolomite (PS1, 
7263.55 m, DY4). (C) EDS data of bitumen in Fig. 4A. (D) EDS data of sphalerite in Fig. 4B. (E) Pyrite is associated with illite (PT1, 5775.2 m, DY2). (F) Illite and 
bitumen-2 are present between dolomite-2 grains, while fully prismatic regular euhedral quartz develops (I) (GS7, 5293.44 m, DY4). (G) EDS data of pyrite in Fig. 4E. 
(H) EDS data of illite in Fig. 4F. (J) Euhedral dolomite-2 with large grain size, rhombic and saddle-shaped (GS6, 5365.00 m, DY2). (K) EDS data of quartz in Fig. 4I. 
(L) EDS data of dolomite in Fig. 4J. (M− O) Bacteria-shaped dolomite in the host rock (PT1, 5785.37 m, DY2; GS7, 5264.52 m, DY4). 
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4.2. C–O–Sr isotope characteristics 

The δ13CVPDB and δ18OVPDB values of the host rock were 0.65‰ to 
2.64‰ (avg. 1.78‰) and − 10.73‰ to − 1.88‰ (avg. − 6.99‰), and 
those of dolomite-1 were − 0.98‰ to 1.71‰ (avg. 0.75‰) and − 12.63‰ 
to − 6.85‰ (avg. − 9.96‰), with 87Sr/86Sr values of 

0.708701–0.709273 (avg. 0.708874) and 0.709213–0.709952 (avg. 
0.709583), respectively. The δ13CVPDB and δ18OVPDB values of dolomite- 
2 were lower than the host rock and dolomite-1, whereas the 87Sr/86Sr 
values were greater, from − 3.00‰ to 1.43‰ (avg. − 0.47‰), − 13.56‰ 
to − 9.93‰ (avg. − 11.03‰), and 0.709930 to 0.712022 (avg. 
0.711274), respectively (Table S; Fig. 7). 

Fig. 5. LA-ICP-MS elements and distribution of the relevant parameters (Mn/Fe versus Sr content, seawater (×106)-normalized REE patterns) of the Ediacaran 
Dengying Formation in the GM and NS areas, central Sichuan Basin. In-situ test targets were identified after plane-polarized, crossed-polarized, and reflected light. 
Dolomite-2 shows wave extinction under crossed-polarized light, and bitumen shows a fine-grained mosaic under reflected light. (A–E) PS1, 7263.55 m, DY4. (F–J) 
PT1, 5789.85 m, DY2. (K–O) GS20, 5183.47 m, DY4. (P–T) GS124, 5566.9 m, DY4. Data on the average Pacific seawater were sourced from Kawabe et al. (1998) and 
Tepe and Bau (2016). 

Fig. 6. Microscopic characteristics, homogenization temperature, and salinity distribution of fluid inclusions in dolomite-1 and dolomite-2 of the Ediacaran Den
gying Formation. 
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4.3. Ordering degree characteristics 

Fig. 8 shows the calculation of the ordering degree, with the lowest 
value (avg. 0.75) for the host rock. The average ordering degree of 
dolomite-1 and dolomite-2 was 0.76 and 0.87 (0.70–1.00), respectively, 
showing a high ordering degree and sufficient growth space during the 
dolomite-2 formation period. However, the ordering degree of some 
host rock samples was high, reaching 0.95. 

4.4. Major and trace elements 

The Mg and Ca contents in various dolomites were high, accounting 
for 95% to 99% of the sum of dolomite-1 and dolomite-2. The Mn/Fe 
ratio of dolomite-1 was 0.15–5.69 (avg. 1.41), whereas that of dolomite- 
2 was 1.03–40.38 (avg. 8.90). The Sr content in dolomite-1 was 
37.7–73.3 ppm (avg. 57.07 ppm), and in dolomite-2 was 42–147 ppm 
(avg. 111.44 ppm). The host rock has the lowest Sr content, from 29.6 to 
57.4 ppm (avg. 43.63 ppm). The Sc, Th, Hf, and Zr contents were very 
low, with average values of 0.422, 0.142, 0.068, and 0.425 ppm in the 
host rock, 0.321, 0.025, 0.020, and 0.801 ppm in dolomite-1, and 0.517, 
0.019, 0.023, and 0.303 ppm in dolomite-2, respectively. Furthermore, 
the Rb/Sr ratios were 0.0262 (0.0027–––0.1843), 0.0047 

(0.0009–––0.0091), and 0.0009 (0.0005–––0.0016), respectively. 

4.5. Rare earth elements (REE) 

Table S summarized the REE results. The total REE (
∑

REE) contents 
in the host rock, dolomite-1, and dolomite-2 were 1.872–––12.488 ppm 
(avg. 5.784 ppm), 7.964–––12.327 ppm (avg. 10.040 ppm), and 
20.933–––32.115 ppm (avg. 25.010 ppm), respectively. The total light 
REE (LREE) and heavy REE (HREE) showed the same rule; the mean 
∑

LREE values were 3.077 ppm, 4.768 ppm, and 13.734 ppm, and the 
∑

HREE values were 0.641 ppm, 1.402 ppm, and 3.106 ppm, respec
tively. Furthermore, the REE distribution patterns of all dolomites show 
enrichment in LREE and depletion of HREE, with 

∑
LREE/

∑
HREE ra

tios of 5.449, 3.448, and 4.492. The Y/Ho ratios of the host rock, 
dolomite-1, and dolomite-2 were 48.9, 44.1, and 43.3, respectively. 

5. Discussion 

5.1. Sample reliability evaluation 

Although the samples are finely selected, it is challenging to avoid 
contamination (e.g., sample preparation). Terrestrial particulate matter, 
Fe and Mn oxides, and phosphates primarily affect the REE of marine 
carbonate (Nothdurft et al., 2004). Therefore, data reliability evaluation 
is necessary for elemental analysis, and the elemental characteristics of 
the samples with less contamination are more dependable. The ΣREE of 
terrigenous particulate matter was typically greater than 100 ppm (e.g., 
Post-Archean Australian Shale (PAAS)–211.37 ppm, Upper Continental 
Crust (UCC)–168.37 ppm, and Ocean Island Basalt (OIB)–227.96 ppm; 
Taylor and McLennan, 1985; Sun and McDonough, 1989; McLennan, 
2001). However, all our dolomite samples were 1.872–32.115 ppm (avg. 
15.103 ppm), indicating that the contamination caused by terrigenous 
detritus is negligible because if there are few mixed inputs, the impact 
on the sample test values will also be significant (Nothdurft et al., 2004). 
The Sc, Th, Hf, and Zr contents of the samples are much lower than the 
reported values of PAAS (16, 14.6, 5, and 210 ppm) and UCC (13.6, 
10.7, 5.8, and 190 ppm), and no dependable positive correlation occurs 
between ΣREE and Fe and P contents (Fig. 9A–B). Therefore, the influ
ence of Fe and Mn oxides and phosphates on incorporating REE in the 

Fig. 7. δ13CVPDB, δ18OVPDB, and 87Sr/86Sr values of the Ediacaran Dengying Formation in the GM and NS areas, central Sichuan Basin. 87Sr/86Sr values of coeval 
seawater were from Burns et al. (1994). 

Fig. 8. Schematic calculation of the dolomite ordering degree based on X-ray 
diffraction (XRD). The ideal dolomite structure model was modified after Land, 
1985 and Warren, 2000. 
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samples is minimal. Furthermore, the Y/Ho ratio in terrigenous sedi
ments was 26–28, whereas that of seawater and marine sediments was 
44–73 (the average value in nonclastic marine sediments is 45.5) (Bau 
and Dulski, 1996; Webb and Kamber, 2000; Tepe and Bau, 2016), and 
34.15–62.42 in our samples (avg. 45.70) (Fig. 10), indicating low 
contamination. 

The C–O–Sr isotope of the three dolomite samples show a specific 
correlation, especially between 87Sr/86Sr and δ13CVPDB (R2 = 0.877), 
reflecting the validity of the isotope data. However, information in the 
ordering degree of dolomite must be treated with caution. The ordering 
degree of dolomite indicates the crystallization degree, reflecting the 
physical and chemical conditions of its formation period. Compared to 
the arrangement of Ca and Mg molecular layers in ideal dolomite, nat
ural dolomite shows super-structured reflections because of multiple 
factors (e.g., medium composition, temperature, pressure, crystalliza
tion rate, and geological evolution) (Manche and Kaczmarek, 2021). In 
the burial process, dolomite will gradually develop into ordered cells 
with a gradual increase in the ordering degree. Typically, the average 
ordering degrees of the sample were 0.75, 0.76, and 0.85 in the host 
rock, dolomite-1, and dolomite-2. However, some samples, such as the 
host rock from well PS1 in the NS area (7263.55 m), have a value of 0.95 
because during deep burial evolution, when the increase in the ordering 
degree reaches a specific critical point, it will increase irregularly, 
therefore, the values of the early-stage dolomite might also be high 
(Zhang et al., 2014a). Further, the buried depth of the sample from well 
PS1 is the largest among all, and the maximum burial depth in the 
historical period might reach 9500 m (inferred from Fig. 1C), therefore, 
it is most likely to reach an irregular increase state. 

5.2. Fluid properties recorded by dolomite 

The δ13CVPDB and δ18OVPDB of dolomite are controlled by the isotopic 
composition of the dolomitized minerals, the salinity, and the temper
ature of the fluid and are closely related to the isotopic background 
values of seawater. δ13CVPDB records the global carbon cycle process, e. 
g., ocean cycle, productivity, and terrigenous clastic supply. δ13CVPDB is 
significantly affected by organic matter and thermochemical sulfate 
reduction and less by temperature. Moreover, the carbon concentration 
of carbonate rocks is remarkably higher than diagenetic fluid; therefore, 
producing superposition and disturbing its geological record signifi
cance is challenging. However, when the water/rock ratio is greater 
than 1000, recrystallization will reduce the δ13CVPDB value. Theoreti
cally, δ18OVPDB responds to the parameters of seawater oxygen δ18OVPDB 
and temperature in geological time and is sensitive to changes in pore 
water, oxygen exchange, recrystallization, and the water/rock ratio 
under high temperatures (Fairchild and Spiro, 1987; Zempolich et al., 
1988; Feng et al., 2017; Su et al., 2022). Recrystallized new cementation 
products reduce the δ18OVPDB values. Typically, low δ18OVPDB values 
show enrichment in 16O and depletion of 18O, indicating formation in a 
medium to deep burial environment at high temperatures. δ18OVPDB 
values less than − 5‰ and − 10‰ represent partial and strong alteration, 
respectively. Tectonic and deep thermal fluid activities can cause early 
dolomite recrystallization, and its δ18OVPDB values also drop rapidly, 
usually less than − 10‰ (Kaufman and Knoll, 1995; Feng et al., 2017). Sr 
is a crucial constituent element in seawater, where the weathering of 
materials from different sources and thermal fluid modification forms 
the final equilibrium 87Sr/86Sr values. The residence time of Sr in the 
modern ocean (2.4 Myr) is more than 1000 times longer than the mixing 
cycle time of the ocean (1.5 Kyr) (Krabbenhöft et al., 2010); therefore, 

Fig. 9. Correlation diagram between ΣREE and Fe (A), P content (B), and ΣLREE/ΣHREE (C) of the Ediacaran Dengying Formation in the GM and NS areas, central 
Sichuan Basin. 

Fig. 10. Correlation diagram of Al and Rb contents(A), and 87Sr/86Sr versus Y/Ho ratio (B) and Sr content (C) of the Ediacaran Dengying Formation in the GM and 
NS areas, central Sichuan Basin. 
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the global seawater should have been well mixed and homogeneous 
during the historical period, which is why we can use the North Amer
ican Precambrian seawater for comparison. The 87Sr/86Sr values of 
carbonates progressively increase after deposition because large 
amounts of potassium-bearing silicates (enriched in radiogenic 87Rb and 
gradually decaying to 87Sr, and thus high 87Sr/86Sr; Steiger and Jäger, 
1977) release 87Sr into the fluids, and fluid diagenesis is incorporated 
into the new crystalline minerals of carbonate rocks (Fairchild et al., 
2018). Most Rb in sedimentary rocks is distributed in the weathered 
products of igneous rocks (especially rich in continental crust but low in 
mantle and oceanic crust) and in potassium-rich clay minerals, and the 
deep thermal fluids at midocean ridges are rich in Sr. Therefore, the 
covariant of C–O–Sr isotope can well trace the fluid properties and 
diagenetic alteration intensity during dolomite formation (Otsuji et al., 
2013; Bahnan et al., 2021; Ha et al., 2021; Shembilu et al., 2021). 

CL is a popular carbonate rock study tool based on the principle of 
ion transition. The luminescence of carbonate rocks is typically acti
vated by Mn2+ and quenched by Fe2+ (and some other elements, e.g., 
Sm3+, Eu2+, Eu3+, Tb3+, Dy3+, Fe3+, and Ni2+; Machel and Burton, 
1991) (Hemming et al., 1989; Scholle and Ulmer-Scholle, 2003). These 
two elements are rich in atmosphere, formation, and deep fluids and can 
distinguish whether fluids are involved or altered (Kaufman and Knoll, 
1995). Typically, dull, uniform to patchy luminescence indicates the 
major components, whereas bright to nonluminescence and obvious 
zoned bands indicate the minor components. From the host rock rich in 
various primary textures to the medium-coarse dolomite, the color of 
their transmitted light becomes brighter, the grains become larger, the 
euhedral degree is enhanced, and the luminous color under CL is typi
cally brighter. However, many factors affect the CL color, intensity, and 
zonation of carbonate. Machel and Burton (1991) proposed at least 26 
factors, including the content of potential activators, sensitizers, 
quenching agents, concentration ratio, and crystal surface. Therefore, 
synergistic analysis of CL and other features (e.g., isotopes) is necessary. 
The host rock, dolomite-1, and dolomite-2 of the Ediacaran Dengying 
Formation in the central Sichuan Basin have divergent C–O–Sr isotopic 
distributions (Fig. 7). The mean δ13CVPDB and δ18OVPDB values of the 
host rock are still smaller than the North American Precambrian 
seawater (5‰ to 7‰, − 0.5‰ to 0.9‰; Fairchild and Spiro, 1987; 
Zempolich et al., 1988). However, the 87Sr/86Sr values (avg. 0.708874) 
are similar to the seawater background (0.70708–0.70900; Burns et al. 
1994). This result shows that the fluid during the host rock formation 
was coeval seawater, and the depletion of δ13CVPDB ratio might be 
caused by the involvement of atmospheric CO2 in the near-surface 
conditions and the inorganic–organic interactions of microorganisms 
(Warthmann et al., 2000; Baniak et al., 2014; Huang et al., 2021; Bai 
et al., 2022). The formation temperature caused the homoplastically 
depleted δ18OVPDB, and the late high-temperature unavoidably altered 
the host rock, making the δ18OVPDB values more negatively biased than 
coeval seawater (Jiang et al., 2016; Ha et al., 2021; Bai et al., 2022). 
After the dolomite formation, the normal burial of the Precambrian 
strata experienced a high temperature of more than 200 ◦C (ca. 100 Ma) 
(Fig. 1C), which provided conditions for the altering δ18OVPDB values. 

The dirty color of dolomite-1 could result from metasomatism or the 
incomplete dissolution of micrite dolomite remnants (Yang et al., 
2018a). The average ordering degree is 0.76, and the fine crystal pre
sents a mosaic texture, indicating that the space is limited during its 
formation or the fluid Mg/Ca and water/rock ratios involved are low. 
Dolomite-1 has medium C–O–Sr isotope values between the host rock 
and dolomite-2, indicating weak mixing of fluid under coeval seawater 
domination, which could be basinal brine. Basinal brine has high salinity 
due to the restricted space that weakens the fluid exchange, also 
confirmed in the salinity recorded by fluid inclusions. The salinity of the 
inclusions in dolomite-1 is concentrated, with an average of 22.04 w% 
NaCl, except for one measuring point (12.11 w% NaCl). Dolomite-2 
shows extremely strong fractionation properties, with extremely 
depleted δ13CVPDB–δ18OVPDB (mean δ18OVPDB value of − 11.03‰, 

<− 10‰) and enriched 87Sr/86Sr (avg. 0.7112), significantly greater 
than coeval seawater values, which are also higher throughout the 
geological history reported by McArthur et al. (2001) and Halverson 
et al. (2007). The highly correlated covariances of C–O–Sr isotope 
indicate that this is caused by the same event (Fig. 7). The Rb/Sr ratio of 
the sample was small (0.0005–0.0016, avg. 0.0008). The in-situ tests 
revealed no correlation between Al and Rb contents, 87Sr/86Sr, and Y/ 
Ho, indicating that the Sr source is not an aluminosilicate weathering 
product and the alteration of 87Sr/86Sr is not caused by mixing terrestrial 
input (Fig. 10). Therefore, a mixed input of basinal brine and deep 
thermal fluid dominates the dolomitization fluid of dolomite-2, 
increasing the radiogenic Sr content. This result coincides with its 
petrological characteristics, where the particle sizes formed in the fluid 
phase (e.g., hydrothermal fluid) become coarser, and the primary tex
tures disappear, forming standard euhedral crystals if there is enough 
space. 

The REE patterns of different types of dolomites are similar (Figs. 5 
and 11) regarding their contents, which covary with the C–O–Sr isotope, 
indicating that the petrological classification is dependable. The samples 
all show LREE enrichment and HREE depletion, and the ΣLREE/ΣHREE 
ratio exceeds 3 (Fig. 9C). The reservoir rocks of the Ediacaran Dengying 
Formation were normalized using PAAS, UCC, Chondrite, and Seawater 
to eliminate the atomic abundance relationship of different odd and 
even numbers and find a suitable normalization model (Fig. 11A–D). 
The REE pattern in the sample is similar to that of the PAAS and UCC 
values, showing an upward HREE enrichment, Lu depletion, Y upward, 
negative Ce anomaly (δCe), and positive Eu anomaly (δEu) in dolomite- 
2. Chondrite has an overall lower REE content than PAAS, UCC, and 
Seawater, which all have the highest Ce contents among the REE (Ce 
content of Chondrite is only less than Y), showing negative δCe. 
Normalization using them hides the LREE enrichment and HREE 
depletion trends of the samples to some extent, whereas the dolomite 
formation mechanism differs from shale and Chondrite and is not 
intrinsically closely related, but closely related to dolomitized fluids, 
such as seawater (Kawabe et al., 1998; Wang et al., 2009; Wang et al., 
2014a; Liu et al., 2017; Xiang et al., 2020). After normalizing using 
average Pacific seawater, the REE of the sample showed prominent 
positive δCe with LREE enrichment and HREE depletion. The HREE 
fraction of the host rock differs significantly from the other two because 
of the preferential removal of HREE features caused by near- and sub
surface weathering and leaching (Fig. 11E–F). 

δCe is a sensitive indicator reflecting the marine redox environment 
because in an oxidizing condition, Ce3+ is converted to Ce4+, and Ce4+

will be adsorbed as particles; therefore, a negative δCe occurs and be
comes a feature of shallow seawater (after normalization of PAAS, UCC, 
and Chondrite) (Bau and Dulski, 1996; Webb and Kamber, 2000; Tos
tevin et al., 2016; Zhou et al., 2020). δCe is calculated as δCe = CeN/ 
(PrN

2/NdN) to avoid the influence of La and Gd on Ce abundance (Law
rence et al., 2006). All samples show positive δCe after seawater 
normalization because the enrichment degree of Ce in marine carbonate 
rocks is more significant than that of its surrounding elements (La, Pr, 
and Nd), resulting in the calculated positive δCe. However, this also 
indicates seawater or seawater-like water and has been reported in 
numerous studies (Wang et al., 2014a; Liu et al., 2017; Xiang et al., 
2020). A good relationship occurs between the δCe anomaly and δPr 
(2PrN/(CeN + NdN) (Shields and Stille, 2001). The negative δPr indicates 
that the positive δCe is the actual anomaly relative to seawater (Fig. 12). 
The host rock, dolomite-1, and dolomite-2 of the Ediacaran Dengying 
Formation all have positive mean δCe values of 4.601, 3.836, and 4.166, 
respectively (Table S). The in-situ testing of a single mineral reveals a 
mean δCe of 3.53 for dolomite-2, which might be more representative. 
The decrease in δCe reflects that the oxidation degree of dolomite-1 and 
dolomite-2 is greater than that of the host rock during the formation 
period, which might be accompanied by the mixing disturbance of deep 
fluid. 

Positive δEu (EuN/(SmN
2 + TbN)1/3, Lawrence et al., 2006) were 
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frequently found in extremely reducing conditions or thermal fluids 
because Eu has two valence states of Eu2+ and Eu3+, and Eu2+ is more 
stable at high temperatures, such as metamorphic and deep thermal 
fluids. Eu2+ can replace Ca2+ and enter the carbonate lattice. For 
example, the hydrothermal fluids from the Snakepit vents fields can 
reach a δEu value of 14.59 (calculated using the data from Douville et al. 
(1999; 2002)). The average δEu values of the host rock, dolomite-1, and 
dolomite-2 of the Ediacaran Dengying Formation are 0.959, 0.964, and 
1.002, respectively. δEu in some dolomite-2 in-situ tests can exceed 2.0, 
up to 6.2 (Fig. 5H, M, R), significantly greater than dolomite-1. The 
PAAS normalized results are 1.07, 1.08, and 1.12, respectively. The 

sample shows a negative δEu, indicating that the fluid in the formation 
period was seawater, whereas a positive δEu indicates a contribution of 
deep thermal fluid. The gradual increase in δEu indicates that the tem
perature during the dolomite formation gradually rises. The Th of the 
inclusion in dolomite-2 is significantly greater than that in dolomite-1, 
proving that dolomite-2 was formed under higher temperatures. High 
Th inclusions are trapped and have dispersed salinity values. Related 
chronological data for this type of dolomite have been published, such as 
259.4 ± 3 Ma (Su et al., 2022), while the age of fine–medium crystalline 
dolomite is 482 ± 14 Ma ~416 ± 23 Ma (Shen et al, 2021), and the 
burial depth is greater than 1000 m (Fig. 1C). Due to the uplift and 

Fig. 11. REE patterns normalized to PAAS (A–B), UCC(C–D), Chondrite(E–F), and seawater(G–H) of the Ediacaran Dengying Formation in the GM and NS areas, 
central Sichuan Basin. Data of the Post-Archean Australian Shale (PAAS) were sourced from Taylor and McLennan (1985), the Upper Continental Crust (UCC) was 
sourced from McLennan (2001), the Chondrite and primitive mantle were sourced from Sun and McDonough (1989), the average Pacific seawater was sourced from 
Kawabe et al. (1998) and Tepe and Bau (2016), and the hydrothermal fluids from Snakepit vents fields were sourced from Douville et al. (1999; 2002). 
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denudation movements at the end of the Silurian, the burial depth of the 
Dengying Formation is less than 1000 m, and the formation temperature 
is far less than 80 ◦C (Fig. 1C), suitable for biodegradation (Head et al., 
2003). This bitumen-1 is believed to be formed by biodegradation and 
oxidation of early reservoir oil during the Caledonian Movement and is 
further confirmed by the pronounced baseline hump (unresolved com
plex mixture) of its total ion chromatogram (Yuan, 2008; Yuan et al., 
2014; Shen et al., 2021). Petrology shows that dolomite-1 was formed 
earlier than bitumen-1, so the age of dolomite-1 must be earlier than the 
oil generation and uplift period (ca. 420 Ma), where the burial depth is 
less than 2500 m (Fig. 1C). Furthermore, the inclusions of dolomite-1 
with significantly lower Th value than that in dolomite-2, which also 
indicates that dolomite-1 was formed earlier than dolomite-2, belonging 
to shallow and deep burial stages, respectively. Simultaneously, petro
logical characteristics also depict that dolomite-2 was formed earlier 
than bitumen-2 and that bitumen-2 was derived from paleo-oil in the 
Late Permian–Early Triassic period (Zhu et al., 2015; Zou et al., 2015; Li 
et al., 2017; Su et al., 2022). Therefore, the formation temperature 
during the dolomite-2 stage must not exceed 200 ◦C. This result suggests 
the influence of deep thermal fluids, although the maximum tempera
ture of the fluid itself is unknown, and a possible superposition of late 
burial high-temperature alterations, consistent with the incorporation of 
highly radiogenic Sr-containing fluids. 

5.3. Formation mechanism of the Ediacaran dolomite 

5.3.1. Near-surface stage 
The strata of the Ediacaran Dengying Formation in the Sichuan Basin 

gradually began to form and develop during the Ediacaran. During this 
period, the central Sichuan Basin comprised an intracratonic rift and 
platform, with a shallow water carbonate platform in the GM and NS 
areas, which gradually transformed into a slope and basin facies toward 
the northwest (Zhao et al., 2022). The aragonite–dolomite sea domi
nated the upper Yangtze seawater in this period (Zhao et al., 2021), and 
such seawater conditions differed considerably from present-day 
seawater. They had high Mg/Ca ratios (lower concentrations of Mg 
and Ca carried by the atmosphere) and alkalinity, which was conducive 
to forming carbonate under early low-temperature conditions. The 
Precambrian dolomite sea was transient, primarily occurring during the 
DY2 period. Subsequently, the Mg/Ca ratio of the seawater decreased 
(Zhao et al., 2021), resulting in a short dolomite sea environment. In the 
dolomite sea environment, the fibrous dolomite can be precipitated 

directly, and this texture indicates the dolomite sea environment (Zhao 
et al., 2021; Lu et al., 2023). The DY2 reservoir rocks were characterized 
by grape-like and radial fibrous textures, different from the DY4 reser
voir (Qian et al., 2017; Zhao et al., 2021; Lu et al., 2023). Therefore, the 
effect of the dolomite sea might be more crucial in the DY2 stage but was 
significantly weaker in the DY4 stage than other factors. In early host 
rock formations, numerous algae (such as cyanobacteria) on the plat
form will exist with carbonate sediments after death. The algae 
decompose and consume the dissolved oxygen in the water, speeding up 
the water mass reduction. Sulfate-reducing bacteria and oxygen-eating 
microorganisms can decompose these organic materials to promote 
the diagenetic replacement of a magnesian calcite precursor, promoting 
dolomite precipitation (Baldermann et al., 2015). This process can 
consume SO4

2− in the water mass and release Mg2+ (Wang et al., 2010), 
improving the Mg/Ca ratio of seawater. The high Mg/Ca ratio and 
anoxic water (positive δCe, pyrite occasionally seen on the host rock 
surface, Fig. 2C) are conducive to carbonate during this period. Micro
organisms make stromatolites, and algal clots of the original sedimen
tary texture exist in the present-day reservoir. This property is well- 
preserved, even though the alteration during burial was superimposed 
later. During the Ediacaran period, the dry arid climate in the central 
Sichuan Basin could have caused the evaporation and concentration of 
the water in the platform (Zhang et al., 2014b; Jin et al., 2019). When 
the evaporation intensity is high, the normal seawater on the platform is 
released into the atmosphere, and capillary action occurs, forming rocks 
with high mud contents. Seawater continuously replenishes high- 
salinity areas, forming a capillary cycle. Under this high-salinity evap
oration, saltwater or surface water and aragonite are transformed, 
forming nonideal dolomite (small particle size, mud crystal, or powder 
crystal). Furthermore, the saltwater remaining in the high part of the 
platform will flow back and permeate downward under gravity (Fig. 13). 
Reflux dolomitization occurs when it passes through the lower high- 
energy beach sediments, characterized by algal dolomites and typi
cally retains algal chutes. The dolomite crystal is fine, showing gray or 
dark gray, confirmed by the 87Sr/86Sr characteristics of the host rock 
close to the coeval seawater. Simultaneously, it has a C–O isotope 
background value closest to the Precambrian seawater, although it has 
undergone some fractional alteration. 

5.3.2. Burial stage 
When the buried depth is closer to and greater than 1000 m, the 

formation temperature increases gradually, and dolomite-1 is formed, 
corresponding to the shallow burial stage. In the burial stage, the 
compaction of the basin gradually increased, seawater and Mg2+-rich 
saline migrated to the early host rock, and buried dolomitization 
occurred. Mg2+ will replace the Ca2+ in the fluid, forming dolomite with 
a high ordering degree. These dolomites will have lower δ18OVPDB values 
than the host rock, and the average ordering degree of dolomite-1 is 
0.76, which is greater than the host rock. The mineral characteristics are 
still anhedral, and the mean Mg/Ca ratio is 0.78, slightly less than that of 
dolomite-2 (0.80). The 87Sr/86Sr value is slightly higher than that of the 
Precambrian seawater, indicating the mixed contribution of deep- 
formation saline. With further burial, the Ediacaran Dengying Forma
tion gradually entered the deep burial stage. Here, medium- to coarse- 
grained dolomites are formed with a high degree of euhedral because 
there is enough free space and conditions for growth. 

With the increase in ground stress, the dolomitization fluids here are 
primarily deep-formation saline and deep thermal fluids, which can up 
flow along fractures and faults and are rich in radiogenic Sr. It makes the 
present-day dolomite-2 with higher 87Sr/86Sr values and can provide 
numerous Mg2+. Due to the high formation temperature and the support 
of thermal fluid, the dynamic conditions of dolomite formation are 
easily satisfied, therefore, the formation rate of dolomite-2 is fast. There 
are many strike-slip faults in the central Sichuan Basin, primarily near 
EW and NW trending. The fault dip is close to 90◦, and the bottom is 
connected to the basement strata. The vertical fault displacement is the 

Fig. 12. The correlation diagram between the Ce anomaly (δCe) and Pr 
anomaly (δPr) of the Ediacaran Dengying Formation in the GM and NS areas, 
central Sichuan Basin. The baseline reference is from Bau and Dulski (1996). 
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largest in the Cambrian strata, and it gradually decreases until it dis
appears in the Permian strata (Ma et al., 2018; Jiao et al., 2022), 
reflecting the weakening fault activity. The cap rock of the Ediacaran 
Dengying Formation reservoir was the Qiongzhusi shale, fine-grained 
sediments of the Early Cambrian transgression, which was distributed 
throughout the central Sichuan Basin, with a thickness of 150 m to 700 
m and a displacement pressure of 30–40 Ma (Li et al., 2022), providing 
favorable conditions for generating a restricted fluid compartment 
(Fig. 13). The deep fluid can flow laterally for a specific distance after 
encountering the top sealing, which is conducive to forming large-scale 
dolomite-2. Even today, the formation pressure, natural gas properties, 
and formation water properties above and below this barrier differ (Wu 
et al., 2014; Xie et al., 2021; Wei et al., 2022). Specifically, the Ediacaran 
Dengying Formation reservoir is a normal pressure system (pressure 
coefficient of 1.0–1.2), whereas the Cambrian reservoir is an abnormal 
overpressure system (pressure coefficient of 1.51–1.7). The Cambrian 
gas reservoir (avg. –32.8‰) has a smaller ethane carbon isotope value 
than the Ediacaran Dengying Formation (avg. –28.8‰). The average 
salinity of Cambrian formation water is 50.7 g/L, whereas that of the 
Ediacaran Dengying Formation is 123.38 g/L. Dolomite-2 has a light 
δ18OVPDB value, typically less than − 10‰, due to the high-temperature 
alteration. The mist-centered bright-edge structures with bright red 
under CL, light–dark transitions, and positive δEu indicate deep-basinal 
brine and deep thermal fluid. 

5.4. Relationship between the dolomitization process and reservoir quality 

The Ediacaran Dengying Formation contains considerable natural 
gas resources, primarily in the remaining effective space after being 
filled with various dolomite, quartz minerals, and reservoir bitumen. 
The highest-quality reservoirs were distributed in the platform margin 
zone adjacent to the rift trough (Xu et al., 2021; Yang et al., 2022), re
flected by high thickness and porosity. During the near-surface period, 
thick-layered Ediacaran microbial-algal mound beaches formed on a 
large scale under an arid climate and periodic seawater turbulence. In 
the host rock, micritic dolomite occurs under weak hydrodynamic 
conditions, as well as microbial action and framework, crucial to 
forming the original high porosity reservoir. Furthermore, the overlying 
strata had almost no compaction, and approximately 80% of the pores 
were formed during this period (Hu et al., 2020). After the primary 
deposition at the near-surface stage, the Tongwan-II movement occurred 

(Fig. 1B–C), partially eroding the mound and shoal beach at the top of 
the Ediacaran Dengying Formation and then large-scale karstification. 
Due to the limited vertical effect of karst, high-quality reservoirs are 
primarily within a specific depth range close to the unconformity 
interface. At this stage, the pore space is the largest, and the highest 
porosity might be close to 40% (Shen et al., 2021). Subsequently, the 
Ediacaran reservoirs experienced shallow and deep burial stages, and 
dolomite-1 and dolomite-2 began to form in the original high-quality 
reservoirs, which largely occupied the preexisting space of the reser
voir. Deep thermal fluid channeled by faults contributed to the forma
tion of dolomite-2. These fluids were typically weakly acidic and could 
have dissolved the preexisting pores and made them have a harbor-like 
shape (Fig. 3L). However, precipitation typically occurs after a low de
gree of dissolution, forming dolomite-2 with larger crystals. Further
more, the compaction of the overlying strata is intensified, weakening its 
construction effect on the reservoir. Therefore, the host rock formation 
and karst reconstruction in the Tongwan movement are the most critical 
factors for developing effective reservoirs in the deeply buried Ediacaran 
Dengying Formation. The water energy conditions of the platform 
margin are high in the near-surface stage, therefore, the proportion of 
the thickness with a porosity of 2–5% decreases from the platform 
margin to the intraplatform, for example, from well MX9 (29%) to wells 
MX17 (24%) and MX39 (7%). The proportion of thickness with porosity 
exceeding 5% also decreases (3%, 1%, and 0.4%, respectively) (Fig. 14). 
Due to the poor physical properties of the original reservoir, the 
constructive reconstruction by fluid alteration during the formation of 
dolomite-2 is the most crucial in the intraplatform margin. 

6. Conclusions 

Combined with the latest drilling coring data from the NS area, the 
mineral sequences and the characteristics of ancient fluids recorded by 
dolomite of the Ediacaran reservoir in the central Sichuan Basin were 
studied. The main conclusions of this study are as follows:  

(1) The host rock formation is closely related to the coeval seawater, 
although the C–O isotope are altered and fractionated under 
microbial and late high-temperature conditions. The microor
ganisms, evaporation concentration, and reflux infiltration are 
essential in this stage. 

Fig. 13. The genetic model of dolomite of the Ediacaran Dengying Formation in the GM and NS areas, central Sichuan Basin.  
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(2) The formation of dolomite-1 is the product of shallow burial, and 
the fluid is primarily a mixture of seawater and deep-basinal 
brine. However, the burial depth of dolomite-2 is large when it 
is formed, and the fluid is primarily deep-basinal brine and deep 
thermal fluid.  

(3) Based on petrological research, combined with C–O–Sr isotope, 
the REE and some trace elements (e.g., Sr, Mn, Fe, and P) are 
effective for studying the fluid properties and genesis of ancient 
and deeply buried dolomite, whereas the ordering degree needs 
to be treated with caution. 
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