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The Ediacaran Dengying Formation in Central Sichuan Basin is the deep

dolomite gas reservoir with the largest natural gas reserves in China,

providing an excellent example for understanding the effect of diagenesis

evolution on deep dolomite reservoir quality. By integrating petrology,

geochemistry and in situ U-Pb dating, this study aims to reveal the genesis

of different rock fabrics and their corresponding diagenetic events, and to

discuss the temporal relationship of diagenetic events and their effects on the

reservoir quality of Dengying Formation. Two phases of dolomite and three

phases of dolomite cement are identified in Ediacaran Dengying Formation

deep dolomite reservoirs of Central Sichuan Basin as follows: 1) matrix

dolomites (MD), 2) fine-medium crystalline dolomites (FMD), 3) fibrous

dolomites (FD), 4) medium-coarse crystalline dolomites (MCD), and 5) saddle

dolomite (SD). By analyzing petrographic and temporal relationships between

these fabrics, it is suggested that the deep dolomite reservoir of Dengying

Formation in Central Sichuan Basin has experienced six diagenetic stages,

including 1) syndiagenetic stage, 2) the first-time early diagenetic stage, 3)

epidiagenetic stage, 4) the second-time early diagenetic stage, 5) middle

diagenetic stage and 6) late diagenetic stage. Microbial dolomitization during

syndiagenetic stage produced limited increase in reservoir porosity, but it is of

great significance for preservation of reservoir spaces. Silicification is most

unfavorable for reservoir formation, but its duration and influence range are

very limited. At epidiagenetic stage, the physical properties of Dengying

Formation dolomite reservoir have been greatly improved. Two-time early

diagenetic stages are both destructive for preservation of reservoir spaces.

During middle diagenetic stage, two-stage of hydrothermal alterations

occurred, corresponding to Late Silurian to Devonian and Late Permian,

respectively. Hydrothermal alteration of the MD is both constructive and
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destructive, but overall it is constructive, and the improvement of physical

properties is limited. For the karstified MD, both two-stage hydrothermal

alterations were destructive, resulting in damage of reservoir physical

properties caused by cementation by two-stage SD and one-stage MVT

minerals.

KEYWORDS

deep dolomite reservoir, ediacaran dengying formation, diagenetic stage,
geochemistry, U-Pb dating, central sichuan basin

1 Introduction

The worldwide exploration practice shows that there are

abundant oil and gas resources in dolomite strata (Zhao et al.,

2014; Zhao et al., 2018), and remarkable exploration success has

been achieved in shallow-middle buried dolomite reservoir (Zou

et al., 2011; Jiang et al., 2017;Wang et al., 2018; Gu et al., 2020; Gu

et al., 2021). Previous studies have proposed that, affected by

destructive diagenesis such as compaction and cementation, with

the increase of burial depth and the aging of strata, the porosity in

dolomite reservoir gradually decreases, and it is difficult for

effective reservoirs to exist in deep buried dolomite strata

(Schmoker and Hally, 1982; Ehrenberg et al., 2009). However,

in recent years, with the increasing progress of exploration

technology, the oil and gas exploration of dolomite reservoirs

has gradually advanced to deep strata (buried depth>4500 m)

and ultra-deep strata (buried depth >6000 m), and more and

more successful examples have been found in Sichuan Basin and

Tarim Basin (Guo et al., 2016; Zhao et al., 2021; Li et al., 2022a).

Although there have been some successful cases, the exploration

and development of deep or ultra-deep dolomite reservoirs still

face huge technical and commercial risks. In particular, these

dolomite reservoirs are characterized by large burial depth and

generally experienced complex diagenetic alteration processes

(Du et al., 2018; Peng B. et al., 2018; Gu et al., 2019).

Correspondingly, the reservoir rock exhibits extremely

complicated characteristics due to the superimposition of

multiple diagenetic events (Wang et al., 2014; Xu et al., 2016;

Zhu et al., 2019). Therefore, understanding the relationship

between different diagenetic stages and corresponding effect

on reservoir characteristics is of great significance for the

future exploration of deep dolomite reservoir.

At present, the Ediacaran Dengying Formation in the Central

Sichuan Basin is the deep dolomite gas reservoir with the largest

natural gas reserves in China, and its proven reserves are close to

6 × 1011m3 (Zhao et al., 2021). The abundant drilling cores of the

Dengying Formation provide an excellent study target for the

effect of diagenesis evolution on the quality of deep dolomite

reservoirs. In terms of the reservoir-forming mechanism of deep

dolomite reservoirs in the Dengying Formation, most of the

viewpoints believe that the supergene karstification during

Tongwan Movement plays a key role (Wang et al., 2014;

Zhou et al., 2016; Zhou et al., 2020; Su et al., 2022). Zhu et al.

(2015) agreed with this view, but also emphasized the

constructive role of recrystallization during supergene

karstification. After 2013 (Shi et al., 2013; Liu et al., 2014;

Peng J. et al., 2018; Gu et al., 2019), scholars have noticed the

existence of multi-stage hydrothermal alteration in deep

dolomite reservoir of the Dengying Formation and proposed

that hydrothermal alteration increases the porosity of the

Dengying Formation matrix dolomite by 3%–5% (Liu et al.,

2014). However, Jiang et al. (2016) proposed that porosity

could only increase by 2% after hydrothermal alteration. In

addition to the above viewpoints, some scholars believe that

the Dengying large-scale high-quality reservoir is mostly formed

in the early sedimentary-diagenetic stage. Although previous

studies have obtained these valuable understandings, the

temporal relationship between the diagenetic events of the

Dengying Formation, the corresponding fluid genesis and its

influence on the quality of deep dolomite reservoirs are still

unclear.

The purpose of this study is to reveal the genesis of different

rock fabrics and corresponding diagenetic events, and to discuss

the temporal relationship of diagenetic events and their effects on

the reservoir quality. The results of this study not only provide an

in-depth understanding of the genetic mechanism of deep

ancient dolomite reservoirs, but also provide a scientific basis

for future exploration of the Ediacaran Dengying Formation in

Sichuan Basin.

2 Geological background

The Sichuan Basin, situated in the northwest region of the

Upper Yangtze platform (Ding et al., 2021) (Figure 1A), is the

most petroliferous basin for oil and gas exploration of

unconventional reservoir in China (He et al., 2021; Zhou

et al., 2021; Li H. et al., 2022; Li et al., 2022b; Li, 2022). The

study area is located in the Central Sichuan Basin. In this area, the

Ediacaran Dengying Formation and the underlying Doushantuo

Formation are in conformable contact, but is in unconformable

contact with the overlying mudstone (or shale) of the Lower

Cambrian Qiongzhusi Formation. According to rock type,

microbial content and sedimentary structure, the Dengying

Formation can be divided into four members from bottom to

top. The first, second and fourth members are all composed of
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dolomite, except for the third member composed of mudstone

and argillaceous dolomite (Jiang et al., 2016). The matrix

dolomite (MD) consists of microbial dololaminite, microbial

dolostromatolite, dolowackestone and dolopackstone

(Figure 1B).

3 Samples and methods

At first, 157 samples from drilling cores of the Dengying

Formation were doubly polished, followed by blue epoxy-

impregnation and staining with Alizarin red for identification of

different rock fabrics. And then petrographic relationships of

different fabrics were delineated using a

CL8200MK5 cathodoluminescence (CL) microscope. Eighteen

samples were selected for Sr isotope measurement through a

Finnigan Triton thermal ionization mass spectrometer (TIMS).

Eighty-four samples were selected for stable isotopic (δ18O, δ13C)
measurement using MAT253 isotope mass spectrometer. The δ18O

and δ13C data are normalized toVienna PeeDee Belemnite (V-PDB)

standard and corrected by fractionation factors proposed by

Fairchild and Spiro (1987). Twenty-seven samples were selected

for rare earth element (REE) contents measurement through

inductively coupled plasma-mass spectrometry (ICP-MS) at

Sichuan Origin & Microspectrum Corporation. Firstly, the

27 samples were dissolved by hydrofluoric acid and nitric acid in

a closed container. The hydrofluoric acid were wiped out by

evaporation on the electric heating plate, and then dissolved by

nitric acid. After dilution, the samples are directly measured by ICP-

MS. The analytical uncertainties are estimated to be 5%. Standard

rock reference material (GSD-9) were used to monitor the analytical

accuracy and precision.

Laser in situ U-Pb isotopic dating was carried out through

LA-ICP-MS (Element XR) at Sichuan Origin & Microspectrum

Corporation in Chengdu. For the dolomite samples selected for

dating, spots with higher 238U intensities, higher 238U/206Pb ratios

and lower 207Pb/206Pb ratios were selected for further U-Pb

isotope analysis. Additional spots may be selected from the

FIGURE 1
(A) The spatial distribution map showing the study area and drilling wells in the Central Sichuan Basin. (B) Generalized stratigraphy of the
Ediacaran Dengying Formation in the study area (modified from Gu et al., 2019).
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FIGURE 2
Macroscopic characteristics for the Dengying Formation from drilling cores in Central Sichuan Basin. (A)MCD and late bitumen phase filled in
fractures within the MD, Well GS20, 4th Member, 5187.57 m. (B) FD and MCD filled in vugs within karstified MD, Well GS102, 4th Member,
5085.11 m–5085.36 m. (C) The original sedimentary structures in the MD have almost disappeared, Well GS7, 4th Member, 5266.49 m–5266.59 m.
(D) The original microbial mound structures are well preserved in silified MD, Well GS18, 4th Member, 5184.13 m. (E) Scattered intercrystalline
pores within FMD, Well GS16, 4th Member, 5453.35 m. (F) Scattered intercrystalline pores within FMD, Well MX103, 4th Member, 5195.24 m. (G)
MCD, early bitumen phase and saddle dolomite (SD) coats inner wall of hydrothermal dissolved vug within FMD, Well GS20, 4th Member, 5195.7 m
(H) SDwith curved or lobate crystal faces filled between dilational breccias, Well MX51, 4th Member, 5335.7 m (I) SD, sphalerite and late quartz phase
filled in vugs within karstified MD, Well GS102, 4th Member, 5043.93 m. (J) Mississippi Valley-Type minerals including galena and late quartz phase,
Well GS109, 4th Member, 5316.08 m. (K) Early quartz phase filled between dilational breccias, Well MX51, 4th Member, 5401.77 m. (L) Pyrite and late
quartz phase filled in vugs within dilational breccia structure, Well MX39, 4th Member, 5309.3 m. (M)Galena filled in fractures within MD, Well GS101,
4th Member, 5517.2 m.
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vicinity of those pre-screened spots with the highest 238U/206Pb

ratios, so that sufficient U-Pb isotope spot analyses can be

obtained for each sample. We use laser spot size of 160 um in

diameter, laser energy of 3 J/cm2 and repetition rate of 10 Hz. The

measurement cycle comprised a cleaning sequence of 20 shots, a

preablation background of 15 s, an ablation period of 25 s and a

washout time of 8 s. The duty cycle included only 206Pb, 208Pb,
232Th, and 238U. The samples were measured together with NIST-

614 glass standard and several matrix-matched laboratory

working calcite standards, such as WC-1. Repeated

measurements of the NIST-614 glass standard bracketing the

unknown samples and calcite standards were used to correct for
207Pb/206Pb fractionation and for instrument-related drift in the
206Pb/238U ratios. WC-1 calcite standard independently dated to

254.4 ± 6.4 Ma (Roberts et al., 2017) was also dated together with

the dolomite samples as the control standard to ensure

reproducibility, which gave results within 2% of the reference

value among different sessions.

4 Results

4.1 Petrological characteristics

4.1.1 Dolomite phases
4.1.1.1 Matrix dolomites (MD)

Microscopically, the crystal size of theMD is usually less than

50 μm (Gu et al., 2019). Without constructive diagenesis, the

reservoir space of MD is hardly developed due to tiny crystal size

(Figure 3A). After alteration by dissolution, large numbers of

pores or vugs are formed within MD (Figures 2A,B), and the

original sedimentary structures of MD have almost disappeared

(Figure 2C). But after early-stage silicification, the silicified MD

becomes extremely dense and less susceptible to other diagenesis

(Figure 2D). Under CL, the MD is nonluminescent (Figure 3B).

4.1.1.2 Fine-medium crystalline dolomites (FMD)

The FMD has a crystal size of 200–450 μm (Gu et al., 2019),

most of which is characterized by a nonplanar anhedral or planar

subhedral texture with cloudy cores and clean rims (Figure 3C).

A large number of scattered intercrystalline pores have developed

between crystals filled with bitumen (Figures 2E,F). Under cross-

polarized light, the FMD shows typical patterns of wavy

extinction (Gu et al., 2019). Under CL, the FMD is bright red

with a zonal texture (Figure 3D).

4.1.2 Dolomite cement phases
4.1.2.1 Fibrous dolomites (FD)

The FD is present as an isopachous fibrous dolomite coating

vug internal walls (Figures 3E,F), which is commonly distributed

between larger saddle dolomite (or medium-coarse crystalline

dolomite) crystals and host-rock (Figure 3G). In terms of CL

color, crystal habit, and size, the FD exhibit obvious difference

from saddle dolomite (Figure 3H). The FD under CL is

nonluminescent (Figure 3F) and mainly consists of fibrous

dolomite with 500 μm in size (Figure 3H) which is clearly

FIGURE 3
Microscopic characteristics for the Dengying Formation from drilling cores in Central Sichuan Basin. (A) SD along vug interwall within MD under
PPL, Well GS1, 4th Member, 4970 m (Gu et al., 2019). (B) SD exhibits bright red and banded structure whereas MD exhibit dull red under CL, Well GS1,
4th Member, 4972 m. (C) FMD with cloudy core and clear rim, Well GS16, 4th Member, 5450.15 m. (D) FMD exhibits bright red under CL, Well GS16,
4th Member, 5450.15 m. (E,F) FD shows nonluminescent and MCD exhibit bright red under CL, Well GS102, 4th Member, 5079.65 m. (G,H) FD
shows non-luminescent, and SD exhibit bright red and banded structure under CL, Well GS16, 4th Member, 5462 m.
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darker than saddle dolomite in transmitted light (Figure 3G).

Locally, a fine, dark bitumen line is observed separating FD and

saddle dolomite cements (Figure 3E).

4.1.2.2 Medium-coarse crystalline dolomites (MCD)

The MCD cements predominantly coat vugs or fractures,

showing a sharp contact with the hostMD (Figure 3E). TheMCD

primarily comprises of clear, coarse dolomite crystals growing

along internal walls of reservoir spaces, with a bright red

luminescence under CL (Figure 3F). A dark bitumen line is

ubiquitously present betweenMCD and saddle dolomite cements

(Figure 2G), suggesting an oil emplacement episode predating

saddle dolomite cements.

4.1.2.3 Saddle dolomites (SD)

Saddle dolomite is the most common dolomite cement in

cores and thin sections of the Dengying Formation (Figures

2G,H). Macroscopically, the SD is characterized by curved crystal

faces and grayish white in color (Figures 2H,I). In some core

samples, the SD coexist with MVT minerals such as sphalerite,

galena, and quartz (Figures 2I,J). Under CL, the SD is

characterized by alternating luminescence between bright red

and dark red (Figures 3G,H).

4.2 Mississippi valley-type (MVT) minerals

MVT Pb-Zn mineral assemblages were occasionally found in

pores, vugs, and fractures of the host-rock MD (Figure 2J), but

they are relatively low in abundance on the whole. Brownish red

sphalerite (Figure 2I), glassy (or gray-white) quartz (Figures

2J,K), golden yellow pyrite (Figure 2L) and silver-white galena

mainly occur as fracture- and/or vug-filling minerals

(Figure 2M).

4.3 Geochemistry and fluid inclusion

4.3.1 Oxygen, carbon, and strontium isotopes
According to data from previous studies and this study (Zhou

et al., 2016; Feng et al., 2017; Peng B. et al., 2018; Gu et al., 2019;

Zhou et al., 2020; Su et al., 2022), the MD yields δ18O values

varying from −7.80‰ to + 0.89‰V-PDB (average −4.17‰V-

PDB, n=51) and δ13C values of −0.46‰ to + 7.14‰V-PDB

(average + 2.66‰V-PDB, n=51). The FD yields δ18O values

varying from −4.34 to −1.25‰V-PDB (average −3.02‰V-PDB,

n=14) and δ13C values of + 1.12‰ to + 5.36‰V-PDB (average +

2.80‰V-PDB, n=14). The FMD yields δ18O values varying

from −13.84‰ to −4.94‰V-PDB (average −8.37‰V-PDB,

n=33) and δ13C values of −1.93‰ to + 5.29‰V-PDB (average

+ 1.69‰V-PDB, n=33). The MCD yields δ18O values varying

from −13.32‰ to −8.70‰V-PDB (average −11.32‰V-PDB,

n=22) and δ13C values of −0.32‰ to + 4.96‰V-PDB (average

+ 2.09‰V-PDB, n=22). The SD yields δ18O values varying

from −14.76‰ to −6.80‰V-PDB (average −12.11‰V-PDB,

n=21) and δ13C values of −5.43‰ to + 2.94‰V-PDB

(average −1.20 ‰VPDB, n=21) (Figure 4A).

The MD has 87Sr/86Sr ratios ranging from 0.707789 to

0.709800 (average 0.708804, n=10) (Zhou et al., 2016; Feng

et al., 2017; Gu et al., 2019; Su et al., 2022). The 87Sr/86Sr

FIGURE 4
(A)Crossplot of δ13C and δ18O for different rock fabrics in the Dengying Formation of Central Sichuan Basin (FD, MCD, and SD data are from Feng
et al., 2017; Su et al., 2022). (B) Crossplot of δ13C and 87Sr/86Sr for different rock fabrics in the Dengying Formation of Central Sichuan Basin (87Sr/86Sr
data for FD, MCD, and SD are from Feng et al., 2017; Su et al., 2022; 87Sr/86Sr data for late Precambrian seawater are from Burns et al., 1994).
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ratios of the FD and MCD have a narrow distribution

(Figure 4B), ranging from 0.708645 to 0.708832 and

0.708703 to 0.709359, respectively (Su et al., 2022). The FMD

has 87Sr/86Sr ratios ranging from 0.709060 to 0.710600 (average

0.709877, n=9) (Zhou et al., 2016; Feng et al., 2017). The 87Sr/86Sr

ratios of the SD has a wide distribution (Figure 4B), ranging from

0.709218 to 0.714959 (average 0.711343, n=21) (Feng et al., 2017;

Gu et al., 2019; Su et al., 2022).

4.4 Rare earth elements (REEs)

The distribution patterns of REEs are widely applied as

indicators reflecting origin of diagenetic fluid such as

dolomitization fluids (Du et al., 2018; Gu et al., 2019). For

example, positive Eu anomalies are often used to indicate the

occurrence of hydrothermal activities (Gu et al., 2019; Qi et al.,

2021; Su et al., 2022). REE+Y data shown as Post-Archaean

Australian Shale (PAAS)-normalized diagrams (Shahida et al.,

2013) for different dolomite fabrics are shown in Figure 5. The

REE+Y patterns for the MD are characterized by slightly Ce

negative anomalies, and slightly Eu positive anomalies

(Figure 5A). The REE+Y patterns for the silicified MD are

characterized by strongly Ce negative anomalies (Figure 5B).

The REE+Y patterns for the FD are characterized by slightly Ce

negative anomalies (Figure 5C). The MCD shares similar REE+Y

patterns with the MD (Figure 5D). The REE+Y patterns for the

FMD are characterized by Ce negative anomalies and strongly Eu

FIGURE 5
REE + Y distribution patterns for different rock fabrics in the Dengying Formation of Central Sichuan Basin (FD and SD data are from Su et al.,
2022).
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positive anomalies (Figure 5E). The REE+Y patterns for the SD

are characterized by strongly Eu positive anomalies (Figure 5F).

4.5 Fluid inclusions

The results of fluid-inclusion petrography and

microthermometry for different rock fabrics are displayed in

Figure 6. The measurement focuses on primary and pseudo-

secondary aqueous inclusions within the dolomite fabrics and

quartz cement. Notably, the FD and MD crystals are not suitable

for homogenization temperature (Th) measurement owing to its

tiny crystal size.

The isopachous FD was formed in a subaerial or submarine

environment, suggesting a relatively low precipitation

temperature (Ding et al., 2019). Although associated fluid

inclusion Th could not be determined, both Th of primary

fluid inclusions within Ediacaran halites in the study area and

silicon-oxygen isotopes of cherts consistently record Ediacaran

seawater temperatures ranging between 13°C and 40°C (Meng

et al., 2011). The Th distribution for the MCD range from 77.2°C

to 92.8°C, suggesting relatively low-temperature of

corresponding diagenetic fluids (Figure 6A). The FMD has Th

value in the range between 101.4°C and 152.0°C. The SD has two

temperature ranges of 116.5°C–183.0°C and 191.2°C–250.3°C,

suggesting two episodes of hydrothermal fluids (Figure 6B).

The Th distribution of quartz is similar to that of SD, and it

also has two temperature ranges, 115.5°C–162.3°C and

198.6°C–227.2°C, respectively. It is suggested that the two

stages of quartz phases were precipitated from two different

episodes of hydrothermal fluids.

5 Discussion

5.1 Origin and formation timing of
dolomite phases

5.1.1 Matrix dolomite (MD)
Although the dolomitization mechanism of the Ediacaran

Dengying Formation is still controversial, we agree with the views

that dolomitization of the Dengying Formation occurs in the

syndiagenetic stage in terms of well-preserved microbial

structure (Peng J. et al., 2018; Zhou et al., 2020). To better

understand this unique dolomitization mechanism, a few studies

illustrate that microorganisms survived and reproduced in

shallow water platforms. After death, they deposited together

with carbonate sediments. When the microbial-rich carbonate

sediments are below the sediment-water interface, the water body

changes from an oxidizing condition to a reducing condition.

The organic matter in the microorganism began to decompose

under the action of sulfate-reducing bacteria, which decreased

sulfate in the seawater to overcome the kinetic barriers of

dolomite precipitation and accelerated this process (Zhou

et al., 2020).

5.1.2 Fine-medium crystalline dolomites (FMD)
Petrological relationships indicate that the FMD is the part of the

MD in which the dolomite crystals become larger after

recrystallization (Figure 2E). Compared to MD, the FMD has a

more negative δ18O and a higher 87Sr/86Sr ratios, and the FMD

isotope data points are concentrated between MD range and SD

range (Figure 4). The REE+Y distribution patterns of the FMD also

has the characteristics of MD and SD. The above geochemical

characteristics confirm the close affinity between FMD and MD,

SD (Figure 5). Based on Thmeasurement results, the Th distribution

of the FMD is more close to early SD phase (Figure 6). The U-Pb

ages of the two first-stage SD samples measured in this study are

408 ± 40Ma and 403 ± 30Ma, respectively (Figure 7). Combined

with the burial history curve (Liu et al., 2018a; Su et al., 2022), it is

suggested that the Dengying Formation is in the middle diagenetic

stage at this time (Figure 8), so the FMD is the product of the

recrystallization ofMD caused by the first hydrothermal fluid during

middle diagenetic stage.

5.2 Origin and formation timing of
dolomite cement phases

5.2.1 Fibrous dolomites (FD)
Petrological relationships indicate that the FD is the earliest

cement coating the inner walls of vugs formed in the

epidiagenetic stage. The U-Pb age of the FD is 553.6 ±

6.4 Ma, suggesting the FD precipitate during the Tongwan

Movement in the epidiagenetic stage (Su et al., 2022). There

has long been controversy regarding the parent fluids (freshwater

or seawater) that led to the precipitation of FD (Tang et al., 1980;

Wang et al., 2014; Lin et al., 2018). The FD is nonluminescent

under CL (Figure 3), suggesting oxidizing parent fluids

(Dorobek, 1987). The REE+Y distribution patterns of FD and

MD have the same characteristics, and the 87Sr/86Sr ratios of FD

are in the range of coeval seawater (Figure 4). Integrated with

latest studies (Peng B. et al., 2018; Peng J. et al., 2018; Ding et al.,

2019), it is suggested that the formation of the FD is derived from

marine flooding of the karst system during epidiagenetic stage.

5.2.2 Medium-coarse crystalline
dolomites (MCD)

Petrological relationship shows that the MCD precipitated

later than the FD, but earlier than the early bitumen phase. The

U-Pb ages of three MCD samples in this study are very close,

which are 513 ± 11 Ma, 510 ± 31 Ma and 520 ± 11 Ma,

respectively (Figure 7). Combined with the burial history

curve (Liu et al., 2018a; Su et al., 2022), it is illustrated that

MCDwas formed in the second-time early diagenetic stage of the

Dengying Formation.
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The REE+Y distribution patterns of MCD does not have Eu

positive anomaly, suggesting non-hydrothermal origin

(Figure 5). At the same time, its Th is also within the normal

range of the early diagenetic stage and is not significantly higher

than ambient temperature. Moreover, the 87Sr/86Sr ratios of MCD

is very closed to coeval seawater and generally similar to host MD

record, suggesting that the parent fluids of MCD probably

modified coeval seawater.

FIGURE 6
(A) Homogenization temperature (Th) distribution of fluid inclusions for different rock fabrics in the Dengying Formation of Central Sichuan
Basin and surrounding area (all the Th data are from Feng et al., 2017; Peng J. et al., 2018; Gu et al., 2019; Zhou et al., 2020; Su et al., 2022). (B)
Crossplot of δ18O and precipitation temperature for different dolomite fabrics in the Dengying Formation of Central Sichuan Basin and surrounding
area (all the Th data are from Feng et al., 2017; Peng B. et al., 2018; Gu et al., 2019; Zhou et al., 2020; Su et al., 2022). The δ18O (V-SMOW) of
dolomite parent fluids was calculated using the equation proposed by Land (1983).

FIGURE 7
(A–C) Tera-Wasserburg Concordia plots showing 238U/206Pb vs. 207Pb/206Pb of medium-coarse crystalline dolomite (MCD) cement phase in the
Dengying Formation of Central Sichuan Basin. (D,E) Tera-Wasserburg Concordia plots showing 238U/206Pb vs. 207Pb/206Pb of early saddle dolomite
(SD) cement phase in the Dengying Formation of Central Sichuan Basin.
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5.2.3 Saddle dolomites (SD)
The Th measurement results show that the formation of SD can

be clearly divided into two episodes (Figure 6), suggesting two

episodes of hydrothermal activities. Previous studies have also

suggested that there were two-stage hydrothermal activities in the

Dengying Formation in the Sichuan Basin, namely, the Late

Ediacaran-Early Cambrian and the Late Devonian-Middle Triassic

(Liu et al., 2014). Some studies suggest that the second-stage should be

limited to the Late Devonian-Late Permian (Jiang et al., 2016; Peng B.

et al., 2018). U-Pb dating shows that the early SD phase was

precipitated during the Late Silurian to Devonian (Figure 7), when

the Dengying Formation was in the middle diagenetic stage. This

study did not obtain the U-Pb age of the late SD phase, but Su et al.

(2022) determined the U-Pb age of 259.4 ± 3Ma, this time interval

FIGURE 8
(A) Burial-thermal-tectonic evolution history in the Central Sichuan Basin (modified from Liu et al., 2018a; Su et al., 2022). (B) In situ U-Pb ages
for different dolomite cements of the Dengying Formation in the Central Sichuan Basin (data of FD and late SD phase are from Su et al., 2022). (C)Oil
generation stage of the Cambrian Qiongzhusi shales by basin modeling (Liu et al., 2018b). (D) Diagenetic stage of the Dengying Formation in the
Central Sichuan Basin.
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matches the Late Permian hydrothermal activity triggered by eruption

of Emeishan flood basalts (from 257.22 ± 0.37Ma to 260.55 ±

0.07Ma) (Huang et al., 2022). Because the Caledonian movement

caused the Dengying Formation to be uplifted in the Devonian-

Carboniferous and then subsided gradually, the Dengying Formation

was still in themiddle diagenetic stage in the Late Permian (Figure 8).

5.2.4 Origin of mississippi valley-type (MVT)
minerals

Previous studies have noticed the MVT minerals in the

Dengying Formation. In view of its coexistence with SD, its

hydrothermal origin can be determined (Figure 2). The

petrological relationship shows that MVT minerals such as

galena, sphalerite, and pyrite coexist with the late quartz phase

(Figures 2J–L), indicating that MVT minerals are precipitated from

the second-episode hydrothermal fluid. Thus MVT minerals were

formed in the Late Permian, when the Dengying Formation was

undergoing the middle diagenetic stage.

5.3 Controlling factors and porosity
evolution of reservoir

When the Dengying Formation was in syndiagenetic stage

for the first time, there were a large number of primary reservoir

spaces within microbial sedimentary structures. During

FIGURE 9
Microscopic characteristics of petrographic relationships between different rock fabrics in the Dengying Formation of Central Sichuan Basin. (A)
KarstifiedMD cemented by early quartz phase under PPL,Well GS18, 5184.13 m–5184.72 m. (B) Silified fibrous dolomites (FD) along inner wall of vugs
exhibit grayish white under XPL, Well GS102, 5094.66 m. (C) Fibrous dolomites (FD) predating early quartz phase filled along inner wall of vugs
formed in epidiagenetic stage, Well MX108, 5304.5 m. (D) Vadose silts formed during epidiagenetic stage are silicified by hydrothermal fliuds,
Well GS102, 5045.53 m. (E) Late quartz phase between two-stage bitumen phase, Well GS102, 5102.89 m. (F) Saddle dolomite (SD) between two-
stage bitumen phase, Well GS1, 4985 m (Jiang et al., 2016). (G) Saddle dolomite (SD) predating fibrous dolomites (FD) and early bitumen phase, Well
GS18, 5177.82 m. (H) Silicified matrix dolomite (MD) predate early bitumen phase and MVT minerals (pyrite and fluorite), Well MX51, 5383.48 m. (I)
Coexisting relationship between sphalerite and late quartz phase characterized by growth zone, Well GS109, 5317.4 m.
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syndiagenetic stage, the carbonate sediments have not completed

the mineral stabilization process, and the mineral components

with unstable chemical properties are selectively dissolved by

meteoric freshwater, resulting in the formation of secondary

reservoir spaces. Meanwhile, microbial dolomitization has

limited increase in reservoir porosity, but it can increase the

anti-compaction ability, which is of great significance to the

preservation of reservoir spaces. Silicification is the most

unfavorable for reservoir formation in the syndiagenetic stage.

The average porosity of the silified MD is 0.22% lower than the

MD (the median decreased by 0.20%), and the average

permeability is decreased by 0.220 mD (the median decreased

by 0.002 mD) (Figure 10). After silicification in the syndiagenetic

stage, the mineral composition of the MD changed from

magnesium calcium carbonate to silica, and the later

constructive diagenetic alterations were almost ineffective

(Figure 2D). Fortunately, the duration and influence range of

silicification in the syndiagenetic stage are very limited and will

not cause large-scale destructive effects. The Ediacaran is a period

of major plate tectonic recombination and extensive non-

orogenic volcanic activity (Chen et al., 2009). It is presumed

that submarine volcanic activity provides silicon-rich

hydrothermal fluids for silicification at the syndiagenetic stage

(Ma et al., 2014).

With the increase of buried depth, the Dengying Formation

gradually entered the early diagenetic stage. Zhou et al. (2020)

proposed that diagenesis in the early diagenetic stage is not

conducive to the preservation of reservoir spaces in the Dengying

Formation. After this stage, the porosity of dolomite reservoir in

the Dengying Formation decreases to below 5%.

The tectonic uplift caused by Tongwan Movement led the

Dengying Formation to enter the epidiagenetic stage (Figure 8A).

At this stage, the interior and top of the Dengying Formation are

generally eroded to varying degrees, forming a large number of

non-fabric selective karst pores (Figure 9A), fissures (Figure 9B),

and vugs (Figure 9C). Within these secondary reservoir spaces,

typical marks of epidiagenetc stage, such as vadose silts, are

observed (Figure 9D). After this stage, the average porosity

increased by 1.51% (median increased by 1.36%), and the

average permeability increased by 0.611 mD (median

increased by 0.033mD) (Figure 10). However, because the

fractures and vugs of the drilling cores are very developed

(Figure 2), the plunger samples for measurement cannot

reflect the real reservoir physical properties, and the actual

increment of porosity and permeability far exceeds the

measured data. Therefore, some scholars have proposed that

the total porosity of the Dengying Formation reservoir increased

by 10%–20% during epidiagenetic stage (Zhou et al., 2020).

With the end of Tongwanmovement, the sea level rose again,

and the reservoir space of the Dengying Formation experienced

the marine flooding (Ding et al., 2019). The FD precipitated

directly from the seawater filling the reservoir spaces along the

inner walls (Figures 9B,C). In the second-time early diagenetic

stage, the MCD cement directly precipitated from the altered

seawater continues to fill the remaining reservoir spaces.

With the increase of burial depth, theDengying Formation enters

middle diagenetic stage. During this period, two stages of

hydrothermal alterations occurred, corresponding to Late Silurian

to Devonian and Late Permian, respectively. Significant differences in

the alteration effects of hydrothermalfluids onMDand karstifiedMD

are revealed. Under the first-stage hydrothermal alteration, the MD

recrystallized to form FMD rich in intercrystalline pores. This process

increases the average porosity by 1.64% (median increased by 1.28%)

and the average permeability by 0.226 mD (median increased by

0.002 mD) (Figure 10). On the other hand, under the action of the

first-stage hydrothermal activity, the MD underwent dilational

FIGURE 10
(A) Boxplot of porosity distribution in different rock fabrics of the Dengying Formation, Central Sichuan Basin. (B) Boxplot of permeablity
distribution in different rock fabrics of the Dengying Formation, Central Sichuan Basin.
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fracturing and dissolution, accompanied by subsequent precipitation

of the first-stage SD cement. The second-stage hydrothermal activity

did not lead to the recrystallization of the MD, but only showed

dissolution and filling. The filling minerals not only had the second-

stage SD cement, but also had MVT minerals such as pyrite, galena,

quartz and sphalerite. After two-episode hydrothermal alterations, the

average porosity of the MD increased by 1.15% (median increased by

1.01%) and the average permeability decreased by 0.135 mD (median

increased by 0.019 mD) (Figure 10). In terms of the karstified MD,

both hydrothermal alterations were destructive (Figure 9), resulting in

an average porosity decrease of 1.44% (median decreased by 1.32%)

and an average permeability decrease of 0.139 mD (median decreased

by 0.036 mD) (Figure 10). As mentioned above, since karstified MD

samples are all core plunger samples, the actual damage of reservoir

physical properties caused by hydrothermal alteration is much worse.

6 Conclusions

1) Two phases of dolomite and three phases of dolomite cement

are distinguished in the Ediacaran Dengying Formation deep

dolomite reservoirs of Central Sichuan Basin as follows: (1)

matrix dolomites (MD), (2) fine-medium crystalline

dolomites (FMD), (3) fibrous dolomites (FD), (4) medium-

coarse crystalline dolomites (MCD), and (5) saddle dolomite

(SD). The FMD is the product of the recrystallization of MD

caused by the first hydrothermal fluid during middle

diagenetic stage. The FD is derived from marine flooding

of the karst system during epidiagenetic stage. The MCD is

derived from modified coeval seawater during the second-

time early diagenetic stage. The early SD phase is precipitated

during the Late Silurian to Devonian, when the Dengying

Formation was in the middle diagenetic stage. The late SD

phase is precipitated during the Late Permian, while the

Dengying Formation is still in the middle diagenetic stage.

2) Syndiagenetic microbial dolomitization has limited increase in

reservoir porosity, but it is of great significance to the reservoir

space preservation. Syndiagenetic silicification is the most

unfavorable for reservoir formation, but it will not cause

large-scale destructive effects. Epidiagenetic stage trigger great

increase of physical properties of the Dengying Formation

dolomite reservoir. Two-stage early diagenetic stages are both

destructive to reservoir space maintenance. During middle

diagenetic stage, two-stage of hydrothermal alterations

occurred, corresponding to Late Silurian to Devonian and

Late Permian, respectively. Hydrothermal alteration of the

MD is both constructive and destructive, but overall it is

constructive, but the improvement of physical properties is

limited. Two-stage hydrothermal alterations lead to damage of

reservoir physical properties for the karstified MD.
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