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strata for tight oil are the Da 1 (1st Submember of the 
Da’anzhai Member) and Da 3 (3rd Submember of the 
Da’anzhai Member) Submembers, characterized by 
high-energy and low-energy shell beach microfacies. 
The kerogen type is sapropelic, ranging from mature 
to highly mature, positioning it as a moderately good 
hydrocarbon source rock. The predominant lithology 
of the reservoir consists of coquina and argillaceous 
coquina, with secondary dissolved pores, fractures, 
and nano-scale micropores serving as the predomi-
nant reservoir spaces. The overall lithology represents 
a dense limestone reservoir of the pore-fracture type, 
featuring low porosity and permeability. Critical con-
trolling factors for achieving high-yield production of 
tight oil encompass lithological composition, fracture 
development, tectonic position, and source-reservoir 
configuration. Notably, substantial coquina thickness, 
fracture development, and the strategic relationship 
between the lower reservoir and upper source rocks 
contribute significantly to unlocking high tight oil 
yields. Additionally, thin-layer coquina emerges as 
a potential area for realizing increased oil and gas 
production capacity during later stages of develop-
ment. This comprehensive analysis sheds light on the 
intricate dynamics governing tight oil production in 
the Da’anzhai Member, offering valuable insights for 
advancing exploration and development strategies in 
the Sichuan Basin.

Abstract The Da’anzhai Member limestone in the 
central Sichuan Basin holds significant importance 
as a tight oil-producing formation. Despite its crucial 
role, the intricate patterns of hydrocarbon enrichment 
and the elusive geological factors dictating high-
yield production have impeded tight oil exploration 
and development in the Sichuan Basin. This study 
delves into the geological characteristics of tight oil 
and identifies key factors influencing high-yield pro-
duction, utilizing comprehensive data derived from 
cores, thin sections, well logging, seismic studies, 
and production tests of the Da’anzhai Member in the 
western Gongshanmiao within the central Sichuan 
Basin. Our findings reveal that the primary productive 
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Article highlights 

• The lithological combination, fracture develop-
ment, tectonic position, and source-reservoir con-
figuration are the major factors controlling the 
high-yield production of tight oil.

• Substantial coquina thickness, fracture develop-
ment, and the strategic relationship between lower 
reservoir rocks and upper source rocks contribute 
significantly to high tight oil yields.

• Thin-layered limestone plays a crucial role in the 
oil and gas production capacity of the western 
Gongshanmiao area as a vital replacement and 
direction.

Keywords Tight oil · Limestone reservoir · 
Geological characteristics · Controlling factors · 
Source-reservoir configuration · Da’anzhai member · 
Western Gongshanmiao

1 Introduction

In recent years, breakthroughs have been made in 
exploring unconventional oil and gas resources such 
as shale gas, coalbed methane, and tight oil and gas, 
which have become sought-after fields and targets of 
global oil and gas exploration (Hooker et  al. 2018; 
Guo et al. 2018; Li et al. 2019a, 2020a, b, c, 2022a; 
Ma et al. 2020, 2022; Liu et al. 2020a; Radwan 2021; 
Li 2022a). Tight oil is a new resource driving China’s 
increasing reserves and production. In particular, pro-
gress and discoveries have been made in exploring 
tight oil in the Junggar Basin, Songliao Basin, Ordos 
Basin, and Sichuan Basin (Liu et  al. 2020b; Mahdi 
et  al. 2021; Pang et  al. 2022; Tang et  al. 2022; Xie 
et al. 2022). Tight oil refers to oil accumulations sand-
wiched in or immediately adjacent to dense clastic 
rock or carbonate rock reservoirs of high-quality oil 
source formations and has not migrated over long dis-
tances on a large scale. The physical property limits 
of the dense layer are determined as the permeability 
of less than 1 ×  10−3 µm2 under standard atmospheric 
pressure and the permeability under the subsurface 
overburden pressure of less than 0.1 ×  10−3 µm2 (Guo 
et al. 2019; Hu et al. 2022a, b; Tian et al. 2022). The 
shale gas in China’s Sichuan Basin has become the 

world’s second-largest shale gas production base 
after the United States, whereas the progress of tight 
oil exploration and development has been slow (Nie 
et al. 2020; Fan et al. 2020a, b; 2022; Li et al. 2022b, 
2023a, 2023b). The Da’anzhai Member of the Jurassic 
Ziliujing Formation is the most important oil source 
formation in the Sichuan Basin, and many oil reser-
voirs and oil-bearing structures have been discov-
ered in the central and northern regions of Sichuan. 
By the end of 2021, 50% of the crude oil had been 
produced by the Da’anzhai Member of the Ziliujing 
Formation in the Sichuan Basin, demonstrating the 
high resource exploration and development potential 
of the Da’anzhai Member (Jia et al. 2012; Pang et al. 
2018; Li et al. 2020a; Luo et al. 2022; Chang and Yin 
2022). Exploration and development practices have 
confirmed that this type of reservoir is ultra-tight 
and generally has no natural production capacity but 
can yield industrial production capacity only through 
artificial fracturing. Lithological combination and 
characteristics, fault (fracture) development degree, 
diagenesis, and source-reservoir configuration may be 
the principal factors affecting tight oil enrichment and 
high yield. Yu et al. (2018) investigated the diagenetic 
characteristics of the thick-shelled oyster reef depos-
its in the Cretaceous Mishrif Formation of the H oil-
field in Iraq and their control on reservoirs. Based on 
changes in relative sea level, lithological evolution 
of thick-shelled oyster reefs, and sedimentary struc-
tural characteristics, a single intact thick-shelled oys-
ter reef was divided into four lithological intervals. 
The relationships between lithological combinations, 
diagenetic processes, and hydrocarbon occurrences 
were analyzed separately. Jiang et al. (2023) classified 
four types of lithological combinations of shale in the 
marine-continental transitional facies of the Ordos 
Basin based on core, outcrop, and logging response 
characteristics and provided exploration and develop-
ment suggestions for shale oil in different lithologi-
cal combinations. Li et al. (2020b, 2021) researched 
fracture characteristics of carbonate reservoirs in the 
Jiulongshan structure of the Sichuan Basin using 
outcrop, core, imaging logging, production testing 
data, and numerical simulation of paleostructural 
stress fields. They pointed out that the degree of frac-
ture (fault) development is a key factor affecting the 
high production of tight carbonate reservoirs. Rock 
mechanics parameters are the basis for stress field 
numerical simulation in the study of tight reservoir 
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fractures (Rasouli and Vaseashta 2023; Dalla Chiesa 
et al. 2022; Shan et al. 2021; Wang and Wang 2021). 
Based on the study of natural fracture characteris-
tics, Wu et al. (2022a, 2022b) clarified the influence 
of natural fractures in shale on hydraulic fracturing 
using numerical simulation methods and then ana-
lyzed the relationship between natural fractures and 
productivity. However, it remains unknown whether 
these influencing factors control the productivity 
of the Da’anzhai Member, and the main controlling 
factors affecting the exploration and development of 
tight oil reservoirs in the study area of the Da’anzhai 
Member remain to be investigated.

The Da’anzhai Member primarily comprises 
shale and limestone, serving as hydrocarbon source 
rock and reservoir space for tight oil. The lithologi-
cal combination of substantial limestone thickness 
and a well-structured source-reservoir arrangement 
forms the foundation for the accumulation of tight 
oil. Furthermore, the limestone reservoir exhibits low 
porosity, permeability, and heterogeneity (Qiao et al. 
2016). The fractures within this reservoir are para-
mount as primary storage spaces and conduits for the 
migration of tight oil (Afsar et  al. 2014). The deter-
mination of whether the limestone in the Da’anzhai 
Member can attain high productivity hinges signifi-
cantly on this aspect.

This comprehensive study focuses specifically 
on the western region of Gongshanmiao in the cen-
tral Sichuan area. By integrating data from various 
sources such as core samples, thin sections, well 
logging, seismic studies, and production dynamics, 
the research delves into the reservoir characteristics, 
degree of fracture development, and structural condi-
tions of the Da’anzhai Member limestone. The analy-
sis adeptly tackles the challenges posed by the intri-
cate enrichment patterns and robust heterogeneity of 
tight oil, pinpointing the key factors that exert control 
over well productivity (Su et al. 2020). Concurrently, 
it sheds light on the distribution of tight oil in the 
Sichuan Basin. The findings of this study carry sub-
stantial theoretical and practical implications, offer-
ing valuable insights for the exploration of tight oil 
in the study area and analogous regions. Importantly, 
the research outcomes effectively guide the explora-
tion of tight oil and gas in the designated area and 
similar geological contexts.

2  Geologic setting

The western Gongshanmiao is located between the 
Gongshanmiao-Zhongtaishan structure in the mid-
slope gentle belt of the palace high in central Sichuan, 
with the Yingshan structure in the east, the Lianchi and 
Nanchong structures in the south, and the Bajiaochang 
structure in the west (Fig. 1a) (Lei et al. 2023; Xiong 
et al. 2023). The major structure is a gentle slope with a 
south-to-north inclination. There is a slight anticline in 
the middle, with an undulating height of less than 50 m; 
the overall development degree of the fault is low, and 
only some small-scale and short-extending secondary 
faults are developed on the slope with a steep stratum 
attitude (Fig. 1b).

In the late Early Jurassic, the central Sichuan area 
was principally a set of inland deep-semi-deep lacus-
trine deposits (Fig. 1a) with a relatively stable tectonic 
setting total thickness of the Da’anzhai Member is 
between 68 and 120 m. According to the depositional 
environment and lithological combination character-
istics, the Da’anzhai Member can be divided into Da 
1(1st Submember of the Da’anzhai Member), Da 2 
(2nd Submember of the Da’anzhai Member), and Da 
3 (3rd Submember of the Da’anzhai Member) Sub-
members from top to bottom (Zhu et al. 2022a, b; Liu 
et al. 2022; Xiong et al. 2023). The overall thickness of 
the Da 1 Submember is 18–35 m, and the upper sec-
tion is composed of thick-layer coquina and argilla-
ceous coquina partially intercalated with a thin layer of 
black argillutite. The thickness of the Da 2 Submember 
is mostly 35–45  m, with common thin-layer coquina 
strips on the top and thick-layer black argillutite in the 
middle and lower sections, making it the major source 
bed in the study area. The Da 3 Submember is 5–10 m 
thick and is principally composed of medium-thick-
layer gray-brown couquina and argillaceous coquina 
(Fig.  1c). Among the Submembers, the Da 1 and Da 
3 Submembers are major productive strata of tight oil. 
A number of oil-bearing structures have been found in 
central Sichuan, such as the Gongshanmiao, Zhongtais-
han, Guihua, Lianchi, and Jinhua structures (Xu et al. 
2017; Hu et al. 2019; Dong et al. 2022).

3  Samples and methods

This study examined more than 100  m cores of 8 
wells, including Gong 4 (Hereafter G4, similar to 
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other wells), G6, and G7, to describe the lithological 
and fracture characteristics. Thirty tight oil reservoir 
samples were drilled from the Da’anzhai Member, 
and X-ray diffraction (XRD), Cast thin section, scan-
ning electron microscopy (SEM), physical property 
measurements, and other experimental tests were 
conducted on the core samples (Table 1). More than 
ten typical samples with a diameter of 2.5  cm were 
drilled. The porosity and permeability of the sam-
ples were analyzed using a helium porosimeter and 

a gas permeability meter, respectively. The following 
experiments were then conducted on the remaining 
samples.

3.1  X-ray diffraction (XRD) experiment

Selecting previously prepared powdered core sam-
ples, the powder is pressed into pellets to maintain 
uniformity and smoothness during X-ray irradiation. 
The powdered sample is then placed in the XRD, 

Fig. 1  Regional geological background of the west Gongshan-
miao in central Sichuan. a Distribution of depositional facies 
in Jurassic Da’anzhai member in the Sichuan basin and loca-

tion of the study area; b Top structural map of the Da’anzhai 
member; c. Comprehensive stratigraphic column chart of the 
Da’anzhai member
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where X-rays are emitted from the X-ray tube toward 
the sample, resulting in specific diffraction patterns 
(Cheng et al. 2022). Information about various miner-
als in the sample, such as their relative abundance and 
crystalline structure, can be obtained by measuring 
the diffraction peaks in the pattern.

3.2  Scanning electron microscope (SEM) experiment

The analysis using SEM with argon ion beam milling 
incorporates the LEICA EM RES102 argon ion beam 
milling system coupled with a high-resolution field 
emission scanning electron microscope (FESEM) 
from FEI (He et al. 2021). The electron beam acceler-
ation voltage is adjustable from 20 V to 30 kV, while 
the ion acceleration voltage spans from 500  V to 
30 kV. The technique employed is Focused Ion Beam 
Scanning Electron Microscopy FIB–SEM), where a 
FESEM is equipped with a gallium ion beam posi-
tioned at a 52° angle to the electron beam. The gal-
lium ion beam, perpendicular to the sample surface, 
is employed for precision cutting, while the electron 
beam scans at a 38° angle to capture high-resolution 
images of the sample surface. The examined sample 
area measures approximately 600 µm × 400 µm, ena-
bling meticulous analysis of shale micropores within 
the micro–nano range and precise differentiation of 
nanopores within the 1–2 nm range (Abraham-A et al. 
2022; Zhu et al. 2022a, b; Li et al. 2023a).

In addition, the production data of 78 wells (e.g., 
Shi 3, S5, S6, G4, G9, G11, etc.) in the study area 
were collected and organized to classify the types 
of wells (high-yield wells, industrial wells, and low-
yield wells) and analyze the factors that contribute 
to the high yield of tight oil. At the same time, the 
conventional well logging data of 78 wells and the 
imaging well logging interpretation data of some 
wells were collected to carry out well-logging lithol-
ogy and lithofacies identification. To analyze the seis-
mic response patterns of high-yield oil wells, seismic 

profiles of more than 10 typical wells were obtained. 
The above-described data were obtained from Petro-
China Southwest Oil and Gas Field Company.

4  Results

4.1  Depositional characteristics

Lake basin deposits dominated the early Jurassic of 
the Sichuan Basin, and the basin entered the evolu-
tion stage of the annular depression foreland basin, 
forming a pattern of being steep in the north and gen-
tle in the south. The study area is located in the cen-
tral and northern parts of the lake basin, near the lake 
basin’s center. The depositional environment is pre-
dominantly characterized by the shore-shallow lake 
and semi-deep lake subfacies, with a primary empha-
sis on the development of shell beach depositional 
microfacies (Tan et al. 2011; Lai et al. 2015). The Da 
2 Submember, as a whole, is situated in a semi-deep 
lake environment near the sedimentary center of the 
Da’anzhai Basin, characterized by calm and relatively 
deep water conditions. Positioned below the storm 
wave base, the hydraulic conditions are extremely 
weak, with low energy levels. Consequently, the 
development of shell beaches in this region is limited, 
marking the primary deposition period for dark mud 
shale. Based on parameters such as the Da 1 and Da 
3 Submembers’ thickness and the shale-to-limestone 
ratio, the Da’anzhai Member in the study area is 
stratified into high-energy and low-energy shell beach 
depositional microfacies.

Based on the examination of core samples, thin 
sections, and well logging data within the study area, 
and considering the regional depositional setting, lith-
ological compositions, and distributions, the area is 
classified into littoral-lacustrine subfacies (including 
high-energy shell beach and low-energy shell beach 
microfacies), semi-deep lake subfacies (Table  2) 

Table 1  Overview of 
samples and experimental 
methods

Well Submember Experimental method

G4, G6, N3, S3, G26, G101 Da 1 and Da 3 submembers XRD
G4, G6, N3, S3 Da 1 and Da 3 submembers Cast thin section
G4, G6, G10 Da 1 and Da 3 submembers Scanning electron 

microscope (SEM)
G4, G6, G10, G1, N4, J7 Da 1 and Da 3 submembers Physical properties
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(Xu et al. 2019; Lei et al. 2023). The lithology of the 
high-energy shell beach primarily comprises thick-
bedded, blocky pure shell limestone, characterized 
by low gamma-ray (GR) values and containing minor 
interbedded mudstone layers. The low-energy shell 
beach is typified by thin interbeds of argillaceous 
shell limestone and mudstone with moderate GR 
values. The semi-deep lake subfacies are predomi-
nantly composed of thick-bedded mud shale (with 
occasional occurrences of shell limestone), exhibiting 
high GR values. Utilizing this information and single-
well and multi-well sedimentary facies analyses, the 
sedimentary facies distribution characteristics of the 
Da’anzhai Member were delineated.

During the deposition period of the Da 3 Submem-
ber, the water depth increased, and the water energy 
intensified as the basin started to develop. Due to the 
relatively short duration of the Da 3 Submember, the 
stable and extensive deposition of high-energy shell 
beach, it occurred predominantly in the uplifted por-
tions of the water with the strongest wave action. This 
setting facilitated the formation and development of 
intertidal limestone, primarily depositing thicker and 
more intact intertidal shells.

As the Da 1 Submember deposition period com-
menced, a regression occurred, leading to shallower 
water conditions. With reduced water energy, pro-
cesses such as transport and sorting weakened. Con-
sequently, the lithology transitioned to muddy, mud-
rich intertidal limestone, with a relatively lower mud 
content compared to high-energy shell beaches and 
smaller thicknesses.

On a planar scale, the distribution range of high-
energy shell beaches during the Da 3 Submember is 

larger than that during the Da 1 Submember. The Da 
3 Submember exhibits a dispersed and patchy distri-
bution in the study area (Fig. 2a), while the Da 1 Sub-
member is predominantly found in the northern and 
northwestern parts of the study area (Fig. 2b). Low-
energy shell beach is less developed during the Da 3 
Submember, mainly in the southern part of the study 
area, where the Da 1 Submember is more extensively 
developed, albeit on a smaller scale.

4.2  Characteristics of hydrocarbon source rock

The depositional stage of the Da’anzhai Member of 
the Sichuan Basin during the Jurassic occurred dur-
ing the lake flooding period, was not affected by 
foreign matters, and had an under-compensated 
"hungary" lake basin background (Zhao et  al. 2013; 
Zhang and Tang 2023). In particular, developed dur-
ing the longest lake flooding period, Da 1 and Da 3 
Submembers are a set of shallow lake-semi-deep 
lacustrine deposits with strong reduction conditions. 
They are more than 70 m thick in the Yilong-Dazhou 
area and are major hydrocarbon source rocks of self-
generating and self-storage oil and gas reservoirs in 
central Sichuan. According to the research results 
of Hou et  al., the total organic carbon (TOC) con-
tent of dark argillutite in the Da’anzhai Member is 
0.54–2.32%, with an average of 1.30%. The oil pro-
duction potential rate (S1 + S2) is 0.38–13.33  mg/g, 
with an average of 4.46 mg/g, the hydrocarbon pro-
duction index (PI) is 0.22–0.51, with an average of 
0.32, the hydrogen index (HI) is 49.91–360.34 mg/g, 
with an average of 201.09 mg/g, the available carbon 
(PC) is 0.03–0.77%, with an average of 0.37%, and 

Table 2  Sedimentary facies division of the Da’anzhai member in the western Gongshanmiao

Sedimentary facies Subfacies Microfacies Primary rock types Sedimentary environ-
ments

Main distribution 
strata

Lake facies Littoral-lacustrine High-energy shell 
beach

Thick-bedded shell 
limestone

Highest energy Da 1 and Da 3

Low-energy shell 
beach

Thin-bedded shell 
limestone

Moderate energy Da 1 and Da 3

Semi-deep lake Shoreface slope Interbedded black 
mudstone and shell 
limestone

Low energy, reducing 
environment

Da 1

Semi-deep lake mud Predominantly black 
mudstone with thin 
intercalations of 
shell limestone

Reducing—strongly 
reducing environ-
ment, lowest energy

Da 2
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the hydrocarbon index (HCI) is 20.33–214.22 mg/g, 
with an average of 97.73  mg/g. This shows that the 
dark argilutite in the Da’anzhai Member has high 
organic matter content and is a set of medium-good 
hydrocarbon source rocks. The organic matter’s vit-
rinite reflectance (Ro) is 0.78–1.76%, with an average 
of 1.16%; the sapropelic type dominated the kerogen 
(Chen et  al. 2005; 2015; Du et  al. 2005). Both the 
burial depth and maturity of organic matter of argil-
lutite increase from south to north in the Da’anzhai 
Member, and most areas are in the peak period of oil 
production, with favorable oil production conditions.

4.3  Tight oil reservoir characteristics

4.3.1  Lithological characteristics

The lithology of the Da’anzhai Member in the west 
of Gongshanmiao is mostly sedimentary rocks mixed 
with terrigenous clasts and carbonates under the 
freshwater lake system. According to the cores, thin 
section observation, well logging curves, and XRD 
mineral composition analysis, the major lithology 
is coquina, argillaceous coquina, and mud-bearing 
coquina, of which the former two are major reservoirs 
(Moosavi et al. 2022; Chen et al. 2019; Zhang et al. 
2020; Liu et al. 2021).

Coquina includes crystalline limestone, sparry 
coquina, and micrite coquina, mostly grayish brown 
and thick-layer blocks (Subrahmanyam and Reddy 
2008; Lima et al. 2020). As microscopy observations 
show, the shell is closely directionally aligned and 
highly fragmented. The coquina mostly comprises 
biological carbonate rock supported by 30–90% of 
biological debris. The biodetritus was mostly that of 
lamellibranchiates, with a small amount from gas-
tropods and ostracods. The shape of the well logging 
curve is generally flat and exhibits a stable box, and 
the natural gamma curve presented low values, which 
are 10–30  API in most cases; the deep and shallow 
dual-lateral resistivity is high and is greater than sev-
eral thousand Ω m in most cases. The mineral compo-
sition is mostly calcite, accounting for 92%, followed 
by mud, which has a content of 4.5% (Fig. 3a).

Argillaceous coquina mostly is dark gray-grayish 
black thin-layer strips and is observed to be direction-
ally aligned and highly fragmented by microscopy; 
the interstitial matter between the shells is mostly 
argillaceous, with a content of 25–45%. The biode-
tritus is dominated by lamellibranchiates, including a 
small amount of ostracoid biodetritus, and the shell is 
dominated by aragonite, with a small amount of cal-
cite. The well logging curve is micro-dentate, the nat-
ural gamma value is higher overall, generally between 
50 and 70 API, and the deep and shallow dual-lateral 

Fig. 2  Plane distribution of depositional facies in western Gongshanmiao in central Sichuan  (Modified according to Ni et  al. 
2015). a The Da 3 submember; b The Da 1 submember
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resistivity is lower overall, with a smaller variation 
range. The mineral composition is mostly calcite, 
accounting for 68.3%, and the mud content is higher, 
reaching 26.9% (Fig. 3b).

Mud-bearing coquina can be subdivided into mud-
bearing sparry coquina and mud-bearing micrite 
coquina. It is mostly gray-dark gray and is found in 
medium-thin layers, and the shells were observed to 
be complete but disorderly aligned by microscopy. 
In addition to calcite, a small amount of argillaceous 
matter is present between the shells, with a content 
of approximately 10–25%. The well-logging curves 
are mostly finger-shaped, the natural gamma value 
is slightly higher than that of the coquina, and the 
deep and shallow dual-lateral resistivity is slightly 
lower than that of the coquina, with an evident tooth 
shape. The mineral composition is still dominated by 
calcite, accounting for 79.3%, which is between the 
coquina and the argillaceous coquina, with a content 
of 10–25%; the content of argillaceous matter is 18% 
(Fig. 3c).

4.3.2  Types and characteristics of reservoir spaces

According to the genesis of pore spaces in carbonate 
reservoirs, they are generally classified into primary 

pore, secondary pore, and fracture (Zhang et al. 2015; 
Zhao et  al. 2013). According to the observation of 
casting thin sections and scanning electron micros-
copy, the primary pore is relatively limited in the 
study area, while nano-scale micropores are highly 
developed. Therefore, the reservoir space of the 
tight oil reservoir in the Da’anzhai Member mainly 
included secondary dissolved pores (holes), fractures, 
and nano-sized micropores. The secondary dissolved 
pores (holes) can be divided into intergranular (intra-
granular) dissolved pores and intergranular (intra-
granular) dissolved pores; the fractures were mostly 
macroscopic structural fractures and microfractures.

4.3.2.1 Secondary dissolved pores (holes) Inter-
granular (intragranular) dissolved pores: the dis-
solved pores in the study area are nearly round and 
irregular and are mostly distributed along sutures and 
microfractures in the shape of a string of beads or are 
directly dissolved by the shell fragments (Xu et  al. 
2021; Ahmad et al. 2021; Marghani et al. 2022). Due 
to dissolution, the pore morphology is irregular, and 
the pore size generally ranges from a few microns to 
several hundred microns, mostly showing independ-
ent pores (Fig. 4a). In addition, there is also a small 
amount of intergranular pores and intergranular solu-

Fig. 3  Lithological characteristics of the reservoir in the Da’anzhai member in the western Gongshanmiao in central Sichuan. a 
Coquina; b Argillaceous coquina; c Mud-bearing coquina



Geomech. Geophys. Geo-energ. Geo-resour.           (2024) 10:67  

1 3

Page 9 of 25    67 

Vol.: (0123456789)

tion pores between the fractures or the sparry calcite 
filling of solutional caves (Fig. 4b) (He et al. 2021). 
Solutional caves are mostly formed by further erosion 
and expansion of the pores formed in the early stages 
(Hu et al. 2022a, b). Although the number of second-
ary dissolved holes is small, they are well-connected 
with the fractures, effectively improving the reservoir 
permeability and making the secondary dissolved hole 
an important oil and gas reservoir space.

Intergranular (intragranular) dissolved pores: cal-
cite in coquina often recrystallizes into polygons, 
forming intergranular gaps between calcite crystals, 
and these pores are mostly developed in crystallized 

mesoscopic grains with oil traces or asphalt filling 
in the gaps in most cases.

4.3.2.2 Fractures Tectonic fracture is formed by 
rock cracking under the action of structure (Fan et al. 
2020a, b; He et al. 2022a; Li et al. 2022a, b, c, d). Most 
of the fractures are narrow and small low-sloped ones 
in the horizontal direction, and few are high-angle 
fractures and large fractures extending in a particular 
direction (Fig. 4c) (Gao 2019; Hou et al. 2020; Wang 
et al. 2022). The fracture wall is often corroded, and 
the calcite in the fractures is semi-fully filled with 
oil immersion and oil traces (Fig. 4d). Such fractures 
have a reservoir capacity and can connect many holes 

Fig. 4  Pore space and reservoir characteristics in the 
Da’anzhai member in western Gongshanmiao in central 
Sichuan. a Solution pores, G4, 2080.60  m; b Intergranu-
lar solution pores, G4, 2439.00  m; c Tectonic fractures, G4, 
2439.90; d Tectonic fractures are semi-filled-fully filled, with 

oil immersion and oil traces, G6, 2578.59  m; e The connec-
tion between dissolution pores and dissolution fracture, G6, 
2581.00; f Micro-fracture, G6, 2580.45; g Non-tectonic 
fracture, secondary calcite with laminated cleavage, G4, 
2080.60 m; h and i are nano-scale pores
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or matrix pores, increasing the connectivity between 
pores (Yang et al. 2022; Li 2021).

Dissolution fracture: new fracture branches or 
independent fracture systems formed by the dissolu-
tion and transformation of early fractures under fluid 
action (Tan et  al. 2022; Li 2022b; Li et  al. 2019b). 
For example, the small holes formed along the dis-
solution of early fractures seen in the core are dis-
tributed in the shape of a string of beads, not only 
developed in the coquina but also observed in the 
argillutite, and distributed in a serpentine or dendritic 
shape (Fig. 4e). Dissolution fractures make the frac-
tures more interactive to a certain extent, making the 
connection between various types of fractures closer 
and more frequent.

Micro-fracture: micro-scale fractures principally 
include tectonic micro-fractures, diagenetic micro-
fractures, and calcite cleavage fractures. The width 
of the fractures is mostly less than 0.02 mm (Fig. 4f). 
Compared with macro-tectonic and non-tectonic frac-
tures, although the monomer scale of the micro-frac-
ture is much smaller, it far outnumbers the former two 
types, has reservoir capacity, and plays a major role in 
permeability, connecting a large number of other finer 
pore and fracture spaces.

Non-tectonic fracture: including bedding fractures 
and diagenetic fractures (Fan et al. 2024; Dong et al. 
2020). Bedding fractures are less developed in the 
layered mud-bearing and argillaceous coquina and 
are mostly developed at the layer where the mesoclas-
tic layer meets the mudstone. The parallel bedding 
is generally narrow, and small dissolution holes can 
sometimes be observed along the fractures (Fig. 4g). 
Diagenetic fracture mainly refers to that formed under 
the action of diagenetic compaction. The non-tectonic 
fracture has a short extension distance without a clear 
extension direction.

4.3.2.3 Nano‑scale pores The nano-scale pores 
in the coquina are also relatively developed and are 
characterized by an irregular shape, isolated distribu-
tion, and small pore size (Sun et al. 2022; Guo et al. 
2022). The pore size of nano-scale pores is mostly 
60–4000 nm and, in most cases, is less than 250 nm 
(Fig. 4h, i). In the case of the overall tight reservoir, 
many of these nano-scale pores interact with each 
other, improving the reservior property of the tight oil 
reservoir.

4.3.3  Reservior property

Examination of the results of the porosity and perme-
ability analysis of different lithology samples from 7 
wells in the study area shows that the overall physical 
properties of the reservoir in the Da’anzhai Member 
are poor, and overall, the reservoir is characterized 
by low porosity and low permeability. The porosity is 
0.3–2.5%, with an average value of 0.90%, and is in 
the 0.5–1.5% range for 80% of the reservoir. The per-
meability is between 0.001 and 1.0 mD, and the per-
meability of most samples is less than 0.1 mD. The 
physical properties of different lithologies show no 
noticeable differences. Specifically, when the porosity 
of the coquina is low, the permeability is still high, 
indicating that fractures are developed in the lithol-
ogy in most cases. The mud-bearing and argillaceous 
coquina show no evident linear porosity–permeability 
relationship. The porosity and permeability of mud-
bearing and argillaceous coquina show a positive 
correlation. The positive correlation is more obvious 
when the porosity is less than 1.5% (Fig. 5). In fact, 
this is related to the samples we used for the physical 
property experiments. In these lithological samples, 
fractures are almost undeveloped and micro- to nano-
scale pores dominate. When the porosity is relatively 
low (1.5%), there is a synergistic increase in porosity 
and permeability. However, as the porosity continues 
to increase, due to the lack of micro-fractures con-
necting isolated pores, porosity, and permeability do 
not increase simultaneously (Yokoyama and Takeuchi 
2009; Hossain and Zhou 2015). On the other hand, it 
also indicates that the degree of fracture development 
in Coquina should be greater than in the other two 
lithologies.

5  Discussion

5.1  Determination of the standard for the high yield 
of tight oil

Jurassic tight oil reservoirs in the Sichuan Basin are 
highly densified, have a small thickness, change rap-
idly in the longitudinal and transverse directions, and 
are highly non-homogeneous. In the development 
process, there are large differences in single-well pro-
ductivity, cross-distribution of high-yield, low-yield, 
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and dry wells, and complex geological factors con-
trolling the high yield.

According to industry standards in the petroleum 
(Ministry of Land and Resources of the People’s 
Republic of China. Oil and gas reserves calculation 
specifications: DZ/T 0217-2005 2005), wells within 
the Da’anzhai Member generally have a depth of 
less than 2500  m. Consequently, the lower limit for 
well production in industrial oil flow is 1 ton per day 
(t/d). When test production exceeds 5 t/d, cumulative 
production often surpasses 5000 t (Yang et al. 2017). 
Based on the practical production experience with 
Jurassic tight oil in the central Sichuan region, and 
considering the current exploration and development 
status in the western Gongshanmiao, under similar 
production systems and geological conditions, wells 
with test production exceeding 5  t/d and cumulative 
production exceeding 5000  t are defined as high-
productivity wells. Wells with test production below 
1  t/d are classified as low-productivity wells, while 
the remaining fall into the category of industrial 
wells. There are 46 production wells in the Da’anzhai 
Member of the area, including 26 high-yield wells 
(15 wells with a production of 10,000  t) and 9 low-
yield wells. Among these, drilled wells with a cumu-
lative output greater than 10,000 t account for 34.7% 
of the total number of wells, but their cumulative 
output accounts for 85.0%. A few high-yield wells 

contribute most of the output and create significant 
economic effects.

5.2  Main controlling factors of high yield of tight oil

5.2.1  Characteristics of lithological combination

The favorable depositional facies zones of the reser-
voir in the Da’anzhai Member in central Sichuan are 
high-energy and low-energy shell beaches (Tian et al. 
2017; Xu et  al. 2020). High-energy shell beaches in 
the Da’anzhai Member of the area are mostly devel-
oped in the Da 1 Submember and are locally devel-
oped in the Da 1 Submember. High-energy shell 
beaches are a product of the high-energy environ-
ment in shallow lakes. The shells are broken by wave 
elutriation, forming thick pure coquina with a very 
thin layer of mudstone (shale), which is a favorable 
facies belt for the development of fractures and holes 
in later stages; low-energy shell beaches are mostly 
developed in the bottom section of the Da 1 and Da 3 
Submembers; they form a medium-thin layer of mub-
bearing and argillaceous coquina due to the relatively 
weak hydrodynamic conditions, are often interbedded 
with thin layers of mudstone (shale), and are the main 
locations for the formation of micron-scale and nano-
scale pores (Fig. 6).

Fig. 5  Intersection diagram 
of the porosity–perme-
ability relationship of the 
reservoir in the Da’anzhai 
Member in the west of 
Gongshanmiao in central 
Sichuan
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Based on the results of thin section identifica-
tion, well logging interpretation, and dynamic pro-
duction comparison, for the thick-layer massive 
coquina developed in the high-energy shell beach 
environment, the proportion of high-yield wells is 
the largest in the case of the single-layer thickness 
of 4–6  m and for thin layers of mudstone (shale) 
located between the coquina layers. Overall, with 
the increase in total limestone thickness, there is a 
certain degree of increase in single-well daily pro-
duction rate. However, there are still many instances 
where the total limestone thickness is less than 5 m, 
yet the daily production rate remains high. Total 
limestone thickness is just one factor influenc-
ing production rate, and its correlation with pro-
duction rate is not strong (Fig.  7a). Among the 23 
high-yield wells in the area, there are 12 wells with 
10,000 t of output produced by the layered-massive 
coquina. For argillaceous coquina in a low-energy 
shell beach environment, the limestone with a thick-
ness of 1–2 m and thin-layer mudstone (shale) have 
no equal thickness and are not interbedded is also 
the most favorable lithological combination for 
high-yield oil wells. Of the 23 high-yield oil wells 
in the area, 5 wells (The red data points in Fig. 7b) 
with 10,000 t of output were produced by the inter-
bed between argillaceous coquina and thin mud-
stone (shale). Apart from these few wells, there is a 
general exponential relationship between the thick-
ness of a single limestone layer and the cumulative 
production capacity (Fig.  7b). Clearly, neither the 
total limestone thickness nor the thickness of single 
layers exhibits a strong correlation with production 
capacity. This further confirms that there are many 

controlling factors for high oil and gas production 
in the study area.

The oil source formations of high-yield wells are 
mostly distributed in the lithological combination belt 
with thick-layer-massive limestone, a very thin layer 
of mudstone (shale) and interbedded argillaceous 
coquina, and a thin layer of mudstone (shale). The oil 
source formations are well-matched with the high-
energy and low-energy shell beaches in the Da 1 and 
Da 3 Submembers. It can be seen that the lithological 
combination under the control of the microfacies of 
the dominant shell beach plays an important role in 
the enrichment and control of the tight oil reservoir.

5.2.2  Characteristics of fracture development

The tight oil reservoir’s matrix pore permeability is 
poor and insufficient to form an effective reservoir. 
The superposition of different types of fractures of 
different origins effectively promotes the develop-
ment of dissolved pores, holes, and fractures, effec-
tively improves the storage and infiltration capacity of 
the reservoir, and directly controls the development of 
tight oil reservoirs and well oil production.

The drilling and logging data of 20 high-yield 
wells in the study area show that more than 90% of 
the 10,000  t high-yield wells are developed in the 
productive stratum, with clear acceleration at the time 
of drilling, drilling tool emptying, well leakage, and 
blowout and other oil and gas phenomena; secondary 
minerals such as natural fractures and calcite crystals 
are found in the cores or cuttings of the correspond-
ing stratum (Table  3). Moreover, according to the 
fracture development index forecast by geophysics 

Fig. 6  Comparison of sedimentary connected wells in the Da’anzhai Member in the west of Gongshanmiao in central Sichuan (The 
well profile is shown in Fig. 1b)
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and the high-yield well overlay planar graph, more 
than 80% of the high-yield wells are located in the 
fracture development area with a fracture develop-
ment index greater than 0.3 (Fig. 8). It is shown that 
the fracture is an important factor for the enrichment 
of tight oil in the Da’anzhai Member, and it is also a 
necessary condition for the oil wells in the study area 
to achieve high yields.

5.2.3  Tectonic position

The tectonic trace of the whole central Sichuan 
region is relatively simple, and the tectonic 

amplitude is relatively flat. The Da’anzhai Mem-
ber of the study area is characterized by a sloping 
pattern of being low in the north and high in the 
south and having a local uplift overall. The stratum 
is relatively continuous overall. Only small faults 
are developed in areas under a strong force, such 
as the local uplift and steep slope in the east. The 
small faults are mostly found in the northeast and 
northwest directions. Generally, the local tectonic 
structure difference will affect tight oil and gas 
enrichment and high yield. For example, the G65 
and G003-1 wells located in the same fault zone 
that are relatively close to each other vary greatly 

Fig. 7  The relationship 
between the thickness of the 
coquina and oil production 
in the Da’anzhai Member 
in western Gongshanmiao 
in central Sichuan. a Total 
thickness versus test yield; 
b single layer thickness 
versus cumulative output
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in production. The two wells’ limestone thickness, 
porosity, fracture development, and other conditions 
are similar. Considering that these wells are located 
in the same fault zone, the fault provides conditions 
for the migration of oil and gas to the higher posi-
tion so that the G003-1 well in the higher position 
has a high yield (Fig. 9); this effect is also observed 
for the G11 and G003-X14 wells. The area where 
micro-faults develop is more likely to derive micro-
fractures under the tectonic action, improving the 
oil and gas enrichment ability.

5.2.4  Source‑reservoir configuration characteristics

The most important feature of tight oil is the source-
reservoir coexistence or the proximity of source and 
reservoir, and the spatial source-reservoir configura-
tion is the key to controlling the enrichment degree 
of tight oil (Liu et al. 2017; Shi et al. 2023). Due to 
the strong heterogeneity of tight oil reservoirs, oil 
and gas can only undergo short-distance migration 
and are enriched in hydrocarbon source rocks or adja-
cent reservoirs. Therefore, near-source accumulation 

Table 3  Comparison of fracture development and drilling and logging display of high-yield wells in the Da’anzhai Member in west-
ern Gongshanmiao in central Sichuan

Well Fracture display in mud logging Fracture 
display in well 
logging

Well Fracture display in mud logging Fracture display 
in well logging

G4 Calcite crystals can be seen during 
mud logging

√ S1 Calcite and quartz can be seen during 
mud logging

√

G9 × × S3 Secondary quartz can be seen during 
mud logging

√

G11 Significant acceleration of drilling 
time

√ S5 Significant acceleration of drilling 
time, calcite can be seen during mud 
logging

√

G17 Calcite crystal can be seen during mud 
logging

√ S6 × √

G25 × √ S10 Calcite can be seen during mud log-
ging

√

G26 × √ S11 calcite can be seen during mud log-
ging

√

G35 × √ N2 Well blowout √
G47 × √ N4 Well leakage and calcite can be seen 

during mud logging
√

G55 × √ N5 × √
G102 × √ N6 Calcite crystals can be seen during 

mud logging
√

G103 × √ N7 Well blowout, and calcite crystal can 
be seen during mud logging

√

G003-1 Well leakage √ N14 Well blowout √
G105X × √ N15 Drilling time acceleration, and calcite 

crystal can be seen during mud 
logging

√

G026-1 × √ N16 × √
G003-X2 × × N17 Well blowout, drilling time accelera-

tion, and calcite crystal can be seen 
during mud logging

√

G108X × √ N18 Calcite crystals can be seen during 
mud logging

√

G111 Well leakage √ J29 × √
J7 × √ J38 × ×
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Fig. 8  Comparison of fracture forecast and yield in Da 1 submember (left) and Da 1 submember (right) in the western Gongshan-
miao in central Sichuan

Fig. 9  Fracture logging and seismic fracture prediction response in the G003-1 well. a Logging response characteristics; b Seismic 
section characteristics; c Plane distribution of predicted fractures
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is vital for the enrichment and high yield and is lon-
gitudinally manifested as the hydrocarbon source 
interbedded with the reservoir, hydrocarbon source 
rocks under reservoirs, and hydrocarbon source 
rocks overlying reservoirs, corresponding to the three 
source-reservoir configuration relationships (Fig. 10): 
source-reservoir interbedding, the combination of 
lower reservoir rocks with upper source rocks, and 
the combination of upper reservoir rocks with lower 
source rocks (Yang et al. 2017).

The tight oil reservoir of the Da 1, Da 2, and Da 
3 Submembers of the Da’anzhai Member in western 
Gongshanmiao shows evident source-reservoir con-
figuration zoning. The combination of lower reser-
voir rocks with upper source rocks is distributed in 
the east and north, and the bottom is longitudinally 
located in the upper part of the Da 1 Submember. The 
lithological combination of the reservoir is dominated 
by thick-layer-massive coquina; the thickness of the 
coquina in the east near Gongshanmiao Oilfield is 
4–6 m, and the thickness of the single-layer coquina 
in the north near Zhongtaishan can reach 10 m. The 
stably developed dark organic matter-rich mudstone 
(shale) lies beneath the coquina, micro-faults and 
fractures develop in the area, and the oil and gas near-
source migration efficiency is high, forming the most 

favorable source-reservoir combination. The existing 
high-yield wells with more than 20,000  tons of out-
put are located in this area. The combination of upper 
reservoir rocks with lower source rocks is distributed 
in the east, and the hydrocarbon source rock in the Da 
2 Submember overlays the reservoir rock in the Da 3 
Submember. The reservoir lithological combination 
is dominated by thick-layer coquina with a thickness 
of 4–6  m, the microfractures are relatively devel-
oped, and the dark argillute in the Da 2 Submem-
ber is more than 20 m thick. This forms a relatively 
favorable source-reservoir combination. The existing 
high-yield wells with an output of 10,000–20,000 t or 
higher are located in this area. The source-reservoir 
interbedding type is widely distributed in the study 
area. It is commonly found at the top or middle and 
upper part of the Da 2 Submember and the bottom of 
the Da 1 Submember. The hydrocarbon source rock 
and the reservoir are interbedded with unequal thick-
nesses. The lithological combination is mostly argil-
laceous coquina with a thin layer of mudstone or thin 
interbeding and is 0.5–3 m thick. This forms a sub-
favorable source-reservoir combination. The existing 
high-yield wells with more than 5000–10,000 t output 
are mostly distributed in this area.

Fig. 10  Reservoir-forming model of the Da’anzhai member in the western Gongshanmiao in central Sichuan (Modified according to 
Hou et al. 2021)
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5.3  High- yield well patterns in tight oil reservoirs

5.3.1  Geophysical response characteristics 
of high‑yield tight oil wells

According to the statistics for the perforated interval 
of the well under test, the major oil source forma-
tions of the high-yield wells are located in the devel-
opment section of thick-layer (≥ 3 m) limestone, but 
some high-yield wells are still present in the thin-
layer (< 3  m) limestone. Therefore, the geophysical 
response characteristics of high-yield wells were ana-
lyzed based on thickness.

By collecting statistics regarding the logging val-
ues of thick-layer limestone oil source formations of 
16 typical high-yield wells in the Da’anzhai Member 
and its surrounding areas, natural Gamma, acous-
tic time difference, and resistivity were selected for 
intersection analysis. There was no evident difference 
in the distribution of the logging data between the 
high-yield wells in the Gongshanmiao and Wannan-
chang areas. The natural Gamma (Fig.  11a), acous-
tic time difference (Fig.  11b), and resistivity values 
were 14–32  API, 48–56  us/ft, and 300–5000  Ω  m, 
respectively.

Based on the collected statistics of the response 
characteristics of various types of drilled wells for 
conventional seismic profiles, they can be roughly 
divided into three seismic response characteristics: 
encountering large faults while drilling or close to 
large faults, encountering small faults or distortions 
while drilling, and other forms without evident dis-
tortion and variation. For example, the coquina of 

the G17 well in the Da 3 Submember is 6–7 m thick, 
with oil saturation of approximately 85–90%, lime-
stone porosity of 2.8–3.2%, and favorable petrolifer-
ous and physical properties (Fig. 12a). Moreover, the 
Da 3 Submember is located at the micro-amplitude 
structure’s turning end, developing small twists and 
turns. At the same time, it is close to the fault in the 
northeast direction and develops micro-fractures 
(Fig. 12b, c). The test output of the well was 6.15 t/d, 
and the cumulative output by the end of 2020 was 
25,481.07 t.

Similarly, the acoustic time difference and resistiv-
ity values of high-yield wells in the study area, such 
as J34, J38, and J15, were selected for the intersec-
tion. Excluding the data and abnormal data of the 
increased time difference of sound waves caused by 
fractures, the characteristics of the thin interbed that 
may achieve high yield were obtained: when the 
sound waves were 52–82  us/ft, the resistivity was 
20–600 Ω m; more than 70% of the data are distrib-
uted in this range. The statistics of the geological, 
logging, and seismic characteristics of limestone in 
the thin-layer section of the high-yield wells in the 
study area show that the thin-layer sections of the 
high-yield wells, including G11, G003-1, G47, G111, 
S3, S11, and N5, contributed little to the output.

5.3.2  Comprehensive patterns of high‑ yield well

The above analysis shows that the characteristics 
of lithological combination, fracture development 
degree, tectonic position, and source-reservoir con-
figuration jointly affected the high yield of tight oil 

Fig. 11  Logging and intersection of the thick-layer limestone in the Da’anzhai member in the western Gongshanmiao in central 
Sichuan. a Natural gamma versus acoustic time difference; acoustic time difference versus resistivity
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wells (Li et al. 2022c; He et al. 2022b). High-yield 
wells have clear logging and seismic response char-
acteristics compared to low-yield wells. Combined 
with lithological combination, fracture develop-
ment, and analysis of reservoir conditions in the 
study area, the major characteristics of high-yield 
wells were summarized (Table  4). In thick-layer 
limestone, high-yield wells generally had the fol-
lowing characteristics: the thickness of the pure 
limestone section is approximately 4–6  m (up to 
9–13 m in the Wannianchang area); there are frac-
ture responses on the logging curves, seismic pre-
diction or logging; the oil saturation (> 80%) and 
limestone porosity (2.0–3.5%) are high; the natu-
ral Gamma is between 14 and 32  API; the acous-
tic compensation wave is between 48 and 56 us/ft; 
resistivity is between 300 and 5000  Ω  m; located 
at the position with a high fracture density (> 0.3), 
less strongly related to the tectonic position. The 
seismic test data show that the high-yield wells are 
located in the favorable area where the reservoir 
overlaps with fractures. Thin-layer limestone may 
contribute to high-yield wells to a certain extent 
and can be used to tap the production potential and 
improve recovery.

6  Conclusions

Tight oil is a significant unconventional hydrocarbon 
resource in the Sichuan Basin, following shale gas’s 
extensive exploration and development. The tight 
limestone reservoir in the western Gongshanmiao 
serves as a typical representative. However, there is 
considerable variation in well productivity in this 
area, and the controlling factors for the high-yield 
accumulation of oil and gas remain unclear. This lack 
of clarity poses challenges for the large-scale com-
mercial development of tight oil. This paper begins 
by examining geological characteristics and analyzes 
the primary controlling factors for the high-yield 
accumulation of tight oil, ultimately establishing a 
model for high-yield wells in tight oil reservoirs. The 
key conclusions drawn from this study include:

(1) A typical low-porosity and low-permeability 
limestone reservoir characterizes the Da’anzhai 
Member in the western Gongshanmiao area of 
Central Sichuan. High-energy and low-energy 
shell beaches dominate sedimentary microfacies. 
The reservoir exhibits diverse storage space types 
and a complex structure, representing a typical 

Fig. 12  Fracture logging and seismic fracture prediction response in the G17 well. a Logging response characteristics; b Seismic 
section characteristics; c Plane distribution of predicted fractures
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pore-fracture reservoir. Fractures enhance the 
reservoir porosity and connect pores within intri-
cate structures, leading to an exponential increase 
in permeability.

(2) Fracture development is the key factor for high 
and stable yield. The wells with well-developed 
fractures generally yield high production from 
the reservoir. Tectonic positions and fractures 
control oil and gas enrichment by affecting the 
degree of development of micro-fractures. Com-
bining upper reservoir rocks with lower source 
rocks is the most favorable source-reservoir con-
figuration combination; the oil and gas produced 
by the dark mudstone in the Da 2 Submember 
migrate upward to the Da 1 Submember.

(3) The characteristics of lithological combination, 
fracture development degree, tectonic position, 
and source-reservoir configuration are controlling 
factors for the high yield of tight oil. A single 
layer of shell limestone with a thickness of 4–6 m 
represents the most favorable lithological combi-
nation. Fracture development is a key factor for 
achieving high production in oil wells. Structural 
locations and faults control the enrichment of oil 
and gas by influencing the degree of development 
of micro-fractures. By controlling the degree 
of tight oil enrichment, the’ down-generation, 
up-storage’ configuration is the most favorable 
source-reservoir combination.
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